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ChapterChapter I 

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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Figur ee 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. 
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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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Figur ee 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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Figur ee 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 
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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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Figur ee 4. Schematic representation of CD44 protein and its encoding gene. The 

alternativelyy spliced exons are indicated by open boxes. The length of the exons in base 

pairss are indicated on the left side of the boxes, whereas the number of the exons are 

indicatedd on the right side of the boxes. The human v1 exon contains a stop codon. Putative 

glycosylationn sites of CD44 are indicated: O-linked glycosylation sites (open circles); N-

linkedd glycosylation sites (closed circles); chondroitin sulphate attachment sites (open 

diamonds);; heparan sulphate (HS)-attachment site. The hyaluronic acid-binding sites (black 

lines),, the disulfide bonds (S-S), the ankyrin-binding site (---) the ezerin-binding sites (gray 

line),, and the phosphorylation sites (P) 
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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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SUMMAR Y Y 

Evidencee from a large body of studies indicates that CD44 is involved in a number 
off  important biological processes, including lymphocyte activation and homing, 
hematopoiesis,, and tumor progression and metastasis. A proper understanding of 
thee role of CD44 in these processes has been severely hampered by a lack of 
insightt into the mode in which CD44 communicates with intracellular signal 
transductionn pathways. In this report, we have addressed this aspect of CD44 
functioningg by studying CD44 signaling in T lymphocytes. We show that ligation 
off  CD44 by monoclonal antibodies (mAbs) transduces signals to T cells which lead 
too tyrosine phosphorylation of ZAP-70 and other intracellular proteins. In vitro 
kinasee assays demonstrate that cross-linking of CD44 induces an increase in the 
intrinsicc activity of p56/a. Furthermore, immunoprecipitations show that CD44 is 
physicallyy associated with p56/a'. Our findings suggest that tyrosine kinases, 
particularlyy p56/(A. play a central role in CD44 mediated signaling. 

INTRODUCTIO N N 

CD444 is a broadly distributed family of cell surface glycoproteins involved in cell-
celll  and cell matrix adhesion (1-7). Although the exact spectrum of functions of 
CD444 is presently unknown, members of the CD44 family have been implicated in 
aa number of important biological processes, including lymphocyte functioning, 
hematopoiesis,, and tumor progression and metastasis (1,6, 8-15). The CD44 gene 
consistss of 20 exons (16). Due to alternative RNA splicing which involves at least 
100 exons encoding domains of the extracellular portion of the CD44 molecule, a 
largee number of CD44 isoforms are generated. In addition to variable exon usage, 
variationss in glycosylation contribute to the structural and functional diversity of 
CD44(1). . 

AA widely expressed CD44 isoform is the "standard" or "hematopoietic" 
CD444 (CD44s) molecule (1,4, 10). On hematopoietic cells and lymphocytes this 
85-95-kDaa molecule is the principle CD44 isoform (4, 10, 17-19). Larger CD44 
variantss that contain different combinations of alternatively spliced exons are 
preferentiallyy expressed on epithelial cells (17-19), but they can also be found on 
activatedd lymphocytes (10, 20) and high grade malignant lymphomas (10). During 
lymphocytee ontogeny and activation the expression of CD44 is strictly regulated, 
suggestingg an important functional role for CD44 (1, 8, 21). Indeed, CD44 has 
beenn reported to be involved in a variety of lymphocyte functions including 
lymphopoiesiss (11), lymphocyte homing (6), and lymphocyte activation (22-26). In 
TCR]CD3-- and CD2-mediated T cell activation, CD44 can function as an 
importantt costimulatory molecule leading to enhanced proliferation and cytokine 
releasee (22-25). Furthermore, engagement of CD44 can lead to activation of the 
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integrinn LFA-1 (CD1 la/18) on the cell surface of T lymphocytes resulting in 
enhancedd adhesiveness (26). Taken together, these data suggest that CD44 
functionss as an important signaling molecule in immune interactions; however, the 
signall  transduction pathways involved in this CD44-mediated signaling are 
unknown. . 

Phosphorylationn of proteins on tyrosine residues through protein tyrosine 
kinasess is a key event in the regulation of cell growth and differentiation (27). In T 
lymphocytes,, they play a pivotal role in antigen-specific activation and 
proliferationn (28). In the present study, we have therefore explored the possible role 
off  protein tyrosine kinases in CD44-mediated signaling. The results show that 
triggeringg of CD44 transduces signals across the plasma membrane that lead to 
tyrosinee phosphorylation of ZAP-70 and other intracellular proteins. Furthermore, 
wee demonstrate a physical association between the protein tyrosine kinase p56' 
andd the CD44 molecule, suggesting its importance in the CD44 signaling pathway. 

MATERIAL SS AND METHOD S 

CellsCells and Antibodies. Peripheral blood mononuclear cells from buffy coat 
preparationss were isolated by Ficoll-Isopaque density gradient centrifugation. 
Purifiedd T lymphocytes were either prepared by rosetting the cells with sheep 
erythrocyteserythrocytes or by incubation on ice with a mixture containing saturating 
concentrationn of mAbs against CD 14, CD l ib , and CD20 (Dako, Glostrup, 
Denmark)) followed by immunomagnetic depletion of the antibody-coated cells by 
twoo successive round of incubations with goat anti-mouse Ig (GaM)-conjugated 
magneticc beads (Dynal, Oslo, Norway). The T cell-enriched preparations were 
>98%% CD3 . COS7 cells were obtained from ATCC and grown in Dulbecco's 
modifiedd Eagle's medium containing 10% fetal calf serum, 1% glutamine, 
penicillin,, and streptomycin. 

Forr triggering or precipitation of CD44, the mAbs Hermes-3 (29), J173 
(Immunotechh S.A., Marseille, France), and NKI-P1 (5) directed against epitopes on 
thee standard part of CD44 were used. Biotinylated Leu-4 (Becton Dickinson, 
Mountainn View, CA) was used for triggering of CD3. Polyclonal antibodies against 
p56p56kkkk (30) alone or together with swine anti-rabbit Ig (SaR) were used for 
immunoprecipitationn of the p56/tA. Polyclonal antibodies against ZAP-70 (kindly 
providedd by Dr. Arthur Weiss, University of California, San Francisco, CA) were 
usedd for immunoprecipitation and immunoblotting of ZAP-70. GaM Ig (Southern 
Biotechnologyy Inc. Birmingham, AL) and Steptavidin (Sigma) were used for cross-
linkingg of CD44 or CD3 receptors. Horseradish peroxidase (HRP)-conjugated anti-
phosphotyrosinee (PY) (PY20-HRP) (Affiniti , Nottingham, UK) was used for the 
detectionn of tyrosine phosphorylated proteins. mAbs against p56/a (Santa Cruz 
Biotechnologyy Inc.) or Hermes-3, together with HRP-conjugated rabbit anti-mouse 
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Igg were used for detecting the p56/o( or CD44 proteins on blots. Polyclonal 
antibodyy against p56/f k together with HRP-conjugated goat anti-rabbit Ig-HRP were 
alsoo used to detect p56M.mAb against CD27, 2E4 (kindly provided by Dr. Rene 
vann Lier, CLB, Amsterdam, The Netherlands) were used for immunoprecipitation 
ofCD27. . 

TT Cell Triggering and Tyrosine Phosphorylation. Purified T cells (2 x 
106)) were washed twice in phosphate-buffered saline and subsequently incubated in 
thee presence or absence of 10 ug/ml Hermes-3, J173, or biotinylated Leu-4 for 5 
minn at 37°C. After washing in phosphate-buffered saline, the cells were suspended 
inn 50 ug/ml GaM Ig or streptavidin for 2 min. The reaction was stopped by the 
additionn of ice-cold 2 x lysis buffer to a final concentration of 50 mM Tris, pH 8, 
1500 mM NaCl, 1% Nonidet P-40 (Fluka, Buchs, Switzerland), 10 ug/ml leupeptin 
(Sigma),, 10 ug/ml aprotinin (Sigma), 1 mM sodium orthovandate (Sigma), 5 mM 
NaF,, and 2 mM EDTA. The insoluble nuclear material was removed by 
centrifugationn at 14,000 rptn at 4°C for 20 min. Supernatants were diluted in 
Laemmlii  sample buffer (to 1 x sample buffer containing 62.5 mM Tris-HCl, pH 
6.8,, 2% SDS, 10% glycerol, 100 mM 2-mercaptoethanol, and 0.001% bromphenol 
blue)) and boiled for 5 min. Proteins were electrophoresed on 8% SDS-PAGE, 
transferredd to nitrocellulose sheets (Schleicher & Schuell, Dasel, Germany), 
blockedd with 2% blot qualified bovine serum albumin (Promega, Madison, WI) in 
TBSTT (20 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.5), and then incubated 
withh PY20-HRP (0.2 ug/ml). Reaction was revealed with an enhanced 
chemiluminescencee system (ECL, Amersham, Paris, France). 

Immunoprecipitation.Immunoprecipitation. For immunoprecipitation, cell lysates of 2 x 107 

stimulatedd or nonstimulated cells were prepared as described above and proceeded 
too preclearing for 45 min with Sepharose beads coupled to normal mouse serum, to 
normall  rabbit serum, or to protein A (Pharmacia Biotech Inc.). Immune complexes 
weree collected with Sepharose beads directly coupled to Hermes-3 or NKI-P1. In 
addition,, immune complexes were collected with either Sepharose beads directly 
coupledd to swine anti-rabbit Ig and then loaded with polyclonal antibody against 
p56/aa tyrosine kinase or with protein A-Sepharose beads coupled to polyclonal 
antibodyy against p56hk. The immune precipitates were washed five times with 1 x 
lysiss buffer. The proteins were then eluted and dissolved by boiling for 5 min in 
Laemmlii  sample buffer and proceeded to Western blot analysis as described above, 
exceptt that the blots were blocked with 5% nonfatty dry milk in TBST in the case 
off  incubation of the blots with Hermes-3, with anti- p56/c\ or with anti-ZAP-70. 
Antibodiess bound to CD44 or to the phosphotyrosine on the blots were detected by 
thee addition rabbit anti-mouse-HRP, whereas antibodies bound to p56/a or ZAP-70 
onn the blots were detected by the addition of goat anti-rabbit-HRP, and proceeded 
too ECL. 

ImmuneImmune Complex Kinase Assays. The immune complexes from 2 x 107 

stimulatedd or nonstimulated T cells were washed three times with 1 x lysis buffer 
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followedd by washing twice with kinase buffer (20 mM Tris, pH 7.0, 5 mM MgCl, 5 
mMM MnCl), suspended in 20 ul of kinase buffer containing 10 ĵ Ci of [y-32P]ATP, 
andd incubated for 10 min at room temperature. The reaction was stopped by 
additionn of 1 ml of kinase buffer and the immune complex was washed twice with 
thee same buffer. After addition of 1 x Laemmli sample buffer and boiling for 5 
min,, the proteins were separated on 8 or 10% SDS-PAGE, the gel was dried for 3 
h,, and the drying gel was autoradiographed at -80 °C overnight. 

Transfections.. COS7 cells were transfected with plasmids DNA containing 
CD44ss or p56/a cDNA inserts using DEAE-dextran. Briefly, COS7 cells were 
platedd at a density of 2 x 106 cells/ 100-mm dish and transfected with 5 ug of 
plasmidss DNA. Transfected cells were harvested after 48 h, analyzed for the 
expressionn of CD44 and p56/r\ and subjected to immunoprecipitation. 

RESULTSS AND DISCUSSION 

Triggeringg of CD44 on resting peripheral blood T cells with either of two anti-
CD444 mAbs that recognize epitopes on CD44s (Hermes-3 and J173) induced a 
rapidd and important increase of tyrosine phosphorylation of several intracellular 
proteins,, including substrates with a molecular mass of approximately 140, 125, 
100,, 70, 55, and 45 kDa (Fig. 1). This indicated that CD44 might be physically 
associatedd with intracellular kinase(s). To assess this possibility, the kinase activity 
off  CD44 immunoprecipitates of Nonidet P-40-treated T cell lysates was studied by 
meanss of the in vitro immune complex kinase assay. As is shown in Fig. 2, the 
anti-CD444 precipitates yielded a major phosphorylated protein, migrating at 
approximatelyy 55-60 kDa. 

Too identify the kinase(s) associated with CD44, a series of 
immunoprecipitationss using antibodies against CD44 and Src-family tyrosine 
kinasess were performed. Immunoprecipitation with anti-CD44 co-precipitated a 
55-60-kDaa protein reacting with mAb PY20 against PY (not shown). Further 
studiess showed that this protein reacted also with monoclonal and polyclonal 
antibodiess against p56M (Fig. 3). Hence, precipitation of CD44 leads to co-
precipitationn of p56' , strongly suggesting a physical association between these 
twoo molecules. To ascertain this finding, reverse precipitations were performed 
usingg antibodies against p56/r\ These studies demonstrated that precipitation of 
p56ww leads to co-precipitation of CD44 (Fig. 4). Furthermore, experiments using 
COSS cells that had been co-transfected with CD44 and p56/(A cDNAs also 
confirmedd the association between CD44 and p56/a; immunoprecipitation of CD44 
fromm these cells co-precipitated p56/a (Fig. 5). Hence, CD44 is physically 
associatedd with p56/a a finding which suggests that p56M might be functionally 
involvedd in the signal transduction via CD44. 
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Figur ee 1. Induction of tyrosine phosphorylation by CD44 triggering in resting peripheral 
bloodd T lymphocytes (T-PBL). Anti-PY stained Western blot of purified T cells that were 
triggeredd with anti-CD44 mAbs (Hermes-3 and J173) or anti-CD3 mAb (Leu-4) and cross-
linking.. At two {lanes 2, 3, 5, and 6) or 5 min (lane 4) after the addition of the cross-linker, 
thee cells were lysed in Nonidet P-40 sample buffer. 2 x 106 cells/lane were separated on 8% 
SDS-PAGE,, transferred to nitrocellulose, and then analyzed by Western blot using mAb 
PY20-HRPP followed by ECL chemiluminescence detection. T cells were incubated with lane 
1,1, PBS alone; lane 2, cross-linker (GaM) alone; lane 3, Hermes-3 plus GaM, lane 4, 
Hermes-33 plus GaM; lane 5, J173 plus GaM; lane 6, biotinylated Leu-4 plus streptavidin. 

Too substantiate the notion of a functional association between CD44 and p56/rf, we 
nextt measured the effect of CD44 triggering on the intrinsic kinase activity of 
p56/cA'' and on the phosphorylation state of ZAP-70, a substrate of p56/cA (31). As is 
shownn in Fig. 6, cross-linking of CD44 induced a time-dependent increase in the 
tyrosinee kinase activity of p56e, as measured by the in vitro kinase assay, with an 
optimumm at 2-5 min after cross-linking. Only in the precipitates of p56/ct, obtained 
afterr cross-linking of CD44, prolonged exposure of the gel revealed the presence of 
additionall  phosphorylated proteins (data not shown). This finding is in agreement 
withh the fact that several intracellular proteins complex with p56/rf upon its 
activation.. ZAP-70, a tyrosine kinase that becomes tyrosine-phosphorylated in Ick-
dependentt manner, was found to become tyrosine-phosphorylated after cross-
linkingg of CD44 (Fig. 7). Together, these findings establish that CD44 is 
functionallyy linked to p56M. 
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Figur ee 2. CD44 is associated with kinase activity. Kinase activity of CD44 
immunoprecipitatess from T-PBL (with mAb Hermes-3) was assessed by means of the 
immunee complex kinase assay as detailed in materials and methods, lane 1, Control 
precipitatee (beads coupled to normal mouse serum (NMS)); lane 2, precipitate of CD27; lane 
3,3, precipitate of CD44 from unstimulated T-PBL; lane 4, control precipitate (uncoated 
beads);; lane 5, precipitate of CD44 from CD44 (with mAb J173)-triggered T-PBL. The arrow 
pointss at a 55-60-kDa 32P-labeled protein detected only in the immunoprecipitates of CD44. 

p56/c**  plays a key role in thymocyte development and TCR.CD3-mediated 
signalingg (32, 33). In a mutant clone of the Jurkat T leukemia line deficient in lek, 
signalingg through the TCR.CD3 complex was severely defective; it was restored 
uponn reconstitution with wild-type lek (33). Furthermore, mice lacking functional 
p56/cAA show a block in early thymocyte development with a dramatic reduction of 
thee double positive (CD4+CD8+) thymocyte population and absence of mature 
singlee (CD4+ or CD8") positive thymocytes (34). Of the molecules involved in 
antigen-specificc recognition via the TCR.CD3 complex, CD4 and CD8 are 
associatedd with p56M (35). In addition, several other receptors on the T cell 
membranee including CD2, IL-2R, CD5, and CD50 have more recently also been 
shownn to be associated with p56/a (36-39). Although lek plays a key role in 
TCR.CD3-- mediated T cell activation and lek can be recruited into the TCR 
complexx via CD4 and CD8, recent studies have indicated that binding of lek to 
CD44 is not required for the strongly potentiating effect of CD4 engagement on 
TCR.CD3-mediatedd T cell activation (40). Presumably, lek, being essential for 
TCR-mediatedd signaling, may also be recruited into the TCR.CD3 complex from 
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Figur ee 3. Co-precipitation of p56,c,< with CD44. Western blot analysis of CD44 
immunoprecipitatess from T-PBL stained either with mAb (lanes 1, 2, and 3) or polyclonal 
antibodyy (lanes 4, 5, 6, and 7) against p56,c,<. Lanes 1 and 4, antibody controls; lanes 2 and 
5,5, control precipitates (unlabeled beads); lanes 3 and 6, immunoprecipitates of CD44; lane 
7,, control precipitate (beads coupled to normal mouse serum (NMS)). The arrow points at 
thee P56'* band in the immunoprecipitates of CD44. The strong band of approximately 60 
kDaa in lanes 1 and 3 represents the Ig heavy chain of Hermes-3. 

otherr sources than CD4 (or CD8). Ick bound to CD44 might be one of these sources 
andd CD44 might directly or indirectly interact with components of the TCR.CD3 
complex.. Since CD44 is also abundantly expressed on hematopoietic stem cells, 
prothymocytess and early (CD4", CD8", and CD25') thymocytes it wil l be of interest 
too determine whether CD44 on these cells is associated with p56;<*. If so, CD44-
/c£-mediatedd signaling, triggered by hitherto undefined CD44 ligands in the bone 
marroww and/or thymus might play an important role in early lymphocyte 
development. . 

Ourr observation that CD44 in T lymphocytes is associated with p56/fA 

raisess the important question how CD44 interacts with Ick. In principle, it is 
possiblee that the intracytoplasmic domain of CD44 is directly involved in Ick 
binding.. Since CD44 contains serine phosphorylation sites, the interaction of CD44 
withh Ick could be regulated through CD44 serine phosphorylation, in a way similar 
too that described for the CD4 molecule. In the CD4 molecule, the serines are, 
however,, placed next to the p56a recognition site which contains a the 
characteristicc cysteine motive CXCP (41) that is not present in CD44. Hence, 
CD444 either uses another unknown /c^-binding motif or is indirectly associated 
withh Ick via a multimolecular complex. 
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Figur ee 4. Co-precipitation of CD44 with p56"*. Western blot analysis, of lane 1, the total cell 
lysatee of T-PBL; lane 2, p56fc,<; and lane 3, control (normal rabbit serum (NRS)) 
immunoprecipitatess from T-PBL, using anti-CD44 mAb (Hermes-3). The arrow points at the 
CD444 molecule (about 90 kDa). The bands at 55 kDa and 28-35 kDa represent the Ig chains 
off the Swine antibodies. 

Whetherr various CD44 splice variants show differential association with 
leklek and with other components of the cell's signal transduction system will be 
anotherr intriguing question to be answered. On resting T lymphocytes, as used in 
ourr present study, CD44 isoforms other than the standard "hematopoietic" form of 
CD444 are virtually absent. However, activation of T lymphocytes leads to a 
transientt expression of several CD44 splice variants (10, 20). Although the 
cytoplasmicc tail of these variants is identical to that of CD44s, the variations in the 
extracellularr domain might alter CD44 association with lek either by affecting the 
conformationn of the putative cytoplasmic lek binding domain or by modulating its 
interactionss with molecular partners on the T cell surface. In addition to binding to 
specificc (hitherto undefined) ligands, the CD44 splice variants might thus act by 
modulatingg signal transduction.In this way they might regulate lymphocyte 
activation.. In other cell types including tumor cells, they might also interact with 
tyrosinee kinases and act as regulators of cell growth, differentiation, and tumor 
progression.. Moreover, it will be important to determine the cascade of the 
signalingg through CD44 and also the role of ZAP-70 in this signaling pathway. 

CD44--
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Figur ee 5. Co-precipitations of p56c with CD44 from COS cells co-transfected with CD44 
andd pSö'0* cDNAs. A, B, and C, COS7 cells were transfected with plasmid DNA containing 
CD444 and p5Q!ck inserts (lane 7), poo'0* inserts alone (lane 2), and CD44 inserts alone (lane 
3).3). A, anti-CD44 (Hermes-3) stained Western blot of the lysates of COS-7; CD44 is detected 
inn lanes 1 and 3. The arrows point at different forms of CD44. B, anti- p56,ck-stained Western 
blott of the lysates of COS7; p56,d< is detected in lanes 1 and 2. C, anti- p56,d<-stained 
Westernn blot of the CD44 immunoprecipitate from COS7. The arrow points at the p56/(* 
moleculee in the immunoprecipitate. 
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Figur ee 6. Cross-linking of CD44 induces an increase in the intrinsic activity of p56,d<. The 
immunoprecipitatess of poe'0" were collected by using protein A-Sepharose beads coupled to 
polyclonall antibodies against poo'0* and subjected to in vitro kinase assay. A, lane 1, 
immunoprecipitatee of p56/c* from unstimulated T-PBL; lanes 2-5, the immunoprecipitates of 
p56,d<< from CD44-stimulated T-PBL for 0.5 {lane 2), 2 (lane 3), 5 (lane 4), and 10 (lane 5) 
min.. B, a diagrammatic representation of the intensity of the p56 bands before and after 
cross-linkingg of CD44. The black column represents the upper band of p56,c\ whereas the 
stripedd column represents the lower band. The optimum kinase activity (approximately 2.5-
foldd increase in the tyrosine kinase activity of p56/d<) was detected after CD44-triggering for 
2-55 min. 
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Figuree 7. Cross-linking of CD44 induces tyrosine phosphorylation of ZAP-70. A, 
immunoprecipitatess of ZAP-70 were collected using protein A-Sepharose beads coupled 
withh anti-ZAP-70. Lane 1, ZAP-70 immunoprecipitate from unstimulated T-PBL; lane 2, ZAP-
700 immunoprecipitate from CD44-triggered cells for 3 min; lane 3, ZAP-70 
immunoprecipitatee from CD3-triggered cells; lane 4, molecular mass marker (from top to 
bottomm 200, 116, 97 and 66 kDa); lane 5, total cell lysate of unstimulated cells; lane 6, total 
celll lysate of CD44-triggered cells; lane 7, total cell lysate of CD3-triggered cells. The filter 
wass subjected to immunoblotting using PY antibodies and rabbit anti-mouse-HRP. The 
arrowss point to the tyrosine-phosphorylated ZAP-70 detected after cross-linking of CD44 
andd was highly phosphorylated after cross-linking of CD3. B, the same filter was stripped 
andd then incubated with antibodies against ZAP-70 antibodies and goat anti-rabbit-HRP. 
Thee arrowheads point to ZAP-70 where the amounts of ZAP-70 precipitated are equal in 
laneslanes 1, 2, and 3, and the presence of ZAP-70 is detected in the cell lysates. 
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FOOTNOTE S S 

Thee abbreviations used are: TCR, T cell receptor; mAb, monoclonal antibody; 
HRP,, horseradish peroxidase; PAGE, polyacrylamide gel electrophoresis; PY, 
phosphotyrosine;; GcdVI, goat anti-mouse Ig; T-PBL, peripheral blood T 
lymphocyte. . 
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SUMMAR Y Y 

TT cell-dependent humoral immune responses are initiated by the activation of naive 
BB cells in the T cell areas of the secondary lymphoid tissues. This primary B cell 
activationn leads to migration of germinal center (GC) cell precursors into B cell 
follicless where they engage follicular dendritic cells (FDC) and T cells, and 
differentiatee into memory B cells or plasma cells. Both B cell migration and 
interactionn with FDC critically depend on integrin-mediated adhesion. To date, the 
physiologicall  regulators of this adhesion were unkown. In the present report, we 
havee identified the c-wer-encoded receptor tyrosine kinase and its ligand, the 
growthh and motility factor hepatocyte growth factor/scatter factor (HGF/SF), as a 
novell  paracrine signaling pathway regulating B cell adhesion. We observed that c-
Mett is predominantly expressed on CD38CD77" tonsillar B cells localized in the 
darkk zone of the GC (centroblasts). On tonsil B cells, ligation of CD40 by CD40-
ligand,, induces a transient strong upregulation of expression of the c-Met tyrosine 
kinase.. Stimulation of c-Met with HGF/SF leads to receptor phosphorylation and. 
inn addition, to enhanced integrin-mediated adhesion of B cells to both VCAM-1 
andd fibronectin. Importantly, the c-Met ligand HGF/SF is produced at high levels 
byy tonsillar stromal cells thus providing signals for the regulation of adhesion and 
migrationn within the lymphoid microenvironment. 

INTRODUCTIO N N 

Antigen-specificc B cell differentiation, the process by which naive B cells develop 
intoo memory cells or plasma cells, requires multiple interactions of B cells with 
otherr cells, such as T cells and follicular dendritic cells (FDC), and with the 
extracellularr matrix (ECM), that take place within distinct microenvironmental 
compartmentss of the lymphoid tissues (1-6). After their initial activation in the 
extrafollicularr T cell (paracortical) area, germinal center (GC) founder cells 
migratee into B cell follicles where they initiate the formation of GCs (7, 8). Once in 
thee GC, the B cells first pass the dark zone where they undergo rapid clonal 
expansionn and somatic hypermutation in their IgV genes (9-13). Mutated B cells 
thenn progress to centrocytes and move to the basal light zone of the GC. Here they 
reencounterr antigen, presented as low levels of immune complexes on FDC, and 
undergoo affinity selection (14-16). Whereas low-affinity mutants and autoreactive 
mutantss die by apoptosis, high-affinity mutants internalize antigen and process it 
onn their migration pathway to the apical light and outer zones of the GC. In these 
areas,, the affinity-selected B cells present antigen to antigen-specific GC T cells 
(17-19).. Cognate T-B interaction results in expansion and Ig isotype switching of 
high-affinityy B cells (20, 21), that mature into memory B cells or plasma cells and 
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receivee signals mediating their export from the lymphoid organ (1). Adhesion 
regulation,, particularly regulation of lymphocyte integrin function, is believed to be 
fundamentall  to the control of cell migration and microenvironmental homing 
duringg this B cell differentiation process (22, 23). 

Integrinss are a widespread family of heterodimeric (aB) transmembrane 
glycoproteinss that can function as cell-ECM and cell-cell adhesion receptors (for 
revieww see reference 24). In the immune system they are involved at multiple 
levels,, including interaction of lymphoid precursors with stromal cells during 
lymphopoiesis,, lymphocyte homing, and antigen presentation. Importantly, 
adhesionn receptors of the integrin family have recently been implicated in B cell 
differentiation.. Integrins, specifically a4Bl, were shown to be involved in adhesion 
andd terminal differentiation of precursors during B-lymphopoiesis in the bone 
marroww in vitro (25, 26), and in B cell adhesion to FDC during GC reactions (27-
29).. In vivo experiments with a4null chimeric mice, confirmed a key role for this 
integrinn in early B cell development (30). Together, these studies indicate that 
integrinn mediated adhesion plays an important role in the control of several steps of 
BB cell development, including migration and adhesion during antigen-specific 
differentiation.. However, the physiological regulators of lymphocyte integrin 
activityy during B cell differentiation remain unkown. 

Inn a survey of the molecular pathways that might regulate B cell adhesion, 
wee explored the possible role of the c-wef-encoded receptor tyrosine kinase and its 
ligandd hepatocyte growth factor/scatter factor (HGF/SF). The HGF/SF - c-Met 
pathwayy has been shown to regulate growth, motility and morphogenesis of 
epitheliall  and endothelial cells (31-36), which requires tight regulation of adhesion 
andd de-adhesion. Furthermore, this pathway mediates invasion and migration of 
tumorr cells (37-39), a process reminiscent of lymphocyte migration. Here, we 
identifyy the HGF/SF - c-Met pathway as a novel molecular pathway in antigen-
specificc B cell differentiation, which is involved in the regulation of integrin-
mediatedd B cell adhesion. 

MATERIAL SS AND METHOD S 

Antibodies.Antibodies. Mouse monoclonal antibodies used were anti-c-Met, D024 (IgG2a) 
(Upstatee Biotechnology, Lake Placid, NY); anti-CD38, OKT-10 (IgGl) (American 
Typee Culture Collection [ATCC], Rockville, MD); FITC-conjugated anti-CD38, 
HIT22 (IgGl) (Caltag Laboratories, Burlingame, CA); biotin-conjugated anti-CD38, 
HIT22 (IgGl) (Caltag); anti-Bl integrin (CD29), 4B4 (IgGl) (Coulter Immunology, 
Hialeah,, FL); anti-a4 integrin (CD49d), HP2/1 (IgGl) (Immunotech, Marseille, 
France);; anti-a5 integrin (CD49e), SAM-1 (IgG2b) (40) (a gift from A. 
Sonnenberg,, NKI, Amsterdam, The Netherlands); anti-a467, Act-1 (IgGl) (41) (a 
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giftt from A. Lazarovits, University of Western Ontario, London, Canada); anti-
ICAM-11 (CD54), RR1/1 (IgGl) (42) (a gift from T. Springer, Harvard University, 
Boston,, MA); anti-HGF/SF, 24612.111 (IgGl) (R&D Systems, Abingdon, UK); 
anti-CD3,, OKT-3 (IgG2a) (ATCC); anti-DRC-1, R4/23 (IgM) (DAKO, Glostrup, 
Denmark);; anti-CD 19, HD37 (IgGl) (DAKO); and anti-phosphotyrosine, PY-20 
(IgG2b)) (Affiniti , Nottingham, UK). Polyclonal antibodies used were rabbit anti-c-
Met,, C-12 (IgG) (Santa Cruz Biotechnology, Santa Cruz, CA); goat anti-HGF/SF 
(R&DD Systems); FITC-conjugated rabbit anti-IgD (DAKO); RPE-conjugated goat 
anti-mousee (Southern Biotechnology, Birmingham, AL); AP-conjugated goat anti-
mousee (total, IgGl, or IgG2a) (Southern Biotechnology); biotin-conjugated rabbit 
anti-mousee (DAKO); biotin-conjugated goat anti-mouse (DAKO); biotin-
conjugatedd rabbit anti-goat (Vector Laboratories, Burlingame, CA); HRP-
conjugatedd goat anti-rabbit (DAKO); and HRP-conjugated goat anti-rabbit 
(DAKO).. In addition we used a rat monoclonal anti-CD77, 38.13 (IgM) (43) 
(providedd by J. Wiels, Institute Gustave-Roussy, Villejuif , France); and RPE-Cy5-
conjugatedd streptavidin (DAKO). 

CellCell lines. The epidermoid carcinoma cell line A431, the lung fibroblast 
celll  line MRC-5, and the B cell lines Raji, Namalwa, Daudi, Ramos, JY, and Nalm-
66 were obtained from ATCC and cultured in RPMI 1640 (Gibco BRL/Life 
Technologies,, Paisley, UK) supplemented with 10% FCS (Integra, Zaandam, The 
Netherlands).. The Burkitfs lymphoma line EB4B (44) was provided by R. Jefferis 
(Universityy of Birmingham, Edgbaston, UK) and cultured in 10% FCS/RPMI 
1640. . 

BB cell isolation and culturing, B cells were isolated as described 
previouslyy (29). Total B cell fractions were >97% pure as determined by FACS 
analysis. . 

BB cells were cultured in Iscove's medium (Gibco BRL/Life Technologies) 
containingg 10% FCS, 0.5% BSA, 50 ug/ml human transferrin (Sigma, Bornem, 
Belgium)) and 5 ug/ml bovine pancreas insulin (Sigma). Some media were 
supplementedd with 50 ng/ml phorbol-12-myristate-13-acetate (PMA; Sigma). 

Forr CD40 ligation, B cells were cultured on irradiated (7,000 rad) CD40L-
transfectedd or, as a control, wild-type L cells (45) (provided by J. Banchereau, 
Scheringg Plough, Dardilly, France). In specific experiments, culture media were 
supplementedd with either pansorbin cells of Staphylococcus aureus strain Cowan I 
(0.002%;; Calbiochem Novabiochem, La Jolla, CA), rabbit anti-human Ig-coated 
beadss (2 ug/ml) (BioRad Laboratories, Hercules, CA), recombinant human IL-2 
(1000 U/ml) (Eurocetus, Amsterdam, The Netherlands), recombinant human 11-4 
(1000 U/ml) (Genzyme Diagnostics, Cambridge, MA), or recombinant human IL-6 
(1,0000 U/ml) (CLB, Amsterdam, The Netherlands). 

TT cell isolation and culturing. Tonsillar T cells were isolated as described 
forr the B cell isolation, except that after the second Ficoll-Isopaque density 
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gradientt centrifugation the pellet was collected, washed, and resuspended in shock 
medium.. The remaining B cells were removed by using a MACS magnetic cell 
seperatorr (Miltenyi Biotec, Bergisch Gladbach, Germany) using anti-CD 19. The T 
celll  fraction was >98% pure as determined by FACS analysis. 

StromalStromal cell isolation and culturing. Tonsillar stromal cells were isolated 
ass described (46). The cells were cultured in 100-mm petri dishes (Costar, 
Cambridge,, MA) containing 10% FCS/RPMI 1640. After 4 d nonadherend cells 
weree removed. 

FDCFDC isolation and culturing. FDC were isolated as described (29). The 
cellss were cultured in Iscove's medium containing 10% Fetal Clone I serum 
(HyClonee Laboratories, Logan, UT). These FDC-enriched cell cultures contained 
10-15%% DRC-1 positive cells. 

Transfections.Transfections. c-Met transfected Namalwa cells (Nam'"") were obtained by 
electroporatingg Namalwa cells with the eukaryotic expression plasmid pA71d 
containingg full-length c-met cDNA (a gift from G. Hartmann and E. Gherardi, 
Universityy of Cambridge, Cambridge, UK). After 2 d in culture, transfectants were 
selectedd in culture medium containing 250 ug/ml hygromicin (Sigma). c-Met 
positivee cells were sub-cloned by using a FACStarplus flow cytometer (Becton 
Dickinson,, Mountain View, CA). 

ImmunoprecipitationImmunoprecipitation and Western blot analysis. For analysis of tyrosine 
phosphorylationn of the c-Met protein, cells were incubated overnight in serum-free 
RPMII  1640. Nam'WJ' or EB4B cells were incubated in serum-free RPMI 1640 in the 
presencee or absence of 200 ng/ml HGF/SF (R&D Systems). After 5 min at 37°C 
thee cells were solubilized in ice-cold 2X lysis buffer containing 20 mM Tris-HCl 
(pHH 8), 250 mM NaCl, 20% glycerol, 2% NP-40, 20 ug/ml aprotinin (Sigma), 20 
Ug/mll  leupeptin (Sigma), 4 mM sodium orthovandate (Sigma), 10 mM EDTA, and 
100 mM NaF. After 1 h at 4°C the insoluble nuclear material was removed by 
centrifugationn at 1 X 104 g at 4°C for 20 min after which the supernatant was 
preclearedd with protein A-Sepharose CL-4B (Pharmacia Biotech) for 45 min at 
4°C.. c-Met was precipitated with rabbit anti-c-Met coupled to protein A-Sepharose 
att 4°C for at least 2 h. The immune complexes were washed with lysis buffer and 
dilutedd in Laemmli sample buffer containing final concentrations of 62.5 mM Tris-
HCll  (pH 6.8), 2% SDS, 10% glycerol, 100 mM 2-mercaptoethanol (BioRad 
Laboratories),, and 0.001% bromophenol blue. After boiling for 5 min, the samples 
weree subjected to 8% SDS-PAGE. Western blotting was performed as described 
previouslyy (48). 

Forr analysis of c-Met in total cell lysates, cells were lysed in 50 mM Tris-
HCll  (pH 8), 150 mM NaCl, 1% NP-40, 10 ug/ml aprotinin, 10 ug/ml leupeptin, 1 
mMM sodium orthovandate, 2 mM EDTA, and 5 mM NaF for 1 h at 4°C. After 
centrifugationn at 1 X 104 g and 4°C for 20 min, the supernatant was diluted in 
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Laemmlii  sample buffer, boiled for 5 min and subjected to 8% SDS-PAGE. 
Westernn blotting was performed as described previously (48). 

FF ACS analysis. Expression of c-Met on tonsillar B cell subpopulations 
wass studied using a triple staining technique (47). Staining was measured by using 
aa FACSCalibur flow cytometer (Becton Dickinson). 

Immunohistochemistry.Immunohistochemistry. Expression of c-Met in tonsillar tissue was 
analysedd by single and double staining. For single staining cryostat tonsil sections 
weree fixed in acetone for 10 min, washed in PBS and pre-incubated with 10% 
normall  goat serum (Sera Lab, Sussex, UK) in PBS for 15 min. After incubating 
withh the primary antibody for 1 h, endogenous peroxidases were blocked with 
0.1%% NaN3, 0.3% H202, PBS for 10 min. Subsequently, the sections were stained 
withh biotin-conjugated rabbit anti-mouse for 30 min, followed by an incubation 
withh HRP-conjugated avidin-biotin complex for 30 min. Substrate was developed 
withh 3,3-amino-9-ethylcarbazole (Sigma) for -10 min. Tissue sections were 
counterstainedd with Haematoxylin (Merck, Darmstadt, Germany). 

Doublee staining was performed as described for the single staining, except 
thatt a cocktail of primary antibodies was used, which was detected by either a 
cocktaill  of AP-conjugated goat anti-mouse and HRP-conjugated goat anti-rabbit, or 
aa cocktail of AP-conjugated goat anti-mouse IgG2a and HRP-conjugated goat anti-
mousee IgGl. The second color was developed with Fast Blue BB (Sigma) for about 
100 min. 

AdhesionAdhesion assays. 96-well flat-bottom plates (Costar) were coated 
overnightt with 5 jug/ml human fibronectin (CLB) or 0.2 jug/ml recombinant human 
sVCAM-11 (R&D Systems) at 4°C. After blocking the plates with 4% BSA, RPMI 
16400 (2 h at 37°C), B cells that had been pre-incubated with HGF/SF (R&D 
Systems),, in the presence or absence of monoclonal antibodies, for 30 min at 37°C, 
weree added. Then, the plates were centrifuged (3 min 800 rpm, no brake) and 
incubatedd at 37°C for 25 min. After washing the wells, the bound cells were fixed 
withh 10%) neutral buffered formalin solution (Sigma) and stained with Giemsa 
(Merck).. Bound cells were quantified by using a color CCD camera (Sony) and 
NIHH Image 1.60 software on an Apple Quadra 840AV. 

c-Metc-Met E LISA. 96-well EIA/RIA plates (Costar) were coated overnight with 
mousee anti-HGF/SF immunoglobulins at 4°C. Then, the plates were washed and 
blockedd with 4% BSA, PBS for 1 h at 37°C. Next, the wells were incubated with 
culturee supernatants or with a HGF/SF concentration series for 2 h at 37°C, 
followedd by an incubation with goat anti-c-Met immunoglobulins for 1 h at 37°C. 
Subsequently,, the wells were incubated with biotin-conjugated rabbit anti-goat 
immunoglobulinss for 60 min at 37°C followed by HRP-conjugated avidin-biotin 
complexx (DAKO) for 1 h at 37°C. Substrate was developed with 1,2-
phenylenediaminee (Fluka Chemica, Buchs, Switzerland) in 50 mM KH2P04, 50 
mMM Na2HP04-2H20 (pH 5.4) containing H202. The reaction was stopped with 1 N 
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H2S044 and the results were analysed at 492 nm using a microplate reader (BioRad 
Laboratories). . 

RNARNA Isolation and RT-PCR. Total RNA was isolated with RNAsol 
(Cinna/Biotexx Laboratories, Houston, TX) according to manufacturers description. 
First-strandd cDNA synthesis was performed on total RNA by a standard reverse 
transcriptionn reaction, using Moloney leukemia virus reverse transcriptase (Gibco 
BRL/Lif ee Technologies) and p(dN)6 random hexamers (Pharmacia Biotech). PCR 
wass performed with Taq DNA Polymerase (Gibco BRL/Life Technologies), 200 
uMM dNTPs (Pharmacia Biotech) and 1.5 mM MgCL in IX PCR Buffer (both 
Gibcoo BRL/Life Technologies). Primers used were HGF-1 (5'-
CGACAGTGTTTCCCTTCTCG-3')) in combination with HGF-3 (5'-
GGTGGGTGCAGACACAC-3'),, or 5'B2M (5'-
ATCCAGCGTACTCCAAAGATT-3')) in combination with 3'82M (5'-
CATGTCTCGATCCCACTTAAC-3').. PCR was started with a 5 min denaturation 
stepp at 95°C, after which amplification was performed in 35 cycles of denaturation 
att 95°C for 30 s, annealing at 60° C for 1 min and elongation at 72°C for 2 min. 
Afterr a final elongation step for 10 min at 72°C, samples were cooled on ice and 
analysedd by electrophoresis in a 1.5% agarose TBE gel containing ethidium 
bromide. . 
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Figur ee 1. c-Met expression on human B cells. (A) PMA induces c-Met expression on 
tonsillarr B cells. (6) Several B cell lines constitutively express c-Met. A431 (positive control) 
iss an epidermoid carcinoma cell line. Raji, EB4B and Namalwa (Nam1*') are Burkitt's 
lymphomaa cell lines. Nammef are c-Met transfected Namalwa cells. In both A and B the 
Westernn blot of the cell lysates was stained with anti-c-Met. The c-Met precursor (pre c-Met) 
andd c-Met ft chain (c-Met (R>)) are indicated. 
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RESULTS S 

TheThe c-Met receptor tyrosine kinase is expressed by activated human tonsillar B 
cellscells as well as by several B cell lines. Expression of c-Met by human tonsillar B 
cellss and by a panel of B cell lines was assessed by Western blotting and by FACS 
analysis.. On Western blot, c-Met expression was hardly detectable in freshly 
isolatedd tonsillar B cells, but we observed a strong induction of c-Met (and the c-
Mett precursor [pre c-Met]) upon stimulation with the phorbol-ester PMA (Fig. \A). 
Furthermore,, constitutive expression of c-Met was found in the Burkitt's lymphoma 
celll  lines Raji and EB4B, but not in the Burkitt's lymphoma cell line Namalwa 
(Fig.. 15) nor in the B cell lines Daudi, Ramos, JY, or Nalm-6 (data not shown). As 
positivee controls, c-Met expression of the epidermoid carcinoma cell line A431 and 
off  Namalwa cells stably transfected with c-Met (Nam""') are shown (Fig. 15). 

TheThe c-Met receptor on B cells is functional. The above findings clearly 
showw that B cells can express c-Met and, hence, might potentially be triggered via 
thee HGF/SF - c-Met pathway. To demonstrate that the c-Met receptor on B cells 
cann indeed be functionally activated by HGF/SF, we studied c-Met receptor 
phosphorylationn on tyrosine residues in response to HGF/SF. As is shown in Fig. 2, 
HGF/SFF stimulation of EB4B cells as well as of Nammet B cells resulted in an 
enhancedd tyrosine phosphorylation of c-Met. This indicates that the HGF/SF - c-
Mett pathway on B cells is capable of signaling. 

EB4BB Namme ' EB4B Nammet 

HGF/SF:: "~- T " " - T ^ T " " - + 1 Mw (kDa) 
_200 0 

pree c-Met .. 
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JÊÊÊk JÊÊÊk 

__ 11* 

anti-PYY anti-c-Met 

Figur ee 2. Tyrosine phosphorylation of c-Met on B cells in response to HGF/SF. c-Met on 
EB4BB and Namme' B cells becomes phosphorylated on tyrosine residues upon triggering with 
HGF/SF.. c-Met was precipitated with anti-c-Met antibodies and the Western blot was 
consecutivelyy stained with anti-phosphotyrosine- or with anti-c-Met antibodies. The c-Met 
precursorr (pre c-Met) and c-Met fi chain are indicated. 
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c-Metc-Met receptor expression on human tonsillar B cell subsets. To 
investigatee whether c-Met induction is a physiological phenomenon, that occurs 
alsoo during antigen-specific B cell differentiation in vivo, we assessed the 
expressionn of c-Met on human tonsillar B cell subsets using FACS triple staining. 
Thee subsets studied, recently defined by Pascual et a/. (13), were: the naive B cell 
subset,, IgD^CDSS" (Bml-2); two GC B cell subsets, IgD"CD38~CD77̂ centroblasts 
(Bm3),, and IgD"CD38+CD77" centrocytes (Bm4); and an IgDCD38 memory B 
celll  subset (Bm5). Fig. 3 shows that c-Met is expressed by CD38CD77-

centroblastss (Bm3) and by a part of the CD38+CD77" subset. This finding is 
supportedd by immunohistochemical studies on frozen sections of human tonsillar 
tissue:: as is shown in Fig. 4, c-Met is predominantly expressed by lymphocytes 
withinn the dark zone of the GC, which contains rapidly dividing centroblasts and 
loww numbers of FDC. These results mean that c-Met induction in vivo, occurs in 
GC-cellss at a pre-selection stage, i.e., cells that have recently been recruited by 
antigenn plus antigen-specific T lymphocytes in the T cell-rich extrafollicular 
microenvironment. . 

CD40CD40 ligation induces a transient expression of c-Met on tonsillar B 
cells.cells. Ligation of the B cell antigen receptor (BCR) and CD40 plays a key role in 
thee initiation of a T cell dependent B cell response and initiates the GC reaction (1, 
49-51).. In view of the expression of c-Met on centroblasts, i.e., on recent GC 
immigrants,, we hypothesized that these receptors might also regulate c-Met 
expression.expression. To address this hypothesis, the biological conditions for B cell 
activationn were mimicked in vitro. Tonsillar B cells were cultured on CD40 ligand 
(CD40L)) transfected L cells or, as a control, on wild-type L cells, in the presence 
orr absence of BCR stimuli (anti-Ig antibodies or Staphylococcus aureus Cowans 
strainn I [SAC]). As is shown in Fig. 5A, concurrent ligation of CD40 and the BCR 
inducedd a strong transient induction of c-Met in human tonsillar B cells, peaking at 
488 h. Single triggering of CD40 also strongly induced c-Met (Fig. 5C) but single 
ligationn of the BCR did not induce c-Met expression above control levels 
(untransfectedd L cells and medium alone) (Fig. 5B and D). In approximately half of 
thee experiments, concurrent CD40 and BCR stimulation resulted in a c-Met 
inductionn that was stronger than after CD40 ligation alone, suggesting synergy 
betweenn the CD40 and BCR pathways. Stimulation by various cytokines including 
IL-2,, IL-4, and IL-6 did not induce c-Met (data not shown). 

Thesee data clearly identify CD40-CD40L as a major pathway for induction 
off  c-Met in B cells. 

HGF/SFHGF/SF induces integrin-mediated adhesion of c-Met-positive B cells to 
VCAM-1VCAM-1 and fibronectin. Cell motility and morphogenesis, major functions of the 

59 9 



ChapterChapter 3 

Figur ee 3. Expression of c-Met on tonsillar B cell subsets. (A) Germinal center (CD38+) B 
cellss express the c-Met tyrosine kinase, while naive (lgD+CD38) and memory (lgD~CD38~) 
tonsillarr B cells are c-Met negative. Tonsillar B cells were triple-stained with anti-CD38, anti-
IgD,, and either anti-c-Met (solid line) or control antibodies (dotted line). (B) c-Met is 
expressedd on centroblasts (CD38+CD77+) and on a subset of CD38+CD77" GC cells. 
Tonsillarr B cells were triple stained with anti-CD38, anti-CD77, and either anti-c-Met (solid 
line)) or control antibodies (dotted line). 

c-Mett - HGF/SF pathway, are dependent on tightly controlled cell adhesion. This 
promptedd us to study whether the c-Met - HGF/SF pathway might regulate B cell 
adhesion.. Since c-Met-positive B cells represent a subset of tonsillar B cells that 
cannott be readily purified by negative selection procedures, we addressed this 
questionn by using Namalwa cells transfected with c-met cDNA (Nam'"?'). The 
expressionn of c-Met in this B cell lymphoma line and the wild-type control (Nam"') 
aree shown in Fig. IB. We observed that HGF/SF induces a strongly augmented 
adhesionn to both vascular cell adhesion molecule 1 (VCAM-1) and fibronectin of 
c-metc-met transfected Namalwa B cells (Nam"K') (Fig. 6A and B). This effect of 
HGF/SFF on B cell adhesion was dose dependent and was not observed upon 
stimulationn of wild-type Namalwa cells (Nam"'). An increased adhesion in 
responsee to HGF/SF to both VCAM-1 and fibronectin was also observed with the 
Burkitt'ss lymphoma cell lines Raji and EB4B (data not shown). 
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Figur ee 4. c-Met expression in the human tonsil. (A) Immunohistochemical double-staining 
forr c-Met (blue) and IgD (red). c-Met is expressed by GC cells and by vascular endothelium 
(arrows).. Prominant IgD expression is present on B cells of the mantle zones. (B) Serial 
sectionn of A, stained for c-Met (blue) and CD38 (red). There are virtually no single c-Met 
positivee (blue) lymphocytes. Part of the GC cell show double staining (pink) (most clearly 
visiblee in the GC at the lower-right of the picture). A and B are not counterstained. (C) 
Immunohistochemicall single-staining for DRC-1 (red) showing the FDC-network of the GC. 
Thee FDC poor area at the left handside represents the GC-darkzone (dz). (D) serial section 
off C, stained for c-Met (red). c-Met positive cells are predominantly present in the GC-
darkzone.. C and D are counterstained with hematoxylin (blue). 
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Figur ee 5. Induction of c-Met expression on tonsillar B cells by CD40 and BCR ligation. c-Met 
expressionn by tonsillar B cells cultured on (A) CD40L-transfected L cells plus anti-lg 
antibodies;; (S) wild-type L cells; (C) CD40L-transfected L cells; or (D) wild-type L cells plus 
anti-lgg antibodies. Western blots of the cell lysates were stained with anti-c-Met antibodies. 
Thee c-Met precursor (pre c-Met) and the c-Met fi chain (c-Met (ft)) are indicated. In the 
absencee of CD40 stimulation (S and D), no viable B cells were recovered at 96 and 192 h. 

Too identify the adhesion receptors on Nam"'" responsible for enhanced 
VCAM- ll  and fibronectin binding, antibody blocking experiments were performed. 
Nam""''' expresses a4Bl and a487, which both are receptors for VCAM-l and for 
ann alternatively spliced segment (CS-l) of fibronectin, but expresses no detectable 
levell  of the fibronectin receptor a5Bl (data not shown). We observed that adhesion 
too VCAM- l and fibronectin was completely blocked by mAbs against both the a4 
andd Bl integrin chain (Fig. 6C and D). Sincee c-Met stimulation by HGF/SF did not 
leadd to increased a4Bl expression (and also did not upregulate or induce a4B7 or 
a5Bl)) (data not shown), these results indicate that the c-Met - HGF/SF pathway 
enhancess B cell adhesiveness through activation of the oc4Bl integrin. 
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TonsillarTonsillar stromal cells produce high levels of HGF/SF. Alltogether, the above 
dataa strongly favor a functional role of the c-Met -HGF/SF pathway in B cell 
differentiation,, namely in the regulation of B cell adhesiveness. However, 
obviously,, an in vivo biological role in this process would require the availability of 
HGF/SFF within the lymphoid tissue microenvironment. Fhis prompted us to (a) 
assayy the production of HGF/SF by primary cultures of various tonsillar cell 
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Figur ee 6. The HGF/SF - c-Met pathway regulates 4(3.1 integrin-mediated adhesion to 
sVCAM-11 and fibronectin, (A) Effect of HGF/SF on the binding of c-Met transfected (Namme') 
andd control (Nam"') B cells to sVCAM-1. (8) Effect of HGF/SF on the binding of Namme' and 
Nam"44 B cells to fibronectin. (C) Effect of anti-13,1 (4B4), anti- 4 (HP2/1), and anti- 467 (Act-1) 
integrinn antibodies on the binding of Namme' B cells to sVCAM-1. (D) Effect of anti-B1 (4B4), 
anti-- 4 (HP2/1), and anti- 4B7 (Act-1) integrin antibodies on the binding of Namme' B cells to 
fibronectin.. Cells were pre-incubated with HGF/SF in the presence or absence of anti-
integrinn monoclonal antibodies. The results are expressed as relative (compared with the 
controll cells not incubated with HGF/SF) adhesion. Error bars represent the standard 
deviationn of triplicate wells. 
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Figur ee 7. Expression of HGF/SF protein and mRNA by tonsillar stromal cells and 
lymphocytes.. (A) HGF/SF secretion by cultured T cell, B cells, stromal cells, and FDC 
enrichedd tonsillar cells. ELISAs were performed to determine HGF/SF concentrations in the 
culturee media (lower limit of detection 400 pg/ml). T and B cells were stimulated as 
indicated.. (S) Expression of HGF/SF mRNA in T cells, B cells, tonsillar stromal cells, and, as 
aa positive control, in the lung fibroblast cell line MRC-5. The RT-PCR was performed on total 
RNA,, a plasmid containing full-length human HGF/SF cDNA (pHGF/SF), or on water. 
Primerss used were HGF/SF-specific or, as a control, B2-microglobulin specific. 

populations,, and (b) study the expression of HGF/SF mRNA within these cell 
populationss by RT-PCR. Determinations of HGF/SF production by ELISA 
demonstratee that high levels of HGF/SF are produced by primary cultures of 
tonsillarr stromal cells, including cultures of FDC-enriched tonsillar cell 
subtractionss (Fig. 1A). By contrast, tonsillar T- or B-lymphocytes, cultured in the 
presencee or absence of various mitogenic stimuli, did not produce detectable levels 
off  HGF/SF. Consistent with these results, in RT-PCR studies HGF/SF mRNA was 
exclusivelyy detectable in tonsillar stromal cells (Fig. IB). 

DISCUSSION N 

Thee products of proto-oncogenes are important regulatory molecules that exert a 
widee range of effects on basic cellular functions such as the control of cell growth 
andd differentiation. The c-met proto-oncogene product is a receptor tyrosine kinase 
(52,, 53) that binds HGF/SF, a mesenchymally derived cytokine with pleiotropic 
biologicall  effects on proliferation, cell motility and morphogenesis of epithelial, 
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endothelial,, and myogenic cells (31-36, 54). More recently, the c-Met - HGF/SF 
pathwayy has also been implicated in the proliferation and differentiation of early 
hematopoieticc progenitor cells (55-58) and in monocyte-macrophage 
differentiationn (59). Here, we demonstrate that the c-Met - HGF/SF pathway is also 
operativee during T cell dependent B cell differentiation, where it is involved in the 
controll  of lymphocyte integrin function on B cells, a process regulating adhesion 
andd homing of B cells within the lymphoid microenvironment. 

Wee observed that stimulation of tonsillar B cells with phorbol ester PMA 
leadss to a rapid c-Met induction (Fig. \A). Induction of c-Met expression upon 
proteinn kinase C (PKC) stimulation by phorbol ester has previously also been 
reportedd in epithelial cell lines (60). In addition, we observed constitutive 
expressionn of c-Met on several B cell lymphoma lines (Fig. \B). The c-Met 
receptorr on these B cell lines is signaling competent, as triggering by HGF/SF 
resultedd in enhanced tyrosine phosphorylation of c-Met (Fig. 2). These findings 
presentt the first direct evidence for expression of a functional c-Met receptor on B 
lymphocytes.. Indirect evidence for a role of c-Met in B cells has previously been 
providedd by Delaney et al. (61), who demonstrated that HGF/SF enhances 
immunoglobulinn production by murine B cells. However, as c-Met expression was 
nott studied and whole splenocyte cultures were used, indirect effects of HGF/SF 
weree not ruled out. For T cells, Shaw and colleagues reported that HGF/SF 
stimulatedd the adhesion and migration of the memory subset. However, these target 
cellss appeared not to express c-Met (62). 

Onee of the key findings of our study is that concurrent CD40 and BCR 
ligationn induces a strong transient expression of c-Met on B cells in vitro (Fig. 5). 
Presumably,, BCR and CD40 mediated signals are also instrumental in the 
physiologicall  induction of c-Met. This is suggested by the fact that c-Met is 
expressedd in vivo on a subset of tonsillar centroblasts (CD38XD77 ) (Figs. 3 and 
4).. Centroblasts are the offspring of B cells that have recently been activated at 
extrafollicularr sites by antigen plus accessory signals provided by antigen-specific 
TT cells (1). These signals critically involve CD40/CD40L interactions: patients 
withh x-linked hyper-IgM syndrome (due to mutated and consequently defective 
CD40L)) do not develop GC and blocking of the CD40/CD40L pathway in mice 
leadss to complete inhibition of GC reactions (49-51, 63, 64). Our results strongly 
suggestt that c-Met induction is directly linked to the initiation of the B cell immune 
response.. Indeed, we observed that dual ligation of CD40 and the BCR also 
inducess c-Met on naive (IgD+CD38~) B cells (our own unpublished observation). 

Ass both the migratory and morphogenic responses to HGF/SF are critically 
dependentt on cell adhesion, could regulation of the c-Met-HGF/SF pathway also 
havee a regulatory role in B cell adhesion? This idea is supported by the finding that 
HGF/SFF augments adhesion of c-Met transfected Namalwa B cells as well as the c-
Mett expressing B cell lines Raji and EB4B to VCAM-1 and fibronectin (Fig. 6 and 
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dataa not shown). This HGF/SF induced adhesion was mediated through activation 
off  the integrin a4Bl. Previous studies from our own and from other laboratories 
havee shown an important role for a4Bl in GC formation (27-29). In the GC, a4Bl 
mediatess B cell adhesion to VCAM-1 on FDC, an interaction that regulates the 
formationn of the microenvironment required for the affinity selection of GC B 
cells.. Apart from establishing physical contact between B cells and FDC, a4Bl 
presumablyy contributes directly to the B cell selection process itself, as signaling 
throughh the a4fil-VCAM-1 pathway costimulates rescue of GC B cells from 
apoptosiss (6, 29, 47). Furthermore, a4Bl also regulates cell adhesion to fibronectin 
(65),, an important substrate for cell migration. 

Thee above data strongly favor a functional role of the c-Met-HGF/SF 
pathwayy in B cell differentiation, namely in the regulation of B cell adhesiveness. 
Obviously,, however, an in vivo biological role in this process requires the 
availabilityy of HGF/SF within the lymphoid microenvironment. Interestingly, we 
indeedd observed production of high levels of HGF/SF as well as expression of 
HGF/SFF mRNA by tonsillar stromal cells. In contrast, tonsillar T- or B-
lymphocytess were HGF/SF negative (Fig. 7). 

Adhesionn regulation is believed to be fundamental to the control of cell 
migrationn and microenvironmental homing during lymphocyte differentiation. This 
migrationn and homing within tissues, like recruitment from the blood, presumably 
iss determined by an organized display of adhesive ligands and regulatory factors, 
specificc for a given microenvironment (23). Thusfar, most studies on the regulation 
off  integrin-mediated adhesion have focussed on cytokines of the chemokine family 
(66).. Chemokines, which bind to G protein linked 7-transmembrane serpentine 
receptorss (67, 68), have been shown to mediate chemotaxis and rapid functional 
activationn of leukocyte integrins on myeloid cells, macrophages, and lymphocytes 
(69-73).. HGF/SF belongs to the family of plasminogen-related growth factors (74), 
thatt also includes macrophage stimulating protein. These molecules, that are 
structurallyy unrelated to the chemokines, have the basic domain organization and 
mechanismm of activation of the blood proteinase plasminogen, i.e., they are 
characterizedd by the presence of a kringle domain(s), an activation domain, and a 
serinee proteinase domain. Our present data strongly support a physiological role of 
HGF/SFF in the regulation of B cell adhesiveness, microenvironmental homing and 
inn the morphogenesis of the GC. Local production of HGF/SF has been 
demonstratedd surrounding blood vessels in inflammation (75, 76), and in this paper 
wee demonstrate that HGF/SF is produced by FDC-enriched cell populations. In 
vieww of the pleiotropic effects of HGF/SF on other cell types, HGF/SF may have 
additional,, as yet unkown, roles in antigen-specific B cell differentiation. In 
particular,, cross-talk between integrins and c-Met-signaling pathways triggered by 
FDCC might contribute to B cell survival (6, 29, 47). Interestingly, like the 
chemokines,, HGF/SF has a high affinity for heparin, which is present on cell 

66 6 



TheThe c-Met pathway in B cell differentiation 

surfacess and in the ECM in the form of heparan sulphate proteoglycans. This 
heparann sulphate binding limits diffusion, thus allowing the development of 
chemotacticc gradients and the localization of proadhesive activity to the 
appropriatee lymphoid microenvironment (77). 
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SUMMAR Y Y 

CD444 has been implicated in tumor progression and metastasis, but the mecha-
nism )̂) involved are as yet poorly understood. Recent studies have shown that 
CD444 isoforms containing the alternatively spliced exon v3 carry heparan sulfate 
sidee chains and are able to bind heparin-binding growth factors. In the present 
study,, we have explored the possibility of a physical and functional interaction 
betweenn CD44 and hepatocyte growth factor/scatter factor (HGF/SF), the ligand of 
thee receptor tyrosine kinase c-Met. The HGF/SF-c-Met pathway mediates cell 
growthh and motility and has been implicated in tumor invasion and metastasis. We 
demonstratee that a CD44v3 splice variant efficiently binds HGF/SF via its heparan 
sulfate-sidee chain. To address the functional relevance of this interaction Namalwa 
Burkitt=ss lymphoma cells were stably co-transfected with c-Met and either 
CD44v33 or the isoform CD44s, which lacks heparan sulfate. We show that, as 
comparedd to CD44s, CD44v3 promotes: (i) HGF/SF-induced phosphorylation of c-
Met,, (ii) phosphorylation of several downstream proteins, and (iii ) activation of the 
MAPP kinases ERK1 and 2. By heparitinase treatment and the use of a mutant 
HGF/SFF with greatly decreased affinity for heparan sulfate, we show that the 
enhancementt of c-Met signal transduction induced by CD44v3 was critically 
dependentt on heparan sulfate moieties. Our results identify heparan sulfate-
modifiedd CD44 (CD44-HS) as a functional co-receptor for HGF/SF which 
promotess signaling through the receptor tyrosine kinase c-Met, presumably by 
concentratingg and presenting HGF/SF. As both CD44-HS and c-Met are over 
expressedd on several types of tumors, we propose that the observed functional 
collaborationn might be instrumental in promoting tumor growth and metastasis. 

INTRODUCTIO N N 

Thee CD44 family of cell surface glycoproteins is broadly expressed by cells of 
epithelial,, mesenchymal, and hematopoietic origin and is involved in cell-matrix 
adhesion,, hematopoiesis, and lymphocyte homing and activation (1). Furthermore, 
aa large body of experimental and clinical studies support a role for CD44 in tumor 
progressionn and metastasis (2-4). The CD44 gene consists of 19 exons (5). Due to 
alternativee splicing, which involves at least 10 exons encoding domains of the 
extracellularr portion of the CD44 molecule, a large number of CD44 isoforms is 
generatedd (6-10). Posttranslational modification generates further diversity, 
yieldingg both ArB and CMinked glycan forms of CD44 in addition to proteoglycan 
variantss containing chondroitin-, keratan-, or heparan sulfate (11-14). The 
expressionn pattern of these CD44 variants is tissue-specific. On lymphocytes the 
shortt 80-90 kDa standard form of CD44 (CD44s) is most abundant, while larger 

72 2 



CD44CD44 promotes c-Met activation 

variantss (CD44v) predominate on some normal and neoplastic epithelia and are 
alsoo found on activated lymphocytes and on malignant lymphomas (15-19). This 
selectivee expression suggests specific biological functions for the various splice 
variants,, but at present, these are poorly defined. Similarly, the mechanism(s) 
throughh which CD44 functions in tumorigenesis is not known. 

Ann obstacle towards understanding the functions of the CD44 family is the 
limitedd knowledge of its molecular partners. The cytoplasmic tail of the CD44 
moleculee has been shown to interact with the actin cytoskeleton via ankyrin and 
proteinss of the ERM-family, and is associated with Src-family tyrosine kinases (20-
23).. This suggests a role in signaling as well as in the regulation of cell shape and 
motility.. Although several potential CD44 ligands have been identified, the only 
interactionn of the extracellular domain of CD44 that has been extensively studied is 
thatt with hyaluronate. CD44s acts as a major receptor for this glycosaminoglycan 
whichh is highly abundant in mesenchymal tissues and is believed to play a role in 
celll  migration and differentiation (24, 25). 

AA novel and potentially highly significant function of CD44 is its ability to 
interactt with heparin-binding growth factors (26, 27). These growth factors bind to 
aa HS side chain attached to the evolutionary conserved consensus motif SGSG 
encodedd by exon v3 (13, 27). Heparan sulfate proteoglycans (HSPGs) are believed 
too play an important regulatory role in cell growth and motility by binding growth 
factorss and by presenting these factors to their high affinity receptors. This process 
hass been particularly well explored for the fibroblast growth factors 1 and 2 (FGF-
11 and 2). For these factors, binding to HSPGs has been shown to be required for 
theirr biological function, presumably by promoting FGF dimerization required for 
efficientt receptor cross-linking and activation (28-32). 

Inn the present study, we explored the physical and functional interaction 
betweenn heparan sulfate modified forms of CD44 (CD44-HS) and hepatocyte 
growthh factor/scatter factor (HGF/SF). HGF/SF is a heparin-binding growth factor 
(33)) that induces growth, motility, and morphogenesis of target epithelial and 
endotheliall  cells by binding to the receptor tyrosine kinase c-Met (34, 35). In 
addition,, recently HGF/SF was shown to be involved in hematopoiesis, and 
lymphocytee adhesion and migration (36-42). Apart from these physiological 
functions,, there is ample evidence for a key role of the HGF/SF - c-Met pathway in 
tumorr growth, invasion and metastasis. For example, HGF/SF induces epithelial 
cellss to invade collagen matrices in vitro, and NIH 3T3 cells co-transfeced with c-
metmet and HGF/SF acquire an invasive and metastatic phenotype (43-45). 
Furthermore,, in HGF/SF transgenic mice, tumors develop in many different tissues 
includingg mammary glands, skeletal muscles and melanocytes (46). In human 
cancer,, both HGF/SF and c-Met are often over expressed, and in hereditary renal 
cancerr germline mutations in the c-met gene have recently been reported (47-52). 
Here,, we show that CD44-HS strongly promotes signal transduction through the 
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HGF/SFF - c-Met pathway, which is demonstrated to occur in a heparan sulfate-
dependentt fashion. 

MATERIAL SS AND METHOD S 

Antibodies.Antibodies. Mouse monoclonal antibodies (mAbs) used were anti-pan CD44, NKI-
Pll  (IgGl) (53) and Hermes-3 (IgG2a) (54) (a gift from S. Jalkanen, University of 
Turku,, Turku, Finland); anti-HGF/SF, 24612.111 (IgGl) (R&D Systems, 
Abington,, United Kingdom); anti-heparan sulfate, 10E4 (IgM) (55); anti-
desaturatedd uronate from heparitinase treated heparan sulfate ('AHS stub"), 3G10 
(IgG2b)) (55); anti-phosphotyrosine, PY-20 (IgG2b) (Affiniti , Nottingham, UK); 
andd IgGl and IgM control antibodies (ICN, Zoetermeer, The Netherlands). 
Polyclonall  antibodies used were rabbit anti-c-Met, C-12 (IgG) (Santa Cruz 
Biotechnology,, Santa Cruz, CA); rabbit anti-phospho-p44/42 MAP kinase 
(Thr202/Tyr204)) (New England Biolabs, Beverly, MA); rabbit anti-ERKl (C-16) 
andd anti-ERK2 (C-14) (Santa Cruz Biotechnology); RPE-conjugated goat anti-
mousee (Southern Biotechnology, Birmingham, AL); FITC-conjugated rabbit anti-
mousee (DAKO, Glostrup, Denmark); HRP-conjugated rabbit anti-mouse (DAKO); 
andd HRP-conjugated goat anti-rabbit (DAKO). 

CellCell lines and transfectants. The Burkitt's lymphoma cell line Namalwa 
wass purchased from American Type Culture Collection (ATCC, Rockville, MD). 
Thee cells were cultured in RPMI 1640 (Life Technologies, Breda, The 
Netherlands)) supplemented with 10% Fetal Clone I serum (HyClone Laboratories, 
Logan,, UT), 10% FCS (Integro, Zaandam, The Netherlands), 2 mM L-glutamine, 
1000 IU/ml penicillin and 100 IU/ml streptomycin (all Life Technologies). 
Namalwaa cells transfected with CD44s (Nam-S), CD44v8-10 (Nam-V8) or 
CD44v3-100 (Nam-V3) were described previously (56). A second transfection of 
Namalwaa cells, expressing either CD44s (Nam-SM) or CD44v3-10 (Nam-V3M), 
withh c-Met was performed as described (41). 

PurificationPurification of wild type and mutant HGF/SF. The construction of 
pVL13933 vectors (Pharmingen, San Diego, CA) containing wild type or mutant 
HGF/SFF (HP1) cDNA was described elsewhere (57). 

HGF/SFF (wild type and HP1) was produced in a Baculovirus system as 
describedd previously (58). In brief, Sf 9 insect cells were transduced with an 
amplifiedd virus stock and after 3 days media were pooled and analysed for 
scatteringg activity in the MDCK dissociation assay (59). Then, HGF/SF was 
purifiedd with Ni-NTA-resin from the QIAexpress system (Qiagen, Hilden, 
Germany).. HGF/SF concentrations were measured by ELISA as described 
previouslyy (41). In addition, HGF/SF (wt and HP1) was analysed by Western 
blottingg using goat anti-HGF/SF. 
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EnzymeEnzyme treatments. For enzymatic cleavage of glycosaminoglycans, cells 
weree treated with either heparitinase (Flafobacterium heparinum, EC 4.2.2.8, ICN 
Biomedicals,, Aurora, OH) or chondroitinase ABC (Proteus vulgaris, EC 4.2.2.4, 
Boehringerr Mannheim, Almere, The Netherlands) in PBS at 37°C for the periods 
indicated.. Enzyme treatments were followed by FACS analysis or 
immunoprecipitation. . 

FACSFACS analysis. For FACS analysis cells were blocked with 10% pooled 
humann serum (CLB, Amsterdam, The Netherlands), 1% BSA (Fraction V) (Sigma, 
Bornem,, Belgium) in PBS at 4EC for 15 min and washed with FACS buffer (1% 
BSAA in PBS), respectively. Then, the cells were incubated with the primary 
antibodiess for 1 h, washed, and incubated with the secondary antibody for 30 min. 
Incubationss were in FACS buffer at 4EC, and cells were analyzed by using a 
FACScann (Becton Dickinson, Mountain View, CA). 

Forr binding of recombinant human HGF/SF (wild type or HP1) R & D 
Systemss or our own product), cells were incubated with this protein (18 nM or as 
indicated)) for 1 h, prior to the antibody incubations. This step was followed by 
washingg with FACS buffer. 

ImmunoprecipitationImmunoprecipitation and Western blot analysis. Immunoprecipitation 
wass performed as described (41). The only modifications were that, for 
precipitationn of CD44, cells were lysed in lysis buffer containing 50 mM Tris-HCl 
(pHH 8), 150 mM NaCl, 1% NP-40, 10 ug/ml aprotinin (Sigma), 10 ug/ml leupeptin 
(Sigma),, 1 mM sodium orthovandate (Sigma), 2 mM EDTA, and 5 mM NaF. For 
precipitationn of c-Met, cells were lysed in 10 mM Tris-HCl (pH 8), 150 mM NaCl, 
10%% glycerol, 1% NP-40, 10 ug/ml aprotinin (Sigma), 10 ug/ml leupeptin (Sigma), 
22 mM sodium orthovandate (Sigma), 5 mM EDTA, and 5 mM NaF. 

Westernn blotting of immunoprecipitates and total cell lysates was 
essentiallyy performed as described previously (23). A single modification was that, 
forr analysis of phosphorylated proteins, membranes were blocked and stained in 
2%% BSA, 20 mM Tris-HCl, 150 mM NaCl (pH 7.5), and 0.05% Tween-20 
(Sigma).. Films were scanned with an Eagle Eye II video system (Stratagene, La 
Jolla,, CA) and band intensities were determined with ONE-Dscan software 
(Stratagene).(Stratagene). c-Met phosphorylation was expressed as the ratio of phosphorylated 
c-Mett to c-Met precipitated. 

Forr analysis of phosphorylation of the ERKJ and 2 MAP kinases, after the 
indicatedd treatments, 5 x 10s cells were directly lysed in sample buffer and 
analysedd by 10% SDS-PAGE and blotted. Equal loading was confirmed by 
Ponceauu S staining of the blot. The part of the blot below 50 kD was stained with 
anti-phospho-MAPKK antiserum, the upper part with anti-phosphotyrosine PY-20. 
Primaryy antibodies were detected by HRP-conjugated goat anti-rabbit and HRP-
conjugatedd rabbit anti-mouse, respectively. Identification of the ERKs was 
confirmedd by staining with anti-ERKl or anti-ERK2. 
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RESULTS S 

BindingBinding of HGF/SF to CD44 isoforms. Binding of HGF/SF to different CD44 
isoformss was assessed by using a panel of Namalwa Burkitt's lymphoma cell lines 
stablyy transfected with cDNAs encoding either CD44s, CD44v8-10 or CD44v3-10 
(Fig.. \A) (56). Prior to transfection, the cells were negative for CD44 and c-Met 
expressionn at both the protein and mRNA level (data not shown). All transfectants 
usedd for HGF/SF binding studies expressed comparable levels of CD44 (Table I). 
HGF/SFF binding to the CD44 transfectants was measured by FACS analysis using 
ann anti-HGF/SF rriAb, an approach that avoids chemical modification of the ligand. 
Ass shown in Fig. \B, CD44 negative control cells as well as CD44s and CD44v8-
100 transfectants showed a low saturable binding of HGF/SF. In contrast, cells 
expressingg CD44v3-10 bound much larger quantities of HGF/SF. These results 
suggestt that CD44v3-10 contains (a) binding site(s) for HGF/SF. 

BindingBinding of HGF/SF to CD44 is heparan sulfate-dependent. We next 
conductedd a series of experiments aimed at determining the role of HS-side chains 
inn the binding of HGF/SF. First, the presence of total HS on the different 
transfectantss was assessed by FACS analysis using the HS-specific mAb 10E4 
(Fig.. 2A), and the mAb 3G10 (Fig. IB) which recognizes the AHS-stubs remaining 
onn HSPG core proteins after treatment with heparitinase (55). Both figures show 
thatt cells transfected with CD44v3-10 express approximately 20-fold higher levels 
off  HS compared to those transfected with other CD44 isoforms. Next, we 
investigatedd the presence of HS on CD44 itself. This was done by using mAb 
3G10.. With this mAb, a single major HS band was detected in Western blots of 
CD444 precipitates from the CD44v3-10 cells, but not from the other transfectants 
(Fig.. 2C). Staining the blot with an anti-pan CD44 mAb demonstrated that this 
bandd corresponded to CD44v3-10 (Fig. 2C). 

Tablee I. Surface expression of CD44 on Namalwa transfectants. 

CD444 isoform clone e MFI I %% positive cells 

none(Neo ) ) 

CD44s s 

CD44v8-1 0 0 

CD44v3-1 0 0 

A A 
A A 
B B 
A A 
B B 

A A 
B B 

4 4 
83 3 
96 6 
126 6 
142 2 

137 7 
82 2 

3 3 
94 4 
97 7 
84 4 
88 8 
88 8 
87 7 

meann fluorescence intensity after staining with the anti-pan CD44 mAb NKI-P1 

followedd by FITC-conjugated rabbit anti-mouse. 
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Figur ee 1. A, Schematic representation of the CD44 gene, and the CD44v3-10, CD44v8-10, 
andd CD44s cDNAs used for transfection. Solid boxes represent constant exons while open 
boxess represent alternative exons. Note that, due to a stop codon, the variable exon 1 (v1) 
iss not translated in the human. UT, untranslated region; EC, extracellular constant region; 
EV,, extracellular variable region; TM, transmembrane region; CT, cytoplasmic region. B, 
Bindingg of HGF/SF to CD44 Namalwa transfectants. Using a FACS flow cytometer, one 
clonee of mock transfected (Neo) Namalwa cells, and two independent clones of CD44s, 
CD44v8-100 or CD44v3-10-transfected Namalwa cells were analysed for their binding of 
HGF/SF.. Bound HGF/SF was detected with mouse anti-HGF/SF followed by RPE-
conjugatedd goat anti-mouse. 
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Figur ee 2. Presence of heparan sulfate on CD44 isoforms. A, Heparan sulfate expressed on 
representativee mock, CD44s, CD44v8-10, or CD44v3-10 Namalwa transfectants that were 
treatedd with either PBS (filled histogram), 25 mil/ml heparitinase (solid line), or 25 mil/ml 
chondroitinasee ABC (dotted line) at C for 3 h. Heparan sulfate was detected by FACS 
analysiss using the mAb 10E4, followed by RPE-conjugated goat anti-mouse. 6, A similar 
FACSS analysis as shown in A, but with the use of mAb 3G10 which recognizes AHS-stubs 
whichh remain on HSPG core proteins after treatment with heparitinase. C, Western blot of 
CD444 immunoprecipitates. CD44 was precipitated from CD44 Namalwa transfectants using 
thee anti-pan CD44 mAb Hermes-3. Precipitates were then treated with either PBS (-), 200 
mU/mll heparitinase (HT), or 1 U/ml chondroitinase ABC (CH) at C for 2 h. The Western 
blott was stained with the anti-pan CD44 mAb Hermes-3 (upper panel), stripped, and re-
stainedd with the mAb 3G10 (lower panel) which recognizes AHS-stubs after treatment of HS 
withh heparitinase. 
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Too assess the role of HS in the interaction between HGF/SF and CD44v3-
10,, we studied the effect of heparitinase treatment and performed binding studies 
withh HP1, a HGF/SF mutant which has a greatly decreased (more than 50-fold) 
affinityy for heparan sulfate and heparin (57). As shown in Fig. 3A, heparitinase 
treatmentt resulted in a near complete loss of HGF/SF binding, while treatment with 
chondroitinasee ABC had no effect. The essential role of HS-moieties on CD44v3-
100 in HGF/SF binding was further confirmed by the observation that HP1 did not 
bindd to CD44v3-10 (Fig. 2>B). These data demonstrate that CD44v3-10 is a heparan 
sulfatee modified CD44 isoform (CD44-HS), that binds HGF/SF via its HS side 
chain. . 

CD44-HSCD44-HS promotes c-Met activation. To explore the functional impact of 
HGF/SFF bound to CD44-HS on the c-Met signaling pathway, we generated double 
transfectantss expressing c-Met in combination with either CD44v3-10 or CD44s. 
Wee selected stable transfectants expressing equal amounts of c-Met to be used in 
thee subsequent studies (Fig. 4). Using these cell lines, we assessed in the first 
instancee HGF/SF induced c-Met phosphorylation. As shown in Fig. 5, triggering 
withh HGF/SF led to a vast and rapid increase in the phosphorylation of c-Met on 
tyrosinee residues in the cells expressing CD44v3-10. By contrast, phosphorylation 
off  c-Met was only weakly increased in the cells with CD44s (Fig. 5) and was 
absentt in the parental cell line (data not shown), confirming the lack of endogenous 
c-Mett in these cells. The dose-response studies demonstrated that CD44v3-10 
promotess c-Met phosphorylation over a broad dose range (Fig. 5A) with an 
approximatelyy 7-fold relative increase at plateau level. The time curve (Fig. 55) 
showedd that phosphorylation was maximal between 2 and 10 min after addition of 
thee growth factor and declined thereafter. Moreover, this strong enhancing effect of 
CD44v3-100 on c-Met phosphorylation was dependent on HS moieties since it was 
lostt upon heparitinase treatment (Fig. 6A). The importance of HS for HGF/SF 
signalingg was further strengthened by studies using the HGF/SF heparin-binding 
domainn mutant HP1. This mutant induced an equal (weak) phosphorylation of c-
Mett in both the CD44v3-10 and CD44s transfectants (Fig. 6B). Thus, these data 
suggestt that CD44v3-10 binds HGF/SF via its HS side chains and then presents it 
too the high affinity receptor c-Met. 

CD44-HSCD44-HS promotes downstream signaling through c-Met in a heparan 
sulfate-dependentsulfate-dependent fashion. The pivotal role of CD44-HS in promoting the action 
off  HGF/SF was further supported by analysing the cell lysates of HGF/SF-
stimulatedd cells for tyrosine phosphorylated proteins. We observed tyrosine 
phosphorylationn of several substrates, the two most prominent phosphoproteins of 
unknownn identity are found at 115-125 kD. A minor phosphoprotein is found at 
1455 kDa which likely represents c-Met (Fig. 6C). In addition, several smaller 
phosphoproteinss of unknown origin were observed (not shown) including a 42 kD 
phosphoproteinn which may represent the p42 ERK2 MAP kinase. 
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Figur ee 3. The role of heparan sulfate in the binding of HGF/SF to CD44 Namalwa 
transfectants.. A, FACS analysis to detect HGF/SF bound to CD44 Namalwa transfectants 
thatt were treated with either PBS, 10 mU/ml heparitinase, or 50 mU/ml chondroitinase ABC 
att C for 2 h prior to incubation with 18 nM HGF/SF at C for 1 h. B, FACS analysis of 
wildd type or mutated (HP1) HGF/SF bound to CD44 Namalwa transfectants. HGF/SFs were 
detectedd with mouse anti-HGF/SF followed by RPE-conjugated goat anti-mouse. Results 
aree expressed as relative mean fluorescence intensity (MFI) (as compared with PBS treated 
mockk transfectants). Error bars represent the standard deviation from three independent 
experiments. . 

A431 1 
CD44ss CD44v3-10 

c-Met t c-Met t 

pree c-Met. 

c-Mett (P). 
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—200 0 

—— 118 

Figur ee 4. Expression of c-Met in CD44 or CD44/c-Met Namalwa transfectants. CD44s and 

CD44v3-100 Namalwa transfectants with or without c-Met were lysed and analysed for the 

expressionn of c-Met by Western blotting. The Western blot was stained with rabbit anti-c-Met 

followedd by HRP-conjugated goat anti-rabbit. The epidermoid carcinoma cell line A431 was 

usedd as a positive control. The c-Met precursor (pre c-Met) and p-chain (c-Met (|3)) are 

indicated. . 
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Figur ee 5. CD44v3-10 strongly promotes c-Met activation. A, Dose-kinetics of the tyrosine 
phosphorylationn of c-Met in CD44v3-10/c-Met and CD44s/c-Met double transfectants. 
Transfectantss were stimulated with increasing concentrations HGF/SF for 10 min at . c-
Mett was immunoprecipitated with rabbit anti-c-Met and the Western blot was stained with 
thee anti-phosphotyrosine mAb PY-20 followed by HRP-conjugated rabbit anti-mouse (upper 
panel).. Then, the blot was stripped and re-stained with rabbit anti-c-Met followed by HRP-
conjugatedd goat anti-rabbit (lower panel). The ratios of tyrosine-phosphorylated c-Met to 
precipitatedd c-Met, as determined by densitometric scanning of the blots, are shown in a 
diagram.. 6, Time-kinetics of the tyrosine phosphorylation of c-Met in CD44v3-10/c-Met and 
CD44s/c-Mett double transfectants that were stimulated with 2.2 nM HGF/SF for increasing 
periodss at . c-Met was precipitated and analysed as in (A). The ratios of tyrosine-
phosphorylatedd c-Met to precipitated c-Met, as determined by densitometric scanning of the 
blots,, are shown in a diagram. The c-Met precursor (pre c-Met) and p-chain (c-Met (p)) are 
indicated.. Several independent clones were tested and gave comparable results. 
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Figur ee 6. HGF/SF binding to heparan sulfate moieties on CD44v3-10 potentiates signal 
transductionn through c-Met. A, CD44v3-10/c-Met (v3) and CD44s/c-Met (s) double 
transfectantss were treated with 10 mU/ml heparitinase at C for 3.5 h, and subsequently 
incubatedd in the presence or absence of 2.2 nM HGF/SF. Then, c-Met was precipitated with 
rabbitt anti-c-Met and the Western blot was stained with anti-phosphotyrosine (PY-20) 
followedd by HRP-conjugated rabbit anti-mouse (upper panel). Next, the blot was stripped 
andd stained with rabbit anti-c-Met followed by HRP-conjugated goat anti-rabbit (lower panel). 
Thee c-Met precursor (pre c-Met) and p-chain (c-Met ((3)) are indicated. S, CD44v3-10 does 
nott promote c-Met phosphorylation by a HGF/SF heparin-binding domain mutant. CD44s/c-
Mett (s) and CD44v3-107c-Met (v3) double transfectants were incubated in the presence or 
absencee 2.2 nM wild type HGF/SF or with the heparin-binding domain mutant HGF/SF 
(HP1)) for 10 min at . Then, c-Met was precipitated with rabbit anti-c-Met and the 
Westernn blot was stained with anti-phosphotyrosine (PY-20) followed by HRP-conjugated 
rabbitt anti-mouse (upper panel). Next, the blot was stripped and re-stained with rabbit anti-c-
Mett followed by HRP-conjugated goat anti-rabbit (lower panel). C, Western blot from total 
celll lysates from equal numbers of the cells described in (A). The upper part of the blot was 
stainedd with the anti-phosphotyrosine mAb PY-20, followed by HRP-conjugated rabbit anti-
mouse.. The lower part of the same blot was stained with anti-phospho-MAPK antibody, 
followedd by HRP-conjugated goat anti-rabbit. The arrows indicate a phosphorylated protein 
att 145 kDa and two major phosphoproteins at 115-125 kD (upper panel), and the 
phosphorylatedd ERK1 and ERK2 MAP kinases (lower panel). Several independent clones 
weree tested and gave comparable results. 
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Inn order to establish whether signal transduction by c-Met is potentiated by 
thee HS moieties on CD44v3-10, we further investigated the activation of 
downstreamm targets of c-Met signaling. Since HGF/SF has been shown to activate 
thee ERK MAP kinases in MDCK, HT29 and A549 cells (60-64), we assessed 
whetherr HGF/SF is also able to induce MAP kinase activation in Namalwa B cells. 
Forr this purpose we used an antibody recognizing only the active, phosphorylated, 
formm of the ERK 1 and 2 (p44 and p42) MAP kinases. As shown in Fig. 6C, 
HGF/SFF treatment results in phosphorylation of the MAP kinases ERK1 and 2 in 
Namalwaa transfectants expressing c-Met. The phosphorylation of the ERK2 MAP 
kinasee upon HGF stimulation of the cells was also confirmed by MAP kinase gel-
shiftt analysis l. We observed stronger phosphorylation of ERK1 and 2 in the 
CD44v3-100 expressing cells as compared to the CD44s expressing cells (Fig. 6C, 
bottomm panel). Moreover, heparitinase treatment resulted in a decrease of HGF/SF-
inducedd ERK phosphorylation in the CD44v3-10 cells, resulting in a level of ERK 
phosphorylationphosphorylation that is similar to the level of HGF/SF-induced ERK 
phosphorylationphosphorylation in CD44s transfectants. HGF/SF-induced phosphorylation of the 
ERKss in CD44s transfectants remained unaffected by heparitinase treatment. 
Takenn together, our data demonstrate that signal transduction elicited by HGF/SF-
inducedd c-Met activation is strongly promoted by CD44-HS, and depends on the 
presencepresence of the HS moiety on CD44-HS. 

DISCUSSION N 

Wee observed that cells transfected with CD44v3-10 efficiently bind HGF/SF (Fig. 
1)) and that this CD44 isoform is decorated with HS moieties (Fig. 2). By contrast, 
transfectantss that express CD44s or CD44v8-10, CD44 isoforms which are not 
modifiedd with HS (Fig. 2), were not able to bind HGF/SF above background 
(parental)) levels (Fig. 1). This selective HS-modification of CD44v3-10 is in line 
withh the recent study by Jackson et al. (13) which demonstrated that HS side chains 
bindd to CD44 at the SGSG motif encoded by exon v3. Indeed, we demonstrated 
thatt the interaction of HGF/SF with CD44v3-10 is HS-dependent. Binding was 
completelyy abrogated by heparitinase treatment, and HP1, a HGF/SF mutant with 
greatlyy decreased affinity for heparan sulfate and heparin (57), failed to bind 
CD44v3-100 (Fig. 3). Interestingly, it has been demonstrated that specific chemical 
modificationss of HS side chains on proteoglycans appear to regulate their affinity 
forr selected heparin-binding growth factors, including HGF/SF and FGF-2, and 
hencee determine growth factor binding specificity (65-69). This suggests that the 
HSS moiety covalently attached to CD44v3-10 contains specific binding sites for 
HGF/SF. . 
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Thee key finding of our study is that CD44-HS has a major functional effect 
onn HGF/SF-induced signal transduction. Expression of CD44-HS at the cell 
surfacee led to a vast increase in HGF/SF induced phosphorylation of c-Met on 
tyrosinee residues (Fig. 5). Furthermore, it resulted in a strong tyrosine 
phosphorylationn of two as yet unidentified 1 15-125 kDa proteins that were hardly 
phosphorylatedd in the absence of CD44-HS (Fig. 6C). One of these proteins might 
representt pllO/115-Grb2 associated binder (Gab)-l, an adaptor protein that has 
recentlyy been found to associate with the multifunctional docking site of c-Met 
(70).. Alternatively, the observed bands might be pl20-Cbl and/or pl25-FAK. Both 
proteinn tyrosine kinases participate in signal transduction via receptor protein 
tyrosinee kinases and integrins (71, 72). This is particular interesting given our 
previouss results that HGF/SF-stimulation of Namalwa Burkitt=s lymphoma cells 

^"HGF/SFF -w 

c-Mett V. 

Figur ee 7. Model for the presentation of HGF/SF to c-Met. A, HGF/SF molecules, which are 
largelyy monomers, only weakly activate the c-Met pathway in (tumor) cells that lack cell 
surfacee expression of CD44-HS. 6, By upregulating CD44-HS, (tumor) cells acquire a 
greatlyy increased sensitivity to HGF/SF, which might result in a growth and 
motogenic/metastaticc advantage. Presumably, CD44 acts by concentrating HGF/SF at the 
celll surface and by presenting HGF/SF to c-Met. This presentation may involve ligand 
multimerizationn by HS side chains, resulting in increased c-Met dimerization. Alternatively, 
HGF/SFF - CD44-HS interaction might lead to a conformational changes of the c-Met 
receptorr promoting signal transduction. 
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resultss in enhanced integrin a4pi-mediated adhesion (41) and the recent 
observationn that Cbl is involved in integrin activation and spreading of 
macrophagess (73). Furthermore, Cbl was recently reported to be required for 
efficientt cellular transformation through the Tpr-Met oncoprotein (74). In addition 
too the 120-125 kDa proteins, we demonstrated for the first time that HGF/SF 
inducess phosphorylation of the MAP kinases ERK1 and 2 in B cells (Fig. 6C). 
Evenn more intriguing was the observation that CD44-HS promoted the HGF/SF-
inducedd phosphorylation of ERK1 and 2. ERK1 and 2 are intermediates in 
signalingg pathways linking extracellular signals to gene transcription in the nucleus 
andd have been implicated in a wide variety of biological responses including cell 
proliferation.. Interestingly, several recent studies have implicated the ERKs in 
integrinn activation (75) as well as in HGF/SF-induced motility (i.e. scattering), and 
tubulogenesiss of the epithelial Madin-Darby canine kidney cell line (60, 62, 63). 
Becausee of our previous data concerning the involvement of HGF/SF in integrin-
mediatedd adhesion of B cells (41), we are currently investigating the possible role 
off  the ERKs in B cell adhesion and migration. 

Wee demonstrated that the enhancing effects of CD44-HS on signal 
transductionn via c-Met were critically dependent on the interaction of HGF/SF with 
thee HS moieties on CD44-HS, as they were not observed after heparitinase 
treatment,, or when the cells were triggered with the heparin-binding domain 
HGF/SFF mutant HP1 (Fig. 6). Importantly, the specific effects of the heparitinase 
treatmentt and the mutations in HP1 on HGF/SF-induced signal transduction in the 
CD44v3-100 expressing cells as compared to the CD44s cells demonstrates that the 
differencee in HGF/SF-elicited responses in these cells is not due to any possible 
clonall  variation in these stable cell lines. We speculate that CD44-HS promotes the 
actionn of HGF/SF through concentration of HGF/SF on the cell surface and by 
presentingg it to the high affinity receptor c-Met (Fig. 7). Similar mechanisms were 
proposedd for the role of high and low affinity receptors in FGF functioning (32, 76, 
77).. In addition, CD44-HS might also protect HGF/SF from proteolytic 
degradationn as endothelial cell-derived HS was shown to do for FGF-2 (78). 

Itt should be noted, that, apart from growth factor presentation, CD44 may 
havee additional functions in HGF/SF - c-Met mediated signaling. For example, 
CD444 might recruit molecular partners into a multi-molecular complex with c-Mct. 
Thiss possibility is suggested by the fact that two recently identified cytoplasmic 
moleculess associated with CD44 have also been implicated in c-Met signaling. 
First,, studies by Ponzetto et al. (64) have shown that c-Met is a substrate for Src-
familyy tyrosine kinases, while our own studies have revealed a physical and 
functionall  association between CD44 and Src-family member p56lck(23). Second, 
studiess by Jiang et al. (79) and Crepaldi et al. (80) have demonstrated that HGF/SF 
stimulatess the tyrosine phosphorylation of the ERM-protein ezrin. As reported by 
Tsukitaa et al. (22), ERM-proteins serve as molecular linkers between CD44 at the 
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celll  surface and the actin cytoskeleton. This interaction is believed to be involved 
inn the regulation of cell shape and motility. 

Wee propose that collaboration between CD44-HS and growth factor 
receptors,, viz. c-Met, as shown in our present study, might be an important factor in 
tumorr growth and metastasis: By over expressing CD44-HS, tumor cells would 
acquiree a strongly increased sensitivity to HGF/SF mediated growth signals, 
leadingg to a growth advantage and promoting metastasis (Fig. 7). This hypothesis is 
supportedd by the fact that c-Met and HGF/SF are (over)expressed in conjunction 
withh CD44 in several types of tumors. In colorectal cancer, for example, c-Met is 
frequentlyy over expressed (48, 49, 81), while HGF/SF is expressed within the 
tumorr tissue microenviroment 2. Interestingly, in these tumors CD44 splice 
variants,, including variants decorated with HS, are often over expressed and 
predictt metastatic spread and tumor related death (82, 83). A similar scenario may 
holdd for breast cancer and non-Hodgkin=s lymphoma, as in these tumor types over 
expressionn of CD44v3 as well as c-Met has also been reported (19, 42, 51, 84). 

Inn conclusion, we demonstrated that through binding and presenting 
HGF/SF,, CD44-HS promotes signal transduction via the receptor tyrosine kinase c-
Met.. Consequently, over expression of CD44-HS might give tumor cells a growth 
andd metastatic advantage and, in this way, might influence disease outcome. 
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INTRODUCTIO N N 

Activationn of naive B cells in the T cell areas of the secondary lymphoid tissues 
initiatess T cell dependent humoral immune responses. As a consequence of this 
primaryy B cell activation, germinal center (GC) cell precursors migrate into B cell 
follicless where they engage T cells and follicular dendritic cells (FDC), and 
differentiatee into plasma cells or memory B cells. Both the homing of B cells to the 
GCC and their interaction with FDC critically depend on integrin-mediated 
adhesion.. We have recently identified the growth and motility factor, hepatocyte 
growthh factor/scatter factor (HGF/SF) and its receptor, the c-w^r-encoded receptor 
tyrosinee kinase, as a novel paracrine signaling pathway regulating B cell adhesion 
withinn the GC microenviroment (22). The c-Met protein is expressed on B cells 
andd localized in the dark zone of the GC (centroblasts) and is induced by combined 
CD400 and B-cell receptor ligation. Stimulation of c-Met with HGF/SF, which is 
producedd at high levels by tonsillar stromal cells and FDC, leads to enhanced 
integrin-mediatedd adhesion of B cells to fibronectin and VCAM-1 (22). 

Thee HGF/SF-c-Met pathway has been shown to regulate growth, motility, 
andd morphogenesis of epithelial, endothelial, and myogenic cells, which requires 
tightlyy controlled adhesion. Furthermore, this pathway mediates tumor invasion 
andd metastasis, a process reminiscent of lymphocyte migration (2, 24). HGF/SF is 
aa disulfide-linked heterodimer protein composed of a 69-kDa a-chain and a 34-
kDaa P-chain that is secreted mainly by mesenchymally derived cells (2). All known 
biologicall  effects of HGF/SF are mediated via c-Met. Upon ligand binding, c-Met 
interactss with different cytoplasmic target proteins resulting in activation of several 
signalingg proteins including Ras and PI3-kinase (2, 14). In addition to binding c-
Met,, HGF/SF has a high affinity for heparin, which is present on the cell surface 
andd in the ECM in the form of heparan sulphate proteoglycans (HSPG) (2). 

Recentt studies indicate that the ability of heparin-binding growth factors to 
bindd to HSPG can add an extra regulatory level to their biological functions in vivo 
(16,, 17, 4, 19). HSPG-binding limits cytokine diffusion, thus allowing the 
developmentt of chemotactic gradients and the localization of biological activity to 
thee appropriate microenvironment. Furthermore, HSPG can present growth factors, 
e.g.. fibroblast growth factor-2 (FGF-2), to their high-affinity receptors (1, 16, 17). 
CD444 is a multifunctional cell-surface glycoprotein that plays a role in binding to 
thee extracellular matrix, lymphocyte activation and homing, and tumor progression 
andd metastasis (10-13). The gene encoding the human CD44 protein can be 
alternativelyy spliced (1, 9, 11). On lymphocytes the short standard form of CD44 
(CD44s)) predominates, whereas the larger variants are expressed on normal and 
neoplasticc epithelia and on activated lymphocytes and malignant lymphomas (11-
13).. The principal ligand for CD44 is hyaluronic acid (HA), a major 
glycosaminoglycann component of the extracellular matrix (11, 12, 21). 
Interestingly,, some of the large CD44 variants are cell surface proteoglycans as 
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theyy carry heparan sulfate (HS) attached to a conserved amino acid motif SGSG 
encodedd by exon v3 (9). 

Heree we describe and discuss evidence showing that a HSPG form of 
CD444 on the B-cell surface binds HGF/SF and strongly promotes c-Met signaling 
inn an HS-dependent fashion. Furthermore, we show that binding of the standard 
isoformm of CD44 to HA or anti-CD44 antibodies also promotes signaling through 
c-Met.. These data suggest that distinct routes, i.e. both extracellular and 
cytoplasmic,, account for the promotion of c-Met signaling by different isoforms of 
CD44.. Based on these observations we propose a model to explain the role of 
CD444 in signaling through c-Met in B cells. 

RESULTSS AND DISCUSSION 

HeparanHeparan sulfate proteoglycan isoform of CD44 binds HGF/SF and promotes c-
MetMet signaling. To study the ability of proteoglycans forms of CD44 to binds 
HGF/SF,, we stably transfected the Burkitt's lymphoma cell line Namalwa with 
cDNAss encoding either CD44s or CD44v3-10. CD44v3-10 is post-translationally 
modifiedd by the attachment of an HS chain, whereas the CD44s is not (23). The 
bindingg of HGF/SF to these transfectants was measured by FACS using an anti-
HGF/SFF antibody. The transfectants which express the HSPG CD44v3-10 bound 
HGF/SF,, whereas the CD44 negative cells and the CD44s transfectant showed 
weakk HGF/SF binding (Fig. 1). The binding of HGF/SF to the cells expressing the 
CD44v3-100 is HS-dependent, as the binding of HGF/SF to these cells was 
completelyy abolished after treatment of the cells with heparitinase, an enzyme 
whichh removes the HS side-chain (Fig. 1). Furthermore, an HGF/SF mutant HP1, 
whichh lacks the ability to bind HS (7). could not bind CD44v3-10 (23). These 
resultss demonstrate the presence of binding sites for HGF/SF on the HS chain 
attachedd to CD44v3-10. 

Too assess the possible impact of HGF/SF binding to HS-modified CD44 on 
activationn and signaling through c-Met, we generated double transfectants co-
expressingg c-Met with either CD44v3-10 or CD44s. using these cell lines we 
measuredd HGF/SF-induced tyrosine phosphorylation of c-Met and other 
cytoplasmicc proteins. In the cells co-expressing CD44v3-10 and c-Met a higher 
increasee in the level of tyrosine phosphorylation of c-Met upon addition of HGF/SF 
iss detected as compared to the cells co-expressing CD44s and c-Met (Fig. 2). 
Moreover,, in the cells co-expressing CD44v3-10 and c-Met, other cytoplasmic 
proteinss were hyperphosphorylated as well, including two major tyrosine 
phosphorylatedd proteins with molecular weight of about 115-120 kD (Fig. 2). Two 
proteinss of similar molecular weight have been implicated in c-Met signaling. 
P120-Cbl,, which is highly expressed in B cells, is tyrosine phosphorylated in cells 
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HGF/SFF bound 
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Figur ee 1. The HSPG isoform CD44v3-10 binds HGF/SF in an HS-dependent fashion. 
Namalwaa cells, mock-transfected or stably transfected with either CD44s or CD44v3-10 as 
indicated,, were incubated with (open profile) or without (filled profile) heparitinase (10 U/ml) 
forr 3hrs and incubated with HGF/SF (18 nM) for the last 1 hr. Binding of HGF/SF was 
determinedd by FACS analysis using anti-HGF/SF. 

CD44: : 
HGF/SF: : 

heparitinase: : 

c-Mett » 

pl20 0 

p ii 15 "

ERKll „ . 
ERK22 " 
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IB:anti-P-ERK1/2 2 

Figur ee 2. The HSPG isoform CD44v3-10 promotes c-Met signaling in an HS-dependent 
fashion.. Namalwa cells co-expressing c-Met and either CD44s or CD44v3-10 were treated 
forr 3 hrs with 10 U/ml heparitinase and incubated with HGF/SF (1 nM), as indicated. 
Subsequently,, cells were eithe r directly lysed in sample buffer or cell lysates were 
immunoprecipitatedd with anti-c-Met antibody, and immuoblotted using anti-phosphtyrosine 
antibodyy or anti-phospho-MAPK antiserum, as indicated. 
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expressingg Tpr-Met (6) and is involved in cell adhesion and migration (26). 
Furthermore,, pi 15 Grb-2 associated binder (Gab)-l, which was shown to be 
involvedd in c-Met-induced mophogenesis (25) as well as B cell receptor signaling 
(8).. We are currently investigating the identity of the pi 15 and pi20 
phosphoproteinss in order to study their possible involvement in the c-Met signaling 
pathwayss regulating B cell adhesion and migration. Finally, we also observed 
phosphorylationphosphorylation of the ERK1/2 MAP kinases upon HGF/SF treatment. Again, the 
phosphorylationphosphorylation or ERK1/2 was stronger in the cells expressing CD44v3-10 as 
comparedd to the CD44s expressing cells (Fig.2). 

Usingg the HGF/SF mutant HP1 (23) and by hepartinase treatment, we 
providedd additional evidence that the striking difference between CD44v3-10 and 
CD44ss in the promotion of c-Met signal transduction is due to the ability of 
CD44v3-100 to bind HGF/SF by means of its HS moiety. As shown in figure 2, 
hepartinasee treatment strongly reduces the HGF/SF-induced phosphorylation of c-
Mett on the CD44v3-10 expressing cells. A similar effect of hepartinase treatment 
wass observed with respect to the phosphorylation of pi 15, pi20 and the ERK1/2 
MAPP kinases (Fig. 2). Taken together, these data clearly demonstrate that the 
HSPGG form of CD44 promotes c-Met activation and downstream signal 
transductionn in an HS-dependent fashion. 
CD44-mediatedCD44-mediated adhesion promotes c-Met signaling. Binding of CD44 to HA, the 
principall  ligand of CD44 and a major component of the extracellular matrix, has 
beenn implicated in cell growth and migration, and has been reported to transduce 
signalss to the intracellular compatment leading to activation of different biological 
processess including cell growth and migration (3, 12, 13, 15). Since cells in vivo 
wil ll  have to deal with more than one ligand at the same time, we assessed how the 
signallingg through c-Met may be affected by CD44-mediated adhesion to HA. For 
thesee experiments we used Namalwa cells co-transfected with c-Met and CD44s. 
Whenn these cells were allowed to adhere to a surface coated with HA. and 
incubatedd with HGF/SF, a potentiation in the level of tyrosine phosphorylation of 
c-Mett was detected (Fig. 3). We would like to stress that since the potentiating 
effectt of HA is observed with CD44s, the non-HGF/SF-binding isoform, this effect 
cannott be due to cross-linking or HGF/SF-induced colocalization of c-Met with 
CD44s.. Subsequently, using anti-CD44 antibodies, we investigated whether cross-
linkingg and/or adhesion of CD44 as such, i.e. independent of HA, is sufficient for 
potentiationn of HGF/SF-induced c-Met signaling. Indeed, as shown in figure 3, a 
similarr potentiating effect on c-Met signaling can be induced by cross-linking 
and/orr adhesion of CD44 by means of the anti-CD44 antibody Hermes-3 in an HA-
independentt fashion. These results suggest that the cytoplasmic domain of CD44 
mayy be involved in an outside-in signaling mechanism by which CD44-mediated 
adhesionn can promote signaling through c-Met. 
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Figur ee 3. The CD44s isoform promote c-Met signaling in an adhesion-dependent fashion. 
Namalwaa cells co-expressing c-Met and CD44s were allowed to adhere for 10 min, either in 
thee presence or absence of HGF/SF (1 nM) to a surface which before being blocked with 1% 
BSA,, had been coated with either 50 ug/ml hyaluronic acid {HA), 10 ug/ml Hermes-3 (H3) or 
nothing,, as indicated. After cell lysis, c-Met was immunoprecipitated with anti-c-Met antibody 
andd immunoblotted with anti-phosphotrosine antibody. 
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Figur ee 4. Different isoforms of CD44 can promote c-Met signaling by distinct mechanisms. 
CD44v3-100 promotes c-Met signaling by heparan sulfate-mediated presentation of HGF/SF 
too c-Met, whereas CD44 can also promote c-Met signaling as a consequence of adhesion to 
HA.. See text for further details. 
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FunctionalFunctional cross-talk between CD44 and c-Met: a Model. In summary, 
ourr results show that an HSPG form of CD44 can act as a low affinity receptor for 
HGF/SFF and can promote signaling through c-Met in an HS-dependent fashion. 
Furthermore,, binding of the standard form of CD44 to HA can also promote c-Met 
activationn by HGF/SF. We propose the following model to explain the possible 
rolee for CD44 in the signaling through c-Met (Fig. 4). 

Thee promotion of HGF/SF-induced c-Met signaling in cells expressing the 
HSPGG form of CD44 may be due to an increased effective concentration of 
HGF/SFF on the plasma membrane, thereby increasing the binding of HGF/SF to c-
Met.. Similar mechanisms were proposed for signaling through FGF-receptor (16, 
17).. In addition, the binding of several HGF/SF molecules to HSPG form of CD44 
mayy promote di-/oligomerization of c-Met, leading to enhanced receptor activation. 
Furthermore,, the potentiation of c-Met activation may be partially explained by 
HGF/SF-mediatedd co-localization of HS-modified CD44 and c-Met, which may 
bringg relevant intracellular signaling molecules in the proximity of each other. The 
resultss showing that binding to HA (or anti-CD44 antibody) of the CD44s isoform, 
whichh is unable to bind HGF/SF, promotes HGF/SF-induced c-Met activation, 
providee further support for the existence of intracellular cross-talk between CD44 
andd c-Met. This intracelluar cross-talk may be the consequence of outside-in 
signalingg by CD44 due to either ligand binding, cross-linking or substrate 
adhesion.. Indeed, the intracellular domain of CD44 may affect signaling through c-
Met,, as we have previously shown that CD44 physically and functionally interacts 
withh the Src-family protein tyrosine kinase Lck in T lymphocytes (18), and it has 
beenn shown that Src kinases are involved in c-Met signaling (14). Besides the Src 
familyy tyrosine kinases, also ERM family members (e.g. ezrin) may be involved in 
intracellularr cross-talk between CD44 and c-Met. Ezrin binds directly to the 
cytoplasmicc domain of CD44 and to the actin cytoskeleton (3, 20). Furthermore, 
ezrinn is a substrate for c-Met shown to be involved in HGF/SF-induced cell 
migrationn (5). Since the interaction of ezrin with the cytoskeleton and plasma 
membranee receptors is crucial for induction of cell migration (5), it is tempting to 
speculatee that tyrosine phosphorylation of ezrin by c-Met may increase its binding 
too the cytoskeleton and CD44, thereby regulating cell adhesion and migration. In 
conclusion,, we have obtained evidence that HSPG isoforms of CD44 can promote 
c-Mett signaling in an HGF/SF-dependent manner by an extracellualr mechanism, 
whereass the standard isoform of CD44 are able to promote c-Met in an adhesion-
dependentt manner by an intracellular mechanism. Thus, by mean of distinct 
mechanismsmechanisms different isoforms of CD44 are able to promote signaling by c-Met, 
therebyy regulating B cell adhesion and migration. 

Currently,, we are further unravelling the possible mechanisms of 
extracellularr and intracellular cross-talk between CD44 and c-Met, as well as the 
signalingg pathways involved in the regulation of B cell adhesion and migration. 
Obviously,, the proposed model brings enormous flexibilit y and power to the 
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mechanismm of modulation of receptor tyrosine kinase signaling by HSPG and 
therebyy to the regulation of processes like lymphocyte homing and the immune 
response,, as well as tumor progression and metastasis. 
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SUMMAR Y Y 

Thee hepatocyte growth factor (HGF) receptor tyrosine kinase, Met, controls 
complexx biological responses in target cells including growth, motility, and 
morphogenesis.. Uncontrolled Met signaling, e.g. by mutation or an autocrine 
HGF/Mett loop, is oncogenic and promotes tumor invasion and metastasis. Here, 
wee demonstrate that HGF induces strong tyrosine phosphorylation of the proto-
oncogenee product c-Cbl and increases its association with the Src-family tyrosine 
kinasess Fyn and Lyn, as well as with PI-3 kinase and CrkL. In addition, we 
demonstratee that c-Cbl mediates HGF-induced ubiquitination of Met, whereas the 
transformingg mutants v-Cbl and 70Z/3 Cbl, which lack the ubiquitin ligase RING 
fingerr domain, suppress Met ubiquitination. Our findings identify c-Cbl as a 
regulatorr of the HGF/Met pathway, mediating ubiquitin-targeted proteosomal 
degradationn of Met, and suggest a potential role for Cbl in Met-mediated 
tumorigenesis. . 

INTRODUCTIO N N 

Thee receptor protein tyrosine kinase (PTK) Met, the product of the proto-oncogene 
c-met,c-met, is expressed on most epithelia as well as on several other cell types 
includingg endothelium, neurons and B lymphocytes (1-3). Binding of the 
multifunctionall  cytokine hepatocyte growth factor (HGF) to Met triggers 
intracellularr signals regulating cell proliferation, migration, and survival (4-9). 
Whereass Met or HGF deficiency results in embryonic death with severe defects in 
thee development of the placenta, liver, and limb muscles (6, 9), uncontrolled 
activationn of Met has been implicated in tumor growth, invasion, and metastasis (3, 
10-12).. Constitutive activation of Met, due to either translocation or amplification 
off  the met gene, has been found in tumors cell lines as well as in primary tumors 
(13-17).. Noteworthy, studies in hereditary papillary renal carcinoma (HPRC) have 
establishedd a causative role for Met in human cancer (18). These receptor mutants 
exhibitt enhanced kinase activity upon stimulation with HGF and were shown to 
mediatedd transformation, invasive growth and protection from apoptosis (19-23). 
Besidess enhanced kinase activation, impaired down regulation of Met, leading to 
persistentt signaling, might also contribute to the oncogenic effects of Met mutants 
(23). . 

Negativee regulation of PTK-mediated signaling is achieved through a least 
twoo distinct mechanisms. Tyrosine phosphatases control PTK signaling by 
dephosphorylatingg the kinase and its downstream targets, whereas ligand-induced 
ubiquitinationn of receptor PTKs causes those receptors to be endocytosed and 
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degradedd within lysosomes or by proteasomes. Recent biochemical and genetic 
studiess have identified Cbl as a novel negative regulator of receptor and non-
receptorr PTKs through induction of ubiquitination (24-30). The multi-domain 
dockingg protein pi20 Cbl is the cellular homologue of the v-cbl oncogene from the 
murinee Cas NS-1 retrovirus, which induces pre-B cell lymphomas and myeloid 
leukemiass (31). Cbl is prominently tyrosine phosphorylated upon stimulation of a 
numberr of receptors, resulting in its interaction with Src homology 2 (SH2) domain 
containingg proteins such as the p85 subunit of the PI3-kinase, the guanine 
nucleotidee exchange factor Vav, and the Crk adaptor protein family (32). Its NH2-
terminall  part carries a phosphotyrosine-binding (PTB) domain that presumably 
mediatess binding to tyrosine phosphorylated receptors (33), while the carboxyl-
terminuss of c-Cbl comprises several proline-rich domains that allow constitutive 
associationn with Src homology 3 (SH3)-containing proteins including Grb2 and 
Nekk (32). Whereas these structural features indicate a role for Cbl as an adaptor or 
scaffoldd for assembly of signaling complexes, recent studies have established that 
Cbll  can also function as a negative regulator of PTKs. In C. elegans, the Cbl 
homologuee SLI-1 was shown to inhibit vulva development mediated by LET-23, a 
homologuee of the mammalian epidermal growth factor (EGF) receptor (34). In cell 
lines,, overexpression of Cbl inhibits activation the EGF receptor and JAK-STAT, 
whereass antisense Cbl or the oncogenic forms of Cbl promote EGF and PDGF 
receptorr activity (35-37). Recently, the biochemical basis of these regulatory 
effectss of Cbl has been elucidated. It was shown that Cbl acts as an E2-dependent 
ubiquitin-proteinn ligase mediating ubiquitination of the PDGF, EGF, and colony-
stimulatingg factor-1 (CSF-1) receptors (27-30, 38). The RING finger domain of 
Cbll  is critical for regulating this process. Transforming mutants of Cbl that are 
defectivee in promoting receptor PTKs ubiquitination contain a complete (v-Cbl) or 
partiall  (70Z/3 Cbl) deletion, or a point mutation (Cys381-Ala) in the RING finger 
domain.. In vitro studies revealed that the c-Cbl RING finger domain has intrinsic 
E33 activity and can induce substrate-independent ubiquitin-protein ligation in the 
presencee of human El and E2. In the present study, we have explored the role of 
Cbll  in Met signaling. We demonstrate that HGF induces tyrosine phosphorylation 
off  Cbl and increases its association with Fyn, Lyn, PI-3 kinase, and CrkL. In 
addition,, we demonstrate that c-Cbl, but not its oncogenic forms v-Cbl or 70Z/3 
Cbl,, negatively regulate Met by inducing ubiquitination of its cytoplasmic domain. 

MATERIAL SS AND METHOD S 

Antibodies.Antibodies. Monoclonal antibodies used were: anti-phosphotyrosine, PY20 
(Affiniti ,, Nottingham, United Kingdom); and anti-hemagglutinin tag, 12CA5 (anti-
HA)) (kindly provided by Dr C de Vries, Department of Biochemistry, Academic 
Medicall  Center, The Netherlands). The rabbit polyclonal antibodies used were: 
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anti-ubiquitinn (Dako, Glostrup, Denmark); anti-hMet (anti-human Met), C-12; anti-
mMett (anti-mouse Met), SP260; anti-Fyn, FYN3; anti-Lyn, 44; anti-CrkL, C-20 
andd anti-Cbl, C-15 (all: Santa Cruz Biotechnology, Santa Cruz, CA); anti-
regulatoryy subunit of PI-3 kinase (UBI, Lake Placid, NY). 

Plasmids.Plasmids. The c-Cbl cDNA was a kind gift from Dr WY Langdon 
(Universityy of Western Australia, Nedlands, Australia). pMT2 encoding HA-
taggedd human c-Cbl, v-Cbl and 70Z/3 Cbl were generated from this cDNA by 
PCR.. The constructs encoding Trk-Met (a chimeric receptor that consists of the 
extracellularr domain of the NGF receptor, Trk A, and the cytoplasmic domain of c-
Met)) were provided by Dr Walter Birchmeier (Max-Delbrueck-Center for 
Molecularr Medicine, Berlin, Germany). pMT2-encoding HA tagged ubiquitin was 
kindlyy provided by Dr Paul MP van Bergen en Henegouwen (Dept. of Molecular 
Celll  Biology, Utrecht University, Utrecht, The Netherlands). 

CellCell lines and transfectants. The Burkitt's lymphoma cell line Namalwa-
V3MM has been described. The cells were cultured in RPMI 1640 in the presence of 
10%% Fetal Clone I serum (HyClone Laboratories, Logan, UT), 10% fetal calf 
serumm (Integra, Zaandam, The Netherlands). Cos-7 cells were maintained in 
Dulbecco'ss Modified Eagle's Medium (DMEM) containing 10% fetal calf serum. 
Usingg DEAE-dextran as described, Cos-7 cells were transiently transfected with 1 
ĵ gg construct encoding Trk-Met, alone or together with 2 ug construct containing 
eitherr HA-tagged c-Cbl, the oncogenic Cbl 70Z/3 Cbl and v- Cbl or ubiquitin. 

ImmunoprecipitationImmunoprecipitation and western blot analysis. Cells were lysed in buffer 
containingg 10 mM Tris-HCl (pH 8), 150 raM NaCl, 1% Nonidet P-40, 10% 
glycerol,, 10 ug/ml aprotinin (Sigma), 10 ug/ml leupeptin (Sigma), 2 mM sodium 
orthovanadate,, 5 mM EDTA, and 5 mM sodium fluoride. The lysates were cleared 
byy centrifugation at lO.OOOg at 4°C for 20 minutes, followed by preclearance using 
Proteinn A-Sepharose. The immunocomplexes were collected by adding the 
indicatedd antibodies, precoupled to Protein A-Sepharose, for at least 2 hours. The 
immunoprecipitatess were washed three times with lysis buffer and the 
immunoprecipitatedd proteins were resolved by SDS-polyacrylamide gel 
electrophoresis.. The proteins were electrotransferred to nitrocellulose membranes. 
Detectionn of proteins by immunoblotting was performed using enhanced 
chemiluminescencee lighting (ECL). For the immunodepletion experiments, the 
lysatess were immunoprecipitated twice. The lysates remaining after the second 
immunodepletionn and the immunoprecipitates obtained from the first 
immunoprecipitationn were analyzed by Western blotting. 

ImmuneImmune Complex Kinase Assays. The Cbl immune complexes from 
unstimulatedd or HGF-stimulated cells were washed three times with lysis buffer 
followedd by washing twice with kinase buffer (50 mM HEPES (pH 7.5), 10 mM 
MgCl,, and 10 mM MnCl, 1 uM sodium orthovanadate), suspended in 20 ul of 
kinasee buffer containing 10 uCi (y-,:P)ATP, and incubated for 30 minutes at room 
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temperature.. The proteins were separated on 10 % SDS-PAGE, the gel was dried 
forr 3 hours, and the dryed gel was autoradiographed at -80°C overnight. 

RESULTS S 

CblCbl is strongly phosphorylated on tyrosine residues following HGF stimulation. 
Wee have recently demonstrated that activation of Met in Namalwa B cells leads to 
strongg tyrosine phosphorylation of two proteins with molecular weights of 110-120 
kDaa (39, 40). The smaller of these proteins was shown to represent the Grb2-
associatedd binder 1 (Gab-1), an adaptor protein that can associate with the 
cytoplasmicc docking site of Met (40). By performing immunodepletion 
experiments,, we now identified the larger prominent phosphoprotein in the lysates 
off  HGF-stimulated cells as c-Cbl (Figure 1A). Immunoblotting of Cbl 
immunoprecipitatess with antibodies against phosphotyrosine confirmed that HGF 
stimulationn leads to a rapid and transient phosphorylation of Cbl on tyrosine 
residues,, peaking at one minute and decreasing after 5 minutes (Figure IB). 

HGFHGF stimulation leads to enhanced association of c-Cbl with Fyn, Lyn, 
PI-3PI-3 kinase, and CrkL. The above observations prompted us to explore the 
functionn of Cbl in Met signaling. Although Cbl itself lacks kinase activity, its 
characteristicc modular structure enables it to act as a scaffold for various signaling 
molecules,, including cytoplasmic PTKs (32). To determine whether HGF 
stimulationn leads to changes in the kinase activity associated with Cbl, we 
conductedd in vitro kinase assays. We observed that a low level of kinase activity 
wass associated with Cbl immunoprecipitated from unstimulated B cells. However, 
HGFF stimulation greatly increased the Cbl-associated kinase activity (Figure 2). 
Thee 120 kDa in vitro phosphorylated protein present after stimulation with HGF 
representss c-Cbl itself, whereas the bands at 55-60 kDa may represent (auto-) 
phosphorylatedd Src-family tyrosine kinases associated with c-Cbl. These kinases 
presumablyy are involved in the in vitro phosphorylation of c-Cbl and associated 
proteins. . 

Inn order to identify signaling molecules that dock on Cbl following HGF 
stimulation,, the effect of HGF stimulation on the physical interaction with several 
candidatee partners of Cbl was explored. These included the Src-family tyrosine Fyn 
andd Lyn, the p85 regulatory chain of PI-3 kinase and CrkL. We observed that these 
moleculess all show a weak basal interaction with Cbl. However, upon stimulation 
withh HGF, these interactions were either moderately (Fyn) or strongly (Lyn, CrkL, 
andd PI-3K) enhanced (Figure3). Hence, HGF stimulation does not only induce 
tyrosinee phosphorylation of Cbl, but also enhances its ability to act as a docking 
proteinn for several important signaling molecules. 
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Figur ee 1. HGF induce s tyrosin e phosphorylatio n of Cbl . /A) Cbl is a prominent tyrosine 
phosphorylatedd protein in HGF-stimulated Namalwa cells. Cells were stimulated for 2 
minutess with HGF. Total cell lysates of HGF-stimulated or control Namalwa B cells were 
immunodepletedd or not with anti-Cbl (left), and their corresponding immunoprecipitates 
(right)) immunoblotted with anti-phosphotyrosine (anti-PY20). The arrows indicate the 
tyrosinee phosphorylated Cbl (upper panels). The blots were stripped and restained with anti-
Cbll antibodies, confirming equal loading of the immunoprecipitates and successful 
immunodepletionn of c-Cbl from the total cell lysates (lower panels). S) Time kinetics of HGF-
inducedd tyrosine phosphorylation of Cbl. Cells were stimulated with HGF for the indicated 
timee periods. Immunoprecipitation was performed with anti-Cbl antibodies and immunoblots 
weree stained with anti-PY20. The arrow indicates the tyrosine phosphorylated Cbl (upper 
panel).. Equal loading of the samples was confirmed by restaining the blot with anti-Cbl 
antibodiess (lower panel). 
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Figur ee 2. HGF stimulatio n induce s an increas e in the Cbl associate d kinas e activity . 
Cbll immunoprecipitates collected from cells stimulated with HGF for the indicated time 
periodss were phosphorylated in an in vitro kinase assay and resolved in 10% gel, as 
describedd in the materials and methods. The arrow indicates the in vitro phosphorylated Cbl 
protein.. The positions of prestained molecular weight markers are indicated in the left side of 
thee figure. 

HGFHGF triggers ubiquitination and degradation of Met. Ubiquitination of 
receptorr PTKs is an integral part of their ligand induced responses and is required 
forr endocytosis and lysosomal degradation. To assess whether Met on B cells is 
ubiquitinatedd in response to HGF stimulation, Met immunoprecipitates from HGF-
stimulatedd cells were analyzed for ubiquitination by immunoblotting. We observed 
thatt HGF stimulation leads to a rapid ubiquitination of c-Met, which was maximal 
att 5 minutes (Figure 4A). Since the ubiquitination machinery adds multiple and 
variablee numbers of ubiquitin moieties to a single target molecule, the poly-
ubiquitinatedd Met species is detected as a smear rather than a distinct band (Figure 
4A).. In addition to inducing ubiquitination, HGF stimulation also resulted in 
degradationn of Met, which was clearly detectable from 2 hours of incubation 
onwardss (Figure 4B). Hence, HGF stimulation of B cells leads to both 
ubiquitinationn and degradation of Met. 
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Figur ee 3. HGF stimulatio n leads to increase d associatio n of Cbl wit h Fyn, Lyn , CrkL 
andd the p85 subuni t of PI-3 kinase . Namalwa B cells were stimulated with HGF for the 
indicatedd time. The cells were lysed and immunoprecipitates were collected using the 
indicatedd antibodies. A) Increased association with Lyn and Fyn. Lyn and Fyn 
immunoprecipitatess were subjected to immunoblotting using anti-Cbl antibodies (upper 
panels).. 6) Increased association with CrkL and PI-3 kinase. Cbl immunoprecipitates were 
subjectedd to immunoblotting using anti-CrkL and anti-p85 antibodies (PI-3 kinase) (upper 
panels).. Equal loading of the samples was confirmed by restaining the blots with the same 
antibodiess used for immunoprecipitation. (lower panels). 

CblCbl plays a critical role in the Met ubiquitination. The prominent 
phosphorylationn of Cbl in response to HGF stimulation (Figure 1) combined with 
thee recent observation that Cbl acts as an E3 ubiquitin ligase for the EGF and 
PDGFF receptors (30, 38), suggests that Cbl might be involved in the ubiquitination 
andd degradation of Met. To explore this hypothesis, Cos-7 cells were transfected 
withh Trk-Met, a chimeric receptor that consists of the extracellular domain of the 
NGFF receptor (Trk A) and the intracellular domain of Met, either alone or in 
combinationn with c-Cbl. After NGF stimulation, Trk-Met was immunoprecipitated 
andd its ubiquitination was analyzed. As shown in Figure 5, cotransfection of c-Cbl 
clearlyy enhanced the ligand-induced ubiquitination of Trk-Met. By contrast, 
overexpressionn of the oncogenic Cbl variants v-Cbl or 70Z/3 Cbl, which lack a 
functionall  Ring-finger domain (32), did not enhance the ligand-induced 
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ubiquitinationn of the transfected Trk-Met but rather suppressed the (weak) 
ubiquitinationn mediated by endogenous Cbl (figure 5). These findings demonstrate 
thatt c-Cbl is involved in Met ubiquitination, whereas the oncogenic v-Cbl and 
70Z/33 Cbl are unable to mediate ubiquitination but, instead, act in a dominant 
negativee fashion on endogenous c-Cbl. 

DISCUSSION N 

Inn the present study, we have identified the proto-oncogene product c-Cbl as an 
importantt component of the HGF/Met signaling pathway. We demonstrate that Cbl 
iss strongly phosphorylated upon HGF stimulation of B cell lymphoma cells and 
actss as a docking protein for Fyn, Lyn, PI-3 kinase, and CrkL. Most importantly, 
wee show that Cbl is involved in the negative regulation of Met by acting as E3 
ubiquitinn ligase mediating Met ubiquitination and degradation. 

Wee identified one of the most prominent phosphoproteins in lysates of 
HGFF stimulated B cell lymphoma cells as Cbl (Figure 1), thus implicating Cbl in 
HGF/Mett signaling. This finding extends the work of Fixman and colleagues (41), 
whoo reported that Cbl is hyperphosphorylated in Fr3T3 fibroblast transfected with 
thee cytoplasmic oncogenic Met fusion protein, Tpr-Met. Tyrosine phosphorylation 
off  Cbl is of great functional importance as it creates docking sites for SH2-
containingg proteins. Indeed, HGF stimulation led to an increase in the amount of 
kinasee activity associated with Cbl (Figure 2), as well as an enhanced association 
betweenn Cbl and Fyn, Lyn, the p85 chain of PI-3 kinase, and CrkL (Figure 3). 
Apartt from binding to Cbl via their SH2 domains, these proteins may also interact 
withh Cbl via their SH3 domains. This interaction with proline-rich regions on Cbl 
presumablyy is important for the stimulus independent part of their Cbl association 
(Figuree 3) (42, 43). 
Ourr observation that HGF stimulation leads to an enhanced association of PI-3 
kinasee and CrkL with Cbl is of considerable interest. PI-3 kinase is a central 
regulatorr of different biological processes induced by HGF including adhesion and 
survival,, and a specific PI-3 kinase docking has been located on Y1349 of Met 
(40).. Our present findings suggest that association of PI-3 kinase with Met via Cbl 
(Figuree 3) might represent an alternative route for the regulation of PI-3 kinase 
activityy by HGF. CrkL is an adaptor protein with two SH3 domains, which can 
specificallyy bind to the guanine exchange factor C3G, an activator of Rap-1 (44). 
Formationn of a Cbl-Crk-C3G complex may provide a mechanism for coupling Met 
withh the Rap-1 pathway, which has been implicated in integrin activation (45). 
Interestingly,, we have recently shown that HGF induces activation of integrins in B 
cellss (27). Cbl may play a critical role in this HGF-induced integrin activation as 
suppressionn of Cbl expression by antisense Cbl resulted in a marked decrease in 
integrinn activation (45, 46). 
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Receptorr ubiquitination and consequent degradation by the 
proteosomal/lysosomall  pathway constitutes an integral part of the regulation of 
receptorr PTK function (27-30). Indeed, we observed that, following stimulation of 
BB cells with HGF, Met is ubiquitinated and degraded (Figure 4). This observation 
confirmss and extends observations by Jeffers and colleagues, who reported HGF-
inducedd degradation and polyubiquitination of Met in a variety of cell lines. This 
degradationn was blocked by the proteosome inhibitor lactacystin (47). Importantly, 
wee now demonstrate that Cbl plays a key role in this negative regulation of Met 
signalingg (Figure 5), by acting as an E3 ubiquitin ligase (29). In contrast to wild 
typee c-Cbl, the oncogenic mutants v-Cbl and 70Z/3 Cbl failed to induce 
ubiquitinationn of Met but rather had a dominant negative effect on the 
ubiquitinationn induced by endogenous Cbl (Figure 5 and data not shown). These 
mutantss lack a functional RING finger domain and hence are unable to interact 
withh the E2 (ubiquitin conjugating enzyme) (32). Thus, expression of these 
oncogenicc mutants of Cbl may result in overexpression and constitutive activation 
off  Met, leading to Met-mediated tumorigenesis. 

BB Control HGF 

(II 2 4 ( 1 2 4 t l h r ! 

i^L_:l_-~-ï GG IB:oMel IB: a Mel 

IP::  a Mel IB: a Met , ^ 

IB:atRK II  IBtaERKI 

Figur ee 4. HGF stimulatio n induce s ubiquitinatio n and degradatio n of Met in B cells . A) 
HGFF induces ubiquitination of Met. Namalwa B cells were stimulated with HGF for the 
indicatedd time. Anti-Met (C12) immunoprecipitates were immunoblotted with anti-ubiquitin 
antibodiess (upper panel) or, as a loading control, with anti-Met antibodies (lower panel). B) 
HGFF induces degradation of Met. Namalwa B cells were incubated in the presence or 
absencee of HGF for the indicated time. Cell lysates were immunoblotted with anti-Met 
antibodiess (upper panel) or, as a loading control, with anti-ERK1 antibodies (lower panel). 

110 0 



CblCbl in Met signaling 

AA Trk-Mcl Trk-Mcl + c-Cbl Trk-Met + v-Cbl 

tll  5 10 (I 5 III 0 5 1(1 Hmin.l 

>Cbl l 

IP:: a "Via I B : M I B 1 

IP:: «Mel IB: a Mel 

r> > 
Trk-Mc ll  Trk-Mcl Trk-M«t 

c-riiii "mvi (hi 

IP:: a Mel 

NGft t 

! ! 
IP:: «Met IB: a LBI 

IB:: a HA 

B HH  muM-mm S K J H | 

IP:: «Met IB:»Met 

Figur ee 5. c-Cbl , but not the oncogeni c Cbl variant s v-Cbl and 70Z Cbl , mediate s 
ubiquitinatio nn of Met. A) c-Cbl, but not v-Cbl, mediates Met ubiquitination. Cos-7 cells were 
transfectedd with Trk-Met plus either c-Cbl or v-Cbl and stimulated with NGF for the indicated 
timee periods. Anti-Met immunoprecipitates (sp260) were immunoblotted with anti-ubiquitin 
antibodiess (upper panel). As a control for equal Met transfection and immunoprecipitation, 
thee blot was re-stained with anti-Met antibodies (sp260) (lower panel). Right panel: The total 
celll lysates were immunoblotted with anti-HA antibodies to demonstrate equal expression of 
c-Cbll and v-Cbl. B) c-Cbl, but not 70Z/3 Cbl, mediates Met ubiquitination. Cos-7 cells were 
transfectedd with Trk-Met plus either c-Cbl or 70Z/3 Cbl and stimulated with NGF for the 
indicatedd time periods. Anti-Met immunoprecipitates (sp260) were immunoblotted with anti-
ubiquitinn antibodies (upper panel). As a control for equal Met transfection and 
immunoprecipitation,, the blot was re-stained with anti-Met antibodies (sp260) (lower panel). 
Rightt panel: The total cell lysates were immunoblotted with anti-HA antibodies to 
demonstratee equal expression of c-Cbl and 70Z/3 Cbl. 
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Ourr finding that Cbl is a negative regulator of Met identifies Cbl as a 
potentiall  partner in Met-mediated tumorigenesis. Germline and sporadic Met 
mutationss have been described in several human tumors, particularly in papillary 
renall  carcinoma (18). These mutations generally involve the kinase domain of Met 
andd result in enhanced kinase activity upon stimulation with ligand (19-21). 
Recently,, however, mutations have also been reported in the juxta-membrane 
portionn of Met (23). Interestingly, Met carrying such a missense mutation at 
P1009SS (P989) is not constitutively activated but showed increased and persistent 
Mett phosphorylation after HGF treatment. This activating mutation is localized in a 
PEST-likee sequence, which has been implicated in ubiquitination (23). 
Furthermore,, it has been reported that residue Y1001 in the juxtamembrane region 
off  Met negatively regulates the receptor activity and its mutation leads to a gain-of-
functionn resulting in constitutive scattering and fibroblastoid morphology of 
epitheliall  cells (50). This residue could be involved in the association of Cbl with 
Met.. Additional studies are required to further identify the residues or domains of 
Mett and Cbl involved in the constitutive HGF-induced Cbl-mediated ubiquitination 
off  Met. 

ABBRIVIATION S S 

CSF-1,, colony-stimulating factor-1; EGF, epidermal growth factor; HGF, 
hepatocytee growth factor; HPRC, hereditary papillary renal carcinoma; PDGF, 
platelet-derivedd growth factor; PI-3K, phosphatidylinositol 3; PTB, 
phosphotyrosine-binding;; PTK, protein tyrosine kinase; SH2, Src homology 2; 
SH3,, Src homology 3. 
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SUMMAR Y Y 

AA key event in neointimal formation and atherogenesis is the migration of vascular 
smoothh muscle cells (VSMCs) into the intima. This migration is controlled by 
complexx signals from cytokines and extracellular matix (ECM) components within 
thee microenvironment of the damaged vessel wall. At present, the nature of these 
signalss has only been partially elucidated. In this study, we have explored the 
possiblee role of hepatocyte growth factor (HGF) and its receptor tyrosine kinase 
Met,, key regulators of cell motility and morphogenesis in several cell types, in the 
controll  of VSMC migration. VSMCs, isolated from the intima of atherosclerotic 
plaquess of carotid arteries, were used to study the expression of Met and its 
biologicall  function. We demonstrate that Met is expressed on these primary 
culturedd VSMCs and that stimulation with HGF leads to activation of Met as well 
ass to activation of PI3-K, PKB/Akt, and the MAP-kinases Erkl and -2, which are 
down-streamm of Met. Moreover, we show that stimulation with HGF induces 
lamellipodiaa formation, a characteristic feature of motile cells, and promotes 
VSMCC migration across fibronectin coated filters. The HGF-induced cell motility 
iss mediated by pi integrins and depends on PI3-K activation. Our results indicate 
thatt the Met is expressed in on VSMCs and that HGF/Met signaling through PI3-K 
controlss pi integrin-mediated VSMC migration. These data suggest that the 
HGF/Mett signaling pathway may play an important role in the pathogenesis of 
atherosclerosiss and restenosis. 

INTRODUCTIO N N 

Atherosclerosiss is the most common fatal disease in western societies. Early 
atheroscleroticc lesions consist of subendothelial cholesterol-engorged macrophages 
(1-4).. These 'fatty streak' lesions are the precursors of more advanced lesions 
characterizedd by a core consisting of lipid-rich necrotic debris and a fibrous cap 
consistingg of vascular smooth muscle cells (VSMCs) and extracellular matrix 
(ECM)) (1-4). Migration of VSMCs from the arterial media to the intima is a 
fundamentall  aspect of atherosclerotic plaque formation (1-4). Also, it is critical to 
restenosiss after balloon angioplasty (1, 2). Environmental signals that can regulate 
VSMCC migration include growth factors such as platelet-derived growth factor 
(PDGF),, fibroblast growth factor-2 (FGF-2), and transforming growth factor 
(TGF)-pp (5) Furthermore, components of the ECM, including fibrinogen and 
fibrin,, fibronectin, and hyaluronate (6, 7), also contribute to the control of VSMC 
migration.. Recently, it has been shown that Met, the receptor tyrosine kinase for 
hepatocytee growth factor (HGF) is expressed on VSMCs (8, 9). However, its 
biologicall  function has remained unexplored. 
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Interactionn of HGF, also called scatter factor (SF), with its receptor Met 
regulatess the growth, motility, and morphogenesis of many different cell types. The 
receptorr protein tyrosine kinase Met, the product of the proto-oncogene c-met, is 
prominentlyy expressed on most normal and malignant epithelia and, in addition, is 
presentt on several other cell types including endothelium, neurons, and B 
lymphocytess (10-12). Knock-out mice deficient in either Met or HGF die in utero 
duee to placental and liver defects. In addition, they show a severe defect in the 
migrationn of muscle cells precursors, leading to the absence of skeletal muscles 
fromm the limbs and diaphragm (13). Upon HGF binding, Met is phosphorylated on 
tyrosinee residues at the carboxy-terminus, which creates docking sites for a number 
off  different cytoplasmic proteins. This may result in activation of several signaling 
cascadess (10, 14-16): HGF stimulation triggers the Ras pathway through 
recruitmentt of the Grb2-Sos complex to Met (10), leading to activation of down 
streamm effector molecules, including MAP kinases (MAPK) (10). HGF-induced 
Rass activation has been implicated in a wide variety of cellular responses, 
includingg growth, cytoskeletal reorganization, and motility (17, 18). A second 
majorr signaling cascade that has been implicated in the HGF-induced motogenic 
effectss is the PI3-K pathway (10). Interaction of PI3-K with activated Met may 
enhancee PI3-K activity and/or localize PI3-K in the proximity of its substrates. PI3-
KK activity has been implicated in the cytoskeletal reorganization required for cell 
motilityy and the formation of focal adhesions. These changes in actin organization 
inn motile cells include the formation of a highly compact meshwork of actin 
filamentss at the leading edge of cells, called lamellipodia and membrane ruffles, or 
thee formation of short bundles of actin filaments protruding from the cell surface, 
calledd microspikes and filopodia (19). Furthermore, PI3-K is involved in the 
regulationn of integrin mediated adhesion, a critical component of cell migration. 

Inn this report, we have explored the role of HGF/Met signaling in VSMCs. 
Wee show that HGF-Met signaling pathway is functional in atherosclerotic plaque-
derivedd VSMCs. In addition, we demonstrate that HGF induces lamellipodia 
formationn (a characteristic feature of motile cells) as well as cell migration in 
VSMCs,, and show that this HGF-induced migration is PI3-K dependent. 

MATERIAL SS AND METHOD S 

Materials.Materials. Recombinant human HGF was purchased from R&D Systems 
(Abingdon,, UK). Foreskin fibronectin from Sigma Chemical Co. (Sigma, Bornem, 
Belgium).. Monoclonal antibodies used were: PY20, anti- phosphotyrosine 
(Affiniti ,, Nottingham, United Kingdom); 4B4, anti-integrin (31 (Coulter 
Hialeah,FL).. The rabbit polyclonal antibodies used were: anti-hMet (anti-human 
Met),, C-12 (Santa Cruz Biotechnology, Santa Cruz, CA); anti-phospho-p42/44 
MAPP kinase and anti-phospho-PKB/Akt (New England biolabs, Beverly, MA). 
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Thee pharmacological inhibitors used were: PD-98059, LY-294002 and 
Wortmanninn (Biomol, Plymouth Meeting, PA). 

CellCell cultures. VSMCs were isolated from carotid atherosclerotic plaque by 
thee "explant outgrowth technique". Carotid endartherectomy specimens were 
obtainedd from patients with symptomatic atherosclerotic disease. Fresh intimal 
plaquee tissue was cut in small pieces (1mm3) and placed in 24 well tissue culture 
platess that were coated with 1% gelatin. The explants were cultivated in DMEM 
(ICNN Biomedicals, Aurora, OH, USA) containing 10% fetal calf serum (Integra, 
Zaandam,, the Netherlands), 10% pooled human serum (Biowhittaker, Walkersville, 
MD,, USA), 100 u/ml Penicillin, 100 jig/ml Streptomycin (both from Life 
Technologies,, Breda. The Netherlands), epidermal growth factor (10 ng/ml) and 
basicc fibroblast growth factor (bFGF, 10 ng/ml, Strathmann Biotechnology, 
Hannover,, Germany) in a humidified atmosphere at 37°C with 5% CO:. Cells 
begann to migrate from the explants within one to two weeks of culture, and reached 
confluencee within another two weeks. Cells were subcultured after trypsinization 
inn 75 cm2, gelatin coated culture flasks. Growth factors (bFGF and EGF) were 
omittedd from the culture medium in the final passage. The purity of the SMC 
culturess were determined using immunohistochemistry with anti-smooth muscle 
actinn antibody (1A4, Dako, Glostrup, Denmark) specific for SMC, and anti-von 
Willebrandd factor (vWF) antibody (Dako), to identify possible contamination with 
endotheliall  cells. VSMC cell lines from 4 different patients were used in the 
experiments.. All gave informed consent for the use of their tissue for investigation. 

ImmunoprecipitationImmunoprecipitation and western blot analysis. Briefly, cells to be 
immunoprecipitatedd were lysed in lysis buffer containing lOmM Tris-HCl (pH 8), 
1500 mM NaCl, 1% Nonidet P-40, 10% glycerol, 10 ng/ml aprotenin (Sigma), 10 
|ig/mll  leupeptin (sigma), 2 mM sodium orthovanadate, 5 mM EDTA, and 5mM 
sodiumm floride. The lysates were spun at 104g at 4°C for 20 min and the 
immunocomplexess were collected by adding the anti-Met antibodies coupled to 
Proteinn A-Sepharose for at least 2 hours. The bound proteins were washed three 
timess with lysis buffer and the immunoprecipitated proteins were resolved by SDS-
polyacrylamidee gel electrophoresis. The resolved proteins were electrotransferred 
too nitrocellulose membranes. Detection of proteins by immunoblotting was 
performedd using the enhanced chemiluminescence lighting (ECL). 

ImmunofluorescenceImmunofluorescence Microscopy. To investigate the organization of the 
actinn cytoskeleton (stress fibers, lamellipodia or filopodia formation) 
immunofluorescencee microscopy studies were performed as described earlier (20) 

CellCell Migration assay. Cell migration was assayed using a transwell 
chamberr assay. Briefly, second or third passage VSMCs were harvested with 
trypsinn (0.1 mg/ml trypsin), centrifuged, and resuspended in 0.3 % BSA DMEM. 5 
xx 10 cells were plated on the upper surface of an uncoated or fibronectin-coated, 
polycarbonatee membrane (S\im pores) separating two chambers of a 6.5-mm 
transwelll  culture plate (coster, Cambridge, MA). In the bottom chamber 20 ng/ml 
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HGFF was added. After the indicated time, cells on the upper face of the membrane 
weree scraped of using a cotton swab. Cells that had migrated to the lower surface 
off  the membrane were fixed with 10% formaldehyde and stained with Giemsa. The 
numberr of migrated cells on the lower surface of the filter was counted in four 
fieldss under lOx magnification. Assays were performed in triplicate. 

RESULTS S 

HumanHuman carotid artery VSMCs express Met. To assess the expression of Met on 
culturedd human VSMCs, cell lysates of second passage carotid artery VSMCs were 
immunoblottedd with anti-Met antibody. As shown in Figure 1: lane 1, a band of 
approximatelyy 145 kD corresponding to the Met beta-chain, as well as a 180 kD 
bandd corresponding to the single chain Met precursor, was detected in the cell 
lysatess (see also Fig. 2A). Immunoblots of the cell lysates of the B cell line 
Namalwa,, either or not transfected with Met, are shown as positive and negative 
control,, respectively. 

kDD 1 2 3 

116--

1B:: ac-Met 

Figur ee 1. Expression of Met on VSMCs. VSMCs (lane 1), Met negative (lane 2), and Met 
positivee (lane 3) B cells were lysed and analysed for the expression of Met by western 
blottingg using anti-Met antibodies. The Met precursor and the Z-chain of Met are indicated 
(arrows). . 

StimulationStimulation of VSMC with HGF leads to activation of the PI3-K/PKB and 
RAS/MAPKRAS/MAPK pathways. To demonstrate the functionality of the HGF-Met 
signalingg pathway in VSMC, we assessed the autophosphorylation of Met in 
responsee to HGF stimulation. As shown in Figure 2A, stimulation of VSMC with 
HGFF resulted in a strong tyrosine phosphorylation of Met. This finding prompted 
uss to explore the activation of two major signaling cascades down-stream of Met, 
i.e.,, the Ras/MAPK pathway and PI3-K/PKB pathway. These signaling routes have 
beenn implicated in the regulation of cell survival and proliferation, respectively 
(10). . 
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Figur ee 2. HGF induces Met as well as MAP kinase and PKB/Akt activation. A) Dose kinetics 
off the tyrosine phosphorylation of Met in VSMCs. VSMCs were incubated with increasing 
concentrationn of HGF for 5 minutes. The immunoprecipitates of c-Met were subjected to 
westernn blotting and stained with anti-phosphotyrosine antibodies (upper panel) and then 
restainedd with anti-Met antibodies.B) HGF induces activation of MAPK . Total cell lysates of 
VSMCC stimulated with increasing concentration of HGF were subjected to western blotting 
usingg anti-phospo-MAPK. The phosphorylated ERK1 and -2 are indicated C) HGF induces 
activationn of PKB/Akt. Anti-phospho-PKB staining of VSMCs lysates collected after 
stimulationn with different concentration of HGF. The phosphorylated PKB is indicated. 
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Moreover,, the Ras/MAPK pathway and PI3-K have been implicated in cell 
migrationn (17, 18, 21-23). The MAPKs ERK1 and -2 are activated through 
phosphorylationn of threonine and tyrosine residues in their regulatory motif. 
Phosphorylationn of this motif can be assessed with anti-phospho-MAPK antibodies 
andd indicates MAPK activation. Similarly, phosphorylation of PKB/Akt on 
threonine/serinethreonine/serine can be assessed with anti-phospho-PKB antibodies and reflects the 
levell  of PKB activation. As is shown in Figure 2B and 2C, HGF stimulation of 
VSMCss induces activation of ERK1 and -2 as well as PKB/Akt. Hence, HGF 
stimulationn leads to the activation of pathways with a potential role in VSMC 
proliferation,, survival, and migration. 

HGFHGF induces lamellipodia formation and promotes the integrin-
mediatedmediated migration of VSMCs. We subsequently explored the role of HGF in 
VSMCC migration, a process that plays a central role in the pathogenesis of both 
atherogenesiss and restenosis (1-4). Since the actin cytoskeleton maintains cellular 
shapee and plays a pivotal role in cell motility, we initially investigated the effect of 
HGFF stimulation on the reorganization of the cytoskeleton of VSMCs. 
Unstimulatedd VSMCs showed a well-organized cytoskeleton with abundant stress 
fiberss organized into bundles (Fig. 3A). However, upon stimulation with HGF, the 
cellss rapidly (within minutes) developed typical lamellipodia, which are 
characteristicc of a motile and migratory phenotype (Fig. 3B, C) 
Forr migration studies, VSMCs were plated on transwell filters, which were either 
uncoatedd or coated with fibronectin. HGF was added to the lower compartment of 
thee system. Migration was quantified by determining the number of cells that 
migratedd through the filter after 2, 4 and 8 hours. As shown in Figure 4, VSMC did 
nott migrate through uncoated filters, neither in the presence nor absence of HGF. 
Inn the presence of a fibronectin coating, VSMCs showed a baseline migration rate 
resultingg in the accumulation of VSMC on the lower surface of the filter. However, 
inn the presence of HGF this migration was enhanced 2-3 fold after 8 hours. This 
increasee is comparable to the migration induced by other established stimulants of 
VSMCC motility (24, 25). The effect of HGF on VSMC migration was due to 
chemotaxiss rather than chemokinesis, since addition of HGF to the upper 
compartmentt of the transwell system did not significantly enhance migration (data 
nott shown). 
Sincee VSMCs express pi integrins, the major receptors for fibronectin, we 
investigatedd their role in the HGF-mediated VSMC migration. Antibodies against 
pii  integrins completely inhibited the HGF-induced, as well as the spontaneous, 
VSMCC migration through fibronectin coated filters (Fig. 5). 
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Figur ee 3. HGF induces lamellipodia formation. Subconfluent (50-70%) cultures of VSMCs 
weree stimulated with 100 ng/ml HGF for 10 min. Actin filaments were visualized using FITC-
phalloidin.. A) Unstimulated cells show stress fibers but no lamellipodia. B) Cells stimulated 
withh HGF show lamellipodia formation and membrane ruffling. C) Higher magnification of (B) 
focussingg on lamellipodia and membrane ruffles. 

HGF-mediatedHGF-mediated VSMC migration is dependent on PI3-kinase-activity. As 
demonstratedd above, HGF stimulation of VSMC leads to activation of both the 
Ras/MAPKK and the PI3-K/PKB pathways and enhances VSMC migration in a p 1 
integrin-dependentt fashion. Since both PI3-K and Ras have been implicated in the 
controll  of integrin-mediated adhesion as well as cell migration, we studied the 
contributionn of these pathways to VSMC migration in response to HGF. To this 
end,, the effect of pharmacological inhibitors of either PI3-K, i.e. Wortmannin and 
LY294002,, or MEK, i.e. PD98059, on VSMC migration was studied. Interestingly, 
bothh Wortmannin and LY completely inhibited the HGF-mediated migratory 
responsee (Fig. 6). Also, the spontaneous (HGF-independent) migration of VSMC 
wass inhibited by approximately 50%. By contrast, PD had littl e or no effect on the 
HGF-inducedd and spontaneous VSMC migration (Fig. 6). Hence, HGF-mediated 
VSMCC migration is dependant on PI3-K, but not on MAPK, activity. 
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Figur ee 4. HGF promotes migration of VSMCs. Migration assays were performed in 
Transwelll chambers. HGF was added to the lower compartment for the indicated time. The 
numberr of migrated VSMCs was determined at the indicated time points. Data represent the 
meann +/- SD of triplicates. 

DISCUSSION N 

Migrationn of VSMCs from the media to the intima of arteries is one of the major 
pathologicall  vascular responses involved in atherosclerotic plaque formation and 
developmentt of restenosis after percutaneous transluminal coronary angioplasty 
(PTCA).. The present study demonstrates that the HGF receptor Met is involved in 
thee control of the motility of human VSMCs. The HGF-induced cell motility is 
mediatedd by pi integrins and depends on PI3-K activation. Our data suggest that 
thee HGF/Met signaling pathway plays an important role in the pathogenesis of 
atherosclerosiss and restenosis. 

Wee observed that primary cultured VSMCs express the Met receptor 
proteinn (Fig. 1 and 2A). This finding confirms and extends previous studies by 
Nakamuraa et al, who demonstrated expression of Met mRNA in VSMCs (8). 
Moreover,, we demonstrated that the Met signaling pathway in VSMCs is 
functional:: Stimulation of VSMCs with HGF resulted in enhanced tyrosine 
phosphorylationn of Met (Fig. 2A) as well as in activation of PKB/Akt and the 
MAPKss Erkl and -2 (Fig. 2B). Hence, signaling via Met in VSMCs leads to 
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activationn of the PI3-K/PKB as well as the RAS/MAPK pathways, two major 
signalingg routes down stream of Met (10), which become activated as a result of 
interactionss with phosphotyrosine rescidues in the multifunctional docking site of 
Mett (10). Activation of these pathways in cells other than VSMC has been 
implicatedd in the complex biological responses mediated through Met, including 
regulationn of cell growth and motility (10). 
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Figuree 5. HGF-stimulated VSMC migration is (31 integrin dependent. To assess the role of 
(311 integrins in HGF-induced VSMC migration, migration was measured in the absence or 
presencee of anti-pi-integrin or control antibodies. At 8 hours, the number of migrated VSMCs 
wass determined. Data represents the mean +/- SD of triplicates. 

Thee key finding of our present study is that signaling through Met controls 
VSMCC motility. Stimulation with HGF resulted in a rapid reorganization of the 
actinn cytoskeleton leading to the formation of membrane ruffles and lamellipodia 
(Fig.. 3), which are characteristics of a motile and migratory phenotype (19) 
Moreover,, Met activation by HGF resulted in a 2-3 fold enhanced migration of 
VSMCss over fibronectin coated filters (Fig. 4). This migation was (31 integrin 
dependentt (Fig. 5). In the diseased arterial wall, macrophages and endothelial cells 
couldd represent a potential paracrine source of HGF, since in vitro studies have 
shownn that both cell types have the capacity to produce HGF (9, 26, 27). Activated 
macrophagess are present in many atherosclerotic plaques, and moreover, have been 
detectedd at the site of PTCA induced injury (28). Furthermore, (V)SMCs 
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Figuree 6. HGF-induced VSMC migration is PI3-K dependent. HGF-induced VSMCs 
migrationn was measured in the absence or presence of the PI3-K inhibitors wortmannin 
(WM)) or LY294002, or the MEK inhibitor PD98059. After 8 hours, the number of migrated 
VSMCss was determined. Data represents the mean +/- SD of triplicates. 

themselvess have been reported produce HGF (8) and may thus represent an 
autocrinee source of HGF. Indeed, HGF has been reported to be present in the 
atheroscleroticc plaques (29). 

Ourr studies indicate that at least two distinct mechanisms contribute to the 
HGF-controlledd motility changes of VSMCs. Firstly, HGF-induced reorganization 
off  the actin cytoskeleton. Cytoskeletal changes, which are evidenced by the rapid 
inductionn of membrane ruffles and lamellipodia upon HGF stimulation (Fig. 3), 
createe the cytoskeletal flexibilit y required for cell locomotion. Secondly, HGF-
controlledd integrin-mediated cell adhesion. Regulation of the affinity and/or avidity 
off  adhesion molecules of the integrin family, which mediate interactions with ECM 
components,, is fundamental to the control of cell migration in many systems (30). 
Ass is shown in our present study (Fig. 5), integrins, viz. pi integrins, arc critical for 
thee HGF-stimulated VSMC migration, suggesting a role for HGF in the regulation 
off  the activity of VSMC integrins. Recent studies from our own and other 
laboratoriess have shown that the HGF/Met signaling pathway indeed is capable of 
regulatingregulating integrin activity in several cell types, including B cells, neutrophils, and 
epitheliall  cells (11, 22, 31, 32). In B cells, HGF-stimulation leads to activation of 
pii  integrins and promotes adhesion to VCAM-1 and fibronectin (11). Interestingly, 
pii  integrins on VSMCs are considered to be prominent players in adhesion to 
ECMM components, including fibronectin, and VSMCs produce vast amounts of 
fibronectinn in response to vascular injury (7, 30). 
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Uponn stimulation of the VSMCs with HGF, we observed activation of the 
Ras-MAPKK pathway, as well as PI3-K/PKB signal transduction pathways (Fig. 2). 
Sincee a vast amount of evidence supports a role for Ras/ERK and PI3-K in 
promotingg cell migration through receptor tyrosine kinases, we investigated the 
possiblee role of these cascades in HGF-induced VSMC migration. The 
pharmacologicall  PI3-K inhibitors Wortmannin and LY294002 were found to 
inhibitt both spontaneous and HGF-induced VSMC migration, whereas the MEK 
inhibitorr PD98059 had no effect (Fig. 6). Previous studies revealed that several 
stimulii  have the ability to control VSMC migration, including PDGF, IGF-I, IL-3, 
NGFF and TNF-a (2-5). In the studies addressing the molecular aspects of the 
underlyingg signaling mechanisms there appears to be some discrepancy as to the 
requirementt for activation of P13-Kand MEK/ERK in the migratory response (28, 
33-38).. PI3-K activation has been implicated in the control of integrin pi activity 
byy a variety of stimuli in other cell types (39), which is in agreement with the 
criticall  role of integrin (31 and activation of PI3-K in HGF-induced VSMC 
migrationn (Fig. 6). However, activation of MEK and ERK, which has been 
implicatedd in integin pi activation as well (40, 41), does not appear to be involved 
inn the HGF-mediated stimulation of VSMC migration (Fig. 6). In contrast, 
however,, HGF-induced migration of fibroblasts was recently reported to occur 
throughh activation of both ERK and PI3-K (42). 

Byy means of either specific pharmacological inhibitors such as 
Wortmanninn and LY294002, or by expression of dominant negative or 
constitutivelyy active mutants, the function of PI3-K in Met signaling has been 
extensivelyy studied. These studies revealed a prominent regulatory role for PI3-K 
inn Met-induced mitogenesis, motility and morphogenesis. (43-47). PI3-K was one 
off  the first molecules that was shown to become associated with Met upon HGF-
stimulationn (48, 49). This interaction of PI3-K with Met may enhance PI3-K 
activityy and/or localize PI3-K in the proximity of its substrate (49). PI3-K is 
composedd of a p85 adapter subunit, which contains the Met interacting SH2 
domain,, and a pi 10 catalytic subunit. PI3-K is able to phosphorylate PIP2 in order 
too produce PIP3. PIP3 in its turn can bind to the PH domain of target proteins, 
resultingg in their translocation, membrane localization and, indirectly, in their 
activation.. Besides the ability of PI3-K to directly interact with Met, two additional 
mechanismss may account for Met-induced PI3-K activation. Firstly, the p85 
subunitt of PI3-K was also found to associate with the docking protein Gabl (50). 
Secondly,, PI3-K has been identified as an effector molecule for Ras, as Ras has the 
abilityy to directly interact with the pi 10 catalytic subunit of PI3-K (51). To what 
extentt these three different mechanisms contribute to HGF-induced PI3-K 
activationn and migration in VSMCs remains to be established. 

Inn conclusion, our current results indicate that Met is expressed on 
VSMCss and that HGF/Met signaling through PI3-K controls pi integrin-mediated 

128 8 



HGF-MetHGF-Met signaling in VSMC migration 

VSMCC migration. These data suggest that the HGF/Met signaling pathway may 
playy an important role in the pathogenesis of atherosclerosis and restenosis. 

REFERENCES S 

1.. Lusis, A. J. Atherosclerosis. 2000. Nature 401:233-4\. 
2.. Schwartz, S.M. 1997. Smooth muscle migration in atherosclerosis and restenos. 

JJ Clin Invest 99:2814-6. 
3.. Ross, R. 1995. Cell biology of atherosclerosis. Ann Rev Physiology 57,791-804. 
4.. Ross, R. 1993. The pathogenesis of atherosclerosis: a perspective for the 1990s. 

NatureNature 362:801-9. 
5.. Waltenberger, J. 1997. Modulation of Growth factor action, implication for the 

treatmentt of cardiovascular diseases. Circulation 96:4083-94. 
6.. Raines, E.W. 2000. The extracellular matrix can regulate vascular cell migration, 

proliferation,, and survival: relationships to vascular disease. Int J Exp Pathol 
81:173-82. . 

7.. Boudreau, N., E. Turley, and M. Rabinovitch. 1991. Fibronectin, hyaluronan, and a 
hyaluronann binding protein contribute to increased ductus arteriosus smooth muscle 
celll  migration. Dev Biol 143:235. 

8.. Nakamura, Y., R. Morishita, J. Higaki, I. Kida, M. Aoki, A. Moriguchi, K. Yamada, 
S.. Hayashi, Y. Yo, K. Matsumoto, T. Nakamura, and T ogihara. 1995. Expression of 
locall  hepatocyte growth factor system in vascular tissues. Biochem Biophys Res 
CommunCommun 215:483-8. 

9.. Nakamura, Y., R. Morishita, J. Higaki, I. Kida, M. Aoki, A. Moriguchi, K. Yamada, 
S.. Hayashi, Y. Yo, H. Nakano, K. Matsumoto, T. Nakamura, and T. Ogihara. 1996. 
Hepatocytee growth factor is a novel member of the endothelium-specific growth 
factors:: additive stimulatory effect of hepatocyte growth factor with basic fibroblast 
growthh factor but not with vascular endothelial growth factor. J Hvpertens 14:1067-
72. . 

10.. van der Voort, R., T.E. Taher, P.W. Derksen, M. Spaargaren, R. van der Neut, and 
S.T.. Pals. 2000. The hepatocyte growth factor/Met pathway in development, 
tumorigenesis,, and B-cell differentiation. Adv Cancer Res 79:39-90. 

11.. van der Voort, R., T.E.I. Taher, R.M. Keehnen, L. Smit, M. Groenink, and S.T. Pals. 
19977 Paracrine regulation of germinal center B cell adhesion through the c-met-
hepatocytee growth factor/scatter factor pathway../ Exp Med 185:2121-31. 

12.. Grant, D.S., H.K. Kleinman, I.D. Goldberg/M.M. Bhargava, B.J. Nickoloff, J.L. 
Kinsella,, P. Polverini, and E.M. Rosen. 1993. Scatter factor induces blood vessel 
formationn in vivo. Proc Natl Acad Sci U S A 90:1937-41. 

13.. Bladt, F., D. Riethmacher, S. Isenmann, A. Aguzzi, and C. Birchmeier. 1995. 
Essentiall  role for the c-met receptor in the migration of myogenic precursor cells 
intoo the limb bud. Nature 376:768-71. 

14.. Bardelli, A., F. Maina, I. Gout, M.J. Fry, M.D. Waterfield, P.M. Comoglio, and C. 
Ponzetto.. 1992. Autophosphorylation promotes complex formation of recombinant 
hepatocytee growth factor receptor with cytoplasmic effectors containing SH2 
domains.. Oncogene 7:1973-8. 

129 9 



ChapterChapter 7 

15.. Naldini, L., E. Vigna, R.P. Narsimhan. G. Gaudino, R. Zarnegar, G.K. 
Michalopoulos.. and P.M. Comoglio. 1991. Hepatocyte growth factor (HGF) 
stimulatess the tyrosine kinase activity of the receptor encoded by the proto-oncogene 
c-met.c-met. Oncogene 6:501-4. 

16.. Ponzetto, C. A. Bardelli, Z. Zhen, F. Maina, P. Dalla Zonca, S. Giordano, A. 
Graziani,, G. Panayotou, and P.M. Comoglio. 1994. A multifunctional docking site 
mediatess signaling and transformation by the hepatocyte growth factor/scatter factor 
receptorr family. Cell 77:261-71. 

17.. Ueoka, Y., K. Kato, Y. Kuriaki, S. Horiuchi, Y. Terao, J. Nishida. H. Ueno. and N. 
Wake.. 2000. Hepatocyte growth factor modulates motility and invasiveness of 
ovariann carcinomas via Ras-mediated pathway. Br J Cancer 82:891-9. 

18.. Terauchi, R., and N. Kitamura. 2000. Requirement of regulated activation of Ras for 
responsee of MDCK cells to hepatocyte growth factor/scatter factor. Exp Cell Res 
256:411-22. . 

19.. Warn, R„  D. Brown, P. Dowrick, A. Prescott, and A. Warn. 1993. Cytoskeletal 
changeschanges associated with cell motility. Symp Soc Exp Biol 147:325-38. 

20.. Spaargaren, M. and J.L. Bos. 1999. Rab5 induces Rac-independent lamellipodia 
formationn and cell migration. Mol Biol Cell 10:3239-50. 

21.. Nakanishi, K., J. Fujimoto, T. Ueki, K. Kishimoto, T. Hashimoto-Tamaoki, J. 
Furuyama,, T. Itoh. Y. Sasaki, and E. Okamoto. 1999. Hepatocyte growth factor 
promotess migration of human hepatocellular carcinoma via phosphatidylinositol 3-
kinase.. Clin Exp Metastasis 17:507-14. 

22.. Trusolino, L., G. Serini, G. Cecchini, C. Besati, F.S. Ambesi-Impiombato, P.C. 
Marchisio.. and R. De Filippi. 1998. Growth factor-dependent activation of 
alphavbeta33 integrin in normal epithelial cells: implications for tumor invasion. J 
CellCell Biol 142:1145-56. 

23.. Kermorgant, S., T. Aparicio, V. Dessirier, M.J. Lewin, and T. Lehy. 2001. 
Hepatocytee growth factor induces colonic cancer cell invasiveness via enhanced 
motilityy and protease overproduction. Evidence for P13 kinase and PKC 
involvement.. Carcinogenesis 22:1035-42. 

24.. Wang, X., T.L. Yue, E.H. Ohlstein, C.P. Sung, and G.Z. Feuerstein. 1996. 
Interferon-induciblee protein-10 involves vascular smooth muscle cell migration, 
proliferation,, and inflammatory response. J Biol Chem 271:24286-93. 

25.. Kohno, M., K. Yokokawa, K. Yasunari, M. Minami, H. Kano, T. Hanehira, and J. 
Yoshikawa.. 1998. Induction by lysophosphatidylcholine, a major phospholipid 
componentt of atherogenic lipoproteins, of human coronary artery smooth muscle 
celll  migration. Circulation 98:353-9. 

26.. Galimi, F., E. Cottone, E. Vigna, N. Arena, C. Boccaccio, S. Giordano, L. Naldini, 
andd P.M. Comoglio. 2001. Hepatocyte growth factor is a regulator of monocyte-
macrophagee function. J Immunol 166:1241-7. 

27.. Chen, Q., M.C. DeFrances, and R. Zarnegar. 1996. Induction of met proto-oncogene 
(hepatocytee growth factor receptor) expression during human monocyte-macrophage 
differentiation.. Cell Growth Differ 7:821-32. 

28.. van der Wal, A.C., A.E. Becker. 1999. Atherosclerotic plaque rupture—pathologic 
basiss of plaque stability and instability. Cardiovasc Res 4:334-44. 

130 0 



HGF-MetHGF-Met signaling in VSMC migration 

29.. Ueda, H., M. Imazu, Y. Hayashi, K. Ono, W. Yasui, and M. Yamakido. 1997. 
Immunohistochemicall  analysis of hepatocyte growth factor in human coronary 
atherectomyy specimens: comparison with transforming growth factor beta isoforms. 
VirchowsVirchows Arch 430:407-15. 

30.. Seki, J., N. Koyama, N.L. Kovach, T. Yednock, A.W. Clowes, and J.M. Harlan. 
1996.. Regulation of betal-integrin function in cultured human vascular smooth 
musclee cells. Circ Res 78:596-605. 

31.. Mine, S., Y. Tanaka, M. Suematu, M. Aso, T. Fujisaki, S. Yamada, and S. Eto. 
1998.. Hepatocyte growth factor is a potent trigger of neutrophil adhesion through 
rapidd activation of lymphocyte function-associated antigen-1. Lab Invest 78:1395-
404. . 

32.. Beviglia, L., and R.H. Kramer. 1999. HGF induces FAK activation and integrin-
mediatedd adhesion in MTLn3 breast carcinoma cells. Int J Cancer 83:640-9. 

33.. Pukac, L., J. Huangpu, and M.J. Karnovsky. 1998. Platelet-derived growth factor-
BB,, insulin-like growth factor-I, and phorbol ester activate different signaling 
pathwayss for stimulation of vascular smooth muscle cell migration. Exp Cell Res 
242:548-60. . 

34.. Cospedal, R., H. Abedi, and I. Zachary. 1999. Platelet-derived growth factor-BB 
(PDGF-BB)) regulation of migration and focal adhesion kinase phosphorylation in 
rabbitt aortic vascular smooth muscle cells: roles of phosphatidylinositol3-kinase and 
mitogen-activatedd protein kinases. Cardiovasc Res 41:708-21. 

35.. Kraemer, R.,N. Nguyen, K.L. March, and B. Hempstead. 1999. NGF activates 
similarr intracellular signaling pathways in vascular smooth muscle cells as PDGF-
BBB but elicits different biological responses. Arterioscler Thromb Vase Biol 4:1041-
50. . 

36.. Lundberg, M.S., K.A. Curto, C. Bilato, R.E. Monticone, and M.T. Crow. 1998. 
Regulationn of vascular smooth muscle migration by mitogen-activated protein 
kinasee and calcium/calmodulin-dependent protein kinase II signaling pathways. J 
MolMol Cell Cardiol 11:2377-89. 

37.. Graf, K., X.P. Xi, D. Yang, E. Fleck, W.A. Hsueh, and R.E. Law. 1997. Mitogen-
activatedd protein kinase activation is involved in platelet-derived growth factor-
directedmigrationn by vascular smooth muscle cells. Hypertension 2:334-9. 

38.. Higaki, M., H. Sakaue, W. Ogawa, M. Kasuga, and K. Shimokado. 1996. 
Phosphatidylinositoll  3-kinase-independent signal transduction pathway for platelet-
derivedd growth factor-induced chemotaxis. J Biol Chem 271:29342-6. 

39.. Kolanus, W., W. Nagel, B. Schiller, L. Zeitlmann, S. Godar, H. Stockinger, and B. 
Seed.. 1996. Alpha L beta 2 integrin/LFA-1 binding to ICAM-1 induced by 
cytohesin-1,, a cytoplasmic regulatory molecule. Cell 86:233-42. 

40.. Hughes, P.E., M.W. Renshaw, M. Pfaff, J. Forsyth, V.M. Keivens, M.A. Schwartz, 
andd M.H. Ginsberg. 1997. Suppression of integrin activation: a novel function of a 
Ras/Raf-initiatedd MAP kinase pathway. Cell 88:521-30. 

41.. Hughes, P.E., and M. Pfaff. 1998. Integrin affinity modulation. Trends Cell Biol 
9:359-64. . 

131 1 



ChapterChapter 7 

42.. Delehedde, M , N. Sergeant, M. Lyon, P.S. Rudland, and D.G. Fernig. 2001. 
Hepatocytee growth factor/scatter factor stimulates migration of rat mammary 
fibroblastss throughboth mitogen-activated protein kinase and phosphatidylinositol 3-
kinase/Aktt pathways. Eur J Biochem 268:4423-9. 

43.. Royal, I., and M. Park . 1995. Hepatocyte growth factor-induced scatter of Madin-
Darbyy canine kidney cells requires phosphatidylinositol 3-kinase. J Biol Chem 
270:27780-7. . 

44.. Royal, I., T.M. Fournier, and M. Park. 1997. Differential requirement of Grb2 and 
PI3-kinasePI3-kinase in HGF/SF-induced cell motility and tubulogenesis. J Cell Physiol 
173:196-201. . 

45.. Potempa, S., and A J. Ridley. 1998. Activation of both MAP kinase and 
phosphatidylinositidee 3-kinase by Ras is required for hepatocyte growth 
factor/scatterr factor-induced adherens junction disassembly. Mol Biol Cell 9:2185-
200. . 

46.. Khwaja, A., K. Lehmann, B.M. Marte, and J. Downward. 1998. Phosphoinositide 3-
kinasee induces scattering and tubulogenesis in epithelial cells through a novel 
pathway.. J Biol Chem 273:18793-801. 

47.. Rahimi, N., E. Tremblay, and B. Elliott. 1996. Phosphatidylinositol 3-kinase activity 
iss required for hepatocyte growth factor-induced mitogenic signals in epithelial cells. 
JJ Biol Chem 271:24850-5. 

48.. Graziani, A., D. Gramaglia, L.C. Cantley, and P.M. Comoglio. 1991. The tyrosine-
phosphorylatedd hepatocyte growth factor/scatter factor receptor associates with 
phosphatidylinositoll  3-kinase. J Biol Chem 266:22087-90. 

49.. Ponzetto, C, A. Bardelli, F. Maina, P. Longati, G. Panayotou, R. Dhand, M.D. 
Waterfteld,, and P.M. Comoglio. 1993. A novel recognition motif for 
phosphatidylinositoll  3-kinase binding mediates its association with the hepatocyte 
growthh factor/scatter factor receptor. Mol Cell Biol 8:4600-8. 

50.. lgado-Madruga, M., D.R. Emlet, D.K. Moscatello, A.K. Godwin, and A.J. Wong. 
1996.. A Grb2-associated docking protein in EGF- and insulin-receptor signalling. 
NatureNature 379:560-4. 

51.. Rodriguez-Viciana, P., P.H. Wame, R. Dhand, B. Vanhaesebroeck, I. Gout, M.J. 
Fry,, M.D. Waterfield, and J. Downward. 1994. Phosphatidylinositol-3-OH kinase as 
aa direct target of Ras. Nature 370:527-32. 

132 2 



Chapterr  8 

Thee hepatocyte growth factor/Met pathway in 
development,, tumorigenesis, and B-cell differentiation 

Robbertt van der Voort, Taher E.I. Taher, Patrick W.B. Derksen, Marcel 
Spaargaren,, Ronald van der Neut, and Steven T. Pals 

DepartmentDepartment of Pathology, Academic Medical Center, University of 
Amsterdam,Amsterdam, 1105 AZ Amsterdam, The Netherlands 

AdvancesAdvances in Cancer Research (2000) 79, 39-90 



ChapterChapter 8 

I .. INTRODUCTIO N 

Hepatocytee growth factor/Scatter factor (HGF), originally described as a strong 
mitogenn for hepatocytes (Michalopoulos et al, 1984; Nakamura et al, 1984; 
Russell  et al, 1984a, 1984b), is a multifunctional cytokine with a domain structure 
andd a proteolytic mechanism of activation similar to that of the blood serine 
proteasee plasminogen. Unlike plasminogen, however, HGF is devoid of protease 
activityy but has pleiotropic effects on target cells, including stimulation of growth, 
motility,, and morphogenesis. All known biological effects of HGF are transduced 
viaa a single receptor, i.e. Met, the product of the Met proto-oncogene. The Met 
proteinn is a receptor tyrosine kinase and is the prototype of a distinct subfamily, 
alsoo encompassing Ron and Sea. Upon ligand binding, Met interacts with several 
cytoplasmicc target proteins resulting in activation of a number of distinct signaling 
cascadess including the Ras/MAP kinase and PI3-K/PKB pathways. In addition to 
bindingg Met, HGF has a high affinity for heparin and heparan sulfate. Heparan 
sulfatee is present on the cell surface and in the ECM, in the form of heparan sulfate 
proteoglycanss (HSPGs). By binding HGF, HSPGs function as co-regulators of Met 
signaling. . 

Geneticc studies in mice have indicated that HGF is indispensable for 
mammaliann development, as mutations of the HGF or Met genes cause abnormal 
developmentt of the liver and placenta, and disrupt the migration of myogenic 
precursorss into the limb bud. Other studies have provided evidence for important 
roless of HGF in angiogenesis, and in the three dimensional organization of kidney 
tubularr cells and various glandular structures, e.g. mammary glands. Apart from 
mediatingg these physiological functions, the HGF/Met pathway is also believed to 
playy a key role in tumor growth, invasion, and metastasis. For example, Met was 
originallyy isolated as the product of a human oncogene Tpr-Met and Met and/or 
HGFF overexpression have been reported in several human tumors. The 
tumorigenicityy of HGF/Met signaling has been confirmed in transgenic mouse 
models,, which develop tumors in many different tissues. In human hereditary 
papillaryy renal carcinomas, potentially activating Met mutations are found. 

Inn this review, we discuss the structure, signal transduction, and 
physiologicall  functions of the HGF/Met pathway, as well as its role in 
tumorigenesis.. Furthermore, we highlight recent studies which indicate a role for 
thee HGF/Met pathway in antigen-specific B cell differentiation and B cell 
neoplasia. . 
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II ..  STRUCTURE AN D FUNCTION OF HGF AN D MET 

A.. Structure of HGF and Met 

1.1. Structure of HGF 

Hepatocytee growth factor/scatter factor (HGF) was independently identified by 
groupss working in two different fields of research. In 1984, a factor present in 
serumm of partially hepatectomized rats and in rat platelet lysates, was found to have 
aa strong mitogenic effect on hepatocytes (Michalopoulos et ah, 1984; Nakamura et 
ah,ah, 1984; Russel et ah, 1984a, 1984b). Hence, this factor was designated 
hepatocytee growth factor (HGF). Almost simultaneously, Stoker and Perryman 
(1985)) identified a molecule secreted by fibroblasts, which causes dissociation or 
"scattering""  of epithelial cell colonies, and was thus named scatter factor (SF). 
Subsequentt structural and functional studies showed HGF and SF to be identical 
(Gherardii  and Stoker 1990; Weidner et ah, 1990, 1991; Furlong et ah, 1991; 
Konishii  et ah, 1991; Naldini et ah, 1991c; Rubin et ah, 1991). 

Thee mature HGF protein has a relative molecular mass of 90 kDa under 
non-reducingg conditions and is a heterodimer composed of an a-subunit of 60 kDa 
andd a p-subunit of 30 kDa linked together by a disulfide interchain bridge 
(Nakamuraa et ah, 1987, 1989; Weidner et ah, 1990; Rubin et ah, 1991). Due to 
differentiall  glycosylation, two p-chains, of-34 kDa and -32 kDa, respectively, can 
generallyy be detected. HGF is secreted as a biologically inactive monomer which is 
activatedd through proteolytic cleavage (Naka et ah, 1992). Several proteases have 
beenn shown to be able to activate HGF. These include urokinase-type (uPA) and 
tissue-typetissue-type (tPA) plasminogen activator, proteases known to function in blood 
clottingg and extracellular matrix (ECM) breakdown, blood-coagulating factor Xlla, 
andd two new serine proteases, i.e. HGF activator and HGF converting enzyme 
(Naldinii  et ah, 1992; Mars et ah, 1993; Miyazawa et ah, 1993; Mizuno et ah, 
1994;; Shimomura et ah, 1995). Recently, a negative regulator of HGF activation 
wass identified, underscoring the complexity of this activation process (Shimomura 
etah,etah, 1997). 

Thee full length human HGF cDNA encodes a protein of 728 amino acids 
(Fig.. 1) (Nakamura et ah, 1989). Its amino acid sequence predicts translation as a 
precursorr protein, which becomes activated by proteolytic cleavage at an Arg-Val 
cleavagee site. This cleavage results in the above mentioned a and P-chains. 
Furthermore,, the cDNA sequence contains 4 putative N-linked glycosylation sites. 
Interestingly,, significant homology was found between HGF and plasminogen. 
Likee this serine protease, the a-chain of HGF has 4 kringle domains, structures that 
playy a role in protein-protein interaction. The P-chain shows high homology with 
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Figuree 1. Schematic representation of the HGF protein. HGF is a secreted glycoprotein 
composedd of a 60 kDa a-chain and a 30 kDa p-chain linked by a disulfide bridge. The a-
chainn contains an Nh^-terminal domain with a hairpin loop (HL), and 4 kringle domains (K1-
4).. The [3-chain is homologous to the protease domain of plasminogen, but has no catalytic 
activityy due to the lack of several essential amino acids. 

Figuree 2. Phylogenetic tree of plasminogen-related proteins, including HGF and 
HGFL/MSP.. Evolution of the proteins was deduced from the structure of their serine 
proteasee domains. Apo (a), apolipoprotein (a); HGF-AP, HGF activator protein; H G F L / M S P , 
HGF-likee protein/macrophage stimulating protein; tPA, tissue-type plasminogen activator; 
uPA,, urokinase-type plasminogen activator. Adapted from Donate era/. (1994). 
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thee catalytic domain of plasminogen, but, due to the lack of 2 crucial amino acids 
fromm the active site, HGF has no proteolytic activity. 

Severall  structurally different HGF transcripts were shown to exist. For 
instance,, in cultured human fibroblasts, Northern blotting revealed 3 HGF mRNAs 
off  6, 3 and 1.5 kb, respectively (Chan et ai, 1991; Miyazawa et ai, 1991b; Rubin 
etet ai, 1991; Weidner et ai, 1991). Molecular cloning and Northern blotting 
indicatedd that the 6 and 3 kb messages emanated from differential polyadenylation 
(Weidnerr et ai, 1991). The 1.5 kb mRNA represents a splice variant encoding the 
N-terminall  domain of HGF in combination with the first 2 kringle domains (Chan 
etet ai, 1991; Miyazawa et ai, 1991b). This variant, NK2, behaves as an HGF 
antagonistt (Chan et ai, 1991). The subsequently described one kringle domain 
variant,, NK1, functions as a partial HGF agonist (Cioce et ai, 1996; Jakubczak et 
ai,ai, 1998). In addition to these two variants, a putative splice variant containing a 
deletionn of 15 nucleotides in the first kringle domain has been described (Rubin et 
ai,ai, 1991; Weidner et ai, 1991). This deletion results in a change of the biological 
activityy of HGF, presumably caused by a change in its tertiary structure (Shima et 
ai,ai, 1994). 

Genomicc studies have revealed that human HGF is encoded by a single 
genee localized on the long arm of chromosome 7, band 21.1 (Weidner et ai, 1991; 
Sacconee et ai, 1992). The gene spans about 70 kbp of DNA and contains 18 exons 
(Miyazawaa et ai, 1991a). The promoter region contains a number of regulatory 
sequences,, including a TATA-lik e element, an IL-6 responsive element, and a 
potentiall  binding site for nuclear factor-IL-6, a regulator of IL-6 expression. Also, 
wild-type,, but not mutant, p53 was shown to activate the HGF promoter (Metcalfe 
etai,etai, 1997). 

Hann and colleagues (1991) identified a gene which shared about 50% 
sequencee homology with HGF. The molecule was designated hepatocyte growth 
factor-likee protein (HGFL), but was subsequently shown to be identical to 
macrophagee stimulating protein (MSP) (Yoshimura et ai, 1993), a molecule 
involvedd in macrophage chemotaxis and in phagocytosis (Skeel et ai, 1991). 
Structurall  analysis suggests that HGF and MSP, together with plasminogen and 
apolipoproteinn (a) have evolved from a common ancestral gene (Fig. 2) (Donate et 
ai,ai, 1994). 
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2.. Structure of Met, the high affinity receptor for HGF 

Met,, the receptor for HGF, was originally identified as the product of an oncogene 
(Cooperr et ah, 1984). This oncogene, TPR-Met , results from a chromosomal 
translocation,, fusing the sequence encoding the intracellular domain of Met to that 
off  Tpr (Park et al, 1986), a protein with unknown function. Tpr-Met functions as a 
constitutivelyy active homodimer with a strong transforming capacity (Cooper et a/., 
1984;; Gonzatti-Haces et al, 1988). Molecular cloning of the 8 kb Met proto-
oncogenee indicated that this molecule is a cell-surface tyrosine kinase receptor for 
growthh factors (Dean et al, 1985; Park et al, 1987; Rodrigues et al, 1991), 
whereass functional studies revealed that HGF is the ligand of Met (Bottaro et al, 
1991;; Naldini et al, 1991b; Rubm etal, 1991). 

Thee Met protein is synthesized as a single-chain 170 kDa precursor. After 
synthesis,, the molecule is cleaved and rearranged into a 190 kDa heterodimer 
linkedd by a disulfide bridge (Fig. 3) (Giordano et al, 1989a, 1989b). Komada et al 

p-chain n 

«.-chain n 

TK K 

DS S 

Figuree 3. Schematic representation of the receptor tyrosine kinase Met. The receptor is 

composedd of two disulfide-linked chains: a 50 kDa a-chain and a 145 kDa p-chain. The (3-

chainn contains the tyrosine kinase domain (TK) and a 'docking site' (DS) which interacts with 

signalingg molecules. 
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(1993)) demonstrated that Met can be cleaved by furin, but that endoproteolytic 
processingg is not essential for HGF-induced signal transduction. The Met 
heterodimerr is composed of a 50 kDa a-subunit, and an 145 kDa (3-subunit 
(Giordanoo et al, 1989a). The cytoplasmic tail of the (3-chain contains the tyrosine 
kinasee domain and a 'docking site', which interacts with multiple signaling 
moleculess (Ponzetto et al, 1994). Both functional domains wil l be discussed in 
moree detail in Section II.C. 

Thee identification of Tpr-Met resulted in the assignment of the human Met 
genee to chromosome 7, band q31 (Cooper et al, 1984; Dean et al, 1985; Lin et al, 
1996).. The gene spans more than 110 kbp and contains 21 exons (Duh et al, 1997; 
Linn et al, 1998; Liu, 1998) The sequence of the Met promoter region revealed a 
numberr of binding sites for regulatory elements, including API, AP2, N F - K B , and, 
likee the HGF gene, IL-6RE (Liu, 1998). Recently, wild-type, but not mutant p53, 
wass shown to enhance the activity of the Met promoter (Seol et al, 1999), as had 
beenn shown before for the HGF gene. 

Twoo receptor tyrosine kinases related to Met, i.e. Sea (Huff et al, 1993) 
andd Ron (Ronsin et al, 1993), have been identified. MSP was shown to be the 
ligandd for Ron (Gaudino et al, 1994; Wang et al, 1994), whereas Sea remains, as 
yet,, an orphan receptor. In addition, Met shows homology with the putative 
receptorr tyrosine kinase stem cell-derived tyrosine kinase (STK) and with the SEX 
familyy of transmembrane proteins (Iwama et al, 1994; Maestrini et al, 1996). 

3.. Low affinity receptors for HGF 

Apartt from binding to Met, HGF also binds to heparan sulfate proteoglycans 
(HSPGs).. These interactions, which appear to play an important role in the 
regulationn of HGF activity, wil l be discussed in Section II.D. 

B.. Expression and functions of HGF and Met 

/.. Introduction 

Thee receptor tyrosine kinase Met is prominently expressed on a wide variety of 
epitheliall  cells, whereas its ligand, HGF, is expressed by stromal cells. This 
reciprocall  expression pattern points to their important role in epithelial-
mesenchymall  interactions underlying branching morphogenesis and tubulogenesis 
duringg development of organs such as lungs, kidney and mammary glands. Over 
thee past few years, it has become clear, however, that HGF and Met are also 
involvedd in a plethora of other biological processes. In the next paragraphs we wil l 
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givee an overview of the well established expression pattern and functions of HGF 
andd MET, as well as of those attributed more recently. It places HGF and Met in 
thee center of developmental processes, leading to a proper organization not only of 
epitheliall  tissues, but also of muscle, endothelium, and the nervous and 
haematopoieticc systems. 

2.2. Expression pattern during amphibian, avian and mammalian development 

Duringg embryogenesis of the tadpole Xenopus Icevis, Met is present as early as in 
thee gastrula stage and remains expressed at high levels throughout neurulation 
(Aokii  et al, 1996). Sites of expression include the foregut region, tailbud 
mesenchyme,, and, in neurulating embryos, neural tissues. HGF expression 
becomess apparent later, from the neurula stage onwards. The spatiotemporal 
expressionn pattern of both HGF and Met point to multifarious roles in amphibian 
organogenesis.. This has been shown more specifically by use of dominant-negative 
Mett constructs, introduced into fertilized Xenopus eggs. Embryos thus treated fail 
too develop a normal liver, whereas organogenesis of the gut and early kidney are 
greatlyy impaired (Aoki et al, 1997). Hence, in Xenopus embryos, a functional 
HGF-Mett system is involved in early organogenesis, especially of organs derived 
fromm the primitive gut. 

Interferencee with the HGF-Met system during early chick embryo 
developmentt leads to abnormal axis formation, underscoring its determining role 
duringg avian development, especially in neural induction and limb bud elevation 
(Sternn et al., 1990). HGF, but not MET, is expressed in the mesoderm of the limb 
budd and in the central core region of mandibular arch and maxillary processes at 
stagess 17 to 24 of development (Myokai et al., 1995; Théry et al, 1995). During 
limbb bud extension, HGF is expressed in the mesenschyme and becomes later 
confinedd to the ventral and subapical mesenchyme of the limb bud, suggesting that 
HGFF production in the limb bud is involved in the induction and maintenance of 
apicall  ectoderm during limb bud development (Myokai et al, 1995). 

Duringg embryonic development of rodents, HGF is prominently expressed 
inn a multitude of tissues, mainly at sites where epithelial/mesenchymal interactions 
determinee organogenesis (Iyer et al, 1990). In gastrulating mouse embryos, the 
expressionn of HGF and Met overlaps. Initially, the two genes are expressed in the 
endodermm and in the mesoderm along the rostro-intermediate part of the primitive 
streakk and, later, in the node and in the notochord. Neither HGF nor Met is 
expressedd in the ectodermal layer throughout gastrulation (Sonnenberg et al, 1993; 
Andermarcherr et al, 1996). During early organogenesis, overlapping expression of 
HGFHGF and Met is found in the heart, condensing somites, and neural crest cells. 
However,, a second and distinct pattern of expression, characterized by the presence 

140 0 



HGF/MetHGF/Met signaling and function 

off  the ligand in mesenchymal tissues and the receptor in the surrounding ectoderm, 
iss seen in the bronchial arches and in the limb buds. At E13, only this second 
patternn of expression is observed in differentiated somites and several major 
organs,, such as the lungs, the liver, and the gut (Andermarcher et al, 1996). The 
expressionn of the HGF and Met genes throughout embryogenesis suggests a shift 
fromm an autocrine to a paracrine signaling system. Halfway gestation, HGF is 
presentt in renal collecting tubes of the kidney, in the liver, in esophageal and skin 
squamouss epithelium and in bronchial epithelium (Defrances et al, 1992; Lee et 
al,al, 1993). HGF is also detected in brain, somites, haematopoietic cells, and 
chondrocytess (Defrances et al, 1992). 

Similarr patterns of Met and HGF expression are found along human 
embryonicc development. From the 5th week of gestation onwards, placental tissue 
highlyy expresses HGF and Met. HGF is secreted by amniotic epithelium, the 
placentall  vill i and the villous core mesenchyme, whereas Met is present on the 
trophoblastt and vascular endothelium (Kauma et al, 1997; Somerset et al, 1998; 
Wolfe// al, 1991). A human pathological condition, known as intra-uterine growth 
restriction,, is associated with an underdeveloped placenta and could be linked to a 
decreasedd secretion of HGF by the villous stromal cells (Somerset et al, 1998). 
Thee absolute dependence of placenta maturation on HGF has been unequivocally 
shownn in HGF null mutant mouse embryos, whose placenta fail to develop 
properlyy and which die in utero (Schmidt et al, 1995; Uehara et al, 1995). From 
weekk 6-13 of gestation, when major organogenesis takes place, HGF and Met are 
co-expressedd in liver, metanephric kidney, intestine, lung, gall bladder and spleen 
(Kolatsi-Joannouu et al, 1997; Wang et al, 1994b). In the digestive tract of 7-8 
weekk old embryos, Met is localized in epithelia of the liver, pancreas, esophagus, 
stomach,, the small and large intestine, and in smooth muscle layers, whereas HGF 
becomess concentrated in mesenchymal tissue and smooth muscle (Kermorgant et 
al,al, 1997). Interestingly, HGF expression has also been shown in epithelial tissues 
inn the interval from week 9-17 of gestation, particularly in the crypt region of the 
smalll  intestine, keratinizing epithelium of the tongue, skin and esophagus (Wang et 
al,al, 1994b). 

Inn conclusion, HGF and Met are highly conserved molecules in a wide 
rangee of species, not only structurally (see Section II.A) , but also with respect to 
theirr particular role during embryogenesis. In the next paragraphs some specific 
functionss of HGF and Met will be discussed. We will focus on branching 
morphogenesis,, muscle development, angiogenesis and neuronal development. 
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3.3. Mesenchymal-epithelial interaction and branching morphogenesis 

HGFF induces scattering of epithelial cells in vitro (Stoker et al., 1987; Uehara and 
Kitamura,, 1992) through activation of Met (Weidner et al., 1993) (Fig. 4). This 
effectt can be mimicked by a constitutively active mutant of Met (Jeffers et al., 
1998a),, suggesting that activation of Met is sufficient in this process. Once 
activated,, Met can in turn activate PI3K and the Ras-MAPK pathway (Boccaccio et 
al,al, 1998; Potempa and Ridley, 1998). Furthermore, enzymes involved in ECM 
proteolysiss {e.g. uPA) are activated (Pepper et al., 1992). Partial ECM proteolysis 
mayy increase cell motility by diminishing adhesion properties of epithelial cells 
towardss matrix components. Although scattering in vitro can hardly be considered 

Figuree 4. Scattering of MDCK cells induced by HGF. A, HGF treatment leads to dissociation 

off the islands and to migration of the cells. S, MDCK cells grown in the absence of HGF 

formm islands. 
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ass its physiological function, the phenomenon per se reflects the first phase of 
epitheliall  morphogenesis (by activation of MET) through mesenchymal induction 
(secretionn of HGF), underlying the complex, but coordinated formation of 
branchedd organs, such as the lungs, the kidney and mammary gland (Sonnenberg et 
al,al, 1993). 

Tubularr differentiation can be induced under "ECM conditions", i.e. when 
epitheliall  cells are cultured in a 3-dimensional ECM-like environment. Thus, 
kidneyy epithelial cells, treated with HGF, form tubules resembling those emanating 
duringg kidney organogenesis in early embryonic development (Boccaccio et al, 
1998;; Cantley et al, 1994; Liu et al, 1998a; Sachs et al, 1996). Ezrin, a member 
off  the ERM family of membrane to cytoskeleton linkers (reviewed in Tsukita and 
Yonemura,, 1997), and a substrate of MET, is involved in the cytoskeletal 
reorganizationn associated with tubulogenesis (Crepaldi et al, 1997). Embryonic 
mesenchymall  kidney cells undergo a mesenchymal to epithelial transition, which is 
acceleratedd by HGF (Karp et al, 1994). This conversion mimics developmental 
processess in the metanephros in vivo, where mesenchymal specialization is induced 
byy the ingrowth of a branching ureteric bud and is in accordance with expression 
patternss of Met and HGF during development (Santos et al, 1994; Woo I f et al, 
1995). . 

Surprisingly,, kidney epithelial cells derived from Met null mutant mouse 
embryos,, and hence unresponsive to HGF, were able to form tubular structures in 
vitrovitro and to express epithelial-specific markers after treatment with epidermal 
growthh factor (EGF) (Kjelsberg et al, 1997). An intact HGF-Met pathway may 
thuss not be necessary for kidney development, although it can play an auxiliary 
role.. This opens the possibility that HGF may be involved in kidney epithelial 
regeneration,, rather than embryonic kidney development. Indeed, following renal 
injury,, HGF expression is elevated (Horie et al, 1994; Igawa et al, 1993; Liu et 
al,al, 1999). Moreover, transgenic mice, overexpressing HGF in the kidney die of 
renall  failure, associated with the stimulation of the HGF-Met autocrine pathway 
(Takayamaa et al, 1997a). In these mice, kidney pathology is not apparent at birth, 
butt rather develops progressively. 

Inn epithelial cells derived from another branched, lumen forming organ, the 
mammaryy gland, HGF treatment leads to the formation of branches and structures 
resemblingg mammary gland ducts when cultured in a 3-dimensional matrix 
(Berdichevskyy et al, 1994; Brinkmann et al, 1995; Niemann et al, 1998; Soriano 
etet al, 1995; Yang et al, 1995). In accordance with its role in mesenchymal-
epitheliall  interaction in the mammary gland, Met expression is confined to the 
epitheliall  cells lining the mammary ducts, whereas HGF is produced by mammary 
glandd fibroblasts (Niranjan et al, 1995; Tsarfaty et al, 1992; Wang et al, 1994a; 
Yangg et al, 1995). During pregnancy, HGF and Met transcripts are progressively 
reducedd to background levels during lactation, and increase during the phase of 
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involutionn to pre-pregnancy levels. The reduction in HGF and Met expression 
correspondss to periods in which functions other than tubulogenesis predominate in 
thee mammary gland: alveolar budding and milk protein synthesis (Pepper et ai, 
1995).. Indeed, treating mammary gland cultures with the milk production inducing 
hormonee prolactins sharply reduces Met transcript levels (Pepper et ai, 1995). 

Inn the developing lung, HGF is expressed in the mesenchyme and Met in 
thee pulmonary epithelium (Ohmichi et ai, 1998). Alveolar type II cells, when 
culturedd in the presence of HGF, are induced to proliferate (Mason et ai, 1994; 
Shiratorii  et ai, 1995), whereas tracheal epithelial cells are driven to differentiate 
intoo a polarized cell type (Shen et al, 1997). HGF also proved to be a mitogen for 
bronchiall  epithelial cells (Singh-Kaw et ai, 1995) and furthermore to facilitate the 
organotypicc rearrangement of cultured El5 mouse lung epithelial cells (Sato and 
Takahashi,, 1997) and branching morphogenesis in organ cultures (Ohmichi et ai, 
1998).. Apart from the function in pulmonary development, HGF can act as growth 
factorr in vivo for alveolar type II cells after lung injury and can thus add to the 
restorationn of epithelial integrity (Panos et ai, 1996; Yanagita et ai, 1993). Its 
tissuee distribution in the developing lung, together with its proliferation and 
differentiation-stimulatingg effects, renders HGF a paracrine growth factor in lung 
developmentt and regeneration. 

Pancreaticc epithelial cells, as well as pancreas carcinoma cells, are induced 
too proliferate and differentiate by HGF, forming tubular structures composed of a 
lumen,, lined by polarized epithelial cells (Brinkmann et ai, 1995). These cells 
havee characteristics of pancreas ductal epithelia, including apical microvilli (Jeffers 
etet ai, 1996a) and the appearance of characteristic markers of normal ductal cells 
(Vil aa et ai, 1995). HGF further influences pancreatic islet formation and p-cell 
differentiation,, leading to the secretion of insulin (Otonkoski et ai, 1994, 1996). 

HGFF has initially been described as a mitogenic factor for cultured 
hepatocytess (Michalopoulos et ai, 1984; Nakamura et ai, 1984) (see also Section 
II.A )) and it has been implicated in embryonic hepatic development. In the liver, 
HGFHGF is expressed in Ito cells, whereas Met transcripts are strongly expressed by 
hepatocytess (Hu et ai, 1993). After chemical or mechanical liver injury HGF 
levelss sharply increase, leading to a strong hepatocyte proliferation (Horimoto et 
ai,ai, 1995; Hu et ai, 1993). Livers from transgenic mice with liver-specific 
overexpressionn of HGF are twice the size of livers of control animals and they 
regeneratee much faster after partial hepatectomy (Sakata et ai, 1996; Shiota et ai, 
1994).. Apart from their placental phenotype described above, HGF null mutant 
mousee embryos fail to develop a fully functional liver (Schmidt et ai, 1995), 
demonstratingg that the presence of HGF is an absolute requirement during liver 
organogenesis.. In rats with an experimental liver cirrhosis the administration of 
HGFF through autologous gene transfer was shown to have a beneficial effect on 
overalll  survival (Ueki et ai, 1999). Thus, HGF acts as a paracrine factor for 
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hepatocytee proliferation and differentiation, both during embryonic liver 
development,, as well as during post-trauma regeneration. 

HGFF and Met are furthermore involved in the proliferation and migration 
off  a wide variety of epithelial cells, and in the morphogenesis of epithelial tissue. 
Inn colon epithelial cells, a complete epithelial developmental program is enrolled 
uponn treatment with HGF, including apical/basal polarization and the formation of 
crypt-likee structures (Brinkmann et al, 1995). Prostate stromal cells produce HGF 
inin vivo (Kasai et al, 1996) and prostate epithelial cells, grown in the presence of 
HGFF proliferate and develop tubular structures reminiscent of those found in the 
prostatee (Brinkmann et al, 1995). Other implications of HGF-Met include the 
developmentt of bone (especially of cartilage) (Blanquaert et al, 1999; Grumbles et 
al,al, 1996; Takebayashi et al, 1995), teeth (Tabata et al, 1996), the (male and 
female)) reproductive tract (Depuydt et al, 1996; Naz et al, 1994; Parrott and 
Skinner,, 1998), thyroid (Schulte et al, 1998; Trovato et al, 1998), and the 
regulationn of hair growth (Jindo et al, 1994, 1998; Shimaoka et al, 1995). 

Duringg epithelial wound healing, many cellular programs that play a role 
duringg embryonic development are re-activated. The HGF-Met axis has been 
implicatedd in epithelial wound healing of various epithelia, including gastric, 
intestinall  and corneal epithelia (Nusrat et al, 1994; Takahashi et al, 1995a, b; 
Wilson*?// al, 1999). 

Inn conclusion, HGF and Met are involved in tissue-specific programs of 
differentiationn in a wide variety of lumen-forming organs, leading to the formation 
off  contiguous, polarized epithelial cell layers and, depending on the type of tissue, 
tubulogenesiss and branching. 

4.4. Development of the nervous system 

Ass described above, HGF and Met are already expressed in the developing central 
andd peripheral nervous system (CNS and PNS), but they remain present during 
adulthood.. Embryonic prospective chick neural plate explants, when treated with 
HGF,, differentiate into cells with a neuronal morphology, and start to express 
neuronall  markers (Streit et al, 1995), whereas in transgenic mice that ectopically 
expresss HGF, cells of the neural crest lineage become inappropriately targeted 
(Takayamaa et al, 1996). Thus, HGF is involved in neural induction, as well as in 
laterr stages of neuronal development, when neural cells adopt a migratory 
phenotype.. In the mammalian CNS, Met is abundantly expressed in the neurons of 
thee hippocampus, cerebral cortex, septum, amygdala, pons, olfactory bulb, medulla 
andd spinal cord (Achim et al, 1997; Honda et al, 1995; Jung et al, 1994; Thewke 
andd Seeds, 1999; Wong et al, 1997). During embryogenesis, HGF expression 
seemss to be confined to prospective target cells for the outgrowing neurites. HGF is 
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thereforee considered as a chemoattractant, e.g. for spinal motoneurons. 
Furthermore,, HGF has been identified as a survival factor for these neurons, and is 
secretedd by their target tissue, muscle, during later stages of development (Ebens et 
al,al, 1996; Yamamoto et al, 1997). HGF has been shown to act synergistically with 
anotherr neurotrophic factor, ciliary neurotrophic factor (CNTF), in motoneuron 
survivall  (Wong et al, 1997). During adulthood, HGF remains expressed in the 
CNS,, where it is found, apart from its localization in neurons, in a/o central glial, 
ependymall  cells, and cells lining the choroid plexus (Honda et al, 1995; Jung et 
al.,al., 1994). In cultured sympathetic neurons, which express both HGF and Met 
throughoutt development, HGF acts as an autocrine axonal outgrowth-stimulating 
factor,, and not as a survival factor (Maina et al., 1998; Yang et al., 1998). 
However,, in the precursor cells of the sympathetic neurons, the sympathetic 
neuroblasts,, HGF does have a stimulating effect on cellular survival, pointing to a 
shiftt in the dependence upon HGF from a survival factor to an outgrowth-
stimulatingg factor (Maina et al., 1998). Transgenic mice expressing dominant 
negativee Met fail to develop a complete set of sensory innervating connections 
(Mainaa et al., 1997). In cultured dorsal root ganglia of these mice, which contain 
predominantlyy sensory neurons, HGF acts synergistically with nerve growth factor 
(NGF)) in axonal outgrowth (Maina et al., 1997). Neurotrophic effects of HGF have 
alsoo been reported in mesencephalic dopaminergic neurons from neocortical 
explantss in vitro (Hamanoue et al, 1996). In these explants, HGF is mainly 
expressedd in microglia, suggesting a role in CNS development. 

Thus,, depending on the spatiotemporal distribution pattern and the type of 
neuronss involved, HGF may act as a neural inducer, a neuronal survival factor, or 
ann axonal guidance factor. 

5.5. Angiogenesis 

HGFF is a potent in vitro motility-stimulating factor for endothelial cells under 2-
dimensionall  culture conditions (Rosen et al, 1990), whereas in 3-dimensional 
collagenn matrices, endothelial cells can be induced by HGF to adapt an elongated 
phenotype,, or to even form tubular, vessel-like structures (Bussolino et al, 1992; 
Grantt et al, 1993). Abundant and genuine angiogenesis in vivo is observed when 
rabbitt cornea is treated with HGF (Bussolino et al, 1992). Accordingly, after 
implantationn into mice, tumor cells that express both Met and HGF, expand much 
fasterr than cells that do not secrete HGF and they constitute larger tumors. This 
coincidess with increased and abundant microvascularization of the HGF-secreting 
tumorss (Lamszus et al, 1997; Laterra et al, 1997). Blood vessel endothelial cells 
expresss Met on their plasma membrane (Bussolino et al, 1992), but it is not clear 
whetherr HGF-induced angiogenesis is a direct consequence of increased 
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endotheliall  cell motility and proliferation. HGF can also enlarge the expression of 
vascularvascular endothelial growth factor (VEGF) in gastric epithelial cells and could thus 
bee responsible for neovascularization in gastric tumors (Takahashi et al, 1997). On 
thee other hand, VEGF induction has been described in endothelial smooth muscle 
cellss after HGF treatment, where it may act synergistically with HGF in 
angiogenesiss (Van Belle et al, 1998). Finally, HGF has been described to induce 
platelet-activatingg factor in macrophages that are in the vicinity of the site of 
neovascularizationn (Camussi et al, 1997). HGF thus increases proliferation and 
migrationn of endothelial cells and may engender angiogenesis directly, or indirectly 
viaa VEGF and platelet-activating factor. 

6.6. Muscle development 

Duringg embryonic muscle development, HGF secreted by limb bud mesenchymal 
cellss induces migration of Met expressing myogenic precursor cells from the 
somitess (Bladt et al., 1995; Yang et al, 1996). Met signaling is essential for the 
detachmentt of the myogenic precursor cells and the subsequent migration into the 
limbb bud and diaphragm (Brand-Saberi et al, 1996). In Met null mutant mouse 
embryos,, myogenic precursor cells remain in the dermomyotome and 
consequently,, the limb bud and diaphragm are not colonized, leading to the 
absencee of skeletal muscles in the limb and diaphragm (Bladt et al, 1995; Dietrich 
etet al, 1999). In contrast, development of the axial skeletal muscles proceeds in the 
absencee of Met signaling. Ectopic HGF expression leads to aberrant muscle 
developmentt as shown in chick embryos, where additional limb buds had been 
inducedd by the ectopic application of fibroblast growth factor (FGF). Here, 
myogenicc precursor cells colonize this newly formed limb bud, through chemo-
attractionn towards HGF (Heymann et al, 1996), whereas in transgenic mice that 
inappropriatelyy express HGF, ectopic muscle formation occurs (Takayama et al, 
1996). . 

MetMet and HGF mRNA are present in immature neonatal rat skeletal muscle, 
butt in adult skeletal muscle their levels are below detection limits. After muscle 
damage,, both HGF and Met expression is upregulated in the regenerating muscle 
(Jennischee et al, 1993; Anastasi et al, 1997; Tatsumi et al, 1998). In a cultured 
undifferentiatedd myoblast cell line both genes are also co-expressed, pointing to the 
existencee of an autocrine pathway in the regulation of cell proliferation (Anastasi et 
al,al, 1997). It appears that HGF expression is developmentally regulated in skeletal 
musclee and transiently re-expressed during muscle regeneration. The latter process 
mayy involve the concerted activation of quiescent satellite cells to proliferate 
(Allenn et al, 1995), while at the same time their differentiation is inhibited (Gal-
Levii  etal, 1998). 
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HGFF and Met are also expressed in progenitor cells of the cardiomyocytes 
andd may play a role in cardiomyogenic differentiation and heart organogenesis 
(Rappoleeétfö/.,, 1996; Song et al, 1999). 

HGFF is hence an inducer of myogenic migration during embryonic 
developmentt and of satellite cell proliferation during muscle regeneration. 
Contrarilyy to the mutually exclusive expression pattern generally found in 
mesenchymal/epitheliall  tissues, myoblast proliferation may be regulated by HGF-
Mett in an autocrine fashion. 

7.. Haematopoiesis 

Thee HGF/Met pathway has also been implicated in haematopoiesis. Both HGF and 
Mett are expressed in the yolksac of the chicken embryo (Théry et al, 1995), and in 
thee human and rodent fetal liver, primordial sites of haematopoiesis (Selden et al, 
1990;; Hu et al, 1993). Within the adult haematopoietic microenvironment, the 
bonee marrow, Met is expressed by a subset of haematopoietic precursor cells 
(HPC),, whereas HGF is expressed by stromal cells, suggesting that HGF functions 
ass a paracrine growth factor (Kmiecik et al, 1992; Galimi et al, 1994; Takai et al, 
1997;; Weimar et al, 1998). Indeed, it was shown that HGF promotes 
differentiationn and proliferation of HPC induced by other haematopoietic growth 
factors.. In the presence of IL-3, HGF stimulates the formation from CD34* 
progenitorss of burst forming units erythroid, as well as colony forming units 
granulocytee erythroid macrophage, but not of colony forming units granulocyte 
monocytee (Galimi et al, 1994; Takai et al, 1997). In the presence of stem cell 
factor,, an even stronger synergistic effect is obtained (Galimi et al, 1994; Weimar 
etet al, 1998). Apart from effects on growth and differentiation, HGF stimulation of 
CD34""  cells leads to integrin activation and adhesion to fibronectin. This adhesive 
interactionn prolonged survival of haematopoietic cells in culture (Weimar et al, 
1998).. Taken together, these data indicate that the HGF/Met pathway is involved in 
thee regulation of the proliferation, differentiation and survival of haematopoietic 
progenitors. . 
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C.. Signal transduction by Met 

1.1. Introduction 

Likee in most other receptor tyrosine kinases, the activation of the kinase domain of 
Mett is believed to depend upon receptor dimerization or oligomerization, resulting 
inn intermolecular transphosphorylation. This process of di- or oligomerization may 
bee facilitated by the action of HSPGs, as discussed in Section II.D. Upon 
stimulationn by HGF, the C-terminus of the P-chain of Met is strongly tyrosine 
phosphorylatedd (Bottaro et al., 1991; Naldini et al, 1991a,b). The 
autophosphorylationn of the tyrosine residues Y1349 and Y1356 of Met, as well as 
thee equivalent residues Y482 and Y489 of the oncoprotein Tpr-Met, are critical for 
mostt biological responses (Ponzetto et al, 1994, 1996; Zhu et al, 1994; Fixman et 
al,al, 1995). These tyrosine residues serve as a multisubstrate docking site for several 
proteins,, including Gabl, Grb2, phosphatidylinositol 3-kinase (PI3-K), 
phospholipasee C (PLCy), Src, She, SHP-2 and STAT3 (Fig. 5). Except for Gabl, 
whichh has a unique Met-binding domain (Weidner et al, 1996; see, however, 
discussionn below), these proteins interact with Met via their SH2 domains: Grb2 
specificallyy to Y1356, the other proteins to both Y1349 and Y1356 (Ponzetto et al, 
1993,, 1994, 1996; Pelicci et al, 1995; Nguyen et al, 1997). Here we will discuss 
thee nature and function of the different Met-associating signaling molecules. 
Furthermore,, the signaling pathways activating Met, and their biological function, 
wil ll  be discussed. 

2.2. The role ofGrb2 and signal transduction via Ras 

Onee of the signaling molecules that associates directly with Met upon HGF 
stimulationn is Grb2 (Ponzetto et ai, 1994). Grb2 is an adapter protein consisting of 
onee SH2 and two SH3 domains. SH2 domains are involved in binding to 
phosphorylatedd tyrosine residues, whereas SH3 domains bind to proline-rich 
regions.. By means of its SH3 domain, Grb2 is constitutively associated with Sos, 
ann exchange factor for Ras. The Grb2-Sos complex is recruited by receptor 
tyrosinee kinases, via their autophosphorylated tyrosine residues, to the plasma 
membranee where Ras is localized. As a consequence, Ras becomes activated (Fig. 
5).. After HGF-induced autophosphorylation, Met also associates with the She 
adapterr protein (Pelicci et al, 1995). Interestingly, upon phosphorylation, She is 
alsoo able to associate with Grb2 (Pelicci et al, 1995). Thus, HGF stimulation can 
triggerr the Ras-pathway by both direct and She-mediated association of the Grb2-
Soss complex to Met (Fig. 5). 
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Figuree 5. A schematic representation of the most relevant signaling pathways activated by 
HGF.. For reasons of clarity both relevant autophosphorylation sites of Met, i.e. Y1349 and 
Y1356,, are depicted twice. Furthermore, the Met-associating proteins, except for Grb2, are 
ablee to interact with either autophosphorylation site. Crossed shapes represent adaptor or 
dockingg proteins without catalytic activity, squares represent kinases, circles represent 
GTPases,, octagons represent guanine nucleotide dissociation stimulators, and pentagons 
representt transcription factors. The solid arrows indicate a direct activation, whereas the 
dottedd arrows indicate activation via known or unknown intermediate proteins or 
phospholipidd metabolites, and the blunted arrows indicate a direct inhibition. Although only 
Mett is depicted, most signaling pathways also apply to the oncoprotein Tpr-Met. See text for 
furtherr details. 
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Activationn of Ras has been implicated in a wide variety of cellular 
responsess including cytoskeletal reorganization, adhesion, proliferation, 
differentiationn and apoptosis. The first identified and best characterized effector 
moleculee for Ras is the serine/threonine kinase Rafl, which phosphorylates and 
activatess MEK, resulting in the phosphorylation and activation of MAP kinase 
(Campbelll  et al, 1998; Vojtek and Der, 1998) (Fig. 5). Among the substrates for 
MAPP kinase are the transcription factors Elk-1 and Ets-2 involved in ternary 
complexx formation at serum response elements. Upon activation, these 
transcriptionn factors regulate expression of immediate early genes, such as c-fos, 
eventuallyy leading to cell proliferation (Wasylyk et al, 1998). Besides Raf, several 
additionall  effector molecules for Ras have been identified. These include PI3-K 
(Rodriguez-Vicianaa et al, 1994), which will be discussed below, and RalGDS 
(Spaargarenn and Bischoff, 1994), an exchange factor for Ral (Albright et al, 1993; 
Feigg et al, 1996) (Fig. 5). Ral has been implicated in Ras-dependent proliferation, 
genee expression, phospholipase D activation and transformation (Wolthuis et al., 
1999),, however, no studies have been conducted yet to investigate its involvement 
inn Met signal transduction and functional responses. 

Inn initial studies using mutants of Met, it was shown that Y1356, the Grb2 
bindingg site, is required for scattering and branching tubulogenesis of MDCK cells, 
whereass the equivalent residue Y489 of Tpr-Met is required for cell proliferation 
andd transformation (Zhu et al, 1994; Fixman et al, 1995). However, these 
mutationss also reduced binding of other Met associating proteins (Ponzetto et al, 
1993,, 1994; Pelicci et al, 1995). Using a more sophisticated mutant that selectively 
failss to bind Grb2 only, it was shown that Grb2 association by Met is required for 
HGF-inducedd branching tubulogenesis of MDCK cells, but not for scattering 
(Fournierr et al, 1996; Ponzetto et al, 1996; Royal et al, 1997). Similarly, whereas 
Grb22 binding by Tpr-Met is not required for motility, it is required for induction of 
transformationn and invasion, in vitro, as well as metastasis and tumorigenicity, in 
vivovivo (Fixman et al, 1996; Ponzetto et al, 1996; Giordano et al, 1997; Jeffers et al, 
1998b;; Bardelli et al, 1999). Intriguingly, however, Grb2 binding to Met is 
dispensablee for transformation, metastasis and tumorigenicity, when Met is 
activatedd by either a point mutation or by autocrine HGF stimulation (Jeffers et al. 
1998b). . 

Interestingly,, it has been shown that expression of N17-Ras, a dominant 
negativee mutant of Ras, abolishes HGF-induced cell scattering (Hartmann et al, 
1994;; Ridley et al, 1995). Since scattering does not require a Grb2 binding site, 
thiss suggests that HGF/Met activates Ras by a Grb2-independent mechanism. 
Indeed,, a recent study by Tulasne et al. (1999), shows that a mutant of Met, which 
lackss four major autophosphorylation tyrosine residues (including Y1349 and 1356 
whichh constitute the multisubstrate docking site), despite its loss of Grb2 binding 
ability,, is still able to induce Ras activation. Moreover, the scattering response, 
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whichh was clearly not affected by these mutations, was abolished upon treatment 
withh the specific pharmacological inhibitor PD98059 of the Ras-MAP kinase 
pathwayy intermediate MEK (Tulasne et ai, 1999). Using either this MEK-inhibitor 
orr constitutively active or dominant negative mutants of Ras or MAP kinase, it was 
concludedd that the activation of the Ras-MAPK pathway is required but not 
sufficientt for HGF-induced scattering (Ridley et ai, 1995; Potempa and Ridley 
1998;; Herrera 1998; Khwaja et ai, 1998; Tanimura et ai, 1998; Tulasne et ai, 
1999),, and for tubulogenesis of MDCK cells (Khwaja et ai, 1998). In conclusion, 
Grb22 and the Ras-MAP kinase pathway appear to play an important regulatory role 
inn a variety of responses elicited by HGF/Met, including mitogenesis, motogenesis 
andd morphogenesis, as well as in Tpr-Met-induced transformation, invasion, 
metastasiss and tumorigenicity. 

3.3. The role of Gabl and signal transduction via PI3-K 

Anotherr important substrate for Met is the docking protein Gabl (Weidner et ai, 
1996).. In vitro, Gabl interacts directly with Met via a proline rich binding domain 
(Weidnerr et ai, 1996), but it has been concluded that the interaction of Gabl with 
Mett and Tpr-Met in vivo is mediated by Grb2 (Nguyen et ai, 1997; Bardelli et ai, 
1997;; Fixman et ai, 1997). Gabl, which contains a PH-domain as well as a 
proline-richh region, and can become heavily tyrosine phosphorylated, has the 
abilityy to directly associate with several signaling molecules such as Grb2, PI3-K, 
PLCyy and SHP2 (Holgado-Madruga eta/., 1996). 

Overexpressionn of Gabl partially mimics the action of HGF, as it results 
inn tubulogenesis of mammary epithelial cells (Niemann et ai, 1998), as well as in 
enhancedd MAP kinase activity, cell scattering and tubulogenesis of MDCK cells 
(Weidnerr et ai, 1996). The HGF responses in MDCK cells could be abrogated by 
overexpressingg the Met binding domain of Gab 1 (Weidner et ai, 1996). In NIH3T3 
fibroblasts,, however, Holgado-Madruga et ai (1996) did not observe enhanced 
MAPP kinase activity or activation upon overexpression of Gabl. Moreover, a 
recentt study shows that Met with mutations of the multisubstrate docking site, 
whichh abolish recruitment of Gabl, as well as Grb2, She and PI3-K, although 
indeedd impaired in the induction of morphogenesis, is still able to activate the Ras-
MAPP kinase pathway and to induce MEK-dependent scattering (Tulasne et ai, 
1999).. Finally, the transforming potential of Tpr-Met mutants correlates with their 
abilityy to induce tyrosine phosphorylation of Gabl (Bardelli et ai, 1997; Fixman et 
ai,ai, 1997). Taken together, these findings convincingly demonstrate the 
involvementt of Gabl in Met-induced morphogenesis (Weidner et ai, 1996; 
Nguyenn et ai, 1997; Niemann et ai, 1998; Maroun et ai, 1999; Tulasne et ai, 
1999),, and suggest a role for Gabl in transformation by Tpr-Met 
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Onee of the first molecules that was shown to become associated with Met 
uponn HGF stimulation was PI3-K (Graziani et al, 1991; Ponzetto et al, 1993). 
Thiss interaction of PI3-K with Met may enhance PI3-K activity and/or localize PI3-
KK in the proximity of its substrate (Ponzetto et al, 1993). PI3-K is composed of a 
p855 adapter subunit, which contains the Met interacting SH2 domain, and a pi 10 
catalyticc subunit. PI3-K is able to phosphorylate PIP2 in order to produce PIP3. 
PIP33 in its turn can bind to the PH domain of target proteins, resulting in their 
translocation,, membrane localization and, indirectly, in their activation. Among the 
PH-domain-containingg effector molecules of PI3-K is the kinase Akt/PKB 
(Burgeringg and Coffer, 1995), which, upon membrane localization, is 
phosphorylatedd and activated by PDKl(Stokoe et al, 1997; Stephens et al, 1998) 
(Fig.. 5). Downstream effector molecules for the PI3-K-regulated kinase PKB 
includee the Bcl-2 family member Bad, which can exert pro-apoptotic activity by 
interactingg with Bcl-2 (Datta et al, 1997; del Peso et al, 1997); glycogen synthase 
kinasee 3 (GSK3), involved in regulation of glycogen synthesis and, as discussed 
below,, in phosphorylation of P-catenin (Cross et al, 1995); p70S6K, involved in 
regulationn of protein synthesis and gene expression (Proud, 1996); and the forkhead 
transcriptionn factor AFX (Kops et al, 1999). The function of these effector 
moleculess in Met signal transduction has not yet been investigated. 

Besidess the ability of PI3-K to directly interact with Met, two additional 
mechanismsmechanisms may account for Met-induced PI3-K activation (Fig. 5). Firstly, the 
p855 subunit of PI3-K was also found to associate with Gabl (Holgado-Madruga et 
al,al, 1996), and, at least in cells overexpressing both Met and Gabl, more PI3-K 
activityy is associated with Gabl than with Met (Maroun et al, 1999). Interestingly, 
besidess being able to associate with PI3-K, Gabl requires PI3-K activity and an 
intactt PH domain for proper localization and induction of morphogenesis (Maroun 
etet al, 1999). Secondly, PI3-K has been identified as an effector molecule for Ras, 
ass Ras has the ability to directly interact with the pi 10 catalytic subunit of PI3-K 
(Rodriguez-Vicianaa et al, 1994). To what extent these three different mechanisms 
contributee to HGF-induced PI3-K activation remains to be established. However, 
Ras-mediatedd PI3-K activation has been implicated in HGF-induced adherens 
junctionn disassembly in MDCK cells (Potempa and Ridley, 1998). 

Byy means of either specific pharmacological inhibitors such as 
Wortmanninn and LY294002, or by expression of dominant negative or 
constitutivelyy active mutants of PI3-K, its function in Met signaling has been 
extensivelyextensively studied. These studies revealed a prominent regulatory role for PI3-K in 
Met-inducedd mitogenesis, motility and morphogenesis. (Royal and Park, 1995; 
Rahimii  et al, 1996; Royal et al, 1997; Potempa and Ridley, 1998; Khwaja et al, 
1998).. Activation of PI3-K has been reported to be required and sufficient for 
tubulogenesis,, and required for scattering (Royal and Park, 1995; Khwaja et al, 
1998;; Potempa and Ridley, 1998). Interestingly, however, mutation of the 
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multisubstratee docking site of Met, which results in the loss of PI3-K and Gabl 
associationn with Met upon HGF stimulation, does not abrogate HGF-induced 
scatteringg or Ras activation (Tulasne et al, 1999). This indicates that Ras-mediated, 
ratherr than direct Met-induced or Gabl-mediated, activation of PI3-K is required 
forr HGF-induced scattering. 

Whetherr PI3-K activation alone is also sufficient for HGF-induced 
scatteringg of MDCK cells is still a matter of debate. On the one hand Potempa and 
Ridleyy (1998) reported that neither expression of an active mutant of PI3-K, nor the 
combinedd expression of PI3-K with active Raf or MEK, was sufficient for adherens 
junctionn disassembly, a prerequisite for scattering. On the other hand, Khwaja et al 
(1998)) reported that expression of an active mutant of PI3-K is sufficient to induce 
scattering,, provided a basal level of MAP kinase activity is present, however, 
expressionn of active Rac or PKB is not sufficient to induce scattering. Based upon 
thesee observation, both studies suggested the requirement of an additional (novel) 
motogenicc pathway for HGF-induced scattering, either downstream of Ras, other 
thann PI3-K or Raf (Potempa and Ridley, 1998), or downstream of PI3-K, other than 
PKBB or Rac (Khwaja et al, 1998). Noteworthy, a recent study also suggested the 
existencee of an additional mitogenic signaling pathway, as NK2, the truncated HGF 
isoformm as described in Section II.A, despite its ability to induce both PI3-K and 
MAPP kinase activation, as well as a motogenic response, is unable to induce a 
mitogenicc response in breast epithelial cells (Day et al, 1999). In agreement with 
thee data from Khwaja et al (1998), it has been reported that expression of active 
PI3-KK disrupts the polarized tubular growth of well-differentiated mammary 
epitheliall  cells, resulting in enhanced motility and invasion (Keely et al, 1997). 
Takenn together, PI3-K activation is required, and may also be sufficient, for HGF-
inducedd scattering. 

PI3-KK has also been implicated in the responses elicited by Tpr-Met. A 
mutantt of Tpr-Met, which preferentially binds PI3-K over Grb2, although still able 
too elicit cell motility, is unable to induce transformation, invasion and metastasis 
(Bardellii  et al, 1999). However, a mutant of Tpr-Met which selectively binds Grb2 
only,, is also impaired in its ability to induce invasion and metastasis (Giordano et 
al,al, 1997). This could, however, be overcome by expression of constitutively active 
PI3-KK (Bardelli et al, 1999). Thus, these data indicate that simultaneous activation 
off  the Ras and PI3-K pathway is required and sufficient for full invasive and 
metastaticc activity of Tpr-Met. In conclusion, the PI3-K pathway is an important 
regulatoryy pathway in HGF/Met-induced mitogenesis, motogenesis and 
morphogenesis,, as well as in Tpr-Met-induced motility, invasion and metastasis. 

154 4 



HGHG F/Met signaling and function 

4.4. The role of signal transduction via Rho-family GTPases and /3-catenin 

Memberss of the Rho subfamily of Ras-related GTPases, as well as Ras itself, have 
beenn implicated in HGF-induced cytoskeletal reorganization, cell scattering and 
tubulogenesis.. Initially, mainly based upon studies in fibroblasts, cdc42, Rac and 
Rhoo were shown to regulate the formation of filopodia, lamellipodia, and stress 
fibers,, respectively (Hall, 1998; van Aelst and D'Souza-Schorey, 1997). Evidence 
wass presented indicating that cdc42 may function upstream from Rac, which in turn 
mayy function upstream from Rho (Zigmond, 1996). Furthermore, it was shown that 
Rass can induce PI3-K-dependent activation of Rac (Rodriguez-Viciana et ai, 
1997),, which may be mediated by the PH domain-containing exchange factor for 
Rac,, Tiam (Michiels et ai, 1995). More recently, these Rho-family GTPases were 
shownn to be involved in the regulation of a wide variety of cellular functions, 
includingg regulation of membrane trafficking, transcriptional activation and cell 
growthh control (Hall, 1998; van Aelst and D'Souza-Schorey, 1997). Several 
effectorr molecules for Rho-family GTPases have been identified, including the Rho 
effectorss ROK and ROCK, involved in stress fiber formation, and the Rac effector 
PAK,, involved in JNK activation and cytoskeletal organization (van Aelst and 
D'Souza-Schorey,, 1997). 

Withh respect to HGF/Met signaling, it has been reported that the 
activationn of Rho is required for HGF-induced membrane ruffling and cell motility 
inn keratinocytes (Takaishi et ai, 1994; Nishiyama et ai, 1994). Furthermore, HGF-
inducedd actin reorganization, membrane ruffling, spreading and scattering of 
MDCKK cells was reported to require activation of Ras and Rac (Hartmann et ai, 
1994,, Ridley et ai, 1995, Potempa and Ridley, 1998), but not of Rho (Ridley et ai, 
1995).. Interestingly, recent studies revealed that Rac and Rho are involved in 
intercellularr E-cadherin-mediated adhesions in epithelial cells. In MDCK cells and 
keratinocytess the basal cadherin-mediated cell-cell adhesion was inhibited by the 
dominantt negative mutant N17-Rac and by inhibition of Rho (Braga et ai, 1997; 
Takaishii  et ai, 1997). Furthermore, expression of constitutively active V12-Rac 
enhancedd cadherin- mediated cell-cell adhesion in MDCK cells (Takaishi et ai, 
1997). . 

Inn agreement with the stimulatory effect of V12-Rac on cell-cell adhesion, 
overexpressionn of either V12-Rac or Tiaml inhibits HGF-induced scattering of 
MDCKK cells (Hordijk et ai, 1997). Furthermore, V12-Rac and Tiaml suppressed 
thee scattered appearance and invasion of fibroblast-like Ras-transformed MDCKB 
cells.. This was shown to be due to restoration of E-cadherin-mediated cell-cell 
adhesion,, as a consequence of enhanced levels of p-catenin and E-cadherin at 
intercellularr junctions (Hordijk et ai, 1997) (Fig. 5). In contrast, however, in well-
differentiatedd mammary epithelial cells expression of active mutants of Rac, cdc42 
orr PI3-K disrupts their polarized tubular growth, and rather promotes their motility 
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andd invasion (Keely et al, 1997). Most likely, these apparent contradictory results 
reflectt the delicate balance between the Rac-dependent regulation of cell-cell 
adhesion,, cell-matrix adhesion, and matrix-dependent cell migration (Sander et 
A/.,, 1998). Finally, expression of N17-Rac in MDCK cells prevents HGF-induced 
andd Ras-mediated dispersal of p-catenin and E-cadherin, adherens junction 
disassemblyy and, as mentioned before, scattering (Potempa and Ridley, 1998). 
Sincee tyrosine phosphorylation of p-catenin has been implicated in the dissociation 
off  the cadherin/p-catenin complex from the actin cytoskeleton, it is noteworthy 
that,, although this was not observed in MDCK cells (Potempa and Ridley, 1998), 
P-cateninn as well as plakoglobin (y-catenin) become phosphorylated on tyrosine 
residuess upon HGF stimulation of HT29 colon adenocarcinoma cells (Shibamoto et 
al,al, 1994). In conclusion, Rac, Rho and P-catenin play an important regulatory role 
inn cell-cell adhesion and HGF-induced cytoskeletal organization and motogenesis. 

Besidess its involvement in cell-cell adhesion, p-catenin has also been 
implicatedd in the regulation of gene transcription. p-Catenin can form mutually 
exclusivee complexes with either cadherins or with APC, the tumor suppressor gene 
productt that is mutated in colon carcinoma (Rubinfeld et al, 1993). GSK3, which 
cann be phosphorylated and inactivated by the PI3-K-dependent PKB, can in turn 
phosphorylatee APC and p-catenin on serine residues (Rubinfeld et al, 1996; Cross 
etet al, 1995) (Fig. 5). As a consequence of this phosphorylation, p-catenin is 
degradedd (Morin et al,1997). However, upon phosphorylation and thus inhibition 
off  GSK3, free p-catenin will accumulate, translocate to the nucleus and interact 
withh the transcriptional regulator T cell factor/lymphocyte enhancer-binding factor 
(TCF/LEF-1),, thereby inducing expression of TCF/LEF-1 target genes (Behrens et 
al,al, 1996; Molenaar et al, 1996) (Fig. 5). Interestingly, HGF stimulation of mouse 
mammaryy cells was reported to result in a decrease in GSK3 activity, the nuclear 
accumulationn of p-catenin, and the activation of TCF/LEF-1 (Papkoff and Aikawa, 
1998).. Thus, via direct or indirect phosphorylation of P-catenin on either tyrosine 
orr serine residues, Met appears to be able to regulate cell-cell adhesion as well as 
genee expression. 

Expressionn of N17-Rac has also been shown to inhibit both JNK 
activationn and transformation by Tpr-Met (Rodrigues et al, 1997). Based upon this 
observationn it was suggested that activation of the JNK pathway, which is mediated 
byy the sequential activation of PI3-K and Rac (Coso et al, 1995; Minden et al, 
1995)) (Fig. 5), is essential for transformation by the Tpr-Met oncoprotein 
(Rodriguess et al, 1997). JNK in turn is able to phosphorylate a number of 
transcriptionn factors, including the immediate early gene c-jun. Noteworthy, both 
GTPasess Rac and Rho have also been implicated in regulation of the transcriptional 
activityy of the Serum response factor (SRF) (Hill et al, 1995). In conclusion, Rac, 
Rhoo and p-catenin play an important regulatory role in HGF/Met-induced 
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mitogenesiss and motogenesis, whereas Rac is also involved in Tpr-Met-induced 
transformation. . 

4.4. The role of additional signaling molecules 

Ann additional Met associating protein is PLCy (Ponzetto et at, 1994). PLCy 
mediatess the production of IP3, which results in enhanced calcium release from 
intracellularr stores, and diacylglycerol, which activates of PKC. Indeed, PKC has 
beenn implicated in Met signaling in a variety of cell types (Santos et al, 1993; 
Adachii  et al, 1996; Dunsmore et al, 1996; Laping et al, 1998; Machide et al., 
1998).. Furthermore, both PKC and calcium have also been implicated in the 
negativee regulation of Met signaling, by phosphorylation of residue S985 of Met, 
resultingg in decreased kinase activity (Gandino et al., 1990, 1991, 1994). Using a 
pharmacologicall  inhibitor, PLCy has been implicated in the chemotactic response 
elicitedd by stimulation of a chimeric PDGF-Met receptor molecule expressed in 
renall  epithelial cells (Derman et al, 1996). 

HGFF also activates STAT3 (Schaper et al, 1997), and stimulates 
recruitmentt of STAT3 to the autophosphorylated Y1356 of Met (Boccaccio et al, 
1998).. Upon phosphorylation, the STAT proteins can dimerize and translocate to 
thee nucleus, where they act as transcription factors controlling the promoter activity 
off  target genes. Inhibition of STAT-mediated transcription prevents HGF-induced 
tubulogenesis,, whereas scattering and proliferation were unaffected (Boccaccio et 
al,al, 1998). 

Furthermore,, the Src tyrosine kinase was shown to directly associate with 
Mett (Ponzetto et al, 1994). This association with Met and activation of Src was 
shownn to play a critical role in carcinoma cell motility (Rahimi et al, 1998), and in 
HGF-inducedd phosphorylation of FAK (Chen et al, 1998). With respect to another 
Mett associating protein, the tyrosine phosphatase SHP-2 (Nguyen et al, 1997), no 
functionall  data are available yet. Recent data indicate that SHP-2 can also be 
indirectlyy recruited to Met via Gabl (Maroun et al, 1999). 

Inn addition, BAG-1, a cell death suppressor gene product that binds the 
anti-apoptoticc proto-oncogene product Bcl-2 in a cooperative fashion (Takayama et 
al,al, 1995), interacts with Met. This interaction was independent of phosphorylation 
off  either Y1349 or Y1356 of Met (Bardelli et al, 1996), and may very well be 
mediatedd by the molecular chaperone Hsp70 (Takayama et al, 1997c). 
Overexpressionn of BAG-1 enhances the anti-apoptotic effect of HGF on liver 
progenitorr cells (Bardelli et al, 1996). 

Finally,, it is noteworthy that ezrin, a member of the ERM protein family 
involvedd in membrane-cytoskeleton interactions, is a substrate for Met in vitro and 
alsoo becomes phosphorylated on tyrosine residues in vivo. Both a truncated and a 
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tyrosinee mutated variant of ezrin impair the motogenic and morphogenic response 
off  epithelial kidney cells to HGF (Crepaldi et al., 1997). Furthermore, as will be 
discussedd in more detail in the next Section, the observations that the HSPG CD44 
cann directly interact with ezrin (Tsukita et al., 1994), and can bind and present HGF 
too Met (van der Voort et al., 1999; Taher et al., 1999). adds an extra dimension to 
thee role of ezrin in Met-signaling. 

D.. Heparan sulfate proteoglycans and HGF/Met function 

Besidess Met, heparan sulfate proteoglycans (HSPGs) have been identified as a 
secondd class of HGF-binding sites on various cell types. These binding have a 
muchh lower affinity than the Met receptor, but they are considerably more 
numerouss (10-1000 fold) (Higuchi eta/.. 1991; Tajima et al, 1992). 

HSPGss are proteins that carry one or more covalently linked heparan 
sulfatee chains. They are widespread throughout mammalian tissues both as cell 
surfacee molecules, e.g. the syndecans, glypicans, and CD44-HS, and as ECM 
components,, e.g. perlecan. HSPGs have been implicated in several important 
biologicall  processes including cell adhesion and migration, angiogenesis, tissue 
morphogenesis,, and regulation of blood coagulation. In these processes, they are 
believedd to function as scaffold structures, designed to accommodate proteins 
throughh non-covalent binding to their heparan sulfate (HS)-chains (reviewed in 
Schlessingerr et al., 1995; Lindahl et al., 1998). The ligand-binding sites reside 
withinn discrete sulfated domains formed by complex, cell-specific modifications to 
thee HS disaccharide repeat. Binding of proteins, including many growth factors and 
cytokines,, e.g. FGFs, VEGF, HB-EGF, IL-3, IL-7, GM-CSF, and certain 
chemokines,, to HS-chains may serve a variety of functions ranging from 
immobilizationn and concentration, to distinct modulation of their biological 
function.. This functional importance is illustrated by fibroblast growth factor 2 
(FGF-2),, whose binding to its signal-transducing receptor and consequent 
biologicall  effects is critically dependent on its interaction with cell-surface HSPGs 
(Rapraegerr et al., 1991; Yayon et al., 1991.; Schlessinger et al., 1995). 
Furthermore,, a number of cell biological and genetic studies have recently 
providedd compelling evidence for an in vivo role of cell-surface HSPGs in growth 
controll  and morphogenesis in Drosophila, mice and humans (reviewed by Selleck, 
1998). . 

Thee modular structure of HGF has facilitated the identification of the 
domainss responsible for binding to Met and heparin/HS. By using deletion mutants 
ofof HGF and examining their binding ability to immobilized heparin, Mizuno et al. 
(1994)) identified the hairpin loop of the amino-terminal domain and the second 
kringlee domain as sites essential for heparin binding. The same domains, are also 
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criticall  for Met binding and signaling (Matsumoto et ai, 1991; Hartmann et ai, 
1992;; Lokker et ai, 1992; Okigaki et ai, 1992). In order to dissect the binding sites 
forr Met and heparin/HS in HGF, the groups of Gherardi and Blundell generated 
three-dimensionall  models of the individual HGF domains to help to design specific 
mutantss {Donate et ai, 1994). Based on the X-ray structures of antithrombin-
(Carrelll  et ai, 1994) and FGF-heparin complexes (Faham et ai, 1996), they 
predictedd the heparin-binding sites to contain clusters of positively charged 
residuess which make electrostatic contact with negatively charged groups in HS-
chains.. Indeed, three such clusters were identified on the surface of HGF, two in 
thee hairpin loop and one in the kringle 2 domain (Donate et ai, 1994). By 
introducingg specific mutations at these sites, it was confirmed that these residues 
playy a key role in heparin-binding (Hartmann et ai, 1998). A study by Chirgadze et 
aiai (1999) has recently reported the crystal structure of NK1, a natural splice 
variantt of HGF with agonistic activity, consisting of the N- and first kringle-
domainss (see Section II.A) . It was shown that NK1 assembles as an asymmetric 
homodimerr in which the N-domain of one partner interacts with the kringle domain 
off  the other. Short heparin fragments (14-mer) effectively dimerized NK1 in 
solution,, suggesting that heparan sulfate chains expressed on cells or in the ECM 
mayy stabilize the NK1 dimers in vivo. 

Althoughh HS-chains are composed of a linear array of disaccharide units 
consistingg of alternating hexuronic acid (L-iduronic acid (IdoA) or D-glucuronic 
acid)) and D-glucosamine, there is evidence that they are capable of highly specific 
proteinn binding. Variations in O-sulfation pattern, hexuronate composition, and 
lengthh of the sulfated segments determine this specificity (Lindahl et ai, 1998). 
Thee first specific binding domain identified, was a pentasaccharide which binds 
withh high affinity to antithrombin III (AT III) , a serine protease inhibitor. This 
sequencee induces a conformational change in AT III and accelerates its binding to 
factorr Xa and thrombin, and in this way promotes the anticoagulant action of AT 
IIII  (Lindahl et ai, 1984). Lyon et ai (1994) and Ashikari et ai (1995) have 
analyzedd the structural basis of the interaction between HGF and HSPGs. Both 
studiess indicate that high affinity HGF-binding requires oligosaccharides with a 
minimumm length of 8-12 units containing 6-O-sulfated GlcNSÔ  residues, which 
mayy be flanked by IdoA(S03) units (Ashikari et ai, 1995). Interestingly, this 
structurall  specificity for binding to HS differs radically from that of FGF-2 
(Maccaranaa et ai, 1993), illustrating the importance of structural diversity of the 
HS-chainn in selective growth factor binding. 
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Figuree 6. Different isoforms of CD44 can promote Met signaling by distinct mechanisms. 

CD44v3-100 promotes Met signaling by heparan sulfate-mediated presentation of HGF to 

Met,, whereas CD44 can also promote Met signaling as a consequence of adhesion to HA. 

Seee text for further details. 

Whereass HSPGs have been shown to be crucial for FGF interaction with 
itss receptor, and thus for FGF functioning, their role in HGF/Met interaction is, as 
yet,, less well defined. Binding to heparin/HS does not appear to affect the affinity 
off  full-length HGF for the Met receptor, but it increases receptor phosphorylation 
andd mitogenicity on rat hepatocytes (Zioncheck et al, 1995; Schwall et al, 1996). 
Inn contrast, Met binding and mitogenicity of NK1 has been reported to require 
HSPGss (Schwall et al, 1996; Sakata et al, 1997). Recently, we have shown that 
HGFF binds to a HSPG splice variant of CD44 (CD44-HS) expressed on B cells 
(vann der Voort et al, 1999). This binding strongly promotes the HGF-induced 
tyrosinee phosphorylation of Met as well as phosphorylation of several substrates 
(Fig.. 6) (see also Section III.C). Taken together, these in vitro studies indicate that 
HSPGss may play an important regulatory role in HGF/Met signaling. 
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Interactionn of HGF with HSPG could modulate Met-signaling via several 
mechanismsmechanisms (Fig. 6). Firstly, as already mentioned, HSPGs may promote 
dimerizationn of HGF, thereby promoting receptor cross-linking and tyrosine kinase 
activityy (Chirgadze et al, 1999). Secondly, by inducing a conformational change 
HSPGss may influence the affinity of HGF for Met, as has been demonstrated for 
thee NK1 splice variant (Sakata et al, 1997). Thirdly, HGF may mediate co-
localizationn of HSPGs and Met, which may bring relevant intracellular signaling 
moleculess in the proximity of each other. For example, we have shown that the 
cytoplasmicc tail of CD44 interacts physically and functionally with Src-family 
proteinn tyrosine kinases (Taher et al, 1996), which have also been implicated in 
Mett signaling (Ponzetto et al, 1994). The above-mentioned processes may involve 
thee formation of a ternary complex between HGF, Met, and a HSPG. In case of 
ternary-complex-formationn between CD44-HS, HGF, and Met, Src kinases 
associatedd with the cytoplasmic tail of CD44, might be recruited into the complex 
(Taherr et al, 1999). This may facilitate their activation by Met. Similarly, the ERM 
familyy member ezrin, which is also associated with CD44 and a downstream target 
forr Met, may also be assembled into the complex. Ezrin acts as a linker between 
thee intracellular domain of CD44 and the actin-based cytoskeleton (Tsukita et al, 
1994),, and has been shown to be involved in HGF-induced cell migration (Crepaldi 
etet al, 1997). By recruiting ezrin, CD44-HS might thus contribute to the regulation 
off  cell adhesion and migration. 

Thee preceding data suggest an important physiological role for HSPG in 
thee regulation of HGF function. To directly address this issue, Hartmann et al 
(1998)) performed in vivo studies comparing wild-type HGF with HGF mutants 
withh a strongly (50 fold) reduced affinity for heparin. Mutant HGF showed a 
delayedd clearance from the blood, and interestingly, induced a higher DNA 
synthesiss in normal mouse liver. Based on these findings, the authors suggest a role 
forr HSPGs in promoting the internalization and degradation of HGF in vivo. 
Althoughh no further in vivo data are as yet available, it is tempting speculate on 
otherr physiological roles for HSPGs. HSPGs may help to localize HGF to specific 
cellss or ECM components within the microenvironment and may be required for 
thee establishment of a chemotactic gradient. Examples are the migration of 
myogenicc precursor cells to the limb bud during embryogenesis, which is critically 
dependentt on HGF and Met, and possibly, the migration B cells within the 
germinall  center. Furthermore, membrane and matrix HSPG may also protect HGF 
fromm proteolytic degradation (Saksela et al, 1988). Further studies are needed to 
exploree these possible roles of HSPG. 
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E.. The HGF/Met pathway in tumor growth, invasion and metastasis 

Inn Section II.A.2, we briefly discussed the oncogenic potential of the Tpr-Met 
chimera.. In this chimera, the intracellular domain of Met is fused to Tpr, resulting 
inn a constitutively active homodimer with transforming capacity (Cooper et al, 
1984;; Park et al, 1986; Gonzatti-Haces et al, 1988). A vast body of clinical and 
experimentall  data, shows that, apart from Tpr-Met, also the Met proto-oncogene 
andd HGF play a pivotal role in tumorigenesis. For instance, overexpression and 
highh levels of autophosphorylation of Met have been found in human tumor cell 
liness (Fig. 7) (Tempest et al, 1988; Giordano et al, 1989a; Ponzetto et al, 1991; 
Kuniyasuu et al, 1992). Often this overexpression is caused by gene amplification 
(Giordanoo et al, 1989a; Ponzetto etal, 1991; Kuniyasu et al, 1992). Interestingly 
however,, transfection of tumor cells with activated ras and ret oncogenes also 
causess Met overexpression and enhance HGF-dependent invasion (Ivan et al, 
1997;; Webb et al, 1998). Furthermore, Met overexpression can be induced by 
HGFF itself, as well as by a number of other cytokines, including EGF, IL-1, and 
IL-66 (Chen et al, 1997). These data indicate that both oncogenes and cytokines 
presentt in the tumor microenvironment can induce Met expression and thereby 
promotee tumorigenesis. 

Inn addition to Met overexpression, overproduction of HGF can also occur 
inn tumors. For instance, it was demonstrated that tumor cells can release factors, 
e.g.e.g. IL-1, FGF-2 or PDGF, which stimulate neighboring fibroblasts to secrete HGF 
(Fig.. 7) (Rosen et al, 1994a, 1994b; Nakamura et al, 1997). Alternatively, some 
tumorr cell lines were shown to express both HGF and Met, suggesting the presence 
off  an autocrine loop (Fig. 7) (Naidu et al, 1994; Moriyama et al, 1995; Tuck et 
al,al, 1996; Trusolino et al, 1998). Aberrant expression and activation of the 
HGF/Mett pathway are not only present in tumor cell lines, but also in many native 
humann tumors. Overexpression of Met was detected in carcinomas of the stomach, 
liver,, colon, pancreas, lung, and thyroid gland (Di Renzo et al, 1991, 1992, 1995a, 
1995b;; Prat et al, 1991; Kuniyasu etal, 1992; Liu et al, 1992; Boix et al, 1994; 
Kurukawaa et al, 1995; Ueki et al, 1997). For colorectal, liver, thyroid, and brain 
cancer,, it was shown to be correlated with disease progression (Di Renzo et al, 
1995b;; Belfiore et al, 1997; Koochekpour et al, 1997; Ueki et al, 1997). 
Similarly,, overexpression of HGF was also reported in human cancer, e.g. in 
tumorss of the pancreas and in gliomas (Furukawa et al, 1995; Koochekpour et al, 
1997;; Lamszus et al, 1998). Importantly, in patients with breast or non-small cell 
lungg cancer, expression of HGF was shown to be a strong and independent 
predictorr of recurrence and tumor-related death (Yamashita et al, 1994; Siegfried 
etal,etal, 1997). 
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Figuree 7. The HGF/MET pathway in tumor growth, invasion and metastasis. Uncontrolled 
MET-signalingg can be caused by receptor overexpression, illegitimate autocrine or paracrine 
stimulation,, activating mutations, and translocation and fusion with Tpr. In addition, 
uncontrolledd MET-signaling may also result from overexpression of HSPG. As a 
consequencee of enhanced MET activity, tumor cells may increase their growth rate and 
becomee resistant to apoptosis, resulting in a growth and/or survival advantage. Furthermore, 
METT activation may lead to cytoskeletal reorganization, and integrin activation, as well as to 
activationn of proteolytic systems involved in ECM degradation, resulting in an increased 
invasivee and metastatic capacity. HGF production, either by fibroblasts in the tumor stroma 
orr by the tumor cells, may stimulate angiogenesis. 

Weidnerr and colleagues (1990) demonstrated that HGF induces invasion of 
carcinomaa cell lines into collagen gels. Similar effects of HGF were subsequently 
reportedd for many other tumor cell lines, including mammary, colon and squamous 
celll  carcinoma, and melanoma lines (Jiang et al, 1993; Matsumoto et al., 1994; 
Rosenn et al, 1994b; Hendrix et al, 1998). In accordance with these findings, Date 
etet al. (1998) showed that a 44;ringle-containing HGF antagonist (NK4) inhibits 
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HGF-inducedd tumor invasion. Interestingly, Jiang et al (1993) reported that, while 
colonn carcinoma cells became more motile in the presence of HGF, their growth 
wass inhibited. Similar observations were made by Giordano et al (1993) in NIH 
3T33 fibroblasts. A recent report suggests that HGF-induced growth suppression can 
bee caused by the induction of oxidative stress (Arakaki et al, 1999). 

Att least two mechanisms may be involved in the promotion of 
invasivenesss by the HGF/Met pathway. First, HGF may induce invasion and 
metastasiss by causing cytoskeletal rearrangement and by activating adhesion 
moleculess (Fig. 7). For example, HGF was shown to induce tyrosine 
phosphorylationn of molecules involved in the assembly of focal adhesions, 
resultingg in cell spreading and migration (Matsumoto et al, 1994) (see also 
Sectionss II.B and C). In addition, we and others have shown that HGF induces 
activationn of integrins and consequent adhesion and migration (van der Voort et al, 
1997;; Weimar et al, 1997; Trusolino ^ al, 1998). Secondly, activation of Met may 
leadd to an enhanced degradation of the ECM by invasive cells (Fig. 7). Met 
activationn by HGF increases the expression of urokinase-type plasminogen (uPA) 
andd its receptor (Pepper et al, 1992; Rosen et al, 1994b; Jeffers et al, 1996b), 
moleculess known to play a role in ECM proteolysis. 

Studiess using in vivo models confirm the involvement of HGF and Met in 
tumorigenesis.. Autocrine stimulation of Met transfected NIH 3T3 cells with HGF, 
enhancedd the tumorigenic and metastatic capacity of these cells in nude mice 
(Rongg et al., 1992, 1994). Similar findings were reported for SK-LMS-1 human 
leiomyosarcomaa cells and for mouse mammary tumor cells (Rosen et al, 1994b; 
Jefferss et al, 1996b; Lamszus et al, 1997). In the leiomyosarcoma model, 
HGF/Mett signaling was shown to increase the expression of both uPA and its 
receptorr uPAR, suggesting a role for this proteolysis network in promoting 
invasivenesss and metastasis. In the mouse mammary tumor model as well as in a 
gliomaa model, stimulation of angiogenesis by HGF appeared to play a key role 
(Fig.. 7) (Lamszus et al, 1997; Laterra et al, 1997). 

Studiess in transgenic mice corroborate the role of HGF and Met in 
tumorigenesis.. HGF transgenic mice were shown to develop a broad array of 
primaryy tumors and metastases of mesenchymal as well as epithelial origin, 
includingg malignant melanoma, fibrosarcoma, and mammary carcinoma 
(Takayamaa et al, 1997b; Otsuka et al, 1998). Many of these tumors arose from 
abnormallyy developed tissues, suggesting a functional link between HGF-
dependentt morphogenesis and tumorigenesis. Since most neoplasms, melanomas in 
particular,, demonstrated overexpression and enhanced activation of Met, autocrine 
signalingg via Met was thought to be a major cause of tumorigenesis. 

Recently,, Met has been implicated in the genesis of hereditary papillary 
renall  carcinomas (HPRC). Schmidt et al (1997) showed that missense mutations in 
thee Met gene are present in the germline of affected members of HPRC families. 
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Remarkably,, affected individuals often have a duplication of the chromosome 
bearingg the mutated Met allele (Fischer et ai, 1998; Zhuang et ai, 1998). Similar 
mutationss were also found in a subset of sporadic papillary renal carcinomas and of 
childhoodd hepatocellular carcinomas (Zhuang et ai, 1998; Park et ai, 1999). 
Importantly,, NIH 3T3 fibroblasts transfected with Met constructs containing the 
mutationss detected in HPRC, are transforming in vitro and tumorigenic in vivo 
(Jefferss et ai, 1997). Taken together, these data strongly suggest that the Met 
mutantss expressed in HPRC initiate tumorigenesis. 

III .. HGF/MET IN B CELL DEVELOPMEN T AND NEOPLASIA 

A.. HGF/Met in antigen-specific B cell differentiation 

Interestingly,, recent studies from our laboratory have provided evidence for a role 
off  the HGF/Met pathway in the immune system, i.e. in the regulation of antigen-
specificc B cell differentiation (van der Voort et ai, 1997, 1999; Pals et ai, 1998; 
Taherr et ai, 1999). During this process, naive B cells develop into memory cells or 
plasmaa cells. This requires multiple interactions of B cells with other cells, such as 
TT cells and follicular dendritic cells (FDC), and with the ECM, which take place 
withinn distinct microenvironmental compartments of the lymphoid tissues (Fig. 8) 
(MacLennan,, 1994; Nossal, 1994; Thorbecke et ai, 1994; Liu et ai, 1996a; 
Rajewsky,, 1996; Lindhout et ai, 1997). After their initial activation in the 
extrafollicularr T cell (paracortical) area, germinal center (GC) founder cells 
migratee into B cell follicles where they initiate the formation of GCs (Liu et ai, 
1991;; Jacob et ai, 1991a). Once in the GC, the B cells first pass the dark zone 
wheree they undergo rapid clonal expansion and somatic hypermutation in their IgV 
geness (Berek et ai, 1991; Jacob et ai, 1991b; Küppers et ai, 1993; 
McHeyzer-Williamss et ai, 1993; Pascual et ai, 1994). Mutated B cells then 
progresss to centrocytes and move to the basal light zone of the GC. Here they 
reencounterr antigen, presented as low levels of immune complexes on FDC, and 
undergoo affinity selection (Tew et ai, 1990; Hardie et ai, 1993; MacLennan, 
1994).. Whereas low affinity mutants and autoreactive mutants die by apoptosis, 
highh affinity mutants internalize antigen and process it on their migration pathway 
too the apical light and outer-zones of the GC. In these areas, the affinity selected B 
cellss present antigen to antigen-specific GC T cells (Fuller et ai, 1993; Casamayor-
Pallejaa et ai, 1995; Zheng et ai, 1996). Cognate T-B interaction results in 
expansionn and Ig-isotype switching of high affinity B cells (Kraal et ai, 1982; Liu 
etet ai, 1996b), that mature into memory B cells or plasma cells and receive signals 
mediatingg their export from the lymphoid organ (MacLennan, 1994). 
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Wee observed that stimulation of human tonsillar B cells by phorbol ester 
and,, more importantly, by concurrent CD40 and B cell receptor (BCR) ligation, 
leadss to a rapid transient Met induction (van der Voort et al, 1997). Presumably, 
BCR-- and CD40-mediated signals are also instrumental in the physiological 
inductionn of Met, as Met is expressed in vivo on tonsillar centroblasts 
(CD38*CD77^),, which are the offspring of B cells that have recently been activated 
att extrafollicular sites by antigen plus T cells signals (MacLennan, 1994). These 
activatingg signals critically involve CD40/CD40L interactions: Patients with the 
X-linkedd hyper-IgM syndrome (due to mutated and consequently defective 
CD40L)) do not develop GC and blocking of the CD40/CD40L pathway in mice 
leadss to complete inhibition of GC reactions (Banchereau et a!., 1994; Foy et al., 
1994;; Han et al, 1995; Kawabe et al, 1994; Facchetti et al, 1995). Our findings 
thuss link Met induction to the initiation of the B cell immune response. 

Plasmaa cell 

|| Mantle zonel 

Differentiation Differentiation 

IsotypeIsotype switching 

i i 
Selection Selection 

t t 
Proliferation Proliferation 

Mutation Mutation 

t t 
Activation Activation 

Figuree 8. Schematic representation of the T cell-dependent B cell differentiation in 

secondaryy lymphoid organs. See text for further details. B, B cell; FDC, follicular dendritic 

cell;; T, T cell. 
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Adhesionn regulation, particularly regulation of lymphocyte integrin 
function,, is believed to be fundamental to the control of cell migration and 
microenvironmentall  homing during B cell differentiation (Koopman and Pals, 
1992;; Butcher and Picker, 1996). In functional studies, we observed that HGF 
augmentss adhesion of Met positive B cells lines to VCAM-1 and fibronectin by 
activatingg the integrin a4pi (van der Voort et al, 1997). Similar effects of HGF on 
integrin-mediatedd adhesion of B cells to fibronectin were also reported by Weimar 
etet al. (1997). The physiological relevance of these findings is strongly supported by 
ourr observation that HGF is produced by stromal cells and FDC (van der Voort et 
al,al, 1997; and our unpublished observations). During B cell differentiation the 
integrinn a4J31 mediates B cell adhesion to FDC (Freedman et al, 1990; Koopman 
etet al, 1991, 1994), an interaction that regulates the formation of the 
microenvironmentt required for the affinity selection of GC B cells. Apart from 
establishingg physical contact between B cells and FDC, a4pl presumably 
contributess directly to the B cell selection process itself, as signaling through the 
a4[31/VCAM-11 pathway costimulates rescue of GC B cell from apoptosis 
(Koopmann et al., 1994, 1997). Furthermore, a4pl also regulates cell adhesion to 
fibronectinn (Wayner et al., 1989), an important substrate for cell migration. 
Interestingly,, Weimar et al. (1997) reported that HGF indeed stimulates B cell 
migrationn on fibronectin. 

Inn view of the pleiotropic effects of HGF on many cell types, it is possible 
that,, HGF may have other, as yet unknown, roles in antigen-specific B cell 
differentiationn in addition to adhesion regulation. For example, as will be discussed 
inn Section III.B, Met signaling might promote B cell proliferation and survival. 

Preliminaryy results from in vivo studies support the involvement of the 
HGF/Mett pathway in antigen-specific B cell differentiation. We explored this role 
byy a molecular genetic approach using Met knock-out mice. Since homozygous 
MetMet knock-out mice die in utero at around day E 15.5 (Bladt et al., 1995), the 
immunee function of these mice can not be studied directly. To circumvent this 
problem,, we reconstituted RAG-2'IL-2gR~ mice with fetal liver cells from MET 
micee or control littermates. After i.v. injection, the haematopoietic stem cells 
presentt in the fetal liver migrate to the bone marrow, and regenerate B- and T-cell 
populations.. Thus far, analysis of the B and T-cell compartments, the organization 
off  the lymphoid organs, and of the baseline levels of immunoglobulin, 
demonstratedd no significant difference between MET' and control mice. 
Interestingly,, however, the immune response against the T cell-dependent antigen 
TNP-KLHH was reduced in the MET' mice. Furthermore, in the spleens of 
immunizedd MET' mice, we observed a reduction in the number of plasma cells, 
thee Ig-secreting population of B cells. 
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B.. Met signaling in B cells 

Althoughh most data on Met-signaling have been obtained in epithelial cells, and 
hencee do not necessarily apply to B cells, we have recently been able to 
demonstratee HGF/Met-induced phosphorylation and/or activation in B cells of at 
leastt several key signaling molecules such as Ras, MAP kinase. PI3-K, PKB and 
Gabll  (Fig. 5) (our unpublished observations). Here we will outline the putative 
roless of these molecules in B cell development. 

Ass discussed above, the HGF/Met pathway is implicated in integrin 
regulationn in B cells (van der Voort et ai, 1997; Weimar et ai, 1997). Several 
differentt signaling pathways have been implicated in inside-out signaling to 
integrins:: Key regulatory proteins in these pathways appear to be PI3-K and 
differentt Ras-like GTPases (Howe et ai, 1998; Kolanus and Seed, 1997; Hughes 
andd Pfaff, 1998). PI3-K is involved in the activation of integrins in leukocytes 
(Shimizu<?/a/.,, 1995), T cells (Zell e/ ai, 1998) and platelets (Zhang et ai, 1996a), 
whereass activated R-ras increases integrin activity in myeloid cells (Zhang et ai, 
1996b)) and epithelial cells (Keely etai, 1999). Since R-ras is able to bind the same 
effectorr molecules as Ras, including PI3-K (Spaargaren et ai, 1994; Spaargaren 
andd Bischoff, 1994; Marte et ai, 1997), integrin activation by R-ras may involve 
thee activation of PI3-K. 

Inn contrast to the stimulatory effect of R-ras, activated H-ras and Raf were 
foundd to inhibit activity of platelet integrins expressed in CHO cells (Hughes et ai, 
1997).. Interestingly, R-ras appears to function as an antagonist of Ras-suppressed 
integrinn activity in this cell system (Sethi et ai, 1999). However, unlike its 
inhibitoryy effects on the activation of platelet-integrins, active Ras promotes TCR-
triggeredd integrin-mediated T cell adhesion to ICAM-1 (O'Rourke et ai, 1998). 
Thesee data imply that, dependent on the specific cell system studied, Ras may 
eitherr inhibit or promote integrin activity. In addition to Ras and R-ras, the GTPase 
Rhoo has also been implicated in integrin activation, specifically in chemoattractant-
inducedd integrin activation in lymphocytes and neutrophils (Laudanna et ai, 1996). 
Sincee HGF stimulation of Met in B cells results in activation of PI3-K as well as 
thee Ras-MAP kinase pathway (van der Voort et ai, 1999) (our unpublished 
observations),, and Rho has been implicated in Met signaling in epithelial cells 
(Takaishii  et ai, 1994, Nishiyama et ai, 1994), it is likely that these proteins also 
playy an important role in the regulation of integrin activity by HGF in B cells. 

Recentt studies have revealed several points of convergence between B-
celll  antigen receptor (BCR) and HGF/Met signaling. Firstly, the prominent Met 
substratee Gab 1 was recently shown to become phosphorylated, and associated with 
Grb2,, PI3-K, She and SHP-2, upon BCR triggering (Ingham et ai, 1998; Nishida 
etet ai, 1999) (our unpublished observations). Secondly, PI3-K, which is activated 
uponn stimulation of B cells by HGF, has a prominent role in BCR-signaling and B 
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celll  development: targeted disruption of the gene encoding the p85 subunit of PI3-
KK arrests B cell development at the pro-B cell stage, resulting in decreased 
immunoglobulinn production (Fruman et al, 1999; Suzuki et al, 1999), similar to 
thatt in X-linked hypoglobulinemia. Thirdly, STAT3, which becomes 
phosphorylatedd and translocates to the nucleus upon stimulation by HGF 
(Boccaccioo et al, 1998), also plays a role in BCR-mediated signaling (Karras et al, 
1997).. Finally, we observed that HGF activates the Ras-MAPK pathway in B cells. 
Thiss presumably constitutes an important transcription regulatory and proliferative 
signall  for Met expressing GC B cells, which are in the process of undergoing rapid 
clonall  expansion and selection (Lindhout et al, 1997; Tarlinton, 1998b). Ras is 
alsoo involved in BCR-signaling and B cell development. Expression of dominant 
negativee Ras arrests development at a very early stage, prior to formation of the 
pre-BB cell receptor (Iritani et al, 1997). Furthermore, activated Ras causes 
progressionn of RAG 1-deficient pro-B cells to pre-B cells and to cells with 
characteristicss of the more mature GC B cells (Shaw et al, 1999). 

Successfull  B cell selection in the GC requires tight regulation of cell 
survival.. Interestingly, several studies indicate that the HGF/Met pathway may 
generatee survival signals. HGF can rescue MDCK cells from apoptosis (Frisch and 
Francis,, 1994), and inhibits apoptosis induced by staurosporin or DNA damaging 
agentss of liver progenitor and carcinoma cells (Bardelli et al, 1996; Fan et al, 
1998;; Liu et al, 1998b). In addition, overexpression of an active Met mutant 
renderss hepatocytes resistant to anoikis and staurosporin-induced apoptosis 
(Amiconee et al, 1997). Given the ability of Met to interact with the anti-apoptotic 
BAG-11 upon HGF stimulation (Bardelli et al, 1996), it is interesting to note that 
BAG-11 has been reported to play a role in survival and proliferation of the I n -
dependentt B cell line Ba/F3 (Clevenger et al, 1997). Furthermore, we have found 
thatt Met can activate PKB, in a PI3-K-dependent fashion, in B cells (our 
unpublishedd observation). PKB is able to phosphorylate Bad, a Bcl-2 antagonist 
expressedd in GC B cells (Ghia et al, 1998), and thereby may suppresses the pro-
apoptoticc activity of Bad (Datta et al, 1997; Mok et al, 1999) (Fig. 5). Taken 
together,, these data suggest that Met may play an important role in the regulation 
off  apoptosis in the GC B cells, and thus in the process of affinity selection, which 
iss critical for antigen-specific B cell differentiation. 

Finally,, regulation of GC B cell migration is important for the antigen-
specificc B cell differentiation (Tarlinton, 1998a; Pals et al, 1998). Several 
chemokiness have been shown to be involved in this process, including SDF-1 , 
whichh is produced by reticulum cells surrounding the GC and acts via the G 
protein-coupledd receptor CXCR4 (Bleul et al, 1996, 1998). A recent study has 
reportedd the ability of the BCR to arrest SDF-la-induced migration (Bleul et al, 
1998).. Interestingly, it was shown that this arrest was caused by PKC-mediated 
CXCR44 downregulation (Guinamard et al, 1999). Since HGF stimulation also 
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resultss in activation of PKC, this mechanism may provide a means to arrest 
migrationn of Met expressing B cells in the GC. 

C.. Heparan sulfate proteoglycans on B cells promote Met signaling 

Wee have recently obtained evidence that HSPGs expressed on the cell-surface of 
specificc B cell subsets may play an important role in regulating Met signaling. 
Severall  human B cell subpopulations, including plasma cells and memory B cells, 
expresss HSPGs (van der Voort et ai, 2000). Interestingly, this HSPG expression 
wass greatly enhanced by activation of B cells with the phorbol ester PMA, and 
moree importantly, by ligating the co-stimulatory molecule CD40. An even stronger 
inductionn of HSPG was obtained after simultaneous ligation of CD40 and the BCR, 
signalss which also induce expression of Met (van der Voort et ai, 1997). Since 
CD400 and the BCR play key roles during the T cell-dependent B cell 
differentiationn (see Section III.A) , these data suggest that Met and HSPGs act in 
concertt during this biological process. Indeed, we observed that, upon activation, B 
cellss acquire the capacity to bind large amounts of HGF via HS-moieties. CD44 
isoformss carrying HS-chains (CD44-HS) are the major proteoglycan core proteins 
onn these activated B cells, which did not express the core proteins of syndecan-1, 2, 
4,, or glypican. However, others have shown that human as well as murine plasma 
cellss express syndecan-1 (Sanderson et a/., 1989), whereas syndecan-4 was 
recentlyy shown to be expressed by murine immature and mature B cells (Yamashita 
etai,etai, 1999). 

Byy using Burkitfs lymphoma cells transfected with either CD44-HS or a 
CD444 isoform lacking HS (CD44s), we demonstrated that CD44-HS strongly 
promotess signal transduction via Met, including Met phosphorylation, 
phosphorylationn of Gab-1, activation of the MAP kinases ERK1/2, and 
phosphorylationn of PKB. Taken together, our results identify HSPGs, specifically 
CD44-HS,, as functional co-receptors for HGF promoting signal transduction 
throughh Met (Fig. 6). We hypothesize that, via concentration and presentation of 
HGF,, HSPGs regulate the biological activity of the HGF/Met pathway in B cells. 

D.. The HGF/Met pathway in B cell neoplasia 

Thee HGF/Met pathway presumably is not only involved in normal B cell 
differentiation,, but also in the development and progression of B cell neoplasia. 
Mett is constitutively expressed by several Burkitf s lymphoma cell lines, including 
Raji,, BJAB, and EB4B (Jiicker et al, 1994; van der Voort et ai, 1997, Weimar et 
ai,ai, 1997), as well as by a subset of native Burkitt's lymphomas (Weimar et al, 
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1997;; our unpublished observations). On these tumor cells, which represent the 
malignantt counterparts of GC centroblasts, HGF induces Met phosphorylation, as 
welll  as activation of downstream signaling molecules including MAP kinases and 
PKBB (van der Voort et ai, 1997, 1999; Taher et ai, 1999; our unpublished 
observations)) (see also Section III.B) . Furthermore, HGF stimulation of Met 
positivee Burkitt's lymphoma cells enhances a4pl and a5pi-mediated adhesion to 
fibronectin,, collagen and VCAM-1, and promotes their invasion into fibroblast 
monolayerss (van der Voort et ai, 1997; Weimar et ai, 1997). Since HGF is 
producedd by follicular dendritic cells and lymphoid stromal cells (van der Voort et 
ai,ai, 1997) (our unpublished observation), paracrine stimulation of Burkitt's 
lymphomaa cells by HGF most likely takes place within the lymphoid 
microenvironment,, promoting tumor growth and/or survival. HGF/Met signaling 
mayy stimulate survival via at least two distinct routes. As a direct consequence of 
HGFF stimulation, Met may become associated with the anti-apoptotic protein 
BAG-11 (Bardelli et ai, 1996) (see also Section III.B) . At the same time, HGF 
stimulationn may down-modulate the activity of the Bcl-2 antagonist Bad (Datta et 
ai,ai, 1997). Alternatively, activation of integrins by HGF/Met signaling may prevent 
tumorr cell death by anoikis. This scenario is supported by our previous observation 
thatt integrin mediated adhesion to FDC presents a strong anti-apoptotic signal for 
GCC B cells (Koopman et ai, 1994, 1997). 

Althoughh precise data concerning the expression of Met and HGF in 
differentt subtypes of malignant lymphoma are at present not available, a study by 
Weimarr and colleagues (1997) indicates that Met expression is not confined to 
Burkitt'ss lymphoma. In 8 out of 11 follicle center cell lymphomas, and in some 
casess of large B cell lymphoma, Met expression was observed. Furthermore, in 
approximatelyy half of the cases of Hodgkin's disease Met expression was found in 
Hodgkinn 's/ Reed-Sternberg (RS) cells, which presumably represent "crippled" GC 
BB cells (Braeuninger et ai, 1997). Interestingly, Met expression in RS cells was 
stronglyy correlated with the presence of Epstein-Barr virus (EBV), suggesting a 
rolee for EBV in Met regulation (Weimar et ai, 1997). Although recent studies from 
ourr laboratory do not confirm the high percentage of Met positive cases among 
follicl ee center cell lymphomas, wc did find Met expression in large B cell 
lymphomass (our unpublished observations). 

HGFF has also been identified as a potential growth factor for multiple 
myelomaa (MM), a neoplasm of terminally differentiated B cell ( i.e. plasma cells). 
Byy screening myeloma supernatants for their ability to inhibit the activity of 
transformingg growth factor-p (TGF-p), Borset and colleagues (1996c) isolated an 
antagonist.. This protein was identified as HGF, and was produced by all five 
myelomaa cell lines tested. Interestingly, in four of these cell lines Met was also 
expressed,, suggesting the existence of an autocrine HGF/Met loop. Indeed, in the 
humann myeloma cell line JJN-3, Met was found to be constitutively 
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phosphorylatedd and could be dephosphorylated by anti-HGF antibodies (Borset et 
ai,ai, 1996b). These findings were further extended by analyzing MM cells freshly 
isolatedd from patients. In all seven cases studied, co-expression of HGF and Met 
wass observed on MM cells isolated from the bone marrow (Borset et ai, 1996a). 
Recently,, the Nordic Myeloma Study Group reported the HGF serum levels of over 
4000 MM patients. In approximately half of these patients elevated HGF levels were 
present;; these patients had an unfavorable prognosis and poor response to 
melphalan/prednisonn treatment (Seidel et ai, 1998). 

Inn conclusion, while its precise role needs to be elucidated, the above data 
suggestss that deregulated HGF/Met signaling may contribute to the development 
andd progression of specific subtypes of B cell neoplasia, including Burkitt's 
lymphoma,, large B cell lymphoma, and multiple myeloma. 

IV .. SUMMAR Y 

Thiss review summarizes the structure, signal transduction and physiological 
functionss of the HGF/Met pathway, as well as its role in tumor growth, invasion, 
andd metastasis. Moreover, it highlights recent studies indicating a role for the 
HGF/Mett pathway in antigen-specific B cell development and B cell neoplasia. 
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Summaryy and conclusions 

Communicationn of cells with each other and with their environment is crucial for 
thee regulation of growth, migration and differentiation as well as for the 
organizationn of specific tissues. Receptors on the cell membrane enable the 
transductionn of information from extracellular environment into a cell. These 
receptorss can be classified into different families such as adhesion molecules, death 
receptorss and tyrosine kinases. In this thesis we have explored the signaling 
throughh two different types of receptors, i.e., the adhesion molecule CD44, and the 
receptorr protein tyrosine kinase Met. 
Thee CD44 family of adhesion molecules is involved in various biological and 
pathologicall  processes including lymphocyte activation and homing, 
hematopoiesis,, and tumor progression and metastasis, however, littl e was known 
aboutt the signal transduction regulating these processes. Therefore, in Chapter  2 
wee explored the signaling through CD44 in T lymphocytes. We showed that cross-
linkingg of CD44 leads to tyrosine phosphorylation of different cytoplasmic proteins 
includingg ZAP-70. Furthermore we demonstrated that there is a physical and 
functionall  association between CD44 and p56lck, a Src family non-receptor tyrosine 
kinase.. Our findings suggest that Src-family kinases are involved in the signals 
transducedd through CD44, regulating cell growth, differentiation, and tumor 
progression. . 
Thee HGF-Met pathway controls complex biological responses in different cell 
types,, however, nothing was known about its role in the immune system . In 
Chapterr  3 we show that Met is expressed on specific subset of B lymphocytes, the 
germinall  center (GC) cells, and that HGF, the ligand for Met, is secreted by 
stromall  cells and follicular dendritic cells, cells which are present in or near the 
GC.. Furthermore, we observed a strong transient expression of Met on B 
lymphocytess activated via stimulation of CD40 and/or the B cell antigen receptor 
(BCR)) in vitro. The fact that Met is expressed on centroblast (offspring of B cells 
thatt have recently been activated by antigen plus accessory signals including 
CD40L)) suggests that BCR and CD40 mediated signals are also instrumental in the 
physiologicall  induction of c-Met. In addition, we demonstrated that HGF induces 
Mett phosphorylation and enhanced integrin-mediated adhesion of B cells to the 
adhesionn molecule vascular adhesion molecule-1 (VCAM-1), and to the ECM 
proteinn fibronectin. These data strongly suggest that HGF-Met pathway, through 
thee regulation of B cell adhesiveness, plays an important role during the GC 
reaction.. This complex T cell-dependent process generates memory lymphocytes 
andd plasma cells producing antibodies of high affinity. 
Thee versatility of CD44 function results from the expression of a large group of 
CD444 glycoproteins, which are generated by alternative splicing and differential 
glycosylation.. CD44 isoforms containing the domain encoded by the alternatively 
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splicedd exon v3 can be modified with heparan sulfate (HS), and consequently are 
HSPGs.. Heparan sulfate proteoglycans (HSPGs) are believed to play an important 
rolee in the regulation of the activity of many cytokines. In Chapter  4 we show that 
HGF-inducedd signal transduction is strongly promoted when B cells express CD44-
HSS in addition to Met. We demonstrated that CD44-HS efficiently binds HGF via 
itss HS-side chain. In addition, we show that, as compared to CD44s (CD44 isoform 
withoutt HS-side chain) CD44-HS promotes (i) HGF-induced tyrosine 
phosphorylationphosphorylation of Met, and (ii) phosphorylation of several downstream proteins, 
includingg ERK1 and 2. Heparitinase treatment, and the use of a mutant HGF with 
greatlyy reduced affinity for HS, demonstrates that the enhancement of Met signal 
transductionn induced by CD44-HS is critically dependent on HS moieties. These 
resultss identify CD44-HS, as a functional coreceptor for HGF, which promote 
signalingg through Met presumably through increasing effective concentration of 
HGFF on the plasma membrane. Furthermore, in Chapter  5, using B cells co-
expressingg Met and the CD44s isoform (the non-HGF-binding isoform), which 
bindss to hyaluronic acid (HA), we investigated the influence of HA, on HGF-Met 
signaling.. We showed that CD44-HA interaction enhances the HGF-induced 
phosphorylationn of Met. This effect cannot be due to a HGF-induced co-
localizationn of Met with CD44, as the CD44s isoform does not bind HGF. 
Furthermore,, a similar potentiating effect on Met signaling could also be induced 
byy cross-linking and/or adhesion of CD44s by means of the anti-CD44 antibody 
Hermes-3.. These results suggest that the cytoplasmic domain of CD44 is involved 
inn outside-in signaling and in cross-talk with Met. This cross-talk may involve Src 
familyy tyrosine kinases associated with CD44. 
Uncontrolledd activation of Met has been implicated in tumor growth, invasion, and 
metastasis.. Besides enhanced kinase activation, impaired down-regulation of Met, 
mightt also cause receptor hyperactivity and could therefore be oncogenic. Negative 
regulationn of protein tyrosine kinase-mediated signaling is achieved through at 
leastt two distinct mechanisms: (i) tyrosine dephosphorylation by tyrosine 
phosphatases,, and (ii) ubiquitination by ubiquitin ligase, which causes receptor 
endocytosiss and subsequently degradation. In Chapter  6, we identified c-Cbl, a 
ubiquitinn ligase, as a downstream target of HGF-Met signaling and we investigated 
itss involvement in HGF-induced receptor ubiquitination. We showed that HGF 
inducess strong tyrosine phosphorylation of c-Cbl and increases its association with 
thee Src-family tyrosine kinases Fyn and Lyn, as well as with PI-3 kinase and CrkL. 
Inn addition, we demonstrated that c-Cbl mediates HGF-induced ubiquitination of 
Met,, whereas the transforming mutants v-Cbl and 70Z/3 Cbl, which lack the 
ubiquitinn ligase RING finger domain, suppressed Met ubiquitination. These data 
suggestt that association of PI-3 kinase with Met via Cbl might represent an 
alternativee route for the regulation of PI-3 kinase activity by HGF. Our findings 
alsoo indicate that Cbl plays a key role in the negative regulation of Met signaling 
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byy acting as E3 ubiquitin ligase, whereas the expression of the oncogenic mutants 
off  Cbl may result in overexpression and constitutive activation of Met leading to 
Met-mediatedd tumorogenesis. Additional studies are required to further identify the 
residuess or domains of Met and Cbl involved in the HGF-induced Cbl-mediated 
ubiquitinationn of Met. This can provide an insight into the potential role of Cbl and 
thee mechanism responsible for Met-mediated tumorigenesis. 
Migrationn of VSMCs from the arterial media to the intima is one of the major 
pathologicall  vascular reponses that leads to the development and progression of 
intimall  thickening and vessel narrowing. The growth, motility, and morphogenesis 
off  many different cell types is regulated by interaction of HGF with its receptor 
Met.. Knock-out mice deficient in either Met or HGF die in utero due to placental 
andd liver defects. In addition, they show a severe defect in the migration of muscle 
celll  precursors, leading to absence of the skeletal muscles from the limbs and 
diaphragm.. In Chapter  7 we investigated the role of HGF-Met signaling on 
smoothh muscle cell migration. We showed that Met is expressed on primary 
culturedd VSMCs and that HGF induces cell migration and lamellipodia formation, 
aa characteristic feature of motile cells. Furthermore, HGF induces PI-3 kinase/AKT 
andd RAS/MAPK activation. The HGF-induced cell motility is PI-3 kinase and (31 
integrinss dependent. These data indicate that the HGF-Met signaling through PI-3 
kinasess controls [31 integrins-mediated VSMC migration and therefore may play an 
importantt role in VSMC migration from the arterial media to the intima in 
atherosclerosiss and restinosis after coronary angioplasty. Our findings not only 
providee a novel insight into the role of HGF/Met pathway in Atherogenesis, but 
alsoo point to a possible therapeutic strategy that involve targeting of HGF/Met 
pathwayy in vascular diseases. 
Chapterr  8 provides an overview of the structure and function of the 
multifunctionall  cytokine HGF, and its receptor Met, and discusses their role in 
development,, tumorigenesis, and B cell differentiation. 
Takenn together, the data presented in this thesis provide novel perspectives on the 
rolee of CD44 and Met signaling in several physiological and pathological 
processes,, including the immune response, tumorigenesis, and atherogenesis. Most 
importantly,, they suggest that in these processes CD44 and Met may act in concert, 
ass a functional signaling unit (see chapter 8, figure 6). Targeting of this signaling 
unitt with either antibodies, peptides, or drugs, may prove an effective therapeutic 
strategyy in inflammation, cancer, and atherosclerosis. 
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Samenvattingg en conclusies 

Communicatiee tussen cellen en hun omgeving is van cruciaal belang voor de 
regulatiee van groei, migratie en ontwikkeling. Receptoren op de celmembraan 
makenn transductie van informatie uit de extracellulair omgeving naar de cel 
mogelijk.. Deze receptoren kunnen geclassificeerd worden in verschillende 
families,, o.a. adhesie moleculen, death receptoren en tyrosine kinases. In dit 
proefschrift,, hebben wij de signalering via twee verschillende receptoren 
onderzochtt n.1. het adhesie molecuul CD44 en de receptor proteïne kinase Met. 

Dee CD44 familie van adhesie moleculen is betrokken bij verschillende 
biologischee en pathologische processen inclusief lymfocyt activatie en homing, 
hematopoiese,, tumor progressie en metastasering, er is echter weinig bekend over 
dee signaal transductie paden via welke CD44 deze processen reguleert. 
Inn Hoofdstuk 2 hebben wij de signalering via CD44 in T lymfocyten onderzocht. 
Wijj  laten zien dat cross-linking van CD44 leidt tot tyrosine fosforylering van 
verschillendee cytoplasmatische eiwitten met name, ZAP-70. Tevens hebben we 
tonenn wij aan er een fysieke en functionele associatie bestaat tussen CD44 en 
p561ck,, een Src familie non-receptor tyrosine kinase. Onze bevindingen wijzen op 
betrokkenheidd van Src familie kinases bij signalering via CD44 en suggereren hun 
betrokkenheidd bij CD44 gereguleerde celgroei, differentiatie, en tumorprogressie. 

Dee HGF-Met signaleringsroute speelt een cruciale rol in verschillende 
biologischh processen en celtypen, de functie in het immuunsysteem was echter 
onbekend.. In Hoofstuk 3 tonen wij aan dat Met tot expressie komt op een 
specifiekee subgroep van B lymfocyten, de kiemcentrum cellen en dat HGF, de 
ligandd van Met, uitgescheiden wordt door stromale cellen en folliculair 
dendritischee cellen (FDC). Tevens toonden wij aan expressie van Met op B 
lymfocytenn wordt geinduceerd door stimulatie van CD40 en / of de B cel antigeen 
receptorr (BCR) in vitro. Het feit dat Met tot expressie komt op de centroblast (die 
directt afstamt van B cellen die recent zijn geactiveerd door antigeen plus co-
stimulatoiree signalen, met name CD40L) suggereert dat BCR en CD40 
gemedieerdee signalen ook cruciaal zijn in de fysiologisch inductie van Met. 
Functioneell  induceert HGF fosforylering van Met en versterkt het integrine-
gemedieerdee adhesie van B-cellen aan het adhesie molecuul Vascular Cellular 
Adhesionn Molecule-1 (VCAM-1) en aan het matrix-eiwit fibronectine. Deze 
resultatenn suggereren dat de HGF-Met signaleringsroute, door regulatie van B-cel 
adhesiee aan FDC, een belangrijke rol speelt tijdens de kiemcentrum reactie. Dit 
process is cruciaal voor de vorming van 'memory1 lymfocyten en van plasmacellen 
diee hoog-affine antilichamen produceren. 

Dee functionele diversiteit van CD44 hangt waarschijnlijk samen met het 
grotee aantal verschillende de expressie CD44 isoformen dat ontstaat door 
alternatievee splicing en glycosylering. CD44 isoformen die het v3 domein bevatten 
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kunnenn met heparaan sulfaat (HS) gedecoreerd worden en zijn dus heparan sulfaat 
proteoglycanenn (HSPGs). HPSGs spelen een belangrijke rol bij de regulatie van de 
activiteitt van cytokines en groeifactoren. In Hoofdstuk 4, laten wij zien dat HGF 
geïnduceerdee signaaltransductie versterkt wordt wanneer CD44-HS en Met samen 
tott expressie komen op B-cellen. HGF bindt sterk aan CD44-HS HGF via zijn HS-
zijketen.. Tevens versterkt CD44-HS (i) HGF geïnduceerde tyrosine forforylering 
vann Met, en (ii) fosforylering van verschillende cytoplasmatische eiwitten met 
namee ERK1 en -2. Deze resultaten identificeren CD44-HS als een functionele co-
receptorr voor HGF, die de signalering via Met versterkt, waarschijnlijk door HGF 
opp de celmembraan te concentreren. In Hoofdstuk 5, onderzochten wij de invloed 
vann hyaluron zuur (HA) op HGF-Met signalering met behulp van B cellen waarop 
Mett samen met de CD44s isoform (die niet aan HGF bindt, maar wel aan HA) tot 
expressiee komt. Wij laten zien dat de CD44-HA interactie de HGF geïnduceerde 
fosforyleringg van versterkt. Dit effect wordt waarschijnlijk niet veroorzaakt door 
HGF-geïnduceerdd co-lokalisatie van Met en CD44, omdat de CD44s isoform niet 
aann HGF bindt. Ook kan hetzelfde versterkte effect op Met signalering geïnduceerd 
wordenn door cross-linking en/of adhesie van CD44s door het gebruik van anti-
CD444 antilichamen. Deze resultaten suggereren dat het cytoplasmatische domein 
vann CD44 betrokken is bij het outside-in signaling en cross-talk met Met. Deze 
cross-talkk wordt mogelijk gemedieerd door de Src familie tyrosine kinases die met 
CD444 geassocieerd zijn. 

Ongecontroleerdee activatie van Met wordt speelt een rol bij tumorgroei, 
invasie,, en metastasering. Naast versterkte kinase activiteit, kan defecte negatieve 
regulatiee van Met ook tot hyperactiviteit leiden. Negatieve regulatie van proteïne 
tyrosinee kinase gemedieerde signalering kan plaatsvinden door (i) tyrosine 
defosforylatiee door tyrosine fosfatases, en door (ii) ubiquitinatie van de receptor 
doorr een ubiquitine ligase. Dit laatste leidt tot receptor endocytose en vervolgens 
tott degradatie. In Hoofdstuk 6 hebben wij c-Cbl, een ubiquitine ligase, 
geïdentificeerdd als een down-stream target van HGF-Met signalering en 
onderzochtenn wij zijn betrokkenheid bij HGF geïnduceerde receptor ubiquitinatie. 
Wee tonen aan dat HGF sterke tyrosine phosphorylering van Cbl induceert en zijn 
associatiee met de Src-familie tyrosine kinases Fyn en Lyn, met PI-3 kinase en met 
CrkLL versterkt. Daarnaast tonen wij aan dat c-Cbl de HGF geïnduceerde 
ubiqutinatiee van Met medieert, dit in tegenstelling tot de getransformeerde 
mutantenn v-Cbl en 70Z/3 Cbl, waarin de ubiquitin ligase Ring Finger domein 
ontbreekt.. Deze resultaten suggereren dat associatie van PI-3 kinase met Met via 
Cbll  een alternatieve route voor regulatie van PI-3 kinase activiteit door HGF 
representeerd.. Onze bevindingen geven een indicatie dat Cbl ook een belangrijke 
roll  speelt in de negatieve regulatie van Met signalering door te functioneren als E3 
ubiquitinn ligase. Daarentegen leidt de expressie van de oncogene mutanten van Cbl 
tott mogelijk tot overexpressie en constitutieve activatie van Met, resulterend in 
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Met-gemedieerdee tumorigenese. Verder onderzoek is noodzakelijk om de 
domeinenn van Met en Cbl betrokken bij HGF geïnduceerde Cbl gemedieerde 
ubiqutinatiee van Met te identificeren 

Migratiee van Vascular Smooth Muscle Cells (VSMCs) van de arteriele 
mediaa naar de intima is een van de belangrijke pathologische vasculaire responses 
diee tot de ontwikkeling en progressie van intima verdikking en vaatvernauwing 
leidt.. In Hoofdstuk 7, onderzochten wij de rol van HGF-Met signalering op gladde 
spiercell  migratie. Wij tonen aan dat Met tot expressie komt op primair gekweekte 
VSMCss en dat HGF celmigratie en lamellopodia formatie, karakteristieke 
eigenschappenn van motiele cellen, induceert. Tevens induceert HGF PI-3 
kinase/AKTT en RAS/MAPK activatie. De HGF geïnduceerde cel motiliteit is 
afhankelijkk van pi integrinen en PI-3 kinase. Deze data suggereren dat HGF-Met 
signaleringg via PI-3 kinase pi integrine gemedieerde VSMC migratie controleert 
enn een belangrijke rol speelt bij VSMC migratie van de arteriele media naar de 
intimaa in atherosclerose en restenose na coronaire angioplastiek. De HGF-Met 
signaleringss biedt een potentieel nieuw aan grijpingspunt voor anti-atherogene 
therapie. . 

Inn Hoofdstuk 8 geven wij een overzicht van de HGF en zijn receptor Met, 
watt betreft structuur, functie en betrokkenheid bij B cel ontwikkeling, 
tumorigenesee en differentiatie. 

Dee in dit proefschrift gepresenteerde bevindingen bieden nieuw inzicht in 
dee rol van CD44- en Met-signalering in verschillende belangrijke fysiologische en 
pathologischee processen zoals de immuunreponse, tumorigenese en atherosclerose. 
Dee belangrijkste conclusie is dat CD44 en Met bij deze processen een functionele 
signaaltransductiee unit vormen (zie hoofdstuk 8, Fig 6). Naar onze mening vormt 
dezee unit een potentieel interessant doelwit voor therapie met b.v antilichamen, 
peptidenn of drugs, bij ontsteking, kanker en atherosclerose. 
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