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INTRODUCTION INTRODUCTION 

BB CELL DEVELOPMENT AND CANCER 

BB CELL DEVELOPMENT 
BB cells represent the humoral component of 

thee adaptive immune system. In the bone mar-
roww (BM), committed lymphoid progenitors will 
differentiatee into immature B cells, a process that 
iss antigen independent. During this development, 
BB cells acquire the ability to express surface-bound 
immunoglobulinss constituting the B cell antigen 
receptorss (BCR). During the first stages of B cell 
development,, expression of the pre-B cell receptor 
(pre-BCR)(1),, formed as a result of the rearrange-
mentt of variable (V), diversity (D) and joining (J) 
regionss of the Ig heavy chain gene (IGH) locus 
locatedd on chromosome 14 (2,3) is indispensable 
forr B cell survival. Signaling via the pre-BCR and 
willl induce rearrangement of the Vand J segments 
off the Ig light chains (the K or X locus) to produce a 
maturee BCR of the IgM isotype (1). 

Immaturee B cells expressing a mature BCR 
willl migrate to the secondary lymphoid organs 
(i.e.(i.e. spleen, mucosa associated lymphoid tissue 
(MALT),, or lymph nodes). These peripheral lym-

phoidd tissues provide the structures that facilitate 
antigenn presentation. Two basic structures can be 
recognizedd in all peripheral lymphoid organs; a T-
celll rich interfollicular area and a B cell rich follicle 
consistingg mainly of naïve B cells. The antigen-pre-
sentingg cells in the T cell areas are dendritic cells 
off hematopoietic origin, whereas the B cell follicles 
mainlyy harbor follicular dendritic cells (FDC), which 
aree of mesenchymal origin (4,5). Antigens will be 
boundd to surface expressed BCRs and internal-
ized.. This event, in combination with additional 
stimulii provided by T cells ("T cell help"), can acti-
vatee the B cells, leading to direct differentiation into 
plasmaa cells (fig. 1). These plasma cells secrete 
low-affinityy antibodies, that provide a rapid, early 
immunee response. Other B cells migrate into the 
primaryy follicles, initiating a series of events known 
ass the germinal center (GC) reaction. (4,6). Based 
onn histological architecture, GCs are comprised of 
aa dark and light zone (fig. 2). B B cells that undergo a 
GCC reaction will first develop into rapidly proliferat-
ingg centroblasts. As a result, the naive cells will be 
pushedd to the periphery of the follicle and form a 
mantlee zone (fig. 2). Expanding centroblasts will 
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Figuree 1. Normal B cell differentiation and the related stages of B cell neoplasia. Schematic representation of B 
celll differentiation. The malignant counterparts are indicated in parenthesis. See text for further detail. BM=bone marrow, 
PEL=primaryy effusion lymphoma, MM=multiple myeloma, DLBCL=diffuse large B cell lymphoma, FL=follicular lympho-
ma,, MZL=marginal zone lymphoma, CLL=chronic lymphatic leukemia/lymphoma, MALT=mucosa associated lymphoid 
tissue,, IC=immunocytoma, MCL=Mantle cell lymphoma, ALL=acute lymphoblastic leukemia. 
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undergoo mutation of their IGV genes, a process 
calledd somatic hypermutation (SHM) (7). SHM of 
IGIG genes requires transcription of the IG gene and 
occurss at an extremely high rate compared to ge-
nomicc somatic mutation (>106X). 

Afterr clonal expansion and somatic hypermu-
tation,, the centroblasts migrate to the basal part 
off the GC light zone and differentiate into centro-
cytes.. These centrocytes will express mutated sur-
facee Igs and re-encounter antigen, presented by 
thee FDCs (8). In the light zone, B cells are selected 
basedd on the affinity of their BCRs for antigen, a 
processs called affinity maturation (9). Whereas low 
affinityy mutants and auto-reactive mutants die by 
apoptosis,, high affinity mutants will internalize anti-
genn and process it during their migration to the api-
call light and outer-zones of the GC. This stringent 
selectionn allows the generation and diversification 
off cells, while rigorously controlling their specificity. 
Duringg this process, the affinity-selected B cells 
presentt antigen to antigen-specific GC T cells 
(10-12).. These T cells, which have been activated 
byy dendritic cells (13), will provide the B cells with 
stimulatoryy signals (e.g. CD40-CD40 ligand inter-
action,, production of cytokines) (10-12,14), leading 
too class switch recombination and differentiation 
intoo either memory B cells or plasma cells (4,15). 

Figuree 2. The germinal center (GC) reaction. Schematic 
representationn of the developmental steps that take place 
duringg the T cell-dependent B cell differentiation in sec-
ondaryy lymphoid organs. See text for further detail. B=B 
cell,, T=T cell, FDC=follicular dendritic cell. 

BB CELL NON HODGKIN'S LYMPHOMA 
Thee classification of human lympho-prolifera-

tivee disorders has steadily evolved since their 
recognitionn by Thomas Hodgkin in 1832 (16). The 
characteristicss displayed by B cell tumors are of-
tenn reminiscent to that of normal B cells, allowing 
classificationn based on morphology, configuration 
off the BCR, expression of membrane associated 
molecules,, and recently, genetic profiling (17,18). 
Thee current classification of B cell tumors is based 
onn the concept that B cells, when transformed into 
aa malignant cell, preserve their pattern of genetic 

rearrangementt and mutational status of the IGH 
andd IGL genes. In normal lymphoid tissues, both 
classs switch recombination and SHM of the IG 
geness take place within the GC. Extensive single-
celll studies performed by the Rajewski lab, have 
shownn that normal mantle zone B cells are devoid 
off mutated IG genes, whereas GC B cells undergo 
continuouss hypermutation (9). Therefore, the con-
figurationfiguration of the IG genes of a B cell tumor, i.e. the 
statuss of rearrangement of the IG genes, the pres-
encee of somatic mutations, and the status of the 
switchingg isotype, can be used to determine the 
cellularr origin of B cell tumors (table 1). 

Errorss in B cell-specific DNA remodeling pro-
cessess that take place in the IG genes, may lead 
too translocations, including the IG locus (table 1). 
Ass a result, the powerful enhancers which normally 
controll BCR expression, are juxtaposed to genes 
thatt play important roles in apoptosis, cell cycle 
regulation,, or proliferation. Examples of translo-
cationss that involve IG sequences are t(14;18), 
t(11;14),, and t(8;14), effecting the expression of 
BCL2,BCL2, CCND1, and MYC, respectively (19-21). 
Thee resulting aberrant expression of the affected 
geness may thus lead to the repression of apopto-
sis,, enhancement of proliferation, susceptibility to 
genomicc damage, or blockage of differentiation. 
Translocationss were initially thought to arise solely 
duringg D-J or V-DJ recombination in BM precursor 
BB cells (22). However, it has become clear that 
somee of the translocations found in B cell tumors 
doo not show a typical VDJ rearrangement "signa-
ture"" but instead places the effected genes adja-
centt to switch regions, or areas that are targeted 
duringg the SHM process (23,24). SHM involves 
mostlyy single base pair substitutions; however, 
alsoo small insertions and deletions are found, al-
beitt at a very low frequency (25). Even though it 
iss currently not clear whether these insertions and 
deletionss are normal by products or unwanted side 
effectss of SHM (26), it suggests that SHM might 
bee associated with the occurrence of double strand 
breaks. . 

SHMM was originally thought to be a process 
specificc for rearranged IGV genes. However, the 
findingg that SHMs are present in BCL6 in DLBCL, 
onn translocated as well as normal alleles, initiated 
thee analysis of the of BCL6 in normal B cells (27). 
Intriguingly,, BCL6 mutations were detected in hu-
mann GC and memory B cells, but not in naïve B 
cells,, suggesting that non-/G genes could also be 
affectedd by somatic hypermutation (28). Also, the 
TNFRSF6TNFRSF6 gene (FAS) has been identified as a 
targett of the SHM machinery in normal B cells (29). 
Thesee findings suggest that the hypermutation pro-
cesss might also promote tumorigenesis in B cells 
byy targeting regulatory or coding sequences of 
genes,, resulting in deregulated expression. In dif-
fusee large B cell lymphoma (DLBCL), several other 
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Tablee 1. Example s of translocation s mediate d by B cell-specifi c mechanism s 

Genee anomal y Geness involved/effecte d B cel l tumo r cause e 
t(111 ;14)(q13;q32) 

t(111 ;14)(q13 ;q32) 

t(14;18)(q32;q21 1 

miscellaneouss involving 3q27 

t(2;8)(p122 ;q24) 

t(8:14)(q24;q32)) and variants 

t(14;16)(q32;p33) ) 

t(4;14)(p16;q32) ) 

CCND1CCND1 and IGH 

CCND1CCND1 and IGH 

BCL2BCL2 and IGH 

BCL6 BCL6 

MYCMYC and IGH or IHL 

MAFMAF and IGH 
FGFR3FGFR3 and IGH 

FL,, MM 

DLBCL L 

Burkitt'ss lymphoma 

MM M 

V(D)JJ recombination 

V(D)JJ recombination 

Switchh recombination 

V(D)JJ recombination 

Somaticc hypermutation 

Somaticc hypermutation 

Switchh recombination 

Somaticc hypermutation 

Switchh recombination 

MCL=mantlee cell lymphoma, FL=follicular lymphoma, DI_BCL=diffuse large B cell lymphoma 

nonn IG genes have been found affected by somatic 
hypermutation,, among which are PAX5, MYC, 
RHORHO and PIM1 (30). Interestingly, the aforemen-
tionedd mutated oncogenes are also often involved 
inn translocations in B cell malignancies (31), thus 
providingg support for the hypothesis that hypermu-
tatedd genes are more susceptible for translocation 
events.. Recently, an enzyme termed activation-in-
ducedd deaminase (AID), has been shown to play a 
pivotall role in both class switch recombination and 
SHM.. Whereas disruption of the AID gene leads to 
absencee of class switch recombination and SHM 
(32,33),, ectopic expression of AID induces these 
processess (34), even in non-lymphoid cells (35). 
Thesee findings demonstrate clearly that SHM is 
nott restricted to IG sequences. 

BB cell tumors often exhibit a great deal of 
heterogeneity,, showing multiple morphological 
presentations,, dissemination patterns, and genetic 
aberrations.. Especially in DLBCL, the genetic ab-
normalitiess are diverse and multiple, consisting of 
translocations,, numerical chromosomal abnormali-
ties,, amplifications, deletions, and point mutations 
(36).. A recent study by Alizadeh et al remarkably 
improvedd the detection of clinically relevant sub-
typess of DLBCL, by using genetic expression profil-
ingg (37). The authors identified two molecularly dis-
tinctt forms of DLBCL that showed gene expression 
patternss indicative of different stages of B cell dif-
ferentiation.. One type of expressed genes showed 
characteristicss of GC B cells {BCL6, CD38, CD10), 
whilee the other group expressed a more "activated-
like"" B cell group of genes (CD44, BLC2, FLIP). 
Importantly,, patients with the latter expression pat-
tern,, had a far worse overall survival. 

MULTIPLEMULTIPLE MYELOMA 
Multiplee myeloma (MM) is a malignant plasma 

celll neoplasm that is characterized by clonal 
expansionn of terminally differentiated B cells in 
thee BM. This disease is often preceded by a pre-
malignantt expansion of plasma cells called mono-
clonall gammopathy of undetermined significance 
(MGUS).. Despite intense efforts and a dramatic 
increasee in our understanding of the molecular 
processess that are deregulated in MM, the 5-year 
survivall rate remains unchanged at 28%, and there 
iss currently little progress in the identification of the 
parameterss that direct the transition from normal 
plasmaa cell to MGUS, and, ultimately, MM. 

Translocationss involving the IGH locus are 
presentt in -47% of MGUS tumors, in 60-70% of 
BM-localizedd MM, and in >80% of extramedul-
laryy MM (38). Translocations in MM are multiple 
andd diverse (table 1), and to what extent these 
changess correspond to clinical outcome remains to 
bee determined. However, deletion of chromosome 
13,, which is identified in approximately 20% of 
newlyy diagnosed patients, is associated with very 
poorr prognosis (39). Despite the limited amount of 
dataa available for MGUS, it is clear that processes 
leadingg to karyotypic abnormalities begin at the 
MGUSS stage, and progress gradually through the 
evolutionn of MM. 

Thee cell whose transformation ultimately leads 
too the malignant population in MM, is most prob-
ablyy an activated B memory cell or a plasma blast, 
generatedd during the T-cell dependent antibody 
responsee in secondary lymphoid tissues, and 
programmedd to home specifically to the BM. In 
thee BM, a fine-tuned network of growth factors, 
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cytokines,, and cell surface receptor molecules 
governn the proliferation, differentiation and function 
off hematopoietic cells. Stromal cells within the BM 
microenvironmentt fulfill a major role in this pro-
cess;; they represent an important source of growth 
factorss and adhesion molecules. The pathogenesis 
off MM within the BM strongly depends on the avail-
abilityy of these molecules that guide growth and 
survival-relatedd processes. 

Byy far the most studied cytokine in the patho-
genesiss of MM is IL6. Under normal physiological 
conditions,, IL6 regulates the induction of differen-
tiationn from B cell to lg-secreting plasma cell (40). 
Severall studies have established a role for IL6 in 
MMM by showing that; (i) IL6 induces in vitro growth 
off freshly obtained MM cells, <ii) MM cells show 
concomitantt expression of both IL6 and IL recep-
torr (IL6R), (iii) anti-IL6 antibodies induce anti-tumor 
effectss in MM cells both in vitro and in vivo (41,42). 
Whetherr IL6 is produced through autocrine or 
paracrinee means remains controversial. However, 
mostt evidence suggests that osteoclasts, osteo-
blasts,, and stromal cells of the BM micro-environ-
ment,, are the paracrine source of IL6 production 
duringg MM pathogenesis (43,44). 

Thee IL6R contains an a-chain, and a (3-chain 
(aka(aka GP130), which is the signal transducing 
subunitt (45). Binding of IL6 to IL6R induces the 
formationn of a complex composed of two IL6 
andd two IL6R molecules. Subsequently, GP130 
iss phosphorylated, resulting in the activation 
off downstream effector kinases such as Janus 
kinasee (JAK) and SRC. Activation of JAK leads 
too initiation of a series of signal transduction 
cascadee known as the JAK/STAT pathway (46). 
JAKss induce phosphorylation and dimerization of 
STATs,, which will then translocate to the nucleus, 
inducingg transcription of distinct target genes such 
ass MYC, FOS, and JUN (47). Stimulation of MM 
cellss with IL6 however, does not increase the activ-
ityy of the STATs involved, which are constitutively 
phosphorylatedd in both IL6-responsive as IL6 non-
responsivee MM cells (48). However, expression 
off a dominant negative form of STAT3 induces 
apoptosiss in MM cells, suggesting that constitutive 
activationn of STATs is necessary to sustain a malig-
nantt MM population (49). 

AA major transducer of proliferative signals in 
MMM is the RAS/MAPK pathway, a signal transduc-
tionn cascade that will be discussed in more detail 
later.. The RAS/MAPK pathway is activated after 
stimulatingg cells with IL6 (50), and treatment with 
MAPKK anti-sense oligonucleotides inhibits the 
proliferationn induced by IL6 (51). The tyrosine 
kinase(s)) that activate the most proximal RAS/ 
MAPKK pathway members (e.g. GRB2) in response 
too IL6 are unknown. Prominent candidates are the 
JAKs,, because JAK2 has been shown to interact 
withh the SRC-homology 2 (SH2) domain of GRB2 

inn response to oncostatin M (52). The importance 
off deregulated RAS/MAPK signaling in MM patho-
genesiss is strengthened by the finding that activat-
ingg RAS mutations occur in approximately 40% of 
newlyy diagnosed MM patients (53), and that the 
frequencyy of RAS mutations is increased during 
diseasee progression (54,55). Moreover, overex-
pressionn of both wild-type and constitutive active 
formss of RAS, induce the malignant transformation 
andd plasmacytoid differentiation of human EBV-
transformedd B lymphoblasts (56), and renders the 
IL6-dependentt cell line ANBL6 IL6-independent 
(57).. Recently, it was shown that targeting of p38, 
aa member of the MAPK family, inhibits MM cell 
growthh in situ (58) 

Growthh of MM cells is not only established by 
inductionn of cell division, but also by preventing 
apoptosis.. Anti-apoptotic signals in MM might be 
transducedd through the PI3-K/PKB pathway (which 
willl be discussed in greater detail later), which 
iss activated by numerous cytokines and growth 
factorss in MM cell lines and primary tumor cells 
(59,60).. The most likely candidate for executing 
bothh the PI3K-mediated proliferation and survival 
signalss is the PH domain-containing effector mol-
eculee PKB/AKT (61). Inhibition of constitutively ac-
tivatedd PKB in MM cells by using pharmacological 
inhibitorss or dominant negative constructs, have 
shownn that PKB may control the anti-apoptotic 
signalss in MM cells (59,62). 

MMM cells migrate to the BM where they interact 
withh the BM microenvironment using a specific set 
off adhesion molecules (53). Important molecules in 
thiss context are molecules that mediate adhesion 
off MM cells to stromal cells (e.g. CD44, very late 
antigenn 4 (VLA4), and lymphocyte function-associ-
atedd antigen 1 (LFA1)), a process that can induce 
anti-apoptoticc responses in B cells (63), or mol-
eculess that are involved homotypic adhesion (e.g. 
CD56)(64,65).. Adhesion of MM to stromal cells can 
triggerr the production of multiple growth factors 
andd cytokines such as IL6 (41), and vascular endo-
theliall growth factor (VEGF)(66), resulting in inhibi-
tionn of apoptosis and enhancement of proliferation. 
Severall other cytokines/growth factors that are 
producedd within the BM micro environment have 
alsoo been shown to play a role in either growth, 
orr migration of MM cells, such as IL10 (67), IL21 
(68),, insulin growth factor 1 (IGF1)(69), hepatocyte 
growthh factor (HGF)(this thesis), and WNTs (this 
thesis).. Moreover, cytokines can modulate the ad-
hesionn of MM cells in the BM. For example, tumor 
necrosiss factor a (TNFa) can induce an up-regula-
tionn of adhesion molecules such as intercellular 
adhesionn molecule 1 (ICAM1), and vascular cell 
adhesionn molecule 1 (VCAM1), on both BM stro-
mall cells as well as MM cells, leading to increased 
bindingg and the production of IL6 and VEGF by BM 
stromall cells (70). 
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THETHE HGF/MET SIGNALING CASCADE 

HEPATOCYTEHEPATOCYTE GROWTH FACTOR 
Hepatocytee growth factor/scatter factor (HGF) 

wass independently identified by several groups 
workingg in two different fields of research. A factor 
presentt in serum of partially hepatectomized rats 
andd in rat platelet lysates, was found to have a 
strongg mitogenic effect on hepatocytes (71-74), 
hencee the name hepatocyte growth factor (HGF). 
Almostt simultaneously, a fibroblasts-secreted mol-
eculee was identified, which caused dissociation or 
"scattering"" of epithelial cell colonies, and was thus 
namedd scatter factor (SF)(75). Subsequent struc-
turall and functional studies showed HGF and SF to 
bee identical (76-82). 

Genomicc studies have revealed that human 
HGFF is encoded by a single gene localized on 
7q21.11 (83). The gene spans about 70 kbp of DNA 
andd contains 18 exons (84) (fig. 3a). The promoter 
regionn contains a number of regulatory sequences, 
includingg a TATA-tike element, an IL6-responsive 

elementt {IL6RE), and a potential binding site for 
nuclearr factor-IL6, a regulator of IL6 expression 
(84).. Northern blotting revealed 3 HGF mRNA tran-
scriptss of 6, 3 and 1.5 kb, respectively (80,85,86). 
Thee 6 and 3 kb messages originate from differ-
entiall polyadenylation (82), whereas the 1.5 kb 
mRNAA represents a splice variant encoding the 
N-terminall domain of HGF in combination with the 
firstt 2 kringle domains (85,86). This variant, NK2, 
behavess as an HGF antagonist (85). The subse-
quentlyy described one kringle domain variant, NK1, 
functionss as a partial HGF agonist (87,88). 

Thee full-length human HGF cDNA encodes a 
proteinn of 728 amino acids (fig. 3a) (89). Due to 
proteolyticc cleavage at an Arg-Val cleavage site, 
HGFF consists of an a and B-chain (fig. 3b). The 
a-chainn of HGF contains 4 kringle domains, struc-
turess that play a role in protein-protein interaction. 
Thee p-chain shows high homology with the cata-
lyticc domain of plasminogen, but lacks proteolytic 
activity,, due to the lack of 2 crucial amino acids 
fromm the active site. 

4—H—h h -H-- - MM \—r 
11 kb 

99 10 11 1213 1 5 , , 18 
144 17 

16 6 

11 1 1 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9 | 101 11 |12| 13|14| 15 | 16 | 17 | 18 / 
1000 nt 

 I 

K11 K2 K3 K4 stop p 

cleavage e 
site e 

B B hairpin n 

loop p 

Figuree 3. Schematic representation of HGF. A) Structural organization of HGF. Shown are the genomic organization 
(top),, and the intron/exon boundaries and functional domains (bottom). HGF contains 18 exons that are numbered accord-
ingly.. Start and stop codons are indicated, as are the four-kringle domains (K1-K4) and the cleavage site located in exon 
13.. kb=kilo base, nt=nucleotide B) Schematic representation of the functional domains in HGF. The a-chain contains the N-
terminall domain, which harbors the hairpin loop and the four-kringle domains (K1-K4). The p-chain contains the catalytically 
inactivee serine protease domain. The 60 kDa a- and the 30 kDa p-chain are linked via a disulphide bond (S-S). 
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11 kb 

122 1315 1617 18 19 

|3|4|5|6|7|8j9HO|11Hai3ti4|15H6|17|18|19|20l l 

2000 nt 

cleavage e 
site e 

transmembrane e 
domain n 

kinasee domain 

B B 

dockingg site 

Figuree 4. Schematic representation of MET. A) Structur-
all organization of the METproto-oncogene. Shown are the 
genomicc organization (top), and the intron/exon boundar-
iess and functional domains (bottom). MET contains 21 
exonss coding for an extracellular-, transmembrane- and 
tyrosinee kinase domain. Also shown are the ATP-binding-, 
autophosphorylation-,, and SH2 docking site. B) Sche-
maticc representation of the receptor tyrosine kinase MET. 
Thee receptor is composed of two disulphide (S-S)-linked 
chains;; a 50 kDa a-chain, and a 145 kDa p-chain that are 
formedd by proteolytic processing. The extracellular region 
off MET contains a 500 amino acids encompassing SEMA-
domain.. The intracellular domains harbor four key tyrosine 
residues,, either regulating enzymatic activity, or forming 
dockingg sites for several signal transducers. See text for 
furtherr detail. 

Thee Hepatocyt e Growt h Facto r Receptor , MET 
MET,, the receptor for HGF, was originally identi-

fiedd as the product of a chromosomal translocation, 
TPR-MET,TPR-MET, fusing the sequence encoding the intra-
cellularr domain of MET to that of TPR oncogene 
(90,91).. TPR-MET functions as a constitutively 
activee homodimer with a strong transforming 
capacityy (90,92). Cloning of the MET proto-onco-
genee indicated that this molecule is a cell-surface 
receptorr tyrosine kinase for growth factors (93-95). 
Functionall studies revealed that HGF is the ligand 
off MET (79,96). MET is located on 7q31, and har-
borss 21 exons, spanning a region of >130 kb of 
genomicc DNA (90,93,97) (fig 4a). The p190MET 
HGFF receptor is encoded by the most abundant 8 
kbb MET mRNA. Also, a 7 kb, non-functional tran-
scriptt has been observed as a result of "skipping" 
off exon 2, which may represent a mechanism of 
regulatingg the amount of a functional MET product 
(97).. The sequence of the MET promoter region 
revealedd a number of binding sites for regulatory 
elements,, including AP1, API, NF-KB, and, like the 
HGFHGF promoter, IL6RE (98). 

METT is synthesized as a single-chain 170 kDa 
precursor.. After synthesis, the molecule is cleaved 
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andd rearranged into a 190 kDa heterodimer linked 
byy a disulfide bridge (fig. 4A) (99,100). The MET 
heterodimerr is composed of a 50 kDa a-subunit, 
andd an 145 kDa p-subunit (100) (fi9- 4 B ) - T n e 

extracellularr part of the p-chain contains a SEMA-
domainn with which it can bind to Semaphorin-type 
proteinss (101). The cytoplasmic tail contains the 
tyrosinee kinase domain and a "docking site", which 
interactss with multiple signaling molecules (102). 

Expressio nn and function s of HGF/MET 
Duringg embryonic development of rodents, Hgf 

iss prominently expressed in a multitude of tissues, 
mainlymainly at sites where epithelial/mesenchymal inter-
actionss determine organogenesis (103). Through-
outt early organogenesis, overlapping expression 
off Hgf and Met is found in the heart, condensing 
somites,, and neural crest cells. However, a second 
andd distinct pattern of expression, characterized by 
thee presence of the ligand in mesenchymal tissues 
andd the receptor in the surrounding ectoderm, is 
seenn in the bronchial arches and in the limb buds. 
Att E13, only this second pattern of expression is 
observedd in differentiated somites and several 
majorr organs, such as the lungs, the liver, and 
thee gut (104). The expression of the Hgf and Met 
geness throughout embryogenesis suggests a shift 
fromm autocrine to paracrine signaling. Halfway 
gestation,, Hgf is present in renal collecting tubes 
off the kidney, in the liver, in esophageal and skin 
squamouss epithelium and in bronchial epithelium 
(105,106).. Hgf is also detected in brain, somites, 
hematopoieticc cells, and chondrocytes ((105). 

Similarr patterns of MET and HGF expression 
aree found along human embryonic development. 
Fromm the 5th week of gestation onwards, placental 
tissuee highly expresses HGF and MET. HGF is 
secretedd by amniotic epithelium, the placental 
villii and the villous core mesenchyme, whereas 
METT is present on the trophoblast and vascular 
endotheliumm (107-109). The absolute dependence 
off placenta maturation on HGF has been 
unequivocallyy shown in Hgf null mutant mouse 
embryos,, whose placenta fail to develop properly 
andd which die in utero (110,111). From week 6-13 
off gestation, when major organogenesis takes 
place,, Hgf and Met are co-expressed in liver, 
metanephricc kidney, intestine, lung, gall bladder 
andd spleen (112,113). In the digestive tract of 7-
88 week old embryos, Met is localized in epithelia 
off the liver, pancreas, esophagus, stomach, the 
smalll and large intestine, and in smooth muscle 
layers,, whereas HGF becomes concentrated in 
mesenchymalmesenchymal tissue and smooth muscle (114). 
Interestingly,, Hgf expression has also been shown 
inn epithelial tissues in the interval from week 9-
177 of gestation, particularly in the crypt region of 
thee small intestine, keratinizing epithelium of the 
tongue,, skin and esophagus (113). 

HGFF can induce scattering of epithelial cells in 
vitrovitro (115) through activation of MET (116). HGF-
inducedd scattering in vitro reflects the first phase 
off epithelial morphogenesis through mesenchy-
mall induction (secretion of HGF), underlying the 
complex,, but coordinated formation of branched 
organs,, such as the lungs, the kidney and mam-
maryy gland (117). In epithelial cells derived from 
thee mammary gland, HGF treatment leads to the 
formationn of branches and structures resembling 
mammaryy gland ducts when cultured in a 3-dimen-
sionall matrix (118-121). 

HGFF has initially been described as a mitogenic 
factorr for cultured hepatocytes (71,72). In the liver, 
HGFHGF is expressed in Ito cells, whereas MET is 
stronglyy expressed by hepatocytes (122). Apart 
fromm their placental phenotype described above, 
HgfHgf null mutant mouse embryos fail to develop 
aa fully functional liver (110), demonstrating that 
thee presence of Hgf is an absolute requirement 
duringg liver organogenesis. Thus, HGF acts as a 
paracrinee factor for hepatocyte proliferation and 
differentiation. . 

HGFF and MET are furthermore involved in the 
proliferationn and migration of a wide variety of epi-
theliall cells, and in the morphogenesis of epithelial 
tissue.. In colon epithelial cells, a complete epithe-
liall developmental program is enrolled upon treat-
mentt with HGF, including apical/basal polarization 
andd the formation of crypt-like structures (118). 
Apartt from the effects on epithelial/mesenchymal 
tissuess and liver, HGF/MET can also induce an-
giogenesiss in vivo when rabbit cornea is treated 
withh HGF (123). In the nervous system, depending 
onn the spatio temporal distribution pattern and the 
typee of neurons involved, HGF may act as a neural 
inducerr (124), a neuronal survival factor (125), or 
ann axonal guidance factor (126). HGF is also an 
inducerr of myogenic migration during embryonic 
developmentt (127) and of satellite cell proliferation 
duringg muscle regeneration (128). Other implica-
tionss of HGF/MET include the development of 
bonee (especially of cartilage) (129), teeth (130), 
thee (male and female) reproductive tract (131), and 
thee regulation of hair growth (132). Contrarily to the 
mutuallyy exclusive expression pattern generally 
foundfound in mesenchymal/epithelial tissues, myoblast 
proliferationn may be regulated by HGF/MET in an 
autocrinee fashion (133). 

Expressio nn and functio n of HGF/MET durin g 
hematopoiesi s s 

Thee HGF/MET pathway has also been impli-
catedd in hematopoiesis. Both HGF and MET are 
expressedd in the yolk sac of the chicken embryo 
(134),, and in the human and rodent fetal liver, 
primordiall sites of hematopoiesis (122,135). Within 
thee adult hematopoietic microenvironment, the BM, 
METT is expressed by a subset of hematopoietic 
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precursorr cells (HPC), whereas HGF is expressed 
byy stromal cells, suggesting that HGF functions 
ass a paracrine growth factor (136-140). Indeed, it 
wass shown that HGF promotes differentiation and 
proliferationn of HPC induced by other hematopoi-
eticc growth factors. In the presence of IL-3, HGF 
stimulatess the formation from CD34+ progenitors 
off burst forming units erythroid, as well as colony 
formingg units granulocyte erythroid macrophage, 
butt not of colony forming units granulocyte mono-
cytee (136,138). In the presence of stem cell factor, 
ann even stronger synergistic effect is obtained 
(136,140).. Apart from effects on growth and dif-
ferentiation,, HGF stimulation of CD34+ cells leads 
too integrin activation and adhesion to fibronectin. 
Thiss adhesive interaction prolonged survival of 
hematopoieticc cells in culture (140). These data 
indicatee that the HGF/MET pathway is involved 
inn the regulation of the proliferation, differentiation 
andd survival of hematopoietic progenitors. 

METT is predominantly expressed on 
CD38+CD77++ tonsillar B cells localized in the 
darkk zone of the GC (centroblasts) (139), and 
onn plasma cells (this thesis), whereas within the 
GCC microenvironment, HGF is produced by FDC 
(chapterr 4). Furthermore, expression of MET on 
tonsillarr B cells can be transiently up-regulated 
byy concurrent CD40 and B cell receptor (BCR) 
stimulationn (139). Up-regulation of MET on these 
cellss leads to enhanced HGF-induced integrin p1-
mediatedd adhesion to both VCAM1 and fibronectin 
(139).. Activation of MET on human B cells induces 
phosphorylationn of downstream effector molecules 
GRB2-associatedd binder 1 (GAB1) and PKB/AKT 
(141).. These data strongly imply a potential role for 
thee HGF/MET pathway during antigen-dependent 
BB cell differentiation in the GC. 

THETHE HGF/MET SIGNALING PATHWAY 
Thee prototypic model for activation of all known 

receptorr tyrosine kinases except the insulin re-
ceptor,, is ligand-induced di- or oligomerization 
off monomers in the cell membrane (142). This 
usuallyy leads to enzymatic activity, and transphos-
phorylationn of regulatory tyrosines. Subsequently, 
additionall phosphorylation of other tyrosine resi-
duess will occur, resulting in binding of downstream 
signalingg effectors (142). In the case of activation 
off MET, these include phosphatidylinositol 3 kinase 
(PI3K)(143),, the non-receptor tyrosine kinase SRC 
(102).. and adaptor proteins GAB1 (144), GRB2 
(102),, STAT3 (145), and SHC (146). These proteins 
cann in turn bind phospholipase Cy (PLCy)(147) and 
SHP22 (148)(fig. 5). Most biological responses are 
transducedd via the phosphorylation of tyrosine 
residuess Y1349 and Y1356 of MET (102,149-151). 

HGF/METT signaling via RAS 
Activationn of the RAS/Mitogen Activated Protein 

Kinasee (MAPK) pathway has been implicated in 
aa wide variety of cellular responses including ad-
hesion,, differentiation, and both proliferation and 
apoptosis.. The RAS/MAPK pathway is triggered 
afterr activation of MET and subsequent binding of 
GRB22 to MET (102). GRB2 is an adaptor protein 
consistingg of one SRC homology (SH)2 and two 
SH33 domains. GRB2 is constitutively associated 
withh the RAS exchange factor, SOS, through its 
SH33 domain. By binding of GRB2 to MET, SOS is 
translocatedd to the plasma membrane, where RAS 
iss located. As a consequence, RAS will undergo 
transitionn from a GDP- to a GTP-bound state, 
therebyy activating downstream effector molecules 
suchh as PI3K (152), and RAF1 (153,154). RAF1 is 
aa serine/threonine kinase that can phosphorylate 
andd activate MEK, resulting in the phosphorylation 
andd activation of downstream MAPKs (153,154). 
Subsequently,, transcription factors like ETS2 and 
ELK11 will be activated, thereby regulating expres-
sionn of immediate early genes, such as FOS, 
eventuallyy leading to cell proliferation (155). Using 
aa mutant MET that fails to bind GRB2 only, it was 
shownn that GRB2 association to MET is required 
forr branching morphogenesis, but not for scatter-
ingg in MDCK cells (150,156,157). Interestingly, the 
unaffectedd scattering response was abolished by 
repressionn of MEK, suggesting that MET can acti-
vatee RAS independently of GRB2 (158). 

HGF/METT signaling via PI3K 
PI3KK can associate with MET via either direct or 

indirectt interaction. Either interaction will promote 
PI3KK activity and localize PI3K in the proximity 
off its substrates (143,159). When activated, PI3K 
cann phosphorylate PIP2 (phosphatidyl inositol 
bis(2)phosphate)) in order to produce PIP3. Follow-
ingg this, PIP3 can bind and activate PH domain-
containingg target proteins, resulting in membrane 
localizationn and, indirectly, their activation. Protein 
kinasee B (PKB, aka AKT) is a PH domain-contain-
ingg effector molecule of PI3K, that is activated 
byy a dual regulatory mechanism which requires 
translocationn to the plasma membrane and phos-
phorylationn by PDK1 (160). Downstream effector 
moleculess for the PI3K-regulated kinase PKB 
includee the BCL2 family member BAD, which can 
exertt its pro-apoptotic activity by interacting with 
BCL22 (161,162); p70S6, involved in the regulation 
off protein synthesis and gene expression (163); 
forkheadd transcription factors FKHR, FKHR(L1) 
(164);; p27KIP, implied in the PKB-induced prolif-
erativee responses (165), and glycogen synthase 
kinasee 3 p (GSK3p) which plays an important role 
inn preventing the degradation of cyclin D1 (166). 

Twoo additional mechanisms may account for 
thee HGF-induced PI3K activation (fig. 5). First, 
thee p85 subunit of PI3K was found to interact with 
GAB11 (167). GAB1 contains a PH domain as well 
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Figuree 5. The HGF/MET signaling pathway. A schematic representation of HGF-induced signaling. For reasons of 
clarity,, only the F5AS/MAPK, the PI3K/PKB pathway, and several additional important signal transducers are shown. Solid 
arrowss represent direct activation, whereas dotted arrows indicate either indirect activation, or activation via unknown 
intermediates.. Blunted arrows point out direct inhibition. See text for explanation of abbreviations and further details. 

ass a proline rich region, can be tyrosine-phos-
phorylated,, and has the ability to directly associate 
withh numerous signaling molecules (167). Although 
severall studies imply that binding of GAB1 to MET 
inin vivo is mediated by GRB2 (168-170), in vitro, 
GAB11 can interact directly with MET via a proline 
richh binding domain (144). Interestingly, besides 
beingg able to associate with PI3K, GAB1 requires 
PI3KK activity for proper localization and induction 
off morphogenesis (171). Second, PI3K has been 
identifiedd as an effector molecule for RAS, via di-
rectt interaction of its p110 catalytic subunit (152). 

Activationn of PI3K is required and sufficient 
forr HGF-induced tubulogenesis, and required for 
scatteringg (172-174). Mutation of the docking site 
off MET, which results in the loss of PI3K and GAB1 
associationn with MET upon HGF treatment, does 
nott abrogate HGF-induced scattering or RAS acti-
vationn (158). Whether PI3K activation alone is suf-

ficientt for HGF-induced scattering of MDCK cells 
iss still a matter of debate. Potempa and Ridley re-
portedd that neither expression of an active mutant 
off PI3K, nor the combined expression of PI3K with 
activee RAF or MEK, was sufficient for adherents 
junctionn disassembly, a prerequisite for scattering 
(173).. Contrary to these findings, Khwaja et al. re-
portedd that expression of an active mutant of PI3K 
iss sufficient to induce scattering, provided a basal 
levell of MAP kinase activity is present (172). 

Additiona ll  MET-associate d signalin g molecule s 
Ann additional MET associating protein is PLCy 

(102).. PLCy mediates the production of IP3, which 
resultss in enhanced calcium and diacylglycerol 
releasee thereby activating PKC. Indeed, PKC has 
beenn implicated in MET signaling in a variety of 
celll types (175-179). Furthermore, both PKC and 
calciumm can regulate MET signaling, by phos-
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phorylationn of residue S985 of MET, resulting in 
diminishedd kinase activity (180-182). 

HGFF also activates STAT3 (183), and stimu-
latess recruitment of STAT3 to the autophosphory-
latedd Y1356 of MET (145). Upon phosphorylation, 
thee STAT proteins can dimerize and translocate to 
thee nucleus, where they act as transcription factors 
controllingg the promoter activity of target genes 
(47).. Inhibition of STAT-mediated transcription pre-
ventss HGF-induced tubulogenesis, whereas scat-
teringg and proliferation remain unaffected (145). 

Furthermore,, the SRC tyrosine kinase was 
shownn to directly associate with MET (102). Both 
thee association with MET, and the subsequent 
activationn of SRC, play a critical role in carcinoma 
celll motility (184), and in HGF-induced phos-
phorylationn of FAK (185). Although the tyrosine 
phosphatasee SHP2 can also be indirectly recruited 
too MET via GAB1 (171), no functional data are 

availablee yet. In addition, BAG-1, a cell death sup-
pressorr gene product that binds the anti-apoptotic 
proto-oncogenee product BCL2 in a cooperative 
fashionn (186), interacts with MET, independent 
off phosphorylation of either Y1349 or Y1356 of 
METT (187). Accordingly, overexpression of BAG-1 
enhancess the anti-apoptotic effect of HGF on liver 
progenitorr cells (187). 

ONCOGENICONCOGENIC AND METASTATIC PROPERTIES 
ELICITEDELICITED BY MET 

Activationn of MET without appropriate temporal 
regulation,, or displayed in an aberrant cellular 
context,, is oncogenic and can lead to the initiation 
orr progression of malignancy. Under these condi-
tions,, MET can disturb the subtle balance between 
growthh and apoptosis, and induce unrestricted 
growthh and motility, accounting for cellular transfor-
mation,, invasion and metastasis. Numerous stud-

Tablee 2. MET mutation s detecte d in huma n cance r 

Mutatio nn germlin e (g) or Tumo r typ e 
somati cc  (s) (reference ) 

P1009S S 

Functiona ll  consequenc e 

Gastricc cancer (199) 

V1128I I 

M1149T T 

V1206L L 

L1213V V 

V1238I I 

D1246H H 

D1246N N 

Y1230C C 

Y1230H H 

Y1235D D 

M1268T T 

9 9 

g g 

g g 

s s 

g g 

* ( * ) ) 

g g 

gg and s 

 s -

s s 

gg and s (#) 

HPRCC (204) 

HPRCC (201) 

HPRCC (201) 

HPRCC (201) 

HPRCC (201) 

HPRCC (201) 

HPRCC (201) 

HPRCC (201,205), 
lymphh node 
metastasess of head 
andd neck squamous 
celll carcinoma (208) 

HPRCC (201) 

lymphh node 
metastasess of head 
andd neck squamous 
celll carcinoma (208) 

HPRCC (201,205) 

Tumorr formation in nude mice, anchorage 
independentt growth 

Transformationn of NIH3T3 fibroblasts 

Tumorr formation in nude mice 

Tumorr formation in nude mice 

Matrigell invasion, anchorage independent growth, 
lungg metastases nude mice 

Tumorr formation in nude mice 

Transformationn of NIH3T3 fibroblasts, tumor 
formationn in nude mice, lung metastases nude mice 

Transformationn of NIH3T3 fibroblasts, tumor 
formationn in nude mice 

Matrigell invasion, anchorage independent growth, 
tumorr formation in nude mice 

Transformationn of NIH3T3 fibroblasts, tumor 
formationn in nude mice, lung metastases nude mice 

Matrigell invasion, anchorage independent growth 

Transformationn of NIH3T3 fibroblasts, tumor 
formationn in nude mice, lung metastases nude mice 

** homologous to mutations found in the KIT oncogene in mastocytosis (213). * homologous to mutations found in the 
RETRET oncogene in multiple endocrine neoplasia 2B (MEN2B)(214). Numbering is according to Schmidt et a/(201). (Only 
mutationsmutations that have been analyzed for functionality are shown) 
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iess have investigated MET's oncogenic potential 
andd linked this behavior with deregulated cata-
lyticc activity (reviewed in references (101,188)). 
Constitutivee activation of tyrosine kinase recep-
torss can be achieved via several mechanisms, (i) 
Autocrinee activation, which induces independency 
off paracrine produced growth factors, and can 
renderr cells highly tumorigenic (189,190). Interest-
ingly,, MET overexpression can be induced by HGF 
itself,, as well as by a number of other cytokines, 
includingg EGF, IL1, and IL6 (191). Accordingly, 
transgenicc overexpression of Hgf results in a 
multitudee of MET-overexpressing tumors of both 
epitheliall as mesenchymal origin (192). Moreover, 
overexpressionn of wild-type Met in mice induces 
hepatocellularr carcinomas that regress following 
transgenee inactivation (193). (ii) Overexpression 
off the receptor, which has been found in human 
tumorr cells and can be caused by gene amplifica-
tion,, can result in receptor oligomerization and 
possiblee ligand-independent autophosphorylation 
off MET (99,194-196). (iii) Structural alterations 
off the receptor that lead to aberrant activation or 
degradation.. Recent studies have demonstrated 
aa direct role for MET in the genesis of hereditary 
papillaryy renal carcinomas (HPRC), by showing 
thatt these germline and somatic MET mutations 
aree tumorigenic both in vitro and in vivo (197-201). 
Off note, tumors of the effected individuals often 
showw a duplication of thee chromosome bearing the 
mutatedd MET allele (202,203). Since then, similar 
mutationss were found in a subset of sporadic papillary 
renal-- (202,204,205), hepatocellular- (206), and 
gastricc carcinomas (199)(table 2). These mutations 
resultt in enhanced kinase activity upon stimulation 
withh HGF and were shown to mediate transforma-
tion,, invasive growth, and protection from apopto-
siss (197,199,200,204,207,208) (table 2). The effected 
regionss of MET are the catalytic domain and the 
juxtamembranee region, deregulating either the 
activationn or degradation of MET. Recently, it has 
beenn hypothesized that somatic MET mutations 
aree selected during metastatic spread of carcino-
mas,, following the detection of mutations mainly in 
metastasizingg cells (208,209). 

InIn vitro studies have indicated that activation of 
mutantt as well as wild type MET is strictly HGF-
dependent,, indicating that the availability of active 
HGFF in vivo is a prerequisite for MET-induced 
tumohgenesis.. This concept is strongly supported 
byy several studies reporting high levels of HGF in 
serumm or pleural effusion fluid in several human 
tumorss (210-212). These data furthermore suggest 
thatt paracrine or autocrine stimulation of cancer 
cellss by HGF promotes migration to metastatic 
sites.. In conclusion, the HGF/MET pathway, together 
withh its down-stream effector molecules and the 
geness it regulates, is a major accomplice in the 
genesis,, progression and metastasis of cancer. 

Thee HGF/MET pathwa y in B cel l neoplasi a 
Thee HGF/MET pathway might also promote B 

celll tumorigenesis. MET is constitutively expressed 
byy several Burkitt's lymphoma cell lines, including 
Raji,, BJAB, and EB4B (139,215), as well as by a 
subsett of native Burkitt's lymphomas (216) (chap-
terr 4). On these tumor cells, which represent the 
malignantt counterparts of GC centroblasts, HGF 
inducess MET phosphorylation, as well as activa-
tionn of downstream signaling molecules including 
MAPP kinases ERK1 and -2 and PKB (139,217). 
Expressionn of MET has been also been observed 
inn DLBCL (216)(chapter 4), MM (218,219)(chapter 
22 and 3), primary effusion lymphoma (PEL) (220), 
andd Hodgkin lymphoma (HL) (221) (chapter 4). 
Inn these malignancies, concomitant expression 
off MET and HGF is often observed, suggesting 
thatt the HGF/MET pathway may be activated by 
autocrinee means (218-220). However, we have 
demonstratedd HGF production by non-tumor cells 
inn DLBCL (chapter 4). while BM stromal cells have 
beenn shown to produce HGF. Hence, paracrine 
activationn may also take place within these tumors. 
Thiss is supported by the finding that increased 
HGFF levels are associated with unfavorable prog-
nosiss in both MM and HL (212,221). Using gene 
expressionn profiling, HGF was the only growth 
factorr significantly up-regulated in MM compared 
too normal plasma cells (222), suggesting that HGF 
playss a role in the transformation to malignancy 
inn MM. We have shown recently that in MM cells, 
phosphorylationn of MET induces activation of the 
RAS/MAPKK and PI3K/PKB pathways (chapter 2 
andd 3), signaling routes that have been implicated 
inn the control of proliferation and survival, respec-
tivelyy (155,161,162). 

AA role in MM dissemination is suggested by the 
factt that HGF has been shown to regulate integrin 
activityy on GC B cells (139), an that HGF is able 
too promote adhesion and migration of Burkitt's 
lymphomaa cell lines (139,216). Key regulatory 
moleculess implicated in inside-out signaling to integrins 
aree PI3K and different RAS-like GTPases, the ac-
tivityy of which can be controlled by HGF/MET (102) 
(chapterr 2). 

Althoughh these data present circumstantial 
evidencee implicating the HGF/MET pathway in the 
pathogenesiss of multiple myeloma, direct functional 
evidenceevidence is scarce and comes from studies from 
ourr laboratory showing that HGF mediates growth 
andd survival in MM cell lines and primary MM 
(chapterr 2 and 3). We also show that whereas the 
PI3K/PKBB pathway is required for both HGF-in-
ducedd proliferation and rescue from apoptosis, the 
RAS/MAPKK pathway is required for proliferation 
(chapterr 2). Taken together, these data strongly 
suggestt a role for the HGF/MET pathway in the 
pathogenesiss and progression of B cell neoplasia. 
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THETHE WNT SIGNALING PATHWAY 

WNTT signaling governs multiple developmental 
processess such as embryonic development, gen-
erationn of cell polarity, and specification of cell fate 
inn a wide range of organisms (223,224), whereas 
inappropriatee activation of WNT signaling can lead 
too cancer in numerous tissue types (225,226). 

Canonica ll  WNT signalin g 
WNTWNT genes encode a large family of at least 

166 secreted glycoproteins, which promiscuously 
interactt with several Frizzled (FZD) receptors 
(227,228),, leading to activation of intracellular sig-
nalingg (fig. 6). In the absence of a WNT signal, gly-
cogenn synthase kinase 3p (GSK30) is active and 
formss a large complex together with p-catenin, the 

tumorr suppressor protein adenomatous polyposis 
colii (APC), and axin, or its analogue conductin 
(229-232).. WNT signaling is initiated by binding 
off WNT to FZD, leading to the phosphorylation of 
dishevelledd (DVL) (233), which, through associa-
tionn with axin, prevents GSK3p from phosphorylat-
ingg its substrates (232). Consequently, p-catenin 
iss stabilized, and ubiquitination and proteosomal 
breakdownn is prevented, resulting in the accu-
mulationn of active, non-phosphorylated p-catenin 
(234,235).. Finally, p-catenin will translocate to the 
nucleus,, where it will heterodimerize to one of the 
fourr T cell factor (TCF) family of HMG box proteins 
(236,237),, driving transcription of target genes 
(238,239).. In the absence of a WNT signal, the 
TCF/LEFss are associated with the co-repressors 
Grouchoo (240,241), CtBP (242), or the CREB-bind-

NOO WNT signal WNTT signal 

DKK K 
FRIZZLED D 

proteosomal l 
destruction n 

NOO TRANSCRIPTION 

^£WNT) ) FRIZZLED D 

Figuree 6. The canonical WNT signaling pathway . In the absence of a WNT signal, p-catenin forms a complex together 
withh APC, GSK3p, and AXIN. As a consequence, b-catenin will be phosphorylated, tagged with poly ubiqurtin (UB), 
followedd by proteosomal degradation. In this scenario, TCF/LEF is associated with co-repressors, and gene transcription 
iss inhibited (left). In the presence of WNT, the kinase activity of GSK3P in inhibited by phosphorylated dishevelled (DSH), 
resultingg in the dissociation of the aforementioned complex. As a result of this, p-catenin will accumulate and translocate 
too the nucleus, where it will bind TCF/LEF, and potently activate transcription of target genes (right). DKK=dickkopf, 
LRP=LDLL related protein. 
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ingg protein CBP {243), which inhibit transcription of 
targett genes. 

WNTWNT SIGNALING AND CANCER 
Thee key event in WNT signaling, is the suppres-

sionn of p-catenin degradation. Specific serine and 
threoninee residues are involved the inhibition of 
degradationn of p-catenin (234,235). Deregulation 
andd accumulation of p-catenin is typically due to 
truncatingg mutations in APC, or to mutations in 
thee GSK-3P target-residues in CTNNB1. Muta-
tionss of APC or CTNNB1 have been found at high 
frequencyy in colorectal cancer, pilomatricoma, and 
hepatoblastoma,, but the mechanism of nuclear 
p-cateninn accumulation in several other tumor 
typess is, at present, unclear (226). The critical 
consequencee of these mutations is the elevation 
off the levels of p-catenin leading to the formation of 
constitutivee nuclear p-catenin/TCF complexes and 
alteredd expression of TCF target genes (226,244). 
Severall downstream targets of WNT signaling 
suchh as MYC (238), CD44 (245), MET (246), and 
thee urokinase-type plasminogen activator receptor 
(247),, show a strong correlation with regards to 
tumorr progression (188,247-249). Interestingly, 
duringg active WNT signaling in both normal and 
malignantt intestinal epithelium, MYC is expressed, 
andd blocks the expression of the cell cycle inhibi-
torr p2lciPi/wAFi, leading to cell cycle progression 
(244). . 

Memberss of the TCF/LEF(Lymphoid enhancer 
factor-1)) family of transcription factors were initially 
discoveredd in models of lymphocyte develop-
mentt (250-252). Although TCF/LEFs bind directly 
too DNA through their HMG domains, no direct 
independentt gene transcription has been dem-
onstratedd (253,254). Within the immune system, 
TCF11 is restricted to the T cell lineage, whereas 
alll T cells and pro-B lymphocytes express LEF1 
(255).. The biological relevance during T- and B 
celll development was demonstrated by genetic 
disruptionn of Tcf1 and Lef1, in which Tcf1 appeared 
too be essential for the sustentation of early thymo-
cytee progenitor compartments, but dispensable for 
proliferationn and function of mature T lymphocytes 
(256-258),, whereas Lef-'- displayed multiple non-
immunologicall effects (259). Interestingly is the 
recentt observation by Grosschedl and co-workers, 
whoo observed that WNT signaling regulates pro-B 
celll proliferation, a process that was shown to be 
Lef1-dependentt (260). 

Thee fact that transcription factors indispens-
ablee for WNT signaling play such important roles 
duringg lymphocyte development, suggests that 
WNT-signalingg might also regulate lymphocyte 
growthh and survival. The first direct link of a func-
tionn for WNT signaling during hematopoiesis, came 
fromm a study showing that Wnt proteins <Wnt1, 
Wnt5aa and Wnt10b) stimulated the survival and 

proliferationn of hematopoietic progenitors (261). 
Furthermore,, aberrant activation of components 
off the WNT signaling cascade might contribute to 
BB cell neoplasia. Indeed, expression of p-catenin 
hass been linked to adhesion, growth and survival 
off Jurkat T cells and myeloid leukemia cell lines 
(262).. Also, the most recent progeny of the family 
off WNTs, WNT16, was found to be activated by the 
E2A-PBX11 fusion product in acute lymphoblastic 
leukemiaa (ALL) (263). 
(for(for additional data on WNT signaling, and the most 
recentrecent update on WNT-signaling target genes, visit the 
WNTWNT pages hosted by the Nusse as well as the Moon 
lab;lab; http://www.stanford.edu/rnusse/wntwindow.html or 
http://i'acuity.http://i'acuity. Washington, edu/rtmoon/) 

HEPARANHEPARAN  SULFATE PROTEOGLYCANS 

Heparann sulfate proteoglycans (HSPGs) are 
abundantt membrane or matrix molecules that con-
sistt of a core protein to which heparan sulfate (HS) 
glycosaminoglycann (GAG) polysaccharides are 
attachedd (264). Heparin, a mammalian GAG, has 
thee highest negative charge density of any known 
biologicall macromolecule, and is thus prone to in-
teractt with a variety of proteins (265). 

Despitee extensive evidence showing specific 
functionss of HSPG in vivo, the prevailing view of 
manyy biologists is still that the anionic HSPGs in-
teractt at random with secreted growth factors and 
extracellularr matrix (ECM) components, thereby 
functioningg as a non-specific sequestering mol-
ecules.. However, recent genetic studies in flies 
andd mice have revealed complex and dedicated 
functionss for HSPGs in regulating cell signaling 
pathways,, thereby controlling multiple cellular pro-
cessess (266-268). 

HSPGHSPG BIOSYNTHESIS 
Virtuallyy all cells from invertebrates to humans 

havee the capacity to produce HS. These polysac-
charidess are covalently bound to serine (Ser) 
residuess in the core protein through a common 
GAG-proteinn linkage structure (GlcUAp1-3Gaipi-
3Gaipi-4Xyipi-0-Ser),, and characterized by al-
ternatingg uronic acid (D-glucoronic acid (GIcA), or 
L-iduronicc acid (IdoA)), and D-glucosamine (GlcN) 
unitss (264)(fig. 7). The GlcN residues in heparin 
aree mainly A/-sulfated, whereas those in HS show 
aa more varied composition of both A/-sulfated, N-
acetylated,, and a small amount of N-unsubstituted 
GlcNN units (269). These structures are generated 
throughh the formation of a [GlcA-GlcNAc]n polymer 
(chainn polymerization, fig. 7), that is subsequently 
modifiedd by partial A/-deacetylation/A/-sulfation of 
GlcNAcc units, C-5 epimerization of GIcA to IdoA 
residues,, and finally, incorporation of O-sulfate 
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Figur ee 7. HS chai n biosynthesis . The HS side chains are 
attachedd to the core protein at specific Ser-Gly residues. A 
commonn tetrasaccharide linkage region (-GlcA-Gal-Gal-Xyl-) is 
formed,, followed by the addition of alternating GlcNAc residues. 
Thee chain is then enzymatically modified by the indicated 
enzymes.. The symbols used are defined by the structures below 
thee scheme. Xyl=xylose, Gal=galactose, PAPS=nucleotide 
sulfate,, ldoA=L-iduronic acid, GlcA=D-glucoronic acid, 
GlcNAc=N-acetyll glucosamine. See text for further detail, 
(adaptedd from Esko and Lindahl, 2001 (132)) 

H H chain n 
initiation n 

N-deacetylase/ / 
N-sulfotransferase e 

GIcAA C5 
epimerase e 

2-,6,-- and 
3-0-sulfotransferase e 

chain n 
polymerization n 

chain n 
modification n 

coree protein Q Xyl Q l d o A I GlcNAc -fa sulphate % GIcA <> Gal 

groupss at various positions (264)(chain modifica-
tion,, fig 7). 

Coree protein s carryin g HS 
AA variety of proteins have been shown to carry 

HSS side chains. These HSPGs are diverse and can 
bee either transmembrane (syndecan and CD44); 
boundd by a glycosyl phosphatidyinositol (GPI) 
linkagee to plasma membrane lipids (glypicans), 
orr secreted into basement membranes (agrin and 
perlecan)) (264,265,268). Glypicans and synde-
canss represent the two main cell-surface HSPGs 
(270).. In mammals, four different syndecan and 
sixx different glypican genes have been identi-
fied.. Syndecans can, under certain conditions, 

bee proteolytically cleaved near the cell surface, 
releasingg the HS-bearing ectodomain, a process 
mediatedd by metalloproteinases, and referred to 
ass "shedding" (271). Shedding of syndecans thus 
resultss in soluble effectors, often found in wound 
fluidss (272), where they can control growth factor 
signalingg (273). 

Ass mentioned, a number of studies have pro-
videdd evidence for an in vivo role of cell surface 
HSPGss in growth control and morphogenesis 
(265,274).. Disruption of certain glypicans or en-
zymess required for the synthesis of HSPGs in 
DrosophilaDrosophila melanogaster, leads to major devel-
opmentall defects (267). In humans, deletions or 
mutationss in the glypican3 gene (GPC3) results in 
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thee X-linked Simpson-Golabi-Behmel syndrome, 
characterizedd by pre- and postnatal overgrowth 
off multiple tissues and organs, and an increased 
susceptibilityy to the formation of tumors (275). In-
terestingly,, studies in mice suggest that glypican3 
mayy regulate bone morphogenic protein 4 (Bmp4), 
becausee crosses between Gpc3-A and haplo insuf-
ficientt mutants of Bmp4, show skeletal abnormali-
tiess (276). Targeted disruption of the syndecanl 
gene,, the main syndecan expressed by epithelial 
andd plasma cells, yields healthy and fertile mice, 
inn spite of the abundant expression of syndecanl 
duringg development (265). However, syndecanl 
knock-outt mice are remarkably resistant against 
Wnt1-inducedd tumorigenesis of mammary epi-
theliumm (277), and withstand infection induced by 
intra-nasallyy administered Pseudomas aeruginosa 
(278).. These data indicate that phenotypic ab-
normalitiess in syndecanl-deficient mice are only 
observedd when their epithelia are perturbed. They 
furthermoree suggest that redundancy plays an 
importantt role in HSPG-mediated developmental 
processes,, but cannot replace the designated 
functionss of syndecanl during adult life. 

Inn addition to playing a role in development, 
HSPGss have been implicated in cell adhesion 
andd migration, angiogenesis, and in the regula-
tionn of blood coagulation (266,279,280). Binding of 
cytokiness and chemokines to HS side chains often 
takess place in these processes, and may serve a 
varietyy of functions ranging from immobilization 
andd concentration, to distinct modulation of their 
biologicall task (265,266,281). Upon binding to 
HS,, proteins can also undergo a conformational 
changee (282), as has been implied for HGF (283), 
whichh may facilitate ligand-receptor interaction. 
Furthermore,, binding of growth factors to HS may 
resultt in their protection from degradation (284). 
Interactionss between secreted proteins and HS 
showss a certain degree of selectivity. For example, 
fibroblastt growth factor (FGF)2 requires an N-
sulfatedd sequence with a single IdoA 2-O-sulfate 
groupp for binding to HS (285-287). By contrast, 
interactionss with PDGF (288), HGF (289,290), 
andd herpes simplex gC glycoprotein (291) all 
dependd on the presence of one ore more GlcN 
6-0-- sulfate groups. The importance of growth 
factor/HSPGG interaction is well illustrated by FGF2; 
bindingg of FGF2 to HS is compulsory for its bio-
logicall effects (282,292). HS side-chains can bind 
andd oligomerize FGF2, thereby enhancing FGF 
receptorr (FGFR) cross-linking and subsequent 
activationn (293,294). A recent structural model of 
aa FGF2::FGFR complex indicates that HS-induced 
dimerizationn yields the minimal structural unit re-
quiredd for FGFR activation, and suggests direct 
physicall interaction between HS and FGFR (295). 
Thee modular structure of HGF has facilitated the 
identificationn of the domains responsible for bind-

ingg to MET and heparin/HS. By using deletion mu-
tantss of HGF and examining their binding ability to 
immobilizedd heparin, Mizuno et al. identified the 
hairpinn loop of the amino-terminal domain and the 
secondd kringle domain as sites essential for hepa-
rinn binding (296), domains also critical for MET 
bindingg and signaling (297-300). In order to dissect 
thee binding sites for MET and heparin/HS in HGF, 
three-dimensionall models of the individual HGF 
domainss were generated to help to design specific 
mutantss (301). Based on the X-ray structures of 
antithrombin-- (302) and FGF-heparin complexes 
(287),, they predicted the heparin-binding sites 
too contain clusters of positively charged residues 
whichh make electrostatic contact with negatively 
chargedd groups in HS-chains. Indeed, three such 
clusterss were identified on the surface of HGF, two 
inn the hairpin loop and one in the kringle 2 domain 
(301).. By introducing specific mutations at these 
sites,, it was confirmed that these residues play a 
keyy role in heparin-binding (303). A study by Chir-
gadzee et al. reported the crystal structure of NK1, 
aa natural splice variant of HGF with agonistic activ-
ity,, consisting of the N- and first kringle-domains 
(304).. It was shown that NK1 assembles as an 
asymmetricc homodimer in which the N-domain of 
onee partner interacts with the kringle domain of the 
other.. Short heparin fragments (14-mer) effectively 
dimerizedd NK1 in solution, suggesting that heparan 
sulfatee chains expressed on cells or in the ECM 
mayy stabilize the NK1 dimers in vivo. Furthermore, 
bindingg to the primary site in the N-domain is es-
sentiall for biological activity, whereas binding to 
thee K domain reduces activity, demonstrating the 
complexx role of HS in HGF/MET signaling (305). 
Interestingly,, the structural specificity for binding 
too HS differs radically from that of FGF-2 (285), 
illustratingg the importance of structural diversity 
off the HS-chain in selective growth factor binding. 
HSPGss are, analogous to FGF2, also required for 
WNTT signaling (306,307). In this process, WNT 
signalingg is regulated by heparin-specific N-acetyl 
glucosaminee sulfatases that control desulfation of 
celll surface HSPGs (308). 

Syndecan s s 
Thee syndecan family of HSPGs consists of four 

members;; syndecanl (aka CD138) syndecan2 
(fibroglycan),, syndecan3 (W-syndecan), and syn-
decan44 (amphiglycan). Syndecan core proteins 
rangee in size from -20 to ~90kDa, although their 
apparentt molecular mass is much higher due to 
thee 3 covalently attached HS side chains (309). 
Inn adult mammalian tissues, syndecanl, -2 and - 3 
aree the major syndecans expressed by epithelial 
cells,, fibroblasts and neuronal cells (265,270). The 
syndecann core proteins have several important 
domains,, which may interact with (cell surface) re-
ceptors,, downstream effector molecules, or trigger 
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Figuree 8. Syndecan core protein structure. 
Thee extracellular domain of the syndecans contains 
thee heparan sulfate (HS) glycosaminoglycan (GAG) 
attachmentt sites. The cytoplasmic region contains two 
domainss (C1 and C2) that are highly conserved in each 
off the four syndecans. A variable (V) region, distinct for 
eachh syndecan family member, is located in between the 
conservedd regions. See text for further detail 

distinctt signal transduction pathways (fig. 8 & 9). 
Thee cytoplasmic domains of the syndecans contain 
twoo regions (C1 and C2) that are highly conserved 
amongg the four family members, flanked by a vari-
ablee region (V) that is distinct for each family mem-
berr (fig. 8). A common feature of the C2 region is 
bindingg to type II PDZ domain-containing proteins, 
aa process that may mediate the correct localization 
off syndecans in the plane of the plasma membrane 
(309).. For example, syndecan 1 and syndecan2 
cann be found in complex with the PDZ domain-
containingg the guanylate kinase CASK/LIN2, 
thee cytoskeletal protein 4 . 1 , and cadherin-linked 
p-cateninn (310). Furthermore, syndecan binding 
too CASK/LIN2, affects its nuclear translocation 
andd transcription regulatory activity (311). In ad-
dition,, the V-regions of the syndecans are likely 
too govern distinct roles specific for each syndecan 
andd cellular context in which they are expressed. 
Exampless of this include a signaling role within fo-
call adhesion complexes and matrix assembly (see 
fig.. 9 A a n d C ) 

cell-celll adhesion 

v+y v+y 
B B [HS-bindingg growth factors! 

®® 1 

receptor r 

genee regulation? signalingg pathways 

cell-matrixx adhesion 

<~r-AA  I 

integrin n 

e.g.. ADAM 12 

I?? V  syndecan 
.. | _ ^-4 i - r 4 IK-

RHO,, G proteins, cytoskeleton 

Figuree 9. Regulation of signaling by syndecans. 
A)A) Cell-cell adhesion. Syndecans recruits to sites of 
cell-celll contact, where they may control cytoskeleton 
re-organizationn by distribution of CASK/LIN-2, p-catenin/ 
cadherinn complexes and protein 4.1. B) Growth factor 
signaling.. Syndecans HS side chains may bind and 
clusterr growth factors (GF), and present them to their 
cognatee receptors, thereby regulating growth factor 
inducedd signaling. C) Cell-matrix adhesion. Syndecans 
mayy associate with integrins, leading to focal adhesion 
assembly.. Simultaneously, binding of a disintegrin and 
metalloproteinase,, like e.g. ADAM12 , to HS, can promote 
interactionn between the core protein, integrins or other 
unknownn transmembrane proteins and trigger integrin 
activationn (166). Indicated are several downstream 
effectorr molecules, regulating stress fiber and focal 
adhesionn formation, e.g. syndesmos (SYN), protein 
kinasee C (PKC)a, and focal adhesion kinase(FAK). 
(adaptedd from (163)). 
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Apartt from mediating cell-cell interactions, bind-
ingg growthh factors and regulating their activity, syn-
decanss can also contribute to cell matrix adhesion 
(fig.. 9C)(309,312). Syndecans co-localize with inte-
grinss at focal adhesions in a range of ceil types and 
onn numerous substrates (313). Insertion into focal 
adhesionss appears to be independent of the type 
off integrin involved, but requires activation of PKC 
(266,313,314).. For example, the cytoplasmic tail of 
syndecan44 can interact with (and activate) PKCa, 
PIP2,, and syndesmos, which are all implicated in 
syndecan4-controlledd integrin-mediated focal ad-
hesionn formation and cell spreading (309,315). In 
contrast,, the lymphoid syndecanl-expressing Raji 
andd ARH77 cells, show adherence to fibronectin 
andd anti-syndecan antibodies, independently of p1 
integrinss (316,317). 

Thee majority of studies concerning HSPGs 
havee focused on epithelial and mesenchymal type 
tissues.. Given the fact that many immune-related 
cytokiness and growth factors are heparin/HS bind-
ing,, it is likely that HSPGs also play prominent 
roless in the immune system, and its malignancies. 
Chemoktness and other heparin-binding cytokines 
havee important functions in the regulation of in-
flammation,, lymphocyte trafficking, -growth, -dif-
ferentiationn and -survival. Therefore, HSPGs might 
alsoo be involved in the regulation of lymphocyte 
biology.. Recently, studies from our laboratory 
havee shown that stimulation of tonsillar B cells 
usingg BCR and CD40, triggers up-regulation of a 
HS-bearingg CD44 isoform (CD44-HS) (141). More-
over,, HGF strongly binds to CD44-HS, thereby 
promotingg HGF-induced signaling in MET-express-
ingg B cells (141,318). Within the immune system, 
dataa revealing expression of HSPGs are scarce. 
Mousee precursor B cells and plasma cells have 
beenn shown to express syndecanl (319), whereas 
syndecan44 is expressed by Ig isotype-switched 
murinee B cells (320). In humans, syndecanl is 
expressedd by plasma cells, and their malignant 
counterpart,, MM <321,322)(chapter 3), as well as 
thee Reed Sternberg cells of classical Hodgkin's 
lymphomaa (323), AIDS-related lymphoma's (323), 
andd a subset of B-CLL (324). Functional studies 
havee shown that MM cells that express syndecanl, 
stronglyy bind to collagen, and do not show invasive 
behaviorr (325). In addition, syndecanl may control 
HSS side chains-mediated cell-cell adhesion (326). 
Thesee findings are strengthened by data showing 
thatt syndecanl accumulates at the leading edge of 
myelomaa cells (lamellopodium), and at membrane 
protrusionss called uropods (327,328). Interest-
ingly,, heparin binding growth factors such as HGF 
havee been found to co localize with syndecanl in 
uropodss of MM cells (328). Indeed, we have sub-
stantiatedd a functional role for this interaction in 
MMM by demonstrating that HGF binding to the HS 
side-chainn of syndecanl strongly promotes HGF-

inducedd responses (chapter 3), an effect that may 
bee modulated by soluble syndecanl shed from the 
MMM cell surface (329), outlining an important role 
forr syndecan-1 in the pathogenesis of MM. 

AIMSAIMS AND OUTLINES OF THIS THESIS 

Thee studies described in this thesis investigate 
thee contribution of two potent oncogenic pathways 
too B cell tumor growth and survival, i.e. the HGF/ 
MET-- and WNT signaling pathways, and substanti-
atee a functional role of heparan sulfate proteogly-
canss (HSPGs) in these malignancies. Chapter 
twotwo  reveals the functional impact of HGF/MET 
activationn in B cell malignancies, by showing po-
tentt HGF-induced growth and survival in multiple 
myeloma. . 

HSPGss play a crucial role in binding and pre-
sentingg growth factors to their cognate receptors. 
Expressionn of the HSPG syndecan-1 (CD138) is 
characteristicc of terminally differentiated B cells, 
i.e.,i.e., plasma cells, and their malignant counterpart, 
multiplee myeloma. Chapter three studies the 
distributionn of HSPGs in MM and investigates the 
influencee of HSPGs on HGF-induced signaling in 
malignantt plasma cells. In chapter  four, we have 
examinedd expression patterns of HGF and MET 
onn normal tonsillar B cells, and on a large panel of 
severall B cell malignancies, and screened these 
tumorss for chromosome 7 abnormalities and muta-
tionss in MET. 

WNTT signaling governs many cellular processes 
duringg embryonic development and postnatal live 
byy regulating B-catenin/TCF-mediated transcrip-
tion.. Deregulation of this signaling route had 
beenn shown to play a major role in epithelial-type 
tumors.. Even though TCF transcription factors 
aree involved in early lymphocyte development, a 
functionn for B-catenin/TCF-mediated transcription 
inn lymphoid malignancies has remained largely un-
explored.. Chapter  five  investigates the functional 
impactt of WNT signaling in MM, by presenting data 
thatt suggest a role for the WNT pathway in MM 
tumorr growth. 

ChapterChapter six summarizes and discusses the re-
sultss presented in this thesis. 
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Thee hepatocyt e growt h factor/ME T pathwa y 
control ss  proliferatio n and apoptosi s in 
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Fromm the Department of *Pathology, Academic Medical Center, University of Amsterdam, Amsterdam, 
Thee Netherlands, and the Departments of ^Hematology and Immunology University Medical Center, 
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Thee evolutio n of multipl e myelom a (MM) depend s on comple x signal s fro m the bon e marro w 
(BM)) microenvironment , supportin g the proliferatio n and surviva l of malignan t plasm a cells . An 
interestin gg candidat e signa l is hepatocyt e growt h factor/scatte r facto r (HGF), since  its recepto r 
METT is expresse d on MM cells , whil e HGF is produce d by BM stroma l cell s and by som e MM 
cel ll  lines , enablin g para- or autocrine - interaction . To explor e thi s hypothesis , we studie d th e 
biologica ll  effect s of HGF stimulatio n on MM cel l line s and on primar y MMs. We observe d tha t MET 
iss  expresse d by the majorit y of MM cel l line s and by approximatel y hal f of the primar y plasm a cel l 
neoplasm ss tested . Stimulatio n of MM cell s wit h HGF led to activatio n of the RAS/mitogen-activate d 
protei nn kinas e (MAPK) and phosphatidylinosito l 3-kinase/protei n kinas e B (PI3K/PKB ) pathways , 
signalin gg route s that have been impficate d in the regulatio n of cel l proliferatio n and survival . 
Indeed ,, functiona l studie s demonstrate d tha t HGF has stron g proliferativ e and anti-apoptoti c 
effect ss  on bot h MM cel l line s and primar y MM cells . Furthermore , by applyin g specifi c signal -
transductio nn inhibitors , we demonstrate d tha t MEK is required  for HGF-induce d proliferation , 
wherea ss activatio n of PI3K is require d for bot h HGF-induce d proliferatio n and for rescu e of MM 
cell ss  fro m apoptosis . Taken together , our data indicat e that HGF is a poten t myelom a growth - and 
survival-facto rr  and sugges t tha t the HGF/MET pathwa y is a potentia l therapeuti c targe t in MM. 

INTRODUCTION INTRODUCTION 

Multiplee myeloma (MM) is a B-cell neoplasm 
characterizedd by clonal expansion of malignant 
plasmaa cells in the bone marrow (BM). Here, the 
tumorr cells proliferate and acquire resistance to 
apoptosis,, ultimately leading to osteolytic bone 
destruction,, renal dysfunction, and anemia. The 
diseasee is still incurable with a median survival 
off approximately 3 to 4 years (1,2). Malignant 
transformationn in MM evolves through different 
stagess from monoclonal gammopathy of unde-
terminedd significance (MGUS) to expansive- and 
aggressive-,, plasmablastic- MM. Most of the tumor 
evolutionn in MM takes place in the BM, indicating 
thatt signals from the BM microenvironment play a 
criticall role in sustaining the growth and survival of 
MMM cells during tumor progression. To date, these 
signalss and the corresponding intracellular signal-
ingg cascades, which present potential targets for 
therapeuticc intervention, have only been incom-
pletelyy identified. Important candidate signals are 
directt physical contact of myeloma cells with BM 
stromall cells via integrin adhesion receptors, which 

cann mediate outside-in growth and survival signals 
(3-5),, as well as a number of cytokines/growth fac-
tors,, including interleukin 6 (IL6), vascular endothe-
liall growth factor (VEGF), and insulin-like growth 
factorr 1 (IGF1) (5-8). Of these cytokines, the role 
off IL6 in the pathogenesis of MM has been most 
extensivelyy documented. Clinical and experimental 
studiess support an important role for this cytokine 
inn the biology of MM. However, they also indicate 
thatt IL6 is not obligatory for MM development and 
progression,, implying that its role in the pathogene-
siss of MM can be substituted by other signals (1,9). 
Studiess from our own and other laboratories have 
identifiedd the hepatocyte growth factor (HGF)/MET 
pathwayy as a potentially important signaling route 
inn the pathogenesis of MM (10-12). 

HGFF is a pleiotropic cytokine that induces com-
plexx biological responses in target cells, including 
motility,, growth, and morphogenesis. All known 
biologicall effects of HGF are transduced via the 
transmembranee tyrosine kinase MET. Whereas a 
functionall HGF/MET pathway is indispensable for 
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mammaliann development, uncontrolled activation 
off MET is oncogenic and has been implicated in 
growth,, invasion, and metastasis of a variety of 
tumorss (reviewed by van der Voort ef a/ (13)). This 
uncontrolledd MET activation may involve a variety 
off mechanisms including translocation, mutation, 
orr amplification of the MET gene, and autocrine- or 
paracrinee MET stimulation. In B-cell malignancies, 
thee HGF/MET pathway might promote tumorigen-
esiss through both autocrine and paracrine mecha-
nisms.. In primary effusion lymphoma (PEL), as 
welll as in MM, co-expression of HGF and MET has 
beenn observed, suggesting autocrine stimulation 
(10,11,14).. Since bone marrow stromal cells pro-
ducee HGF (15), paracrine stimulation of MM cells 
withinn the bone marrow microenvironment can also 
takee place. Consistent with a role for HGF/MET in 
MMM progression, high serum levels of HGF were 
reportedd to be associated with unfavorable progno-
siss in patients with MM (16). Taken together, these 
dataa suggest the involvement of the HGF/MET 
pathwayy in the pathogenesis of MM. Indeed, we 
havee recently shown that HGF stimulation of MM 
cellss triggers signaling routes implicated in the reg-
ulationn of cell proliferation and survival. These sig-
nalss are amplified by syndecanl (CD138), which 
bindss HGF and acts as a functional co-receptor for 
HGFF (12). In the present study, we have assessed 
thee functional impact of HGF/MET signaling on MM 
cells.. We show that MET is expressed by the ma-
jorityy of MMs, and that HGF is a potent myeloma 
growthh factor, stimulating proliferation and protect-
ingg MM cells from apoptosis via RAS/MAPK and 
PI3K/PKBB signaling. 

MATERIALSMATERIALS  AND METHODS 

ANTIBODIES ANTIBODIES 
Mousee monoclonal antibodies used were; anti-

CD138,, BB4 (lgG1)(lnstruchemie, Hilversum, The 
Netherlands);; anti-MET, D024 (lgG2a) (Upstate 
Biotechnology,, Lake Placid, NY); APC-conjugated 
anti-CD38,, (lgG1); FITC-conjugated anti-CD45RA 
(lgG2b);; anti-RAS (lgG1) (all BD Biosciences, Er-
embodegem,, Belgium). Polyclonal antibodies used 
were;; micobead-conjugated goat anti-mouse IgG 
(Miltenyi,, Bergisch Gladbach, Germany); rabbit 
anti-MET,, C-12 (IgG) (Santa Cruz Biotechnology, 
Santaa Cruz, CA); rabbit anti-phospho PKB/AKT 
(Serr 473); rabbit anti-phospho p44/42 MAP kinase 
(Thrr 202 /Tyr 204) (both New England Biolabs, 
Hitcin,, UK); HRP-conjugated rabbit anti-mouse; 
(DAKO,, Carpinteria, CA); and HRP-conjugated 
goatt anti-rabbit (DAKO). 

PLASMAPLASMA CELL NEOPLASMS AND CELL LINES 
BM-derivedd patient MM cells (n=13) and tis-

suee samples of extra-medullary plasmacytoma 

(n=8)) were obtained during routine diagnostic pro-
cedures.. Tissue samples were frozen at C un-
till further used. The patient myeloma cells (PPM 1 
andd 2) used in our functional studies were obtained 
fromm the pleural effusions of a 67 year old male, 
andd a 62 year old female MM patient. FACS analy-
siss of both patients showed >95% CD138H,GH, 
CD38HIGHH cells. PPM1 was expressing IgD only. 
Mononuclearr cells were harvested by standard 
Ficoll-Paquee density gradient centrifugation 
(Amershamm Pharmacia, Uppsala, Sweden) and 
keptt on an irradated mouse embryonic fibroblast 
feeder-layerr in Iscove's medium (Life technologies, 
Breda,, The Netherlands) containing 10% fetal calf 
serumm (Integra, Zaandam, The Netherlands), 100 
lU/mll penicillin, and 100 lU/ml streptomycin (Life 
Technologies),, and 500 pg/ml IL6 (R&D systems, 
Abington,, UK). MM cell line XG1 (17), LME1(12) 
andd UM6 (18) were cultured in Iscove's medium 
(Lifee technologies) containing 10% fetal clone I 
serumm (HyClone Laboratories, Logan, UT), 100 
lU/mll penicillin, and 100 lU/ml streptomycin (Life 
Technologies),, 20 pg/ml human recombinant 
transferrinn (Sigma, Bornem, Belgium), 50uM p-
mercaptoo ethanol. XG1 and UM6 were cultured 
inn the presence of 500 pg/ml IL6 (R&D systems). 
MMM cell lines UM1 and UM3 (18), L363 (19), NCI 
H9299 (20) and OPM1 (21) were cultured in RMMI 
16400 (Life Technologies, Breda, The Netherlands) 
containingg 10% fetal calf serum (Integra). Burkitt 
parentall Namalwa and the MET-transfected cell 
linee Namalwa (NamMET, (22)) were cultured in 
RMMII 1640 supplemented with 10% Fetal Clone I 
serum,, 2 mM L-glutamine, 100 lU/ml penicillin, and 
1000 lU/ml streptomycin (all Life Technologies). 

MAGNETICMAGNETIC ACTIVATED CELL SORTING (MACS) 
ANDAND FLUORESCENT ACTIVATED CELL SORT-
INGING (FACS). 

Mononuclearr cells from BM biopsies were 
obtainedd by standard Ficoll-Paque density gradi-
entt centrifugation. Plasma cells were sorted by 
positivee selection using anti-CD 138 (clone BB4, 
Immunotech).. Cell suspensions were incubated 
withh saturating concentrations of anti-CD138 
antibody,, washed, and subsequently incubated 
withh microbead-conjugated goat anti-mouse IgG. 
Microbead-labeledd cells were recovered with 
aa magnet, and the purity of the collected cell 
populationss was determined by FACS analysis. A 
doublee staining using antibodies against CD38 and 
CD45RAA was done as described (23). Staining was 
measuredd by using a FACScalibur flow cytometer 
(BDD Biosciences). Positive sorting yielded popula-
tionss plasma cells that were >95% pure (CD38+, 
CD45RA-). . 

IMMUNOHISTOCHEMISTRY IMMUNOHISTOCHEMISTRY 
Immunohistochemicall stainings were performed 
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onn acetone-fixed cryostat sections (MET) or for-
malinn fixed paraffin embedded sections (CD138). 
Forr single staining, fixed sections were washed 
inn PBS and pre-incubated with 10% normal goat 
serumm {Sera Lab, Sussex, UK) in PBS for 15 min. 
Afterr incubating with the primary antibody for 1 h, 
endogenouss peroxidases were blocked with 0.1% 
NaN3,, 0.3% H202, PBS for 10 min. Subsequently, 
thee sections were stained with biotin-conjugated 
rabbitt anti-mouse for 30 min, followed by an incu-
bationn with HRP-conjugated avidin-biotin complex 
forr 30 min. Substrate was developed with either 
3,3-amino-9-ethylcarbazolee (Sigma) (anti-MET 
staining),, or 3,3- diaminobenzidine (Sigma) (anti-
CD1388 staining) for 10 minutes. 

PULL-DOWNPULL-DOWN AND WESTERN BLOT ANALYSIS 
Forr precipitation of GTP-bound RAS, a fusion 

proteinn of glutathione S-transferase (GST) with 
thee minimal RAS-binding domain of RAF (RAF-
RBD)) was used as described (24). Briefly, MO 7 

cellss were stimulated with HGF (100 ng/mL) for 2 
minutess at 37 . GST-RAF-RBD fusion proteins 
weree coupled to glutathione-Sepharose beads for 
300 minutes at , after which cell lysates were 
addedd and incubated for 30 minutes . Bound 
proteinss were eluted with sample buffer, separated 
byy 10% SDS-polyacrylamid gel electrophoresis, 
andd blotted. For analysis of phosphorylation of 
PKBB and the MAP kinases ERK1 and -2 , after 
thee indicated treatments with 100 ng/mL human 
recombinantt HGF (R&D) and the PI3K inhibitor 
LY2940022 or the MEK inhibitor PD98059 (both 
Biomol,, Plymouth Meeting, PA), 3-105 cells were 
directlyy lysed in sample buffer, separated by 
10%% SDS-polyacrylamid gel electrophoresis, and 
blotted.. Equal loading was confirmed by staining 
thee part of the blot above 130 kDa with anti-MET 
(C12).. The middle part (50-130 kDa) was stained 
withh anti-phospho PKB and the bottom part (be-
loww 50 kDa) was stained with anti-phospho MAP 
kinasee antiserum (both New England Biolabs). Pri-
maryy antibodies were detected by HRP-conjugated 
goatt anti-rabbit antibodies. 

GROWTH,GROWTH, SURVIVAL AND APOPTOSIS ASSAYS 
Cellss were plated in 96 flat bottom tissue culture 

platess (Costar, Cambridge, MA) at a density of 
approximatelyy 100,000 cells/mL (200 «L total) in 
thee absence of serum, in supplemented Iscove's 
ass described above. HGF was added, and cells 
weree cultured for four days. Viable cell numbers 
weree determined by adding propidium iodide (PI) 
andd analysis on a FACScalibur (BD Biosciences). 
Forr proliferation, the cell culture was pulsed with 
0.55 (iCi (methyPH) thymidine (87 Ci/mmol, Amer-
shamm Life Science, Little Chalfont, UK) during the 
lastt 4 hours of culture. Results are expressed as 
countss per minute (cpm). Apoptosis was measured 

usingg FITC-conjugated AnnexinV (IQ Products, 
Groningen,, The Netherlands) binding to phospha-
tidylserine,, PI incorporation and FACS analysis as 
describedd (25). 

Results Results 

Expressio nn of MET on primar y plasm a cel l neo -
plas mm and MM cel l line s 

Previouss studies have indicated that MET, 
thee receptor tyrosine kinase for HGF, can be ex-
pressedd on MMs (10, 11). Here, we confirm and 
extendd these observations by studying a panel of 
primaryy MM, extramedullar/ plasmacytomas, and 
MMM cell lines. In 6 of 8 MM cell lines tested, a 145 

Tablee 1. MET expression in plasma cell neoplasia 

nn Percentage positive cases 

MMM cell lines 8 75 

Multiplee Myeloma 13 54 

Extra-medullaryy „ „ „ 
plasmacytoma a 
Normall bone _ Q 

marrow w 

kDaa band, corresponding to MET, was detected by 
immunoblottingg (Fig 1A). This band was also pres-
entt in the cell lysates of frozen-stored BM aspirates 
fromm 7 of 13 MM patients, but not in normal control 
BMM (Table 1). Importantly, in BM cell populations 
enrichedd for neoplastic (CD138+) plasma cells by 
meanss of MACS, the intensity of the MET band 
wass proportionally increased, indicating that MET 
wass indeed expressed by the tumor cells (Fig 1B). 
Inn addition to MM, we also assessed MET expres-
sionn on a panel of extramedullary plasmacytomas. 
Immununohistochemistryy on frozen tissue sections 
revealedd MET expression in 3 of 8 cases. Taken 
together,, our findings demonstrate that MET is ex-
pressedd by most myeloma cell lines and that MET 
expressionn is common on primary MMs as well as 
onn extramedullary plasmacytomas (Table 1). 

HGFF induce s proliferatio n and suppresse s 
apoptosi ss  of MM cell s 

Wee next explored the functionality of the MET 
signalingg pathway in MM cells. Stimulation with 
HGFF resulted in a rapid increase in the amount of 
active,, GTP-bound RAS in both the MM cell lines 
ass well as in the primary tumor cells from a MM 
patientt (PPM 1) (Fig 2A). Also, the downstream 
effectorr MAP kinases ERK1 and -2 were strongly 
activatedd in response to HGF stimulation (Fig 2A). 
Inn the MM cell lines LME1 and XG1 and in the pri-
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Figuree 1. Expression of MET on MM cell lines and primary plasma cell neoplasms. A) MET is expressed by the 
majorityy of MM cell lines. Cell lysates from MM cell lines were immunoblotted using a rabbit anti-MET antibody (C12). 
Lysatess of Namalwa B cells, either wild-type (Nam) or transfected with MET (NamMET) were used as a negative and 
positivee controls, respectively. B) Expression of MET on primary MMs. Mononuclear cells from primary myeloma BM 
sampless were sorted using MACS, using anti-CD138 mAb. The percentage of plasma cells before and after sorting, as 
determinedd by FACS analysis, is indicated. Lysates of 1  106 unsorted (lane 1 and 3), or sorted (lane 2 and 4) cells were 
immunoblottedd with rabbit anti-MET antibody. Wild-type Namalwa (Nam) and the Met-expressing Namalwa (NamMET) 
weree used as negative and positive control, respectively. C) MET expression by neoplastic plasma cells in extra-medul-
laryy plasmacytoma. Immunohistochemical stainings of tissue sections of a plasmacytoma with anti-CD138 (left panel, 
hematoxylinn counterstained) and anti-MET (right panel). 

maryy MM cells, we also observed a strong HGF-in-
ducedd serine phosphorylation of PKB (also known 
ass AKT). Hence, signaling through MET in MM 
leadss to activation of the PI3K/PKB as well as the 
RAS/MAPP kinase signaling pathways, which have 
beenn implicated in the regulation of cell survival 
andd proliferation, respectively (26-28). 

Too assess whether HGF indeed affects the 
growthh of MM, MM cell lines LME1, XG1, and pri-
maryy myeloma cells were cultured in the absence 
orr presence of HGF. In LME1 cultures, serum-
deprivationn resulted in a strong reduction in the 
numberr of viable cells, whereas HGF stimulation 
resultedd in a dose dependent exponential increase 
inn cell numbers (Fig 2B, upper left panel). In XG1 
culturess deprived of serum, we also observed 
aa rapid decrease in the number of viable cells. 
Culturingg these cells in presence of recombinant 
HGFF resulted in a rescue with stable cell number, 
ratherr than in an increased cell number (Fig 2B, 

upperr right panel). Like in LME1, stimulation of 
primaryy myeloma cells (PPM1) with HGF led to 
ann exponentional, dose-dependent increase in cell 
numberss (Fig 2B, lower left panel). Also, a second 
primaryy MM sample (PPM2) responded to HGF 
treatment.. Like XG1, triggering of these primary 
MMM cells recombinant HGF resulted in a rescue of 
celll numbers (Fig 2B, lower right panel). 

Too explore whether the above effects of HGF on 
MMM growth were due to increased cell proliferation 
orr decreased apoptosis (or both), we examined the 
effectss of HGF stimulation on DNA synthesis by 
MMM cells and on their capacity to bind AnnexinV. 
Ass is shown in Figure 3, HGF induced a strong 
increasee in 3H thymidine uptake in both MM cell 
lines,, and primary MM cells (PPM1 and 2). More-
over,, HGF stimulation also induced a strong reduc-
tionn in the percentage of apoptotic cells, which bind 
AnnexinVV via phosphatidylserine exposed on their 
outerr plasma membrane (Fig 4A and B). 
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HGF::  - + 

Figur ee 2. HGF is a growt h facto r fo r MMs. A) HGF activates both the RAS/MAP kinase and PI3K/PKB signaling 
cascadess in MM. Cells were incubated for 2 minutes with HGF (100 ng/mL). Activation of RAS was assayed using a 
pull-downn assay with GST-RAF-RBD fusion proteins, blotted and stained with a monoclonal anti-RAS antibody (top 
panel).panel). Activation of ERK1 and -2 and PKB was assessed by immunoblotting using phospho-specific anti-ERK1 and -2 
(aa p-MAPK) and anti-PKB (a p-PKB), respectively. Stainings with anti-MET represent loading controls (bottom panel). 
B)B) HGF stimulation induces growth of MMs. LME1, XG1, and two primary myeloma cell samples (PPM1 and 2) were 
grownn in the absence of serum, and HGF was added at the concentrations indicated. The number of viable cells was 
quantifiedd using propidium iodide incorporation and FACS analysis over a 4-day period. Error bars represent the stan-
dardd deviation of triplicates. 
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Figuree 3. HGF induces proliferation in MM. HGF stimulation leads to DNA synthesis in the MM cell lines LME1 (upper 
leftt panel), XG1 (upper right panel), and primary myeloma cells (PPM1 and 2)(bottom panels). Cells were cultured under 
serum-freee conditions and HGF was added at the concentrations indicated. 3H thymidine incorporation was measured 
onn days 2, 3 and 4. Error bars represent the standard deviation of triplicate measurements. 

HGF-induce dd proliferatio n in MM cell s is PI3K-
an dd MEK1-dependen t wherea s rescu e fro m 
apoptosi ss  require s PI3K 

Ass shown in Figure 2A, triggering of MET 
leadss to activation of PKB as well as RAS and 
thee MAP kinases ERK1 and -2. PKB, a target of 
PI3K-derivedd signals, has been implicated in the 
maintenancee of both growth and survival (26, 28, 
29),, whereas RAS and its downstream effector 
componentss MEK1, and ERK1 and -2 have been 
directlyy linked to the regulation of cell proliferation 
(27).. To investigate the functional importance the 
PKB/PI3KK and RAS/MAP kinase cascades in MM 
growthh and survival, we measured 3H thymidine 

uptakee and AnnexinV binding in the presence or 
absencee of the PI3K inhibitor LY294002 (LY) or 
thee MEK inhibitor PD98059 (PD). The specificity 
off these inhibitors in our system is shown in figure 
5A:: the PI3K inhibitor LY completely abrogated the 
HGFF stimulated activation of PKB but had no effect 
onn the phosphorylation status of ERK1 and -2. Vise 
versa,, the HGF stimulated activation of ERK1 and 
-22 was specifically blocked by PD but not affected 
byy LY (Fig 5A). 

Bothh PD and LY had dramatic effects on HGF-
inducedd cell proliferation in LME1 as well as in 
XG11 cells (Fig 5B). With the MEK-inhibitor PD, 3H 
thymidinee uptake was reduced to control levels, 
whereass an even stronger inhibition, below that 
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Figur ee 4. HGF protect s MM cell s fro m apoptosis . A) Activation of MET leads to rescue from apoptosis in XG1. 
Cellss were cultured under serum-free conditions and HGF was added at the concentrations indicated. After 36 hours of 
culture,, propidiuim iodide was added, and apoptotic cells were identified by their binding of FITC-conjugated AnnexinV. 
Apoptoticc cells were defined as propidium iodide negative, AnnexinV positive cells. B) HGF protects the IvlM cell lines 
LME11 (upper left panel), and XG1 (upper right panel), as well as primary myeloma cells (PPM1 and 2)(bottom panels) 
fromm apoptosis. Culture conditions and apoptosis assessment as in (A). Error bars represent the standard deviation of 
triplicatee measurements. 
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Figuree 5. HGF-induced proliferation in MM cells is PI3K and MEK1-dependent whereas rescue from apoptosis 
requiress PI3K. A) HGF-mediated activation of PKB and ERK1 and -2 is blocked by inhibition of PI3K and MEK1, respec-
tively.. Cells were deprived of serum for 3 hours, and incubated with medium containing LY294002 (20 pM), PD98059 
(50nM),, or DMSO only, prior to incubation with HGF (100 ng/mL). Activation of PKB and ERK1 and -2 was determined 
inn total cell lysates of LME1 and XG1 by immunoblotting with anti-phospho PKB (top) and anti-phospho ERK1 and -2 
(middle)(middle) antibodies, respectively. Staining with anti-MET represent loading controls (bottom). B) HGF-induced prolifera-
tionn is mediated by PI3K and MEK-1. LME-1 and XG-1 cells were incubated with medium containing either LY or PD, 
andd stimulated with HGF. Proliferation was assessed by measuring 3H thymidine incorporation at day 3. C) HGF-induced 
rescuee from apoptosis requires PI3K. LME-1 and XG-1 cells were incubated with medium containing either LY or PD, 
andd stimulated with HGF. Apoptosis was assessed by FACS by measuring binding of FITC-conjugated AnnexinV and 
propidiumm iodide incorporation. Apoptotic cells were defined as propidium iodide negative, AnnexinV positive cells. Error 
barss represent standard deviations of triplicate measurements. 

off the unstimulated controls, was obtained using 
thee PI3K-inhibitor LY (Fig 5B). In contrast to their 
almostt identical effects on cell proliferation, PD and 
LYY differentially inhibited the anti-apoptotic action of 
HGF.. Whereas HGF-induced survival was complete-
lyy abolished (LME1), or strongly reduced (XG1) by 
LY,, it was hardly affected by PD (Fig 5C). These 
dataa indicate that whereas the PI3K/PKB and RAS/ 
MAPP kinase pathways are both needed for prolif-
eration,, the HGF mediated effects on the survival 
off MM cells depend on the PI3K/PKB pathway, but 
nott on the RAS/ MAP kinase pathhay. 

DISCUSSION DISCUSSION 

MMM is a still incurable B cell neoplasm chac-
terizedd by the accumulation of malignant plasma 
cellss in the BM. Since MMs are genetically un-
stable,, and consequently heterogenous, multiple 
coordinatee and overlapping signals from the micro-
environmentt presumably determine the faith of 
individuall subclones during MM progression. For 
successfull therapeutic intervention, it is critical to 
identifyy the various signals controlling MM growth 
andd survival. Although there is a vast amount of 
circumstantiall evidence indicating the HGF/MET 
pathwayy in the pathogenesis of multiple myeloma 
(30-32),, direct functional support for this role thus-
farr is scarce and comes from a single recent study 
fromm our laboratory showing that HGF induces 
proliferationn in the myeloma cell fine XG1 (12). The 
presentt paper greatly extends this observation by 
showingg that HGF also has strong proliferative ef-
fectss on another myeloma line and on two primary 
myelomaa cell samples. Moreover, it shows for the 
firstt time that HGF is a potent survival factor for 
bothh myeloma cell lines and primary myeloma cells 
andd rescues these cells from apoptosis. Finally, it 
demonstratess that whereas PI3K/PKB pathway is 
requiredd for both HGF-induced proliferation and 
rescuee from apoptosis, the RAS/MAPK pathway is 
requiredd for proliferation. 

Byy studying a panel of MM cell lines, primary 
MMs,, and extramedullary plasmacytomas, we 

observedd that the receptor tyrosine kinase MET 
iss expressed by the majority of MM cell lines and 
byy approximately half of the primary plasma cell 
neoplasmss tested (Fig 1, Table 1). This observa-
tionn confirms and extends previous studies, which 
havee also reported MET protein expression on MM 
cells,, albeit on a much smaller number of samples 
(10,11).. HGF and its receptor tyrosine kinase MET 
inducee complex biological responses in target cells 
includingg growth, survival, and motility. In mice, 
MetMet or Hgf deficiency results in embryonic death 
withh severe defects in the development of the 
placenta,, liver, and limb muscles, whereas uncon-
trolledd activation of MET, in both mice and humans, 
hass been implicated in tumor growth, invasion, and 
metastasiss (reviewed by van der Voort et al (13)). 
Off note, the finding of MET mutations in hereditary 
papillaryy renal carcinoma has established a caus-
ativeative role of MET in human cancer (33). These 
mutationsmutations result in enhanced kinase activity upon 
stimulationn with HGF and were shown to mediate 
transformation,, invasive growth, and protection 
fromm apoptosis (34-37). The HGF/MET pathway 
hass also been implicated in B cell development and 
neoplasia.. During normal B cell differentiation, MET 
iss expressed at the germinal center and plasma 
celll stage, whereas HGF is produced by follicular 
dendriticc cells and by bone marrow stromal cells. 
HGFF stimulation of B cells leads to integrin activa-
tion,, promoting cell adhesion to VCAM1, a major 
integrinn ligand on follicular dendritic cells and bone 
marroww stromal cells (22). In B cell malignancies, 
specificallyy in MM, HGF produced in the tumor mi-
croenvironmentt (15) could promote tumorigenesis 
inn a paracrine fashion, whereas co-expression of 
HGFF and MET has also been observed, suggest-
ingg autocrine stimulation (10,11,14). Consistent 
withh a role for HGF/MET in the pathogenesis of 
MM,, elevated serum levels of HGF were reported 
inn MM patients and identified a group of patients 
withh poor response to treatment (16). Whether this 
HGFF represented autocrine production by the tu-
morr cells, or was paracrine-derived, remains to be 
determined.. Since only 1 of the 6 MET positive MM 
celll lines in our present study expressed detectable 
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Figuree 6. HGF induces growth and survival in Multiple Myeloma. HGF is produced either by the bone marrow 
stromall cells in a paracrine fashion, or autocrine by MM cells, leading to MM growth and survival. Furthermore, direct 
physicall contact of myeloma cells with BM stromal cells via integrin adhesion receptors, can mediate growth and survival 
signalss and trigger cytokine production. INSET. Para- or autocrine produced HGF will be sequestered on the plasma 
membranee by the heparan sulfate (HS) side chain of syndecanl, thereby promoting ternary-complex formation between 
HGF,, Met, and syndecanl facilitating activation, leading to enhanced signal transduction. MET autophosphorylation 
leadss to the recruitment of downstream effector molecules GRB2 and GAB1 involved in activation of the RAS/MAPK 
ass well as the PI3K/PKB pathways. Activation of RAS/MAPK will trigger proliferation in multiple myeloma. Direct as well 
ass indirect activation of PI3K can activate PKB, which controls proliferation and prevents apoptosis. Also, additional 
pathwayss (depicted as question marks) may be activated by HGF through PI3K, leading to both growth and survival in 
MM.. See text for additional comments. 

levelss of HGF protein, autocrine growth may not 
bee the most common scenario (data not shown). It 
iss conceivable, however, that during progression of 
MMM a gain of HGF expression may take place, es-
tablishingg an autocrine HGF/MET activation loop, 
leadingg to autonomous growth and to dissemina-
tionn to extra-medullary sites. 

Thee key finding of our study is that HGF is a 
potentt growth and survival factor for MMs. In both 
MMM cell lines and primary MM cells, HGF stimula-
tionn induced a strong dose-dependent increase 
off DNA synthesis (Fig 3). Moreover, it has potent 
anti-apoptoticc effects (Fig 4). The HGF-induced 
proliferationn requires activation of both MEK and 
PI3K,, whereas activation of either MEK and MAPK 
orr PI3K and PKB is not sufficient. In contrast, HGF 
controlledd survival requires activation of PI3K only 
(Figg 5). Activation of the RAS/MAPK pathway by 
HGFF involves recruitment of a complex of the ex-
changee factor SOS and GRB2 to the docking site 
off Met, resulting in RAS activation (38-40). This will 
leadd to translocation and activation of RAF and the 
consecutivee activation of MEK and the MAP kinas-
ess ERK1 and 2 (41, 42). Activation of these MAP 
kinasess results in phosphorylation of transcription 
factorss (e.g. ELK1 and ETS2), which mediates 

thee expression of immediate early genes such as 
FOS,FOS, leading to cell proliferation (27). In MM, sev-
erall cytokines/growth factors such as IL6, VEGF 
andd IGF1, activate the RAS/MAP kinase cascade, 
leadingg to proliferation (5,7,8). Our study is the first 
too show that HGF is able to activate RAS, MEK and 
thee MAP kinases ERK1 and -2 , inducing a prolif-
erativee response in MM. Furthermore, we show 
thatt activation of MEK is required, but not sufficient 
forr HGF-induced proliferation of MM. 

Ourr data shows that PI3K is required for both 
HGF-inducedd proliferation as well as survival of 
MMM (Fig 5B and C). Activation of the PI3K/PKB 
pathwayy by HGF involves recruitment of PI3K to 
thee docking site of Met, either by a direct interac-
tion,, or indirectly via the docking protein GAB1 (43-
45).. Studies in a variety of other cell types have 
alsoo revealed a prominent regulatory role for PI3K 
inn either HGF-induced proliferation (46-48) and 
survivall (49-51). Furthermore, in MM, PI3K has 
beenn implicated in IL6-induced proliferation (29, 
52)) and in the rescue from apoptosis by either IL6 
(29,53)) or IGF1 (52). The most likely candidate for 
executingg both the PI3K-mediated proliferation and 
survivall signals is the PH domain-containing effec-
torr molecule PKB (54), which, upon PI3K-depen-
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dentt membrane localization, is phosphorylated and 
activatedd by PDK1 {55,56). Indeed, we observed 
aa strong PI3K-dependent phosphorylation of PKB 
uponn HGF stimulation of the MM cells (Fig 2A). 
Recentt studies have revealed that PKB mediates 
HGF-inducedd survival responses in other cell types 
(49,50),, whereas in MM, PKB is involved in IL6-
inducedd proliferation (57). PKB can control both 
survivall as well as proliferation by a wide variety 
off mechanisms, including the phosphorylation of 
Forkheadd transcription factors (58-60), IKKa (61), 
GSK33 (62), and mTOR (63). Noteworthy, two re-
centlyy identified substrates of mTOR, p70S6kinase 
andd the translational repressor 4E-BP1, are in-
volvedd in the IL6-controlled MM growth (64). Likely 
candidatess to directly mediate the HGF-induced 
anti-apoptoticc signal via the PI3K/PKB pathway 
aree caspase 9 and the pro-apoptotic protein BAD, 
whichh are both inactivated upon phosphorylation 
byy PKB. (26, 65, 66). Importantly, recent studies 
revealedd that in MM, IL6, in a PI3K-dependent 
fashion,, controls the activity of Forkhead transcrip-
tionn factors and caspase 9 (29), whereas IGF1 
stimulationn results in BAD phosphorylation (8,29). 
Furtherr investigation regarding the activation of 
downstreamm components of the PI3K/PKB path-
wayy will help to clarify the proliferative and anti-
apoptoticc responses initiated by HGF in MM. 

Interestingly,, we have recently shown that HGF/ 
METT signaling in MMs is strongly promoted by syn-
decan-1,, the major heparan sulfate proteoglycan 
(HSPG)) on MM cells (12). Cell surface-expressed 
syndecanll binds HGF and presumably promotes 
signalingg by increasing the effective concentra-
tionn of HGF at the plasma membrane, whereas 
bindingg of several HGF molecules to syndecanl 
mayy promote dimerization and oligomerization of 
Met,, leading to enhanced receptor activation. A l -
ternatively,, by inducing a conformational change, 
syndecanll might influence the affinity of HGF for 
MET.. Also, the polarized distribution of syndecan-1, 
ass observed in MM cells (31), may impose a con-
straintt on the spatial distribution of HGF, resulting 
inn clustering of activated MET and MET-associated 
signalingg molecules. Thus, the potentiation of MET 
signalingg may be partially explained by HGF-medi-
atedd colocalization of syndecanl and MET, which 
mayy bring relevant intracellular signaling molecules 
inn the proximity of each other. Taken together, our 
resultss indicate that the HGF, Met, and syndecanl, 
formm a "ménage a trois" with a key role in controlling 
thee growth and survival of MET positive malignant 
plasmaa cells (Fig 6) and suggest these molecules 
ass targets for therapy in MM. 
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Celll  surfac e proteoglyca n syndecan l mediate s 
hepatocyt ee growt h facto r bindin g and promote s 

METT signalin g in multipl e myelom a 
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Heparann sulfat e proteoglycan s (HSPGs) play a crucia l rol e in growt h regulatio n by assemblin g 
signalin gg complexe s and presentin g growt h factor s to thei r cognat e receptors . Withi n the immun e 
system ,, expressio n of the HSPG syndecan l (CD138) is characteristi c of terminall y differentiate d B 
cells ,, ie, plasmacells , and thei r malignan t counterpart , multipl e myelom a (MM). This stud y exlore d 
thee hypothesi s that syndecan- 1 migh t promot e growt h facto r signalin g and tumo r growt h in MM. 
Forr  thi s purpose , the interactio n was studie d betwee n syndecan l and hepatocyt e growt h facto r 
(HGF),, a putativ e paracrin e and autocrin e regulato r of MM growth . This stud y demonstrate s tha t 
syndecan ll  is capabl e of bindin g HGF and that thi s growt h facto r is indee d a poten t stimulato r of 
MMM surviva l and proliferation . Importantly , the interactio n of HGF wit h hepara n sulfat e moietie s on 
syndecan ll  strongl y promote s HGF-mediate d signaling , resultin g in enhance d activatio n of MET, 
thee recepto r tyrosin e kinas e for HGF. Moreover , HGF bindin g to syndecan l promote s activatio n 
off  the phosphatidylinosito l 3-kinase/protei n kinas e B, and RAS/mitogen-activate d protei n kinas e 
pathways ,, signalin g route s that have been implicate d in the regulatio n of cel l surviva l and 
proliferation ,, respectively . These result s identif y syndecan l as a functiona l co-recepto r for HGF 
thatt  promote s HGF/MET signalin g in MM cells , thu s suggestin g a nove l functio n for syndecan l in 
MMM tumorigenesis . 

INTRODUCTION INTRODUCTION 

MMM is a clonal B cell neoplasm in which the ma-
lignantt tumor cells are localized to the bone mar-
row.. Within the bone marrow, the neoplastic cells 
liee in close proximity to stromal cells, which provide 
signalss required for their progression through dif-
ferentt disease stages (1). These signals include a 
varietyy of cytokines and growth factors, stimulating 
tumorr growth and survival. Several of these solu-
ablee mediators have the potential to bind to hepa-
rin,rin, a glycosaminoglycan (GAG) structurally related 
too heparan sulfate (HS), suggesting that HSPGs, 
expressedd on the cell surface of MM cells or in the 
extracellularr matrix (ECM) of the bone marrow, 
mightt modulate their function. 

HSPGss are proteins that are covalently linked 
too sulfated GAG chains composed of alternating 
glucuronicc acid and N-acetylglucoseamine units 
(2,3).. These molecules, which are widespread 
throughoutt mammalian tissues as ECM compo-
nentss and membrane-bound molecules, have 
beenn implicated in several important biological 
processess including cell adhesion and migration, 
tissuee morphogenesis, angiogenesis, and regula-
tionn of blood coagulation. In these processes, 

HSPGss are believed to function as scaffold struc-
tures,, designed to accommodate proteins through 
non-covalentt binding to their GAG chains. Their 
ligand-bindingg sites reside within discrete sulfated 
domainss formed by complex, cell-specific, chemi-
call modifications of the HS disaccharide repeat 
(2,4).. Binding of proteins, including growth factors/ 
cytokines,, to HS may serve a variety of functions 
rangingg from immobilization and concentration, to 
distinctt modulation of biological function. This func-
tionall importance is illustrated by fibroblast growth 
factorr 2 (FGF2), whose binding to its signal-trans-
ducingg receptors and consequent biotogical effects 
aree critically dependent on its interaction with with 
cell-surfacee HSPGs (5,6). Recently, genetic stud-
iess have provided compelling evidence for an in 
vivovivo role of cell-surface HSPGs in growth control 
andd morphogenesis in Drosophila, mice and hu-
manss (7). 

Syndecan-1Syndecan-1 is a member of a family of four 
mammaliann HSPGs expressed in a cell and tis-
suee specific pattern (3). It is highly expressed on 
manyy epithelia where it contributes to cell adhe-
sionn and epithelial morphogenesis (3). Moreover, 
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byy stimulating the activity of the oncoprotein 
Wnt1,, it can promote the development of mouse 
mammaryy gland tumors (8). Within the immune 
system,, syndecanl is expressed on terminally dif-
ferentiatedd B cells, i.e., plasma cells and on their 
malignantt counterpart, multiple myeloma (MM) 
(9,10).. Furthermore, it is present on a subset of 
acquiredd immunodeficiency syndrome (AIDS) -re-
latedd non-Hodgkin's lymphomas, including primary 
effusionn lymphoma (PEL) (11). The biological func-
tionn of syndecanl in normal and neoplastic B cells 
iss as yet incompletely understood. Syndecanl in 
lymphoblastoidd B cells or MM cells was reported 
too promote cell adhesion and spreading on matrix 
moleculess like type I collagen, and to mediate 
homotypicc cell aggregation (12,13). Recently, syn-
decanll has been shown to co-localize with growth 
factorss in the uropods of MM cells 14, but so far 
theree is no direct evidence that it regulates their 
biologicall activity. Here, we have explored the role 
off syndecanl in growth factor signaling. We show 
thatt syndecanl on MM cells binds hepatocyte 
growthh factor/scatter factor (HGF), a multifunc-
tionall cytokine that regulates integrin-dependent 
adhesionn and migration of B cells and is a putative 
regulatorr of tumor growth in both MM and PEL 
(15-17).. Importantly, syndecanl strongly promotes 
HGF-inducedd signaling through MET, the receptor 
tyrosinee kinase for HGF, resulting in enhanced acti-
vationn of signaling pathways involved in the control 
off cell proliferation and survival. 

MATERIALSMATERIALS  AND METHODS 

ANTIBODIES ANTIBODIES 
Mousee monoclonal antibodies (mAbs) used were 

anti-syndecanll (CD138, clone B-B4 (lgG1) (Coulter 
Immunotech,, Marseille, France); anti-syndecan-2, 10H4 
(lgG1);; anti-syndecan-4, 8G3 (lgG1); anti-glypican-1, 
S11 (lgG1) (all kindly provided by Dr G. David, Center for 
Humann Genetics, University of Leuven, Leuven, Belgium); 
anti-HGF,, 24612.111 (lgG1) (R&D Systems, Abington, 
Unitedd Kingdom); anti-heparan sulfate, 10E4 (IgM) 
(Seikagaku,, Tokyo, Japan), anti-desaturated uronate 
fromm heparitinase treated heparan sulfate ("AHS stub"), 
3G100 (lgG2b) (Seikagaku); anti-phosphotyrosine, PY-20 
(lgG2b)) (Affiniti, Nottingham, United Kingdom). Polyclonal 
antibodiess used were; rabbit anti-MET, C-12 (IgG) (Santa 
Cruzz Biotechnology, Santa Cruz, CA); rabbit anti-phospho 
PKB/AKTT (Ser 473); rabbit anti-phospho p44/42 MAP 
kinasee (Thr 202 /Tyr 204) (both New England Biolabs, 
Hitcin,, UK); RPE-conjugated goat anti-mouse (Southern 
Biotechnology,, Birmingham, AL); HRP-conjugated rabbit 
anti-mouse;; (DAKO); and HRP-conjugated goat anti-
rabbitt (DAKO). 

CELLCELL LINES.PRIMARY MYELOMA CELLS AND TRANS-
FECTANTS FECTANTS 

MMM cell line XG1 was described elsewhere (18). 

LME11 was isolated from a MM patient at the department 
off Hematology, Academic Medical Center, Amsterdam, 
Thee Netherlands. MM cell lines were cultured in Iscove's 
mediumm (Gibco BRL/Life technologies) containing 10% 
fetall calf serum (Integra, Zaandam, The Netherlands), 
1000 lU/ml penicillin, and 100 lU/ml streptomycin (Life 
Technologies,, Breda, The Netherlands), 20 ug/ml human 
recombinantt transferrin (Sigma, Bornem, Belgium), 50uM 
b-mercaptoo ethanol and 500 pg/ml IL6 (R&D systems). 
Primaryy myeloma cells (PM) were obtained from the pleu-
rall effusion of a 44 year old MM patient. Mononuclear cells 
weree harvested by standard Ficoll-Paque density gradient 
centrifugationn (Amersham Pharmacia, Uppsala, Sweden) 
andd kept on a stromal cell feeder-layer in Iscove's medium 
(Gibcoo BRL/Life technologies, Breda, The Netherlands) 
containingg 10% fetal calf serum (Integra, Zaandam, The 
Netherlands),, 100 lU/ml penicillin, and 100 lU/ml strep-
tomycinn (Life Technologies). For signaling experiments, 
primaryy tumor cells (containing >97% plasmacells) were 
serum-starvedd for 24 hours in presence of 2% fetal calf 
serum,, after which the cells were kept under serum-free 
conditionss for 3 hours.The Burkitt's lymphoma cell line 
Namalwaa was purchased from American Type Culture 
Collectionn (ATCC, Rockville, MD). The Met-transfected 
Namalwaa (NamMET) was described previously 19. Synde-
canll and glypicanl transfected Namalwa cells (NamSYN, 
NamGLYP)) were obtained by electroporation using the 
eukaryoticc expression vector pCDNA3 containing the full-
lengthh human syndecanl cDNA or glypicanl cDNA (kindly 
providedd by Dr. G. David). Transfectants were selected 
inn medium containing 1.6 mg/ml neomycin (Sigma). Syn-
decan-11 and glypican-1 positive cells were sub-cloned by 
usingg a FACStarP|us® flow cytometer (Becton Dickinson, 
Mountainn View, CA). Namalwa cells were cultured in RPMI 
16400 (Life Technologies) supplemented with 10% Fetal 
Clonee I serum (HyClone Laboratories, Logan, UT), 10% 
fetall calf serum (Integra, Zaandam, The Netherlands), 2 
mMM L-glutamine, 100 lU/ml penicillin, and 100 lU/ml strep-
tomycinn (all Life Technologies). 

ENZYMEENZYME TREATMENTS 
Forr enzymatic cleavage of HS, cells were treated with 

eitherr 10 mU/ml heparitinase (Flavobacterium heparinum, 
ECC 4.2.2.8, ICN Biomedicals, Aurora, OH) or, as control, 
500 mU/ml chondroitinase ABC (Proteus vulgaris, EC 
4.2.2.4,, Boehringer Mannheim, Almere, The Netherlands). 
Thee cleavage of HS by heparitinase was determined by 
thee loss of cell-surface expressed HS (mAb 10E4), and the 
simultaneouss gain of HS-stub expression (mAb 3G10). 

FACSFACS ANALYSIS 
FACSS analyses using a single staining technique were 

describedd previously 20. For binding of recombinant hu-
mann HGF (R&D Systems), or mutant HP1 (21), cells were 
incubatedd with saturating concentrations for 1 hour at 4 , 
priorr to the antibody incubations. Washing with FACS buffer 
followedd this step. 

IMMUNOPRECIPITATIONANDIMMUNOPRECIPITATIONAND WESTERN BLOT ANALYSIS 
Immunoprecipitationn and western blotting was per-

formedd as described (20). For analysis of phosphorylation 
off PKB/AKT and the MAP kinases ERK1 and -2, after 
thee indicated treatments, 3-105 cells were directly lysed 
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inn sample buffer separated by 10% SDS-polyacrylamid 
gell electrophoresis, and blotted. Equal loading was con-
firmedd by Ponceau S staining of the blot. The part of the 
blott above 130 kDa was stained with anti-MET (C12) the 
middlee part (50-130 kDa) was stained with anti-phospho 
PKB/AKTT and the bottom part (below 50 kDa) was stained 
withh anti-phospho MAP kinase antiserum (both New 
Englandd Biolabs). Primary antibodies were detected by 
HRP-conjugatedd goat anti-rabbit or HRP-conjugated rabbit 
anti-mouse. . 

CELLCELL PROLIFERATION ASSAY 
Cellss were plated in 96 well flatbottom tissue culture 

platess (Costar, Cambridge, MA) at a density of approxi-
matelyy 100,000 cells/ml (200 ml per well) in the absence 
off IL6 and serum, in supplemented Iscove's as described 
above.. HGF was added, and cells were cultured for 7 
days.. Cell numbers and viability were determined by 
addingg propidium iodide and analysis on a FACScalibur 
(Bectonn Dickenson). For proliferation, the cultures were 
pulsedd with 0.5 nCi (methyl-3H) thymidine (87 Ci/mmol, 
Amershamm Life Science, Little Chalfont, UK) during the 

lastt 4 hours. Results are expressed as counts per minute 
(cpm).. Error bars represent the standard deviation values 
off triplicate measurements. 

RESULTS RESULTS 

Expressio nn of hepara n sulfat e moietie s and proteo -
glyca nn cor e protein s on mm cells . 

Expressionn of the HSPG syndecanl as well as 
MET,, the receptor tyrosine kinase for the heparin-
bindingg growth factor HGF, is common on MMs 
(10,22).. This suggests that HGF might not only 
interactt with MET but also with syndecanl result-
ingg in a ternary interaction between MET, HGF, and 
syndecanll at the MM cell surface. This "ménage 
aa trois" might promote tumorigenesis. To explore 
thiss hypothesis, we employed two MM cell lines, 
i.e.,, XG1 (18), LME1, as well as primary tumor 
cellss from a MM patient (PM). FACS analysis 
demonstratedd that these cells express high levels 
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Figuree 1. Expression of HSPGs and Syndecanl on MM cells. A) Expression of heparan sulfate on the MM cells. Cell 
liness XG1 and LME1, and primary myeloma cells (PM), were stained with a mouse anti-heparan sulfate antibody (10E4) 
(solidd line), or isotype control (dashed line), followed by RPE conjugated goat anti-mouse and analyzed by FACS. B) 
Expressionn of the HSPG core protein syndecanl by XG1 and LME1, and PM cells. Cells were stained with a mouse 
anti-syndecanll antibody (B-B4) (solid line), or isotype control (dashed line), and expression was analyzed by FACS. 
Thee syndecanl stably transfected cell line Namalwa (NamSYN) was used as a positive control. C) XG1, LME1, and PM 
cellss express a single HSPG of approximately 90 kDa which represents syndecan-1. Left panel: HSPG expression was 
detectedd with mAb 3G10 against desaturated uronate (AHS stubs) of heparan sulfate. To allow detection of the AHS 
stubs,, the cells were treated with heparitinase prior to immuno blotting. Namalwa cell lines, either wild-type (Nam), or 
stablyy transfected with syndecanl (NamSYN) or glypicanl (NamGLYP), were used as negative and positive controls for 
HSPGG and syndecanl expression. Right panel: After stripping, the same blot was restained with mAb B-B4 against 
syndecanl. . 
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off both HS and syndecanl (Fig. 1) but lack expres-
sionn of other proteoglycan core proteins, including 
otherr syndecans, glypicanl, and CD44v3 (data 
nott shown). In accordance with these FACS data, 
aa single HSPG of approximately 90 kDa was de-
tectedd by immunoblotting in the cell lysates of XG1, 
LME1,, and PM (Fig. 1C, left panel). A HSPG of 
similarr size was also present in the lysates of syn-
decan-11 transfected Namalwa Burkitt's lymphoma 
cellss (NamSYN), but not in that of untransfected 
(Nam)) or glypicanl (NamGLYP) transfected cells 
(Fig.. 1C, left panel). Stripping and restaining the 
blott with an anti-syndecanl mAb confirmed that 
thiss 90 kDa HSPG represents syndecanl (Fig. 
1C,, right panel), indicating that syndecan-1 is the 
major,, and presumably only HSPG expressed by 
XG1,, LME1, and by the primary myeloma cells 
studied. . 

Stimulatio nn of MM cell s wit h HGF leads to ac-
tivatio nn of the PI3K/PKB and RAS/MAP kinas e 
pathway ss as wel l as to cel l proliferation . 

Inn addition to expressing syndecanl, XG1, 
LME11 and PM cells express MET (Fig. 2) and po-
sesss a functional MET signaling pathway. Stimula-

AA B 

tionn of XG1 and LME1 with HGF resulted in a rapid 
tyrosinee phosphorylation of MET (Fig. 2A) as well 
ass of PKB/AKT and the MAP kinases ERK1 and 
-22 (Fig. 2B). In the primary myeloma cells (PM) 
wee also observed a strong HGF-induced serine 
phosphorylationn of PKB/AKT, whereas the tyrosine 
phosphorylationn of MAP kinases ERK1 and - 2 
increasedd approximately two-fold (Fig. 2B). Hence, 
signalingg via MET in these MM cells leads to ac-
tivationn of the PI3K/PKB as well as the RAS/MAP 
kinasee pathways, signaling routes which have 
beenn implicated in the regulation of cell survival 
andd proliferation, respectively (23-25). Interestingly, 

wee indeed observed that XG1 cells deprived of IL6, 
aa cytokine required for their propagation in vitro 
(18),, survive and respond to HGF stimulation with a 
strongg dose dependent DNA synthesis (Fig. 3). 

Syndecan ll  bind s HGF via its HS moietie s and 
promote ss signalin g throug h MET. 

Wee subsequently investigated the ability of 
syndecanll to interact with HGF. The MM cell lines 
XG11 and LME1, the PM cells, as well as synde-
canl-transfectedd Namalwa (NamSYN ) cells were 
foundd to bind high levels of HGF (Fig. 4), whereas 
wild-typee Namalwa cells bound virtually no HGF. 
Importantly,, this HGF binding was largely depen-
dentt on HS-moieties decorating syndecanl: Hepa-
ritinase,, but not chondroitinase ABC pre-treatment 
off the cells resulted in a strongly reduced HGF 
bindingg (Fig. 4). Moreover, HP1, a mutant form of 
HGFF with a more than 50-fold decreased affinity 
forr HS (21), showed only a weak binding to the MM 
cellss and NamSYN (Fig. 4). 

Too explore the functional consequence of the 
HGF-- syndecanl interaction, we studied HGF/MET 
signalingg in XG1 and PM cells from which the HS-
moietiess had been removed by heparitinase treat-

ment.. As is shown in Fig. 5A, removal of HS from 
XG11 resulted in a strongly reduced tyrosine phos-
phorylationn of MET in response to HGF. Apart from 
thee autophosphorylation of MET, the HGF-induced 
activationn of downstream effector molecules of the 
HGF/METT signaling pathway, indicative for the 
anti-apoptoticc and proliferative effects of HGF, i.e., 
thee kinase PKB/AKT, and the MAP kinases ERK1 
andd -2, was greatly inhibited by the removal of HS 
fromm in both XG1 (Fig. 5B). In PM cells, the HGF-
inducedd activation of the kinase PKB/AKT was also 
completelyy inhibited as a results of the removal of 
HSS (Fig. 5C). Due to the high baseline HGF-inde-

HGF:: - + - + - + HGF: 
IP:: aMET iPKB B 
IB:: uPY20 

*grr ÊÊt IP:: aMET 

IB:: aMET 

MET T 

XG11 LME1 Nam MET T 

XG11 LME1 PM Nam 
Figur ee 2. HGF/MET signalin g in MM. A) HGF stimulation induces MET activation in XG1 and LME1. Cells were 
incubatedd for two minutes in the absence or presence of HGF. MET activation was assessed by immunoprecipitation 
andd subsequent immuno blotting with anti-phosphotyrosine antibodies. B) HGF stimulation induces activation of both 
PKB/AKTT and MAP kinase. Activation of PKB/AKT and MAP kinases was determined in total cell lysates of XG1, LME1, 
andd primary myeloma cells (PM), immuno blotted with anti-phospho PKB/AKT (top) and anti-phospho ERK1 and -2 (a 
p-MAPK)) (middle), respectively. The MET-expressing Burkitt cell line NamMET was used as a positive control. Stainings 
withh anti-human MET represent loading controls (A and B bottom panels). 
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Figuree 3. HGF-induced proliferation of MM cells. A) HGF mediates increased survival in XG1. Cells were grown in 
thee absence of IL6 and serum, and HGF was added at a concentration of 200 ng/ml.Viability was measured by FACS 
analysiss on day 0, 3, 5 and 7, using propidium iodide incorporation. On day 0, relative viability was set at 100%. B) HGF 
iss a potent growth factor for XG1. Culture conditions were as in (A), HGF was added in the concentration shown, and 
thee number of viable cells was quantified using propidium iodide incorporation and FACS analysis at day 0, 3, 5, and 7. 
C)C) HGF induces proliferation in XG1. Cells were cultured as in (A), and HGF was added in the concentrations shown. 3H 
thymidinee incorporation was measured on day three and four. Error bars represent the standard deviation of a triplicate 
measurement. . 

Figuree 4. Syndecanl binds 
HGFF via its heparan sulfate 
sidee chains. 
MMM cell lines XG1 andl_ME1, 
Primaryy myeloma cells (PM), 
Namm and NamSYN were 
analyzedd by FACS for their 
capacityy to bind HGF or the 
HGFF mutant HP1. To deter-
minee the involvement of HS 
inn HGF binding, cells were 
treatedd with either heparitin-
asee or chondroitinase ABC, 
priorr to incubation with HGF. 
Bindingg of HGF or HP1 is 
shownn as the mean fluores-
cencee intensity (MFI) of cells 
incubatedd with HGF or HP1, 
washed,, and stained with a 
HGFF specific mAb, minus 
thee MFI of identical cells not 
incubatedd with HGF. 

HGF F 
HP1 1 

heparitinase e 
chondroitinasee ABC 

pendentt activity of the MAP kinases ERK1- and 
22 in PM cells, removal of the HS moieties hardly 
reducedd the tyrosine phosphorylation of the MAP 
kinasess ERK1- and 2 was detected after (Fig. 5C). 
Importantly,, the reduction in PKB/AKT and/or MAP 
kinasee activation in XG1 and PM cells did not result 
fromm non-specific effects of the heparitinase treat-
ment,, as their activation by insulin, which does not 
bindd to HS, was unaffected (Fig. 5B and C). 

DISCUSSION DISCUSSION 

Recently,, biochemical, cell biological, and ge-
neticc studies have converged to reveal that integral 
membranee HSPGs are critical regulators of growth 
andd differentiation of epithelial- and connective tis-
sues.. By immobilizing and oligomerizing cytokines 

andd by presenting them to their high affinity recep-
tors,, HSPGs create niches in the microenviron-
mentt and regulate cytokine responses. Since a 
vastt number of cytokines/growth factors involved 
inn the growth and differentiation of normal and 
neoplasticc lymphocytes contain potential heparan-
sulfatee binding sites, HSPGs presumably also play 
importantt roles the immune response and in the 
developmentt and progression of lymphoid tumors. 
However,, the expression and function of HSPGs 
onn the cell surface of normal and neoplastic lym-
phocytess has thusfar remained largely unexplored. 
Inn the present study, we investigated the expres-
sionn and function of HSPGs on MM cell lines and 
primaryy MM tumor cells. We demonstrate that 
thee HSPG syndecanl on MM cells is capable of 
bindingg HGF. This interaction promotes signaling 
throughh MET, the receptor tyrosine kinase for HGF, 
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Figur ee 5. Syndecan l promote s HGF-induce d activatio n of MET, PKB/AKT , and MAP kinase . 
Too assess the contribution of syndecanl to HGF-induced signaling, MM cell line XG1 and primary myeloma cells (PM) 
weree treated with heparitinase (HT) prior to stimulation with HGF. A) Activation of MET. MET activation was assessed by 
immunoprecipitationn and subsequent immuno blotting with anti-phosphotyrosine antibodies. B) Activation of PKB/AKT 
andd MAP kinase. Activation of PKB/AKT and the MAP kinases ERK1 and -2 was determined in total cell lysates of XG1 
immunoo blotted with anti-phospho PKB/AKT (top) and anti-phospho ERK1 and -2 (a p-MAPK) (middle), respectively. C) 
Activationn of PKB/AKT and MAP kinase. Activation of PKB/AKT and the MAP kinases ERK-1 and -2 was determined 
inn total cell lysates of primary myeloma cells (PM), immuno blotted with anti-phospho PKB/AKT (top) and anti-phospho 
ERK11 and -2 (a p-MAPK) (middle), respectively. Staining with anti-MET was employed to verify equal loading (A, B and 
CC bottom panels). Activation of PKB/AKT and MAP kinase by insulin, which does not bind to HS, was not affected by HT 
treatmentt (B and C). 

andd regulates the activity of signaling pathways 
thatt control cell proliferation and survival. 

Ourr findings present the first direct evidence 
thatt syndecanl regulates growth factor signaling 
inn MM. Cell surface expressed syndecanl presum-
ablyy acts by increasing the effective concentration 
off HGF on the plasma membrane, an effect that 
mayy be modulated by soluble syndecanl shed 
fromm the MM cell surface (26), whereas the bind-
ingg of several HGF molecules to syndecanl may 
promotee di-/oligomerization of MET, leading to 
enhancedd receptor activation (Fig. 6). Alternatively, 
byy inducing a conformational change, syndecanl 
mightt influence the affinity of HGF for MET, as has 
beenn demonstrated for HSPG-binding of the NK1 
splicee variant of HGF (27). 

Furthermore,, the polarized distribution of syn-
d e c a n l ,, as observed on myeloma cells (14), may 
imposee a constraint on the spatial distribution of 
HGF,, resulting in the clustering of activated MET 
andd Met-associated signaling molecules (Fig. 6). 
Inn this scenario, the potentiation of MET signaling 
mayy be partially explained by HGF-mediated co-lo-
calizationn of syndecanl and MET, which may bring 
relevantt intracellular signaling molecules in the 
proximityy of each other. Indeed, several syndecan-
familyy members have been reported to associate 
withh signaling molecules by means of their cyto-
plasmicc tails. Syndecan4, for example, can interact 
withh (and activate) PKCy, PIP2, and Syndesmos, 
whichh are all implicated in Syndecan4-controlled 
integrin-mediatedd focal adhesion formation and 
celll spreading (28). Furthermore, all syndecans 
containn a motive through which they can interact 
withh the guanylate kinase CASK/LIN2 (28), af-
fectingg its nuclear translocation and transcription 
regulatoryy activity (29). 

Interestingly,, our data establish a functional link 
betweenn syndecanl and the HGF/MET pathway, 
aa signaling route that induces complex biological 

responsess in target cells, including motility, growth 
andd morphogenesis. In mice, MET or Hgf deficien-
cyy results in embryonic death with severe defects 
inn the development of the placenta, liver and limbs 
muscles,, whereas uncontrolled activation of MET, 
inn both mice and humans, has been implicated in 
tumorr growth, invasion, and metastasis (Reviewed 
inn Van der Voort et al (15). Noteworthy, studies in 
hereditaryy papillary renal carcinoma (HPRC) estab-
lishedd a causative role for M E T mutations in human 
cancerr (30). These mutations result in enhanced 
kinasee activity upon stimulation with HGF and were 
shownn to mediate transformation, invasive growth 
andd protection from apoptosis (31). More recently, 
thee HGF/MET pathway has also been implicated in 
BB cell development and neoplasia (15,16,19). Dur-
ingg normal B cell differentiation, MET is expressed 
att the GC- and plasma cell stage, whereas HGF 
iss produced by follicular dendritic cells (FDC) (19) 
andd by bone marrow stromal cells (32). HGF stimu-
lationn of B lymphocytes leads to enhanced integrin 
activity,, promoting cell adhesion to VCAM1 -a major 
integrinn ligand on FDC- as well as B cell migration 
(19,33).. Interestingly, in GC cells, presentation of 
HGFF by the HSPG CD44v3 promotes MET sig-
nalingg (15). In B cell malignancies, the HGF/MET 
pathwayy may promote tumorigenesis through 
bothh autocrine and paracrine mechanisms. In PEL 
(17)) as well as MM, MET and HGF are often co-
expressedd suggesting autocrine stimulation (16). 
Sincee bone marrow stromal cells have been re-
portedd to produce HGF (32), paracrine stimulation 
off MM cells may also take place within the bone 
marroww microenvironment. Consistent with a role 
forr the HGF/MET in MM progression, high serum 
levelss of HGF were reported to be associated with 
unfavorablee prognosis in MM patients (34). 

Thee biological processes controlled by the 
HGF/METT pathway in MM cells are as yet incom-
pletelyy defined. Our current study demonstrates 
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thatt HGF can promote tumor growth (Fig. 3), a 
functionn presumably involving transcription regula-
toryy signals delivered through the activated RAS/ 
MAPP kinase pathway (Fig. 2B). In addition, HGF 
stimulationn might also affect tumor dissemination 
and/orr tumor cell survival. A role in MM dissemina-
tionn is suggested by the fact that HGF has been 
shownn to regulate integrin activity on GC B cells 
andd promotes adhesion and migration of Burkitt's 
lymphomaa cell lines (19,33,35). Key regulatory 
moleculess implicated in inside-out signaling to in-

PI3K/PKBB RAS/MAP kinase 

SURVIVALL PROLIFERATION 
Figuree 6 Model for the "ménage a trois" between 
syndecanl,, MET, and HGF in MM. 
Syndecanll may promote MET signaling by several mech-
anisms.. Firstly, binding of auto- or paracrine (BM stroma) 
producedd HGF by the heparan sulfate (HS) side chains 
off syndecanl may result in di- or oligomerization of HGF, 
therebythereby promoting MET cross-linking and tyrosine kinase 
activityy (1). Secondly, HGF-syndecan-1 interaction might 
inducee a conformational change of HGF, leading to en-
hancedd signal transduction (2). Thirdly, HGF may mediate 
co-localizationn of syndecanl and MET Ternary-complex 
formationn between HGF, MET, and syndecanl may bring 
relevantt intracellular signaling molecules together, which 
mayy facilitate their activation by MET (3). See discussion 
forr further detail. 

tegrinss are PI3-K and different RAS-like GTPases, 
thee activity of which can be controlled by HGF/MET 
(36).. In MM cell survival, the HGF/MET pathway 
mayy also play a critical part. Studies in several 
celll types, including liver cell precursors and car-
cinomaa cells, have indicated that the HGF/MET 
pathwayy can generate potent survival signals (37). 
Anti-apoptoticc signals in MM might be transduced 
throughh the PI3-K/PKB pathway, which was acti-
vatedd by HGF in our MM cell lines and primary 
tumorr cells (Fig. 2B). PKB/AKT is able to phos-
phorylatee BAD, a BCL2 antagonist expressed in B 

cells,, and may thereby suppress the pro-apoptotic 
effectss of BAD (23). 

Inn conclusion, our present findings demonstrate 
thatt syndecanl strongly promotes HGF/MET sig-
naling,, resulting in enhanced activation of signaling 
pathwayss involved in the control of cell prolifera-
tionn and survival. Clearly, this regulatory role of 
syndecanll may not be limited to the HGF/MET 
pathwayy but may extend to other pathways driven 
byy heparin-binding growth factors like heparin-
bindingg epidermal growth factor (HB-EGF) and 
FGF2,, outlining an important role for syndecanl in 
thee pathogenesis of MM. 
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Expressio nn and mutationa l statu s of the MET 
proto-oncogen ee in B cel l neoplasi a 

Patric kk W.B . Derksen* , Melani e D. Klok* , Hele n P. Meijer* , Susann e va n Eeden* , 
Wi l le mm Hoogaars* , Clemen s Mell ink 1, Marce l Spaargaren* , an d Steve n T. Pals * 

Fromm the *Departments of Pathology, and ^Clinical Genetics, Academic Medical Center, 
Universityy of Amsterdam, 1105 AZ Amsterdam, The Netherlands. 

Uncontrolle dd activatio n of MET, the recepto r tyrosin e kinas e fo r hepatocyt e growt h facto r (HGF), is 
oncogeni cc and has been implicated  in tumo r growth , invasio n and metastasis . It can be cause d by 
aa numbe r of distinc t mechanism s includin g amplificatio n or mutatio n of the MET gene, and auto -
orr  paracrin e activatio n of MET by HGF. Althoug h th e HGF/MET signalin g pathwa y has recentl y 
beenn implicate d in the contro l of cel l growt h and surviva l in multipl e myelom a (MM), its rol e in 
thee pathogenesi s of othe r B cel l malignancie s has remaine d largel y unexplored . In thi s study , we 
havee therefor e examine d the expressio n of MET in a larg e pane l of B cel l malignancies , and have 
studie dd the MET gene fo r the presenc e of amplification - or mutations . By usin g FACS analysi s and 
immunohistochemistry ,, we observe d MET expressio n on norma l germina l center - (GC) B cell s and 
plasm aa cells , wherea s mRNA in sit u hybridizatio n studie s showe d HGF expressio n by follicula r 
dendriti cc  cell s (FDC) in GCs. MET expressio n by B cel l malignancie s was largel y limite d to  diffus e 
larg ee B cel l lymphoma s (DLBCL) , MMs, and Hodgki n lymphom a (HL). HGF mRNA was expresse d 
inn all thes e tumor s and was predominantl y localize d to cell s of the monocyte/macrophag e lineag e 
inn the tumo r microenvironment . We foun d no amplificatio n of the MET gene in any of the tumo r 
samples .. However , mutationa l analysi s of MET reveale d two nove l germlin e missens e mutation s 
inn eithe r the juxtamembrane - or tyrosin e kinas e domai n of MET, presen t in one and fou r NHL 
patients ,, respectively . Taken together , our data sugges t para - or autocrin e HGF/MET interactio n 
andd MET mutatio n as potentia l pathogeneti c mechanism s in B cel l malignancy . 

Introduction Introduction 

BB cell lymphomas represent the malignant 
counterpartss of normal B lymphocytes, arrested at 
specificc maturational stages. The tumors are distin-
guishedd by stage-specific morphological features, 
molecularr profile, and B cell receptor configuration 
(BCR),, which allow their classification into distinct 
entitiess (1). The initial step in lymphomagenesis is 
thee acquisition of a genetic aberration, most often a 
translocation,, causing an increased lifespan and/or 
enhancedd proliferation (2). However, in addition 
too these oncogenic events, B ceil non-Hodgkin's 
lymphomass (B-NHL) require signals from the 
microenvironmentt for their growth, survival, and 
progressionn (3). To date, these signals and the cor-
respondingg intracellular signaling cascades, which 
presentt potential targets for therapeutic interven-
tion,, are poorly defined. Important candidates are 
thee cues that also guide normal B cells differentia-
tion.. These include BCR stimulation by antigen 
(4),, direct physical contact of (malignant) B cells 
withh stromal cells via integrin adhesion receptors, 
mediatingg outside-in growth- and survival signals, 
ass well as a number of cytokines/growth factors 
(5-7).. Studies from our own and other laboratories 

havee recently identified the hepatocyte growth fac-
torr (HGF)/MET pathway as a potentially important 
signalingg route in lymphomagenesis (7-9) 

HGF,, also called scatter factor, is a pleiotropic 
growthh factor that induces complex biological re-
sponsess in target cells, including motility, growth, 
survival,, and morphogenesis. All known biological 
responsess of HGF are transduced via the receptor 
tyrosinee kinase MET, the product of the MET proto-
oncogene.. Whereas a functional HGF/MET path-
wayy is indispensable for mammalian development, 
uncontrolledd activation of MET is oncogenic and 
hass been implicated in the growth, invasion, and 
metastasiss of a variety of tumors (10,11). Uncon-
trolledd MET activation can be induced by several 
mechanisms,, including translocation or amplifica-
tionn the MET gene, and autocrine- or paracrine 
HGFF production (12-16). Moreover, MET mutations 
havee been described in several tumors including 
sporadicc and hereditary papillary renal carcinoma 
(17-20),, hepatocellular carcinoma (21), and gastric 
carcinomass (22). These mutations result in en-
hancedd kinase activity upon stimulation with HGF 
andd mediate transformation, invasive growth, and 
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protectionn from apoptosis (10,23,24). 
Althoughh the HGF/MET pathway has been im-

plicatedd in B cell differentiation, specifically in the 
regulationn of adhesion and migration, its role in the 
pathogenesiss of B cell malignancy has remained 
largelyy explored. Expression of MÉT has been re-
portedd in multiple myeloma (MM) (25-27), primary 
effusionn lymphoma (PEL) (28), and Hodgkin's lym-
phomaa (HL) (29). In these malignancies, MET and 
HGFF often are simultaneously expressed, suggest-
ingg autocrine activation of the HGF/MET signaling 
cascadee (25,26,28). Furthermore, in MM, diffuse 
largee B cell lymphoma (DLBCL) and HL, elevated 
serumm HGF levels correlate with unfavorable prog-
nosiss (29-31). The pathogenetic significance of 
thesee observations is strongly supported by recent 
functionall studies from our laboratory, showing 
thatt HGF induces a potent proliferative and anti-
apoptoticc response in MM cell lines and primary 
MMss (27,32). Taken together, the above data sug-
gestt an important role for the HGF/MET pathway 
inn the pathogenesis of B cell neoplasia. To further 
definee this role, we have now studied the expres-
sionn of MET and HGF in a large panel of B cell 
tumors,, including all major B lymphoma subtypes. 
Furthermore,, we have analyzed the MET gene in 
thesee tumors for the presence of amplification and 
mutations. . 

MaterialsMaterials  and Methods 

ANTIBODIES ANTIBODIES 
Mousee monoclonal antibodies used were; anti-CD68, 

(lgG1);; anti-CD21-L (DRC1)(lgM); FITC-conjugated anti-
IgDD (all DAKO, Carpinteria, CA); anti-MET, D024 (lgG2a) 
(Upstatee Biotechnology, Lake Placid, NY)(lgG1); APC-
conjugatedd anti-CD38, (lgG1)(BD Biosciences, Erembo-
degem,, Belgium); Polyclonal antibodies used were; rabbit 
anti-METT (C12) (Santa Cruz, Biotechnology, Santa Cruz, 
CA);; AP-conjugated goat anti-mouse; biotin-conjugated 
rabbitt anti-mouse (both DAKO); RPE-conjugated rabbit 
anti-mousee lgG2a (BD Biosciences); AP-conjugated anti-
digoxygeninn (Roche, Almere, The Netherlands). 

88 CELL TUMORS 
Tissuee samples of 90 cases of B cell NHL, 9 cases of 

HL,, and 21 cases of MM were obtained during standard 
diagnosticc procedures at the Academic Medical Center 
(AMC),, Amsterdam, The Netherlands and the University 
Medicall Center (UMC, Utrecht, The Netherlands), and 
frozenn at C until further use. Mononuclear cells from 
BM-derivedd MM samples were obtained by standard 
FicoJI-Paquee density gradient centrifugation (Amersham 
Pharmacia,, Uppsala, Sweden). All B cell malignancies 
weree classified according to the WHO classification (1). 

ISOLATIONISOLATION OF B CELLS AND FACS ANALYSIS 
Humann tonsils were obtained from healthy individuals 

duringg standard tonsillectomy at the AMC, and B cells 

weree isolated as described (33). Total B cell fractions were 
>97%% pure as determined by FACS analysis. Expression 
off MET on tonsillar B cell subpopulations was studied us-
ingg a triple staining technique (34). Staining was measured 
byy using a FACSCalibur flow cytometer (BD Biosciences). 

IMMUNOHISTOCHEMISTRY IMMUNOHISTOCHEMISTRY 
Immunohistochemicall stainings were performed on 

acetone-fixedd cryostat sections (MET and DRC1) or 
formalinn fixed paraffin embedded sections (CD68). For 
singlee staining, fixed sections were washed in PBS and 
pre-incubatedd with 10% normal goat serum (Sera Lab, 
Sussex,, UK) in PBS for 15 min. After incubating with the 
primaryy antibody for 1 h, endogenous peroxidases were 
blockedd with 0.1% NaN3, 0.3% H202, PBS for 10 min. 
Subsequently,, the sections were stained with either bio-
tin-conjugatedd anti-mouse, or alkaline phosphatase-con-
jugatedd anti-mouse antibodies for 30 min, followed by an 
incubationn with HRP-conjugated avidin-biotin complex for 
300 min. Substrate was developed with either 3,3-amino-
9-ethylcarbazolee (Sigma, Bornem, Belgium) (anti-MET 
andd CD68 staining), or fast blue BB (DAKO) (anti-CD21-L 
(DRC1)) staining). 

RNARNA IN-SITU HYBRIDIZATION 
Snap-frozenn tissues were collected and frozen at 
CC until further use. 10 urn thick sections were cut, re-

coveredd on silianized slides, fixed for 15 min. in 4% para-
formaldehydee (PFA) in PBS, dehydrated using ethanol, 
driedd overnight, and stored at . Before use, tissue 
sectionss were re-hydrated, washed in PBS, and incubated 
forr 10 min. in PBS containing 0.1M glycine (Sigma). Sec-
tionss were permeabilized for 15 min. in 10 ng/ml protein-
ase-KK (Roche), after which the sections were washed 
threee times with PBS, treated with 4% PFA/PBS for 10 
min.. and washed with 4X SSC. Acetylation was done us-
ingg acetic acid anhydride and triethanolamidehydrochlorid 
forr 15 min., and pre-hybridized in hybridization mixture 
(50%% formamid, 5X SSC, 5X Denhardt's, 250 ng/ml 
baker'ss yeast tRNA, 500 ng/ml herring sperm DNA) for 1 
hour.. cRNA probes were synthesized as run-off transcripts 
usingg either T3 or T7 RNA polymerase and a digoxygenin 
RNAA labeling kit (Roche). Probes were made from an 
8477 bp human HGF EcoR\ cDNA fragment (nt 186-1033, 
kindlyy provided by Dr. W. Birchmeier, MDC, Berlin, Ger-
many)) in pSK(+). Overnight hybridization was done at 

.. After hybridization, the slides were rinsed with 4X 
SSC/50%% formamid, and subsequently washed in 4X SSC 
andd 1X SCC, respectively. Sections were treated with 1% 
PFA/PBSS for 30 min., washed in 0.1 M glycine/PBS and 
equilibratedd in TRIC buffer (100 mM Tris, 150mM NaCI, 
pHH 7.5). Blocking of non-specific binding was performed in 
TRICBB buffer (TRIC buffer containing 1 % blocking reagent 
(Roche)).. Slides were incubated with AP-conjugated anti-
digoxygeninn antibody in TRICB buffer. Color development 
wass done using nitro blue tetrazolium-5-bromo-4-chloro-3-
indolyll phosphate (NBT/BClP)(Roche) in color buffer (100 
mMM Tris, 100 mM NaCI, 50 mM MgCI2, pH 9,5) containing 
2.44 mg/ml levamtsole (Sigma). 

RNARNA ISOLATION AND RT-PCR 
RNAA isolation and cDNA synthesis was done as 

describedd previously (7). PCR was performed using 
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TaqTaq DNA Polymerase (Life Technologies), 10 nM of 
eachh dNTP (Pharmacia Biotech) and 1.5 mM MgCI2 in 
1*PCRR Buffer (Life Technologies). Primers used were: 
HGFff 5'-CTC CCC ATC GCC ATC CCC-3' in combina-
tionn with HGFr 5'CAC CAT GGC CTC GGC TGG-3', (749 
bp)(primerss from Sigma). PCR was started with a 5 min. 
denaturationn step at , after which amplification was 
performedd during 40 cycles of denaturation at C for 
300 s, annealing at C for 1 min, and extention at C 
forr 1 min. 30 sec. After a final step of 10 min at , 
sampless were analyzed by standard electrophoresis, and 
ampliconss were sequenced using big-dye terminators 
(Amershamm Pharmacia). 

WESTERNWESTERN BLOT ANALYSIS 
MMM cells were analyzed by western blot analysis for the 

expressionn of MET as described previously (27). 

CYTOGENETICCYTOGENETIC ANALYSIS AND FLUORESCENT IN SITU 
HYBRIDIZATIONHYBRIDIZATION (FISH) 

Cellss were harvested and metaphase spreads were 
preparedd according to conventional cytogenetic proto-
cols.. Fluorescence in situ hybridization was carried out 
accordingg to standard procedures (35) and following 
protocoll instructions supplied by the probe manufacturer 
(Vysis,, Inc., Downers Grove, USA). A FITC-labeled 
chromosomee 7 specific probe (CEP 7, D7Z1) was used. 
Chromosomess were counterstained with 4,6-diamino-2-
phenylindolee (DAPl). FISH analysis was performed on a 
Zeisss Axioskop microscope using epiftuorescence filters 
forr FITC and DAPl. Digital images were produced on a 
CytoVisionn workstation (Applied Imaging International 
Ltd,, Sunderland, UK). A total number of 25 metaphases 
andd 100 interphase nuclei were scored for the presence 
off CEP 7 signals. 

SINGLESINGLE STRANDED CONFORMATION POLYMORPHISM 
(SSCP) (SSCP) 

Highh molecular weight genomic DNA was obtained 
employingg standard methods by lysis in sodium dodecy-
Isulphatee (SDS), proteinase-K digestion, phenol-chlo-
roformm extraction and ethanol precipitation (all Sigma). 
PCRR was performed by amplifying exon 14, and 16 to 19 
off MET, using intron-specific primers as described (17). 
Integrityy of the DNA was confirmed through amplification 
off the B-globin gene using primer pair GH20/PCO4 (36). 
Thee radioactive PCR amplification was carried out in a 30 
pii reaction mixture containing 200 ng of genomic DNA, 
100 mM Tris-HCI (pH 8.3), 50 mM KCI, 1.5 mM MgCI2, 10 
uMM of dATP, dTTP, and dGTP, 15 pmol of primer, 1.5 uCi 
[aMP]] dCTP (Amersham Pharmacia) and 0.3U of Taq DNA 
polymerasee (Life technologies, Breda, The Netherlands). 
Followingg PCR, samples were diluted 1:7 in loading buf-
ferr (10 mM EDTA, pH 8.0, 0.05% SDS, 95% de-ionized 
formamid,, 0.25% bromophenolblue, and 0.25% xylene 
cyanolee FF (all Sigma)), denatured for 3 min. at , and 
slowlyy cooled to C (1 . Samples were loaded onto 
aa 8% non-denaturing, 1X TBE acrylamide:bisacrylamide 
gell (50:1) (Life technologies), containing 10% glycerol 
(Sigma),, and run in for 16 hours at 8 Watts. Aberrant mi-
gratingg amplicons were excised from the gel, re-amplified 
usingg Pfu DNA polymerase (Stratagene, La Jolla, CA), 
clonedd into EcoRV-digested pZeRO (Life technologies), 

andd sequenced using M13 primers and big-dye termina-
torss (Amersham Pharmacia). Nucleotide and amino-acid 
numberingg of MET was done according to the MET se-
quencee described by Schmidt ef a/ (17). 

RESULTS RESULTS 

METT an d HGF expressio n in norma l lymphoi d 
tissue . . 

Wee have previously reported that the MET 
proteinn is expressed on germinal center B celts, 
whilee follicular dendritic cells (FDC) isolated from 
humann tonsils express HGF mRNA, as measured 
byy RT-PCR analysis (7). To extend these observa-
tions,, we investigated the expression of the MET 
proteinn on B cell subpopulations, using FACS triple 
stainingg and immunohistochemistry, and studied 
thee expression of HGF by mRNA in situ hybrid-
ization.. In accordance with our previous study, 
wee observed that MET expression on tonsillar B 
cellss is restricted to specific B-cell subsets (37): 
whereass MET was present on the lgD-/CD38+ 
subset,, i.e., on GC cells, it was absent from both 
thee naive- (lgD+/CD38-) and memory- (lgD-/CD38-) 
BB cell subsets. In addition, we now demonstrate 
thatt MET is also expressed by plasma cells/plasma 
blastss (fig. 1), which represent a small (-2-4%) but 
distinctivee subset of tonsillar cells characterized 
byy a high expression of CD38 (38). in line with 
thesee FACS data, immunohistochemical studies 
alsoo demonstrated MET expression in GCs of ton-
sils,, lymph nodes, and MALT (fig. 2, and data not 
shown).. This expression was most prominent in 
thee GC dark zones, indicating preferential expres-
sionn on centroblasts. In addition, MET expression 
wass also detected on plasma cells in these tissues 
(dataa not shown). 

Too identify the source of HGF production within 
thee lymphoid microenvironment, we performed 
HGFF mRNA in situ hybridization on tonsillar tissue 
sections.. As shown in figure 2B and C, FDC net-
workss strongly expressed HGF mRNA. 

METT expressio n in B cel l malignancies . 
Thee HGF/MET pathway has been implicated in 

tumorigenesiss in several systems, and promotes 
tumorr cell growth, survival, and motility (11). This 
promptedd us to explore the expression of MET 
andd HGF in B cell neoplasia. MET expression was 
analyzedd by immunohistochemistry and immunob-
lottingg on a panel of 120 B cell tumors of different 
subtypes,, representing a broad spectrum of differ-
entiationall stages, ranging from precursor-B cell to 
plasmaa cell. MET expression was largely confined 
too DLBCLs (30%), MMs (48%), and HLs (100%). 
Inn several cases of DLBCL, staining for MET was 
veryy strong (fig 3B), indicating overexpression rela-
tivee to the expression levels in normal GCs (shown 
inn fig. 2A). A few cases of follicular-, Burkitt's-, and 
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Figuree 1. MET expressio n 
onn human tonsilla r B cell 
subsets .. B cells were iso-
latedd from human tonsils 
andd analyzed for expres-
sionn of MET using a CD38/ 
IgD/METT triple FACS stain-
ing.. A) B cell populations 
weree defined by their CD38 
andd IgD expression levels 
(seee results). B) MET ex-
pressionn on B cell subsets. 
METT expression is shown 
ass the mean fluorescence 
intensityy (MFI) minus the 
MFII of an isotype-matched 
controll antibody. 

chronicc lymphocytic lymphoma (CLL) also showed 
METT expression (table 1). MET expression was not 
detectedd on precursor-B cell lymphomas, mantle 
celll lymphomas, and marginal zone lymphomas. 

HGFF expressio n in B cel l malignancie s 
Inn normal lymphoid tissue, HGF is expressed 

byy FDC, suggesting a paracrine interaction with 
MET-expressingg GC B cells (see above)(7). 
Furthermore,, in epithelial tumors, paracrine HGF 
productionn by fibroblasts and macrophages in the 
tumorr stroma is crucial for the growth and inva-
sionn of MET positive tumor cells (11). To explore 
whetherr paracrine (or autocrine) stimulation of 
METT by HGF also takes place in B cell tumors, we 
studiedd the expression of HGF within tumor tissue. 
Thiss was done by RT-PCR and, on a number of 
DLBCLL samples, by mRNA in situ hybridization. By 

RT-PCR,, HGF-specific transcripts were amplified 
fromm all MET-expressing tumors (data not shown). 
Inn the DLBCLs studied by mRNA in situ hybridiza-
tion,, HGF was localized in single cells and small 
celll cluster within the tumor. Staining of serial sec-
tionss with anti-CD68 showed a similar staining pat-
tern,, suggesting that these cells were (activated) 
macrophagess (fig. 3). 

METT is not amplifie d in B cel l neoplasi a 
Amplificationn of the MET gene has been re-

portedd in several types of cancer. To test whether 
genee amplification was responsible for the MET 
(over)expressionn in B NHL, all MET positive tumor 
sampless from table 1 were studied for MET ampli-
ficationn by Southern blotting using a MET-specific 
cDNAA probe. No MET gene amplification was 
foundd (data not shown). 

^.««swara a 
i i 

Figur ee 2. MET and HGF expression lymphoid tissue. A) Immunohistochemical double staining of tonsillar sections for 
METT (blue) and IgD (brown), showing MET expression on GC B cells. B) HGF is expressed by FDC. Tonsillar sections 
weree analyzed for HGF mRNA expression by mRNA in situ hybridization, using DIG-labeled anti-sense cRNA run-off 
transcripts.. C) As (B), showing HGF mRNA in situ hybridization in detail. D) Serial section of (C) stained with anti-CD21 L 
(DRC-1),, a splice variant of CD21 specifically expressed on FDC. 
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Tablee 1 Expressio n 

WHOWHO classification 

andd rr 

Precursorr B Lymphoblastic 

Mantlee Cell 

Follicular r 

Burkitt's s 

DLBCL L 

Marginall Zone 

B-CLL L 

PEL L 

Multiplee Myeloma 

Hodgkin'ss (classical) 

utationa ll  analysi s 

n n 

3 3 

5 5 

15 5 

12 2 

43 3 

3 3 

8 8 

1 1 

21 1 

9 9 

off MET in B ce 

%% positive 

0 0 

0 0 

7 7 

8 8 

30 0 

0 0 

25 5 

--
48 8 

100 0 

III tumor s 

Intensity* Intensity* 

--
--
2 2 

3 3 

2-3 3 

--
1 1 

3 3 

N A ( * ) ) 

3 3 

## mutated/ # 
examined d 

0/3 3 

0/3 3 

1/15 5 

1/12 2 

2/39 9 

ND D 

1/8 8 

0/1 1 

0/21 1 

ND D 

** 1 =weak, 2=moderate, 3=strong staining with a monoclonal anti-MET antibody. n=number of samples; B-CLL=B 
celll chronic lymphocytic leukemia; PEL=primary effusion lymphoma; DLBCL=diffuse large B cell lymphoma. NA=non 
applicable.. (<p)=Expression of MET by multiple myeloma cells was determined by western blot analysis using a 
polyclonall anti-MET antibody. ND=not done 

 a 

»» < ,v v 
Figur ee 3. Expression of MET and HGF in DLBCL. Aj DLBCL (H&E stain); B) MET expression in DLBCL. Frozen tissue 
sectionss of the same case of DLBCL were stained with anti-MET antibodies (D024). C) Expression of HGF mRNA in 
DLBCL.. Frozen sections from the DLBCL case were analyzed for the presence of expression of HGF by mRNA in situ 
hybridization,, using DIG-labeled anti-sense cRNA run-off transcripts. D) serial section from (C) stained with anti-CD68 to 
identifyy histiocytes. The section was counterstained with hematoxylin. 

Gainn of chromosom e 7 is associate d wit h MET 
expressio n n 

Severall studies have indicated that a gain of 
chromosomee 7, which harbors both the HGF and 
METT loci (at 7q21.1 and 7q31, respectively), is 
associatedd with progression to a more aggressive 
tumorr in B cell neoplasia (39-45). By performing 
fluorescencee in situ hybridization (FISH) on meta-
phasee spreads of DLBCLs and MMs employing a 
probee against the centromere of chromosome 7, 
wee found that expression of MET in these tumors is 
correlatedd with a gain of chromosome 7 with either 
threee or four copies of the chromosome (table 2, 
andd data not shown). 

METT mutation s in B cel l neoplasi a 
Missensee germline or somatic MET mutations, 

deregulatingg MET activity, have been found in 
HPRCC (17), and more recently, in several other 
typess of cancer (22,46). The affected regions of 
METT are the catalytic domain and the juxtamem-
branee region, deregulating either the activation 
orr the degradation of MET (22,23,47,48). To 
investigatee whether MET mutation might also 
contributee to B cell neoplasia, we screened the 
tumorr samples listed in table 1 for mutations in 
exonn 14, encoding the juxtamembrane region, and 
exonss 16 to 19, encoding the tyrosine kinase and 
dockingg site regions of MET. This was done by 

75 5 



CHAPTERCHAPTER 4 

Tablee 2. Gain of chromosom e 7 in MET expressin g 
BB cell tumor s 

TumorTumor type MET n . _ , , „,, 
' ^^ chromosome 7 (%) 

DLBCLL + 7 71 

MMM + 3 100 

+=expression,, -=no expression. DLBCL=diffuse large B 
celll lymphoma; MM=multiple myeloma. 

employingg single-stranded conformation polymor-
phismm (SSCP) analysis. Using this approach, two 
mutationss were detected in MET (table 1 and fig. 
4).. A missense mutation at position 2961 (C to T) 
inn exon 14, resulting in a transition from arginine 
too cysteine at position 988 (R988C), was detected 
inn individual cases of CLL, FL, Burkitt's lymphoma, 
andd DLBCL (fig. 4B). A second missense mutation 
(34966 G to A) in exon 17, resulting in a transi-
tionn from arginine to glutamine at position 1166 
(R166Q),, was detected in a case of DLBCL (fig. 
4B).. Analysis of normal tissues from the affected 
individualss revealed that these missense mutations 
weree also present in the germline. 

Discussion Discussion 
Uncontrolledd activation of MET has been impli-

catedd in tumor growth, invasion, and metastasis in 
bothh mice and humans (11). In this study, we have 
exploredd the expression of HGF and MET in nor-
mall human lymphoid tissues and a on large panel 
off B cell tumors, and have analyzed these B cells 
tumorss for the presence of MET mutations. We 
showw that MET is expressed on GC B cells and 
plasmaa cells, and that HGF is produced within the 
GCC by FDCs. Moreover, we demonstrate that MET 
iss expressed on a high percentage of DLBCLs, 
MMs,, and HLs, while HGF is expressed within the 
tumorr microenvironment. In addition, we identify 
twoo novel missense MET mutations that could 
potentiallyy affect the activation and degradation 
off MET. 

Previouss studies from our laboratory have 
shownn that centroblasts express MET, whereas 
stimulationn of human B cells via CD40 and BCR li-
gationn leads to MET upreguiation. Here, we extend 
thesee observations by showing that MET is not 
onlyy expressed on GC B cells but also on plasma 
cellss and by identifying FDCs as the source of HGF 
withinn the GC microenvironment (fig. 1 and 2). The 
intimatee relation between MET positive GC-B cells 
andd HGF expressing FDC strongly suggests a role 
forr the HGF/MET pathway in antigen-specific B cell 
differentiation.. We have previously demonstrated 

thatt HGF stimulation of B cells in vitro leads to 
integrinn activation, thereby promoting cell adhe-
sionn to VCAM-1, a major integrin ligand on FDC 
(7).. Regulation of B cell/FDC interaction could be 
ann important physiological function of HGF/MET 
signaling.. In the GC, the pathway might contribute 
too the expansion of affinity-selected B cells via 
HGF-inducedd growth and survival signals or play 
aa role in the guidance of B cell differentiation to 
eitherr memory or plasma cell. In this context, it is of 
interestt that plasma cells, but not memory B cells, 
expresss MET (fig. 1) suggesting a role for MET in 
terminall B cell differentiation. Since Met and Hgf 
mutantt mice die before birth due to placental- and 
liverr defects (49,50), studies in conditional knock-
outt mice will be needed to establish the physiologi-
call role of HGF/MET signaling in antigen-specific B 
celll differentiation. 

Wee observed that MET expression in B cell 
malignanciess is largely confined to DLBCLs, MMs, 
andd HLs (table 1). Previous studies have also re-
portedd expression of MET in MM (25-27) and HL 
(29).. In both these tumors, MET and HGF often are 
expressedd simultaneously whereas HGF, in addi-
tion,, is also expressed by stromal cells. This sug-
gestss that both paracrine and autocrine activation 
off the HGF/MET signaling cascade contributes to 
tumorigenesiss (25,26,28). Indeed, functional stud-
iess from our laboratory have recently demonstrated 
thatt HGF is a potent growth and survival factor for 
MMss (27,32). Our present study shows that MET 
iss also expressed on a subset of DLBCLs and 
thatt these tumors contain HGF mRNA expressed 
byy infiltrating macrophages (fig. 3). These results 
suggestt paracrine activation of MET in DLBCL. In-
terestingly,, high serum HGF levels were reported to 
correlatee with poor prognosis in MM (31), HL (29), 
andd recently, in DLBCL (30). 

Thee intensity of MET staining in MET positive 
BB cell tumors was variable, but at least part of the 
DLBCLss overexpressed MET, relative to the ex-
pressionn levels in normal GCs. Mechanisms that 
mightt underly this overexpression are multiple and 
includee defective regulation of the MET gene, MET 
amplification,, or mutations affecting MET protein 
stability.. Although amplication of MET has been 
reportedd in several types of human cancer, amplifi-
cationn of the MET locus was not found in any of the 
lymphomass studied. However, we observed that 
METT expression in both DLBCL and primary my-
elomass was correlated to a gain of chromosome 7, 
whichh harbors the MET and HGF loci. Interestingly, 
previouss studies have shown that gain of chromo-
somee 7 in B-NHL is more frequent in intermediate-
andd high grade than in low grade lymphomas (51), 
andd is associated with progression from indolent to 
aggressive,, diffuse follicle center lymphoma (43). 

Recentt studies have demonstrated a direct role 
forr MET in cancer, by showing that germline and 
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Figuree 4. Missense germline MET muta-
tionss in B cell NHLs. A) SSCP analysis 
showingg aberrant migrating amplicons 
(arrows)) of exon 14 (left panel) and exon 
177 (right panel). B) Sequence analysis 
showingg mutational transitions. Fragments 
weree excised, re-amplified, cloned and 
sequenced.. Shown are wild type (WT) and 
mutantt sequences. Mutational transitions 
aree boxed. 

B B 
exonn 14 exonn 17 

CGC—»TGC C 

Argg —  Cys 

CGA—«-CAA A 

Argg —*  Gin 

somaticc MET mutations found in human malig-
nanciess are tumorigenic both in vitro and in vivo 
(22,23,47,48).. The regions affected are the juxta-
membranee exon 14, and exons 16 to 19, harboring 
thee tyrosine kinase residues and docking sites for 
downstreamm effector molecules. In the B cell lym-
phomass studied, we detected two novel germline 
missensee mutations in MET. a R988C mutation 
waswas found in 4 patients with either DLBCL, CLL, 
FLL or Burkitt's lymphoma, and a R1166Q mutation 
inn a DLBCL patient. These mutations were not 
foundd in previous MET mutation studies (includ-
ingg exon 14 and 17) conducted on a large panel 
off gastric cancers, HRPC or sporadic RPC, head 
andd neck squamous cell carcinomas, childhood 
hepatocellularr carcinomas, nor in control groups 
consistingg of more than 1000 individuals (17,20-
22,46,52),, suggesting that R988C and R1166Q 
aree specifically associated with B-NHL and might 
havee pathogenetic significance. In should be noted 
inn this context that germline mutations in MET have 
nott only been found in HRPC but also in patients 
withh sporadic papillary renal carcinoma without any 
familyy history of renal cancer (17,20), as well as in 
gastricc cancer (22). 

Thee R988C mutation found in exon 14 of MET 
(argininee to cysteine) could potentially influence 
METT function via several distinct mechanisms. 
Firstly,, it could interfere with the degradation of 

MET.. The R988C mutation is located adjacent to 
thee a PEST sequence, a region involved in the 
ubiquitinn ligase-mediated degradation of proteins 
(53).. Recent studies have shown that the ubiqui-
tinationn and proteosomal degradation of MET are 
regulatedd by the ubiquitin ligase CBL, and requires 
interactionn of the tyrosine kinase binding domain 
off CBL with a juxtamembrane tyrosine residue 
(Y1001)) of MET (54-56). Interestingly, a MET mu-
tationn from a gastric cancer patient with a transition 
fromm phenylalanine to serine on position 1009 of 
exonn 14, showed a prolonged HGF-induced tyro-
sinee MET phosphorylation, a delayed degradation 
off MET, and displays tumorigenic characteristics 
inn athymic nude mice (22). This indicates that 
mutationss affecting receptor degradation indeed 
cann confer oncogenic properties. Secondly, the 
serinee residue at position 1003 is a substrate for 
proteinn kinase C (PKC), which, in its phosphory-
latedd state, can down-regulate the tyrosine kinase 
activityy of MET (57). By inducing a conformational 
change,, the R988C mutation could interfere with 
thiss negative regulation. Finally, gain-of-function 
cysteinee mutations in RET are responsible for 
thyroidd carcinoma (MEN2A/familial medullary 
thyroidd carcinoma) by causing a covalent RET 
dimerizationn of the remaining non-mutated cyste-
ine,, leading to ligand-independent tyrosine kinase 
activityy (58,59). Similarly, transition from arginine 
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too cysteine (R988C) in MET could also induce 
dimerizationn of the MET receptor, thus influencing 
itss activity. In addition to the R988C mutation found 
inn exon 14, we also detected a mutational transi-
tionn from arginine to glutamine at position 1166 in 
exonn 17 in a case of DLBCL. Located adjacent to 
aa tyrosine residue necessary for MET activation, 
thiss mutation could, due to a change in polarity, 
influencee MET tyrosine phosphorylation. This 
mechanismm has been postulated to be responsible 
forr the enhanced activation of MET in a sporadic 
formm of HPRC, bearing germline as well as somatic 
mutationss (60). Of note is the recent finding that 
somaticc MET mutations appear to be selected 
duringg metastatic spread of carcinomas, following 
thee detection of mutations mainly in metastasizing 
cellss (52,61). The mutations described in the work 
presentedd here could therefore favor B cell tumor 
growthh and/or progression. We are currently ana-
lyzingg these mutations for functionality. 
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Thee unrestrained growth of tumor cells is generally attributed to mutations in essential growth 
controll genes, but tumor cells are also influenced by signals from the environment. In multiple 
myelomaa (MM), the factors and signals coming from the bone marrow (BM) microenvironment 
aree possibly even essential for the growth of the tumor cells. As targets for intervention, these 
signalss may be equally important as mutated oncogenes. Given their oncogenic potential, WNT 
signalss form a class of paracrine growth factors that could act to influence MM cell growth. 
Inn this paper, we report that MM cells have hallmarks of active WNT signaling, while the cells 
havee not undergone detectable mutations in WNT signaling genes such as APC and p-catenin 
(CTNNB1).(CTNNB1). We show that the malignant MM plasma cells overexpress p-catenin, including its 
N-terminallyy un-phosphorylated form, suggesting active p-catenin/TCF-mediated transcription. 
Furtherr accumulation and nuclear localization of p-catenin, and/or increased cell proliferation, 
wass achieved by stimulation of WNT signaling with either Wnt3a, LiCI or the constitutively active 
S33YY mutant of p-catenin. In contrast, by blocking WNT signaling by dominant-negative TCF, we 
cann interfere with the growth of MM cells. We therefore suggest that MM cells are dependent on an 
activee WNT signal, which may have important implications for the management of this incurable 
formm of cancer. 

INTRODUCTION INTRODUCTION 

Multiplee myeloma (MM), one of the most com-
monn hematological malignancies in adults, is a 
neoplasmm of terminally differentiated B cells, i.e. 
plasmaa cells. The tumor cells expand in the bone 
marroww (BM), ultimately leading to pancytopenia 
andd osteolytic bone destruction. At present, the 
diseasee is still incurable with a median survival 
off approximately 3 to 4 years. The transition of 
aa plasma cell to a fully transformed, aggressive 
myelomaa is a multistep process, which requires 
thee acquisition of mutations in multiple proto-on-
cogeness and tumor suppressor genes (1,2). Most 
off this evolution takes place in the BM, indicat-
ingg that signals from the BM microenvironment, 
e.g.. interteukin 6 (IL6)(3,4), vascular endothelial 
growthh factor (VEGF)(5), and hepatocyte growth 
factorr (HGF)(6,7), play a critical role in sustaining 
thee growth and survival of MM cells during tumor 
progression.. To date, these signals and the cor-
respondingg intracellular signaling cascades, which 
presentt potential targets for therapeutic interven-

tion,, have only been incompletely identified. 
WNTWNT genes encode a large family of secreted 

proteins,, which promiscuously interact with several 
Frizzledd (FZD) receptors. This leads to intracellular 
signalss that control gene expression, cell behavior, 
celll adhesion, and cell polarity, during both em-
bryonicc development and postnatal life (8,9). The 
keyy event in this signaling pathway is the stabiliza-
tionn of p-catenin and its interaction with TCF/LEF 
transcriptionn factors within the nucleus (10-11). In 
thee absence of WNT signals, a dedicated complex 
off proteins, including the tumor suppressor gene 
productt adenomatous polyposis coli (APC), axin, 
andd glycogen synthase kinase-3p (GSK3p) phos-
phorylatess specific serine and threonine residues 
inn the N-terminal region of p-catenin. This marks 
p-cateninn for ubiquitination and degradation by 
thee proteasome. Signaling by WNT factors blocks 
GSK3pp activity resulting in the accumulation of 
non-phosphoryiatedd p-catenin, which will trans-
locatee to the nucleus. Here, it interacts with TCF 
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transcriptionn factors (10,11) to drive transcription of 
targett genes (12-14). It is now well established that 
unrestrainedd p-catenin/TCF activity plays a major 
rolee in many human cancers (15,16). Mutations of 
thee APC tumor suppressor gene or the CTNNB1 
genee sequences encoding the crucial GSK3p 
phosphorylationn sites in the N-terminal domain of 
p-cateninn have been found in the vast majority of 
colorectall cancers as well as many other cancer 
typess (15-17). The critical consequence of these 
mutationss is the elevation of the levels of p-catenin 
leadingg to the formation of constitutive nuclear 
p-catenin/TCFF complexes and altered expression 
off TCF target genes (14,16). Target genes which 
likelyy cooperate in neoplastic transformation include 
CCND1CCND1 (12), MYC (12,14), CD44 (18), and MET(19). 

Memberss of the TCF/LEF family of transcription 
factorss were initially discovered in models of early 
lymphocytee development. In mice and humans, T 
lineagee cells express both TCF1 and LEF1 (20-24), 
andd studies in knockout mice have demonstrated 
thatt these factors are essential for the mainte-
nancee of early T cell compartments (22,25,26). 
Similarly,, during early B cell development in the 
fetall liver and adult bone marrow, LEF1 is involved 
inn the regulation of pro-B cell proliferation and 
survivall (27). By inference, these observations 
suggestt a role for WNT signaling in the control of 
celll proliferation and survival during lymphocyte 
development.. Indeed, recent in vitro and in vivo 
studies,, demonstrating that WNT factors and p-
cateninn also affect lymphocyte fate, confirm this 
rolee (27-29). The involvement of the WNT pathway 
inn the regulation of the survival and expansion of 
lymphocytes,, in combination with its oncogenic 
potentiall in non-lymphoid cells, prompted us to test 
whetherr deregulation of the WNT pathway occurs 
inn lymphoid neoplasia. Here, we show that WNT is 
activee signaling in MMs and demonstrate that this 
pathwayy is involved in controlling proliferation of 
myelomaa cells. 

MATERIALSMATERIALS  AND METHODS 

ANTIBODIES ANTIBODIES 
Mousee monoclonal antibodies used were: anti-

CD138,, BB4 (lgG1)(lnstruchemie, Hilversum, The 
Netherlands);; anti-p-catenin (clone 14; lgG1)(BD 
Biosciences,, Erembodegem, Belgium), anti-active (non-
phosphorylated)) p-catenin (anti-ABC; lgG1)(30,31); 
anti-activee (non-phosphorylated) p-catenin (clone 8E4; 
lgG1)(Alexiss Biochemicals, Lausen, Switzerland); anti 
p-actinp-actin (clone AC15, lgG1){Sigma, St Louis, MO); 
allophycocyaninn (APC)-conjugated anti-CD19 (lgG1); 
FITC-conjugatedd anti-lgD (lgG1); FITC conjugated anti-
CD45RAA (lgG2b)(all BD Biosciences); biotin-conjugated 
anti-CD388 (lgG1) (Caltag, Burlingame, CA). Polyclonal 
antibodiess used were: rabbit anti-human ERK2 (C14, 
Santaa Cruz Biotechnology, Santa Cruz, CA); Dynabead-

conjugatedd goat anti-mouse IgG (Dynal, Wirral, UK); 
HRP-conjugatedd rabbit anti-mouse; FITC-conjugated 
rabbitt anti-mouse; and HRP-conjugated goat anti-rabbit 
(alll DAKO, Carpinteria, CA). 

MYELOMAS,MYELOMAS, CELL CULTURES, AND TRANSFECTIONS 
Primaryy myeloma samples and normal bone marrow 

sampless were obtained during routine diagnostic 
procedures.. Mononuclear cells were harvested by 
standardd Ficoll-Paque density gradient centrifugation 
(Amershamm Biosciences, Roozendaal, The Netherlands). 
Plasmaa cells were sorted by positive selection using 
anti-CDD 138 (clone BB4, Instruchemie). Cell suspensions 
weree incubated with saturating concentrations of anti-
CD1388 antibody, washed, and subsequently incubated 
withh dynabead-conjugated goat anti-mouse IgG (Dynal). 
Microbead-labeledMicrobead-labeled cells were recovered with a magnet, 
andd the purity of the collected cell populations was 
determinedd by FACS analysis using antibodies against 
CD388 and CD45RA. Staining was measured by using a 
FACScaliburr flow cytometer (BD Biosciences). Positive 
sortingg yielded populations plasma cells that were >97% 
puree (CD38*, CD45RA*). 

MMM cell line XG1 (32), LME1 (7) and UM6 (33) were 
culturedd in Iscove's medium (Invitrogen Life Technologies, 
Breda,, The Netherlands) containing 10% fetal clone I 
serumm (HyClone Laboratories, Logan, UT), 100 lU/ml 
penicillin,, 100 ng/ml streptomycin (Invitrogen Life 
Technologies),, 20 (ig/ml human recombinant transferrin 
(Sigma,, Bornem, Belgium), and 50uM p-mercapto 
ethanol.. XG1 and UM6 were cultured in the presence of 
500500 pg/ml IL6 (R&D systems, Abington, United Kingdom). 
MMM cell lines UM1 and UM3 (33), L363 (34), NCI H929 (35) 
andd OPM1 (36) were cultured in RPMI 1640 (Invitrogen 
Lifee Technologies) containing 10% fetal clone I serum 
(HyClonee Laboratories), 100 lU/ml penicillin, and 100 
ug/mll streptomycin. Conditioned medium from parental 
andd Wnt3a-transfected L cells was prepared as described 
(37).. Wnt3a was purified as described by Willed etal (38). 
Transientt transfection was performed by electroporation 
off TOP/FOP FLASH (39), constructs expressing p-catenin 
S33YY (10), and ATCF4 (40), using the nucleofector 
technologyy in combination with solution "V" and program 
T-011 (Amaxa, Cologne, Germany). HeLa cell lysates were 
fromm BD Biosciences. 

ISOLATIONISOLATION OF B CELL POPULATIONS AND PLASMA CELLS 
BB cells were isolated from human tonsils as described 

previouslyy (41). Total B cell fractions were >97% pure 
ass determined by FACS analysis. Subpopulations were 
identifiedd according to Pascual et al (42), employing 
CD19,, CD38 and IgD as disriminatory criteria. Analysis 
andd sorting was done using a FACS vantage flow 
cytometerr (BD Biosciences). 

LUCIFERASELUCIFERASE REPORTER ASSAY 
Cellss were transfected, and efficiency was determined 

andd normalized by transfection using pEGFP-N3 
(Invitrogen(Invitrogen Life technologies) and subsequent FACS 
analysis.. After 24 hours, cells were stimulated with Wnt3a 
(1000 ng/ml) for 18 hours, harvested, lysed, and luciferase 
activityy was determined as described previously (19). 

IMMUNOHISTOCHEMISTRYANDIMMUNOHISTOCHEMISTRYAND FLUORESCENCE 
MICROSCOPY MICROSCOPY 

Afterr the indicated stimulus, cells were washed in 
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PBS,, diluted to 1x106 cells/ml, and 100,000 cells were 
spunn onto slides prior to fixation. For detection of active, 
non-phosphorylatedd p-catenin and total p-catenin, MAb 
8E44 (Alexis Biochemicals), and C14 (BD Biosciences) 
weree used. In immunohistochemical studies, the slides 
weree subsequently incubated with biotin-conjugated rabbit 
anti-mousee for 30 min, and HRP-conjugated avidin-biotin 
complexx for 30 min. The substrate was visualized with 3,3-
amino-9-ethylcarbazolee (Sigma). In immunofluorescence 
studies,, the primary antibodies were detected using biotin-
conjugatedd goat anti-mouse, followed by streptavidin-FITC 
(bothh from DAKO) and analyzed by confocal laser scan 
microscopyy (CLSM). Nuclei were stained with propidium 
iodidee (Molecular Probes, Leiden, The Netherlands). 

WESTERNWESTERN BLOT ANALYSIS 
5-1055 cells were directly lysed in sample 

buffer,, separated by 10% SDS-polyacrylamide gel 
electrophoresis,, and blotted. Equal loading was confirmed 
byy staining the part of the blot below 50 kDa with either 
anti-ERK22 or anti-p-actin. The upper part (>50 kDa) was 
stainedd for anti-active p-catenin (with either anti-ABC or 
8E4),, or anti-p-catenin. Primary antibodies were detected 
byy HRP-conjugated rabbit anti-mouse or goat anti-rabbit 
antibodies,, followed by detection using an enhanced 
chemiluminescencee kit (Amersham Biosciences). 

PROLIFERATIONPROLIFERATION ASSAY 
244 hours after transfection, viable, GFP-positive 

cellss were sorted using a MOFLOW flow cytometer 
(Cytomation,, Freiburg, Germany). Either GFP-positive 
orr non-sorted cells were plated in 96-wells flat bottom 
tissuee culture plates (Costar, Cambridge, MA) at a density 
off 100,000 cells/ml. Stimuli were added, and cells were 
culturedd for 2 to 3 days in a total volume of 200 ul. The 
celll culture was pulsed with 0.5 pCi (methyl-3H) thymidine 
(877 Ci/mmol, Amersham Biosciences) during the last 4 
hourss of culture. Results are expressed as counts per 
minutee (cpm). 

RT-PCRRT-PCR ANALYSIS OF WNT EXPRESSION 
Totall RNA was prepared using Trizol according to the 

manufacturerr (Invitrogen Life technologies). Five ng RNA 
wass treated with 10U DNAsel (Roche, Basel, Switzerland) 
forr 1 hour at , after which reverse transcription was 
performedd using random hexamers (Applied Biosystems, 
Fosterr City, CA) and MMLTV reverse transcriptase as 
recommendedd by the manufacturer (Invitrogen Life 
Technologies).. Amplicons were size-separated by 
agarosee electrophoresis in 1X TAE. PCR conditions were: 
denaturingg at C for 7 min., followed by 40 cycles of 
500 sec, and a final extention step at 72 , for 10 min. 
Annealingg was done at the temperature indicated. The 
WNTWNT primer sets used are as follows: WNT3a : 5' GGA 
ACTT ACG TGG AGA TCA TGC 3' and 5' GCA CCT TGA 
AGTT AGG TGT AGC 3', annealing at ; WNT5a: 
5'' GGA CAG AAG AAA CTG TGC CAC 3' and 5' CG 
ATGG TAG ACC AGG TCT TGT G 3', annealing at ; 
WNTWbWNTWb : 5' GCT CTA AGC AAT GAG ATT CTG GG 3' 
andd 5' CTG TGT TGT GGA TTC GCA TTC 3', annealing 
att ; WNT16 : 5' CAG AAG GAG CTG TGC AAG 
AGG 3' and 5' CTG ATC TTT TTC TCT CCT GCG 3', 
annealingannealing at . Amplicons were cloned into pCRIITOPO 

(Invitrogenn Life technologies), and 10 individual clones 
weree sequenced to determine specificity of the amplified 
productss using a big-dye terminator kit (Amersham 

Biosciences)) and M13 forward and reverse primers. All 
primerss were manufactured by Sigma. 

MUTATIONMUTATION ANALYSIS OF CTNNB1 AND APC 
Highh molecular weight DNA was obtained by employing 

standardd methods by lysis in sodium dodecylsulphate 
(SDS),, proteinase-K digestion, phenol-chloroform 
extractionn and ethanol precipitation (all chemicals from 
Sigma).. The APC-binding domain of CTNNB1 was 
screenedd for activating mutations as described (43). For 
mutationn analysis of APC, four overlapping regions were 
amplifiedd spanning the mutation cluster region (MCR), 
usingg the following primers: fragment I; 5' GAA ATA GGA 
TGTT AAT CAG ACG A 3' and 5' CGC TCC TGA AGA AAA 
TTCC AACC 3', for fragment II; 5' ACT GCA GGG TTC TAG 
TTTT AT 3' and 5' GAG CTG GCA ATC GAA CGA CT 3', 
forr fragment III; 5' TAC TTC TGT CAG TTC ACT TGA T 
3'' and 5' ATT TTT AGG TAC TTC TCG CTT G 3', and for 
fragmentt IV; 5' AAA CAC CTC CAC CAC CTC CT 3', and 
5'' GCA TTA TTC TTA ATT CCA CAT C 3'. PCR conditions 
were:: denaturing at C for 7 min., followed by 35 cycles 
off 50 sec, and a final extention step at 72 , for 10 min. 
Annealingg temperatures were: C for fragments I and 
II,, and C for fragments 111 and IV. Amplicons were 
size-separatedd by agarose electrophoresis in 1X TAE, 
andd sequenced to determine specificity using a big-dye 
terminatorr kit (Amersham Biosciences). 

RESULTS RESULTS 

MYELOMAMYELOMA CELLS OVEREXPRESS fi-CATENIN 
Regulationn of p-catenin levels plays a central 

rolee in WNT signaling. Our initial evidence that 
thee WNT pathway might play a role in the patho-
genesiss of MM came from a screen of B lineage 
malignanciess for expression of p-catenin. We 
usedd both a pan anti-p-catenin antibody and an 
antibodyy that specifically recognizes the non-
phosphorylatedd N-terminal Ser37 and Thr41 epit-
opee of p-catenin. Only these non-phosphorylated 
p-cateninn species are able to transduce WNT signals 
too the nucleus (30,31). Interestingly, all the myeloma 
celll lines tested expressed p-catenin, whereas the 
majorityy of the myeloma cell lines also contained 
detectablee levels of the active, non-phosphorylated 
formm of the molecule (fig. 1A). We then compared 
thee p-catenin expression levels in MM to the levels 
inn normal B cell subpopulations and plasma cells, 
isolatedd from human tonsils by FACS-sorting, using 
CD19,, CD38 and IgD as markers (42). p-catenin 
levelss were very low in all B cell subsets exam-
ined,, i.e. in naive (1gDVCD38), germinal center 
(CD38+),, and memory (lgD/CD38) B cells, as well 
ass in plasma cells (CD38high). In these normal B 
celll populations, the non-phosphorylated form of 
p-cateninn was undetectable (fig. 1B). 

Too assess whether p-catenin accumulation also 
occurss in primary myelomas, we studied p-catenin 
expressionn in BM samples from MM patients. The 
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Figuree 1. Myeloma cell lines and primary myeloma cells overexpress p-catenin. A) p-catenin expression by my-
elomaa cell lines. Cells were lysed and immunoblotted using a monoclonal anti-p-catenin antibody (top panel), or an 
antibodyy against non-phosphorylated p-catenin (8E4) (middle panel). B) p-catenin expression in normal B cell subsets 
andd plasma cells. B cell subsets and plasma cells were sorted from human tonsils as described in the materials and 
methodss section. Cells were lysed and immunoblotted as described above. C) p-catenin expression in primary MMs. BM 
mononuclearr cells from myeloma patients were lysed and immunoblotted as described above. D) p-catenin expression 
inn normal BM. Total BM-derived mononuclear cells were isolated from control individuals, lysed and immunoblotted as 
describedd above. A-D) Equal cell numbers of MM cell line LME1 were loaded as a reference for p-catenin expression. 
Stainingss with anti-p-actin served as loading controls (bottom panels) 

sampless studied were selected for extensive tu-
morr infiltration and all contained >75% malignant 
plasmaa cells, p-catenin was expressed in 9 out of 
100 of these primary MM samples (MM1-10, fig. 
1C).. Most cases also showed detectable expres-
sionn of the active non-phosphorylated form of 
p-cateninn (MM1-10, fig. 1C). By contrast, p-catenin 
wass not expressed in any of the non-neoplastic 
controll bone marrow samples examined (BM1-7, 
fig.. 1D). These results demonstrate that myeloma 
celll lines and most primary myelomas overexpress 
p-catenin,, including the non-phosphorylated form 
off the molecule, an observation indicative for active 
WNTT signaling. 

WNTT signalin g regulate s p-cateni n level s and 
localization . . 

Wee did not detect APC or CTNNB1 mutations 
inn any of the MM cell lines employed in this study 
(dataa not shown). We subsequently performed ex-
perimentss to test whether MM cells could respond 
too WNT signaling. Initially, we tested the effects 
off lithium chloride (LiCI), which inhibits GSK3p 
andd mimics WNT signaling by stabilizing p-catenin 
(44).. Stimulation with LiCI markedly increased the 
amountss of total and non-phosphorylated p-catenin 
inn the myeloma cell lines tested, as measured by 
immunoblottingg (fig. 2A, left panel). The accumula-
tionn was most pronounced in cells with relatively 

loww baseline p-catenin levels. To substantiate this 
finding,, we determined whether specific WNT 
proteinss could also regulate p-catenin levels. To 
thiss end, we stimulated MM cells with conditioned 
mediumm derived from L cells secreting Wnt3a 37. In-
deed,, this also resulted in p-catenin accumulation, 
includingg accumulation of non-phospho p-catenin 
(fig.. 2A, right panel). Similar results were also ob-
tainedd using purified Wnt3a (data not shown) 

Apartt from causing p-catenin accumulation, Wnt 
signalingg also affected the localization of p-catenin. 
Priorr to LiCI stimulation, low amounts of p-catenin 
weree detected in the cytoplasm and nucleus of MM 
cellss by confocal laser scan microscopy (CLSM). 
Stimulationn with LiCI led to an increase in the 
totall amount of p-catenin, located to the plasma 
membranee at cell-cell contact sites, as well as in 
thee nucleus (fig. 2B). Stimulation with Wnt3a had 
similarr effects (data not shown). Interestingly, most 
off the non-phosphorylated p-catenin was localized 
inn the nucleus (fig. 2B). Non-phosphorylated p-
cateninn was also present in the nucleus of primary 
myelomass (fig. 2C). 

WNTT signalin g control s proliferatio n of myelom a 
cell s s 

Wee subsequently explored the effects of WNT 
signalingg on MM proliferation. Myeloma cells re-
spondedd to stimulation with Wnt3a conditioned 
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Figuree 2. WNT signaling induces p-catenin accumulation and nuclear translocation in myeloma cells. 
A)A) Accumulation of p-catenin in MM cells in response to LiCI, which mimics a WNT signal, or Wnt3a. Cells were incubated 
forr two hours in the absence or presence of 20 mM LiCI (left panel) or in the absence or presence of Wnt3a conditioned 
mediumm (right panel). To assess p-catenin accumulation, cells were lysed and immunoblotted using a monoclonal anti-
p-cateninn antibody (top panel), or an antibody against non-phosphorylated p-catenin (8E4) (middle panel). The bottom 
partt of the blot was stained with anti-ERK (MAPK), or anti-p-actin to verify equal loading. B) LiCI induces accumulation 
off p-catenin and increased nuclear localization of non-phosphorylated p-catenin. NCI H929 cells were incubated for 
twoo hours in the absence or presence of 20 mM LiCI. Cytospins were prepared and stained with an antibody against 
totall p-catenin (top panels), or non-phosphorylated p-catenin (8E4)(bottom panels), followed by a FITC-conjugated 
secondaryy antibody and analyzed by CLSM. C) Expression and nuclear localization of p-catenin in primary MM. 
Immunohistochemicall double staining of BM-derived mononuclear cells using antibodies against immunoglobuline(lg) 
lightt chains (brown) and non-phosphorylated b-catenin (blue)(left panel). Note nuclear staining of p-catenin (arrows). As 
aa control, an isotype matched antibody in combination with the anti-lg light chain antibodies, is shown (right panel). 

mediumm with a 2-4 fold increase in proliferation. 
Thiss enhanced proliferation was already observed 
withinn the first 24 hours (fig. 3A). During culture, 
celll numbers increased, while viability was not 
significantlyy affected by the presence of Wnt3a 
(dataa not shown). Importantly, similar results were 
alsoo obtained with purified Wnt3a (fig. 3B), which 
hass recently become available (38), demonstrating 
thee specificity of the effect of Wnt3a and ruling out 
indirectt effects of other growth factors released 
ass a result of autocrine stimulation of the Wnt3a 
transfectedd L cells. Treatment with LiCI, which 
inhibitss GSK3p resulting in p-catenin accumulation 

(fig.. 2A), gave rise to a similar increase in prolifera-
tionn (fig. 3C). Furthermore, enhanced proliferation 
wass also observed upon expression of the con-
stitutivelyy active p-catenin mutant S33Y (fig. 3D). 
Takenn together, these data clearly demonstrate 
thatt activation of various components of the ca-
nonicall WNT signaling pathway in myeloma cells 
inducess proliferation. 

Finally,, we investigated the effect of disruption 
off p-catenin/TCF activity on MM proliferation. As 
iss shown in figure 4A, transfection with dominant-
negativee TCF4 (ATCF4) strongly inhibited prolifera-
tionn of the MM cell lines OPM1 and NCI H929, which 
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bothh contain large amounts of (active) p-catenin. 
Thesee data demonstrate that WNT signaling regu-
latess proliferation in MM cells. 

Regulatio nn of WNT signalin g in MMs. 
Ourr observation that stimulation of WNT signal-

ingg by Wnt3a, LiCI, or mutant S33Y p-catenin 
promotess MM proliferation, while disruption of the 
pathwayy by ATCF4 inhibits proliferation, indicates 
thatt WNT signaling is constitutively active, but not 
maximallyy activated and sensitive to regulation. To 
corroboratee this conclusion, we directly monitored TCF 
transcriptionall activity in the MM cell line 0PM1 
byy transfecting a TCF reporter (pTOPFLASH). As a 
control,, we used a reporter containing scrambled 
TCFF binding sites (pFOPFLASH). Consistent 
withh our functional studies, OPM1 cells showed a 
moderatee constitutive p-catenin/TCF activity. This 
activityy was inhibited by cotransfection of ATCF4 (fig. 
4B).. A strong reporter activity was obtained upon 
cotransfectionn of the active p-catenin mutant S33Y. 
Moreover,, TCF reporter activity was increased by 
stimulatingg MM cells with purified Wnt3a (fig. 4C). 

pFOPFLASHH activity was not affected by any of the 
appliedd stimuli (not shown). 

Thee above data imply that the WNT pathway 
inn MM cells is intact and suggest changes in a 
regulatoryy component, e.g., the presence of an 
autocrinee activation loop. To explore this possibil-
ity,, we assessed the expression of WNT genes 
previouslyy demonstrated to be expressed within 
thee hematopoietic environment, i.e., WNT3a, 5a, 
10b10b and 16 (45-47). Neither normal B cells nor 
plasmaa cells expressed these WNTs (table 1). By 
contrast,, in all myeloma cell lines tested, we found 
expressionn of WNT5a and WNTWb, while \NNT16 
transcriptss were found in one MM cell line (table 1). 
Also,, in highly purified primary MM cells, obtained 
byy positive selection with anti-CD138, we detected 
expressionn of WNT5a and/or WNTWb and, in one 
case,, WNT16 (table 1). Interestingly, WNT5A and 
WNTWbWNTWb expression was also found in BM stro-
mall cells (table 1), suggesting that these cells may 
functionn as a paracrine source of WNTs within the 
BMM microenvironment. 
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Figuree 3. Stimulation of WNT signaling promotes proliferation of MM cells. A) Exogenous Wnt3a promotes prolif-
erationn of MM cells. The MM cell lines UM1, OPM1, and NCI H929 were cultured in the presence of L-cell conditioned 
mediumm (white bars) or conditioned medium derived from Wnt3a-transfected L cells (Wnt3a CM, black bars) and [3H]-thy-
midinee incorporation was measured after 1,2, and 3 days of culture. Error bars represent standard deviations of triplicate 
measurements.. B) Purified Wnt3a promotes proliferation of MM cells. Cells were cultured in the absence (white bars) or 
presencee (black bars) of purified Wnt3a (100 ng/ml) in serum free medium. [3H]-thymidine incorporation was measured 
afterr two days of culture. C) LiCI stimulation promotes proliferation of MM cells. Cell were cultured in the absence (white 
bars)) or presence (black bars) of 2 mM LiCI in serum free medium. [3H]-thymidine incorporation was measured after 
threee days of culture. D) Constitutively active p-catenin (p-catenin S33Y) promotes proliferation of MM cells. Cells were 
transfectedd with empty vector (white bars) or with p-catenin S33Y (black bars), and cultured in the presence of 2% serum. 
[3H]-thymidinee incorporation was measured after two days of culture. 
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DISCUSSION DISCUSSION 

Inn the present study, we identified the WNT 
pathwayy as a novel signaling route involved in MM 
growthh control. This unexpected finding implies 
thatt the WNT pathway, which is essential for early 
TT and B cell development and has recently been 
shownn to play a role in the self-renewal of hema-
topieticc stem cells (48), is activated in this tumor of 
terminallyy differentiated B cells. 

Regulationn of p-catenin levels plays a central 
rolee in WNT signaling. Our initial evidence for a 
rolee of the WNT pathway in the pathogenesis of 
MMM came from the observation that all the MM 
celll lines as well as most primary MM samples 
studiedd expressed p-catenin (fig.1). Compared to 
thee very low or undetectable (3-catenin expression 

inn normal B cell subsets, plasma cells, and control 
BM,, p-catenin was vastly overexpressed in most of 
thesee MMs (fig.1). In addition to overexpressing 
P-cateninn per se, the majority of MM cell lines and 
primaryy MMs also expressed detectable levels of 
p-cateninn harboring non-phosphorylated N-terminal 
Ser/Thrr residues. Recent studies have shown that 
onlyy these non-phosphorylated p-catenin species 
aree signaling competent and can transduce WNT 
signalss to the nucleus (30,31). Our observation 
thatt stimulation of MM cells with LiCI, which mim-
icss WNT signaling by inhibiting GSK3p, or with 
Wnt3a,, led to further accumulation and nuclear 
translocationn of non-phosphorylated p-catenin (fig. 
2),, implies that these tumors have an intact WNT 
pathwayy and suggests a functional role of the WNT 
pathwayy in the biology of MM. Indeed, stimulation 

 vector 

 ATCF4 

pp catenin S33Y: 

Figuree 4. Dominant-negative TCF (ATCF4) inhibits MM proliferation and suppresses TCF reporter activity 
whereass both constitutively active (S33Y) p-catenin and Wnt3a stimulate TCF reporter activity. A) ATCF4 inhibits 
proliferationn of MM cells. MM cell lines OPM1 and NCI H929 were transfected with either ATCF4 (black bars) or empty 
vectorr (white bars) both in combination with pEGFP constructs. After overnight culture, viable, GFP-positive cells were 
sortedd and cultured in the presence of 2% serum. [3H]-thymidine incorporation was measured after two and three days 
off culture. Error bars represent standard deviations of triplicate measurements. B) TCF reporter activity in MM cells. 
OPM11 cells were either transfected with luciferase reporter constructs (pTOPFLASH) alone, or in combination with a 
constitutivee active p-catenin (p-catenin S33Y) and dominant negative TCF4 (ATCF4), and assayed for luciferase activity. 
C)C) Wnt3a stimulates TCF reporter activity in MM cells. OPM1 and NCI H929 cells were transfected with pTOPFLASH 
alone,, or in combination with p-catenin S33Y. The cells were either or not stimulated with purified Wnt3a, and assayed 
forr luciferase activity. As a control, a TCF reporter containing scrambled TCF binding sites (pFOPFLASH) was used. The 
activityy of this control reporter remained unchanged (not shown). 
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off WNT signaling, either by LiCI, constitutively 
activee p-catenin, or by Wnt3a, promoted the pro-
liferationn of myeloma cells (fig. 3), while disruption 
off p-catenin/TCF activity by ATCF4 inhibited MM 
proliferationn (fig. 4). 

Duringg normal lymphocyte development, WNT 
signalingg plays an essential role in early lympho-
poiesiss by contributing to precursor cell survival 
andd expansion independent of, or in parallel to, 
pre-antigenn receptor signaling (24-29). Our present 
observationn that the WNT pathway is active and 
controlss proliferation in MM is unexpected, as this 
illegitimatee activation involves the 'wrong', most 
terminal,, end of the B cell differentiation spectrum. 
Ourr data present the first direct evidence for a 
rolee of the WNT pathway in the pathogenesis of 
lymphoidd cancer. In the canonical cancers involving 
WNTT signaling, such as colorectal cancer, pilom-
atricomas,, and hepatoblastoma, deregulation 
andd accumulation of p-catenin is typically due to 
truncatingg mutations in APC, or to mutations in the 
GSK-3pp target-residues in CTNNB1 (16), but the 
mechanismm of nuclear p-catenin accumulation in 
severall other tumor types is, at present, unclear. 
Althoughh we have not yet identified the cause of 
P-cateninn accumulation in MM, our current results 
makee direct mutational activation of the WNT 
pathwayy unlikely. Firstly, we did not detect APC or 
CTNNB1CTNNB1 mutations in any of the MM cell lines and 
primaryy MM samples studied. This does not ex-
cludee the presence of mutation in axin/conductin, 
orr other WNT pathway components, however, 
suchh mutations appear to represent a rare cause 
off WNT activation in cancer. Secondly, while i) the 
overexpressionn of (active) p-catenin, ii) the spon-
taneouss TCF reporter activity, and iii) the growth 
inhibitoryy effects of ATCF4 all testify constitutive 
WNTT activity in MM, the level of activation of the 
pathwayy in the MM cell lines clearly was subopti-
mal.. This can be concluded from the fact that ex-
ogenouss WNT stimuli like Wnt3a and LiCI caused 
furtherr p-catenin accumulation and translocation, 
andd enhanced cell proliferation. The latter obser-
vations,, specifically the growth stimulatory effects 
off Wnt3a, point to an intact WNT pathway and, 
therefore,, are difficult to reconcile with a direct mu-
tationall activation. The data rather suggests that 
thee p-catenin accumulation and p-catenin/TCF ac-
tivityy results from changes involving a regulatory or 
upsteamm component, e.g., a member of the WNT 
family.. Consistent with this idea, we observed that 
myelomaa cell lines as well as primary myelomas, 
unlikee normal B cell subsets and plasma cells, 
expresss WNT5a, WNT10b, and in some cases 
WNT16,WNT16, mRNAs (table 1), indicating an autocrine 
activationn loop. Although the functionality of this 
loopp needs to be explored, it might explain the 
observedd constitutive, but still inducible, activation 
off the WNT pathway. In this context, it is of interest 

Tablee 1 WNT expression * in myeloma s and 
norma ll  B lineag e cell s 

WNT WNT 

naivee B cells . . . . 

GCC B cells . . . . 

memoryy B cells . . . . 

plasmaa cells -

totall B cells . . . -

fibroblastt . + + + 

BMM stromal cells + + 

MMM cell lines 0/8 4/8 8/8 1/8 

purifiedd primary MMs 0/4 4/4 3/4 1/4 
*WNT*WNTexpressionexpression was determined by RT-PCR as described 
inn the materials and methods section. 

thatt WNT16-mediated autocrine growth has re-
centlyy been proposed by Murre and co-workers 
too contribute to the development of t(1 ;19) positive 
pre-BB ALL (47). 

Althoughh the above findings suggest an auto-
crinee activation loop, paracrine stimulation of MM 
cellss presumably also takes place within the BM 
microenvironment,, since we observed that BM 
stromall cells express both WNT5a and WNT10b 
(tablee 1). This observation corroborates studies by 
Austinn et al. and Van den Berg etal., who reported 
expressionn of WNT5a and 10b in mouse and hu-
mann BM, respectively, and demonstrated that 
thesee factors function as hematopoietic growth fac-
tors,, promoting expansion of mixed colony-forming 
unitss and burst-forming units-erythroid (45,46). It is 
conceivable,, that during progression of MM a gain 
off WNT expression takes place, establishing an 
autocrinee activation loop, thus leading to autono-
mouss growth and, finally, allowing dissemination to 
extra-medullaryy sites. It will therefore be of great 
interestt to assess the expression of p-catenin and 
WNTss at early stages of MM. 

AA key finding of our current study is that WNT 
signalingg controls MM proliferation. Since normal 
plasmaa cells are terminally differentiated, non-
dividing,, cells, activation of signaling route(s) 
promotingg cell proliferation is a crucial step in their 
transformationn to MM. The effects of WNT signal-
ingg on proliferation in our current study clearly 
involvess the canonical WNT pathway, which regu-
latess p-catenin/TCF mediated transcription, since 
stimulationn or inhibition by either Wnt3a, LiCI, S33Y 
p-catenin,, or ATCF4, which affect the canonical 
WNTT pathway at a number of distinct levels, had 
profoundd effects on proliferation (Figs. 3 and 4). 
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Duringg the preparation of this manuscript a study 
byy Qiang et at (49), also reported WNT signaling 
inn MM cell lines. Unlike our study, however, this 
studyy examined neither primary patient samples 
norr normal B cells and plasma cells. Moreover, the 
functionall effects of Wnt3a stimulation reported by 
Qiang,, i.e. morphological changes and rearrange-
mentt of the actin cytoskeleton, were associated 
withh a non-canonical WNT pathway dependent on 
RHOO activation. 

Ourr current study indicates that aberrant WNT 
signalingg drives MM proliferation and could repre-
sentt an important step in the pathogenesis of MM. 
Inn intestinal epithelium, which presents the para-
digmm for the role of WNT signaling in tumorigen-
esis,, the p-catenin/TCF complex constitutes the 
"masterr switch" that controls proliferation versus 
differentiationn (14). Interestingly, a recently study 
byy Reya et al (48) indicates that WNT signaling also 
controlss the self-renewel of hematopoietic stem 
cellss (HSCs) by the induction of proliferation and 
thee prevention of HSC differentiation. In intestinal 
epithelium,, the proliferative effects of WNT signal-
ingg are mediated through its control over MYC. In 
thee presence of active p-catenin/TCF complexes, 
MYCC is expressed and blocks the expression of the 
celll cycle inhibitor p2lc l p 1 / W A F 1 , leading to cell cycle 
progressionn (14). MYC expression is frequently 
deregulatedd in MMs (1,50), but whether MYC also 
playss a central role in WNT induced proliferation 
inn MM remains to be determined. Alternative WNT 
targett genes that may also contribute to the growth 
promotingg effects of WNT signaling in MMs include 
thee cell cyle regulator CYCLIN D1 (12) and MET (19), 
thee receptor tyrosine kinase for HGF, a potent my-
elomaa growth- and survival-factor (7,51). 

Inn summary, the data presented here implicate 
thee canonical WNT signaling pathway in the patho-
genesiss of MM, by showing accumulation and 
nuclearr localization of the active p-catenin and by 
demonstratingg that these deregulated levels of ac-
tivee p-catenin contribute to MM proliferation. These 
findingss indicate that a pathway that normally 
drivess proliferation of hematopoietic stem cells 
mayy become illegitimately activated in MM cells 
andd identify the WNT pathway as a potential novel 
targett for therapy in MM. 
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DISCUSSION DISCUSSION 

GeneralGeneral  Discussion 

Throughoutt the lifespan of a B cell, expression 
off the BCR is of pivotal importance, guiding growth, 
selectionn and differentiation. At the end of the GC 
reaction,, a point of divergence is reached at which 
aa GC B cell can differentiate into a memory B cell, 
orr a plasma cell. A key difference between these 
twoo cell types is the status of the Ig complex. While 
memoryy B cells retain a surface-bound receptor 
typee BCR, plasma cells delete the membrane-as-
sociatedd portion of the BCR, thereby producing se-
cretedd BCRs, or antibodies. These antibodies are 
nott membrane spanning and have thus lost their 
growth-inducingg signaling capacity. As a conse-
quence,, plasma cells are kept in a dormant state, 
yieldingg cells that cannot be cultured in vitro (1,2). 
However,, during malignant transformation, plasma 
cellss acquire the ability to proliferate, independent 
off a functional B cell receptor. Therefore, pathways 
whichh activate growth-inducing programs or inhibit 
apoptosiss under norma) physiological circum-
stances,, may have been illegitimately- or hyper 
activatedd in malignant plasma cells, contributing to 
tumorr formation. 

Expressio nn and functio n of the HGF/MET path -
wayy in norma l and malignan t B cell s 

Withinn the hematopoietic compartment, MET 
iss expressed on GC B cells, their precursors, and 
plasmaa cells, whereas HGF is produced by BM 
stromall cells and FDCs. Treatment of tonsillar B 
cellss using concurrent CD40 and BCR stimulation 
cann trigger transient up-regulation of MET, and in-
tegrinn b1-mediated adhesion to both VCAM1 and 
fibronectinn (3,4). This spatio-temporal expression 
pattern,, combined with the induction of functional 
responses,, suggests that HGF may trigger multiple 
andd diverse processes in B cells, for example the 
regulationn of T cell-dependent B cell differentia-
tion.. One of the functional roles of the HGF/MET 
pathwayy in B cells might be the expansion of af-
finity-selectedd B cells through HGF-induced growth 
orr survival. Also, activation of MET could generate 
thee anti-apoptotic signals in plasma cells, replac-
ingg signals originally supplied by the BCR, thereby 
regulatingg plasma cell viability and differentiation. 
Thesee two hypothetical roles for the HGF/MET 
pathwayy in B cells are supported by our observa-
tionn that HGF activates both the RAS/MAPK and 
thee PI3K/PBK pathways in B cells (5), pathways 
thatt have been implicated in the regulation of 
growthh and survival in many cell types. HGF/MET 
signalingg hence constitutes important transcrip-
tionn regulatory- and proliferative signals for MET 
expressingg GC B cells, which are in the process 
off undergoing rapid clonal expansion and selec-
tionn (6). Moreover, adhesion regulation, particu-
larlyy regulation of lymphocyte integrin function, is 

believedd to be fundamental to the control of cell 
survival,, migration and homing (7-9). HGF can 
inducee adhesion of MET-positive B cell lines to 
VCAM-11 and fibronectin, by activating the integrin 
a4(311 (3,4). HGF-induced adhesion may trigger 
integrin-mediatedd signals (a process referred to as 
outside-inn signaling), thereby regulating not only 
growthh and survival, but also mediating migration 
off mature B cells out of the GC. 

Thee most compelling evidence of a direct 
linkk between the HGF/MET pathway and human 
cancer,, has been the detection of mutations in 
thee regulatory regions of MET by Schmidt and co-
workerss (10). In this and later studies, both germ-
linee and somatic MET mutations were described in 
patientss with hereditary papillary renal carcinoma 
(HPRC),, and hepatocellular- and gastric carci-
nomass (11-15). These mutations were shown to 
mediatee HGF-dependent transformation, invasive 
growth,, and protection from apoptosis (13,15-19). 
Furthermore,, overexpression of Hgf in transgenic 
micee results in a multitude of Met-overexpressing 
tumorss of both epithelial and mesenchymal origin 
(20).. These findings imply that MET-mediated 
transformationn and -tumorigenesis are dependent 
onn the availability of active HGF within the tumor 
microenvironment. . 

Inn 1996, Borset et al identified a TGFf3 antago-
nistt in the supernatant of a MM cell line, which was 
identicall to HGF (21). Also, studies from the same 
laboratoryy indicated that MM cell lines can express 
bothh HGF and MET (21,22), whereas elevated 
serumm levels of HGF in MM patients indicated an 
unfavorablee prognosis (23). Whether this HGF 
representedd autocrine production by the tumor 
cells,, or was paracrine-derived, remains to be 
determined.. Since only 2 out of 7 MET-positive 
MMM cell lines studied in our laboratory expressed 
detectablee levels of HGF, autocrine growth may 
nott be the most common scenario. We found HGF 
transcriptt in all the MET expressing B cell tumors 
studiedd using RT PCR. Also, using RNA ISH, we 
obtainedd evidence suggesting that in DLBCL, FL 
andd HL, HGF is mainly expressed by non-tumor 
cellss (chapter 4). It should be noted however, that 
HGFF was recently identified as a prominently up-
regulatedd gene in primary MMs, representing the 
mostt strongly overexpressed growth factor (24). 
Hence,, HGF is advocated as a key growth factor in 
thee genesis and progression of MM. 

Wee have studied the expression of MET on a 
largee panel of different B cell tumors. In concor-
dancee with other studies (22,25), we observed 
METT overexpression on all cases of HL, and ap-
proximatelyy half of the MM samples (chapter 4). 
Inn addition, we have found MET expression on a 
largee subgroup of DLBCLs (chapter 4). 

Althoughh a multitude of studies have shown 
overexpressionn of MET by different non-lymphoid 
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tumorss (26), genomic amplification of the MET lo-
cuss does not appear to be a frequent event (27,28). 
Indeed,, we have performed extensive Southern 
blott analyses of over 100 B cell tumors and have 
foundd no evidence of amplification of MET (chap-
terr 4). As mentioned before, MET overexpression 
cann also be caused by HGF itself, as well as by a 
numberr of other cytokines, including EGF, IL1, and 
IL66 (29), suggesting that stromal-derived cytokines 
producedd in response to the tumor, might cause 
up-regulatedd MET expression and induce activa-
tionn of MET. 

Evenn though informative, the aforementioned 
dataa represent circumstantial evidence implicat-
ingg the HGF/MET pathway in the pathogenesis of 
MM.. Conversely, we have shown that stimulation 
off MM cells with HGF leads to activation of the 
RAS/MAPKK and PI3K/PKB pathways, key signal-
ingg routes in cell growth and survival. Indeed, MM 
celll lines as well as primary MM cells showed 
HGF-inducedd growth and survival under serum-
freee conditions, while culturing the IL6-dependent 
celll line XG1 in the presence of HGF, resulted in 
IL6-independencee (chapter 2 and 3). These data 
providedd direct functional evidence for a role of 
HGF/METT signaling in the pathogenesis of MM, 
andd imply that HGF functions as a potent MM 
growthh and survival factor. Interestingly, our results 
alsoo indicated a potent synergism between HGF 
andd IL6 in the induction of proliferation in the MM 
celll line XG1 (data not shown). The contribution of 
HGFF and IL6 to both proliferation and inhibition 
off apoptosis, and the way in which they activate 
distinctt signaling pathways, shows remarkable 
similarities.. The common signaling routes triggered 
byy both HGF an IL6 in MM are the RAS/MAPK, 
(JAK)STATT and the PI3K/PKB signaling pathways 
(1).. By applying specific signal-transduction inhibi-
tors,, we have demonstrated that MEK is required 
forr HGF-induced proliferation, whereas activation 
off PI3K is required for both the HGF-induced 
proliferationn and for the rescue of MM cells from 
apoptosiss (chapter 2). Moreover, in agreement 
withh other studies, we found constitutiveiy phos-
phorylatedd STAT3 in MM cells, which could not 
bee further activated by HGF (not shown). Similar 
resultss have been obtained for IL6 induced signal-
ing,, in which activation of PI3K, and, especially its 
downstreamm effector PKB, appear to be the domi-
nantt event that mediates both the anti-apoptotic 
andd proliferative responses, whereas activation of 
MAPKK controls primarily proliferation (30-36). Us-
ingg phospho-specific antibodies, PKB has recently 
beenn found constitutiveiy activated in MM patients, 
substantiatingg the importance of activation of PKB 
inn the pathobiology of MM (37). PKB can control 
bothh survival as well as proliferation through mul-
tiplee intermediates, including the phosphorylation 
off Forkhead transcription factors (38-41), IKKa 

(42),, GSK3p (43), p27«iP (44), and mTOR (45,46). 
Inn MM, p27KIP levels are up-regulated in respons to 
PI3KK inhibitors, which coincides with the induction 
off apoptosis (41). 

Besidess HGF and IL6, several other cytokines 
andd growth factors that are produced within the BM 
microenvironmentt by either BMSCs or MM cells, 
mayy play a role in the control of growth and survival 
off MM cells. Examples of this are IL10 (47), IL15 
(48),, IL21 (49), heparin-binding epithelial growth 
factorr (HB-EGF) (50), vascular endothelial growth 
factorr (VEGF) (51), stem cell factor (SCF) (52), 
tumorr necrosis factor alpha (TNFa) (53), macro-
phagee inflammatory protein 1 alpha (MIP1a) (54), 
andd insulin growth factor 1 (IGF1) (35). Although 
executingg different functions during normal B cell 
developmentt and regulation of immune responses, 
thesee growth factors and cytokines trigger mutual 
overlappingg signaling pathways Hence, it is not 
surprisingg that activation by two different factors 
cann lead to potent synergism. Indeed, synergy has 
beenn reported in MM between IL21 en TNF (49), 
HB-EGFF and IL6 (50), GM-CSF and IL6 (55), and 
ass mentioned earlier, HGF and IL6. 

Anotherr important type of interaction that can 
controll the communication between MM cells 
andd the BM micro environment, is direct cell-cell 
contactt via adhesion- and other cell surface mol-
ecules.. Adhesion of MM cells to stromal cells is 
aa prerequisite for the colonization of the BM, and 
cann be mediated by CD44 (56), VLA4 and ICAM1 
(57).. Subsequent recruitment of integrins can lead 
too outside-in signaling, leading to a series of bio-
logicall responses, e.g. assembly of focal contacts, 
changess of cytoplasmic pH, calcium ion concentra-
tionn and modulation of cell migration, and prolifera-
tionn (58). Moreover, adhesion to BMSCs triggers 
thee production of molecules that can modulate 
growth,, survival, and adhesion of MM cells. For 
example,, adhesion of MM cells to BMSCs induces 
thee release of IL6 from the BMSCs, a process that 
iss NFKB-dependent (59,60). Also, activation of 
CD400 on MM cells results in production of IL6 by 
MMM cells, suggesting that CD40-CD40L interaction 
mightt confer an autocrine IL6 loop in MM cells. 
Furthermore,, bFGF, produced by MM cells, can 
inducee IL6 secretion by BMSCs (61), leading to 
thee aforementioned responses in MM. Overlapping 
pathwayss triggered by several molecules that lead 
too growth and survival of tumor cells in MM, and the 
obtainedd synergy between these pathways, point 
too an important role for the BM microenvironment. 
Thiss is illustrated by the fact that lL6-independency 
cann be easily established in presence of BM stro-
mall cells (62). 

WNTT signaling in MM 
WNTT signaling plays an important role in early 

lymphopoiesiss by contributing to T- and B precur-
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sorr cefl survival and expansion independent of, 
orr in parallel to, pre-antigen receptor signaling 
(63-68).. Since normal plasma cells are terminally 
differentiated,, non-dividing cells, activation of 
signalingg route(s) that promote cell proliferation is 
aa crucial step in their transformation to MM. Our 
initiall observation that MM cell lines, in contrast to 
normall plasma cells, showed overexpression of p-
catenin,, prompted us to investigate whether WNT 
signalingg could be involved in the pathogenesis of 
MM.. Interestingly, compared to the very low or un-
detectablee p-catenin expression in normal control 
BM,, p-catenin was strongly expressed in most of 
thee primary MMs (chapter 5). Furthermore, the ma-
jorityy of MM samples expressed detectable levels 
off active, non-phosphoryfated p-catenin, which are 
thee key signal transducing molecules in canonical 
WNTT signaling (69,70). Most important, stimula-
tionn of WNT signaling by exogenous factors (LiCI 
orr Wnt3a) promoted the proliferation of myeloma 
cells,, while disruption of p-catenin/TCF activity us-
ingg ATCF4 inhibited MM proliferation (chapter 5). 

Numerouss studies have shown that aberrant 
WNTT signaling can cause cancer and that tumori-
genesiss via this route can proceed through several 
differentt mechanisms (71,72). Mutations in the 
amino-terminall domain of CCNTB1 have been 
foundd in several tumors, albeit at a mutational 
ratee of less than -25% (72). Also, deregulation 
andd accumulation of p-catenin can be induced by 
truncatingg mutations in APC (72). The mechanism 
byy which p-catenin accumulates in the absence of 
mutationsmutations in APC or CCNTB1, is currently unclear. 
Althoughh we have not extensively analyzed the 
mutationall status of all candidates that contribute 
too WNT signaling, we have not detected mutations 
inn either CTNNB1 or APC, which makes direct mu-
tationall activation of WNT signaling in MM unlikely. 
Accumulationn of p-catenin in the absence of CTN-
NB11 or APC mutations has also been observed 
inn other tumors, such as cholangiosarcomas 
andd neoplasms of the uterine cervix (73,74). Our 
findingss suggest that activation of the canonical 
WNTT signaling pathway in MM is regulated by an 
upstreamm component, e.g., a member of the WNT 
family.. Indeed, MM cell lines and purified primary 
MMM cells expressed WNT5a and WNT10b, and in 
somee cases WNT16, whereas normal plasma cells 
didd not, suggesting the presence of an autocrine 
activationn loop (chapter 5). Also, WNT signaling 
couldd be further activated by stimulating MM cells 
usingg WNT3a an LiCI, which suggests that; (i) 
TCF/p-cateninn activity in MM cells is sub-optimal, 
andd (ii) MM cells harbor an intact WNT signaling 
pathway,, a finding that does not conform to the 
conceptt of mutational activation. 

Underr normal physiological conditions, fibro-
blastss and BM-derived stromal cells appear to be 
thee paracrine source of WNT5a and WNT10b. This 

observationn is in agreement with other studies, that 
reportedd expression of these WNTs in mouse and 
humann BM respectively, and demonstrated that 
WNT5aa and WNT10b can function as hematopoi-
eticc growth factors (75,76). Hence, the acquisition 
off the ability to aberrantly express WNTs, combined 
withh the promiscuous interactions between several 
differentt WNTs and FZD receptors, may provide a 
selectivee growth advantage to MM cells, represent-
ingg an important step in MM pathobiology. Consis-
tentt with this idea, it has recently been proposed 
thatt autocrine growth may contribute to the devel-
opmentt of t(1 ;19) positive pre-B acute lymphoblas-
ticc leukemia (ALL), in which WNT16 expression 
wass transcriptionally regulated by the E2A-PBX1 
fusionn product (77). Therefore, because our cur-
rentt study indicates that aberrant WNT signaling 
cann contribute to MM proliferation, deregulation of 
WNTT expression could represent an important step 
inn the pathogenesis of MM. Moreover, established 
targetss of WNT-signaling such as CCND1 (78), 
CD444 (79), MYC (80), and MET (81), have been 
implicatedd in MM pathobiology (1,2,56,82). 

Thee data presented in chapter 5 are the first to 
implicatee canonical WNT signaling in the regulation 
off growth in MM. However, it should be noted that 
WNTT signaling has recently been implied in MM by 
Rudikofff and co-workers, showing functional data 
regardingg Wnt3a-induced morphological changes 
inn MM cell lines (83). On the other hand, these 
changess were not induced by p-catenin/TCF-me-
diatedd transcription, but appear to be transduced 
viaa non-canonical WNT signaling, involving RHO 
activation.. This is a distinct pathway, involving 
otherr FZDs as well as other downstream com-
ponents.. Unlike the data presented here, Qiang 
etet al neither showed Wnt3a-induced proliferative 
effects,, nor did they comment on the functional 
impactt of canonical WNT signaling in MM (83). The 
dataa presented in this thesis strongly imply that ca--
nonicall WNT signaling controls proliferation in MM, 
basedd on four independent lines of experimental 
evidence,, targeting WNT signaling at different lev-
els.. Our data are furthermore supported by recent 
findingss which show that WNT signaling is critical 
forr normal homeostasis in vitro and in vivo (84,85). 
Here,, WNT signaling can induce proliferation of 
purifiedd hematopoietic stem cells, while inhibiting 
theirr differentiation, thereby resulting in functional 
self-renewal,, a dangerous property when activated 
inn the wrong cellular context. 

Growt hh facto r presentatio n by syndecan l in 
MM M 

Wee have recently obtained evidence that 
HSPGss expressed on the cell-surface of specific B 
celll subsets may play an important role in regulat-
ingg MET signaling. Several tonsillar human B cell 
populations,, including plasma cells and memory B 
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cells,, express HSPGs, which can be up-regulated 
byy activation of tonsillar B cells with PMA, and 
moree importantly, by ligation of the co-stimulatory 
moleculee CD40 (5). An even stronger induction of 
HSPGG was obtained after simultaneous ligation 
off CD40 and the BCR, signals which also induce 
expressionn of MET (5). Since CD40 and the BCR 
playy key roles during the T cell-dependent B cell 
differentiation,, these data suggest that MET and 
HSPGss act in collaboration during this process. 
Indeed,, we have observed that upon activation, 
BB cells acquire the capacity to bind large amounts 
off HGF via proteoglycan-bound HS moieties (86). 
CD444 isoforms-carrying HS-chains (CD44-HS) 
aree the major proteoglycan core proteins on these 
activatedd B cells, which do not express the core 
proteinss of syndecanl, -2, -4, or glypicanl. By us-
ingg Burkitt's lymphoma cells transfected with either 
CD44-HSS or a CD44 isoform lacking HS (CD44s), 
ourr group has previously demonstrated that CD44-
HSS strongly promotes signal transduction via MET 
(86). . 

MMM cells abundantly express the HSPG synde-
canll (CD138), a multifunctional regulator of MM 
pathobiologyy (87-89). Syndecanl is the major-and 
mostt probably only- HSPG expressed on MM cells 
(chapterr 3). The HS side chain of syndecanl can 
bindd many glycoproteins that may influence MM 
tumorr growth and survival, outlining an important 
rolee for syndecan-1 in the pathogenesis of MM. 
Wee have presented data which substantiate a 
functionall role for this interaction in MM, by dem-
onstratingg that syndecanl-bound HGF strongly 
promotess HGF-induced responses (chapter 3), 
ann effect that may be also modulated by soluble 
syndecanll shed from the MM cell surface (90). 
Inn this context, HGF, MET, and syndecanl form 
aa "ménage é trots" on the cell surface controlling 
thee growth and survival of malignant plasma cells. 
Furthermore,, the polarized distribution of synde-
can-1,, as observed on myeloma cells (91), may 
regulatee the physical localization of HGF, thereby 
clusteringg MET and downstream effector signaling 
molecules.. Indeed, syndecans can associate with 
signalingg molecules by means of their intracellular 
domains.. Examples of this are PKCa, PIP2, and 
syndesmos,, which can be bound and activated 
byy syndecan4 during integrin-mediated focal ad-
hesionn and cell spreading (92). Also, syndecans 
containn a motive through which they can interact 
withh the guanylate kinase CASK/LIN2 (92), which 
actss as a co-activator to induce transcription of 
T-eiementt containing genes (93). Clearly, growth 
factorr presentation by syndecanl on MM tumor 
cellss is not solely limited to HGF/MET, but will most 
probablyy also extend to other pathways driven by 
heparin-bindingg glycoproteins like HB-EGF, WNTs, 
severall interleukins, and FGFs. Indeed, syndecanl 
cann bind Wnt1, modulate Wnt signaling, and is criti-

call for Wnt1-induced tumorigenesis of the mouse 
mammaryy gland (94). 

Thiss thesis has identified the HGF/MET and 
WNT/p-cateninn signaling pathways in MM, as 
aberrantlyy activated stimuli, triggering enhanced 
tumorr growth and survival. We have furthermore 
identifiedd syndecanl as an important co-regulatory 
HSPGG in MM, binding and presenting HGF to its 
cognatee receptor, thereby regulating HGF/MET 
signaling.. These findings illustrate the complexity 
andd importance of interactions between MM cells 
andd the BM microenvironment in supporting tumor 
celll growth and survival. 
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Multiplee myeloma (MM) growth and progres-
sionn depends on various signals from the bone 
marroww (BM) microenvironment. These signals are 
suppliedd by growth factors or cytokines, and are 
initiatedd by binding of these molecules to receptors 
whichh can subsequently activate signaling cas-
cadess which guide and govern multiple processes 
likee growth, survival, differentiation and migration. 
Thee studies described in this thesis have identified 
twoo potent oncogenic pathways, i.e. the HGF/MET 
andd WNT signaling pathways, inducing growth and 
survivall in MM, and substantiated a functional role 
forr syndecanl in MM pathobiology. 

CHAPTERCHAPTER TWO presents data showing that 
METT is expressed on most myeloma cell lines 
andd that MET expression is common on primary 
MMss as well as on extramedullary plasmacyto-
mas.. Furthermore, a functional and molecular 
characterizationn of the HGF/MET pathway in MM 
iss presented. HGF-induced activation of MET on 
MMM cells resulted in a rapid increase in the amount 
off GTP-bound RAS in both the MM cell lines as 
welll as in primary BM-derived MM cells. Also, the 
downstreamm effector MAPKs ERK1 and -2 as well 
ass PKB (aka AKT), were strongly activated in re-
sponsee to HGF stimulation. Subsequent functional 
studiess showed that HGF stimulation of MM cells 
inducedd a strong dose-dependent increase of DNA 
synthesis,, and a potent rescue from apoptosis. On 
aa molecular level, we could show that the HGF-in-
ducedd proliferation required activation of both MEK 
andd PI3K. In contrast, the HGF controlled survival 
requiredd activation of PI3K only, emphasizing the 
impactt of the activation of PI3K/PKB signaling in 
MMM growth and survival. 

Expressionn of syndecan-1 (CD138) is charac-
teristicteristic of plasma cells and their malignant counter-
part,, multiple myeloma. Although widely used for 
diagnosticc purposes, until recently, little was known 
aboutt the functionality of syndecanl on MM cells. 
Syndecanll is a molecule which consists of pro-
teoglycann core protein, to which a HS side chain 
iss covalently linked. HS can bind heparin-binding 
glycoproteinss and present them to their cognate 
receptors.. CHAPTER THREE studies the distribu-
tionn of HSPGs on MM cells and a describes the 
functionall relationship between these molecules 
andd the HGF/MET pathway. We showed that MM 
cellss express a single HSPG of approximately 90 
kDa,, which was also present in the lysates of syn-
decanl-transfectedd Namalwa Burkitt's lymphoma 
cells,, but not in that of non-transfected or glypi-
canl-transfectedd cells. The use of HSPG-specific 
antibodiess subsequently indicated that syndecanl 
iss the major, and most probably only HSPG ex-
pressedd on MM cells. We next investigated the 
abilityy of syndecanl to interact with HGF. Experi-
mentss using HP1, a mutant form of HGF with a 
moree than 50-fold decreased affinity for HS, and 

HS-specificc enzymes, showed binding of HGF that 
wass largely dependent on HS-moieties decorating 
syndecanll on the MM cell surface. In order to ex-
ploree the functional impact of the HGF-syndecan1 
interactionn in MM, we studied the impact of remov-
all of the HS side chains on HGF-induced signaling. 
Nott only the autophosphorylation of MET, but also 
thee HGF-induced activation of downstream effec-
torr molecules, i.e. PKB and the MAPKs ERK1 
andd -2 , were greatly inhibited upon removal of 
syndecanl-linkedd HS in MM cells. Non-specific ef-
fectss of the heparitinase treatment on cell signaling 
weree excluded, as their activation by insulin, which 
doess not bind to HS, was unaffected. We therefore 
concludedd that syndecanl promotes HGF/MET 
signalingg by either: (i) increasing the effective 
concentrationn of HGF at the plasma membrane, 
(ii)) inducing an enhanced di- and oligomerization 
off MET, leading to enhanced receptor activation, 
orr (iii) initiating a conformational change in HGF 
whichh may influence the affinity of HGF for MET. 
Ourr results indicate that the HGF/MET pathway 
andd syndecan-1 form a complex controlling the 
growthh and survival of MET positive MM cells. 

CHAPTERCHAPTER FOUR describes the expression 
patternss of HGF and MET on normal tonsillar B 
cells,, and on a large panel of several B cell malig-
nancies.. Expression of MET was detected in sub-
setss of chronic lymphocytic lymphoma/leukemia 
(CLL),, and follicular lymphoma (FL), and in the 
largee number of Hodgkin's disease (HD), diffuse 
largee B cell lymphoma (DLBCL) and MM. Further-
more,, we detected expression of HGF within the 
tumorr micro environment in all samples expressing 
MET,, suggesting paracrine activation in B cell tu-
mors.. No indications of amplification of the MET lo-
cuss (which is located on 7q) was found in any of the 
aforementionedd B cell malignancies. However, we 
detectedd two missense germline mutations in four 
casess of B cell non-Hodgkin's lymphoma (B NHL). 
Mutationss were located in a region juxtaposed to 
thee PEST sequence in exon 14, a region implicated 
inn the ubiquitin ligase-mediated degradation of pro-
teins,, and in exon 17, located adjacent to a tyrosine 
residue,, necessary for activation of MET. The mu-
tationss described in the work presented here could 
thereforee favor B cell tumor growth or progres-
sion,, by inhibition of degradation or an increase 
inn activation of MET. Finally, MET overexpression 
showedd a correlation with a numerical increase of 
chromosomechromosome 7 in MM cells, suggesting a possible 
mechanismm of expression regulation. 

Evenn though WNT signaling is involved in 
earlyy lymphocyte development and regulates the 
growthh and progression of many tumors, a role 
forr the WNT/p-catenin/TCF cascade in lymphoid 
malignanciess has remained ambiguous. CHAPTER 
FIVEFIVE presents data showing the expression and 
functionall impact of canonical WNT signaling 
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inn MM. Both primary BM-derived MM samples 
andd the majority of the MM cell lines expressed 
largee amounts of p-catenin, as well as detectable 
levelss of the active, non-phosphorylated form of 
p-catenin,, which represents the signaling-compe-
tentt pool of cellular p-catenin. Compared to the 
p-cateninn expression levels in MM, normal B cell 
sub-populations,, plasma cells, and normal BM, 
showedd very low or undetectable p-catenin levels, 
whereass the non-phosphorylated form of p-catenin 
wass undetectable in these control samples. MM 
cellss possess an intact WNT signaling pathway, 
illustratedd by our finding that exogenous WNT stim-
uli,, i.e. LiCI and Wnt3a, could induce accumulation 
andd nuclear localization of p-catenin. We have 
furthermoree suggested the possible contribution 

off WNT signaling to MM pathobiology, by showing 
thatt WNT stimuli can induce proliferation of MM cells. 
Moreover,, repression of p-cateninfi"CF-mediated 
transcriptionn led to decreased proliferative 
responses,, implying that constitutive, endogenous 
WNTT signaling contributes to MM cell growth. 
Finally,, we have detected WNT5a, WNT10b and 
WNT16WNT16 transcripts in malignant MM cells, whereas 
normall B cell populations and plasma cells did not 
showw expression. This, combined with the absence 
off mutations in either APC or CCNTB1, suggested 
thee possibility of an autocrine scenario, which 
wee consider "illegitimate", because it involves 
inductionn of proliferation within the most terminal 
compartmentt of B cell differentiation. 
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Kanke rr  is een ziekt e waarbi j veranderinge n in het DNA van een cel aanleiding  geven to t 
buitensporig ee groe i of to t het niet meer respondere n op signale n die celdoo d induceren . Meesta l 
pik tt  het lichaa m di t op , en pareer t deze foute n doo r het DNA te repareren , of de celle n op te 
ruimen .. Soms ontsnap t een ontspoord e cel aan deze waakzaamhei d en groei t ui t to t een tumor . 
Eénn enkel e fou t in het DNA is vaak niet genoe g voo r het ontsnappe n van een cel ; kanke r word t 
veroorzaak tt  doo r een stapelin g van meerder e genetisch e fouten . Dit proefschrif t beschrijf t het 
onderzoe kk aan een specifie k typ e kanke r van het afweersysteem , multipe l myeloom , en analyseer t 
dee bijdrag e van twee signaaltransductiepaden . 

Multipe ll  myeloo m (MM, ook : de ziekt e van Kahler ) word t veroorzaak t doo r een woekerin g van 
kwaadaardig ee afweercelle n (= myeloomcellen) , die zich versprei d (=multipel ) in het beenmer g 
nestelen .. Doorda t deze celle n gaan groeien , ontstaa n er pijnlijk e tumore n die gepaar d kunne n 
gaann met nierinsufficiëntie , afweerproblemen , neurologisch e stoornisse n en oogproblemen . Bi j 
tijdig ee ontdekkin g kan de ziekt e redelij k beheers t worden . Echter , op de lang e termij n is er op di t 
momen tt  geen genezin g mogelijk . 

Groeii en progressie van myeloomcellen is 
afhankelijkk van de aanwezigheid van groeifactoren 
enn cytokinen, die door een binding aan te gaan met 
dee bijbehorende receptor, signaaltransductiepaden 
activeren.. De activering van deze paden kan leiden 
tott celgroei, celdood, migratie van cellen, of de 
transformatiee in een ander celtype. Binnen een 
gezondee context zijn deze paden ook actief en zelfs 
benodigdd voor normale ontwikkeling en afweer. 
Daarentegenn is de activering in tumorcellen 
verstoord,, waardoor er een surplus aan celdeling 
ontstaat,, of cellen niet meer afsterven indien dat 
nodigg is. Gezonde plasmacellen migreren tijdens 
hunn ontwikkeling vanuit de lymfeknopen richting 
hett beenmerg, waar ze afhankelijk zijn van 
signalenn vanuit het micromilieu voor hun normale 
functie.. Deze eigenschap is behouden in de initiële 
fasee van MM. Echter, MM cellen, in tegenstelling 
tott plasmacellen, delen zich in de aanwezigheid 
vann cytokinen en groeifactoren die in het 
beenmergg geproduceerd worden, wat een reden 
iss voor de botlaesies in MM patiënten. Het is dus 
vann cruciaal belang de cytokinen en groeifactoren 
tee identificeren die de groei van cellen induceren 
off geprogrammeerde celdood remmen. Verder zal 
dee manier waarop de groeifactor geïnduceerde 
signalenn een cel aanzetten tot groei, bijdragen 
tott een mogelijke behandeling of voorkoming van 
dezee ziekte. De data beschreven in dit proefschrift 
hebbenn geleid tot de identificatie van twee 
oncogenee paden, namelijk de HGF/MET en WNT 
signaleringscascades,, die groei en overleving van 
MMM cellen induceren of onderhouden. Tevens 
hebbenn we een functionele rol voor syndecanl 
gevondenn met mogelijke gevolgen voor MM 
tumorr groei en progressie. HOOFDSTUK 2 laat 
zienn dat myeloomcellen het eiwit MET in hoge 
matee en in de meerderheid van de gevallen tot 
expressiee brengen. Voorts wordt er een functionele 
enn moleculaire karakterisering van HGF/MET 
activeringg in MM gepresenteerd. Activering van 
METT door HGF op MM cellen resulteerde in 
eenn snelle verhoging van de hoeveelheid GTP 
gebondenn RAS in zowel MM cel lijnen als in 

primairee MM cellen. Ook werden componenten van 
dee onderliggende signaaltransductiemolekulen, 
zowell de MAPKs ERK1 en -2, alsmede PKB 
(=AKT),, sterk geactiveerd in respons op HGF 
stimulatie.. Daaropvolgende functionele studies 
toondenn aan dat een HGF impuls MM cellen 
aanzett tot de synthese van DNA en de cellen 
beschermtt tegen celdood. M.b.v moleculaire 
techniekenn hebben we laten zien dat zowel MEK1 
alss PI3K benodigd zijn voor HGF geïnduceerde 
celgroei.. Daarentegen is voor HGF geïnduceerde 
beschermingg tegen celdood alleen PI3K nodig, 
watt de importantie van activering van deze route 
inn MM benadrukt in het onderhouden van groei en 
overlevingg van MM cellen. 

Expressiee van syndecanl is karakteristiek 
voorr zowel normale plasmacellen als MM cellen. 
Ondankss het gegeven dat de aanwezigheid van 
ditt eiwit op lymfoïde cellen worden gebruikt t.b.v. 
diagnostischee doeleinden, was er tot voor kort 
weinigg bekend over de functie van syndecanl 
binnenn dit celcompartiment. Syndecanl is een 
proteoglycaann met daaraan covalent gebonden 
heparansulfaatt (HS) ketens. De HS ketens 
kunnenn glycoproteïnen binden, om ze vervolgens 
tee presenteren aan de bijbehorende receptoren. 
HOOFSTUKHOOFSTUK DRIE bestudeert de distributie van 
heparansulfaatt proteoglycanen (HSPGs) op MM 
cellenn en beschrijft een functionele relatie tussen 
dezee moleculen en de HGF/METsignaaltransductie 
cascade.. MM cellen brengen een HSPG tot 
expressiee meteen moleculair gewicht van ongeveer 
900 kDa, wat overeen kwam met het HSPG 
patroonn in syndecanl getransfecteerde Namalwa 
Burkitt'ss lymfoom cellen, maar niet met de HSPG 
patronenn van niet getransfecteerde of glypicanl 
getransfecteerdee cellen. Het gebruik van HSPG 
specifiekee antilichamen toonde vervolgens aan dat 
syndecanll de meest prominente, en waarschijnlijk 
enigee HSPG op MM cellen is. Daarna werd gekeken 
naarr de eventuele binding van het glycoproteïne 
HGFF aan syndecanl. Gebruik makend van een 
HGFF mutant, HP1, die een 50-voudige reductie in 
affiniteitt heeft voor HS in vergelijking met HGF, en 
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HSS specifieke enzymen, hebben we aangetoond 
datt binding van HGF aan syndecanl afhankelijk 
iss van de aanwezigheid van HS. Vervolgens werd 
onderzochtt of de binding van HGF aan syndecanl 
ookk functionele consequenties had voor HGF 
geïnduceerdee signalering. Na enzymatische 
verwijderingg van de HS zijketens, werd niet alleen 
dee HGF geïnduceerde autofosforylering van de 
METT receptor, maar ook de activering van de 
MAPKss ERK1 en -2, en PKB sterk verminderd, 
off zelfs geheel geremd. Doordat de activering van 
dezee paden door insuline niet werd verlaagd na 
HSS verwijdering, werd geconcludeerd dat dit een 
specifiekk mechanisme betreft, omdat bekend is 
datt insuline onafhankelijk van HS signaleert. Uit 
dezee gegevens werd opgemaakt dat syndecanl 
dee HGF/MET signaaltransductie cascade op de 
volgendee manieren zou kunnen beïnvloeden: 
(i)) syndecanl verhoogt door binding van HGF 
moleculenn de effectieve concentratie op de 
plasmamembraan,, (ii) door binding van HGF aan 
HSS treedt di- of oligomerisatie van MET op, wat 
resulteertt in hyperactivering van MET, (iii) binding 
leidtt tot een conformationele verandering in het 
HGFF molecuul, waardoor de affiniteit voor MET 
toeneemt.. Onze resultaten veronderstellen dat 
HGF,, MET en syndecanl, een complex vormen 
opp de plasmamembraan van een MM cel, wat 
resulteertt in versterkte groei en resistentie tegen 
celdood. . 

HOOFSTUKHOOFSTUK VIER beschrijft de expressie-
patronenn van MET en HGF op normale tonsillaire B 
ceilenn en op een uitgebreid panel van verschillende 
BB cel tumoren. Een hoge mate van MET expressie 
werdd gevonden op de volgende tumoren: subtypen 
vann chronische lymfatische leukemie/lymfoom 
(CLL)) en folliculair lymfoom (FL), en op de groot 
gedeeltee van gevallen van de ziekte van Hodgkin 
(HD),, diffuus grootcellig B cel lymfoom (DLBCL) 
enn MM. Ook werd HGF gedetecteerd in het 
micromilieuu van de MET bevattende tumoren, 
watt verondersteld dat activering van MET in B cel 
tumorenn langs paracriene weg verloopt. Southern 
blott analyse van deze tumoren liet zien dat 
amplificatiee van het MET locus (ligt op chromosoom 
7q)) niet de oorzaak is van overexpressie in deze 
tumoren.. Er werden echter wel kiembaan mutaties 
gevondenn in 4 gevallen van B cel non-Hodgkin's 
lymfoomm (B NHL), die in beide gevallen een 
aminozuurveranderingg tot gevolg had. De mutaties 
werdenn gelokaliseerd in een regio vlak naast de 
PESTT sequentie in exon 14. Dit is een regio die 
betrokkenn is bij de ubiquitine gereguleerde afbraak 

vann eiwitten. De tweede mutatie werd aangetroffen 
inn exon 17 en bevond zich naast een tyrosine 
residuu dat betrokken is bij de activering van de 
METT receptor. De mutaties aldus beschreven 
zoudenn dus een bijdrage kunnen leveren aan 
groeii en progressie van B cel tumoren, door 
afbraakk van de receptor te remmen of activering 
tee stimuleren. Tenslotte bleek MET overexpressie 
inn MM te correleren met een numerieke toename 
inn intacte kopieën van chromosoom 7, hetgeen 
wellichtt een mechanisme zou kunnen zijn voor de 
expressieregulatiee van MET. 

Ondankss dat WNT signalering in sterke mate 
betrokkenn is bij de ontwikkeling van normale 
lymfocytenn en een bijdrage kan leveren aan 
dee groei en progressie van tumoren, is er 
zeerr weinig bekend over een eventuele rol in 
tumorenn van lymfoïde origine. In HOOFDSTUK 
VIJFVIJF worden data getoond die impliceren dat 
verstoordee WNT signalering een rol speelt bij 
dee pathobiologie van MM. Zowel primaire MM 
cellenn afkomstig uit het beenmerg, als MM cel 
lijnenn bevatten grote hoeveelheden p-catenine. 
Tevenss werd expressie aangetoond van de 
signaleringscompetentee vorm van p-catenine, 
n.l.. non-fosfo p-catenine, in zowel primaire MM 
cellenn als MM cel lijnen. In tegenstelling tot de 
expressiee patronen in MM cellen, lieten normale 
BB cellen, plasmacellen en gezond beenmerg, 
geenn of nauwelijks detecteerbare hoeveelheden 
p-cateninee en non-fosfo p-catenine zien. Ook 
werdd duidelijk dat MM cellen een intacte WNT 
signaleringscascadee bezitten, getuige de ophoping 
enn nucleaire lokalisatie van non-fosfo p-catenine 
naa de behandeling van cellen met externe WNT 
stimuli,, zoals LiCI en Wnt3a. De data in hoofdstuk 
vijff suggereren verder dat WNT signalering een 
bijdragee kan leveren aan de ontwikkeling van MM, 
doorr WNT stimulus geïnduceerde groei van MM 
cellenn te laten zien. Voorts induceert repressie 
vann de WNT/p-catenine/TCF cascade inhibitie 
vann celgroei, wat impliceert dat constitutieve, 
endogenee WNT signalering celgroei ondersteunt in 
MMM cellen. Tenslotte hebben we, in tegenstelling 
tott normale plasmacellen en B cellen, in MM 
cellenn WNT5a, WNTWb en WNT16 transcripten 
gedetecteerd.. Dit gegeven, gecombineerd met 
dee afwezigheid van mutaties in APC en CCTNB1, 
wektt de suggestie dat er wellicht een autocriene 
stimulatiee aanwezig is. Wij beschouwen deze 
wijzee van stimulatie "non legitiem" omdat het de 
activeringg betreft van cellen in het meest terminale 
BB cel compartiment. 
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Stellingenn behorende bij het proefschrift: 

Regulatio nn of cel l growt h in Multipl e Myeloma : 
aa rol e for the HGF/MET and WNT signalin g pathway s 

1.. HGF is een potente proliferatie inducerende- en anti-apoptotische factor voor myeloomcellen. 
(ditt proefschrift) 

2.. Syndecanl speelt een belangrijke rol bij de regulatie van MET activatie door HGF. 
(ditt proefschrift) 

3.. Endogene WNT signalering induceert de groei van myeloomcellen. (dit proefschrift) 

4.. WNT signalering is van essentieel belang voor hematopoietische stamcelvernieuwing. 
(Reyaa et al. 2003 Nature 423:409-419) 

5.. Kabinetsdeelname van partijen op religieuze grondslag moet worden voorkomen. 

6.. Bij beoordeling van projecten waarin sprake is van het maken van transgene muizen, 
zouu de te verwachten mate van ongerief voor de promovendus in overweging moeten 
wordenn genomen. 

7.. Indien een promovendus de "NKI-mentaliteit" bezit, kan men daaruit vrij nauwkeurig de 
werktijdenn van de projectleider afleiden, (vrij naar Dr. M. Spaargaren) 

8.. Het genot dat de roker ondervindt van zijn verslaving staat in geen verhouding tot het 
verdriett van zijn nabestaanden. 

9.. Daar voor artsen de mogelijkheid bestaat zonder specifieke vakkennis experimentele 
wetenschapp te verrichten, zouden medisch biologen in de gelegenheid moeten worden 
gesteldd klinische ingrepen uit te voeren. 

10.. Eén keer, nooit weer! (Jan J. Weening, januari 1999) 
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