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HEPATOCYTT-VEKSTFAKTOR, C-MET OG SYNDECAN-1 I MYELOMATOSE 
 
Myelomgruppen ved IKM forsker på sykdommen myelomatose, en form for benmargskreft. Gruppens arbeid har 
vært fokusert på hvordan miljøet i benmargen, med løselige og cellebundne vekstfaktorer, påvirker 
kreftcellene/myelomcellene. En av flere vekstfaktor i benmargen er hepatocyttvekstfaktor (HGF). 
Myelomgruppen var de første til å vise at myelomceller produserer HGF og samtidig uttrykker dens receptor c-
Met. Gruppen og andre har vist at høye nivåer av HGF i serum er et dårlig prognostisk tegn hos 
myelomatosepasienter, at HGF stimulerer vekst og overlevelse av myelomceller, og kan være viktig for den 
ødeleggelse av bein som sees ved myelomatose. Dette doktorgradsarbeidet fokuserer på HGF og c-Met og på 
syndecan-1, som er en viktig regulator av aktiviteten av vekstfaktorer i benmargen. I tillegg har vi undersøkt 
forekomsten av avvik i kromsomene i kreftcellene hos pasienter med myelomatose. 
 
I den første artikkelen ønsket vi å undersøke hvorvidt HGF og c-Met er tilstede, og om systemet er aktivt, også 
i vev fra pasienter, og ikke bare i cellelinjer på laboratoriet. Vi undersøkte forekomsten av HGF og c-Met i 
benmargsprøver fra pasienter med myelomatose og beslektede sykdommer ved hjelp av immunfarging. 58 av 68 
biopsier fra myelomatosepasienter, og 9 av 10 biopsier fra normal benmarg var positive for HGF. 25 av 63 
biopsier fra myelomatosepasienter og ingen av 10 biopsier fra normal benmarg var positive for c-Met. Med 
fosfo-spesifikke antistoffer fant vi at c-Met var fosforylert (dvs aktivert) i 15 av 21 c-Met-positive pasienter. 
Dette viser at c-Met ikke bare er tilstede, men at det også går et aktivt signal gjennom denne. Studien indikerer at 
c-Met er en faktor som skiller maligne fra normale plasmaceller, og at c-Met er aktivert i myelomatosepasienter. 
 
Omdanning av HGF fra inaktiv til aktiv form er avgjørende for biologisk funksjon. I den andre artikkelen 
undersøkte vi serumnivået av HGF aktivator (HGFA), som er en av de viktigste aktivatorer av HGF. Vi fant 
høyere serumnivåer av aktivert HGFA hos myelomatosepasienter enn hos friske kontrollpersoner. En mulig 
mekanisme for aktivering av HGF i myelomatose kan være økt nivå eller aktivitet av HGFA.  
 
En ekstracellulær porsjon av c-Met kan kappes av til en løselig reseptor i serum. Den løselige reseptoren kan 
nedregulere effekten av HGF på flere måter, men dette har ikke vært undersøkt i myelomatose. I den tredje 
artikkelen undersøkte vi serumnivåer av løselig c-Met. Vi fant ingen forskjell i serumkonsentrasjon av løselig c-
Met mellom myelomatosepasienter og friske kontrollpersoner. Likevel var det en negativ korrelasjon mellom 
serumkonsentrasjon av c-Met og sykdomsstadium, grad av plasmacelleinfiltrasjon i benmarg og nivå av M-
komponent hos myelomatosepasienter. Studien indikerer at det kan være relevant å undersøke en mulig biologisk 
betydning av løselig c-Met i myelomatose. 
 
Syndecan-1 er en viktig regulator av aktiviteten av flere vekstfaktorer. I den fjerde artikkelen undersøkte vi 
rollen til syndecan-1 som cofaktor i interaksjonen mellom HGF og c-Met. Det er kjent fra før at HGF kan binde 
til syndecan-1. Vi viser i denne studien at også c-Met kan binde til syndecan-1. Det er også tidligere vist at 
syndecan-1 lokaliseres til lipid rafts – kolesterolrike ”fett-flåter” – i cellemembranen. Slike lipid-flåter er viktige 
i cellesignalering, fordi viktige signalmolekylær konsentreres hit. Vi fant at HGF og c-Met lokaliseres sammen 
med syndecan-1 til lipid-flåter i myelomceller, og at intakte lipid-flåter er nødvendige for HGF-indusert 
signalering via PI3K-Akt, som er en viktig signalvei for overlevelse og tilvekst av myelomceller. 
 
Det at myelomcellene er avhengig av faktorer i benmargen er én side av sykdomsutviklingen ved myelomatose. 
En annen side er genetiske forandringer i myelomcellene. I den femte artikkelen har vi undersøkt forekomsten 
av genetiske avvik i myelomcellene hos 250 norske myelomatosepasienter. Vi fant at 45% av pasientene hadde 
en translokasjon (overbytning av genmateriale) der immunglobulingenet, som er sentralt ved myelomatose, blir 
flyttet nært andre gen (onkogen) som ofte fremmer celleveksten. 35% hadde tap av deler (delesjon) av 
kromosom 13 og 19% hadde delesjon av kromosom 17. 10% hadde delesjon av korte armen av kromosom 1 og 
34% hadde amplifikasjon av den lange armen av kromosom 1. Forekomsten av de genetiske avvikene hos norske 
myelomatosepasienter er lik den som er beskrevet i internasjonale materialer. Genetiske avvik kan komme til å 
få betydning for hvilken behandling som skal gis. 
 
Metoder som er brukt i doktorgradsarbeidet er immunhistokjemi, ELISA, konfokalmikroskopi, flowcytometri, 
immunprecipitering, Western blot og interphase FISH.  
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ASCT – autologous stem cell transplant 
ADAM – a disintegrin and metalloproteinase 
APRIL – a proliferation-inducing ligand 
BAD – Bcl-2 antagonist of cell death
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MM – multiple myeloma 
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INTRODUCTION 

1.1. General aspects of multiple myeloma 

1.1.1. Epidemiological and clinical aspects 

Multiple myeloma (MM) is a malignant plasma cell disorder that accounts for approximately 

1 % of cancer worldwide and 10-15% of all haematological malignancies (1, 2). Incidence 

rates vary from 0.4 to 6 per 100.000 (1, 3). In Norway, about 300 patients are diagnosed with 

MM per year (Cancer Registry of Norway). The median age at diagnosis is 65-70 years, but 

may be higher in unselected, population-based materials (3, 4). MM is more common in men 

than in women, and twice as common in African-Americans compared to Caucasians (2, 5). 

The incidence is higher in first-degree relatives of patients with MM (2). It is a disseminated 

disease which affects the bone marrow and frequently invades adjacent bone followed by 

bone destruction. Extramedullary expansions (plasmacytomas) of bone lesions, and true 

extramedullary plasmacytomas occur. The major clinical manifestations are symptoms from 

bone destruction with pain and/or fractures, anaemia, hypercalcaemia, renal failure and an 

increased risk of infections (6, 7). It has recently become clear that all, or almost all, cases of 

MM evolve from an asymptomatic premalignant state termed monoclonal gammopathy of 

undetermined significance (MGUS) (8, 9). MGUS is present in approximately 3% of the 

population above age 50, and about 1% per year progresses to MM or another B cell 

malignancy (10, 11). Other disorders of monoclonal plasma cells include MGUS, solitary 

plasmacytomas, systemic AL amyloidosis and POEMS (polyneuropathy, organomegaly, 

endocrinopathy, M protein, skin changes) syndrome (12). Immunoglobulin M (IgM) MGUS 

and Waldenström’s macroglobulinemia are related B-cell disorders that are not included in 

this work. 
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The current diagnostic classification distinguishes between smouldering/asymptomatic and 

symptomatic MM. The diagnostic criteria for symptomatic MM are [1] 10% or more clonal 

plasma cells on bone marrow examination, or a biopsy-proven plasmacytoma, [2] presence of 

serum and/or urine monoclonal protein and [3] signs of myeloma-related organ damage: 

Hypercalcaemia (C), renal insufficiency (R), anaemia (A), or bone destruction (B), with the 

acronym CRAB (6, 13). Exceptions from [2] are given in true non-secretory myeloma, which 

comprise approximately 2% of MM with no evidence of M protein on protein electrophoresis, 

serum immunofixation or serum-free light chain assay (12). The definition of smouldering 

myeloma requires 10% or more clonal bone marrow plasma cells and serum monoclonal 

protein (IgG or IgA) more than 30 g/L (12, 13).  

 

MGUS 
 

Asymptomatic MM  
(Smouldering MM) 

Symptomatic MM 

Clonal bone marrow plasma 
cells <10% 
 
Serum M protein  
< 30 g/L 
 
Absence of myeloma-related 
organ damage 

Clonal bone marrow plasma 
cells ≥ 10% 
and/or
Serum M protein ≥ 30 g/L  
 
 
Absence of myeloma-related 
organ damage  

Clonal bone marrow plasma 
cells ≥ 10% 
 
Serum and/or urine M protein 
present at any concentration 
 
Myeloma-related organ damage 
(CRAB) 

 

Table 1. Diagnostic criteria for MGUS, asymptomatic and symptomatic MM (6, 12, 13) 

 

Routine primary diagnostic work-up includes bone marrow aspirate or biopsy, plain 

radiographs of the axial skeleton (skull, vertebral spine, pelvis and long bones) and analyses 

of M protein in serum and urine. The serum free light chain assay may be able to replace the 

need for urine electrophoresis in the situation of screening for MM, and can be used for 

monitoring of disease course and response to therapy in those without measurable M protein 

by serum electrophoresis or immunofixation. In addition, clinical and biochemical analyses 

are performed to detect signs of myeloma-related organ damage. Today, cytogenetic analyses 
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with conventional karyotyping and/or fluorescence in situ hybridization (FISH) are 

increasingly being considered as part of routine primary diagnostic work-up (6). Cytogenetic 

abnormalities in multiple myeloma will be further discussed in a later section. In some 

instances MRI of the skeleton and PET-CT may be of value. 

 

1.1.2. Prognosis, staging, risk stratification and treatment 

MM is still an incurable disease. After the introduction of new drugs during the last decade, 

median overall survival has improved and is now estimated to four to five years, compared to 

approximately three years earlier (14, 15). However, MM is a heterogeneous disease, and the 

individual variation is large with some patients experiencing an aggressive disease course 

with survival only of weeks or months, while other patients may live for 10 years and more 

with the disease. The staging systems by Durie Salmon (16, 17) and the International Staging 

System ISS (17, 18) both yield prognostic information. ISS also seem valid in the era of new 

drugs like thalidomide, lenalidomide and bortezomib (15), and is the current standard for 

staging of myeloma. Yet these systems are not useful for guiding therapeutic choices.  

 

Stage I:    Serum β2-microglobulin <3.5 mg/L and    
                serum albumin ≥ 35 g/L  
Stage II:  Not fitting stage I or III 
 
Stage III: Serum β2-microglobulin ≥ 5.5 mg/L 
 
 

Table 2. International Staging System

There is increasing evidence that a risk stratification based on cytogenetics may be able to 

guide therapeutic decisions (19). Studies that have assessed various treatment options in 

patients with high risk cytogenetics include relatively small numbers of patients and limited 
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follow up, making it difficult to draw conclusions. While several studies suggest that use of 

bortezomib can improve the outcome of patients with t(4;14) or chromosome 13 

abnormalities (20, 21), there is no conclusive evidence that currently available drugs can 

overcome the negative prognostic impact of 17p deletion (del17p)(21), and new therapeutic 

strategies will have to be further evaluated in these patients. High risk cytogenetic 

abnormalities will be detailed and further discussed in a later section. Plasma cell labelling 

index > 3% was also shown to be associated with adverse prognosis (22), and the Mayo 

Clinic has implemented cytogenetics together with plasma cell labelling index in a risk 

adapted treatment algorithm (23). Gene expression profiling (GEP) can be of prognostic value 

and is used by some centres (24). However, general use of GEP is so far limited by the lack of 

availability and a uniform platform (6). The International Myeloma Working Group (IMWG) 

recently proposed a minimal testing panel for newly diagnosed MM patients which includes 

the established high risk cytogenetic factors t(4;14), t(14;16) and del17p (19, 23). 

Conventional metaphase cytogenetics is recommended in addition to FISH (25). However, 

tailored therapy based on risk factors and/or cytogenetic factors remains controversial. 

 

Melphalan – Prednisone has been the cornerstone for MM treatment since its introduction in 

the early 1960s (26). High dose therapy (HDT) with autologous stem cell transplant (ASCT) 

was introduced in the late 1980s and prolongs overall survival for those eligible (27). 

Eligibility for HDT with ASCT has therefore been the first dividing point in all treatment 

algorithms. The introduction of new drugs which can produce very good partial remissions 

and complete remissions (CR) with less toxicity than HDT with ASCT may come to 

challenge this concept. Also, the improved outcome of MM patients during the last decade, in 

parallel to the introduction of new drugs, has lead to discussion of whether time has come for 

a paradigm shift, towards more aggressive therapy aiming at CR, rather than sequential use of 
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drugs aiming at disease control (28). This “cure versus control” debate is still ongoing. There 

are some data to support that high risk patients need aggressive therapy to achieve a CR for 

accomplishing long term survival, while achieving a CR may not affect survival in standard-

risk patients (6, 29). Allogeneic stem cell transplantation has been associated with high 

mortality rates, and although new reduced conditioning regiments produce lower toxicity, the 

relapse rate increases, and allogeneic stem cell transplantation is still considered as 

investigational treatment (30, 31). A role for maintenance therapy with thalidomide, 

lenalidomide or bortezomib, after achieving optimal remission, is being evaluated in clinical 

trials (30). Further, the introduction of less toxic therapy and better risk stratification has 

brought up the topic of prophylactic treatment of smouldering myeloma (and even MGUS). 

However, until evidence for improved survival (or quality of life) by a prophylactic approach 

exist, observation until symptomatic disease remain the standard of care (6, 30). Several new 

drugs are currently being evaluated in trials (32). The IMWG uniform response and relapse 

criteria are detailed in (33). 

           

1.2. Pathogenesis  

1.2.1. Myeloma biology 

Normal B-cell development. Early B-cell development starts in the bone marrow, where B-

cell precursors go through rearrangement of the Ig heavy- and light-chain genes, resulting in a 

functional B-cell receptor. These cells then differentiate into mature, naïve B-cells which 

leave the bone marrow. After antigen activation, T helper cells stimulate the mature, antigen-

activated B-cells to undergo proliferation, somatic hypermutation of Ig heavy (IGH) and light 

chain (IGL) sequences, and class-switch recombination of Ig. This takes place in the germinal 

centre of the lymph node, and results in memory B-cells and terminally differentiated, non-

proliferating, long-lived plasma cells, capable of secreting antigen-specific antibodies (Figure 
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1). These cells home to the bone marrow where they receive survival signals as interleukin-6 

(IL-6) from stromal cells, and live for months to years (34, 35).  

 

 

Figure 1. Normal B cell differentiation. Reprinted by permission from Macmillan Publishers 

Ltd: Nat Rev Cancer (35), copyright 2005. 

 

General aspects on myeloma biology. MM is caused by the expansion of a single clone of 

plasma cells derived from B cells in the bone marrow. They are long-lived, with a low 

labelling index, usually 1-2% (34, 36). GEP has shown that the mRNA profiles of MGUS and 

MM are similar, but different from that of normal plasma cells (37). MM pathogenesis is 

regarded as a multi-step process of genetic alterations of the myeloma cells (Figure 2) and 

changes in the bone marrow microenvironment, but it is still not clear at what state of B cell 

differentiation the primary oncogenic event occurs. As in other human cancers, involvement 

of cancer stem cells have been discussed also in MM, and there are indications of the 

existence of a small subpopulation of cells with clonogenic capacity, more resembling 
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memory B-cells, that would be responsible for initiation, relapse and progression of the 

disease (34, 36).  

 

MM is a heterogeneous disease, both clinically and biologically. The basis for this 

heterogeneity is thought to involve both intrinsic disease biology and host factors. The IMWG 

molecular classification of multiple myeloma (19) is based on this intrinsic heterogeneity. It is 

a working classification based on today’s knowledge and expected to be modified with 

growing knowledge in coming years. 

 

 

Figure 2. Schematic presentation of clonal evolution of malignant plasma cells. Reprinted by 

permission from Macmillan Publishers Ltd: Leukemia (19), copyright 2009. 

1.2.2. Genetics in multiple myeloma 

MM can be divided into two categories based on chromosome numbers: hyperdiploid and 

non-hyperdiploid (19, 38, 39). This dichotomy has also been demonstrated in MGUS (40, 41), 

and the ploidy categories are valid over time (42). Patients in the hyperdiploid category have a 

better outcome (43, 44). The non-hyperdiploid group is characterized by a high frequency of 
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recurrent translocations involving the IGH locus on chromosome 14q32.3, of which the most 

common are t(11;14), t(4;14), t(14;16) and t(14;20) (19, 45, 46). These primary translocations 

cause various genes to be juxtaposed to a strong Ig enhancer that dysregulates their 

expression, and are looked upon as disease-defining events that remain during the course of 

the disease in a given patient (46). Translocations involving the IGL loci (2p12 or 22q11 for κ 

and λ, respectively) are less frequent (46). 

 

MM pathogenesis is considered to be a multistep process with sequential accumulation of 

genetic aberrations, including chromosome 13q deletion (del13q) and monosomy, del17p and 

chromosome 1 abnormalities. Chromosome 13 abnormalities are detected in around 50% of 

myeloma patients, and are associated with shorter survival. However, this prognostic 

association is considered to be a surrogate of its association with non-hyperdiploid MM, 

especially t(4;14) (19).  

 

Deletion of 17p13 (locus for the tumour suppressor gene TP53) is found in around 10% of 

MM patients (43), but is uncommon in MGUS. It is the cytogenetic factor with highest impact 

on prognosis. Patients with del17p have shorter overall survival, more aggressive disease and 

higher prevalence of extramedullary disease. In line with this, most myeloma cell lines have 

p53 abnormalities (19, 43). Chromosome 1 abnormalities, mainly 1p deletion (del1p) and 1q 

amplification, which are closely correlated, are also emerging as important prognostic factors 

(19, 47, 48), although contradictory data exist. Several authors have found a negative 

prognostic impact by chromosome 1 abnormalities (47-51), although the data is not yet 

considered sufficient to motivate routine use of chromosome 1 abnormalities to predict 

prognosis (25). Chromosome 1 abnormalities have also been implicated in transformation 
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from MGUS to smouldering myeloma and from smouldering myeloma to MM (50, 52). 

Several other candidates have been proposed as important progression factors (19). 

 

GEP has also been used for prognostic classification of MM patients. The myeloma research 

group at University of Arkansas for Medial Sciences (UAMS) identified by GEP a set of 70 

genes which predicted high-risk myeloma. They also identified 17 genes that were able to 

provide the same prognostic information (47). There was minimal overlap between the 

expressed signatures. Seven clusters of gene expression were identified, and this was the basis 

for the UAMS molecular classification of MM (24). The results have been validated by other 

groups, with identification of additional sub-groups (53). Some of the primary IGH 

translocations are associated with distinct gene expression profiles, like t(14;16) and t(14;20). 

However, some genetic events are not associated with any specific GEP pattern, and 

conversely, some GEP patterns are not associated with any known genetic events (19). 

 

The role of epigenetic factors in MM pathogenesis is subject to rising interest. DNA 

methylation is altered in many cancers, and tumour suppressor genes, like p53, are found to 

be silenced by methylation in MM. Also, aberrant expression of histone deacetylases 

(HDACs) have been shown in MM, and HDAC inhibitors are promising therapeutic agents 

(54). Further, an important role of post-transcriptional gene regulation by microRNAs is 

increasingly acknowledged (55). 

 

1.2.3. Cytokines and the bone marrow microenvironment 

The clinical heterogeneity of MM is thought to mirror both differences in intrinsic disease 

biology and host factors. The term “host factors” generally refers to factors like age and 

comorbidity, affecting prognosis and treatment toxicity. However, also the micro milieu of the 



 20

bone marrow is crucial for survival and thriving of myeloma cells. It is well established that 

interaction between myeloma cells and the bone marrow microenvironment is essential in 

MM pathogenesis (34). In this interaction, two components are crucial: adhesion molecules 

and cytokines.  

 

The bone marrow microenvironment consists of several cell types that secrete factors 

important for homing and adhesion of myeloma cells. These cell types include hematopoietic 

stem cells and progenitor cells, immune cells, stromal cells, endothelial cells, adipocytes, 

osteoclasts and osteoblasts (34).The chemokine stromal derived factor (SDF)-1α and its 

receptor CXCR4, which is expressed by myeloma cells, have crucial roles for homing of 

myeloma cells to the bone marrow (56). Binding of SDF-1α to CXCR4 induces motility and 

cytoskeletal rearrangements, i.e. migration, of myeloma cells. Several adhesion molecules 

then come to play, including CD44, very late antigen (VLA-4), intercellular adhesion 

molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) and syndecan-1  

(34, 36). Adhesion of myeloma cells to the bone marrow affects gene expression both in the 

myeloma cells and in the bone marrow stromal cells, leading to up-regulation of several 

cytokines (36). Further, adhesion of myeloma cells to bone marrow endothelial cells 

(mediated by SDF-1α), up-regulates expression of many angiogenic cytokines, and leads to 

secretion of several myeloma growth factors, like insulin-like growth factor 1 (IGF-1), IL-6, 

vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF), from the 

endothelial cells. At the same time, the myeloma cells may secrete factors that stimulate 

angiogenesis, like VEGF and basic fibroblast growth factor (bFGF) (34).  

 

Osteoclasts produce myeloma growth factors, like IL-6. Conversely, myeloma cells activate 

osteoclasts, leading to bone destruction. Bone marrow stromal cells produce receptor activator 
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of nuclear factor-κB ligand (RANKL) and osteoblasts produce osteoprotegerin (OPG). 

RANKL, by interacting with its receptor RANK on osteoblasts, stimulates osteoclasts. OPG is 

a decoy receptor that binds to RANKL and prevents it from interacting with RANK, i.e. 

inhibits it from promoting osteoclastogenesis. By disturbing the OPG/RANKL ratio, myeloma 

cells promote bone destruction (57). Myeloma cells also inhibit osteoblast differentiation via 

dickkopf-related protein 1 (DKK1) (58) and HGF (59). Interactions between the myeloma 

cells and bone marrow cells thus trigger several signals which mediate growth, survival and 

migration of myeloma cells and, in addition, bone destruction and angiogenesis (34). 

 

Several cytokines interact and synergize to promote myeloma cell survival and/or induce cell 

growth and proliferation, including IL-6, IGF-1, FGF, HGF, epidermal growth factor (EGF), 

vascular endothelial growth factor (VEGF), macrophage inflammatory protein 1α (MIP-1α), 

tumour necrosis factor (TNF), B cell activating factor (BAFF), a proliferation-inducing ligand 

(APRIL), IL-15, IL-21 and more (60-70). Some of them are produced by the myeloma cells, 

and some by bone marrow stromal cells, thus acting in an autocrine or paracrine manner. 

Among these cytokines, IL-6 is since long time regarded as the major growth and survival 

factor of myeloma cells (60, 71). IL-6 and one of the most important other cytokines, IGF-1, 

will be described in more detail, but the focus of this work is on HGF, its receptor c-Met and 

related factors. 

                                  

1.2.4. Signalling common pathways and redundancy  

Several cytokines converge to activate common intracellular pathways, like the Ras/mitogen 

activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K)/Akt, nuclear factor-

κB (NF-κB) and janus kinase (JAK)/signal transducer and activator of transcription 3 

(STAT3) pathways (72). As an example consistent with this notion, it was shown that in the 
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presence of bone marrow stromal cells, myeloma cells survive independently of IL-6/STAT3 

signalling (73), indicating that additional factors from the bone marrow microenvironment 

might substitute for its actions. This is thought to explain the often disappointing results of 

inhibiting single cytokines, like IL-6, as these signalling cascades will be redundantly 

activated by other cytokines (72). The intracellular pathways most relevant for this work are 

further described in the c-Met signalling section. 

 

1.2.5. IL-6  

IL-6 was early recognized as the main cytokine inducing terminal differentiation of B cells 

into plasma cells (74). IL-6 has proved to be a major myeloma growth factor, and many 

myeloma cell lines are dependent of IL-6 for thriving (60, 71, 75). IL-6 knock out mice do not 

develop plasma cell malignancies (76). IL-6 promotes growth, protects myeloma cells from 

apoptosis and, in addition, may induce resistance to dexamethason (77). Serum levels of IL-6 

correspond with disease severity (78). When myeloma cells adhere to bone marrow stromal 

cells or osteoblasts, these are triggered to produce IL-6 (79-82). IL-6 may also be produced by 

myeloma cells (60, 83). IL-6-production by bone marrow stromal cells and by myeloma cells 

is stimulated by several cytokines, like TNF-α and IL-1 (84, 85). IL-6 thus acts in an 

autocrine or paracrine upon the IL-6 receptor complex which is expressed by the malignant 

cells of most MM patients, and by almost all myeloma cell lines (86, 87). The IL-6 receptor 

complex is composed of a ligand binding domain, IL-6 receptor-α (IL-6Rα), and a signal 

transducing domain (GP130/CD130). When bound to ligand, IL-6Rα dimerizes GP130 

followed by activation of intracellular signalling pathways. The intracellular portion of the IL-

6R complex lacks tyrosine kinase activity, but recruits other intra-cytoplasmic tyrosine 

kinases for downstream signalling mainly through the JAK/STAT3, Ras/MAPK and 

PI3K/Akt pathways (88-90). 
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1.2.6. IGF-1  

IGF-1 has a physiologic role in normal regulation of metabolism, development and growth, 

but is also thought to play crucial roles in many types of cancer (91). It is mainly produced by 

the liver under the influence of growth hormone and insulin, and circulates in a complex 

bound to IGF binding protein 3 (IGFBP-3). When IGFBP-3 binds to matrix proteins or cell 

surfaces, or is cleaved by proteases, it releases IGF-1. In addition, IGF-1 can be secreted 

locally in tissues, like the bone marrow, where it is produced by bone marrow stromal cells 

and osteoblasts, and by cancer cells. Thus IGF-1 may act in an endocrine, paracrine or 

autocrine manner (91). Numerous studies in cell lines and mouse models have established an 

important role of IGF-1 in myeloma pathogenesis (61, 92, 93). Klein and co-workers found 

that IL-6 and IGF-1 were equally important for myeloma cell growth and survival (92). 

Expression of the IGF-1 receptor (IGF-1R) on myeloma cells was found to be a negative 

prognostic factor (93-95), and serum concentration of IGF-1 was associated with shorter 

survival in MM patients (96). Upon binding of IGF-1 the IGF-1R goes through a 

conformational change, inducing kinase activity, leading to activation of the PI3K/Akt and 

MEK/ERK pathways (91). IGF-1 mediates proliferation, survival, homing and adhesion of 

myeloma cells (92, 97, 98). In addition, the growth factor activity of IL-6, heparin-binding 

EGF (HB-EGF) and HGF was found to be partly dependent on IGF-1/IGF-1R signalling (93).  

 

1.2.7. The HGF/c-Met system.  

HGF was first discovered in 1984 as a mitogen for rat hepatocytes (99). In 1989, cDNA for 

human HGF was cloned, and the structure was clarified (100, 101). In 1991, it was discovered 

that scatter factor (102), a motogen for epithelial cells, was identical to HGF (103, 104). HGF 

is now known as a mitogenic, motogenic and morphogenic factor, and has essential roles in 

human embryogenesis/development (105, 106). It is mainly secreted by mesenchymal cells, 
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and acts in a paracrine manner on epithelial cells. Knocking out HGF, or its receptor c-Met, is 

embryonically lethal due to impaired development of placenta and liver (105, 106). 

 

HGF is synthesized as a single chain pre-pro-form of 728 amino acids. The first 31 amino 

acids are cleaved to form pro-HGF. Pro-HGF is then further cleaved between Arg494 and 

Val495 to form the biologically active form. Active HGF is a heterodimer, composed of a 69 

kDa alpha-chain containing a hairpin domain and four kringle domains, and a 34 kDa serine 

protease (SP)-like beta-chain, linked by a disulphide bond (100, 101, 106) (Figure 3). 

Although the SP domain has lost its protease activity due to replacement of two amino acids 

in the active site, HGF is structurally similar to plasminogen, and its activation follows a 

similar pattern as the activation steps of the serine proteases of the coagulation cascade. HGF 

activator (HGFA), urokinase-type plasminogen activator (uPA), tissue plasminogen activator 

(tPA), coagulation factor XI and XII, plasma kallikrein and the membrane bound proteases 

matriptase and hepsin have all been shown to activate single chain HGF (107-113). HGFA, 

matriptase and hepsin are the most potent processors, the HGF-converting potency of HGFA 

being more than 1000 times that of uPA (108). HGFA is further described below. 

  

-chain 

Figure 3. Schematic illustration of HGF. Modified by permission from Blackwell Publishing: 

J Gastroenterol Hepatol  (106), copyright 2011. 
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The naturally occurring splice variants of HGF named NK1 and NK2 consist of the N-

terminal hairpin loop and one or two of the kringle domains, respectively (Figure 3). Both 

NK1 and NK2 can act either as agonists or as competitive antagonists (114). The synthetic 

splice variant NK4 is composed of the hairpin loop and four kringle domains and has 

antagonistic activity (115). 

 

HGF is a heparan sulphate (HS)-binding protein, and numerous studies have confirmed that 

HGF binds to sulphated glycosaminoglycans (GAG), or GAG covalently bound to proteins, 

termed heparan sulphate proteoglycans (HSPG) (116, 117). In studies of the interactions 

between HS and growth factors, heparin has commonly been used as a substitute for HSPG, 

mainly due to structural and chemical similarity (the main difference is that heparin has a 

higher amount of sulphation) and greater availability. The main heparin binding site is located 

in the N-terminal hairpin loop of HGF (116, 118). By binding to HSPG, HGF is sequestered 

in the extracellular matrix of most tissues, mainly in its inactive form (119). HSPG can 

potentiate HGF activity (116, 120, 121), but may also have opposite effects on HGF activity 

depending on their concentration (122). The interaction between HGF and the most abundant 

HSPG on plasma cells, syndecan-1, is further described below. 

 

HGFA. Activation of HGF in the bone marrow microenvironment is critical for HGF/c-Met 

signalling. One of the most potent activators is the factor XII-related serine protease HGFA 

(123). HGFA is a member of the kringle-containing serine protease super-family, and is 

mainly secreted by the liver, although extrahepatic expression has been reported in a number 

of normal and tumour tissues (124). It circulates in plasma as a single-chain 96-kDa pro-form, 

which is activated by thrombin, in the presence of negatively charged molecules, such as 

heparin, HS and chondroitin sulphate, in injured tissues and in tumours. The activated form of 
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HGFA consists of a heterodimer with a 66 kDa heavy chain and a 32 kDa light chain (125). 

Plasma kallikrein may further splice the HGFA heavy chain, resulting in a 34 kDa two-chain 

short form, which retains its enzymatic activity (125). An alternative mechanism for 

activation of pro-HGFA is by the kallikrein related peptidases 4 and 5 (126). Activation of 

HGFA leads to an increased heparin-binding capacity, possibly concentrating activated 

HGFA to cell surface HSPG (127). Since the major activator of HGFA is thrombin, it follows 

that the conversion of prothrombin to thrombin, i.e. activation of the coagulation cascade in 

injured tissues, is an important step in activation of the HGF/c-Met system.  

 

The system is regulated by the HGF activator inhibitors (HAI) -1 and -2 and plasma protein C 

inhibitor (124, 128). HAI-1 and HAI-2 are both membrane bound serine protease inhibitors. 

The activity of HGFA is suppressed by reversible binding to cell surface HAI-1, but the 

HGFA-HAI-1 complex can also be released by metalloproteinase-mediated shedding of the 

HAI-1 ectodomain. So, while HAI-2 is a strong inhibitor, it is possible that HAI-1 not only 

works as an inhibitor, but also as a reservoir of HGFA at the cell surface (113, 124, 129, 130).  

 

The role of HGFA in physiological and pathological conditions is not fully elucidated. Serum 

from HGFA knockout mice was unable to process pro-HGF, suggesting that HGFA is indeed 

the major activator of HGF in serum (131). Still, while knocking out HGF is embryonically 

lethal, no obvious developmental abnormalities were shown in HGFA-/- mice, clearly 

indicating that HGFA is redundant during tissue development, and can be compensated for by 

other proteases like matriptase and hepsin, acting in the local tissue environment (113, 131). 

On the other hand, HGFA has important roles in regeneration of injured tissue (113, 127). 

Several studies also indicate a role in tumour progression, and expression of HGFA has been 

observed in several tumour types, reviewed in (113). It has also been shown that myeloma 
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cells can express HGFA (132). HGFA may also activate pro-macrophage stimulating protein 

(MSP), a protein with structural homology to HGF (113). 

 

c-Met.  

The HGF receptor, c-Met, was cloned in 1984 (133). It is member of the scatter factor 

receptor family, together with the tyrosine kinase Ron, which is the receptor for MSP (134). 

c-Met is produced as a single chain precursor, which is cleaved by furin to form a 50 kDa 

extracellular alpha-chain and a 145 kDa transmembrane beta-chain, linked by a disulfide bond 

(133, 135). The extracellular portion of c-Met contains a Sema domain, to which semaphorin-

type proteins can bind (134), a cysteine-rich Met-related-sequence (MRS) domain, and four 

Ig-like structures (136, 137) (Figure 4). High affinity binding between HGF and c-Met occurs 

via the α-chain of HGF and the Ig-like region of c-Met (138), independently of HGF 

activation. Low affinity binding occurs only after activation of HGF, by binding of the HGF 

β-chain to the Sema domain of c-Met (139, 140). While the alpha-chain of HGF is necessary 

for high affinity binding to the receptor (but does not activate the receptor), the low-affinity 

binding of the β-chain to the c-Met Sema domain is necessary for receptor dimerization and 

activation (135, 139). It is believed that HGF-induced c-Met activation is mediated by 

formation of a 2:2 complex where c-Met dimerization is primarily mediated by dimer 

formation of HGF (141). 
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Figure 4. Schematic illustration of c-Met. Reprinted by permission from Blackwell 

Publishing: J Gastroenterol Hepatol  (106), copyright 2011. 

 

The intracellular portion of c-Met is composed of a juxtamembranous domain, a tyrosine 

kinase domain, and a carboxy-terminal (C-terminal) regulatory tail. The juxtamembranous 

domain with tyrosine 1003 is essential in downregulation of the receptor (142, 143). In the 

tyrosine kinase domain, two tyrosine residues (Tyr 1234 and Tyr 1235) regulate the kinase 

activity, while two other tyrosine residues (Tyr 1349 and Tyr 1356), located in the C-terminal 

regulatory tail, are essential for recruitment of downstream adapter molecules as described in 

the following section (105, 144).  

 

HGF - c-Met signalling. Upon HGF binding c-Met is dimerized, and autophosphorylation 

occurs on tyrosine residues Y1234 and Y1235 in the activation loop of the tyrosine kinase 

domain, which induces kinase activity, while phosphorylation on Y1349 and Y1356 form a C-

terminal multifunctional docking site. This phosphorylation of C-terminal tyrosine residues in 
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the docking site recruit scaffolding adaptor proteins, including growth-factor-receptor-bound 

protein 2 (GRB2)-associated binder 1 (GAB1) and α6β4-integrin. These adaptors act as 

supplementary docking platforms for further binding of intracellular signalling molecules, 

including GRB2, PI3K, p120 Ras-GTPase-activating protein (p120), phospholipase Cγ 1 

(PLCγ1), SH2-domain-containing protein tyrosine phosphatase 2 (SHP2), Src, Src-homology-

2 domain-containing transforming protein (SHC) and STAT3, summarized in (135). The 

scaffolding adaptor protein GAB1 is the most crucial substrate for HGF/c-Met signalling, and 

is responsible for most of the cellular responses to c-Met activation. Knocking out GAB1 is, 

like knocking out HGF or c-Met, embryonically lethal (145).  

 

While the c-Met receptor with its docking site and scaffolding adaptor proteins is unique, its 

downstream signalling pathways are the same as those evoked by several other tyrosine 

kinase receptors. Downstream effectors of c-Met include the MAPK cascades, the 

PI3K/Akt/mammalian target of rapamycin (mTOR) pathway, the Src/focal adhesion kinase 

(FAK) pathway, the  NF-κB inhibitor-α (IκBα) – NF-κB complex (105, 135) and the STAT3 

pathway. These are distinct but interacting cascades. As earlier described, several cytokines 

converge to activate common intracellular pathways.  

 

The PI3K-Akt pathway. c-Met can activate PI3K either indirectly via activation of Ras, or 

directly. Direct activation occurs when the regulatory subunit p85 of PI3K binds to the 

docking site of c-Met, leading to recruitment of the catalytic subunit p110, whereby PI3K is 

activated. The main function of active PI3K is to generate phosphatidylinositol (3,4,5)-

triphosphate (PI(3,4,5)P3), which in turn recruits pleckstrin homology (PH)-domain 

containing molecules to the plasma membrane. One of these is the serine/threonine kinase Akt 

(Figure 5). Activated Akt may inactivate the pro-apoptotic protein BCL-2 antagonist of cell 
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death (BAD), and promote degradation of the pro-apoptotic protein p53. By these two 

mechanisms, Akt acts anti-apoptotic. Akt also inhibits apoptosis indirectly via the NF-κB 

pathway. Further, Akt inactivates glycogen synthase kinase 3β (GSK3β), which normally 

suppresses expression of the positive cell cycle regulators Myc and cyclin D1, and activates 

mTOR. By these mechanisms, Akt stimulates proliferation and cell growth. The PI3K – Akt 

pathway is one of the major oncogenic pathways, and aberrations involving components of 

this pathway are commonly seen in cancer. One example is loss of phosphatase and tensin 

homologue (PTEN), the PI(3,4,5)P3 -phosphatase which converts PI(3,4,5)P3 back to 

PI(4,5)P2. PTEN is a tumour suppressor, and is absent in many tumours (146).   

 

 

Figure 5. Schematic illustration of the PI3K/Akt pathway. See text for details. Reprinted by 

permission from Macmillan Publishers Ltd: Nat Rev Cancer (146), copyright 2002. 
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The MAPK pathways. The MAPK subfamilies are characteristically composed of a series of 

phosphokinases, where the MAPK kinase kinase (MAPKKK) activates the MAPK kinase 

(MAPKK), which in turn activates the MAPK (Figure 6).  

 

 

Figure 6. Schematic illustration of the MAPK pathway. See text for details. Copyright © 2008 

From MolecularBiology of The Cell by Bruce Alberts, et al. Reproduced by permission of 

Garland Science/Taylor & Francis Books, Inc.  

 

The MAPK family includes the extracellular signal-regulated kinase 1 (ERK1) and ERK2, jun 

amino-terminal kinases (JNKs) and p38 pathways. Activation of the ERK pathway is 

triggered by Ras. Ras is activated by transition from the guanosine diphosphate (GDP) to 

guanosine triphosphate (GTP) state, and c-Met activates Ras through the GRB2 – son of 

sevenless (SOS) complex. This activation may occur directly or via an SHC adaptor. It may 

also occur via SHP2, which dephosphorylates the p120-binding site on GAB1, which 

normally deactivates Ras. Activated Ras recruits the serine/threonine kinase Raf, leading to a 

conformational change of Raf, which is thereby phosphorylated, and in turn activates MAPK-
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ERK kinase (MEK)1 and MEK2, which in turn phosphorylates ERK1 and ERK2. The JNK 

pathway starts with Rac mediating phosphorylation of MEK kinase (MEKK)1, which leads to 

phosphorylation of MEK4, which leads to activation of JNK 1,2 and 3. The p38 pathway also 

starts with Rac mediating phosphorylation of MEKK, leading to phosphorylation of MEK3 

and 6, leading to phosphorylation of p38α, p38β, p38γ and p38δ. The MAPK pathways are 

involved in cell proliferation, differentiation, transformation and apoptosis.  

 

Other important pathways include the p120/STAT3 pathway, implicated in cell 

proliferation and differentiation. The Ras-Rac1-p21 activated kinase (PAK)-pathway is 

important for cytoskeletal rearrangement and cell adhesion, and the Src/focal adhesion kinase 

(FAK) pathway regulates cell adhesion and migration. The NF-κB system is a family of 

transcription factors that are kept inactive in the cytoplasm by the inhibitory IκBs. In response 

to tyrosine kinase activation, the PI3K- and the Src pathways mediate activation of the IκB 

kinase (IKK). IKK mediates degradation of the IκBs, leading to release of NF-κB, which 

translocates to the nucleus and stimulates transcription of mitogenic and anti-apoptotic 

regulators (105, 135).  

 

Regulation of c-Met activity. HGF – c-Met activity may be enhanced by co-receptors, 

including HSPGs as described in the HGF and syndecan-1 sections (pages 22 and 36). CD44 

is another transmembrane glycoprotein, which works as a linker between the extracellular 

matrix and the intracellular actin cytoskeleton (147). CD44 can collaborate with c-Met, and is 

under some conditions necessary for c-Met signalling (148). c-Met may also interact with 

semaphorin receptors (plexins), and when oligomerized with plexins, c-Met can be activated 

by semaphorins independently of HGF (134, 135).  
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Several protein-tyrosine phosphatases can hamper c-Met signalling by dephosphorylation of 

tyrosines in the catalytic or docking domain (135). c-Met signalling is also negatively 

regulated by the ubiquitin ligase Cbl, which binds to phosphorylated Y1003 in the 

juxtamembranous region of c-Met, resulting in c-Met ubiquitination, endocytosis and 

degradation, providing a mechanism for terminating c-Met signalling (143). Another 

mechanism for downregulation of c-Met is by activation of protein kinase C, leading to 

phosphorylation of Ser985 in the juxtamembranous domain of c-Met, which in turn leads to 

suppression of HGF-induced activation of c-Met (142). Finally, c-Met can be downregulated 

by ectodomain shedding. 

 

c-Met shedding. Extracellular fragments of c-Met can be shed from the cell surface under 

physiologic conditions and in cancer (149-153). The membrane-bound metalloproteinases of 

the A Disintegrin And Metalloproteinase (ADAM) family, ADAM-10 (154) and ADAM-17 

(155), have been proposed as mediators of cell surface shedding of c-Met, and several splice 

variants of c-Met have been described (149, 153, 156). There is compelling evidence from 

cancer cell lines and mouse models that a soluble extracellular fragment of c-Met can act as a 

decoy receptor and downregulate HGF/c-Met activity (138, 152, 156-158). Ectodomain 

shedding may downregulate c-Met by three different mechanisms. First, the soluble 

ectodomain can compete for HGF, and prevent HGF from interacting with c-Met at the cell 

surface. Second, the soluble ectodomain can interact with full size c-Met, preventing it from 

dimerization and activation. By these mechanisms, c-Met decoys may inhibit both HGF-

dependent and HGF-independent c-Met activation (157). Third, shedding of the ectodomain 

may leave a surface-associated cytoplasmic remnant, which is subsequently detached from the 

membrane and degraded (152, 155). Contradictory data exist, though, since others have found 

that deletion of the c-Met ectodomain can lead to activation of the remaining tyrosine kinase 
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domain (159). Also, c-Met ectodomain fragments found in culture supernatant of mammary 

carcinoma cells could not compete efficiently with intact cellular c-Met for HGF binding 

(153). In conclusion, the biological effects of c-Met shedding may be different in different 

tumours and under different circumstances, but existing data suggest an important effect of c-

Met shedding in down-regulation of its activity. 

 

Effects of HGF/c-Met activity. The characteristic cellular responses to HGF - c-Met 

signalling in epithelial cells include “scattering” and invasion, induced by dissociation of cells 

and increased motility. By promoting cell survival, proliferation, morphogenesis, migration 

and angiogenesis, HGF/c-met signalling has essential roles in human embryogenesis, wound 

healing and tissue repair (105, 106). Efforts are made to utilize the positive effects of HGF in 

tissue regeneration, and HGF-treatment have also shown effectiveness in prohibiting 

development of fibrosis in various disease models including liver cirrhosis, lung fibrosis and 

dilated cardiomyopathy, reviewed in (106). Beyond the physiological roles, there is growing 

interest in the role of HGF/c-Met activity in tumour development. HGF/c-Met signalling is 

crucial in the event termed epithelial mesenchymal transition (EMT), a biological program  

characterized by loss of cell adhesion, repression of E-cadherin expression, and increased cell 

mobility (160). EMT is considered a central mechanism for metastasizing of epithelial 

tumours, in the biological program termed “invasive growth” (161, 162). In this way 

mechanisms that were meant for embryonic development and tissue repair are adopted by 

cancer cells for invasion and metastasis.  

 

HGF/c-Met activity is normally tightly regulated, by paracrine ligand delivery, ligand 

activation at the cell surface, and ligand-activated receptor internalisation and degradation 

(135). Deregulation of the HGF/c-Met pathway is common in cancer, and HGF and c-Met 
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expression and signalling have been demonstrated in several cancer types, including breast, 

colorectal, gastric, head & neck, liver, lung, pancreas, ovarian, renal, prostate, sarcoma and 

lymphoma (www.vai.org/met/) and (105). c-Met activation in cancer can be ligand-dependent 

or ligand-independent. Ligand-dependent deregulation may occur by paracrine activation – 

interactions between HGF, secreted by stromal cells, and c-Met, expressed by tumour cells, 

are central in the tumour-stromal interactions of several malignancies. It may also occur by or 

autocrine activation, as some tumours concomitantly secrete HGF and express c-Met (105, 

106). An additional mechanism is by acceleration of the conversion step of HGF to its 

activated form. It was recently shown that upregulation of matriptase had oncogenic effects 

via the Akt - mTOR pathway, mediated by conversion of pro-HGF to active HGF and 

signalling through c-Met (163). Ligand-independent activation may occur by mutation in the 

kinase or juxtamembranous domains of the MET gene (105), which is the causative genetic 

disorder in hereditary renal papillary carcinoma (164). MET mutations have been shown also 

in other cancer types including lung cancer, hepatocellular carcinoma and gastric carcinoma 

(105, 165). Although MET mutations occur at a relatively low frequency, they provide 

evidence of the oncogenic potential of the HGF/c-Met pathway (164). Also, HGF-

independent activation may occur through trans-activation of c-Met by other membrane 

receptors, including CD44, integrins, plexins, Ron and Fas. c-Met may also cooperate with 

other tyrosine kinase receptors in oncogenesis.  It has been shown that the gene encoding c-

Met is amplified in a subset of patients with non-small cell lung cancer resistant to the EGFR 

tyrosine kinase inhibitor gefitinib, and that c-Met can take over the activation of PI3K and 

ErbB3 from EGFR. In these instances, it would be necessary to inhibit both EGFR and c-Met 

to induce cell death (165, 166). 
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The HGF/c-Met signalling pathway as a target in cancer therapy. As one of the most 

frequently activated oncogenic proteins in human cancer (www.vai.org/met/) and (105), the 

HGF/c-Met pathway has become an increasingly attractive target in cancer treatment. 

Silencing the overexpressed MET gene in tumour cells was shown to suppress tumour growth 

and metastasis, and induced regression of established metastases in mouse models (167). 

Several inhibitors of the HGF/c-Met pathway are under preclinical and clinical development. 

Small synthetic molecules that inhibit c-Met tyrosine kinase activity comprise the largest 

group of agents currently under evaluation. Other approaches to inhibit HGF-c-Met activity 

include siRNA, ribozymes, neutralizing monoclonal antibodies (mAbs) directed against HGF 

or c-Met, soluble c-Met receptors, HGF-forms that resist proteolytic activation or its 

conformational consequences, and antagonists composed of selected domains of HGF (168, 

169). Among the latter group, NK4 was the first described inhibitor. NK4 consists of the HGF 

N-terminal and the four kringle domains and is a competitive inhibitor of HGF-induced c-Met 

activation. In addition, anti-angiogenic properties of NK4 has been demonstrated, and NK4 

have been shown to inhibit invasion and metastasis in several cancer types (170). NK4 also 

inhibits growth of myeloma cells (115). Other advanced drug candidates are mAbs against 

either HGF or c-Met. Most of them work by blocking HGF/c-Met binding, while the mAb 

DN-30 works by a different mechanism, by inducing ectodomain shedding and receptor 

degradation (152). 

 

HGF and c-Met in multiple myeloma. HGF is secreted by bone marrow stromal cells as 

well as by hematopoietic cells of the myeloid lineage and mature neutrophils in the bone 

marrow microenvironment (171-173), but neither HGF nor c-Met are expressed by normal 

plasma cells (93, 174, 175). In 1996, Børset et al showed that malignant plasma cells can 

produce HGF, and also express c-Met (176). HGF may therefore interact with c-Met in a 
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paracrine or autocrine manner. Serum HGF levels are elevated in MM patients as compared to 

healthy individuals, and high levels are associated with poor prognosis (177-179). The levels 

of HGF are higher in the bone marrow than in the circulation of MM patients (180), 

suggesting that the bone marrow is the main source of the elevated serum HGF. Also, levels 

of HGF mRNA in crude bone marrow biopsies of MM patients are significantly higher than in 

healthy individuals (Tian et al, manuscript in preparation). HGF was the only growth factor 

among the 70 most upregulated genes in malignant compared to normal plasma cells, as 

assessed by gene array analysis (174). Others have confirmed upregulation of the genes 

encoding HGF (175) and c-Met (93, 175) in myeloma cells as compared to normal plasma 

cells, and in another study, HGF and c-Met were among the transcripted genes distinguishing 

MM from the related B-cell lymphoproliferative disorders chronic lymphocytic leukaemia 

and Waldenströms macroglobulinemia (181). 

 

In vitro, HGF stimulates survival, proliferation, adhesion and migration of malignant plasma 

cells (63, 182-184), stimulate angiogenesis (185) and inhibit osteoblastogenesis (59). Besides 

its own actions as a growth factor, HGF may also potentiate the actions of IL-6 in 

proliferation and migration of myeloma cells (186). HGF and c-Met may thereby in many 

ways contribute to MM pathogenesis, and are considered as potential therapeutic targets also 

in MM (115) . However, the functional data on the actions of HGF and c-Met in MM are 

mainly derived from in vitro studies, and further studies in mouse models are warranted.     

 

1.2.8. Syndecan-1 

The syndecan family of HSPGs comprises four members, named syndecan-1 to -4 (187). 

Almost all cells express at least one of the syndecans, and they are the major source of cell 

surface HS. Syndecan-1 (CD138) is a type-I membrane protein with HS (and sometimes 
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chondroitin or dermatan sulphate) attached to its extracellular domain. The HS chains mediate 

attachment of heparin binding growth factors, and their structure is modified by heparanase 

and sulphatases. The short cytoplasmic tail of the core protein consists of a variable region 

(unique for syndecan-1), flanked by two conserved regions (that are identical between all 

syndecans). The C-terminal conserved region has a binding site for PDZ-domain containing 

proteins. These proteins are thought to connect syndecan-1 to signalling and cytoskeletal 

components (188, 189).  

 

Syndecan-1 is expressed in epithelial cells, and in some lymphoid cells: It is the 

predominating HSPG on normal and malignant plasma cells, and is also present on pre-B cells 

(190). Its relative specificity for plasma cells has made it useful for immunomagnetic 

separation of plasma cells from bone marrow (191).  

 

The syndecans bind a wide variety of molecules via their HS chains, thereby promoting 

adhesion between cells, and between cells and extracellular matrix (192, 193). They synergize 

with integrins to regulate cell adhesion (194). An important characteristic is also the ability to 

bind growth factors, thereby concentrating them at the cell surface (195). Syndecan-1 may 

also be shed from the cell surface, and by binding to soluble syndecan-1, growth factors may 

be sequestered/concentrated in the extracellular matrix (195). Several cytokines are known to 

bind to HS chains, such as FGF (196, 197), HGF (120, 122, 198), APRIL (199), VEGF (200), 

HB-EGF (64) and members of the bone morphogenetic protein (BMP) family (201). IGF-1 

does not bind HS, but it has been shown that binding of IGFBP-3 to HS chains weakens its 

affinity for IGF-1, leading to local release of IGF-1, indicating that both cell surface-bound 

and soluble syndecan-1 also can contribute to local concentration of IGF-1 (202).  
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By presenting a growth factor for its receptor, HSPGs can facilitate receptor dimerization. 

This phenomenon is best characterized for the FGF receptor, which is dependent on HS for 

signalling (Figure 7) (196, 203). Further, upon binding to a ligand, syndecans on the cell 

surface may translocate to lipid rafts (204), which are detergent insoluble, cholesterol-rich 

microdomains of the plasma membrane that function as platforms for cellular signalling 

(205). Possible consequences/implications of this latter phenomenon for growth factor 

signalling in cells abundant of syndecan-1 are largely unknown. 

 

 

Figure 7. By presenting a growth factor for its receptor, HSPGs can facilitate receptor 

dimerization.  Copyright © 2002 From MolecularBiology of The Cell by Bruce Alberts, et al. 

Reproduced by permission of Garland Science/Taylor & Francis Books, Inc. 

 

Several mediators of syndecan-1 shedding have been described, including matrix 

metalloproteinase (MMP)1, MMP7 (matrilysin), MMP9, and uPA (206-209). Soluble 

syndecan-1 remains biologically active, and accumulate in the extracellular matrix of the bone 

marrow, where it can act as a reservoir for growth factors (195). These reservoirs are thought 

to play a role in promoting myeloma pathogenesis, and possibly contribute to regeneration of 
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tumour after chemotherapy. There is a gradient of syndecan-1 concentration between bone 

marrow and peripheral blood, levels being higher in bone marrow than in serum of MM (180). 

High serum levels of soluble syndecan-1 in MM patients are associated with a poor prognosis 

(210, 211). 

 

We have taken particular interest in the interaction of syndecan-1 with HGF and c-Met in 

MM. It has previously been shown that soluble syndecan-1 can be measured at high levels in 

the bone marrow of MM patients (122, 180), and that HGF and syndecan-1 can exist as a 

complex (122). Syndecan-1 is targeted to the uropod of polarized myeloma cells where it can 

sequester HS-binding proteins (198), and it has been shown that syndecan-1 promotes HGF/c-

Met signalling (120). This phenomenon has mainly been explained by a syndecan-1-mediated 

concentration of HGF at the cell surface, presentation of HGF to c-Met and facilitation of 

receptor dimerization, in a mechanism parallel to the way in which FGFR dimerization is 

facilitated by HSPG (Figure 7) (196, 203). FGF signalling requires not only FGF-HS binding, 

but also FGF receptor – HS interaction (212), and a similar mechanism has been suggested in 

the case of HGF signalling, where HS may interact with both HGF and c-Met (118, 137, 213). 

In contrast, others have demonstrated little or no heparin binding capacity of c-Met (117). 

Recently, it was shown that heparanase, an enzyme that cleaves HS chains but also enhances 

syndecan-1 synthesis and shedding (206, 214, 215), in addition may stimulate HGF 

expression, the activity of which is further enhanced by interaction with shed syndecan-1 

(216). Syndecan-1-dependent growth of myeloma cells stimulated by other heparin-binding 

growth factors, such as EGF and APRIL, has also been demonstrated (64, 199). 

 

Thus, syndecan-1 regulates and promotes the activity of several myeloma-relevant growth 

factors, acting both on the cell surface and within the extracellular matrix of the bone marrow 



 41

environment. Since, within the bone marrow, syndecan-1 is almost exclusively expressed by 

plasma cells, it would theoretically be an ideal therapeutic target in MM (217). Antibodies 

against syndecan-1 can be used for targeting cytotoxic agents to myeloma cells, exemplified 

by murine/human syndecan-1-specific mAbs conjugated with cytotoxic maytansinoid 

derivates which have shown efficacy in vitro and in vivo (218). Antibodies against syndecan-1 

could also be used to stimulate immune-mediated myeloma cell killing (219, 220), or the 

syndecan-1 molecule itself could be the target. Knocking down syndecan-1 expression by 

RNA interference, as well as altering the HS structure, inhibited growth of primary myeloma 

tumours in severe combined immunodeficiency (SCID) mice (217, 221). Syndecan-1 

knockdown cells formed fewer focal subcutaneous tumour lesions when injected 

intravenously into mice, and syndecan-1 knockdown tumours exhibited lower levels of VEGF 

and reduced angiogenesis compared with tumours expressing normal syndecan-1 levels (221). 

Inhibition of heparanase, which enhances syndecan-1 synthesis and shedding, also inhibited 

myeloma growth in vivo (217).  
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2. AIMS 

The first aim of this work. The results of several in vitro studies point to HGF and its 

tyrosine kinase receptor c-Met as important contributors in MM pathogenesis. Most studies 

have been carried out in myeloma cell lines, and it is important to gain more knowledge about 

the expression of these factors in patients with MM. Thus, the first aim of this work was to 

contribute to knowledge about expression of c-Met, HGF and HGFA in patients with 

malignant plasma cell disease. More specifically, we wanted to investigate: 

 1) whether HGF and c-Met are present in bone marrow and extramedullary tumour biopsies 

from patients with monoclonal plasma cell disease and whether c-Met is activated, using a 

phospho-specific anti-c-Met antibody. 

2) whether the soluble form of c-Met can be detected in serum and bone marrow plasma of 

MM patients, and whether the concentration is different than in healthy individuals. 

3) whether HGFA can be detected in serum and bone marrow plasma of MM patients, and 

whether the concentration is different than in healthy individuals. 

 

The second aim of this work was to expand the knowledge about HGF/c-Met/syndecan-1 

interaction. It has previously been shown that syndecan-1 promote c-Met signalling. This has 

mainly been assigned to syndecan-1-mediated concentration of HGF at the cell surface, and to 

presentation of HGF to c-Met with facilitation of receptor dimerization. The syndecans have 

previously also been shown to localize in lipid rafts, and to mediate raft dependent 

endocytosis. We wanted to investigate whether HGF and c-Met are localized in lipid rafts 

together with syndecan-1, and whether lipid raft localization, and possibly raft dependent 

endocytosis, affects c-Met signalling.   

 



 43

The third aim of this work. Dependence on the bone marrow microenvironment and 

cytokines is one side of MM pathogenesis. Cytogenetic aberrations in the myeloma cells are 

another side, and the third aim of this work was to examine the prevalence of cytogenetic 

aberrations in Norwegian MM patients. We wanted to investigate whether there was a 

correlation between the defined cytogenetic abnormalities and clinical parameters at 

diagnosis. The final aim is to examine a possible prognostic impact of the defined genetic 

aberrations in terms of progression free and overall survival. The survival analysis will start 

by the end of 2011, and in this work we therefore report only findings at diagnosis.                                         
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3. MATERIAL AND METHODS 

3.1. Statement of approval 

All the studies were approved by the Regional Ethics Review Board, and were performed 

according to the declaration of Helsinki.   

 

3.2. Patient samples 

Paper I – III includes serum and biopsies from patients diagnosed with MM, MGUS or 

solitary plasmacytoma in Central Norway from January 1996 to December 2005.  

 

For paper I, biopsies from patients with MM, MGUS and solitary plasmacytoma were 

identified from registered diagnostic codes at the Department of Pathology, St Olav’s 

Hospital, Trondheim. The biopsy material includes bone marrow biopsies, bone marrow clots 

from aspirates, and biopsies from plasmacytomas. During this time period, bone marrow 

biopsies were not routinely performed in all MM patients in this region. Thus, the study does 

not include all MM patients diagnosed in Central Norway in 1996-2005, but a selection based 

on the availability of adequate amount and quality of paraffin-embedded biopsy material.  

 

Paper II and III include serum and bone marrow plasma samples from MM patients diagnosed 

at St Olav’s Hospital during the same time period. The samples represent a selection of 

patients based on availability of serum and bone marrow plasma that had been frozen at the 

time of diagnosis, before initiation of treatment.  

 

Paper IV presents in vitro studies, mainly in human myeloma cell lines. The study also 

includes primary myeloma cells from freshly separated CD138-positive cells from four 

patients with MM.  
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The study described in Paper V is performed in another cohort of patients, and includes bone 

marrow samples from Norwegian MM patients examined by FISH from January 2006 to 

December 2010. The study includes all Norwegian MM patients from whom a bone marrow 

sample was sent for FISH analysis during this time period, provided that adequate amount and 

quality of bone marrow was available and that the FISH analysis was technically successful. 

Patients from 23 Norwegian hospitals were included. Plasma cells were purified by 3 different 

methods: In 2006 – 2008 the analyses were performed on bone marrow smears or smears of 

mononuclear cells, and the plasma cells were identified by antibodies against Ig kappa and 

lambda. This is a time consuming method, and from 2008 the analyses were performed on 

plasma cells after automated CD138 separation, which has been the standard since. 

 

3.3. Experimental procedures 

Immunohistochemistry for CD138 (syndecan-1), HGF, c-Met and phospho-c-Met on sections 

of paraffin-embedded biopsies was performed as detailed in Paper I. As very few earlier 

publications present immunohistochemical studies of HGF in bone marrow, we first validated 

the method in a pilot study as described. Enzyme-linked immunosorbent assays (ELISAs) 

were used for the measurement of activated HGFA, HGF and soluble c-Met in serum and 

bone marrow plasma, as detailed in Papers II and III. As the c-Met ELISA had been validated 

only for use in cell culture supernatants by the manufacturer, we first performed a pilot study 

in order to validate the ELISA kit for analyses in serum, and to confirm that it was able to 

detect the extracellular portion of c-Met. Confocal microscopy was used for studies on 

cellular distribution and colocalization of HGF, syndecan-1 and c-Met, as detailed in Paper 

IV. Flow cytometry was used for cell surface detection of HGF, c-Met and syndecan-1 as 

described in Paper IV. Immunoblotting was used for detection of non-phosphorylated and 
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phosphorylated proteins after stimulation with cytokines with or without pharmacological 

inhibitors, as described in Paper IV. Complexes between c-Met and syndecan-1 were detected 

by immunoprecipitation followed by Western Blot, as described in Paper IV. Chromosomal 

abnormalities (Paper V) were detected by interphase FISH.

 

3.4. Statistics                                                                                                                           

Pearson’s χ2 or Fisher’s exact tests were used for between-group comparisons of discrete 

variables. Comparisons between groups for continuous variables were performed using 

Student’s T-test or Mann Whitney U test. Correlations between two parameters were 

estimated by Spearman’s rank correlation analysis. Survival between groups was compared 

by the log rank test. For analysis of immunohistochemical staining, the inter-observer 

agreement was estimated by Cohen’s kappa statistics. Kappa between 0.4 and 0.6 was 

considered as a moderate agreement, kappa between 0.6 and 0.8 as a substantial agreement, 

and kappa >0.8 as an excellent agreement (222). In 2 x 2 tables with small or zero values 

(Paper I), exact p-values and exact confidence intervals for OS were computed using StatXact 

8 (Cytel Inc.Cambride, MA, USA). All other statistical calculations were performed by SPSS 

14.0 - 16.0 (SPSS Inc., Chicago, IL, USA). The level of statistical significance was set at p = 

0.05. All p-values were 2-tailed.  
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4. MAIN RESULTS/SUMMARY OF THE WORK 

Paper I  

In this study we aimed to examine whether HGF and c-Met are present in bone marrow and 

extramedullary tumour biopsies from patients with monoclonal plasma cell disease and 

whether c-Met is activated, using a phospho-specific anti-c-Met antibody. Expression of 

HGF, c-Met and phospho-c-Met was studied by immunohistochemistry in biopsies from 80 

patients with MM, MGUS and solitary plasmacytomas. We found cytoplasmic staining for 

HGF in the plasma cells in 58 of 68 biopsies from MM patients (85%), but also in biopsies 

from nine of ten healthy individuals. We found membranous staining for c-Met in 25 of 63 

MM patients (40%), and in none of ten healthy individuals. Membranous staining for 

phospho-c-Met was found in biopsies from 15 of 21 c-Met-positive MM patients. Thus, this 

study indicates that c-Met is a factor that discriminates normal from malignant plasma cells, 

and that the HGF/c-Met system is activated in MM patients.  

 

Paper II.                                                                                                                                     

Conversion of pro-HGF to its active form is a critical limiting step for its biological effects. In 

this study we aimed to examine the levels of one of its most potent activators, HGFA, in 

serum and bone marrow plasma of patients with MM. The activated form of HGFA was 

measured by ELISA in serum (n = 49) and bone marrow plasma (n = 16) from MM patients, 

and in serum from healthy controls (n = 24). The median concentration of activated HGFA in 

MM and control sera was 39.7 ng/mL (range 6.2 - 450.0) and 17.6 ng/mL (range 4.8 - 280.6), 

respectively. The difference was statistically significant (p=0.037). The median concentration 

of activated HGFA in bone marrow plasma was 6.1 ng/mL (range 3.5 - 30.0). In conclusion, 

we found that the concentration of the activated form of HGFA was elevated in serum from 
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patients with MM compared to healthy individuals, providing a possible mechanism for 

increased activation of HGF in MM.  

 

Paper III  

A soluble extracellular fragment of c-Met may function as a decoy receptor and downregulate 

the biological effects of HGF and c-Met. In this paper, we aimed to examine serum levels of 

soluble c-Met in MM patients and healthy individuals, and to investigate a possible 

relationship with clinical disease parameters and survival. The concentration of c-Met and 

HGF were measured by ELISA in serum (n = 49) and bone marrow plasma (n = 16) from 

MM patients, and in serum from healthy controls (n = 26). The median serum concentration 

of soluble c-Met was 186 ng/mL (range 22-562) in MM patients and 189 ng/mL (range 124-

397) in healthy individuals. There was a significant negative correlation between serum c-Met 

and disease stage, bone marrow plasma cell percentage, and serum concentration of M-

protein. In conclusion, we found equal median concentration of soluble c-Met in MM patients 

and healthy individuals, but still there was a negative correlation between serum soluble c-

Met and parameters of disease burden in MM patients.  

 

Paper IV 

In this paper we aimed to study the interactions between HGF, c-Met and syndecan-1 in MM. 

It has previously been shown that syndecan-1 promote c-Met signalling. The syndecans have 

also been shown to localize in lipid rafts, and to mediate raft dependent endocytosis. We 

wanted to investigate whether HGF and c-Met are localized in lipid rafts together with 

syndecan-1, and whether lipid raft localization, and possibly raft dependent endocytosis, 

affects c-Met signalling. We studied cell lines and primary myeloma cells by confocal  
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microscopy, flow cytometry, immunoprecipitation and Western Blot. We found that c-Met 

can exist as a complex with syndecan-1 in myeloma cells, and that c-Met is concentrated to 

the uropod of myeloma cells together with syndecan-1. We also found that HGF, c-Met and 

syndecan-1 are located to lipid rafts in the plasma membrane of myeloma cells. Disruption of 

lipid rafts by methyl-β-cyclodextrin inhibited HGF-mediated phosphorylation of Akt, but not 

phosphorylation of c-Met and ERK 1/2. Inhibition of dynamin by Dynasore inhibited 

endocytosis and reduced HGF-induced phosphorylation of Akt, whereas phosphorylation of c-

Met and ERK1/2 was unaffected. This study indicates that binding of HGF and c-Met to 

syndecan-1 and localization in lipid rafts, followed by raft dependent endocytosis, is 

important for HGF-induced Akt signalling in myeloma cells. 

 

Paper V 

Detection of cytogenetic abnormalities by fluorescence in situ hybridization (FISH) yields 

prognostic information in MM. In this study we examined the prevalence of the most common 

primary translocations and deletions/amplifications in 250 Norwegian MM patients, of whom 

214 were previously untreated. The final aim of the study is to examine a possible prognostic 

impact of the defined genetic aberrations in terms of progression free and overall survival. The 

survival analysis will start by the end of 2011, and in this work we therefore report only 

findings at diagnosis. FISH was performed on CD138 separated cells or with cytoplasmic-

immunoglobulin-FISH on mononuclear cells to detect IGH split, del13q, del17p, del1p and 1q 

amplification. When an IGH split was found, FISH was performed for t(4;14), t(11;14), t(6;14) 

and t(14;16). The results are summarized in table 3. There was no correlation between any of 

the IGH translocations and del13q, del17p or chromosome 1 abnormalities, but there was a 

strong correlation between del13q and del17p (p = 0.001), and between del1p and amp1q (p < 
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0.001). Clinical information was available in 135 patients. In these patients there were no 

significant correlations between genetic and immunological or clinical features.  

 

IGH split t(4;14) t(11;14) t(6;14) t(14;16) t(?;14) ¹ Del13q Del17p Del1p Amp1q 

45% 14% 16% 1% 2% 12% 35% 19% 10% 34% 

 

Table 3. Frequency of cytogenetic aberrations in Norwegian MM patients.

 

¹ Patients in whom an IGH split was found, but the translocation partner was not identified. In a majority of 

these patients there were not enough material to perform analysis of t(6;14) and t(14;16). 
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5. DISCUSSION 

5.1. Methodological considerations     

Results and interpretation are critically dependent on the quality of the methods used, and this 

chapter will focus on some important methodological considerations of this work. 

        

Patient samples and myeloma cell lines. As described in the Methods section, the 

immunohistochemistry (Paper I) and the serum studies (Paper II and III) do not include all 

MM, MGUS and plasmacytoma patients diagnosed in Central Norway in 1996-2005, but a 

selection based on availability of biopsy material, serum and/or bone marrow plasma. During 

this time period, bone marrow biopsy was not routinely performed in all MM patients. There 

is therefore a possibility that the immunohistochemistry study comprises a selection of 

patients in whom there were particular differential diagnostic considerations, leading the 

physician to perform a bone marrow biopsy in addition to a bone marrow smear. Therefore, 

we cannot state that this population is representative of the general Norwegian MM 

population. Similar considerations apply to the MGUS patients of the immunohistochemistry 

study: the samples include only a small selection of patients in whom bone marrow biopsies 

were performed. This might have selected patients in whom the distinction between MGUS 

and MM was difficult. Finally, we cannot exclude sampling bias caused by selection of 

patients who where diagnosed and treated at a University Hospital. 

 

A strength and weakness of the studies presented in Paper I – III lies in the long follow up 

time for the patients. Including patients diagnosed as far as 15 years ago gives opportunity for 

long time follow up. However, as introduction of new drugs has improved the overall 

prognosis during the last decade, a patient diagnosed in 1996 is not necessarily comparable 

with one diagnosed in 2005. This may affect survival analysis, as further discussed below. β2-
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microglobulin was not routinely analysed in the MM patients during the first years, making 

retrospective ISS staging incomplete. Further, the retrospective nature of these studies leaves 

us without knowledge about cytogenetic changes in the patients.  

 

Paper V includes a different cohort of MM patients from 23 Norwegian Hospitals from whom 

bone marrow samples were sent for FISH analysis from January 2006 to December 2010. All 

Norwegian MM patients who were analysed by FISH during this time period were included, 

provided a successful FISH analysis was performed. Although this cohort includes patients 

from several local hospitals there is an over-representation of patients from University 

Hospitals, which might lead to a selection, particularly of younger patients. 

 

For paper IV we worked with the human myeloma cell lines (HMCL) INA-6 and CAG. 

HMCLs grown in monoculture in the laboratory are central research tools in most preclinical 

studies in MM, as isolated primary myeloma cells only rarely survive outside the bone 

marrow microenvironment. HMCLs differ significantly from primary myeloma cells. Most 

HMCLs are established from extramedullary manifestations in relapsed patients, often from 

pleural effusions, or from blood in plasma cell leukaemia, representing cells that are 

independent of the bone marrow microenvironment (223, 224). During cell line 

establishment, a clonal selection of rapidly proliferating cells may also occur (225). Thus, 

these cells are typically more proliferative, and exhibit genetic features of highly aggressive 

disease, with secondary genetic changes rarely encountered in newly diagnosed MM patients. 

The limitations with HMCLs as a tool for studies of factors thought to be important in the 

bone marrow microenvironment are obvious. Still, HMCLs have proven useful in providing 

simplified systems for studies on biological and molecular mechanisms for central functions 



 53

of myeloma cells (223, 226), and have provided essential knowledge that have during the 

years also contributed to development of new therapy (227). 

 

We also worked with variants of the EBV-transformed B-lymphoblastoid cell line ARH-77, 

which was established from a patient with plasma cell leukaemia, and which does not express 

syndecan-1 (192).  ARH-77syn-1 and ARH-77A5P3  stably express syndecan-1, while ARH-

77neo expresses only control vector (193, 228). Although these cell lines are useful tools that 

have earlier been used in several studies on the function of cell-bound syndecan-1, they are 

not true myeloma cell lines, making it even more obvious that observations made in these 

cells are not necessarily valid for the in vivo situation in MM, and have to be interpreted with 

caution. 

 

Because of these considerations, we also studied freshly isolated primary myeloma cells when 

this was possible. Primary myeloma cells were isolated from bone marrow aspirates by 

immunomagnetic CD138 separation (191). This was done “by hand” using immunomagnetic 

beads before our laboratory in 2008 had access to automated CD138 separation (RoboSep©). 

The high specificity of CD138 (syndecan-1) for plasma cells in the bone marrow has made it 

to the most common tool for separation of plasma cells (191). CD138 has also become the 

most common way of identifying plasma cells on histological examination (229). However, it 

should be noted that a CD138-negative subpopulation of myeloma cells with more immature 

features and higher proliferative potential have been described, which will be excluded in all 

research performed on CD138-selected cells (230). Kappa/lambda staining is an alternative 

way of identifying plasma cells in immunocytochemical/-histochemical studies, that would 

also include a possible CD138-negative population, and could be considered for future 

studies. 
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Immunohistochemistry is a semi-quantitative method. It is common in research publications 

to present a rather detailed analysis of immunohistochemical staining by grading the number 

of stained cells and/or the staining intensity, and sometimes to combine these parameters to a 

“staining index”. After testing of the antibodies and experience with their staining 

characteristics, we decided to modify this approach for the study presented in Paper I. The 

immunohistochemical staining was performed by the same, very experienced, technician in 

the same laboratory. The scoring was performed independently by two researchers. The 

specificity of the staining was tested by three types of controls: Omitting the primary 

antibody, replacing it with non-immune serum, and pre-adsorbing the antibody with 

corresponding antigen peptide. For c-Met and phospho-c-Met, we encountered problems with 

non-specific staining in some sections, and the non-specific staining was difficult to 

discriminate from a weak cytoplasmic staining of the cells. We therefore chose to define a cell 

as positive for c-Met or phospho-c-Met only if there was a clear membranous staining. We 

also decided to define a biopsy section as positive if 10% or more of the cells were positive, 

with no further grading/quantification than negative or positive. The strict but rather coarse 

definitions used may underestimate the percentage of positive cells and the number of positive 

biopsies. However, we found it to be the most robust way to categorize and interpret the 

results.  

 

Confocal microscopy. Some methodological issues, like non-specific antibody staining, are 

common to immunohistochemistry and confocal microscopy, making rigorous control 

measures necessary. Even with adequate controls for non-specific staining, there will remain a 

risk for cross-reactivity of the primary antibody with similar epitopes on other proteins, 

especially when using short peptide antibodies. The interpretation of results will always 

comprise some degree of subjectivity, and there is a possibility for bias when capturing 
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images. By examining the same phenomenon by more than one method, exemplified by the 

combination of confocal studies with immunoprecipitation and flow cytometry for the studies 

on c-Met – syndecan-1 interaction in Paper IV, we have efforted to make the results more 

robust.  

 

Serum analyses. Only serum from peripheral blood, and plasma from bone marrow, were 

available for analyses in the studies presented in Paper II and III. Optimally, we would have 

analyzed either serum or plasma from both localizations. Although the difference between 

measurements in serum and plasma in many cases are negligible, there can be significant 

differences. In control experiments, we found lower concentrations of activated HGFA in 

plasma than in serum from blood samples drawn at the same time from the same patient. 

Because this phenomenon was also confirmed by the ELISA manufacturer (IBL, Japan), we 

did not perform a full control series to quantify the serum/plasma difference, but settled with 

the fact that we could not compare bone marrow plasma samples with serum samples. Results 

by this ELISA were otherwise reproducible with variation coefficients <10%.  

 

This chapter has focused only on some important methodological considerations of this work. 

However, the methodological problems mentioned are universal and shared by all 

investigators in the field. There are possible uncertainties with all laboratory methods, 

underscoring the importance of adequate controls. By relevant control measures and, when 

possible, by studying the same phenomenon by more than one method, we have tried to partly 

overcome these uncertainties. 
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5.2. General discussion, conclusion and future directions 

MM pathogenesis is multifaceted and involves intrinsic properties of the myeloma cells, 

including the disease-defining primary translocations and later occurring genetic events, but 

also complex interactions with several cell types and cytokines in the bone marrow 

microenvironment. While Paper V focuses on cytogenetic aberrations, the main focus of this 

work lies on the cytokine HGF and its receptor tyrosine kinase c-Met.  

 

5.2.1. Expression of HGF and c-Met in the bone marrow of MM patients.  

HGF and its receptor c-Met are established as mediators of growth, survival, adhesion and 

migration of myeloma cells in vitro (63, 182-184). HGF/c-Met signalling can also contribute 

to angiogenesis (175, 180) and inhibit osteoblastogenesis (59), and may therefore by multiple 

means contribute to MM pathogenesis. Most studies have been carried out in myeloma cell 

lines, and this work aimed at gaining more knowledge about the expression of these and 

related factors in patients with MM. c-Met is upregulated in MM patients compared to healthy 

individuals at the mRNA level (93, 175). In this work, we have shown that c-Met also at the 

protein level is a factor that distinguishes malignant from normal plasma cells. We also show 

that c-Met exist in its phosphorylated state in a proportion of MM patients, supporting that the 

HGF/system is active in MM (Figure 8).  
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Figure 8. Bone marrow section showing membranous staining for phosphorylated c-Met in 

the plasma cells of a patient with MM. Enlarged section from photography with original 

magnification x 600. Photography by A Bofin, Department of Laboratory Medicine, 

Children’s and Women’s Health, Faculty of Medicine, NTNU, Trondheim. 

 

These findings are significant both from a biological and a clinical point of view: First, they 

add substance to earlier in vitro data on the effects of HGF/c-Met signalling in myeloma cell 

lines, and in this way add to knowledge about myeloma biology. Second, they support that the 

HGF/c-Met axis should be evaluated as a therapeutic target in MM, and that 

immunohistochemistry could be a method for identifying patients who are candidates for 

HGF/c-Met targeted therapy. However, before immunohistochemical analyses of c-Met and 

phospho-c-Met could be introduced as methods for the clinical setting, the methods will have 

to be further validated, and one should search for antibodies with a better signal-to-noise ratio 

than the ones used here, to make evaluation feasible. 

 

We found positive staining for c-Met and phospho-c-Met in the nucleus of the myeloma cells 

in some samples (Figure 9). Nuclear localization of c-Met, or a carboxy-terminal fragment of 

c-Met, has previously been described in other cancer cell types (231, 232). Because the pre-
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defined criterion for a c-Met- or phospho-c-Met-positive case in this study was the presence 

of a clear membranous staining, we did not include nuclear staining in the analysis, but a 

possible translocation of c-Met to the nucleus in MM is a new finding that  should be subject 

to future studies. 

 

Figure 9. Bone marrow section showing nuclear staining for c-Met in the plasma cells of a 

patient with MM. Original magnification x 400. Photography by KF Wader. 

 

Malignant plasma cells can produce HGF, but HGF is also secreted by many other cell types 

in the bone marrow, including stromal cells and cells of the myeloid lineage. Immunostaining 

for HGF could therefore be expected be found in several cell types and in the extracellular 

matrix. In contrast, we found HGF staining concentrated to the myeloma cells, with a 

comparatively very week staining of the background and other cell types (Figure 10).  
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Figure 10.  Bone marrow section showing HGF staining concentrated to myeloma cells, with 

a comparatively week staining of the background and other cell types. Original magnification 

x 600. Photography by KF Wader. 

 

We also found HGF immunoreactivity of normal plasma cells, seemingly in contrast to earlier 

gene expression data which showed that HGF is not expressed by normal plasma cells (174, 

175). A reasonable explanation of this contradictory finding is that HGF is concentrated to the 

plasma cells through binding to syndecan-1. A general impression from the microscopy part 

of this study was that the HGF-staining everywhere appeared as a mirror of the syndecan-1 

(CD138) staining. In this scenario, HGF would bind both to normal and malignant plasma 

cells, although it would have biological consequences only in malignant cells that express the 

c-Met receptor. In conclusion, this study supports that bone marrow plasma cells are richly 

supplied with HGF, but immunohistochemistry will probably not prove useful as a method for 

discriminating myeloma patients with HGF-producing plasma cells from those who are 

soaked in HGF from paracrine sources.                                                    

 

5.2.2. Syndecan-1, lipid rafts and Akt signalling   

Previous studies have shown that HGF can exist in a complex with syndecan-1, and bind to 

syndecan-1 at the surface of myeloma cells (120, 122, 198). In the present work (Paper IV) 
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we have shown that also c-Met can exist in a complex with syndecan-1, which would lead to a 

tightly bound ternary complex between HGF, c-Met and syndecan-1 in MM cells (Figure 11). 

Syndecan-1 has previously been shown to localize in lipid rafts, which are cholesterol-rich 

microdomains of the plasma membrane that function as platforms for cellular signalling (204, 

205, 233). We found that HGF and c-Met colocalize with syndecan-1 in lipid rafts, and 

further, this raft localization (followed by raft dependent endocytosis) was important for 

HGF/c-Met signalling through the PI3K/Akt pathway. Thus, a mechanism by which 

syndecan-1 promotes Akt signalling in MM cells may be recruitment of c-Met to these 

signalling microdomains (Figure 11). In this way c-Met signal transduction seem to be 

assisted not only by functional interaction with signalling amplifiers, but also by structural 

and topographical regulation at the plasma membrane.  

 

 

 

Figure 11. Schematic illustration of syndecan-1, HGF and c-Met in a lipid raft domain of the 

plasma membrane. See text for details. Illustrated by KF Wader. 
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So, while recent years’ research on syndecan-1 in MM mainly has focused on the shed, 

soluble form of syndecan-1 (195, 234), our data suggest an important role also for cell 

surface-bound syndecan-1. Akt-signalling is an important pro-survival factor in MM cells (90, 

235), and the relevance of our findings is mainly a contribution to insights into the 

mechanisms by which HGF, c-Met and syndecan-1 interact to promote HGF/c-Met signalling 

through Akt in myeloma cells. Hopefully improved knowledge about such basic mechanisms 

in the future can contribute to identification of ways to inhibit the HGF/c-Met axis. An 

equally attractive target for MM therapy could be syndecan-1, as a promoter of the activity of 

several myeloma-relevant growth factors.  

 

5.2.3. Activation of HGF 

For biological activity, HGF has to be activated from its pro-form by proteolytic cleavage. 

HGFA is one of the main activators of HGF (113), and we have shown in this work that 

serum levels of activated HGFA are higher in myeloma patients than in healthy individuals of 

the same age. This finding points to another mechanism by which HGF/c-Met activity may be 

enhanced in multiple myeloma - by increased level and/or activity of one of its main 

activators. The fact that HGFA is mainly activated by thrombin (113, 125) poses an 

interesting connection between activation of the coagulation system and activation of a 

tumour-promoting cytokine. Further, it is interesting that HGFA earlier has been shown to 

bind to HSPG (127) and that its activation requires the presence of negatively charged 

molecules, such as heparin, HS or chondroitin sulphate (125). In that way, not only HGF, but 

also activated HGFA, could possibly be sequestered in the bone marrow and concentrated to 

myeloma cells mainly via syndecan-1. It has also earlier been shown that myeloma cells may 

produce HGFA (132). We do not know whether the malignant plasma cells are the source of 

the elevated serum concentration of activated HGFA in myeloma patients, or if other factors, 
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like an activated coagulation system, may contribute. It is a draw back of our study, that only 

serum from peripheral blood, and bone marrow plasma, were available for analysis. The assay 

we used measures lower HGFA concentrations in plasma than in serum, and thus we could 

not reliably examine whether there was a difference between the levels of HGFA in the bone 

marrow and in the peripheral blood. Several other activators of HGF exist, and the role of  the 

most potent ones, matriptase and hepsin, would be relevant to study in MM. It would also be 

relevant to examine the expression and function of the HGFA inhibitors, especially HAI-1, in 

MM.  

 

5.2.4. Down-regulation of c-Met activity by decoy receptors 

HGF/c-Met activity may be regulated in several ways. One way of down-regulating its 

activity is by decoy c-Met receptors. Compelling evidence support that shedding of the c-Met 

ectodomain can hamper HGF/c-Met signalling, by different mechanisms as described in the 

introduction (page 33). Thus, the soluble ectodomain can compete for HGF, and prevent HGF 

from interacting with c-Met at the cell surface. The soluble ectodomain can also interact with 

full size c-Met, preventing it from dimerization and activation. Shedding of the ectodomain 

also leave a surface-associated cytoplasmic remnant, which is subsequently degraded. Serum 

levels of c-Met may therefore be of relevance in MM patients. In our study the median serum 

concentration was not different in MM patients than in healthy individuals, but serum levels 

of soluble c-Met still showed a consistent negative correlation with several parameters of 

disease burden: bone marrow plasma cell percentage, ISS stage and concentration of serum M 

protein. Although these correlations should be regarded only as observations that give no 

information about causality, they may indicate a biological relevance of c-Met shedding in 

multiple myeloma, which hopefully will be elucidated in the future. 
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5.2.5. General remarks 

Papers I, II and III are the first ones to comprehensively study the concentration in serum and 

the expression in biopsies, respectively, of the examined factors in MM patients. In none of 

these studies we found an impact on survival by the factors studied. The studies are however 

retrospectively performed in relatively small patient cohorts, and in a heterogeneous 

population with regards to therapy. For example, few of the earliest patients had access to new 

drugs like thalidomide, lenalidomide and bortezomib. To proper answer the question of a 

possible prognostic impact of serum levels of HGFA and c-Met, and of c-Met expression by 

immunohistochemistry, new studies should be performed based on the knowledge gained in 

these first studies, and in a more homogeneous population with regards to therapy. 

 

However, it should be noted that factors that may be biologically important in the 

pathogenesis of a disease, do not necessarily need to have prognostic associations. For 

example, if a given subtype of MM was dependent on a specific factor, the presence of this 

factor would not necessarily have any prognostic impact in MM patients (as a group), but 

could still be an important predictive factor, as it would sort out patients who could be 

considered for treatment directed against this specific factor. This way of thinking has lead to 

the concepts “prognostic classification” versus “predictive classification” (19). 

 

5.2.6. Conclusive remarks on HGF and c-Met in multiple myeloma 

This work has made contributions to a growing mass of knowledge about HGF, c-Met and 

related factors in MM. Do the accumulated data to date mean that the HGF/c-Met axis is 

important in MM? Still, there are no really good in vivo data to firmly establish HGF and c-

Met as major players in myeloma pathogenesis. Serum levels of HGF are elevated and 

associated with poor prognosis in MM patients, and there are correlations between serum 
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levels of HGF and bone marrow angiogenesis (180) and between serum levels of HGF and 

bone disease (59). These correlations, however, do not prove causality, and there is a 

possibility that HGF in these studies is merely a marker for tumour burden. Another 

possibility is that serum HGF is a marker for syndecan-1, which might be a more important 

actor, given its role as a multifunctional regulator of several cytokines in the bone marrow. 

Still, the accumulating mass of data on the effects of HGF on crucial functions in myeloma 

pathogenesis, as cell survival, proliferation, adhesion, migration, angiogenesis and impaired 

osteoblastogenesis, its prognostic impact in serum, and the fact that both HGF and c-Met are 

upregulated in malignant compared to normal plasma cells (93, 174, 175), supports that the 

HGF/c-Met axis should be further evaluated in vivo. The future will hopefully bring valid data 

from mouse models, followed by studies on targeting the HGF/c-Met axis in MM patients.   
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 Abstract  

Aims 

Interaction with the bone marrow microenvironment plays an important role for homing and 

survival of myeloma cells. One cytokine involved in this process is hepatocyte growth factor 

(HGF). HGF, by binding to the receptor tyrosine kinase c-Met, mediates a broad range of 

tumor progression activities. Our aims were to investigate whether HGF and c-Met are 

present in bone marrow and extramedullary tumors from patients with monoclonal plasma 

cell disease, and whether c-Met is activated. 

Methods and Results 

Expression of HGF, c-Met and phospho-c-Met was studied by immunohistochemistry in 

biopsies from 80 patients with monoclonal plasma cell disease. Cytoplasmic staining for HGF 

in the plasma cells was demonstrated in 58 out of 68 biopsies from multiple myeloma patients 

(85%), but also in biopsies from nine of ten healthy individuals. Membranous staining for c-

Met was found in 25 of 63 multiple myeloma patients (40%), and in none of ten healthy 

individuals. Membranous staining for phospho-c-Met was found in biopsies from 15 of 21 c-

Met-positive myeloma patients (71%).  

Conclusions 

Our data point to c-Met as one of the factors that distinguish normal from malignant plasma 

cells, and indicate that the HGF/c-Met system is activated in multiple myeloma patients. 

  

  



 3

Introduction 

Multiple myeloma is an incurable hematological malignancy, caused by clonal expansion of 

malignant plasma cells in the bone marrow. The bone marrow microenvironment plays an 

important role for homing and survival of myeloma cells. Several cytokines are involved in 

the interaction between malignant plasma cells and the bone marrow microenvironment. One 

of them is hepatocyte growth factor (HGF). HGF is produced by bone marrow stromal cells,1,2 

and may also be produced by myeloma cells.1,3,4 Serum HGF levels are elevated in myeloma 

patients as compared to healthy individuals, and high levels are associated with poor 

prognosis.5,6  

  

When binding to HGF, the receptor tyrosine kinase c-Met becomes phosphorylated at specific 

tyrosine residues in the cytoplasmic domain, creating docking sites for intracellular signal 

transducers. Important signaling pathways downstream of c-Met are the Ras – mitogen 

activated protein kinase (MAPK), the phosphatidylinositol 3-kinase (PI3K) – Akt, and the 

signal transducer and activator of transcription (STAT) signaling pathways.7 In vitro, HGF 

stimulates survival, proliferation, adhesion and migration of malignant plasma cells8-10 and 

inhibit osteoblastogenesis,11 suggesting that the HGF/c-Met system by several mechanisms 

may contribute to multiple myeloma pathogenesis. Besides its own actions as a growth factor, 

HGF may also potentiate the actions of interleukin-6 in proliferation and migration of 

myeloma cells.12 Growing evidence points to HGF as an important factor in the development 

of multiple myeloma, and the HGF/c-Met system is therefore a promising target for multiple 

myeloma therapy.13,14 
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We aimed to investigate whether HGF and c-Met are present in bone marrow and 

extramedullary tumors from patients with monoclonal plasma cell disease and whether c-Met 

is activated, using a phospho-specific anti-c-Met antibody. Secondly, we aimed to investigate 

a possible relationship between HGF/c-Met staining and patient outcome in terms of survival. 

 

Material and methods 

Patient samples  

We analyzed bone marrow samples from 80 patients diagnosed with monoclonal plasma cell 

disease in central Norway between 1996 and 2005. 68 patients had multiple myeloma, six 

patients had monoclonal gammopathy of undetermined significance (MGUS), and six patients 

had a solitary plasmacytoma (table 1A). The material consisted of bone marrow trephine 

biopsies, clots from bone marrow aspirates and biopsies from plasmacytomas localized 

extramedullary or in bone. For ten of the myeloma patients, bone marrow plasma and serum 

were also available. All samples were obtained at diagnosis, and before initiation of treatment. 

We included all biopsies that were taken from previously untreated patients with monoclonal 

plasma cell disease during this time period, provided that sufficient material was available. 

We also examined ten bone marrow biopsies that were taken during the same time period 

from individuals in whom a bone marrow disease had been suspected, but was not confirmed. 

These persons are in the following sections termed as healthy individuals, referring to their 

morphologically normal bone marrow, although their complete health status is not known. 
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Clinical information about the myeloma patients was obtained retrospectively from the patient 

records, without knowledge of the HGF/c-Met results. Registered information was stage 

according to Durie Salmon and International Scoring System (ISS), type and concentration of 

serum and urin M-protein, plasma cell percentage in bone marrow aspirate, serum β2-

microglobulin and overall survival. Bone disease was assessed by X-ray, and scored 

semiquantitatively. Five regions were defined: The cranium, vertebral spine, pelvis, long 

bones and other areas. Each region was scored according to the following system: 0 (no 

osteolytic lesions), 1 (less than five osteolytic lesions) or 2 (five or more lesions). The total 

score was calculated as the sum of all five regions. The serum M-protein was of IgG type in 

66%, IgA type in 7%, other Ig isotypes in 4% and more than one isotype in 3% of the 

patients. 16% of the patients had only light chain secretion and 3% had non-secretory 

myeloma. 23% of the patients were in International Scoring System (ISS) stage 1, 31% were 

in stage 2 and 23% in stage 3; for 22% no ISS information was available (Table 1B). The 

study protocol was approved by the Regional Ethics Committee. The study was carried out in 

accordance with the declaration of Helsinki.  

  

Antibodies and other reagents 

A polyclonal antibody against the HGF β chain (H495) from IBL (Hamburg, Germany) was 

used at dilution 1:50. A polyclonal antibody against the HGF alpha chain (H-145) from Santa 

Cruz Biotechnology (SCBT) (Santa Cruz, CA, USA) was used at dilution 1:100. The 

monoclonal HGF antibody 2D7 was made in our laboratory as previously described5 and used 

at dilution 1:100. The anti-c-Met C-28 antibody from SCBT was used at dilution 1:200. The 

anti-phospho-c-Met pYpYpY1230/1234/1235 antibody from Biosource/Invitrogen (Carlsbad, 

CA,USA) was used at dilution 1:100. The anti-CD138 antibody (clone MI15) from Dako 
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(Glostrup, Denmark) was used at dilution 1:100. Peptides for control experiments were 

purchased from IBL (HGF), SCBT (c-Met) and Biosource (phospho-c-Met).  

  

Immunohistochemistry 

The biopsies were fixed in formalin, decalcified in EDTA and embedded in paraffin. Sections 

cut at 4 μm were mounted on Cryostat glass, deparaffinised in xylene and rehydrated through 

a graded series of ethanol solutions to distilled water. Heat induced antigen retrieval was done 

in a steamer for 12 min. For the HGF staining, the sections were incubated with primary 

antibody in Tris-buffered saline, 0.25% BSA, 0.25% Tween 20, pH 7.6 for 1 hour at room 

temperature. For the c-Met and phospho-c-Met staining, blocking of non-specific staining in 

Tris-buffered saline, 2.5% BSA, pH 7.6 was done for 1 hour, before incubation with the 

primary antibodies in Tris-buffered saline, 0.25% BSA, 0.25% Tween 20, pH 7.6 for 24 hours 

at 4 ºC. Endogenous peroxidase activity was quenched with H2O2, and immunohistochemical 

reactions were visualized with DakoCytomation EnVisionDAB, K5007. Sections were 

counterstained with hematoxylin. All the slides were processed by the same technician in the 

same laboratory. 

  

We validated the HGF immunohistochemistry method in a pilot study, using the three 

antibodies described above on 12 bone marrow biopsies. These biopsies were not part of the 

main study population. The HGF beta antibody from IBL had a minimum of background/non-

specific staining and was chosen for the main study. The C-28 anti-c-Met antibody has been 

widely used for immunohistochemistry studies,15,16 and was therefore not included in the pilot 

study. Control for specificity was carried out by 1) omitting the primary antibody, 2) 
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replacing it with non-immune rabbit immunoglobulins, and 3) preincubating the primary 

antibody over night at 4 ºC with a molar excess of the antigen by which it was raised. To test 

the specificity of the immunoreaction of phosphorylated c-Met, a blocking experiment was 

performed, where the primary antibody was pre-incubated over night at 4 ºC with a molar 

excess of the phosphorylated or non-phosphorylated antigen peptide. An 

immunohistochemical staining that was blocked by the phosphorylated, but not by the non-

phosphorylated peptide, was considered a phospho-specific reaction. 

  

The plasma cells were identified by CD 138 staining of sections adjacent to the HGF and c-

Met sections. Only cases with positive immunoreaction for CD138 in the plasma cells were 

included. For each antigen, we evaluated the percentage of immunoreactive cells per case and 

the cellular location of the staining. The percentage of positively stained cells was determined 

by counting at least 200 plasma cells from two different areas. For patients with MGUS, and 

for healthy individuals, a lower number of plasma cells were counted. We scored the 

expression as positive when the proportion of immunoreactive plasma cells was 10% or 

higher. The scoring was performed independently by two researchers (KFW and UMF) 

without knowledge of diagnosis or clinical information. Discrepancies were resolved by joint 

review together with a senior pathologist (AB) on a multihead microscope. The inter-observer 

agreement by kappa statistics was estimated to 0.58, defined as moderate agreement.17 The 

main source of disagreement was coexistence of background staining and faint cell staining in 

the same slide. Images were captured using a Nikon Eclipse 80i microscope and Nikon dig 

SIGHT DS5-M camera, and processed by Nikon Imaging Software NIS-Elements (Nikon 

Instruments Europe B.V., Badhoevedorp, Netherlands). 
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ELISA 

HGF was measured with an ELISA from R&D systems (Minneapolis, MN, USA). The assay 

was performed according to the manufacturer’s instructions. All samples were run in 

duplicates. The standard curve was linear between 0.5 and 8 ng/mL. Due to limited quantities 

of sample material the measurements could not be repeated and therefore samples with HGF 

concentrations above 8 ng/mL were given the value 8 ng/mL. Variation coefficients for the 

measurements were <10%. 

  

Statistics 

Inter-observer agreement was estimated by Cohen’s kappa statistics. Kappa between 0.4 and 

0.6 was considered as a moderate agreement, kappa between 0.6 and 0.8 as a substantial 

agreement, and kappa >0.8 as an excellent agreement.17 Pearson’s χ2 or Fisher’s exact tests 

were used for between-group comparison of discrete variables. Comparisons between groups 

for continuous variables were performed using Mann Whitney U test. Survival between 

groups was compared by the log rank test. In 2 x 2 tables with small or zero values (Table 

2A,B), exact p-values and exact confidence intervals for OS was computed using StatXact 8 

(Cytel Inc.Cambride, MA, USA). All other statistical calculations were performed by SPSS 

16.0 (SPSS Inc., Chicago, IL, USA). The level of statistical significance was set at p = 0.05. 

All p-values were 2-tailed.  
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Results 

HGF accumulates in normal and malignant plasma cells 

First, we examined the expression of HGF as assessed by immunohistochemistry in biopsies 

from 80 previously untreated patients with plasma cell disease and ten healthy individuals. 

Cytoplasmic staining for HGF in the plasma cells was demonstrated in 58 of 68 biopsies from 

multiple myeloma patients (85%), six of six MGUS biopsies (100%) and six of six 

plasmacytoma biopsies (100%). We also found positive reaction for HGF in plasma cells in 

nine of ten of the normal bone marrow samples (90%), and in the plasma cells of a reactive 

gingival lesion (Table 2A) (Figure 1). The specificity of the staining was verified by control 

experiments as described in Methods (Figure 1). There was no significant difference in 

percentage of positive cases, or staining intensity, between biopsies from healthy individuals 

and biopsies from patients with multiple myeloma, MGUS or solitary plasmacytoma (Table 

2A). In the bone marrow of normal individuals, MGUS and multiple myeloma, other 

hematopoietic cells, mainly megakaryocytes, myeloid precursors at all stages and mature 

neutrophils were faintly positive for HGF, but by far the strongest staining was seen in the 

plasma cells (Figure 1).  

 

The HGF-negative patients had a lower bone marrow plasma cell percentage as assessed by 

bone marrow aspirate (median plasma cell infiltration 10%) than the HGF-positive patients 

(median plasma cell infiltration 34%). The difference was statistically significant (p = 0.016). 

Information of ISS stage was available for six of the ten patients with a HGF-negative biopsy. 

None of the six HGF-negative patients were in ISS stage 3, while 16 of 47 (34%) of the HGF-

positive patients were in ISS stage 3. The difference was not statistically significant (p = 
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0.10). There was no significant difference in the severity of bone disease, concentration of 

serum M-protein, serum β2-microglobulin or overall survival between patients with a HGF-

negative or positive biopsy (data not shown).  

  

We then examined the concentration of HGF in serum and bone marrow plasma of ten of the 

myeloma patients. The concentration of HGF was higher in the bone marrow than in serum in 

eight of ten patients. In one patient the levels were higher in serum, and one patient was not 

evaluable due to levels above the dynamic range (Figure 3). 

 

c-Met is expressed in malignant plasma cells.  

Sections from the same 68 biopsies were then stained for c-Met. Biopsies from five of the 68 

patients were not evaluable because of high background staining, and were therefore excluded 

from analysis. Positive staining for c-Met in the plasma cells was demonstrated in biopsies 

from 25 of 63 evaluable multiple myeloma patients (40%) (Table 2B). The staining pattern 

was membranous and/or cytoplasmic. In some cases there was also a faint nuclear staining. 

The staining of the plasma cells was specific, as shown by the control experiments described 

in Methods. However, there was some background staining in several cases, and due to 

difficulties in discriminating a weak cytoplasmic/nuclear staining from the background, we 

decided only to regard cells with a clear membranous staining as truly positive. None of the 

ten biopsies from healthy individuals had positive c-Met staining in plasma cells. The 

difference between myeloma patients and healthy individuals was statistically significant, p = 

0.021. Positive staining for c-Met was also seen in four of six MGUS patients (67%), but in 

only one of six patients with a solitary plasmacytoma (17%) (Table 2B).  
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There was concomitant positive staining for both HGF and c-Met in the plasma cells of 23 of 

63 myeloma patients (36%), four of six MGUS patients (67%) and one of six plasmacytoma 

patients (17%). There was no significant correlation between positive HGF and c-Met  

staining. There was no significant difference in disease stage according to ISS, severity of 

bone disease, concentration of serum M-protein, serum β2-microglobulin, or overall survival 

between patients with a c-Met-negative or positive biopsy (data not shown).  

  

c-Met is phosphorylated in malignant plasma cells. 

We then examined whether c-Met is phosphorylated in patients with malignant plasma cell 

disease and in healthy individuals. For this purpose, we performed immunohistochemical 

staining with a phospho-specific antibody, in a subset of 21 biopsies from myeloma patients, 

four biopsies from MGUS patients, and seven biopsies from healthy individuals. The 

selection criteria were: 1) Biopsy positive for total c-Met and 2) Biopsy of optimal technical 

quality. The phospho-c-Met staining pattern of the plasma cells was membranous and/or 

cytoplasmic. In some cases there was also a faint nuclear staining. Following the same 

evaluation criteria as for total c-Met, we decided only to regard cells with a clear membranous 

staining as truly positive (Figure 2). Specificity was shown by a peptide competition 

experiment as described in Methods (data not shown). Positive staining for phospho-c-Met in 

the plasma cells was demonstrated in biopsies from 15 of the 21 myeloma patients (71%), and 

one of the four MGUS patients. All of the biopsies from healthy individuals were negative.  
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Discussion 

In this study we examined expression of HGF and c-Met by immunohistochemistry in 

biopsies from bone marrow or extramedullary plasmacytomas in patients with plasma cell 

disease. We show that HGF and c-Met are concomitantly expressed in the plasma cells, and 

that c-Met exists in its phosphorylated state, in a substantial proportion of myeloma patients, 

suggesting that the HGF/c-Met system is active in myeloma patients in vivo. Expression of c-

Met and phospho-c-Met was strictly confined to malignant plasma cells, as opposed to plasma 

cells of healthy subjects. Thus, this study points to c-Met and its activation as one of the 

factors that discriminate malignant from normal plasma cells. 

  

Serum levels of HGF are elevated in multiple myeloma patients as compared to healthy 

individuals,5,6 and levels of HGF are higher in the bone marrow than in the circulation.5,18 

Levels of HGF mRNA in crude bone marrow biopsies of myeloma patients are significantly 

higher than in healthy individuals (Tian et al, manuscript in preparation). HGF can be 

produced by myeloma cells,3,4 and by stromal cells as well as by hematopoietic cells of the 

myeloid lineage and mature neutrophils in the bone marrow microenvironment.1,2,19 In this 

study, we found the strongest staining for HGF in the plasma cells, and a comparatively weak 

staining of other cells of the bone marrow. We found negative immunostaining for HGF in 

only a small subset of ten myeloma patients (15%). In accordance with other studies, our 

study demonstrates that the bone marrow is richly supplied with HGF, and that HGF 

accumulates in the plasma cells. 
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We found positive immunostaining for HGF also in normal plasma cells, seemingly in 

conflict with gene expression data from Zhan et al20 and Hose et al,21 who showed that HGF 

is not expressed by normal plasma cells. However, there are several possible explanations for 

the accumulation of HGF in plasma cells. HGF is a heparin binding growth factor, which is 

able to interact with heparan sulfate proteoglycans (HSPG). The main HSPG on myeloma 

cells is CD138 (syndecan-1). We have earlier shown that HGF can exist as a complex with 

syndecan-1,22 and bind to syndecan-1 on the surface of myeloma cells.23 It is therefore 

possible that the strong immunostaining for HGF in both normal, MGUS and myeloma 

plasma cells found in this study, reflects HGF that is secreted by other cells and thereafter 

bound to syndecan-1 on the plasma cell surface. Alternatively, the detected HGF originates 

from the plasma cells. It is also possible that both these mechanisms are operative. 

 

In contrast to HGF, c-Met staining was exclusively confined to MGUS and myeloma patients 

as there was negative staining of the bone marrow plasma cells of ten healthy individuals. 

Expression of c-Met has earlier been detected by various methods in multiple myeloma cell 

lines.3,13 Upregulation of the gene coding for c-Met has previously been shown by gene 

expression profiling in plasma cells of myeloma patients as compared to healthy donors.21,24 

Using immunohistochemistry, we found expression of c-Met also at the protein level in 40% 

of myeloma patients. Our results agree well with Derksen et al, who found expression of c-

Met by Western blot in cell lysates of frozen-stored bone marrow aspirates in seven of 13 

multiple myeloma patients, but in none of seven normal bone marrow samples.8 We and 

others have earlier by in vitro studies shown that the HGF/c-Met system may promote 

proliferation, survival, adhesion and migration of myeloma cells8-10 and contribute to the 

myeloma bone disease.11 Importantly, in this study we found positive staining for 
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phosphorylated c-Met in a subset of biopsies, supporting that the HGF/c-Met system is active 

not only in cell lines, but also in myeloma patients. 

  

HGF and c-Met expression and signaling have been demonstrated in several cancer types, 

including breast, colorectal, gastric, head & neck, liver, lung, pancreas, ovarian, renal, 

prostate, sarcoma and lymphoma.7,25 The HGF/c-Met system, mediating a broad range of 

tumor progression features like proliferation, invasion, survival, metastasis and 

angiogenesis,26 has been proposed as a promising target for therapy in different types of 

cancer,25 including multiple myeloma.13 Several studies on targeting c-Met in cancer have 

included competitors of HGF or c-Met, monoclonal antibodies directed against HGF or c-

Met, and small-molecule tyrosine kinase inhibitors directed against c-Met.13,25,27-29 Our data 

support that the HGF/c-Met system is a potential target also in multiple myeloma. In this 

context, immunohistochemistry might be a useful method to select patients who could be 

candidates for such therapy.  

In conclusion, our study points to c-Met as one of the factors that discriminate normal plasma 

cells from myeloma cells. It exists in its phosphorylated state in biopsies from myeloma 

patients, indicating that the HGF/c-Met system is activated, and thus may be a target for 

therapeutic intervention in multiple myeloma.  

  

Conflicts of Interest 

The authors declare no conflict of interest. 



 15

  

Acknowledgements 

We are grateful to Borgny Ytterhus and Eli Johannesen for excellent technical assistance. 

This work was supported by grants from the Norwegian Cancer Society, The Cancer Fund of 

St Olav’s Hospital, The Research Council of Norway and The Liaison Committee between 

the Central Norway Regional Health Authority (RHA) and the Norwegian University of 

Science and Technology (NTNU).  

 

 

 

 

 

 

 

 

  

 

 

 



 16

 References 

1.         Matsumoto K, Nakamura T. Emerging multipotent aspects of hepatocyte growth factor. J
Biochem. 1996; 119: 591-600.  

2.         Takai K, Hara J, Matsumoto K, et al. Hepatocyte growth factor is constitutively produced by 
human bone marrow stromal cells and indirectly promotes hematopoiesis. Blood. 1997;  89: 
1560-1565.  

3.         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.  

4.         Hov H, Holt RU, Ro TB, et al. A selective c-met inhibitor blocks an autocrine hepatocyte 
growth factor growth loop in ANBL-6 cells and prevents migration and adhesion of myeloma 
cells. Clin Cancer Res. 2004; 10: 6686-6694.  

5.         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.  

6.         Iwasaki T, Hamano T, Ogata A, Hashimoto N, Kitano M, Kakishita E. Clinical significance of 
vascular endothelial growth factor and hepatocyte growth factor in multiple myeloma. Br J 
Haematol. 2002; 116: 796-802.  

7.         Birchmeier C, Birchmeier W, Gherardi E, Vande Woude GF. Met, metastasis, motility and 
more. Nat Rev Mol Cell Biol. 2003 Dec; 4(12): 915-925.  

8.         Derksen PW, de Gorter DJ, Meijer HP, et al. The hepatocyte growth factor/Met pathway 
controls proliferation and apoptosis in multiple myeloma. Leukemia. 2003; 17: 764-774.   

9.         Holt RU, Baykov V, Ro TB, et al. Human myeloma cells adhere to fibronectin in response to 
hepatocyte growth factor. Haematologica. 2005; 90: 479-488.   

10.       Holt RU, Fagerli UM, Baykov V, et al. Hepatocyte growth factor promotes migration of 
human myeloma cells. Haematologica. 2008; 93: 619-622.  

11.       Standal T, Abildgaard N, Fagerli UM, et al. HGF inhibits BMP-induced osteoblastogenesis: 
possible implications for the bone disease of multiple myeloma. Blood. 2007; 109: 3024-
3030.   

12.       Hov H,Tian E, Holien T, et al. c-Met signaling promotes IL-6-induced myeloma cell 
proliferation. Eur J Haematol. 2009; 82: 277-287.   

13.       Du W, Hattori Y, Yamada T, et al. NK4, an antagonist of hepatocyte growth factor (HGF), 
inhibits growth of multiple myeloma cells: molecular targeting of angiogenic growth factor. 
Blood. 2007; 109: 3042-3049.   

14.       Stellrecht CM, Phillip CJ, Cervantes-Gomez F, Gandhi V. Multiple myeloma cell killing by 
depletion of the MET receptor tyrosine kinase. Cancer Res. 2007; 67: 9913-9920.   

15.       Teofili L, Di Febo AL, Pierconti F, et al. Expression of the c-met proto-oncogene and its 
ligand, hepatocyte growth factor, in Hodgkin disease. Blood. 2001; 97: 1063-1069.  



 17

16.       Ayhan A, Ertunc D, Tok EC. Expression of the c-Met in advanced epithelial ovarian cancer 
and its prognostic significance. Int J Gynecol Cancer. 2005; 15: 618-623.   

17.       Landis JR, Koch GG. The measurement of observer agreement for categorical data. 
Biometrics. 1977; 33: 159-174.   

18.       Andersen NF, Standal T, Nielsen JL, et al. Syndecan-1 and angiogenic cytokines in multiple 
myeloma: correlation with bone marrow angiogenesis and survival. Br J Haematol. 2005; 
128: 210-217.   

19.       Toyama T, Ido A, Sasak H, et al. Possible involvement of neutrophils in a serum level increase 
of hepatocyte growth factor in non-Hodgkin's lymphoma. Oncol Rep. 2005; 13: 439-444.   

20.       Zhan F, Hardin J, Kordsmeier B, et al. Global gene expression profiling of multiple myeloma, 
monoclonal gammopathy of undetermined significance, and normal bone marrow plasma 
cells. Blood. 2002; 99: 1745-1757.   

21.       Hose D, Moreaux J, Meissner T, et al. Induction of angiogenesis by normal and malignant 
plasma cells. Blood. 2009; 114: 128-143.   

22.       Seidel C, Borset M, Hjertner O, et al. High levels of soluble syndecan-1 in myeloma-derived 
bone marrow: modulation of hepatocyte growth factor activity. Blood. 2000; 96: 3139-3146.   

23.       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.   

24.       Sprynski AC, Hose D, Caillot L, et al. The role of IGF-1 as a major growth factor for myeloma 
cell lines and the prognostic relevance of the expression of its receptor. Blood. 2009; 113: 
4614-4626.  

25.       Eder JP, Vande Woude GF, Boerner SA, LoRusso PM. Novel therapeutic inhibitors of the c-
Met signaling pathway in cancer. Clin Cancer Res. 2009; 15: 2207-2214.    

26.       Boccaccio C, Comoglio PM. Invasive growth: a MET-driven genetic programme for cancer 
and stem cells. Nat Rev Cancer. 2006 Aug; 6(8): 637-645.  

27.       Comoglio PM, Giordano S, Trusolino L. Drug development of MET inhibitors: targeting 
oncogene addiction and expedience. Nat Rev Drug Discov. 2008; 7: 504-516.   

28.       Matsumoto K, Nakamura T. NK4 (HGF-antagonist/angiogenesis inhibitor) in cancer biology 
and therapeutics. Cancer Sci. 2003; 94: 321-327. 

29.       Burgess T, Coxon A, Meyer S, et al. Fully human monoclonal antibodies to hepatocyte growth 
factor with therapeutic potential against hepatocyte growth factor/c-Met-dependent human 
tumors. Cancer Res. 2006; 66: 1721-1729.    

  

  

 



 18

 Table 1A. Overview over cases and biopsy material. 

 

 

 

 

 

 

Diagnosis No of cases No of biopsies
stained for HGF

No of biopsies
stained for c-Met

No of biopsies
stained for p-Met

Healthy 10 10 10 7

MGUS 6 6 6 4

Myeloma 68 68 68 21 

Solitary
plasmacytoma of
bone

2 2 2 0

Solitary
extramedullary 
plasmacytoma

4 4 4 0

Diagnosis No of cases No of biopsies
stained for HGF

No of biopsies
stained for c-Met

No of biopsies
stained for p-Met

Healthy 10 10 10 7

MGUS 6 6 6 4

Myeloma 68 68 68 21 

Solitary
plasmacytoma of
bone

2 2 2 0

Solitary
extramedullary 
plasmacytoma

4 4 4 0
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Table 1B. Patient characteristics 

 

 

 

 

 

 

 

 

 

 

 

 

3    (4%)Information not available

15  (22%)Information not available

2    (3%) Information not available

Age Median (range) 69  (30 – 88)

Sex Male/female 47/21

ISS 1 16  (23%)

2 21  (31%)

3             16  (23%)

DS 1 9   (13%)

2 25  (37%)

3 32  (47%)  

DS A or B A 54  (79%)

B 11  (16%)

M-protein isotype IgG 45  (66%)

IgA 5    (7%)

IgG + IgA 2    (3%)

Other Ig subtype 3    (4%)

Light chain only 11  (16%)

Non-secretory 2    (3%)

Serum M-protein, g/L Median (range) 25  (0 – 76)

3    (4%)Information not available

15  (22%)Information not available

2    (3%) Information not available

Age Median (range) 69  (30 – 88)

Sex Male/female 47/21

ISS 1 16  (23%)

2 21  (31%)

3             16  (23%)

DS 1 9   (13%)

2 25  (37%)

3 32  (47%)  

DS A or B A 54  (79%)

B 11  (16%)

M-protein isotype IgG 45  (66%)

IgA 5    (7%)

IgG + IgA 2    (3%)

Other Ig subtype 3    (4%)

Light chain only 11  (16%)

Non-secretory 2    (3%)

Serum M-protein, g/L Median (range) 25  (0 – 76)
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Table 2A. Number and percentage of HGF-positive plasma cells in biopsies from patients 
with MGUS, multiple myeloma and solitary plasmacytoma, as compared with healthy 
individuals.  

 

 

 

 

 

 

HGF

No of cases No of  positive 
cases

% positive cases 95% CI of OR* p-value

Healthy 10 9 90 reference reference

MGUS 6 6 100 0.015, infinite* 1.000

Myeloma 68 58 85 0.013, 5.68 1.000

Solitary
plasmacytoma 

6 6 100 0.015, infinite* 1.000

HGF

No of cases No of  positive 
cases

% positive cases 95% CI of OR* p-value

Healthy 10 9 90 reference reference

MGUS 6 6 100 0.015, infinite* 1.000

Myeloma 68 58 85 0.013, 5.68 1.000

Solitary
plasmacytoma 

6 6 100 0.015, infinite* 1.000

*The odds ratio (OR) and the upper limit of the 95% confidence interval (CI) is infinite due to 
zero values in one or more cells.  



 21

Table 2B. Number and percentage of c-Met-positive plasma cells in biopsies from 
patients with MGUS, multiple myeloma and solitary plasmacytoma, as compared with  
healthy individuals.  
 

 

 

 

 

 

 

c-Met

No of cases No of positive cases % positive cases 95% CI for OR* p-value

Healthy 10 0 0 reference reference

MGUS 6 4 67 1.61, infinite* 0.016

Myeloma 63 25 40 1.32, infinite* 0.021

Solitary
plasmacytoma 

6 1 17 0.043, infinite* 0.750

c-Met

No of cases No of positive cases % positive cases 95% CI for OR* p-value

Healthy 10 0 0 reference reference

MGUS 6 4 67 1.61, infinite* 0.016

Myeloma 63 25 40 1.32, infinite* 0.021

Solitary
plasmacytoma 

6 1 17 0.043, infinite* 0.750

*The odds ratio (OR) and the upper limit of the 95% confidence interval (CI) is infinite due to 
zero values in one or more cells.  
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Figure legends

Figure 1. Immunohistochemical staining of biopsies with malignant or non-malignant 

plasma cells. Panel (A-C) show 4 μm sections with cytoplasmic staining for HGF in (A) 

multiple myeloma plasma cells, (B) plasma cells of a reactive lesion and (C) plasma cells of 

normal bone marrow. Panel (E-G) show membranous and cytoplasmic staining for c-Met in 

(E) multiple myeloma plasma cells. Only cells with a clear membranous staining were defined 

as positive. No membranous staining was seen in (F) plasma cells of a reactive lesion and (G) 

plasma cells of normal bone marrow. (D+H) Negative control. Controls for specificity were 

carried out as described in the Methods section. (I-K) CD138 and (L) Hematoxylin-Eosin-

Saffron (HES) staining for identification of plasma cells. Images were captured using a Nikon 

Eclipse 80i microscope and Nikon dig SIGHT DS5-M camera, and processed by Nikon 

Imaging Software NIS-elements (Nikon Instruments Europe B.V., Badhoevedorp, 

Netherlands). Original magnification x 1000. 

 

Figure 2. Immunohistochemical staining for phospho-c-Met in bone marrow biopsies 

from patients with monoclonal plasma cell disease. Only cases that were positive for c-Met 

were included. Panel (A) shows membranous staining for phospho-c-Met. Only cells with a 

clear membranous staining were defined as positive. (B) Negative control section, showing 

non-specific staining of cytoplasm, but no membranous staining. Images were captured using 

a Nikon Eclipse 80i microscope and Nikon dig SIGHT DS5-M camera, and processed by 

Nikon Imaging Software NIS-elements (Nikon Instruments Europe B.V., Badhoevedorp, 

Netherlands). Original magnification x 1000. 
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Figure 3. Concentration of HGF as measured by ELISA in bone marrow plasma and serum of 

a subset of ten multiple myeloma patients. All samples were run in duplicates. The standard 

curve was linear between 0.5 and 8 ng/mL. Due to limited quantities of sample material the 

measurements could not be repeated and therefore samples with HGF concentrations above 8 

ng/mL were given the value 8 ng/mL. 

 

 



H
G

F

c-
M

et

C
D

13
8

M
ye

lo
m

a
N

or
m

al
 b

on
e 

m
ar

ro
w

N
eg

at
iv

e 
co

nt
ro

l

Fi
gu

re
 1

 

R
ea

ct
iv

e 
pl

as
m

a 
ce

lls

H
ES

A
C

B

E

D

J
I

K

H L

F
G



Fi
gu

re
 2

B
A



02468
H

G
F

(n
g/

m
L)

>

bo
ne

 m
ar

ro
w

 p
la

sm
a 

   
   

   
   

se
ru

m

Fi
gu

re
 3



Paper II





Elevated serum concentrations of activated hepatocyte
growth factor activator in patients with multiple myeloma
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Hepatocyte growth factor (HGF) stimulates survival,

proliferation (1), adhesion (2) and migration (3) of malig-

nant plasma cells and is a potential contributor to the

bone disease of multiple myeloma (4). HGF is produced

by myeloma cells and by stromal cells in the bone mar-

row microenvironment, and thereby acts in an autocrine

or paracrine manner through its receptor c-Met (5–7). We

and others have previously shown that serum HGF levels

are elevated in myeloma patients compared with normal

controls, and associated with poor prognosis (8, 9).

HGF is secreted as a single chain precursor which is

proteolytically converted to its biologically active hetero-

dimeric form. The most potent activator is the factor XII-

related serine protease hepatocyte growth factor activator

(HGFA) (10, 11). HGFA is mainly secreted by the liver,

although extrahepatic expression has been reported in a

number of normal and tumour tissues (12). It circulates in

plasma as a single-chain 96-kDa pro-form, which is acti-

vated by thrombin in the presence of negatively charged

molecules to its 34-kDa active two-chain heterodimeric

form (13). The HGFA activity is regulated by the HGF

activator inhibitors (HAI)-1 and -2, reviewed in (12).

Tjin et al. (14) showed that myeloma cells express

HGFA and thereby proteolytically convert single chain

HGF into its active form. We aimed to examine the lev-

els of the activated form of HGFA in serum and bone

marrow plasma from myeloma patients, and to correlate

the serum levels with clinical stage, parameters of disease

Abstract

Objectives: Hepatocyte growth factor (HGF) is a potential key factor in multiple myeloma. Conversion of
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activity and survival. Secondly, we aimed to investigate a

possible relationship between the concentrations of

HGFA and HGF.

Patients and methods

We examined serum samples drawn at diagnosis from 49

patients diagnosed with multiple myeloma in mid-Nor-

way between 1996 and 2005. We also examined bone

marrow plasma from the same patients when available

(n = 16). Serum and bone marrow plasma samples were

drawn before initiation of treatment and frozen at )80�C
until they were analyzed. In six patients, we also exam-

ined serum drawn at time of first response, defined

according to the EBMT ⁄ IBMTR ⁄ABMTR criteria (15)

and at first relapse, defined as the time point where treat-

ment was re-introduced. Control samples were obtained

from 24 healthy volunteers. Because of limited quantities

of sample material, HGF was analyzed in only 20 of the

24 controls. Clinical information about the myeloma

patients was obtained retrospectively from the patient

records. Registered information was stage according to

Durie Salmon and International Scoring System (ISS),

type and concentrations of serum and urine M-compo-

nent, plasma cell percentage in bone marrow aspirate,

serum b2-microglobulin and overall survival. The study

protocol was approved by the Regional Medical Ethics

Committee and the study was performed according to

the declaration of Helsinki.

The median age of the myeloma patients (33 men and

16 women) was 65 yr (range 30–87 yr), and of the con-

trols (15 men and 9 women) was 68 yr (range 44–81 yr).

The patients were representative of the general myeloma

population with serum M-component of IgG type in 29

patients (59%), IgA in seven patients (14%), other Ig is-

otypes in three patients (6%), only light chain secretion

in nine patients (18%) and non-secretory myeloma in

one patient (2%). Twenty patients (41%) were in stage 1

according to ISS, 13 patients (26%) in stage 2 and 11

patients (22%) in stage 3; for five patients (10%), no

information was available.

We used a commercially available enzyme-linked

immunosorbent assay (ELISA) for the measurement of

activated HGFA (IBL, Gunma, Japan) in serum and

bone marrow plasma. The assay was performed accord-

ing to the manufacturer’s instructions. All samples were

run in duplicates. The standard curve was linear between

0.9 and 15 ng ⁄mL, and samples were diluted to concen-

trations within this range. The intra-assay and interassay

variation coefficients for this assay are 5.5% and 5.5%

at 6.5 ng ⁄mL according to the manufacturer. Variation

coefficients for our measurements were <10%.

HGF was measured with an ELISA from R&D systems

(Minneapolis, MN, USA). The assay was performed

according to the manufacturer’s instructions. All samples

were run in duplicates. The standard curve was linear

between 0.5 and 8 ng ⁄mL. Because of limited quantities of

sample material, the measurements could not be repeated

and therefore samples with HGF concentrations lower

than 0.5 ng ⁄mL and above 8 ng ⁄mL were given the values

0.5 and 8 ng ⁄mL. Variation coefficients for our measure-

ments were <10%. Up to two freeze–thaw cycles of serum

did not affect the measured levels of HGF or HGFA.

SPSS Statistical Software version 14.0 was used for

statistic calculations (SPSS Inc, Chicago, IL, USA).

Comparisons between groups were performed by the

Mann–Whitney U-test. Correlations between two para-

meters were estimated by Spearman’s rank correlation

analysis. Survival analysis was conducted by the

Kaplan–Meier method, using median values as cut off.

The level of statistical significance was set at P < 0.05.

P-values were two-tailed.

Results

Serum levels of activated HGFA in patients at the time

of diagnosis and in controls are shown in Fig. 1. The

median HGFA concentrations in myeloma and control

sera were 39.7 (range 6.2–450.0) and 17.6 ng ⁄mL (range

4.8–280.6), respectively. The difference was statistically

significant (P = 0.037). The median level of activated

HGFA in bone marrow plasma of myeloma patients was

6.1 ng ⁄mL (range 3.5–30.0) (data not shown). Thus,

HGFA levels were lower in bone marrow plasma than in

serum. However, serum and plasma HGFA levels cannot

be directly compared, as measurement of levels in serum

will be 2–3 times higher than in plasma in this assay

according to the manufacturer and own validation exper-

iments (data not shown).

There was no correlation between the serum levels of

HGFA and disease stage according to ISS or Durie
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Figure 1 Serum concentrations of activated HGFA measured by

ELISA in 49 multiple myeloma patients and 24 age- and gender-

matched controls. Bars indicate median concentration.

Wader et al. HGF activator in multiple myeloma

ª 2008 The Authors

Journal compilation 81 (380–383) ª 2008 Blackwell Munksgaard 381



Salmon, concentration of serum M-component, serum

b2-microglobulin, percentage of plasma cells in the bone

marrow or overall survival (data not shown). The HGFA

levels did not covariate with disease activity in serial

measurements of serum drawn at diagnosis, remission

and relapse in six myeloma patients (data not shown).

The median HGF concentrations in myeloma and con-

trol sera were 2.5 (range 0.7–8.0) and 1.6 ng ⁄mL (range

0.5–4.0), respectively (Fig. 2). The difference was statisti-

cally significant (P < 0.001). The median HGF concen-

tration in bone marrow plasma was 8.0 ng ⁄mL. There

was no correlation between the levels of HGFA and

HGF in serum (rs = 0.14, P = 0.26) or bone marrow

plasma (rs = 0.31, P = 0.38).

Discussion

HGF has a number of myeloma-relevant activities; how-

ever, it has to be converted to its heterodimeric form to be

biologically active. Urokinase-type plasminogen activator

(uPA), tissue plasminogen activator, factor XIIa and ma-

triptase have all been shown to activate single chain HGF

at low rates (11, 16–18). The most potent activator is, how-

ever, the factor XII-related serine protease HGFA, with

an HGF-converting potency of more than 1000 times that

of uPA (11). Tjin et al. (14) showed that myeloma cells

express HGFA, thereby activating HGF. We here demon-

strate for the first time that HGFA exists in its activated

form in serum from myeloma patients, and that serum

concentrations are higher than in healthy controls. We

also found detectable activated HGFA in 16 of 16 samples

of bone marrow plasma from myeloma patients.

The role of HGFA in regulating HGF activity in

injured tissue is well established (12). Recent data sup-

port an important function of HGFA also in solid

tumours such as colorectal cancer (19) and glioblastoma

(20). Among lymphomas, the HGF receptor is predomi-

nantly expressed in diffuse large B-cell lymphoma

(DLBCL), and interestingly, DLBCL cells also express

HGFA, possibly activating HGF produced by macro-

phages in the tumour microenvironment (21).

The activity of HGFA is tightly regulated. Secreted as

an inactive single chain pro-form, cleavage by thrombin

is essential for its function. In a recent publication, the

kallikrein-related peptidases 4 and 5 were shown to have

HGFA-activating properties similar to thrombin (22).

The activity of HGFA is also controlled by the Kunitz

type serine protease inhibitors HAI-1 and HAI-2 (12).

It is possible that the myeloma cells directly contribute

to the elevated HGFA levels in serum of myeloma

patients. However, we found no correlation between the

serum HGFA concentration and disease stage or tradi-

tional markers of tumour burden. As we have measured

only the activated form of HGFA, the elevated levels in

myeloma patients might also mirror a higher degree of

activation of pro-HGFA in patients compared with con-

trols. The complex mechanisms regulating activation of

HGF in multiple myeloma, including a potential role for

the HGFA inhibitors HAI-1 and HAI-2, should be

addressed in further studies.

We found no correlation between serum levels of

HGFA and HGF. This is partly in disagreement with

Nagakawa et al. (23), who found a positive correlation

between serum levels of HGF and HGFA in patients

with untreated and advanced stage prostate cancer. How-

ever, the fact that we have measured total HGF, which

is both single chain HGF and the active heterodimer,

may obscure a positive correlation between HGFA and

active HGF.

In conclusion, activated HGFA is present at high

levels in serum and bone marrow of myeloma patients.

Although this study has obvious limitations because of

the relatively small number of study subjects, it clearly

demonstrates the presence of a necessary prerequisite for

activation of the HGF system in multiple myeloma. It

also points to the activation step of HGF as a possible

target for therapeutic intervention.
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