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Expressio nn and mutationa l statu s of the MET 
proto-oncogen ee in B cel l neoplasi a 

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

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

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

Introduction Introduction 

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

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

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

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

MaterialsMaterials and Methods 

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

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

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

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

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

duringg standard tonsillectomy at the AMC, and B cells 

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

IMMUNOHISTOCHEMISTRY IMMUNOHISTOCHEMISTRY 
Immunohistochemicall stainings were performed on 

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

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

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

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

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

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

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

expressionn of MET as described previously (27). 

CYTOGENETICCYTOGENETIC ANALYSIS AND FLUORESCENT IN SITU 
HYBRIDIZATIONHYBRIDIZATION (FISH) 

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

SINGLESINGLE STRANDED CONFORMATION POLYMORPHISM 
(SSCP) (SSCP) 

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

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

RESULTS RESULTS 

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

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

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

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

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

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

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

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

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

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

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

^.««swara a 
i i 

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

WHOWHO classification 

andd rr 

Precursorr B Lymphoblastic 

Mantlee Cell 

Follicular r 

Burkitt's s 

DLBCL L 

Marginall Zone 

B-CLL L 

PEL L 

Multiplee Myeloma 

Hodgkin'ss (classical) 

utationa ll  analysi s 

n n 

3 3 

5 5 

15 5 

12 2 

43 3 

3 3 

8 8 

1 1 

21 1 

9 9 

off MET in B ce 

%% positive 

0 0 

0 0 

7 7 

8 8 

30 0 

0 0 

25 5 

--
48 8 

100 0 

III tumor s 

Intensity* Intensity* 

--
--
2 2 

3 3 

2-3 3 

--
1 1 

3 3 

N A ( * ) ) 

3 3 

## mutated/ # 
examined d 

0/3 3 

0/3 3 

1/15 5 

1/12 2 

2/39 9 

ND D 

1/8 8 

0/1 1 

0/21 1 

ND D 

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

 a 

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

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

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

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

deregulatingg MET activity, have been found in 
HPRCC (17), and more recently, in several other 
typess of cancer (22,46). The affected regions of 
METT are the catalytic domain and the juxtamem-
branee region, deregulating either the activation 
orr the degradation of MET (22,23,47,48). To 
investigatee whether MET mutation might also 
contributee to B cell neoplasia, we screened the 
tumorr samples listed in table 1 for mutations in 
exonn 14, encoding the juxtamembrane region, and 
exonss 16 to 19, encoding the tyrosine kinase and 
dockingg site regions of MET. This was done by 
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Tablee 2. Gain of chromosom e 7 in MET expressin g 
BB cell tumor s 

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

DLBCLL + 7 71 

MMM + 3 100 

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

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

Discussion Discussion 
Uncontrolledd activation of MET has been impli-

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

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

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

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

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

Recentt studies have demonstrated a direct role 
forr MET in cancer, by showing that germline and 
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Figuree 4. Missense germline MET muta-
tionss in B cell NHLs. A) SSCP analysis 
showingg aberrant migrating amplicons 
(arrows)) of exon 14 (left panel) and exon 
177 (right panel). B) Sequence analysis 
showingg mutational transitions. Fragments 
weree excised, re-amplified, cloned and 
sequenced.. Shown are wild type (WT) and 
mutantt sequences. Mutational transitions 
aree boxed. 
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somaticc MET mutations found in human malig-
nanciess are tumorigenic both in vitro and in vivo 
(22,23,47,48).. The regions affected are the juxta-
membranee exon 14, and exons 16 to 19, harboring 
thee tyrosine kinase residues and docking sites for 
downstreamm effector molecules. In the B cell lym-
phomass studied, we detected two novel germline 
missensee mutations in MET. a R988C mutation 
waswas found in 4 patients with either DLBCL, CLL, 
FLL or Burkitt's lymphoma, and a R1166Q mutation 
inn a DLBCL patient. These mutations were not 
foundd in previous MET mutation studies (includ-
ingg exon 14 and 17) conducted on a large panel 
off gastric cancers, HRPC or sporadic RPC, head 
andd neck squamous cell carcinomas, childhood 
hepatocellularr carcinomas, nor in control groups 
consistingg of more than 1000 individuals (17,20-
22,46,52),, suggesting that R988C and R1166Q 
aree specifically associated with B-NHL and might 
havee pathogenetic significance. In should be noted 
inn this context that germline mutations in MET have 
nott only been found in HRPC but also in patients 
withh sporadic papillary renal carcinoma without any 
familyy history of renal cancer (17,20), as well as in 
gastricc cancer (22). 

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

MET.. The R988C mutation is located adjacent to 
thee a PEST sequence, a region involved in the 
ubiquitinn ligase-mediated degradation of proteins 
(53).. Recent studies have shown that the ubiqui-
tinationn and proteosomal degradation of MET are 
regulatedd by the ubiquitin ligase CBL, and requires 
interactionn of the tyrosine kinase binding domain 
off CBL with a juxtamembrane tyrosine residue 
(Y1001)) of MET (54-56). Interestingly, a MET mu-
tationn from a gastric cancer patient with a transition 
fromm phenylalanine to serine on position 1009 of 
exonn 14, showed a prolonged HGF-induced tyro-
sinee MET phosphorylation, a delayed degradation 
off MET, and displays tumorigenic characteristics 
inn athymic nude mice (22). This indicates that 
mutationss affecting receptor degradation indeed 
cann confer oncogenic properties. Secondly, the 
serinee residue at position 1003 is a substrate for 
proteinn kinase C (PKC), which, in its phosphory-
latedd state, can down-regulate the tyrosine kinase 
activityy of MET (57). By inducing a conformational 
change,, the R988C mutation could interfere with 
thiss negative regulation. Finally, gain-of-function 
cysteinee mutations in RET are responsible for 
thyroidd carcinoma (MEN2A/familial medullary 
thyroidd carcinoma) by causing a covalent RET 
dimerizationn of the remaining non-mutated cyste-
ine,, leading to ligand-independent tyrosine kinase 
activityy (58,59). Similarly, transition from arginine 

77 7 



CHAPTERCHAPTER 4 

too cysteine (R988C) in MET could also induce 
dimerizationn of the MET receptor, thus influencing 
itss activity. In addition to the R988C mutation found 
inn exon 14, we also detected a mutational transi-
tionn from arginine to glutamine at position 1166 in 
exonn 17 in a case of DLBCL. Located adjacent to 
aa tyrosine residue necessary for MET activation, 
thiss mutation could, due to a change in polarity, 
influencee MET tyrosine phosphorylation. This 
mechanismm has been postulated to be responsible 
forr the enhanced activation of MET in a sporadic 
formm of HPRC, bearing germline as well as somatic 
mutationss (60). Of note is the recent finding that 
somaticc MET mutations appear to be selected 
duringg metastatic spread of carcinomas, following 
thee detection of mutations mainly in metastasizing 
cellss (52,61). The mutations described in the work 
presentedd here could therefore favor B cell tumor 
growthh and/or progression. We are currently ana-
lyzingg these mutations for functionality. 
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