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Chapter 1 Introduction

B cells in immune responses

Host organisms are protected against diseases caused by pathogens like bacteria and
viruses by the immune system. Many different cell types are involved in eliminating these
pathogens. A primary defence line against microorganisms is the non-specific, innate,
immune system. It consists of external barriers against infection like the skin and mucous
membranes. But foreign invaders are also destroyed by natural killer cells, macrophages,
granulocytes and the complement system (Metchnikoff, 1893). The specific, acquired,
immune system has two additional features. First, it can distinguish different antigens, which
is mediated by membrane receptors that have an extremely large variability of structures of
antigen-binding sites (Burnet, 1959). Its second feature is its immunological memory. An
increasingly effective immune response upon several encounters with the same pathogen is
the result. In addition, the cells that are needed are directed to the sites of foreign antigen
entry (Burnet, 1959).

The specific arm of the immune system consists of T and B lymphocytes. T
lymphocytes mature in the thymus. They recognize foreign organisms in an indirect manner
by recognizing short peptide fragments that are derived from proteins degraded inside antigen
presenting cells. A major histocompatibility complex presents these antigens at the cell
surface. B lymphocytes mature in the bone marrow and are activated by binding of antigens to
their antigen receptors, called immunoglobulin (Ig) molecules or B cell receptors (BCR)
(Ehrlich, 1892). After activation it receives signals to differentiate into a plasma cell and
synthesize the secreted form of its BCR, the antibody molecule (Jerne, 1955). Antigens

derived from the foreign organisms will specifically bind these antibodies and are eliminated.

The B cell receptor

The antibody molecule is made out of two identical heavy and two identical light
chains bound together by interchain disulfide bonds. Both chains have a constant (C) and a
variable region (V). The C region is involved in membrane expression, complement binding
and binding to other cells in the immune system. The V region recognizes and binds antigens.
Three hypervariable complementary determining regions (CDR) are present in the V region
and contribute to the antibody specificity. A large repertoire of specificities is important as
one specific antibody can only recognize one specific antigenic structure. The V region
consists of several V (variable), D (diversity) and J (joining) regions (Ravetch et al., 1981,

Matsuda et al., 1998). Different recombinations of these V, D and J segments are made to
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produce different sequences and achieve a broad variation. Further diversity results from the
generation of palindromic sequences (P-elements) and the insertion of nucleotides at the N

region between the V, D and J segments (Alt and Baltimore, 1982).

V(D)J recombination

Clusters of genes on three different chromosomes code for heavy chains (chromosome
14), « light chains (chromosome 2) and A light chains (chromosome 22). For the variable
region of the heavy chain the V, D and J gene segments are joined. For the variable region of
the light chain V and J gene segments are joined. These gene rearrangements occur in an
ordered fashion by a process called V(D)J rearrangement (Ravetch et al., 1981). First, a Dy
segment is rearranged to a Jy segment. This is followed by a Vi to DJy joining, which can
either be in frame (i.e. in the correct reading frame encoding the antibody sequences) or out of
frame. If the rearrangement was not successful, a second attempt can be made on the other
heavy chain allele. After a successful rearrangement of the heavy chain the cell can proceed
with light chain gene rearrangements (Grawunder et al., 1995).

The V(D)J recombination is initiated by the V(D)J recombinase, composed of RAG1
and RAG2 (Oettinger et al., 1990). RAG1 and RAG?2 together are both necessary to catalyze
the cleavage of the gene segments (Fugmann et al.,, 2000; McBlane et al., 1995). They
recognize and bind a pair of complementary recombination signal sequences (RSSs), which
are each composed of conserved heptamer and nonamer sequences separated by a spacer
region of 12 bp or 23 bp (Figure 1). This ensures recombination of the correct coding
sequences as the V and J segments have RSS with a 23-bp spacer and the D segments have 12
bp spacers on both ends: V(D)J joining takes place by the 12/23 spacer rule in which joining
only occurs between segments with RSS of different spacer lengths (Tonegawa, 1983). RAG1
and RAG2 cleave exactly between the RSS and the coding sequences of the two rearranging
gene segments, leaving two blunt RSS signal ends and two covalently sealed hairpin coding
ends (Ramsden et al., 1996; Figure 1). The signal ends are precisely joined, releasing the
intervening DNA as a DNA excision circle. The hairpin structures of the coding ends are
opened by Artemis and the two ends are joined by nonhomologous end-joining (NHEJ)
factors (Bassing et al., 2002). During opening of the hairpins palindromic (P) nucleotides may
be added but it also often nucleotides are removed from the coding ends by exonucleolytic
digestion. Before joining usually non-germline nucleotides (N-sequences) are added by the
lymphocyte specific terminal nucleotidyltransferase (TdT), further increasing the diversity of

V region genes (Alt and Baltimore, 1982). In addition to the RAG proteins, other proteins are
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involved in non-homologous end joining (Bassing et al., 2002), including DNA-PK (which is
composed of the DNA-PK catalytic subunit and the Ku70 and Ku80 proteins), DNA ligase IV
and XRCC4 (Fugmann et al, 2000).

Excision circle

Heptamer Nonamer T Signal ends

12bp Intervening
spacer DNA

5!
Dy } 1 JH
3 NHEJ factors | Joining S
TdT
5' 3
Dy |P/ N |P by
3 5'
Figure 1: Joining of V, D and J gene segments

The RAG 1 and RAG2 enzymes cleave the DNA at the coding ends of the recombination signal
sequences (RSS), consisting of a heptamer, nonamer and a spacer, flanking the rearranging gene
segments (here a Dy and Jy segment). At the coding joints phosphorylated hairpin structures are
generated, whereas the signal joints are blunt end ligated. Upon opening of the hairpins, nucleotides
may be removed from the DNA ends, or non-germline encoded nucleotides (N) may be added before
the gene segments are joined. The intervening DNA is released as a episomal excision circle. (Based
on Roitt and Delves, 2001).

Vi replacement

To increase the specificity of a rearranged immunoglobulin gene or to prevent two
non-functional rearrangements, a B cell may undergo a secondary rearrangement on the same
chromosome (Nemazee et al., 2003). Most rearranged light-chain genes carry both
unrearranged Vi gene segments upstream and unrearranged Jp segments downstream of a V-
Jp rearrangement. So for light chains it is possible to form a new V]| rearrangement, thereby

deleting the original rearrangement. This is different at the heavy chain locus. This locus
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contains only one rearranged Dy segment and all unused Dy segments are deleted during the
Dy-Ji and Vy-DJy rearrangements. However, initial V(D)Jy-rearrangements can be changed
by replacing the previous Vy segment for a new Vy segment. This was reported first in a
mouse pre-B cell-line carrying non-functional IgH rearrangements which achieved a
functional IgH gene by secondary rearrangement (Reth et al., 1986). Because the Dy segment
of the rearranged VDJy exon no longer has its own 5’ RSS, a cryptic RSS within the Vy
segment has to be used (Kleinfield et al., 1989). The consensus sequence of the heptamer on
the 5° end of the Dy segment is CACTGTG. Close to the 3’ end of the Vi segment is the
sequence TACTGTG which only differs with 1 bp from the consensus heptamer and can act
as a surrogate for the original RSS on the 5° of the Dy segment (Covey et al., 1990).
Recombination takes place after cleavage at the conventional RSS of a new (upstream) Vy
segment and at the 3° cryptic RSS in the Vy part of the recombined V(D)Jy. This leaves a
small footprint of the previously rearranged Vi segment into the newly rearranged V(D)Jy

(Figure 2).

V2 Vil Dy Ju V2 VulDy  Ju

cRSS RSS cRSS cRSS

Figure 2: Vi replacement
Recombination of the RSS of the new V gene with the cryptic RSS (cRSS) of the rearranged V, gene
leaving a footprint of Vi1 (red) in the new V(D)Jy rearrangement.

B cell development

The development of B cells takes place in the bone marrow and in secondary
lymphoid organs. The early B cell development in the bone marrow can be divided into
several stages according to the sequential rearrangements of the immunoglobulin gene loci
and the differential expression of various transcription factors (Figure 3; Miosge et al., 2005).
After production of a functional BCR on their surface, the B cells migrate to the secondary
lymphoid organs (Rolink et al., 1998). As fully differentiated memory B cells, they circulate
through the body until they encounter antigens they can respond to. After recognizing and
binding to antigen, B cells may differentiate into antibody producing plasma cells or into

memory B cells (Smith et al., 1996).
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B cell development represents an ongoing process throughout life. The percentage of
B cell precursors in the total lymphoid cell pool is much higher in fetal bone marrow than in
adult bone marrow (Brashem et al., 1982). Adult bone marrow also differs from fetal bone
marrow in that there are recirculating mature B cells present (Nufiez et al., 1996). RT-PCR
shows that there are similar levels of the recombinase activating genes RAG1 and RAG2 and
terminal deoxynucleotidyl transferase TdT (genes important for the rearrangement of the
immunoglobulin gene) present in pro-B cells from 18-week old fetal bone marrow and 62-

year old adult bone marrow (Nufiez et al., 1996).

IKAROS E2A \\ //
EBF + PAX5

germline germline

IgL germline germline germline germline VJ

Figure 3: Early B cell development

Schematic overview of early B cell development. Hematopoietic stem cells (HSC) can differentiate into
a common lymphoid progenitor (CLP) under the influence of IKAROS and PU.1. Further differentiation
into the B lymphoid lineage requires the E2A transcription factor together with the early B cell factor
EBF. For the transition to the pre-B cell stage and further stages of differentiation, PAX5 is needed as
well. During early B cell development, a series of somatic rearrangements at the Ig loci take place. At
the transition to the pre-B cell stage, the rearrangement of the Dy to the J4 gene segment take place.
This is followed by further rearrangement of the Vy to the DJy gene segment at the pre-B cell stage.
The Ig n heavy chain of pre-B cells is expressed together with a surrogate light chain (grey). From the
immature B cell stage on, the cells express a conventional k or A light chain in combination with their
heavy chain.

Transcription factors

Various transcription factors have been shown to be important during early B-cell
development including PU.1 (deKoter et al., 2000), IKAROS (Liberg et al., 2003), E2A
(O’Riordan et al., 1999), EBF (O’Riordan et al., 1999) and Pax5 (Nutt et al., 1999) (Figure 1).
At the beginning of B cell development, the transcription factors E2A and EBF activate the B
cell specific gene expression program (O’Riordan et al., 1999). Subsequently, PAXS
activation commits B cell progenitors to the B cell lineage by repressing the transcription of
lineage-inappropriate genes and activating B cell lineage-specific genes (Nutt et al., 1999).

Many functions in the B cell lineage have been established by phenotypic analysis of

mice with targeted null alleles of genes encoding these transcription factors. Mice fully
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defective in the PU.I gene exhibit a general defect in the development of myeloid and
lymphoid cells, but do develop erythrocytes, megakaryocytes and platelets (Singh, 1996).
Low PU.1 expression specifically promotes B lymphoid development, whereas high PU.1
expression promotes the formation of macrophages, members of the myeloid cell lineage (de
Koter et al., 2000). This could indicate that PU.1 expression critically controls the decision
between myelopoiesis and lymphopoiesis.

The decision to enter T and B lymphoid development appears to be controlled by the
IKAROS gene (Georgopoulos et al., 1994). Its N-terminal domain is involved in the DNA
binding of the protein, while the C-terminus is essential for its dimerization. Several isoforms
of IKAROS are expressed due to alternative splicing. Long isoforms with at least three zinc
fingers can efficiently bind DNA, whereas short isoforms with less than three zinc fingers
dimerize with each other and act as dominant-negative isoforms (Sun et al., 1996). IKAROS
is expressed in all hemopoietic progenitors and highest levels were found in mature
thymocytes, T, B and NK cells (Georgopoulos et al., 1997). The role of IKAROS in lymphoid
development is shown by a complete lack of lymphoid cells following IKAROS gene
inactivation in mice (Georgopoulos et al., 1994). In contrast, IKAROS null mice generate T
cells a few weeks after birth but B cells remained absent throughout life and myeloid
development was also perturbed (Wang et al., 1996).

The decision to enter the B lymphoid pathway is controlled by two transcription
factors: the basic helix-loop-helix protein E2A and the early B cell factor (EBF). In the
absence of one of them, B cell development is arrested before the start of Dy-Ju
rearrangement of the Ig heavy chain (Bain et al., 1994 and Lin et al., 1995)

The transcription factors E2A and EBF are not sufficient to drive the B cells into the
pre-BCR and BCR stages of differentiation. In the absence of PAXS, B cell development is
arrested at the pro-B cell stage at which the cells carry a DJiy gene rearrangement but are
blocked from Vy to DJy rearrangements (Urbanek et al., 1994) showing that PAXS is needed
for progression beyond the pro-B cell stage. After PAXS activation it stays expressed in all
subsequent stages of B cell differentiation, from pre-B to mature B cells but not to plasma

cells (Urbanek et al., 1994).

Common lymphoid progenitors
Lymphoid lineages within the bone marrow and the thymus develop from
hematopoietic stem cells. The common lymphoid progenitor (CLP) is defined as a progenitor

which can develop into T, B, natural killer (NK) or lymphoid dendritic cells (DC), but it can
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not develop into nonlymphoid lineages like myeloid and erythroid cells (Galy et al., 1995).
CLP have best been characterized as murine bone marrow cells which express interleukin 7
receptor o chain (IL7Ra), and the stem cell markers Scal® and c-Kit" on the surface, while
Thy 1 and markers of mature blood cell lineages (Lin) are absent (Kondo et al., 1997).
Survival of lymphoid stem cells and their subsequent development into B lymphocytes is
dependent on attachment to and secretion of growth factors by bone marrow stromal cells and

is characterized by the expression of certain transcription factors (Rolink et al., 2000).

Pro-B cells

Human pro-B cells are a well-characterized population expressing CD10, CD34 and
CD19 (Loken et al., 1987). CD19 is the earliest B cell surface marker and is expressed until
the plasma cell stage of development (Poe et al., 2001). VDJ recombination starts in pro-B
cells with the rearrangement of the heavy chain gene by joining of the Dy and Jy gene
segments (Ravetch et al., 1981). Early pro-B cells typically undergo DJy rearrangement
before beginning Vy-DJy rearrangements. After the initial DJy rearrangement in a pro-B cell,
pro-B cells proliferate with the potential to rearrange different Vi gene segments to the
original DJy (Li et al., 1993). If a Vi-DJy rearrangement on one allele is productive (correct
reading frame), the resulting p heavy chain is expressed on the cell surface in complex with
the surrogate light chain and the Ig-o/ CD79a and Ig-/ CD79b signaling chains to form the
pre-BCR complex (Martensson et al., 2002). Functional VyDJy rearrangement is essential for
normal pro-B cell differentiation into the pre-B compartment. If the rearrangement on the first
allele is not functional, Vy-DJy rearrangement is attempted on the second allele. If this

rearrangement is not productive either, the pro-B cell dies (Lewis, 1994).

Pre-B cells

Differentiation into pre-B cells is characterized by loss of CD34 expression and
surface expression of p heavy chains along with non-rearranging A5 and Vg surrogate light
chain components and the Igo/IgP signal transducing heterodimer to form the pre-BCR. As
soon as the pre-BCR is expressed, the expression of A5 and Vg is turned off (Grawunder et
al., 1995). The surrogate light chain functions as a chaperone to facilitate pre-BCR assembly
and expression (LeBien, 2000). Signaling initiated via the pre-BCR induces clonal expansion
of Igp" pre-B cells where after VpreB and A5 transcription is silenced to limit this expansion

(Parker et al., 2005). In these cells, the recombination-activating genes RAGI and RAG2 and
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TdT are temporarily down-regulated to terminate further Ig heavy chain rearrangements,
assuring allelic exclusion (Grawunder et al., 1995). This rearrangement machinery will be
reactivated in the immature B cells for rearrangements at the k and A Ig light chain loci. After
a limited number of cell divisions, the pre-B cells stop cycling and the light chain genes
attempt V-Ji rearrangements (Lu et al., 2003). Functional light chain rearrangement in pre-B

cells leads to the expression of the BCR and the transition to immature B cells.

Immature B cells

Differentiation into IgM’' immature B cells is dependent on a productive
rearrangement of the Ig light chain at the Ig kappa (/GK) and Ig lambda (/GL) loci. The
recombination machinery is activated again and the B cell progenitor rearranges x or A genes
where /GK rearrangement takes place first (Klein et al., 2005). When the rearrangement is
successful and the light chain can pair with the p heavy chain and the resulting BCR is not
autoreactive, the cells are transferred to the immature B cell compartment. If a productive
light chain is not created in these initial attempts, the cell may be rescued by attempting
further rearrangements of one or more x or A V region genes, a process termed receptor
editing (Radic et al., 1996). If the cell fails to generate a functional light chain by these
secondary rearrangements, the cell dies by apoptosis (Rolink et al., 1999).

Between 10 and 20% of the immature B cells produced in the bone marrow, migrate to
the spleen (Rolink et al., 1998). Immature B cells, which fail to enter lymphoid follicles have
a half-life of about 3 days and probably die by apoptosis (Rolink et al., 1998). Immature B
cells which successfully enter follicles mature into naive B cells and typically express IgM

and IgD on the surface.

BI cells

The B1 phenotype in mice is characterized by high expression levels of surface IgM,
low surface IgD and B220 (Abrahao et al., 2003). Many B1 cells can also express CD5
(Berland and Wortis, 2002). Although B1 cells can shift to a B2 phenotype, and possibly vice
versa, there is a minimal conversion between the two lineages under normal circumstances
(Stall et al., 1996). B1 cells are produced in the fetus in the bone marrow, the liver and other
gut-associated regions. They can maintain their populations by self-renewal and limit their de
novo production from progenitors by feedback regulation (Herzenberg, 2000). Bl cells

express the BCR and often react with a variety of autoantigens as well as with foreign
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antigens like bacteria and parasites (Hayakawa et al., 1999). Furthermore, B1 cells are in a
lowly activated state in which they do not divide in response to foreign antigens, as
proliferating B cells do in germinal centers. In this way they can escape from the short half-
life of a previously immature B cell (Potter and Melchers, 2000). This unresponsiveness to
BCR-mediated signaling is regulated by negative signals from CDS5, CD22 and CD72 co-
receptors (Ochi and Watanabe, 2000). A major factor influencing self-renewal could be the

constitutive production of IL10 promoted by CD5 (Gary-Gouy et al., 2002).

Mature B cells

In the secondary lymphoid organs (spleen, lymph nodes, tonsils, and Peyer’s patches)
the mature naive B cells will be activated by antigen-specific binding. If the naive B cell is
activated by antigen and it receives appropriate Ty cell help, the B cell becomes a
lymphoblast which divides and secretes I[gM. The lymphoblasts’ progeny undergoes class-
switching and IgG, IgE or IgA secretion. Most of these cells become plasma cells which
secrete large amounts of IgG, IgE or IgA and are short-lived (Smith et al., 1996). A few cells
become long-lived memory B cells which have 1gG, IgE or IgA as receptors on their surface
(Manz et al., 1997).

Newly formed B lymphocytes enter the spleen via the blood. There they migrate to the
B cell area in the follicle or the marginal zone (MZ) in the white pulp (Brelinska et al., 1982).
The MZ contains a unique population of resting marginal zone B cells which do not circulate.
The peripheral lymphoid tissues are organized with different T and B lymphocyte
compartments. Marginal zone B cells that manage to migrate into follicles become part of the
long-lived mature B cell pool (Manz et al., 1997). They migrate from the follicles into the
lymphatic vessels and so return to the circulation. The lymphatic vessels also carry antigens
from the site of infection to the lymph nodes. Within the lymph nodes, the B cells are located
in the outer cortex and the T cells separately in the paracortical area. In the outer cortex,
secondary follicles are present and some of them contain areas called germinal centers
(Camacho et al., 1998). After secondary antigen challenge, naive B-cells enter the dark zone
of the germinal center as centroblasts which rapidly divide. They divide in response to strong
stimuli from complexes on follicular dendritic cells and from cytokines (IL4) released by T-
cells. Clonal expansion, isotype switching and somatic hypermutation take place in the dark
zone centroblasts (Liu et al., 1997). Thereafter, the centroblasts transform in the nondividing
centrocytes, which are vulnerable and die unless rescued by association with antigen on a

follicular dendritic cell (Mac Lennan, 1998). Cells either migrate to the sites of plasma cell
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activity (lymph node medulla) (Smith et al., 1996) or expand the memory B cell pool
depending upon expressed cytokines (Manz et al., 1997). CD40 engagement by CD40 ligand
expressed by T cells also leads the B cell into the memory compartment (Arpin et al., 1995).
Memory B cells can be found in the marginal zone, tonsils and Payer’s Patches (Laichalk et

al., 2002).

(Pre-) B cell receptor signaling

One important checkpoint of B cell development is the expression of a pre-BCR,
which is essential for the selection and expansion of pre-B cells (Hess et al., 2001). The pre-
BCR is transiently expressed on the cell surface when a productively rearranged Ig heavy V
region gene generates a membrane-bound p chain, which can associate with a (surrogate)
light chain. Engagement of the pre-BCR or BCR results in the activation of three different
families of protein tyrosine kinases (PTKs) for its initial signaling. These are the SRC
(cellular homolog of the transforming gene of the Rous sarcoma virus) family kinases, the
SYK (spleen tyrosine kinase) family kinases and the TEC family kinases (DeFranco, 1997).
Deficiency in one of these proteins results in defective B cell function and development
(Campbell, 1999). The phosphorylation events that these PTKs perform, change catalytic
activity of effector molecules and mediate protein-protein interactions that bring together the
signal transduction molecules. Another group of cellular proteins, the adaptor proteins, play a
role in coordinating the signaling events (Flemming et al., 2003; Ishiai et al., 1999). These
proteins lack enzymatic activity but possess structural domains that mediate intermolecular
protein-protein and protein-lipid interactions (Kurosaki, 2002). After activation of the BCR,
all these signaling molecules accumulate in the glycolipid-enriched membrane domains
(GEMs), the so-called lipid rafts (Katagiri et al., 2001).

The BCR is non-covalently associated with the disulfide-linked heterodimer of Igo
and IgP. Iga and IgP each contain a single immunoreceptor tyrosine-based activation motif
(ITAM) within their cytoplasmic tail that initiates signal transduction following BCR
aggregation (Flaswinkel and Reth, 1994). The ITAM is a conserved motif composed of two
precisely spaced tyrosine residues with a consensus sequence that has specific binding sites
for SH2 domain-containing effector molecules (Reth, 1989). The BCR moves into the lipid
rafts upon BCR-activation, where the ITAM tyrosine residues are phosphorylated (Cheng et
al., 1999) by src-family kinases, like Lyn, Fyn, Blk or Lck (Johnson et al., 1995). Although

Lyn is not essential for the initiation of BCR signaling, it is the primary src-kinase used in
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BCR-signaling (Gauld and Cambier, 2004). The doubly phosphorylation of Iga/ Igf} results in
the binding and the activation of the kinase Syk. Syk-deficient B cells have a defect in BCR-
mediated activation of downstream signaling pathways (Takata et al., 1994). Thus, Syk is
essential to couple the BCR to distal signaling molecules. This coupling takes place via
phosphorylation and interaction with the adaptor molecule SLP65 (also known as BLNK or
BASH) (Goitsuka et al., 1998; Wienands et al., 1998). SLP65 is rapidly phosphorylated by
Syk and serves as a primary docking site for PLCy2, as well as other effector and adaptor
molecules. So has SLP65 been shown to associate with the SH2 domain of BTK, a TEC
family protein tyrosine kinase. Dual phosphorylation of PLCy2 by Syk and BTK is required
for optimal activation of the lipase (Hashimoto et al., 1999; Ishiai et al., 1999). Activated
PLCy2 cleaves membrane-associated phosphoinositide PI(4,5)P2 into the second messengers
1(1,4,5)P3 and DAG. I(1,4,5)P3 generation causes the mobilization of Ca*" from intra and
extracellular stores. Elevated Ca™" levels are required for the activation of transcription factors
such as NF-kB and NF-AT by atypical PKCs and Ca*"-calmodulin, respectively (Dolmetsch
et al., 1997; Saijo et al., 2002). DAG represents a classical activator of protein kinase C
isoforms which regulate the MAPK family.

Although the mature BCR initiates signaling through antigen stimulation, it is not
completely clear how the pre-BCR starts its signaling cascade. There are reports that show
that interaction with a stroma cell ligands (heparin sulfate and galectin-1) triggers pre-BCR
activity (Bradl et al., 2001; Gauthier et al., 2002). However, other experiments indicate that
pre-BCR signaling does not need a ligand but depends on the presence of the A5 protein. Two
models were proposed: either the pre-BCR serves as its own ligand, whereby neighbouring
pre-BCRs directly interact with each other; or pre-B cells express a molecule on their cell

surface that has binding sites for the non-Ig-like unique region of A5 (Ohnishi et al., 2003).

The adaptor protein SLP65

The adaptor proteins regulate the interaction of effector molecules with the BCR and
their targets (Leo et al., 2002). One of these adaptor proteins is SLP65. It is a 65 kDa protein
consisting of a N-terminal tyrosine-rich-domain, a proline-rich domain and a C-terminal SH2
domain (Figure 4). A highly conserved leucine zipper in its N terminus is responsible for its
membrane association (Kohler et al., 2005). With its SH2 domain, it binds the phosphorylated
Iga tyrosine 204, which is located outside of the ITAM motif (Engels et al., 2001; Kabak et
al., 2002). Recently HPK1 (hematopoietic progenitor kinase 1) has been identified as a

12
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molecule that binds the SLP65 SH2-domain (Sauer et al., 2001; Tsuji et al., 2001). HPK1 was
found to be activated upon antigen receptor stimulation (Liou et al., 2000) and its activation
results in NK-kB activation (Arnold et al., 2001). BNAS2 (BASH N terminal associated
protein 2) has been found to bind the SLP65 N-terminus (Imamura et al., 2004). BNAS2 has
also been found to co-immunoprecipitate with BTK and ERK2 and may facilitate ERK
activation by signaling from cell-surface receptors (Imamura et al., 2004). Furthermore,
SLP65 has at its N-terminal binding domains for the SH2 domain of other signaling
molecules including BTK (Y96), PLCy2 (Y84, Y178, Y189), Vav and Nck (Y72), and the
SH3 domain of Grb2 binds at the proline-rich domain (Chiu et al., 2002). In normal B cells,
two SLP65 isoforms are found: full-length and a variant lacking exon 8 coding for a part of

the proline-rich domain and previously designated as BLNK-S (Fu et al., 1998).

1 190 307 346 453 456
YYYY proline SH2

a9 — G
Exon 1, 5UTR Exon 19, 3‘UTR

Figure 4: SLP65 structure

SLP65 consists of a tyrosine-rich domain (YY) from amino acid 1 to 190 at the N terminal followed by
a proline-rich domain from amino acid 190 to 307. At the C-terminal SLP65 consists of an SH2 domain
from amino acid 346 to 453.

SLP65-deficient mice show a block at the pro-B to the pre-B cell stage of development
(Jumaa et al., 1999; Pappu et al., 1999). Evaluating a patient without mature B cells, defective
splicing of SLP65 was identified. Normal numbers of pro-B cells but no pre-B or mature B
cells were detected in this patient, indicating that SLP65 plays a role in the pro-B to pre-B cell
transition (Minegishi et al., 1999). That the block in early B cell development in SLP65
deficient mice is incomplete, suggested that other signaling molecules could partly
compensate for SLP65-deficiency in B cells (Jumaa et al., 1999). LAT and SLP76 are two
analogues of SLP65 in T cells. As SLP76 expression was also reported in pro-B cells, it could
be possible that SLP76 was involved in compensating SLP65-deficiency (Nagata et al., 1997).
SLP76, however, requires co-expression of LAT to reconstitute BCR function in SLP65™
DT40 chicken B cells (Wong et al., 2000) and in SLP65" mice (Su et al., 2003). However,
when SLP65 was expressed in SLP76-deficient Jurkat T cells, SLP65 could not rescue TCR-
mediated signaling (Wong et al., 2000). It also was suggested that CD19 could partly
compensate SLP65 deficiency as CD19/SLP65 double mutant mice showed a complete block
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in B cell development at the pre-B cell stage (Hayashi et al., 2003). Other potential candidates
are the adaptor molecules LAB (Brdicka et al., 2002; Janssen et al., 2003) and Bam32 (Niiro
et al., 2002), but their exact role in BCR signaling is not clear yet.

Importantly, SLP65 is known as a tumor suppressor (Flemming et al., 2003). Unlike
wild-type B cells, SLP65-deficient BM-derived B cells show high pre-BCR expression and
enhanced proliferation in vitro, which correlates with the development of pre-B cell
lymphomas in vivo (Flemming et al., 2003). Reconstitution of SLP65 expression in a SLP65-
deficient pre-B cell line led to enhanced differentiation in vitro and prevented the
development of pre-B cell leukemia in immune-deficient mice (Jumaa et al., 2003). The
murine SLP65-deficient pre-B cell leukemia resembles human childhood pre-B ALL. Indeed
many leukemia patients show a loss or drastic reduction of SLP65 expression (Jumaa et al.,
2003), although another report shows that SLP65 deficiency is a rare occurrence in childhood
B-lineage ALL (Imai et al., 2004). In BCR-ABLI positive patients, truncated forms of SLP65
are found which disappear after treatment with the ABL1-kinase inhibitor STI571 (Klein et
al., 2004).

Sre-family kinases

The Src-family protein tyrosine kinases (SFKs: Lyn, Fyn, Blk, Hck, Fgr and Lck) are
about 60 kDa big and have a common domain structure. Every src-kinase consists of six
functional domains (Tatosyan et al., 2000): an N-terminal SH4 domain (with acylation sites)
followed by a ‘unique’ domain, an SH3, SH2, a catalytic (or SH1) domain, followed by a C-
terminal region. The SH4 domain plays a role in the localization to the cell membrane. The
SH3 and SH2 domains play key roles in regulating the catalytic activity of the SFKs. The SH3
domain binds proline-rich domains necessary for binding to intracellular substrates. The SH2
domain also binds intracellular substrates but has a preference for certain phosphotyrosine
containing motifs including the ITAM motifs of Iga/p (Tatosyan et al., 2000). SFK activation
is regulated by the intramolecular associations between SH3 and SH2 domains (Xu et al.,
1999). In its resting, inactive state, the SFK molecules are kept in a closed conformation by
binding of the C-terminal phospho-Y527 to the SH2 domain. Y527 is phosphorylated by the
protein Csk which promotes its inactivity (Okada et al., 1991). Dephosphorylation of this
tyrosine residue is needed for activation of SFKs and is believed to be performed by the
protein tyrosine phosphatase CD45. Following dephosphorylation, the SFK is unfolded and
Y416 is exposed. Phosphorylation of Y416 is required for full activity (Cahir McFarland et
al., 1993).
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Activation of the BCR induces various signaling cascades. An important step in this
process is the phosphorylation of the ITAM motifs of the cytoplasmic tails of Iga/p. This
phosphorylation is secondary to the activation of SFKs like Lyn, the major SFK in B cell
signaling. In resting B cells, there is a weak association of Lyn with the BCR by an interaction
between the N-terminus of Lyn and the nonphosphorylated ITAM of Iga (Yamanashi et al.,
1991). A continuously changing balance between inactive and partially active states of Lyn in
resting B cells is due to opposing effects of Csk (phosphorylation) and CDA45
(dephosphorylation) on the C-terminal Y508. Although Lyn is known to phosphorylate
directly both Syk and Btk, studies show that Lyn-deficient B cells are hyperresponsive to
BCR stimulation (Chan et al., 1997). This can be explained by the role Lyn plays in the
phosphorylation of both CD19 and CD22. Lyn is known to be an important component in the
phosphorylation of inhibitory, ITIM-containing co-receptors. One of these inhibitory BCR
coreceptors is CD22 (Nishizumi et al., 1998).CD22 recruits the phosphatase SHP1 which
activation leads to negative signaling (Otipoby et al., 2001). The activation of Lyn can
amplify BCR signal strength by the phosphorylation of tyrosine residues on the cytoplasmic
tail of CD19 (Roifman et al., 1993). It has been suggested that Lyn and CD19 are involved in
a ‘progressive amplification loop’ in which Lyn is essential for CD19 phosphorylation and
CD19 then acts as a site for further Lyn recruitment and activation (Fujimoto et al., 2001). It

is thought that CD19 and CD22 oppose each other in the regulation of signal strength.

B cell leukemia and lymphoma

Human leukemias are malignancies derived from hematopoietic progenitors
developing in the lymphoid or myeloid pathway. Both groups can be divided into acute and
chronic leukemia. A frequent mechanism in leukemic transformation involves chromosomal
rearrangements that place a proto-oncogene next to an immunoglobulin locus which results in
the deregulated expression of the proto-oncogene. Another mechanism of oncogene activation
are chromosomal rearrangements that fuse the coding sequences of two different genes. These
fusion genes often encode chimeric oncoproteins that act as constitutively active tyrosine
kinases or as novel transcription factors to activate transcriptional programs that are
oncogenic (Look, 1997). Of note, chromosomal translocations in mature B cell lymphoma
cells, result in transcriptional deregulation in almost all cases. In contrast, most chromosomal
rearrangements in the leukemia cells result in the expression of chimeric proteins (Look,

1997).
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The most common translocation found in childhood acute lymphoblastic leukemia
(ALL) is t(12;21)(p13;922). This rearrangement leads to the fusion of the oligomerization
domain of TEL on chromosome 12 to the entire coding region of AMLI (Golub et al., 1995).
TEL is a member of the ETS family of sequence-specific transcriptional repressors (Lopez et
al., 1999) and is fused with different partners. AMLI is a transcription factor needed for
hematopoiesis in mammals and is also involved in the pathogenesis of myeloid leukemias
(Roumier et al., 2003). The exact role of TEL-AML1 remains unclear but TEL-AML1 forms
dimers with itself and with normal TEL protein (McLean et al., 1996).

The most common translocation found in adult leukemia is t(9;22)(q34;q11) leading to
a BCR-ABLI fusion gene, encodes a chimeric tyrosine kinase oncoprotein (Gordon, 1999).
The 5’ part of the BCR gene on chromosome 22 is fused with the 3’ part of the ABLI gene on
chromosome 9, also known as the Philadelphia (Ph) chromosome (Pui et al., 2004). The BCR-
ABL] rearrangement is found in almost all cases of chronic myeloid leukemia (CML) but also
in about 5% of children and 30% of adults with B-precursor ALL (Shepherd et al., 1995;
Devaraj et al., 1995). The breakpoints of the chromosome 22 BCR gene differ in CML and
ALL. This results in a larger transcript encoding a 210 kDa protein expressed in 95% of CML
and 40% of ALL and a smaller transcript of 190 kDa is expressed in 60% of ALL (Clark et
al., 1988).
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Aims of the thesis

B cells and their precursors critically depend on the expression and survival signaling
capacity of a functional (pre-) B cell receptor. Therefore it is noteworthy that B cell
lineage leukemia and lymphoma cells frequently exhibit compromised antigen receptor
signal transduction. For example, pre-B acute lymphoblastic leukemia cells carrying a
BCR-ABLI gene rearrangement are not responsive to pre-B cell receptor engagement
(Klein et al., 2004). Likewise, the Epstein-Barr virus (EBV)-encoded oncoprotein LMP2A
can mimic B cell receptor signals (Dykstra et al., 2001), thus allowing EBV-infected
lymphoma cells to survive in the absence of functional immunoglobulin V region gene
rearrangements (Brduninger et al., 2001). B cell receptor signaling can also be
compromised by defects of one or more components of the B cell receptor signaling
cascade. In mice, the (pre-) B cell receptor-related linker proteins SLP65 and BTK
cooperate as tumor suppressors and limit B cell lymphoproliferation (Kersseboom et al.,
2003). Recent work demonstrated that deficiency of SLP65 is a frequent feature in acute
lymphoblastic leukemia cells (Jumaa et al., 2003) and that alternative isoforms are present
in patients carrying the BCR-ABL 1 translocation (Klein et al., 2004).

Based on these data, the following questions should be addressed:

e What are the consequences of SLP65 deficiency on (pre-) B cell receptor
signal transduction in B cell leukemia and lymphoma?

e What is the effect of SLP65-deficiency on differentiation and proliferation
capacity?

e What is the function of alternative isoforms of SLP65 in B cell development?

e Is SLP65 involved in the negative feedback regulation of V(D)J-

recombination?
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Summary

Perpetual V(D)J-recombinase activity involving multiple DNA double strand-break events in
B cell lineage leukemia and lymphoma cells may introduce secondary genetic aberrations
leading towards malignant progression. Here we investigated defective negative feedback
signaling through the (pre-) B cell receptor as a possible reason for deregulated V(D)J-
recombinase activity in B cell malignancy. Studying 28 cases of pre-B lymphoblastic
leukemia and 27 B cell lymphomas, expression of the (pre-) B cell receptor-related linker
molecule SLP65 was defective in 7 and 5 cases, respectively. SLP65-deficiency correlates
with RAG1/2 expression and unremitting Vy-gene rearrangement activity. Reconstitution of
SLP65-expression in SLP65-deficient leukemia and lymphoma cells results in
downregulation of RAG1/2 expression and prevents both de novo Vy-DIJy rearrangements and
secondary Vy replacement. We conclude that iterative Vi gene rearrangement represents a
frequent feature in B lymphoid malignancy, which can be attributed to SLP65-deficiency in

many cases.
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Introduction
Perpetual V(D)J recombinase activity continuously generates DNA double-strand breaks and
may give rise to secondary transforming events during the malignant progression of early
leukemia and lymphoma cells (Khanna et al., 2001). In B cell precursors, V(D)J-
recombination is regulated through a negative feedback signal: upon successful
rearrangement, a pi-heavy chain encoded by a productively rearranged Vi region gene signals
termination of recombination activity at the /GHV locus (Grawunder et al., 1995). How this
negative feedback signal is deranged in leukemia and lymphoma cells is not yet resolved.
Recent work demonstrated that deficiency of SLP65 is a frequent feature in acute
lymphoblastic leukemia cells (Jumaa et al., 2003; Klein et al., 2004). While a recent report
questioned these findings (Imai et al., 2004), this study shows that defective SLP65-
expression is not only frequent in human pre-B lymphoblastic leukemia but also occurs in a
fraction of mature B cell lymphoma cases. Identifying three leukemia and one lymphoma cell
line lacking expression of functional SLP65, we studied the contribution of SLP65 to the

control of the V(D)J recombinase activity in B cell lineage leukemia and lymphoma cells.

Perpetual V(D)J-recombinase activity in B cell lineage leukemia and lymphoma cells

In order to investigate ongoing V(D)J recombinase activity in B cell precursor leukemia and
B cell lymphoma cells, we first analyzed the configuration of immunoglobulin (Ig) gene loci
in leukemia and lymphoma cell lines. Among 22 clonal pre-B lymphoblastic leukemia and B
cell lymphoma cell lines, 5 of 12 pre-B lymphoblastic leukemia and 2 of 10 B cell lymphoma
cell lines express RAG1 and RAG2 and carry more than two productively rearranged Ig
heavy chain V region genes, indicating that negative feedback signaling of the (pre-) B cell
receptor to V(D)J recombinase activity was impaired in these cells (Table 1). In (pre-) B
lymphoblastic cell lines harboring only one productively rearranged /IGHV allele, expression
of RAGI and RAG2 does not necessarily indicate defective negative feedback signaling of
the (pre-) B cell receptor and may also reflect active rearrangement of /GKV and IGLV light
chain genes. In addition, ongoing V(D)J recombinase activity represents a typical feature of
pre-B lymphoblastic leukemia cells carrying a BCR-ABLI gene rearrangement as previously
shown by us and others (Height et al., 1996; Klein et al., 2004), suggesting that BCR-ABL1
kinase activity interferes with negative feedback signaling of the pre-B cell receptor (Klein et

al., 2004).
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Results and discussion

SLP65-deficiency in B cell precursor leukemia and B cell [ymphoma cells

In murine B cells, the (pre-) B cell receptor-associated linker molecule SLP65 is required to
downregulate V(D)J recombinase activity (Hayashi et al., 2003) and acts as a tumor
suppressor in pre-B lymphoblastic leukemia cells (Jumaa et al., 2003). Studying SLP65
expression in B cell precursor leukemia and B cell lymphoma by Western blot, we found that
expression of SLP65 protein was defective in 7 of 28 leukemia cases (4 of 16 primary cases
and 3 of 12 cell lines; Figure 1 A) and 5 of 27 lymphomas (4 of 17 primary cases and 1 of 10
cell lines; Figure 1 A). Sequence analysis revealed that SLP65 transcripts frequently lost their
coding capacity for full-length SLP65 protein due to aberrant splicing with exon skipping and
usage of cryptic splice sites and splice site slippage (Table 1). In one case of diffuse large B
cell lymphoma (DLBCL; Karpas-422) aberrant splicing was the result of a genomic deletion
of the 3’ splice site of exon 3 of the SLP65 gene (Figure 1 B). Due to a 28-bp deletion of the
3’ part of exon 3 and the 5 part of intron 3-4, full-length SLP65 can no longer be expressed
from this allele. Of note, the second SLP65 allele in these DLBCL cells was lost due to a large
deletion at 10g23 (R. S., unpublished). Chromosomal deletion and loss of heterozygosity by
somatic mutation is consistent with a role of SLP65 as a tumor suppressor gene in these
DLBCL cells.

A
) IN]
s g
© z 3 -
3 0S5 £ 5 3
@ & 83 £ € 3
— = SLP65
s ELFAE
B
Intron 1-2 Exon 3 Intron 3-4

SLP65Wild Type  GTTGTTATTTCCAGGCTAARAGTCAAAGCACCTCCAAGTGTTCCTCGAAGGGACTACGCTTCAGGTAAGGTATTTCTCAGATACTTTAAC

Karpas-422 GTTGTTATTTCCAGGCTARAAGTCAAAGCACCTCCAAGTGTTCCTCGARG . e v veen wemenenene ouens AGATACTTTAAC
e e
28bp deletion
Figure 1: SLP65-deficiency in B cell precursor leukemia and B cell lymphoma cells

Western blot analysis shows defective SLP65 expression in BEL1, BV173, HPB-NULL and Karpas-
422 cells. EIF4E was used as a loading control (A). Sequence analysis of one allele of SLP65 in
Karpas-422 diffuse large B cell lymphoma cells reveals a 28 bp deletion of the 3’ part of exon 3 and
the 5’ part of intron 3-4 (B). Amplification and sequencing of SLP65 was done as previously described
(Feldhahn et al., 2005) using the primer pairs listed in Supplementary Table 1. The second SLP65
allele is missing in a classical loss of heterozygosity situation due to a large chromosomal deletion at
10923. A detailed description of the cell lines used is given in Table 1 and in the supporting
information.
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Sequence analysis of the coding region of SLP65 and intronic splice sites revealed a number
of other somatic mutations leading to amino acid changes or loss of the reading frame (Table
1). Somatic mutations of the SLP65 gene were amplified from BEL1, BV173, SUP-B15 and
HPB-NULL cells (Table 1A). Non-functional SLP65 mRNA splice variants were amplified
from all cases of B cell lineage leukemia and lymphoma lacking negative feedback signaling
through the (pre-) B cell receptor (ongoing RAG expression together with multiple Vi gene
rearrangements; Table 1). These findings suggest that SLP65 is required to halt the

recombination machinery upon successful VDJ-rearrangement at the /GHV locus.

Vi replacement in SLP65-deficient leukemia and lymphoma cells

As previously shown by us and others (Klein et al., 2004; Zhang et al., 2003),
perpetual V(D)J recombinase activity may involve de novo Vy to DJy rearrangements or
secondary rearrangements by replacement of a previously rearranged Vi gene segment by a
yet unrearranged upstream Vy gene segment. In this case, a previously rearranged Vi gene
segment is cleaved at a cryptic RSS in its 3’ part with only 5 to 7 basepairs remaining as a
relict of the initially rearranged Vi gene segment. Such footprints could indeed be detected in
the /GH VDJ-rearrangements of five pre-B lymphoblastic leukemia cell lines (BEL1, BV173,
SUP-B15, Nalm1 and HPB-NULL) and one B cell lymphoma cell line (Karpas-422; Table 2).
In two of these five cell lines, the leukemia cells exhibit expression of SLP65. Ongoing
V(D)J-recombinase activity in these two cases (SUP-B15 and Nalml), despite expression of
SLP65, reflects that these leukemia cells express the oncogenic BCR-ABL1 kinase, which
interferes with negative feedback signaling of the pre-B cell receptor (Klein et al., 2004).

To test if de novo rearrangement and Vy replacement are caused by SLP65 deficiency,
we reconstituted SLP65 expression in SLP65-deficient pre-B lymphoblastic leukemia cells
(BEL1) and diffuse large B cell lymphoma cells (DLBCL; Karpas-422) by nucleofection.
After two days, SLP65-reconstituted cells were sorted and analysed for expression of RAG1
and RAG2 and the presence of short-lived DNA double-strand break intermediates at
recombination signal sequences (RSS) flanking Vi and Jy gene segments.

RSS-DNA double-strand break intermediates specific for yet unrearranged Ju5
gene segments were amplified to detect de novo Dy to Ju5 rearrangements (Supplementary
Figure 1). For detection of secondary rearrangements by Vy replacement, we amplified DNA

double-strand break intermediates at the cryptic RSS of an already rearranged Vy gene
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Figure 2: SLP65-deficiency results in perpetual V(D)J-recombinase activity in pre-B

acute lymphoblastic leukemia and B cell lymphoma cells.

SLP65-deficient pre-B lymphoblastic leukemia (BEL1) and lymphoma (Karpas-422) cells were
reconstituted with SLP65 by nucleofection according to the manufacturers’ protocol (Amaxa
Biosystems, Cologne, Germany) using MIG_GFP_IRES_SLP65 and a MIG_GFP vector as a control.
The cells were cultured for 24 hours and nucleofection was repeated. After two days, 5 x 10* GFP-
expressing cells were sorted using a FACStar 440 cell sorter and kept under cell culture conditions or
subjected to DNA or RNA isolation for ligation-mediated PCR or RT-PCR analysis, respectively. Short
lived RSS-DNA double-strand break intermediates were determined by ligation-mediated PCR. Target
DNA for potential recombination events was amplified as loading control (A). Ligation-mediated PCR
(LM-PCR) was carried out as previously described (Klein et al., 2005) and as outlined in
supplementary figure 1. In two rounds of semi-nested amplification, DNA-intermediates with a double-
strand break at the cryptic recombination signal sequence (cCRSS) of rearranged Vy gene segments
were amplified using the primers listed in Supplementary Table 1. V; cRSS-specific primers were used
together with a primer specific for DNA-ligated linker molecules. To amplify RSS-intermediates with a
DNA double-strand break at the 5 heptamer of unrearranged Ju5 gene segments, nested forward
primers flanking the J45 RSS were used in two rounds of PCR amplification together with a linker-
specific primer. To ensure that equivalent amounts of target DNA for potential DNA double-strand
breaks by Vy-replacement or by de novo VDJ-rearrangement were present in all LM-PCR reactions,
pre-existing Vy1-2 and Vu6-1 gene rearrangements and a genomic region containing the non-
rearranged Jy5 gene segment were amplified in one round of PCR.

RAG1 and RAG2 expression was analysed by semiquantitative RT-PCR as previously described
(Feldhahn et al., 2005) using the primer pairs listed in Supplementary Table 1 (B). cDNA amounts
were normalized by amplification of GAPDH transcripts using the PCR cycle numbers indicated.
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segment (Vy1-2 in BEL1 cells and Vyu6-1 in Karpas-422 cells; Figure 2A; Supplementary
Figure 1). To ensure that the amount of target DNA for double-strand breaks was equal, a
germline DNA fragment including the Ju5 RSS (de novo rearrangements) and the pre-existing
VDJ-rearrangements (Vy1-2 Dp3-22 Jy6 in BELI cells; Vy6-1 Dy3-22 Jp4 in Karpas-422
cells) were amplified. In the case of BELI cells, we amplified one germline allele of the
IGHYV locus in addition to two rearranged alleles (Table 1, Table 2), suggesting that this cell

line comprises subclones that carry at least one germline allele.

A Secondary V,, replacement B De novo V,, rearrangement

Vy VDJ,, Iy Vy Dy Iy

i — T
: v

Vi, Dy Jn 35
) ) RSS III
cRSS
VH
i) i) :
RSS |
cRSS i Jn 45
VH
i) _ Linker i) e Linker
> <« —»> B

Supplementary Figure 1:  Analysis of DNA double-strand breaks by ligation mediated
PCR

While DNA double-strand breaks involved in both de novo and secondary
rearrangements were clearly detectable in SLP65-deficient leukemia and lymphoma cells
carrying a GFP-control vector, reconstitution of SLP65 expression in these cells resulted in a
dramatic decrease of the frequency of DNA double-strand breaks (Figure 2A). Likewise,
SLP65-deficient leukemia and lymphoma cells carrying only the GFP-control vector express
both RAG1 and RAG2, which was sensitive to SLP65-reconstitution in these cells (Figure
2B). We conclude that re-expression of SLP65 in pre-B lymphoblastic leukemia and
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lymphoma cells was sufficient to terminate aberrant VDJ-recombinase activity. This function
of SLP65 may have important implications for the clonal evolution of a SLP65-deficient
leukemia or lymphoma because perpetual expression and activity of RAG1 and RAG2 carries
the risk of continuous DNA double-strand breaks and the accumulation of secondary
transforming events in the leukemia and lymphoma cells. These findings establish a causative
link between perpetual VDJ-recombinase activity and SLP65-deficiency not only in pre-B

lymphoblastic leukemia but also in B cell lymphoma cells.
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Summary

SLP65 represents a critical component in (pre-) B cell receptor signal transduction but is
compromised in a subset of pre-B cell-derived acute lymphoblastic leukemia. Based on these
findings, we investigated i.) whether SLP65-deficiency also occurs in mature B cell-derived
lymphoma and ii.) whether SLP65-deficient B cell lymphoma cells use an alternative B cell
receptor signaling pathway in the absence of SLP65.

Indeed, expression of SLP65 protein was also missing in a fraction of B cell
lymphoma cases. While SLP65 is essential for B cell receptor-induced Ca®" mobilization in
normal B cells, B cell receptor engagement in SLP65-deficient as compared to SLP65-
reconstituted B cell lymphoma cells resulted in an accelerated yet shortlived Ca*"-signal. B
cell receptor engagement of SLP65-deficient lymphoma cells involves SRC kinase activation,
which is critical for B cell receptor-dependent Ca*"-mobilisation in the absence but not in the
presence of SLP65.

As shown by RNA interference, the SRC kinase LYN is required for B cell receptor-
induced Ca®" release in SLP65-deficient B cell lymphoma cells but dispensable after SLP65-
reconstitution. B cell receptor engagement in SLP65-deficient B cell lymphoma cells also
resulted in tyrosine-phosphorylation of the proliferation- and survival-related MAPK1 and
STATS molecules, which was sensitive to silencing of the SRC kinase LYN. Inhibition of
SRC kinase activity resulted in growth arrest and cell death specifically in SLP65-deficient

lymphoma cells.
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Introduction

The linker molecule SLP65 (also known as BLNK (Fu et al., 1998), BASH (Hayashi et al.,
2000) represents a critical component of the (pre-) B cell receptor signaling cascade
(Wienands et al., 1998). Through a number of phosphorylated tyrosine residues, SLP65 can
connect with upstream and downstream signaling molecules including SYK, BTK, NCK,
VAV and PLCy2 (Middendorp et al., 2003). These interactions are essential for the assembly
of the signaling cascade ultimately leading to the release of Ca’" from the endoplasmic
reticulum (Fu et al., 1998). In the absence of SLP65, B cell development is arrested at the pro-
B to pre-B cell transition (Pappu et al., 1999; Minegishi et al., 1999), which parallels
complete breakdown of (pre-) B cell receptor signaling in SLP65-deficient B cells (Pappu et
al., 1999; Ishiai et al., 1999; Hayashi et al., 2003). While one study reported normal
expression of SLP65 in childhood acute lymphoblastic leukemia (Imai et al., 2004), recent
work by us and others (Flemming et al., 2002; Jumaa et al., 2003; Kersseboom et al., 2003;
Hayashi et al., 2003; Klein et al., 2004) indicated a role of SLP65 as a tumor suppressor in
human and murine leukemia derived from pre-B cells. Based on these findings, we
investigated 1. ) whether SLP65-deficiency also occurs in mature B cell lymphoma and ii.)
whether SLP65-deficient B cell lymphoma cells use an alternative B cell receptor signaling

pathway in the absence of SLP65.

Results and Discussion

SLP65-deficiency in B cell lymphoma cells

Studying SLP65 expression in Non-Hodgkin’s B cell lymphomas including small
lymphocytic lymphoma/ B-CLL, mantle cell lymphoma, follicular lymphoma, Burkitt’s
lymphoma, diffuse large B cell lymphoma (DLBCL) and plasmablastic B cell lymphoma
(PBBCL) by RT-PCR and Western blot, we found normal expression of SLP65 mRNA and
protein in the majority of B cell lymphoma cases analysed (Figure 1).

Full-length SLP65 transcripts were detected in seven of eight B cell lymphoma
cell lines. From one diffuse large B cell lymphoma (DLBCL; Karpas-422) cell line, only
shorter SLP65 mRNAs were amplified and in one Burkitt’s lymphoma-derived cell line
(MC116), truncated SLP65 mRNAs were co-amplified with full-length transcripts (Figure
1A). Sequence analysis revealed that truncated SLP65 transcripts amplified from MC116 and
Karpas-422 do not encode functional SLP65 proteins because of introduction of pre-terminal
translation stops and or deletion of tyrosine residues that are important for SLP65 function

(Supplementary Table 1; sequence data available from EMBL/GenBank under accession
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numbers pending). Two other non-functional SLP65 mRNAs lacking exons 8 or 16 were
amplified from various B cell lymphoma samples. SLP65 mRNA lacking exon 8 was
previously described and termed BLNK-S (Fu et al., 1998). However, these SLP65 splice
variants cannot be attributed to malignant transformation because they were also amplified

from CD19" peripheral blood B cells purified from four healthy donors (Supplementary Table

1, Figure 1).
Normal Mantle cell ymphoma  Burkitt's DLBCL Mantle cell lymphoma Burkitt's DLBCL Plasmablastic Normal
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Figure 1: Analysis of SLP65 expression in B cell lymphoma.
SLP65 mRNA (A) and protein (B) expression in normal B cells and B cell lymphoma cells were
analysed by RT-PCR and Western blot. SLP65 and GAPDH transcripts were amplified as previously
described (Klein et al., 2004). CD19" B cells were purified from peripheral blood of four healthy donors
using immunomagnetic beads against CD19 (Miltenyi Biotech, Bergisch Gladbach, Germany). For
Western blot analysis of SLP65 expression, total cell lysates of B cell ymphoma cell lines and normal
B cells (B) and primary cases of B cell ymphoma (C) were used together with antibodies against
SLP65 and ELF4E (Cell Signaling Technology, Beverly, MA). ELF4E was used as a loading control.
Protein expression of SLP65 was missing in 3 of 11 cell lines (Figure 1B) and
4 of 18 primary cases of B cell lymphoma (Figure 1C). In conclusion, SLP65-deficiency does
not only occur in B cell precursor leukemia but also lymphoma derived from mature B cells.
In one case (DLBCL cell line, Karpas-422), aberrant splicing of SLP65 was the result
of a deletion of the 3’ splice site of exon 3 of the SLP65 gene. Due to a 28-bp deletion of the
3’ part of exon 3 and the 5’ part of intron 3-4, full-length SLP65 can no longer be expressed

from this allele (Figure 1B; sequence data available from EMBL/GenBank under accession

number, pending). Of note, the second SLP65 allele in these DLBCL cells was lost due to a
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large deletion at 10923 (R. S., unpublished FISH data). Chromosomal deletion and loss of
heterozygosity by somatic mutation is consistent with a role of SLP65 as a tumor suppressor
gene in these DLBCL cells. In two plasmablastic B cell lymphoma (PBBCL) cell lines (LP-1
and JJN3), SLP65 protein expression was missing (Figure 1B) despite expression of regularly
spliced SLP65 transcripts. Studying genomic DNA of these cell lines, no mutations or
deletions within the SLP65 coding region and splice sites were found (not shown).

Because SLP65 is essential for B cell receptor signal transduction in normal B cells,
we investigated the consequences of SLP65-deficiency on B cell receptor signal transduction

in two B cell lymphoma cell lines (Karpas-422 and LP-1).

LYN-dependent B cell receptor signaling in SLP65-deficient B cell lymphoma cells
Unexpectedly, B cell receptor-stimulation in two SLP65-deficient B cell lymphoma
cell lines (DLBCL, Karpas-422; PBBCL, LP-1) excited a very vigorous yet shortlived Ca**-
signal despite SLP65-deficiency of these cells (Figure 2A, D, E). In comparison to normal B
cells, Ca®"-release in response to B cell receptor engagement in SLP65-deficient lymphoma
cells occurred after a substantially reduced lag-phase (26 © 7 seconds in DLBCL and 29 ~ 6
seconds in PBBCL as compared to 94 © 8 seconds in normal B cells; n = 4). Also the signal
amplitude was higher in SLP65-deficient lymphoma cells as compared to normal B cells
(Figure 2A, D, E), but the signal was very unstable in the SLP65-deficient lymphoma cells
and returned to baseline levels within 90 seconds whereas elevated cytoplasmic Ca*"-levels
were maintained in normal B cells for more than six minutes (Figure 2A). These findings
suggest that an alternative SLP65-independent pathway may link the B cell receptor to Ca”"
mobilization in diffuse large B cell lymphoma cells. Given that the SLP65-deficient
lymphoma cell lines express the SRC kinase LYN, FYN and BLK (not shown) and exhibit
activating tyrosine-phosphorylation of SRC-kinases in response to B cell receptor engagement
(Figure 2B), we tested whether SRC-kinase activity contributed to B cell receptor-dependent
Ca” -release in these cells. While global inhibition of SRC-kinase activity by PP2 had little
effect in normal B cells, B cell receptor-dependent Ca®"-release was completely abolished by
PP2 in SLP65-deficient lymphoma cells (Figure 2A, D, E). Only few PP2-treated lymphoma
cells responded to B cell receptor engagement at all and with a delay of more than five

minutes (Figure 2A).
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Figure legend to Figure 2: SRC kinase-dependent B cell receptor signalling in SLP65-
deficient B cell lymphoma cells

Normal B cells or SLP65-deficient diffuse large B cell lymphoma cells (DLBCL; Karpas-422) were
incubated in the presence or absence of 10 umol/l of the SRC-kinase inhibitor PP2 (Calbiochem, Bad
Soden, Germany) for 24 hours prior to Ca”"-measurement (A). After pre-incubation, cells were washed
and stained with Fluo-3 dye (Calbiochem) for 30 minutes. Changes of cytosolic ca” upon B cell
receptor engagement were measured by laser scans using confocal microscopy as previously
described (Klein et al., 2004). After 30 seconds of measurement, antibodies against the B cell receptor
(Jackson Immunoresearch) were added. To measure changes of tyrosine-phosphorylation upon B cell
receptor (BCR)-stimulation at a common activation-motif of SRC-kinases (Y416), cell lysates of normal
B cells and SLP65-deficient DLBCL cells were analysed by Western blot using phosphotyrosine-
specific antibodies against Y416 SRC-kinases (B; Cell Signaling Technology). To measure potential
interactions between the SRC kinase LYN and tyrosine-phosphorylated PLCy1 and PLCy2 in SLP65-
deficient and SLP65-expressing B cell lymphoma cells (C), whole cell lysates (WCL) were generated
and subjected to immunoprecipitation of phosphorylated PLCy1""®® (IP: PLCy1) or PLCy2""#"" (IP:
PLCy2) as previously described (Feldhahn et al., 2005). Thereafter, immunoprecipitated proteins were
analysed for the presence of LYN by Western blotting. As a control, normal B cells were used. To
analyse the relationship between SRC kinase- and SLP65-dependent signaling pathways, SLP65-
deficient DLBCL cells and SLP65-deficient plasmablastic B cell lymphoma cells (PBBCL, LP-1) were
transfected with a MIG-GFP or a MIG-GFP/SLP65 vector and incubated in the presence or absence of
10 umol/l of the SRC-kinase inhibitor PP2. Cells were stimulated with an anti-B cell receptor antibody
(arrows) and cytoplasmic Ca®* levels were measured as previously described (Reppel et al., 2005).

Consistent with an alternative SRC kinase-dependent pathway of Ca**
mobilization in SLP65-deficient B cell lymphoma cells, we identified the SRC kinase LYN
co-immunoprecipitating with tyrosine-phosphorylated PLCy1, which generates IP3 acting as a
ligand for Ca*" channels of the endoplasmic reticulum. Surprisingly, the B cell-specific PLCy
isozyme PLCy2, which binds to SLP65 in normal B cells, does not interact with LYN (Figure
2C). Conversely, an interaction between LYN and PLCyl was not found in normal B cells
(Figure 2C), suggesting that this interaction is specific for SLP65-deficient lymphoma cells.
However, in a larger panel of SLP65-expressing B cell lymphomas and pre-B cell leukemias,
we also identified LYN-PLCyl interactions in some SLP65-expressing pre-B cell leukemia
cell lines (not shown). These findings indicate that SRC kinase (LYN)- and SLP65-dependent
signaling pathways are not mutually exclusive.

Therefore, we tested the relationship between SRC kinase- and SLP65-dependent B
cell receptor signaling in SLP65-deficient B cell lymphoma in more detail: Two SLP65-
deficient B cell lymphoma cell lines were transfected with a control vector or a vector
encoding wildtype SLP65 (Figure 2D, E). Control- and SLP65-transfectants were cultured in
the presence or absence of the SRC kinase inhibitor PP2 and B cell receptor responsiveness
was measured as Ca’" release after stimulation with anti-B cell receptor antibodies. In the

absence of SLP65-expression, both lymphoma cell lines exhibited an atypical Ca*" signal in
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response to B cell receptor engagement, which was entirely abolished by SRC-kinase
inhibition through PP2. Upon reconstitution of SLP65 in the lymphoma cell lines, however,
several aspects of normal B cell receptor signaling were restored: as opposed to SLP65-
deficient lymphoma cells, the signal was retarded but stable for more than four minutes and
no longer sensitive to SRC-kinase inhibition by PP2 (Figure 2 D, E).

As PP2 blocks activity of all SRC family kinases, we investigated the specific
contribution of the SRC-family kinase LYN, which we found in complex with PLCy1 (Figure
2C). To this end, normal B cells and SLP65-deficient diffuse large B cell lymphoma cells
were transfected with fluorochrome-labeled non-targeting siRNAs and a mixture of three
fluorochrome-labeled LYN-targeting siRNA duplices by nucleofection. After repeated
nucleofection, the successfully transfected cells were sorted based on uptake of fluorochrome-
labeled siRNAs. Efficiency of RNA interference-mediated silencing of LYN was verified by
semiquantitative RT-PCR (Figure 3A).

Measurement of Ca**-release in response to B cell receptor engagement among the
transfected cells showed that RNA interference with LYN expression greatly diminished
Ca’"-release in SLP65-deficient B cell lymphoma but not in normal B cells (Figure 3B). To
test whether SLP65- and LYN-dependent signals are components of mutually exclusive
signaling pathways, B cell receptor-dependent Ca*"-release was also measured in SLP65-
reconstituted B cell lymphoma cells that were transfected with non-targeting siRNA or siRNA
duplices specific for LYN. Reconstitution of SLP65-expression in the B cell lymphoma cells
did not only restore the Ca*"-signal kinetics observed in normal B cells ( i.e. a sustained signal
at a lower amplitude and a longer lag-phase; Figure 3B). Re-expression of SLP65 also
rendered B cell receptor-dependent Ca*"-release in the B cell lymphoma insensitive to LYN-
inhibition by siRNAs as observed in normal B cells (Figure 3B). These findings suggest that
the B cell receptor in SLP65-deficient DLBCL cells signals by default through a pathway
dependent on the SRC-kinase LYN.

Taken together, we propose that SLP65-deficient B cell lymphoma cells use an
alternative, likely aberrant, B cell receptor signaling pathway that short-circuits SLP65 and
potentially other SLP65-binding molecules like BTK and PLCy2. This alternative B cell
receptor signaling pathway is dependent on the SRC kinase LYN and involves tyrosine
phosphorylation of PLCyl1. In the absence of SLP65, LYN together with PLCy1 can maintain

the capacity of the B cell receptor to mobilize Ca®" from cytoplasmic stores.
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Figure 3:
and SLP65.
Normal B cells, SLP65-deficient DLCBL cells and SLP65-reconstituted DLCBL cells were transfected
with LYN-targeting siRNAs by nucleofection (Amaxa). Three siRNA duplices were synthesized for
RNA interference with LYN expression (MWG Biotech, Ebersberg, Germany; Supplementary Table 2).
As a control, a non-targeting siRNA duplex was used that does not match a known mRNA sequence
(Supplementary Table 2). All siRNA duplices were labeled with CY3 using a siRNA labeling kit
(Ambion, Austin, TX) according to the manufacturer's protocol. DLBCL or normal B cells were
transfected with a mixture of the three CY3-labeled siRNAs or the non-targeting siRNA at a
concentration of 50 nmol/l each by nucleofection (Amaxa Biosystems): Briefly, for each cell line 5 x 10°
cells were resuspended in 100 pl nucleofector-solution (Amaxa Biosystems) and 5 pg of plasmid DNA
were subsequently added for electroporation. The cells were cultured for 24 hours and nucleofection
was repeated. After 24 hours, CY3-positive cells were sorted under sterile conditions using a FACStar
440 cell sorter and either kept under cell culture conditions or subjected to RNA isolation for RT-PCR
analysis. Transfection efficiency was controlled by FACS. The silencing effect of siRNAs for LYN was
controlled by RT-PCR analysis of LYN mRNA levels (A) using the primers listed in supplementary
Table 1. SLP65-deficient B cell lymphoma cells were transfected with MIG-GFP/SLP65 and a MIG-
GFP vector as a control using a nucleofection system according to the manufacturers’ protocol
(Amaxa Biosystems, Cologne, Germany). GFP-positive cells were sorted under sterile conditions
using a FACStar 440 cell sorter. Changes of cytosolic Ca®* were measured by flow-cytometry. After 20
seconds of measurement, antibodies against the B cell receptor were added (B).

B cell receptor signaling in DLBCL cells in the presence or absence of LYN
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LYN is required for B cell receptor-induced tyrosine phosphorylation of STATS and MAPK1
in SLP65-deficient B cell lymphoma cells

We next investigated, whether LYN-dependent B cell receptor signaling in SLP65-deficient
lymphoma cells can promote survival and proliferation. In normal B cells, B cell receptor
engagement results in activation of STATS (Karras et al., 1996) and mitogen activated protein
kinases (MAPK; Richards et al., 2001), which induce survival and proliferation, respectively.
Likewise, B cell receptor engagement induced tyrosine phosphorylation of STATS and
MAPKI1 in two SLP65-deficient and one SLP65-expressing B cell lymphoma cell lines
(Figure 4). To determine whether LYN is required for B cell receptor-induced STATS- and
MAPKI-activation in the absence of SLP65, SLP65-deficient and SLP65-expressing B cell
lymphoma cells were transfected either with non-targeting fluorochrome-labeled siRNAs or
siRNA duplices against LYN.

Comparing transfected and non-transfected cells, non-targeting siRNAs had no effect.
However, inhibition of LYN significantly diminished both STATS- and MAPK 1-activation in
response to B cell receptor engagement in two SLP65-deficient B cell lymphoma cell lines
but had no significant effect on SLP65-expressing B cell lymphoma cells (Figure 4). Of note,
these B cell lymphoma cells express also other SRC kinases besides LYN including FYN and
BLK (not shown). Therefore, these findings indicate that among SRC kinases, LYN has an
important contribution to survival and proliferation signaling in SLP65-deficient B cell

lymphoma cells.

SRC-kinase activity contributes to survival and proliferation signals in SLP65-deficient B cell
lymphoma cells

To directly compare the contribution of SRC-kinases to survival signaling in SLP65-
deficient versus SLP65-expressing B cell lymphoma cells, we incubated two SLP65-deficient
and three SLP65-expressing B cell lymphoma cell lines in the presence or absence of the SRC
kinase inhibitor PP2 for ten days. In one set of experiments, proliferation of SLP65-deficient
and SLP65-expressing lymphoma cells was measured by CSFE-labeling and counting of
viable cells in the cell cultures in the presence or absence of PP2. SRC-kinase inhibition had
only a mild and transient effect on the number of cell divisions (CSFE labeling) and the
growth of viable cells (counting; Supplementary Figure A and B) in SLP65-expressing
lymphoma cells. In contrast, SRC kinase inhibition resulted in growth arrest in two SLP65-

deficient B cell lymphoma cell lines (Supplementary Figure A, B).
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Figure 4: LYN is required for tyrosine-phosphorylation of STATS and MAPK1 in SLP65-deficient B cell [ymphoma cells
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Figure legend to Figure 4: LYN s required for tyrosine-phosphorylation of STAT5 and
MAPK1 in SLP65-deficient B cell lymphoma cells.

SLP65-deficient diffuse large B cell lymphoma cells (DLBCL; Karpas-422) , SLP65-deficient
plasmablastic lymphoma cells (PBBCL, LP-1) and SLP65-expressing Burkitt's lymphoma cells (BL,
MHH-PREB) were transfected either with non-targeting fluorochrome-labeled siRNAs or siRNAs
against LYN. The cells were analysed for uptake of CY3-labeled siRNAs and STAT5- and MAPK1-
tyrosine phosphorylation in response to B cell receptor engagement. Cytoplasmic staining of
phosphorylated STAT5"%** and MAPK1"** was performed using primary antibodies against these
phospho-tyrosines (Cell Signaling Technology together with anti-mouse IgG-CY2 and anti-rabbit 1gG-
CY2 (Jackson Immunoresearch) as secondary antibodies, respectively. Cells were fixed with 0.4%
para-formaldehyde and incubated for 10 minutes in 90% methanol on ice and analyzed by flow-
cytometry.

Likewise, contribution of SRC-kinase activity to viability of SLP65-deficient versus
SLP65-expressing lymphoma cells was compared. Viability of the cells (as defined by
exclusion of apoptotic or dead cells by staining for annexin V and propidium iodide uptake)
was measured as the ratio of the precentage of living cells at specific incubation times and the
percentage of living cells at the outset (Supplementary Figure, C). While SRC-kinase
inhibition had no significant effect on SLP65-expressing lymphoma cells, more than 50
percent of cells among the two SLP65-deficient lymphoma cell lines were apoptotic after one
week of incubation in the presence of PP2 (Supplementary Figure, C).

SRC-kinase-dependent activation of survival and proliferation signals in B cell
lymphoma is in agreement with previous studies that implicate the SRC-kinase LYN in anti-
apoptotic signaling in B cell chronic lymhocytic leukemia (Contri et al., 2005) and
Philadelphia chromosome-positive acute lymphoblastic leukemia (Ptasznik et al., 2004; Hu et
al., 2004). Also LYN-dependent activation of the proliferation-related MAPK1 in SLP65-
deficient lymphoma cells is in accordance with two previous studies showing that LYN is
essential for proliferation of lymphoma cells either driven by the Karposi sarcoma-associated
herpesvirus K1 protein (Prakash et al., 2004) or by interleukin 6 in multiple myeloma (Li et
al., 2005).

Consistent with an emerging role of LYN in malignant B cell lymphoproliferation (Prakash et
al., 2005; Ptaznik et al., 2004; Hu et al., 2004; Contri et al., 2005; Li et al., 2005), these
findings identify the SRC-kinase LYN as an important component of a novel aberrant

signaling pathway in SLP65-deficient B cell lymphoma cells.
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Supplementary Figure: Inhibition of SRC kinase activity reduces viability and proliferation of SLP65-deficient B cell lymphoma cells
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Figure Legend to Supplementary Figure: Inhibition of SRC-kinase activity reduces viability
and proliferation of SLP65-deficient B cell lymphoma cells.

For measurement of cell divisions, SLP65-deficient (Karpas-422 and LP-1) and SLP65-expressing
(Jeko-1, MHH-PREB and MNG60) B cell lymphoma cells were labeled with the fluorescent dye
carboxyfluorescein diacetate succinimyl ester (CFSE, Calbiochem) as previously described
(Cooperman et al., 2004) and incubated in the presence (red lines in A-C) or absence (black lines in
A-C) of 10 umol/l of the SRC kinase-inhibitor PP2 (A). The mean fluorescence intensity was measured
as an indicator of cell division-linked dilution of the fluorescent dye. In addition, aliquots of these cell
cultures were taken and cells were counted at the times indicated (B). For measurement of viability,
cells were incubated in presence (red line) or absence (black line) of PP2 and analysed for staining
with antibodies against Annexin V and propidium iodide uptake (C). Viability at the beginning of the
incubation time was set as 100 percent.
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Chapter 4

An alternative SLP65 isoform lacking exon 16 in normal B

lymphocytes

Summary

SLP65 is an important adaptor protein in (pre-) B cell receptor signaling. We identified an
alternatively spliced isoform lacking exon 16 (SLP65AE16) in normal B lymphocytes. Exon
16 is a major part of the SH2 domain which is known to bind Iga (Engels et al., 2001; Kabak
et al., 2002). While SLP65 is essential for B cell receptor-induced Ca”* signaling, SLP65AE16
induces a weaker Ca®" signal upon BCR stimulation. Expression analysis shows that
SLP65AE16 is expressed in all normal B cell subsets with particularly high expression in B1
cells, and also in most pre-B cell leukemia and B cell lymphoma cells. As Bl cells are
frequently autoreactive (Herzenberg, 2000), we investigated the role of SLP65AE16 in
autoimmunity. Overstimulation of the B cell receptor cells indeed caused upregulation of
SLP65AE16. Ca*" measurement of SLP65-expressing cells transfected with a vector encoding
SLP65AE16 showed a diminished Ca*" signal indicating that SLP65AE16 is a dominant-
negative isoform of SLP65. Phosphorylation studies show that SLP65AE16 is not
phosphorylated upon BCR-stimulation by itself but is forming a complex with other
phosphorylated signaling proteins. A major process by which autoreactive B cells are deleted
is BCR-induced apoptosis (Rolink et al., 2001). We conclude that SLP65AE16 may play an

important role in the protection of autoreactive B cells against BCR-induced apoptosis.
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Introduction
SLP65 (also known as BLNK or BASH) is known as an important adaptor protein in (pre-) B
cell receptor (BCR) signaling (Hayashi et al., 2000; Wienands et al., 1998). After
phosphorylation by the kinase Syk, SLP65 couples the kinase BTK to PLCy2, resulting in the
phosphorylation and activation of the latter (Kurosaki and Tsukada, 2000). Activated PLCy2
cleaves membrane-associated phosphoinositide PI(4,5)P2 into the second messengers
1(1,4,5)P3 and DAG. I(1,4,5)P3 generation leads to the release of Ca’" from the endoplasmic
reticulum (Fu et al. 1998). SLP65 has binding domains for BTK, PLCy2 and other signaling
molecules at its N terminus (Chiu et al., 2002). The N-terminal basic domain of SLP65 is
responsible for its membrane association (Kohler et al., 2005). The Src homology 2 (SH2)
domain of SLP65 interacts with a phosphorylated non-immunoreceptor tyrosine-based
activation motif (non-ITAM) tyrosine in the (pre-) BCR signal transduction subunit
immunoglobulin a (Iga) (Engels et al., 2001; Kabak et al., 2002).

An alternatively spliced isoform lacking exon 8 (BLNK-S) has been found in normal
B lymphocytes (Fu et al., 1998). We characterised another SLP65 isoform in normal B
lymphocytes lacking exon 16, a part of the SH2 domain.

Results and discussion

Characterisation of SLP65AE16

Sequence analysis of SLP65 in normal B lymphocytes resulted in the characterisation of the
full-length transcript and three different isoforms. Among these isoforms was the already
characterised BLNK-S lacking exon 8, a part of the proline-rich domain (Fu et al., 1998).
However, we also identified a SLP65-isoform lacking amino acids 366 to 417 which is an in-
frame deletion of exon 16, a part of the SH2 domain (Figurel). The third isoform was lacking

both exon 8 and exon 16.
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Figure 1: SLP65 structure

Overview of the SLP65 domains indicating the N terminus containing many tyrosine binding domains
for the SH2 domains of BTK, PLCy2, Vav and Nck, the proline-rich domain binding the SH3 domain of
Grb2; and the SH2 domain (blue) before and after splicing of exon 16. A part of exon 15 (amino acids
338 to 365), exon 16 (amino acids 366 to 417) and a part of exon 17 (amino acids 418 to 456) form
the SH2 domain (amino acids 346 to 453). Characterisation of the presence of SLP65AE16 is
performed by RT-PCR using a reverse primer spanning exons 15 and 17 as indicated with the arrow in
the lower figure.

By skipping of exon 16, a major part of the SLP65 SH2 domain is deleted. As the SH2
domain of SLP65 binds directly to Y204 of the non-ITAM of Iga, which is required for
SLP65-dependent signaling (Kabak et al., 2002), SLP65AE16 functionality would be
expected to be disturbed. Therefore Ca’" -release was measured in murine SLP65” pre-B
cells reconstituted with SLP65 full-length, SLP65AE16 or with SLP65ASH2. Transfection
with the vector encoding full-length SLP65 induced Ca*" release upon stimulation with anti-
BCR antibodies (Figure 2). Upon transfection with the vector encoding SLP65ASH2, no
Ca2+signal could be determined after BCR stimulation (data not shown). However, cells
reconstituted with SLP65AE16 showed a weaker Ca®" signal (Figure 2) indicating that parts of
the SH2 domain not encoded by exon 16 also substantially contribute to SLP65 function.

Ca”-signaling leads to differentiation which is indicated by downregulation of the pre-BCR
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and « gene rearrangements (Flemming et al., 2003). According with Ca®" signalling in the
SLP65-expressing cells, the pre-BCR is downregulated and «k light chains were expressed. In
the SLP65AE16 reconstituted cells, pre-BCR downregulation was diminished and «

rearrangement was less as compared to the SLP65-wild type expressing cells (Figure 2).
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Figure 2: Ca®" response of SLP65 and SLP65AE16

Murine SLP65-deficient pre-B cells are reconstituted with SLP65 full-length (wt), SLP65AE16 (delta-
ex16) and as a control a GFP-transgene. Upon BCR-stimulation with an anti-p antibody, a Ca** signal
is induced in cells expressing full-length SLP65. This Ca**-signal is reduced in cells expressing
SLP65AE16. As Ca** signalling leads to differentiation, two differentiation markers are measured: pre-
BCR downregulation and kappa light chain expression. Grey histogram-plots show the non-transfected
cells, green plots the transfected pre-B cell line. The percentage of kappa-rearranging cells are
indicated in the plots: lower numbers indicate spontaneous differentiation in the non-transfected cells,
upper numbers differentiation the transfected cells.

Expression analysis of SLP65AE16

SLP65 isoforms were characterised in mature peripheral blood CD19" B cells. To determine
its expression pattern in different B cell subsets and B cell leukemia and lymphoma cells, RT-
PCR was performed using a reverse primer overlapping exon 17 to 15 (as indicated in Figure
1) which amplifies when exon 16 is missing. Figure 3A shows that SLP65AE16 is present in 9
out of 10 B cell acute lymphoblastic leukemia cell lines (ALL), 4 out of 4 mantle cell
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lymphomas (MCL), 3 out of 3 Burkitt’s lymphomas (BL), 3 out of 3 diffuse large B cell
lymphomas (DLBCL), 2 out of 4 Hodgkin lymphomas (HL), 1 out of 1 plasma cell leukemia
(PC) and is not expressed in multiple myeloma (MM). SLP65AE16 has not been found in
non-B cells (including 293, Hela, K562, Jurl-22, Ku-182, Lama-84, MEG, JKI, CD3",
Jurkat). As these cDNAs are not normalised and RT-PCR is performed for 45 cycles nothing
can be said about the relative amounts of expression. Figure 3B shows that SLP65AE16 is
expressed in all B cell subsets including pre-B cells, B1 cells, naive B cells, centrocytes,
centroblasts, memory cells and plasma cells with the highest level of expression in B1 cells.
This result is confirmed by Western blot comparing normalised amounts of naive B cells, B1

cells and memory B cells (Figure 3C).
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Figure 3: Expression pattern of SLP65 and SLP654E16

SLP65 and SLP65AE16 mRNA (A and B) and protein (C) expression has been characterised by RT-
PCR and Western blot. SLP65 and GAPDH transcripts were amplified as previously described (Klein
et al., 2004). Different non-B lymphocytes (Non-BC: 293, Hela, K562, Jurl-22, Ku-182, Lama-84, MEG,
JK1, CD3", Jurkat), pre-B cell acute lymphoblastic leukemia (pre-B ALL), mantle cell lymphoma
(MCL), Burkitt's lymphoma (BL), diffuse large B cell lymphoma (DLBCL), Hodgkin’s lymphoma (HL),
plasma cell leukemia (PC) and multiple myeloma (MM) were amplified. cDNA amounts were
normalised for equal expression of GAPDH as a reference gene (A). A semi-quantitative RT-PCR
shows expression of SLP65 and SLP65AE16 in the different B cell subsets: pre-B cells (Pre B), B1
cells, naive B cells (NBC), centrocytes (CC), centroblasts (CB), memory B cells (MBC) and plasma
cells (PC). cDNA amounts are normalised by GAPDH expression (B). For Western blot expression of
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full-length SLP65, SLP65AE8 and SLP65AE16 and EIF4E (Cell Signaling Technology, Beverly, MA),
total cell lysates of naive B cells (NBC), B1 cells and memory B cells (MBC) were used. As a loading
control an elF4E antibody was used (C).

SLP65AE16 involvement in autoreactivity

Expression analysis showed a high expression of SLP65AE16 in B1 cells. Bl cells are a
minor population of B lineage cells and are distinguished by their expression of CD5 (Hardy
et al.,, 1994). B1 cells are a major contributor of IgM to the serum, but generate a restricted
antibody repertoire dominated by a specific set of V genes, many of which encode
autoreactive antibodies (Bath et al., 1992; Herzenberg, 2000; Kasaian and Casali, 1993;
Murakami and Honjo, 1995; Shirai et al., 1991; Sidman et al., 1986). Therefore we
investigated the role of SLP65AE16 in autoimmunity.

CD19" B cells were incubated with the caspase inhibitor ZVAD to inhibit direct
apoptosis and cultured for 18 hours in the presence or absence of an anti- p antibody. The
extended BCR-overstimulation creates the atmosphere of autoimmunity. Indeed, both RT-
PCR as Western blot analysis showed an upregulation of SLP65AE16 after anti-p treatment
(Figure 4A and B).

B
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SLP65 : r & o : S—— _— S P65 AE8
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Figure 4: SLP65AE16 upregulation under autoreactive circumstances

Autoreactivity is created upon extended BCR-overstimulation of CD19" cells with an anti-u antibody
(Jackson ImmunoResearch, Cambridgeshire, UK). To inhibit direct apoptosis cell are treated with
ZVAD (Calbiochem, Schwalbach, Germany). CD19" B cells were purified from peripheral blood of four
healthy donors using immunomagnetic beads against CD19 (Miltenyi Biotech, Bergisch Gladbach,
Germany). Upregulation of SLP65AE6 upon p-treatment is shown by RT-PCR (A) and Western blot
(B). As controls GAPDH was amplifies and an elF4E antibody in Western blot was used.

These findings suggest that SLP65AE16 might play a negative role in BCR-signaling
in autoreactive B cells. As full-length SLP65 expression does not seem affected, SLP65AE16

could play a dominant-negative role. A dominant-negative role of alternatively spliced genes
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in the regulation of BCR-signaling has been detected in leukemic B lymphocytes, e.g.
IKAROS (Sun et al., 1996), BTK (Feldhahn et al., 2005). Therefore we transfected two
SLP65-expressing cell lines (MHH-preB and Jeko-1) with a control vector expressing GFP
and a vector encoding SLP65AE16. Western blot analysis shows that expression levels of
SLP65AE16 in these transfected cells are similar as SLP65AE16 expression levels of normal
Bl cells (Figure 5A). The cells transfected with the control vector show a normal Ca**
response upon receptor stimulation. However the Ca®” signal in the Jeko-1 cells transfected
with the vector encoding SLP65AE16 was downregulated (Figure 5B). The effect on the Ca®"
signal in the MHH-preB cells transfected with the vector encoding SLP65AE16 was not

significant.
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Figure 5: Effect of SLP65AE16 expression on the Ca®* response in normal B cells

Two SLP65-expressing cell lines (MHH-preB and Jeko-1) are transfected with the vector expressing
SLP65AE16. As a control, the cells are transfected with a vector expressing GFP. Western blot
analysis shows the expression-level of SLP65 in the transfected cells (A). The ca” response for
Jeko-1 is measured upon antibody stimulation (B). The black line shows the control cells transfected
with a vector expressing GFP. The red line shows the effect of the transfection with the vector
expressing SLP65AE16.

This dominant-negative effect of SLP65AE16 on normal B cell signaling could be
another mechanism of negative regulation of BCR-signaling. Known mechanisms of negative

BCR-signaling include the signaling through immunoreceptor tyrosine-based inhibitory
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motifs (ITIMs) that recruit either SHIP or SHP-1 and inhibit Ca** signals (D’ Ambrosio et al.,
1996; Doody et al., 1995). Another example includes the release of Lyn into the cytosol
following caspase-dependent cleavage which acts as a negative regulator of BCR-induced

apoptosis (Luciano et al., 2003).

Mechanism of negative BCR-regulation through SLP65AE16

As SLP65AE16 can not bind Iga, is not able to introduce a Ca*"-response and even inhibits
Ca”" signaling in SLP65 expressing cells, we determined if SLP65AE16 could still be
phosphorylated and if it was still able to bind other phosphorylated signaling proteins. Murine
SLP65" pre-B cells were transfected with a control vector encoding GFP and a vector
encoding SLP65AE16. These cells were stimulated with an anti-p antibody and whole cell
lysates were made from stimulated and non-stimulated cells. As a control, whole cell lysates
were made from the SLP65-expressing cell line MHH-preB. To test whether SLP65AE16
could still bind other signaling proteins, a co-immunoprecipitation was performed with a
4G10 antibody which globally binds phosphorylated tyrosine residues. Western blot analysis
with an antibody detecting SLP65 shows a band with SLP65AE16 transfected cells which
means that SLP65AE16 forms a complex with phosphorylated signaling proteins or is
tyrosine-phosphorylated by itself (Figure 6). However, Western blot analysis with an antibody
detecting phosphorylation of SLP65 at tyrosine residue 96, shows no band in the SLP65AE16-
transfected cells (Figure 6), indicating that SLP65AE16 is not phosphorylated at this residue.
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Figure 6: SLP654E16 phosphorylation and complex formation

To test the phosphorylation status of SLP65AE16 and its interaction with phosphorylated proteins,
whole cell lysates (WCL) or co-immunoprecipitates (colP) with the 4G10 antibody (Cell signaling) were
loaded for Western blotting. Co-immunoprecipitation has been performed as previously described
(Feldhahn et al., 2005). Western blot analysis is performed with a SLP65 antibody (Cell Signaling) or a
antibody detecting phosphorylated SLP65 at Y96 (Cell Signaling). Samples are SLP65™ pre B cells
transfected with a vector encoding SLP65AE16 and as a control MHHpreB cells expressing full-length
SLP65. Cells are stimulated with an anti-u antibody.

Discussion
We showed that an alternatively spliced isoform of SLP65 lacking exon 16 (SLP65AE16) is
expressed in all B cell subsets and is upregulated in B1 cells. As many B1 cells are known to
be autoreactive we show that SLP65AE16 may play a role in negative BCR-signaling.
Autoreactive immature B cells are eliminated by negative selection (BCR-induced apoptosis)
or inactivated (anergy) if their BCR-specificity is not revised by receptor editing (Niro and
Clark, 2002). SLP65AE16 acts in a dominant-negative way inhibiting Ca”>" signaling in the
presence of full-length SLP65. We show that SLP65AE16 is not phosphorylated by itself but
forms a complex with other tyrosine phosphorylated signaling proteins. In this way, it might
protect autoreactive B cells against BCR-induced apoptosis and be the molecular basis of so-
called “anergy”.

With its truncated SH2-domain, SLP65AE16 might not only be unable to bind
Iga (Engels et al., 2001; Kabak et al., 2002). Also hematopoietic progenitor kinase 1 (HPK1)
has been determined to bind the SH2 domain of SLP65 (Sauer et al., 2001). This
serine/threonine kinase is activated upon BCR-engagement (Liou et al., 2000). In SLP65™
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DT40 cells and in SLP65ASH2 expressing DT40 cells, HPK1 activation was reduced but not
completely abolished (Tsuji et al., 2001). HPK1 activation results in the activation of the IKK
complex and NF-xB translocation to the nucleus (Arnold et al., 2001). Also BCR-signaling
finally leads to the activation of the transcription-factor NF-xB (Saijo et al., 2000) (Figure
7A). This indicates that SLP65AE16 could negatively regulate two independent pathways
downstream of the BCR, which are BTK-mediated PLCy2 activation and HPK1 activation,

both responsible for NF-kB activation.

SLP65AE16

Membrane

Cytoplasm

v v

DAG + IP3 DAG + IP3
v
PKC Ca?* release PKC Ca? release
Nucleus ¢ L
NF-xB NF-xB
Figure 7: BCR-dependent signaling in normal B cells (A) and in cells expressing
SLP65A4E16 (B)
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Summary

Bruton’s tyrosine kinase (BTK)-deficiency results in a differentiation block at the pre-B cell
stage. Likewise, acute lymphoblastic leukemia cells are typically arrested at early stages of B
cell development. We therefore investigated BTK function in B cell precursor leukemia cells
carrying a BCR-ABLI, E2A-PBXI, MLL-AF4, TEL-AMLI or TEL-PDGFRB gene
rearrangement. While somatic mutations of the B7K gene are rare in B cell precursor
leukemia cells, we identified kinase-deficient splice variants of BTK throughout all leukemia
subtypes. Unlike infant leukemia cells carrying an MLL-AF4 gene rearrangement, where
expression of full-length BTK was only detectable in four out of eight primary cases, in
leukemia cells harboring other fusion genes full-length BTK was typically coexpressed with
kinase-deficient variants. As shown by overexpression experiments, kinase-deficient splice
variants can act as a dominant-negative BTK in that they suppress BTK-dependent
differentiation and pre-B cell receptor responsiveness of the leukemia cells. On the other
hand, induced expression of full-length BTK rendered the leukemia cells particularly sensitive
to apoptosis. Comparing BTK expression in surviving or pre-apoptotic leukemia cells after 10
Gy y-radiation, we observed selective survival of leukemia cells that exhibit expression of
dominant-negative BTK forms. These findings indicate that lack of BTK expression or
expression of dominant-negative splice variants in B cell precursor leukemia cells i.) can
inhibit differentiation beyond the pre-B cell stage and ii.) protect from radiation-induced
apoptosis.
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Introduction
Recent findings by us and others suggested a role for the pre-B cell receptor and related
signaling molecules as a tumor suppressor to prevent the development or limit the
proliferation of leukemic cells (1, 2). BCR-ABLI" pre-B lymphoblastic leukemia cells
frequently exhibit defective expression of the pre-B cell receptor related signaling molecule
SLP65 (1) and acquire independence from pre-B cell receptor-dependent survival signals (2).
The analysis of mouse mutants of the pre-B cell receptor-related signaling molecules SLP65
and Bruton’s tyrosine kinase (BTK) demonstrated that SLP65 and BTK cooperate to suppress
leukemic transformation (3).

Pre-B lymphoblastic leukemia cells typically exhibit a differentiation block at the pre-
B cell stage of development (2); likewise BTK-deficiency in humans leading to X-linked
agammaglobulinemia (XLA) results in a breakdown of pre-B cell receptor signals and a
differentiation block at the pre-B cell stage (4). To elucidate a possible role for BTK in
leukemic transformation of human B cell precursors, we investigated BTK function in pre-B

acute lymphoblastic leukemia cells.

Results and Discussion

Rare occurrence of somatic mutations of the BTK gene in B cell precursor leukemia cells
Pre-B lymphoblastic leukemia cells frequently exhibit defective expression of the pre-B cell
receptor-related linker molecules SLP65 (1). Comparing single slp65” and slp65”/btk™
double mutant mice, Btk was identified as a critical co-factor in preventing leukemic
transformation of murine B cell precursors (3). We therefore searched for somatic mutations
of the BTK gene in 12 cases of B cell precursor leukemia including four cases with MLL-AF4,
three cases with £24-PBX1, four cases with BCR-ABLI and one case with a TEL-AMLI gene
rearrangement. Because the majority of the B7K gene mutations in the germline leading to X-
linked agammaglobulinemia (XLA), have been found in the BTK kinase domain (see:
http://bioinf.uta.fi/BTKbase/BTKbasebrowser.html), we focused our analysis on this region
using PCR primers for BTK exons 12 to 19. Deleterious somatic mutations of the BTK gene
were found in one out of 12 cases. In this case, the leukemia cells in a female patient carry an
MLL-AF4 gene rearrangement and deleterious mutations of the BTK gene on both alleles
(both X chromsomes). One BTK allele is inactivated by a mutation Lys—Stop at codon 420
(AAA—TAA), while the second allele harbors a frameshift mutation due to a 1-bp deletion in
codon 386. In the 11 other cases studied, no clonal replacement mutations of the BTK gene

were detected. This analysis does not exclude deleterious mutations in other regions of the
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BTK gene, yet indicates that inactivation of the BTK gene by somatic mutation is rare in B

cell precursor leukemia cells.

Expression of kinase-deficient splice variants of BTK in pre-B lymphoblastic leukemia cells
We next examined BTK mRNA expression in 29 human leukemias including 12 cell lines and
17 primary cases. In a PCR strategy covering the entire coding region of BTK, we identified
14 aberrant mRNA splice variants (Table 1). As a control, BTK cDNA fragments were
amplified from normal human pro- and pre-B cells (isolated from bone marrow) and mature B
cell subsets isolated from peripheral blood (Figure 1). At least one aberrant splice variant was
co-amplified with full-length BTK in 21 of 29 cases (Table 1). In only four out of 29 cases,
full-length BTK was exclusively expressed. Of note, absence of BTK expression was found in
four out of 29 cases which all harbor an MLL-AF4 rearrangement. In the remaining cases of
primary B lymphoid leukemia carrying an MLL-AF4 gene rearrangement, three exhibit very
low expression of full-length BTK or high expression of aberrant splice variants while one
shows exclusive expression of full-length BTK (Figure 1). In contrast, full-length BTK could
be detected (not shown) in all three leukemia cell lines with an MLL-AF4 fusion gene (BELI,
RS4;11, SEM).

The aberrant BTK splice variants all have in common that they encode a truncated
BTK kinase domain (Table 1, supplementary Figure 1). From in vitro kinase assays of BTK
mutants derived from BTK-deficient XLLA patients, it is known that truncation of the BTK
kinase domain at amino acid 520 and even replacement mutations in the distal portion of the
kinase domain result in a complete loss of BTK kinase activity (4). Hence, only full-length
BTK but none of the truncated BTK splice variants identified here should exhibit BTK kinase
activity (Table 1, supplementary Figure 1). We conclude that BTK function is compromised
at least in the B cell precursor leukemias that either express only kinase-deficient BTK or no
BTK at all. In all these cases, the leukemia cells harbor an MLL-AF4 gene rearrangement.

In many leukemia cases with other gene rearrangements, however, concomitant
expression of full-length BTK was also detected. Among the 14 splice variants, three were
recurrently amplified and two previously described variants of BTK (17) were also detected in
this analysis. While a splice variant lacking exon 15 was consistently and specifically
amplified from leukemia cells carrying a BCR-ABLI fusion gene (Table 1), the expression of
other recurrent splice variants was not linked to a specific chromosomal rearrangement (Table
1). Of note, aberrant splicing of BTK in the leukemia cells not only leads to the expression of

defective BTK transcripts. The splice mechanism itself also seems to be deranged as cryptic
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splice sites were frequently used (9 of 29 cases) and splice site slippage leading to small

nucleotide insertions or deletions was observed in four of 29 cases (Table 1).

pro-B cell origin pre-B cell origin
TEL- Negative-

Normal B cell subsets MLL-AF4 BCR-ABL1 AML1  controls

@ 2 o O

£ 5 2 2 92 10 om oV VOVEVIEVIEIX X XIEXIEXIEXIV XV XVIIEXIX NTN2 N3
BTK —— o — --‘!-—— —w—ﬁ‘-——-. — Fulllength
Exons12-19 - : e BTK

—
BTK e e ey —_— — — — - — Fulklength
Exons14-19 .ﬂ , BTK
GAPDH et ettt S ——
Figure 1: BTK mRNA expression in primary B cell precursor leukemia cells

Using PCR-primers for exons 12, 14 and 19, two regions of the BTK mRNA were analyzed by RT-
PCR in normal human pro-B cells, pre-B cells, B1 cells, naive B cells (NBC), memory B cells (MBC)
and plasma cells (PC) as well as in eight primary cases of B cell precursor leukemia with MLL-AF4
gene rearrangement, seven primary cases with BCR-ABL1 and two primary cases with TEL-AML1
fusion genes._As a loading control for all samples, a GAPDH cDNA fragment was amplified.

As BTK activity is mainly regulated by tyrosine-phosphorylation, we investigated the
expression of tyrosine-phosphorylated BTK protein in B cell precursor leukemia cell lines
carrying MLL-AF4, E24-PBX1, BCR-ABLI, TEL-AMLI and TEL-PDGFRB gene
rearrangements. Constitutive tyrosine-phosphorylation of full-length BTK was only observed
in BCR-ABLI" pre-B lymphoblastic leukemia cells (three of the four cell lines tested; Figure
2). Whereas BTK lacking exon 15 alone (52 kD) was heavily phosphorylated specifically in
BCR-ABLI" pre-B lymphoblastic leukemia cells, another recurrent BTK variant lacking exons

15 and 16 (65 kD) was also tyrosine-phosphorylated in other leukemias (Figure 2).

Expression of kinase-deficient BTK prevents pre-B cell receptor-driven differentiation of B
cell precursor leukemia cells

BTK kinase-deficiency in humans leading to X-linked agammaglobulinemia (XLA) results in
a breakdown of pre-B cell receptor signals and a differentiation block at the pre-B cell stage

(4). In normal pre-B cells, engagement of the pre-B cell receptor using a pi-chain-specific
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Figure 2: Tyrosine-phosphorylation of BTK and kinase-deficient splice variants in pre-B

lypmphoblastic leukemia cells.

Using an antibody against phosphorylated BTK"*®, tyrosine-phosphorylation of BTK (77 kD) and BTK
isoforms was analyzed by Western blot in 12 B cell precursor leukemia cell lines. The defining gene
rearrangements of the B cell precursor leukemia cases analyzed are indicated. Western analysis of
EIF4E expression was used as a loading control.

antibody (arrows, Figure 3A, left) induces a strong Ca*"-signal, which is sensitive to BTK
kinase inhibition by LFM-A13 (Figure 3A, left).

As BTK kinase activity is required for the transduction of pre-B cell receptor-
dependent Ca*" signals, the kinase-deficient BTK splice variants (BTK-AK) expressed in pre-
B lymphoblastic leukemia cells likely cannot contribute to pre-B cell receptor-dependent Ca**
signals. However, kinase-deficient forms of BTK may also act as a linker in the signal
transduction of B lymphocytes (6, 18). To investigate the function of BTK-AK, we expressed
kinase-deficient BTK using a retroviral expression system in 697 cells that exhibit active pre-
B cell receptor signaling (Figure 3A, right). 697 cells transduced with a control vector
responded by vigorous Ca®" release upon pre-B cell receptor engagement. However, 697 cells
carrying the BTK-AK expression vector entirely lost pre-B cell receptor responsiveness
(Figure 3A, right). We conclude that expression of BTK-AK suppresses Ca’" signals in
response to pre-B cell receptor-stimulation.

We next tested whether BTK-AK also interferes with pre-B cell receptor-driven
differentiation. As shown by us and others (16, 19), inhibition of oncogenic kinase activity in
BCR-ABLI" leukemia cells by STI571 induces differentiation in a minor population of cells
that survive in the absence of BCR-ABLI1 kinase activity. Therefore, STI571-induced
differentiation in BCR-ABLI" pre-B lymphoblastic leukemia cells was used as a model to

study the effect of kinase-deficient BTK on differentiation. To this end, BCR-ABLI" pre-B
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lymphoblastic leukemia cells were transduced either with a retroviral control vector or a
retroviral expression vector for BTK-AK. Inhibition of BCR-ABL1 kinase activity in BCR-
ABLI" pre-B lymphoblastic leukemia cells carrying a control vector induced the outgrowth of
a small fraction of differentiating IgM" subclones (5 percent after two days; Figure 3B).
However, upon forced expression of BTK-AK, less than 0.5 precent of BCR-ABLI" pre-B
lymphoblastic leukemia cells differentiated into IgM " subclones (Figure 3B).

A normal bone marrow pre-B cells 697 cells
Control LFM-A13 Control Vector BTK-AK Vector
200 A 200 4‘ 1204 1204
3 3
£ E
p
(&)
404 40 | it A 204 20 oD
4 5 o 4 5 g ; 5 ; 5
Time [minutes] Time [minutes]
B BCR-ABL1* pre-B lymphoblastic leukemia cells
Control Vector Control Vector + BTK-AK Vector BTK-AK Vector +
< STI571 STI571
S e ) )
R L o ! 3 > .
=2 N.? R 6 IS \.. N R m‘ .
2 Sy T - 2y h
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Figure 3: Expression of kinase-deficient BTK suppresses pre-B cell receptor-dependent
CaZ2+ signals and differentiation.

Normal pre-B cells were sorted from bone marrow of four healthy donors using antibodies against
CD19 and VpreB. Sorted pre-B cells were incubated in cell culture medium in the presence or
absence of the BTK kinase inhibitor LFM-A13 for 12 hours (A, left). The pre-B lymphoblastic leukemia
cell line 697 transduced with a retroviral expression vector for kinase-deficient BTK (BTK-AK) or a
control vector (A, right). Using an anti-p chain antibody (arrows), Ca®' release in response to pre-B cell
receptor engagement was measured by laser scanning microscopy (A). To elucidate the function of
kinase-deficient BTK splice variants (BTK-AK), BCR-ABL1" pre-B lymphoblastic leukemia SUP-B15
cells were transduced with either a control vector or a BTK-AK expression vector. In both cases, SUP-
B15 cells were induced to differentiate by inhibition of BCR-ABL1 kinase activity through 10 pmol/l
STI571 for four days. Thereafter, leukemia cells were stained using antibodies against CD19 and IgM
(B). To clarify the effect of BTK-AK expression on STI571-induced differentiation, outgrowth of
differentiating subclones in the presence or abscence of BTK-AK expression was analyzed by flow
cytometry (B). Dead cells were identified and excluded from analysis by propidium iodide uptake.
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We conclude that BTK-AK can act as a dominant negative form of BTK with
respect to i.) Ca®" release in response to pre-B cell receptor engagement and ii.) to pre-B cell

receptor-driven differentiation.

Reconstitution of functional BTK expression induces differentiation and confers propensity to
apoptosis in B cell precursor leukemia cells

Given that kinase-deficient BTK splice variants can act in a dominant-negative way, we next
investigated whether induced expression of functional BTK can rescue normal B cell
differentiation in B cell precursor leukemia cells. To this end, B cell precursor leukemia cells
carrying an MLL-AF4, E2A-PBXI or TEL-PGFRB gene rearrangement were transduced with
a retroviral vector expressing functional BTK together with GFP or GFP alone as a control.
GFP-expressing cells carrying either the control or the BTK expression vector were sorted
and analyzed separately. We tested whether BTK-transduced pre-B cell leukemia cells
initiated immunoglobulin light chain gene rearrangement. Rearrangement of immunoglobulin
k and A light chain genes and subsequent replacement of surrogate light chains with
conventional x or A light chains represent a hallmark of pre-B cell differentiation into mature
B cells. Genomic DNA was isolated from GFP" or GFP'/BTK " leukemia cells and subjected
to ligation-mediated PCR for DNA double-strand break intermediates at recombination signal
sequences (RSS) within the /GK or /GL loci (Supplementary Figure 2). Locus-specific DNA
double-strand break intermediates were amplified at RSS flanking Jk1 and JA7 gene
segments, which would indicate ongoing Vk-Jk1 or VA-JA7 gene rearrangement, respectively.
While Jk1-RSS and JA7-RSS breaks can be detected at low level in two pre-B lymphoblastic
leukemia cell lines transduced with the control vector, the frequency of Jk1-RSS and JA7-RSS
DNA double-strand breaks was increased in leukaemia cells transduced with the BTK-IRES-
GFP expression vector (Fig. 4A). This indicates that overexpression of functional BTK can
partially relieve the differentiation block of acute lymphoblastic leukemia cells that were
arrested at the pre-B cell stage. However, MLL-AF4" acute lymphoblastic leukemia cells,
which are arrested at the pro-B cell stage do not initiate immunoglobulin light chain gene
rearrangement in response to BTK overexpression. This might indicate that the initiation
immunoglobulin light chain gene rearrangement not only requires expression of functional
BTK but also the expression of a functional pre-B cell receptor, which is present in pre-B
lymphoblastic leukemia but missing in pro-B lymphoblastic leukemia cells carrying an MLL-

AF4 gene rearrangement (Figure 4A). While reconstitution of BTK expression expression
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Figure 4: Reconstitution of BTK expression in acute lymphoblastic leukaemia cells

initiates differentiation and induces propensity to apoptosis.

Acute lymphoblastic leukemia cell lines carrying either an MLL-AF4 (SEM), E2A-PBX1 (Kasumi-2) or
TEL -PDGFRB (Nalm6) gene rearrangement were characterized by sequence analysis of their IGH
loci and flow cytometry. The leukemia cells were transduced either with a retroviral MIG_GFP or a
MIG_BTK-IRES-GFP expression vector. GFP-expressing cells were sorted and genomic DNA was
extracted from the sorted cells. Amounts of genomic DNA were normalized by amplification of a
genomic fragment of the COX6B gene. Genomic DNA from cells transduced with the control
MIG_GFP-vector or MIG_GFP-IRES-BTK was subjected to ligation with a double-stranded DNA-linker
of known sequence. To detect DNA-double strand breaks within the /IGK and IGL loci, linker-ligated
DNA was subjected to ligation-mediated PCR using linker-specific primers together with primers
binding to recombination signal sequences flanking the Jk1- (Jk1 RSS) or the JA7- gene segment (JA7
RSS). Sorted GFP-expressing leukemia cells were also kept under cell culture conditions for three,
four and six days and pre-apoptotic cells were labelled with Annexin V. After six days, almost all BTK-
transduced leukemia cells underwent apoptosis whereas viability of leukemia cells transduced with the
GFP-control vector remained unchanged (B).
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initiated immunoglobulin light chain gene rearrangement in three of four cell lines tested, we
could not detect k or A light chains on the surface of BTK-GFP-transduced leukemia cells
(not shown). Attempting to establish permanent lines from the control-GFP- or BTK-GFP-
transduced leukemia cells, we noted that reconstitution of expression of functional BTK
substantially increases sensitivity of the leukemia cells to apoptosis. Comparing acute
lymphoblastic leukemia cells carrying control-GFP or BTK-GFP vectors, the BTK-transduced

cells underwent apoptosis spontaneously after six days in cell culture (Figure 4B).

Dominant-negative BTK splice variants can protect pre-B lymphoblastic leukemia cells
against radiation-induced apoptosis

BTK-mediated propensity to apoptosis was observed in MLL-AF4", E2A-PBX1" and TEL-
PDFRB" acute lymphoblastic leukemia cells irrespective of pre-B cell receptor expression
(Figure 4). An earlier study invoked BTK kinase activity as a sensitizer to y-radiation-induced
apoptosis in chicken DT-40 lymphoma cells (20). Therefore, kinase-deficient dominant-
negative BTK splice variants may have a protective effect against y-radiation-induced
apoptosis in human acute lymphoblastic leukemia cells. To test this hypothesis, we 7-
irradiated E24-PBXI" acute lymphoblastic leukemia cells with 10 Gy. 24 hours after
irradiation, more than 90 percent of the cells had already undergone apoptosis as assessed by
propidium iodide uptake. Among the remaining cells, we sorted Annexin V' pre-apoptotic
cells and Annexin V™ viable cells and compared BTK splice variant expression between pre-
apoptotic and surviving leukemia cells. In two different PCR approaches, the entire kinase
domain (using primers for exons 12 to 19) and at a higher level of resolution, a hotspot-region
of aberrant splicing comprising exons 14 to 17 was amplified. Consistent with a protective
effect against y-radiation-induced apoptosis, surviving leukemia cells exhibit preferential
expression of kinase-deficient dominant-negative BTK splice variants (Figure 5A). Sequence
analysis of these splice variants revealed that some of the BTK splice variants identified here
in the context of resistance to y radiation-induced apoptosis were recurrently amplified from
various leukemia subentities (see Table 1). However, novel BTK splice variants were also
amplified (Figure 5B), which again all have in common their lack of a functional kinase

domain.
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Figure 5: Acute lymphoblastic leukemia cells surviving y-radiation are selected for the

expression of dominant-negative BTK isoforms.

The pre-B lymphoblastic leukemia cell line Kasumi-2 carrying a E2A-PBX1 gene rearrangement were
y-irradiated with 10 Gy. After 24 hours, more than 90 percent of the leukemia cells were apoptotic.
Among the remaining cells, AnnexinV" pre-apoptotic cells and AnnexinV surviving cells were sorted
separately. Sorted cells were subjected to RT-PCR analysis for BTK splice variant expression and
cDNA amounts were normalized by amplification of a GAPDH cDNA fragment. Splice variants were
detected by amplification of the entire BTK kinase domain using primers for exons 12 and 19 (low
resolution; A, top) or for exons 14 and 17 (high resolution, A, bottom). PCR products of this
amplification were subjected to sequence analysis (B).

Conclusion

Taking these findings together, we conclude that somatic mutation of the B7K gene is rare in
B cell precursor leukemia cells. However, in the majority of cases, the leukemia cells exhibit
deranged expression of BTK. While in four out of eight primary cases with an MLL-AF4 gene
rearrangement BTK expression is missing, B cell precursor leukemia cells typically exhibit
co-expression of full-length BTK with kinase-deficient, dominant-negative BTK splice

variants. These dominant-negative BTK splice variants can interfere with pre-B cell receptor-
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dependent signal transduction, induce a differentiation block and prevent immunoglobulin K
or A light chain gene rearrangement. While overexpression of full-length BTK in B lymphoid
leukemia cells induces propensity to apoptosis, expression of dominant-negative BTK splice

variants can protect against radiation-induced apoptosis.

Materials and Methods

Patient samples, cell lines and cell purification

Normal CD19" p-chain™ pro-B cells and CD19" VpreB" pre-B cells were sorted from human
bone marrow from four healthy donors (purchased from Cambrex, Baltimore, MD) using
immunomagnetic beads against CD19 (Miltenyi Biotech, Bergisch Gladbach, Germany) and
cell sorting using antibodies against CD19, VpreB (BD Biosciences, Heidelberg, Germany)
and the p-chain (Jackson Immunoresearch, West Grove, PA). Similarly, CD5" CD19" Bl
cells, IgD" CD27 naive B cells, CD19" CD27" memory B cells and CD19" CD138" plasma
cells were sorted from peripheral blood of four healthy donors using antibodies against CDS5,
CD19, CD27, CD138 and IgD (BD Biosciences). In total, 29 B cell precursor leukemias
including 12 cell lines and 17 primary cases were studied. 11 cases of B cell precursor
leukemia with MLL-AF4 gene rearrangement [t(4;11)(q21;g23)] including eight primary cases
(I to VIII, Table 1) and three cell lines (BEL1, RS4;11 and SEM) were analyzed. 11 samples
carrying a BCR-ABLI gene rearrangement [t(9;22)(q34;q11)] including seven primary cases
(IX to XV, Table 1) and four cell lines (BV173, Nalm1, SD1 and SUP-B15) were studied. In
addition, three leukemia cell lines carrying an FE24-PBXI gene rearrangement
[t(1;19)(q23;p13); 697, Kasumi2 and MHH-CALLS3], three cases of pre-B lymphoblastic
leukemia with TEL-AMLI fusion gene [t(12;21)(p12;q22)] including two primary cases
(XVIII and XIX, Table 1) and the cell line REH and one pre-B lymphoblastic leukemia cell
line harboring a TEL-PDGFRB gene rearrangement [Nalm6; t(5;12)(q33.2;p13.2)] were
studied. For all cases, fusion transcripts resulting from oncogenic gene rearrangements, were
detected by PCR as previously described (5). Clinical data for all primary cases were
described previously (2).

Western blotting

For the detection of tyrosine-phosphorylated BTK by Western blot, a phosphotyrosine-
specific antibody against BTK"*** and EIF4E (Cell Signaling Technology, Beverly, MA)

were used. Western blot experiments were carried out as previously described (6).
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Inhibitors of BCR-ABLI and BTK

For inhibition of BCR-ABLI1 kinase activity, the anti-leukemic drug STI571 (Novartis, Basel,
Switzerland) was used at a concentration of 10 umol/l. For inhibition of BTK, cells were
incubated with alpha-cyano-beta-hydroxy-beta-methyl-N-(2,5-dibromophenyl) propenamide
(LFM-A13; Calbiochem, Darmstadt, Germany) at a concentration of 50 pg/ml for the times
indicated.

Measurement of pre-B cell receptor responsiveness

Primary human bone marrow pre-B cells were enriched using immunomagnetic MACS beads
as previously described (7). Pre-B lymphoblastic leukemia cells were cultured with 10% fetal
calf serum in RPMI 1640 medium for the times and under the conditions indicated. After pre-
incubation, cells were washed and stained with Fluo-3 dye (Calbiochem, Bad Soden,
Germany) for 30 minutes. Changes of cytosolic Ca*" were measured by laser scans using
confocal microscopy (8, 9). After 10 to 30 seconds of measurement, antibodies against human
p-chains (Jackson ImmunoResearch) were added to bone marrow pre-B cells or preincubated
pre-B lymphoblastic leukemia cells (in the presence or absence of LFM-A13). Cytosolic Ca*"
concentrations were determined as previously described (8).

Flow cytometry

Surface expression of IgM and CD19 on pre-B lymphoblastic leukemia cell lines and primary
leukemia cells was monitored using antibodies from BD Biosciences, Heidelberg, Germany,
after the incubation times indicated. Pre-apoptotic or dead cells were identified by staining
with Annexin V and propidium iodide (BD Biosciences).

Sequence analysis of BTK and semiquantitative RT-PCR

In a search for BTK isoforms and somatic mutations of the BTK gene, BTK cDNA fragments
covering the entire coding region or genomic DNA fragments of the BTK gene were amplified
using 5’-ATCCCAACAGAAAAAGAAAACAT-3’ (BTK exon 2 forward), 5°-
GTTGCTTTCCTCCAAGATAAAAT-3’ (BTK exon 8 reverse), 5’-
ATCTTGAAAAAGCCACTACCG-3’ (BTK exon 8 forward),
5-TGATACGTCATTATGTTGTGTGTT-3' (BTK exon 12 forward), 5’-
TGATACGTCATTATGTTGTGTGTT-3’ (BTK exon 13 forward), 5°-
ATCATGACTTTGGCTTCTTCAAT-3’ (BTK exon 14 reverse), 5’-
CTCAAATATCCAGTGTCTCAACA-3’ (BTK exon 14 forward), 5’-
CTTTAACAACTCCTTGATCGTTT-3" (BTK exon 17 reverse) and 5°-
GGATTCTTCATCCATGACATCTA-3’ (BTK exon 19 reverse) were used. For
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normalization of cDNA and genomic DNA amounts 5’-TTAGCACCCCTGGCCAAG-3’
(GAPDH forward) and 5’-CTTACTCCTTGGAGGCCATG-3’ (GAPDH reverse) and 5°-
AACTACAAGACCGCCCCTTT-3’ (COX6B forward) and 5°-
GCAGCCAGTTCAGATCTTCC-3’ (COX6B reverse) were used.
BTK amplification products were sequenced as previously described (6). Sequences of novel
BTK isoforms are available from Genbank/EMBL (AM051275-AM051286).
Retroviral expression of a kinase-deficient BTK splice variant
All aberrant BTK splice variants identified lack a functional kinase domain (see
supplementary Figure 1). Therefore, we generated a cDNA fragment of human BTK
comprising the entire coding region but lacking the C-terminal portion of the kinase domain
(exons 15 to 19; BTK-AK). Following digestion with Nofl (New England Biolabs, Frankfurt
am Main, Germany), the PCR-product was ligated into the retroviral SI1IN expression vector
(10). This vector is based on the retroviral plasmid SFB11 (kindly provided by Dr.
Christopher Baum, Hannover, Germany) in which a multicloning site with Notl, EcoRI and
BamHI restriction sites was introduced, followed by an IRES NEO cassette.

293T cells were cultured in DMEM (Invitrogen, Karlsruhe, Germany)
supplemented with 10% fetal calf serum (Invitrogen), 2 mM L-glutamine (Invitrogen),
penicillin G (100 units/ml) and streptomycin (100 pg/ml) (Invitrogen). 293T cells were
cotransfected with 10 pg of the helper plasmid pHIT60, 10 pg of pczVSV-G envelope (11)
and 10 pg of SI1IN (as a control vector) or S11-BTK-AK-IN using Fugene 6 (Roche, Basel,
Switzerland) following manufacturer’s instructions. Both vectors are based on SF11 (10) with
the 3’LTR of the spleen focus-forming virus (SFFVp) and internal ribosome entry site
(IRES). Alternatively, MIG-GFP (12) und MIG-BTK-IRES-GFP vectors were used for
retroviral delivery of full- length BTK. For construction of the MIG-BTK-IRES-GFP vector,
the cDNA encoding human full-length BTK was cloned into the MIG vector (12). 24h after
transfection, the medium was changed for IMDM (Iscove’s modified Medium). 48h after the
transfection, supernatants were filtered through a 0.45 um filter and used to infect pre-B acute
lymphoblastic leukemia cell lines on plates coated with 2 pg/cm® of retronectin (Takara
Shuzo, Otsu, Japan; reference 13). Plates were pre-loaded three times with fresh supernatant
(14) and subsequently 2,5 x 10° cells were added to each well. 48 h after infection, cells
expressing the S11IN vector were selected using G418 to a final concentration of 0.5 mg/ml.

Cell sorting
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GFP-expressing cells or Annexin V' and Annexin V~ cells were sorted using a FACStar 440
cell sorter. Cells were sorted under sterile conditions and either kept under cell culture
conditions or subjected to RNA isolation and RT-PCR analysis.

Amplification of double-strand recombination signal sequence breaks by ligation-mediated
PCR

Genomic DNA was isolated from about 2.5 x 10° leukemia cells carrying retroviral
expression vectors for either GFP alone or GFP and BTK and ligated to a blunt-end linker
using T4 DNA ligase (Invitrogen, Karlsruhe, Germany) at 14°C overnight. The linker was
constructed by annealing the oligonucleotides 5'-
TTTCTGCTCGAATTCAAGCTTCTAACGATGTACGGGGACATG 3' and 3’ amino (C7)-
GACGAGCTTAAGTTCGAAGATTGCTACATGCCCCT -5’ and protruding 3' overhangs
were removed by 3'— 5' exonuclease activity of the Klenow fragment of E. coli DNA
polymerase I (Invitrogen, Karlsruhe, Germany). Ligation-mediated PCR (LM-PCR; reference
15) was carried out with modifications as previously described (16). In two semi-nested
rounds of amplification at an annealing temperature of 59°C, RSS-intermediates with a DNA
double-strand break at the 5’ heptamer of Jk1 gene segments were amplified (see
supplementary Figure 2) using 5’-GTAATTAACATTCAGTCTACTTTC-3’ as external
forward and 5’-TAACATTCAGTCTACTTTCTAAAA-3’ as internal forward primers
together with 5’-TCCCCGTACATCGTTAGAAG-3’ as reverse primer specific for DNA-
ligated linker molecules. To amplify RSS-intermediates with a DNA double-strand break at
the 5° heptamer of JA7 gene segments, 5’-TTCTCACTTCTTCCATGGTGAC-3’ and 5°-
ACTTCTTCCATGGTGACAGTCT-3’ were used in two rounds of PCR amplification as
described above.

y-radiation

Pre-B lymphoblastic leukemia cells were irradiated with 10 Gy y-radiation at the Clinic for
Radiotherapy and Radiological Oncology, Heinrich-Heine-Universitit Diisseldorf,
Diisseldorf, Germany. 24 hours after radiation, leukemia cells were stained with Annexin V

and propidium iodide to separately sort pre-apoptotic or surviving cells.
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Supplementary Figure 1a: BTK splice variants in B cell precursor leukemia
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Supplementary Figure 1b:

AExons 14-16
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Legend to supplementary Figure 1: BTK splice variants in B cell precursor
leukemiaBTK isoform expression was analyzed by RT-PCR in 29 cases of B cell precursor leukemia
carrying BCR-ABL1, E2A-PBX1, MLL-AF4, TEL-AML1 or TEL-PDGFRB gene rearrangements. 14
aberrant BTK isoforms could be identified in addition to full-length BTK. None of these BTK isoforms
carry a functional kinase domain resulting from the usage of regular or cryptic splice sites leading to
large deletion and/or the generation of pre-terminal translation-stops. Protein domains (top) and
mRNA exons (bottom) are depicted. Untranslated regions are indicated by hatched boxes. Sequence

data of all splice variants is available from EMBL/GenBank under accession numbers (AM051275-
AMO051286).

Jx1 or A7

RSS!
Jk1 or JAT

>
RSS!

D_

Jx1 or A7

Linker

Supplementary Figure 2: LM-PCR  amplification of DNA-double strand break
intermediates at Jx1 and JA7 recombination signal sequences.

Immunoglobulin light chain gene rearrangement involves the introduction of DNA double strand breaks
at recombination signal sequences (RSS) flanking V and J segments. DNA double strand breaks at
RSS can be ligated to double stranded DNA linker molecules. In order to detect DNA double-strand
breaks preceding V-J recombination at the /GK or IGL loci, linker-ligated DNA can be amplified using
Jk-RSS or JI-RSS-specific primers together with a linker-specific primer.
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Influence of SLP6S in negative feedback signaling during immunoglobulin

V region gene rearrangement

In pre-B cells, V(D)J recombination is regulated through a negative feedback signal: a
functional rearrangement at the /GHV locus leads to expression of the p protein as part of the
pre-B cell receptor which functions as an important checkpoint to establish allelic exclusion
on the second, unrearranged allele (Kitamura and Rajewsky, 1992). This inhibition of V(D)J
recombination on the second allele (referred to as allelic exclusion) was initially noted in mice
(Nussenzweig et al., 1987). After p signalling, the expression of RAG1 and RAG2 is
downregulated thereby preventing further rearrangements at the other allele (Grawunder et al.,
1995). Besides RAG1 and RAG2 regulation, allelic exclusion is controlled by the
accessibility of the different gene loci and segments to the V(D)J recombinase (Stanhope-
Baker et al., 1996). This accessibility is organised at multiple levels including subnuclear
relocation (Kosak et al., 2002) and chromatin remodelling (Maes et al., 2001). By histone
deacetylation the accessibility of the Vi genes are reduced after p expression on the B cell
surface (Chowdhury and Sen, 2003). It is not known yet, how this negative feedback
signalling leading to allelic exclusion is exactly organised, however we speculated that SLP65
plays an important role.

We found that all SLP65-deficient pre-B lymphoblastic leukemia and B cell
lymphoma cell lines carry more than two productively rearranged Ig heavy chain V region
genes consistent with continuous expression of RAG1 and RAG2. The presence of several
functionally rearranged heavy chains together with RAG expression indicates that there was a
defect in the negative feedback signaling in these cells. From all cases of B cell leukemia and
lymphoma, non-functional SLP65 mRNA splice variants were amplified. This suggested that
SLP65 plays as role in ending V(D)J recombination upon a successful rearrangement at the
IGHYV gene. Indeed, RAG1 and RAG2 expression was downregulated upon reconstitution of
SLP65 in these SLP65-deficient B cell leukemia and lymphoma cells.

Two recent reports (Hayashi et al., 2003; Xu et al., 2000) show that allelic exclusion is
intact in SLP65” mice. These data, however, are based on SLP65 mutant mice. As these mice
are healthy besides SLP65-deficiency, their locus control is intact. This intact locus-control in
combination with SLP65-deficiency shows that SLP65-deficiency alone does not compromise
allelic exclusion. Our data, however, are based on SLP65-deficient pre-B leukemia and B cell
lymphoma cell lines. As B cell leukemia and lymphoma cells exhibit a differentiation block at
their specific differentiation stage (Klein et al., 2004; Barr, 1998), no locus control is present
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in these cells. As allelic exclusion is based on both recombinase activity and on the
accessibility of the locus (Yancopoulos et al., 1986) this could be an explanation why there is
ongoing V(D)J recombination in SLP65-deficient leukemia and lymphoma but not in SLP65-
deficient B cells (Figure 1).

Normal SLP65™ SLP65*" SLP65™
B cells B cells leukemia leukemia
Controlled RAG 1/ 2 + +
expression
Locus control + . - -
Allelic exclusion? Yes Yes Yes No
Figure 1: Principle of allelic exclusion

Productive V(D)J rearrangement at one IgH allele inhibits further rearrangement on the other IgH
allele; a negative feedback mechanism known as allelic exclusion. Allelic exclusion is based on
controlled RAG1 and RAG2 expression and on the accessibility of the locus for the recombinase
(locus control). Failure of either controlled RAG expression or of locus control does not have an effect
on allelic exclusion. Assuming that SLP65 inhibits RAG expression this scheme explains why allelic
exclusion is inhibited in SLP65-deficient leukemia cells but not in SLP65-deficient B cells.

The continuous expression of RAGI and RAG?2 is of great significance for leukemia
and lymphoma as it might increase the risk of other genetic aberrations. There is indication
that the V(D)J recombination machinery may target non-Ig genes by mistake. V(D)J
recombinase activity probably was invloved in large deletions affecting the Aprt locus in T
cells (Fuscoe et al., 1991), the transcription factor TALI (Aplan et al., 1990) and the MTS/
gene (Cayuela et al., 1997). In each of the three genes, heptamer-like sequences were detected
near the breakpoints of the deletions, and the breakpoints show deletion of nucleotides as well
as addition of non-templates nucleotides. These features support the idea that the deletions are
mediated by V(D)J recombinase activity. Although each of these examples has been identified
in T cells there is no reason why similar deletion events could not occur in B cells. A different
type of V(D)J recombinase activity was found in follicular lymphoma where the BCL2 gene
was inserted into the IgH locus between a Dy and Ji gene segment (Vaandrager et al., 2000).,
cryptic RSS sites were identified at the breakpoints of the BCL2 gene and each breakpoint
junction showed nucleotide insertions. This suggests that the insertion of BCL2 was RAG-

mediated and happened during DyJy rearrangement.

88



Chapter 6 Discussion

Src-kinases and malignant transformation in B cell lymphoma cells

BCR engagement leads to the phosphorylation of the ITAMs located in the
cytoplasmic tails of Igo/IgP} by the Src-kinase Lyn. This phosphorylation creates the docking
sites for the recruitment and activation of the Syk tyrosine kinase subsequently triggering
downstream signaling leading to PLCy2 phosphorylation and Ca*" mobilization (Figure 2A).
We found that in the absence of SLP65, the major Src-kinase Lyn (Gauld and Cambier,
2004), binds PLCy! directly leading to a Ca®" signal (Figure 2B). We show that this SLP65-
independent signaling pathway results in the tyrosine-phosphorylation of MAP kinase 1 and
STATS, which induce proliferation and survival respectively (Richards et al., 2001; Karras et
al, 1996).

Membrane @
Cytoplasm Differentiation No differentiation
DAG + 33 DAG + IP3
PKC Ca?* release PKC Ca? release
Nucleus Proliferation Proliferation
Survival Survival
NF-xB NF-«xB

Figure 2: BCR-signaling in the presence (A) and in the absence (B) of SLP65.
In the presence of SLP65 (A) the BCR signals via Syk, SLP65, BTK and PLCg2 resulting in
differentiation, proliferation and survival. In SLP65-deficient cells (B) the signal is transduced via Lyn to
PLCy1 and leads to proliferation and survival but not to differentiation.

Src is the first proto-oncogene characterized (Bishop, 1985). In 1911, Francis Peyton

Rous discovered that healthy chickens injected with a cell-free extract of the tumor of a sick

chicken also became cancer. The virus that caused this sarcoma was named the Rous Sarcoma
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Virus (RSV). RSV has only 4 genes and one is src (v-src), encoding a tyrosine kinase and
responsible for the virus’ oncogenic character. In 1976 Bishop reported that normal avian
cells have a gene that is very similar to v-src, subsequently named c-src (cellular-src) a proto-
oncogene, normally involved in the control of cell growth. This c-src has become an
oncogene in RSV after being mutated.

A number of recent studies suggested a role for aberrant Lyn kinase activity in the
origin or malignant progression of human B cell lineage leukemia and lymphoma. In chronic
lymphocytic leukemia B cells, it was shown that Lyn is remarkably overexpressed at the
protein level as compared with normal B lymphocytes (Contri et al., 2005). Moreover, Lyn is
constitutively activity and was also detected in the cytosol of the malignant B cells. The
release of Lyn into the cytosol following caspase-dependent cleavage of the tyrosine kinase at
its N-terminus has been described as a general mechanism in hematopoietic cells during BCR-
induced apoptosis (Luciano et al., 2001). The soluble form of Lyn acts as an inhibitor of B
lymphocyte death likely by changing c—Myc expression (Luciano et al., 2003). Treatment of
BCR-ABLI" chronic myelogenous leukemia cells with Lyn-siRNAs, induced apoptosis in 80-
95% of the cells whereas normal hematopoietic cells remained viable (Hu et al., 2004),
indicating a great dependence of leukemia cells on Lyn.

However, a role of Lyn in aberrant activation of B lymphoid precursor cells of
leukemia or lymphoma is unexpected as B cell receptor-dependent B cell activation is
typically increased in Lyn'/' as compared to wild type murine B cells (Chan et al., 1998;
Nishizumi et al., 1998). Indeed, normal B cell receptor signaling is negatively regulated by
Lyn through activation of the inhibitory protein tyrosine kinase SHP1 (Otipoby et al, 2001)
and through the activation of CBL which induces degradation of Syk (Ota and Samelson,
1997). However, the classical signaling pathway (Figure 2A) is not active in SLP65-deficient
pre-B leukemia and B cell lymphoma cells. In this alternative signaling pathway (Figure 2B)
the stimulatory effect of Lyn on proliferation through phosphorylation of CD19, PI3K and
MAPKI1 is no longer overshadowed by its inhibitory effect on the classical B cell receptor
signal transduction (Gauld and Cambier, 2004; O’Laughlin-Bunner et al., 2001; Nishizumi et
al., 1995).

We therefore propose that the Src-kinase Lyn redirects (pre-) B cell receptor signaling
in SLP65-deficient leukemia and lymphoma cells to proliferation signals through PLCyl-
mediated Ca®’-mobilization and activation of the MAP kinase pathway. Although BCR-
signaling normally takes place via PLCy2 (Kang et al., 1996), PLCyl has been detected in
BCR-signaling in B cell leukemia before (Feldhahn et al., 2005).
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Aberrant splicing of (pre-) B cell receptor-related signaling molecules in

leukemia and lymphoma cells

Exons contain splice-site sequences at the intron/ exon borders. These splice-site
sequences are almost always consensus sequences including almost invariant dinucleotides at
each end of the intron: GT at the 5° end of the intron and AG at the 3’ end of the intron. The
spliceosome, a multicomponent splicing complex, binds to this consensus-sequences. Two
primary functions of splicing are performed by the spliceosome: i) recognition of the intron/
exon borders and i1) catalysis of the cut-and-paste reactions whereby introns are removed and
exons are joined (Faustino and Cooper, 2003). The short consensus sequences are not long
enough for splice-site recognition as they have to be distinguished from pseudo splice-site
sequences that look like the consensus splice-sites but are never used. Therefore, exonic and
intronic splicing enhancers and silencers, the so-called cis-elements, also play a role in the
recognition of the exons (Lim et al., 2001).

Alternative splicing is the joining of different 5° and 3’ splice sites. In this way
individual genes are able to express multiple mRNAs that encode proteins with diverse and
even antagonistic functions (Modrek and Lee, 2002). This is the case with SLP65 in many B
cell leukemias and lymphomas. By alternative splicing, variation of mRNA structure can
occur by insertion or removal of amino acids, shifting of the reading frame, or by introducing
a termination codon. In many cases of alternative splicing the cell undergoes specific
regulation depending on cell type, developmental stage, gender, or external stimuli. This
shows that splicing is a complex mechanism whereby defects easily can occur. This defect
can be caused by a mutation in the cis-element leading to aberrant splicing of a single gene
(expression of unnatural mRNASs) or a mutation can occur that disrupts a component of the
splicing machinery and thereby has an effect on several genes (Faustino et al., 2003).

Most of the mutations that disrupt splicing are single nucleotide changes within the
consensus splice sites. But also new splice sites can be introduced by mutations. It was shown
that 15% of point mutations result in human genetic disease by a failture of splicing
(Krawczak et al., 1992). In fact, the primary mechanism of disease-causing exonic mutations
do not have an effect on the coding potential but lead to a splicing abnormality (Cartegni et
al., 2002).

In this thesis many alternatively spliced isoforms have been described for several pre-

B cell leukemia and B cell lymphoma cells. As for SLP65 no point mutations in the consensus
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sequence have been found and this splicing recognition site is still intact, it is very unlikely
that mutations outside this consensus sequence had an effect on splicing. It is more likely to
believe that there is a failure in the splicing machinery in many, if not all, leukemia and
lymphoma cases. Besides alternative SLP65 splicing, many other genes have been aberrantly
spliced in leukemia and lymphoma. This confirms the hypothesis that in leukemia and
lymphoma a general failure in the splicing machinery is causing alternatively spliced genes.

BTK has been identified as a critical cofactor of SLP65 in preventing leukemic
transformation of murine B cell precursors (Kersseboom et al., 2003). As described in chapter
5 of this thesis, several BTK splice-variants are found in pre-B leukemia cells. Also here the
splice mechanism itself seems to be deranged as cryptic splice sites were frequently used and
splice site slippage leading to small nucleotide insertions or deletions were also observed. The
splice-variants affected the BTK kinase domain leading to a complete loss of BTK kinase
activity. This BTK-AK acts as a dominant-negative form of BTK by inhibiting Ca*" release in
response to pre-BCR stimulation and by inhibiting pre-BCR driven differentiation. Thereby it
was shown that these dominant-negative BTK splice variants can protect against radiation-
induced apoptosis. Another BTK splice-variant, BTKP?, functions as a linker molecule by
activation of full-length BTK by BCR-ABL1 (Feldhahn et al., 2005).

The transcription factor /KAROS is another well-known example of alternative
splicing in leukemia. With its N-terminal zinc-finger domains IKAROS is involved in the
DNA binding, while its C-terminal is essential for dimerization with other IKAROS isoforms
or other family members (Morgan et al., 1997). Several isoforms of IKAROS are expressed
due to alternative splicing. Long isoforms with at least three zinc fingers can efficiently bind
DNA, whereas short isoforms with less than three zinc fingers dimerize with each other and
act as dominant-negative isoforms (Sun et al., 1996). We have shown that BCR-ABLI induces
aberrant splicing of /KAROS by expressing the dominant-negative isoform Ik6 (Klein et al.,
2005). By inhibition of the BCR-ABLI kinase activity normal IKAROS expression is
restored. A role of Ik6 in pre-B leukemia has been described by other groups as well (Nakase
et al., 2000; Tonnelle et al., 2003) but also other IKAROS splice-forms (Ik4 to 1k8) which
cannot bind DNA, are involved in leukemia (Olivero et al., 2000; Sun et al., 1999).
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Summary

Summary

B cell development is characterized by recombination of immunoglobulin heavy and
light chain genes. Pro-B cells start rearranging their immunoglobulin V heavy chain genes.
Human pre-B cells undergo apoptosis, unless they are rescued through survival signals of the
pre-B cell receptor, which is expressed as a result of successful Vy region gene
rearrangement. After (pre-) B cell receptor activation, a number of signaling proteins are
activated finally leading to a Ca®" signal. One of the proteins involved in this cascade is the
linker molecule SLP65. It is known that SLP65 expression is defective in a substantial
fraction of cases of acute lymphoblastic leukemia. In addition, we also found defective
expression of SLP65 in a fraction of cases of B cell lymphoma. Therefore, we investigated the
consequences of SLP65-deficiency on (pre-) B cell receptor signal transduction in B cell
lymphoproliferative diseases.

We found that SLP65-deficient leukemia and lymphoma cells carry multiple /IGHV
region genes and also exhibit RAG1 and RAG2 expression together with ongoing V(D)J-
recombinase activity. Reconstitution of SLP65-expression in SLP65-deficient leukemia and
lymphoma cells results in downregulation of RAG1/2 expression and prevents both de novo
Vy-DJy rearrangements and secondary Vi replacement. While SLP65 is essential for B cell
receptor-induced Ca®" mobilization in normal cells, B cell receptor engagement in SLP65-
deficient as compared to SLP65-reconstituted B cell lymphoma cells resulted in an
accelerated and enhanced yet short-lived Ca**-signal. In a search for components of a SLP65-
independent B cell receptor signaling pathway, we identified a critical interaction between the
src-kinase LYN and PLCyl. As shown by RNA interference, LYN is required for B cell
receptor-induced Ca®’ release in SLP65-deficient but not in SLP65-reconstituted B cell
lymphoma cells. LYN also transduced B cell receptor-dependent survival and proliferation
signals including tyrosine-phosphorylation of STATS and MAPKI1 in SLP65-deficient B cell
lymphoma cells.

We conclude that ongoing Vi gene rearrangements are a frequent feature in B
lymphoid malignancy which can be attributed to SLP65 in many cases. This function of
SLP65 may have important implications for the clonal evolution of a SLP65-deficient
leukemia or lymphoma because perpetual expression and activity of RAG proteins carries the
risk of continuous DNA double-strand breaks and the accumulation of secondary
transforming events in the leukemia and lymphoma cells. The aberrant signaling pathway in
SLP65-deficient B cell lymphoma cells indicates that the src-kinase LYN can short-circuit B
cell receptor signaling in SLP65-deficient B cell lymphoproliferation and thereby promote

activation of survival and proliferation-related molecules.
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Supporting information

Supporting information

Oligonucleotides for RT-PCR analysis:

RAGI1 5’-TGCAGACATCTCAACACTTTGGCCAG-3’
5’-TTTCAAAGGATCTCACCCGGAACAGC-3’
RAG2 5’-AGCAGCCCCTCTGGCCTTCAG-3°

5’-CATGGTTATGCTTTACATCCAGATG-3’
SLP65 Exon 2F 5’-GGCAGCTTCAAAAGATGGTC-3’
SLP65 Exon 17R  5’-TTTCCCCCTTTATGAAACTTTA-3’
GAPDH 5’- TTAGCACCCCTGGCCAAGG3’

5’- CTTACTCCTTGGAGGCCATG-3’
rearranged Vy1-2 5’-TTCTGGATACACCTTCACCGGCT-3’

5’-GATACACCTTCACCGGCTACTAT-3’
rearranged Vy6-1 5’-CTCGCAGACCCTCTCACTCAC-3’

5’-CAGACCCTCTCACTCACCTGT-3"
germline Ji5 5’-CTTTAACTCTGAAGGGTTTTGCT-3’

5’-AACTCTGAAGGGTTTTGCTGCAT-3’

5’-CCCTAAGTGGACTCAGAGAGG-3’

Linker 5’>-TCCCCGTACATCGTTAGAAG-3’
5’-GTACATCGTTAGAAGCTTGA-3’

GAPDH 5’-TTAGCACCCCTGGCCAAGG-3’
5’-CTTACTCCTTGGAGGCCATG-3’

LYN 5’-GACGATGGAGTAGATTTGAAGAC-3’

5S>-TTCCTGGTTATATCCTTGAAAAA-3’
SLP65 ExonlF 5-TGGACAGTTATTCGTGTCTCTT-3’
SLP65 Exon7R 5’-GTGAACTGCTTTCTGTGGGA-3’
SLP65 Exon2F 5’-GGCAGCTTCAAAAGATGGTC-3°
SLP65 Exonl7R S>-TTTCCCCCTTTATGAAACTTTA-3’
SLP65 dExonl6R  5-CAACACTTCCAAAGTACTTGT-3’

Oligonucleotidesfor linker construction:
S>-TTTCTGCTCGAATTCAAGCTTCTAACGATGTACGGGGACATG-3’

3’ amino (C7)-GACGAGCTTAAGTTCGAAGATTGCTACATGCCCCT-5’
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Oligonucleotides for sequence analysis of a genomic deletion in Karpas-422 DLBCL
cells:

SLP65 Intron2-3F  5’-CATCAAATCTGTCCATTGATTG-3’

SLP65 Intron3-4R 5’-ACCTTTTGTTTTCAAATGAGGA-3’

Oligonucleotides for RNA interference:
5’-AGAUUGGAGAAGGCUUGUAUU-3
5’-AAUACAAGCCUUCUCCAAUCU-3’ (LYNI siRNA)
5’-CCAUCACUGGUUGCACUUAUU-3"
5’-AAUAAGUGCAACCAGUGAUGG-3" (LYN2 siRNA)
5’-AGUAUUCUGUACUCUUAGAUU-3’
5’-AAUCUAAGAGUACAGAAUACU-3’ (LYN3 siRNA).
5’-UUGUACCUAAUUUCGUCCCAC-3’
5’-GUGGGACGAAAUUAGGUACAA-3’ (Non-targeting siRNA).

Patient samples and cell lines

28 B cell precursor leukemia cases including 16 primary cases of B cell precursor leukemia
and 12 B cell precursor leukemia cell lines were studied (Table 1A). In addition, 27 cases of B
cell lymphoma including 17 primary cases and 10 cell lines were investigated (Table 1B). The
collection of B cell lymphomas included B-CLL, mantle cell lymphoma, follicular lymphoma,
Burkitt’s lymphoma and diffuse large B cell lymphoma cases. BEL1, HPB-NULL, HBL-2
and SP49 cells were a kind gift from Dr. Ruoping Tang (Paris, France), Dr. Yoshinobu
Matsuo (Okayama, Japan), Dr. Wolfram Klapper (Kiel, Germany) and Dr. Masanori Daibata
(Kochi, Japan). Primary leukemia samples were provided by R.S. (Kiel, Germany) and Dr.
Wolf-Karsten Hofmann (Berlin, Germany). Primary lymphoma samples were provided by Dr.
Wolfram Klapper and Dr. Reza Parwaresch (Kiel, Germany) and Dr. Martin-Leo Hansmann
(Frankfurt, Germany).
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Abbreviations

Abbreviations

ALL
B-CLL
BCR
BTK
BTK-AK

CLP
cRSS

DLBCL
IGH
IGK

IGL
IRES
ITAM
ITIM

J
LM-PCR
NHEJ
PTK
RSS

SH2
siRNA
SH2

SH3
SLP65
SLP65AE16
SRC

\Y

acute lymphoblastic leukemia

B cell chronic lymphocytic leukaemia
B cell receptor

Bruton’s tyrosine kinase
kinase-deficient BTK isoform
constant

common lymphoid progenitor

cryptic RSS

diversity

diffuse large B cell lymphoma
immunoglobulin heavy-chain
immunoglobulin k light chain
immunoglobulin A light chain
internal ribosome entry side
immunoreceptor tyrosine-based activatory motif
immunoreceptor tyrosine-based inhibitory motif
joining

ligation-mediated PCR
non-homologous end joining

protein tyrosine kinase
Recombination signal sequence

SRC homology domain 2

short interfering RNA

SRC homology domain 2

SRC homology domain 3

SH2 domain-containing leukocyte protein of 65 kD

SLP65 without exon 16
cellular homolog of Rous sarcoma virus

variable
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