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CHAPTER 1

General introduction

1 B cell development and cancer

1.1 B cell development and differentiation

1.1.1 B cell development

B cells represent about 5-15% of the
circulating lymphocyte pool and play an
important role in the adaptive immune

response. During B cell development, B-
lineage precursors in the bone marrow (BM)
proliferate and undergo a highly regulated
maturation process that culminates in the
production of immature, surface
immunoglobulin  (Ig)-expressing B cells 1.
During the initial stages of development,
expression of the pre-B cell receptor (pre-
BCR), which is formed after succesfull
rearrangement of the variable (V), diversity
(D) and joining (J) gene segments of the Ig
heavy chain (IgH) gene, is required for B cell
survival. Signaling via the pre-BCR induces
rearrangements of the V and ] segments of
the Ig light chain, resulting in cell-surface
expression of a mature BCR of the IgM
isotype. The IgM-expressing immature B cells
migrate to the spleen, where they differentiate
into naive, mature B cells, which enter the
recirculating lymphocyte pool. Upon antigen
encounter in peripheral lymph nodes, gut-
associated lymphatoid tissue or spleen, they
can undergo Ag-specific differentiation (figure
1).

1.1.2 B cell differentiation

Ag-specific B cell differentiation takes
place in the germinal centers (GC) of the
secondary lymphoid tissues. The GC reaction
starts after Ag-specific naive B cells are
activated in the T cell areas of the lymphoid

tissues, and migrate into the primary follicle.
Here, these cells become centroblasts, which
form the GC dark zone !, and undergo rapid
clonal expansion and somatic hypermutation
(SHM). The SHM machinery introduces
mutations at a very high rate in specific
regions of the rearranged Ig variable (IgV)
genes 2 to increase antibody diversity.
Subsequently, the GC B cells, now
centrocytes, migrate to the GC light zone. At
this stage, the cells are selected on the basis
of the affinity of their BCR for antigen
presented on the surface of FDC. Only the GC
B cells with high-affinity BCR receive survival-
and proliferation signals from FDCs and T
cells, whereas low affinity and self-reactive GC
B cells undergo apoptosis 3. The rescued GC
B cells process the antigen from the FDCs and
present the Ag-derived peptides to Ag-specific
T cells. These cells provide survival signals to
the B cells involving the cell surface molecules
including the T cell receptor/CD3-MHC class
II, the co-stimulatory molecules CD40 ligand-
CD40 and CD80/CD86-CD28, and
cytokines . These survival signals, including
the interaction with FDCs, are necessary to
sustain the expression of the long isoform of
cellular FLIP_ (cFLIP_), resulting in the
inhibition of caspase 8 activity and protection
of GC B cells from FAS-induced cell death 1,
Cognate T-B cell interaction further may result
in class-switch recombination (CSR), which
involves replacing of the Cu constant region of
IgM for other constant region exons, to vary
the antibody repetoire. After expansion, the Ig
isotype-switched B cells mature to either
plasma cells or memory B cells. The former
facilitates the eradication of infectious
pathogens by secreting high-affinity Igs,

several
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Figure 1 Normal B cell differentiation and the related stages of B cell malignancy.

Schematic representation of B cell differentiation. The malignant counterparts are indicated in parenthesis. See text for
further detail. PEL= primary effusion lymphoma; MM= multiple myeloma; DLBCL= diffuse large B cell lymphoma; IC=
immunocytoma; FL= follicular lymphoma; MZL= marginal zone Ilymphoma; CLL= chronic lymphocytic
leukemia/lymphoma; MALT= mucosa-associated lymphoid tissue; MCL= mantle cell lymphoma; ALL= acute
lymphoblastic leukemia.

whereas the latter allows rapid response to  tiation and plasma cell formation'!!?. BCL-6
antigen recall (figure 2). and PAX-5 are necessary for the commitment

of bone marrow progenitors to the B cell
lineage 13 and for GC B cell development.
Furthermore, BCL-6 and PAX-5 block
plasmacytic differentation by repressing the
B cell differentiation is a tightly controlled expression of BLIMP-1 and XBP-1, respectively

1.1.3 Transcriptional regulation of B
cell differentation

process. The transcription factors B cell 11,12 " After the termination of the GC reaction,
lymphoma-6 (BCL-6), PAX-5, interferon  BLIMP-1 is relieved from the BCL-6-dependent
regulatory factor 4 (IRF-4), X-box binding repression and induces plasma cell

protein-1 (XBP-1), and B lymphocyte-induced differentiation. BLIMP-1 ensures that the
maturation protein-1 (BLIMP-1) form a commitment to plasma cell fate is irreversible
regulatory circuit that determines the crucial by repressing BCL-6 and PAX-5, and by
developmental decisions in GC B cell differen- upregulating XBP-1, which is also

10
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Figure 2 The germinal center (GC) reaction.
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Schematic representation of the differentiation steps that take place during antigen (Ag)-specific differentiation in

secondary lymphoid organs. See text for further detail. CC= centrocyte; CB= centroblast; FDC= follicular dendritic

cells.

essential for plasma cell differentiation.
Cytokines, produced by T cells and FDCs,
have an important role in B cell differentiation
and plasma cell development °.
whereas IL-2 and IL-4 are required for the
proliferation of GC B cells and favour memory
B cell development, IL-10 interrupts memory
B cell expansion !* and drives plasma cell
development !%. Furthermore, IL-6 supports
the proliferation of plasmablasts and the
development of plasmablasts

In general,

into mature
plasma cells. A number of recent studies have

demonstrated that cytokines regulate the
expression of transcription factors. IL-4
represses BLIMP-1 expression !!, thereby

preventing plasma cell differentiation. Notably
however, IL-4 has also been reported to
XBP-1  transcription 1%,  which
contradicts its ability to drive memory B cell

induce

but not plasma cell development.
Furthermore, in some B cell lines, IL-6 or the
combination of IL-2 and IL-5 also induce
BLIMP-1 and XBP-1 expression %2, The
precise by which cytokines
regulate transcription factors involved in B cell
differentiation remain to be elucidated.

mechanisms

Chemokines and integrins controlling
Ag-specific B cell differentiation

Chemokines and integrins can control
multiple cell functions, including lymphocyte
development, cell survival and homing during
B cell differentiation. A small subset of the
chemokine family helps to guide the
movements of recirculating Iymphocytes
within the GC, the exit from the GC and the
migration to the BM. The most potent

11
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homeostatic chemokines that induce B- and T
cell migration include CXCL-12/SDF1 1%, CXCL-
13/BLC 7, CCL-19/ELC '® and CCL-21/SLC *°.
The by far best-studied chemokine, CXCL-12,
is essential for B lymphopoiesis and homing
16 Mice deficient for CXCR4, the receptor for
CXCL-12, and CXCL-12-/-
haematopoietic defects, which are restricted
to the B cell- and myeloid lineage 2°2%
Importantly, CXCL-12 is involved in the
localization of centroblasts to the dark zone
22 suggesting a role in the organization of the
GC dark- and light zones 22. Furthermore,
CXCL-12 plays an important role in the
homing of plasma cells to the BM 2:23,

B cells express the integrins a4pl, a5B1,
alBl and a4p7 2% Their
dependent on the differentiation state and the
site of origin of the B cell ?°. Integrins bind to
several extracellular matrix components like
fibronectin (FN) and Ilaminin, or to cell
surface-expressed members of the Ig
superfamilly, including vascular cell adhesion
molecule 1 (VCAM1) and intercellular cell
adhesion molecules (ICAM1-3).
signals evoked by cell surface-expressed
receptors can lead to integrin activation, a
process known as inside-out signaling 2¢. We
have previously demonstrated that the BCR
controls a4pl-mediated adhesion of B cells to

mice show

expression is

Intracellular

VCAM1 and FN 2728, which involves
cytoskeletal reorganization and integrin
clustering  2°.  Alternatively,  outside-in

sighaling, i.e. integrin-mediated signals, can
influence many biological responses like
proliferation, cytokine production, and
apoptosis 263931 In  this context, the
interaction between B cells and FDCs, which is
strengthened by alLB1/ICAM1 and a4p1/VCAM1
2430 presumably contributes directly to the B
cell selection process itself, as signaling
through the «4pB1/VCAM1 rescues GC B cells
from apoptosis 3932, These data clearly show
that integrin activation or -mediated cell
interactions within the lymphoid
microenviroment play a crucial role in Ag-
specific B cell differentiation.

tissue
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1.2 B cells and cancer
B cell malignancies

The development and progression of B cell
malignancies is a multi-step process. The
initial step in lymphomagenesis is the
acquisition of a genetic abnormality, most
often a chromosomal translocation involving a
proto-oncogene, causing an increased lifespan
and/or enhanced proliferation 33,
Chromosomal translocations often arise in the
BM, during the rearrangement of the Ig genes
of precursor B cells that is required to form a
mature BCR. During the GC reaction, SHM and
CSR are associated with double-strand DNA
breaks, dangerous events that predispose to
chromosomal translocations 34-36,
Consequently, the most common chromosomal
translocations in B cell malignancies involve
the Ig heavy chain (chromosome 14) or light
chain gene loci (A, chromosome 22; x,
chromosome 2), encoding
proteins involved in proliferation, cell cycle
control, differentiation or survival. These
include c-MYC in Burkitt's lymphomas, BCL-1
in mantle cell lymphomas (MCL), BCL-2 in
follicular lymphomas (FL), and BCL-6 in most
of the diffuse large B cell lymphomas (DLBCL)
3337 However, most of these chromosomal
translocations are not tumorigenic as such and
additional genetic alterations, e.g. mutations
and loss of tumor suppressor genes, are
required for the development of a fully
malignant phenotype. Indeed, in general B cell
malignancies exhibit multiple genetic
abnormalities. A large proportion of DLBCLs
(50%) aberrant SHM, leading to
mutations in multiple genes, including proto-
oncogenes c-MYC, PIM-1, PAX-5 and RhoH/TTF
38 It has been demonstrated that both SHM
and CSR are dependent on the activity of
activation-induced cytidine deaminase (AID),
which is a RNA-editing enzyme 3°. Recently,
AID has been identified as a DNA mutator in
man and has been implicated in the initiation

and progression of GC-derived malignancies
40-42

and oncogenes

show

B cell malignancies are classified by the
World Health Organization (WHO) into disease



categories based on histological
characteristics, cell surface markers, and
cytogenetic- and clinical features 3337, A

useful parameter to identify the
developmental stage of a B cell lymphoma is
the variable region sequence of its Ig genes.
Lymphomas that lack somatic mutations in the
Ig variable chain region genes most likely are
derived from pre-GC stage B cells, e.g. MCL.
If the somatic mutations in a lymphoma vary
among individual lymphoma cells suggesting
ongoing SHM, the lymphoma is believed to be
derived from GC stage cells, e.g. FL. When the
somatic fixed among the
lymphoma cells, the lymphoma is post-GC
stage related, e.g. marginal
lymphoma and multiple myeloma (MM).

mutations are

zone B cell

Diffuse large B cell lymphoma

DLBCL, which comprise the Ilargest
subgroup (30-40%) of B-NHL, particularly
display marked phenotypic, molecular and
clinical heterogeneity. They show a diverse
scale of genetic abnormalities, including
translocations, amplifications, deletions and
point mutations involving genes controlling
proliferation, apoptosis and differentiation *3.
For example, a subgroup (35-40%) shows
translocation of BCL-6 **. Furthermore,
approximately 25% of the DLBCL cases show
translocations of BCL-2, leading to abnormal
survival of B cells, while amplification of the
Rel gene, encoding a member of the NFkB/Rel
familiy transcription factors, is involved in cell
activation and survival **. Patients with DLBCL
often single or multiple rapidly
enlarging, symptomatic masses at nodal or
extranodal sites, e.g. the intestinal tract or
central nervous system. By gene-expression
profiles, recent studies indeed revealed that
DLBCLs are actually a mixture of distinct
cancers *®*’, DLBCLs could be separated into
at least 3 subgroups %/, associated with
different prognosis. About half of all DLBCLs
have a gene-expression profile that closely
resembles that of normal GC B cells (GC
DLBCLs) 6. These lymphomas have highly
mutated Ig genes and SHM is ongoing in the

show
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malignant clones *%. The second largest
subgroup of DLBCLs, representing about 30%
of cases, show an expression profile similar to
activated B cells. These activated B cell-like
DLBCLs (ABC DLBCLs) have a high number of
Ig somatic mutations but do not show ungoing
SHM “8, Of note, patients with GC DLBCL have
a more favorable clinical course, with a 5-year
survival rate of 60% compared with 35% for
patients with ABC DLBCL *’. The third
subgroup, the Type 3, reveals an intermediate
gene-expression profile and survival rate %7,
The different subgroups suggest that DLBCLs
through distinct pathogenetic
mechanisms and have dissimilar molecular

arise

abnormalities.

Multiple myeloma

MM is a lymphoproliferative disorder of
post-GC B cells that accounts for
approximately 1% of all cancer-related deaths
in Western countries %°. This plasma cell
tumor is incurable and represents the second
most common haematological malignancy with
an annual incidence of approximately 5 per
100.000 inhabitants. Each year, there are
19.000 new cases and over 14.000 deaths in
the European Community States. MM s
preceded by a pre-malignhant expansion of
plasma cells called monoclonal gammopathy
of undetermined significance (MGUS) (figure
3). MGUS does not grow progressively but is
stable and asymptomatic, and
common disease (3.4% of the population over
the age of 50). It has been estimated that
25% of the MGUS patients will finally progress
to MM. MM is characterized by the
accumulation of malignant plasma cells in the
(BM) and the
production of Ig, usually monoclonal IgG or
IgA. MM is distinguished from MGUS by having
a greater intramedullary (i.e. within the BM)
tumor cell content (>10%), osteolytic bone
lesions and/or an increasing tumor mass.
Common clinical features of MM further
include susceptibility to bacterial infections,
anemia, and renal insufficiency. Almost all of
the genetic aberrations identified in MM,

is a fairly

bone marrow aberrant
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bone destruction

o angiogenesis

bone marrow dependence
SCBoall / \
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Figure 3

p16 methylation/p18 deletion

p53 mutations

Model for multi-step molecular pathogenesis of multiple myeloma (MM).

Defined stages of MM pathogenesis are depicted with arrows indicating potential pathways. Several clinical features and

oncogenic changes are depicted as horizontal lines, dashed regions reflecting the uncertainty at which time these

changes occur. GC= germinal center; Ig= immunoglobulin; MGUS= monoclonal gammopathy of undetermined

significance.

including aneuploidy, monosomy 13, and
14932 chromosome translocations, are also
present in MGUS °°. Although, genetic changes
are similar in MGUS and MM, the latter is
distinguished by the presence of activating
mutations of N- or K-RAS, and also by a
higher incidence of monosomy 13, indicating a
possible tumor suppressor gene on
chromosome 13. RAS mutations occur in
approximately 30-40% of early MM, and the
frequency of RAS mutations s
during disease progression °!. Translocations
in MM cells often fuse the Ig heavy chain locus
to cyclin D1, cyclin D3 >%°3, c-maf, fibroblast
growth factor receptor-3 (FGFR-3), multiple
myeloma SET domain (MMSET), interferon
regulatory factor-4 (IRF-4), or MYC genes.
Furthermore, there is evidence that the
retinoblastoma (Rb)/cyclin D pathway is

increased
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disrupted in MM by inactivation of Rb, p15,
pl6 and pl18, which may contribute to
dysregulation of cell cycle control.

MM and the microenviroment

Since MM cells only grow within the confines
of the bone °4, MM cells appear to be critically
dependent on factors that are present in the
BM microenvironment. The BM provides a
unique environment consisting of paracrine
interactions between the tumor cells and other
cells, including fibroblasts, osteoblasts and
osteoclasts. A fine network of cytokines and
growth factors in the BM microenviroment
supports the growth and survival of MM cells
(figure 4). These soluble factors are secreted
primarily by BM stromal cells (BMSC) and MM
cells themselves, and include IL-6, IL-10, IL-



15, 1IL-21, tumor necrosis factor (TNF),
receptor activator of nuclear factor xB ligand
(RANKL), stromal derived factor-1 (SDF-1),
vascular endothelial growth factor (VEGF), and
insulin-like growth factor-1 (IGF-1) °!. Like in
different B lymphomas °°77,
production of several cytokines and growth
factors is detected in MM, which correlate with
the progression of the disease °8%!, These
cytokines and growth factors can activate
distinct signaling pathways both in MM cells as
well as stromal cells. These pathways include
extracellular signal-related kinase (ERK),

increased
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phosphatidylinositol-3  kinase  (PI3K)/AKT,
Janus kinase/signal transducer and activator
of transcription 3 (JAK/STAT3), and nuclear
factor kB (NF«kB) signaling cascades, involved
in proliferation, cell cycle control, anti-
apoptosis and migration. Notably, in BMSCs,
activation of the NFkB signaling pathway
results in the upregulation of the adhesion
molecules ICAM1 and VCAM1, thereby further
enhancing the binding of MM cells to BMSCs
51 Binding of MM cells to BMSC triggers
transcription and secretion of cytokines,
including IL-6, IGF-1, SDF-1, and VEGF °1,

angiogenesis MM cell —— drug-resistance
1‘ anti-apoptosis
- PI3K cell cycle
VEGF 7 AK/STAT3 — anti-apoptosis

ERK liferati
IL-8, IGF-1,VEGF, = pralN
SDF-1, HGF

NFxB —» anti-apoptosis

cell cycle
T eytokine production
BMSC
T adhesion molecules IL‘B’T;E;FEE:M'
T cytokine production ’
IL-8
osteoclast

RANKL RANK
» —> 3

osteoblast

o

bone formation «+— bone resorption

Figure 4 Interaction of MM cells and their microenvironment.

Binding of MM cells to bone marrow stromal cells (BMSC) triggers both adhesion- and cytokine-mediated MM cell growth,
survival, migration and drug resistance. MM cell binding to BMSCs upregulates cytokines (e.g. IL-6, IGF-1, VEGF, SDF-1)
secretion from both BMSCs and MM cells. These cytokines subsequently activate 3 major signaling pathways (ERK,
JAK/STAT3, PI3K/AKT) and their downstream targets in MM cells. Adhesion-mediated activation of NFkB upregulates

adhesion molecules ICAM1 and VCAM1 on both MM cells and BMSCs, further enhancing adhesion of MM cells to BMSCs.

15



Chapter 1

Some of these cytokines were shown to induce
secretion of other cytokines that promote MM
growth and survival (e.g. SDF-1 induces IL-6
secretion), stimulate angiogenesis in the BM
(e.g. VEGF) or protect MM cells against drug-
induced apoptosis (e.g. IL-6, IGF-1) 51,
Moreover, adhesion of MM cells to BMSCs
(e.g. a4pl to VCAM1) or extracellular matrix
(ECM) proteins not only localizes tumor cells
in the BM microenvironment but also
contributes to cell adhesion-mediated drug
resistance °!. Taken together, these findings
clearly show that the microenvironment, by
providing growth- and survival factors, and
mediating drug resistance, is indispensable for
the development of the tumor. It s
conceivable that B cells that have acquired
genetic aberrations may become fully

16

malignant through interaction with their
microenvironment. The consequent massive
tumor cell expansion may result in the gain of
additional aberrations, which further promote
cell transformation. Therefore, recent studies
are focussing on gaining a better
understanding of the pathogenesis of B cell
by defining the tumor host
interaction, in order to identify novel
molecular targets. Targeting both MM cells
and the interaction of MM cells with the BM
microenvironment has already provided some
very promising novel therapeutic strategies
and results ®!. This thesis will focuss on the
role of two types of growth factors, i.e.
hepatocyte growth factor (HGF) and WNTs,
and their corresponding signaling pathways, in
the pathogenesis of B cell malignancies.

malignancies,



2 The hepatocyte growth
factor/MET signaling pathway

2.1 Hepatocyte growth factor and MET
Hepatocyte growth factor (HGF)

HGF is a pleiotrophic growth factor with a
domain structure and a proteolytic mechanism
of activation similar to that of the blood serine
protease plasminogen. It initially
identified as a growth factor for hepatocytes
62 Independently, it isolated as a
secreted product of fibroblasts that dissociates
epithelial cells and increases their motility,
designated scatter factor (SF). Genomic
studies revealed that the human HGF is
encoded by a single gene localized on 7g21.1
63, The gene spans about 70 kb of DNA and
contains 18 exons %%, The promoter region
contains a number of regulatory sequences,
including a TATA-like element, an IL-6

was

was

8
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responsive element (IL-6RE) and a potential
binding site for factor-IL-6, a
regulator of IL-6 expression. The full-length
human HGF cDNA encodes a protein of 728
amino acids. HGF is a heterodimeric protein
consisting of a heavy chain and a light chain
held by a disulfide bond. The a-chain consists
of a putative hairpin loop and four triple-
disulfide structures called kringle domains
(NK4). The pB-chain has homology to the
catalytic domain of serine proteases but lacks
enzymatic activity . Nothern blotting
revealed three HGF mRNA transcripts of 6, 3
and 1.5 kb. The 6 and 3 kb messages
originate from differential polyadenylation 8,
whereas the 1.5 kb mRNA represents a splice
variant encoding the N-terminal
HGF in combination with the first two kringle
domains %7:8. This variant, NK2, acts as a HGF
antagonist ®’. Subsequently, a kringle domain
variant, NK1, has been described. This variant
functions as a partial HGF agonist®® (figure 5).

nuclear

domain of

9 10 11 1213 14 16 18

15 17

1+ H— a1

10 |11 |12 |13 |14 |15 |16 | 17

7/

K1 K2 K3
B o~-chain
K4
K3
S-S
K2
B-chain
K1
hairpin loop

K4
cleavage site

Figure 5 Schematic representation of HGF.
A) Structural organization of HGF. Shown are the
(top) the

boundaries and functional domains (bottom).

intron/exon
HGF
contains 18 exons that are numbered accordingly. The

genomic organization and

four-kringle domains (K1-K4) and the cleavage site are
indicated. B) Schematic representation of the functional
domains of HGF. The o-chain contains the N-terminal
domain, which harbors the hairpin loop and the four-
kringle domains. The B-chain contains the catalytically
inactive serine protease domain. The 60 kDa o- and the
30 kDa B-chain are linked via a disulphide bond (S-S).

17
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HGF is synthesized and secreted as a 90-kDa
inactive single-chain (sc) precursor (pro-HGF).
The precursor can bind to the HGF receptor
MET, but with low affinity and without
triggering receptor kinase activity ’%’!. To
activate MET and elicit biological responses,
HGF has to be activated by proteolytic
cleavage at an Arg-Val site located in exon 13.
This activation will be discussed later in more
detail.

The receptor tyrosine kinase MET

The receptor for HGF is the receptor
tyrosine kinase MET. The MET proto-oncogene
was originally identified in a chromosomal
translocation that generated the Tpr-MET

18

| ] L ]

transmembrane kinase domain

domain

Figure 6 Schematic representation of the

receptor tyrosine kinase MET.

A) Structural organization of MET. Shown are the genomic
organization (top) and the intron/exon boundaries and
functional domains (bottom). MET contains 21 exons coding
for an extracellular-, transmembrane- and tyrosine kinase
domain. B) Schematic representation of MET. The receptor
is composed of two disulphide (S-S)-linked chains: a 50
kDa a-chain, and a 145 kDa B-chain that are formed by
proteolytic processing. The extracellular region of MET
contains a 500 amino acids encompassing SEMA-domain.
The
residues, either regulating enzymatic activity, or forming

intracellular domains harbors four key tyrosine
docking sites for several signal transducers. See text for
further detail.

fusion gene in cultured tumor cells treated
with a chemical carcinogen 7273, The human
MET gene is located on chromosome 7q21-
g31, and harbors 21 exons, spanning more
than 120 kilobases. The sequence of the MET
promoter region contains a number of binding
sites for regulatory elements, including AP1,
AP2, NFxB and, like the HGF gene, the IL-6RE

74 The MET gene encodes a 170-kDa-
precursor protein, which is further
glycosylated and cleaved into a 190-kDa

heterodimer, consisting of a 50-kDa a- and a
140-kDa B-chain linked via disulfide bonds .
The extracellular part of the p-chain contains
a SEMA domain to which semaphorin-type

proteins can bind 7%, which mediate cell



scattering, a phenomenon that is also
transduced by MET. Recent findings have
demonstrated that the SEMA domain of MET is
necessary for ligand binding and receptor
dimerization 77, suggesting an important role
in receptor activation. The cytoplasmic tail
contains a tyrosine kinase domain as well as a
multifunctional docking site, which interacts
with various signaling molecules "8 (figure 6).

2.2 Expression and function of

HGF/MET

Expression and function of HGF/MET
in mammalian development

MET and HGF are expressed along human
embryonic development. From the 5% week of
gestation onwards, placental tissue highly
expresses HGF and MET. HGF is secreted by
amniotic epithelium, the placental villi, the
limb bud- and the villous core mesenchyme,
whereas MET is present on the trophoblast,
vascular endothelium and myogenic precursor
7982 The dependence of
placenta and liver maturation on HGF has
been clearly shown in HGF null mutant mice,
which embryonic lethality due to
placenta and liver defects 3%, From week 6-
13 of human gestation, when major
organogenesis takes place, HGF and MET are
co-expressed in liver, metanephric kidney,
intestine, lung, gall bladder and spleen 886,
In the digestive tract of 7-8 week old
embryos, MET is localized in epithelia of the
liver, pancreas, esophagus, stomach, small
and large intestine, and in smooth muscle
layers, whereas HGF is concentrated in
mesenchymal tissue and smooth muscle 7.
HGF expression has also been
epithelial tissues in the interval from week 9-
17 of gestation, particularly in the crypt
region of the small intestine, keratinizing
epithelium of the tongue, skin and esophagus
8, In conclusion, expression of HGF/MET is
found in a wide variety of organs and its
expression pattern changes
development. Most important, HGF/MET plays
a vital role in embryogenesis.
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Expression and function of HGF/MET
in haematopoiesis and B cell
differentiation

HGF/MET has also been implicated in
haematopoiesis. Both HGF and MET are
expressed in the yolk sac of the chicken
embryo 88, and in the human and rodent fetal
liver, primordial sites of haematopoeisis %°. In
the adult haematopoietic microenvironment,
MET is expressed by a subset of
haematopoietic precursor cells (HPC), whereas
HGF is expressed by BMSCs, suggesting that
HGF functions as a paracrine growth factor %
°2, It has been shown that HGF promotes
differentiation and proliferation of HPCs. In
the presence of IL-3, HGF stimulates the
formation from CD34% progenitors of burst
forming units erythroid, as well as colony
forming units granulocyte macrophage, but
not colony forming granulocyte
monocyte. Furthermore, HGF stimulation of
CD34™" cells leads to integrin-induced survival
of haematopoietic cells °2.

In B cells, MET is predominantly expressed
on CD38*CD77* tonsillar B cells (centroblasts)
localized in the dark zone of the GC and on
plasma cells (this thesis). Expression of MET
on tonsillar B transiently
upregulated by concurrent CD40 and BCR
stimulation 28. Upregulation of MET may lead
to enhanced adhesion, since HGF
integrin Bl-mediated adhesion of B cells to
both VCAM-1 and fibronectin 28. These data
imply a role for the HGF/MET pathway in
haematopoietic cells, and during antigen-
dependent B cell differentiation.

units

cells can be

induces

2.3 HGF/MET signaling cascade

Activation of HGF/MET signaling requires
phosphorylation of multiple residues on MET.
Phosphorylation of the tyrosine residues
Y1230, Y1234 and Y1235 located within the
activation loop of the tyrosine kinase domain
activates the intrinsic kinase activity of MET,
while auto-phosphorylation of the tyrosine
residues Y1349 and Y1356 of MET induces
most of the biological responses. Mutational
analysis of the multisubstrate docking site of
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proliferation

Figure 7 The HGF/MET signaling pathway.
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Schematic representation of HGF-induced signaling. For reasons of clarity, only the RAS/MAPK, the PI3K/PKB pathway,

and several additional important signal transducers are shown. Arrows represent activation, blunted arrows point out

inhibition. See text for explanation of abbreviations and further details.

MET revealed that Y1349 and Y1356 mediate
the interactions with SHC, SRC and GAB-1,
while recruitment of GRB-2, PI3K, PLCy and
SHP2 is mediated by Y1356 789324 Activation
of the HGF/MET pathway stimulates cell
growth, survival, adhesion and migration

(figure 7).

HGF/MET signaling via RAS/MAPK
pathway

The RAS/mitogen activated protein kinase
(MAPK) pathway is triggered after activation
of MET and subsequent binding of GRB-2 to
MET ’8. GRB-2 is an adaptor protein consisting
of one SRC homology (SH)2 and two SH3
domains, and is constitutively associated with
the RAS exchange factor, SOS, through its
SH3 domain. Binding of GRB-2 to MET
translocates SOS to the plasma membrane
where RAS is located. As a consequence, RAS
will undergo transition from a GDP- to a GTP-

20

bound state, thereby activating downstream
effector molecules such as PI3K, RalGDS and
RAF-1 °°. The serine/threonine kinase RAF-1
can phosphorylate and activate MEK, resulting
in the phosphorylation and activation of
downstream MAPKs ERK1 and-2. Activation of
these MAPKs leads to phosphorylation of
transcription factors like ELK1 and ETS2,
which mediates the expression of immediate
early genes such as FOS, leading to cell
proliferation °®. The RAS/MAPK pathway has
been implicated in a wide variety of biological
responses, including differentiation,
proliferation and apoptosis.

HGF/MET
pathway

Activation of protein kinase B (PKB)/AKT by
HGF involves recruitment of PI3K to the
docking site of MET, either by a direct
interaction, or indirectly by binding to the

signaling via PI3K/PKB



docking protein GAB-1 °7°8, Upon PI3K-
dependent membrane localization, PKB is
phosphorylated and activated by

phosphoinositide-dependent kinase-1 (PDK1)
%, PKB controls anti-apoptosis by means of
indirect effects on two regulators, i.e. nuclear
factor of kB (NFxB) and p53 °°. PKB excerts its
survival effects via NFkB by phosphorylation
and activation of IxB kinase (IKK), a kinase
that induces degradation of the NF«kB inhibitor
IxB. Furthermore, PKB influences the activity
of the pro-apoptotic tumor suppressor p53,
through phosphorylation of the p53-binding
protein MDM2. The effector
molecules that mediate pro-apoptotic signals,
including the BCL-2 family member BAD and
caspase 9, are inactivated through
phosphorylation by PKB. PKB-induced
phosphorylation also inhibits transcriptional
activity of forkhead transcription factors,
including FOX04 (AFX), FOXO1 (FKHR) and
FOX0O3a (FKHRL1). This phosphorylation
prevents their translocation and
thereby the expression of FOXO target genes,
including the pro-apoptotic genes FasL and
Bim, and anti-proliferative genes like p27¢*,
Rb2 and cyclin D1/2. In addition, FOXOs were
shown to enhance transcription of BCL-6,
which act as a transcriptional repressor of the

downstream

nuclear
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anti-apoptotic gene BCL-X, !°°. PKB can
further affect proliferation via the cell cycle
machinery, including phosphorylation of
glycogen synthase (GSK3),
mammalian target of rapamycin (mTOR) and
FOXOs 0% the PI3-K/PKB
pathway is an important regulatory pathway
in HGF/MET-induced proliferative and anti-
apoptotic responses.

kinase-3

In conclusion,

2.4 Regulation of HGF activity
Activation of HGF by serine proteases

Proteolytic activation of HGF in the
extracellular milieu is a critical limiting step in
HGF/MET signaling !°2. To date, seven
proteases with a potential role in the
activation of HGF have been identified (table
1). These include plasma kallikrein 13,
matriptase !%%, plasminogen activators of
urokinase-type (uPA) % and tissue-type (tPA)
106 blood coagulation factors XIa (FXIa) '3,
XIla (FXIIa) ! and HGF activator (HGFA)
107,108 = Activation of HGF requires proteolytic
cleavage at the Arg*°*-val*®> peptide bond to
convert the sc-HGF (pro-HGF) into the
heterodimeric form, consisting of a 60-kDa -
subunit and a 30-kDa p-subunit 12, In
contrast to the other activators, plasma

Table 1 sSerine proteases with HGF-converting activity

Enzyme activity * activator endogenous inhibitors
(ug/ml)

HGFA 0.02 thrombin HAI-1, HAI-2

Factor XIIa 0.7 HW kininogen, plasma antithrombin III, Cl-inhibitor, a2-
kallikrein antiplasmin

Matriptase (>0.5) ? HAI-1

Factor XIa NA HW kininogen, factor XIIa HAI-2

Plasma kallikrein NA ? HAI-2

uPA > 100 plasma kallikrein, factor XlIIa, PAI-1, protease nexin I
matriptase

tPA > 100 tissue kallikrein PAI-1, PAI-2

* Concentration required for the activation of 50% of 200 pg/ml scHGF in 2 hours.

UPA: urokinase-type plasminogen activator; tPA:

tissue-type plasminogen activator; HAI-1: HGFA

inhibitor type 1; HAI-2: HGFA inhibitor type 2; PAI-1: plasminogen activator inhibitor type 1; PAI-2:

plasminogen activator inhibitor type 2. HW= high molecular weight. NA= not available. (References:
Kataoke et al, Human Cell, Vol. 14, No. 1, 2001, Kataoka et al, Pathol Int; 52:89-102, 2002; Ichinose, ]

Biol Chem, Vol. 261, No.8 1986)

21



Chapter 1

kallikrein and FXIa also process pro-HGF at a
second cleavage site, i.e. Arg***-His*?°,
located in the K4 domain of the a-chain
This results in an extra a-subunit of 50 kDa.
Although, cleavage at the second site of HGF
had no functional consequences for the
activation of MET 1!°3, the unusual cleavage
might elicit other, yet unknown effects.

Previously, uPA, a serine protease known to
convert plasminogen into plasmin, was
believed to represent a major
of pro-HGF 1°°, However, HGF
conversion by uPA and tPA is very inefficient
and shows the kinetics of a stoichiometric
rather than a catalytic reaction 1°°. Therefore,
the activation of pro-HGF by uPA or tPA is only
conceivable in where high
concentration of uPA or tPA are available.
Interestingly, upregulation of uPA and its
receptor have been found in injured tissues
and in many tumors 1% suggesting that it
might play a role in the activation of pro-HGF
during tissue repair and in cancer. The HGF-
converting enzyme, matriptase, which is a
membrane-type serine protease, is exclusively
expressed on epithelial cells °* and can also
activate protease-activated receptor (PAR), as
well as uPA !, This indicates that matriptase
is an epithelial membrane localized activator
for different proteases and growth factors.

The serine proteases FXII and its relative

HGFA circulate in the plasma as
107

103

cellular
activator

environments

inactive

zymogens °’. These zymogens are converted
to fully functional proteases by limited
proteolysis after activation of the intrinsic

and/or extrinsic blood coagulation pathways,
which are initiated by damage to the vessel
wall or by tissue injury, respectively. Both
pathways converge to a common pathway, i.e.
factor X, leading to activation of thrombin and
clot formation. FXII, which is linked to the
intrinsic pathway, is activated by the high-
weight kininogen and plasma
kallikrein 2, whereas HGFA is specifically
activated by thrombin 13, Interestingly,
whereas the serum protease inhibitors
antithrombin  III, Cl-inhibitor and «2-
antiplasmin can inhibit the blood clotting- and
HGF-converting activity of FXIIa, the HGF-

molecular
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converting activity of HGFA is unaffected °7.
This suggests that the active form of HGFA is
not receptive for serum protein inhibitors.
Compared to the other serine proteases, FXIla
and HGFA activate HGF more efficiently. Both
serine proteases follow classic enzyme kinetics
and cleave pre-HGF at enzyme:substrate
ratios of <1:1000 °’. However, the specific
activity of FXIIa is lower than that of HGFA
107 showing that among the other serine
proteases, HGFA is the most potent activator
of HGF 197114 Taken together, these findings
show that serine proteases involved in the
blood coagulation pathway as well in tissue
injury can activate HGF, but that HGFA is by
far the most potent activator.

Structure of HGFA

HGFA was originally discovered in fetal
115 Human HGFA was purified
serum with a

bovine serum
from concentration  of
approximately 8x10° gram/liter 1'%, The
complete sequence of the HGFA gene covers
about 7,5 kb of DNA, consisting of 14 exons.
sequence of the HGFA
precursor shares 39% homology with the
blood coagulation factor XII, including several
characteristic structural domains: a type-II
homology region (FnlI), two
epidermal growth factor (EGF) domains, a
type-I fibronectin homology region (FnI), a
kringle domain and a catalytic domain (figure
8). Although, the structural similarity suggests
that the HGFA and FXII genes are derived
from a common ancestral gene, the genes are
mapped on 4pl6 % and 5q33 'V,
respectively.

HGFA is secreted by the liver and by injured
tissues 198118 a5 3 98-kDa inactive zymogen
(pro-HGFA) in the blood '3 (figure 9).
Activation of HGFA requires cleavage at the
bond between Arg*’” and Ile*°® by thrombin,
resulting in two fragments of 66-kDa and 34-
kDa, linked by a disulfide bond. The 66-kDa
fragment represents the inactive NH,-terminal
region and is possibly involved in binding
HGFA to the cell surface. The 34-kDa
fragment, composed of the COOH-terminal
region, represents the active form of HGFA

The nucleotide

fibronectin
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Figure 8

Schematic representation of HGF activator (HGFA).

A) Structural organization of HGFA. Shown are the genomic organization (top) and the intron/exon boundaries and

functional domains (bottom). HGFA contains 14 exons. The hatched box represents the putative signal peptide. B)
Schematic representation of HGFA. HGFA is composed of two disulphide (S-S)-linked chains: a 66 kDa a-chain, and a 34

kDa B-chain that are formed by proteolytic processing. See text for explanation of abbrevations and further details.

necessary for the activation of HGF 13, In the
absence of negative charged surfaces,
thrombin can also cleave pro-HGFA at the
Arg®8-Ala®d site '3 located in the inactive NH,-
region. This results in an extra band of 41-45-
kDa. Furthermore, plasma kallikrein is able to
cleave pro-HGFA at the bond between Arg372-
Val®”3 113 generating an inactive 34-kDa form.
These additional cleavages have no functional
consequences for the activity of HGFA 113
(figure 10).

It has been suggested that HGFA needs to
bind to the cell surface in order to be
activated by thrombin. However, binding of
pro-HGFA to the cell surface, presumably to
heparan sulfate proteoglycan (HSPG) moieties
108 appears to be of low affinity, resulting in
free diffusion of inactive HGFA. Interestingly,
however, activation of HGFA
strongly increased heparin-binding capacity
113 suggesting that the active form of HGFA

results in a

may bind to HSPGs on the cell surface where
it can capture and activate HGF, which is also
a HSPG-binding protein. Immunocytochemical
stainings indeed revealed that the active
forms of HGFA (34- and 96-kDa) are present
on the cell surface ''°. The HSPG binding
capacity of HGFA will locally restrain the
activity of HGFA.

Expression and function of HGFA

Although the HGFA in the serum is believed
to be largely produced by the 116,
expression is also found in a variety of normal
and pathological cell types/tissues, including
white matter astrocytes and cells of the brain
120,121 * yretic bud epithelial cells 2?2, normal
intestinal mucosa, adenomas and carcinomas
of the colorectum 23, normal and malignant
breast cells '** and a subset of B cells (this
thesis).

Interestingly, HGF has been implicated in

liver
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stromal cells

liver

HGFA «— pro-HGFA

thrombin «—— pro-thrombin

]

coagulation factors
(e.g. FXa)

T

tissue injury

HAI
. -y pre-HGF J_
- v
cleavage l T
HGF
Figure 9 Schematic representation of the activation of HGFA and HGF.

Stromal fibroblasts synthesize and secrete pre-HGF. Pro-HGFA produced by the liver or derived form plasma can be
activated by thrombin and/or unknown proteases. Upon activation, HGFA acquires the ability to efficiently activate pre-

HGF.

the regeneration of damaged tissues 12°:126,
Tissue injury is
increased HGF activation
colleagues demonstrated that activation of
HGF by injured tissue-derived homogenates is
completely dependent on HGFA %8, indicating
a major role for HGFA in injured tissues.
Recently, Kataoka and colleagues have
established the biological relevance of HGFA in
vivo by generating HGFA-deficient mice 128, In
contrast to HGF-deficient mice, which show
embryonic lethality due to liver and placental
defects 8384 HGFA-deficient mice are viable
and fertile without obvious abnormalities 28,
However,

associated with
127

strongly
Kitamura and

these mice showed delayed
regeneration of injured intestinal mucosa.
Since HGF by HGFA was
completely lost, proteases other than HGFA

must have been responsible for the HGF

activation of
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activation required for the normal
development of these mice. These findings
show that HGFA is most likely the key enzyme
involved in injured tissues but not essential
for normal development during embryogenesis

or after birth.

Inhibiton of HGFA by HGFA inhibitor
(HAI)

Recently, two serine protease inhibitors of
HGFA were purified from the conditioned
medium of the human stomach cancer cell line
MKN-45. These inhibitors were designated
HGFA inhibitor type 1 (HAI-1) and type 2
(HAI-2) 129130 The genes of HAI-1 and HAI-2
are located on different chromosomes, 15q15
and 19q13.11, respectively *3!, Both inhibitors
contain two Kunitz-type domains, originally
discovered in the bovine pancreatic trypsin
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Figure 10 Schematic representation of conversion of HGFA precursor by limited proteolysis.

Activation of HGFA requires cleavage at the bond between Arg

407

and Ile*®® by thrombin, resulting in two fragments of 66-

kDa and 34-kDa, linked by a disulfide bond. The 34-kDa fragment represents the active form of HGFA necessary for the
activation of HGF. Additional cleavages by thrombin and plasma kallikrein are shown in grey. See text for further detail.

inhibitor and responsible for the inhibitory
activity 32, and a single putative
transmembrane domain. HAI-1 and HAI-2
show great structural homology but the low-
density lipoprotein (LDL) receptor-like domain
in HAI-1 is lacking in HAI-2 '2°, suggesting
distinctive functions between the HAIs.

HAI-1 is an integral-membrane protein of
66-kDa that, after processing, results into two
secreted forms of 40- and 58-kDa. The 40-
kDa form has one Kunitz domain and shows
strong HGFA inhibitory activity, whereas the
58-kDa form, containing two Kunitz domains,
shows very weak inhibitory activity *33.
Expression of HAI-1 is found in the normal
and malignant colon mucosa, small intestine,
liver, lung, placenta, prostate,
kidney and in breast carcinomas !3%. Studies
have shown that membrane bound form of
HAI-1 can function as a receptor for HGFA,
localizing the active form of HGFA to the cell

pancreas,

surface '°, The interaction between HAI-1
and HGFA is reversible, suggesting a
regulatory role for HAI-1 in HGFA activity.
HAI-2 is a membrane-associated protein with
a mature form of 14-kDa, which shows potent
HGFA inhibitory activity 139135, HAI-2 s
ubiquitously expressed in human tissues.
However, in contrast to HAI-1, HAI-2 is not
upregulated during regeneration of damaged
mucosa 3%, Unlike the HGFA-deficient mice,
disruption of the HAI-1 or HAI-2 gene resulted
in embryonic lethality in mice 12837, showing
a crucial role for both HAIs during embryonic
development. This may be related to the fact
that both HAIs can inhibit other serine
proteases than HGFA. These data demonstrate
the complexity of HAI in the regulation of
HGFA activity.
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2.5 Dysregulation of the HGF/MET
signaling pathway

Aberrant MET signaling in cancer is common
and can be caused by gene amplification,
increased transcription/translation, or
mutations in MET that promote auto-
phosphorylation 38142 Most of the mutations
are located within the tyrosine kinase domain
142 These mutations, which result in enhanced
kinase activity, mediate transformation,
invasive growth and protection from apoptosis
76,143,144 mutations been
described in sporadic- and hereditary papillary
renal carcinoma (HPRC) #5148 hepatocellular
carcinoma !*°, and gastric carcinomas *°°,

MET signaling is negatively regulated via at
least two distinct mechanisms, i.e. tyrosine
dephosphorylation by tyrosine phosphatases
151 and ubiquitination by ubiquitin ligases
causing receptor endocytosis and,
subsequently, receptor degradation 1°2,
Impaired deactivation of receptor tyrosine
kinases may lead to aberrant signaling. Direct
involvement of the JM region in the negative
regulation of MET, was established by the
identification of several negative regulatory
sites in this region. These include a protein
kinase C phosphorylation site (Ser 985), which
negatively regulates MET kinase activity °3; a
PEST sequence (aa 986-1001), which can
confer susceptibility to intracellular
proteolysis; a sequence (aa 993-1007)
associated with phosphatase activity *>*, and a
c-Cbl binding site (Y1001) responsible for MET
ubiquitination and proteasomal degradation
155,156 geveral studies have shown that the E3
ubiquitin ligase c-Cbl binds to receptor
tyrosine kinases, including epidermal growth
factor receptor (EGFR)!*’, colony stimulating
factor-1 receptor (CSF-1R)!°%, and platelet
derived growth factor receptor (PDGFR)**° and
MET 199 (this thesis). By recruiting the
endophilin-CIN85 complex, c¢-Cbl regulates
receptor internalization and consequently,
receptor degradation. Mutation in the Y1001
residue leads to a gain-of-function resulting in
constitutive  scattering and fibroblastoid
morphology of epithelial cells %', The
germline JM mutation P1009S (exon 14),

Missense have
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detected in a patient with gastric carcinoma
150, increased and  persistent
phosphorylation after HGF  stimulation.
Furthermore, this mutation induces increased
tumor formation and anchorage independent
growth 1%, In contrast, the JM domain
mutation T1010I (exon 14), which was found
in HPRCC, breast cancer and in a lung cell
line, did not show increased constitutive
phosphorylation or increased focus formation.
However, tumor cells with the T1010I
mutation in athymic nude mice developed
faster compared to cells with the P1009S
mutation **°, The precise mechanism by which
these JM mutants activate the transforming
potential of MET remains to be investigated.

Tumor formation via autocrine HGF/MET
activation has been demonstrated by the
generation of an autocrine signaling loop in
nude mice by using MET-expressing human
mammary tumor cells that was stably
transfected with HGF 12, or by introducing
human or mouse MET in NIH-3T3 cells, which
express HGF endogenously 140,163
Interestingly, co-expression of HGF and MET
has been described in several primary human
55,164-168  gyggesting a role for
autocrine activation of the HGF/MET signaling
pathway. Taken together, activation of MET
without appropiate regulation, can result in
aberrant signaling, which is oncogenic and can
lead to the initiation or progression of
malignancy.

shows

tumors

HGF/MET signaling pathway in B cell
malignancies

Recent studies, including studies from our
laboratory, have implicated the HGF/MET
pathway in the development and progression

of B cell malignancies !®°'7!, Expression of
MET has been found in several Burkitt's
lymphoma ! and cell lines %%1%°, as well in
MM 164170172 = primary effusion lymphoma

(PEL) '%°, HL %5 and DLBCL °%'73, Recently, a
gene-profiling study showed significantly
enhanced expression of MET upon
transformation of low-grade FLs into DLBCLs
within the same patient '73. Furthermore,
HGF/MET overexpression was associated with



poor survival of patients with DLBCL 174,
suggesting that HGF/MET is a valuable clinical
marker of prognosis for patients with DLBCL.
High serum HGF reported to
correlate with poor prognosis in MM °8, HL >°
and DLBCL %97, Interestingly, simultaneous
expression of MET and HGF has been reported
for MM 164172 pEL 165 and HL °°'®>, whereas
HGF, in addition, can also be produced by
(BM) stromal cells °'7>, This suggests that
both paracrine- and autocrine activation of the
HGF/MET pathway
tumorigenesis in these B cell malignancies.
Recently, we demonstrated that HGF
functions as a potent MM growth- and survival

levels were

contributes to
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factor !7°. Furthermore, we have obtained

evidence that MM cells <can further
promotethese effects by expressing syndecan-
1 (CD138) '7%, a proteoglycan rich in heparan
sulfate, on their surface. In this way, MM cells
can bind and concentrate growth factors on
the cell surface for consequential stimulation.
In addition, MM cells as well as DLBCL cells
express HGFA (this thesis), thereby regulating
the bioavailability of active HGF in the tumor
microenvironment. These data outline an
important role for the regulatory components
of the HGF/MET pathway, including HGFA, in
the pathogenesis and progression of B cell
malignancies.
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3 The WNT signaling pathway

3.1 The WNT/B-catenin pathway
WNT proteins

WNTs proteins are a family of 19 cysteine-
rich, secreted glycoproteins,
gene expression, cell growth, motility, and
differentiation both
development and postnatal life 177, WNT1, the
first member of the family, was discovered as
a proto-oncogene that induces mammary
tumors when overexpressed in mice 7%, WNT
ligands act in a paracrine fashion by
interacting with Frizzled (FZ) receptors,
activating signaling cascades inside target
cells. WNTs activate at least three distinct
intracellular signaling cascades: the WNT/B-
catenin pathway, the WNT/calcium pathway or
the WNT/planar polarity pathway. By far the
best-defined, and perhaps the most
important, pathway is the p-catenin-TCF
pathway, which is commonly referred to as
the canonical WNT pathway.

which control

during embryonic

The canonical WNT pathway

The canonical WNT pathway affects cellular
functions by regulating p-catenin levels and
subcellular localization. The key event in this
signaling pathway is the stabilization of B-
catenin. In the absence of WNT ligands, B-
catenin is recruited into a destruction complex
that contains the tumor suppressor gene
product adenomatous polyposis coli (APC),
axin, and glycogen synthase kinase-3p
(GsSK3p)d. This complex controls
phosphorylation of specific serine and
threonine residues in the N-terminal region of
B-catenin by GSK3B. This GSK3p-mediated
phosphorylation leads to the ubiquitination
and proteasomal degradation of B-catenin. The
binding of WNT to FZ leads to activation of the
phosphoprotein dishevelled (DSH/DVL). The
activation and membrane recruitment of DSH
recruits axin and the destruction complex to
the plasma membrane, where axin directly
binds to the cytoplasmic tail of LRP5/6. Axin is
then degraded, which decreases p-catenin
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degradation '7°. In addition, activation of DSH
also leads to the inhibition of GSK3p. This
further reduces the phosphorylation and
degradation of p-catenin, in the
accumulation of  non-phosphorylated B-
catenin, which will translocate to the nucleus.
In the nucleus, pB-catenin
transcription factors of the T-cell factor and
lymphoid enhancer-binding protein (TCF/LEF)
family to activate the transcription of target
genes 89 (figure 11).

resulting

interacts with

Secreted WNT antagonists

Several extracellular and intracellular
proteins negatively regulate the canonical
WNT signaling pathway. To date, five classes
of secreted proteins including Dickkopfs
(DKK), frizzled related proteins (sFRP),
Cerberus, WNT inhibitory factor-1 (WIF1) and
WNT modulator in surface ectoderm (WISE)
181 = antagonize vertebrate WNTs and their
activities. DKKs and WISE limit the availability
of LRP5/6 receptors to WNTs by sequestering
LRP5/6 into complexes with Kremens (Krm),
and thereby inhibiting signals that emanate
from the FZ-LRP complex %2, sFRP are
naturally occuring secreted forms of FZs,
which contain the cysteine-rich domain of FZs
but have no transmembrane region. They can
bind WNT proteins in solution, prevent their
association with LRP and FZ receptors, and
thereby change the activity of WNTs 8!, Like
sFRP, Cerberus and WIF-1 also bind to WNTs
to interfere with interaction with FZ receptors.
However, data about Cereberus and WISE are
limited and are predominantly derived from
the Xenopus model. Interestingly, DKK, sFRP
and WIF1 contribute to regulation of WNT
signaling in bone formation and disease
including MM 18185 which will be discussed
later.

3.2 WNT signaling and cancer

It is now well established that unrestrained
B-catenin/TCF activity plays a major role in
many human cancers 189186 WNT signal
transduction components, in particular
adenomatous polyposis coli (APC) and



no WNT signal

LRP Frizzled

nucleus

Figure 11

proteosomal
destruction

The canonical WNT signaling pathway.

General introduction

WNT signal

@ Frizzled

p-catenin
accumulation

D

TCF targets

nucleus

In the absence of a WNT signal, B-catenin forms a complex together with APC, GSK3p and AXIN. As a consequence, B-
catenin will be phosphorylated, tagged with poly-ubiquitin (UBI), followed by proteosomal degradation. In this scenario,
TCF/LEF is associated with co-repressors, and gene transcription is inhibited (left). In the presence of WNT, the kinase
activity of GSK3p is inhibited by phosphorylated dishevelled (DSH), resulting in the dissociation of the complex. As a
result, p-catenin will accumulate and translocate to the nucleus, where it binds TCF/LEF, and activates transcription of
target genes (right). APC= adenomatous polyposis coli; GSK3B= glycogen synthase kinase-38; GBP= GSK3p binding
protein; B-TRCP= B-transducin repeat protein; TCF= T cell factor; LEF= lymphoid enhancer factor —-1; LRP= LDL-related

protein.

p-catenin are often mutated in cancers and
sustained overexpression of WNT genes can
cause cancer 8018 Muytations of the APC
tumor suppressor gene or of the p-catenin
sequences encoding the GSK3p
phosphorylation sites in the N-terminal
domain have been found in the vast majority
of colorectal cancers as well as many other
cancer types 8018 The critical consequence
of these mutations is the elevation of the
levels of B-catenin leading to the formation of
constitutive nuclear B-catenin/TCF complexes
and altered expression of TCF target genes

crucial

180 Target genes, which likely cooperate in

neoplastic transformation, include CCND1
(cyclin D1) 87, uPAR 188, CD44 %, MET 190
and c-MYC 9%,

3.3 WNT signaling in haematopoietic
cells and lymphocytes

Members of the TCF/LEF family of
transcription factors were initially discovered
in models of early lymphocyte development
192 Within the immune system, TCF1 is
restricted to the T cell lineage, whereas pro-B
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cells and most cells of the T cell lineage
express LEF1. The biological relevance of TCF1
and LEF1 during T- and B cell development
was demonstrated by knockout mice studies.
Genetic disruption of TCF1 showed that TCF1
is crucial for the maintenance of early
thymocyte progenitors, but is dispensable for
proliferation and function of mature T cells °2,
LEF1-null mice did not show abnormalities in T
cell development but displayed B cell defects
and other abnormalities '°2. Interestingly,
Reya et al demonstrated that WNT signaling
regulates pro-B cell proliferation through a
LEF-1 dependent mechanism 193,

Evidence for a function of WNT during
haematopoiesis came from a study showing
that WNT1, WNT5a and WNT10b stimulate
survival and proliferation of haematopoietic
progenitors °4. Several studies confirmed and
extended the role for WNT signals in early
haematopoiesis, showing that WNT signals
induce proliferation of immature
haematopoietic progenitor cells including
CD34* bone marrow cells and haematopoietic
stem cell (HSC) '°°1%8 indicating that WNT
signals might be involved in HSC self-renewal.
In case of lymphocytes, WNT3a stimulates
proliferation of pro-B cells '°3, whereas WNT1
and WNT4 has similar effects on developing T
cells %9, So, WNT proteins can function as
growth factors for progenitor cells and for
both B- and T cell lineages.

3.4 WNT signaling in leukemias and
lymphoproliferative disease

Since WNT signals promote the self-renewal
and expansion of lymphocyte progenitors,
aberrant activation of WNT signaling might
contribute to the pathogenesis of
lymphoproliferative disease. A number of
recent studies suggest that activation of the
WNT pathway indeed plays an important role
in lymphomagenesis. Interestingly, in
different types of lymphoproliferative disease,
distinct mechanims of activation, including
para/autocrine-, viral-, and mutational
activation may be involved.

WNT signaling has been implicated in pre B-
acute lymphoblastoid leukemia (ALL), where

30

WNT16 expression was induced by the
transcription factor E2A-pre-B-cell leukemia
transcription factor 1 (E2A-PBX1) fusion

product 2°°; in chronic lymphocytic leukemia

(CLL) ?°! and acute myeloid leukemia (AML)

202 WNT genes;
) 203

, which overexpress several
and in chronic myeloid leukemia (CML
where activated WNT signaling was found in
the terminal phase of CML that is often
associated with additional chromosomal
changes. The first functional evidence for the
involvement of the WNT pathway in a human
lymphoproliferative disease, however, came

from our laboratory showing that the
canonical WNT pathway is activated an
regulates proliferation of MM cells (this

thesis). Here, the WNT activation appears to
be ligand-dependent. Interestingly, it has
been reported that MM cells overexpress the
WNT antagonist DKK1 1%  suggesting a
feedback loop in WNT signaling. DKK1 has
also been implicated in the development of

lytic bone lesions in MM by inhibiting
osteoblast differentiation 184,
In immunodeficiency-related |ymphopro-

liferative disease, activation of WNT signaling
by gamma-herpes viruses may play a
pathogenetic role. Kaposis-sarcoma-
associated herpes (KSHV), latency-
associated nuclear antigen (LANA) was shown
to stabilize B-catenin, presumably by binding
to the negative regulator GSK38, resulting in
increased cell proliferation. This
promote cell growth in PEL 2. Also, Epstein-
Barr virus (EBV) was shown to stabilize p-
catenin and activate B-catenin/TCF-mediated
transcription in type III latently infected B
cells by sequestering deubiquitinating
enzymes and/or by inhibiting GSK3p activity
205.206 " Although these studies were performed
in EBV-transformed cell lines, they suggest a
possible role for WNT pathway activation in
EBV-related lymphomagenesis.

Recently, a study from Liang et al showed
that inhibition of the non-canonical WNT
signaling may play a role in lymphomagenesis.
These authors demonstrated that WNT5a
negatively regulates B cell proliferation,
presumably through the WNT/Ca?* pathway

virus

could



and by downregulation of cyclin D1 expression
207 Furthermore, WNT5a heterozygous mice
developed clonal myeloid leukaemias and B
cell lymphomas 2%/, whereas loss of WNT5a
expression and/or deletion of the WNT5a gene
were observed in the majority of human
primary leukemias. These data imply that

WNT5a functions as a tumor suppressor.

General introduction

Aims and outlines of this thesis

The studies
investigated the contribution of two potent
oncogenic pathways to B cell tumor growth
and survival, i.e. the HGF/MET and WNT/B-
catenin signaling pathways. Considering
important roles of HGF and MET in tumors,
possible deregulation mechanisms, including
defective receptor degradation, mutations in
MET  and autocrine activation, were
investigated in B cell malignancies. Since
extracellular activation of HGF is a critical
limiting step in controlling the biological
effects of the HGF/MET pathway, we studied
the expression and role of HGFA in cells within
normal tonsillar microenviroment, including B
cells and FDCs (chapter 2), and B cell
lymphomas, i.e. DLBCL (chapter 3) and MM
(chapter 4). Also, a large panel of several B
cell malignancies is
expression of HGF and MET and screened for
amplifications and mutations of MET (chapter
3). In addition, the functional role for the
HGF/MET pathway in DLBCL, the
common type of B-NHL is investigated
(chapter 3). In chapter 5, we identified c-Cbl
as a downstream target of the HGF/MET
signaling pathway, and analyzed its role in
HGF-induced receptor ubiquitination and
degradation in B cells. WNT signals form
another class of paracrine growth factors that
could influence MM cell growth. In chapter 6,
we investigated the functional impact of WNT
signaling in MM.

described in this thesis

examined for the

most
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CHAPTER 2

Follicular dendritic cells catalyze hepatocyte
growth factor (HGF) activation in the germinal
center microenvironment by secreting the serine
protease HGF-activator

Esther P.M. Tjin, Richard J. Bende, Patrick W. B. Derksen, Anne-Pauline van
Huijstee, Hiroaki Kataoka*, Marcel Spaargaren, Steven T. Pals
Department of Pathology, Academic Medical Center, Amsterdam, The Netherlands

*Second Department of Pathology, Miyazaki Medical College, Kiyotake, Japan

Antigen (Ag)-specific B cell differentiation, the process that gives rise to plasma
cells and memory B cells, involves the formation of germinal centers (GC). Within
the GC microenvironment, multiple steps of B cell proliferation, selection and
maturation take place, which are controlled by the B cell receptor (BCR), in concert
with cytokines and contact dependent signals from follicular dendritic cells (FDC)
and T cells. Signaling by the multifunctional cytokine hepatocyte growth factor
(HGF) and its receptor MET has been shown to induce integrin-mediated adhesion
of B cells to vascular cell adhesion molecule-1 (VCAM-1), which is expressed by
FDCs. In the present study, we have examined the expression of regulatory
components of the HGF/MET pathway, including HGF activator (HGFA), within the
secondary lymphoid organ microenvironment. We show that MET is expressed by
both centroblasts and plasma cells, and that HGFA is expressed by plasma cells.
Since we have shown that HGF is a potent growth and survival factor for malignant
plasma cells, HGF may also serve as a survival factor for normal plasma cells.
Furthermore, we demonstrate that FDCs are the major source for HGF and its
activator within the GC microenvironment. Both HGF and HGFA are expressed by
FDCs in the GC dark zone (CD21"9"/CD23'°"%) but not in the light zone
(CD21M9"/CcD23"9"). These findings suggest that HGF and HGFA provided by the
dark zone FDCs help to regulate the proliferation, survival and/or adhesion of MET-
positive centroblasts. In press 2005, The Journal of Immunology.

The germinal center (GC) comprises a dark and light zones, associated with

dynamic microenvironment in which antigen
(Ag)-specific B cell differentiation takes place.
Morphological studies have shown that the GC
consists of two distinct compartments, the

important separate functions !™*. B cells in the
dark zone, called centroblasts, undergo rapid
clonal expansion and somatic hypermutation
of their immunoglobulin (Ig) variable region
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genes. They subsequently move to the light
zone to become centrocytes, which undergo
selection based on the affinity of their BCR for
antigen presented by follicular dendritic cells
(FDC) 3°. Centrocytes with low affinity
receptors and centrocytes that do not receive
T «cell help wundergo apoptosis,
centrocytes with a high affinity BCR receive
survival signals from FDCs and T cells and

differentiate into plasma cells or memory B
1-3,5,6

whereas

cells

Notwithstanding ample insight into the
anatomy and function of the GC, the
mechanisms orchestrating GC polarity and
guiding B cell movement and differentiation
within the distinct GC compartments are as
yet incompletely understood. Molecules that
play a crucial role are chemokines and
adhesion receptors. Chemokines, including
CXCL13 (BCA/BLC) 7® and CXCL12 (SDF-1),
recruit B cells into the GC and regulate their
positioning in the dark and light zones °. The

integrin adhesion molecules lymphocyte
function-associated antigen-1 (LFA-1) and
very late  antigen-4 (VLA-4) mediate

attachment of GC B cells to FDCs %11, The
integrin activation required for this adhesion
presumably is controlled by high affinity
interactions of the BCR with antigen presented
by FDCs 2. Apart from establishing physical
contact with FDCs, integrin signaling can
rescue GC B cells from apoptosis '*!%, and
hence may directly contribute to B cell
selection. Once positioned within the GC
microenvironment, B cell proliferation,
survival and differentiation is supported by
cytokines produced by T cells, FDCs and other
GC accessory cells. An FDC-produced cytokine
that may play a role in GC organization as
well as in promoting GC B cell proliferation,
survival and differentiation is hepatocyte
growth factor/scatter factor (HGF) °. HGF is a
multifunctional cytokine with a domain
structure and a proteolytic mechanism of
activation similar to the blood serine protease
plasminogen, but lacks protease activity *°.
Via the tyrosine kinase receptor MET, HGF
induces complex biological response in target
cells, including growth, survival and motility.
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Whereas a functional HGF/MET pathway is
indispensable for mammalian development,
uncontrolled MET signaling is oncogenic, and
has been implicated in the development of a
variety of human cancers ®!7. Within the GC
microenvironment, MET is expressed by
centroblasts while FDCs express and secrete
HGF 8. Upon CD40 and BCR stimulation naive
B cells acquire MET expression and functional
studies have shown that HGF induces integrin-
dependent adhesion of MET-positive B cells to
vascular cell adhesion molecule-1 (VCAM-1),
expressed by FDCs 1820, Together, these data
suggest a role for the HGF/MET pathway in
regulating B cell-FDC interaction.

Upon secretion, HGF normally retains its
90-kDa single-chain (sc) precursor form,
which is probably cell surface or extracellular
matrix associated. For biological
however, proteolytic conversion of scHGF to
the heterodimeric active form is essential 2.
Plasminogen activators, particularly uPA and
factor XIIa have been shown to activate
scHGF, although at low 2223 More
recently, hepatocyte growth factor activator
(HGFA), a factor XIla-related serine protease
with an efficient HGF-activating activity, was
identified 223, HGFA has been implicated in
HGF activation at sites of inflammation and
tissue repair 2%, as well as by tumor cells 2°,
including multiple

myeloma (MM), a
malignancy of plasma cells

function

rates

26 Here, we have
studied the mechanism of HGF activation
within the GC microenvironment. We show
that FDCs derived from the GC dark zone, in
contrast to those from the GC light zone,
produce HGFA, and in this way are able to
catalyze HGF activation. In addition, we
demonstrate that normal plasma cells express
HGFA.

Materials and methods

Antibodies and reagents

The monoclonal antibodies used were:
fluorescein isothiocyanate (FITC)-conjugated
anti-human IgD (DAKO, Glostrup, Denmark);

allophycocyanin (APC)-conjugated anti-human
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Figure 1 Expression of MET by B cell subsets.

A. B cell subsets were identified by IgD and CD38 staining as being naive B cells (IgD+/CD38-), GC founder B cells
(IgD+/CD38+), GC B cells (IgD-/CD38+), plasma cells (IgD-/CD38++) and memory B cells (IgD-/CD38-) (left panel).
Unsorted B cells were analyzed for the expression of MET using a CD38/IgD/MET triple FACS staining. Results are shown as
the mean fluorescence intensity (MFI) minus the MFI of the isotype control (right panel). B. MET mRNA is expressed in
human GC B cells and plasma cells. Tonsillar B cell subsets were isolated by FACS sorting using a CD20/CD38/IgD triple
staining. After RNA isolation and cDNA synthesis, RT-PCR for MET was performed. B2-microglobulin was used as
housekeeping gene control. C. Expression of MET protein in human GC B cells and plasma cells. B cell subsets were
collected by FACS sorting and the expression for MET was analyzed using immunoblotting. MM cell line LME-1 was used as
positive control. D. MET expression in human tonsil. Immunohistochemical double staining of tonsillar sections for MET
(blue) and IgD (brown), showing MET expression on GC B cells. DZ= dark zone. LZ= light zone.

CD38 (IgG1) (BD Biosciences, Erembodegem, anti-CD14 (Leu M3, I1gG2b); anti-CD3 (Leu 4,
Belgium); phycoerythrin (PE)-conjugated anti- IgG1l) (BD); isotype controls anti-IgG1, anti-
human CD20 (DAKO); anti-human MET DO-24 IgG2a, and anti-IgG2b (DAKO). Secondary
(IgG2a) (Upstate Biotechnology, Lake Placid, antibodies used were: post-antibody for
NY); anti-HGFA (Al and P1-4, IgG1) ?%; anti- powervision (Immunovision  Technologies,
factor XIla, OT-2 (IgG1) (Sanquin, Duiven, The Netherlands), horseradish
Amsterdam, The Netherlands); anti-human peroxidase (HRP)-conjugated goat-anti-
CD21L (DRC-1); anti-human CD21 (clone mouse/rat IgG and HRP-conjugated anti-FITC
1F8); FITC-conjugated anti-human CD21 (DAKO).

(clone 1F8); anti-CD20 (L26) (all from DAKO);
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Purification of B cell populations and
FDCs

B cells were purified from human tonsils
obtained from children undergoing
tonsillectomy as described 13,
mononuclear cells were
Isopaque

routine
Briefly,
isolated by Ficoll-
density gradient centrifugation.
Monocytes and T cells were depleted by plastic
adherence and sheep red blood cells rosetting,
respectively. The total B cells fraction was >
97% pure as determined by FACS analysis. To
obtain the different B cell populations (naive B
cells, memory B cells, GC B cells and plasma
cells), total B cells were stained with FITC-
conjugated anti-human IgD, PE-conjugated
anti-human CD20 and APC-conjugated anti-
CD38 and sorted using a FACS aria (BD).

FDC clusters (enriched FDC preparation) were
isolated from human tonsils as described
previously by Liu et al. %’
into pieces and

. Tonsils were cut

treated with
collagenase/DNase mix (200 U/ml collagenase
IV, 10 U/ml DNase I, Boehringer Mannheim,
Mannheim, Germany), followed by Ficoll-
Isopaque density gradient centrifugation and
density sedimentation on a Bovine Serum
Albumin (BSA) gradient (1.5% BSA).

FDCs (CD21high) were stained with FITC-
conjugated anti-CD21 and sorted using FACS
aria (BD). PE-conjugated anti-CD23, together
with anti-CD21, were used to obtain the CD23
FDC populations.

For immunocytochemical staining, FDCs
were isolated from enriched FDC preparation
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Figure 2

Expression of HGFA in B cell subsets.

= bita-actin

A. Tonsillar B cell populations were isolated by FACS sorting using a CD20/CD38/IgD triple staining. After RNA isolation and
cDNA synthesis, RT-PCR for HGFA and HGF was performed. B2-microglobulin was used as housekeeping gene control. B.
Plasma cells express HGFA. Highly purified B cell populations were collected after FACS sorting and the expression for HGFA
was analyzed using immunoblotting. MM cell line LME-1 was used as positive control. C. HGFA expression in total tonsillar B
cell preparations. Immunocytochemical staining of unsorted B cell preparations for HGFA, the B cell marker CD20 and the
monocyte marker CD14. Arrowhead indicates plasmacytoid cell (inset) whereas arrow indicates a FDC. D. HGFA is
expressed by FDCs. FDCs were isolated from enriched FDC preparation by cell sorting of large cells. The cell purity was
determined by staining for the FDC marker DRC-1 and B cell marker CD20. The monoclonal antibody A-1 against HGFA was
used to detect HGFA expression. Arrow indicates a FDC. E. MET and HGFA expression in sorted FDC preparations. Purified
FDC preparations were analyzed by immunoblotting for the expression of MET and HGFA.

44



by cell sorting of large cells. Cell purity was
approximately 60-80%, as judged by staining
for DRC-1, a FDC specific marker.

Assay for HGF activation

HGF activation was assayed as described
previously 2°. In brief, single chain HGF (R&D
Systems) was incubated with FDC conditioned
medium. Conditioned medium was obtained as
described previously 28,

For HGF activation, 20 pl conditioned
medium was pretreated with 1 unit of
thrombin and added to 0.1 pug scHGF. Inhibitor
studies were done in the presence of leupeptin
(500 pnpg/ml), neutralizing antibody against
FXII (OT-2) (kindly provided by E. Hack,
Sanquin, Amsterdam, The Netherlands) or
neutralizing antibody against HGFA (P1-4) (40

ug/ml).

FDC sarcoma

The FDC sarcoma, which is a rare neoplasm
that arises from lymph nodes as well as extra-
nodal regions 2°, was obtained from a 38-year
old male patient, and diagnosed at the
Department of Pathology, Academic Medical
Center Amsterdam, The Netherlands. The
tumor showed more than 95% CD21 and DRC-
1 positive cells, indicating almost complete
replacement of the normal follicle structure by
the neoplasm.

Immunocytochemistry

Immunocytochemical stainings
performed on aceton-fixed cytospins. The
cytospins were preincubated with 1% BSA in
PBS for 15 minutes. After incubating with the
antibody (overnight at 4 °C),
endogenous peroxidase was blocked with
0.1% NaNs3 and 0.3% H,0, in PBS for 10
minutes. Subsequently, the cytospins were
stained with post-antibody of Powervision
(Immunovision Technologies) for 15 minutes,
followed by poly-HRP conjugated goat anti-
mouse/rabbit IgG for 30 minutes. Substrate
was developed with 3,3-amino-9-ethyl-
carbazole (AEC) (Sigma, Bornem, Belgium).

were

primary
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RNA isolation, cDNA synthesis and
reverse transcriptase-PCR

RNA from B cell fractions and cultures was
isolated with nucleospin RNA 11 (Macherey-
Nagel). For sorted fractions of plasmablasts
and FDCs, Pico Pure RNA isolation kit
(Arcturus Bioscience inc, CA) was used. After
RNA isolation, cDNA was synthesized using 2
nmol of Pd(N)6 primer (Pharmacia Biotech,
Roosendaal, The Netherlands) and 160 U of
moloney leukemia (M-MLV)

transcriptase (Life Technologies,
Breda, The Netherlands). The reaction mixture
further contained 8 mmol/L dithiothreitol, 1
mmol/L of each dNTP, 1x first strand buffer
(50 mmol/L Tris-HCI, pH 8.3, 75 mmol/L KClI,
3 mmol/L MgCl;) and 24 U of RNase inhibitor
(Boehringer Mannheim). The reaction was
performed for 15 minutes at 37°C after which
the enzyme was inactivated during 10 minutes
at 95°C.

PCR was performed wusing Taqg DNA
polymerase (Life Technologies), 10 uM dNTPs
(Pharmacia Biotech) and 1,5 mM MgCl, in
1xPCR buffer (Life Technologies). Primers
used were: HGFA forward (5'-AGGACACAAGTG
CCAGATTG-3); HGFA reverse (5'-GTTGATCCA
GTCCACACATAGT-3’); MET forward (5'-GAGAC
TCATAATCCAACTG-3’); MET reverse (5'-AGCA
TACAGTTTCTTGCAG-3"); HGF forward (5'-CAG
CATGTCCTCCTGCATCTCC-3") and HGF reverse
(5'-TCGTGTGGTATCATGGAACTCC-3').

mouse virus

reverse

Results

MET is expressed in human GC B cells
and plasma cells

We investigated the expression of MET
mRNA (Fig. 1B) and protein (Fig. 1A) in
human tonsillar B cell subpopulations by using
purified B cell subsets isolated by FACS sort
ing or by FACS analysis of unsorted B cell
fractions, respectively. As shown in Figure 1,
we detected MET mRNA (Fig. 1B) and protein
expression by GC B cells (Fig. 1A, C) but not
by naive- (IgD+, CD38-) and memory B (IgD-
, CD38-) cells. In addition, we observed that
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Figure 3

Dark zone FDCs express HGF and HGFA.

A. Highly purified FDCs were collected from enriched FDC preparation after FACS sorting by using the markers CD21 and

CD23. The purity of both sorted FDC fractions was determined by restaining the cells with FITC- conjugated anti-human
CD21, followed by HRP-conjugated anti-FITC and detection with AEC. Inset: high magnification of the cells. B. CD21+
FDCs, CD23low FDCs (GC dark zone), CD23high (GC light zone) and FDC sarcoma were analyzed for the expression of
HGF, HGFA, CD21, and CXCL13 using RT-PCR. B2-microglobulin was used as housekeeping gene control.

MET is expressed by plasma cells (Fig. 1A-C),
which represent a small (~1-4%) subset of
high
Consistent with the

tonsillar cells,
expression of CD38 3¢,
results obtained by studying isolated B cell
subsets,

tissue sections of human tonsils and lymph

characterized by a

immunohistochemical studies on
nodes also demonstrated MET expression on
GC B cells (Fig. 1D). This expression was most
prominent in the GC dark zones, indicating
expression of MET on
Taken data

confirm our previous observation that MET is
18

preferential

centroblasts. together, these

expressed by centroblasts and, moreover,
demonstrate that plasma cells also express

MET.

Plasma cells and FDCs express the
serine protease HGF-activator

We have previously shown that FDCs
express and secrete HGF, the ligand of MET 18,
However, for biological function, proteolytic
conversion of single-chain HGF (scHGF) to the
active heterodimeric form is essential 2!. In a
recent study, we demonstrated that MM
plasma cells produce HGFA and in this way
may activate HGF in the bone marrow
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microenvironment 2. To assess whether HGFA
is expressed and mediates HGF conversion in
normal lymphoid tissue, we first assessed the
expression of HGFA mRNA and protein by B
cells and plasma cells. Interestingly, purified
plasma cells strongly expressed HGFA mRNA
(Fig. 2A) and protein (Fig. 2B), whereas HGFA
expression in naive-, memory- and GC B cells
was either weak or absent. In contrast to
HGFA, HGF mRNA was neither detected in the
purified B cell subsets nor the plasma cells.
The observed expression of HGF mRNA in the
unsorted B cell fractions is explained by the
presence of FDCs (see below).

To confirm and extend these observations,
we also performed immunocytochemistry on
human tonsillar B cells depleted of T cells and
monocytes  (Fig. 2C). This population
consisted of >97% CD20 positive cells and did
not contain monocytes (CD14+) or T cells
(CD3+). Of note, scattered cells within this
population showed a strong expression of
HGFA (Fig. 2C). Apart from a few cells with a
plasmacytoid morphology, these HGFA
positive cells showed morphological features
of FDCs, i.e., large oval cells with an eccentric
or double nucleus (Fig. 2C). Indeed,
immunocytochemical stainings on FACS-sorted
FDCs showed a distinct granular HGFA



expression pattern (Fig. 2D), while
immunoblotting confirmed the expression of
HGFA (Fig. 2E). Hence, both plasma cells and
FDCs express HGFA.

HGF and HGFA are specifically
expressed by GC dark zone FDCs

GCs consist of dark and light zones. The
FDCs  within  these distinct functional
compartments show marked phenotypic
differences: whereas both dark- and light zone
FDCs express the long isoform of CD21
(CD21L), FDCs in the light zone express
additional molecules, including CD23, FcyRII,
VCAM-1, and CXCL13 '823L32  To assess
whether HGF and HGFA are also differentially
expressed in dark- and light zone FDCs, these
cells were separated based on differential
CD23 expression (Fig. 3A) 33. Whereas no
expression of HGF and HGFA mRNA was
detected in the CD23high FDCs, the
expression of both transcripts was prominent
in the CD23low FDCs (Fig. 3B). Hence, HGF

A
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and HGFA expression is a feature of dark zone
FDCs. In addition to differential HGF and HGFA
expression, we also observed differential
expression of CXCL13 mRNA in the CD23

sorted FDCs, confirming the study by Allan et
9

al. showing that this chemokine is
predominantly expressed by GC light zone
FDCs.

Expression of HGF and HGFA by FDC
sarcoma

To corroborate our finding that FDCs express
both HGF and HGFA, we also studied the
expression of HGF and HGFA mRNA in FDC
sarcoma, a rare neoplasm composed of
malignant FDCs 2°. Like in normal dark zone
FDCs, both HGF and HGFA were prominently
expressed by this tumor (Fig. 3B). We were
unable to detect MET expression on the FDC
sarcoma cells (data not shown), indicating the
absence of an autocrine HGF/MET loop in this
tumor.
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Figure 4 FDCs autocatalyze HGF activation by producing HGFA.

A. Conditioned medium of enriched FDC preparation was incubated with scHGF for 6 hours in the presence of thrombin,
combined with either the serine protease inhibitor leupeptin, neutralizing antibody against HGFA (PI-4) or against Factor XII,
as indicated. B. As positive control, HGF conversion by recombinant HGFA is shown. HGF conversion was determined by
immunoblotting with anti-HGF. scHGF= single chain of HGF; aHGF= a chain of HGF; HC= heavy chain of immunoglobulin.
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FDCs convert HGF by producing HGFA

Subsequently, we investigated whether
FDCs are able to process scHGF to its active
form. Conditioned media of FDCs effectively
converted scHGF (Fig. 4). This required
thrombin, while the conversion was
completely inhibited by the serine protease
inhibitor leupeptin (Fig. 4A). Since proteases
other than HGFA are, although with Ilow
efficiency, capable of activating scHGF in
vitro, we explored whether the conversion of
scHGF by FDCs could be inhibited by specific
interference with HGFA activity. We observed
that the anti-HGFA monoclonal P1-4, which
blocks HGFA function, effectively inhibits
scHGF conversion by FDCs (Fig. 4A). These
findings identify HGFA as the (major) serine
protease responsible for the conversion of
scHGF by FDCs and identify FDCs as important
regulators of HGF activity in the GC
microenvironment.

Discussion

Proteolytic activation of HGF in the
extracellular milieu is a critical limiting step in
HGF/MET signaling 2!, In this study, we
present data indicating an important role of
the serine protease HGFA in regulating HGF
activation lymphoid tissue. We
demonstrate that HGFA is expressed by
plasma cells but not by other B-lineage
populations. Furthermore, we show that HGFA
is strongly expressed by FDCs and is confined
to FDCs in the GC darkzone. These cells co-
express HGF and are in close contact with

in normal

MET-positive  centroblasts. Our findings
suggest specific functions of HGF/MET
pathway in Ag-specific B cell differentiation,
affecting plasma cell- and centroblast
function.

Previous studies from other and our own
laboratories have implicated the HGF/MET
pathway in the pathogenesis of the plasma
cell malignancy MM 3437, Our current study
represents the first study of HGF/MET
pathway components in normal plasma cells.
We observed that normal plasma cells express
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the receptor tyrosine kinase MET, but do not
ligand HGF (Fig. 1, 2A). In
addition, we show that HGFA is expressed by
plasma cells but not by other B-lineage
populations (Fig. 2A, B). The co-expression of
MET and HGFA in plasma cells is of interest
since it indicates that plasma cells are well
equipped to receive paracrine HGF signals.
Indeed, tonsillar- as well as bone marrow
stromal cells have been reported to produce
HGF, and it is hence conceivable that plasma
cells receive paracrine stimulation from the
microenvironment 182038  Contrary to their
malignant counterparts 3°, normal plasma
cells do not express HGF, and hence do not
possess an autocrine HGF/MET loop. Although
the functional consequences of HGF/MET
signaling in plasma cell have not yet been
explored, like in B cells 18203° the pathway
might regulate integrin-mediated adhesion
and promote migration. HGFA expression by
plasma cells could thus play a role in their
homing to the bone marrow and control their
integrin-mediated interaction with bone
marrow stromal cells. cells

express its

These stromal
produce cytokines that support plasma cell
survival, including IL5, IL6, TNFa, and SDF-1.
In view of the potent effects of HGF on the
survival of MM plasma «cells 3, it is
conceivable that HGF produced by bone
marrow cells also
plasma cell survival.
Differential protein expression within the GC
dark- and light zone reflects the distinct
processes that take place
compartments. One of the key findings of our
study is that FDCs are able to autocatalyze
HGF activation by producing both HGF and
HGFA (Fig. 4) and that HGFA and HGF
expression by FDCs is confined to the
CD23high subset, which resides in the GC
dark zone (Fig. 3B). Combined with our
previous observation that MET is selectively
expressed by B cells in the GC dark zone, i.e.
by centroblasts, these observations suggest
specific functions for the HGF/MET pathway in
the GC dark zone. HGF stimulation of B cells
has been shown to mediate integrin
activation, promoting B cell adhesion to

stromal contributes to

within these



VCAM-1 and intercellular adhesion molecule-1
(ICAM-1) 119 two important integrin ligands
on FDCs '%!'. Hence, active HGF in the GC
dark zone could play a role in initiating
physical contact of MET-positive centroblast,
which have downregulated their BCR, with
FDCs. Upon transition to the light zone, the B
cells, now centrocytes, re-express their BCR,
which engages in interactions with antigen
presented by FDCs. At this stage, high
affinityinteractions of the BCR with antigen
could take over the regulation of the integrin
activity required for B cell-FDC interaction *2.
Alternatively, @ MET-mediated growth and
survival signals might directly contribute to

Centrocyte selection
and survival

Centroblast expansion

Figure 5

During B cell differentiation, HGF and HGFA produced by the dark zone (DZ) FDCs (CD23") may act as proliferative- and
survival factors for the MET-positive centroblasts (CB). In the light zone (LZ), where the FDC network is more extensive,
the centrocytes (CC) are found in tight association with FDCs (CD23*) and via direct physical contact, the CCs receive
survival signals. After B cell differentiation, the plasma cells home to the bone marrow (BM), where BM stromal cells
secrete HGF. The MET-positive plasma cells autoactivate HGF by producing HGFA, which may contribute to plasma cell

survival.

CXCL13 ’

HGF/MET in B cell differentiation

the expansion of centroblasts. These signals
could be crucial at a differentiation stage at
which the cells are largely devoid of BCR
expression, and may not receive sufficient
growth and survival signals.

Cell migration within the lymphoid organs is
directed by chemokines and is essential during
GC reaction. The chemokine CXCL13 produced
by follicular stromal cells is required for
recruiting Ag-activated B cells to the GC 8. We
observed that CD23high FDCs expressed high
levels of CXCL13 mRNA compared to CD23low
FDCs (Fig. 3B). This observation confirms that
of Allen et al, who by immunohistochemical
staining of the GC and by microdissection of

memory B cell
v f stromal cell \

7

HGFA
):{ MET ’

plasma cell
B/

HGF

Components of the HGF/MET pathway in the GC- and bone marrow microenvironment.

49



Chapter 2

the different GC regions, also demonstrated
that CXCL13 is more abundantly expressed in
the GC light zone than in the dark zone. Mice
lacking CXCL13 (BLC) or its receptor, CXCR5,
show defects in GC localization and size,
indicating an important role in GC organization
840 CXCR4 and its ligand SDF-1
contribute to GC organization, specifically to

sorting of centroblasts into the GC dark zone
9

also

Several studies have implicated the
HGF/MET pathway in the pathogenesis of B
cell neoplasia 819343739 Expression of MET
has been demonstrated in MMs and a subset
of non-Hodgkin’s lymphomas. Activation of
the pathway in these tumors may
autocrine stimulation since co-expression of
HGF and MET has been observed 3>4!%3, In
MMs, MET activation promotes proliferation
and 37, We observed that MMs,
compared to normal plasma cells, strongly
expressed HGFA as well as MET protein (Fig.
2B). Overexpression of HGFA by tumor cells
may enhance HGF/MET signaling, promoting
cell growth and survival, and may contribute
to disease progression. In the FDC sarcoma
tested (Fig. 3B), we observed strong
expression of both HGF and HGFA, suggesting
that the tumor was related to GC dark zone
FDCs. However, the tumor cells did not
express MET, excluding a role for autocrine
HGF/MET signaling in this tumor.

In summary, our study indicates that FDCs
regulate the bioavailability of HGF within the
GC microenvironment, a function that may
contribute to the control of B cell growth,
survival and adhesion during normal B cell
differentiation within lymphoid tissue (Fig. 5).

involve

survival
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Aberrant HGF activator expression and
functional analysis of HGF/MET signaling in
diffuse large B cell lymphoma

Esther P.M. Tjin, Richard Groen, Irma Vogelzang, Patrick W. B. Derksen,
Melanie D. Klok, Helen P. Meijer, Susanne van Eeden, Steven T. Pals, Marcel
Spaargaren

Department of Pathology, Academic Medical Center, Amsterdam, The Netherlands

Inappropriate activation of MET, the receptor tyrosine kinase for hepatocyte
growth factor (HGF), has been implicated in tumorigenesis. Although we have
previously shown that HGF/MET signaling controls survival and proliferation of
multiple myeloma (MM), its role in the pathogenesis of other B cell malighancies
has remained largely unexplored. Here, we have examined a panel of 110 B cell
malignancies for MET expression, which, apart from MM (48%), was found to be
lymphomas (DLBCL) (30%). No
amplification of the MET gene was found, however, mutational analysis revealed

largely confined to diffuse large B cell
two germline missense mutations: R1166Q in the tyrosine kinase domain in one
patient, and R988C in the juxtamembrane domain in four patients. The R988C
mutation has recently been shown to enhance tumorigenesis. In MET-positive
DLBCL cells, HGF induces MEK-dependent activation of ERK and PI3K-dependent
phosphorylation of PKB, GSK3 and FOXO3a. Furthermore, HGF induces PI3K-
dependent a4p1 integrin-mediated adhesion to VCAM-1 and fibronectin. Within the
tumor-microenvironment of DLBCL, HGF is provided by macrophages, whereas
DLBCL cells themselves produce the serine protease HGF activator (HGFA), which
autocatalyzes HGF activation. Taken together, these data indicate that HGF/MET-
signaling, and secretion of HGFA by DLBCL cells contributes to lymphomagenesis in
DLBCL. Submitted.

B cell lymphomas represent the malignant
counterparts of normal B cells, arrested at
specific maturational stages. They are
classified into distinct disease categories

translocation involving a proto-oncogene,
causing an increased lifespan and/or enhanced
proliferation 2. In general, this event per se is
not tumorigenic but further (multiple) genetic

based on their stage-specific morphological
features, molecular profile, and B cell receptor
(BCR) configuration !. The initial step in
lymphomagenesis is the acquisition
genetic aberration, most often a chromosomal

of a

alterations are required for the development
of a fully malignant phenotype. In addition to
these oncogenic events, B cell malignancies
require signals from the microenvironment for
their growth, survival and progression. These
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signals, which include B cell receptor (BCR)
stimulation by antigen 3, direct physical
contact of (malignant) B cells with stromal
cells via integrin adhesion receptors *7,
well as a number of cytokine/growth factors &,
activate intracellular signaling cascades and
present potential targets for therapeutic
intervention. One of the candidate growth
factors in B cell malignancies is hepatocyte
growth factor (HGF) °11,

HGF induces complex biological responses
in target cells, including adhesion, motility,
growth, survival and morphogenesis by
activating the tyrosine kinase receptor MET.
HGF/MET signaling is indispensable for
mammalian development, while uncontrolled
activation of MET is oncogenic, and has been
implicated in the growth,
metastasis of a variety of tumors 213, Several
distinct mechanisms may
uncontrolled MET activation. These
translocation, amplification or mutation of the
MET gene '2'%1° and autocrine- or paracrine
HGF production 142021,

In B cells, the HGF/MET pathway has been
implicated in differentiation, specifically in the
regulation of adhesion and migration 322, We
have previously demonstrated that the MET
protein is expressed on GC B cells 2?2, whereas
follicular dendritic cells (FDC) and stromal
cells express HGF 2223, Furthermore, we and
others have identified the HGF/MET pathway
as a potentially important signaling route in
lymphomagenesis °132425 In several B cell
malignancies, including multiple
(MM) 242827 primary effusion lymphoma (PEL)
28 and Hodgkin’s lymphoma (HL) °, co-
expression of HGF and MET has been
observed, suggesting autocrine activation of
HGF/MET signaling. Furthermore, in MM, HL
and diffuse large B cell lymphoma (DLBCL),
elevated serum HGF levels correlate with
unfavorable prognosis °1!
recently shown that HGF induces a potent
proliferative and anti-apoptotic response in
MM cell lines and primary MMs 2%2?°, Together
with our observation that MM cells themselves
produce the serine protease HGF activator
(HGFA), and thereby are able to autocatalyze

as

invasion, and

underlie
include

myeloma

. Moreover, we have
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HGF activation 3°, the above data suggest an
important role for the HGF/MET pathway in
the pathogenesis of MM. To examine the
possible role of HGF/MET in the pathogenesis
of other B cell malignancies, we have studied
the expression of MET and HGF in a large
panel of B cell malignancies, including all
major B-cell non-Hodgkin lymphoma (B-NHL)
subtypes, and we analyzed the MET gene in
MET-positive lymphomas for the presence of
amplification and mutations. Furthermore, we
defined the HGF/MET
pathway, including HGFA, in the most common
type of B-NHL, i.e. DLBCL.

have role of the

Materials and Methods

Antibodies and reagents

Mouse monoclonal antibodies used were:
anti-CD68 (IgG1l); anti-CD21L (DRC-1, IgM);
FITC-conjugated anti-IgD (all DAKO,
Carpinteria, CA); anti-MET, D024
(IgG2a)(Upstate Biotechnology, Lake Placid,

NY)(I1gGl); APC-conjugated anti-CD38
(IgG1)(BD Biosciences, Erembodegem,
Belgium); anti-HGFA A-1 (IgGl) and P1l-4
(IgG1) 3%; anti-factor XIla, OT-2 (IgG1)

(Sanquin, Amsterdam, The Netherlands); anti-
CD20 (L26) (DAKO, Glostrup, Denmark);
fluorescein isothiocynate (FITC)-conjugated
anti-human IgD (DAKO); allophycocyanin
(APC)-conjugated anti-human CD38 (IgG1l)
(BD Biosciences); phycoerythrin (PE)-
conjugated anti-human CD20 (DAKO); and
antibodies against the integrin subunit a4
(CD49d) (HP2/1, IgG1) (Immunotech,
Marseille, France) and a4p7 (Act-1, IgGl) (a
gift from A. Lazarovits, University of Western
Ontario, London, Canada). Polyclonal
antibodies used were: goat anti-human HGF
(R&D Systems, Abindong, UK), rabbit anti-
MET (C12), rabbit anti-PKB, rabbit anti-ERK1
and -2 (all from Santa Cruz, Biotechnology,
Santa Cruz, CA); AP-conjugated goat anti-
mouse; biotin-conjugated rabbit anti-mouse
(both DAKO); RPE-conjugated rabbit anti-
mouse IgG2a (BD Biosciences); AP-conjugated
anti-digoxygenin (Roche, Almere, The
Netherlands) HRP-conjugated swine anti-goat



(Biosource, Camarillo, CA); HRP-conjugated
rabbit anti-mouse (DAKO). Antibodies against
phoshorylated MET pY1230/1234/1235
(Biosource, Camarillo, CA); phospho-FOX03a

(FKHRL1, Thr32) (Upstate, Charlottesville,
Virginia); rabbit anti-phospho-GSK3
o/B (Ser21 and Ser9); rabbit anti-phospho
PKB/AKT (Ser 473); rabbit anti-phospho

p44/42 MAP kinase (Thr 202/Tyr 204) (all
from Cell Signaling, Beverly, MA). Reagents
(ReliaTech
GmbH, Braunschweig, Germany); recombinant
single chain HGF (R&D Systems); the PI3K
inhibitors LY294002 and Wortmannin (both
Biomol, Plymouth Meeting, PA); the MEK
inhibitor PD98059 (Alexis).

used were: recombinant HGF

B cell tumors and DLBCL cell lines

Tissue samples of 89 cases of B-NHL and 21
cases of MM were obtained were obtained
during standard diagnostic procedure at the
Academic Medical Center Amsterdam, The
Netherlands and the University Medical Center
Utrecht (UMCU, Utrecht, The Netherlands),
and frozen at -80 °C until further use.
Mononuclear from BM-derived MM
samples were obtained by standard Ficoll-
Paque density gradient centrifugation
(Amersham Pharmacia, Uppsala, Sweden). All
B cell malignancies were classified according
to the WHO classification 1. DLBCLs cell lines
OCI-LY-1, -3, -7 and -18 were cultured in
Iscove’s medium (Life Technologies, Breda,
The Netherlands) supplemented with 10 %
fetal calf serum (FCS) (Hyclone Laboratories,
Logan, UT), penicillin (50 U/ml), streptomycin
(50 pg/ml) (both from Life Technologies).
DLBCLs cell line OCI-LY-10 was cultured in the
presence of 20% FCS, penicillin, streptomycin
and p-mercaptoethanol (55 uM). OCI-LY-1, -7
and -18 were kindly provided by Dr. U. Klein
(Institute for Cancer Genetics, Colombia
University, NY); OCI-LY-3 and -10 were kindly
provided by Dr. R. Kippers (Institute for
Genetics and Department of Internal Medicine,
University of Cologne, Germany). B cells were
purified from human tonsils obtained from
children undergoing routine tonsillectomy as

cells
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described ’. Briefly, mononuclear cells were
isolated by Ficoll-Isopaque density gradient
centrifugation (Amersham Pharmacia,
Uppsala, Sweden). Monocytes and T cells were
depleted by plastic adherence and sheep red
blood cells rosetting, respectively. The B cell
fraction was >97% pure and contained = 60%
naive B cells and = 35% GC B cells as
determined by FACS analysis using FITC-
conjugated anti-human IgD, PE-conjugated
anti-human CD20 and APC-conjugated anti-
CD38. To obtain GC B cells, total B cells were
stained with FITC-conjugated anti-human IgD,
PE-conjugated anti-human CD20 and APC-
conjugated anti-CD38 and sorted using a
FACS aria (BD).

Single stranded conformation

polymorphism (SSCP)

High molecular weight genomic DNA was
obtained employing standard methods by lysis
in SDS, proteinase K digestion, phenol-
chloroform extraction and ethanol
precipitation (all Sigma, Bornem, Belgium).
PCR was performed by amplifying exon 14,
and 16 to 19 of MET, using intron-specific
primers as described 6. Integrity of the DNA
was confirmed through amplification of the -
globin gene using primers pair GH20/PCO4.
The radioactive PCR amplification was carried
out in a 30 ul reaction mixture containing 200
ng of genomic DNA, 10 mM Tris-HCI (pH 8.3),
50 mM KCI, 1.5 mM MgCl2, 10 mM of dATP,
dTTP, and dGTP, 15 pmol of primer, 1.5 mCi
[a32P] ACTP (Amersham Pharmacia) and 0.3
U of Taq DNA polymerase (Life Technologies).
Following PCR, samples were diluted 1:7 in
loading buffer (10 mM EDTA, pH 8.0, 0.05%
SDS, 95% de-ionized formamid, 0.25%
bromophenolblue, and 0.25% xylene cyanodie
FF (all Sigma), denatured for 3 min. at 95 °C,
and slowly cooled to 4 °C (1 °C /sec).
Samples loaded onto a 8%
denaturing, 1x TBE acrylamide:bisacrylamide
gel (50:1) (Life Technologies), containing 10%
glycerol (Sigma), and run in for 16 hours at 8
Watts. Aberrant migrating amplicons were
excised from the gel, re-amplified using Pfu

were non-
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DNA polymerase (Stratagene, La Jolla, CA),
cloned into EcoRV-digested pZeRO (Life
Technologies), and sequenced using M13
primers and big-dye terminators (Amersham
Pharmacia). Nucleotide and amino-acid
numbering of MET was done according to the

MET sequence as described by Schmidt et al
16

Immunohisto- and cytochemistry

Immunohistochemical stainings were
performed as described previously 32 on
acetone-fixed cryostat sections (MET and

DRC-1) or formalin fixed paraffin embedded
sections (CD68). Substrate was developed
with either 3,3-diaminobenzidine (Sigma)
(anti-MET and CD68 staining), or fast blue BB
(DAKO) (anti-CD21L, DRC-1) staining.
Immunocytochemical stainings were
performed on aceton-fixed cytospins. The
cytospins were preincubated with 1% bovine
serum albumin (BSA) (Sigma) in PBS for 15
minutes. After incubating with the primary
antibody (overnight at 4 °C), endogenous
peroxidase was blocked with 0.1% NaN3 and
0.3% H202 in PBS for 10
Subsequently, the cytospins were stained with
post-antibody of Powervision (Immunovision
Technologies, Duiven, The Netherlands) for 15
minutes, followed by poly-HRP conjugated
goat anti-mouse/rabbit IgG for 30 minutes.
Substrate was developed with 3,3-amino-9-
ethylcarbazole. The immunohistochemical
stainings examined by
Olympus BX51 microscope (Olympus Optical,
Hamburg, Germany) with a 40/0.85 objective.
Images were acquired by an Olympus DP11
camera and processed with Adobe Photoshop
7.

minutes.

were use of an

Assay for HGF activation

HGF activation was assayed as described
previously 33, Conditioned
obtained as described previously 3*. In brief,
20 pul DLBCL conditioned medium was
pretreated with 1 unit of thrombin (Sigma
Aldrich Chemie GmbH, Germany) and added
to 0.1 pg single chain HGF. Inhibitor studies

medium was
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were done in the presence of leupeptin (500
ug/ml) (Sigma), or neutralizing antibody
against HGFA (P1-4) (40 pg/ml).

ELISA for HGF

Conditioned medium of DLBCL cell lines or,
as positive controls, of MM cell line UM-3 and
follicular dendritic cells was used to detect the
production of HGF. The ELISA kit for HGF was
used according to the
instructions (R&D Systems). The
detection limit was 125 pg/ml.

manufacturer’s
lower

Immunoblot analysis

Immunoblotting was performed as
described 32. For signaling experiments, cells
were serum-starved for 2 hours and lysed
after the indicated treatments. The samples
were analyzed by SDS-PAGE. The
phosphorylation of MET, PKB, FOX0O3a, GSK3
and ERK1 and -2 was examined by
phosphorylation-state specific  antibodies.
After stripping, the same blot was restained
with antibodies against MET, PKB and ERK.
The samples of the HGF conversion assay or
DLBCL cell lines were also analyzed by SDS-
PAGE. The immunoblots were stained with
anti-HGF or anti-HGFA (A-1) and detected
with HRP-conjugated swine anti-goat and
HRP-conjugated rabbit anti-mouse,
respectively.

Cell adhesion assay

Adhesion assays were done essentially as
described 3°. Briefly, 96-well plates were
coated with 1 ug/ml soluble vascular cell
adhesion molecule-1 (VCAM-1) (R&D Systems)
or 10 ug/ml foreskin fibronectin (FN) (Sigma).
1.5 x 105 cells were pre-incubated for 30 min
at 4°C in the presence or absence of
monoclonal antibodies against integrins or
inhibitors, and plated in the absence or
presence of recombinant HGF (ReliaTech
GmbH) or phorbol-12-myristate-13-acetate
(PMA) (Sigma) in 100 pl/well, and incubated
at 37 °C for 30 minutes. The adherent cells
were stained with crystal violet, washed, the
dye was eluted and absorbance was measured



on a spectrophotometer (Microplate Reader
450, Biorad). Background absorbance (no cells
added) was subtracted. Maximal adhesion (=
100%) was determined by measuring non-
specific adhesion to poly L-lysin-coated wells.

RNA isolation, cDNA synthesis and
reverse transcriptase-PCR

RNA isolation and cDNA synthesis was done
as described previously 22. Primers used were:
HGFA forward (5'-AGGACACAAGTGCCAGATTG-
3); HGFA reverse (5'-GTTGATCCAGTCCACACA
TAGT-3"); MET forward (5'-GAGACTCATAATCC
AACTG-3'); MET reverse (5'-AGCATACAGTTTC
TTGCAG-3'); HGF forward (5'-CAGCATGTCCTC
CTGCATCTCC-3") and HGF reverse (5'-TCGTGT
GGTATCATGGAACTCC-3').

HGF mRNA in situ hybridization

Snap-frozen
frozen at —-80 °C until further use. 10 um thick
sections were cut, recovered on silianized
slides, fixed for 15 minutes in 4%
paraformaldehyde in PBS, dehydrated using
ethanol, dried overnight and stored at -20 °C.
Before use, tissue sections were re-hydrated,
washed in PBS and incubated for 10 minutes
in PBS containing 0.1 M glycine (Sigma).
Sections were permeabilized for 15 minutes in
10 ug/ml proteinase K (Roche), after which
the sections were washed three times with

tissues were collected and

Table 1
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PBS, treated with 4% PFA/PBS for 10 minutes
and washed with 4x SSC. Acetylation was
done using anhydride and
triethanolamidehydrochlorid for 15 minutes
and pre-hybridized in hybridization mixture
(50% formamid, 5x SSC, 5x Denhardt’s, 25
ug/ml baker’s yeast tRNA, 500 ug/ml herring
sperm DNA) for 1 hour. cRNA probes were
synthesized as run-off transcripts using either
T3 or T7 RNA polymerase and a digoxygenin
RNA labeling kit (Roche). Probes were made
from an 847 bp human HGF EcoR1 cDNA
fragment (nt 186-1033, kindly provided by Dr
W. Birchmeier, MDC, Berlin, Germany) in
pBSSK+. Overnight hybridization was done at
58 °C. After hybridization, the slides were
rinsed with 4x SSC/50% formamid, and
subsequently washed in 4x SSC and 1x SSC,
respectively. Sections were treated with 1%
PFA/PBS for 30 minutes, washed in 0.1M
glycine/PBS and equilibrated in TRIC buffer
(100 mM Tris, 150 mM NaCl, pH 7.5). Blocking
of non-specific binding was performed in
TRICB buffer (TRIC buffer containing 1%
blocking reagent (Roche). Slides
incubated with AP-conjugated antidigoxygenin
antibody in TRICB buffer. Color development
was done using nitro blue tetrazolium-5-
bromo-4-chloro-3-indolyl phosphate (NBT/

BCIP) (Roche) in color buffer (100 mM Tris,
100 mM NaCl, 50 mM MgCl,, pH 9.5)
containing 2.4 mg/ml levamisole (Sigma).

acetic acid

were

Expression and mutational analysis of MET in B cell tumors

* 1=weak, 2=moderate, 3=strong

WHO classification n % positive (n) Intensity* # mutated
. staining with a monoclonal anti-MET
examined
antibody. N=number of samples; B-
Precursor B lymphoblastic 3 0 (0) 0/3 oL By I chronic | ph t'
Mantle Cell 5 0 (0) 0/3 | k‘ _CeDL;CEO“C'j_Cﬁ ymF ocy ';
Follicular 15 7 (1) 1/15 eLl'l Tm'a% " ruse al_rgebl
Burkitt's 12 8 (1) 1/12 cell lymphoma. f_nonbapp'CT T
®)=expression of MET multiple
DLBCL 43 30 (13) 2/39 (®)=expressi y multip
. myeloma was determined by
Marginal Zone 3 0 (0) ND
B-CLL 8 25 (2) 18 Welstelrn Iblot an;:;/:is usin: ; a
olyclona anti- antibody.
Multiple Myeloma 21 48 (10) NA (®) 0/21 poly ! Doy
ND=not done.
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Results

MET expression in B cell malignancies

To investigate the expression of MET in B
cell malignancies, a panel of 110 B cell tumors
of different subtypes, representing a broad
spectrum of differentiaton stages ranging from
precursor-B cell to plasma cell was analyzed
by immunohistochemistry and/or
blotting. A few cases of follicular-
Burkitt's- (BL), and chronic lymphocytic

immuno-
(FL),

tonsil x MET (blue)

A

exon 14

TTAGTT CGC TACGAT

DLBCL 15

CGC—TGC
Arg— Cys

Figure 1

lymphoma (CLL)

(table 1), whereas MET was not detected on

showed MET expression

precursor-B cell lymphomas, mantle cell

lymphomas and marginal zone Ilymphomas
(table 1). MET expression was largely confined
to MMs (48%) and DLBCLs (30%) (table 1). In
several cases of DLBCL, which is the most
common type of B cell hon-Hodgkin lymphoma
(B-NHL) (30-40% of cases), staining of MET
was very strong (figure 1A, right panel),

indicating overexpression relative to the

DLBCL x MET

exon 17

TGC CT GC GAAGT G AA

DLBCL 21

CGA—> CAA
Arg — GIn

MET expression and missense germline MET mutations in DLBCL

A. MET expression in normal lymphoid tissue and primary DLBCL. Immunohistochemical double staining of tonsillar

sections for MET (blue) and IgD (brown), showing MET expression on germinal center B cells (left panel). Frozen tissue

sections of DLBCL were stained with haematoxylin-eosin (HE) (middle panel) or with haematoxylin and anti-MET

(brown, right panel). Image magnification: 200x. B. Sequence analysis showing mutational transitions. PCR products

were excised, re-amplified, cloned and sequenced. Shown are wild type (WT) and mutant sequences. Mutational

transitions are boxed.
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expression levels in normal GCs (figure 1A,
left panel).

MET mutations in B cell lymphomas

Amplification of the MET gene resulting in
MET overexpression has been described in
types of cancer #2036  However,
Southern blot analysis using a MET-specific
cDNA probe did not MET gene
amplification in the MET-positive lymphomas
(data not shown). Furthermore,
germline or somatic MET mutations have been
found in HPRC %17, and in several other types
of cancer '8!%37 The affected regions of MET
are the catalytic- or the juxtamembrane (IM)
domain, resulting in deregulated activation or
degradation of MET, respectively 1°383° Upon
HGF stimulation, cells with MET mutations in
these regions display enhanced or prolonged
kinase activity, resulting in transformation,
invasive growth and enhanced tumor cell
38-40 To investigate whether MET
mutations may also
lymphomagenesis, we screened the tumor
samples listed in table 1 for mutations in exon
14, encoding the JM region, and exon 16 to
19, encoding the tyrosine kinase and docking
site regions of MET, by means of SSCP
analysis. Using this approach, two distinct
missense mutations were detected in MET
(figure 1B). The first was at position 2961 (C
to T) in exon 14, resulting in a
nonconservative transition from arginine to
cysteine at position 988 (R988C), and was
found in 4 individual cases of CLL, FL, BL, and
DLBCL. The second mutation (3496 G to A) in
exon 17, resulting in a transition from
arginine to glutamine at position 1166
(R1166Q), was detected in one case of DLBCL.
Analysis of normal tissues from the affected
individuals revealed that these mutations were
germline mutations. Noteworthy, in none of
the 5 DLBCL cell lines these mutations were
found (data not shown). During the course of
our study, the R988C mutation was also
reported in several (non-) small cell lung
cancer ((N)SCLC) cell lines ***2, and in 2 lung
cancer patients *M*3, Interestingly, these

several

reveal

missense

survival
contribute to

HGF/MET in B cell malignancies

studies revealed that R988C conveys
enhanced in vitro tumorigenicity as well as
lung tumor susceptibility in 42,43,
indicating that R988C is a gain-of-function
mutation.

mice

HGF/MET signaling in DLBCL cells

Apart from MM, MET expression was largely
restricted to DLBCLs (Table 1). Interestingly,
in DLBCL high serum HGF levels were
previously found, which were shown to be
correlated with unfavorable prognosis '%**, In
addition, a gene-profiling study
significantly enhanced expression of MET upon
transformation of low-grade FLs into DLBCLs
45, suggesting a pathogenic role for HGF/MET
signaling in tumor progression. Therefore, we
decided to explore the functionality of MET
signaling in DLBCL cells and to examine which
signaling pathways become activated upon
HGF stimulation. For this purpose, we
analyzed a panel of DLBCL cell lines for MET
expression. In a subset of DLBCL cell lines
(3/5), expression of MET was observed at
mRNA (figure 2A) and protein level (figure
2B). HGF stimulation resulted in enhanced
phosphorylation of MET in the strongly MET-
positive DLBCL cell lines OCI-LY-3 and LY-10,
whereas the weakly MET-positive cell line OCI-
LY-1 showed a weak response (figure 2C).
Moreover, HGF stimulation of the MET-positive
cells leads to phosphorylation of the mitogen
activated protein kinases ERK1 and -2, as well
as to phosphorylation of PKB and of the PKB
substrates GSK3 and the forkhead
transcription factor FOXO3a (FKHRL1) (figure
20). The unrelated PI3K inhibitors
Wortmannin (WM) or LY294002 (LY) both
completely abrogated the HGF-induced
phosphorylation of PKB, GSK3 and FOXO3a,
but hardly affected the phosphorylation of
ERK-1/2 (figure 2D). Vise versa, the HGF-

showed

stimulated activation of ERK-1/2 was
specifically blocked by the MEK inhibitor
PD98059 (PD), which did not affect

phosphorylation of PKB, GSK3 or FOXO3a
(figure 2D). The RAS downstream effector
components MEK and ERK-1/2 have been
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Figure 2

HGF induces phosphorylation of MET in DLBCL cells, and activates the RAS/MAPK and PI3K/PKB pathway.

A. mRNA expression of MET in DLBCL cell lines. After RNA isolation and cDNA synthesis, RT-PCR for MET was performed.
B2-microglobulin was used as housekeeping gene control.

B. MET protein expression in DLBCL cell lines. DLBCL cell lines were analyzed by immunoblotting for the expression of MET.
The (weak) expression of MET by OCI-LY-1 cells is clearly demonstrated by means of a 3 times longer exposure (see inset).
Staining with anti-pB-actin represents the loading control. C. HGF induces tyrosine phosphorylation of MET, PKB, FOXO3a,
GSK3 and ERK. The DLBCL cells OCI-LY-1, -3 and -10 and MET transfected Namalwa cells (V3M) were stimulated with HGF
for the indicated time periods. Cell lysates were immunoblotted with phosphorylation-specific antibodies against MET,
FOX03a, GSK3, PKB and ERK. The blots were stripped and restained with antibodies against MET, PKB and ERK.

D. HGF-induced phosphorylation of FOXO3a and GSK3 requires PI3K activity, whereas phosphorylation of ERK1 and -2 is MEK
dependent. OCI-LY-3 and -10 cells were pretreated with the PI3K inhibitors wortmannin (WM) (50 uM) or LY294002 (LY) (20
uM), the MEK inhibitor PD98059 (PD) (50 uM), or DMSO (C) for 30 minutes, prior to incubation with HGF (200 ng/ml).
Phosphorylation of ERK-1 and -2, PKB, GSK3 and FOX0O3a was determined by immunoblotting with phosphorylation-specific
antibodies. The blots were stripped and restained for ERK1 and -2, and PKB.
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HGF induces o4p1-mediated adhesion of DLBCL cells in a PI3K-dependent fashion
A. HGF induces adhesion of DLBCL cell line OCI-LY-1 and LY-10 to VCAM-1. Cells were stimulated with 200 ng/ml HGF or
50 ng/ml PMA followed by adhesion to VCAM-1. The OCI-LY-3 cells displayed extensive (constitutive) cell aggregation.
Neither HGF nor PMA could enhance adhesion of OCI-LY-3 (left panel). MET-negative OCI-LY-7 and LY-18 cells were used
as negative controls (right panel). The results are expressed as a percentage of maximal adhesion. The bars represent the
means + the standard deviation of a triplicate experiment representative of at least three independent experiments.
B. HGF-induced adhesion involves a4p1 integrin. The effect of pre-incubation with anti-o4p1 (HP2/1) and anti-a4p7 (Act-1)
integrin antibodies on the HGF-induced binding of DLBCL cell lines OCI-LY-10 to VCAM-1 was established. Cells were pre-
incubated for 30 minutes in the presence or absence of anti-integrin monoclonal antibodies or isotype control antibody, as
indicated. Next, adhesion to VCAM-1 in the presence of 200 ng/ml HGF was measured. Error bars represent the means
standard deviation of a triplicate experiment representative of two independent experiments. C. HGF-induced adhesion
requires PI3K activity. HGF-induced adhesion of OCI-LY-10 was determined after pretreatment with the PI3K inhibitors
wortmannin (WM) (50 uM) and LY294002 (LY) (20 uM), the MEK inhibitor PD98059 (PD) (50 uM), or DMSO (C) for 30
minutes, followed by adhesion to VCAM-1 in the presence of 200 ng/ml HGF. The bars represent the means standard
deviation of a triplicate experiment representative of two independent experiments.
directly linked to the regulation of cell  adhesion of Burkitt’s lymphoma cells *** and
proliferation %7, whereas PKB, GSK3 and MM cells °°. Despite the activation of several
FOXOs, targets of PI3K-derived signals, have survival- and proliferation-regulatory signaling
been implicated in the both proliferation and  Proteins (figure 2C), we did not observe an
survival 4849, effect of HGF on the survival or proliferation of
DLBCL cells (data not shown). To further

HGF induces integrin-mediated define the role of HGF/MET signaling in

adhesion of DLBCL cells in a PI3K- DLBCLs, we examined whether HGF may be
dependent fashion able to control integrin-mediated adhesion.

HGF stimulation of both OCI-LY-1 and LY-10
cells strongly augmented adhesion to both
VCAM-1 (figure 3A) and FN (data not shown).
In contrast, as expected, the MET-negative
DLBCL cell lines OCI-LY-7 and -18 did not

Previous studies, including from our
laboratory, revealed that HGF/MET signaling
induces survival and proliferation of MM cells
2429 and can control integrin-mediated
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Figure 4 HGF expression in DLBCL
A. MET-positive primary DLBCLs were analyzed
for HGF mRNA expression. After RNA isolation
and cDNA synthesis, RT-PCR for MET and HGF
was performed. B2-microglobulin was used as
housekeeping gene control.

B. Frozen sections from a DLBCL case was
analyzed for the presence of expression of HGF
by mRNA in situ hybridization, using DIG-
labeled anti-sense cRNA run-off transcripts.
Serial sections were stained with anti-CD68 to

identify macrophages. The section was

‘,‘,'n‘o_; ‘;' g X “a ~ . counterstained with haematoxylin. Image
‘ £ . R
P ey Ny ) . A M. magnification: 200x
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exhibit any HGF-induced adhesion (figure 3A).
Noteworthy, the OCI-LY-3 cells displayed
extensive (constitutive) cell aggregation. As a
consequence neither HGF nor PMA could
enhance adhesion of OCI-LY-3, thus rendering
this cell line useless for adhesion analysis
(figure 3A).

To identify the adhesion receptors on the
DLBCL cell lines responsible for the enhanced
VCAM-1 binding, integrin expression analysis
and antibody blocking experiments were
performed. OCI-LY-1, -3 and -10 showed high
expression of integrin a4p1 but do not express
a4p7, as established by FACS analysis (data
not shown). Notably, HGF treatment did not
enhance a4p1 or a4B7 expression during the
course of the adhesion assay (data not
shown). The adhesion to VCAM-1 was
completely blocked by the a4pl-blocking
antibody HP2/1, whereas the a4p7-blocking
antibody Act-1 or an isotype control antibody
had no effect (figure 3B).

To investigate the functional importance of
PI3K and MEK/MAPK in the HGF-induced
adhesion of DLBCL cells, we analyzed the
effect of the PI3K inhibitors WM or LY, and the
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MEK inhibitor PD. The specificity and
effectivity of these inhibitors in DLBCL cells is
shown in figure 2D. Both WM and LY
completely  abolished the HGF-induced
adhesion of OCI-LY-10 cells, whereas hardly
any effect by PD was observed (figure 3B).
Hence, HGF-induced adhesion of DLBCL cells
is dependent on PI3K, but not on MEK or
MAPK activity. Taken together, these results
show that the HGF/MET pathway controls a4p1
integrin-mediated adhesion of DLBCL cells in a
PI3K-dependent manner.

HGF expression in the DLBCL

microenvironment

In several epithelial tumors as well as in
MM, autocrine HGF secretion by tumor cells as
well as paracrine HGF production by
fibroblasts and macrophages in the tumor
stroma is crucial for the growth and invasion
of MET-positive tumor cells 3. To investigate
whether autocrine or paracrine stimulation of
MET by HGF takes place in DLBCLs and is
responsible for the signaling and adhesion
effects observed in the DLBCL cell lines, we
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A. Expression of HGFA in GC B cells and primary DLBCLs at mRNA level. After RNA isolation and cDNA synthesis, RT-
PCR for MET was performed. 32-microglobulin was used as housekeeping gene control. B. mMRNA expression of HGFA
in DLBCL cell lines. C. HGFA protein is expressed in DLBCL cell lines, but not in GC B cells. Cell lysates were
immunoblotted using a monoclonal anti-HGFA antibody (A-1). MM cell line LME-1 was used as positive control. g-actin
was used as loading control. D. Expression of HGFA protein in DLBCL lines and tonsillar B cells by immunocytochemical
staining. DLBCL- and tonsillar B cells were immunocytochemically stained with mAb A-1 against HGFA (A-1), CD20
(L26) or isotype control, as indicated. Image magnification: 400x.

first studied the expression of HGF mRNA in a

number of primary MET-positive DLBCL
samples. RT-PCR  showed HGF mRNA
expression in most of the MET-positive

primary DLBCL tumors (7/9) (figure 4A). By
mRNA in situ hybridization, we found that HGF
was localized in single cells and small cell
clusters within the DLBCLs. Staining of serial
sections with anti-CD68 showed a similar
staining pattern, suggesting that these cells
were (activated) macrophages (figure 4B).
Furthermore, analysis of the conditioned
medium of the DLBCL cell lines by means of

HGF ELISA did not reveal any autocrine
production of HGF (data not shown). Our
findings suggest that DLBCL cells are

stimulated via a paracrine rather than via an
autocrine mechanism.

DLBCL cells activate HGF by secretion
of HGFA

The serine protease HGFA has been shown
to mediate proteolytic conversion of single-
chain HGF (scHGF, HGF precursor) to its
active heterodimeric form 3!, which s
essential for the activation and biological
function of HGF >, HGFA, a factor XIla-related
serine protease has been identified as the
most potent activator of HGF 3!. We have
previously demonstrated that MM plasma cells
produce HGFA, and in this way may activate
HGF in the bone marrow microenvironment 3°,
To assess whether HGFA is expressed and
mediates HGF conversion in DLBCLs, we
evaluated the expression of HGFA in MET-
positive DLBCLs and cell lines. Interestingly,
all primary DLBCLs and cell lines expressed

HGFA mRNA (figure 5A+B). Moreover,
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contrary to normal tonsillar naive- or GC- or
memory B cells, which do not or very weakly
express HGFA (figure 5C, and data in press),
the DLBCL cells express HGFA protein (figure

5C+D).
Subsequently, we examined whether
DLBCL cells are able to process scHGF

(precursor of HGF) to its active form. Indeed,
we observed processing of scHGF to its a-
chain by conditioned media from the DLBCL
cell lines. This conversion was completely
inhibited by addition of the serine protease
inhibitor leupeptin (figure 6). Since proteases
other than HGFA are, although with Ilow
efficiency, capable of activating scHGF in
vitro, we explored whether the conversion of
scHGF by DLBCLs could be specifically
inhibited by interfering with HGFA activity.
Indeed, we observed that the anti-HGFA
monoclonal P1-4, which blocks HGFA function,
effectively inhibits scHGF
DLBCLs (figure 6). These findings demonstrate
that HGFA is the serine protease responsible
for the conversion of scHGF in DLBCLs and
identifies the DLBCL cells themselves as an
important source of HGFA, thereby regulating

conversion by

HGF activity within the tumor
microenvironment.
Discussion

Uncontrolled activation of HGF/MET

sighaling pathway has been implicated in
tumor growth, invasion and metastasis in both
3. Here, we
investigated the expression of MET protein on
a large panel of B cell malignancies. We have
found that MET is frequently expressed on MM
(48%) and DLBCL (30%) (table 1), and that
MET is occasionally mutated in B cell
malignancies, including DLBCL (figure 1).
Furthermore, we have demonstrated that HGF
is produced within the DLBCL
microenvironment (figure 4), that DLBCL cells
themselves produce HGFA thereby activating
HGF (figure 5 and 6), and that HGF/MET
signaling in DLBCL cells
controls integrin-mediated adhesion (figures 2
and 3). Previously, overexpression of either

mice and human have

is functional and
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HGF or MET in DLBCL tumor sections, as well
as high levels of HGF in the serum of DLBCL
patients, has been found to associate with
poor prognosis 04452 Notably, the treatment
response was associated with changes in
serum HGF levels °
profiling study showed significantly enhanced
expression of MET upon transformation of low-

. More recently, a gene-

grade FLs into DLBCLs within the same
patients %°. Combined, these data strongly
suggest a pathogenic role for HGF/MET

signaling in DLBCL.

Overexpression of MET in tumor cells may
be due to MET amplification, defective
transcriptional regulation of the MET gene,
MET amplification, or mutations affecting MET
protein stability '*. Although amplification of
MET has been reported in several types of
human cancer, this was not found in any of
the MET-expressing lymphomas studied (data
not shown).

Importantly, however, the high MET-
expressing cell lines OCI-LY-3 and 10 are so-
called activated B cell (ABC)-like DLBCL.
These ABC-like DLBCLs are characterized by a
nuclear factor «B (NFxB) expression profile,
and indeed OCI-LY-3 and LY-10 exhibit
constitutive NFkB activation °* This is
particularly interesting, since the MET
promoter contains several putative NFxB
responsive elements.

Thus far, no MET mutations have been
described for B cell malignancies. However,
here we found two distinct germline missense
mutations in MET: R1166Q in the kinase
domain in one DLBCL patient; and R988C in
the JM domain in four patients with either
DLBCL, CLL, FL or BL (figure 2). Notably, no
mutations in MET were found in the DLBCL cell
lines (data not shown). In hereditary and
sporadic papillary renal cell most
missense mutations are located in the tyrosine
kinase domain of MET, causing constitutive
activity and/or a lower threshold for HGF-
induced activation of the tyrosine kinase
38/40,53,54 Thys, the R1166Q mutant may have
a similar effect. Since the JM region of MET
harbors important negative regulatory sites
receptor ubiquitination,

cancer,

involved in



degradation and inhibition of kinase activity
55-58 =~ the R988C MET mutation may affect
these processes, leading to aberrant MET
signaling. Recently, the R988C mutation has
also been reported in 2 SCLC cell lines #2, and,
during the preparation of this manuscript, in a
NSCLC cell line and in 2 lung cancer patients
4143 Interestingly, upon the
R988C mutant promoted proliferation, motility
and overall tyrosine phosphorylation of the
pre-B cell line BaF3 “2. Moreover, expression
of the R988C mutant in a SCLC cell

transfection

line

resulted in enhanced focus-formation and
soft-agar colony-formation 42, These
observations, combined with the recent

demonstration that a mouse MET mutation
homologous to R988C plays an important role
lung susceptibility %3, strongly
suggest that the R988C mutation is a true
gain-of-function mutation. Since a
study has that expressing
oncogenic MET mutants develop lymphomas
> it is conceivable that the R988C MET
mutation convey B lymphoma
susceptibility in humans.

Within the DLBCL microenvironment, we

found that HGF was localized in single cells

in tumor
recent

shown mice

can cell

HGF/MET in B cell malignancies

representing (activated) macrophages (figure
4B). This, combined with the lack of HGF
expression by the DLBCL lines as
measured in conditioned medium (data not

cell

shown), indicates a paracrine rather than an

autocrine mechanism of MET activation in
DLBCL. Noteworthy, since HGF itself has
angiogenic properties ©°, and has been

demonstrated to induce expression of vascular
endothelial growth factor (VEGF) as well %52,

HGF might also stimulate angiogenesis in
DLBCL, thereby promoting tumor growth.
Proteolytic activation of HGF in the
extracellular milieu is a critical limiting step in
HGF/MET signaling. Here we have
demonstrated that DLBCLs and cell lines

express HGFA and are able to process scHGF
to its active form (figure 6). This is in sharp
contrast to tonsillar naive-, GC or memory B
cells, which do not or very weakly express
HGFA (figure 5C, and data in press). Hence,
autocrine production of HGFA by DLBCL cells
may support tumorigenesis via
autocatalyzation of HGF conversion,
consequently providing a constant source of
active HGF in the tumor microenvironment.
HGF-induced activation of MET in DLBCL cells

and small cell clusters, most likely resulted in MEK-dependent phosphorylation of
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Figure 6 DLBCL cells autocatalyze HGF activation by producing HGFA.

Conditioned medium of DLBCL cell lines LY-3 (left panel) and LY-10 (middle panel) was incubated with scHGF for 6
hours in the presence of thrombin, combined with either the serine protease inhibitor leupeptin, neutralizing antibody
against HGFA (PI-4) or factor XIla (OT-2), as indicated. As positive control, HGF conversion by recombinant HGFA is
shown (right panel). HGF conversion was determined by immunoblotting with anti-HGF. aHGF= active, a heavy chain

of HGF; scHGF= inactive, single chain of HGF; HC= heavy chain of immunoglobulin.
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the MAP kinases ERK-1 and -2 (figure 2C).

The consecutive activation of MEK-1 and ERK-
1/2, the phosphorylation of the transcription
factors ELK1 and ETS2, and the expression of
immediate early genes such as FOS, has been
directly linked to regulation of cell
proliferation 4%*7. Furthermore, upon HGF
stimulation of DLBCL cells, we observed PI3K-
dependent phosphorylation of PKB/Akt and its
substrates GSK3 and FOXO3a (figure 2D). By
direct phosphorylation, PKB can inhibit BAD
and caspase 9, activate IKKa resulting in
activation of NFxB, and inhibit GSK3 and
forkhead transcription factors of the FOXO
subfamily, including FOXO3a (FKHRL1), all of
which contributes to its anti-apoptotic function
63, Inhibition of GSK3 and FOXOs by PKB can
also induce cell proliferation through enhanced
cyclin D1 stabilization and
respectively %3®4 Noteworthy, overexpression
of cyclin D1, often as a consequence of
chromosomal translocations, is frequently
observed in lymphomas ©°. Phosphorylation of

transcription,

FOXOs by PKB prevents their nuclear
translocation and thereby the expression of
FOXO target genes, which include the pro-
apoptotic genes FasL and Bim, and the anti-
proliferative genes p27¢"" and Rb2 °©°.
Indirectly, FOXOs can suppress expression of
the anti-apoptotic gene FLIP 7 and the pro-
proliferative genes cyclin D1 and D2 °©3
Recently, PI3K/PKB-mediated inactivation of
FOXO3a was shown to be important for B cell
proliferation ®8, The observed low expression
of p27¥P! in GC B-type DLBCL, as well as the
constitutive activation of NFkB and high
expression of FLIP and cyclin D2 in ABC-type
DLBCL %®°, illustrates the relevance of these

HGF/MET-controlled signaling cascades for
DLBCL.

Similar to our previous studies with the GC
B cell-like Burkitt's Iymphoma cell Iline

Namalwa 22, we have shown that HGF induces

integrin-mediated adhesion of DLBCL cells to
VCAM-1 and FN (figure 3A). Furthermore, this
HGF-induced adhesion involved a4p1 integrin

DLBCL cell

Stromal
cell

MET L)
= 1%

4 . )

HGFA

Xy

proliferation

proliferation, survival and cell cycle @

Figure 7

HGF is produced by macrophages (M@) and/or stromal cells. Expression and secretion of HGFA by DLBCL cells regulates the
bioavailability of active HGF in the DLBCL microenvironment. Catalyzation of HGF activation by DLBCL cells can directly
In addition, HGF can directly or
indirectly stimulate angiogenesis. Insert: Schematic representation of the HGF-induced signaling events in DLBCL cells.
HGF-induced activation of MAPK and PKB is mediated by Grb2/SOS coupling to RAS and GAB-1 coupling to PI3K,
respectively 7!. Activation of RAS/MAPK may lead to proliferation of DLBCL cells. Activation of PI3K/PKB leads to
phosphorylation of FOXO3a and GSK3, which may control proliferation and survival (see Discussion for further details).

stimulate HGF/MET signaling (insert), promoting DLBCL adhesion, growth and survival.

Activation and biological actions of HGF in the DLBCL microenviroment.

Furthermore, PI3K mediates HGF-induced adhesion of DLBCL cells. pre-HGF= inactive, precursor of HGF.
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(figure 3B) and required activation of PI3K
(figure 3B). The HGF-induced
activation can control the interaction of the
DLBCL cells with extracellular matrix, stromal
cells and FDCs the tumor
microenvironment. By analogy to B cell
antigen-receptor-controlled adhesion of GC B
73570 this may provide important
integrin-mediated outside-in, as well as
paracrine, growth and survival signals.

integrin

within

cells

Concluding remarks

A better understanding of the biology of B
cell malignancies is needed in the
development of potential therapeutic agents
that target specific intracellular pathways and
the crosstalk that occurs between malignant B
cells and the microenviroment. Our data
indicate that aberrant HGF/MET-sighaling and
conversion of HGF by DLBCL -cell-secreted
HGFA can play an important role in the control
of adhesion, survival and proliferation of
DLBCL cells, and thereby in the maintenance
of DLBCL in the tumor
(figure 7). Thus, our data provide new insights
into the pathogenesis of DLBCL and identify
the HGF/MET pathway as a potential novel
therapeutic target for the treatment of DLBCL.

microenvironment
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Multiple myeloma cells catalyze hepatocyte
growth factor (HGF) activation by secreting the
serine protease HGF-activator
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and Steven T. Pals
Department of Pathology, Academic Medical Center, Amsterdam, The Netherlands

*Second Department of Pathology, Miyazaki Medical College, Kiyotake, Japan

Multiple myeloma (MM) is a common hematological neoplasm consisting of
malignant plasma cells, which expand in the bone marrow. A potential key signal in
the evolution of MM is hepatocyte growth factor (HGF), which acts as a potent
para- and/or autocrine growth- and survival factor for MM cells. Proteolytic
conversion of HGF into its active form is a critical limiting step in HGF/MET
signaling. Here, we show that malignant MM plasma cells convert HGF into its
active form and secrete HGF-activator (HGFA), a serine protease specific for HGF
activation. By using serine protease inhibitors and neutralizing antibodies, we
demonstrate that HGFA produced by the MM cells is responsible for their ability to
catalyze HGF activation. We therefore suggest that autocatalyzation of HGF
conversion by MM cells is an important step in HGF/MET-induced myeloma growth
and survival, which may have implications for the management of this incurable

form of cancer.

The unrestrained growth of tumor cells is
generally attributed to mutations in essential
growth control genes, but tumor cells are also
influenced by signals from the environment.
In MM, the factors and signals coming from
the bone marrow (BM) microenvironment are
possibly even essential for the growth of the
tumor cells. As targets for intervention, these
signals may be equally important as mutated
oncogenes!?, Recent studies have identified
HGF as a potential key signal in the evolution
of MM. HGF has a domain structure and
proteolytic mechanism of activation similar to
that of the blood serine protease plasminogen,
but lacks protease activity. Instead, via its
tyrosine kinase receptor MET, HGF induces

Blood, 2004, Vol. 104 (7): 2172-2175.

complex biological responses in target cells,

including motility, growth, and
morphogenesis. Whereas a functional
HGF/MET pathway is indispensable for

mammalian development, uncontrolled MET
signaling, provoked by MET activating
mutations or MET  amplification and
overexpression, is oncogenic, and has been
implicated in the development and progression
of a variety of human cancers 3>, In MMs,
HGF exerts strong proliferative and anti-
apoptotic effects via the RAS/MAPK and

PI3K/PKB  pathways®’. Within the BM
microenvironment, stromal cells present a
paracrine source of HGF®, however, an
autocrine HGF/MET loop has also been
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reported in myeloma cells®!°. Furthermore, in
a recent gene-profiling study HGF was the
only significantly overexpressed growth factor
in MM!!, while high serum HGF levels in MM
patients predict unfavorable prognosis'?.

Upon secretion, HGF normally retains its 90-
kDa single-chain (sc) precursor form, which is
probably cell surface or extracellular matrix
associated. For biological function however,
proteolytic scHGF to the
heterodimeric essential'3.
Although the role of HGF in tumor progression
has attracted much attention, the molecular
mechanisms underlying HGF activation in
tumor remain largely unexplored.
Plasminogen activators, particularly uPA and
factor XIla have been shown to activate
scHGF, although at low rates !*!°. More
recently, hepatocyte growth factor activator
(HGFA), a factor Xlla-related serine protease
with an efficient HGF-activating activity, was
identified'>!”. This enzyme is secreted by the
liver as an 15-17 and has
recently also been shown to be produced by
8 In this paper, we
have studied the mechanism of HGF activation
in MM. We show that myeloma cell lines as
well as primary myelomas secrete HGFA and
in this way are able to autocatalyze HGF
activation.

conversion of

active form s

tissue

inactive zymogen

colorectal cancer cells

Material and Methods

Antibodies

Monoclonal antibodies were: anti-HGFA, A-1
(IgG1) and P1-4 (IgG1)!%; anti-factor Xlia,
0oT-2 (IgG1) (Sanquin, Amsterdam, The
Netherlands); IgGl control antibody (DAKO,
Glostrup, Denmark); anti-hepatocyte growth
factor activator inhibitor-1  (HAI-1) 18
Polyclonal antibodies used were goat anti-
human HGF (R&D Systems, Abington, UK); R-
phycoerythrin-conjugated goat
(Southern Biotechnology, Birmingham, AL);
horseradish peroxidase (HRP)-conjugated
rabbit anti-mouse (DAKO); HRP-conjugated
goat-anti-rabbit (DAKO).

anti-mouse

72

MM cells, cell cultures, transfectants
and conditioned medium

MM cell lines UM1, UM3, UM6, L363, NCI-
H929, OMP-1, LME-1, and XG-1 were grown as
described previously®”’. COS7
transiently transfected with the mammalian
expression vector pCIneo-HGFA containing
full-length HGFA!® using the DEAE-dextran
method. Conditioned medium was obtained as
described previously *°.

Primary myeloma cells (PM) were obtained
from the pleural effusion of a 67-year old
male patient. FACS analysis showed > 95%
CD138Md"  cD38"9" cells. Mononuclear cells
were harvested by standard Ficoll-Paque
density gradient centrifugation (Amersham
Pharmacia, Uppsala, Sweden).

cells were

Immunoprecipitation and western

blot analysis

Immunoprecipitation and western blotting
was performed as described®. For the HGF
activation assay, serum free cultured cells
lysed in the of protease
inhibitors since these affect the function of
HGFA. For immunoprecipitation of HGFA, the
lysates were incubated with the monoclonal

were absence

antibody A-1 pre-coupled to Protein G-
Sepharose beads (Pharmacia Biotech,
Uppsala, Sweden). The precipitates were

washed three times with lysis buffer and were
resolved by dodecylsulfate
polyacrylamide gel electrophoresis under
reducing conditions. The immunoblots were
stained with anti-HGF or anti-HGFA and
detected with HRP-conjugated swine anti-goat
and HRP-conjugated rabbit anti-mouse
respectively.

sodium

Assay for HGF activation

HGF activation was assayed as described
previously®. In brief, single chain HGF (R&D
Systems) was incubated with either intact MM
cells, with MM conditioned medium or with
HGFA immunoprecipitated from MM
conditioned medium. To study activation by
cells, these were washed thoroughly and
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Figure 1

MM cells proteolytically convert HGF into its active form and express the serine protease HGFA.

A. MM cells convert HGF into its active form. MM cell lines NCI-H929, XG-1 and OMP-1 were incubated with scHGF for 6
hours in the presence or absence of thrombin and/or the serine protease inhibitor leupeptin, as indicated. HGF conversion
was determined by immunoblotting with anti-HGF. As positive control, HGF conversion by recombinant HGFA is shown
(left panel). The right panel shows the time kinetics of scHGF conversion by MM cells (in the presence of thrombin). As
positive and negative controls, scHGF conversion by COS-7 cells transfected with either a plasmid containing HGFA or
empty vector are shown. B. Expression of HGFA in MM cell lines. Cell lysates were immunoblotted using a monoclonal anti-
HGFA antibody (A-1). COS-7 cells transfected with HGFA and the colorectal carcinoma cell lines DLD-1 and SW480 were
used as positive controls. COS-7 cells transfected with empty vector were used as negative controls. p-actin was used as
loading control (lower panel). C. Expression of HGFA in MM cell lines and primary myeloma cells. MM cell line NCI-H929,
primary myeloma cells (PM), or COS-7 cells transfected with either empty vector or a plasmid containing HGFA were
immunocytochemically stained with mAb A-1 against HGFA or isotype control. D. HGFA expression in MM cells is
intracellular. The indicated MM cells, either permeabilized (right panel) or not (left panel), were stained with anti-HGFA
mAb PI-4 (bold line) or isotype control antibody (grey line). Expression was measured by FACS analysis.

incubated serum free overnight. Sub- The Netherlands) or neutralizing antibody P1-
sequently, the cells were washed and 10° cells 4 (40upg/ml).

were incubated in 0.1 ml medium containing

scHGF (1pg/ml) for the time indicated in the = Immunocytochemistry

presence or absence of 4 units/ml thrombin HGFA expression in MM cell lines and
(Sigma Aldrich Chemie GmbH, Germany). For  primary myeloma cells was studied on aceton-
HGF activation, 20 ul conditioned medium or fixed cytospins with mAb A-1 using biotin-
sample containing immunoprecipitated HGFA conjugated rabbit as second step. The
were pretreated with 1 unit of thrombin and reaction was developed with 3,3-amino-9-
added to 0.1pg scHGF. Inhibitor studies were ethylcarbazole (Sigma) and cytospins were
done in the presence of aprotinin (2TIU/ml),  counterstained with Haematoxylin. COS-7
leupeptin  (500ug /ml), Ci-inhibitor (kindly  cells transfected with a construct containing
provided by E. Hack, Sanquin, Amsterdam, HGFA were used as positive control, and
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appropriate
controls.

isotype antibodies as negative

Flow Cytometry

For the determination of HGFA expression,
monoclonal antibody PI-4 and secondary
antibody PE-conjugated goat anti mouse Ig

A

cMm UM1 UM3 LME-1 H929 OPM-1 XG-1 COS- COS+

(Southern Biotechnology) were used. For
intracellular HGFA staining, the MM cell lines
were fixed with 2% paraformaldehyde and
permeabilized with saponin. Analysis was
carried out on a FACScalibur flow cytometer
(Becton Dickinson Biosciences) with
CELLQuest TM software (BD).
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Figure 2

HGFA mediates HGF conversion by MM cells.

A. MM cells secrete HGFA. To detect the active (34 kDa) form of HGFA , MM conditioned medium (CM), either or not pre-
treated with thrombin, as indicated, was immunoblotted with anti-HGFA antibody A-1. B. HGFA from MM conditioned
medium converts HGF. HGFA (+) or IgG control (-) immunoprecipitates from MM conditioned medium were analyzed in a
HGF conversion assay. C. HGFA mediates HGF activation by MM cells. The effects of neutralizing antibodies against HGFA
(P1-4) and Factor Xlla (OT-2), protease inhibitors aprotinin and leupeptin, and C1l-inhibitor on HGF activation by
recombinant HGFA (left panel) and conditioned medium of MM cell line NCI-H929 (middle panel) and primary MM cells
(right panel) were analyzed by the HGF conversion assay. HC= immunoglobulin heavy chain. D. Activation and biological

actions of HGF in the myeloma microenvironment.
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Results and discussion

Proteolytic activation of HGF in the
extracellular milieu is a critical limiting step in
HGF/MET signaling. We observed that the MM
cell lines NCI-H929, XG-1 and OMP-1 cells
were all able to process scHGF to its active
form (Figure 1A). The processing of scHGF
either required or was greatly enhanced by
the addition of thrombin and was completely
inhibited by the serine protease inhibitors
leupeptin (Figure 1A) and aprotinin (not
shown). Since HGFA is a serine protease
specifically activated by thrombin 7:2°, these
suggested that the HGF
processing activity might be due to HGFA.
Indeed, RT-PCR analysis demonstrated the
presence HGFA mRNA in all MM cells tested
(data not shown), while a band of 96-kDa,
which corresponds to the molecular mass of
the proform of HGFA, was detected by
immunoblotting (Figure 1B). This band was
also detected in the lysates of the colorectal
cancer cell lines DLD-1 and SW480, which
express HGFA 18, and in the lysates of COS-7
cells transfected with a plasmid containing
HGFA, but not in COS-7 cells transfected with
empty vector (Figure 1B).

Immunocytochemistry
granular

observations

showed a distinct
intracytoplasmic HGFA expression
pattern, which was present in all MM cell lines
as well as in the HGFA transfected COS-7 cells
(Figure 1C and data not shown). The same
expression pattern was also found in all (n=8)
primary MM samples analyzed as exemplified
in figure 1C. FACS analysis confirmed the
expression and intracellular localization of
HGFA (Figure 1D).

The 34-kDa catalytically active form of
HGFA ¢ was not detected in the MM lysates
(Figure 1B). By contrast, the conditioned
media of the cell lines contained variable
amounts of the 34-kDa form of HGFA
indicating that MMs secrete and, to a certain
extent, activate HGFA (Figure 2A). Indeed,
HGFA immunoprecipitated from the MM
conditioned media effectively converted scHGF
(Figure 2B). Since proteases other than HGFA

HGFA in multiple myeloma

are, although with low efficiency, capable of
activating scHGF in vitro '*'°, we explored
whether the conversion of scHGF by MM cells
could be specifically inhibited by interfering
with HGFA activity. We observed that the
anti-HGFA monoclonal P1-4, which blocks
HGFA function 2° (Figure 2C, left panel),
effectively inhibits scHGF conversion by MM
cells (Figure 2C, middle + right panel). By
contrast, scHGF conversion was not affected
by interfering with factor XIIa function with
either a blocking mAb (OT-2) or with the
protease inhibitor C1l-inhibitor !* (Figure 2C).
Hence, HGFA is the (major) serine protease
responsible for the conversion of scHGF by MM
cells. Most MM cell lines, including H929 and
XG-1, also expressed HAI-1 (data not shown),
but the presence of this HGFA-regulatory
protein apparently did not block HGF
conversion (Figure 1A). This seemingly
contradictory finding may be explained by the
complex effects of HAI-1 on HGF conversion.
Thus, whereas the soluble Kunitz 1 form of
HAI-1 can inhibit HGF conversion, the
membrane bound form of HAI-1 is believed to
concentrate active HGFA at the cell surface
and, upon release, may promote activation of
HGF 2% Hence, it is not surprising that HAI
expression per se does not predict inhibitory
activity.

Our study identifies expression and
secretion of HGFA by MM cells as a potentially
important factor in regulating the
bioavailability of active HGF in the MM
microenvironment, while the activated BM
stroma in MM may present an additional
source of both HGF and HGFA. Catalyzation of
HGF activation by MM cells may directly
stimulate HGF/MET signaling in the tumor
cells, promoting MM cell growth and
survival®’. In addition, since HGF is a potent
angiogenic factor?®32!, it may also contribute
to tumor angiogenesis which has recently
been identified as an important process in the
progression and prognosis of MM?? (Figure
2D). Our study identifies the activation step of
HGF as a promising new target in MM therapy.
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CHAPTER 5

c-Cbl is involved in MET signaling in B Cells and
mediates hepatocyte growth factor-induced
receptor ubiquitination

Taher E.I. Taher*, Esther P.M. Tjin*, Esther A. Beuling, Jannie Borst$, Marcel
Spaargaren and Steven T. Pals.

Department of Pathology, Academic Medical Center, University of Amsterdam, 1105 AZ
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Hepatocyte growth factor/scatter factor (HGF) and its receptor tyrosine kinase Met

are key regulators of epithelial motility and morphogenesis. Recent studies
indicate that the HGF/MET pathway also plays a role in B cell differentiation,
whereas uncontrolled MET signaling may lead to B cell These
observations prompted us to explore HGF/MET signaling in B cells. Here, we
demonstrate that HGF induces strong tyrosine phosphorylation of the proto-
oncogene product c-Cbl in B cells and increases Cbl association with the Src-family
tyrosine kinases Fyn and Lyn, as well as with PI-3 kinase and CrkL. In addition, we
demonstrate that c-Cbl mediates HGF-induced ubiquitination of MET. This requires
the juxtamembrane tyrosine Y1001 (Y2) of MET, but not the multifunctional
docking site (Y14/15) or any additional C-terminal tyrosine residues (Y13-16). In
contrast to wildtype c-Cbl, the transforming mutants v-Cbl and 70Z/3 Cbl, which
lack the ubiquitin ligase RING finger domain, suppress Met ubiquitination. Our

findings identify c-Cbl as a negative regulator of HGF/MET signaling in B cells,

neoplasia.

mediating ubiquitination and, consequently, proteosomal degradation of MET, and
suggest a role for Cbl in MET-mediated tumorigenesis. The Journal of Immunology,
2002, 169: 3793-3800.

factor

Hepatocyte growth factor/scatter
(HGF) is a multifunctional cytokine with a
domain structure and proteolytic mechanism
of activation similar to that of the serine
protease plasminogen. By binding to the
receptor tyrosine kinase MET, the product of
the proto-oncogene c-met, HGF triggers
intracellular signals regulating cell
proliferation, migration, and survival '°. In

mice, HGF or MET deficiency results in

embryonic death due to severe developmental
defects in the placenta and liver, and disrupts
the migration of myogenic precursors into the
limb buds %?° Other studies have provided
evidence for an important role of HGF in
angiogenesis and in the three-dimensional
organization of epithelial tissues, including
kidney tubules and mammary glands 3°. More
recently, the HGF/MET pathway has also been
implicated in B cell differentiation.
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Specifically, HGF produced by follicular
dendritic cells (FDC) or stromal cells has been
shown to regulate integrin-mediated adhesion
and migration of germinal center cells (GC)
and plasma cells %11,

Apart from these physiologic functions,
uncontrolled activation of MET is oncogenic
and can promote tumor growth, invasion, and
metastasis via several distinct mechanisms
3:112-19 1n hereditary papillary renal carcinoma
(HPRC) MET mutations cause hyperactivation
of the receptor in response to HGF
stimulation. These receptor mutants can
mediate transformation, invasive growth, and
protection from apoptosis 2°2% In B cell
neoplasia, by contrast, auto- and/or paracrine
stimulation of MET, rather than receptor
mutation, appears to be the most important
mechanism for transformation. It was recently
demonstrated that HGF is a potent growth and
survival factor for plasma cell myelomas 2°.
These tumors frequently co-express HGF and
MET, suggesting the presence of an autocrine
loop 2%. For HGF negative myelomas, bone
marrow stromal cells may present an
alternative, paracrine source of HGF %7,
Similarly, HGF produced by follicular dendritic
cells (FDC) and stromal lymphoid
tissues may stimulate the growth and survival
of MET positive non-Hodgkin’s lymphomas
10:11 " Consistent with a role for HGF/MET in
myeloma progression, patients with high
serum levels of HGF have an unfavorable
prognosis 28,

HGF/MET signaling has been extensively
studied in epithelial These
revealed a prominent role for the
multifunctional docking site, consisting of
tyrosine residues Y1349 (Y14) and Y1356
(Y15) 32°, Upon phosphorylation, this docking
site mediates the with Grb2,
resulting in activation of the Ras-MAPK
pathway. In addition, the docking protein
Gabl plays an important role in HGF/MET
signaling as it is also able to interact directly
with the docking site of MET, as well as with
several signal transducing proteins, including
PI-3K, CrkL and Shp2 3°-32, Despite the role of
HGF/MET signaling in

cells in

cells. studies

interaction

normal B cell
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differentiation and malignancy 3i10:11i25:26,

hardly anything is known about the underlying
signal in B cells.
Recently, we have reported the presence of
two prominent phosphoproteins of 110 and
120 kDa after HGF stimulation of B cells 33, of
which the 110 kDa phosphoprotein was
indentified as Gabl 3%, In the present study,
we identify the other major phosphoprotein as
c-Cbl, which is a prominent target for B-cell
antigen receptor signaling as well 338, HGF
induces a strong and tyrosine
phosphorylation of c¢-Cbl, resulting in an
increased association with Fyn, Lyn, PI-3
kinase, and CrkL. In addition, we demonstrate
that c-Cbl, but not its oncogenic forms v-Cbl
or 70Z/3 Cbl, negatively regulate MET by
inducing ubiquitination of its cytoplasmic
domain.

transduction mechanism

transient

Materials and Methods

Antibodies

Monoclonal antibodies used were: anti-
phosphotyrosine, PY20 (Affiniti, Nottingham,
United Kingdom); and anti-hemagglutinin tag,
12CA5 (anti-HA) (Dr C. de Vries, Dept. of
Biochemistry, AMC, Amsterdam, The
Netherlands). The rabbit polyclonal antibodies
used were: anti-ubiquitin (Dako, Glostrup,
Denmark); anti-hMET (anti-human MET), C-
12; anti-mMET (anti-mouse MET), SP260;
anti-Fyn, FYN3; anti-Lyn, 44; anti-CrkL, C-20;
and anti-Cbl, C-15 (all: Santa Cruz
Biotechnology, Santa CA); anti-
regulatory subunit of PI-3 kinase (UBI, Lake
Placid, NY).

Cruz,

Plasmids

The c-Cbl cDNA was a kind gift from Dr
W.Y. Langdon (University of Western
Australia, Nedlands, Australia). pMT2 encoding
HA-tagged human c-Cbl, v-Cbl and 70Z/3 Cbl
were generated from this cDNA by PCR. The
constructs encoding Trk-MET (a chimeric
receptor that consists of the extracellular
domain of the NGF receptor, Trk A, and the

cytoplasmic domain of c-MET), either wild



type (wt) or mutants of either tyrosine residue
1001 (Y2), 1232 and 1233 (KD), 1347 (Y14),
1354 (Y15), 1347 and 1354 (Y14/15), or
1311, 1347, 1354 and 1363 (Y13-16), were a
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Figure 1

HGF induces tyrosine phosphorylation of Cbl.

A. Cbl is a prominent tyrosine phosphorylated protein in
HGF-stimulated Namalwa cells. Cells were stimulated for 2
minutes with HGF. Total cell lysates of HGF-stimulated or
control Namalwa B cells were immunodepleted or not with
anti-Cbl (left), and their corresponding immunoprecipitates
(right) immunoblotted with anti-phosphotyrosine (anti-
PY20). The arrows indicate the tyrosine phosphorylated
Cbl (upper panels). The blots were stripped and restained
with anti-Cbl antibodies, confirming equal loading of the
immunoprecipitates and successful immunodepletion of c-
Cbl from the total cell lysates (lower panels). B. Time
kinetics of HGF-induced tyrosine phosphorylation of Cbl.
Cells were stimulated with HGF for the indicated time
periods. Immunoprecipitation was performed with anti-Cbl
antibodies and immunoblots were stained with anti-PY20.
The arrow indicates the tyrosine phosphorylated Cbl
(upper panel). Equal loading of the samples was confirmed
by restaining the blot with anti-Cbl antibodies (lower
panel).

Cbl in MET signaling

kind gift from Dr W. Birchmeier (Max-
Delbrueck-Center for Molecular Medicine,
Berlin, Germany) 3°. pMT2-encoding HA-

tagged ubiquitin was kindly provided by Dr P.
M. P. van Bergen en Henegouwen (Dept. of
Molecular Cell Biology, Utrecht University,
Utrecht, The Netherlands).

Cell lines and transfectants

The Burkitt’s lymphoma cell line Namalwa-
V3M has been described 3*. The cells were
cultured in RPMI 1640 in the presence of 10%
Fetal Clone I serum (HyClone Laboratories,
Logan, UT), 10% fetal calf serum (Integro,
Zaandam, The Netherlands). Cos-7 cells were
maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% fetal calf
serum. Using DEAE-dextran , Cos-7 cells were
transiently transfected with 1 upg construct
encoding Trk-MET, alone or together with 2 ug
construct containing either HA-tagged c-Cbl,
the oncogenic Cbl 70Z/3, and v- Cbl or
ubiquitin.
western

Immunoprecipitation and

blot analysis

Cells were lysed in buffer containing 10 mM
Tris-HCI (pH 8), 150 mM NaCl, 1% Nonidet P-
40, 10% glycerol, 10 ug/ml aprotinin (Sigma),
10 upg/ml leupeptin (Sigma), 2 mM sodium
orthovanadate, 5 mM EDTA, and 5 mM sodium
fluoride. The Ilysates were cleared by
centrifugation at 10.000g at 4°C for 20
minutes, followed by preclearance using
Protein A-Sepharose. The immunocomplexes
collected by adding the indicated
antibodies, precoupled to Protein A-
Sepharose, for at hours. The
immunoprecipitates were washed three times
with lysis buffer and the immunoprecipitated
proteins were resolved by SDS-polyacrylamide
gel electrophoresis. The proteins
electrotransferred to nitrocellulose
membranes. Detection of proteins by
immunoblotting was performed using
enhanced chemiluminescence lighting (ECL).
For the immunodepletion experiments, the
lysates were immunoprecipitated twice.

were

least 2

were
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Figure 2
HGF stimulation induces an increase in the Cbl
associated kinase activity.
Cbl immunoprecipitates collected from cells stimulated
with HGF for the
phosphorylated in an in vitro kinase assay, as described in

indicated time periods were
the materials and methods. The arrow indicates the in
vitro phosphorylated Cbl protein. The positions of
prestained molecular weight markers are indicated on the
left side of the figure.

The Ilysates remaining after the second
immunodepletion and the immunoprecipitates
obtained from the first immunoprecipitation
analyzed by Western blotting.
Densitometric quantification analysis of MET in
figure 4C was carried out on directly scanned
images using NIH Image 1.62 for Macintosh
software. The densitometric quantification
shows the MET protein at each time point
expressed as a percentage of the initial Met
protein at time zero. All values of MET have
been adjusted for loading control protein ERK.

were

Immune Complex Kinase Assays

The Cbl from
unstimulated or HGF-stimulated cells were
washed three times with lysis buffer followed
by washing twice with kinase buffer (50 mM
HEPES (pH 7.5), 10 mM MgCl, and 10 mM
MnCl, 1 uM orthovanadate),
suspended in 20 ul of kinase buffer containing
10 uCi (y-*?P)ATP, and incubated for 30
minutes at room temperature. The proteins
were separated on 10 % SDS-PAGE, the gel

immune complexes

sodium
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was dried for 3 hours, and the dried gel was
autoradiographed at -80°C overnight.

Results

Cbl is strongly phosphorylated on

tyrosine residues following HGF
stimulation
We have recently demonstrated that

activation of MET in Namalwa B cells leads to
strong tyrosine phosphorylation of two
proteins with molecular weights of 110-120
kDa 33:3% The smaller of these proteins was
shown to represent the Grb2-associated

A 0 2 5 t (min.) 0 2 5 t (min.)
16 | - — @ < Cbl 116 == === —— < Cbl
IP: aLyn IB: aCbl IP: aFyn IB: aCbl
50- m - Lyn 50."'- ——— e < Fyn
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1. = S == <« CrkL 30- c—— e < PI3K
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116 - - NS 4NN < Cbl 116 . "S- emmm» - Cbl
IP: aCbl IB: aCbl IP: o Cbl IB: a Cbl
Figure 3

HGF stimulation leads to increased association of
Cbl with Fyn, Lyn, CrkL and the p85 subunit of PI-3
kinase.

Namalwa B cells were stimulated with HGF for the
indicated time. The cells were |lysed and
immunoprecipitates were collected using the indicated
antibodies. A. Increased association with Lyn and Fyn. Lyn
and Fyn immunoprecipitates were subjected to
immunoblotting using anti-Cbl antibodies (upper panels).
B. Increased association with CrkL and PI-3 kinase. Cbl
immunoprecipitates were subjected to immunoblotting
using anti-CrkL and anti-p85 antibodies (PI-3 kinase)
(upper panels). Equal loading of the samples was
confirmed by restaining the blots with the same antibodies

used for immunoprecipitation. (lower panels).
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HGF stimulation induces ubiquitination and
degradation of MET in B cells.

A. HGF induces ubiquitination of MET. Namalwa B cells
were stimulated with HGF for the indicated time. Anti-MET
(C12) immunoprecipitates were immunoblotted with anti-
ubiquitin antibodies (upper panel) or, as a loading control,
with anti-MET antibodies (lower panel). B. HGF induces
degradation of MET. Namalwa B cells were incubated in
the presence or absence of HGF for the indicated time. Cell
lysates were immunoblotted with anti-Met antibodies
(upper panel) or, as a loading control, with anti-ERK1
antibodies (lower panel). C. The protein levels of MET in
4B were analyzed by densitometric quantification and
plotted as relative MET protein level. The Met level time
zero was assigned as 100%.

Cbl in MET signaling

binder 1 (Gab-1), an adaptor protein that can
associate with the cytoplasmic docking site of
MET 34 By performing immunodepletion
experiments, identified the larger
prominent phosphoprotein in the lysates of
HGF-stimulated cells as c-Cbl (Figure 1A).
Immunoblotting of Cbl immunoprecipitates
with  antibodies against phosphotyrosine
confirmed that HGF stimulation leads to a
rapid and transient phosphorylation of Cbl on
tyrosine residues, peaking at one minute and
decreasing after 5 minutes (Figure 1B).

we now

HGF stimulation leads to enhanced
association of c-Cbl with Fyn, Lyn, PI-
3 kinase, and CrkL

The above observations prompted us to
explore the function of Cbl in MET signaling.
Although Cbl itself lacks kinase activity, its
characteristic modular structure enables it to

act as a scaffold for various signaling
molecules, including cytoplasmic tyrosine
kinases “°. To determine whether HGF

stimulation leads to changes in the kinase
activity associated with Cbl, we conducted in
vitro kinase assays. We observed that a low
level of kinase activity was associated with Cbl
immunoprecipitated from unstimulated B cells.
However, HGF stimulation greatly increased
the Cbl-associated kinase activity (Figure 2).
The 120 kDa in vitro phosphorylated protein
present after stimulation with HGF represents
c-Cbl itself, whereas the bands at 55-60 kDa
may represent (auto-) phosphorylated Src-
family tyrosine kinases associated with c-Cbl.
These kinases presumably are involved in the
in vitro phosphorylation of c¢-Cbl and
associated proteins.

In order to identify signaling molecules that
dock on Cbl following HGF stimulation, the
effect of HGF stimulation on the physical
interaction with several candidate partners of
Cbl was explored. These included the Src-
family tyrosine kinases Fyn and Lyn, the p85
regulatory chain of PI-3 kinase and CrkL. We
observed that these molecules all
weak basal

show a
However,
upon stimulation with HGF, these interactions

interaction with Cbl.
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were either moderately (Fyn) or strongly (Lyn,
CrkL, and PI-3K) enhanced (Figure 3). Hence,
HGF stimulation does not only induce tyrosine
phosphorylation of Cbl, but also enhances its
ability to act as a docking protein for several
important signaling molecules.

Cbl plays a critical role in the MET
ubiquitination

The prominent phosphorylation of Cbl in
response to HGF stimulation (Figure 1)
combined with the recent observation that Cbl
acts as an E3 ubiquitin ligase for the EGF and
PDGF receptors %1i*2, suggests that Cbl might
be involved in the ubiquitination and

A Trk-Met Trk-Met + ¢-Cbl Trk-Met + v-Cbl
0 5 10 0 5 10 o0 5 10
FET TE
F’t: ! ) 1 p : '
FER . PR RN
116 - . : E’
IP: a Met IB: o UBI
o N e o oo oy o g
IP: aMet IB: aMet
B
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Figure 5

degradation of MET. To adress this hypothesis,
we first assessed whether Met on B cells is
ubiquitinated in response to HGF stimulation.
Hence, MET immunoprecipitates from HGF-
stimulated cells were analyzed for
ubiquitination by immunoblotting. We
observed that HGF stimulation leads to a rapid
ubiquitination of c-MET, which was maximal at
5 minutes (Figure 4A). Since the
ubiquitination machinery adds multiple and
variable numbers of ubiquitin moieties to a
single target molecule, the poly-ubiquitinated

MET species is detected as a smear rather
than a distinct band (Figure 4A). In addition
to inducing ubiquitination, HGF stimulation

t (min.)

6. e - 70Z/3 Cbl

IB: a HA

c-Cbl, but not the oncogenic Cbl variants v-Cbl and 70Z Cbl, mediates ubiquitination of MET.

A. c-Cbl, but not v-Cbl, mediates MET ubiquitination. Cos-7 cells were transfected with Trk-MET plus either c-Cbl or v-Cbl
and stimulated with NGF for the indicated time periods. Anti-MET immunoprecipitates (SP260) were immunoblotted with
anti-ubiquitin antibodies (upper panel). As a control for equal MET transfection and immunoprecipitation, the blot was re-
stained with anti-MET antibodies (SP260) (lower panel). Right panel: The total cell lysates were immunoblotted with anti-
HA antibodies to demonstrate equal expression of c-Cbl and v-Cbl. B. 70Z/3 Cbl is dominant negative in MET ubiquitination.
Cos-7 cells were transfected with Trk-MET in the absence or presence of 70Z/3 Cbl and stimulated with NGF for the
indicated time periods. Anti-MET immunoprecipitates (SP260) were immunoblotted with anti-ubiquitin antibodies (upper
panel). As a control for equal MET transfection and immunoprecipitation, the blot was re-stained with anti-MET antibodies
(SP260) (lower panel). Right panel: The total cell lysates were immunoblotted with anti-HA antibodies to demonstrate

expression of 70Z/3 Cbl.

84



Cbl in MET signaling
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Figure 6

The juxtamembrane tyrosine residue 1001 (Y2) of MET, but not the docking site, is required for ligand-
induced receptor ubiquitination by Cbl.

A. Tyrosine phosphorylation and ubiquitination of Trk-MET and kinase-dead Trk-MET (Trk-MET KD). Cos-7 cells,
transfected with either wild type (WT) or kinase-dead (KD) Trk-MET were stimulated with NGF for 5 or 10 minutes.
MET was immunoprecipitated with anti-MET (SP260) and the blot was stained with anti-phosphotyrosine (PY20) (top
panel) and subsequently stripped and reprobed with anti-MET (B2) as a control (second panel). In parallel, Cos-7 cells
were transfected with the indicated Trk-MET constructs together with HA-tagged ubiquitin and HA-tagged c-Cbl. Anti-
MET immunoprecipitates were immunoblotted with anti-HA antibodies to detect MET ubiquitination (third panel), or as
a control for equal MET transfection and immunoprecipitation, the blot was restained with anti-MET antibodies (fourth
panel), and, as a control for the c-Cbl transfection, total cell lysates were blotted with anti-HA antibodies (bottom
panel). B. Mutation of Y14, Y15 or both (Y14/15) of Trk-MET does not prevent ligand-induced receptor ubiquitination
by Cbl. Cos-7 cells were transfected with the indicated Trk-MET mutant constructs together with c-Cbl. Unstimulated or
NGF-stimulated cells were subjected to immunoprecipitation using anti-MET antibodies and immunoblotted with anti-
ubiquitin antibodies (upper panel), and, as a control, the blot was restained with anti-MET antibodies (lower panel).
C.Trk-MET mutated at tyrosines Y13-16 is ubiquitinated upon ligand stimulation. Immunoprecipitates of MET from Cos-
7 cells, transfected with either Y14/15 or Y13-16 Trk-MET mutant together with HA-tagged ubiquitin and HA-tagged c-
Cbl, were immunoblotted with anti-HA antibodies to detect MET ubiquitination (top panel), and the blot was reprobed
with anti-MET antibodies to demonstrate equal transfection and immunoprecipitation (middle panel). In addition, total
cell lysates were blotted with anti-HA antibodies to show equal transfection and expression of HA-tagged Cbl (bottom
pannel). D. Y2 of MET is required for Cbl-mediated ubiquitination. Immunoprecipitates of MET from unstimulated or
NGF-stimulated Cos-7 cells, transfected with either WT or an Y2 mutant of Trk-MET together with HA-tagged ubiquitin
and HA-tagged c-Cbl, were immunoblotted with anti-HA antibodies to detect MET ubiquitination (top panel), and the
blot was reprobed with anti-MET antibodies to demonstrate equal transfection and immunoprecipitation (middle panel).
In addition, total cell lysates were blotted with anti-HA antibodies to confirm equal transfection and expression of HA-
tagged Cbl (bottom pannel).
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also resulted in degradation of MET, which
was clearly detectable from 5-10 min of
incubation onward (Figure 4B and C). Hence,
HGF stimulation of B cells leads to both
ubiquitination and degradation of MET.

To explore the role of Cbl in MET
ubiquitination, COS-7 cells were transfected
with  Trk-MET, a receptor that
consists of the extracellular domain of the
NGF receptor (Trk A) and the intracellular
domain of Met, either alone or in combination
with c-Cbl. After NGF stimulation, Trk-MET
was immunopreci-pitated and its
ubiquitination was analyzed. As shown in
Figure 5, cotransfection of c-Cbl clearly
enhanced the ligand-induced ubiquitination of
Trk-MET. By contrast, overexpression of the
oncogenic Cbl v-Cbl,
consists of the N-terminal 357 amino acids,
did not enhance the ligand-induced
ubiquitination of the transfected Trk-MET but
rather suppressed the (weak) ubiquitination
mediated by endogenous Cbl (Figure B5A).
Moreover, similar results were obtained for
the oncogenic mutant 70Z/3 Cbl, which only
lacks a functional RING finger domain as a
consequence of the deletion of amino acids
366-382 (Figure 5B) 4% These findings
demonstrate that c-Cbl is involved in Met
ubiquitination, whereas the oncogenic v-Cbl
and 70Z/3 Cbl are unable to mediate
ubiquitination but, instead, act in a dominant
negative fashion on endogenous c-Cbl.

chimeric

variant which only

The juxtamembrane tyrosine residue
1001 (Y2), but not the multisub-
strate docking site of MET, is required
for receptor ubiquitination by Cbl

Upon stimulation by HGF, the C-terminus of
MET is strongly phosphorylated on tyrosine
residues. Autophosphorylation of tyrosine
residues 1349 (Y14) and 1356 (Y15) of MET is
critical for most biological responses 294347,
These tyrosine residues serve as a
multisubstrate docking site for several
proteins, including Gab-1, Grb-2, PI-3 kinase,
PLC, Src, Shc, SHP-2, and Stat-3. To assess

whether this site is also involved in
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transducing signals leading to MET
ubiquitination, we employed Trk-MET mutated
at Y14 and/or Y15. Whereas mutation of the
kinase regulatory tyrosines 1234 (Y8) and
1235 (Y9), which gives rise to a kinase-dead
Trk-MET, resulted in a total abrogation of
ligand-induced autophosphorylation and
ubiquitination (Figure 6A), NGF stimulation
still resulted in a clear ubiquitination of the
single (either Y14 or Y15) as well as double
mutant (Y14/15) (Figure 6B). This
demonstrates that Y14 and Y15 are not
required for Cbl-mediated ubiquitination of
MET (Figure 6B). This result was not due to
functional redundancy by the presence of the
tyrosines 1313 (Y13) and 1363 (Y16), as a
Trk-MET mutant containing mutations in Y13-
16, i.e., all four autophosphorylated residues
of MET C-terminal of the kinase domain, was
still readily ubiquitinated upon stimulation
with ligand (Figure 6C). Given this unexpected
result, combined with the observed gain-of-
function effect as a consequence of its
mutation, i.e. the transition of epithelial cells
to a fibroblastoid phenotype 3°, we
hypothesized that the  juxtamembrane
tyrosine residue Y1001 (Y2) might play an
important role in Met  ubiquitination.
Interestingly, mutation of Y2 indeed resulted
in the complete loss of ligand-induced Cbl-
mediated ubiquitination of MET (Figure 6D).

Discussion

We identified one of the most prominent
phosphoproteins in lysates of HGF stimulated
B lymphoma cells as Cbl (Figure 1), thus
implicating Cbl in HGF/MET signaling.
Recently, Cbl phosphorylation has also been
upon HGF-stimulation of the
epithelial MDCK and Hela cells *®%° as well as
in Tpr-MET transformed fibroblasts °°. The
multidomain docking protein p120 Cbl is the
cellular homologue of the v-cb/ oncogene from
the murine Cas NS-1 retrovirus, which induces
pre-B lymphomas and myeloid leukemias °!.
Cbl is prominently tyrosine phosphorylated
upon stimulation of a number of receptors,
resulting in its interaction with Src homology

observed



2 (SH2) domain containing proteins such as
the p85 subunit of the PI-3 kinase, the
guanine nucleotide exchange factor Vav, and
the Crk adaptor protein family %°. Indeed, HGF
stimulation led to an increase in the amount
of kinase activity associated with Cbl (Figure
2), as well as an
between Cbl and Fyn, Lyn, the p85 chain of
PI-3 kinase, and CrkL (Figure 3). Apart from
binding to Cbl via their SH2 domains, these
proteins may also interact with Cbl via their
SH3 domains. This interaction with proline-
rich regions on Cbl presumably is important
for the stimulus independent part of their Cbl
association (Figure 3) 5253,

Our observation that HGF stimulation leads
to an enhanced association of Cbl with PI-3
kinase as well with CrkL is of considerable
interest. PI-3 kinase is a central regulator of
different biological processes induced by HGF
including adhesion and survival, and a specific
PI-3 kinase docking site has been located on
Y1349 of MET 3%, Our present findings suggest
that association of PI-3 kinase with Cbl
(Figure 3) might represent an alternative
route for the regulation of PI-3 kinase activity
by HGF. CrkL is an adaptor protein with two
SH3 domains, which can specifically bind to
the guanine exchange factor C3G, an activator
of Rap-1 °% Formation of a Cbl-Crk-C3G
complex mechanism for
coupling MET with the Rap-1 pathway, which
has been implicated in integrin activation °°.
Interestingly, we have recently shown that
HGF induces activation of integrins in B cells
10 Cbl may play a critical role in this HGF-
induced integrin activation as suppression of
Cbl expression by antisense Cbl resulted in a
marked decrease in integrin activation 557,

Receptor ubiquitination and consequent
degradation by the proteosomal/lysosomal
pathway constitutes an integral part of the
regulation of receptor PTK function #1:58-60
Indeed, we observed that, following
stimulation of B cells with HGF, MET is
ubiquitinated and degraded (Figure 4). This
observation confirms and extends
observations by Jeffers and colleagues, who
reported HGF-induced degradation and

enhanced association

may provide a

Cbl in MET signaling

polyubiquitination of MET in epithelial cells ©?.
Importantly, we now demonstrate that Cbl
plays a key role in the negative regulation of
MET signaling, by mediating receptor
ubiquitination (Figure 5). A number of studies
have identified Cbl as an important negative
regulator of PTKs. In C. elegans, the Cbl
homologue SLI-1 was shown to inhibit vulva
development mediated by LET-23, a
homologue of the mammalian epidermal
growth factor (EGF) receptor ©2, whereas
overexpression of Cbl in mammalian cells
inhibits activation of the EGF- and PDGF-
receptors and JAK-STAT 9355, Recently, in
vitro studies revealed that the c-Cbl has
intrinsic E3 ubiquitin-protein ligase activity ©°.
The RING finger domain of Cbl is critical for
this regulatory function as mutants of Cbl,
containing a complete (v-Cbl) or partial
(70Z/3 Cbl) deletion, or a point mutation
(Cys381-Ala) in the RING finger domain, are
defective in promoting receptor tyrosine
kinase ubiquitination. Indeed, also in our
present study, the oncogenic mutants v-Cbl
and 70Z/3 Cbl failed to induce ubiquitination
of MET but rather had a dominant negative
effect on the ubiquitination induced by
endogenous Cbl (Figure 5). This is further
supported by the recent finding that
expression of 70Z/3 Cbl in MDCK cells results
in an epithelial-mesenchymal transition, which
resembles the effect of HGF stimulation *°.
Thus, expression of these oncogenic mutants
of Cbl might result in overexpression and
constitutive activation of MET, leading to MET-
mediated tumorigenesis.

The tyrosine residues Y14 and Y15 play a
critical role in virtually all MET-mediated
biological responses. These residues serve as
docking sites for multiple signaling molecules,
including Gab-1, Grb-2, PI3-kinase, PLC, Src,
Shc, SHP-2, and Stat-3 294347 Interestingly,
we observed that this multisubstrate docking
site of MET is not required for ubiquitination
by Cbl. Mutation of neither the tyrosines Y14
and/or Y15, autophosphorylated
residues in the C-terminal domain of MET, j.e.
Y13-16, interfered with NGF-induced
ubiquitination of Trk-MET (Fig 6B and C).

nor of all
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By contrast, MET ubiquitination was
dependent on the integrity of  the
juxtamembrane tyrosine residue Y2 (Fig 6D).
These data support a recent study, which
demonstrated a role for Cbl and Y2 in ligand-
independent ubiquitination of MET ©. 1In
addition, here we have shown that Cbl and Y2
are also critical in MET ubiquitination induced
by ligand (Fig 5 and 6D), that the oncogenic
mutants 70Z/3 Cbl and v-Cbl act in a
dominant negative fashion (Fig 5A and B),
that ubiquitination of MET does not depend on
its C-terminal tyrosine residues (Y13-16),
which include the docking site of MET
(Y14/15) (Fig 6B and C). Previously, it has
been reported that mutation of residue Y2 of
MET leads to a gain-of-function resulting in
constitutive  scattering and fibroblastoid
morphology of epithelial cells 3°. Our data
suggest that this may be due to a defect in
Cbl-mediated MET ubiquitination. In addition,
although most germline and sporadic MET
mutations in human tumors involve the kinase
domain and result in enhanced kinase activity
upon stimulation with ligand 2922, recently
mutations have also been reported in the
juxtamembrane portion of MET 2% MET
carrying such a missense mutation at P1009S
(P989 in mouse) was not constitutively active
but showed increased and persistent MET
phosphorylation after HGF treatment. This
activating mutation is localized in a PEST-like
sequence, which has implicated in
ubiquitination 2*. Hence, tyrosine Y2 and
adjacent sequences in the juxtamembrane
domain of MET appear to play a critical role in
the negative regulation of MET by Cbl. Taken
together, these findings identify Cbl as
negative regulator of MET and suggest that
defects in this negative regulation, caused by
mutations in either Cbl or MET may contribute
to tumorigenesis.

been
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CHAPTER 6

Illegitimate WNT signaling promotes
proliferation of multiple myeloma cells
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Utrecht, The Netherlands; *the Hubrecht Laboratory, Utrecht, The Netherlands; °©
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The unrestrained growth of tumor cells is generally attributed to mutations in
essential growth control genes, but tumor cells are also influenced by signals from
the environment. In multiple myeloma (MM), the factors and signals coming from
the bone marrow (BM) microenvironment are possibly even essential for the
growth of the tumor cells. As targets for intervention, these signals may be equally
important as mutated oncogenes. Given their oncogenic potential, WNT signals
form a class of paracrine growth factors that could act to influence MM cell growth.
In this paper, we report that MM cells have hallmarks of active WNT signaling,
whereas the cells have not undergone detectable mutations in WNT signaling
genes such as APC and g-catenin (CTNNB1). We show that the malignant MM
plasma cells overexpress p-catenin, including its N-terminally un-phosphorylated
form, suggesting active p-catenin/TCF-mediated transcription. Further
accumulation and nuclear localization of p-catenin, and/or increased cell
proliferation, was achieved by stimulation of WNT signaling with either Wnt3a, LiCl
or the constitutively active S33Y mutant of p-catenin. In contrast, by blocking WNT
signaling by dominant-negative T cell factor, we can interfere with the growth of
MM cells. We therefore suggest that MM cells are dependent on an active WNT
signal, which may have important implications for the management of this
incurable form of cancer. Proceeding National Academy of Sciences, 2004, Vol.
101 (16): 6122-6127.

Multiple myeloma (MM), one of the most in the bone marrow (BM), ultimately leading
common hematological malignancies in adults, to pancytopenia and osteolytic bone
is a neoplasm of terminally differentiated B destruction. At present, the disease is still
cells, i.e. plasma cells. The tumor cells expand incurable with a median survival of = 3-4
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years. The transition of a plasma cell to a fully
transformed, aggressive
multistep  process, which
acquisition of mutations
oncogenes and tumor suppressor genes
Most of this evolution takes place in the BM,
indicating that signals from the BM
microenvironment, which may
paracrine growth factors, play a critical role in
sustaining the growth and survival of MM cells
during tumor progression 12,

WNT signals form one class of paracrine
growth factors that could act to influence MM
cell growth. WNT signal transduction
components, in particular adenomatous
polyposis coli (APC) and B-catenin, are often
mutated in cancers and sustained
overexpression of WNT genes can cause
36, In addition, WNT proteins
themselves are able to promote the
proliferation of progenitor- or stem cells 7"1°,
WNT genes encode a family of 19 secreted
glycoproteins, which promiscuously
with several Frizzled receptors. This
interaction leads to intracellular signals that
control gene expression, cell behavior, cell
adhesion, and cell polarity, during both
embryonic development and postnatal life '
12 The key event in this signaling pathway is
the stabilization of B-catenin. In the absence
of WNT signals, a dedicated complex of
proteins, including the tumor suppressor gene
product APC, and glycogen synthase
kinase-3B (GSK3p) controls phosphorylation of
specific serine and threonine residues in the
N-terminal region of  B-catenin. This
GSK3B -mediated phosphorylation marks B-
catenin for ubiquitination and degradation by
the proteasome. Signaling by WNT factors
blocks GSK3p activity, resulting in the
accumulation of nonphosphorylated B-catenin,
which will translocate to the nucleus. Here, it
interacts with T cell factor (TCF) transcription
factors !> '* to drive transcription of target
genes % 15 16 1t is now well established that

unrestrained pB-catenin/TCF activity plays a
4, 5

myeloma is a
requires the

in several proto-
1

include

cancer

interact

axin,

major role
Mutations of the APC tumor suppressor gene
or of the sequences encoding the crucial

in many human cancers
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GSK3B phosphorylation sites in the N-terminal
domain of B-catenin have been found in the
vast majority of colorectal cancers, as well as
many other cancer types #°® The critical
consequence of mutations is the
elevation of the levels of B-catenin leading to
the formation nuclear B-
catenin/TCF complexes and altered expression
of TCF target genes °> °. Target genes which
likely cooperate in neoplastic transformation
include CCND1 (cyclin D1) **, MYC ° 15, CD44
7, and MET '8,
Members of the

these

of constitutive

TCF/LEF family of
transcription factors were initially discovered
in models of early lymphocyte development.
In mice and humans, T lineage cells express
both TCF1 and LEF1 7 '°22, and studies in
knockout mice have demonstrated that these
factors are essential for the maintenance of
progenitor T cell compartments 7 23 24
Similarly, during early B cell development in
the fetal liver and adult bone marrow, LEF1 is
involved in the regulation of pro-B cell
proliferation and survival 8. By inference,
these observations suggest a role for WNT
signaling in the control of cell proliferation and
lymphocyte development.
Indeed, recent in vitro and in vivo studies,
demonstrating that WNT factors and p-catenin

also affect lymphocyte progenitor fate as well
8,

survival during

as stem cell self-renewal, confirm this role
10,2526 The involvement of the WNT pathway
in the regulation of the survival and expansion
of progenitor- and stem cells, in combination
with its oncogenic potential in nonlymphoid
cells, prompted us to test whether
deregulation of the WNT pathway occurs in
lymphoid neoplasia. Whereas the specificity of
WNT signals with respect to target cells is
relatively unknown, there are now powerful
methods to whether
activated by a WNT signal. These tools include
measuring the levels of the B-catenin protein,
in particular a nonphosphorylated form of B-
catenin, that is generated by active WNT
signaling 27 28, In the nucleus, WNT signaling
proceeds through the transcription factor TCF,
and by interfering with TCF activity [using a
dominant-negative form of TCF (ATCF4)], one

examine cells are



can examine to what extend the behavior and
growth of cells depends on an active WNT
signal. Here, we show that WNT signaling is
in MMs and that WNT signals are
involved in the control of MM growth.

active

Materials & Methods

Antibodies

Mouse monoclonal antibodies used were:
anti-CD138, BB4 (IgG1)(Instruchemie,
Hilversum, The Netherlands); anti-p-catenin
(clone 14; IgG1)(BD Biosciences,
Erembodegem, Belgium), anti-active (non-
phosphorylated) B-catenin (anti-ABC; IgG1) 27

28, anti-active (non-phosphorylated) B-catenin

(clone  8E4; IgG1)(Alexis Biochemicals,
Lausen, Switzerland); anti p-actin (clone
AC15, IgG1)(Sigma, St Louis, MO);

allophycocyanin (APC)-conjugated anti-CD19
(IgG1); FITC-conjugated anti-IgD (IgG1l);
FITC conjugated anti-CD45RA (IgG2b)(all BD
Biosciences); biotin-conjugated anti-CD38
(IgG1l) (Caltag, Burlingame, CA). Polyclonal
antibodies used were: rabbit anti-human ERK2
(C14, Santa Cruz Biotechnology, Santa Cruz,

CA); Dynabead-conjugated goat anti-mouse
IgG (Dynal, Wirral, UK); HRP-conjugated
rabbit anti-mouse; FITC-conjugated rabbit

anti-mouse; and HRP-conjugated goat anti-
rabbit (all DAKO, Carpinteria, CA).

Myelomas, cell and

transfections

cultures,

Primary myeloma samples and normal BM
samples obtained during
diagnostic procedures. Mononuclear cells were
harvested by standard Ficoll/Paque density
gradient centrifugation (Amersham
Biosciences, Roozendaal, The Netherlands).
Plasma cells were sorted by positive selection
using anti-CD138 (clone BB4, Instruchemie)
and Dynabead-conjugated goat anti-mouse
1gG (Dynal). Positive  sorting yielded
populations plasma cells that were >97% pure
(CD38* and CD45RA) as defined by
fluorescence-activated cell (FACS)

were routine

sorter

WNT signaling in multiple myeloma

analysis using a FACScalibur flow cytometer
(BD Biosciences). MM cell line XG1 2°, LME1 2
and UM6 39 were cultured in Iscove’s medium
(Invitrogen Life Technologies, Breda, The
Netherlands) as described 2. MM cell lines
UM1 and UM3 3° L1363 3!, NCI H929 3? and
OPM1 ** were cultured in RPMI medium 1640
(Invitrogen Life Technologies) containing 10%
fetal clone I serum (HyClone Laboratories),
100 IU/ml penicillin, and 100 pug/ml
streptomycin.  Conditioned from
parental and Wnt3a-transfected L cells was
prepared as described 3*. Wnt3a was purified
as described by Willert et al 3°.
transfection was performed by electroporation
of TOP/FOPFLASH 36, constructs expressing
constitutively active p-catenin (p-catenin
S33Y) 3, and ATCF4 37, using the nucleofector
technology in combination with solution V and
program T-01 (Amaxa, Colognhe, Germany).
HelLa cell lysates were from BD Biosciences.

medium

Transient

Isolation of B cell
plasma cells

populations and

B cells were isolated from human tonsils as
described 38, Total B cell fractions were >97%
pure, as determined by FACS analysis.
Subpopulations were identified according to
Pascual et al *°, employing CD19, CD38 and
IgD as disriminatory criteria. Analysis and
sorting was performed by using a FACS
Vantage flow cytometer (BD Biosciences).

Luciferase reporter assay

Cells were transfected, and efficiency was
determined and normalized by transfection
using pEGFP-N3 (Invitrogen Life technologies)
and subsequent FACS analysis. After 24
hours, cells were stimulated with Wnt3a (100
ng/ml) for 18 hours, were harvested, were
lysed, and luciferase activity was determined
as described 18,

Immunohistochemistry and fluores-
cence microscopy

After the indicated stimulus, cells were
washed in PBS, diluted to 1x10° cells per ml,
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and 100,000 cells were spun onto slides
before fixation. For detection of active,
nonphosphorylated p-catenin and total B-
catenin, mAb 8E4 (Alexis Biochemicals), and
Cl4 (BD Biosciences) used. In
immunohistochemical studies, the slides were
subsequently incubated with biotin-conjugated
rabbit anti-mouse for 30 min, and horseradish
peroxidase-conjugated avidin-biotin complex
for 30 min. The substrate was visualized with
3,3-amino-9-ethylcarbazole (Sigma). In

were

immunofluorescence studies, the primary
antibodies were detected using biotin-
conjugated goat anti-mouse, followed by
streptavidin-FITC (both from DAKO) and

analyzed by confocal laser scan microscopy.
Nuclei were stained with propidium iodide
(Molecular Probes, Leiden, The Netherlands).

Western blot analysis

A total of 5-10° cells were directly lysed in
sample buffer, separated by SDS/10% PAGE,
and were blotted. Equal loading was confirmed
by staining the part of the blot <50 kDa with
either anti-ERK2 or anti-pB-actin. The upper
part (>50 kDa) was stained for anti-active B-
catenin (with either anti-ABC or 8E4), or anti-
B-catenin. Primary antibodies were detected
by horseradish peroxidase-conjugated rabbit
anti-mouse or goat anti-rabbit antibodies,
followed by detection using an enhanced
chemiluminescence kit (Amersham Pharmacia
Biosciences).

Proliferation assay

24 hours after transfection, viable, GFP-
positive cells were sorted by using a MoFlow
flow cytometer (Cytomation, Freiburg,
Germany). Either GFP-positive or nonsorted
cells were plated in 96-wells flat bottom tissue
culture plates (Costar, Cambridge, MA) at a
density of 100,000 cells per ml. Stimuli were
added, and cells were cultured in 2% serum
for 2-3 days in a total volume of 200 ul. The
cell culture was pulsed with 0.5 uCi (1 Ci = 37
GBq) methyl-[3H] thymidine (87 uCi/mmol,
Amersham Pharmacia Biosciences) during the
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last 4 hours of culture. Results are expressed
as counts per minute (cpm).

RT-PCR Analysis of WNT expression

Total RNA was prepared
according to the manufacturer (Invitrogen Life
technologies). 5 ng RNA was treated with 10 U
DNAse I (Roche, Basel, Switzerland) for 1
37°C, after  which
transcription was performed using

using Trizol

hour at reverse
random
hexamers (Applied Biosystems, Foster City,

CA) and MMLTV reverse transcriptase as

recommended by the manufacturer
(Invitrogen Life Technologies). Amplicons
were size-separated by agarose

electrophoresis in 1X TAE. PCR conditions
were: denaturing at 96°C for 7 min., followed
by 40 cycles of 50 sec, and a final extention
step at 72 °C, for 10 min. Annealing was done
at the temperature indicated. The WNT primer
sets used are as follows: WNT3a : 5" GGA ACT
ACG TGG AGA TCA TGC 3’ and 5" GCA CCT
TGA AGT AGG TGT AGC 3’, annealing at 55°C;
WNT5a: 5° GGA CAG AAG AAA CTG TGC CAC
3"and 5’ CG ATG TAG ACC AGG TCT TGT G 3/,
annealing at 58°C; WNT10b : 5" GCT CTA AGC
AAT GAG ATT CTG GG 3’ and 5' CTG TGT TGT
GGA TTC GCA TTC 3’, annealing at 60°C;
WNT16 : 5° CAG AAG GAG CTG TGC AAG AG 3’
and 5 CTG ATC TTT TTC TCT CCT GCG 3,
annealing at 58°C. Amplicons were cloned into
pCRII™PO (Invitrogen Life technologies), and
10 individual sequenced to
determine specificity of the amplified products
using a big-dye terminator kit (Amersham
Biosciences) and M13 forward and reverse
primers. All primers were manufactured by
Sigma.

clones were

Mutation analysis of CTNNB1 and APC

The APC-binding domain of CTNNB1 was
screened for activating mutations as described
40 For mutation of APC, four
overlapping regions were amplified spanning
the mutation cluster region (MCR), using the
following primers: fragment I; 5’
GAAATAGGATGTAATCAGACGA 3 and 5
CGCTCCTGAAGAAAATTCAAC 3’, for fragment

analysis



II; 5° ACTGCAGGGTTCTAGTTTAT 3’ and 5’
GAGCTGGCAATCGAACGACT 3', for fragment
III; 5" TACTTCTGTCAGTTCACTTGAT 3’ and 5’
ATTTTTAGGTACTTCTCGCTTG 3’, and for
fragment IV; 5" AAACACCTCCACCACCTCCT 3/,
and 5 GCATTATTCTTAATTCCACATC 3'. PCR
denaturing at 96°C for 7
min, followed by 35 cycles of 50 sec, and a
final extention step at 72 °C, for 10 min.
Annealing 52°C for
fragments I and II, and 56°C for fragments III
and IV. Amplicons were size-separated by
agarose electrophoresis in 1X TAE, and
sequenced to determine specificity using a
big-dye terminator kit (Amersham
Biosciences).

conditions were:

temperatures were:

RESULTS

Myeloma cells overexpress B-catenin

Regulation of p-catenin levels plays a
central role in WNT signaling. Our initial
evidence that the WNT pathway might play a
role in the pathogenesis of MM came from a
screen of B lineage malignancies for
expression of B-catenin. We used both a pan
anti-p-catenin antibody and an antibody that
specifically recognizes the nonphosphorylated
N-terminal Ser-37 and Thr-41 epitope of B-
Only these nonphosphorylated B-
catenin species are able to transduce WNT
signals to the nucleus 27 28, Interestingly, all
the myeloma cell lines tested expressed pB-
catenin, whereas the majority of the myeloma
cell lines also contained detectable levels of
the active, nonphosphorylated form of the
molecule (Fig. 1A). We then compared the B-
catenin expression levels in MM to the levels
in normal B cell subpopulations and plasma
cells, isolated from human tonsils by FACS

catenin.

sorting, using CD19, CD38 and IgDh as
markers 3°. p-catenin levels were very low in
all B cell subsets examined, i.e. in naive

(Igb*/CD38"), germinal center (CD38%*), and
memory (IgD/CD38) B cells, as well as in
plasma cells (CD38"9"), In these normal B cell
populations, the nonphosphorylated form of B-
catenin was undetectable (Fig. 1B).

WNT signaling in multiple myeloma

To assess whether B-catenin accumulation
also occurs in primary myelomas, we studied
B-catenin expression in BM samples from MM
patients. The samples studied were selected
for extensive
contained >75% malignant plasma cells. -
catenin was expressed in 9 of 10 of these
primary MM samples (MM1-10, Fig. 1C). Most
cases also showed detectable expression of
the active nonphosphorylated form of p-
catenin (MM1-10, Fig. 1C). By contrast, B-
catenin was not expressed in any of the
nonneoplastic control BM samples examined
(BM1-7, Fig. 1D). These results demonstrate
that myeloma cell lines and most primary
myelomas overexpress B-catenin, including
the nonphosphorylated form of the molecule,
an observation indicative for active WNT
sighaling.

tumor infiltration and all

WNT signaling regulates p-catenin
levels and localization.

We did not detect APC or CTNNB1 mutations
in any of the MM cell lines used in this study
(data not shown). We subsequently performed
experiments to test whether MM cells could
respond to WNT signaling. Initially, we tested
the effects of lithium chloride (LiCl), which
inhibits GSK3B and mimics WNT signaling by
stabilizing p-catenin *!. Stimulation with LiCl
markedly increased the amounts of total and
nonphosphorylated p-catenin in the myeloma
cell lines tested, as measured by
immunoblotting (Fig. 2A, Left). The
accumulation was most pronounced in cells
with relatively low baseline B-catenin levels.
To substantiate this finding, we determined
whether specific WNT proteins could also
regulate B-catenin levels. To this end, we
stimulated MM cells with conditioned medium
derived from L cells secreting Wnt3a 3%
Indeed, this stimulation also resulted in B-
catenin accumulation, including accumulation
of nonphospho B-catenin (Fig. 2A, Right) *’.
Similar results were also obtained using
purified Wnt3a (data not shown)

Apart from causing pB-catenin accumulation,
WNT signaling also affected the localization of
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Figure 1

Myeloma cell lines and primary myeloma cells overexpress p-catenin.

A. B-catenin expression by myeloma cell lines. Cells were lysed and immunoblotted using a monoclonal anti-p-catenin

antibody (top panel), or an antibody against non-phosphorylated p-catenin (8E4) (middle panel). B. p-catenin expression

in normal B cell subsets and plasma cells. B cell subsets and plasma cells were sorted from human tonsils as described in

the materials and methods section. Cells were lysed and immunoblotted as described above. C.p-catenin expression in

primary MMs. BM mononuclear cells from myeloma patients were lysed and immunoblotted as described above. D. -

catenin expression in normal BM. Total BM-derived mononuclear cells were isolated from control individuals, lysed and

immunoblotted as described above. A-D. Equal cell numbers of MM cell line LME1 were loaded as a reference for B-catenin

expression. Stainings with anti-p-actin served as loading controls (bottom panels)

B-catenin. Before LiCl stimulation, low
amounts of pB-catenin were detected in the
cytoplasm and nucleus of MM cells by confocal
laser scan microscopy. Stimulation with LiCl
led to an increase in the total amount of B-
catenin, located to the plasma membrane at
cell-cell contact sites, as well as in the nucleus
(Fig. 2B). Stimulation with Wnt3a had similar
effects (data not shown). Interestingly, most
of the nonphosphorylated p-catenin was
localized in the nucleus (Fig. 2B).
Nonphosphorylated B-catenin was also present
in the nucleus of primary myelomas (Fig. 2C).
Nuclear localization of nonphosphorylated B-
catenin was also detected in primary
myelomas, but the levels varied among indivi-
dual cells within a given tumor (Fig. 2C). This
variation possibly reflects heterogeneity in the
differentiation of individual tumor cells with
higher WNT signaling in tumor stem cells 42,
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WNT signaling controls proliferation
of myeloma cells

We subsequently explored the effects of
WNT signaling on MM proliferation. Myeloma
cells responded to stimulation with Wnt3a-
conditioned medium with a 2- to 4-fold
proliferation. This enhanced
proliferation was already observed within the
first 24 hours (Fig. 3A). During culture, cell
numbers increased, whereas viability was not
significantly affected by the presence of
Wnt3a (data not shown). Importantly, similar
results were also obtained with purified Wnt3a
(Fig. 3B), which has recently become available
35, demonstrating the specificity of the effect
of Wnt3a and ruling out indirect effects of
other growth factors released as a result of
autocrine stimulation of the Wnt3a-transfected
L cells. Treatment with LiCl, which inhibits
GSK3p resulting in B-catenin accumulation

increase in
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Figure 2

WNT signaling induces p-catenin accumulation and nuclear translocation in myeloma cells.

A. Accumulation of B-catenin in MM cells in response to LiCl, which mimics a WNT signal, or Wnt3a. Cells were
incubated for two hours in the absence or presence of 20 mM LiCl (left panel) or in the absence or presence of
Wnt3a conditioned medium (right panel). To assess B-catenin accumulation, cells were lysed and immunoblotted
using a monoclonal anti-p-catenin antibody (top panel), or an antibody against non-phosphorylated p-catenin (8E4)
(middle panel). The bottom part of the blot was stained with anti-ERK (MAPK), or anti-B-actin to verify equal loading.
B. LiCl induces accumulation of B-catenin and increased nuclear localization of non-phosphorylated p-catenin. NCI
H929 cells were incubated for two hours in the absence or presence of 20 mM LiCl. Cytospins were prepared and
stained with an antibody against total B-catenin (top panels), or non-phosphorylated B-catenin (8E4)(bottom
panels), followed by a FITC-conjugated secondary antibody and analyzed by CLSM. C. Expression and nuclear
localization of B-catenin in primary MM. Immunohistochemical double staining of BM-derived mononuclear cells using
antibodies against immunoglobuline(Ig) light chains (brown) and non-phosphorylated B-catenin (blue)(left panel).
Note nuclear staining of B-catenin (arrows). As a control, an isotype-matched antibody in combination with the anti-

Ig light chain antibodies, is shown (right panel).

99



Chapter 6

81 3001 25017 101 407 8017
7 . 9 35+ 70
o 250 % 4
., L ™ B S * N 0
g ' § 7
g 200 k&
s ° 1501 S 6 % 50
2 4 150 £ 5 2 “
o 100 4
° 100 7 1
2 3 104 20
504 21
504 p
1 N o 10
Wnt3aCM: - + - + - + -+ -+ -+ -+ -+ -+ Wnt3a: -+ -+ -+
Days: 1 2 3 1 2 3 1 2 3 UM1 OPM1 NCI H929

um1 OPM1 NCIH929

O
O

10 60 160 10 160 160
9 140 9 140 140
ENE 507 S gl
< 1204 x 120 1204
§ 7 40 E 71
o 1 o
o 6 1004 o 6 1004 100
g 5 304 80 g 51 80 80
o 60 T 60 60
N 20 3]
24 ’—‘—‘ 0 40- 2] 40- ’—‘—| 40-
i 204 I 20 20
il | [ e 1] | |
. _ - _ -catenin | _ _ _
LiC: + + + catenin, + + +
um1 OoPM1 NCI H929 um1 oPM1 NCI H929
Figure 3

Stimulation of WNT signaling promotes proliferation of MM cells.

A. Exogenous Wnt3a promotes proliferation of MM cells. The MM cell lines UM1, OPM1, and NCI H929 were cultured in the
presence of L-cell conditioned medium (white bars) or conditioned medium derived from Wnt3a-transfected L cells (Wnt3a
CM, black bars) and [*H]-thymidine incorporation was measured after 1, 2, and 3 days of culture. Error bars represent
standard deviations of triplicate measurements. B. Purified Wnt3a promotes proliferation of MM cells. Cells were cultured in
the absence (white bars) or presence (black bars) of purified Wnt3a (100 ng/ml) in serum free medium. [*H]-thymidine
incorporation was measured after two days of culture. C. LiCl stimulation promotes proliferation of MM cells. Cell were
cultured in the absence (white bars) or presence (black bars) of 2 mM LiCl in serum free medium. [3H]-thymidine
incorporation was measured after three days of culture. D. Constitutively active B-catenin (B-catenin S33Y) promotes
proliferation of MM cells. Cells were transfected with empty vector (white bars) or with B-catenin S33Y (black bars) and
[®H]-thymidine incorporation was measured after two days of culture.

(Fig. 2A), gave rise to a similar increase in NCI H929, which both contain large amounts
proliferation (Fig. 3C). Furthermore, enhanced of (active) B-catenin. These data demonstrate
proliferation was also observed wupon that WNT signaling regulates proliferation in
expression of the p-catenin mutant S33Y (Fig. MM cells.

3D). Taken together, these data clearly

demonstrate that activation of various

components of the canonical WNT signhaling Regulation of WNT signaling in MMs
pathway in myeloma cells induces Our observation that stimulation of WNT
proliferation. Finally, we investigated the signaling by Wnt3a, LiCl, or mutant S33Y -
effect of disruption of B-catenin/TCF activity catenin promotes MM proliferation, whereas
on MM proliferation. As is shown in Fig. 4A, disruption of the pathway by ATCF4 inhibits
transfection with ATCF4 strongly inhibited proliferation, indicates that WNT signaling is
proliferation of the MM cell lines OPM1 and constitutively active, but not maximally
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activated and sensitive to regulation. To MM cells with purified Wnt3a (Fig. 4C).
corroborate this conclusion, we directly pFOPFLASH activity was not affected by any of
monitored TCF transcriptional activity in the the applied stimuli (not shown). The above
MM cell line OPM1 by transfecting a TCF data imply that the WNT pathway in MM cells
reporter (pTOPFLASH). As a control, we used is intact and suggest changes in a regulatory
a reporter containing scrambled TCF-binding component, e.g., the presence of an autocrine
sites (pFOPFLASH). Consistent with our activation loop. To explore this possibility, we
functional studies, OPM1 cells showed a assessed the expression of WNT genes
moderate constitutive B-catenin/TCF activity. previously demonstrated to be expressed
This activity was inhibited by cotransfection of within the hematopoietic environment, i.e.,
ATCF4 (Fig. 4B). A strong reporter activity WNT3a, 5a, 10b and 16 *>%°. Neither normal B
was obtained after cotransfection of the active cells nor plasma cells expressed these WNTs
B-catenin  mutant S33Y. Moreover, TCF (Table 1). By contrast, in all myeloma cell

reporter activity was increased by stimulating lines tested, we found expression of WNT5a
A
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Figure 4

Dominant-negative TCF (ATCF4) inhibits MM proliferation and suppresses TCF reporter activity whereas

both constitutively active (S33Y) p-catenin and Wnt3a stimulate TCF reporter activity

A. ATCF4 inhibits proliferation of MM cells. MM cell lines OPM1 and NCI H929 were transfected with either ATCF4 (black
bars) or empty vector (white bars) both in combination with pEGFP constructs. After overnight culture, viable, GFP-
positive cells were sorted and [*H]-thymidine incorporation was measured after two and three days of culture. Error bars
represent standard deviations of triplicate measurements. B. TCF reporter activity in MM cells. OPM1 cells were either
transfected with luciferase reporter constructs (pTOPFLASH) alone, or in combination with a constitutive active B-catenin
(B-catenin S33Y) and dominant negative TCF4 (ATCF4), and assayed for luciferase activity. C. Wnt3a stimulates TCF
reporter activity in MM cells. OPM1 and NCI H929 cells were transfected with pTOPFLASH alone, or in combination with f-
catenin S33Y. The cells were either or not stimulated with purified Wnt3a, and assayed for luciferase activity. As a
control, a TCF reporter containing scrambled TCF binding sites (pFOPFLASH) was used. The activity of this control
reporter remained unchanged (not shown).
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and WNT10b, whereas WNT16 transcripts
were found in one MM cell line (Table 1). Also,
in highly purified primary MM cells, obtained
by positive selection with anti-CD138, we
detected expression of WNT5a and/or WNT10b
and, in one case, WNT16 (Table 1).
Interestingly, WNT5A and WNT10b expression
was also found in BM stromal cells (Table 1),
suggesting that these cells may function as a
paracrine source of WNTs within the BM
microenvironment.

DISCUSSION

In the present study, we identified the WNT
pathway as a signaling route involved in MM
growth control. This unexpected finding
implies that the WNT pathway, which is
essential for early T and B cell development
and has recently been shown to play a role in
the self-renewal of hematopietic stem cells 0,
is activated in this tumor of terminally
differentiated B cells.

Regulation of pB-catenin plays a
central role in WNT signaling. Our initial
evidence for a role of the WNT pathway in the
pathogenesis of MM
observation that all the MM cell lines, as well
as most primary MM samples studied,
expressed B-catenin (Fig.1). Compared to the
very low or undetectable B-catenin expression
in normal B cell subsets, plasma cells, and
control BM, pB-catenin was vastly over-
expressed in most of these MMs (Fig.1). In
addition to overexpressing B-catenin per se,
the majority of MM cell lines and primary MMs
also expressed detectable levels of B-catenin
harboring nonphosphorylated N-terminal
Ser/Thr residues. Recent studies 27" ?® have
shown that only these nonphos-phorylated -
catenin species are signaling competent and
can transduce WNT signals to the nucleus. Our
observation that stimulation of MM cells with
LiCl, which mimics WNT signaling by inhibiting
GSK3B,or with Wnt3a, led to further
accumulation and nuclear translocation of
nonphosphorylated p-catenin (Fig. 2), implies
that these WNT
pathway and suggests a functional role of the

levels

came from the

tumors have an intact
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WNT pathway in the biology of MM. Indeed,
stimulation of WNT signaling, either by LiCl, -
catenin S33Y, or by Wnt3a, promoted the
proliferation of myeloma cells (Fig. 3), while
disruption of p-catenin/TCF activity by ATCF4
inhibited MM proliferation (Fig. 4).

During normal Ilymphocyte development,
WNT signaling plays an essential role in early
lymphopoiesis by contributing to precursor cell
survival and expansion independent of, or in
parallel to, pre-antigen receptor signaling & 22
26, Our present observation that the WNT
pathway is active and controls proliferation in
MM is unexpected, because this illegitimate
activation involves the ‘wrong’, most terminal,
end of the B cell differentiation spectrum. Our
data present, to our knowledge, the first
direct evidence for a role of the WNT pathway
in the pathogenesis of lymphoid cancer. In the
involving WNT signaling,
such as colorectal cancer, pilomatricomas, and
hepatoblastoma, deregulation and accumu-
lation of p-catenin is typically due to
truncating mutations in APC, or to mutations
in the GSK-3B target-residues in CTNNB1 °,
but the mechanism of nuclear p-catenin
accumulation in several other tumor types is,

canonical cancers

Table 1

WNT expression* in myelomas and normal B
lineage cells

cell type WNT

3a 5a 10b 16
naive B cells - - - -

GC B cells - - - -
memory B cells - - - -

plasma cells - - - -

total B cells - - - -
fibroblast - + + +
BM stromal cells - + + -
MM cell lines 0/8 4/8 8/8 1/8

purified primary MMs  0/4 4/4 3/4 1/4

*WNT expression was determined by RT-PCR as described
in the Materials & Methods section.



at present, unclear. Although we have not yet
identified the cause of B-catenin accumulation
in MM, our current results make direct
mutational activation of the WNT pathway
unlikely. Firstly, we did not detect APC or
CTNNB1 mutations in any of the MM cell lines
and primary MM samples studied. This finding
does not exclude the presence of mutation in
axin/conductin, or other WNT pathway
components; however, such mutations appear
to represent a rare cause of WNT activation in
Secondly, whereas (i) the over-
expression of (active) pB-catenin, (ii) the
spontaneous TCF reporter activity, and (iif)
the growth inhibitory effects of ATCF4 all
testify constitutive WNT activity in MM, the
level of activation of the pathway in the MM
clearly was suboptimal. This
conclusion can be arrived at from the fact that
exogenous WNT stimuli like Wnt3a and LiCl
caused further B-catenin accumulation and
translocation, and enhanced cell proliferation.
The latter observations, specifically the
growth-stimulatory effects of Wnt3a, point to
an intact WNT pathway and therefore are
difficult to reconcile with a direct mutational
activation. Rather, the data suggests that the
B-catenin and pB-catenin/TCF
activity results from changes
regulatory or upsteam component, e.g., a
member of the WNT family. Consistent with
this idea, we observed that myeloma cell lines
as well as primary myelomas, unlike normal B
cell subsets and plasma cells, express WNT5a,
WNT10b, and in some cases WNT16, mRNAs
(Table 1), indicating an autocrine activation
loop. Although the functionality of this loop
needs to be explored, it might explain the
observed constitutive, but still inducible,
activation of the WNT pathway. In this
context, it is of interest that WNT16-mediated
autocrine growth has recently been proposed
by Murre and coworkers to contribute to the
development of t(1;19) positive pre-B-
precursor acute lymphoblastic leukemia #°.
Although the above findings suggest an
autocrine activation loop, paracrine stimu-
lation of MM cells presumably also takes place
within the BM microenvironment, because we

cancer.

cell lines

accumulation
involving a

WNT signaling in multiple myeloma

observed that BM stromal cells express both
WNT5a and WNT10b (Table 1). This
observation corroborates studies by Austin et
al. and Van den Berg et al., who reported
expression of WNT5a and 10b in mouse and
human BM, respectively, and demonstrated
that these factors function as hematopoietic
growth factors, promoting expansion of mixed
colony-forming units and burst-forming units-
erythroid 3 %% It is conceivable that during
progression of MM, a gain of WNT expression
takes establishing an
activation loop, thus leading to autonomous
growth, and finally, allowing dissemination to
extra-medullary sites. It will therefore be of
great interest to assess the expression of B-
catenin and WNTs at early stages of MM.

A key finding of our current study is that
WNT signaling can control MM proliferation.
Because normal plasma cells are terminally
differentiated, nondividing, cells, activation of
signaling route(s) promoting cell proliferation
is a crucial step in their transformation to MM.
Further studies are needed to establish
whether deregulation of the WNT pathway is a
general event in the initiation or progression
of MM. The effects of WNT signaling on
proliferation in our current study clearly
involve the canonical WNT pathway, which
regulates p-catenin/TCF-mediated transcrip-
tion, since stimulation or inhibition by either
Wnt3a, LiCl, S33Y B-catenin, or ATCF4, which
affect the canonical WNT pathway at a number
of distinct levels, had profound effects on
proliferation (Figs. 3 and 4). During the
preparation of this manuscript, a study by
Qiang et al. *® also reported WNT signaling in
MM cell lines. Unlike our study, however, this
study primary patient
samples nor normal B cells and plasma cells.
the functional effects of Wnt3a
reported by Qiang et al., i.e.
morphological changes and rearrangement of
the actin cytoskeleton, were associated with a
noncanonical WNT pathway dependent on RHO
activation.

Our current study indicates that aberrant
WNT signaling drives MM proliferation and
could important step in the

place, autocrine

examined neither

Moreover,
stimulation

represent an
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pathogenesis of MM. In intestinal epithelium,
which presents the paradigm for the role of
WNT signaling in tumorigenesis, the B-
catenin/TCF complex constitutes the “master
switch” that proliferation versus
differentiation Interestingly, a recently
study by Reya et al. 1° indicates that WNT
signaling also controls the self-renewal of
hematopoietic stem cells by the induction of
proliferation and the prevention of
hematopoietic stem cell differentiation. In
intestinal epithelium, the proliferative effects
of WNT signaling are mediated through its
control over MYC. In the presence of active B-
catenin/TCF complexes, MYC is expressed and
blocks the expression of the cell cycle inhibitor
p21CIPI/WAFL " leading to cell cycle progression
. MYC expression is frequently deregulated in
MMs 47 *  but whether MYC also plays a
central role in WNT-induced proliferation in
MM remains to be determined. Alternative
WNT target genes that may also contribute to
the growth promoting effects of WNT signhaling
in MMs include the cell cyle regulator CYCLIN
D1 > and MET '8, the receptor tyrosine kinase
for HGF, a potent myeloma growth- and
survival-factor 2 4°,

In summary, the data presented here
implicate the canonical WNT signaling pathway
in the pathogenesis of MM, by showing
accumulation and nuclear localization of the
active B-catenin and by demonstrating that
these deregulated levels of active B-catenin
contribute to MM proliferation. These findings
indicate that a pathway that normally drives
proliferation of hematopoietic stem cells may
become illegitimately activated in MM cells
and identify the WNT pathway as a potential
novel target for therapy in MM.

controls
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CHAPTER 7

General discussion

Malignant transformation of B cells is
caused by the gain of genetic aberrations that
alter the proliferation, life span or
differentiation of these cells. Signals from the
microenvironment, e.g. growth factors, which
control cell proliferation, survival, adhesion
and differentiation during normal B cell
development and differentiation, may equally
contribute to tumor formation and growth.

Expression and function of the
regulatory components of the
HGF/MET pathway in normal and
malignant B cells

Within the normal secondary Ilymphoid

organ microenvironment, MET is expressed by
both centroblasts and plasma cells, while
HGFA, the most potent activator of HGF, is
expressed by plasma cells but not by other B-
lineage populations (chapter 2). Furthermore,
FDCs are the major source of HGF and HGFA
in the GC dark zone microenviroment (chapter
2). These findings indicate that centroblasts
and plasma cells are well equipped to receive
paracrine HGF signals. The observation that
both HGF and HGFA are expressed by FDCs in
the GC dark zone but not in the light zone,
suggest that HGF and HGFA provided by the
dark zone FDCs may control proliferation,
and/or adhesion of MET-positive
centroblasts. Functional studies have shown
that HGF integrin-
dependent adhesion of MET-positive B cells to
ICAM-1 and VCAM-1, which are expressed by
FDCs, and to FN present in the ECM 13
Integrin-mediated interaction between B cells
and FDCs *> may directly contribute to the B
cell selection process, since a4p1/VCAM-1 and

survival

stimulation induces

aLB2/ICAM-1 interaction suppresses GC B cell
apoptosis *>®. These observations point out the
potential relevance of the HGF/MET pathway
for Ag-specific B cell differentiation. The
restriced expression within the GC, as
observed for HGF, MET and HGFA, has also
been described for the chemokines CXCL-13
(BLC) and CXCL-12 (SDF-1). Whereas CXCL-
13 is more abundantly expressed in the GC
light zone than the dark zone 78, CXCL-12 is
predominantly localized in the dark zone °.
This differential distribution of chemokines
reflects their role in the GC organization,
specifically localizing the centroblasts to the
dark zone and the centrocytes to the light
zone. The significance of the confined
expression of the regulatory components of
the HGF/MET pathway in the GC dark zone has
to be determined.

In notable contrast to GC B cells, plasma
cells are quiescent and unable to proliferate.
The co-expression of MET and HGFA in plasma
cells is of interest since it indicates that
plasma cells are well equipped to receive
paracrine HGF signals. Indeed, tonsillar- as
well as bone marrow stromal cells have been
reported to produce HGF, implying that
plasma cells receive paracrine stimulation

from the microenvironment 3% Contrary to
11

their malignant counterparts , nhormal
plasma cells do not express HGF, and
therefore do not possess an autocrine
HGF/MET loop. Although the functional

consequences of HGF/MET signaling in plasma
cell have not yet been explored, like in B cells
1,312 the pathway might regulate integrin-
mediated adhesion and retention in the proper
microenvironment, migration, and/or survival.
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Figure 12

Comparison between normal counterparts of DLBCL and MM.

HGF/MET signaling can contribute to the pathogenesis of DLBCL and MM by influencing cell growth, survival, adhesion

and angiogenesis. DLBCL and MM cells have acquired an additional mechanism for their autonomous growth. Contrary

to their normal counterparts, DLBCL cells express HGFA and are able to autocatalyze HGF activation. In case of MM,

malignant plasma cells but not the normal counterparts are able to produce HGF, resulting in an autocrine HGF/MET

loop in MM cells.

that
13,14

have shown
uncontrolled MET signaling is oncogenic
To explore the possible role of aberrant
HGF/MET signaling in lymphomagenesis, we
examined the expression of HGF/MET pathway
components in a large panel of B cell
malignancies, representing a broad spectrum
of differentional stages ranging from precursor
B cells to plasma cells (chapter 3). In
concordance with other studies 2111517,
found MET expression in a subset of Burkitt’'s
lymphomas and in a large percentage of MMs
and DLBCLs. Previously, we have shown that
HGF/MET signaling plays a key role in MM
growth and survival 8. In DLBCL cells,
activation of MET by HGF, which is probably

Numerous studies

we
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provided by activated macrophages (chapter
3) or 1,3,10,19,20,
phosphorylation and activation of ERK, PKB,
GSK3 and FOXO03a (chapter 3). These
components of the RAS/MAPK and PI3K/PKB
pathway are linked to cell growth and
survival. Furthermore, HGF induces integrin-
mediated adhesion of DLBCL cells, which
requires PI3K activity (chapter 3). In previous
studies, HGF/MET in
patients with DLBCL has been associated with
poor prognosis 172122, Qur study is the first to
show the functional consequences of active
HGF/MET signaling in DLBCL cells and
indicates that the HGF/MET signaling may
contribute to the pathogenesis of DLBCL by

stromal cells results in

overexpression of



controlling cell adhesion, growth and survival.
An important mechanism that may facilitate
HGF/MET signaling in DLBCL as well in MM is
uncontrolled expression of HGFA. Contrary to
their normal counterparts, i.e. GC B cells
(chapter 2), DLBCL cells express HGFA and
are able to autocatalyze activation of HGF
produced in the microenvironment (chapter
3), thus allowing their autonomous growth.
Intriguingly, whereas normal plasma cells and
their malignant counterparts MM cells express
HGFA, only the latter cells display an
autocrine  HGF/MET loop %1523, It s
conceivable that malignant B cells have
acquired these self-supporting attributes
through additional genetic aberrations during
their cell expansion (figure 12). These findings
strongly indicate that DLBCL- and MM cells
regulate the HGF/MET signaling pathway
themselves, emphasizing a key role for the
HGF/MET pathway, including HGFA, in
lymphomagenesis.

Besides autocrine activation, translocation,
amplification, or mutations of the MET gene
(chapter 3) can also result in inappropriate
activation of MET. However, in the B cell
malignhancies studied, we did not detect MET
amplification. This observation is in agreement
with other studies showing that amplification
of the MET locus is a rare event in non-
lymphoid tumors as well 2*. Interestinlgy, we
detected two germline missense mutations in
MET: a R988C mutation (JM domain) was
found in 4 patients with either DLBCL, CLL, FL
or Burkitt's lymphoma, and a R1166Q
(tyrosine kinase domain) in a DLBCL patient.
Both mutations were also detected in normal

tissues from the affected individuals,
indicating that these mutations did not
represent somatic mutations but were

germline mutations. Germline mutations of
MET have been found in HRPC and in patients
with sporadic PRC 2°2%, as well as in gastric
cancer 27, Recently, the R988C mutation has
also been reported lung
cancer (SLCL) cell lines, a non-SLCL cell line
and in two lung cancer patients 2%2°, Upon
transfection, the R988C mutant reduced
adhesion of the SLCL cell line H466 and

in two small cell

General discussion

promoted proliferation, motility and overall
tyrosine phosphorylation of the pre-B cell line

BaF3 3° Furthermore, expression of the
R988C mutant in H466 cells resulted in
enhanced focus-formation and soft-agar

colony formation 3°, These findings, combined
with recent observations that a mouse MET
mutation homologous to R988C plays an
important role in lung tumor susceptibility 2°,
strongly suggest that the R988C mutation is a
gain-of-function mutation. Since a
study has mice expressing
oncogenic MET mutations develop lymphomas
31, it is conceivable that the R988C MET

convey B cell Ilymphoma
susceptibility in humans.

Hyperactive signaling of MET can also be
achieved by impaired inactivation of the
receptor. We have identified the proto-
oncogene product c-Cbl, an E3 ubiquitin
ligase, as a downstream target of the
HGF/MET signaling in B cells, and established
its role in receptor downregulation (chapter
5). We show that HGF induces strong tyrosine
phosphorylation of Cbl and increases
association with the Src-family tyrosine
kinases Fyn and Lyn, as well as with PI3K and
CrkL. c-Cbl-mediated HGF-induced
ubiquitination of MET requires the JM tyrosine
Y1001 (Y2) of MET, but not the multi-
substrate docking site residues Y1349/1356
(Y14/15) or the additional C-terminal tyrosine
residues Y1313-1365 (Y13-16). Furthermore,
the transforming mutants v-Cbl and 70Z/3
Cbl, which lack the ubiquitin ligase RING
finger domain, suppress MET ubiquitination.
Our data indicate that Cbl acts as a negative
regulator in the HGF/MET signaling in B cells,
mediating ubiquitination and, consequently
proteosomal degradation and inactivation of
MET. In concordance, several studies have
established that Cbl-mediated ubiquitination
plays a major role in RTK downregulation,
including EGFR, CSF-1R and PDGFR 3273% by
targeting the receptors to lysosomes for
proteasomal degradation 3°. However, it has
become evident that RTKs can escape Cbl-
mediated downregulation. In several human
cancers, stabilization of EGFR is achieved by

recent
shown that

mutation can
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deregulation of Src, which promotes Cbl
ubiquitination and degradation 3%. Also, it has
been shown that upon activation the GTPase
CDC42 can sequester Cbl by binding to
p85Cool-1/p-PIX 37, a protein that directly
associates with Cbl 3%, This inhibits the binding
of Cbl by the EGFR, resulting in defective Cbl-
mediated EGFR degradation 37. Alternatively,
several oncogenic RTKs have lost the ability to
recruit Cbl to the tyrosine kinase-binding
(TKB) domain. Mutations of the Cbl binding
site are frequently observed in CSF-1R in
human myelodysplasia and acute myeloblastic
leukemia, suggesting that loss of Cbl binding
is implicated in oncogenic deregulation of
CSF-1R in human cancer 3°. Furthermore,
mutation in the Cbl binding site of MET
(Y1001) resulted in impaired ubiquitination
and degradation of MET (this thesis). The
gain-of function mutation of Y1001 also
results in consitutive  scattering and
fibroblastoid morphology of epithelial cells 4°,
These data clearly identify Cbl as an important
negative regulator for RTKs, including MET,
and establish its role in RTK-mediated
tumorigenesis.

WNT signaling in MM

Several studies have implicated the WNT/B-
catenin signaling pathway in early lymphocyte
development and in the
haematopoietic stem cells. Our observation
that the majority of the MM cell lines, in
contrast to normal B cell and plasma cells,
express large amounts of B-catenin, prompted
us to investigate whether WNT signaling is
involved in the pathogenesis of MM (chapter
6). Interestingly, most of the primary MM
samples also expressed B-catenin, including
the active, non-phosphorylated form of B-
catenin. Most importantly, stimulation of WNT
signaling by exogenous factors (LiCl or
WNT3a) induced accumulation and nuclear
localization of B-catenin and promoted the
proliferation of myeloma cells, while disruption
of B-catenin/TCF activity using ATCF4 inhibited
MM  proliferation (chapter 6). Numerous
studies shown that WNT
signaling is involved in tumor formation in

self-renewal of

have aberrant
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several cell types, and can be achieved by
distinct mechanism of activation, including
para/autocrine-, viral-, and mutational
activation *!. Mutations in APC, CCNTB1 (B-
catenin) or AXIN <can result in the
accumulation of B-catenin, and consequently
in the activation of TCF target genes
controlling cell proliferation and survival %!, In
our study, we have not detected mutations in
either APC or CTNNB1, which makes direct
mutational activation of WNT signaling in MM
unlikely. Taken together, our findings strongly
indicate that MM cells harbor an intact WNT
signaling pathway, which can be further
activated by exogenous stimuli, e.g. LiCl and
WNT3a.

Our study is the first showing functional
effects of the WNT signaling pathway in a
human lymphoproliferative disease, i.e. MM.
Our data suggest that activation of the
canonical WNT pathway in MM is regulated by
an upstream component, e.g. a member of
the WNT family. Indeed, we detected WNT5a,
WNT10b, and WNT16, in
primary MM cells and cell lines,
normal B cell populations and plasma cells did
not show expression, suggesting the presence
of an autocrine activation loop (chapter 6). It
has recently been suggested that aberrant
WNT expression may contribute to the
development of leukemias, including chronic
lymphocytic leukemia (CLL), which
overexpress several WNTs *?, and pre-B acute
lymphoblastic leukemia (ALL), in which WNT16
expression was transcriptionally regulated by
the E2A-PBX1 fusion product 3. WNT signaling
has also been described in MM by Qiang et al,
showing that WNT3a stimulation induces
morphological changes and rearrangement of
the actin cytoskeleton in MM cells *. The
latter changes were not transduced by the B-
catenin/TCF signaling,
with a non-canonical WNT pathway, involving
RHO activation. In agreement with our
findings, Qiang et al showed that activation of
the canonical WNT signaling pathway also
occurs in MM cell lines, in contrast, however,
they did not find an effect of WNT3a on the
proliferation of MM cells **. Consistent with

in some cases
whereas

but were associated



our data, WNT3a stimulates the proliferation
of pro-B cells **>. Furthermore, WNT signaling
can induce proliferation of purified
haematopoietic stem cells, while inhibiting
their differentiation *®47, thereby resulting in
functional self-renewal. Both events can be
dangerous in a malignant situation.

The HGF/MET and WNT signaling
pathways: implications in bone
formation and MM-associated bone
lesions

Osteolytic bone destruction in patients with

MM can be caused by increased bone
resorption by osteoclasts and, in more
advanced stages, by a decreased bone

LRP/FZ

MM cell

General discussion

formation by osteoblasts. A number of
observations indicate that both the HGF/MET
and WNT pathways play a crucial role in bone
metabolism and MM-associated bone lesions.
Expression of MET has been found on
osteoblasts as well on osteoclasts, whereas
osteoclasts secrete HGF %8, suggesting
paracrine activation of osteoblasts and
autocrine regulation of osteoclasts. In
addition, high serum HGF levels were shown
to correlate with advanced stage MM and
extended bone 49, Hjertner et al
showed in co-culture experiments with
myeloma cells and osteoblasts, that myeloma-
derived HGF can induce secretion of IL-11
50,51 “which stimulates

lesions

from osteoblasts

osteoblast

oL —— WNT —»

bone formation

o \__________,,Dr{m —
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osteoclast

@

<
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&S

bone resorption

¥
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Figure 13

The HGF/MET and WNT signaling pathways in MM-associated bone lesions.

The HGF/MET and WNT pathways play a crucial role in bone metabolism and MM-associated bone lesions. Myeloma-

derived HGF induces secretion of IL-11 from osteoblasts, which stimulates osteoclast formation and enhances bone

resorption. WNTs, produced by MM cells, stimulate osteoblastogenesis, leading to increased bone mass, whereas the

WNT antagonist DKK1, a WNT target, inhibits the differentiation of osteoblast precursor cells. Via both signaling

pathways, MM cells can promote their outgrowth in the BM by suppressing osteoblast formation and by stimulating bone

resorption by osteoclasts.

111



Chapter 7

52

osteoclast formation and suppresses bone

formation >3. On the other hand, in the
absence of myeloma cells, HGF did not
promote osteoclast function but, instead,

inhibited bone resorption. This suggests that
the HGF-mediated osteoclast formation and

bone resorption require physical cell-cell
contact between myeloma cells and
osteoblasts, and likely involves additional

factors, e.g. cytokines or growth factors.

It has been suggested that, under normal
physiological circumstances, WNTs regulate
the growth of osteoblast precursor ** and the
activity of alkaline phosphatase >*, which is an
early event during osteoblast differentiation
55, In mice, overexpression of WNT10b
stimulates osteoblastogenesis and leads to an
increased bone deletion of
WNT10b results in loss of bone mass. These
findings WNT10b is a
regulator of bone formation °¢. Recently, Tian
et al showed that elevated levels of DKK1, a
WNT antagonist >/, in the BM plasma and
peripheral blood of patients with MM were
associated with the presence of bone lesions
8 Most important, they showed that DKK1,
produced by MM cells, inhibited the
differentiation of osteoblast precursor cells in
vitro. These findings suggest that MM cells can
promote their outgrowth in the BM by
suppressing osteoblast formation and
stimulating bone resorption by osteoblasts.
The production of DKK1 by MM
themselves, suggests a negative feedback
loop in MM cells, i.e. inhibition of WNT
signaling. Paradoxically, our findings show
that the WNT signaling pathway is active in
MM (chapter 6). Remarkably, Niida et al found
that the expression of DKK1 is upregulated by
WNT signaling, showing that DKK1 is a target
of the WNT pathway °°. It is conceivable that
WNT and DKK1 regulate the canonical WNT
sighaling pathway and bone metabolism in
different ways depending on the physiological
conditions in the microenvironment. WNTs can
stimulate osteoblastogenesis **°%, while DKK1
apparently inhibits this process °8, leading to
bone destruction. A very attractive idea is that
the WNT- and HGF/MET pathways act in

mass, while

demonstrate that

cells
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concert to promote MM cell growth and bone
destruction, and that DKK1 inhibits osteoblast
maturation, whereas HGF promotes osteoclast
(figure 13). Therefore, the
functional consequences of the canonical WNT
and the HGF/MET signaling pathway for
osteoblasts as well for osteoclasts need to be
better understand MM

formation

clarified to
pathogenesis.
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CHAPTER 8

Summary

B cell development and -differentiation are highly regulated multi-step processes
that proceed through the maturation from a commited progenitor to a mature
naive B cell, and end with antigen (Ag)-specific B cell differentiation. A central part
of Ag-specific B cell differentiation takes place within germinal centers of
secondary lymphoid organs, which consist of two distinct compartments, i.e. the
dark- and light zones. This GC reaction involves proliferation and selection of B
cells leading to the generation of plasma cells and memory B cells with a diverse
repetoire of B cell antigen receptors (BCR) that are capable of recognizing and
eradicate pathogens. During several stages of B cell development and
differentiation, genetic aberrations may occur that deregulate the expression
and/or function of genes involved in cell proliferation, survival and differentiation.
In addition, aberrant activation of growth factor signaling cascades by factors from
the microenvironment contributes to the pathogenesis of lymphoproliferative
diseases. In this thesis, we have explored the role of two potent oncogenic
pathways, i.e. the HGF/MET and WNT/p-catenin signaling pathways in B cell
malignancies, in particularly in DLBCL and MM.

In chapter 2, we examined the expression HGF/MET pathway might regulate survival,

of regulatory components of the HGF/MET integrin-mediated adhesion and migration
pathway, including the serine protease HGFA, during the process of homing to the bone
within the normal secondary lymphoid organ marrow

microenvironment. We show that MET s Chapter 3 describes the expression of MET

expressed by both centroblasts and plasma on a large panel of B cell malighancies,
cells, and that HGFA is expressed by plasma representing a broad spectrum of
cells. Furthermore, we demonstrate that differentional stages ranging from precursor B
follicular dendritic cells (FDC) are the major cells to plasma cells. Expression of MET was
source for HGF and its activator within the found in a subsets of follicular- (FL), Burkitt’s-
germinal center (GC) microenviroment. Both and chronic lymphocytic leukemia (CLL) cases
HGF and HGFA are expressed by FDCs in the and in a large percentage of multiple
GC dark zone but not in the light zone. Our myelomas (MM) and diffuse large B cell
findings suggest that HGF and HGFA provided lymphomas (DLBCL). No indication of
by the dark zone FDCs control proliferation, amplification of the MET gene was found in
survival and adhesion of MET-positive the tested B cell malignancies. However, we
centroblasts. The co-expression of MET and detected two germline missense mutations,

HGFA in plasma cells is of interest since it located in the juxtamembrane- (JM) and
indicates that plasma cells are able to receive tyrosine kinase domain in four and one
paracrine HGF signals. In these cells, the lymphomas, respectively. Furthermore, we
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detected HGF expression in most of the MET-
expressing primary DLBCL tumors, which is
probably produced by cells of the
monocyte/macrophage lineage, suggesting
that DLBCL cells are stimulated via a
paracrine mechanism. HGF stimulation of
DLBCL phosphorylated a range of
downstream targets, including MAPKs ERK1
and -2, and PKB and its substrates GSK3 and
FOXO3a, which are linked to proliferative- and
survival functions. HGF also induced PI3K-
dependent adhesion of DLBCL cells to VCAM-1
and FN. Finally, we demonstrated that DLBCLs
themselves produce HGFA, which efficiently
autocatalyzes HGF activation, thereby
generating a constant source of active HGF in
the microenvironment, potentially favouring
tumor growth and progression.

Most of the evolution of MM takes place in
the BM, indicating that signals from the BM
microenvironment, growth
factors and cytokines, play a critical role in
sustaining the growth and survival of MM cells
during tumor progression. A potential key
signal in the evolution of MM is HGF, which
acts as a potent para- and/or autocrine
growth- and survival factor for MM cells. Since
proteolytic conversion of HGF into its active
form is a critical limiting step in HGF/MET
signaling, we have studied in Chapter 4 the
mechanism of HGF activation in MM. We show
that myeloma cell lines as well as primary
myelomas secrete HGFA and in this way are
able to autocatalyze HGF activation.

In Chapter 5, we identified proto-oncogene
product c-Cbl, an E3 ubiquitin ligase, as a
downstream phosphorylation target of the
HGF/MET signaling pathway in B cells, and
demonstrate that it mediates MET
downregulation. We show that HGF induces
strong tyrosine phosphorylation of Cbl and
increases association with the Src-family
tyrosine kinases Fyn and Lyn, as well as with
PI3K and CrkL. Furthermore, c-Cbl mediates
HGF-induced ubiquitination of MET, which
requires the juxtamembrane tyrosine Y1001
(Y2) of MET, but not the multi-substrate
docking site residues Y1349/1356 (Y14/15) or
the additional tyrosine

cells

which include

C-terminal residues
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Y1313-1365 (Y13-16). The transforming
mutants v-Cbl and 70Z/3 Cbl, which lack the
ubiquitin ligase RING finger domain,
suppressed MET ubiquitination. Our data
indicate that Cbl acts as a negative regulator
of HGF/MET signaling in B cells, mediating
ubiquitination and, consequently proteosomal
degradation and inactivation of MET.

The WNT pathway has been implicated in
the survival and expansion of lymphocyte
progenitors. Dysregulation of the WNT
signaling pathway may contribute to the
pathogenesis of lymphoproliferative disease.
In Chapter 6, we show that the malignant MM
plasma cells overexpress B-catenin, including
its N-terminally unphosphorylated form,
suggesting active p-catenin/TCF-mediated
transcription. Stimulation of WNT signaling
with either WNT3a, lithium chloride (LiCl) or
constitutively active S33Y mutant of p-catenin
resulted in the accumulation and nuclear
localization of B-catenin, and /or increased cell
proliferation. Moreover, repression of p-
catenin/TCF-mediated transcription led to
decreased proliferative responses, implying
that constitutive, endogenous WNT signaling
potentiates MM cell growth. Combined with
the absence of mutations in either APC or
CCNTB1 (B-catenin), our findings illustrate
that MM cells harbors an intact WNT signaling
pathway. Finally, we detected WNT-5a, WNT-
10b and WNT-16 transcripts in MM cells,
whereas normal B cell populations and plasma
cells did not show expression. This suggests
an autocrine activation mechanism, which
together with an intact WNT pathway, we
consider ‘illegitimate’,
induction of malignant
proliferation.

because it involves

plasma cell



Samenvatting

Binnen het afweersysteem zijn B cellen verantwoordelijk voor de productie van
antistoffen (= immunoglobulinen). Antistoffen zijn van belang om schadelijke
(bijvoorbeeld bacterién,
parasieten) te verwijderen. Alvorens een B cel antistoffen kan produceren, moet de

indringers zoals micro-organismen virussen en
B cel zich ontwikkelen tot antistof-producerende plasma cel. In het beenmerg
ondergaan voorloper B cellen een deel van de ontwikkeling (figuur 1). B cellen die
het beenmerg verlaten, circuleren door het lichaam via bloed- en lymfebaan naar
secundaire lymfoide organen zoals milt. Op het moment dat zij daar in contact
komen met een antigeen (= een component die een afweerreactie veroorzaakt),
raken de B cellen geactiveerd, gaan delen en ontwikkelen zich verder tot plasma
cellen en geheugen B cellen (= B cellen die snel kunnen reageren op een
herinfectie van hetzelfde micro-organisme) (figuur 2).

leven en tijdens het doorlopen van de verschillende B cel
ontwikkelingsstadia, in het erfelijk materiaal
(bijvoorbeeld mutaties) ontstaan die onder normale omstandigheden worden
hersteld. Niet-gerepareerde fouten in de genen die betrokken zijn bij de groei,
overleving, adhesie, leiden tot ontregelde gen
expressie en/of functie. Meerdere fouten in de genen zijn uiteindelijk nodig om

kanker te veroorzaken.

Gedurende het

kunnen fouten van de cellen

migratie van cellen, kunnen

In dit proefschrift hebben wij naar twee
belangrijke B cel kankersoorten gekeken,
namelijk multiple myeloma (MM, bekend als
de ziekte van Kahler) en diffuus grootcellige B
cel lymfoom (DLBCL, de meest voorkomende
B cel-non Hodgkin lymfoom). MM is op een na
de meest voorkomende bloedkanker (figuur
3). Het wordt veroorzaakt door woekering van
kwaadaardige plasma cellen (= myeloom
cellen) in het beenmerg. Door de massieve
expansie van myeloom cellen en de abnormale
productie van antistoffen, ontstaat er een
pijnlijke tumor die gepaard gaat met
botafbraak, nierafwijking, anemie (= bloed-
armoede) en verstoorde afweer. Bij tijdige
ontdekking kan redelijk
beheerst worden en wordt er gebruik gemaakt
van stamcel- of chemotherapie. Momenteel is
er geen genezing mogelijk. Er zijn
aanwijzingen dat B cel maligniteiten zoals

deze kankersoort

MM en DLBCL voor hun groei, overleving en
ontwikkeling  afhankelijk  zijn van hun
omgevingsfactoren zoals groeifactoren (figuur
4). Om de (her) uitgroei van de kanker aan te
pakken is het van belang om de
omgevingsfactoren in kaart te brengen en de
rol daarin te begrijpen. Het doel van dit
proefschrift was de rol van twee groeifactoren
met bijbehorende signaleringsroutes, de
hepatocyte groeifactor (HGF)/MET en de
WNT/B-catenine, in de pathogenese van deze
kankersoorten te bestuderen. Het ultieme doel
is om een therapie te ontwikkelen die kan
die groeifactor-sigalerings-
routes om zo kankergroei te bestrijden.

Om de maligne B cel situatie (hoofdstuk 3)
met de normale te kunnen
hebben wij eerst de expressie van de
componenten van de HGF/MET signhalerings-
route waaronder HGF, zijn receptor MET en

interfereren in

vergelijken,
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activator, de serine protease HGF activator
(HGFA), in een normaal secundair lymfoid
orgaan bestudeerd (hoofdstuk 2). Zoals
beschreven vindt in het kiemcentrum van een
secundaire lymfoide orgaan activatie en
verdere ontwikkeling van B cellen plaats. Het
kiemcentrum bestaat uit twee zones, de
donkere en lichte zone, waar een B cel zich
ontwikkelt van een kiemcentrum B cel
(centroblast - centrocyt) tot een plasma cel
(figuur 2). De aanwezige cellen in de zones
zoals T cellen en folliculair dendritische cellen
(FDC) spelen een belangrijke rol in het
aansturen van B cel activatie, expansie en
ontwikkeling. In hoofdstuk 2 laten wij zien
binnen een lymfoid
orgaan MET expressie te vinden is op
centroblasten en plasma cellen, en HGFA op
plasma cellen. FDCs blijken de belangrijkste
bron van HGF en zijn activator te zijn. De
gevonden co-expressie van MET en HGFA op
plasma cellen is interessant omdat dit
aangeeft dat plasma cellen in staat zijn om
HGF signalen te ontvangen. De HGF/MET route
kan de celoverleving, adhesie en migratie van
plasma cellen aansturen die nodig zijn voor
plasma cellen om naar het beenmerg te gaan.
Verder hebben wij gevonden dat de FDCs die
zich in de donkere zone van het kiemcentrum
bevinden HGF en HGFA tot expressie brengen.
Onze bevinding suggereert dat HGF en HGFA,
die door de donkere zone FDCs geproduceerd
worden, de proliferatie, overleving en adhesie
van MET-positieve centroblasten kunnen
bewerkstelligen. Onze bevindingen laten zien
dat de HGF/MET route een rol kan spelen
tijdens de B cel ontwikkelingsproces.
Hoofdstuk 3 beschrijft de expressie van MET
in een groot aantal B cel maligniteiten die
de ontwikkelingsstadium: van
voorloper B cel tot plasma cel. Verhoogde MET
expressie is gedetecteerd in een subgroep van
folliculair-, Burkitt’'s en chronisch Ilymfocy-
tische leukemie gevallen. Ook een hoog
percentage van de MMs en DLBCLen brengt
MET tot expressie. Wij hebben geen indicaties
gevonden dat het MET gen in de bestudeerde
B cel maligniteiten is geamplificeerd wat de
oorzaak voor de overexpressie in

normaal secundaire

variéert in

deze
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tumoren zou kunnen zijn. Wel hebben wij
twee missense mutaties in MET gevonden (in
de juxtamembraan- en tyrosine Kkinase
domein). HGF expressie is in veel van de MET-
positieve primaire DLBCL tumoren
gedetecteerd. De HGF wordt waar-schijnlijk
geproduceerd door de aanwezige monocyten
en/of macrofagen en suggereert dat DLBCL
cellen via een paracriene activatie
mechanisme worden gestimuleerd. In DLBCL
cellen resulteert HGF stimulatie in de
fosforylatie van een reeks onderliggende
signaleringsmoleculen, waaronder MAPKs, PKB
en zijn substraten GSK3 en FOXO3a. Deze
moleculen zijn gekoppeld aan signalerings-
routes die biologische effecten als celgroei en
-overleving induceren. HGF kan ook adhesie
van DLBCL cellen induceren. HGF kan alleen in
zijn actieve vorm MET activeren en biologische
effecten veroorzaken. Activatie van HGF is dus
de kritische en bepalende stap in de HGF/MET
signalering. We laten zien dat DLBCL cellen, in
tegenstelling tot zijn normale tegenhanger (de
kiemcentrum B cellen), zelf HGFA produceren
wat efficiént de HGF activatie autocatalyseert.
Daardoor is er een continu aanmaak van
actieve HGF in de tumor omgeving wat de
groei en DLBCL kan
bevorderen. Onze bevindingen veronderstellen
dat zowel de HGF/MET signalering als de
secretie van HGFA door de DLBCL cellen een
belangrijke bijdrage kunnen in de
pathogenese van DLBCLs.

Het grootste deel van de MM evolutie vindt
plaats in het beenmerg wat impliceert dat
signalen in het beenmerg,
groeifactoren en cytokinen, een belangrijke rol
spelen in het onderhouden van de groei en
overleving van MM cellen. HGF induceert
tumor angiogenese (= vorming van nieuwe
bloedvaten) en wordt verhoogd aangetroffen
in het serum van MM patienten wat tevens
correleert met een slechte prognose. In
tegenstelling tot normale plasma cellen die
geen HGF produceren, brengen myeloom
cellen zowel MET als HGF in verhoogde mate
tot expressie. Onlangs hebben wij aangetoond
dat HGF een sterke para- en/of autocriene
groei- en overlevingsfactor voor MM cellen is.

progressie van

leveren

waaronder



Uit deze gegevens blijkt dat de HGF/MET
sighalering een mogelijke maligne route is in
de evolutie van MM. Omdat MM cellen zelf in
staat zijn om HGF te produceren met als
gevolg dat ze onafhankelijk en autonoom
kunnen groeien, hebben wij in hoofdstuk 4 de
HGF activatie mechanisme in MM bestudeerd.
We laten zien dat myeloom cel lijnen en
primaire myelomas zelf HGFA, de meest
potente activator van HGF, uitscheiden en via
deze weg in staat zijn de activatie te
autocatalyseren. Met deze studie hebben wij
in MM de activatie stap van HGF
geidentificeerd wat als een nieuw uitgangs-
punt kan dienen in het ontwikkelen van MM
therapie.

Abnormale- en hyperactieve signalering van
MET kan worden veroorzaakt door verstoorde
negatieve regulatie en speelt een belangrijke
rol bij de tumorgroei,
metastasering. In hoofdstuk 5 hebben wij het
proto-oncogeen product c-Cbl, een E3
ubiquitin ligase, geidentificeerd als een
interactie molecuul in de HGF/MET route in B
cellen. We laten zien dat c-Cbl de down-
regulatie van MET en dus de inactivatie van de
HGF/MET signalering kan beinvloeden. Verder
hebben wij aangetoond welke domeinen in
zowel MET als c-Cbl betrokken zijn bij de HGF-
geinduceerde downregulatie van MET. Dus
samengevat: c-Cbl is een nega-tieve regulator
van de HGF/MET signalering in B cellen.

Onder normale omstandigheden is de WNT
signalering betrokken bij de overleving en
lymfocyten voorloper cellen.

invasie en

expansie van
Maar in het geval van een verstoorde WNT
signalering kan dit juist een bijdrage leveren
aan de pathogenese van B cel kanker als MM.
In hoofdstuk 6 laten we zien dat maligne
plasma cellen B-catenine tot overexpressie
brengen. Stimulatie van de WNT signalering
met WNT3a, lithium chloride of door gebruik

te maken van constitutief actieve S33Y
mutant van f-catenine resulteerde in de
ophoping en nucleaire Ilokalisatie van B-

catenine, en verhoogde celgroei. Het
onderdrukken van de B-catenine/TCF cascade
leidde tot inhibitie van de groei effecten wat
impliceert dat constitutieve endogene WNT
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signalering MM celgroei kan ondersteunen.
Doordat wij geen mutaties in de
belangrijkste compenenten van de WNT route,
te weten het APC of p-catenine gen, konden
vinden, kan dit niet de oorzaak zijn van een
WNT signalering. In
tegenstelling tot normale B cellen en plasma
cellen, verschillende  WNT
transcripten in MM cellen waaronder WNT-5a,
WNT-10b and WNT-16. Deze bevinding
suggereert dat MM cellen door zelf WNTs te
produceren zich zelf kunnen activeren (=
activatie route). Omdat onder
normale omstandigheden B- en plasma cellen
geen actieve WNT signalering hebben en geen
WNTs produceren, beschouwen wij de
gevonden intacte WNT
autocriene activatie in MM cellen als ‘niet
legitiem’. Belangrijk is dat beide mechanismen
de groei van maligne plasma cellen bevordert.

Het beter begrijpen van wat B cel tumoren
nodig hebben voor hun progressie, is een
eerste stap om therapeutische
middelen te ontwikkelen. De interactie van de
maligne cel met zijn omgeving speelt een

twee

actieve en intacte

vonden  wij

autocriene

signalering en

betere

cruciale rol bij hun groei en overleving. Zoals
beschreven in dit proefschrift blijken MM- en
DLBCL cellen de groeifactor-signaleringsroutes
HGF/MET en WNT/B-catenine te gebruiken of
zodanig te hebben aangepast ter bevordering
van de tumorprogressie. Door niet alleen de
maligne B cel aan te pakken maar ook in te
grijpen op de groeifactor-signaleringsroutes
en de activatie daarvan aan te pakken, kan
een verbeterde therapie voor MM en DLBCL
ontwikkeld worden.
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