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ABSTRACT

Lennartsson, J. 2002. Stem Cell Factor Induced Signal Transduction. Acta Universitatis
Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1142. 59pp. Uppsala. ISBN 91-554-5291-4

Stem Cell Factor (SCF) can function as a survival factor, a mitogen or a
chemoattractant depending on cell type. Binding of SCF to c-Kit induces dimerization
and subsequent autophosphorylation of the receptor. This thesis describes the
intracellular signal transduction elicited by c-Kit. 

In the search for signal transduction molecules binding to activated c-Kit, we
identified the adaptor proteins Grb2 and Grb7 as interacting partners. Grb2 could
associate to Tyr-703 in the kinase insert as well as to Tyr-936 in the C-terminal tail of c-
Kit. However, Grb7 could only bind to Tyr-936. 

Tyr-568 in c-Kit is essential for SCF induced association and activation of Src
family kinases (SFK). A mutated receptor that could not activate SFK (Y568F or
Y568/570F) showed reduced Shc phosphorylation, Ras GTP loading, Erk activation and
induction of c-fos. However, activation of SFK is not essential for the mitogenic
response as measured by DNA synthesis.

Tyr-900 in c-Kit was identified as a SFK dependent phosphorylation site. The
adaptor protein Crk and the p85 subunit of PI3’-kinase could associate with
phosphorylated Tyr-900. In addition, we could demonstrate a constitutive complex
between Crk and p85, suggesting indirect binding of Crk to Tyr-900 via p85. Mutation
of Tyr-900 (Y900F) led to a reduced phosphorylation of Crk-II, loss of the second wave
of Erk phosphorylation and a reduced mitogenic response. In addition the mutated
receptor showed an increased ligand-induced degradation as compared to the wild-type
receptor.

There exist two splice forms of c-Kit that differ in the presence or absence of
four amino acids in the extracellular juxtamembrane region. These splice forms bind
SCF with similar affinity but display striking differences in signaling characteristics, e.g.
in phosphorylation kinetics, ligand-induced c-Kit degradation and activation of Erks.
However, other pathways are activated similarly by both splice forms, such as the
Ser/Thr kinase Akt which lies downstream of PI3’-kinase. In this study we show that
differential phosphorylation of the various tyrosine residues occurs. Interestingly, Tyr-
568 is more efficiently phosphorylated in the shorter form leading to stronger binding of
SFK, whereas the PI3’-kinase binding site showed a similar degree of phosphorylation
consistent with the data on Akt activation.
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Abbreviations

ATP Adenosine triphosphate
M-CSF Macrophage colony stimulating factor 
DAG Diacylglycerol
EGFR Epidermal growth factor receptor
Erk Extracellular signal-regulated kinase
FAK Focal adhesion kinase
FGF Fibroblast growth factor
Flk-2 Fetal liver kinase-2
GAP GTPase activating protein
GDP Guanosine bisphosphate
GEF Guanine nucleotide exchange factor
GIST Gastrointestinal stomal tumor
GTP Guanosine triphosphate
ICC Interstitial cells of Cajal
Ig Immunoglobulin
IP3 Inositol trisphosphate
Jak Janus kinase
LMW Low molecular weight
MAP Mitogen activated protein
Mek MAPK/ERK kinase
PAE Porcine aortic endothelial
PDGF Platelet-derived growth factor
PDK-1 3’-phosphoinositide dependent kinase-1
PDZ PSD-95, DlgA, ZO-1
PH Pleckstrin homology
PI3’-kinase Phosphatidylinositol 3’-kinase
PKB Protein kinase B
PKC Protein kinase C
PLC Phospholipase C
PLD Phospholipase D
PTB Phosphotyrosine binding
PtdIns Phosphatidylinositol
PtdIns(4)P Phosphatidylinositol (4) phosphate
PtdIns(4,5)P2 Phosphatidylinositol (4,5) bisphosphate
PtdIns(3,4,5)P3 Phosphatidylinositol (3,4,5) trisphosphate
PTP Protein tyrosine phosphatase
RTK Receptor tyrosine kinase
SCF Stem cell factor
SFK Src family kinase
SH Src homology
SHP1/2 Src homology domain containing phosphatase1/2
Sl Steel
Sos Son of sevenless
STAT Signal transducer and activator of transcription
W Dominant white spotting
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Introduction

In a multicellular organism no cell lives in isolation. Survival depends on a
complicated intercellular communication network that coordinates the growth and
differentiation of the multitude of cells in the various tissues. Signals can be transmitted
from one cell to another through direct cell-cell contact or by the means of extracellular
signaling molecules. The signaling molecules include small molecules (e.g. amino
acids), peptides and proteins (e.g. growth factors). These molecules are produced and
excreted by one cell and is then transported by diffusion or via the blood stream to a
target cell, which has a receptor for the molecule. After engagement of the receptor a
signal is transmitted into the cells, which then respond in an appropriate manner. The
receptors are proteins, usually spanning the cell membrane, with either intrinsic or
associated enzymatic activity. Frequently, the enzymatic activity is a kinase, i.e. an
enzyme that has the ability to transfer the terminal phosphate from adenosine
triphosphate (ATP) to a substrate protein. The signals, commonly in form of
phosphorylation cascades, activate or inactivate proteins that are involved in gene
regulation or proteins that directly change cell behavior.  

One important group of receptors is receptor tyrosine kinases. A class of
signaling molecules called growth factors bind to and activate receptor tyrosine kinases.
In the human genome there are 58 different receptor tyrosine kinases subdivided into 20
families (Robinson et al., 2000). Tyrosine kinases have been shown to play a central role
in the development of several diseases, including cancer, atherosclerosis, diabetes and
various developmental defects. 

The focus of this thesis is on signal transduction from the receptor tyrosine
kinase c-Kit. Special emphasis was put on understanding which intracellular pathways
are activated by ligand binding to the receptor.

Receptor tyrosine kinases

On the cell surface there are different kinds of proteins that bind water-soluble
signaling molecules. These receptor proteins can be divided into four groups; 1) G-
protein linked receptors. Ligand binding activates a G-protein that in turn activates or
inhibits an enzyme that generates a second messenger or opens or closes an ion-channel
that leads to an alteration in membrane potential. 2) Ion-channel receptors. The ligand
binds directly to the ion-channel and induces a conformational change, causing a flow of
specific ions through the channel. 3) Receptors with associated kinase activity (cytokine
receptors). Ligand binding induces oligomerization of receptor monomers with
preassociated cytoplasmic protein kinases that become activated. 4) Receptors with
intrinsic kinase activity. Ligand binding induces oligomerization that leads to activation
of the catalytic domain. The receptors with intrinsic kinase activity can be further
divided into serine/threonine and tyrosine kinases. The focus of this thesis is on receptor
tyrosine kinases. 

Receptor tyrosine kinases (RTK) can be divided into 20 subfamilies based on
their structural features (Fig. 1). They all have an extracellular ligand-binding domain, a
single transmembrane region and an intracellular domain with tyrosine kinase activity.
The extracellular part of the receptor displays the strongest variation between the
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different subfamilies. This diversity accounts for the ligand specificity. The intracellular
kinase domain consists of about 250 amino acids and is well conserved between
different RTKs (Medico and Comoglio, 2000). Examination of crystal structures of
several kinase domains has revealed a general structure consisting of two lobes. The N-
terminal lobe contains a lysine residue that is essential for ATP binding, whereas the C-
terminal lobe binds the peptide substrate. The phosphotransfer reaction, where the γ-
phosphate from an ATP molecule is transferred to the hydroxyl group of a tyrosine
residue in the substrate protein, occurs in the cleft between the lobes (Hubbard, 1999).
The activity of the kinase domain is tightly controlled in the cell, and distortions of this
regulation has been implicated in various diseases (Blume-Jensen and Hunter, 2000;
Robertson et al., 2000; Ross, 1993).

c-Kit receptor

v-kit was first identified as the transforming oncogene in the Hardy-Zuckerman
4 feline sarcoma virus (Besmer et al., 1986). The cellular counterpart c-kit was later
discovered based on sequence similarity (Yarden et al., 1987). v-Kit is a truncated
version of c-Kit that lacks the extracellular and membrane spanning region, but is
probably membrane associated via myristoylation. c-Kit belongs to the same subfamily
of RTK as the PDGFαR, PDGFβR, Flk2 (or Flt3) and the M-CSFR, namely subclass III.
An extracellular region consisting of five immunoglobulin (Ig)-like domains, a single
transmembrane region and, intracellularly, a split tyrosine kinase domain characterize
this RTK subclass. Studies on the extracellular domain have shown that the first three
Ig-like domains are involved in ligand binding (Blechman et al., 1993; Lev et al., 1993).
The fourth Ig-like domain stabilizes the dimer by a receptor-receptor interaction and is
necessary for ligand-induced dimer formation of cell associated full-length c-Kit
(Blechman et al., 1995). Recently it was demonstrated that the fifth Ig-like domain is
required for proteolytic cleavage and release of the c-Kit extracellular domain from the
cell surface (Broudy et al., 2001). This process converts c-Kit from a being a transmitter
of SCF signals to an antagonist of SCF function, and might be a way to regulate the
bioactivity of SCF. Neither the proteolytic cleavage site nor the protease has been
identified. The tyrosine kinase domain is split in two parts by a stretch of 77 amino
acids, but still makes up one functional unit. Upon ligand binding the receptor becomes
phosphorylated on tyrosine residues mainly outside the kinase domain but there are
some examples of tyrosine residues that are phosphorylated also within the catalytic
domain.

Expression of c-Kit mRNA or protein have been detected in mast cells,
melanocytes, megakaryocytes, vascular endothelial cells, interstitial cells of Cajal,
astrocytes, breast glandular epithelial cells, testis, in the bone marrow, embryonic brain
and sweat glands (Majumder et al., 1988; Avraham et al., 1992; Broudy et al., 1994;
Huizinga et al., 1995; Lammie et al., 1994; Wang et al., 1989; Keshet et al., 1991). In
the hematopoietic system, the majority of the CD34+ cells (about 70%) in the bone
marrow expresses c-Kit, including lineage restricted hematopoietic progenitor cells and
primitive cells capable of establishing long term in vitro hematopoiesis (Ashman et al.,
1991; Simmons  et  al.,  1994).  However,  c-Kit  expression  is  down-regulated in  most
hematopoietic lineages upon differentiation, with the exception of mast cells.
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Figure 1. Schematic representation of the human RTK subclasses
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In mice two isoforms of c-Kit exist and four in humans. Alternative splicing
results in the presence or absence of four amino acids (GNNK) just outside the plasma
membrane and these forms exist in both mouse and human (Reith et al., 1991). These
splice forms display no difference in their affinity for the ligand, but show striking
differences in signal transduction (Caruana et al., 1999). The shorter splice form
(GNNK-) has a more rapid, stronger and transient autophosphorylation leading to
stronger activation of extracellular signal-regulated kinase (Erk) compared to the longer
form (GNNK+), but both splice forms activate PI3’-kinase to a similar extent. It was
also demonstrated that the GNNK- form promoted anchorage-independent growth, loss
of contact inhibition and formed tumors in nude mice. However, the GNNK+ also
promoted anchorage-independent growth, but did not promote focus formation or tumors
in nude mice. In humans, but not in mice, additional splice forms of c-Kit exits that
results in the presence or absence of a serine residue in the kinase insert (Crosier et al.,
1993). The functional consequence of these splice forms is presently not known. 

Stem cell factor

The ligand for c-Kit is called stem cell factor (SCF) and was first purified from
conditioned media from Balb/c-3T3 fibroblasts (Nocka et al., 1990). The SCF protein is
expressed as a transmembrane and heavily glycosylated protein with large extracellular
(161-189 amino acids) and a small intracellular domain (36 amino acids). Alternative
splicing of the SCF transcript results in the inclusion or exclusion of an exon (exon 6)
which contains a proteolytic cleavage site (Huang et al., 1992).  The splice form that
lacks the cleavage site remains associated to the cell surface, whereas the form with the
cleavage site can be cleaved by a protease and released for circulation in the blood
stream. The ratio of the splice forms varies notably between different tissues. Activation
of protein kinase C or agents that increase the calcium levels in the cell leads to an
increase in cleavage and release of SCF from the cell surface (Huang et al., 1992). 

The biologically active form of SCF is a non-covalently bound dimer. The
soluble and membrane-associated forms of SCF have different effects on c-Kit
autophosphorylation. When cells are stimulated with the soluble form there is a rapid but
transient autophosphorylation, but when stimulated with the membrane-bound form the
autophosphorylation is maintained for a longer time (Miyazawa et al., 1995). This can
be explained by the fact that membrane-associated SCF inhibits internalization and
subsequent down-regulation of kinase activity. The soluble form of SCF can not replace
the membrane-bound SCF completely. This was demonstrated in a mutant mouse strain
that expresses only the soluble form of SCF (Sld) (Brannan et al., 1991). The
homozygous mice are viable but have severe anemia, they are sterile and lack
pigmentation. Furthermore, their skin is deficient of mast cells. The heterozygotes show
a mild anemia and some defects in coat color (Russell, 1979).

Stromal cells, fibroblasts and endothelial cells throughout the body express SCF
(Heinrich et al., 1993).  In human serum, the average concentration of SCF is 3-4 ng/ml
and it has been suggested that at these concentrations, SCF exist mainly as a monomer
(Hsu et al., 1997).
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Cellular and physiological roles of SCF and c-Kit

It was demonstrated in 1988 that c-kit was allelic with the dominant
whitespotting (W) locus (Chabot et al., 1988; Geissler et al., 1988). Subsequently,
several different naturally occurring loss-of-function mutations were found in the c-kit
gene (more than 30 are known). The W mutations can be grouped into those, which
affect the expression level and those that effect the functionality of the receptor, often
the kinase activity. The group of mutations that affect expression levels can be further
subdivided into those that involves deletion of the whole c-kit gene and those that reduce
the expression level. In the case of complete inactivation of the c-kit gene, the
homozygous mice have a severe phenotype with death in utero or perinatally, likely due
to anemia. In the heterozygous state, and for the expression level mutants, the
phenotypes are milder with defects in pigmentation and a reduced fertility. The group of
mutations that affect kinase activity often results in death in utero or shortly after birth in
the homozygous state and heterozygous mice are anemic with a reduced fertility. In
general, the severity of the phenotype correlates with the decrease in kinase activity of c-
Kit (for a reviews on W mutations, see Lev et al., 1994).

The product of the Sl locus was in 1990 demonstrated to be identical to the
ligand for c-Kit, SCF (Copeland et al., 1990; Williams et al., 1990). Also in the Sl locus
there exists naturally occurring mutations that include complete or partial deletion of the
gene as well as reduced expression of SCF mRNA. The phenotypes of mice with Sl
mutations are in most cases similar to that of W mutant mice. In the cases with complete
loss of SCF, the homozygous mice die in utero or perinatally, whereas the heterozygous
mice display only a mild phenotype with defects in fur color together with mild anemia.
A similar phenotype can be seen in mice with Sl mutations affecting SCF expression
levels. Interestingly, there are some mutations in the SCF gene that results in sterility in
only one sex, e.g. Slpan results in sterile female mice and Sll7H in sterility only in males.
The mechanism behind this is currently not known, but the Sl17H allele has a splicing
defect leading to loss of 23 amino acid at the C-terminal tail of the protein implying an
important signaling function of the intracellular region of SCF (for a review on Sl
mutations, see Lev et al., 1994).

From studies of these naturally occurring loss-of-function mutations in c-Kit
and SCF (W- and Sl-mutants) a considerably amount of knowledge has been collected on
the physiological functions of the c-Kit signaling system. The phenotypes of W- and Sl-
mice suggest that the c-Kit signaling is important for normal hematopoiesis,
gametogenesis and melanogenesis. In the hematopoietic system, the W and Sl mice
display abnormalities in erythrocytes, megakaryocytes and mast cell development (for
review Lev et al., 1994). In the process of gametogenesis in the embryo the germ cells
must migrate to the genital ridge. This migration is connected with extensive
proliferation. It has been suggested that SCF functions as a survival factor rather than a
chemoattractant or a mitogen in this process (Dolci et al., 1991; Godin et al., 1991). This
protective role of SCF is important for the capacity of the germ cells to proliferate, since
W and Sl mutant mice are usually sterile due to inability of the migrating germ cells to
proliferate. During melanogenesis, the melanocytes from the neuronal crest must migrate
to dermis and later populate the epidermis. SCF has been suggested to play an important
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role in this migration (Nishikawa et al., 1991), but SCF can also function as a co-
mitogen in the presence of signals that activate protein kinase C or A (Funasaka et al.,
1992). In addition, it has also been suggested that SCF increase the expression of
melanocyte differentiation markers (Grichnik et al., 1998). c-Kit is expressed in the
central nervous system and studies on Sl mutant mice have shown that it is vital for
learning functions in the hippocampal part of the brain (Motro et al., 1996). 

On the cellular level c-Kit signaling has been demonstrated to be involved in
proliferation, chemotaxis (Blume-Jensen et al., 1991; O'Laughlin-Brunner et al., 2001),
differentiation (Valent et al., 1992), secretion (Vosseller et al., 1997), adhesion (Adachi
et al., 1992; Dastych et al., 1998) and survival (Blume-Jensen et al., 1998), depending
on the cell type studied. It has become clear that SCF frequently functions in
combination with other factors in a synergistic manner.  An exception is mast cells, on
which SCF can function on its own to stimulate proliferation and maturation (Tsai et al.,
1991), but can be potentiated by additional factors.

c-Kit and disease

The proto-oncogene c-kit was first identified as the cellular homologue of the
oncogene v-kit, which encodes a transforming protein in a feline sarcoma virus. Several
gain-of-function mutations in c-Kit have been found and implicated in several human
malignancies. As expected from the phenotypes of W and Sl mice, these cancers often
occur in hematopoietic cells, germ cells and in the gastrointestinal tract. Some tumors
that are dependent on c-Kit are discussed below.

Mastocytosis is a relatively rare disease in humans characterized by
accumulation of mast cells in various tissues. In patients with a sporadic form of
mastocytosis there is often a point mutation in the c-kit gene resulting in amino acid
substitution at codon 816 from aspartic acid to valine (D816V), although in some
pediatric tumors substitution to tyrosine or phenylalanine has been found (Longley et al.,
1999). The D816V form of c-Kit is kinase active even in the absence of SCF, and exists
most likely as an active monomer (Kitayama et al., 1995). In cultured cells the D816V
mutant confers factor-independent growth. Interestingly, this point mutation gives the
receptor new abilities not seen for the wild-type receptor, such as phosphorylation of
novel proteins, faster turn-over of the phosphatase SHP1, change in autophosphorylation
pattern and substrate specificity (Piao et al., 1996; Chian et al., 2001). Recently it was
shown that the D816V form of c-Kit enhanced the SCF dependent chemotaxis compared
to c-Kit WT expressing cells (Taylor et al., 2001). The signaling from D816V mutant is
hence both qualitatively and quantitatively different from that of the normal c-Kit
receptor. Additional activating mutations of c-Kit found in mastocytoma cells are
V559G (Kitayama et al., 1995) and in one case a seven amino acid deletion in the
juxtamembrane domain (Tsujimura et al., 1996). In contrast to this, familial
mastocytosis may occur without any mutations in c-Kit, and in pediatric mastocytosis
there might even be inactivating mutation in c-Kit (Longley et al., 1999). Even though
mastocytosis is a rare human disease, mast cell tumors are among the most common
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canine neoplasms (7-21% of all canine tumors), often involving mutations in c-Kit
leading to constitutive receptor phosphorylation (London et al., 1999).

In humans, gastrointestinal stromal tumors (GIST) are the most common
tumors of mesenchymal origin in the digestive tract. Some evidence suggest that GISTs
originate from interstitial cells of Cajal (ICC). ICC cells express c-Kit, and GIST often
contain gain-of-function mutations in c-Kit (Hirota et al., 1998). The gain-of-function
mutations most often found in GISTs affect the juxtamembrane region of c-Kit and
involves deletions or point mutations. Recently, activating mutations in the extracellular
domain (a nucleotide insertion) and in the first part of the kinase domain (K642E) of c-
Kit have been identified in GISTs (Lux et al., 2000).  Not all GISTs have mutations in c-
Kit, and a recent study dividing GISTs into c-Kit mutation positive and negative groups,
could show that the prognosis is worse for patients with c-Kit mutations (Taniguchi et
al., 1999). This study concluded that mutations in the c-kit gene can be used as a
prognostic marker for GISTs.

Another way of dysregulated activation of c-Kit receptors, not involving
mutations in the c-kit gene, is stimulation via an autocrine loop, i.e. the same cell
produces both the receptor and ligand and thus stimulates itself. Evidence for this kind
of mechanism has been found in small cell lung cancer (SCLC) and in breast cancer
(Krystal et al., 1996; Hines et al., 1995).  These studies demonstrated that 70% of the
SCLC and 80% of the breast cancer tumors co-expressed c-Kit and SCF.

Melanocytes are known to express c-Kit and therefore melanomas have been
investigated for involvement of c-Kit in the tumorigenesis. Melanomas are exceedingly
variable with relation to chromosomal distortions, but a common characteristic is
expression of bFGF that promotes growth (Halaban et al., 1988). However, with regard
to c-Kit, the expression is gradually lost during tumor development. Interestingly, re-
expression of c-Kit in melanomas resulted in a SCF-dependent induction of apoptosis
(Huang et al., 1998).  It has been suggested that since c-Kit is linked to differentiated
functions in melanocytes, the reduction of c-Kit expression seen during tumor
progression may be a step in de-differentiation seen in the development of many cancers. 

 c-Kit signaling is also important for other tumors such as cervical (Caceres-
Cortes et al., 2001) and testicular (Tian et al., 1999) as well as in colon carcinomas
(Bellone et al., 2001). In these tumors c-Kit has a central function in preventing
apoptosis and thereby allowing the tumor to continue to grow and develop. The c-Kit
protein has been detected in 60% of neoplastic cells from patients with acute
myelogenous leukemia, AML (Longley et al., 2001). Activation of c-Kit in AML occurs
without addition of ligand, suggesting an autocrine loop or activating mutations. One
study demonstrated that the activating mutations D816V and D816Y in c-Kit exist in
some AML patients (Beghini et al., 2000). These mutations are identical to those found
in mastocytosis. 

Loss-of-function mutations in c-Kit (point mutations or deletions in the c-kit
gene) are involved in human piebaldism syndrome (Giebel and Spritz, 1991;
Fleischman, 1992). Piebaldism involves a defect in melanocyte development and is
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characterized by a white hair forelock and areas of hypopigmentation on the stomach
and extremities (Fleischman et al., 1991). The areas with defect pigmentation are devoid
of melanocytes. The pigmentation defect seen in persons with piebaldism is strikingly
similar to the heterozygous W mice. The severity of piebaldism correlates with the
impact the mutation has on the c-Kit kinase activity (Ward et al., 1995). Heterozygous
mutations that leads to deletion of the extracellular domain of c-Kit is milder than
mutations that results in inactivation of the kinase domain, indicating that the kinase
deficient mutants can function in a dominant negative manner. Patients with piebaldism
are heterozygous for the c-Kit mutations and have no detectable defect in germ cells or
the hematopoietic system.

Signal transduction

Receptor activation

Growth factors and cytokines often bind to receptors with intrinsic or associated
tyrosine kinase activity. Ligand binding results in dimerization of receptor monomers
followed by receptor kinase activation and subsequent autophosphorylation (Fig. 2). 

Dimeric receptor complexes are usually formed by bivalent ligands, which can
bind two receptor monomers simultaneously and thus promote dimerization. Some
ligands, such as growth hormone (GH) and erythropoietin (Epo) are by themselves
bivalent molecules, whereas other ligands contain two protein subunits (protomers) held
together and hence become bivalent. The interactions that hold the protomers together
include disulfide bonds (e.g. platelet-derived growth factor, PDGF), hydrophobic and
polar interactions (e.g. stem cell factor, SCF) or additional molecules such as heparin
sulfate in the case of fibroblast growth factor, FGF (reviewed in Heldin and Östman,
1996). Further stabilization of the dimeric receptor complex can occur through direct
receptor-receptor interactions, as shown for c-Kit and PDGFαR (subclass III RTK) to
involve Ig-like domain 4 of the extracellular domain (Omura et al., 1997; Blechman et
al., 1995). Recently, the crystal structure of human SCF was solved and suggested that
the receptor-binding site in SCF contains charged regions that could provide specificity
and a hydrophobic region that could provide binding energy (Zhang et al., 2000; Jiang et
al., 2000). 

It is believed that in the absence of ligand, both receptor monomers and dimers
exist with the majority as monomers. Upon ligand binding this equilibrium is shifted
toward the dimeric state (Schlessinger, 2000). Furthermore, it is likely that ligand
binding also changes the conformation of the kinase domains to allow efficient
phosphorylation (Jiang and Hunter, 1999). The need for both dimerization and
conformational change might be a safety mechanism to avoid accidental receptor
activation due to random collisions of receptor monomer in the plasma membrane.
When the kinase domains of two receptor monomers are placed in close proximity to
each other, increasing the local concentration, and having a optimal orientation towards
each other, phosphorylation occurs often on a tyrosine residue located within the kinase
domain, in the so-called activation loop. Data from the insulin receptor has generated the
following model of activation. In an inactive receptor the activation loop blocks the
entrance to the active site and thus inhibits the enzymatic activity.  Phosphorylation of
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the activation loop tyrosine residue leads to a conformational change, that allows access
of ATP and substrate to the active site, hence increasing the kinase activity (Weiss and
Schlessinger, 1998; Hubbard et al., 1994). This autoinhibitory mechanism does not seem
to be present in all tyrosine kinases, e.g. in EGFR the activation loop tyrosine is not
autophosphorylated. After the initiation of kinase activity, tyrosine residues mainly
outside the kinase domain are phosphorylated and functions as docking sites for signal
transduction molecules with domains that specifically associates with phosphorylated
tyrosine residues (Pawson, 1995). The process of receptor phosphorylation is called
autophosphorylation and likely occurs in trans, i.e. one receptor monomer phosphorylate
the other and vice versa (Emaduddin et al., 1999).

Figure 2. General model of receptor tyrosine kinase activation. Figure not drawn to
scale.

Modules in signal transduction

Signal transduction molecules frequently contain several independently folded
modules that have non-enzymatic functions. To date more than 30 modules (or domains)
have been identified and shown to be involved in signal transduction. These modules
often confer ability to associate with other proteins, and in some cases lipids, in a
context-dependent manner. The interaction is usually mediated by recognition of short
linear motifs in the target proteins, in some cases requiring post-translational
modifications such as phosphorylation. The binding discrimination in these interactions,
together with specificity of catalytic activities, underlies the fidelity seen in signal
transduction pathways. Some of these domains, important in signaling from receptor
tyrosine kinases, will be discussed below. 

A common reversible post-translational modification in signal transduction is
tyrosine phosphorylation. At least two distinct domains have evolved that can interact
with tyrosine residues in a phosphorylation-dependent manner, namely the Src
homology 2 (SH2) and phosphotyrosine binding (PTB) domains. These two domains are
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essential for docking of signaling molecules to activated receptor tyrosine kinases or
other tyrosine-phosphorylated molecules. 

The SH2 domain is a compact module of about 100 amino acids that binds to
tyrosine residues in a phosphorylation-dependent manner (Waksman et al., 1992).
Studies using a synthetic peptide library showed that the specificity of different SH2
domains for different target sequences depend on 3-6 amino acids C-terminal of the
phosphorylated tyrosine (Songyang et al., 1993; Larose et al., 1995). These studies also
showed that the binding depends on the linear amino acid sequence, and not on the
tertiary structure of the target.  The SH2 domain has a globular structure with a deep
pocket into which the negatively charged phosphotyrosine protrude and interacts with a
positively charged arginine at the bottom of the cavity. The remainder of the peptide
binds to the SH2 domain surface via polar and/or hydrophobic interactions (reviewed in
Pawson, 1995). The electrostatic binding of the phosphotyrosine contributes most to the
binding energy, whereas the weak interaction between amino acids C-terminal of the
phosphotyrosine and SH2 domain surface gives rise to specificity (Piccione et al., 1993).
The overall amino acid sequence is fairly conserved, and the phosphotyrosine interacting
arginine is conserved in all SH2 domains. It has been shown that
phosphatidylinositol(3,4,5)P3 can interact with the SH2 domain of the p85 subunit of
PI3’-kinase and thereby modulate its binding to phosphotyrosine targets (Rameh et al.,
1995).

The 150-160 amino acids large PTB domain was first identified in the adaptor
protein Shc (Kavanaugh and Williams, 1994), and was shown to discriminate between
different phosphotyrosines by amino acids N-terminal of the tyrosine residue.
Interestingly, it is the fold that is conserved between different PTB domain, not the
primary amino acid sequence (reviewed in Forman-Kay and Pawson, 1999). It has been
noted that in some PTB domains a partially exposed arginine residue is involved in the
interaction with the phosphotyrosine residue. However, there seems to be a wide array of
different ways binding can occur between a PTB domain and a target molecule, since in
some cases the tyrosine does not have to be phosphorylated, and also phospholipids can
bind to PTB domains (Howell et al., 1999; Ravichandran et al., 1997).

The Src homology 3 (SH3) domain is a protein module of 50-70 amino acids
that binds to proline-rich sequences (Sparks et al., 1996). The interaction between an
SH3 domain and a target is not dependent on any post-translational modifications, and
therefore in many cases is constitutive and not inducible. The SH3 domain target
proteins have been found to contain a polyproline-2 helix. On its surface the SH3
domain has a shallow binding crevice into which the polyproline-2 helix fits (Yu et al.,
1994). The crevice contains three grooves, two of which binds to proline residues and
the third provide the SH3 domain specificity for a certain proline-rich ligand.

The pleckstrin homology (PH) domain is a module of about 100 amino acids
found in many signaling molecules associating with cell membranes. Various PH
domains have a very low amino acid sequence similarity. However, NMR and X-ray
crystallography studies have shown that the fold is highly conserved between different
PH domains, and interestingly is almost identical to the PTB domain fold (reviewed in
Lemmon et al., 1996). The PH domain is electrostatically polarized with one region
highly positively charged. It has been shown that many PH domains interact with
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phospholipids, and the positively charged area has been mapped as the binding region
(Hyvönen et al., 1995). An important example is the PH domain of the serine/threonine
kinase Akt which binds to phosphatidylinositol-3,4-bisphosphate and this interaction is
necessary for its membrane localization (Franke et al., 1997). Many of the interactions
between PH domains and phospholipids that have been studied are weak and unspecific,
compared to the interactions facilitated by e.g. SH2 domains and their targets. It has
been suggested that several weak interactions cooperate to achieve affinity and
specificity in the cell. An exception is the PH domain of PLCδ1 which interacts strongly
with phosphatidylinositol-4,5-bisphosphate (Lemmon et al., 1995), so there is a
possibility  that the high affinity binding partners for other PH domains have not yet
been identified. Besides from interacting with phospholipids, there have been reports of
interactions between PH domains and the βγ subunit of G-proteins as well as with
protein kinase C (Konishi et al., 1995; Yao et al., 1994). In signal transduction,
localization of proteins to specific regions of the cell is of vital importantance, and the
PH domain has an important role in regulating association to the plasma membrane. The
importance of correct localization has been demonstrated for the protein tyrosine kinase
Btk that is involved in the hereditary immune disease X-linked agammaglobulinaemia
(XLA) (Vetrie et al., 1993). Mutations within the PH domain of Btk have been found in
XLA patients. These mutations reduce or abolish the affinity for phosphatidylinositol
lipids, which results in inability for Btk to translocate to the plasma membrane (Hyvönen
and Saraste, 1997). 

C1 domains contain approximately 50 amino acids, and are involved in
recruiting proteins to the plasma membrane. Typically, the C1 domain binds to
diacylglycerol (DAG) or phorbol esters and this increases the affinity for membrane
lipids. The binding of DAG to the C1 domain increases the domain hydrophobicity and
thereby increases the affinity for membranes (Zhang et al., 1995). 

C2 domains are about 130 amino acids large, and binds to phospholipids in the
plasma membrane in a Ca2+-dependent manner. Structural data on the C2 domain of
PLCδ, suggests that binding of Ca2+ induces a conformational change resulting in
exposure of three lysine residues that could potentially bind to acidic lipids (Grobler et
al., 1996). Analysis of several C2 domains indicates that a general mechanism for
membrane association is through non-specific electrostatic interactions (Murray and
Honig, 2002). A subgroup of C2 domains (C2-like) does not bind Ca2+ and analysis of
their amino acid sequence reveals that aspartates necessary for coordination of the metal
ion are lacking (Nalefski and Falke, 1996). 

The WW domain was identified as a 40 amino acid module that could bind to
proline-rich sequences. The name is derived from the fact that the domain has two
conserved tryptophan residues. Even though the WW and SH3 domains both can bind to
proline-rich sequences, their three-dimensional structures are different (Macias et al.,
1996). Songyang and co-workers showed that consensus binding sequences are PPXY,
PPLP and PPGM (Songyang, 1999). Recently it was demonstrated that WW domains
also could mediate interactions with phosphorylated serine and threonine residues (Lu et
al., 1999). Since proteins involved in signal transduction are besides being tyrosine



16

phosphorylated also often serine/threonine phosphorylated, this might be an important
function of the WW domain.

A protein module that interacts with C-terminal ends of proteins, often
transmembrane proteins, is the PDZ domain consisting of 90 amino acids. PDZ domains
have also been shown to have affinity for other PDZ domains and might hence be
involved in clustering of proteins containing this domain. The name PDZ comes from
three proteins that contain the domain; PSD-95, DlgA and ZO-1. It is not clear whether
or not the binding between the PDZ domain and the target molecule can be regulated
(reviewed in Saras and Heldin, 1996). 

Adaptor proteins

Adaptors can be defined as proteins that lack enzymatic activity but have the
ability to simultaneously interact with at least two other proteins. The ability to link two
or more proteins together via specific and in some cases inducible protein-protein
interactions provides a mechanism for signals to be propagated in the cell. Below some
adaptor molecules involved in c-Kit signal transduction are discussed and schematically
depicted in figure 3.

Grb2 is a widely expressed adaptor protein containing one SH2 domain flanked
by two SH3 domains (Lowenstein et al., 1992). It was cloned from a cDNA expression
library screened with a phosphorylated EGFR fragment as a probe. The SH3 domains of
Grb2 associate constitutively to proline-rich sequences in the Ras guanine exchange
factor Sos. Upon growth factor stimulation, Grb2 binds to the receptor but usually does
not become phosphorylated. The phosphorylated tyrosine residues on the receptor
interact with the SH2 domain of Grb2, and consequently recruit Sos to the plasma
membrane. The binding of Grb2 to the activated receptor can be direct or indirect
through other phosphorylated proteins associating with the receptor, e.g. Shc (Klint et
al., 1995) and SHP2 (Tauchi et al., 1994).

The adaptor protein Shc was identified by a low-stringency screen of a cDNA
library using a SH2 coding sequence as a probe (Pelicci et al., 1992). Three different shc
genes have been found in mammals, ShcA, ShcB and ShcC. ShcA is ubiquitously
expressed, whereas ShcB and C expression is limited to neuronal cells. Proteins derived
from the ShcA gene exist in three variant forms; p46, p52 and p66. An alternative in-
frame translation start site creates the p46 and p52 forms. The p66 isoform is produced
through alternative splicing. The domain structure of Shc proteins is from the N-
terminus: (CH2)-PTB-CH1-SH2. CH domains are proline-rich regions that show
homology with α1 chain of collagen. In a resting cell, Shc is localized mainly in the
cytosol whereas upon growth factor stimulation it can associate to the activated receptors
via its SH2 or PTB domain and becomes tyrosine phosphorylated. The major tyrosine
phosphorylation sites are located within the CH1 domain, Tyr-239, 240 and 317. It has
been shown that phosphorylated Tyr-317 in the p46 and p52 isoforms associates with the
Grb2 SH2 domain, thus recruiting the Grb2/Sos complex to the plasma membrane where
Sos can act on Ras which subsequently leads to Erk activation (Salcini et al., 1994). The
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p66 isoform has different functions, and is serine- but not tyrosine-phosphorylated in the
CH2 domain in cells exposed to stress, such as UV and H2O2. Fibroblasts lacking
expression p66 Shc are resistant towards apoptosis induced by H2O2 (Sohal and
Weindruch, 1996). The different isoforms of Shc have been shown to have different
roles in EGFR induced Erk activation. p46 and p52 have a positive roles in c-fos
induction, whereas p66 have a negative effect (Migliaccio et al., 1997). It was shown
that the isolated C2 domain of p66 Shc was enough to inhibit the c-fos promotor.

    Grb2

    p66Shc

    p46Shc
    p52Shc

Crk-II
    CrkL

    Crk-I   

    Grb7

    p85 (PI3’-K)

Figure 3. Schematic domain structures of adaptor molecules discussed in the text.
Figure is not drawn to scale.

v-Crk was identified as a viral oncogene causing tumors in chicken (Mayer et
al., 1988). Subsequently, the cellular counterpart was found. There are three Crk
isoforms in mammalian cells; Crk-I, Crk-II and CrkL. Crk-I and Crk-II are two splice
products from the same gene, whereas a separate gene encodes CrkL. The domain
structure of Crk-II and CrkL are from the N-terminus, SH2-SH3-SH3, and in Crk-I SH2-
SH3. The Crk SH2 domain has been shown to associate with phosphorylated tyrosine
residues in proteins such as paxillin (Birge et al., 1993), p130Cas (Sakai et al., 1994A),
(Sakai et al., 1994B) and Cbl (Ribon et al., 1996). The kinase c-Abl (Feller et al., 1994),
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the guanine exchange factors Sos (Matsuda et al., 1994) and C3G (Tanaka et al., 1994)
interacts with Crk SH3 domains. Crk-II has a regulatory tyrosine residue located in the
linker between the SH3 domains. Upon stimulation, this tyrosine residue becomes
phosphorylated and forms an intramolecular interaction with the SH2 domain (Rosen et
al., 1995). This intramolecular association prevents the SH2 domain from interacting
with other proteins, thus releasing Crk-II from the receptor complex (Matsumoto et al.,
2000). Crk-I does not have this regulatory tyrosine and hence is not regulated in this
manner.

Grb7 is an adaptor protein made up by an N-terminal Pro-rich sequence, a
central PH domain and a C-terminal SH2 domain (reviewed in Han et al., 2001). Grb7 is
located mainly in the cytosol, but can also be found at focal contacts. Grb7 binds to
activated growth factor receptors via its SH2 domain. It was initially cloned as an EGFR
binding molecule (Margolis et al., 1992). In mouse, Grb7 is expressed in kidney and
liver but not in spleen, brain, or lung. In humans, Grb7 seems to be more widely
expressed. Interestingly, a splice variant of Grb7, Grb7V, which lacks the SH2 domain,
was found to be expressed in invasive esophageal carcinoma (Tanaka et al., 1998). At
least in some receptor systems, Grb7 has been connected to cell migration (Han and
Guan, 1999; Han et al., 2000).

Src family kinases

The viral form of Src (v-src) was the first retroviral oncogene to be identified,
and its cellular homologue (c-src) was the first proto-oncogene identified in the
vertebrate genome (Stehelin et al., 1976). It was subsequently shown that Src was a
kinase (Collett and Erikson, 1978) with specificity towards tyrosine (Hunter and Sefton,
1980). The Src family of kinases (SFK) contains ten homologous proteins (Robinson et
al., 2000). Src, Yes, Fyn and Yrk (only expressed in chicken) are ubiquitously
expressed, whereas Blk, Fgr, Hck, Lck and Lyn are primarily expressed in cells of
hematopoietic origin. A subfamily of SFK is the Frk proteins. The Frk kinases are
expressed predominantly in epithelial-derived cells (reviewed in Thomas and Brugge,
1997). SFK have a common domain structure. From the N-terminus; a membrane
localization region, a unique domain that differ most between different family members,
a SH3 domain, a SH2 domain, a tyrosine kinase domain and a C-terminal tail with a
conserved tyrosine. In the cell, c-Src activity is tightly regulated. The SH2 and SH3
domains play important roles in the regulation of the kinase activity. From the crystal
structure of Src (Xu et al., 1997) it is clear that the SH2 domain interact intermolecularly
with the phosphorylated tyrosine residue in the C-terminal tail (Tyr-530 in human c-
Src), and the SH3 domain with a polyproline type 2 helical structure between the SH2
and kinase domain (Xu et al., 1999). These interactions lock the molecule in an inactive
conformation. Both of these interactions are non-optimal and can be displaced by high
affinity substrates for the SH3 and SH2 domain and this, together with phosphorylation
of the activation loop tyrosine (Tyr-419 in human c-Src), increase Src kinase activity.
The regulatory tyrosine in the C-terminal tail (Tyr-530) is also a target for
dephosphorylation, which results in activation. In reverse, phosphorylation of this C-
terminal tyrosine residue leads to inactivation. Phosphatases implicated in the
dephosphorylation of Tyr-530 include SHP1, SHP2, PTPα and PTPλ (Somani et al.,
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1997; Peng and Cartwright, 1995; Zheng et al., 1992; Fang et al., 1994). Csk (C-
terminal src kinase), is a ubiquitously expressed kinase that phosphorylates Src on the C-
terminal regulatory tyrosine residue (Nada et al., 1991). CHK (Csk homologous kinase),
also negatively regulates SFK via phosphorylation, but is expressed primarily in the
brain and in the hematopoietic system (Avraham et al., 1995). An additional mechanism
to downregulate SFK activity has recently been shown to be ubiquitination.
Ubiquitination of SFK targets them to proteolysis via the proteasome (Harris et al.,
1999; Hakak and Martin, 1999). The SFK catalytic activity was shown to be necessary
for the ubiquitination process.  

In fibroblasts, SFK have been shown to associate with cell membranes,
including the plasma membrane, endoplasmic reticulum and endosomes. The membrane
targeting depends on the very N-terminal part of SFK. In this region there is an
important glycine that is a target for myristoylation. However, myristoylation is not
enough for effective membrane targeting. In Src and Blk there are basic amino acid
residues in this region that contribute to the membrane targeting by interacting with
negatively charged phosphogroups of the membrane phospholipids. The other SFK
members lack these basic residues, but have a cysteine residue that functions as an
acceptor for palmitoylation. The palmitoylation replaces the basic residues in stabilizing
the membrane association. Palmitoylation is a reversible process and may be a
mechanism for localization of SFK to membranes in response to stimuli (reviewed in
Brown and Cooper, 1996). A schematic picture of the Src kinase and a model for its
activation is shown in figure 4.

Figure 4. Schematic picture of Src. A) Domain structure of Src. B) Model for activation 
of Src by changes in conformation 
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To investigate the importance of SFK in development several different gene
disruption studies have been performed. c-Src-/- mice are viable and the only defect
identified was osteopetrosis, a disease resulting from deficiency in bone resorption by
osteoclasts (Soriano et al., 1991). However, if multiple SFK were disrupted at the same
time the phenotypes were more severe. The Src-/-/Fyn-/- and Src-/-/Yes-/- mice die
perinatally. The Fyn-/-/Yes-/- mice are viable but have kidney defects (Stein et al., 1994).
If the ubiquitously expressed SFK Src, Yes and Fyn are disrupted simultaneously, the
mice die at E9.5 (Klinghoffer et al., 1999). Together these studies show that SFK are
essential for a normal development, but there is a great amount of functional redundancy
between different family members.

Several proteins have been shown to be targets for SFK phosphorylation. These
include focal adhesion kinase (FAK), p130Cas, cortactin, p190RhoGAP, p120RasGAP,
the p85 subunit of PI3’-kinase, SHP2, Shc and Sam68 (reviewed in Brown and Cooper,
1996). On the cellular level SFK have been implicated in adhesion and cell spreading,
migration, cell cycle progression, survival and differentiation. The primary defects seen
in fibroblasts isolated from Src-/-/Yes-/-/Fyn-/- mice are on signal transduction from
integrins. Integrins are extracellular matrix receptors. In these cells, fibronectin
stimulated phosphorylation of multiple proteins, including FAK, was diminished as well
as migration in a wound healing assay (Klinghoffer et al., 1999).

SFK have been shown to be important for signal transduction by many growth
factor receptors, including c-Kit. Stimulation of c-Kit expressing cells with SCF results
in an increase in SFK activity within minutes (Linnekin et al., 1997; Krystal et al.,
1998). Further studies have shown that SFK associate with tyrosine residues in the
juxtamembrane region of c-Kit via their SH2 domain (Paper II; Timokhina et al., 1998).
The association site in c-Kit is homologous to the association sites in PDGFαR
(Hooshmand-Rad et al., 1998), PDGFβR (Mori et al., 1993) and M-CSFR (Courtneidge
et al., 1993). All these binding sites are located in the juxtamembrane region of the
receptors in close proximity to the plasma membrane, and this may promote binding of
membrane associated SFK to the receptor. The SFK Lyn have been shown to be
important for normal ligand induced internalization of c-Kit (Broudy et al., 1999). This
effect was seen both by the use of pharmacological inhibitor against SFKs as well as in
cells deficient for Lyn. It has also been demonstrated that overexpression of c-Src
resulted in an increased rate of EGFR internalization (Ware et al., 1997). The
involvement of Src kinases in c-Kit induced mitogenicity is not clear. In some studies
Src kinases were essential (Linnekin et al., 1997; O'Laughlin-Brunner et al., 2001),
whereas in other studies the effect was none or partial (Paper II; Timokhina et al., 1998).
Different cell systems and variations in experimental procedures might explain these
discrepancies. The SFK Lyn have also been shown to play an important role in SCF
induced chemotaxis in primary hematopoietic cells (O'Laughlin-Brunner et al., 2001;
Broudy et al., 1999). In other growth factor systems, such as EGFR, PDGFR, M-CSFR,
microinjection of plasmids encoding kinase deficient forms of Src or Fyn or a
neutralizing antibody against Src, Yes and Fyn inhibits DNA synthesis. In contrast to
this, fibroblasts derived from Src-/-/Yes-/-/Fyn-/- mice displayed no significant defect in
PDGF-induced signaling (Klinghoffer et al., 1999). An explanation for this might be that
these fibroblasts were immortalized with SV40 large T antigen. It has been shown that
SV40 large T antigen overcomes the need for SFK in PDGF-mediated signaling
(Broome and Courtneidge, 2000).
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The activation of Erk (Paper II; Bondzi et al., 2000) and JNK pathways
(Timokhina et al., 1998) also involve activation of SFK in SCF stimulated cells.

Ras/Erk pathway

The Ras proteins are prototypes for a superfamily of GTPases, which also
includes Rho and Rac. Ras was originally identified as the transforming oncogene in the
Harvey and Kirsten sarcoma viruses. Constitutively active Ras has been found in 30% of
all human cancers, making it one of the most frequently mutated proteins in all cancers.
The Ras family of small GTPases include Ha-Ras, N-Ras, Ki-Ras (4A and 4B), R-Ras
(1,2 and 3), Ral (A and B), Rap (1A, 1B, 2A and 2B) and Rheb. A recent study showed
that the different Ras homologues differ in their ability to activate downstream target
molecules, and hence might signal in different pathways (Voice et al., 1999; Self et al.,
2001). The different Ras proteins are associated to the plasma membrane via a C-
terminal lipid modification, farnesylation. Ras functions as a switch with two
conformations; an active GTP-bound (RasGTP) and an inactive GDP-bound (RasGDP)
state. Ras has a weak intrinsic GTPase activity, which can hydrolyze GTP to GDP and
thereby slowly inactivate itself. The Ras activity in a cell is regulated by enzymes that
promote GTP hydrolysis (GTPase activating proteins, GAP) and enzymes that are
involved in replacing a GDP molecule with a GTP (guanine nucleotide exchange factors,
GEF). The balance between GAPs and GEFs in the cell determines the Ras activity. One
common way that RTK activate Ras is through Sos, which is a GEF. Sos binds via a
proline-rich region to the SH3 domain of the adaptor protein Grb2. Grb2 consists of one
SH2 and two SH3 domains (Maignan et al., 1995). Grb2 can in turn associate to
activated RTK via its SH2 domain either directly (Lowenstein et al., 1992) or indirectly
via other molecules such as SHP2 (Li et al., 1994) or Shc (Rozakis-Adcock et al., 1992).
The localization of the Grb2/Sos complex to the active receptor brings it close to the
plasma membrane where Ras is located. After Sos has stimulated the exchange of a GDP
to a GTP molecule, Ras can interact with the serine/threonine kinase c-Raf-1 (Vojtek et
al., 1993). The interaction between Ras and Raf-1 may not in itself efficiently activate
Raf-1, but serves to relocalize Raf-1 to the plasma membrane. Inactive Raf-1 in the
cytosol is in a complex with 14-3-3 proteins. The role of the 14-3-3 protein is not clear
but some studies have suggested that it has a role in Raf-1 activation by holding two
Raf-1 molecules together in a dimer as well as regulating Raf-1 membrane localization
(Tzivion et al., 1998; Roy et al., 1998). Experiments targeting Raf-1 directly to the
membrane showed that this was sufficient for activation (Stokoe et al., 1994). The
mechanism by which Raf-1 is activated is not fully understood, but some evidence
suggests that phosphorylation by protein kinase C (Kolch et al., 1993) and/or Src kinases
(Stokoe and McCormick, 1997) are important steps in this process. A recent study
suggested that dephosphorylation of Ser-259 is an essential step in Raf-1 activation
(Dhillon et al., 2002). Mutating Ser-259 to alanine resulted in a Raf-1 protein that had an
enhanced binding to Ras and constitutive membrane localization together with enhanced
kinase activity. Active Raf-1 can phosphorylate and activate the dual-specificity kinases
Mek1 and Mek2 (Kyriakis et al., 1992). The mitogen-activated protein (MAP) kinases,
Erk1 and 2, are serine/threonine kinases that are activated by phosphorylation by
Mek1/2 on a threonine and a tyrosine residue in its kinase domain (Crews and Erikson,
1992). Targets for Erks in the cytoplasm are the serine/threonine kinases p90Rsk
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(Ribosomal S6 kinase or MAPKAP kinase) (Sturgill et al., 1988) and Mnk (Waskiewicz
et al., 1997), as well as phospholipaseA2 (Lin et al., 1993). Upon activation, it has been
shown that part of the Erk and p90Rsk protein populations translocate to the nucleus
(Chen et al., 1992). In the case of the Erk2 it was demonstrated that phosphorylation
promoted homodimerization, which was essential for nuclear localization (Khokhlatchev
et al., 1998). Within the nucleus Erk and p90Rsk phosphorylates various transcription
factors (including Elk-1, c-Fos, c-Myc and CREBP), thereby influencing gene
transcription.

The Erk pathway is negatively regulated by dephosphorylation of the regulatory
tyrosine and/or threonine in Erk1/2 by the dual specificity MAP kinase phosphatase
(MKP), the serine/threonine phosphatases PP1 and PP2A, or by the tyrosine
phosphatases PTP-SL and STEP (reviewed in English et al., 1999 and Waskiewicz and
Cooper, 1995). A schematic outline of the Ras/Erk pathway can be seen in figure 5.

It is becoming clear that the Ras/Erk pathway is not linear but a part of a
complex network of signaling molecules, e.g. Ras proteins also activates PI3’-kinase
(Kodaki et al., 1994), and Raf-1 interacts with Cdc25 (Galaktionov et al., 1995). Cdc25
is a phosphatase that functions in the cell cycle by dephosphorylation of cyclin-
dependent kinases (Cdk) on regulatory threonine and tyrosine residues, leading to Cdk
activation. Activation of PI3’-kinase leads to anti-apoptotic signals, in addition to signals
which causes reorganization of the actin cytoskeleton presumably via the small GTPase
Rac.

Rap1 is a small GTPase similar to the Ras proteins, with an effector domain
that is almost identical suggesting that Ras and Rap1 interact with similar downstream
targets (reviewed in Peyssonnaux and Eychéne, 2001). Rap1 is activated by most factors
that activate Ras as well as by DAG and cAMP. Rap1 has been shown to associate with
Raf-1 but interestingly also with another Raf isoform called B-Raf. The formation of
Rap1/Raf-1 complex does not activate Raf-1, but Rap1 can activate B-Raf. In PC12 cells
it has been demonstrated that NGF stimulation leads to an initial increase in Erk activity
dependent on Ras/Raf-1 interactions and a second wave of Erk activation dependent on
Rap1/B-Raf (York et al., 1998). Differences in expression levels of Rap1, Ras, Raf-1
and B-Raf might explain, at least in part, the cell type specific Erk activation profiles.

The Erk pathway is activated after SCF stimulation. Several mechanisms are
possible, in Paper I, we show that the adaptor protein Grb2 can interact directly with
phosphorylated tyrosine 703 and 936 in c-Kit. Another mechanism is described in Paper
II where activation of SFK leads to phosphorylation of the adaptor protein Shc.
Phosphorylated Shc can interact with the Grb2/Sos complex and thereby activate Ras
and subsequently Erk. The importance of SFK for Erk activation was also described in
small cell lung cancer cell line (Bondzi et al., 2000), but was shown not to be necessary
in bone marrow-derived mast cells (Timokhina et al., 1998). These differences might be
explained by different routes of Ras activation in different cell types, e.g. direct binding
of Grb2/Sos to c-Kit or use of another GEF called Vav. Vav has been shown to activate
Ras (Gulbins et al., 1994) and to be phosphorylated in response to SCF in hematopoietic
cells (Alai et al., 1992). Vav can associate to Grb2 via an unusual interaction mediated
by dimerization of SH3 domains from each molecule (Ye and Baltimore, 1994). It is
possible that this complex has a conformation making it more prone to associate directly
to c-Kit in hematopoietic cells, bypassing the need for phosphorylated Shc and thereby
also SFKs.
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Jak/STAT pathway

Cytokine receptors have no intrinsic tyrosine kinase activity, but have kinases
constitutively associated, such as the Jak family of tyrosine kinases. The Jak family
consists of four members, Jak 1, 2, 3 and Tyk2. Jaks do not have any apparent SH2,
SH3, PTB or PH domains. However, they have 7 regions that are homologous between
the different family members named JH1-7. Interestingly, besides the tyrosine kinase
domain (JH1) there is a pseudokinase domain (JH2) that has high similarity to a kinase
domain but lacks motifs vital for enzymatic activity. The functions of the JH2-7 domains
are not known but they are probably involved in interactions with other proteins. Upon
ligand stimulation the cytokine receptor subunits cluster bringing the associated Jak
kinases in close proximity to each other, leading to phosphorylation in trans and thereby
activation. The activated Jaks phosphorylates the receptor subunits and proteins
associating to the receptor complex. Jak2 has also been shown to associate constitutively
with and to be activated downstream of the growth factor receptor c-Kit (Weiler et al.,
1996).

STATs (Signal Transducers and Activators of Transcription) are a group of
transcription factors that resides in the cytosol in the resting cell. STATs have a central
DNA binding domain followed by a SH3 like domain, a SH2 domain and a C-terminal
transactivation domain. The STAT family consists of seven proteins; STAT 1, 2, 3, 4,
5A, 5B and 6. STATs can be phosphorylated on a C-terminal conserved tyrosine residue
by Jak kinases, but can also be phosphorylated by RTK such as the EGFR (Quelle et al.,
1995) and the PDGFR (Vignais et al., 1996). The phosphorylated STAT dissociates
from the receptor complex and form homo- or heterodimers with other STAT molecules.
The dimerization occurs through binding of a phosphorylated tyrosine residue on one
STAT molecule to the SH2 domain of the other and vice versa. The dimerized STATs
translocate to the nucleus where they regulate the expression of responsive gene by
binding to their promotors. STATs (at least 1,3,5) are also serine-phosphorylated at the
C-terminus and this phosphorylation regulates their transcriptional activity (Wen et al.,
1995; Beadling et al., 1996). In STAT 1 and 3 the site has been mapped to serine 727.
Mutating serine 727 diminishes the transcriptional activity but does not affect the DNA
binding ability. Some reports, but not all, suggest that Erks can be responsible for STAT
serine phosphorylation (Ceresa et al., 1997; David et al., 1995; Chung et al., 1997). As
opposed to the Ras/Erk pathway, the Jak/STAT pathway is not a phosphorylation
cascade. The specificity is achieved mainly from specific STAT-receptor interaction that
are determined by the STAT SH2 domain, but also by the ability of different STAT
dimers to bind distinct response elements in the genome.

In c-Kit signal transduction STATs play an important role. Jak2 associates and
becomes activated in response to SCF and studies using antisense oligonucleotides
against Jak2 suggest that it is important for maximal SCF induced proliferation (Weiler
et al., 1996). It has also been shown that STAT1 associates with c-Kit, which leads to
STAT1 tyrosine phosphorylation and increased DNA binding activity (DeBerry et al.,
1997). In addition to STAT1, SCF also induces tyrosine phosphorylation of STAT5
(Ryan et al., 1997) and interestingly serine phosphorylation of STAT3 (Gotoh et al.,
1996). A recent study showed that the C-terminal region of c-Kit is important for
activation of STAT5 (Brizzi et al., 1999).  A schematic outline of Jak/STAT pathway is
outlined in figure 5.
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Figure 5. Schematic presentation of the Ras/Erk and Jak/STAT pathways. Arrows
indicate activation and blunt end lines inhibitory effects. Translocations are indicated by
dotted arrow. Figure not drawn to scale.
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PI3’-kinase

Phosphoinositide 3’-kinase (PI3’-kinase) phosphorylates the 3’-hydroxylgroup
in the inositol ring of phosphatidylinositol (PtdIns), phosphatidylinositol-4-phosphate
(PtdIns(4)P) or phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) in vitro. However,
in vivo the preferred substrate is PtdIns(4,5)P2 generating PtdIns(3,4,5)P3. PI3’-kinase is
heterodimeric complex with a regulatory and a catalytic subunit. PI3’-kinases can be
divided into three classes (I-III). Class I of PI3’-kinase can be subdivided into IA and IB.
IA are regulated by tyrosine kinases and Ras whereas IB by G-proteins and Ras. Class II
PI3’-kinases are large molecules. It is not clear how class II PI3’-kinase is regulated, but
the two members PI3’-kinase C2α and β associate with and are activated downstream of
the EGFR (Arcaro et al., 2000). PI3’-kinases homologous to the yeast Vps34p make up
class III (reviewed in Vanhaesebroeck and Waterfield, 1999). This discussion will focus
on class IA.  In mammals there are three class IA regulatory subunits (p85α, p85β and
p55γ) and three catalytic subunits (p110α, p110β and p110δ). The regulatory subunit
consists from the N-terminus of an SH3 domain, a BCR homology region and two SH2
domains. The catalytic subunit has an N-terminal region important for the association
with the regulatory subunit and a C-terminal kinase domain.

It has been shown that PI3’-kinase has dual kinase specificity, it can
phosphorylate lipids as well as the regulatory p85 subunit and IRS-1 on serine residues
(Lam et al., 1994; Dhand et al., 1994). The functional consequence of p85
phosphorylation is not clear but might have a regulatory function. Since no
phospholipase activity has been found that hydrolyzes 3’-phospholipids and a
phosphatase (PTEN) has been found that preferentially dephosphorylate the 3’ position
on the inositol ring, it is likely that 3’-phospholipids are molecules with important
signaling functions. PI3’-kinase has been implicated in many aspects of cellular
signaling such as DNA synthesis (Valius and Kazlauskas, 1993), cell survival (Yao and
Cooper, 1995), membrane ruffling (Wennström et al., 1994), chemotaxis (Wennström et
al., 1994), receptor internalization/trafficking (Joly et al., 1994; Joly et al., 1995) and
vesicular trafficking (Schu et al., 1993). Activation of PI3’-kinase by RTK involves
association of the regulatory subunit with phosphorylated tyrosine residues on the
receptor. This results in translocation of PI3’-kinase to the membrane where its
substrates are located, and in some cases the receptor also phosphorylates PI3’-kinase
(Cuevas et al., 2001). It has also been demonstrated that SFK and FAK can associate
with and activate PI3’-kinase (Pleiman et al., 1994; Chen and Guan, 1994).
Interestingly, the active form of Ras, RasGTP, can associate directly with the catalytic
subunit leading its activation (Kodaki et al., 1994). Downstream targets for 3’-
phospholipids generated by PI3’-kinase include protein kinase C (PKC). One study
showed that calcium-independent PKC could be activated by PtdIns(3,4)P2 and
PtdIns(3,4,5)P3 (Toker et al., 1994). Activation of PKC may be one route for PI3’-kinase
to induce DNA synthesis. A well characterized molecule activated in a PI3’-kinase
dependent manner is the serine/threonine kinase Akt (or RAC/PKB). Akt has been
shown in many cell systems to be important for anti-apoptotic signaling (Datta et al.,
1997). From the N-terminus Akt has a PH domain, a serine/threonine kinase domain and
a regulatory domain. In a resting cell, Akt is mainly localized in the cytoplasm.
Activated PI3’-kinase produces PtdIns(3,4)P2 and PtdIns(3,4,5)P3 which have been
shown to bind to the PH domain of Akt, resulting in relocalization of Akt form the
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cytoplasm to the plasma membrane. At the plasma membrane another serine/threonine
kinase, PDK-1 (3’-Phosphoinositide Dependent Kinase) is located. PDK-1 kinase
activity is dependent on the presence of PtdIns(3,4)P2 and PtdIns(3,4,5)P3, hence its
name (Alessi et al., 1997). PDK-1 phosphorylates Akt on a threonine residue in the
activation loop, but also a serine residue in its regulatory domain needs to be
phosphorylated for full kinase activation (Kroner et al., 2000). The serine
phosphorylation is performed by the as yet unidentified kinase named PDK-2. BAD is a
protein that dimerizes with the anti-apoptotic proteins Bcl-2 or Bcl-XL. In the dimeric
state with BAD, Bcl-2 or Bcl-XL can not perform their anti-apoptotic functions.
However, upon serine phosphorylation of BAD by Akt, it can no longer make complex
with Bcl-2 or Bcl-XL. Bcl-2 and Bcl-XL not in complex with BAD are involved in
promoting cell survival. Phosphorylated BAD associates with 14-3-3 proteins, which
might be the mechanism that prevents it form binding to Bcl-2 or Bcl-XL. Akt can also
protect against apoptosis through phosphorylation of the forkhead transcription factor
(FKHRL1) (Brunet et al., 1999). Phosphorylated FKHRL1 is maintained in the
cytoplasm by association with 14-3-3 proteins. In the absence of phosphorylation,
FKHRL1 is translocated to the nucleus where it induces genes involved in apoptosis, e.g.
the Fas ligand.

Activation of c-Kit results in association between the regulatory subunit of
PI3’-kinase and a phosphorylated tyrosine residue in the kinase insert of c-Kit (Tyr-721
in human receptor and -719 in the murine) (Serve et al., 1994). Binding of PI3’-kinase to
c-Kit results in its activation and subsequently to activation of Akt. Activated Akt
phosphorylates BAD and promotes in this way survival. A Y721F human c-Kit mutant
was unable to protect against apoptosis in transfected U2-OS cells (Blume-Jensen et al.,
1998). Knock-in experiments with Y719F into murine mast cells lacking endogenous c-
Kit showed reduced membrane ruffling, adhesion, actin assembly and proliferation in
response to SCF (Vosseller et al., 1997). Production of knock-in mice harboring the
Y719F mutation showed that PI3’-kinase association to c-Kit is vital for fertility. In one
study only the male mice were sterile (Blume-Jensen et al., 2000), whereas in another
study also the female mice displayed a reduced fertility (Kissel et al., 2000). Blume-
Jensen et al. (2000) could show that the male sterility was due to block in the
spermatogenesis with decreased proliferation and subsequent extensive apoptosis. The
phenotypes from the knock-in studies of Y719F c-Kit in mice suggest that in most cell
types there are redundancy, but in certain specialized cell types the SCF induced
activation of the PI3’-kinase pathway is critical and non-redundant. In patients with
mastocytosis, leukemia and germ cell tumors an activating mutation in c-Kit has been
found, D816V. A recent study showed that the PI3’-kinase binding site in this
constitutive active c-Kit receptor was essential for tumorigenicity in mice and
contributed to growth factor-independent growth of immortalized murine progenitor
cells (Chian et al., 2001).

SH2 domain containing phosphatases

SHP1 (PTP1C, HCP, SH-PTP1) and SHP2 (PTP1D, Syp, SH-PTP2) are two
SH2 domain containing cytoplasmic tyrosine phosphatases. The domain structure of
these phosphatases is: SH2-SH2-phosphatase domain. SHP1 is mainly expressed in
hematopoietic cells, whereas SHP2 is ubiquitously expressed.



27

 It has been shown that binding of phosphopeptides to the SH2 domain
increases the catalytic activity of SHP2 (Pluskey et al., 1995). The mechanism behind
this was clarified when the crystal structure of SHP2 was solved (Hof et al., 1998). The
N-terminal SH2 (N-SH2) domain binds to the catalytic domain of SHP2 and blocks the
active site. Association of phosphotyrosine to the N-SH2 domain releases the inhibition
and leads to enzymatic activation. The C-terminal SH2 domain confers additional
affinity. SHP2 has been shown to contribute to the activation of the Ras/Erk pathway.
Interestingly, the catalytic activity of SHP2 is of importance, since over-expressing
catalytic inactive SHP2 inhibits mitogenicity induced by PDGF (Rivard et al., 1995).
Active SHP2 might dephosphorylate sites on the receptor that docks with negative
regulators of Ras/Erk pathway and/or by dephosphorylation of SFK on the regulatory C-
terminal tyrosine leading to activation of kinase activity. A study on the EGFR led to a
model for Erk activation that includes SHP2 (Shi et al. 2000). The activated receptor
phosphorylates the scaffold protein Gab1, which then forms a complex with several
molecules including SHP2 and p90. It was shown that SHP2 dependent
dephosphorylation of p90 correlated with activation of Ras. A mutant SHP2 that failed
to associate with Gab1 decreased the EGF induced Erk activation. SHP2 is also involved
in the movement of cells. Fibroblasts lacking SHP2 display a reduced ability to spread
and migrate on fibronectin (Yu et al., 1998). It has also been demonstrated that a
PDGFβR lacking the SHP2 binding sites is impaired in migration towards ligand
(Rönnstrand et al., 1999). SHP2 associates with Tyr-568 in the juxtamembrane region of
c-Kit (Tauchi et al., 1994; Kozlowski et al., 1998). Mutating the SHP2 binding site to
phenylalanine in c-Kit, results in some cell systems to increased SCF-induced
proliferation, suggesting a negative role for SHP2 in c-Kit signaling. 

SHP1 binds to c-Kit via Tyr-570 located in the juxtamembrane region (Yi and
Ihle, 1993; Kozlowski et al., 1998). Genetic experiments have shown that SHP1 has a
negative role in c-Kit signaling. Motheaten (me) mice have a loss-of-function mutation
in the SHP1 gene (Tsui et al., 1993). These mice have among other defects
hyperproliferative progenitor cells (Shultz et al., 1993). Wv mutation in c-Kit results in a
receptor that has a reduced kinase activity. Heterozygous Wv mice were crossed with
heterozygous me mice and then back-crossed to produce all allelic variations of the two
genes. Mice expressing both Wv and me genes in combination had a milder phenotype
compared to me phenotype, the reduction of SHP1 expression also improved the Wv

phenotype suggesting a functional connection between these two molecules (Paulson et
al., 1996), (Lorenz et al., 1996). A negative role for SHP1 in c-Kit signaling has also
been demonstrated in cell culture systems (Kozlowski et al., 1998). Expression of a
receptor mutant unable to associate with SHP1 showed enhanced SCF-induced
proliferation.

Protein kinase C

The protein kinase C (PKC) family of serine/threonine kinases includes at least
11 structurally related proteins. The PKC family has been divided into three groups
based on structural and functional properties. Conventional PKCs (cPKC) are activated
by Ca2+ and diacylglycerol (DAG) or phorbol esters. cPKC  includes the α, βI, βII and γ
isoforms. Novel PKCs (nPKC) are activated by DAG or phorbol esters but are
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independent of Ca2+. nPKC includes the isotypes ε, δ, η, µ and θ. Atypical PKCs
(aPKC) are Ca2+ and DAG independent. The aPKC group includes ι and ζ isoforms. The
different PKC isoforms are encoded by different genes, except βI and II that are splice
products of the same gene (reviewed in Newton, 1997).

The PKC proteins contain an N-terminal regulatory region and a C-terminal
catalytic region. The N-terminal part of cPKC contains a C1 and C2 region whereas the
nPKC contains a C2-like domain and a C1 region. The aPKC only have a C1 domain.
All of the PKC isoforms (except µ) have a pseudo-substrate sequence in their C1 region.
This pseudo-substrate binds to the catalytic domain and keeps it in an inactive state
(reviewed in Newton and Johnson, 1998). 

Different isoforms of PKCs have different requirements for activation but a
general and simplified mechanism could be as follows; activation of PKC requires
removal of the pseudo-substrate from the catalytic domain, allowing access of substrates
to the active site. This conformational change depends on binding to the plasma
membrane by both the C1 and if present C2 domains simultaneously. Binding of C1 to
the plasma membrane, particularly to phosphatidylserine, is regulated by diacylglycerol,
and Ca2+ increases C2 domain’s affinity for anionic lipids in membrane. Most PKC
isotypes depend on phosphatidylserine for activation, but different isoforms have
different preferences regarding lipid co-factors, e.g. the atypical PKCζ can be activated
by the PI3’-kinase product PI(3,4,5)P3 (Nakanishi et al., 1993). In order to achieve full
activation, the activation loop threonine needs to be phosphorylated by PDK-1. After
this initial phosphorylation, autophosphorylation of two sites in the C-terminal region
occurs, at least in cPKCs. One of these sites is required for catalytic activity and the
other site has been shown to be important for release of the PKC from the plasma
membrane to the cytosol.  Interestingly, PKCδ (a nPKC) is also tyrosine phosphorylated
but the consequence of this is not clear (reviewed in Newton, 1997 and Parekh et al.,
2000). The atypical PKCι was recently shown to be tyrosine-phosphorylated in the
catalytic domain by Src kinases upon NGF stimulation (Wooten et al., 2001). Mutation
of one of the tyrosine phosphorylation sites (Y325) reduced the ability of Src to activate
PKCι.

Many growth factors activate PKC by first activating phospholipase Cγ1
(PLCγ1). PLCγ1 hydrolyzes phosphatidylinositol(4,5)bisphosphate to DAG and
inositol(1,4,5)trisphosphate (IP3). DAG can bind C1 domain of conventional and novel
PKCs, and IP3 leads to release of Ca2+ from intracellular stores, which among other
things modulates the cPKC C2 domain membrane binding. An alternative route to
generate DAG is through phospholipase D (PLD), which hydrolyses
phosphatidylcholine to produce choline and phosphatidic acid (PA). PA is then by
dephosphorylation converted to DAG. In cells expressing c-Kit it has been shown that
PLD is activated in a PI3’-kinase dependent manner (Kozawa et al., 1997). Activation of
PLD is likely the major route to PKC activation in response to SCF.

PKCs regulate a broad variety of cellular functions such as proliferation,
differentiation and survival. In neuroblastoma cell lines it has been demonstrated that
cPKC are involved in growth and survival, whereas nPKC are important for neurite
outgrowth (Zeidman et al., 1999a; Zeidman et al., 1999b; Svensson et al., 2000).
Another experiment demonstrating isoform specificity was performed in NIH3T3 cells
where it could be shown that overexpression of PKCε leads to increased proliferation,
whereas overexpression of PKCδ inhibits proliferation (Mischak et al., 1993). Several
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reports have also indicated a role for PKCs in modulation of the actin cytoskeleton
(Blume-Jensen et al., 1993; Zeidman et al., 2002). 

PKCs plays an important role in down-regulation of RTK kinase activity, such
as the EGFR (Cochet et al., 1984) and c-Kit (Blume-Jensen et al., 1993). In the case of
c-Kit this regulation occurs in two ways. First, activation of PKC results in a release of
the c-Kit extracellular domain (Yee et al., 1994; Broudy et al., 2001) and secondly, PKC
phosphorylates c-Kit on two serines in the kinase insert leading to inhibition of the c-Kit
tyrosine kinase activity. The mechanism behind the inhibition of kinase activity is not
clear.

Receptor inactivation

Receptor tyrosine kinases (RTKs) are negatively regulated by protein tyrosine
phosphatases. Incubation of cells with phosphatase inhibitors often leads to ligand-
independent phosphorylation of RTKs. Additional evidence for negative regulation has
come from mice with disrupted genes encoding phosphatases. Mice lacking functional
PTP-1B displayed a prolonged phosphorylation of the insulin receptor in the liver
(Elchebly et al., 1999). In the motheaten mice, that lack functional SHP1, bone marrow
progenitor cells showed an increased responsiveness toward SCF as judged by receptor
phosphorylation and the proliferative response (Paulson et al., 1996; Lorenz et al.,
1996). Another phosphatase implicated in RTK signaling is the LMW-PTP.
Overexpression of LMW-PTP in fibroblasts results in inhibition of PDGF-BB induced
mitogenicity and a decreased phosphorylation of the PDGF receptors (Berti et al., 1994).
The dephosphorylation might be site selective, as have been demonstrated for DEP-1
dephosphorylation of the PDGFβR, and in these cases the function is not only to
downregulate the signal but also to modulate it (Kovalenko et al., 2000). 

          Activated RTKs are rapidly removed form the cell surface by ligand-induced
endocytosis and delivered to the lysosomes for degradation. Endocytosis is a process
where the plasma membrane pouches inward and is pinched off into vesicles. This is a
process the cell uses to attenuate active cell surface receptors as well as
compartmentalize signaling events. Many growth factor receptors use the clathrin-coated
pit pathway for endocytosis. Clathrin-dependent endocytosis begins with the assembly
of clathrin coated pits, which are composed of, in a simplified model, clathrin and the
adaptor binding protein 2 complex (AP2). Clathrin forms a lattice network composed of
three-legged triskelia. The triskelia assemble into oligomeric complexes that induce
curvature of the membrane leading to invaginations called clathrin-coated pits. The
clathrin-coated pit is pinched of into the cytosol via a process demanding the GTPase
activity of dynamin. Inside the cell, clathrin is removed making the vesicle able to fuse
with the endosome. Active RTKs are often sorted from the endosome to the lysosome,
where they are degraded. Exactly how a membrane protein is targeted to endocytosis is
not completely clear. One mechanism described is that the cytoplasmic regions of the
proteins contain internalization signals, e.g. tyrosine-based and dileucine-based motifs.
These motifs can interact with AP2 complex and the proteins are thereby recruited to the
clathrin-coated pits, and this interaction is likely modulated by phosphorylation.
Recently, it has been shown that monoubiquitination might be a way to target proteins
for internalization (Shih et al., 2000). In this study, it was shown that the ubiquitin
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moiety contains an internalization signal. The mechanism by which ubiquitin directs the
receptor internalization is not known, but EGFRs that are ubiquitinated do not require
the AP2 adaptor (Nesterov et al., 1999). This suggest that ubiquitin may induce
internalization via a special kind of adaptor proteins, which are able to bind to proteins
in a monoubiquitination-dependent manner. This observation might explain why many
RTK become ubiquitinated in response to ligand but usually are not degraded by the
proteasome but rather in the lysosomes. c-Kit is rapidly internalized upon ligand
stimulation, and the kinase activity is important for this process (Yee et al., 1994).
Internalization of c-Kit likely involves the clathrin-coated pits since clathrin co-
immunoprecipitates with c-Kit upon SCF stimulation. It has also been shown that if the
PI3’-kinase binding site is removed in c-Kit, the receptor can still internalize but remains
close to the plasma membrane indicating a defect in intracellular trafficking
(Gommerman et al., 1997). One possibility is that the PI3’-kinase products are involved
in locating the GTPase dynamin to the plasma membrane via its PH domain. Since
dynamin is involved in pinching of the vesicles from the membrane it has to be correctly
located in order to perform its task, otherwise the vesicle will remain associated to the
membrane. If both PI3’-kinase and Ca2+ influx were blocked, this inhibited c-Kit
internalization. Ca2+ binds to clathrin and is believed to stabilize the clathrin cage
structure. Using a SFK inhibitor or cells lacking Lyn expression, it was shown that SFK
are important for c-Kit internalization, but not for the translocation of c-Kit into clathrin-
coated pits (Broudy et al., 1999). A possible mechanism behind this observation is that
dynamin, the GTPase required for pinching of the vesicle is, at least in vitro, is activated
by phosphorylation of SFK (Gout et al., 1993). Also for the PDGFβR it has been shown
that the tyrosine residue in the juxtamembrane region principally responsible for binding
to SFKs, is important for internalization of the receptor (Mori et al., 1994). If activation
of SFKs is vital event for ligand induced receptor internalization, this might explain the
need for the receptor kinase activity.
HoHo

 Ubiquitin is a 76 amino acid long polypeptide that is highly conserved and
widely expressed in eukaryotes. Ubiquitin molecules are covalently attached to target
proteins via lysines, marking them to proteolysis via the proteosome complex. The
process of ubiquitination requires three enzymes; E1, E2 and E3. E1 is a ubiquitin-
activating enzyme, and this process requires ATP. There is one E1 gene giving rise to
two isoforms by the use of alternative translation start sites. The E2 enzyme transfers the
activated ubiquitin moiety to the E3 ubiquitin ligase, which in turn transfers it to the
target protein. There are at least 25 different mammalian E2 family members and even
more E3 enzymes. Two distinct types of E3 enzymes have been found the HECT- and
RING finger-types. The HECT E3s form a covalent intermediate with ubiquitin, whereas
the RING finger E3s are believed to transfer the ubiquitin moiety directly from the E2 to
the target protein. A ubiquitin moiety can be attached to another ubiquitin molecule via a
lysine residue producing a polymer, polyubiquitin. In the ubiquitin molecule there are
four lysine residues, which all are potential sites for linkage to other ubiquitin moieties.
It is believed that different lysine residues used for ubiquitin linkage leads to distinct
signaling properties. Polyubiquitinated (more than four monomers) proteins are
degraded by the proteasome in an ATP-dependent manner. However, monoubiquitinated
proteins are not targeted to the proteasome. Interestingly, in the case of the Ste2 protein
in yeast (a G-protein coupled receptor), monoubiquitination have been shown to induce
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increased receptor internalization (Terrell et al., 1998). One possible mechanism that can
link monoubiquitination to endocytosis is that it serves as docking sites for adaptor
molecules or cytoskeletal proteins involved in vesicle budding and movement in analogy
to phosphorylation. The ubiquitination process is reversible and there exist enzymes that
remove ubiquitin moieties from proteins. In RTK signaling one important RING finger
E3 ubiquitin ligase is c-Cbl that associates with tyrosine-phosphorylated proteins via its
SH2 domain (Joazeiro et al., 1999), and this might explain why kinase activity of
receptors is necessary for ubiquitination as has been shown for the PDGFβR (Mori et al.,
1992). Experiments with the EGFR have demonstrated that ubiquitination occurs at the
plasma membrane prior to endocytosis (Stang et al., 2000). Little is known about the
signals that target a protein to ubiquitination. In some cases phosphorylation is needed
for ubiquitination, e.g. the IκBα inhibitor of NFκB require phosphorylation on two
serine residues prior to ubiquitination (Chen et al., 1995). This is not a general
mechanism since in other cases phosphorylation inhibits ubiquitination such as Erk
phosphorylation of c-fos, c-mos and c-jun (Musti et al., 1997). 

Present investigation

Identification of Tyr-703 and Tyr-936 as the primary association sites for Grb2 and
Grb7 in c-Kit/stem cell factor receptor (Paper I)

When this study was initiated the goal was to identify new tyrosine
phosphorylation sites in c-Kit and to identify novel docking proteins. In the C-terminal
tail of the receptor there is only one tyrosine, Tyr-936, and in the kinase insert it was
known that Tyr-721 was a phosphorylation site (Lev et al., 1992) but not if Tyr-703 was
phosphorylated. These two tyrosines were selected as the primary target for the study.
These tyrosines were also especially interesting since they both fulfilled the consensus
sequence for binding to Grb2 (pYXNX). Earlier studies had shown that Grb2 could
associate directly to activated c-Kit (Tauchi et al., 1994)

By the use of immunoprecipitation of phosphopeptides from c-Kit, labeled with
32P-orthophosphate, with a panel of antibodies raised against different regions of the
receptor, followed by radio-Edman degradation, we could show that Tyr-703 in the
kinase insert and Tyr-936 in the C-terminal tail of c-Kit are phosphorylation sites in
vivo. The same tyrosine residues could also be detected in an in vitro kinase reaction.
Since both Tyr-703 and Tyr-936 could be seen phosphorylated in vivo as well as in vitro,
they are true autophosphorylation sites and not phosphorylated by another kinase. In
addition we could identify Ser-943 as a phosphorylation site. The sequences downstream
of Tyr-703 (pYKNL) and Tyr-936 (pYSNL) both have an asparagine residue in position
+2 which is a requirement for the binding of Grb2. Using a GST fusion protein of the
SH2 domain of Grb2, we could show that it interacted with ligand-stimulated c-Kit. In
order to determine which of the tyrosine residues Grb2 bound to, we used synthetic
peptides corresponding to the amino acid sequences surrounding Tyr-703 and Tyr-936.
The experiments showed that the SH2 domain of Grb2 could bind to both
phosphorylated Tyr-703 and Tyr-936. We repeated the same experimental procedure
with a GST fusion protein of the Grb7 SH2 domain. In those experiments, we could
show that Grb7 associated to c-Kit via phosphorylated Tyr-936.



32

In conclusion, this study identifies Tyr-703 and Tyr-936 as autophosphorylation
sites. Furthermore, we demonstrate that the adaptor protein Grb2 can associate to both
Tyr-703 as well as Tyr-936. The adaptor protein Grb7, on the other hand, only associates
to c-Kit via Tyr-936.

Phosphorylation of Shc by Src family kinases is necessary for stem cell factor
receptor/c-Kit mediated activation of the Ras/MAP kinase pathway and c-fos
induction (Paper II) 

The Src family kinase member Lyn has been shown to associate with the
juxtamembrane region of c-Kit in MO7e cells (Linnekin et al., 1997). Src kinases have
also been shown to associate with the PDGF receptors via two tyrosines in the
juxtamembrane region, Tyr-572 and -574 in the PDGFαR (Hooshmand-Rad et al., 1998)
and Tyr-579 and -581 in the PDGFβR (Mori et al., 1993). Another study of the
PDGFαR showed that when the Src family kinase binding site had been mutated, the
receptor no longer could phosphorylate Shc efficiently (Gelderloos et al., 1998).
However, this receptor mutant still could induce cell growth in soft agar to the same
extent as the wild-type receptor. The same study also showed that there was no
difference between the wild-type and mutant receptor in their ability to induce
expression of c-fos and c-myc mRNA. Since the Src binding tyrosine residues in the
PDGF receptors are conserved also in c-Kit (Tyr-568 and -570) we wanted to investigate
if these tyrosine residues constituted the Src association site also in this receptor. There
are five tyrosine residues in the juxtamembrane region of c-Kit and we could
demonstrate using radio-Edman sequencing that only Tyr-568 and -570 are
phosphorylated. Mutant receptors (Y568F, Y570F and Y568/570F) were made and
expressed in porcine aortic endothelial (PAE) cells. The mutant receptors were tested for
kinase activity in an in vitro kinase reaction using polyGluTyr (4:1) as an exogenous
substrate, and were shown to display a kinase activity comparable to the wild-type
receptor. Next we analyzed these various mutants for their ability to activate Src family
kinases. In an enolase assay we could show that the wild-type receptor and Y570F
mutant induced a 3-4-fold increase in kinase activity in a Src immunoprecipitate,
whereas the Y568F and Y568/570F mutants completely failed to activate Src.  Using a
GST fusion protein of the Src SH2 domain, we could pull down activated c-Kit from a
cell lysate. This association could be competed somewhat by a peptide corresponding to
the amino acid sequence surrounding Tyr-568 and -570 but phosphorylated only on Tyr-
570. However, a peptide phosphorylated on Tyr-568 or both Tyr-568 and 570
completely abolished the association between c-Kit and the Src SH2 domain. These data,
together with the enolase in vitro kinase assay results, indicate that Tyr-568 is the major
Src binding site in c-Kit and that Tyr-570 might contribute to full binding. When
analyzing these mutants for their ability to phosphorylate the adaptor protein Shc, we
could show that efficiency of phosphorylation strongly correlated with the receptors
ability to activate Src kinases. Mutating Tyr-568, alone or in combination with Tyr-570
to Phe, also led to a loss of ligand-stimulated Ras GTP-loading and activation of Erk2.
The ligand-stimulated induction of c-fos was also reduced in a way that correlates with
the mutant receptors ability to activate Src kinases. Thus, in these cells the activation of
Src family kinases is necessary for the induction of the Ras/Erk pathway. Interestingly,
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the mitogenic response elicited by the mutant receptors does not correlate with their
ability to activate Src or Erks. The Y568F mutant induces a mitogenic signal similar to
the wild-type receptor, whereas the Y568/570F does not induce any response. This
suggests that additional signal transduction molecules bind to Tyr-568 and Tyr-570, and
that these molecules are important for the mitogenic signaling.

In other studies using Ba/F3 cells, it was shown that when Tyr-568 or Tyr-570
were mutated to Phe these cells responded stronger in a mitogenicity assay than the
wild-type receptor (Kozlowski et al., 1998). In contrast to this, Timokhina et al. (1998)
could show that when expressing Y568F in bone marrow-derived mast cells, these cells
had a lower mitogenic response compared to cells expressing wild-type receptor. It is
known that many different proteins, besides Src family kinases, associate with c-Kit in
the juxtamembrane region, e.g. SHP1/2 (Kozlowski et al., 1998), CHK (Price et al.,
1997) and APS (Wollberg et al., unpublished observation). Therefore, the expression
levels of the various proteins in a given cell type is likely to be very important for the
response, e.g. SHP1 is primarily expressed in hematopoietic cells while its expression in
PAE cells is very low. 

Together these experiments show that, at least in the PAE cell system, the
activation of Src kinases is essential for phosphorylation of Shc by c-Kit and the
subsequent activation of the Ras/Erk pathway resulting in the induction of the early
response gene c-fos. It is also worth to point out that the major way to the Grb2/Sos
complex seems to go via Shc and not through direct binding of Grb2 to c-Kit. This study
also shows that activation of Erks is not necessary for the mitogenic response induced by
SCF.

After our study was published, Bondzi et al. (2000) showed similar results on
the activation of Erks and cell growth using small cell lung cancer cell line. In that study,
receptor mutants were not used but instead overexpression of dominant-negative forms
of the Src family member Lck was used to suppress Lck activity. 

Identification of Tyr-900 in the kinase domain of c-Kit as a Src-dependent
phosphorylation site mediating interaction with c-Crk via the p85 subunit of PI 3’-
kinase (Paper III)

We have previously shown that Src family kinases bind to c-Kit via Tyr-568
and to some extent to Tyr-570. The association of Src kinases to c-Kit leads to an
increase in Src kinase activity (Paper II). In other receptor systems, such as the
PDGFβR, EGFR and the IGF-IR, it has been shown that Src kinases can phosphorylate
tyrosines within the receptor (Hansen et al., 1996; Biscardi et al., 1999; Tice et al.,
1999; Stover et al., 1995; Sato et al., 1995; Wright et al., 1996; Peterson et al., 1996). In
this study we wanted to investigate if similar things occurred in c-Kit. In the PDGFβR it
was shown that Tyr-934 is a Src phosphorylation site (Hansen et al., 1996). The
homologous tyrosine residue in c-Kit is Tyr-900. 

To analyze the phosphorylation status of Tyr-900, we used porcine aortic
endothelial (PAE) cells expressing wild-type c-Kit or a point-mutated form of c-Kit that
cannot activate Src family kinases (Y568F). PAE cells were used because these cells are
readily labeled with 32P-orthophosphate, which is the method we use to investigate the
phosphorylation status in vivo. In vitro kinase experiments showed that Tyr-900 was
only phosphorylated when recombinant Src was added to the immunoprecipitated c-Kit.
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Furthermore, in living cells Tyr-900 was phosphorylated in response to SCF in the wild-
type receptor but not in the receptor mutant unable to activate Src kinases or when the
cells were pretreated with a Src family kinase inhibitor, SU6656. These data show that
Tyr-900 in c-Kit is not an autophosphorylation site, but a Src-dependent phosphorylation
site.

Next we wanted to determine if any proteins associated to phosphorylated Tyr-
900. In these experiments we used mass spectrometry as a mean of protein identification
and since most of the databases for identification of proteins contain mouse or human
proteins, we switched from using the porcine PAE cells to the murine NIH3T3 cells. A
further advantage in using the NIH3T3 cells in the future studies is that they can readily
be infected with ecotropic retrovirus encoding various receptor mutants. To identify
interacting proteins we used synthetic peptides corresponding to the amino acid
surrounding Tyr-900, either phosphorylated or not. Using this approach, combined with
mass spectrometry to identify interacting proteins, we were able to show that the adaptor
protein Crk-II bound to Tyr-900 in a phosphorylation-dependent manner. This was
surprising, since the amino acid sequence surrounding Tyr-900 (YDIM) does not fulfill
the Crk SH2 domain consensus binding sequence (pYDHP). The sequence surrounding
Tyr-900 does, however, fulfill the p85 SH2 domain consensus sequence (pYXXM).
There have been reports that Crk and p85 can exits as a complex (Feller, 2001).
Therefore we investigated the possibility that Crk bound to Tyr-900 indirectly via p85.
In a co-immunoprecipitation experiment, we could show that p85 is constitutively
associated with Crk-II in NIH3T3 cells. Again, using the synthetic peptide approach, but
this time identifying associated proteins by immunoblotting, we could demonstrate that
both Crk-II and p85 could interact with Tyr-900. These data indicate that Crk-II might
bind to Tyr-900 indirectly via the p85 subunit of PI3’-kinase.

We could not detect any c-Kit protein co-immunoprecipitating with Crk-II.
However, we could detect an increase in Crk-II phosphorylation (2-3 fold) in response to
SCF. In a receptor mutant where Tyr-900 had been replaced with Phe there was a
significant reduction in Crk tyrosine phosphorylation after SCF stimulation. However,
using a GST fusion protein of Crk-II we could detect an interaction with activated c-Kit.
This association was dramatically reduced in the Y900F mutant. A possible explanation
to the inability to detect any co-immunoprecipitation between c-Kit and Crk-II is that the
interaction is very transient. Similar results have been reported for PDGFβR (Matsumoto
et al., 2000). The failure to detect a stable interaction was explained with the fact that
when Crk-II becomes phosphorylated on Tyr-221 it negatively affects binding to the
receptor by forming an intramolecular interaction with the Crk-II SH2 domain. 

Next we analyzed the Y900F mutant for its ability to activate Erk. The initial
burst of Erk phosphorylation was present both in the wild-type receptor as well as in the
Y900F mutant. However, when studying the kinetics of Erk phosphorylation it could be
seen that the second wave of Erk phosphorylation seen in the wild-type receptor was
absent in cells expressing the Y900F mutant. When testing the mutant receptor for its
ability to induce DNA synthesis, it was shown that cells expressing the Y900F mutant
receptor were defective in SCF-induced [3H]-thymidine incorporation. 

In an attempt to understand why the long-term effects of the Y900F mutant
were reduced compared to the wild-type receptor, we noticed that the mutant receptor
itself showed a faster degradation than the wild-type receptor. Thus, a likely explanation
for the defects in long-term effects is the more rapid removal of the active mutant
receptor from the cell through degradation compared to the normal receptor.
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In summary, we have shown that Tyr-900 in c-Kit is not an
autophosphorylation site but a target for Src phosphorylation. Furthermore, we have
demonstrated that phosphorylated Tyr-900 can associate with Crk-II and the p85 subunit
of PI3’-kinase. We could also demonstrate that Crk-II and p85 formed a constitutive
complex. Mutating Tyr-900 to Phe resulted in a receptor that had a normal kinase
activity, but was defective in properties that require long-time exposure to ligand, such
as the second wave of Erk phosphorylation and DNA synthesis. This can likely be
explained by the fact that the mutant receptor shows a faster ligand-induced degradation
compared to the wild-type receptor. Taken together this study indicate that one function
of Src kinases in c-Kit signal transduction is to phosphorylate the receptor, thereby
creating additional docking sites for SH2 containing molecules as well as making it
more resistant towards ligand-induced degradation. The mechanism behind this effect on
degradation is currently being addressed.

The results on SCF-induced mitogenicity in this study, where we showed an
inhibition of DNA synthesis when Tyr-900 was mutated to Phe is contradictory to the
results in Paper II where we showed that the Y568F mutant responded just as well as the
wild-type receptor. In the Y568F mutant Tyr-900 is not phosphorylated, as shown in this
study, and one would therefore expect these two mutants to have similar DNA synthesis
response. One possibility is that the negative effect on Tyr-900 phosphorylation in the
Y568F mutant is compensated for by the loss of SHP2 binding. SHP2 is a phosphatase
that binds to Tyr-568 and negatively regulates c-Kit (Kozlowski et al., 1998). In the
Y900F mutant the negative regulation of c-Kit by SHP2 is still intact and therefore the
Y900F mutation have a negative effect on mitogenicity. In addition, it is also possible
that the mutation by itself results in changes in the catalytic domain structure that
account for the loss of mitogenic response. However, analysis of the
autophosphorylation pattern and the ability to phosphorylate exogenous substrates in
vitro can not detect any differences between the Y900F mutant and the wild-type
receptor. Also it is important to emphasize that the two studies were performed in two
different cell types, PAE and NIH3T3 cells, respectively.

Src family kinases are involved in the differential signaling from two splice forms
of c-Kit (Paper IV)

c-Kit exists in two major splice forms that differ in the presence or absence of
four amino acids (GNNK) just outside the plasma membrane. Previous data have shown
that although the two splice forms have the same affinity for ligand they differ in
signaling capabilities. The GNNK- form displays a faster and stronger
autophosphorylation, stronger Erk activation and a faster ligand induced degradation
compared to the GNNK+ splice form (Caruana et al., 1999). The same group also
showed that GNNK- from promoted anchorage-independent growth, loss of contact
inhibition and led to tumor formation in nude mice. In contrast, the GNNK+ form
promoted anchorage-independent growth but very poor focus formation and no tumor
growth in mice. Interestingly, splice variants involving deletions of parts of the
juxtamembrane region of the extracellular domain have also been described for ErbB2,
ErbB4 and the insulin receptor (Kwong and Huang, 1998; Elenius et al., 1997; Leibiger
et al., 2001). In the case of ErbB2 this deletion resulted in a receptor with higher kinase
activity and stronger transforming ability. The purpose of this study was to investigate
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the molecular mechanism by which the GNNK- and GNNK+ splice forms of c-Kit
signal.

For this study we developed a series of site-selective phosphotyrosine
antibodies for the c-Kit receptor. In an experiment using these antibodies, we could
demonstrate a differential phosphorylation status between the two splice forms. An
example is Tyr-721 (the PI3’-kinase binding site) that was phosphorylated to a similar
degree in both splice forms, whereas Tyr-568 (the Src kinase binding site) showed a
higher level of phosphorylation in the GNNK- form compared to the GNNK+ form. The
data on Tyr-721 phosphorylation fitted well with a previous study showing that both
splice forms associated to PI3’-kinase and activated the downstream kinase Akt to a
similar extent (Caruana et al., 1999). The finding that the Src binding site showed a
higher degree of phosphorylation lead us to investigate if Src kinases associated stronger
to the GNNK- form. Using a GST fusion protein of the Src SH2 domain we could show
that this was indeed the case. In an earlier study we have shown that the activation of Src
kinases is vital for the phosphorylation of Shc and activation of Erks (Paper II).
Therefore we wanted to test if this was the case also in this cell system. Indeed, we could
show that Shc was stronger phosphorylated in cells expressing GNNK- form compared
to cells expressing the GNNK+ form. Treating the cells expressing the GNNK-  (or
GNNK+) form with a Src family kinase inhibitor (SU6656) reduced the Shc
phosphorylation and Erk activation. In addition we could demonstrate that in the
presence of SU6656 the GNNK- form had a similar kinetics of autophosphorylation as
the GNNK+ form without the inhibitor. Using 125I-SCF we could show that the two
splice forms had similar rates of internalization, but the 125I-SCF bound to the GNNK-
form displayed a more efficient degradation compared to the GNNK+ form. When we
repeated this experiment in the presence of SU6656 we could see a reduction in the rate
of internalization but more strikingly, the degradation of the GNNK- form was similar to
that seen with the GNNK+ form without the inhibitor. 

The data in this study leads us to believe that the differences between the two
splice forms, GNNK- and GNNK+, at least in part depends on the differences in their
ability to activate Src family kinases. At the present time we don’t have an explanation
as to why these splice forms activates Src kinases differently. One hypothesis is that the
four amino acids that differ between these splice forms lies in a helical region and
thereby causes differences in the orientation of the intracellular domains in the dimer.
This difference in orientation might result in more efficient exposure of Tyr-568 and -
570 site in the GNNK- form and thereby promoting more efficient phosphorylation and
subsequent association with Src family kinases. This hypothesis will be addressed in
future studies.

Future perspectives

For the SCF/c-Kit signaling system a considerable amount of knowledge exits
on the physiological functions, derived from analysis of the panel of different naturally
occurring loss-of-functions mutations in mice (W- and Sl-mutants). The work in this
thesis has been focused upon understanding the molecular events occurring in the cell
after ligand binding, such as analyzing the autophosphorylation sites in c-Kit and
molecules associating to these phosphorylated tyrosine residues. The combination of
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molecular understanding of c-Kit signal transduction with the physiological functions
will be a powerful tool for understanding signal transduction in vivo, and for a rational
design of drugs for pharmacological interventions.

In paper I, we wanted to identify autophosphorylation sites in c-Kit. By labeling
of cells with radioactive phosphate, we could show that the only tyrosine residue in the
C-terminal tail, Tyr-936, is an autophosphorylation site as well as Tyr-703 in the kinase
insert. We could show that in vitro Grb2 could bind to both these tyrosines, but Grb7
only to Tyr-936. An interesting question is what the biological consequences of these
interactions is, especially since in paper II we showed that phosphorylation of Shc is
likely to be needed for recruitment of the Grb2/Sos complex to c-Kit. 

Paper II show that SFK are of vital importance for the activation of the Ras/Erk
pathway in response to SCF. In this study we could show that the activation of the
Ras/Erk pathway goes via Shc and not by direct binding of Grb2 to the receptor. We
could also show that activation of Erks does not correlate with the mitogenic response.
Questions generated by this study include how does Shc couples to the receptor since no
stable complex could be detected, and why doesn’t Grb2 bind directly to the receptor? In
this study and in Bondzi et al. (2000), it is shown that SFK are necessary for activation
of Erks in response to SCF, whereas other studies could not show the need for SFK
(Timokhina et al., 1998). An interesting question is what lies behind this cell type
specificity. Furthermore, mutating the two autophosphorylation sites in the
juxtamembrane region one by one gives no effect on mitogenicity, whereas removal of
both simultaneously completely blocks the mitogenic response. It has been shown that
many molecules bind to the juxtamembrane region of c-Kit, but which molecules are
essential for a mitogenic response?

In paper III, Tyr-900 in the second part of the kinase domain was identified as
an SFK phosphorylation site. Further studies showed that this tyrosine residue was
essential for Crk-II phosphorylation in response to SCF. Mutation of Tyr-900 to
phenylalanine resulted in a receptor that was defective in mitogenic signaling and was
degraded faster than the wild-type receptor. One problem that needs to be addressed is
how phosphorylation of Tyr-900 can lead to receptor stabilization. Mutation of the
tyrosine in the PDGFβR that corresponds to Tyr-900 in c-Kit (Tyr-934) or the Src
phosphorylation site in the EGFR kinase domain (Tyr-845) resulted in receptors with
normal kinase activity, but these receptors also showed a reduced mitogenic response
(Hansen et al., 1996; Biscardi et al., 1999). The mechanism behind this effect is an
important issue to resolve in order to understand the mitogenic signaling. Most of the
SFK phosphorylation sites in RTK, including Tyr-900 in c-Kit, have a low stochiometry
implicating a tight regulation of the phosphorylation status. Since mutation of these sites
leads to major disturbances in receptor signaling, it would be interesting to identify the
phosphatase responsible for the dephosphorylation.  

Paper IV deals with two splice forms of c-Kit that exists in both human and
mice. These splice forms only differ in four amino acid residues just outside the plasma
membrane (GNNK+/-), but display very different signaling characteristics even though
they bind the ligand with similar affinity. The GNNK- forms have a faster and stronger
autophosphorylation and a more efficient Shc phosphorylation, Erk activation and ligand
induced degradation. We could show that most of the differences could be explained by
differential activation of SFK. Future studies on these splice forms will include
elucidation of the mechanism behind the differences in kinase activity. Work on two
splice forms of the insulin receptor have shown that they have different effects on
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transcription (Leibiger et al., 2001), therefore it would be interesting to analyze the gene
expression induced by the c-Kit splice forms using cDNA microarrays. Also, it would be
informative to investigate the expression levels of these c-Kit splice forms in normal and
tumor tissues and whether the expression of the splice forms is regulated or not.
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