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Introduction  1 

Introduction 

1.1 Cell Signaling 

From embryogenesis to maintenance of the adult organism, interaction with the 

environment is essential for every cell in an organism.  The cell signaling process is 

highly conserved in evolution, underlining its elementary importance.  It can usually be 

divided into three stages: signal reception, signal transduction, and cellular response.  

While lipid soluble hormones can pass through the cell membrane and bind directly to 

intracellular effectors (Mangelsdorf et al., 1995), other signaling molecules,  e.g. 

cytokines and growth factors, rely on transmembrane receptors to convey the signal 

across the plasma membrane, and a chain of proteins delivers the information 

downstream to the nucleus.  Phosphorylation is a major means of intracellular signal 

transduction: the transfer of phospho-moieties is used to modify signaling intermediates 

in a chain reaction until the specific cellular response is triggered.  Kinases can be 

subdivided according to their specificity into serine/threonine or tyrosine phosphorylating 

kinases with serine/threonine kinases forming the majority in metazoans.  

Phosphorylation can change a protein’s conformation to activate or deactivate it, and it 

can provide docking sites for proteins with Src-homology 2 (SH2) or phosphotyrosine 

binding (PTB) domains.  One third of all cellular proteins can be phosphorylated yielding 

as many as 20,000 distinct phosphoprotein states. However, signaling does not only rely 

on the on/off information: a far more complex picture can be painted when considering 

the “When”, “Where” and “How long” information of any given phosphorylation signal.  

To date, 518 kinases have been identified in the human genome and about 540 in the 

murine genome.  Over 90 kinases are phosphotyrosine kinases (PTKs), 58 of which 

encode receptor tyrosine kinases (RTKs) (Johnson and Hunter, 2005).   
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1.2 Kit Receptor Tyrosine Kinase 

Receptor tyrosine kinases are ligand activated transmembrane enzymes that can 

phosphorylate themselves and cellular substrates on tyrosine residues.  Based mostly on 

structural homology of their extracellular domains, receptor tyrosine kinases can be 

subdivided into classes.  To date, more than 19 classes of RTKs can be distinguished in 

humans (Grassot et al., 2003).  Kit receptor is a type III receptor tyrosine kinase.  This 

subclass includes platelet-derived growth factor receptor α (PDGFRα), PDGFRβ, Flt3, 

and macrophage colony stimulating factor receptor (CSF1R).  This subclass is 

characterized by five immunoglobulin (Ig)-like domains in the extracellular region, a 

single transmembrane domain, and an intracellular tyrosine kinase domain separated into 

two by a kinase insert region of variable length.  In its mature glycosylated form, Kit is a 

145kDa protein.   

Kit was discovered as the cellular 

homolog of the retroviral oncogene v-kit in 

the Hardy-Zuckerman 4 feline sarcoma 

virus (Besmer et al., 1986).  Shortly 

thereafter, it was shown that Kit is allelic 

with the murine white-spotting (W) locus.  

C-kit maps to human chromosome 4 and 

mouse chromosome 5 in the vicinity of the 

PDGFRα, and the flk1 receptor kinase gene 

(Chabot et al., 1988; Chatterjea et al., 2005; 

Geissler et al., 1988).  The kit gene is 

known to be expressed in several cell types 

during embryonic development and in the 

adult animal, including hematopoietic 

progenitor cells, mast cells, primordial germ 

cells, spermatogonia, oocytes, melanoblasts, melanocytes, neuronal cell populations, and 

interstitial cells of Cajal (ICCs) (Russell, 1979).   Kit is involved in germ cell 

development, melanogenesis, gastrointestinal tract motility and in hematopoiesis 

including lymphopoiesis (Besmer, 1991; Besmer et al., 1993; Mintz and Russell, 1957; 
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Ward et al., 1994; Waskow et al., 2002).  Mice lacking Kit die perinatally (Russell, 

1979). 

  Much about Kit receptor expression and functions has been learned by studying 

mice with naturally occurring mutations in the W locus.  For the study of Kit signaling in 

mast cells, the WSH expression mutant has been important.  This mutation affects only 

tissue mast cells and melanocytes yielding fertile, non-anemic mice that are black-eyed 

whites and lack tissue mast cells.  Bone marrow-derived mast cells (BMMCs) lacking Kit 

receptor expression can be derived from these mutants by culturing them in IL-3.  These 

Kit-negative BMMCs can be supplemented with WT and mutant Kit receptors to study 

Kit signaling and function (Serve et al., 1995). 

The only known ligand for Kit, Kit ligand (KitL), is encoded at the steel (Sl) locus 

and maps to mouse chromosome 10 (Huang et al., 1990; Nocka et al., 1990).  Alternative 

splicing yields two forms of KitL, including or excluding the major proteolytic cleavage 

site in exon 6.  Both are transmembrane proteins, but the splice form containing the 

cleavage site (KitL-1) is rapidly released through proteolysis and acts as soluble factor 

(sKitL).  KitL-2, the other splice variant, is a more stable membrane associated protein 

and acts mainly in cell to cell interactions. KitL-2 can also be shed, albeit with lower 

efficiency (Huang et al., 1992).  In adult life, KitL is constitutively produced by some 

endothelial cells and stromal cell in the bone marrow, spleen, lymphnodes, and thymus.  

KitL is also expressed by some ovarian cells and by Sertoli cells in the testis.  The 

concentration of sKitL in normal human serum is about 3.3ng/ml.  

 

1.2.1 Kit Receptor Signaling 

Kit is activated by KitL binding. A KitL dimer binds to the first three N-terminal 

Ig-like domains of Kit (Blechman et al., 1993) and induces dimerization and auto-

phosphorylation of the receptor in trans (Blume-Jensen et al., 1991; Lev et al., 1993; Lev 

et al., 1992).  The Ig-like domain 4 has been implicated in the interaction between 

receptors.  Receptor activation generates phospho-tyrosine binding sites for a plethora of 

proteins.  Kit contains a total of 22 intracellular tyrosine residues.  Proteins known to 

associate with Kit include the p85 subunit of phoshatidylinositol 3’-kinase (PI3-
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Kinase)(Rottapel et al., 1991), Src, the Grb2 adaptor protein (Blume-Jensen et al., 

1994)Lyn (Linnekin et al., 1997), Fyn (Price et al., 1997), phospholipase Cγ-1 (Reith et 

al., 1991; Rottapel et al., 1991), the Janus kinase JAK2 (Weiler et al., 1996), and the 

tyrosine phosphatases SHP-1 and SHP-2 (Yi and Ihle, 1993).  Signaling molecules 

activated by Kit include p21 Ras (Duronio et al., 1992), Raf-1 (Lev et al., 1991), mitogen 

activated kinase (MAPK) (Funasaka et al., 1992), p90rsk and p70S6 Kinase (Tsai et al., 

1993), phospholipase D (Koike et al., 1993), the Vav GDP/GTP exchange factor (Alai et 

al., 1992), CRKL, and the protooncogene and E3 ubiquitin ligase p120 Cbl (Sattler et al., 

1997).  

Kit activation is tightly controlled at all times: prior to binding KitL, the kinase 

activity of Kit is repressed by its juxtamembrane domain.  It has long been assumed upon 

amino acid sequence analysis, that the juxtamembrane domains of RTKs form WW-like 

β-sheet domains or an α-helical structure (Ma et al., 1999).  Recently, however, a crystal 

structure analysis of Kit revealed that the juxtamembrane domain forms a hairpin loop 

that inserts itself into the kinase domain (Mol et al., 2004).   

Upon activation, phosphatases like SHP-1 promptly dephosphorylate the Kit 

receptor, terminating the intracellular signal.  A possibly even more important way of 

downregulation is endocytosis of activated RTKs.  Subsequent to its activation, Kit is 

ubiquinated and internalized.  The clathrin-mediated endocytosis may be coupled to 

degradation or recycling of the receptor (Broudy et al., 1999; Jahn et al., 2002; Thien and 

Langdon, 2001; Yee et al., 1994a).  Degradation of Kit may be mediated by Cbl, an E3- 

ubiquitination ligase, that has been shown to be activated upon KitL stimulation, but not 

to be associated with Kit in two KitL-responsive cell lines (Wisniewski et al., 1996). 

 

1.2.2 Signaling through KitY567 and KitY719 

Besides oncogenic Kit receptor signaling, this study focuses on Kit receptor 

signaling through Kit tyrosine 719 (KitY719) and Kit tyrosine 567 (KitY567).  The only 

protein to date found to bind to phosphorylated KitY719 has been the p85 subunit of 

Phosphatidylinositol-3’-Kinase (PI3-Kinase).  PI3-Kinase is a heterodimeric complex of 

a regulatory subunit (p85) and a catalytic subunit (p110).  Upon activation, PI3-Kinase 
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can phosphorylate phosphatidylinositol-4-phosphate (PI-4-P) and phosphatidylinositol-

4,5-bisphosphate (PI-4,5-P2), leading to the rapid accumulation of phosphatidylinositol-

3,4,5-trisphosphate (PI-3,4,5-P3 or PIP3) and PI-3,4-P2.  These are important second 

messengers which generate binding sites at the plasma membrane for proteins with 

pleckstrin homology (PH) domains like Akt.  Upon translocation to the plasma 

membrane, Akt becomes activated by serine and threonine phosphorylation.  

But PIP3 can also be cleaved into diacylglycerol (DAG) and inositol-1,4,5-

phosphate (IP3) by phospholipase C.  DAG then can lead to the activation of protein 

kinase C (PKC), whereas IP3 can induce the release of Ca++ from intracellular stores like 

the endoplasmatic reticulum or mitochondria (Lewis, 2001).  In the KitY719F/Y719F mouse 

model that is deficient for p85 binding, Kit receptor mediated PI3-Kinase activation is 

essential for gametogenesis.  Male mice are sterile due to a block at the premeiotic stages 

in spermatogenesis.  Female fertility is reduced due an impaired follicle development at 

the cuboidal stages (Kissel et al., 2000).  The fact that other Kit receptor expressing cell 

lineages are not affected by this mutation stresses the importance of cell specificity in Kit 

signaling.   

The KitY567 binding site presents a much more complex situation for several 

reasons: a) diverse proteins can bind to this site, and b) there is cooperation between 

KitY567 and KitY569 in binding certain proteins.  Prominent proteins described to bind 

KitY567 include proteins with mainly positive regulatory roles ascribed to them like Src 

family kinases (SFKs), but also protein tyrosine phosphatases SHP-2 and, in 

collaboration with KitY569, SHP-1.  Both phosphatases are negative regulators of Kit 

receptor (Kozlowski et al., 1998).  SHP-1 has been shown to dephosphosphorylate Kit 

receptor, thereby terminating its activation (Yi and Ihle, 1993).  

SFKs are tyrosine kinases that regulate multiple cellular functions, including 

proliferation, survival, and protein trafficking (Lennartsson et al., 2005).  The SFK Fyn 

binds to KitY567 (Timokhina et al., 1998).  However, other SFKs seem to bind to 

KitY569, since mutation of Kit tyrosine 569 to phenylalanine results in a decrease of 

SFK kinase activation. Only mutation of both tyrosines to phenylalanine results in a 

complete loss of SFK activation.  SFK activation is linked to the Ras/MAPK pathway 
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through phosphorylating Shc which generates binding sites for Grb2-Sos which in turn 

can associate with Ras (Lennartsson et al., 1999). 

On a cellular level, KitY567 and KitY719 mutations have mostly been studied in Kit 

receptor-negative hematopoietic cell lines or WSH/SH BMMCs reconstituted with WT or 

mutant Kit receptors.  Kit receptor induced PI3-Kinase activation was found essential in 

cell adhesion, actin polymerization, degranulation, and membrane ruffling (Serve et al., 

1995; Timokhina et al., 1998; Vosseller et al., 1997).  PI3-Kinase and SFK signaling 

pathways converge to activate Rac1 and JNK in mediating proliferation and survival 

response (Timokhina et al., 1998).  In this study, BMMCs were derived directly from 

mice with a knock-in mutation of either KitY567F/Y567F or KitY719F/Y719F, as these should 

yield a more refined picture of functional mast cell responses impaired by the introduced 

Kit mutations. 

 

1.3 Mast Cells 

Paul Ehrlich discovered Mast cells in the late 19th century because of their 

metachromically staining granules in connective tissue stained with aniline dye.  The 

metachromatic shift from blue to purple is due to the high content of acidic heparin of the 

granules.  Suspecting that the granules resulted from overfeeding of the cells, he named 

them “mast cells” after the German word “maesten”, to masticate or to feed (Ehrlich, 

1879).  Although his suspicion was soon disproved, the name persisted.   

Mast cells are derived from hematopoietic stem cells (Kitamura et al., 1978).  

Committed Thy-1lo c-Kithi FcεRI- mast cell progenitors can be detected in murine fetal 

blood (Rodewald et al., 1996).  The committed progenitors migrate into and mature in 

vascularized tissues or serosal cavities in which they will ultimately reside (Gurish and 

Boyce, 2002).  In the adult animal, the mucosa of the intestine contains the largest 

peripheral pool of committed progenitors that only mature upon inflammation (Guy-

Grand et al., 1984).   
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Figure b: Model of hematopoietic differentiation. Kit expressing cells are indicated in orange. LT-HSC: 
Long Term Hematopoietic Stem Cell ST-HSC: Short Term Hematopoietic Stem Cell  CMP: Common 
Myeloid Progenitor; CLP: Common Lymphoid Progenitor; GMP: Granulocyte Monocyte Progenitor; MEP: 
Megakaryocyte Erythrocyte Progenitor; (Kondo et al., 2003) 

 

 

Mast cells can be divided into two major classes (Marshall and Bienenstock, 

1990): mucosal-type mast cells (MMC) and connective tissue mast cell (CTMC).  MMC 

are found in the digestive tract, the respiratory tract, and the bone marrow, and are 

distinguished by the presence of large granules containing primarily chondroitin sulfate 

proteoglycan. Mucosal-type MC can be isolated from murine bone marrow and grown in 

vitro if supplemented with IL-3.  CTMCs are found in the skin and in the peritoneal 

cavities of certain rodents.  They are distinguished from mucosal-type mast cells by the 

predominance of heparin proteoglycan in their secretory granules, which mediates their 

preferential staining with metachromatic dyes such as toluidine blue or safranin O.  

As human homologues the subtypes MCT and MCCT, for mainly tryptase or tryptase and 

chymase expressing varieties, are distinguished.  MCT are localized mostly in mucosal 

surfaces together with Th2 cells, increasingly so in allergic and parasitic disease while 

MCCT reside mostly in the gut and skin.   

Compared to their close relatives basophils, mast cells are long lived cells.  Even 

mature mast cells in their resident tissues can be stimulated to proliferate.  Mast cells play 

an important role in allergic reactions (Williams and Galli, 2000) and in the defense 

against helminthic parasites (Galli, 2000; Metcalfe et al., 1997). Their strategic location 
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near surfaces in contact with the outside environment makes them often the first cells to 

encounter airborne ingested antigens or noxious agents. More recent data also implicates 

mast cells in innate immunity to bacterial infection (Galli et al., 2005b) and in 

demyelination in multiple sclerosis plaques reviewed in (Tompkins and Miller, 2002).  

The main focus in mast cell activation has long been solely on multivalent 

antigen-FcεRI-mediated pathways.  While these signals can induce various mast cell 

responses, degranulation among them, it is also the Kit/KitL axis that elicits mast cell 

responses either in conjunction with FcεRI – as in the enhancement of FcεRI–stimulated 

degranulation- or alone as in mast cell proliferation, adhesion, or survival. 

  

1.3.1 Mast Cell Mediators 

One of the most prominent features of a mast cell is the production and release of 

mediators.  These mediators can be divided into three main types: preformed mediators, 

newly generated lipid mediators, and cytokines and chemokines. 

1) Preformed mediators  

Preformed mediators are stored in the mast cell granules.  They store vasoactive amines 

such as histamine, which has potent effects on vascular permeability and is implicated in 

many of the acute allergic symptoms.  Granules also contain proteoglycans like heparin, 

an anticoagulant, and other related, highly sulphated structures which due to their highly 

negative charges are important as a scaffold for the storage of chemokines and growth 

factors in mast cell granules.  Important constituents of granules also include proteases 

like tryptases, chymases, or carboxypeptidadases which have important roles in tissue 

remodeling and cellular recruitment.  Furthermore, serotonin and β-hexosaminidase are 

found in granules.  These two substances are often used to quantify mast cell 

degranulation in experiments.  

2) Newly generated lipid mediators 

Upon stimulation with KitL or antigens, mast cells also start producing mediators. 

Among the newly generated lipid mediators are prostaglandin D2 and leukotrienes, which 

are generated from arachidonic acid.  Leukotriene C4 acts as a bronchoconstrictor. 
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Rapid degranulation and lipid-mediators mediate signals initiating vascular changes and 

mobilizing and recruiting effector cells (Marshall, 2004). 

3) Cytokines and Chemokines 

The production of Th2-type cytokines (IL-4, IL-5, and IL-6) by murine mast cells when 

stimulated by calcium ionophores or crosslinking of FcεRI, was the first description of 

this process (Plaut et al., 1989). Today, this list has been expanded to IL-13, IL-8, 

(Krishnaswamy et al., 2001), TNF-α, GM-CSF, bFGF, TGFβ, and Th1-type cytokines 

like IFNγ, IL-12, and IL-18.  Furthermore, mast cells are a source of chemokines, namely 

macrophage inflammatory protein 1 alpha (MIP-1alpha), monocyte chemotactic protein 1 

(MCP-1), and several metalloproteinases.  Some of the mast cell-produced chemokines 

are associated with the Th2-type response like CC-chemokine ligand 5 (CCL5) or the 

Th1-type response like CXC-chemokine ligand 8 (CXCL8 = IL-8) and CXCL10 

(Marshall, 2004). 

 

1.3.2 Bone Marrow Derived Mast Cells as a Model System 

Receptor mediated signaling has mostly been studied in cell lines.  While this 

system may be very convenient for handling, cell lines can harbor mutations in tumor 

suppressor and/or other genes functioning in cell survival processes, possibly 

complicating the interpretation of results.  Moreover, when complementing a Kit negative 

cell system with Kit receptor, one of the two Kit receptor isoforms needs to be chosen for 

expression. Using primary BMMCs for studying Kit signaling avoids the problem of 

additional mutations as well as the isoform issue since BMMCs express high levels of Kit 

receptor at the natural ratio of both isoforms. 

BMMCs are relatively easy to obtain by flushing murine femurs and culturing the 

flushed out bone marrow in IL-3 or KitL to induce them to differentiate into BMMCs.  

After 4-6 weeks, cultures are checked for mast cell content by flow cytometry with anti-

Kit and anti-FcεRI antibodies.  Histochemically, BMMC are similar to MMC, as they 

both stain positive for alcian blue but negative for safranin O, while CTMC stain positive 

with both dyes.  Culturing BMMC in KitL induces immature BMMC to differentiate into 

the more mature phenotype of CTMC (Tsai et al., 1991).   
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BMMCs are able to recapitulate most of the functions of mast cells in vivo like 

degranulation, adhesion, or migration.  Since they should also contain the most similar set 

of proteins compared to mast cells in vivo, data generated in BMMCs should be highly 

relevant. 

 

1.4 Kit Mediated Mast Cell Functions 

Kit activation induces various responses in mast cells: from proliferation, survival, 

adhesion, and migration to differentiation and enhancement of secretion.   

 

1.4.1 Proliferation and Survival 

While KitL cooperates with other growth factors to promote cell cycle entry in 

several types of cells in the hematopoietic system, Kit receptor activation alone can 

induce proliferation in serum-starved mast cells (Yee et al., 1994b).  IL-3 can also induce 

mast cell proliferation, and both of them can act synergistically with Il-4 (Tsuji et al., 

1990).  The ability to enter the cell cycle remains important for mast cells throughout 

their life span, since mature mast cells proliferate upon stimulation in their tissue of 

residence, e.g. as part of an allergic response.  In vitro, stimulation of proliferation with 

IL-3 is used to culture BMMCs and as an internal control in proliferation assays.   

Kit receptor signaling can protect mast cells from undergoing programmed cell death 

(apoptosis) upon withdrawal of serum and/or growth factors or irradiation (Timokhina et 

al., 1998).  These in vitro data correlate with the observed protective effect of KitL on 

lethally irradiated mice (Zsebo et al., 1992).  

Apoptosis is a highly organized process controlling cell numbers during 

development and in the adult organism.  Defects in apoptosis can lead to neoplasms.  

Apoptosis, as opposed to necrosis, does not entail inflammation.  One way of regulating 

apoptosis is through Bcl-2 family proteins.  The family contains pro- as well as anti-

apoptotic effectors.  The cell fate is determined by the ratio of pro-survival versus pro-

apoptotic Bcl-2 family members.  Pro-survival mediators include Bcl-2 and Bcl-XL, while 

pro-apoptosis members include Bax, Bak, and Bok.  KitL can increase levels of Bcl-2 
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and Bcl-XL (Mekori et al., 2001; Yee et al., 1994b).  A Kit receptor-induced pathway 

prominently involved in apoptosis is the PI3-Kinase pathway.  

 

1.4.2 Adhesion and Migration 

Adhesion is a prerequisite for migration.  Since the immature mast cell needs to 

migrate from the bone marrow to its tissue of residence, it relies on the ability to adhere 

to an extracellular matrix.  One possible mechanism of adhesion that is employed by mast 

cells is cell surface integrin adhesion to fibronectin.  Integrin receptors are a family of 

heterodimeric cell surface adhesion receptors that link the extracellular matrix to the actin 

cytoskeleton.  Integrins cluster in the membrane to form organized adhesive contact sites 

called focal adhesions (Schoenwaelder and Burridge, 1999).  In mast cell adhesion, Kit 

receptor cooperates mainly with the integrin receptors α4 β1 and α 5β1 (VLA4 and VLA5) 

through “inside out signaling” since the information enters the cell through Kit but then 

induces adhesion to an extracellular ligand via the integrin receptors (Dastych et al., 

1991; Kinashi and Springer, 1994a).  Recent studies have shown that PI3-Kinase as well 

as Rac and Rac2, small G proteins of the Rho family, play an important role in regulating  

chemotaxis in primary mast cells downstream of Kit receptor and of α4 integrin (Tan et 

al., 2003).  KitL levels necessary to induce adhesion and migration are by far lower than 

those necessary to induce proliferation.  Normal serum levels of 3ng/ml KitL are 

sufficient to induce adhesion (Langley et al., 1993).  BMMCs can be induced by KitL to 

adhere to fibronectin or vitronectin (Kinashi and Springer, 1994b; Serve et al., 1995).   

In order to migrate, cells have to coordinate assembly, disassembly, and 

translocation of focal adhesions, with formation of adhesions at the leading edge and 

release at the back.  Focal adhesion complexes are assembled at the ends of bundles of 

actin filaments.  They are composed of regulatory and structural proteins linked to 

aggregates of integrins (Berrou and Bryckaert, 2001).  Structural proteins include tensin, 

vinculin and α-actinin.  Examples of proteins that have been proposed to regulate focal 

adhesion complex are focal adhesion kinase (FAK), p130 CAS, or paxillin.  Many of 

these proteins serve as scaffolds to assemble further signaling molecules connecting them 

to integrin and growth factor signaling.  Assembly and disassembly of the focal adhesions 
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is mediated by migration promoting growth factors.    KitL has been shown to act as a 

chemoattractant for BMMC (Meininger et al., 1992), and membrane ruffling and 

cytoskeletal rearrangements are likely to be involved in mast cell motility (Vosseller et 

al., 1997).  However, the precise mechanism by which migration is mediated has not been 

clearly established.  Involvement of PI3-Kinase signaling in chemotaxis has been 

reported for Kit receptor (Serve et al., 1995), but also for PDGFR (Kundra et al., 1994) 

and FcεRI (Lam et al., 2003) mediated signaling. 

In FcεRI signaling, Ca++ mobilization has also been shown to be involved. 

In this study, BMMCs with mutations impairing PI3-Kinase and SFK signaling 

respectively were used to refine the current picture of adhesion and migration induced by 

Kit stimulation. 

   

1.4.3 Degranulation 

Understanding the regulation of mast cell degranulation is a key to effective 

allergy treatment. The emergence of allergies poses a growing problem.  Today, as much 

as 20% of the Western population is affected by allergies (Damen et al., 2001).  

The release of granules from mast cells is a complex, tightly regulated biological 

process.  Mast cell activation induces swelling of the granules, movement of the granules 

close to the plasma membrane, and their fusion with the plasma membrane in a non-

cytolytic fashion which releases granule content into the mast cell’s environment (Dvorak 

et al., 1983).  Upon persistent stimulation, the degranulated mast cell rapidly commences 

de novo synthesis of mediators to reconstitute new granules and finally continue the 

process anew (Dvorak et al., 1986).  

Critical steps involved in degranulation include intracellular calcium release, 

extracellular calcium entry, and the activation of the PI3-Kinase pathway.  Loss of 

function or inhibition of PI3-Kinase activity demonstrated the dependence of the 

basophilic leukemia cell line RBL-2H3 on the pathway for degranulation (Yano, 1993).  

However, its importance has also been demonstrated in a gain-of-function scenario using 

mast cells lacking the src homology 2-containing inositol-5’phosphatase, SHIP.  SHIP 

converts the PI3-Kinase product phosphatidylinositol-3,4,5-trisphosphate (PIP3) to 
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phosphatidylinositol-3,4-diphosphate thereby terminating PI3-Kinase signaling.  Mast 

cells derived from SHIP-/- mice have been shown to be far more prone to degranulate in 

response to IgE + Ag or even to KitL alone (Huber et al., 1998a; Huber et al., 1998b).  In 

these SHIP-/- mast cells, influx of extracellular calcium and increase in PIP3 levels have 

been found to be substantially increased while no difference in intracellular calcium 

mobilization was detected (Kalesnikoff et al., 2003).  SHIP therefore seems to a have a 

gatekeeper position in mast cells by keeping PI3-K-generated PI-3,4,5-P3 levels in check 

and thereby restricting extracellular calcium entry and subsequent degranulation. 

Equally strong degranulation responses can be elicited in mast cells by 

crosslinking of FcεRI or by treatment with the calcium ionophore ionomycin (Vosseller 

et al., 1997) underlining the importance of extracellular calcium influx for degranulation.  

KitL is a strong enhancer of IgE- as well as ionomycin-induced degranulation.  The 

enhancement depends on PI3-Kinase signaling as well as on activation of PKC as shown 

in WSH/WSH BMMC reconstituted with KitY719F. Direct activation of PKC eliminated 

the need for PI3-Kinase activation (Vosseller et al., 1997).   

Kit receptor has been shown to upregulate synthesis of inflammatory mediators 

such as serotonin (Ziegler et al., 1993), but the literature is not consistent on whether 

KitL can induce degranulation by itself.  Some reports indicate that KitL stimulates 

degranulation, synthesis of inflammatory lipids and transcriptions of cytokine genes, 

(Coleman et al., 1993; Columbo et al., 1992; Gagari et al., 1997; Takaishi et al., 1994; 

Taylor et al., 1995), while others see only weak or no responses (Bischoff et al., 1992; 

Ishizuka et al., 1999).   

In this study, the importance of KitY719 and KitY567 in the enhancement of 

ionomycin-induced degranulation by KitL stimulation was investigated in BMMCs from 

knock-in mouse models. 

 

1.5 Oncogenic Kit Signaling 

Although Kit receptor had been discovered as the transforming oncogene of the HZ4-

feline leukemia virus (Besmer et al., 1983), its role in human neoplasia has been 

emerging only recently.  Mutations causing ligand independent constitutive 
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phosphorylation and activation of Kit have been shown to transform formerly factor-

dependent cell lines into factor indepenpent ones (Furitsu et al., 1993).  These gain-of-

function mutations in Kit have been reported in the majority of gastrointestinal stromal 

tumors (Hirota et al., 1998), in mastocytosis (Longley et al., 1996; Nagata et al., 1995), 

germ cell tumors (Tian et al., 1999), and some forms of acute myeloid leukemia (AML) 

(Ashman et al., 2000).  Those mutations affect the ability of Kit to stay in an 

autoinhibited conformation.  Mol et al. recently published crystal structures of the Kit 

receptor in an autoinhibited conformation.  Their studies show that the juxtamembrane 

domain of Kit forms a hairpin loop that by insertion into the kinase domain physically 

blocks the conserved Asp-Phe-Gly (DFG) motif from attaining a productive 

conformation (Mol et al., 2004).  Deletion, insertion, and substitution of residues in the 

juxtamembrane domain alike can disrupt the formation of the hairpin loop leaving the Kit 

receptor constitutively active.  A hotspot for mutations disrupting the autoinhibitory 

function of Kit receptor are tryptophane 556, lysine 557, and the valines at position 558 

and 559 (Antonescu et al., 2003).  Other prominent Kit activating mutations like D816V 

are found in the kinase domain.  This mutation is common in adult human mastocytosis 

and also results in a release of the autoinhibition of the Kit receptor kinase. 

  But mutations concerning the regulation of Kit activation could also affect KitL 

binding or receptor dimerization, or binding of signal transducing or regulatory proteins 

to Kit (Longley et al., 2001).  Interestingly, v-kit lacks the extracellular domain and 

contains deletions of Tyr569 and Val570.  These two deletions in the juxtamembrane 

domain are presumably responsible for the oncogenic potential of the protein (Herbst et 

al., 1995).   

Although knowledge about oncogenic Kit signaling in the various affected cell types 

is still quite limited, there are indications that it is qualitatively as well as quantitatively 

different from regular Kit signaling (Chian et al., 2001; Shivakrupa et al., 2003).  

 

1.6 Gastrointestinal Stromal Tumors 

Gastrointestinal Stromal Tumors (GISTs) are the most common mesenchymal 

neoplasms of the human intestinal tract.  Only since the 1990s are GISTs being 
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distinguished from leiomyosarcomas whose smooth muscle phenotype they resemble 

histologically.  Today, the distinction between leiomyosarcomas, Schwannomas, and 

GISTs is based upon immunohistochemistry: GISTs characteristically stain positive for 

Kit and CD34, but unlike smooth muscle tumors stain negative for desmin, and unlike 

Schwannomas, they stain negative for S-100 antigen (Miettinen et al., 1995; Sarlomo-

Rikala et al., 1998).  

GISTs are thought to arise either from Interstitial Cells of Cajal (ICCs) or share a 

common precursor with ICCs (Hirota et al., 1998). Although direct evidence is lacking, 

several indications make this assumption very likely:  First, while various other cell 

types, including hematopoietic stem cells, are double-positive for Kit and CD34, ICCs 

are the only cells that stain positive for both markers in the normal gastrointestinal wall 

(Hirota et al., 1998).  Second, Kit signaling has been shown to be important for ICC 

function, as mice that lack Kit expression like W/Wv mice also lack ICCs.  Kit has been 

shown to be essential for postnatal proliferation and maintenance of the ICC phenotype 

of generating slow waves.  A block of Kit signaling leading to the disappearance of Kit 

positive cells was recently explained as trans-differentiation of ICC to a smooth muscle 

phenotype (Sanders et al., 1999).  The role of Kit in embryonic lineage determination of 

ICC is still controversial.   

ICCs form a three dimensional network of cells placed between and in the smooth 

muscle layers in the gastrointestinal tract wall.  They are pacemakers of the gut, as their 

electrical current slow-wave activity determines the phasic contraction frequency in the 

stomach, small intestine, and colon (Camborova et al., 2003).  They also function as 

mediators of inputs from enteric motor neurons (Sanders et al., 2002).  ICCs are thought 

to arise from an uncommitted mesenchymal cell, which can differentiate either into a 

mature ICC or into longitudinal smooth muscle (Kluppel et al., 1998; Lecoin et al., 

1996).   

With an estimated 5,000 new cases annually in the U.S., GIST is a relatively rare 

disease.  However, since none of them can be deemed truly benign – recurrence has been 

reported even after 20 years – and only since very recently have treatment options besides 

resection emerged, GISTs pose a challenging clinical problem.  They account for 0.1% to 

3% of all gastrointestinal cancers or 20% of small bowel malignancies (Rossi et al., 
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2003).  In humans, 60% of GISTs are found in the stomach, 25% in the small intestine, 

while only 5% arise in the rectum and 2% in the esophagus. The remaining 5% occur at 

various locations including appendix, gallbladder, pancreas, mesentery, omentum, and 

retroperitoneum (Dematteo et al., 2002).  Teenagers to 90-year-olds can develop GIST, 

but the median age of disease onset is about 58 years.  Symptoms of disease are mostly 

nonspecific and depend upon location and size of the tumor.  From the primary location, 

GIST mostly metastasizes to the liver and to the peritoneal surface.  Lymph nodes are 

rarely involved (Rossi et al., 2003). 

 70% of GISTs consist of a uniform population of spindle cells.  20% are 

dominated by epitheloid cells, and the remainder contains a mixture of both 

morphologies (Corless et al., 2004).  A vast majority of GISTs express Kit, and most of 

them contain activating Kit mutations.  Approximately 70% of sporadic GISTs contain 

mutations in the JM domain (exon 11) followed by mutations in the extracellular domain 

(exon 9) with 5 to 18% of cases, the Kinase I domain (exon 13) with 0.8 to 4%, and the 

activation loop mutations (exon 17) with 0.6%.  Activating mutations of the highly 

related RTK PDGFRα were found in some tumors without Kit mutation (Heinrich et al., 

2003b). Indistinguishable signal transduction profiles suggested that the two RTKs are 

interchangeable in GIST tumorigenesis, but their constitutive activation was mutually 

exclusive (Corless et al., 2004).   

Familial forms of GIST were first discovered in a Japanese family in 1998 by 

Nishida et al. who were able to trace the deletion of Valine 559 (mouse 558) in exon 11 

over three generations (Nishida et al., 1998).  Subsequently, a V559A substitution has 

been described in a family in Italy and in Japan (Beghini et al., 2001; Maeyama et al., 

2001).  The occurrence of hereditary GIST with exon 11 mutations led to the assumption 

that it could be transferred into the mouse genome, and led to the creation of a mouse 

model for GIST by deleting valine 558 in the juxtamembrane domain (Sommer et al., 

2003). 

It is thought that mutations in other genes are necessary for the stromal tumor to 

grow out from hyperplasia.  Cytogenetic studies show that approximately two thirds of 

GISTs contain monosomy 14 or a partial loss of 14q (Heinrich et al., 2002).  In 50% of 

GISTs, loss of the long arm of chromosome 22 was demonstrated which was associated 
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with progression to a borderline of malignant lesion.  However, gene amplifications are 

also reported, e.g. gains on chromosomes 8q and 17q, which were linked to metastatic 

behavior (El-Rifai et al., 2000a; El-Rifai et al., 2000b).  Heinrich et al. suggest that Kit 

mutations are acquired before cytogenetic aberrations during GIST tumorigenesis 

(Heinrich et al., 2002).  

 Little is known about the specific signaling pathways activated by constitutively 

active Kit in GIST.  Studies so far have been conducted either in cell lines, neglecting 

cell-specificity of signaling and importance of the tumor environment, or in human tumor 

samples where heterogeneity has to be taken into account.  In this study, a mouse model 

of human GIST was used to investigate oncogenic Kit signaling.  

 

1.7 Therapeutic Intervention with Imatinib 

In the late 1990s, molecular insights into the mechanisms of oncogenesis shifted 

cancer therapy from using broad range chemotherapies to designing compounds 

inhibiting specific targets.  Imatinib, also called STI 571 or Gleevec®, is one of the first 

compounds discovered in this effort.  The 2-phenylpyrimidine derivative was developed 

by Novartis, Switzerland, to inhibit the BCR-ABL fusion gene product of the 

Philadelphia chromosome in chronic myeloid leukemia (CML) (Buchdunger et al., 1996; 

Druker et al., 1996).   It was then found that imatinib also inhibits kinases structurally 

similar to Bcr-Abl such as Kit receptor (Heinrich et al., 2000), PDGFRα and β, and ARG 

(Abl related kinase).  Imatinib binds to the ATP-binding site of Kit receptor in the 

inactive state.  Very recently, crystal structure analyses of Kit with and without imatinib 

showed that imatinib actually induces a conformational adjustment in the Kit receptor.  

Without this change in conformation parts of the inhibitor would clash with regions of the 

juxtamembrane domain that maintain Kit in the autoinhibited conformation (Mol et al., 

2004). 

Imatinib has been shown to inhibit mutations in the Kit juxtamembrane domain, but it 

fails to inhibit mutations in the kinase domain like D816V.  Since resistance to imatinib 

does occur, it is important to identify oncogenic Kit signaling mediators that could 

provide alternative targets for therapy.      
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Before imatinib, surgical resection has been the only effective treatment option for 

GIST patients, since GISTs are highly resistant to radiation and systemic chemotherapy.  

This often presented a problem since surgery was often difficult due to impressive tumor 

sizes of over 40cm in diameter.  Imatinib treatment has been shown to inhibit tumor 

growth and/or lead to a reduction in tumor size (Dematteo et al., 2002; Demetri et al., 

2002). 
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Material and Methods 

2.1 Chemicals 
Unless stated otherwise, all chemicals were purchased from Fisher Biotech Chemicals, 
NJ, USA at highest purity available. 
 
β-Mercaptoethanol Sigma, MO, USA 
Metaphor agarose BioWhittaker Mol. Applic., ME, USA 
Bovine Serum Albumin ICN, OH, USA 
BioRad Protein Assay BioRad, CA, USA 
Phosphatase Cocktail I+II Sigma, MO, USA 
Proteinase Inhibitor Mix Sigma, MO, USA 
Acrylamide 40% Fisher 
Precision Protein Standards BioRad, CA, USA 
Restore Western Blot Stripping  
Buffer Pierce,IL, USA     
SuperSignal West Pico 
Chemiluminescent Substrate  
And Enhancer Pierce, IL, USA 
Geneticin (G418Sulfate) Invitrogen,Gibco, USA   
   
Scintillation Liquid Perkin Elmer, USA 
MicroBeta Filter Mat Wallac, Finland 
H3- Thymidine Perkin Elmer, USA 

2.2 Cell Culture Supplies 
FetalClone I HyClone, UT, USA     
Methyl-Tritium-labeled Thymidine Perkin Elmer, MA, USA 
2 Ci/mmol; 1mCi/ml 
Fibronectin     Calbiochem, CA,USA 
Recombinant Murine  
Stem Cell factor    PeproTech Inc., USA 
StemSpan™SFEM Stem Cell Technologies Inc. Vancouver, 
Canada 
Recombinant Mouse IL-3 Biosource Int’l, CA, USA 
All culture media and PBS (without Calcium and Magnesium) were purchased from the 
Sloan Kettering Media Laboratories. 

2.3 Kits and Antibodies 
Kits: 
Vybrant® Cell Adhesion Assay Kit  Molecular Probes, OR,USA 
Annexin V-FITC Apoptosis Detection Kit I  PharMingen/BD Biosciences, USA 
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Antibodies: 
BD Transduction Laboratories (USA): Rabbit polyclonal  anti-Shc 
 
Cell Signaling (USA) Rabbit polyclonal Antibodies: phospho-p44/42 MAPK 
(Thr202/Tyr204), total P44/42 MAPKinase, phospho mTOR (Ser2448), total mTOR, 
phospho S6 Protein (Ser235/236), total S6 protein, Phospho Akt (Ser 473 and Ser 308 ), 
total Akt, phospho 4EBP1 (Ser65), total 4EBP1, Phospho-STAT1(Tyr701), Phospho-
STAT3(Tyr705), Phospho-STAT5 (Tyr694), total STAT1,3,5, Phospho-PDK-1(Ser241), 
Phospho-SHIP-1, Phospho-Kit (Y719) and all non-specified antibodies 
 
Gene Tex, Inc (USA): Mouse monoclonal anti-GAPDH 
 
Santa Cruz Biotechnologies (USA): Goat anti-SHIP-1 sc-1964, Mouse monoclonal anti-
SHIP-1, Mouse monoclonal Dok-1, Mouse monoclonal p85, PY20 (sc-508), PY99 (sc-
7020), Goat anti-Kit (C-term), Goat and rabbit anti-Lyn; 
 
Upstate biotechnology (USA): Mouse monoclonal anti-Cbl, Rabbit polyclonal anti-p85 
BD Biosciences PharMingen (USA): PE anti-mouse CD117 (c-Kit) (2B8) 
        FITC-anti-mouse IgE (R35-72) 
 

2.4 Equipment (not specified in the text) 
Eppendorf Table Centrifuge 5415D, Eppendorf, Germany 
Sorvall RT6000B Refrigerated Centrifuge, DuPont, USA 
Konica SRX-101A Film Developer, Konica, USA 
BioRAD Gel Doc XR System, BioRad, USA 
Plate Readers: 
Spectra Max Plus 384, Molecular Devices, USA 
Fluoroscan Ascent Fluorescence Reader, Thermo Electron Corporation, USA  
 
 

2.5 Computer Programs (not specified in the text) 
Microsoft® Office 2003 
Adobe Photoshop® 7.0.1 
Endnote® 6 
MacVector® 
Acrobat Reader® 5.0 
Internet Explorer®  
SoftMaxPRO 4.0 

2.6 Mice 
C57Bl/6J mice were purchased from the Jackson ImmunoResearch Laboratories. 
KitY719F/Y719F, KitY567F/Y567F, and Kit∆559V/+ were described previously (Agosti et al., 2004; 
Kissel et al., 2000; Sommer et al., 2003). 
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KitY719F/Y719F and KitY567F/Y567F used for experiments were backcrossed at least 6 times 
(N6), and for Kit∆559V/+ at least 3 times (N3) to C57Bl/6J mice. Littermates were used as 
control. 
All animals were maintained in the animal facility of Sloan Kettering Institute. 
 

2.6.1 Genotyping of mice 
Mice were genotyped by PCR taking advantage of the base pairs left behind in the 
mutants after Cre-excision of the neo-cassettes: 
 
KitY567F/Y567F and Kit∆559V/+ mice:  
 
Primers (Biosource Int’l, USA): 
mEx09plus: 5’-ACG ATG TGG GCA AGA GTT -3’ 
mIn92mL: 5’-GAT ACT GTT AAC ATT TCG ATA CAG ATG TTT AGC -3’ 
 
PCR-Mastermix: 
H2O   17.25µl 
DNA     1.00µl 
2mM dNTP (Roche)   2.50µl (FC: 200µl  
10x buffer w. MgCl2   2.50µl 
10µM (+) primer   0.75µl (FC: 300nM 
10µM (-) primer   0.75µl (FC: 300nM 
Taq (5U/µl)    0.25µl 
   25.00µl 
 
PCR-Program: 
Pre-denaturation 95 °C  2:00min 
 
Denaturation  95 °C  0:45min  
Annealing  60 °C  0:45min 40 cycles 
Elongation  72 °C  0:45min 
 
Term. elongation 72 °C  2:00min 
 
PCR products were run on a 2% agarose gel in TAE-buffer (Sigma,USA). 
For KitY567F/Y567F mice, the PCR would yield a wildtype PCR-product of 460bp 
(220bp+240bp) and a lox-site PCR-product of 580bp (120bp: lox-site + multiple cloning 
site). 
For Kit∆559V/+ mice, the PCR would yield a wildtype PCR-product of 460bp 
(140bp+320bp) and a lox-site PCR-product 590bp (130bp: lox-site + multiple cloning 
site). 
 
KitY719F/Y719F mice were genotyped following the same principles using the following 
conditions: 
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Primers (Biosource Int’l, USA): 
719 FWD 5’TCTTGGACATAGACTCCTCATACGG-3’ 
719 REV 5’-GATGGTGAACACAGCCACGAAG-3’ 
 
PCR buffer 10X                      2.5 µl 
dNTP 10mM                     0.5 µl 
oligoFWD 20pmol/microL     0.5 µl 
oligoREV 20pmol/microL      0.5 µl 
Taq                              0.3 µl  
DNA    1µl 
dH2O                         up to 25 µl 
 
PCR-Program: 
Pre-denaturation 95 °C  2:00min 
 
Denaturation  95 °C  0:45min  
Annealing  60 °C  0:45min 35 cycles 
Elongation  72 °C  0:45min 
 
Term. elongation 72 °C  3:00min 
 
The PCR product generated is 382bp long for the WT allele, and 110bp longer for the 
mutated allele.  
 

2.7 Cell Culture 

2.7.1 General cell culture 
All procedures were done under a sterile hood.  Cells were incubated under 5% CO2-
atmosphere at 37°C in incubators.  All lab material was either purchased sterile (cell 
culture flasks, 50ml tubes, pipettes: BD Falcon, USA) or autoclaved in humid atmosphere 
for 30min at 121°C and 2.2bar (plastic and solutions) or 3h at 180°C (glass ware).  
 

2.7.2 Bone marrow-derived mast cell culture 
To generate bone marrow-derived mast cells (BMMC), bone marrow cells were obtained 
from femurs of 1.5 to 5months old mice, and cultured at a density of 6x105 cells/ml in 
RPMI complete medium supplemented with 10% X63-conditioned medium. 
Non-adherent cells were harvested and resuspended in fresh medium every 3-4 days. 
Homogenous populations of mast cells were obtained after four weeks of culture and 
confirmed by FACS with α-Kit and α-IgE antibodies. 
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RPMI complete: 
RPMI 1640 medium (SKI Medium Laboratory) 
1mM Sodium pyruvate 
0.1mM non-essential aminoacids 
2mM L-glutamine 
20units/ml penicillin 
20µg/ml streptomycin 
10% Fetal Calf Serum (FCS, Fetal Clone I, Hyclone) 
10% X63 conditioned medium 
 
X63-conditioned medium: 
X63 cells (Karasuyama and Melchers, 1988) were kindly provided by Dr. Christoph 
Moroni.  
For preparing the X63 conditioned medium, X63 were thawed and seeded at 105 cells/ml 
in 50ml of IMDM medium (SKI Medium Laboratory), supplemented with 1mM sodium 
pyruvate, 20units/ml penicillin, 20µg/ml streptomycin, 10% Fetal Calf Serum (FCS, Fetal 
Clone I, Hyclone) and cultured for 3 days. After 3 days, cells were transferred in 250ml 
of IMDM supplemented with G418 to select for IL-3 expressing clones and cultured for 7 
days. Thereafter, cells were washed once and resuspended in 4l of IMDM without 
antibiotics and cultured for 3 weeks.  The supernatant was sterilized by passing it through 
a 0.2µm filter and stored at 4°C. 
 

2.7.3 Analysis of Peritoneal and Mesentery Mast Cells 
The mesentery were dissected and carefully spread on a glass slide.  After overnight 
incubation in formaline at 4°C, it was washed with PBS 3 times for 15min each in a 
cuvette. It was kept in 70% ethanol at 4°C until the staining.  
Staining: 
5min  rehydration in ddH2O 
5min  Alcian blue solution 
5min  wash in ddH2O 
5min  Safranin solution 
5min  wash in dH2O 
Run tap water into cuvette for 2min 
 
 
Peritoneal mast cells obtained by lavage of the peritoneal 
cavity with 5 ml of PBS were cytospun on slides and 
stained with Toluidine blue or Alcian blue/Safranin and counted. 
Berberine sulfate staining for heparin detection was performed 
according to Enerback (Enerback, 1974). 
 
 
Alcian blue Solution: 
0.5% alcian blue was dissolved in 0.3% acetic acid (Sigma). 
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Safranin O Solution: 
0.1% safranin O  was dissolved in 0.1% acetic acid. 
 
Berberine Sulfate Staining: 
Cells were cytospun onto glass slides at 500rpm for 3min.  Slides were allowed to dry for 
at least 2h before staining with berberine solution for 45min protected from light at RT.  
Slides were then washed with acidified dH2O and analyzed immediately to avoid fading. 
 
Berberine Sulfate Solution: 
20mg berberine sulfate was dissolved in 10ml dH2O for a 10x stock solution 
After diluting the stock solution to 1x with dH2O, the pH was adjusted to lower than pH4 
(opt.pH 1.7) with HCl. 
 
Acidified Water: 
dH2O was adjusted to pH4 or lower with HCl.   
 
Toluidine Blue Staining: 
45sec   toluidine blue solution  
5min  wash in dH2O 
Run tap water into cuvette for 2min 
 
Toluidine Solution: 
0.5% Toluidine Blue was dissolved in McIlvaine’s buffer pH4.0 
 
McIlvaine’s buffer: 
19.212g  Citric acid (anhydrous)  0.1M 
Ad 1000ml with dH2O 
 
28.396g  Sodium phosphate (anhydrous)  0.2M 
Ad 1000ml with dH2O 
 
12.29ml of 0.1M citric acid solution were mixed with 7.71ml of disodium phosphate 
solution to reach pH 4.0. 
 
 

2.8  Fluorescent-labeled Adhesion Assay  
Preparation of 96-well plate (Falcon, Becton Dickenson): 
96-well plates were coated with FN by incubating100µl FN solution (20µg/ml in plain 
RPMI) per well for 1h at 37°C. Plates were then blocked with 3% BSA in plain RPMI for 
1h at 37°C and washed 3x with binding medium (RPMI, 10mM HEPES, 0.03% BSA). 
Vybrant® Cell Adhesion Assay Kit (Molecular Probes, Inc.,Eugene, OR,US) was used to 
assess the extent of adhesion of BMMC upon KitL stimulation, BMMC were starved in 
SFEM (StemCellTechnologies) for 1-2h, then washed twice in PBS, resuspended in 
RPMI without serum at 5*106 cells/ml. 5µl calcein AM stock were added per ml cell 
solution, mixed well and incubated for 37°C.  After washing the cells twice with 
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prewarmed RPMI without serum, cells were resuspended at 5*105 cells/ml. 100µl of cell 
suspension was added to prepared wells. To start the assay, 100µl of the appropriate 2x 
KitL solution were added to the wells and incubated for 30min at 37°C. Nonadherent 
cells were by careful washing (add medium to wells and swirl gently). The plates were 
inverted and blotted on tissues to remove liquid. Process was repeated 4times, then 200µl 
of PBS were added to each well. 
For input control washing steps were omitted and 100µl PBS was added prior to 
measuring fluorescence. 
Fluorescence was measuring using an excitation wavelength of 485nm (Ex.max. 494nm) 
and an emission filter wavelength of 527nm (Em.Max. 517nm) on a Fluoroscan Ascent 
FI Plate Reader (Thermo Electron Corporation, USA). 
To determine the percentage of adhesion, fluorescence of adherent cells was divided by 
the total fluorescence of cells added to each microplate well and multiplying by 100%. 
Background was substracted of all values prior to calculations. 
 

2.9  in vitro Migration Assay 
To determine migration of mast cells through a membrane, Transwells ( Costar, Corning, 
NY) of 8µm pore size were coated with 20µg/ml bovine fibronectin (EMDBiosciences, 
La Jolla, CA) for 1.5h at 37˚C in a 24-well plate(Costar, Corning,NY). After fibronectin 
removal, filters were equilibrated for 30min at RT by adding 600µl SFEM to the lower 
well and 100µl SFEM to the upper well. SFEM in the upper wells was replaced by 
1.5*105 starved BMMC in 100µl SFEM (Stem Cell Technologies). 600µl of 5ng/ml KL 
in SFEM or pure SFEM was added to a lower chamber. Filters with cells were transferred 
into these wells and plates were incubated for 3h at 37˚C. Migrated cells were collected 
in Eppendorf tubes, spun down (3min at 0.6rcf) and resuspended in 50µl. Migration of 
BMMC was determined by counting the cells that migrated to the lower chamber as 
percentage of total cells loaded in a hemacytometer. 
 

2.10 β-Hexoseaminidase Release Assay 
Degranulation of BMMC was determined by measuring release of hexoseaminidase. 
BMMC were washed once in plain RPMI and starved for 4h in SFEM (Stem Cell 
Technologies), washed once in Tyrode’s buffer (130 mM NaCl, 10 mM HEPES, 1 mM 
MgCl2, 5 mM KCl, 1.4 mM CaCl2, 5.6 mM glucose, and 1 mg/ml BSA, pH 7.4) and 
resuspended in Tyrode’s buffer at 600 000cells/ml.  
In a 48 well plate (Falcon, Becton Dickenson), 500µl cell suspension were stimulated or 
not with 200ng/ml KitL and/or 1µM Ionomycin. Degranulation was allowed to proceed 
for 15min at 37°C with gentle rocking. Cells were then transferred into Eppendorf tubes, 
spun down (3min, 0.6rcf), and 30µl of the supernatants or control cell pellets lysed in 
500µl 0.5% Triton X100 (Sigma, St. Louis, MO) in Tyrode’s buffer were transferred to a 
96-well flat bottom plate. 30µl of 2.6mg/ml ml  p-nitrophenyl-N-acetyl- -D-glucosamide 
(Sigma, St. Louis, MO) was then added to each supernatant and mixed before incubating 
for 1 h at 37°C. The reaction was terminated by adding 200µl of borate buffer, pH 9.8 
(Sigma, St. Louis, MO). The OD was read on a plate reader (Soft Max Pro) at a 
wavelength of 405nm. 
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2.11 Proliferation Assay – Thymidine Incorporation   
  

Cells were washed twice in plain RPMI and starved from growth factors in SFEM for 5-
6h at 6x105cells/ml. 
After starvation, cells were resuspended at 1x106cells/ml in SFEM. 105 cells were plated 
in a 96-well plate in triplicate. The assay was started by adding 100µl of a 2x solution of 
the chosen cytokine (KL, IL-3) or 100µl SFEM. After 20hr of incubation, 2.5µCi H3-
Thymidine in 50µl (12.5µCi/ml) were added to each well and incubation was continued 
for 4h. Cells were collected by using the 96-well plate harvester (MicroBeta Filtermat-96 
Harvester, Perkin Elmer, USA). Nucleic acids were retained on glass-fiber filters (Printed 
Fibermate A, Wallac, Finland), and the amount of H3-Thymidine radioactivity was 
determined by scintillation counting in a Wallac MicroBeta counter (Wallac, Finland).  
 

2.12 Annexin V Apoptosis Assay  
BMMC were washed twice in plain RPMI supplemented with 0.1% BSA, cultured for 
12h in SFEM with 20ng/ml recombinant IL-3, washed twice with RPMI/BSA, and plated 
in triplicate at 0.5 x106 cells/ml in 2ml of SFEM in 6 well plates. 
After 1h of starvation, indicated additives were added (KL at 100ng/ml, IL-3 at 20ng/ml), 
and the cells incubated for 50h. 
Cells were harvested and analyzed by flow cytometry using the Annexin V-FITC 
detection Kit I (BD Biosciences) according to the manufacturer’s specifications. 
 

2.13 Protein Extraction from BMMCs 
BMMC were washed twice in plain RPMI, starved for 4-6h in SFEM at a cell 
concentration of 106/ml, and stimulated with the indicated amounts of KitL for the 
indicated times at 37°C in 1.5ml Eppendorf tubes.  10 to 15 x 106 cells were used for co-
immunoprecipitation.  After stimulation, cells were centrifuged down 30sec. at 2700rpm 
in a table top centrifuge. Cell pellets were lysed in 500 µl of ice cold Lysis buffer by 
pipetting and vortexing and incubated on ice for at least 10min. Lysates were cleared by 
centrifugation for 30 min at 15 000 rpm (13 000 x g) at 4°C, and supernatants transferred 
into fresh Eppendorf tubes. Protein content was determined using BioRad Protein Assay 
(BioRad, CA, USA) which is based on the Bradford method exploiting the shift in 
absorption from 465nm to 595nm of Coomassie Brilliant Blue G-250 after protein 
binding.  25µg protein were loaded on SDS-PAGE gels for most Western blots,                                       
 
Lysis Buffer: 
50 mM Tris/HCl (pH 8.0) 
150 mM NaCl 
5 mM EDTA 
1% NP-40 
10 mM NaF 
50µM ZnCl 
ddH2O  ad 250 ml 
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add fresh per 2.5 ml of buffer: 
1mM PMSF        
2mM Orthovanadate (Na3VO4)    
20µl/ml Protease Inhibitor Cocktail (Sigma) 
   
 

2.14 Protein Extraction from GISTs 
For preparation of tumor lysate, 0.5g snap-frozen tumor specimen was ground to powder 
in liquid nitrogen, resuspended in 5ml of lysis buffer, Dounce-homogenized 20 times on 
ice, and incubated on ice for 30 min. Lysates were cleared by 30min centrifugation at 15 
000 rpm (13 000 x g) at 4°C.  Supernatants were transferred into new Eppendorf tubes 
and snap frozen and kept at -70°C or used immediately. 
 

2.15 Immunoprecipitation 
300-750µg of protein lysate was used for immunoprecipitations.  The protein lysate was 
added to 2-8µg of the respective antibody and incubated overnight at 4°C rotating slowly.  
Gamma-bind Sepharose (Amersham) was washed three times with cold PBS.  After the 
third wash, PBS +5% Lysis buffer was added to the sepharose to make a 50% slurry.  60 
µl of the slurry were then added to the lysates and incubated for another 60 to 120min at 
4°C under rotation.  The precipitates consisting of protein, antibody, and sepharose beads 
were centrifuged down for 30sec in a tabletop centrifuge.  All subsequent steps were 
performed on ice. The precipitates were washed 2 –3 in 500µl of Lysis buffer. The final 
supernatant was sucked off with a 301/2 gauge syringe (Braun, USA), the sepharose beads 
were resuspended in 1x Laemmli buffer containing 20% β-Mercaptoethanol, and 
vortexed thoroughly .Samples were then incubated at 100°C for 8 min, spun down and 
loaded onto an SDS-PAGE. 
 

2.16 SDS-Polyacrylamidegelelectrophoresis (SDS-PAGE): 
Proteins were separated under denaturing conditions according to their molecular weight 
by SDS-PAGE.  25µg of protein lysates were resuspended in 2x Laemmli buffer or 
immunoprecipitates resuspended in 1x Laemmli-buffer were incubated at 100°C for 
5min, allowed to cool to RT, and loaded onto gels cast in the BioRad Mini ProteanII 
System (BioRad, USA).  Gels were run at 72V for appr. 2.5h at RT. 
 
1x Laemmli-Buffer 
Tris-HCl, pH 6.8 62.5mM 
SDS   2% 
Glycerol  10% 
Bromophenol Blue 0.01% 
Add freshly: 
β-Mercaptoethanol 5% 
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10% PAGE resolving gel: 
 
   to add:  final concentration:  stock:  
Acrylamide/Bis- 
Acrylamide 37.5:1) 5ml  10%    40% 
TRIS pH 8.8  4.17ml  0.375M   1.8M 
SDS   200µl      10% 
H2O   10.83ml___________________________________        
Final volume:  20ml 
APS   100µl      10% 
TEMED  10µl 
 
4% PAGE stacking gel: 
 
   to add:  final concentration:  stock:  
Acrylamide/Bis- 
Acrylamide 37.5:1) 1ml  4%    40% 
TRIS pH 6.8  1.25ml  0.125M   1M 
SDS   200µl      10% 
H2O   7.75ml___________________________________        
Final volume:  10ml 
APS   50µl      10% 
TEMED  10µl 
 
Acrylamide concentration of the resolving gel was adjusted according to the size of the 
respective protein. 
 
 
 
 
5x Electrophoresis Running Buffer, pH 8.3: 
 
Tris base  36g 
Glycine  172.8g 
SDS   12g 
Ad 2400ml with deionized water. 
 

2.17 Protein Transfer: 
After the gelelectrophoresis, gels were incubated for 15min in cold transfer buffer.   
Immobilon-P transfer membranes of 0.45µM pore size (Millipore, USA) were first 
dipped into methanol, then washed in ddH2O for 5min, and lastly incubated in transfer 
buffer for at least 10min.  Gel and membrane were assembled in a Mini Trans-Blot Cell 
(BioRAD, USA) according to the manufacturer’s instructions. Proteins were transferred 
at 85V (240mA to 400mA) for 90min. 
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Transfer Buffer 1x: 
   to add:  final concentration:  stock:  
TRIS base  12.11g  25mM    
Glycine  57.65g  192mM 
Methanol  800ml   
H2O   3200ml___________________________________        
Final volume:  4000ml 
Store at 4°C. 
 

2.18 Western Blot 
After the protein transfer, membranes were allowed to dry until they appeared completely 
white.  They were then either stored at 4°C up to several months or used for Western 
blotting directly.  
For Western blotting, they were first rewet by dipping in methanol for 30sec, washing in 
ddH2O for 5min and then blocked for 1h at RT either in blocking buffer A for total 
protein detection or blotting buffer B for phospho-protein detection. 
After rinsing the membrane 1x with water, membranes were incubated with primary 
antibodies as indicated on the list or according to manufacturer’s instructions overnight at 
4°C with gentle agitation. Phosho-antibodies were diluted in blocking buffer B, total 
protein antibodies in primary antibody dilution buffer.  After overnight incubation, 
membranes were washed 3 times for 5 minutes each with TBS-Tween 1x, followed by 
incubation with secondary antibodies coupled to horseradish peroxidase (HRPO) diluted 
in blocking buffer A according to the manufacturer’s instructions for 1h at RT.  After 
washing 3 times for 5min, proteins were visualized by incubating the membranes in 
SuperSignal West Pico Solution (Pierce, USA) for 2min.  The membranes were drained 
of the excess developing solution without letting them dry out, wrapped in plastic wrap, 
and exposed to x-ray film (Kodak, USA) and developed.   
 
Blocking buffer A: 
5% w/v nonfat dry milk (Carnation®, Nestle, USA) 
0.1% Tween 20 
In 1x TBS 
 
Blocking buffer B: 
5% BSA (Sigma, USA) 
0.1% Tween 20 
In 1x TBS 
 
Primary antibody dilution buffer: 
3% BSA 
1% w/v nonfat dry milk 
In 1x TBS 
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Tris-buffered Saline 10x(TBS): 
 
   to add:  final concentration:  stock:  
TRIS base  12.11g  100mM    
NaCl   87.75g  1.5mM 
HCl   to pH 7.5 
H2O   to 1000ml___________________________________        
Final volume:  1000ml 
 
 
Tris-buffered Saline with Tween 10x (TBS-Tween): 
 
   to add:  final concentration:  stock:  
TRIS base  12.11g  100mM    
NaCl   87.75g  1.5mM 
Tween 20  10g  1% 
HCl   to pH 7.5 
H2O   to 1000ml___________________________________        
Final volume:  1000ml 
 
 

2.19 Flowcytometry 
For flowcytometry analysis of Kit receptor and FcεRI expression on BMMCs, 300µl of 
BMMC culture were transfered to a 5ml polystyrene round-bottom tube, 12x75mm style 
(FACS tube, BD Falcon, USA).  1.5µl anti-DNP-IgE and 0.5µl phycoerythrin-coupled 
anti-Kit antibody; diluted 1:10 (anti-Kit-PE) were added simultaneously and incubated 
for 20min at 4°C in the dark.  Tubes were filled with 5ml PBS and spun down at 800rpm 
for 5min.  The supernatant was poured out and the cell pellet resuspended in the residual 
liquid by flicking the tube gently.  1µl anti-IgE antibody coupled to FITC was added and 
incubated for 20min at 4°C in the dark.  After incubation, cells were washed again and 
resuspended in 300µl of PBS.  The cells were analyzed with the help of Valter Agosti 
using a Becton-Dickenson FACScalibur® flow cytometer in SKI Flow Cytometry Core 
Facility (FCCF).  Data was analyzed using FlowJo® software (Treestar, Inc., USA).    
 

2.20 RNA Extraction from BMMCs 
14 million BMMCs per stimulation time point and mutant were starved as described for 
the apoptosis assay and stimulated or not for 20min with 100ng/ml KitL in 2ml 
Eppendorf tubes.  After stimulation, cells were spun down 3min at 0.6rcf, washed once 
with warmed PBS, and the cell pellets were snap frozen on dry ice and kept at -70°C until 
RNA was prepared.   
RNA was prepared using the RNeasy® Mini Kit (QIAGEN, USA) according to the 
manufacturer’s protocol. Two columns were used per sample, and an optional DNase 
treatment was included.  To ensure RNA quality, 1µg of each sample was loaded onto a 
1.2% formaldehyde-agarose (FA-)gel. RNA loading buffer was purchased from Sigma. 
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1µl of a 1mg/ml ethidium bromide stock solution was added to each sample.  Prior to 
running the gel, it was equilibrated by running in 1x FA gel running buffer for at least 
30min.  
RNA amplification, labeling and hybrization to the MOE430A Affymetrix Gene Chips® 
were performed by the Genomics Core Laboratory at SKI directed by Agnes Viale. 
 
 
FA-gel: 
Agarose  1.2g 
FA-buffer (10x) 10ml 
RNase free water ad 100ml 
After melting the agarose, add 1.8ml of 37% formaldehyde. 
 
FA-buffer (10x): 
3-(N-morpholine)propanesulfonic acid (MOPS) 200mM  
Sodium acetate     50mM 
EDTA       10mM 
pH to 7.0 with NaOH 
 
FA-gel running buffer (1x): 
 
FA-buffer (10x)     100ml 
Formaldehyde (37%)     20ml 
RNase free water     880ml 
 
 

2.21 Affymetrix ChipsGene Expression Analysis 
14million mast cells per time point and mutant were washed twice with plain RPMI+0.1% BSA, 
cultured for 12h in SFEM+20ng/ml rec. IL-3, washed 3x with RPMI+0.1% BSA, and starved for 
1h in plain SFEM. After stimulating cells with 100ng/ml KitL for 0, 20min, 1h or 4h, they were 
spun down for 3min at 2700rpm (Eppendorf table top centrifuge), and the cell pellets were 
washed once with PBS and snap frozen on dry ice.   
Total RNA was prepared from the cell pellets using the RNeasy®  Kit from QIAGEN (Qiagen, 
CA, USA) according to the manufacturer’s protocol using two columns per sample and adding 
the suggested DNase digestion step.  RNA quality was monitored by running 1µg of each sample 
on a 1.2 % formaldehyde agarose gel as specified in the RNeasy protocol.  Samples were then 
transferred to the SKI Genomics Core lab, where biotin-labeled c-RNA prepared from 15µg total 
RNA was fragmented and hybridized to oligonucleotide microarrays MOE430A (Affymetrix®).  
Raw expression data images were then analyzed with the help of Nick Socci/SKI 
Bioinformatics Core using Microarray Analysis 5.0 software (Affymetrix®). Data were 
normalized to a target intensity of 500 to account for differences in global chip intensity. 
The expression signal intensities were then log (base 2) transformed. To find genes that 
were differentially expressed between time points or cell type a variant of the standard t-
test was used. The issue is that with small number of samples it is likely that the variance 
measured from the samples will be a significant underestimate of the true variance in the 
data. The method used regularizes the variance by a term that depends on the overall 
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intensity of a given gene [ref: BaldiP2001]. This term will be larger for lower intensity 
genes and decrease as the intensity increases. The exact for of this intensity depend term 
is fit from the data itself. The genes are then ranked by p-value and the list is filtered to 
pass genes with a given significance level (p-value < 0.005).  
 
 

2.22 Polymerase Chain Reaction (PCR) for Kit Isoform Detection 
RNA was prepared as described above.  Poly-(dT) primed reverse transcriptase (RT) 
PCR was used to generate cDNA: 
RNA    1µg 
p(dT) primer (10pmol/µl) 1µl 
RNAse out®   0.5µl 
(Invitrogen,USA)  
dH2O    9.5µl    were mixed and incubated at 65°C for 
15min and subsequently put on ice. 
 
RNAse out®   1µl 
5x 1st strand buffer  4µl 
(Invitrogen,USA)  
DTT    2µl 
dNTP (10mM)   1µl 
RT Superscript®  1µl    
(Invitrogen,USA)     
     
were mixed and added to the first mix on ice.  It was then incubated at 42°C for 1h, 
followed by 15min at 70°C and transfer to 4°C.  
  
The cDNA was diluted 1:5 in dH2O and used in the following PCR reaction: 
 
cDNA    0.5µl 
dNTP (10mM)   0.5µl 
forward primer  0.5µl 
reverse primer   0.5µl 
Taq polymerase  0.3µl 
(Roche, USA) 
dH2O    19.7µl 
 
3min    94°C 
 
45sec    95°C  
30sec    62°C 
20sec    72°C 
Repeat for 20 cycles 
 
5min    72°C   
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6µl PCR reaction were mixed with 1µl of DNA-loading buffer loaded on a 3% 
Metaphor® agarose/TBE gel. TBE and DNA-loading buffer were purchased from Sigma, 
USA. 
 
Primers (Biosource Int’l, USA): 
Kit Iso FWD1: 5’-CGATGTGGGCAAGAGTTCC-3’ 
Kit Iso REV1: 5’-GACCACAAAGCCAATGAG-3’ 
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Results 

3. Characterization of Mast Cells from KitY567F/Y567F and KitY719F/Y719F 
Mice 

3.1  Mutant BMMCs from KitY567F/Y567F and KitY719F/Y719F Mice have 

Comparable Characteristics Concerning Marker Expression 

To gain insight into the mechanism of Kit-mediated Src family kinase signaling in 

vivo, Valter Agosti and Selim Corbaciouglu in the lab replaced Kit tyrosine 567 with 

phenylalanine in the murine Kit gene by knock-in technology. A targeting construct was 

made that contained the tyrosine–phenylalanine substitution mutation in Kit exon 11 and 

a neomycine resistance (neo) cassette flanked by loxP sites for subsequent removal in 

vivo. Homologous replacement in ES cells produced three correctly targeted ES cell 

clones which were characterized by PCR, Southern blot, and sequencing analysis. These 

ES cell clones were microinjected into C57BL/6J blastocysts, chimeras were produced, 

which gave rise to germline transmission. Since it had been noticed previously that 

inclusion of a neo-cassette into intronic Kit sequences can interfere with the expression of 

the Kit gene, the neo-cassette was removed by cre-mediated excision in vivo as described 

previously (McDevitt et al., 1997). Both heterozygous and homozygous mutant male and 

female Kit Y567F/ + and Kit Y567F/Y567F mice were fertile (Agosti et al., 2004). 

BMMC could be prepared successfully from Kit Y567F/Y567F mouse bone marrow. 

Mutant mast cells did not differ phenotypically from wild-type BMMC, i.e. in the 

expression of differentiation cell surface marker FceRI , although Kit receptor levels, 

even after cre-excision, were reduced to 50-60% of normal levels (Fig.1)(Agosti et al., 

2004). 
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In the same manner, Holger Kissel has generated Kit Y719F/Y719F mice in the lab 

(Kissel et al., 2000). BMMC from these mice also do not have changes in cell surface 

markers, nor do they have reduced Kit expression (not shown).  Overall tyrosine 

phosphorylation of Kit in Kit Y567F/Y567F BMMC was somewhat reduced confirming  

earlier results obtained in cell lines that SFKs influence Kit phosphorylation levels 

(Timokhina et al., 1998).  

To investigate whether Kit expression in Kit Y567F/Y567F BMMC was reduced at the 

RNA or protein level, Georgina Berrozpe in the lab carried out RNase protection assays 

with RNA from Kit+/+ and KitY567F/Y567F BMMC to determine Kit RNA levels, and found 

that Kit transcripts were reduced to 50-60% of normal levels.  We therefore presumed 

that the remaining lox site and flanking sequences in Kit intron 9 of the mutant affected 

Kit RNA transcription and/or splicing. However, it was also possible, that the Kit Y567F 
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mutation affected Kit receptor metabolism/turnover leading to reduced Kit receptor 

levels.  Evaluating this possibility by stimulating mutant and WT BMMCs over various 

time points did show the difference in expression levels, but did not indicate differences 

in protein stability.  
 

3.2  Kit-mediated Lyn and PI3-Kinase Signaling are Abolished in 

BMMCs Derived from KitY567F/Y567F and KitY719F/Y719F Mice  

 To establish that mutations in the knock-in mice effectively disrupted the binding 

of  SFKs and the p85 subunit of PI3-Kinase, mutant and normal BMMC were starved for 

6h, stimulated with KitL, cell extracts were prepared and immunoprecipitations of Kit 

performed.  As published in Kissel et al. 2000, we confirmed by immunoprecipitation of 

Kit and Western blotting with α-p85 that binding of the p85 subunit of PI3-Kinase to Kit 

was abolished in KitY719F/Y719F BMMC 

(Kissel et al., 2000).  Reprobing the blot with 

anti-phosphotyrosine antibody confirmed 

that mutant Kit phosphorylation was only 

minimally reduced (Fig.2).  
 
 
Figure 2: Targeted substitution of Kit Y719 by 
phenylalanine disrupts p85 binding to Kit (Kissel et 
al., 2000). Coimmunoprecipitation of p85 with Kit from 

KitY719F/Y719F and WT BMMC treated with 100ng/ml KitL for 5min at 37°C.  Subsequent Western blot was 
performed with anti-Kit, anti-PY and anti-p85 antibodies.     
 

It had been established previously that tyrosines Y567 and Y569 in Kit are 

binding sites for SFKs in cell lines or primary cells transduced or transfected with Kit, 

and that Kit activates in SFKs (Timokhina et al., 1998). 

 However, direct interaction by co-immunoprecipitation had not been demonstrated in 

BMMC from mice with knock-in Kit mutations. The Lyn and Src SFKs are the most 

prominently expressed SFKs in BMMCs.  Fyn and Hck are present as well but they are 

expressed at lower levels.  Since Lyn protein levels appeared to be higher than Src levels 

in Western blots, we chose to determine whether an interaction of Kit with Lyn was 

abolished in KitY567F/Y567F BMMC.  Cell extracts of KitY567F/Y567F and KitY719F/Y719F 
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BMMC were prepared after 10min of stimulation with KitL, subjected to 

immunoprecipitation with anti-Lyn antibodies and tested for co-immunoprecipitation by 

Western blotting with anti-Kit antibody after fractionation by SDS-PAGE. The blots were 

then stripped and re-blotted with anti-Lyn antibody to control the loading and anti-

phosphotyrosine antibody to investigate Kit receptor activation. 

As expected, Kit could be detected in immunoprecipitates from WT BMMC, but not 

from KitY567F/Y567F BMMC. Therefore, mutation of Kit tyrosine Y567 to phenylalanine 

abolished the association of Lyn with Kit upon KitL stimulation (Fig.3).  

 

 
Figure 3: Targeted substitution of Kit Y567 by 
phenylalanine disrupts Lyn binding to Kit. 
Coimmunoprecipitation of Kit with Lyn in KitY567F/Y567F and WT 
BMMC treated with 100ng/ml KitL for 10min at 37°C.  Cell 
lysates were immunoprecipitated with anti-Lyn antibody, and 
Western blotted with anti-Kit and anti-Lyn antibodies. 
 

 However, association of the activated Kit receptor with the p85 subunit of PI3 

Kinase was not affected by the Kit Y567F mutation as determined by co-

immunoprecipitating p85 with Kit (Fig.4A). In agreement with this finding Kit tyrosine 

Y719 was phosphorylated comparably in stimulated WT and mutant BMMC as detected 

by an Y719-specific antibody in Western blotting (Fig. 4B). 

 
Figure 4: Reduced Kit expression in KitY567F/Y567F BMMC does not affect amount of p85 binding to 
Kit or phosphorylation of Y719. (A) Coimmunoprecipitation of p85 with Kit.  KitY567F/Y567F and WT BMMC 
were stimulated with KitL for 5min at 37°C.  Cell lysates were immunoprecipitated with anti-Kit antibody, and 
subjected to Western blotting with anti-phosphotyrosine, anti-Kit and anti-p85 antibodies. (B) Western blot of 
KitY567F/Y567F and WT BMMC lysates treated with KitL for 10min and blotted with anti-phospho-Y719 Kit, Kit, 
and actin antibodies. 
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3.3  Histological Analysis of Peritoneal and Mesentery Mast Cells 

Isolated from KitY567F/Y567F and KitY719F/Y719F Mice  

Mast cells are bone-marrow derived hematopoietic cells (Kitamura and Miyoshi, 

1978).  Small numbers of committed mast cell progenitors circulate in the blood.  Final 

stages of their maturation, like the development of mature granules, are thought to occur 

in the prospective tissue of residence. Mature mast cells normally reside close to 

epithelia, blood vessels, nerves, and in the airways and the gastrointestinal tract, near 

smooth muscle cells and mucus-producing glands.  In mice, mast cells can also be found 

within mesothelium-lined cavities, like the peritoneal cavity (Galli et al., 2005a).  Since 

mast cells do have the ability to proliferate locally when stimulated appropriately, 

population size of mast cells in tissues depends on recruitment of committed precursors, 

their maturation, and local proliferation (Marshall, 2004).  Kit and KitL play an important 

role in all three of these processes and mast cell numbers are often affected in kit/kitl 

mutants. We therefore wanted to determine if mast cell distribution in tissues and the 

peritoneum were affected by the KitY719F or KitY567F mutations. 

Valter Agosti prepared dorsal skin sections of WT and mutant mice and 

determined the number of mast cells per 1-cm skin between the epidermis and the 

panniculus in several independent sections which were then averaged.  Interestingly, both 

the KitY719F and the KitY567F mutation did not affect mast cell numbers in the dorsal 

skin (Table 1).  However, when examining peritoneal mast cell numbers severe defects 

were detected. Peritoneal mast cells were retrieved by peritoneal lavage, cytospun on 

slides and stained with toluidine blue, alcian blue and safranin or berberine sulfate. In 

KitY719F/Y719F mice, the percentage of mast cells in total peritoneal cells shrank to less 

than 33% of WT, while in KitY567F/Y567F mice hardly any peritoneal mast cells could be 

detected (Fig.5).  Staining with berberine sulfate to detect heparin and alcian/safranin of 

the peritoneal mast cells indicated that although the mutations affect mast cell numbers 

they do not affect their development and differentiation.  Thus, fully differentiated mast 

cells were detected, albeit at much reduced numbers, in both mutants (Fig.5). 
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Figure 5: Histological analysis of peritoneal mast cells isolated from KitY567F/Y567F, KitY719F/Y719F, and 
WT mice with safranin, toluidin-blue, and berberine-sulfate staining.  Peritoneal mast cells were found 
reduced to about 33% in KitY719F/Y719F mice, and almost absent in KitY567F/Y567F mice.   

 

Although little is known about how mast cells get into the peritoneal cavity, it is 

possible that they migrate into it from the mesentery. The mesentery are sheet-like 

membranes enclosing the small bowel.  It also serves as a conduit for blood vessels, 

nerves and lymphatic vessels going to and from organs (ColoStateEdu –Biomedical 

Hypertexts http://arbl.cvmbs.colostate.edu/hbooks/index.html). 

Peritoneal mesenteries from WT, KitY567F/Y567F, and KitY719F/Y719F mice were 

prepared, spread on glass slides, and fixed at 4°C over night.  Slides were then stained 

with alcian blue and safranin for tissue mast cells. As before in the peritoneal cavity, we 
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found mast cell numbers strongly reduced by 85% in KitY567F/Y567F mice compared to WT 

(Fig. 6).  The reduction in mast cell numbers of about 25% compared to WT found in the 

mesentery of KitY719F/Y719F mice was less severe than what had been determined for the 

peritoneal cavity of these mice.  These findings excluded a mere defect in migration as 

explanation for the reduction in peritoneal mast cells in KitY567F/Y567F mice and 

KitY719F/Y719F mice. 

 
Figure 6: Histological analysis of mesentery mast cells isolated from KitY567F/Y567F, KitY719F/Y719F, and 
WT mice with alcian blue and safranin staining.  Mast cells were found to be strongly reduced in the 
mesentery of KitY567F/Y567F mice, while the reduction in KitY719F/Y719F mice was minimal.   
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3.4  Cell Proliferation and Survival Characteristics in KitY567F/Y567F 

and KitY719F/Y719F BMMCs 

The lack of mast cells in the peritoneum and the mesentery of KitY567F/Y567F mice 

and reduction of peritoneal and mesentery mast cells in KitY719F/Y719F mice led us to 

investigate whether this deficiency was due to a mast cell inherent failure to proliferate or 

respond to KitL as a survival signal. KitL has been shown to suppress apoptosis induced 

by growth factor withdrawal or radiation in mast cells (Yee et al., 1994b). Proliferation of 

BMMCs was assessed by measuring the amount of 3H-labeled thymidine incorporation 

during DNA synthesis over a defined time period. WT, KitY567F/Y567F, and KitY719F/Y719F 

BMMC were growth factor starved for 4h before incubation with the indicated amounts 

of KitL or medium alone for 20h. 3H-labeled thymidine was then added for another 4h 

incubation before 3H-thymidine incorporation was determined. 

For KitY719F/Y719F BMMC, we confirmed what had been shown previously by Kissel et 

al.2000, namely a 40-60% reduction in proliferation in KitY719F/Y719F BMMC upon KitL 

stimulation (Kissel et al., 2000), although the reduction was less pronounced  

Figure 7: Proliferation and cell survival characteristics of KitY567F/Y567F and WT BMMC. (A) Proliferation: 
Cells were stimulated with KitL as indicated.  Incorporation of 3H-Thymidine was determined to measure 
proliferation. (B) Apoptosis: KitY567F/Y567F and WT BMMC were stimulated with indicated amounts of KitL for 
50h. Percentage of apoptosis was determined by annexin V staining and FACS analysis. Similar results 
were obtained in three independent experiments. For both experments, data are expressed as means ± 
standard error of triplicate samples.   
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for lower KitL concentrations (not shown). The reduction of peritoneal MCs in these 

mice could therefore be attributed to the inability to proliferate sufficiently in response to 

KitL stimulation during mast cell development. 

In contrast to the complete lack of peritoneal and mesentery mast cells in vivo, 

BMMCs derived from KitY567F/Y567F mice showed markedly enhanced proliferation, 

especially in response to low doses of KitL (Fig.7A).  Thus, defects in their proliferative 

response could be excluded as a basis for the in vivo deficiency.  This finding was 

initially counterintuitive, since Src-family kinases are thought of as positive regulators of 

proliferation, and therefore a Src-binding site substitution mutation should have shown 

less proliferation.  But while it is tempting to think of KitY567 mainly as a SFK binding 

site, Src family kinases are not the only proteins binding to Kit Y567. Kit-Y567 had been 

shown to be a binding site for the tyrosine phosphatase SHP-2(Kozlowski et al., 1998).  

Furthermore, a recent publication described Lyn as a negative regulator of cell 

proliferation using Lyn -/- BMMC (Hernandez-Hansen et al., 2004a).  These 

investigators observed that Lyn deficient mice had increased numbers of peritoneal MCs 

compared to littermate controls.  

Another explanation for the reduced number of mast cells in the peritoneum could 

be a lack of survival response to KitL in the mutants.  We therefore determined if KitL 

stimulation could prevent starvation induced apoptosis equally well in WT and mutant 

BMMCs.  Growth factor deprivation induced apoptosis was assayed by culturing 

BMMCs for 12h in SFEM complemented with recombinant IL-3 to reduce background 

from undefined stimuli in X-63 supernatant and washing the cells twice with plain RPMI 

containing 0.1%BSA afterwards.  After 1h of starvation in SFEM, indicated amounts of 

KitL were added and cells incubated for 50h.  Annexin V staining was used to detect 

apoptotic cells by using FACS analysis. 

Survival upon KitL stimulation was found to be enhanced 15-20% depending on 

the KitL concentration, but it was never reduced in KitY567F/Y567F BMMC, even though 

without stimulation, more apoptotic cells were detected (Fig.7B).  Kissel et al. found for 

KitY719F/Y719F BMMC a 40-60% reduction in survival compared to WT BMMC (Kissel et 

al., 2000).  
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3.5  KitL Induced Adhesion to Fibronectin is Increased in BMMCs 

from KitY567F/Y567F Mice while Decreased in BMMCs from 

KitY719F/Y719F Mice 

The ability to adhere to an extracellular matrix is an important feature of mast 

cells, since fulfilling their most important task, the mediation of inflammation, requires 

them to reside in tissues.  Furthermore, migration to the sites of their maturation or of an 

inflammation requires adhesion as a vital step in the process of migration.  KitL has been 

shown to stimulate adhesion of BMMCs to fibronectin, and to a lesser extent to 

vitronectin (Dastych and Metcalfe, 1994; Kinashi and Springer, 1994b). 

Adhesion requires much smaller doses of KitL than, for example, induction of 

proliferation which requires 50-100ng/ml of KitL (Kinashi and Springer, 1994b; Serve et 

al., 1995).  Therefore, adhesion of WT, KitY567F/Y567F, and KitY719F/Y719F BMMC to 

fibronection was determined as induced by 0, 2.5, 5 or 10ng/ml KitL.  To quantify 

adhesion, BMMCs were fluorescently labeled with calcein AM, and allowed to adhere to 

FN for 30min. Nonadherent cells were carefully washed off, and the fluorescence of the 

remaining adherent cells was measured.  To determine the percentage of adhesion, 

fluorescence of adherent cells was divided by the total fluorescence of cells added to each 

microplate well and multiplying by 100%.  

WT BMMCs showed maximal adhesion at 5ng/ml KitL (Fig.8), when 34% of 

BMMCs were found to adhere to the fibronectin matrix.  KitL could only minimally 

induce adhesion of KitY719F/Y719F BMMCs to fibronectin. About 14% of cells adhered 

upon stimulation with KitL independent of the tested concentrations. KitY567F/Y567F 

BMMC reached maximal adhesion of 47% of BMMCs with only 2.5ng/ml KitL, 

significantly surpassing 28% adhesion induced in WT cells at 2.5ng/ml KitL (Fig. 8). 

These results confirm the importance of PI3-Kinase signaling in adhesion, as 

blocking of PI3-Kinase with inhibitors like wortmannin has been shown to abolish 

adhesion induced with higher KitL concentrations (Vosseller et al., 1997). They also 

show that Y567 is important in the correct regulation of adhesion, since KitY567F/Y567F 

BMMCs showed significantly increased adhesion to fibronectin at low doses of KitL. 
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Figure 8: KitL induced adhesion to fibronectin is increased in KitY567F/Y567F while decreased in 
KitY719F/Y719F BMMCs compared to WT BMMCs.  CalceinAM labeled cells were allowed to adhere to FN for 
30min.  Adherence is shown as % fluorescence of input. Similar results were obtained in three independent 
experiments. Data are expressed as means ± standard error of triplicate samples.  
 

3.5.1  Treatment with MEK Inhibitor U0126 Increased Adhesion 

 It has been described that MEKK1 via ERK1/2 regulates cell adhesion at low 

levels of growth factor stimulation (Cuevas et al., 2003).  ERK1/2 in turn can be activated 

by MEK1 and MEK2.  To test whether ERK1/2 were involved in the observed phenotype 

of increased adhesion to fibronectin in KitY567F/Y567F BMMC,  WT BMMCs were treated 

with the MEK inhibitor U0126 for 50min before subjecting them to the adhesion assay as 

described above.  
Figure 9: KitL induced adhesion to fibronectin is 
increased upon treatment with the MEK inhibitor 
UO126.  BMMCs were pretreated for 50min with 10µM 
UO126, calcein AM labeled, and allowed to adhere to 
FN in the presence of inhibitors for 30min.  Adherence 
is shown as % fluorescence of input.  Data are 
expressed as means ± standard error of triplicate 
samples.  
 

Treatment with 10µM U0126 led to an 

increase of BMMC adhesion to fibronectin of around 12% in two independent 

experiments performed in triplicate (Fig.9).  However, further repetitions will be needed 

to reach statistical significance. 
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3.6  BMMCs from KitY567F/Y567F and from KitY719F/Y719F Mice Showed 

Reduced Chemotaxis 

 Chemotaxis is a complex biological process, delicately controlled to allow cells to 

move along shallow gradients of chemoattractants of less than 10% by amplifying the 

gradient internally (Parent and Devreotes, 1999). Migration involves at least four basic 

steps: extension of a leading edge, adherence to a substrate, release of the adherence at 

the trailing edge, and retraction of the trailing uropod (Merlot and Firtel, 2003). Since 

adherence, as a step involved in migration, was disturbed in both KitY567F/Y567F and 

KitY719F/Y719F BMMCs, induction of chemotaxis by low concentrations of KitL was 

analyzed. Migration was measured in a transwell migration assay. The upper and lower 

chambers were separated by a membrane of 8µm pore size coated with fibronectin. 

BMMC were seeded in pure SFEM in the upper chamber, while SFEM + KitL was filled 

into the lower chamber. BMMCs were allowed to migrate along the KitL-gradient for 3h 

before migrated cells were collected from the lower chamber and counted. Chemotaxis 

was expressed as percent migrated cells of total cells loaded.  

 
Figure 10: Migration is impaired in both KitY567F/Y567F and KitY719F/Y719F BMMCs compared to WT 
BMMCs.  Migration along a 5ng/ml KitL gradient through an 8µm membrane was assessed after 3h of 
incubation. Migration was determined by counting the cells migrated to the lower chamber as percentage of 
total cells loaded in a hemacytometer. Similar results were obtained in three independent experiments. Data 
are expressed as means ± standard error of triplicate samples.  
 

 At 5ng/ml maximum migration of WT BMMCs was around 17% of the input 

cells (data not shown).  Migration of KitY719F/Y719F BMMCs was reduced to 69% of WT 

and that of KitY567F/Y567F BMMCs was reduced to 46% of WT BMMCs (Fig.10).  
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3.7  Degranulation upon KitL Stimulation Reduced in BMMC from 

KitY567F/Y567F and from KitY719F/Y719F Mice 

 The ability to degranulate is an important feature of mast cells. By rapidly 

releasing performed mediators upon contact with multivalent antigens or allergens, mast 

cells initiate acute inflammatory responses against invading bacteria, helminthic 

parasites, and allergens.  Degranulation in mast cells involves calcium mobilization from 

intracellular and extracellular stores and was shown to depend on PI3-Kinase signaling.  

KitL is an enhancer of IgE- as well as ionomycin-induced degranulation.  In Wsh/sh 

BMMC reconstituted with WT Kit and KitY719F it was shown that this enhancement 

depended on Y719 and PI3-Kinase signaling (Vosseller et al., 1997).   

 As we now had the same Y719 mutation in an even more physiological setting as 

a knock-in, we were curious to see whether expression of both Kit isoforms at their 

natural levels would have an effect on Kit stimulated degranulation and enhancement of 

ionomycin-induced degranulation.  Furthermore, we wanted to determine if Y567 played 

a role in KitL mediated degranulation.  As the Kit Y567-binding affects binding of 

phosphatases and had already proven more sensitive to KitL in proliferation assays, it 

seemed feasible that the threshold for degranulation might also be lower in this mutation 

than in WT. 

 Degranulation was assessed by measuring β-hexoseaminidase release from 

growth-factor starved BMMCs after 20min of stimulation with 200ng/ml of KitL. The 

supernatants of unstimulated cells were used as negative controls, and lysates of the 

respective cell pellets were used to determine maximal degranulation.  Βeta-D-

hexosaminidase, like serotonin or histamine, is a preformed mast cell mediator that is 

released upon stimulation with the same kinetics as serotonin making our experiments 

comparable to those performed by measuring release of radioactive serotonin (Vosseller 

et al., 1997). 

As shown in Fig. 11, KitL alone was capable of eliciting a low level of β-D-

hexosaminidase release of about 20% in WT BMMC, whereas neither KitY719F/Y719F nor 

KitY567F/Y567 showed degranulation above background levels upon KitL stimulation alone. 
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Figure 11: KitL alone cannot stimulate degranulation in KitY567F/Y567F or KitY719F/Y719F BMMCs while low 
levels of degranulation were observed in WT BMMCs.  β-Hexoaseaminidase release was measured after 
stimulating BMMC with 200ng/ml KitL for 15min. Degranulation is shown as %activity of cell pellet. Similar 
results were obtained in three independent experiments. Data are expressed as means ± standard error of 
triplicate samples.  
 

3.7.1  BMMC from KitY567F/Y567F Mice Show Increased KitL 

Enhancement of Ionomycin Induced Degranulation 

 To determine if KitL-induced enhancement of degranulation was affected by 

either mutation, cells were treated with 200ng/ml KitL and 1µM ionomycin 

simultaneously.  Vosseller et al. showed that the calcium ionophore ionomycin evokes 

degranulation to the same extent as stimulation with IgE and antigen (Vosseller et al., 

1997). KitL enhanced ionomycin-induced degranulation by about 80% in WT BMMCs 

(Fig. 12). Enhancement was reduced to 20% in KitY719F/Y719F.  In KitY567F/Y567F BMMCs, 

however, degranulation was found to be 220% of induction by ionomycin alone. 

KitY567F/Y567F BMMCs were more than twice as sensitive to KitL-induced enhancement of 

degranulation as WT cells.  All degranulation experiments were done as three 

independent experiments each performed in triplicate. 
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Figure 12: KitL enhancement of ionomycin induced degranulation was increased in KitY567F/Y567F 
while decreased in KitY719F/Y719F BMMC compared to WT.  β-Hexoaseaminidase release was measured 
after stimulating BMMC with 200ng/ml KitL for 15min.  Degranulation is shown as % increase of ionomycin 
induced β-Hexoseaminidase release.  Similar results were obtained in three independent experiments.  Data 
are expressed as means ± standard error of triplicate samples.  
 

3.8 Biochemical Analysis of Kit Receptor Signaling in BMMC from 
KitY567F/Y567F and KitY719F/Y719F Mice 

3.8.1  Kit Receptor Isoforms in Signaling 

Alternative splicing of Kit leads to the expression of two Kit isoforms, KitLong and KitShort 

as a result of alternative  usage of  5’ splice donor sites at the exon/intron junction of 

exon 9, the KitShort isoform is lacking the four amino acid sequence of GNNK in the 

juxtramembrane region of the extracellular domain (Hayashi et al., 1991; Reith et al., 

1991). Most studies of Kit signaling have been performed in tissue culture cell lines or 

with BMMC isolated from Wsh/sh mice lacking endogenous Kit expression, that were 

reconstituted with WT Kit or Kit mutant expression vectors.  In either case, one isoform 

had to be chosen over the other for expression.  Although Serve et al. did not observe 

striking differences in proliferation or adhesion between BMMC expressing the long or 

the short isoform, Caruana et al. and Voytyuk et al. have since reported differences in 

transformation potential, in the kinetics of phosphorylation, and in the activation of 

downstream signaling proteins (Caruana et al., 1999; Voytyuk et al., 2003). Because of 

these differences, the expression levels of the two isoforms in BMMC from WT, 

KitY719F/Y719F, and KitY567F/Y567 mice was determined by semi-quantitative PCR.  Primers 

were chosen to amplify a 107nt long DNA piece for KitLong and a piece of 95nt for 

KitShort.  The resulting PCR products were fractionated on a 3% agarose gel, eluted, and 
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sequenced to confirm that the primers chosen indeed distinguished between the two 

isoforms.  As shown in Fig.13, both isoforms were expressed in WT and Kit mutants with 

a slight preference for the short isoform.  

 
Figure 13: Both Kit receptor isoforms were expressed in KitY567F/Y567F, KitY719F/Y719F, and WT BMMCs.  
cDNA was prepared from WT and mutant BMMCs, and a short DNA piece encompassing the alternative 
splice site was amplified by PCR, subjected to agarose gel electrophoresis and visualized by EtBr staining.  
 

3.8.2  Akt-Activation is Reduced in BMMCs from KitY719F/Y719F 

Mice but not from KitY567F/Y567F Mice 

 Akt is the ubiquitously expressed cellular homolog of the retroviral oncogene v-

Akt.  The Ser/Thr kinase, also known as protein kinase B (PKB), is a major downstream 

component in the PI3-Kinase pathway. Akt contains an amino-terminal PH domain, a 

central catalytic domain and a short carboxy-terminal regulatory domain. Akt is activated 

by a dual regulatory mechanism that requires both its translocation to the plasma 

membrane and phosphorylation at Thr308 and Ser473.  PI3-Kinase activation leads to the 

generation of PI3,4,5-P3 on the inner leaflet of the plasma membrane recruiting Akt by 

way of its PH domain (Vivanco and Sawyers, 2002).  PDK1 (3-phosphoinositide 

dependent kinase-1) also interacts with PI3,4,5-P3, which brings it into close proximity 

with its target, Thr308 of Akt.  The kinase that phosphorylates Ser473 of Akt has not 

been clearly identified and is often termed PDK-2.  However, very recent evidence has 

suggested that a rictor/mTOR complex can phosphorylate Akt on Ser473 (Sarbassov et 

al., 2005).  

Multiphosphorylation results in conformational changes allowing Akt to dissociate from 

the membrane and target substrates located in the cytoplasm and nucleus (Scheid and 

Woodgett, 2003). 
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Figure 14: Activation of Akt in KitY719F/Y719F (A), KitY567F/Y567F (B, C), and WT BMMCs treated with 
100ng/ml KitL for indicated times at 37°C.  Cell lysates were fractionated by SDS PAGE, and blotted with 
anti-P-Akt, anti-Akt and anti-GAPDH antibodies.     

 

Akt can be activated by a multitude of growth factor stimuli, e.g. PDGF, EGF, 

insulin, thrombin, nerve growth factor, and KitL. The biological responses to its 

activation include survival, proliferation of cells, and growth of the individual cell 

(Vivanco and Sawyers, 2002).  Since we had found a reduced survival response KitL 

stimulation in KitY719F/Y719F BMMC and an increased survival response in KitY567F/Y567F 

BMMC upon growth factor withdrawal, we wanted to determine if the activation of Akt 

was affected by the Y719F and Y567F Kit mutations.  WT and mutant BMMC were 

starved, stimulated with 100ng KitL/ml for 5, 15, and 30min, cell extracts prepared and 
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fractionated by SDS-PAGE.  Western blots developed using a phospho-specific antibody 

against activated Akt showed that over the entire time course, activation of Akt in 

KitY719F/Y719F was significantly reduced (Fig.14A), but not completely abolished.  A 

similar lack of activation was shown in a kinase assay for 5min of KitL stimulation 

(Kissel et al., 2000).  This reaffirms that Y719 of Kit is the major mode of PI3-Kinase 

pathway in Kit signaling, but not the only way, as we did see residual activation of Akt in 

KitY719F/Y719F BMMC.  In KitY567F/Y567F BMMC, Akt activation was found to be stronger 

at 15min of KitL stimulation (Fig. 14B).  Furthermore, phosphorylation of Akt decreased 

at a slower rate as a strong signal could still be detected after 60min of KitL stimulation 

(Fig. 14C).  

 

3.8.3  Phosphorylation of Gab2 is Abolished in BMMC from 

KitY567F/Y567F Mice but not from KitY719F/Y719F Mice 

 Like Dok-1, Gab (Grb2-associated binder) proteins are scaffolding adaptors. But 

in contrast to adaptors such as Grb2 and Shc, the Gab and Dok-1 scaffolding adaptors can 

be targeted to specific membrane lipids because they contain a membrane-targeting 

sequence like a pleckstrin-homology (PH) domain or a myristoylation site. They also, 

like other adaptors, contain binding sites for SH3 domain-containing proteins and 

multiple tyrosine phosphorylation sites for recruitment of additional SH2 or PTB-domain 

containing proteins. Although little is known about scaffolding adaptor function, they are 

generally thought of as signal amplifiers.  

 Several findings made Gab2 an interesting candidate to further define its position 

in Kit signaling using the Y567F and Y719F mutants.  Gab2 can bind PI3K (Gu et al., 

2000) and has been shown to be a substrate for the SFK Fyn upon FceRI activation 

(Parravicini et al., 2002).  In Lyn-deficient mast cells, Gab2 phosphorylation is enhanced 

rather than reduced (Parravicini et al., 2002).  Furthermore, Gab2-/- mice show a 

decrease of skin and peritoneal MCs (Hirota et al., 2002). While dorsal skin MC numbers 

were largely normal in KitY719F/Y719F and KitY567F/Y567F mice, peritoneal MCs were 

reduced to 33% in KitY719F/Y719F mice, and almost abolished in KitY567F/Y567F mice.  
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Gab2 was immunoprecipitated from protein lysates prepared from KitY719F/Y719F, 

Kit567F/Y567F, and WT BMMCs that were stimulated with KitL for 0, 2, or 5min to 

determine if either mutant influences its phosphorylation. Phosphorylation of Gab2 was 

found to be rapid and strong in WT and KitY719F/Y719F lysates (Fig.15).  A band of 

approximately 140kDa that co-precipitated with Gab2 in WT lysates and was also 

tyrosine phosphorylated, did not coprecipitate in KitY719F/Y719F lysates.  At this time this 

band has not been identified.  However, it did not react with anti-Kit antibodies. In 

KitY567F/Y567F lysates, no phosphorylation of Gab2 could be detected.  Thus, direct 

activation of PI3-Kinase via Kit was not required for Gab2 activation, whereas Y567 was 

essential for its phosphorylation. 

 
Figure 15: Targeted substitution of KitY567 by phenylalanine disrupts Gab2 phosphorylation in 
response to KitL.  Immunoprecipitation of Gab2 from KitY567F/Y567F, KitY719F/Y719F, and WT BMMC lysates 
treated with 100ng/ml KitL for indicated times at 37°C.  Cell lysates were immunoprecipitated with anti-Gab2 
antibody, and subjected to Western blotting with anti-PY and anti-Gab2 antibodies.     
 

 

3.8.4  Dok-1 Phosphorylation is Abolished in BMMC from 

KitY567F/Y567F Mice but not from KitY719F/Y719F Mice 

 The RasGAP-associated protein p62Dok-1 has been observed to be rapidly 

phosphorylated in various cells upon activation of many receptors, among them PDGFR, 

EGFR, insulin receptor, CSF-1, and Kit(Ellis et al., 1990; Heidaran et al., 1992; Hosomi 

et al., 1994; Kaplan et al., 1990; Wisniewski et al., 1996).  Its overall structure is similar 

to the insulin receptor substrate-1 (IRS-1), which harbors an N-terminal PH domain, a 

central phosphotyrosine binding domain, and a C-terminal tail containing multiple 
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tyrosine phosphorylation sites (Yamanashi and Baltimore, 1997).  The presence of PH 

and phosphotyrosine binding domains as well as multiple tyrosine phosphorylation sites 

suggests that Dok-1 acts as a scaffolding protein similar to Gab2.  Dok-1 has been shown 

to be a negative regulator of proliferation in various cell types (Di Cristofano et al., 1998; 

Liang et al., 2002), inviting the speculation that its phosphorylation might be disturbed in 

Kit567F/Y567F BMMC leading to the observed hyperproliferation upon KitL stimulation in 

these cells. Supporting this hypothesis, KitL-stimulated Dok-1 phosphorylation was 

found to be Lyn-dependent (Liang et al., 2002). On the other hand, membrane 

localization was also required for Dok-1 phosphorylation which in turn depended on PI3-

Kinase activity for generating inositol phospholipids at the plasma membrane that serve 

as binding sites for PH domains.  Therefore, Dok-1 activation seemed to require SFK as 

well as PI3-Kinase activity, and it was of interest to investigate if elimination of direct 

activation by Kit of either pathway would influence Dok-1 activation.  To explore these 

possibilities, Dok-1 was immunoprecipitated from protein lysates prepared from 

KitY719F/Y719F, Kit567F/Y567F, and WT BMMC that were stimulated with KitL for 5min. 

Dok-1 phosphorylation was assessed by Western blotting with PY antibodies (Fig.16).   

 
Figure 16: Targeted substitution of KitY567 by phenylalanine disrupts Dok-1 phosphorylation in 
response to KitL.  Immunoprecipitation of Dok-1 from KitY567F/Y567F, KitY719F/Y719F, and WT BMMCs lysates 
treated with 100ng/ml KitL for 5min at 37°C.  Cell lysates were immunoprecipitated with anti-Dok-1 antibody, 
fractionated by SDS PAGE, and blotted with anti-PY and anti-Dok-1 antibodies.     
 

Phosphorylation was found to be strongly induced upon 5min of KitL stimulation in WT 

and KitY719F/Y719F BMMCs, whereas phosphorylation was almost completely abolished in 

KitY567F/Y567F BMMCs, indicating that while direct activation of SFK by Kit was essential 

for Dok-1 phosphorylation, direct activation of PI3-Kinase was not. 
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3.8.5  Cbl Activation and Degradation are affected in BMMCs 

from KitY567F/Y567F Mice but not from KitY719F/Y719F Mice 

 c-Cbl is a multidomain signaling protein that was first identified as the cellular 

homolog of the Cas NS-1 murine leukemia retroviral oncogene v-cbl.  Mammalian 

homologues of v-cbl include Cbl-b and Cbl-3.  Cbl functions as an ubiquitin protein 

ligase capable of downregulating RTKs by a unique tyrosine-kinase-binding (TKB) 

domain that recognizes phosphorylated tyrosines on activated RTKs, and a RING finger 

domain that recruits ubiquitin-conjugating enzymes. Ubiquitination and subsequent 

degradation of proteins has been implicated as a key mechanism regulating the duration 

and intensity of many intracellular signals. Additional regions in Cbl can mediate binding 

to Src-homology region 2 and 3 (SH2 and SH3) domains and 14-3-3 proteins, thereby 

allowing Cbl to function as a scaffolding protein at the site of activated tyrosine kinases.  

Cbl has been shown to downregulate receptor tyrosine kinases like EGFR (Levkowitz et 

al., 1998), PDGFR (Miyake et al., 1998), and CSF-1R (Lee et al., 1999), and also to 

regulate non-receptor tyrosine kinases like the SFKs.  Cbl is a binding partner and 

substrate of Src (Thien and Langdon, 2001), and required for SFK-mediated spreading 

and migration of macrophages (Meng and Lowell, 1998). But Cbl can also inhibit Src by 

binding Src Y416 of activated Src (Sanjay et al., 2001), and overexpression of c-Cbl was 

shown to reduce the active pool of Fyn by enhancing its degradation (Andoniou et al., 

2000). Cbl can also bind p85 (Fang et al., 2001).  

It was therefore of interest to investigate first if Cbl activation and stability was 

influenced by Kit signaling, and secondly, if SFK or PI3-Kinase signaling emanating 

from Kit was of particular importance for this signaling path.  For this purpose cell 

extracts prepared from non-stimulated and KitL stimulated WT and from KitY567F/Y567F 

and KitY719F/Y719F mutant BMMC were characterized by Western blot and 

immunoprecipitation analysis. Immunoprecipitated Cbl from WT BMMC lysates (Fig.17) 

and lysates from KitY719F/Y719F BMMC (not shown) were found to be phosphorylated 

upon KitL stimulation. The phosphorylation was found to be strongest at 2 and 5min of 

stimulation, and thereafter beginning to decline after 15min of stimulation. Cbl 

immunoprecipitated from KitY567F/Y567F BMMC lysates however did not show 

phosphorylation upon KitL stimulation (Fig.17).  
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Figure 17: Phosphorylation of Cbl upon KitL stimulation in KitY567F/Y567F and WT BMMCs. Lysates 
treated with 100ng/ml KitL for the indicated times at 37°C.  Cell lysates were immunoprecipitated with anti-
Cbl antibodies, fractionated by SDS PAGE, and blotted with anti-PY and anti-Cbl antibodies.   
 

 Since phosphorylation by Src has been shown to be required for the ubiquitination 

and destruction of Cbl (Bao et al., 2003), the effect of KitL stimulation on Cbl total 

protein levels was examined. Western blotting WT BMMC lysates stimulated for 0, 2 ,5, 

and 15min with KitL with anti-Cbl antibodies and GAPDH to control for loading showed  

that indeed, KitL stimulation led to degradation of Cbl.  Cbl protein levels were reduced 

after 2 and 5min of KitL stimulation, then recovered to pre-stimulation levels after 15min 

of KitL stimulation.  Furthermore, a smear indicative of ubiquitination was present at 2 

and 5 min of KitL stimulation, but diminished after 15min of stimulation.  This was also 

found in KitY719F/Y719F BMMC lysates (Fig.18). In lysates from KitY567F/Y567F however, no 

reduction of Cbl could be detected, indicating that indeed, Y567 in Kit is required for Cbl 

phosphorylation and regulation of Cbl protein levels. 

 
Figure 18: KITY567 is essential for KitL-induced degradation of Cbl proteins. Cell lysates were 
fractionated by SDS PAGE, and blotted with anti-Cbl and anti-GAPDH antibodies.    

 

 The E3-Ubiquitinligase Cbl is involved in the downregulation of RTKs, and Kit 

has been shown to be downregulated after KitL stimulation with a receptor half life of 
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about t1/2=26.8min, and the higher molecular weight smear reacting with Kit antibody 

developing upon KitL stimulation has been shown to contain Ubiquitin (Yee et al., 

1994a).  Furthermore, it was shown that lack of KitL induced PI 3-kinase activation does 

not affect Kit receptor internalization nor ubiquitination/degradation, which agrees with 

results shown here demonstrating no difference for Cbl activation or degradation in 

KitY719F/Y719F BMMC lysates.  In agreement with the observations by Yee et al., a smear 

indicative of polyubiquitinated Kit was already detected after 2min of stimulation with 

KitL. Polyubiquitination was maximal after 15 to 30 min of KitL stimulation, and 

thereafter decreased (Fig.19). Since SFK stimulation was required for degradation of Cbl 

itself, we wanted to determine if it was also required for degradation of Kit. Strongest 

detection of polyubiquitinated Kit at 15min of KitL stimulation coincided with strongest 

Cbl phosphorylation and Cbl protein levels reaching pre-stimulation levels again. 

However, no difference could be observed in the appearance of polyubiquitinated Kit 

between WT and either mutant.  Also, no reduction in Kit protein levels could be 

detected over 60min of KitL stimulation in either WT or the mutants by Western blotting 

(Fig.19).  It had been reported that Cbl regulates SFK protein levels, but no reduction of 

Lyn protein levels could be detected in up to 60min of KitL stimulation in any of the 

mutants or WT (not shown). 
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Figure 19: Kit degradation ubiquitination increases as Cbl levels rise after 15min of KitL stimulation, 
but no effect on total Kit protein levels was detected. KitY567F/Y567F, KitY719F/Y719F, and WT BMMC lysates 
were treated with 100ng/ml KitL for indicated times at 37°C. Cell lysates were subjected to Western blotting 
with anti-Cbl, anti-Kit and anti-GAPDH antibodies.   
 

 

3.8.6  Phosphorylation of SHIP1 is Abolished in BMMCs from 

KitY567F/Y567F Mice but not from KitY719F/Y719F Mice 

 Due to the strong increase of KitL-mediated enhancement of ionomycin–induced 

degranulation in KitY567F/Y567F BMMC, it was of interest to check activation and 

association of proteins described to be involved in Kit-mediated degranulation. 

The hematopoietic-specific Src-homology 2-containing inositol phosphatase SHIP is a 

negative regulator of normal mast cell degranulation. It is a 145kDa cytosolic protein that 

contains a SH2 domain, a central catalytic region, and two tyrosine phosphorylation sites 
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in the C-terminal region (Damen et al., 1996).  It acts by breaking down PI3, 4, 5-P3 to 

PI-3,4-P2 , and PI-3,4-P2  to PI(4)P (Rameh et al., 1997) as opposed to PTEN that 

dephosphorylates the 3’ position generating PI 4, 5 P2.  Kit has been shown to phosphory-

late SHIP (Liu et al., 1994), probably through activation of Lyn.  It has been suggested 

that membrane localization rather than phosphorylation is important for SHIP activation, 

but there is no clear consensus on whether tyrosine phosphorylation affects either 

enzymatic activity or targeting to the plasma membrane (Baran et al., 2003; Phee et al., 

2000). BMMC derived from SHIP deficient mice have been shown to degranulate on 

KitL stimulation alone, and in addition Akt-activity was shown to be increased (Huber et 

al., 1998b).  It was therefore of interest to determine if either in the KitY719F/Y719F or 

KitY567F/Y567F BMMCs SHIP signaling was affected by either mutation.  

 
Figure 20: Phosphorylation of SHIP strongly reduced in lysates from KitY567F/Y567F BMMCs compared 
to WT and KitY719F/Y719F.  BMMCs were treated with 100ng/ml KitL for indicated times at 37°C.  Cell lysates 
were fractionated by SDS PAGE, and blotted with anti-P-SHIP antibody, stripped, and blotted with anti-SHIP 
antibody. 
 

In order to investigate these questions lysates pepared from WT, KitY719F/Y719F and 

KitY567F/Y567F BMMCs after KitL stimulation for 0, 2, or 5min were analyzed by Western 

blotting using anti-SHIP and anti-phospho-SHIP antibodies.  KitL induced rapid 

phosphorylation after 2 and 5min in WT and KitY719F/Y719F BMMC.  No increase in 

phosphorylation could be detected in KitY567F/Y567F BMMCs (Fig. 20).  
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3.8.7  KitL Induced Phosphorylation of the Adapter Protein Shc 

is Abolished in BMMCs from KitY567F/Y567F Mice but not from 

KitY719F/Y719F Mice 

 Shc is an adaptor protein containing an SH2 domain and a PTB domain. Like the 

PTB domains found in the IRS and Dok proteins, the Shc PTB  domain binds 

phosphorylated proteins, unlike most other PTB domains, that have binding specificities 

independent of phosphorylation. Interestingly, albeit lacking large sequence homologies, 

PTB domains fold similar to plextrin homology domains which bind to 

phosphoinositides.  Hematopoetic cells express two Shc isoforms resulting from use of 

alternative start sites for translation of 46 and 52kDa respectively.  Upon association with 

RTKs, Shc becomes phosphorylated, directly or indirectly via SFKs, creating high-

affinity binding sites for Grb2 and leading to activation of the Ras/ERK pathway 

(Lennartsson et al., 1999; Ronnstrand, 2004; Uhlik et al., 2004).  Furthermore, it has been 

shown that Shc interacts with SHIP.  Both the SH2 domain and the proline-rich C-

terminus of SHIP have been found to be critical for its tyrosine phosphorylation, the 

association with Shc, and SHIP’s translocation to the plasma membrane, which is critical 

for its phosphatase activity (Aman et al., 2000; Damen et al., 2001; Liu et al., 1997).  

Voytyuk et al. showed recently that the two Kit isoforms, KitLong and KitShort, 

activate Shc differentially.  KitShort led to more rapid and almost 3 times stronger 

phosphorylation of Shc when stimulated with KitL than KitLong (Voytyuk et al., 2003).  

Unfortunately, all previous experiments had been carried out in cell lines (PAE, NIH3T3 

or COS7) with only one or the other splice form of Kit present.  Because of this and the 

fact that Shc phosphorylation appeared to be mediated by SFKs, it was important to 

determine which effect stimulation by Kit had on Shc in primary mast cells with the 

splice forms present in their natural concentrations.  Shc was precipitated from WT, 

KitY567F/Y567F, and KitY719F/Y719F BMMC lysates after stimulation with KitL for 0, 5, or 

10min. Phosphorylation was then detected by Western blotting with anti-phosphotyrosine 

antibodies. As shown in Fig.21, Shc was strongly phosphorylated after 5 and 10min of 

KitL stimulation in both WT and KitY719F/Y719F lysates.  However no phosphorylation 

could be detected in lysates from KitY567F/Y567F BMMC.   
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Figure 21: Phosphorylation of Shc abolished in lysates from KitY567F/Y567F BMMCs compared to WT 
and KitY719F/Y719F.  BMMCs were treated with 100ng/ml KitL for 0, 5, and 10min at 37°C.  Cell lysates were 
immunoprecipitated with anti-Shc antibodies, and immunoprecipitates subjected to Western blotting with 
anti-PY and anti-Shc antibodies.     
 

3.8.8  Shc/SHIP Interaction Abolished in BMMCs from 

KitY567F/Y567F Mice but not from KitY719F/Y719F Mice 

 The lack of SHIP and Shc phosphorylation in KitY567F/Y567F BMMC upon KitL 

stimulation led us to investigate if the Y567F mutation also affected the interaction of the 

two proteins upon KitL stimulation.  In further Shc-immunoprecipitation experiments, a 

150kDa tyrosine-phosphorylated protein was noted to co-precipitate with Shc upon KitL 

stimulation for 5min in WT and KitY719F/Y719F lysates, but not in KitY567F/Y567F lysates.  

Western blotting identified this protein as SHIP (Fig.22).  Therefore, the interaction 

between Shc and SHIP was abolished in KitY567F/Y567F BMMC as no SHIP protein could 

be co-precipitated with the Shc protein in these lysates. 

 
Figure 22: Interaction of Shc and SHIP abolished in lysates from KitY567F/Y567F BMMCs compared to 
WT and KitY719F/Y719F. BMMCs were treated with 100ng/ml KitL for 0 and 5min at 37°C.  Cell lysates were 
immunoprecipitated with anti-Shc antibodies, and immunoprecipitates subjected to Western blotting with 
anti-SHIP and anti-Shc antibodies. 
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3.8.9  ERK Phosphorylation is Reduced in BMMCs from 

KitY567F/Y567F Mice but not from KitY719F/Y719F Mice 

 KitL has been shown to activate ERK1/2, but the effect of the KitY567F mutation 

remains controversial (Timokhina et al., 1998; Voytyuk et al., 2003).  Previously, studies 

have been performed either in cell lines or in BMMC reconstituted with the longer Kit 

isoform. The two isoforms have since been described to have differential effects on 

ERK1/2 phosphorylation in Kit signaling (Voytyuk et al., 2003).  It was therefore 

interesting to test the effect of the KitY567F mutation on ERK1/2 phosphorylation in a 

more physiological setting. 

Upon Kit receptor activation Shc has been found to mediate ERK1/2 activation 

via Grb2, Sos, and Ras. Four groups of kinases belong to the ERK (extracellular signal-

regulated kinase) family: ERK1/2, Jun aminoterminal kinases (JNK1/2/3), p38 MAPK, 

and ERK5.  ERKs 3/4/6/7 and 8 are related to ERK1/2, but are activated differently and 

are not very well characterized. ERK1/2 encode serine/threonine kinases of 42 and 44 

kDa respectively, and are activated by phosphorylation by the MEK1 kinases.  A role for 

ERK1/2 in proliferation as well as in cell survival in response to growth factor 

stimulation has been described. Targets of ERK1/2 activity include c-Myc, c-Fos, NF-

AT, and MEF2 (Roux and Blenis, 2004).  Through activation by MEKK1, ERK has also 

been implicated in the control of adhesion, specifically of rear-end detachment.  MEKK1-

/- cells display reduced motility and increased adhesion, and are defective in the 

regulation of the ERK2-calpain activation pathway (Cuevas et al., 2003). 

When stimulating WT and mutant BMMC with KitL, ERK1/2 phosphorylation 

was detected very rapidly.  While phosphorylation could be seen in lysates from WT and 

both KitY719F/Y719F and KitY567F/Y567F BMMC (Fig.23), activation of p42 ERK1 at 2min 

was reduced in KitY567F/Y567F lysates compared to WT and KitY719F/Y719F.  This result is 

consistent with the abolished activation of Shc in KitY567F/Y567F BMMC. 
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Figure 23: Activation of ERK1/2 reduced in lysates from KitY567F/Y567F BMMCs compared to WT and 
KitY719F/Y719F. BMMC were treated with 100ng/ml KitL for indicated times at 37°C.  Cell lysates were 
fractionated by SDS PAGE, and blotted with anti-P-ERK1/2 antibody, stripped, and blotted with anti-ERK1/2 
antibody. 
 

3.8.10  Activation of STATs 1, 3, 5 is Abolished in BMMCs from 

KitY567F/Y567F Mice but not from KitY719F/Y719F Mice 

 Signal Transducers and Activators of Transcription (STATs) are a group of latent 

cytoplasmic transcription factors that transmit signals from activated cell-surface 

receptors to the nucleus.  They become activated by phosphorylation on a single tyrosine 

in response to various cytokines and growth factors (Darnell, 1997; Stark et al., 1998).  

They can be recruited and phosphorylated either by RTKs or via Janus Kinases like JAK2 

in the case of Kit.  An active STAT dimer forms after phosphorylation by reciprocal 

interactions between the SH2 domain of one monomer and the phosphorylated tyrosine of 

the other (Chen et al., 1998).  The dimers then translocate to the nucleus where they 

recognize specific DNA binding sites in promoters and activate transcription. Activated 

STAT proteins are inactivated by dephosphorylation and subsequently the monomeric 

STATs return to the cytoplasm (Shelburne et al., 2002). 

 KitL mediated Kit receptor signaling has been shown to activate the STAT 

signaling cascade (Brizzi et al., 1994; Weiler et al., 1996). Although JAK2 is 

constitutively associated with Kit, it only becomes transiently activated and therefore 

capable to activate STATs upon KitL stimulation (Linnekin et al., 1996). While STAT1 

and STAT5A and B have been shown to associate directly with Kit and become tyrosine 

phosphorylated (Brizzi et al., 1999), other studies did not find activation of the JAK-

STAT pathway by KitL (Joneja et al., 1997; O'Farrell et al., 1996).  STATs, especially 

STAT3, have also been described as downstream targets of SFK signaling, and STAT5 

has been found to be essential for mast development in vivo (Shelburne et al., 2002).  
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  Apart from generally confirming if and which STATs were activated upon KitL 

stimulation in BMMCs, we also wanted to investigate the effect of the KitY719F/Y719F and 

KitY567F/Y567F mutation on STAT activation.  BMMCs were stimulated with KitL for 0, 2, 

and 5 min, and their lysates analyzed for activation of the respective STAT proteins by 

Western blotting using phospho-specific antibodies.  

 
Figure 24:  Activation of STAT1, 3, and 5 are abolished in KitY567F/Y567F BMMCs. KitY567F/Y567F, 
KitY719F/Y719F, and WT BMMCs lysates treated with 100ng/ml KitL for indicated times at 37°C.  Cell lysates 
were fractionated by SDS-PAGE, and blotted with the indicated anti-P-STAT antibodies, stripped and blotted 
with anti-STAT antibodies. 
 

As shown in Fig.24, STAT3 and STAT5 tyrosine-phosphorylation occurred rapidly upon 

KitL stimulation for only 2min in lysates from WT and KitY719F/Y719F BMMC.  

Phosphorylation could still be detected after 5min of stimulation. Phosphorylation of 

STAT1 was weaker than that of STAT3 and STAT5.  In lysates from KitY567F/Y567F 

BMMC however, neither STAT1, nor STATs 3 or 5 were phosphorylated upon KitL 

stimulation for 2 or 5min, indicating that Kit Y567 was critical for STAT activation, 

while Kit Y719 did not appear to have a role.  
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3.8.11  Analysis of KitL Induced RNA Expression Profiles in WT 

and KitY719F/Y719F and KitY567F/Y567F BMMCs 

 To investigate the roles of Kit Y567 and Kit Y719 in KitL mediated transcription, 

gene expression profiles in BMMCs from WT, KitY567F/Y567F, and KitY719F/Y719F BMMCs 

stimulated with KitL for 0min or 20min were generated using the Affymetrix® Chip 

MOE430A.  The GeneChip® Mouse Genome 430A Array is a single array representing 

approximately 14,000 well-characterized mouse genes.  Total RNA prepared from 

BMMCs was amplified, labeled, and hybridized to the array, where the amount of label 

bound to each small DNA fragment probe on the chip can be monitored.  This allowed 

the simultaneous quantification of tens of thousands of different RNA transcripts, 

representing gene activity (Expression Analysis).  Raw expression data images were 

analyzed using Microarray Analysis 5.0 software (Affymetrix) with the help of Nick 

Socci, SKI Bioinformatics.  To find genes that were differentially expressed between 

time points or cell type, a variant of the standard t-test was used.  Even though the data 

was generated in triplicate, the issue that with small number of samples it was likely that 

the variance measured from the samples would be a significant underestimate of the true 

variance in the data still remained.  Variance was therefore regularized by a term that 

depended on the overall intensity of a given gene (Baldi and Long, 2001).  Genes were 

then ranked by p-value, and the list filtered to pass genes with a given significance level 

of p-value<0.005.  Included here were only comparisons at the same time points between 

WT and mutants.  

 When comparing total numbers of genes with significant differences in their 

regulation in Kit signaling, only 5 genes were found comparing WT and KitY719F/Y719F 

BMMCs after 20min of stimulation.  Comparing WT and KitY567F/Y567F BMMCs, 51 

genes showed significant differences in regulation after 20 min of stimulation.  This 

indicated that mutation of KitY567 had a much more profound effect on gene 

transcription than mutation of KitY719 in BMMC.  A closer look at the lists of 

differentially expressed genes comparing WT and KitY567F/Y567F BMMCs revealed that 

after 20 min of KitL stimulation most genes, 45 of 50, in KitY567F/Y567F BMMCs were 

downregulated compared to WT. Among these 45 genes, the STAT-5 regulated genes IL-

13 and TNF were upregulated to a much lesser extent, 20 and 7fold respectively in 
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KitY567F/Y567F BMMCs compared to WT.  This confirmed the biochemical data stating a 

lack of STAT 5 phophorylation/activation in KitY567F/Y567F BMMCs.  Besides IL-13 and 

TNF, several other genes encoding proteins secreted by mast cells appeared to be 

diminished in their upregulation in KitY567F/Y567F BMMCs after 20min of KitL 

stimulation.  

 
Table 1:  Mast cell secretory proteins transcriptionally affected by the KitY567F/Y567F mutation upon 
KitL stimulation.  Table expresses differences in expression as fold changes of the WT signal divided by 
the KitY567F/Y567F signal and the significance of the fold change in form of p-values. (*): p-value only available 
for the WT expression change between 0 and 20min of stimulation, not for KitY567F/Y567F. Therefore, no p-
value for the comparison could be calculated. 
  

As listed in Table 2, they included IL-6, Leukemia inhibitory factor (LIF), and 

Chemokine (C-C-motif) ligands 3 and 7 (Ccl3, 7).  Ccl4 (or MIP-1β) was also affected by 

the downregulation, although its changes in gene expression only met p-values for 

significant expression change in the comparison of WT time points at 0 and 20min, not 

for the general comparison of KitY567F/Y567F at 0 and 20min.  However, when calculated 

within the same experiment, expression changes between timepoint 0 and 20min were 

also very consistent for all three KitY567F/Y567F samples allowing calculation of a 3.2fold 

reduction of Ccl-4 expression compared to WT. 

 

 

 

 

 

 

P-VALUE MEANLOG 
WT 20MIN 

MEANLOG 
Y567F 20MIN 

FOLD 
CHANGE 
WT/Y567F 

GENE 
SYMBOL 

0.003387 11.832 10.736 2.14 Il6 
5.30E-07* 12.854  3.15 Ccl4 
0.000838 9.642 7.530 4.32 Lif 
0.001843 12.976 10.602 5.18 Ccl3 
0.004255 11.607 9.139 5.54 Ccl7 
6.93E-07 12.995 10.383 6.11 Lif 
1.36E-06 12.717 9.934 6.88 Tnf 
3.12E-05 11.167 6.894 19.34 Il13 
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4. Analysis of Oncogenic Kit Receptor Signaling in a Mouse Model for 

Gastrointerstinal Stromal Tumors  

4.1   A Mouse Model for Gastrointestinal Stromal Tumors  

 Not until quite recently have Kit receptor mutations been implicated in human 

neoplasms and specifically in GISTs.  The deletion of Kit V559 (mouse V558) had been 

identified in a case of human familial GIST syndrome with associated hyperpigmentation 

(Nishida et al., 1998).  Kit V558 deletion and substitution mutations constitute a 

significant subset of somatic GIST mutations (Heinrich et al., 2003a).  The V558 deletion 

mutation maps to the juxtamembrane domain of the Kit receptor which forms a hairpin 

loop that inserts into the kinase domain stabilizing the inactive receptor conformation. 

Since this domain is completely conserved between mouse and human, it seemed feasible 

that introduction of this mutation into the mouse genome would produce a mouse model 

of familial GIST syndrome.  Guni Sommer in the lab introduced an amino acid deletion 

mutation, KitV558∆ (human V559), into the mouse genome by using knock-in gene 

targeting technology (Sommer et al., 2003).   

Characterization of the resulting mice showed that KitV558∆/+ mice faithfully reproduce 

human GIST syndrome including the development of patchy hyperplasia of ICC in the 

gastrointestinal tract, GIST, hyper pigmentation, and mastocytosis (Sommer et al., 2003). 

Interestingly, the ICC hyperplasia was already apparent during embryonic development 

after E17, and development of a tumoral mass was evident as early as two weeks 

postnatally.  The mutation induced disease with 100% penetrance.  Unlike in humans 

where the small intestine is the primary site of GIST lesions, murine tumors arose 

primarily in the cecum and at the ileal-cecal junction (Fig.25). This may be due, at least 

in part, to the anatomical differences between mice and humans at that site. In mice, the 

cecum is considerably longer.  However, histological and ultrastructural characteristics of 

the GIST lesions were virtually undistinguishable between mice and humans. Kit 

expression was found to be strong in regions of ICC hyperplasia and in tumor lesions. 

This strongly suggested that constitutive activation of Kit was critical and sufficient for 

the generation of GIST syndrome in these mice.   
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Figure 25: Photograph of the intestinal tract of KitV558∆/+ and WT mice.  Tumor mass indicated by arrow.   

 

While steady-state hematopoiesis was not impaired in KitV558∆/+ mice, tissue mast 

cells in dorsal skin sections and peritoneal mast cell numbers were found to be increased 

4-fold (Sommer et al., 2003).  The KitV558∆/+ mice provided the opportunity to investigate 

the mechanism of oncogenic Kit signaling both in mast cells as well as in the GIST 

lesions. 

 

 

4.2  Study of BMMCs from KitV558∆/+ and Kit∆558V/ ∆558V Mice 

4.2.1 Proliferation and Apoptosis in BMMCs from KitV558∆/+ Mice 

 To explore whether the increase in tissue mast cells in KitV558∆/+ mice was due to 

mast cell-inherent changes, the cell proliferation and cell survival characteristics of 

KitV558∆/+ BMMC were characterized.  Apoptosis was induced by growth-factor 

deprivation for 50h.  FACS analysis of cells stained with FITC labeled Annexin V was 

then used to detect apoptotic cells.  KitV558∆/+ BMMC showed a clear survival advantage.  

Starvation induced apoptosis was reduced by at least 2.5-fold in experiments with three 

independent mutant BMMC cultures and their respective WT counterparts (Fig.26).   
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Figure 26: Starvation-induced apoptosis is reduced by more than 2fold in 3 independent BMMC 
cultures from KitV558∆/+ mice.  BMMCs were stimulated with 100ng KitL, 20ng/ml IL-3 or no factor for 50h.  
Percentage of apoptosis was determined by Annexin V staining and FACS analysis.  
 

In contrast, KitV558∆/+ BMMC were still factor dependent for their growth, and showed no 

significant differences in proliferation rate when compared to WT BMMC (Fig.27).  Thus 

the increase in tissue mast cells in KitV558∆/+ mice is more likely to be caused by a 

survival advantage than by increased proliferation.    

 
Figure 27: Proliferation of KitV558∆/+ BMMC depends on KitL. Cells were stimulated with 100ng/ml of KitL. 
Incorporation of 3H-Thymidine was determined to measure proliferation.  
 

 

4.2.2  Kit is Constitutively Active in BMMCs from Kit∆558V/ ∆558V 

To establish that the KitV558∆ mutation did indeed lead to a constitutively active 

Kit receptor, BMMCs from WT and mutant mice were starved of growth factors for 6h, 

stimulated with KitL, protein lysates prepared, and immunoprecipitated with anti-Kit 

antibodies. The precipitates were then subjected to SDS-PAGE and Western blotting with 

phospho-tyrosine and Kit-specific antibodies.  Surprisingly, the phosphorylation status in 

unstimulated heterozygous mutant BMMCs was indistinguishable from WT BMMCs 

(Fig.28).   
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Figure 28: Phosphorylation of Kit receptors in KitV558∆/+ and WT BMMC in the presence and absence 
of KitL.  Starved cells were treated with and without KitL for 5min at 37°C.  Cell lysates were 
immunoprecipitated with anti-Kit antibody, and blotted with antiphosphotyrosine and anti-Kit antibodies. 

 

Since no ligand-independent Kit-phosphorylation could be detected in 

heterozygous mutant BMMC, KitV558∆/V558∆ mast cells were derived from fetal livers of 

homozygous KitV558∆/V558∆ mice at 14.5 d.p.c.  Deriving mast cells from bone marrow 

was not feasible since the homozygous mutant animals died perinatally.  In homozygous 

mutant mast cells, strong constitutive phosphorylation of Kit was detected (Fig.29, lanes 

1 and 2).  The intensity of the phosphorylation was not further enhanced upon stimulation 

with 100ng/ml KitL for 5min (Fig.29, lane 7).    

 
Figure 29: Constitutive activation of Kit in KitV558∆/V558∆ BMMC. Immunoprecipitation of Kit from 
KitV558∆/V558∆ BMMC and co-immunoprecipitationof p85. Cells were starved from growth factors, 
stimulated or not with 100ng/ml KitL for 5min or treated with 0.05µM or 0.5µM imatinib for 90min. 
 

 

4.2.3  Constitutive Activation of Kit in KitV558∆/ V558∆ BMMCs is 

Sensitive to Imatinib Inhibition 

The tyrosine kinase inhibitor imatinib (Gleevec®, STI571; Novartis, Switzerland) 

has been shown to specifically inhibit BCR-ABL, PDGFR, and Kit, and is widely used to 
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treat chronic myeloid leukemias, and more recently also GISTs.  However, little is known 

about how imatinib affects downstream Kit signaling. This is especially true for primary 

cells and “whole animal” tumor models.  Imatinib is an ATP analog which binds to the 

inactive conformation of the BCR-ABL and Kit kinases.  Not all Kit activating mutations 

are sensitive to imatinib inhibition.  To determine if the KitV558∆ mutation was sensitive 

to imatinib treatment, BMMCs from several independent cultures were treated with 

0.05µM and 0.5µM imatinib for 90min at 37°C before preparing protein lysates and 

immunoprecipitation of Kit.  Inhibition of Kit activation by imatinib was assessed by 

Western blotting with anti-phospho-tyrosine antibodies, and binding of the p85 subunit of 

PI3-Kinase to Kit after imatinib treatment was determined by Western blotting with an 

anti-p85 antibody. As shown in Fig.29 lane 3, 0.05µM of imatinib was sufficient to 

completely block the constitutive Kit auto-phosphorylation in KitV558∆/V558∆ BMMC and 

binding of p85 to Kit (Fig.29, second panel). Loading of immunoprecipitates was 

controlled by Western blotting with anti-Kit antibody.  Thus, imatinib effectively 

inhibited oncogenic activation of the KitV558∆ receptor in BMMCs.  

 

4.2.4  Imatinib Treatment Abolishes Constitutive Cell Survival 

Signaling in Growth Factor Deprived Kit∆558V/ + BMMCs 

 Since starvation induced apoptosis was diminished in KitV558∆/+ BMMC, and the 

mutant KitV558∆ receptor was imatinib-sensitive, we wanted to determine if imatinib 

treatment would revert the phenotype of the mutant BMMCs.  Cells were cultured for 

12h in SFEM complemented with recombinant IL-3 to reduce background.  After 1h of 

starvation in SFEM, indicated amounts of KitL, IL-3 as independent anti-apoptotic 

signal, and indicated concentrations of imatinib were added. Cells were then incubated 

for 50h.  FITC-coupled Annexin V was used in FACS analysis to detect apoptotic cells.  

Fig.30 shows a representative of three independent experiments.  Apoptosis upon 

starvation is about two-fold reduced in KitV558∆/+ BMMCs, while stimulation with 

20ng/ml IL-3 or 100ng/ml KitL did not yield significant differences between WT and 

mutant cells as demonstrated before (Fig.26).  Treatment with imatinib did not further 

increase apoptosis in WT BMMCs, nor did it induce necrosis (not shown).  However, 
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induction of apoptosis upon starvation in KitV558∆/+ BMMCs was clearly restored by 

treatment with imatinib to levels comparable to those of WT cells.  

 
Figure 30: Imatinib abolishes survival advantage of KitV558∆/+ BMMC. BMMCs were stimulated with 
100ng KitL or 20ng/ml IL-3 for 50h in the presence or absence of 0.1µM imatinib. Percentage of apoptosis 
was determined by Annexin V staining and FACS analysis. Experiment shown is representative of three 
independent experiments. 
 

 

4.3  GIST in Kit∆558V/ + Mice 

 KitV558∆/+ mice develop GISTs that are virtually indistinguishable from human 

GISTs (Sommer et al., 2003). These findings imply that oncogenic Kit receptor mutations 

are critical for the development of GIST, but the mechanism by which Kit promotes 

tumorigenesis has not been deciphered.  The availability of imatinib as a specific 

inhibitor presented an excellent opportunity to investigate oncogenic Kit signaling in this 

mouse model.  Understanding of oncogenic Kit signaling in GIST in vivo is critical for 

the identification of downstream targets that could be used to overcome imatinib 

resistance. 

 In order to determine whether murine GISTs responded to imatinib treatment on a 

cellular level, Ferdinand Rossi in the lab treated 10 KitV558∆/+ mice twice daily for up to 

seven days with 45mg/kg imatinib, prepared tumor sections, and analyzed them for 

changes in cellularity by hematoxylin and eosin (H&E) staining, for proliferation by 

immunohistochemical staining for Ki-67, a nuclear marker of cell proliferation, and for 



Results  72 

induction of apoptosis by immunohistochemical staining for cleaved caspase3.  After 7 

days of treatment H&E staining of the neoplastic lesions showed a decrease in cellularity 

and an increase in myxoid stroma as had been demonstrated for human tumors treated 

with imatinib.  While all mice responded to the treatment, the degree of response on 

cellularity varied from mild to moderate with larger areas of the tumor cells replaced by 

myxoid stroma.  No histological changes were observed after 6 to 24h of treatment.     

 
Figure 31: Imatinib treatment induces apoptosis and cell cycle arrest in GISTs.  Immunohistochemical 
staining of tumor sections for Ki-67 and cleaved Caspase 3 were used to detect proliferation and apoptosis 
respectively. Positive cells were counted in placebo and imatinib treated GISTs for the indicated times. A 
minimum of 20 slides from 10 animals were counted. (A) Cell proliferation is expressed as percentage of 
proliferation in placebo treated animals. (B) Apoptosis is represented as numbers of cleaved caspase-3 
positive cells.  A two-sample t-test assuming unequal variance each was performed to determine statistical 
relevance.     
  

Ki67 staining showed a low mitotic index of 4%, in accordance with data available from 

human familial tumors.  A reduction in proliferation upon imatinib treatment was already 

noticeable after 6h of treatment, and a further reduction to almost no proliferating cells 

was achieved after 24h to 7 days of treatment (Fig.31, F.Rossi, unpublished).  Treatment 

with imatinib led to a marked increase of apoptotic cells as assessed by measuring 

cleaved-Caspase3 levels after 24h of treatment which was even more pronounced after 

7days of treatment (Fig.31, F.Rossi, unpublished).   

In placebo-treated tumors, almost no apoptotic cells could be detected.  
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4.3.1  Kit Receptor Auto-phosphorylation in GIST from Kit∆558V/+ 

Mice 

 Constitutive autophosphorylation of Kit in murine GIST was first analyzed by 

Western blotting, with anti-phospho-Y719 Kit antibody in more than 10 different 

untreated tumor lysates.  Kit was found to be constitutively activated in all samples 

examined albeit to slightly varying degrees (Fig.32A). The effect of imatinib treatment on 

Kit receptor autophosphorylation in KitV558∆/+ mice was investigated next. For this 

purpose animals were treated by intraperitoneal injection of 45mg/kg imatinib. Tumors 

were harvested after 6h, protein lysates prepared, and the phosphorylation status of Kit 

receptor evaluated by Western blotting.  Upon treatment of KitV558∆/+ mice with imatinib, 

a strong decrease in Kit auto-phosphorylation was observed (Fig.32B) indicating an 

inhibition of Kit activation.  Kit expression was not affected by imatinib treatment.   

 
Figure 32: Kit is constitutively active in GIST and phosphorylation is inhibited by imatinib treatment. 
(A)Tumor lysates from placebo-treated KitV558∆/+ mice (GIST#1-4;15,16) were Western blotted with anti-P-
KitY719 antibody, stripped, and blotted with anti-Kit antibody. (B)Tumor lysates from placebo-treated 
(GIST#1-4) and imatinib-treated (GIST#5-8) KitV558∆/+ mice were Western blotted with anti-P-KitY719 
antibody, stripped, and blotted with anti-Kit antibody. 
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4.3.2  Activation of the PI3-Kinase Pathway in GIST 

 The immunohistochemical analysis showed that imatinib induced both apoptosis 

and arrest of cell cycle progression in murine GIST.  In order to gain insight into the 

mechanisms of Kit receptor mediated cell survival and mitogenesis, Kit signaling 

pathways involved in these cellular responses were characterized biochemically.  Since 

assessment of Kit auto-phosphorylation as well as the histological response to imatinib 

had been found to vary between individual mice, effects of imatinib on oncogenic Kit 

signaling in GIST were evaluated by first comparing 6 different placebo-treated tumors 

with regards to their activation in GIST by Western blotting with phospho-specific 

antibodies to the protein in question.  Subsequently, 4 placebo-treated lysates were 

compared to 4 imatinib-treated lysates to assess impact of imatinib treatment on protein 

phosphorylation.  A short treatment interval of 6h was chosen for this analysis as 

histological changes were minimal after this time period and secondary effects of 

treatment therefore negligible.  After 6h of treatment, tumors were harvested, and protein 

lysates prepared and analyzed. 

 Downstream signaling pathways utilized by the Kit receptor to mediate cell 

growth and cell survival are several fold and include the activation of the PI 3-kinase 

activated signaling cascades, the Ras – MAP kinase pathway and the activation of STAT 

transcription factors. Cytoplasmic signaling molecules mediate inputs from a variety of 

processes, and they form complex signaling networks.  A comparison between placebo-

treated and imatinib-treated tumors should reveal critical signaling events which are 

sensitive to imatinib inhibition, and should therefore be Kit-specific events. 

 Phosphorylation of Kit Y719 leads to the recruitment of p85 to Kit and activation 

of PI 3-kinase.  Phosphatidylinositol-3,4,5-trisphosphate (PI-3,4,5-P3), the reaction 

product of PI 3-kinase, activates several distinct downstream effectors including PDK1, 

Akt, GSK3β, mTOR, and ribosomal protein S6.  The PI 3-kinase / Akt pathway is a key 

pathway in the control of apoptosis and the translational response and has been described 

to play a role in many malignancies.  When examining the key components of this 

pathway Akt, mTOR, 4EBP1, S6 Protein, as well as PDK-1 and GSK3β, all were found 

strongly phosphorylated (Fig. 33).  Upon treatment with imatinib phosphorylation of Akt 

and its downstream targets mTOR, S6Protein, and 4EBP1, was strongly and consistently 



Results  75 

reduced in all samples examined (Fig.34).  Consistency and clarity of inhibition of the 

PI3-Kinase pathway pointed to it being important for GIST tumorigenesis and/or 

maintenance. 

 
Figure 33:The PI3Kinase pathway in GIST signaling.  Tumor lysates from placebo-treated KitV558∆/+ mice 
(GIST#1-4; 15, 16) were Western blotted with the indicated phospho-specific antibodies, stripped, and 
blotted with the respective total protein antibodies. 
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Figure 34: Inhibition of the PI3Kinase pathway in GIST by imatinib. Tumor lysates from placebo-treated 
(GIST#1-4) and imatinib-treated (GIST#5-8) KitV558∆/+ mice were Western blotted with the indicated phospho-
specific antibodies, stripped, and blotted with the respective total protein antibodies. 
 

4.3.3  STAT Signaling in GIST 

 Signal Transducers and Activators of Transcription (STATs) were originally 

discovered as key effectors of normal interferon signaling before it became apparent that 

they mediate signals of various cytokines and growth factors, among them KitL (Darnell, 

1997; Stark et al., 1998).  Gene regulation by STAT proteins plays an important role in 

survival and apoptotic signaling during development and in mature tissues. Deregulation 

of these processes invariably leads to unregulated growth and cancer, positioning STATs 

as oncogenes.  Constitutive activation of STATs has been described in an increasing 

number of human cancers and tumor cell lines (Garcia and Jove, 1998). Src transformed 

cell lines exhibit constitutively activated STAT3 (Yu et al., 1995), and cell lines from 

multiple myelomas that have become growth factor independent require constitutively 
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active STAT3 for their survival (Catlett-Falcone et al., 1999).  Constitutive STAT3 

activation also increased mRNA levels of cyclin D1, Bcl-XL, and c-myc 3- to 5-fold 

(Bromberg et al., 1999).  Other members of the STAT family have also been described to 

affect transcription of cell cycle relevant genes. STAT5, for example, has been shown to 

bind and activate the cyclin D1 promoter (X.Zhang submitted Bromberg review 

cell1999). 

 Given the histological finding that imatinib treatment led to cell cycle arrest and 

increased apoptosis, it was important to assess the involvement of STAT signaling in 

GISTs.  In Western blots with antibodies specific for total protein and specific for 

tyrosine phosphorylated members of the STAT family, we found STAT3 and STAT5 to 

be expressed and phosphorylated in GIST (Fig.35), whereas STAT1 expression was 

almost undetectable.  STAT1 phosphorylation was only faintly present (Fig.35A).  Due to 

the faint expression of STAT1, response to imatinib was not assessed for this protein.   

Upon imatinib treatment, phosphorylation of STAT5 was reduced in all samples. For 

STAT3, we found a slight reduction in STAT3α phosphorylation, whereas 

phosphorylation of the smaller isoform, STAT3β, was abolished (Fig.35B). 

Since the expression of genes involved in interferon signaling as well as the 

expression levels of certain cyclins have been found to be reduced after 6h and 24h of 

imatinib treatment in Affymetrix Chip analysis (F. Rossi, unpublished observation), 

signaling through STATs were likely to be another important  factor in the development 

and maintenance of GISTs. 
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Figure 35: STAT signaling in GISTs.  (A) Tumor lysates from placebo-treated (GIST#1-4; 15, 16) KitV558∆/+ 

mice were Western blotted with the indicated phospho-specific antibodies, stripped, and blotted with the 
respective total protein antibodies. (B) Tumor lysates from placebo-treated (GIST#1-4;) and imatinib-treated 
(GIST#5-8) KitV558∆/+ mice were Western blotted with the indicated phospho-specific antibodies, stripped, 
and blotted with the respective total protein antibodies. 
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4.3.4  The MAPK Pathway in GIST 

Kit has been shown to activate the Ras-MAPK pathway in multiple systems, 

including BMMCs (Duronio et al., 1992).  Ras-MAPK signaling is of critical importance 

for cell division and survival (Steelman et al., 2004).  Ras can activate ERK via Raf1 and 

MEK1/2.  Ras activating mutations have been found to lead to tumor formation in 

various organs (Bos, 1988).  But increased Ras activity can also be due to mutations in 

upstream growth-factor receptor genes without Ras itself being mutated (Feldkamp et al., 

1997).     

 When examining ERK1/2 expression and activation in GIST lysates, both 

isoforms were found to be expressed; and while strongly phosphorylated in 4 samples, 

overall phosphorylation levels seemed rather varied (Fig.36A).   Treatment with imatinib 

for 6h did not alter the phosphorylation of ERK1/2 (Fig.36B), indicating that 

ERK/MAPK signaling may not be critical in the arrest of proliferation and induction of 

apoptosis in GIST upon imatinib treatment. 

 
Figure 36: ERK activation in GIST is not affected by imatinib treatment.  (A) Tumor lysates from 
placebo-treated (GIST#1-4; 15, 16) and (B) lysates from placebo-treated (GIST#1-4;)  and imatinib-treated 
(GIST#5-8) KitV558∆/+ mice were Western blotted with P-ERK1/2 antibody, stripped, and blotted with anti-
ERK1/2 antibody 
 

 

4.3.5  Treatment of KitV558∆/ + Mice with RAD001 

 Consistently strong phosphorylation and good response to imatinib treatment of 

all components examined within the PI3-Kinase pathway indicated that this pathway may 

be critical for tumorigenesis in GIST.  The Ser/Thr kinase mTOR (mammalian target of 

Rapamycin) is a critical node downstream of PI3K and Akt involved in the regulation of 

translation.  Among its targets are S6Protein, a ribosomal protein, and 4EBP-1.  4EBP-1 

regulates eIF4E, a translation initiation factor. Phosphorylation of 4EBP-1 releases eIF4E 
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to initiate translation.  While overexpression of eIF4E can cause malignant 

transformation, overexpression of 4EBP-1 inhibits cell growth and promotes apoptosis 

(Clemens, 2004; Zimmer et al., 2000).  

Due to the strong indication that mTOR (and the translational response) plays a 

central role in the oncogenic Kit signaling in GIST, we wished to determine if treatment 

with the mTOR-inhibitor rapamycin, RAD001, would elicit a similar response than 

imatinib treatment, namely induction of apoptosis and reduction of proliferation.  Mice 

were treated with 5mg/ml RAD001 by gavage once a day.  Tumor extracts prepared after 

24h of RAD001 treatment showed complete reduction of S6 Protein phosphorylation 

indicating the effectiveness of the dose administered (Fig.37).  KitY719 (not shown) and 

Akt phosphorylation (Fig.37) were not affected by RAD001 treatment.     

 
Figure 37: RAD001 treatment inhibits phosphorylation of the ribosomal protein S6 in GIST. Tumor 
lysates from placebo-treated (GIST#1-4;) and RAD001-treated (GIST#9-12) KitV558∆/+ mice were Western 
blotted with the indicated phospho-specific antibodies, stripped, and blotted with the respective total protein 
antibodies. 
 

 The histological examination of tumor sections from RAD001 treated animals by 

H&E staining indicated that they were indistinguishable from the untreated animals even 

after 4 weeks of treatment.  No significant decrease in cellularity or increase in stroma 

could be observed.  Furthermore, induction of apoptosis in RAD001 treated mice 

detected by cleaved caspase 3 staining did not differ from the placebo controls (not 

shown).  However, there was a marked decrease in cell proliferation in tumors from 

RAD001 treated animals compared to placebo controls already after 24h of treatment by 

using Ki67 staining.   
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Figure 38: RAD001 treatment induces cell cycle arrest. 
Immunohistochemical staining of tumor sections for Ki-67 was used 
to detect proliferation and apoptosis respectively.  Positive cells were 
counted in placebo and RAD001 treated GISTs for the indicated 
times.  A minimum of 20 slides from 10 animals were counted.  Cell 
proliferation is expressed as percentage of proliferation in placebo 
treated animals. 
 

 

 

The cell cycle arrest was even more pronounced after 7 days of treatment; and 

proliferation was almost completely arrested after 4 weeks (Fig.38, F.Rossi).  An increase 

in the administered dose to 10mg/kg RAD001 accelerated the arrest in proliferation, but 

did not induce apoptosis (not shown). These results indicate that while mTOR signaling 

was important for mitogenic signaling, it was dispensable for the induction of apoptosis. 
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Discussion 

5.  KitY567F/Y567F and KitY719F/Y719F Mice  

5.1  Importance of Correct Kit Isoform Expression 

 The Kit receptor tyrosine kinase plays an important role in various cell types, and 

deregulation of its signaling is implicated in a number of cancers.  In mast cells, it 

mediates essential processes like proliferation, survival, migration, adhesion, and 

degranulation.   

Kit contains 22 tyrosines in the cytoplasmic domain.  Some have been assigned to 

specific functions, alone or in cooperation, while the significance of others has not been 

established at all (Ueda et al., 2002).  Kit shares downstream mediators with an 

abundance of other receptors such as PDGFR, IL-3R, or insulin receptor to name just a 

few.  This raises the question of how specificity in signal generation is accomplished.  

Generally, at least three scenarios could be envisioned: spatial differences, temporal 

differences, or differences in the adaptor proteins employed to convey the signal.  To 

generate meaningful data in signaling beyond establishing factual interaction between 

two proteins it seems imperative to study the respective pathways in systems that are as 

physiological as possible. 

 When Kit signaling is studied in transgenic systems, whether in cell lines or in 

primary cells (i.e.Wsh/Wsh BMMCs), only one of the Kit isoforms can be expressed.  Kit 

naturally occurs in two isoforms, KitLONG and KitSHORT, in the mouse: KitSHORT lacks the 

four amino acids GNNK in the extracellular juxtamembrane region. Although earlier 

studies reported that differences between the two isoforms were negligible (Serve et al., 

1995), more recent data suggests that differences do indeed exist, e.g. in transformation 

potential and downstream signaling of the two isoforms (Caruana et al., 1999).  ERK, 

Shc, Src, and also Cbl phosphorylation proved to be more rapid and stronger when 

induced by the short isoform in NIH3T3 cells.  Moreover, Kit internalization after 

stimulation by KitL was accelerated in KitSHORT signaling (Voytyuk et al., 2003).  Our 

evaluation by PCR showed that both isoforms were present in BMMCs, with a slight 



Discussion  83 

preference for the short isoform.  Differences in signaling between the isoforms appear 

especially pronounced in SFK-mediated signaling, placing special emphasis on choosing 

a system expressing the natural ratio of isoforms when assessing the importance of the 

Y567 binding site in Kit.  

 

5.2 Exploring the Lack of Peritoneal Mast Cells in KitY567F/Y567F and   

KitY719F/Y719F  

5.2.1  Proliferation and Survival 

To understand the reasons of the reduction in peritoneal mast cells in both 

mutants, it was first investigated if the mutations affected mast cell inherent responses to 

KitL stimulation such as proliferation, apoptosis, adhesion, or migration.  Previous 

studies had already shown that survival and proliferation were reduced by 40-60% in 

KitY719F/Y719F mice (Kissel et al., 2000; Timokhina et al., 1998).  This lack of proliferative 

and survival response could account, at least in part, for the reduction of peritoneal mast 

cells in these mice, and could synergize with the impaired adhesion and migration we 

observed in KitY719F/Y719F BMMCs.  It also implicated PI-3Kinase as an important player 

in the Kit mediated proliferation and survival responses.  This suggested that the increase 

of Akt activation found in KitY567F/567F mice could cause the increased survival response.  

Increased Akt activation could be due to the loss of activation of the inositol-phosphatase 

SHIP that was detected in KitY567F/567F BMMCs.  Supporting this hypothesis, a very 

recent publication suggested that survival is mediated through PI3-Kinase dependent 

pathways and does not depend on Bcl-2.  Kit induces survival through Akt-mediated 

inhibition of the transcription factor FOXO3a and its pro-apoptotic target Bim.  The 

authors also suggested involvement of MEK/ERK signaling in the downregulation of 

Bim (Moller et al., 2005).  However, since the MEK inhibitor used in the study, 

PD98059, has been shown to affect Calcium mobilization (Pereira et al., 2002), which is 

also controlled by PI3-Kinase signaling, these data should be verified with other 

inhibitors.    
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KitY567F/Y567F mice were also shown to be hyperresponsive in their proliferative 

response to KitL.  Lyn binding to Kit is abolished in these mice. However, the role of 

Lyn is controversial in the literature.  Lyn is described as a positive regulator in many 

responses mediated via the B-cell receptor and FcεRI in mast cells (Moller et al., 2005) 

(Burkhardt et al., 1991).  In contrast, B-cells from Lyn-deficient mice are 

hyperresponsive to anti-IgM induced proliferation (Chan et al., 1997; Wang et al., 1996).  

Even in mast cells from Lyn-deficient mice, opposing data were generated: while 

Shivakrupa et al. found KitL-induced proliferation to be reduced in these cells and 

therefore concluded that Lyn was a positive regulator of proliferation in mast cells 

(Shivakrupa and Linnekin, 2005), Hernandez-Hansen et al. concluded that Lyn was a 

negative regulator of proliferation and survival in mast cells (Hernandez-Hansen et al., 

2004a).   

The description of the adaptor protein Dok-1 as a negative regulator of 

proliferation led to the investigation of its activation in KitY567F/Y567F and KitY719F/Y719F 

BMMCs.  Dok-1 phosphorylation has been described as being dependent upon both SFK 

activity and the generation of PIP3 by PI3-Kinase to recruit Dok-1 to the membrane 

(Liang et al., 2002).  We showed here that Dok-1 phosphorylation was lost in 

KitY567F/Y567F BMMCs, suggesting Dok-1 involvement in the observed hyperproliferation 

upon KitL stimulation.   

Since Dok-1 phosphorylation was not 

impaired in KitY719F/Y719F BMMCs, it can be 

concluded that direct activation of PI3-Kinase via 

Kit receptor was not essential for its activation 

while activation of SFKs was.  The low levels of 

indirect PI3-Kinase activation seen in the Akt blot 

seem to be sufficient for Dok-1 activation.   

 

 



Discussion  85 

5.2.2  Adhesion and Migration 

In KitY719F/Y719F mice, the decrease found in proliferation and survival in response 

to Kit signaling could explain the lack of peritoneal mast cells.  Since these responses 

were increased in KitY567F/Y567F mice, different explanations were sought.  The Kit 

receptor mediates adhesion of mast cells to fibronectin in cooperation with integrins α4β1 

and α5β1 (VLA4 and VLA5) through inside out signaling (Tan et al., 2003).  The inability 

to migrate that was found to be even more compellingly decreased in KitY567F/Y567F than 

in KitY719F/Y719F BMMCs suggested that this defect could be involved in the lack of 

peritoneal mast cells.  The process of migration along a gradient involves multiple steps.  

Cells need to extend a leading edge, adhere to a substrate, release the adherence at the 

trailing edge, and retract the trailing part of the cell.  But they also need to translate a 

shallow exterior chemoattractant gradient into a steeper intracellular one to elicit the 

migratory response (Cuevas et al., 2003; Merlot and Firtel, 2003).  In KitY719F/Y719F 

BMMCs, their mere failure to adhere to fibronectin was likely to be the reason for the 

reduced migration.  KitY567F/Y567F BMMCs, however, were found to adhere better to 

fibronectin than WT BMMCs. 

Increased adhesion and decreased migration were also observed in mouse models 

deficient for focal adhesion kinase (FAK) (Ilic et al., 1996) or MEKK1.  EGF-induced 

ERK1/2 activation and chemotaxis are inhibited in MEKK1-/- fibroblasts (Cuevas et al., 

2003).  MEKK1 is a serine-threonine kinase that can activate ERK signaling (Minden et 

al., 1995).  FAK, Paxillin, Src, and ERK are required for focal adhesion disassembly at 

the base of extruding lamellipodia (Webb et al., 2004).  Activated ERK and SFKs are 

capable of phosphorylating paxillin, a docking protein organizing focal adhesions. Ishibe 

et al. suggested that ERK activation at focal adhesions is a key regulatory event 

controlling FAK-mediated focal adhesion turnover and Rac-dependent process extension 

(Ishibe et al., 2004).  ERK activation was reduced in KitY567F/Y567F BMMCs.  Shc, an 

adaptor protein upstream of ERK, was also not phosphorylated upon KitL stimulation in 

KitY567F/Y567F BMMCs as opposed to Shc in WT or KitY719F/Y719F BMMCs.  Furthermore, 

when treating WT BMMCs with the MEK inhibitor U0126, adhesion was increased, 

recapitulating the results obtained in adhesion assays with KitY567F/Y567F BMMCs.  

Together these data strongly suggest an involvement of the decreased ERK activation in 
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the increase in adhesion found in KitY567F/Y567F BMMCs and imply a defect in focal 

adhesion disassembly. Due to the very slow migration speed of mast cells, it proved 

unfeasible to stain the actin skeleton with fluorescent labeled phalloidin and to follow the 

migratory process under the microscope.  Further studies are necessary to clarify to what 

extent activation of other focal adhesion complex proteins is impaired in KitY567F/Y567F 

BMMCs.   

For a cell to migrate, it not only needs to assemble focal adhesion points, but it 

also must be polarized.  PI3-Kinase is highly involved in the process of cell polarization.  

The rapid polarization of its product, PI-,3,4,5-P3 in a migrating cell is mostly attributed 

to PTEN, a phosphatase that generates PI-3,4-P2, thereby removing PIP3. While PI3-

Kinase localizes at the leading edge, PTEN is restricted to the sides and rear (Devreotes 

and Janetopoulos, 2003; Merlot and Firtel, 2003; Ridley et al., 2003)). But since 

Kalesnikoff et al. observed increased adhesion of SHIP-/- BMMCs to fibronectin 

(Kalesnikoff et al., 2002), the phosphorylation of which was found impaired in 

KitY567F/Y567F BMMCs, it is possible that mutation of KitY567 simultaneously causes 

multiple defects leading to the decreased migration.  

 

5.2.3  Molecular Considerations 

Looking at knock-out mouse models with mast cell deficiencies resembling those 

of our mutant mice, Gab2- deficient mice caught our attention as they share the lack of 

peritoneal mast cells. However, they also show a reduction in tissue and skin mast cells.  

More severe phenotypes could be attributable to multiple pathways besides Kit sharing 

Gab2 as a signaling intermediate, the knock-out therefore would impact the animal more 

severely.  Gab2 has been placed in SFK signaling as well as in PI3-Kinase signaling 

(Hirota et al., 2002; Parravicini et al., 2002).  It has been shown here that in Kit signaling, 

abolishing SFK-activation diminished Gab2 phosphorylation, while Gab2 

phosphorylation was not affected by abolishing Kit-mediated PI3-Kinase signaling.   Gab 

proteins have been described to activate PI3-Kinase in various pathways including IL-3 

or FcεRI signaling (Gu et al., 2000; Gu et al., 2001).  Our results from KitY719F/Y719F and 
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KitY567F/Y567F BMMCs demonstrated that Kit signaling did not rely on Gab2 for PI3-

Kinase activation.   

 

Through their ability to bind SHP2, Gab 

proteins can regulate Ras/ERK signaling. Since 

ERK activation was reduced in KitY567F/Y567F 

BMMCs, lack of Gab2 phosphorylation could be 

responsible for this finding.  Furthermore, reduced 

expression of IL-6 and TNF-α in response to FcεRI 

was detected in mutant mast cells (Hirota et al., 

2002). These cytokines were also reduced upon Kit 

signaling.  The hyperproliferative behavior of KitY567F/Y567F BMMCs, however, could not 

be attributed to lack of Gab2 phosphorylation since Gab2-deficient mast cells showed 

decreased proliferation in response to KitL (Hirota et al., 2002).   

It will be difficult to prove and weigh the contributions of the defects found in the 

mutant mast cells in vivo.  Mast cells are long lived cells, which makes depletion by 

radiation treatment almost impossible.  Kit mutant mice like KitW/KitW-v have been 

reconstituted by adoptive transfer of genetically compatible mast cells generated from 

whole bone marrow.  Intravenously injected mast cells were found in peritoneal cavity, 

spleen, skin, and muscularis propria of the stomach after 10wks (Kitamura et al., 1978).  

This system might allow the assessment of whether defective migration is the reason for 

the lack of peritoneal mast cells and if the mesentery is populated before the peritoneum 

and serves as a kind of gateway for mast cells on their way to the peritoneal cavity. 

 Presumably, a combination of reasons led to the lack of peritoneal mast cells. 

These reasons are likely to be different for each mutant considering that apoptosis and 

proliferation in response to KitL were upregulated in KitY567F/Y567F BMMCs while they 

were decreased in KitY719F/Y719F BMMCs.  Moreover, while migration was decreased in 

both mutants, it was likely due to increased adhesion in KitY567F/Y567F BMMC and 

decreased adhesion in KitY719F/Y719F BMMCs.     
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5.2.4  Degranulation 

KitY567F/Y567F BMMC were incapable of eliciting even the low level degranulation 

seen in WT BMMC upon stimulation with KitL alone. Since calcium mobilization is not 

only important for adhesion and migration, but also essential for degranulation, this result 

fits nicely into what Ueda et al. found in BaF3 cells reconstituted with various KitY to F 

mutations, namely that calcium influx was strongly decreased in KitY567F and, a little 

less pronounced, in KitY719F mutants (Ueda et al., 2002).  However, when 

degranulation was induced by the calcium ionophore ionomycin, the lack of the KitY567 

binding site led to an increase in KitL-induced enhancement of degranulation.  In 

contrast, lack of the KitY719 binding site, inhibiting PI3-Kinase activation, led to a 

decrease in degranulation which confirmed results obtained in Wsh/Wsh BMMC 

reconstituted with KitY719F (Vosseller et al., 1997).   

Various proteins have been implicated in the negative regulation of degranulation. 

One of the most prominent is the src homology 2-containing inositol-5’phosphatase, 

SHIP.  BMMCs from SHIP-/- mice degranulate far more readily upon stimulation with 

IgE+Ag, and even degranulate when stimulated with KitL or IgE alone (Huber et al., 

1998b) (Huber et al., 1998a).  How SHIP is activated has not been entirely clarified. 

SHIP activity requires its translocation to the plasma membrane.  Reconstituting SHIP-/- 

BMMCs with SHIP mutants unable to bind Shc showed that this association was 

essential to control calcium influx, and may be partially responsible for the increased 

degranulation and PIP3-levels in SHIP-/- BMMCs (Damen et al., 2001).  What role its 

tyrosine phosphorylation plays in the process is not fully understood yet.  SHIP becomes 

phosphorylated upon cytokine stimulation, i.e. IL-3 and KitL, which leads to its 

association with Shc and other proteins, and restrains survival and proliferation 

(kaleshnikov rev 2003).  Shc is thought to recruit SHIP to the plasma membrane thereby 

controlling activation (Kalesnikoff et al., 2003). Overexpression of Shc in BaF3 cells led 

to increased SHIP phosphorylation (Marchetto et al., 1999).  

We found that SHIP was not phosphorylated in KitY567F/Y567F BMMC upon KitL 

stimulation. Furthermore, there was a lack of Shc phosphorylation.  In accordance with 

the data presented here, SHIP activity and phosphorylation was found to be diminished in 

Lyn-/- BMMCs (Hernandez-Hansen et al., 2004b). The plasma membrane associated 
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SFKs have been found to be responsible for SHIP phosphorylation (Kalesnikoff et al., 

2003), and also for Shc phosphorylation (Lennartsson et al., 1999).  Since Lyn interaction 

with Kit was abolished in KitY567F/Y567F BMMCs, a defect in SHIP activation was very 

likely in these cells.  Additionally, Akt activation was upregulated and prolonged in 

KitY567F/Y567F BMMCs, indicating that PIP3-levels were increased in KitY567F/Y567F 

BMMCs.  Taken together, these data suggested that a defect in SHIP activation resulted 

in the increase in degranulation after induction of Calcium mobilization in KitY567F/Y567F 

BMMCs. 

  

5.3  Downregulation of Kit  

 Maintaining tight control over RTK activation is imperative for cells to avert 

tumorigenesis and ensure timeliness of the cellular response.  Negative regulation after 

receptor stimulation can be achieved in several different ways, e.g. by means of 

phosphatases that remove phosphates from the activated RTK, or by internalization 

and/or degradation of the receptor. Both mechanisms have been implied in Kit signaling: 

The phosphatases SHP1 and SHP2 have been described to bind to the Kit 

juxtamembrane (Kozlowski et al., 1998), and Yee et al. showed that Kit is ubiquitinated 

after stimulation, and that about 80% of cell surface Kit is internalized and degraded 

within 60min after KitL stimulation (Yee et al., 1994a).   

While a decrease of Kit protein levels could not be visualized by Western blotting 

in this study, probably due to a lack of sensitivity of the method, it could be shown that 

recovery of Cbl protein levels after an initial decrease upon KitL stimulation coincided 

with a sharp increase in Kit ubiquitination.  Furthermore, decrease in Cbl protein levels 

appeared to depend upon Cbl phosphorylation that showed an equally rapid onset as Cbl 

degradation.  Neither Cbl phosphorylation nor Cbl degradation could be seen in 

KitY567F/Y567F BMMC emphasizing the importance of SFKs in the process.  The results 

substantiated what has been described in EGFR signaling: that Src can phosphorylate Cbl  

which then leads to its polyubiquitination and degradation.  Cbl has also been involved in 

endocytosis of EGFR (Bao et al., 2003).  However, downregulation of the SFK Lyn by 

Cbl could not be demonstrated in WT BMMC by Western blotting (not shown).  
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Yokouchi et al. had shown that phosphorylated Cbl had the ability to downregulate Src in 

an overexpression system (Yokouchi et al., 2001). 

Results from Yee et al. in reconstituted Wsh/sh BMMCs were corroborated in that 

the Y719 mutation did not affect Kit ubiquitination (Yee et al., 1994a).  Furthermore, Cbl 

phosphorylation and degradation were left unchanged by this mutation. 

Zeng et al. very recently published a study conducted in 293 cells that generated partially 

different data on Kit and Cbl degradation (Zeng et al., 2005).  While both results agree 

that the Y567 mutation may not completely abolish Cbl phosphorylation, we noticed a 

full block of Cbl degradation in KitY567F/Y567F BMMC which they only observed in the 

Y567F/Y569F double mutant.  They reported substantially reduced Kit levels after 10min 

of stimulation in 293 cells, and after 30min of stimulation in the MC9 mast cell line, 

phosphorylation as well as Kit protein levels were reduced.  We did not notice any 

substantial drop of Kit phosphorylation nor of Kit protein levels within 60min of KitL 

stimulation, but detected an increase of Kit ubiquitination peaking between 30 and 60min 

of stimulation.  Moreover, Cbl levels are greatly 

reduced upon 15 and 30min of KitL stimulation 

in MC9 cells (Zeng et al., 2005).  In WT 

BMMCs, a time course for Cbl degradation 

showed a decrease over 2 and 5min of 

stimulation and recovery to pre-stimulation 

levels within 15min of stimulation.  A marked 

increase in Kit ubiquitination could be noted 

after 15min of KitL stimulation. Gradual 

recovery of Cbl levels in MC9 cells could only be observed after prolonged KitL 

treatment (Zeng et al., 2005).  

Differences between the results presented here and the study by Zeng et al. could 

possibly be explained by the differential behavior of Kit isoforms, bearing in mind that 

the short Kit isoform is degraded much more rapidly than the long isoform, and also 

activates Cbl to a greater degree.   
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5.4  Lack of STAT Activation in KitY567F/Y567F BMMCs 

It has been somewhat controversial which members of the STAT family are 

activated in Kit signaling.  Brizzi et al. reported that only STAT5α and β and STAT1α 

are recruited to Kit and activated in myeloid cells and fibroblasts ectopically expressing 

Kit (Brizzi et al., 1999). O’Farrell found that in the IL-3 dependent mast cell line B6M, 

only IL-3, not KitL induces STAT5 activation (O'Farrell et al., 1996).   

This study shows that in WT BMMCs, KitL stimulation induced strong 

phosphorylation of STAT1, STAT5 and STAT3 after only 2min of stimulation.  STAT5 

has been found to be essential for mast cell development in vivo (Shelburne et al., 2002).  

Activation of STAT in Kit signaling has been described to occur through direct binding 

to Kit (Brizzi et al., 1999), via activation of JAK2 (Weiler et al., 1996), or by SFK 

phosphorylation (Shivakrupa and Linnekin, 2005).  For STAT3, we found some 

indication of interaction of Kit, Lyn, and STAT3 upon KitL stimulation 

immunoprecipitating with an anti-Lyn antibody, which would confirm the involvement of 

SFKs in the activation of STATs (not shown).  Direct interaction of STATs and Kit could 

not be proven, due to a lack of appropriate antibodies for immunoprecipitation of STATs.   

While abolishing PI3-Kinase signaling through Kit did not affect phosphorylation 

of any STAT family member assayed, mutation of Y567 to phenylalanine completely 

eliminated phosphorylation of all three STATs examined.  For STAT3 the reason most 

likely lies in the disruption of SFK activation, as has been described by other groups 

(Shivakrupa and Linnekin, 2005).  For STAT1 and STAT5, importance of Y567 for 

direct Kit/STAT interaction cannot be excluded. 

Studies in STAT5-/- mice showed some striking 

similarities to our findings in the KitY567F/Y567F 

mice:  STAT5-/- mice showed a lack of 

peritoneal mast cells, and while degranulation 

was not impaired, induction of IL-4, IL-5, IL-

13, and TNFα mRNAs was found to be severely 

reduced in STAT5-deficient BMMCs following 

KitL stimulation (Shelburne et al., 2002).  While no significant effect was found in the 

induction of IL-4 and -5 in our gene expression analysis, induction of IL-13 and TNF 
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mRNAs after 20min of stimulation was reduced by about 20 and 7fold respectively 

(Table.1).  These results verified that the loss of STAT phosphorylation in KitY567F/Y567F 

BMMCs was translated into reduced STAT5 transcription activity. 

 

5.5  KitY567F Affects Regulation of Mast Cell Secretory Proteins 

Gene expression analysis using Affymetrix® Chips allowed the investigation of 

effects of mutations on a broad transcriptional level.  Each experiment was performed 

with three independent mast cell cultures and strict p-values were chosen to ensure that 

only genes whose expression values differed significantly were included on the lists 

generated.  This approach was chosen over the formerly more common setting of a cut 

off in the fold change, reasoning that significant biological changes may not always 

require drastic changes in gene expression.   

Considering the number of genes on the list, KitY567F with 51 genes had a much 

more profound effect on transcription after 20min of stimulation than KitY719F with 5 

genes in the respective comparisons with changes in WT expression.  Further analysis of 

genes induced to a lesser extent in KitY567F/Y567F BMMCs than in WT BMMCs revealed 

that besides being factors secreted by mast cells, a substantial fraction of these genes are 

involved in T cell recruitment and activation.  Recently, Galli’s group found that mast 

cells are required for T cell recruitment and activation (Nakae et al., 2005), and are also 

important for the optimal recruitment of neutrophils for the clearance of injected bacteria 

(Chatterjea et al., 2005).  They described IL-16, XCL1 (also called lymphotactin), CCL2 

(also called MCP-1), CCL3 (also called MIP-1α), CCL4 (also called MIP-1β), CCL5 

(also called RANTES), CCL20 (also called MIP-3α), CXCL10 (also called IP-10) and 

LTB4 as T cell chemoattractants (Galli et al., 2005b), while IL-6, IL-13, and TNF have 

been described as Th2-type cytokines (Marshall, 2004).  Of these genes, induction of 

CCL3 (MIP-1α), CCL4 (MIP-1β), and IL-6 and IL-13 was significantly lower in 

KitY567F/Y567F BMMCs after 20min of KitL stimulation than in WT BMMCs.  CCL2 

(MCP-1) induction was also reduced albeit to a lesser extent (not shown).   

While the lack of induction of IL-13 and TNF mRNAs can be traced back to the 

lack of activation of the STAT5 transcription factor in KitY567F/Y567F BMMCs, it remains 
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to be shown which signaling pathway downstream of KitY567 is responsible for the lack 

of upregulation of the other the genes. 

 Taken together, these results suggest that KitY567F/Y567F mice might be defective in 

the activation and recruitment of T cells to sites of inflammation. In vivo experiments 

would be needed to see if the observed defect in RNA upregulation translates into 

alterations in the immune response.    

 

5.6  Oncogenic Kit Signaling in GIST 

Mutations in 291 genes have so far been causally implicated in oncogenesis.  This 

accounts for more than 1% of all genes assuming that the human genome consists of 

approximately 25,000 genes (Futreal et al., 2004).  Approximately 90% of cancer genes 

show somatic mutation, while only 20% have germline mutations.  Both germline and 

somatic mutations have been reported in 10% of cancers.  In the case of GISTs, somatic 

as well as familial mutations in the kit gene can cause the disease.  The germline 

mutation introduced in our mouse model is located in the Kit juxtamembrane domain 

(Sommer et al., 2003).  This region is fully conserved between mouse and human.  

Furthermore, juxtamembrane domain mutations account for more than 70% of Kit 

mutations found in GISTs (Antonescu et al., 2003).  Together with the striking similarity 

in histological analyses of tumors from mice and men, this model presented an excellent 

opportunity to study oncogenic Kit signaling in the proper environment thereby 

generating highly specific and meaningful data.  In contrast to analyzing samples from 

patients, the mouse model allowed imatinib treatment until tumor resection, while in 

patients, treatment needs to be stopped pre-operatively, possibly blurring the picture of 

oncogenic Kit signaling analyzed by imatinib treatment.  In contrast to cell line 

experiments, it permits to take influences from the tumor environment into account, since 

it can be assumed that more stimuli than just signaling through Kit are active in GIST. 

It is interesting to note that all murine GISTs arose at the cecum or the ileal-cecal 

junction whereas other intestinal areas like stomach, cecum, and large bowel developed 

hyperplasia of ICC in the myenteric plexus, and yet other areas, like ileum and jejunum, 

seemed not affected by hyperplasia at all.  Since interstitial cells of Cajal are present in 
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the myenteric plexus throughout the intestinal tract, this suggests that while constitutive 

activation of Kit receptor signaling is crucial for GIST development, it has to be 

complemented by signaling from the environment.  Alternatively, affected locations 

could facilitate other oncogenesis promoting events.  It would further be interesting to 

determine if strength of the constitutive Kit activation plays a role in tumor location.  

KitV558∆, as a familial GIST inducing mutation with only a mild effect on mast cells, is 

a weaker activating Kit mutation than i.e. KitD816V, a mutation of the kinase domain of 

Kit that albeit rare in GISTs, is associated with poor prognosis for the patients 

(Lennartsson et al., 2005).  The KitD816V is often found in mast cell/myeloid leukaemias 

(Blume-Jensen and Hunter, 2001).    

Derivation of homozygous KitV558∆/V558∆ BMMCs enabled us to show that the 

mutation led to constitutive activation of Kit in mast cells, and to prove that imatinib 

abolished the constitutive phosphorylation of Kit in vitro by Western blotting.  In mast 

cells, we also established what was later confirmed in GISTs, that imatinib treatment 

erased the survival advantage conveyed by the KitV558 ∆ mutation.  However, imatinib 

did not cause apoptosis or necrosis in WT BMMCs.  The fact that it did induce apoptosis 

and arrest of proliferation in the tumor underlines the dependency of GISTs on Kit 

receptor mediated signaling for their survival and proliferation.  It has been described, 

that cancer cells can get addicted to their respective oncongenes, and that they undergo 

apoptosis when the oncogenes are turned off while normal cells are not affected, i.e. Her-

2/neu antisense oligonucleotides prevented proliferation of breast cancer cells with 

amplified Her-2/neu, but had no effect on breast cancer cells that did not overexpress this 

gene (Colomer et al., 1994).  Correspondingly, imatinib treatment induces differentiation 

and apoptosis in bcr-abl positive HL-60 cells but not in control HL-60 cells (Porosnicu et 

al., 2001).  But killing off only cells addicted to the oncogenic kinase signaling harbors 

the danger of selecting for cells that have acquired additional mutations, and it also would 

presumably not address cancer stem cells (Dean et al., 2005), promoting resistance and 

the development of more aggressive tumors.  This could only be avoided by tackling 

either general targets like microtubules (docetaxel) or proteasomes (bortezomib), the 

latter of which is toxic to cycling and resting cells (Blagosklonny, 2005) or by combining 

multiple specific therapeutics.  To be able to target specific crucial signaling mediators, 
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however, oncogenic signaling pathways need to be extensively studied, as pathways can 

vary from mutation to mutation even in the same gene.     

Since the branch of the PI3-Kinase pathway leading to the translational response 

was prominently active in our model, we decided to inhibit this pathway further 

downstream at the level of mTOR by treatment with the rapamycin analog RAD001.  The 

importance of the translational response in cellular transformation has been highlighted 

by Rajasekhar et al. who showed that oncogenic Akt signaling causes a more extensive 

shift in mRNAs associated with actively translating polysomes than in total mRNA levels 

in glioblastoma (Rajasekhar et al., 2003).  Biochemically, imatinib as well as RAD001 

blocked activation of the mTOR targets 4E-BP1 and the ribosomal protein S6 in GIST.   

However, while imatinib led to cell cycle arrest and apoptosis, only the induction of cell 

cycle arrest could be found after treatment with RAD001.  Since increasing the dose of 

RAD001 only led to an acceleration of cell cycle arrest but not to apoptosis, survival 

pathways activated by Kit were probably still active under RAD001 treatment.  One 

pathway active in GISTs that could help explain why imatinib treatment led to the 

induction of apoptosis while RAD001 did not, is signaling through STAT3 and 5.  

STAT3α and even more pronounced STAT3β and STAT5 phosphorylation were 

inhibited after imatinib treatment.  Importance of constitutive STAT3 activation has been 

confirmed in human breast cancer cell lines that express c-Src and epithelial growth 

factor receptor (EGFR).  Inhibition of STAT3 activity by expressing dominant-negative 

STAT3 protein leads to growth arrest and apoptosis in these cells (Garcia and Jove, 

1998).  Combination of RAD001 with a STAT-inhibiting agent could therefore be a 

promising angle for therapeutic intervention.  Another protein inhibited by imatinib 

treatment but not by RAD001 treatment is Akt.  Akt has been widely described to have a 

role in survival signaling.  One way of survival signaling through Akt involves the 

transcription factor FOXO3a and its pro-apoptotic target Bim as has just been described 

in mast cells by Moller et al. (Moller et al., 2005).  It would be interesting to see if 

FOXO3a and Bim are critical for survival of GIST cells, too.   Experiments are also 

undertaken to see if synergy can be generated by combining RAD001 and imatinib 

treatment.   
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The importance of the PI3-Kinase pathways for GIST oncogenesis can be further 

corroborated from a developmental side: to date, GISTs are thought to arise from ICC or 

their progenitors.  Neonatal mice treated with wortmannin, a fungal metabolite that 

irreversibly inhibits the catalytic domain of PI3-Kinase, lose Kit-positive cells in the 

myenteric and deep muscular plexus.  PI3-Kinase signaling downstream of Kit appears to 

be critical in ICC development and maintenance (Ward et al., 1999).  The disappearance 

of Kit positive cells upon blockage of Kit signaling was explained in other studies by a 

re-differentiation of ICC to a smooth muscle phenotype (Torihashi et al., 1999).  It would 

be interesting to see whether treatment of neonatal mice with wortmannin or Kit-

neutralizing antibodies could avert the appearance of GIST in KitV558∆/+ mice or if crucial 

cell fate decisions are already made prenatally.   

In a study comparing 4 exon 11 deletion GISTs to 4 GISTs with exon 11 missense 

mutations, 6 GISTs with exon 9, 13, or exon 17 mutations and 2 GIST cell lines, 

contradictingly to our data, Duensing et al.did not detect any activation of STAT5, 

although the protein was expressed.  While these and other discrepancies between their 

study and ours could be explained by different Kit mutations using different signaling 

intermediates and pathways, it should also be taken into account, that their study was 

conducted in tumors resected from patients. In contrast to our tumors, which were snap-

frozen immediately after resection, optimal preservation of phosphorylation may not have 

been possible when dealing with patient samples.  This could explain that 3 out of 4 exon 

11 deletion mutations did not show Akt phosphorylation at all.  If downstream signaling 

was indeed very heterogeneous in human GISTs, then an approach combining a specific 

inhibitor like imatinib or rapamycin with a general cytotoxic like alkalizing agents might 

be worthwhile. In a B-cell lymphoma mouse model, treating a tumor dependent on Akt 

signaling with rapamycin sensitized these tumors to conventional chemotherapy drugs 

like doxorubicin (Wendel et al., 2004). 

 Our studies made it very likely that signaling through ERK, another mitogenic 

pathway eminating from Kit, can be excluded as responsible for tumor development.  

Although it was found to be phosphorylated in many tumors, it was neither affected by 

imatinib treatment nor by RAD001 treatment.  Lack of ERK1/2 activation has also been 

reported for several other oncogenic Kit mutations like D816V, a mutation frequently 
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found in mastocytosis and strongly activates the PI3K/Akt pathway (Duensing et al., 

2004).  Similarly, the expression of the juxtamembrane domain mutation Kit V560G does 

not activate ERK1/2 (Frost et al., 2002). 

 Thorough analysis of gene expression profiles from placebo and imatinib treated 

murine GISTs will allow a more quantitive view to the contribution of the respective 

signaling pathways.  The analysis of the constitutively active signaling intermediates and 

their separation from those not activated by Kit should increase the value of this mouse 

model in discovering new treatments for GISTs.   
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6. Summary 

Kit is a receptor tyrosine kinase that is activated by Kit ligand (KitL).  The Kit 

receptor plays a role in hematopoiesis, gametogenesis, melanogenesis, and in the motility 

of the intestinal tract.  Although the Kit receptor tyrosine kinase was discovered more 

than 20 years ago, its signaling mechanisms are still not completely understood.  In this 

study we investigated the importance of Kit tyrosine 567 and Kit tyrosine 719 for cellular 

events and downstream Kit signaling as well as the mechanism of oncogenic Kit receptor 

signaling in gastrointestinal stromal tumors (GISTs) in knock-in mouse models. 

While only the p85 subunit of phosphoinositide 3-kinase (PI3K) binds to KitY719, 

KitY567 is a more complex docking site.  Src family kinases (SFKs) as well as 

phosphatases and adaptor proteins have been shown to bind to this site.  

After observing that peritoneal mast cells were reduced in KitY719F/Y719F mice as 

well as in KitY567F/Y567F mice, the biological mast cell responses to KitL were assessed. 

Molecular explanations for the differences found were then sought by characterizing 

protein activation upon KitL stimulation by immunoprecipitation and Western blot. 

KitL can protect mast cells from apoptosis induced by growth factor withdrawal 

and radiation.  This survival response as well as the proliferative response to KitL was 

found to be reduced in KitY719F/Y719F bone marrow-derived mast cells (BMMCs), stressing 

the importance of Kit-mediated PI3K activation for these processes.  In KitY567F/Y567F 

BMMCs, the survival as well as the proliferative response were shown to be increased 

upon KitL treatment compared to WT BMMCs.  At a molecular level, this could either be 

explained by the lack of binding of the SFK Lyn observed in KitY567F/Y567F BMMCs 

supporting a role of Lyn as a negative regulator of proliferation in mast cells or by the 

lack of Dok-1 activation.  Dok-1 has been described as a negative regulator of 

proliferation and as dependent upon PI3K activity as well as upon SFK activity for its 

activation.  Since Dok-1 phosphorylation was not impaired in KitY719F/Y719F BMMCs, this 

study shows that Dok-1 phosphorylation does not depend on PI3K activation directly 

through the Kit receptor.  Kit receptor ability to activate PI3K was not necessary for Dok-

1 phosphorylation while activation of SFK was essential. 
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While chemotaxis along a KitL gradient was found to be impaired in BMMCs 

from both mutants, adhesion to fibronectin in response to KitL was reduced in 

KitY719F/Y719F BMMCs and increased in KitY567F/Y567F BMMCs.  Adhesion is an essential 

step in migration.  Therefore, impaired chemotaxis is a result of opposing phenomena in 

the mutants: while KitY719F/Y719F BMMCs have a decreased ability to adhere to 

fibronectin, KitY567F/Y567F BMMCs are more likely to have difficulty in releasing the 

adhesion.  ERK1/2 activation as well as Shc phosphorylation, an adaptor molecule often 

placed downstream of SFKs and upstream of ERK1/2, were found to be reduced in 

KitY567F/Y567F BMMCs.  Since treatment of WT BMMC with the MEK inhibitor U0126, 

that blocks the ERK pathway, led to an increase in adhesion, ERK1/2 activation could be 

involved in the release of adhesion. 

Knock-out models of the Gab2 adaptor protein share the phenotype of lacking 

peritoneal mast cells with the KitY719F/Y719F and KitY567F/Y567F mice.  Gab2 has been 

implicated in PI3K as well as in SFK signaling.  We show here, that only SFK activation 

is essential for the phosphorylation of Gab2.  This raises the possibility that Gab2 

signaling is involved in the lack of peritoneal mast cells in KitY567F/Y567F mice. It also 

emphasizes the differences in the underlying reasons for the lack of peritoneal mast cells 

in KitY719F/Y719F and KitY567F/Y567F mice.   

Upon exposure to antigen, mast cells have the ability to rapidly degranulate 

releasing acute inflammatory mediators into their environment.  KitL can enhance 

degranulation induced by antigen exposure or treatment with the calcium ionophore 

ionomycin.  In this study, dependence of the KitL enhancement of degranulation on PI3K 

signaling was confirmed in primary BMMCs.  Furthermore, it was shown that in 

KitY567F/Y567F BMMCs, this enhancement was increased compared to WT BMMCs.  The 

PIP3-phosphatase SHIP has been implicated in the regulation of degranulation and in the 

termination of PI3K signaling in mast cells.  We show here that SHIP phosphorylation 

was diminished in KitY567F/Y567F
 BMMCs while the activation of Akt, a protein that relies 

on PI3K activity for its activation, was upregulated and prolonged.   

Tight control of receptor tyrosine activation is important for cells to ensure 

timeliness of cellular responses and to avoid malignancies.  One form of negative 

regulation of receptor tyrosine kinases is internalization and/or degradation of the 
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activated receptors.  Cbl is an E3 ubiquitin ligase involved in degradation of PDGFR and 

EGFR.  This study found the protein levels of Cbl to be regulated by Kit signaling in 

BMMCs.  Cbl was rapidly degraded after 2 and 5min of KitL stimulation, but reached 

pre-stimulation levels again after 15min of KitL stimulation concomitant with a strong 

increase in Kit receptor ubiquitination.  Cbl degradation and phosphorylation was 

abolished in KitY567F/Y567F BMMCs while it was unaffected in KitY719F/Y719F BMMCs 

demonstrating the importance of SFK signaling for the process. 

This study shows that the transcription factors STAT1, 3, and 5 are rapidly 

activated upon KitL stimulation of only 2min in BMMCs and that the activation depends 

on KitY567.  Lack of STAT5 activation in KitY567F/Y567F BMMCs was also reflected in a 

gene expression analysis using Affymetrix® Chips where induction of IL-13 and TNFα, 

two STAT5-responsive genes, was found to be strongly reduced.  The KitY719F 

mutation did not induce profound changes on a transcriptional level.  

Oncogenic Kit signaling was studied in a mouse model of familial gastrointestinal 

stromal tumors (GISTs) that was generated by deleting of valine 558 in the 

juxtamembrane domain of Kit.  Mutations in the juxtamembrane domain constitutively 

activating Kit are the most prevalent mutations found in human GISTs.  GIST is the most 

common mesenchymal tumor of the gastrointestinal tract.  

Treatment of the mutant mice with imatinib, an inhibitor of the Kit kinase, led to 

induction of apoptosis and arrest of cell cycle progression in GIST.  Biochemical analysis 

of tumor lysates after imatinib treatment showed diminished PI3K and mTOR signaling 

suggesting that Kit signaling critically contributes to the translational response in GIST.  

In order to test if inhibition of the translational response was critical for survival and 

proliferation in GIST, mice were treated with RAD001, a homolog of the mTOR 

inhibitor rapamycin.   Efficacy of the treatment was demonstrated by showing the 

inhibition of activation of ribosomal protein S6 downstream of mTOR.  While RAD001 

treatment induced cell cycle arrest, it did not induce apoptosis.  Since STAT3 and 5 were 

found active in GIST and inhibited by imatinib but not by RAD001, it is possible that 

inhibition of these molecules would induce apoptosis.  Alternatively, apoptosis could be 

induced by inhibition of Akt which is also only affected by imatinib treatment.  This 

study identifies the translational response as important for GIST proliferation, and 
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suggests STAT proteins and Akt as new targets for interference in the case of imatinib 

resistance. 
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7. Zusammenfassung 

Der Kit Rezeptor ist eine transmembrane Rezeptor-Tyrosinkinase, die durch 

Binden ihres Liganden, Kit Ligand (KitL) aktiviert wird.  Er spielt eine wichtige Rolle in 

der Hämatopoiese, Gametogenese, Melanogenese, und in der Kontrolle der Darmmotilität 

durch interstitiale Cajal-Zellen.  Obwohl Kit Rezeptor schon vor mehr als 20 Jahren 

entdeckt wurde, sind die Mechanismen der Kit-regulierten Signaltransduktion nicht 

vollständig aufgeklärt.  Die vorliegende Arbeit untersucht sowohl den Einfluss von Kit 

Tyrosin 567 und Kit Tyrosin 719 auf Mastzellfunktionen und Kit-regulierte 

Signaltransduktion als auch die onkogene Signalübertragung durch den Kit Rezeptor in 

murinen Gastrointestinalen Tumoren (GIST). 

Während KitY719 im phosphorylierten Zustand nur die p85 Untereinheit der PI3-

Kinase bindet, kann KitY567 sowohl mit Kinasen der Src-Familie (SFKs) als auch mit 

Phosphatasen und Adaptorproteinen interagieren.  Nachdem in KitY567F/Y567F und 

KitY719F/Y719F knock-in Mausmodellen gefunden wurde, dass diese keine peritonealen 

Mastzellen besitzen, wurden zunächst Mastzellfunktionen und dann molekulare 

Defizienzen in der Signaltransduktion als Ursache überprüft. KitL kann Mastzellen vor 

Apoptose induziert durch Wachstumsfaktor-Entzug schützen.   

Sowohl die Kit-vermittelte Proliferation als auch der Schutz vor Apoptose waren 

in aus Knochenmark gewonnenen Mastzellen (BMMCs) von  KitY719F/Y719F Mäusen 

beeinträchtigt, was die Wichtigkeit des PI3-Kinase Signalweges für diese Funktionen 

unterstreicht.  KitY567F/Y567F BMMCs hingegen reagierten sensibler auf KitL als 

Mastzellen von Kontrollmäusen sowohl in der Proliferation als auch bei der 

Verhinderung von  Apoptose.  Auf molekularer Ebene könnte dies entweder durch den 

Verlust der Bindung und Aktivierung von Lyn erklärt werden, was eine Rolle von Lyn 

als negativer Regulator der Zellproliferation unterstützen würde, oder durch die fehlende 

Phosphorylierung von Dok-1 in KitY567F/Y567F Mastzellen.  Dok-1 wurde ebenfalls schon 

als negativer Regulator der Zellproliferation beschrieben, dessen Phosphorylierung von 

PI3-Kinase und SFK Aktivierung abhängen soll.  Da Dok-1 Phosphorylierung in 

KitY719F/Y719F BMMCs nicht beeinträchtigt war, zeigt diese Studie, dass nur die direkte 



Zusammenfassung  103 

Aktivierung von SFKs durch den Kit Rezeptor essentiell für die Phosphorylierung von 

Dok-1 ist, nicht aber die direkte Aktivierung der PI3-Kinase.   

Chemotaxis entlang eines KitL-Gradienten war sowohl in KitY567F/Y567F BMMCs 

als auch in KitY719F/Y719F BMMCs reduziert.  Adhäsion ist ein wichtiger Schritt in der 

Chemotaxis.  Beim Überprüfen der KitL-induzierten Adhäsion der Mastzellmutanten an 

Fibronectin wurde festgestellt, dass diese in KitY567F/Y567F
 BMMCs im Vergleich zum 

Wildtyp erhöht war, während sie in KitY719F/Y719F BMMCs reduziert war.  Daraus ließ 

sich schließen, dass die Beeinträchtigung der Chemotaxis in KitY719F/Y719F BMMCs in der 

verminderten Adhäsionfähigkeit begründet ist, während die Ursache in KitY567F/Y567F 

BMMCs wahrscheinlich im Loslösen der Adhäsion liegt.  ERK1/2 Aktivierung und die 

Phosphorylierung des Adaptorproteins Shc, das in Signalwegen „upstream“ von ERK1/2 

und „downstream“ von SFKs plaziert wird, waren in KitY567F/Y567F BMMCs 

beeinträchtigt.  Fibronectin-Adhäsionversuche mit WT BMMCs unter Hemmung von 

ERK1/2  mit dem MEK Inhibitor U0126 führten zu verstärkter Adhäsion der Mastzellen. 

Dies lässt darauf schliessen, dass ERK1/2 ursächlich an der erhöhten Adhäsion in 

KitY567F/Y567F BMMCs beteiligt ist. 

Da Gab2-defiziente Mäuse ebenfalls keine peritonealen Mastzellen besitzen und 

das Adaptormolekül Gab2 als in PI3-Kinase und SFK Signaltransduktion involviert 

beschrieben wurde, wurde die Phosphorylierung dieses Proteins in den mutanten 

Mastzellen untersucht.  Es konnte gezeigt werden, dass lediglich SFK Aktivierung, nicht 

aber PI3-Kinase Aktivierung für die Phosphorylierung von Gab2 erforderlich ist.  Es ist 

daher möglich, dass fehlende Phosphorylierung von Gab2 für die Reduktion der 

peritonealen Mastzellen verantwortlich oder mitverantwortlich ist.  Außerdem 

verdeutlicht dieses Ergebnis, dass die Ursachen für die Reduktion höchstwahrscheinlich 

in KitY567F/Y567F
  BMMCs und KitY719F/Y719F BMMCs verschiedene sind. 

 Eine wichtige Eigenschaft von Mastzellen ist ihre Fähigkeit bei Stimulation mit 

Antigenen oder Calciumionophoren durch Degranulation akute Entzündungsmediatoren 

auszuschütten.  KitL kann diese Degranulation verstärken.  In dieser Arbeit wurde die 

Abhängigkeit der Verstärkung vom PI3-Kinase Signalweg bestätigt. Außerdem konnte 

gezeigt werden, dass die KitL-induzierte Verstärkung der Degranulation in KitY567F/Y567F 

BMMCs erhöht ist.  Die negative Regulation der Degranulierung und das Beenden des 
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PI3-Kinase Signals durch die PIP3-Phosphatase SHIP  sind in der Literatur beschrieben.  

Hier konnte gezeigt werden, dass SHIP in KitY567F/Y567F BMMCs bei KitL Stimulierung 

nicht phosphoryliert wurde, und dass das über PI3-Kinase-Aktivität angeregte Protein 

Akt stärker und länger phosphoryliert wurde, was zu der erhöhten Degranulation geführt 

haben könnte. 

Strikte Kontrolle der Aktivierung von Rezeptortyrosinkinasen ist wichtig, um 

angemessene Zellantworten zu induzieren und um unkontrolliertes Wachstum zu 

vermeiden.  Eine Möglichkeit der Regulation stellt die Internalisierung und Degradation 

dar.  Cbl ist eine E3-Ubiquitinligase, die an der Degradation des platelet-derived growth 

factor receptors ( PDGFR) und des epithelial growth factor receptors (EGFR) beteiligt ist.  

Diese Studie zeigt, dass die Proteinlevel von Cbl über KitL Stimulierung reguliert 

werden.  Nach 2 und 5 minütiger Stimulierung wurden reduzierte Cbl-Protein Mengen in 

Western Blots nachgewiesen, die nach 15 minütiger Stimulierung das Ausgangsniveau 

wieder erreichten.  Zeitgleich mit dem Erreichen des Ausgangsniveaus wurde ein starker 

Anstieg der Ubiquitinierung des Kit Rezeptors beobachtet.  In KitY567F/Y567F BMMCs 

wurde Cbl weder phosphoryliert noch abgebaut.  Die KitY719F Mutation hatte keinerlei 

Einfluss auf die Phosphorylierung oder den Abbau von Cbl.   

In der vorliegenden Arbeit wurde ausserdem gezeigt, dass die 

Transkriptionsfaktoren STAT1,3 und 5 bereits nach 2 minütiger KitL  Stimulation 

phosphoryliert vorlagen.  Während KitY719F die Phosphorylierung von STAT Proteinen 

nicht beeinflusste, fehlte deren Phosphorylierung in KitY567F/Y567F vollkommen.  Die 

fehlende Aktivierung insbesondere von STAT5 in KitY567F/Y567F BMMCs spiegelte sich 

auch auf transkriptioneller Ebene in einer Affymetrix® Chip Genexpressionsanalyse 

wider: die Expressionsinduktion der beiden STAT5-regulierten Gene, IL-13 und TNF-α 

war stark reduziert.  Die Mutation des Tyrosins 719 beeinflusste die Genexpression 

hingegen nur in sehr geringem Maße. 

Onkogene Kit Rezeptor Signaltransduktion wurde in einem Mausmodel 

vererblicher GISTs untersucht.  In diesem Modell wird GIST durch die Deletion von 

Valin 558 in der juxtamembran Domäne (Exon 11) des Kit Rezeptors hervorgerufen.  Die 

Mutation führt zur ligandenunabhängigen, konstitutiven Aktivierung von Kit. Mutationen 

in der Juxtamembrandomäne von Kit sind die am häufigsten vorkommenden Mutationen 
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in GISTs.  GISTs sind die häufigsten mesenchymalen Tumoren des 

Gastrointestinaltraktes. Behandlung der mutierten Mäuse mit Imatinib, einem Inhibitor 

der Kit Kinase, induzierte Apoptose und führte zum Zellzyklusarrest in GIST.  Die 

biochemische Analyse der Tumorlysate zeigte, dass Behandlung mit Imatinib die 

Aktivierung von PI3-Kinase und mTOR stoppt. Dies deutete daraufhin, dass Kit wichtig 

für die Kontrolle der Translation ist.  Um herauszufinden, ob die Kontrolle der 

Translation verantwortlich für Survival und Proliferation ist, wurden die GIST-Mäuse mit 

RAD001, einem Analog des mTOR-Inhibitors Rapamycin behandelt.  Die Wirksamkeit 

der Behandlung wurde anhand der Inhibition der Phosphorylierung des ribosomalen 

Proteins S6 im Western Blot überprüft.  In immunohistochemischen Schnitten konnte 

festgestellt werden, dass RAD001-Behandlung zwar zum Zellzyklusarrest führt, aber 

keine Apoptose auslöst.  Da STAT3 und STAT5 in GIST in aktiver Form vorlagen und 

durch Imatinib, aber nicht durch RAD001 Behandlung gehemmt werden konnten, ist es 

möglich, dass Inhibition dieser beiden Moleküle die Apoptose nach Imatinib-Behandlung 

auslöste.  Alternativ könnte auch Akt dafür verantwortlich sein, dessen Aktivität 

ebenfalls nur durch Imatinib-Behandlung negativ beeinflusst wurde. 

Damit konnten in dieser Studie zum einen die Wichtigkeit der translationellen 

Antwort für die Proliferation von GISTs gezeigt werden, und zum anderen wurden mit 

STAT Proteinen und Akt potentielle Ziele für Therapiestrategien im Falle der Resistenz 

gegen Imatinib aufgefunden. 
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