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Introductio n n 

Celll  communication and signaling 

Thee ability of cells to communicate with each other and with their environment in a 
co-ordinatedd manner is of particular importance in multicellular organisms. Signals 
transmittedd to a cell from another cell or from the environment are crucial for the 
regulationn of cell growth, migration and differentiation as well as for the 
organizationn into specific tissues. These signals can be soluble factors generated 
eitherr locally (e.g. synaptic transmission) or distantly (e.g. hormones), ligands on 
thee surface of other cells, or the extracellular matrix (ECM) itself. The cells need to 
interprett and translate these extracellular signals into an appropriate response to 
orchestratee normal cellular behaviour and to react against challenges from the 
outsidee e.g. wounding and infection. To achieve this, cells maintain a diversity of 
receptorss on their surface that respond specifically to individual stimuli. These 
receptorss enable to transduce information from extracellular environment into a 
cell.. Based on the way in which these receptors generate intracellular signals and 
givee rise to particular functional responses, they can be classified into different 
familiess such as adhesion molecules, death receptors and tyrosine kinases. Inside 
thee cell the signals are multiplied, transduced further by intracellular signaling 
moleculess and enzymatic cascades, and translated into specific biochemical and 
cellularr responses. Importantly, the activity of a given receptor can be modulated 
byy other signaling pathways in a variety of ways, thus generating the flexibilit y 
requiredd for the complex system of the multicellular organism. 

Phosphorylationn of proteins on tyrosine, serine or threonine residues, 
guanosinee triphosphate (GTP) binding by special G proteins, and regulation of 
DNAA transcription are the most important biochemical mechanisms of signal 
transductionn (1-11). Detailed knowledge of signaling pathways is not only 
importantt for the understanding of normal cell behaviour but also for the 
understandingg of different diseases including cancer. Growth factors and their 
receptorss are mutated or overexpressed in a variety of human tumors (12-23). 
Furthermore,, among the key mediators of intracellular signal transduction are 
manyy products of proto-oncogenes regulating cellular processes including 
proliferationn and survival (20). Mutation or overexpression of these oncogenes 
leadss to uncontrolled cell division and malignant transformation (20). Therefore, 
cancerr can be considered as a disease of signaling pathways. 
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I .. Protein tyrosine kinases 

Phosphorylationn of proteins on tyrosine residues is an essential biochemical event 
inn intracellular signaling, involved in the regulation of cell proliferation, survival, 
apoptosis,, differentiation, attachment and migration (1-4). It is regulated by the 
antagonisticc activities of protein tyrosine kinases (PTKs) and protein tyrosine 
phosphatasess (PTPs). Two classes of protein tyrosine kinases (PTKs) are present in 
cells:: The receptor PTKs, which are transmembrane molecules, and the non-
receptorr PTKs (NRTKs), which lack an extracellular and transmembrane domain 
andd are generally localized in the cytoplasm (24). The RTKs (Table 1) include the 
receptorss for insulin and for many growth factors, such as epidermal growth factor 
(EGF),, vascular endothelial growth factor (VEGF), hepatocyte growth factor 
(HGF)) and nerve growth factor (NGF) (24-26). The non-receptor tyrosine kinases 
(NRTKs)) include the Src family, the Janus kinases (Jaks), the Syk kinases, and 
Btk,, Fak, Fes, Csk, Tec, Ack and Abl (Table 2). In mammals, the Src family 
consistss of eight members. Of these Src, Fyn, and Yes are ubiquitously expressed, 
whereass the other members, i.e. Lck, Hck, Fgr, Lyn and Blk, show a more tissue-
restrictedd expression, and are largely restricted to hematopoietic cells (24, 25, 27). 

Tablee 1. Classification of human receptor tyrosine kinases (RTKs) 

DDR DDR 

DDR1 1 
DDR2 2 

EGFR EGFR 

PTK7 PTK7 

PTK7 7 

EPH EPH 

ROR ROR 

ROR1 1 
ROR2 2 

FGFR FGFR 

ROS ROS 

ROS1 1 

INSR INSR 

RET RET 

RET T 

MET MET 

VEGFR VEGFR 

VEGFR1 1 
VEGFR2 2 
VEGFR3 3 

AXL AXL 

AXL L 
MER R 
TYR03 3 

MUSKMUSK PDGFR RYK 

ALK ALK 

ALK K 
LTK K 

TIE TIE 

TRK TRK 

NTRK1 1 
NTRK2 2 
NTRK3 3 

AATYK AATYK 

EFGRR EPHA1 FGFR1 IGF1 R MET MUSK CSF1R RYK TE K AATYK 
ERBB22 EPHA2 FGFR2 INS R RON FLT 3 TI E AATYK2 
ERBB33 EPHA3 FGFR3 INSR R KI T AATYK3 
ERBB44 EPHA4 FGFR4 PDGFRA 

EPHA55 PDGFRB 
EPHA6 6 
EPHA7 7 
EPHA8 8 
EPHB1 1 
EPHB2 2 
EPHB3 3 
EPHB4 4 
EPHB6 6 
EPHBX X 
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AA search of the human genome for tyrosine kinases genes has revealed 
ninetyy unique kinase genes, along with five pseudogenes. Of the 90 tyrosine 
kinases,, 58 are receptor type, distributed into 20 subfamilies. The 32 non-receptor 
tyrosinee kinases can be placed in 10 subfamilies (24). 

AA large body of studies has shown the importance of PTKs in different 
biologicall  and pathological processes including embryonic development, 
metabolism,, tumorigenesis, and immune system function. A few examples are 
givenn to illustrate the importance of PTKs in those processes: Vasculogenesis 
requiress the growth factor VEGF and one of the RTKs through which it acts KDR 
(28),, whereas angiogenesis requires another VEGF receptor, Fltl, as well as the 
angiogenicc factor angiopoitin 1, a ligand for RTK Tie2 (28); The development of 
liver,, placenta and muscles of the limbs requires HGF and its receptor c-Met (29-
32;; see also Chapter 8); Translocation of glucose transporters to the cell membrane 
iss mediated through the insulin receptor (33-35); In the regulation of the immune 
system,, src family NRTKs function as gate keepers of signaling through the T and 
BB cell receptors (27). 

Tablee 2. Classification of human non-receptor tyrosine kinases (NRTKs) 

ABL ABL 

ABL1 1 
ARG G 

ACK ACK 

ACK1 1 
TNK1 1 

CSK CSK 

CSK K 
MATK K 

FAK FAK 

FAK K 
PYK2 2 

FES FES 

FES S 
FER R 

FRK FRK 

FRK K 
BRK K 
SRMS S 

SRC SRC 

SRC C 
FGR R 
LYN N 
FYN N 
HCK K 
LCK K 
BLK K 
YES S 

JAK JAK 

JAK1 1 
JAK2 2 
JAK3 3 
TYK2 2 

TEC TEC 

BMX X 
BTK K 
ITK K 
TEC C 
TXK K 

SYK SYK 

SYK K 
ZAP-70 0 

A.. Receptor  tyrosine kinases (RTKs) 
Structure Structure 
RTKss consist of an extracellular, a transmembrane, and a cytoplasmic part. The 
extracellularr part of RTKs, which is responsible for the interaction with ligands, 
cann be composed of a diverse assortment of discrete globular domains such as 
immunoglobulinn (Ig)-like domains, fibronectin type II I  like domains, cysteine-rich 
domains,, and EGF-like domains (Figure 1). In contrast, the structural features of 
thee cytoplasmic part of RTKs are simpler. It consists of a juxtamembrane region, a 
tyrosinee kinase catalytic domain and a carboxyl-terminal region. The length of the 
juxtamembranee and carboxyl-terminal regions are variable among RTKs (24, 25). 
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Figuree 1. Schematic representation of the domain structure of receptor tyrosine kinases. 

Thee extracellular domain is on the top and the cytoplasmic domain is on the bottom. The 

receptorss are approximately drawn to scale. 

13 3 



ChapterChapter 1 

Withh the exception of Met and the insulin receptor, and their family members, the 
RTKss are single chain proteins and are monomeric in the absence of ligand. Met 
andd its family member Ron are composed of a short a chain linked to a membrane-
spanningg p chain by disulfide bonds, whereas the insulin receptor and its family 
memberss consist of two extracellular a chains disulfide-linked to two membrane-
spanningg P chains. The a chains are also disulfide-linked to one another, thus 
formingg an a2p2 heterodimer (24, 25, 29). 

SignalingSignaling through RTKs 
RTKss are activated as a consequence of ligand-mediated dimerization or 
oligomerization.. In general, this activation requires two processes i.e. enhancement 
off  intrinsic kinase activity and creation of binding sites for downstream targets 
signalingg proteins (34-41). This is accomplished by autophosphorylation of 
particularr tyrosine residues present in the cytoplasmic portion of RTKs. 
Autophosphorylationn of tyrosine residues in the activation loop within the kinase 
domainn results in an increase in kinase activity, whereas autophosphorylation of 
tyrosiness in the juxtamembrane and carboxy-terminal regions creates docking sites 
forr cytoplasmic signaling molecules (29). The Src homology 2 (SH2) domain and 
thee phosphotyrosine-binding (PTB) domain are the well-established 
phosphotyrosinee binding regions present within signaling proteins or so-called 
adaptorr proteins (42-44). 

Theoretically,, receptor autophosphorylation, upon ligand binding, might 
occurr by by either in cis (within a receptor) or in trans (between receptors) 
phosphorylation.. In the first option, a conformational change in the receptor due to 
ligand-inducedd dimerization would facilitate in c/s-autophosphorylation. In the 
secondd option, no conformational change is needed but the ligand-induced 
dimerizationn and the proximity of the receptors provides the opportunity for trans-
phosphorylation.. Structural studies of the insulin receptor kinase domain have 
shownn that the tyrosine residues in the activation loop can only be phosphorylated 
inn trans, whereas, the other autophosphorylation sites (e.g. in the juxtamembrane 
regionn or carboxyl-terminal tail) can potentially be autophosphorylated in cis (33, 
38-39).. RTK-autophosphorylation and kinase activity can not only be induced by 
ligandd binding. A large body of studies have shown that mutation in the 
cytoplasmicc domain can also lead to an increase in the catalytic activity of RTKs. 
Thiss may be due to an effect on the negative regulation of RTKs (15, 16, 22, 23). 

Likee in the most RTKs, the autophosphorylation of the Met receptor is 
believedd to depend on receptor dimerization or oligomerization. The tyrosine 
residuess 1234 and 1235 as well as 1349 and 1356 are critical for the biological 
activityy of Met. The tyrosine phosphorylated residues in the carboxyl-terminal 
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Figuree 2. Schematic representation of the major signaling pathways through Met receptor. 
Thee solid arrows indicate direct activation, the dotted arrows indicate indirect activation 
throughh intermediate molecule and inhibition is indicated by blunted arrows. 
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regionn of Met act as docking site for several proteins including Gabl, Grb2, 
phosphatidylinositoll  3-kinase PI3-K, PLCy, Src, She, SHIP-2, BAG-1 and STAT3 
(29,, 45-47). Constitutive activation of Met, by either chromosomal translocation 
(Tpr-Met)) or overexpression has been reported in tumors cell lines as well as in 
primaryy tumors (48-50). Furthermore, mutations in the kinase domain of Met were 
detectedd in human tumors, specifically in hereditary papillary renal carcinoma 
(HPRC).. These Met mutations result in enhanced kinase activity upon stimulation 
withh HGF (51-57). Figure 2 illustrates the recruitment of adaptor and signaling 
moleculess to the phosphorylated (= active) multifunctional docking site of Met, and 
thee consequent activation of down-stream signaling cascades. 

NegativeNegative regulation 
Negativee regulation of RTK-mediated signaling is achieved through at least two 
distinctt mechanisms. Dephosphorylation of RTKs by tyrosine phosphatases 
controlss their activity (58, 59), whereas ubiquitination of RTKs causes those 
receptorss to be endocytosed and degraded within lysosomes or by proteasomes (60-
62).. Lysosomes and proteasomes are the main proteolytic systems within 
eukaryoticc cells. Lysosomes are membrane-bound organelles that contain 
proteolyticc enzymes, whereas proteasomes are multi-protein complexes found in 
thee cytosol and the nucleus (60). Conjugation of ubiquitin chains to plasma 
membranee proteins including RTKs constitutes a potent signal for their 
internalizationn and degradation (60). A large body of studies has revealed that 
ubiquitinationn of RTKs occurs in response to ligand binding . For example, in 
responsee to ligation, the PDGFR(3 undergoes autophosphorylation and 
ubiquitinationn followed by internalization and lysosomal degradation (62). The 
ubiquitinationn process is effected by classes of enzymes known as Els (ubiquitin-
activatingg enzymes), E2s (ubiquitin-conjugating enzymes) and E3s (ubiquitin-
proteinn ligases). El activates ubiquitin resulting in the formation of thiol-ester 
linkagee between the carboxy-terminus of ubiquitin and El (60). Subsequently, 
thiol-esterr bonds are generated between activated ubiquitin and cysteines of E2 
(e.g.. Ubc4) and E3 (e.g. c-Cbl) enzymes (60, 63-68). The E3 transfers the activated 
ubiquitinn from E2 to the 8-amino group of lysine residues on target proteins or 
withinn another ubiquitin chain, resulting in the generation of either multi- or poly-
ubiquitinationn (60). 
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Figuree 3. Domain structures of the human non-receptor tyrosine kinases. The amino-

teminuss is on the left and carboxy-terminus is on the right. The length of non-receptor 

tyrosinee kinases are approximately drawn to scale. 
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B.. Non-receptor  tyrosine kinases (NRTKs) 
Structure Structure 
Inn contrast to the RTKs, The NRTKs lack an extracellular ligand-binding and a 
transmembranee domain. Most NRTKs are localized in the cytoplasm and some of 
themm are anchored to the cell membrane by amino-terminal modification, such as 
myristylationn or palmitylation (69). NRTKs possess different domains (Fig. 3) that 
aree responsible for their catalytic activity and for mediating interactions with other 
proteins,, lipids and DNA (24, 69-72). The Src homology 2 (SH2) and 3 (SH3) 
domainss are the protein-protein interaction domains most commonly found in 
NRTKss (73). The SH2 domains bind tyrosine phosphoryated protein whereas the 
SH33 domains bind proteins containing a proline-rich domain (69). Some NRTKs, 
suchh as the Jak and Fak families, lack SH2 and SH3 domains but possess other 
specificc domains used for protein-protein interaction (24). Members of the Jak 
familyy contain specific domains that target them to the cytoplasmic region of 
cytokiness receptors, whereas Fak family members possess two domains that 
mediatee protein-protein interaction: an integrin- and a focal adhesion-binding 
domainn (24). In addition to SH2 and SH3, some NRTK, such as Abl contains a 
DNA-bindingg domain. This explains the presence of Abl in both the nucleus and 
thee cytoplasm. The pleckstrin homology domain present in the Btk/Tec subfamily 
off  NRTKs and in many other signaling proteins binds to phosphorylated 
phosphatidylinositoll  (Ptdlns) lipids (74). 

Regulation Regulation 
Ass for RTKs, tyrosine phosphorylation is the most common means to regulate 
NRTKs.. Phosphorylation of tyrosine residues in the activation loop of NRTKs 
leadss to an increase in enzymatic activity (70). Phosphorylation of the activation 
loopp can occur either via trans-autophosphorylation or by another NRTK. In 
contrastt to the tyrosine phosphorylation in the activation loop, which positively 
regulatess the catalytic activity, tyrosine phosphorylation of residues outside the 
activationn loop can negatively regulate the kinase activity (75). Dephosphorylation 
off  these negative regulatory residues by PTPs restores the catalytic activity of the 
NRTKK to its basal level or, in some cases, positively regulates NRTK catalytic 
activityy (59). A good example is the regulation of the catalytic activity of Src 
familyy PTKs, which possesses two important regulatory tyrosine phosphorylation 
sitess i.e. Tyr-527 and Tyr-416 (75). Phosphorylation of Tyr-527, situated in the 
carboxy-terminall  tail of Src (Tyr-505 in Lck), by the NRTK Csk represses kinase 
activity,, whereas dephosphorylation of this site by CD45 positively regulates the 
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Srcc catalytic activity. The second regulatory site Tyr-416 (in Lck Tyr-394) is an 
autophosphorylationn site present in the activation loop. Maximal stimulation of 
kinasee activity occurs when Tyr-416 is phosphorylated. There are also several sites 
forr serine and threonine phosphorylation in Src, which is mediated by protein 
kinasee A (PKA), protein kinase C (PKC) and cdc2 (76-78). The exact role of this 
phosphorylationn is unclear although phosphorylation by cdc2 has been 
demonstratedd to contributes to dephosphorylation of Tyr-527 and therefore leads to 
ann increase in Src activation. There is also recent evidence indicating that 
alternativee forms of Src regulation may exist. Akhand and his colleagues reported 
thatt nitric oxide activates Src (79). They proposed that disulfide bond formation 
leadss to aggregation of Src molecules, allowing trans-phosphorylation of Tyr-416 
andd therefore Src activation (79). Members of Src family have been shown to be 
targetss for ubiquitination and degradation (80-82). This allows signal termination 
off  both physiologically and erroneously activated Src molecules. 

II .. Adhesion molecules 

Adhesivee interactions between neighbouring cells and their extracellular 
environmentt are of great importance for the intercellular dialogue. These 
interactionsinteractions are mediated by diverse groups of cell surface proteins, termed cell 
adhesionn molecules. These molecules can be classified into distinct families, i.e., 
thee selectins, the integrin family, the immunoglobulin superfamily, and CD44 (83-
87).. The adhesive interactions mediated by these molecules vary in strength from 
strongg binding required for the maintenance of tissue architecture to the more 
transient,, less avid, dynamic interactions observed in leukocyte biology. Apart 
fromm mediating cellular contact per se, adhesion can also generate biochemical and 
physicall  signals which regulate a range of functions including cell proliferation, 
differentiation,, apoptosis and migration (83-98). 

A.. Integrins 
Thee integrins comprise a family of transmembrane receptors that form a link 
betweenn the extracellular environment and the actin cytoskeleton. Integrins are 
heterodimerss consisting of an a chain non-covalently associated with a (3 chain. In 
mammals,, there are 19 a and 8 p subunit genes encoding polypeptides that 
combinee to form 25 different receptors, whereas in Drosophila and Caenorhabditis 
eleganss there are only five and two integrin a subunits, respectively (97-99). Each 
subunitt is a glycoprotein with a large globular extracellular domain and a 
transmembranee domain. Most integrins have relatively small cytoplasmic domains 
consistingg of fewer than 60 amino acids. The pi subfamily is widely expressed, 
whereass p2 subfamily members are only expressed by leukocytes. B cells, for 
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example,, express a 4 p l, a5 pi, aL (32, and a4 p7 integrins, whereas vascular 
smoothh muscle cells also express al pi and a3 pi integrins (100-107). 

Thee ligands of integrins are either molecules of the extracellular matrix e.g. 
fibronectin,, laminin, and collagen, or cell surface-expressed members of the 
immunoglobulinn superfamily, e.g. ICAMs, VCAM-1 and MADCAM. A well 
characterizedd ligand for integrins is fibronectin. Although many integrins can bind 
fibronectin,, a4 pi and a5 pi integrin are the major fibronectin receptors on most 
cells.. Fibronectin is a multifunctional glycoprotein consisting of three different 
typess of homologous repeating units (termed type-I, type-II. and type-Ill). 
Fibronectinn has at least two independent cell binding domains: The domain located 
nearr the center of the polypeptide chain in the ninth and tenth type III modules 
bindss to the a5 pi (110). Integrins mediate diverse cellular responses upon 
adhesionn to fibronectin, including migration, assembly of extracellular matrix, and 
signall  transduction (99, 108,109). 

Activationn of several cell surface receptors, including antigen receptors, 
cytokinee receptors, MHC class II, and CD44, leads to activation of integrins a 
processs called inside-out signaling (114-117). On the other hand, cell adhesion 
throughh integrins leads to outside-in signaling resulting in a series of biological 
responses.. These include tyrosine phosphorylation of focal adhesion kinase 
(ppl25FAK)) (99, 108-112), assembly of an F-actin cytoskeleton and specialized 
structuress called focal contacts, changes of cytoplasmic pH and calcium ion 
concentration,, and modulation of cell migration, proliferation and gene expression 
(97,, 99, 111, 113). These varied responses are probably differentially controlled by 
aa mechanism that requires either integrin receptor clustering alone, ligand 
occupancyy in addition to clustering, or clustering and ligand occupancy plus 
tyrosinee kinase activity. 

B.. Selectins 
Selectinss comprise a family of three members (E-, P-, and L-selectin) that are 
differentiallyy expressed by leukocytes and endothelial cells, and are involved in the 
earlyy steps of leukocyte extravasation (87, 94). They are structurally characterized 
byy the presence an N-terminal lectin domain, an epidermal growth factor-like 
domain,, tandem consensus repeats homologues to complement-binding domains, a 
transmembranee domain and a short cytoplasmic domain. Selectins binds in the 
presencee of calcium ions to carbohydrate moieties present on glycoproteins 
(sialomucins)) (118-120). The components of the carbohydrates moieties 
recognizedd by selectins include sialic acid, fucose, and sulfate. The selectins 
family,, the E-, L-, and P- selectins, and their ligand, sialyl Lewis X are involved in 
tetheringg and rolling of leukocytes on endothelium, the first step in leukocytes 
extravasationn (121, 122). This is followed by the activation of the leukocytes and 
firmm adhesion to the endothelium, caused by the activation of integrin which 
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subsequentlyy binds to their ligand, members of the immunoglobulin superfamily, 
expressedd on endothelium. The final step involves the transendothelial migration of 
thee leukocytes. The great importance of these adhesion molecules and their ligands 
inn leukocyte extravasation was established by studying genetic diseases in which 
onee of these adhesion molecules or ligands is absent. Leukocyte adhesion 
deficiencyy (LAD) I is caused by the absence or greatly reduced expression of all p2 
integrinss on the surface of leukocytes, whereas in LAD II the ligand for the 
selectin,, sialyl Lewis X, is markedly decreased (123-125). As a result of leukocyte 
adhesionn defects, LAD patients suffer from severe recurrent infection. 

C.. CD44 
CD444 represents a family of cell-surface expressed glycoproteins encoded by one 
genee which consists of 19 exons (Fig. 4). Due to alternative RNA splicing, 
involvingg at least 10 exons encoding domains of the extracellular portion of CD44, 
manyy different CD44 isoforms are generated (86, 90, 126, 127). In addition to 
alternativee splicing, post-translational modifications generate diversity of CD44. 
Thesee modifications can be in the form of N- and/or O-linked glycosylation, and/or 
additionn of glucosaminoglycan (GAG) chains like chondroitin sulfate, heparan 
sulfatee and dermatan sulfate (128-131). Members of the CD44 family can be 
expressedd by almost all cell types. Most cells express the 90 kDa "standard,, CD44 
isoformm (CD44s), which does not contain any of the alternatively spliced domains, 
whilee the expression of CD44 variants (CD44v) (that contain different 
combinationss of alternatively spliced exons) is tissue-specific. Resting 
lymphocytess express the smallest CD44 isoform while activated lymphocytes, 
endotheliall  cells, epithelial cells, and tumor cells, express also CD44 splice variants 
withh molecular weight of up to 200 kDa (90, 132, 133). Through alternative 
splicingg of exon 18, two different isoforms of CD44 can be generated, having short 
(33 amino acids) or long (70 amino acids) cytoplasmic domain. The long 
cytoplasmicc domain of CD44 has been shown to interact with cytoskeletal 
componentss like actin and ankyrin as well as with linker proteins such as Ezrin and 
Merlinn (134, 139). It has been proposed that these interactions regulate the 
signalingg through CD44 as well as the interaction with its ligand hyaluronic acid 
(HA). . 

CD444 has been reported to be involved in a variety of biological and 
pathologicall  processes including lymphopoiesis, lymphocyte homing, lymphocyte 
activation,, tumor progression and metastasis (89, 90, 126-128, 138-144). In 
TCR/CD3-- and CD2-mediated T cell activation, triggering of CD44 can function as 
ann important costimulatory signal leading to enhanced proliferation and cytokine 
release.. Furthermore, engagement of CD44 can lead to activation of the integrin 
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LFA-1(CD11 la/18) on the cell surface of T lymphocytes resulting in enhanced 
adhesivenesss (116). CD44 also functions as a signaling receptor in a variety of cell 
types.. Cell stimulation by monoclonal anti-CD44 antibody or natural CD44 ligands 
activatee several signaling pathways (this thesis, 145, 146). One of the earliest 
signalingg events following stimulation via CD44 is tyrosine phosphorylation of 
intracellularr proteins substrates. The Src-family non-receptor PTKs such as Lck, 
Fyn,, Lyn and Hck were shown to be coupled to CD44. HA binding to CD44 
stimulatess both Tiaml -catalyzed Racl signaling and concomitant activation of 
pl85HER2-linkedd tyrosine kinase (146). Recently it has been shown that Ras, 
proteinn kinase C£, and IKB kinases are downstream effectors of CD44 (147). 

Althoughh several potential CD44 ligands have been identified, the only 
interactionn of the extracellular domain of CD44 that has been extensively studied is 
thatt with HA (148). In addition to HA, it has been reported that CD44 can bind to 
fibronectin,, collagen, laminin, osteopontin and serglycin( 149-153). The 
proteoglycann HA is a major component of the extracellular matrix (ECM) and 
playss a role in cell migration and differentiation. The binding site of CD44 for HA 
iss located in the N terminal domain of CD44, which is homologous to the HA-
bindingg domains of the cartilage link and core proteins. The interaction between 
CD444 and HA can be regulated by distinct mechanisms. Differences in 
glycosylation,, alternative splicing of mRNA, and clustering of CD44 are 
mechanismss that influence the binding to HA. 

AA significant function of CD44 is its ability to interact with heparin-
bindingg cytokines. Tanaka et al. reported that purified CD44 bind to the chemokine 
macrophagee inflammatory protein 3a (MIP-3 a) (154). In addition, fibroblast 
growthh factor2 (FGF-2), HGF, and heparin-binding epidermal growth factor (HB-
EGF)) were reported to bind to CD44 in a heparan sulfate-dependent manner (128-
131).. The heparan sulfate (HS) side-chain, attached to the evolutionary conserved 
consensuss motif SGSG encoded by exon v3 of CD44 is responsible for the binding 
withh heparin-binding growth factors (130, 131). Heparan sulfate proteoglycans 
(HSPGs)) are believed to play an important regulatory role in cell growth and 
motilityy by binding growth factors and by presenting these factors to their high 
affinityy receptors. This process has been particularly well explored for the 
fibroblastt growth factors-1 and -2 (FGF-1 and -2). For these factors, binding to 
HSPGss has been shown to be required for their biological function, presumably by 
promotingg FGF dimerization required for efficient receptor cross-linking and 
activationn (155-158). 

Furthermore,, proteoglycans can affect tissue growth and morphogenesis 
andd may serve as a novel class of tumor suppressors (159). It has been shown that 
disruptionn of proteoglycan of the glypican family, glypican 3 (GPC3) causes 
Simpson-Golabi-Behmell  syndrome (SGBS) (159). SGBS is an X-linked disorder 
characterizedd by pre- and postnatal overgrowth; numerous morphological 
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abnormalities,, including defect in the heart, kidney, vertebra and ribs (159). 
Furthermore,, defective sulfation of HS due to mutation in a gene encoding 
encodingg HS-2-sulfotransferase leads to renal agenesis as well as eye and skeletal 
abnormalitiess are accompanied (160). In addition, recent studies have shown that 
Dally,, a cell surface proteoglycan, Wingless signaling in Drosophila (161) The 
expressionn and the function of cell membrane HSPGs has been largely studied in 
epitheliall  cells and fibroblasts, as yet, littl e is known about their role in B cells. In 
mice,, precursor B cells and plasma cells express the HSPG syndecan-1 whereas 
murinee B cells, with the exception of Ig isotype switched B cells express syndecan-
44 (162, 163). The function of these HSPGs on B cells is largely unknown, although 
theyy have recently been implicated in IL-7-dependent B lymphopoiesis in vitro 
(164). . 

Aimm of the study 

Thee aim of the work described in this thesis was to obtain a better understanding of 
thee mechanisms of signaling through two different types of receptors i.e. the 
adhesionn molecule CD44 and the receptor protein tyrosine kinase Met and to 
exploree the collaboration between these molecules. 

CD444 family of adhesion molecules is involved in various biological and 
pathologicall  processes, however littl e was known about the signals regulating these 
processes.. Therefore, in Chapter  2, we explored the signaling through CD44 and 
thee role of Src family non-receptor tyrosine kinases in this signaling process. 

Bindingg of Hepatocyte growth factor (HGF) to Met triggers intracellular 
signalss regulating adhesion, proliferation, migration and survival. In Chapter  3 we 
investigatedd the role of HGF/Met pathway in B cell functioning. We observed that 
freshlyy isolated tonsillar B cells express Met and that onsillar stromal cells produce 
highh level of HGF. In addition, we explored the role of HGF-Met signaling on B 
cellss adhesion to the fibronectin, and to vascular cell adhesion molecule-1 
(VCAM-1). . 

Heparann sulfate proteoglycans (HSPGs) can regulate cell growth activity. 
Alternativelyy spliced isoforms of CD44, containing a domain encoded by exon v3, 
cann be decorated with heparan sulfate (HS). In Chapter  4 and 5, we investigated 
thee influence of HS-modified CD44 (CD44-HS) on HGF/Met signaling. 

Negativee regulation of Protein tyrosine kinases-mediated signaling is 
achievedd through at least two distinct mechanisms: (i) tyrosine dephosphorylation 
byy tyrosine phosphatases, and (ii) ubiquitination by ubiquitin ligase, which causes 
receptorr endocytosis and subsequently degradation. In Chapter  6, we identified c-
Cbl,, a ubiquitin ligase, as a downstream target of HGF/Met signaling, and we 
investigatedd its involvement in HGF-induced receptor ubiquitination. 
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Thee growth, motility, and morphogenesis of many different cell types are 
regulatedd by interaction of HGF with its receptor Met. Knock-out mice deficient in 
eitherr Met or HGF die in utero due to placental and liver defects. In addition, they 
showw a severe defect in the migration of muscle cells precursors, leading to absence 
off  the skeletal muscles from the limbs and diaphragm. In Chapter  7, we showed 
thatt Met is expressed on VSMCs and we investigated the role of HGF-Met 
signalingg on lamellipodia formation and migration of vascular smooth muscle. 
Chapterr  8 provides an overview of the role of the HGF-Met pathway in 
development,, tumorigenesis, and B cell differentiation. 
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