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The hepatocyte growth factor/Met pathway controls proliferation and apoptosis in
multiple myeloma
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The evolution of multiple myeloma (MM) depends on complex
signals from the bone marrow (BM) microenvironment, sup-
porting the proliferation and survival of malignant plasma cells.
An interesting candidate signal is hepatocyte growth factor/
scatter factor (HGF), since its receptor Met is expressed on MM
cells, while HGF is produced by BM stromal cells and by some
MM cell lines, enabling para- or autocrine interaction. To
explore this hypothesis, we studied the biological effects of
HGF stimulation on MM cell lines and on primary MMs. We
observed that Met is expressed by the majority of MM cell lines
and by approximately half of the primary plasma cell neoplasms
tested. Stimulation of MM cells with HGF led to the activation
of the RAS/mitogen-activated protein kinase and phosphatidy-
linositol 3-kinase/protein kinase B (PI3K/PKB) pathways,
signaling routes that have been implicated in the regulation
of cell proliferation and survival. Indeed, functional studies
demonstrated that HGF has strong proliferative and anti-
apoptotic effects on both MM cell lines and primary MM
cells. Furthermore, by applying specific signal-transduction
inhibitors, we demonstrated that MEK is required for
HGF-induced proliferation, whereas activation of PI3K is
required for both HGF-induced proliferation and for rescue of
MM cells from apoptosis. Taken together, our data indicate that
HGF is a potent myeloma growth and survival factor and
suggest that the HGF/Met pathway is a potential therapeutic
target in MM.
Leukemia (2003) 17, 764–774. doi:10.1038/sj.leu.2402875
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Introduction

Multiple myeloma (MM) is a B-cell neoplasm characterised by
clonal expansion of malignant plasma cells in the bone marrow
(BM). Here, the tumor cells proliferate and acquire resistance to
apoptosis, ultimately leading to osteolytic bone destruction,
renal dysfunction, and anemia. The disease is still incurable with
a median survival of approximately 3–4 years.1,2 Malignant
transformation in MM evolves through different stages from
monoclonal gammopathy of undetermined significance to
expansive and aggressive, plasmablastic MM. Most of the tumor
evolution in MM takes place in the BM, indicating that signals
from the BM microenvironment play a critical role in sustaining
the growth and survival of MM cells during tumor progression.
To date, these signals and the corresponding intracellular
signaling cascades, which present potential targets for thera-
peutic intervention, have only been incompletely identified.
Important candidate signals are direct physical contact of
myeloma cells with BM stromal cells via integrin adhesion
receptors, which can mediate outside-in growth and survival
signals,3–5 as well as a number of cytokines/growth factors,
including interleukin 6 (IL6), vascular endothelial growth factor

(VEGF), and insulin-like growth factor 1 (IGF1).5–8 Of these
cytokines, the role of IL6 in the pathogenesis of MM has been
most extensively documented. Clinical and experimental studies
support an important role for this cytokine in the biology of MM.
However, they also indicate that IL6 is not obligatory for MM
development and progression, implying that its role in the
pathogenesis of MM can be substituted by other signals.1,9

Studies from our own and other laboratories have identified the
hepatocyte growth factor (HGF)/Met pathway as a potentially
important signaling route in the pathogenesis of MM.10–12

HGF is a pleiotropic cytokine that induces complex biological
responses in target cells, including motility, growth, and
morphogenesis. All known biological effects of HGF are
transduced via the transmembrane tyrosine kinase Met.
Whereas a functional HGF/Met pathway is indispensable for
mammalian development, uncontrolled activation of Met is
oncogenic and has been implicated in growth, invasion, and
metastasis of a variety of tumors (reviewed by van der Voort
et al13). This uncontrolled Met activation may involve a variety
of mechanisms including translocation, mutation, or amplifica-
tion of the MET gene, and autocrine- or paracrine-Met
stimulation. In B-cell malignancies, the HGF/Met pathway
might promote tumorigenesis through both autocrine and
paracrine mechanisms. In primary effusion lymphoma, as well
as in MM, co-expression of HGF and Met has been observed,
suggesting autocrine stimulation.10,11,14 Since BM stromal cells
produce HGF,15 paracrine stimulation of MM cells within the
BM microenvironment can also take place. Consistent with a
role for HGF/Met in MM progression, high serum levels of HGF
were reported to be associated with unfavorable prognosis in
patients with MM.16 Taken together, these data suggest the
involvement of the HGF/Met pathway in the pathogenesis of
MM. Indeed, we have recently shown that HGF stimulation of
MM cells triggers signaling routes implicated in the regulation of
cell proliferation and survival. These signals are amplified by
syndecan-1 (CD138), which binds HGF and acts as a functional
coreceptor for HGF.12 In the present study, we have assessed the
functional impact of HGF/Met signaling on MM cells. We show
that Met is expressed by the majority of MMs, and that HGF is a
potent myeloma growth factor, stimulating proliferation and
protecting MM cells from apoptosis via RAS mitogen-activated
protein kinase (MAPK) and phosphatidylinositol 3-kinase/
protein kinase B (PI3K/PKB) signaling.

Materials and methods

Antibodies

Mouse monoclonal antibodies used were: anti-CD138, BB4
(IgG1) (Instruchemie, Hilversum, The Netherlands); anti-Met,
DO24 (IgG2a) (Upstate Biotechnology, Lake Placid, NY, USA);
APC-conjugated anti-CD38, (IgG1); FITC-conjugated anti-
CD45RA (IgG2b); anti-RAS (IgG1) (all from BD Biosciences,Received 8 July 2002; accepted 22 November 2002
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Erembodegem, Belgium). Polyclonal antibodies used were:
micobead-conjugated goat anti-mouse IgG (Miltenyi, Bergisch
Gladbach, Germany); rabbit anti-Met, C12 (IgG) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA); rabbit anti-phospho PKB/
AKT (Ser 473); rabbit anti-phospho p44/42 MAP kinase (Thr
202/Tyr 204) (both from New England Biolabs, Hitcin, UK);
HRP-conjugated rabbit anti-mouse (DAKO, Carpinteria, CA,
USA); and HRP-conjugated goat anti-rabbit (DAKO).

Plasma cell neoplasms and cell lines

BM-derived patient MM cells (n¼ 13) and tissue samples of
extramedullary plasmacytoma (n¼ 8) were obtained during
routine diagnostic procedures. Tissue samples were frozen at
�801C until further use. The patient myeloma cells (PPM 1
and 2) used in our functional studies were obtained from the
pleural effusions of a 67-year-old male, and a 62-year-old
female MM patient. Fluorescent-activated cell sorting (FACS)
analysis of both patients showed495% CD138HIGH, CD38HIGH

cells. PPM1 was expressing IgD only. Mononuclear cells were
harvested by standard Ficoll–Paque density gradient centrifuga-
tion (Amersham Pharmacia, Uppsala, Sweden) and kept on an
irradiated mouse embryonic fibroblast feeder layer in Iscove’s
medium (Life technologies, Breda, The Netherlands) containing
10% fetal calf serum (Integro, Zaandam, The Netherlands),
100 IU/ml penicillin, and 100 IU/ml streptomycin (Life Tech-
nologies), and 500 pg/ml IL-6 (R&D systems, Abington, UK).
MM cell line XG-1,17 LME-1,12 and UM618 were cultured in
Iscove’s medium (Life Technologies) containing 10% fetal clone
I serum (HyClone Laboratories, Logan, UT, USA), 100 IU/ml
penicillin, and 100 IU/ml streptomycin (Life Technologies),
20mg/ml human recombinant transferrin (Sigma, Bornem,
Belgium), 50 mM b-mercaptoethanol. XG-1 and UM6 were
cultured in the presence of 500 pg/ml IL6 (R&D Systems). MM
cell lines UM1 and UM3,18 L363,19 NCI H929,20 and OPM-121

were cultured in RPMI 1640 (Life Technologies, Breda, The
Netherlands) containing 10% fetal calf serum (Integro). Burkitt
parental Namalwa and the Met-transfected cell line Namalwa
(NamMet)22 were cultured in RPMI 1640 supplemented with
10% fetal clone I serum, 2mM L-glutamine, 100 IU/ml peni-
cillin, and 100 IU/ml streptomycin (all Life Technologies).

Magnetic activated cell sorting (MACS) and FACS

Mononuclear cells from BM biopsies were obtained by standard
Ficoll–Paque density gradient centrifugation. Plasma cells were
sorted by positive selection using anti-CD138 (clone BB4,
Immunotech). Cell suspensions were incubated with saturating
concentrations of anti-CD138 antibody, washed, and subse-
quently incubated with microbead-conjugated goat anti-mouse
IgG. Microbead-labeled cells were recovered with a magnet,
and the purity of the collected cell populations was determined
by FACS analysis. A double staining using antibodies against
CD38 and CD45RA was performed as described.23 Staining was
measured by using a FACScalibur flow cytometer (BD Bios-
ciences). Positive sorting yielded populations of plasma cells
that were 495% pure (CD38+, CD45RA�).

Immunohistochemistry

Immunohistochemical stainings were performed on acetone-
fixed cryostat sections (Met) or formalin-fixed paraffin em-
bedded sections (CD138). For single staining, fixed sections

were washed in PBS and preincubated with 10% normal goat
serum (Sera Lab, Sussex, UK) in PBS for 15min. After incubating
with the primary antibody for 1 h, endogenous peroxidases were
blocked with 0.1% NaN3, 0.3% H2O2, PBS for 10min.
Subsequently, the sections were stained with biotin-conjugated
rabbit anti-mouse for 30min, followed by an incubation with
HRP-conjugated avidin–biotin complex for 30min. Substrate
was developed with either 3,3-amino-9-ethylcarbazole (Sigma)
(anti-Met staining), or 3,3-diaminobenzidine (Sigma) (anti-
CD138 staining) for 10min.

Pull-down and Western blot analysis

For precipitation of GTP-bound RAS, a fusion protein of
glutathione S-transferase (GST) with the minimal RAS-binding
domain of RAF (RAF-RBD) was used as described.24 Briefly,
1� 107 cells were stimulated with HGF (100 ng/ml) for 2min at
371C. GST-RAF-RBD fusion proteins were coupled to glu-
tathione–Sepharose beads for 30min at 41C, after which cell
lysates were added and incubated for 30min at 41C. Bound
proteins were eluted with sample buffer, separated by 10% SDS-
polyacrylamide gel electrophoresis, and blotted. For analysis of
phosphorylation of PKB and the MAPS ERK1 and �2, after the
indicated treatments with 100 ng/ml human recombinant HGF
(R&D) and the PI3K inhibitor LY294002 or the MEK inhibitor
PD98059 (both Biomol, Plymouth Meeting, PA, USA), 3� 105
cells were directly lysed in sample buffer, separated by 10%
SDS-polyacrylamide gel electrophoresis, and blotted. Equal
loading was confirmed by staining the part of the blot above
130 kDa with anti-Met (C12). The middle part (50–130 kDa) was
stained with antiphospho PKB and the bottom part (below
50 kDa) was stained with antiphospho MAP kinase antiserum
(both New England Biolabs). Primary antibodies were detected
by HRP-conjugated goat anti-rabbit antibodies.

Growth, survival, and apoptosis assays

Cells were plated in 96 flat bottom tissue culture plates (Costar,
Cambridge, MA, USA) at a density of approximately
100 000 cells/ml (200ml total) in the absence of serum, in
supplemented Iscove’s medium as described above. HGF was
added, and cells were cultured for 4 days. Viable cell numbers
were determined by adding propidium iodide (PI) and analysis
on a FACScalibur (BD Biosciences). For proliferation, the cell
culture was pulsed with 0.5 mCi (methyl-3H) thymidine (87Ci/
mmol, Amersham Life Science, Little Chalfont, UK) during the
last 4 h of culture. Results are expressed as counts per minute
(cpm). Apoptosis was measured using FITC-conjugated Annex-
in-V (IQ Products, Groningen, The Netherlands) binding to
phosphatidylserine, PI incorporation, and FACS analysis as
described.25

Results

Expression of Met on primary plasma cell neoplasm and
MM cell lines

Previous studies have indicated that Met, the receptor tyrosine
kinase for HGF, can be expressed on MMs.10,11 Here, we
confirm and extend these observations by studying a panel of
primary MM, extramedullary plasmacytomas, and MM cell
lines. In six of the eight MM cell lines tested, a 145 kDa band,
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corresponding to Met, was detected by immunoblotting
(Figure 1a). This band was also present in the cell lysates of
frozen-stored BM aspirates from seven of the 13MM patients,
but not in normal control BM (Table 1). In BM cell populations
enriched for neoplastic (CD138+) plasma cells by means of
MACS, the intensity of the Met band was proportionally
increased, indicating that Met was indeed expressed by the
tumor cells (Figure 1b). In addition to MM, we also assessed Met
expression on a panel of extramedullary plasmacytomas.
Immununohistochemistry on frozen tissue sections revealed
Met expression in three of the eight cases. Taken together, our
findings demonstrate that Met is expressed by most myeloma
cell lines and that Met expression is common on primary MMs
as well as on extramedullary plasmacytomas (Table 1).

HGF induces proliferation and suppresses apoptosis of
MM cells

We next explored the functionality of the Met signaling pathway
in MM cells. Stimulation with HGF resulted in a rapid increase

in the amount of active GTP-bound RAS in both the MM cell
lines as well as in the primary tumor cells from a MM patient
(PPM 1) (Figure 2a). Also, the downstream effector MAPKs ERK1
and -2 were strongly activated in response to HGF stimulation
(Figure 2a). In the MM cell lines LME-1 and XG-1 and in the
primary MM cells, we also observed a strong HGF-induced
serine phosphorylation of PKB (also known as AKT). Hence,
signaling through Met in MM leads to activation of the PI3K/PKB
as well as the RAS/MAP kinase signaling pathways, which have

Figure 1 Expression of Met on MM cell lines and primary plasma cell neoplasms. (a) Met is expressed by the majority of MM cell lines. Cell
lysates from MM cell lines were immunoblotted using a rabbit anti-Met antibody (C12). Lysates of Namalwa B cells, either wild type (Nam) or
transfected with Met (NamMet) were used as a negative and positive controls, respectively. (b) Expression of Met on primary MMs. Mononuclear
cells from primary myeloma BM samples were sorted using MACS, using anti-CD138 mAb. The percentage of plasma cells before and after sorting,
as determined by FACS analysis, is indicated. Lysates of 1� 06 unsorted (lanes 1 and 3), or sorted (lanes 2 and 4) cells were immunoblotted with
rabbit anti-Met antibody. Wild-type Namalwa (Nam) and the Met-expressing Namalwa (NamMet) were used as negative and positive controls,
respectively. (c) Met expression by neoplastic plasma cells in extramedullary plasmacytoma. Immunohistochemical stainings of tissue sections of a
plasmacytoma with anti-CD138 (left panel, hematoxylin counterstained) and anti-Met (right panel).

Table 1 Met expression in plasma cell neoplasia

n Percentage
positive cases

MM cell lines 8 75

Multiple myeloma 13 54
Extramedullary plasmacytoma 8 38
Normal BM 7 0
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been implicated in the regulation of cell survival and prolifera-
tion, respectively.26–28

To assess whether HGF indeed affects the growth of MM, MM
cell lines LME-1, XG-1, and primary myeloma cells were
cultured in the absence or presence of HGF. In LME-1 cultures,

serum deprivation resulted in a strong reduction in the number
of viable cells, whereas HGF stimulation resulted in a dose-
dependent exponential increase in cell numbers (Figure 2b,
upper left panel). In XG-1 cultures deprived of serum, we also
observed a rapid decrease in the number of viable cells.

Figure 2 HGF is a growth factor for MMs. (a) HGF activates both the RAS/MAP kinase and PI3K/PKB signaling cascades in MM. Cells were
incubated for 2min with HGF (100ng/ml). Activation of RAS was assayed using a pull-down assay with GST-RAF-RBD fusion proteins, blotted and
stained with a monoclonal anti-RAS antibody (top panel). Activation of ERK1 and -2 and PKB was assessed by immunoblotting using phospho-
specific anti-ERK1 and -2 (a p-MAPK) and anti-PKB (a p-PKB), respectively. Stainings with anti-Met represent loading controls (bottom panel). (b)
HGF stimulation induces growth of MMs. LME-1, XG-1, and two primary myeloma cell samples (PPM 1 and 2) were grown in the absence of
serum, and HGF was added at the concentrations indicated. The number of viable cells was quantified using PI incorporation and FACS analysis
over a 4-day period. Error bars represent the standard deviation of triplicates.
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Culturing these cells in the presence of recombinant HGF
resulted in a rescue with stable cell number, rather than in an
increased cell number (Figure 2b, upper right panel). Like in
LME-1, stimulation of primary myeloma cells (PPM 1) with HGF
led to an exponentional, dose-dependent increase in cell
numbers (Figure 2b, lower left panel). Also, a second primary
MM sample (PPM 2) responded to HGF treatment. Like XG-1,
triggering of these primary MM cells recombinant HGF resulted
in a rescue of cell numbers (Figure 2b, lower right panel).
To explore whether the above effects of HGF on MM growth

were because of increased cell proliferation or decreased
apoptosis (or both), we examined the effects of HGF stimulation
on DNA synthesis by MM cells and on their capacity to bind
Annexin-V. As is shown in Figure 3, HGF induced a strong
increase in 3H thymidine uptake in both MM cell lines, and
primary MM cells (PPM1 and 2). Moreover, HGF stimulation
also induced a strong reduction in the percentage of apoptotic
cells, which bind Annexin-V via phosphatidylserine exposed on
their outer plasma membrane (Figure 4a and b).

HGF-induced proliferation in MM cells is PI3K- and
MEK-1- dependent, whereas rescue from apoptosis
requires PI3K

As shown in Figure 2a, triggering of Met leads to activation of
PKB as well as RAS and the MAP kinases ERK-1 and 2. PKB, a
target of PI3K-derived signals, has been implicated in the
maintenance of both growth and survival,26,28,29 whereas RAS
and its downstream effector components MEK-1, and ERK1 and -
2 have been directly linked to the regulation of cell prolifera-
tion.27 To investigate the functional importance the PKB/PI3K
and RAS/MAP kinase cascades in MM growth and survival, we
measured 3H thymidine uptake and Annexin-V binding in the
presence or absence of the PI3K inhibitor LY294002 (LY) or the
MEK inhibitor PD98059 (PD). The specificity of these inhibitors
in our system is shown in Figure 5a: the PI3K inhibitor LY
completely abrogated the HGF-stimulated activation of PKB but
had no effect on the phosphorylation status of ERK1 and -2.
conversely, the HGF-stimulated activation of ERK1 and -2

Figure 3 HGF induces proliferation in MM. HGF stimulation leads to DNA synthesis in the MM cell lines LME-1 (upper left panel), XG-1
(upper right panel), and primary myeloma cells (PPM 1 and 2) (bottom panels). Cells were cultured under serum-free conditions and HGF was
added at the concentrations indicated. 3H thymidine incorporation was measured on days 2, 3 and 4. Error bars represent the standard deviation of
triplicate measurements.
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was specifically blocked by PD but not affected by LY
(Figure 5a).
Both PD and LY had dramatic effects on HGF-induced cell

proliferation in LME-1 as well as in XG-1 cells (Figure 5b). With
the MEK inhibitor PD, 3H thymidine uptake was reduced to
control levels, whereas an even stronger inhibition, below that
of the unstimulated controls, was obtained using the PI3K-
inhibitor LY (Figure 5b). In contrast to their almost identical
effects on cell proliferation, PD and LY differentially inhibited
the anti-apoptotic action of HGF. Whereas HGF-induced
survival was completely abolished (LME-1), or strongly reduced

(XG-1) by LY, it was hardly affected by PD (Figure 5c). These
data indicate that whereas the PI3K/PKB and RAS/MAP kinase
pathways are both needed for proliferation, the HGF-mediated
effects on the survival of MM cells depend on the PI3K/PKB
pathway, but not on the RAS/MAPK pathway.

Discussion

MM is a still incurable B-cell neoplasm chacterized by the
accumulation of malignant plasma cells in the BM. Since MMs

Figure 4 HGF protects MM cells from apoptosis. (a) Activation of Met leads to rescue from apoptosis in XG-1. Cells were cultured under
serum-free conditions and HGF was added at the concentrations indicated. After 36 h of culture, PI was added, and apoptotic cells were identified
by their binding of FITC-conjugated Annexin-V. Apoptotic cells were defined as PI negative, Annexin-V positive cells. (b) HGF protects the MM
cell lines LME-1 (upper left panel), and XG-1 (upper right panel), as well as primary myeloma cells (PPM 1 and 2) (bottom panels) from apoptosis.
Culture conditions and apoptosis assessment as in (a). Error bars represent the standard deviation of triplicate measurements.

Met mediates growth and survival in multiple myeloma
PWB Derksen et al

769

Leukemia
126



Met mediates growth and survival in multiple myeloma
PWB Derksen et al

770

Leukemia
127



are genetically unstable, and consequently heterogeneous,
multiple coordinate and overlapping signals from the micro-
environment presumably determine the faith of individual
subclones during MM progression. For successful therapeutic
intervention, it is critical to identify the various signals
controlling MM growth and survival. Although there is a vast
amount of circumstantial evidence implicating the HGF/Met
pathway in the pathogenesis of multiple myeloma,30–32 direct
functional support for this role thus far is scarce and comes from
a single recent study from our laboratory showing that HGF
induces proliferation in the myeloma cell line XG-1.12 The
present paper greatly extends this observation by showing that
HGF also has strong proliferative effects on another myeloma
line and on two primary myeloma cell samples. Moreover, it
shows for the first time that HGF is a potent survival factor for
both myeloma cell lines and primary myeloma cells and rescues
these cells from apoptosis. Finally, it demonstrates that whereas
PI3K/PKB pathway is required for both HGF-induced prolifera-
tion and rescue from apoptosis, the RAS/MAPK pathway is
required for proliferation.
By studying a panel of MM cell lines, primary MMs, and

extramedullary plasmacytomas, we observed that the receptor
tyrosine kinase Met is expressed by the majority of MM cell lines
and by approximately half of the primary plasma cell neoplasms
tested (Figure 1, Table 1). This observation confirms and extends
previous studies, which have 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 induce
complex biological responses in target cells including growth,
survival, and motility. In mice, Met or Hgf deficiency results in
embryonic death with severe defects in the development of the
placenta, liver, and limb muscles, whereas uncontrolled
activation of Met, in both mice and humans, has been
implicated in tumor growth, invasion, and metastasis (reviewed
by van der Voort et al.13) Of note, the finding of Met mutations
in hereditary papillary renal carcinoma has established a
causative role of Met in human cancer.33 These mutations
result in enhanced kinase activity upon stimulation with HGF
and were shown to mediate transformation, invasive growth,
and protection from apoptosis.34–37 The HGF/Met pathway has
also been implicated in B-cell development and neoplasia.
During normal B-cell differentiation, Met is expressed at the
germinal center and plasma cell stage, whereas HGF is
produced by follicular dendritic cells and by BM stromal cells.
HGF stimulation of B cells leads to integrin activation,
promoting cell adhesion to VCAM-1, a major integrin ligand
on follicular dendritic cells and BM stromal cells.22 In B-cell
malignancies, specifically in MM, HGF produced in the tumor
microenvironment15 could promote tumorigenesis in a para-
crine fashion, whereas coexpression of HGF and Met has also
been observed, suggesting autocrine stimulation.10,11,14 Con-
sistent with a role for HGF/Met in the pathogenesis of MM,
elevated serum levels of HGF were reported in MM patients and
identified a group of patients with poor response to treatment.16

Whether this HGF represented autocrine production by the
tumor cells, or was paracrine derived, remains to be determined.
Since only one of the six Met-positive MM cell lines in our
present study expressed detectable levels of HGF protein,
autocrine growth may not be the most common scenario (data
not shown). It is conceivable, however, that during progression
of MM a gain of HGF expression may take place, establishing an
autocrine HGF/Met activation loop, leading to autonomous
growth and to dissemination to extramedullary sites.
The key finding of our study is that HGF is a potent growth

and survival factor for MMs. In both MM cell lines and primary
MM cells, HGF stimulation induced a strong dose-dependent
increase of DNA synthesis (Figure 3). Moreover, it has potent
anti-apoptotic effects (Figure 4). The HGF-induced proliferation
requires activation of both MEK and PI3K, whereas activation of
either MEK and MAPK or PI3K and PKB is not sufficient. In
contrast, HGF-controlled survival requires activation of PI3K
only (Figure 5). Activation of the RAS/MAPK pathway by HGF
involves recruitment of a complex of the exchange factor SOS
and GRB2 to the docking site of Met, resulting in RAS
activation.38–40 This will lead to translocation and activation
of RAF and the consecutive activation of MEK and the MAPKs
ERK1 and -2.41,42 Activation of these MAPKs results in
phosphorylation of transcription factors (eg ELK1 and ETS2),
which mediates the expression of immediate early genes such as
FOS, leading to cell proliferation.27 In MM, several cytokines/
growth factors such as IL6, VEGF and IGF1, activate the RAS/
MAPK cascade, leading to proliferation.5,7,8 Our study is the first
to show that HGF is able to activate RAS, MEK, and the MAPKs
ERK-1 and 2, inducing a proliferative response in MM.
Furthermore, we show that activation of MEK is required, but
not sufficient for HGF-induced proliferation of MM.
Our data show that PI3K is required for both HGF-induced

proliferation as well as survival of MM (Figure 5b and c).
Activation of the PI3K/PKB pathway by HGF involves recruit-
ment of PI3K to the docking site of Met either by a direct
interaction or indirectly via the docking protein GAB1.43–45

Studies in a variety of other cell types have also revealed a
prominent regulatory role for PI3K in either HGF-induced
proliferation46–48 or survival.49–51 Furthermore, in MM, PI3K has
been implicated in IL6-induced proliferation29,52 and in the
rescue from apoptosis by either IL629,53 or IGF1.52 The most
likely candidate for executing both the PI3K-mediated prolifera-
tion and survival signals is the PH domain-containing effector
molecule PKB,54 which, upon PI3K-dependent membrane
localization, is phosphorylated and activated by PDK1.55,56

Indeed, we observed a strong PI3K-dependent phosphorylation
of PKB upon HGF stimulation of the MM cells (Figure 2a).
Recent studies have revealed that PKB mediates HGF-induced
survival responses in other cell types,49,50 whereas in MM, PKB
is involved in IL6-induced proliferation.57 PKB can control both
survival as well as proliferation by a wide variety of mechan-
isms, including the phosphorylation of Forkhead transcription
factors,58–60 IKKa,61 GSK3,62 and mTOR.63 It is worth noting

Figure 5 HGF-induced proliferation in MM cells is PI3K- and MEK-1-dependent whereas rescue from apoptosis requires PI3K (a) HGF-
mediated activation of PKB and ERK1 and –2 is blocked by inhibition of PI3K and MEK-1, respectively. Cells were deprived of serum for 3 h, and
incubated with medium containing LY294002 (20mM), PD98059 (50mM), or DMSO only, prior to incubation with HGF (100ng/ml). Activation of
PKB and ERK-1 and -2 was determined in total cell lysates of LME-1 and XG-1 by immunoblotting with anti-phospho PKB (top) and anti-phospho
ERK1 and -2 (middle) antibodies, respectively. Staining with anti-Met represent loading controls (bottom). (b) HGF-induced proliferation is
mediated by PI3K and MEK-1. LME-1 and XG-1 cells were incubated with medium containing either LY or PD, and stimulated with HGF.
Proliferation was assessed by measuring 3H thymidine incorporation at day 3. (c) HGF-induced rescue from apoptosis requires PI3K. LME-1 and
XG-1 cells were incubated with medium containing either LY or PD, and stimulated with HGF. Apoptosis was assessed by FACS by measuring
binding of FITC-conjugated Annexin-V and PI incorporation. Apoptotic cells were defined as PI negative, Annexin-V positive cells. Error bars
represent standard deviations of triplicate measurements.
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that two recently identified substrates of mTOR, p70S6kinase
and the translational repressor 4E-BP1, are involved in the IL6-
controlled MM growth.64 Likely candidates to mediate directly
the HGF-induced anti-apoptotic signal via the PI3K/PKB path-
way are caspase-9 and the pro-apoptotic protein BAD, which
are both inactivated upon phosphorylation by PKB.26,65,66

Recent studies revealed that in MM, IL6, in a PI3K-dependent
fashion, controls the activity of Forkhead transcription factors
and caspase-9,29 whereas IGF1 stimulation results in BAD
phosphorylation.8,29 Further investigation regarding the activa-
tion of downstream components of the PI3K/PKB pathway will
help to clarify the proliferative and anti-apoptotic responses
initiated by HGF in MM.
Interestingly, we have recently shown that HGF/Met signaling

in MMs is strongly promoted by syndecan-1, the major heparan
sulfate proteoglycan (HSPG) on MM cells.12 Cell surface-
expressed syndecan-1 binds HGF and presumably promotes
signaling by increasing the effective concentration of HGF at the
plasma membrane, whereas binding of several HGF molecules
to syndecan-1 may promote dimerization and oligomerization
of Met, leading to enhanced receptor activation. Alternatively,
by inducing a conformational change, syndecan-1 might
influence the affinity of HGF for Met. Also, the polarized
distribution of syndecan-1, as observed in MM cells,31 may
impose a constraint on the spatial distribution of HGF, resulting
in clustering of activated Met and Met-associated signaling
molecules. Thus, the potentiation of Met signaling may be
partially explained by HGF-mediated colocalization of
syndecan-1 and Met, which may bring relevant intracellular
signaling molecules in the proximity of each other. Taken
together, our results indicate that the HGF, Met, and syndecan-1
form a ‘ménage a trois’ with a key role in controlling the
growth and survival of Met-positive malignant plasma cells
(Figure 6) and suggest these molecules as targets for therapy in
MM.

Acknowledgements

We thank Thera Wormhoudt and Dr Ronald van der Neut for
providing mouse embryonic fibroblasts. This work was supported
by grants from the Dutch Cancer Society and the Association for
International Cancer Research (AICR).

References

1 Hallek M, Leif Bergsagel P, Anderson KC. Multiple myeloma:
increasing evidence for a multistep transformation process. Blood
1998; 91: 3–21.

2 Kuehl WM, Bergsagel PL. Multiple myeloma: evolving genetic
events and host interactions. Nat Rev 2002; 2: 175–187.

3 Sanz-Rodriguez F, Hidalgo A, Teixido J. Chemokine stromal cell-
derived factor-1alpha modulates VLA-4 integrin-mediated multiple
myeloma cell adhesion to CS-1/fibronectin and VCAM-1. Blood
2001; 97: 346–351.

4 Damiano JS, Cress AE, Hazlehurst LA, Shtil AA, Dalton WS. Cell
adhesion mediated drug resistance (CAM-DR): role of integrins and
resistance to apoptosis in human myeloma cell lines. Blood 1999;
93: 1658–1667.

5 Podar K, Tai YT, Lin BK, Narsimhan RP, Sattler M, Kijima T et al.
Vascular endothelial growth factor-induced migration of multiple
myeloma cells is associated with beta 1 integrin- and phosphati-
dylinositol 3-kinase-dependent PKC alpha activation. J Biol Chem
2002; 277: 7875–7881.

6 Lokhorst HM, Lamme T, de Smet M, Klein S, de Weger RA, van
Oers R et al. Primary tumor cells of myeloma patients induce
interleukin-6 secretion in long-term bone marrow cultures. Blood
1994; 84: 2269–2277.

7 Ferlin M, Noraz N, Hertogh C, Brochier J, Taylor N, Klein B.
Insulin-like growth factor induces the survival and proliferation of
myeloma cells through an interleukin-6-independent transduction
pathway. Br J Haematol 2000; 111: 626–634.

8 Ge NL, Rudikoff S. Insulin-like growth factor I is a dual effector of
multiple myeloma cell growth. Blood 2000; 96: 2856–2861.

9 Klein B, Zhang XG, Lu ZY, Bataille R. Interleukin-6 in human
multiple myeloma. Blood 1995; 85: 863–872.

Figure 6 HGF induces growth and survival in MM. HGF is produced either by the BM stromal cells in a paracrine fashion, or autocrine by MM
cells, leading to MM growth and survival. Furthermore, direct physical contact of myeloma cells with BM stromal cells via integrin adhesion
receptors can mediate growth and survival signals and trigger cytokine production. (INSET) Para- or autocrine-produced HGF will be sequestered
on the plasma membrane by the heparan sulfate side chain of syndecan-1, thereby promoting ternary-complex formation between HGF, Met, and
syndecan-1 facilitating activation, leading to enhanced signal transduction. Met autophosphorylation leads to the recruitment of downstream
effector molecules GRB2 and GAB1 involved in activation of the RAS/MAPK as well as the PI3K/PKB pathways. Activation of RAS/MAPK will
trigger proliferation in MM. Direct as well as indirect activation of PI3K can activate PKB, which controls proliferation and prevents apoptosis.
Also, additional pathways (depicted as question marks) may be activated by HGF through PI3K, leading to both growth and survival in MM. See
text for additional comments.

Met mediates growth and survival in multiple myeloma
PWB Derksen et al

772

Leukemia
129



10 Borset M, Hjorth-Hansen H, Seidel C, Sundan A, Waage A.
Hepatocyte growth factor and its receptor c-met in multiple
myeloma. Blood 1996; 88: 3998–4004.

11 Borset M, Lien E, Espevik T, Helseth E, Waage A, Sundan A.
Concomitant expression of hepatocyte growth factor/scatter factor
and the receptor c-MET in human myeloma cell lines. J Biol Chem
1996; 271: 24655–24661.

12 Derksen PW, Keehnen RM, Evers LM, van Oers MH, Spaargaren
M, Pals ST. Cell surface proteoglycan syndecan-1 mediates
hepatocyte growth factor binding and promotes Met signaling in
multiple myeloma. Blood 2002; 99: 1405–1410.

13 van der Voort R, Taher TE, Derksen PW, Spaargaren M, van der
Neut R, Pals ST. The hepatocyte growth factor/Met pathway in
development, tumorigenesis, and B-cell differentiation. Adv
Cancer Res 2000; 79: 39–90.

14 Capello D, Gaidano G, Gallicchio M, Gloghini A, Medico E,
Vivenza D et al. The tyrosine kinase receptor met and its ligand
HGF are co-expressed and functionally active in HHV-8 positive
primary effusion lymphoma. Leukemia 2000; 14: 285–291.

15 Takai K, Hara J, Matsumoto K, Hosoi G, Osugi Y, Tawa A et al.
Hepatocyte growth factor is constitutively produced by human
bone marrow stromal cells and indirectly promotes hematopoiesis.
Blood 1997; 89: 1560–1565.

16 Seidel C, Borset M, Turesson I, Abildgaard N, Sundan A, Waage A.
Elevated serum concentrations of hepatocyte growth factor in
patients with multiple myeloma. The Nordic Myeloma Study
Group. Blood 1998; 91: 806–812.

17 Zhang XG, Gaillard JP, Robillard N, Lu ZY, Gu ZJ, Jourdan M et al.
Reproducible obtaining of human myeloma cell lines as a model
for tumor stem cell study in human multiple myeloma. Blood
1994; 83: 3654–3663.

18 Kuipers J, Vaandrager JW, Weghuis DO, Pearson PL, Scheres J,
Lokhorst HM et al. Fluorescence in situ hybridization analysis
shows the frequent occurrence of 14q32.3 rearrangements with
involvement of immunoglobulin switch regions in myeloma cell
lines. Cancer Genet Cytogenet 1999; 109: 99–107.

19 Diehl V, Schaadt M, Kirchner H, Hellriegel KP, Gudat F, Fonatsch
C et al. Long-term cultivation of plasma cell leukemia cells and
autologous lymphoblasts (LCL) in vitro: a comparative study. Blut
1978; 36: 331–338.

20 Gazdar AF, Oie HK, Kirsch IR, Hollis GF. Establishment and
characterization of a human plasma cell myeloma culture having a
rearranged cellular myc proto-oncogene. Blood 1986; 67: 1542–1549.

21 Katagiri S, Yonezawa T, Kuyama J, Kanayama Y, Nishida K, Abe T
et al. Two distinct human myeloma cell lines originating from one
patient with myeloma. Int J Cancer 1985; 36: 241–246.

22 van der Voort R, Taher TE, Keehnen RM, Smit L, Groenink M, Pals
ST. Paracrine regulation of germinal center B cell adhesion through
the c- met-hepatocyte growth factor/scatter factor pathway. J Exp
Med 1997; 185: 2121–2131.

23 Koopman G, Keehnen RM, Lindhout E, Zhou DF, de Groot C, Pals
ST. Germinal center B cells rescued from apoptosis by CD40
ligation or attachment to follicular dendritic cells, but not by
engagement of surface immunoglobulin or adhesion receptors,
become resistant to CD95-induced apoptosis. Eur J Immunol 1997;
27: 1–7.

24 de Rooij J, Bos JL. Minimal Ras-binding domain of Raf1 can be
used as an activation-specific probe for Ras. Oncogene 1997; 14:
623–625.

25 Koopman G, Reutelingsperger CP, Kuijten GA, Keehnen RM, Pals
ST, van Oers MH. Annexin V for flow cytometric detection of
phosphatidylserine expression on B cells undergoing apoptosis.
Blood 1994; 84: 1415–1420.

26 Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y et al. Akt
phosphorylation of BAD couples survival signals to the cell-
intrinsic death machinery. Cell 1997; 91: 231–241.

27 Wasylyk B, Hagman J, Gutierrez-Hartmann A. Ets transcription
factors: nuclear effectors of the Ras-MAP-kinase signaling path-
way. Trends Biochem Sci 1998; 23: 213–216.

28 del Peso L, Gonzalez-Garcia M, Page C, Herrera R, Nunez G.
Interleukin-3-induced phosphorylation of BAD through the protein
kinase Akt. Science 1997; 278: 687–689.

29 Hideshima T, Nakamura N, Chauhan D, Anderson KC. Biologic
sequelae of interleukin-6 induced PI3-K/Akt signaling in multiple
myeloma. Oncogene 2001; 20: 5991–6000.

30 Seidel C, Borset M, Hjorth-Hansen H, Sundan A, Waage A. Role of
hepatocyte growth factor and its receptor c-met in multiple
myeloma. Med Oncol 1998; 15: 145–153.

31 Borset M, Hjertner O, Yaccoby S, Epstein J, Sanderson RD.
Syndecan-1 is targeted to the uropods of polarized myeloma cells
where it promotes adhesion and sequesters heparin-binding
proteins. Blood 2000; 96: 2528–2536.

32 Seidel C, Borset M, Hjertner O, Cao D, Abildgaard N, Hjorth-
Hansen H et al. High levels of soluble syndecan-1 in myeloma-
derived bone marrow: modulation of hepatocyte growth factor
activity. Blood 2000; 96: 3139–3146.

33 Schmidt L, Duh FM, Chen F, Kishida T, Glenn G, Choyke P et al.
Germline and somatic mutations in the tyrosine kinase domain of
the MET proto-oncogene in papillary renal carcinomas. Nat Genet
1997; 16: 68–73.

34 Jeffers M, Schmidt L, Nakaigawa N, Webb CP, Weirich G, Kishida
T et al. Activating mutations for the met tyrosine kinase receptor in
human cancer. Proc Natl Acad Sci USA 1997; 94: 11445–11450.

35 Jeffers M, Fiscella M, Webb CP, Anver M, Koochekpour S, Vande
Woude GF. The mutationally activated Met receptor mediates
motility and metastasis. Proc Natl Acad Sci USA 1998; 95: 14417–
14422.

36 Michieli P, Basilico C, Pennacchietti S, Maffe A, Tamagnone L,
Giordano S et al. Mutant Met-mediated transformation is ligand-
dependent and can be inhibited by HGF antagonists. Oncogene
1999; 18: 5221–5231.

37 Lee JH, Han SU, Cho H, Jennings B, Gerrard B, Dean M et al. A
novel germ line juxtamembrane Met mutation in human gastric
cancer. Oncogene 2000; 19: 4947–4953.

38 Ponzetto C, Bardelli A, Zhen Z, Maina F, dalla Zonca P, Giordano
S et al. A multifunctional docking site mediates signaling and
transformation by the hepatocyte growth factor/scatter factor
receptor family. Cell 1994; 77: 261–271.

39 Zhu H, Naujokas MA, Fixman ED, Torossian K, Park M. Tyrosine
1356 in the carboxyl-terminal tail of the HGF/SF receptor is
essential for the transduction of signals for cell motility and
morphogenesis. J Biol Chem 1994; 269: 29943–29948.

40 Fixman ED, Naujokas MA, Rodrigues GA, Moran MF, Park M.
Efficient cell transformation by the Tpr-Met oncoprotein is
dependent upon tyrosine 489 in the carboxy-terminus. Oncogene
1995; 10: 237–249.

41 Campbell SL, Khosravi-Far R, Rossman KL, Clark GJ, Der CJ.
Increasing complexity of Ras signaling. Oncogene 1998; 17:
1395–1413.

42 Vojtek AB, Der CJ. Increasing complexity of the Ras signaling
pathway. J Biol Chem 1998; 273: 19925–19928.

43 Graziani A, Gramaglia D, Cantley LC, Comoglio PM. The tyrosine-
phosphorylated hepatocyte growth factor/scatter factor receptor
associates with phosphatidylinositol 3-kinase. J Biol Chem 1991;
266: 22087–22090.

44 Ponzetto C, Bardelli A, Maina F, Longati P, Panayotou G,
Dhand R et al. A novel recognition motif for phosphatidylinositol
3-kinase binding mediates its association with the hepatocyte
growth factor/scatter factor receptor. Mol Cell Biol 1993; 13:
4600–4608.

45 van der Voort R, Keehnen RM, Beuling EA, Spaargaren M, Pals ST.
Regulation of cytokine signaling by B cell antigen receptor and
CD40-controlled expression of heparan sulfate proteoglycans. J
Exp Med 2000; 192: 1115–1124.

46 Rahimi N, Tremblay E, Elliott B. Phosphatidylinositol 3-kinase
activity is required for hepatocyte growth factor-induced mitogenic
signals in epithelial cells. J Biol Chem 1996; 271: 24850–24855.

47 Skouteris GG, Georgakopoulos E. Hepatocyte growth factor-
induced proliferation of primary hepatocytes is mediated by
activation of phosphatidylinositol 3-kinase. Biochem Biophys Res
Commun 1996; 218: 229–233.

48 Day RM, Cioce V, Breckenridge D, Castagnino P, Bottaro DP.
Differential signaling by alternative HGF isoforms through c-Met:
activation of both MAP kinase and PI 3-kinase pathways is
insufficient for mitogenesis. Oncogene 1999; 18: 3399–3406.

49 Bowers DC, Fan S, Walter KA, Abounader R, Williams JA, Rosen
EM et al. Scatter factor/hepatocyte growth factor protects against
cytotoxic death in human glioblastoma via phosphatidylinositol 3-
kinase- and AKT-dependent pathways. Cancer Res 2000; 60:
4277–4283.

Met mediates growth and survival in multiple myeloma
PWB Derksen et al

773

Leukemia
130



50 Fan S, Ma YX, Wang JA, Yuan RQ, Meng Q, Cao Y et al. The
cytokine hepatocyte growth factor/scatter factor inhibits apoptosis
and enhances DNA repair by a common mechanism involving
signaling through phosphatidyl inositol 3’ kinase. Oncogene 2000;
19: 2212–2223.

51 Fan S, Ma YX, Gao M, Yuan RQ, Meng Q, Goldberg ID et al. The
multisubstrate adapter Gab1 regulates hepatocyte growth factor
(scatter factor)-c-Met signaling for cell survival and DNA repair.
Mol Cell Biol 2001; 21: 4968–4984.

52 Tu Y, Gardner A, Lichtenstein A. The phosphatidylinositol 3-
kinase/AKT kinase pathway in multiple myeloma plasma cells:
roles in cytokine-dependent survival and proliferative responses.
Cancer Res 2000; 60: 6763–6770.

53 Ogawa M, Nishiura T, Oritani K, Yoshida H, Yoshimura M,
Okajima Y et al. Cytokines prevent dexamethasone-induced
apoptosis via the activation of mitogen-activated protein kinase
and phosphatidylinositol 3-kinase pathways in a new multiple
myeloma cell line. Cancer Res 2000; 60: 4262–4269.

54 Burgering BM, Coffer PJ. Protein kinase B (c-Akt) in phosphatidy-
linositol-3-OH kinase signal transduction. Nature 1995; 376: 599–
602.

55 Stokoe D, Stephens LR, Copeland T, Gaffney PR, Reese CB, Painter
GF et al. Dual role of phosphatidylinositol-3,4,5-trisphosphate in
the activation of protein kinase B. Science 1997; 277: 567–570.

56 Stephens L, Anderson K, Stokoe D, Erdjument-Bromage H, Painter
GF, Holmes AB et al. Protein kinase B kinases that mediate
phosphatidylinositol 3,4,5- trisphosphate-dependent activation of
protein kinase B. Science 1998; 279: 710–714.

57 Hsu JH, Shi Y, Hu L, Fisher M, Franke TF, Lichtenstein A. Role of
the AKT kinase in expansion of multiple myeloma clones: effects
on cytokine-dependent proliferative and survival responses.
Oncogene 2002; 21: 1391–1400.

58 Kops GJ, de Ruiter ND, De Vries-Smits AM, Powell DR,
Bos JL, Burgering BM. Direct control of the Forkhead
transcription factor AFX by protein kinase B. Nature 1999; 398:
630–634.

59 Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS et al. Akt
promotes cell survival by phosphorylating and inhibiting a
Forkhead transcription factor. Cell 1999; 96: 857–868.

60 Medema RH, Kops GJ, Bos JL, BM B. AFX-like Forkhead
transcription factors mediate cell-cycle regulation by Ras and
PKB through p27kip1. Nature 2000; 6779: 782–787.

61 Ozes ON, Mayo LD, Gustin JA, Pfeffer SR, Pfeffer LM, Donner DB.
NF-kappaB activation by tumour necrosis factor requires the Akt
serine–threonine kinase. Nature 1999; 401: 82–85.

62 Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA.
Inhibition of glycogen synthase kinase-3 by insulin mediated by
protein kinase B. Nature 1995; 378: 785–789.

63 Gingras AC, Kennedy SG, O’Leary MA, Sonenberg N, Hay N. 4E-
BP1, a repressor of mRNA translation, is phosphorylated and
inactivated by the Akt(PKB) signaling pathway. Genes Dev 1998;
12: 502–513.

64 Shi Y, Hsu Jh J, Hu L, Gera J, Lichtenstein A. Signal pathways
involved in activation of p70S6K and phosphorylation of 4E-BP1
following exposure of multiple myeloma tumor cells to inter-
leukin-6. J Biol Chem 2002; 277: 15712–15720.

65 Zha J, Harada H, Yang E, Jockel J, Korsmeyer SJ. Serine
phosphorylation of death agonist BAD in response to survival
factor results in binding to 14-3-3 not BCL-X(L). Cell 1996; 87:
619–628.

66 Zha J, Harada H, Osipov K, Jockel J, Waksman G, Korsmeyer SJ.
BH3 domain of BAD is required for heterodimerization with BCL-
XL and pro-apoptotic activity. J Biol Chem 1997; 272: 24101–
24104.

Met mediates growth and survival in multiple myeloma
PWB Derksen et al

774

Leukemia
131


