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INTRODUCTION 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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Figuree 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. 
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Figuree 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 either 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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Figuree 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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Figuree 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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