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Thee hepatocyt e growt h factor/ME T pathwa y 
control ss  proliferatio n and apoptosi s in 

multipl ee myelom a 
Patric kk WB Derksen* , Davi d JJ d e Gor te r * , Hele n P Me i je r * , Richar d 3 Bende* , 
Mir ja mm va n D i j k l , Hen k M Lokhorst l , Andrie s C B loemi , Marce l Spaargaren * an d 
Steve nn T Pals * 

Fromm the Department of *Pathology, Academic Medical Center, University of Amsterdam, Amsterdam, 
Thee Netherlands, and the Departments of ^Hematology and Immunology University Medical Center, 
Universityy of Utrecht, Utrecht, The Netherlands. 

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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