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ABSTRACT

B lymphocytes constitutes an important arm of the immune system, and their response
to antigen is largely dependent upon signal transduction through the B cell receptor
(BCR). Such a potent receptor, however, needs to be further balanced by positive and
negative regulators to prevent harmful effects that may arise from inappropriate
stimulation. Src family protein tyrosine kinase Lyn is involved in both positive and
negative regulation, since the both gain-of-function Lyn and loss-of-function Lyn
mutations caused autoimmunity in mice. The exact signalling pathway(s) regulated by
Lyn in B cells, however, are still not clear. Work presented in this thesis attempts to
elucidate the biochemical mechanisms that underline the double-edged nature of Lyn

in BCR signalling.

CD19 is an important B cell co-receptor that helps to set the threshold for BCR

+/+

signalling. Although CD19 expression level is same in lyn” and lyn** B cells, it was
difficult to solubilize CD19 from lyn” mice by TX-100 detergent, compared with
wild-type mice. Since lipid rafts are defined as a TX-100 insoluble domain of the
plasma membrane, the possibility that CD19 was constitutively located in this
signalling platform in Lyn-deficient B cells would explain the hyper-responsiveness
of lyn” B cells. Therefore the membrane localization of CD19 in the absence of Lyn
was examined carefully. Lipid rafts were found to possess all the necessary proposed
properties as signalling platforms, such as containing the Src kinase family member
Lyn and excluding the receptor phosphatase CD45. The BCR was rapidly
translocated into the lipid raft domain after BCR cross-linking. In the resting state,

however, CD19 was found to be outside lipid rafts in both wild type and lyn”" B cells.

Given a normal membrane distribution of CD19 in the absence of Lyn, the
biochemical consequences of BCR ligation in mouse B cells deficient in either Lyn or
CD19 was examined for evidence of interaction or co-dependence between these
molecules. In contrast to published results, the extent of CD19 phosphorylation
following BCR ligation was unaffected by the absence of Lyn yet was dependent on
other Src-family PTKs as it was inhibited fully by pp2, a Src-family specific inhibitor.

Consistent with the normal phosphorylation of CD19 in lyn” B cells, the recruitment



of phosphoinositide-3 kinase to CD19 and the ability of CD19 to enhance both
intracellular calcium flux and Erk1/2 activation after co-ligation with the BCR were
intact in the absence of Lyn. Similarly, unique functions of Lyn were found to be
independent of CD19. The increase in Lyn kinase activity following BCR ligation
and the inhibition of BCR-mediated calcium flux by CD22 were both normal in
CD19" B cells. Collectively, these data argue that the unique functions of Lyn do
not require CD19 and that the signal amplification mediated by CD19 is independent
of Lyn. Therefore, the roles of Lyn and CD19 following BCR ligation are

independent and opposing, one being primarily inhibitory and the other stimulatory.

The opposite phenotype of Lyn-deficient B cells to that of PI3K-deficient B cells
prompted us to investigate the possibility that Lyn works through PI3K. We found
that many aspects of the hyper-sensitive phenotype of Lyn-deficient primary B cells
in response to BCR ligation, such as Erk MAP kinase activation, calcium elevation
and hyper-proliferation were attenuated by removal of PI3K activity, suggesting an
elevated PI3K pathway in the absence of Lyn. Furthermore, the specific activity of
PI3K from lyn” primary B cells was found to be higher both before and after BCR-
stimulation, indicating the inhibition of PI3K activity by Lyn. In a search for the
factors that cause the activation of PI3K in primary B cells, we found the BCR-
induced phosphorylation of a PI3K associated protein was inhibited by pp2, a Src
family PTK inhibitor, but elevated in Lyn-deficient primary B cells. Moreover, the
Src family PTK activity was demonstrated to be required for the activation of PI3K in
both wild type and Lyn-deficient primary B cells. On the basis of these data we
propose a novel inhibitive mechanism of Lyn in BCR signalling acting on PI3K.
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Chapter 1 Signalling Activation via B cell Receptor

CHAPTER 1: SIGNALLING ACTIVATION VIAB CELL
RECEPTOR

In the battle against a bewildering array of infectious agents, humoral immune
mechanisms provide a defensive strategy additional to that provided by the complement-
mediated acute inflammatory reaction. Of the numerous soluble plasma proteins in the
humoral response to the foreign invasion, antibody is an important constituent of both
innate immunity and specific acquired immunity. The production of antibody is a
specific function of B lymphocyte and is the final result of a series of signalling events

initiated via the antigen receptor on the cell surface, the B Cell Receptor (BCR).

1.1: BCELL ANTIGEN RECEPTOR

As pre-B lymphocytes transit into the immature B cell stage, they begin to express
specific receptors that function to recognize foreign antigen and subsequently to process
it for presentation to T cells, and to transduce signals that lead ultimately to the
production of antibody. This multifunctional receptor on the B cell surface is called B
cell antigen receptor (BCR). The BCR belongs to a family of Multichain Immune
Recognition Receptors (MIRRs), which includes the T cell receptor (TCR) and receptors
for the Fc portions of 1gG (FcyRI, FcyRIIA, FcyRIIC, FcyRINA) and IgE (FceRI) (Tamir
et al.,, 1998). The common feature of this receptor family is an oligomeric structure in
which different membrane-spanning subunits are used for the purpose of antigen or
immunoglobulin recognition and signal transduction. As a member of the MIRRs
family, BCR uses surface immunoglobulin (slg) to sense environmental changes, and
employs a disulfide linked Ig a/lg B heterodimer, noncovalently associated with the slg,

to transduce signals from the BCR to the nucleus in response to external changes.

The slg on the B cell membrane is a tetrameric complex of Ig heavy (H) chains and light
(L) chains. It is derived from the same gene as that of the secreted form of
immunoglobulin by alternative RNA processing and therefore has the same antigen
specificity, which is determined during B cell development when each B cell somatically

recombines the immunoglobulin gene segments to create a unique immunoglobulin
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variable region gene.  The surface immunoglobulin, however, has a hydrophobic
transmembrane domain that anchors it to the surface of the B cell, while the secreted
form of immunoglobulin does not. B cells express surface IgM in their immature stages,
but as part of their maturation shortly after entering the periphery from the bone marrow,
they express both surface IgM and IgD. Class switch recombination occurring during an
immune response leads to the appearance of memory B cells that express the other
classes of surface immunoglobulin, namely I1gG, IgA and IgE. The cytoplasmic
domains of slg are short, ranging from only three amino acid residues in the case of sigM
and slgD (lysine-valine-lysine-COOH in each case) to 28 residues for the slgG
subclasses (Reth et al., 1992). The longer cytoplasmic domains of IgG and IgE could be
related to the efficient responses of memory B cells that use 1gG or IgE as their surface
immunoglobulin (Kaisho et al., 1997; Achatz et al., 1997; Martin and Goodnow, 2002;
Wakabayashi et al., 2002).

The short cytoplasmic domains of surface immunoglobulin requires additional subunits
in the BCR complex to transduce signals. During the late 1980s and early 1990s, four
publications had a dramatic impact on the research of BCR signalling, of which, three
were related to the signal traduction subunit of the BCR complex. These were the
discovery of surface proteins associated with sigM (Hombach et al., 1988); cloning of
the mb-1 gene (Sakaguchi et al., 1988); the description of a YXXL-based motif (single-
letter code is used for amino acids, with X denoting any amino acid) conserved in
accessory chains of antigen receptors and Fc receptors (Reth, 1989); and the finding that
cross-linking the BCR induces cytoplasmic protein tyrosine phosphorylation events
(Gold et al., 1990). Later on, the sigM-associated proteins, now known as Iga (CD79a)
and IgB (CD79b), were found to be encoded by mb-1 and B29 genes respectively
(Hombach et al., 1990; Campbell et al., 1991; Schamel et al., 2000). Iga and Igp are
two disulfide-bonded heterodimers that non-covalently associate with the heavy chains
of the slg (Hombach et al., 1988, 1990; Campbell et al., 1991). The same Igo/Igp
heterodimer is associated with all of the five different heavy chain classes of murine
(Venkitaraman et al., 1991) and human (van Noesel et al., 1992) slg molecules, but
different glycosylation of the Iga protein has been observed (Campbell et al., 1991,
Wienands et al., 1991).  The structure of BCR complex is depicted in Fig 1.1.
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Figure 1.1 The structure of B cell receptor complex. B cell receptor (BCR) is

composed of membrane-bound surface immunoglobulin (slg) and disulfide linked
CD79a (lga)/CD79b (IgB) heterodimer, which noncovalently associate with slg. The
phosphorylation state of the Immunoreceptor Tyrosine-base Activation Motif (ITAM)

sequences within the Iga/IgB subunit are depicted for resting and activated BCR

complex.
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The signal initiation site on the Iga and Igp was first identified by Reth (Reth, 1989).
The study of signal function of these slgM-associated proteins can be summarized in two
stages of in vitro and in vivo experiments. In vitro, the biochemical events induced by
Igae and IgB were mainly determined using a chimeric-molecule approach in the mature
B cell line, A20 (Sanchez et al., 1993). In these experiments, Ig heavy chain molecules,
carrying a mutation of two conserved polar residues within the transmembrane region,
were found to be non-functional. They could neither associate with Iga/Igp
heterodimers nor cause increases in intracellular Ca®* and tyrosine phosphorylation.
However, chimeric immunoglobulin molecules fused to the cytoplasmic tails of Igo or
lgB (lgu/Iga. and Igu/lgp) could reconstitute Ca®* flux. Furthermore, differences
between the functions of the Iga and Igp tails were observed, in which only the Igu/lga
chimera could reconstitute increase in both Ca** and tyrosine phosphorylation to levels
induced by BCR crosslinking, while the Igu/Ig chimeric molecule reconstituted Ca®*
flux only (Sanchez et al., 1993).

The role of Iga and Igp in BCR signalling in immature B cells was examined using a B
cell lymphoma, WEHI-231. Engagement of the BCR gives both apoptotic and cell cycle
arrest signals to the WEHI-231 cells (Benhamou et al., 1990; Hasbold and Klaus et al.,
1990). Chimeric molecules, composed of the extracellular and transmembrane portions
of the platelet-derived growth factor receptor (PDGFR) and the cytoplasmic tail of either
Iga. or IgP, were introduced into WEHI-231 and found to be capable of inducing
apoptosis following PDGF treatment, but only when both were present (Tseng et al.,
1997). There was no effect of PDGF on cells transfected with PDGF/Iga. or PDGF/I1gp
alone, indicating the involvement of both subunits in the BCR signalling transduction
(Tseng et al., 1997).

The in vitro data for Iga and Igp in signal transduction, however, needed to be supported
by in vivo experiments, which were mainly done on knockout animals. Ablation of Igp
in mice leads to a complete impairment of B cell development, indicating the importance
of this BCR subunit (Gong et al., 1996). Moreover, this block occurs before variable
(Vn ) to diversity joining (DJy) recombination, even before Igu is expressed, which
suggests that there is a checkpoint that requires Igp signalling during the VyDndu

recombination process (Gong et al., 1996; Kurosaki, 1999). The signalling capacity of



Chapter 1 Signalling Activation via B cell Receptor

Igo. was examined by deleting its cytoplasmic domain. In the cytoplasmic Iga”™ mice,
pre-B cell development was apparently normal, whereas the number of peripheral B cells
was decreased tenfold (Torres et al., 1996), suggesting a different developmental stage
requirement for signal transduction through Igo. The most likely explanation for the

/

decreased number of peripheral B cells in cytoplasmic Igo™ mice is that the persistence

signal through BCR requires both Iga and IgB, while IgB alone is sufficient for pre-B

cell development. Collectively, the data from both Ig8” and conditional Igo” mice
emphasize the importance of Iga. and Igp subunits in BCR signal transduction although
the contributions of Iga. and Igp are not identical and potentially impact different stages

of B cell development.

1.2: PROTEIN AND LIPID KINASE

As a major signalling receptor on the B lymphocyte, BCR is used to sense environmental
changes outside the cell, and Iga/Igp heterodimer to convert such changes into signals,
that are transduced into the nucleus in order for the cell to take such actions as
proliferation, differentiation or apoptosis. But how are the signals transduced in the
cytoplasm? The earliest and immediate response that B cell take after BCR stimulation
is a series of biochemical changes which includes phosphorylation of intracellular
signalling molecules, increased phosphatidyl inositol (PI) turnover, and calcium
mobilization. It is these biochemical cascades that convey signals from the BCR to the
nucleus. In terms of phosphorylation, the BCR, however, has no intrinsic Protein
Tyrosine Kinase (PTK) activity, making it different from other surface receptors such as
cytokine receptors that can phosphorylate tyrosine themselves. To solve this problem,
the BCR employs several distinct families of cytoplasmic PTKs and lipid kinases.
Indeed, three distinct families of non-receptor PTKs as well as a lipid kinase have been
found to be quickly activated upon BCR engagement: These are the Src family of PTKSs;
Syk of Zap70/Syk family PTKs; Btk of the Tec family of PTKSs; and Phosphoinositide 3-
kinase (PI13K).

1.2.1: Src Protein Tyrosine Kinases:



Chapter 1 Signalling Activation via B cell Receptor

Structural analysis of PTKs has revealed at least two classes of enzymes: receptor type
kinases which contain extracellular, ligand-binding domains and transmembrane
domains; and cytoplasmic non-receptor type kinases which do not have receptor
structures at all. The catalytic function of receptor-type kinases is enhanced by ligand-
induced dimerization, while non-receptor tyrosine protein kinases lack an intrinsic ability
to interact with the extracellular compartment, and therefore participate in ligand-
induced intracellular signal transduction responses by associating with the cytoplasmic
domains of other cell surface molecules that themselves have no intracellular catalytic
domain. The Src-family kinases belong to the non-receptor type kinases, with molecular
masses of 55 000 — 60 000. This kinase family includes Src, Yes, Fgr, Fyn, Lyn, Lck,
Hck, Blk and Yrk. Members of the c-src gene family can be placed into two groups on
the basis to their expression patterns (Brickell, 1992). Src, fyn, yes are ubiquitously
expressed (Coutneidge et al., 1993) and yrk is observed in a broad range of tissues and
cell types (Sudol et al., 1993), whilst expression of the lyn, blk, hck, Ick and fgr genes is

restricted to particular hematopoietic cell lineages, as shown in Table 1.

1.2.1.1: Structure of Src PTKs:

Src-related enzymes exhibit a highly conserved primary structure. From the amino-
terminus to the carboxy-terminus, the common features of all Src-family members are:
1). A membrane association domain, which comprises a myristylation site (glycine 2), a
site of palmitylation (cysteines 3 and /or 5 and /or 6), as well as a cluster of basic
residues capable of interacting with acidic phospholipids in the membrane (Resh, 1994).
2). A “unique” domain that functions to mediate interactions with specific substrates
(Shaw et al., 1989; Turner et al, 1990). The sequence in this domain varies between
family members from 50-80 amino acids and represents the most divergent sequence in
Src-PTKs. For instance, Lyn exists as two distinct isoforms, referred to as p56”" and
p53Y" that are drived from alternatively spliced mMRNA encoding proteins of 512 and 491
amino acid respectively (Yi et al., 1991; Stanley et al., 1991). The difference between
the Lyn two isoforms is in the unique domain: p56™" contains an additional 21 amino

acids.  While both Lyn isoforms are co-expressed and have been found to be
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Table 1.1. Expression Pattern of Src family Protein Tyrosine Kinases

B cell Tcell granulocyte  macrophage  mast cell monocyte
Lyn + + + +
Blk + + + +
Hck + + + +
Lck +
Far + + + +
Src ubiquitously
Fyn ubiquitously
Yes ubiquitously
Yrk ubiquitously
Ref 1-6 7 3,8 1,8,9 10 1,3,8
1. Yamanashi et al., 1989. 2. Dymecki et al., 1990. 3. Quintrell et al., 1987.
4. Burkhardt et al., 1991. 5. Link et al., 1995. 6. Wechsler et al., 1995.
7. Barber et al., 19809. 8. Ley etal., 1989. 9. Katagiri et al., 1991.

10. Eiseman et al., 1992.
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associated with the same cell surface receptor complex, it is possible that they mediate
binding to different cell surface receptors through their unique domain sequences, or that
they have different affinities for the same receptor complex (Hibbs et al., 1997). 3). A
Src-homology-3 (SH3) domain that contains 60 amino acids and interacts with proline-
rich polypeptides and is presumably involved in signal amplification (Pawson et al.,
1992). For example, most of the signalling adaptor molecules contain proline-rich
sequences and they are involved in signal transduction mainly by interacting with SH3
domains (Feng et al., 1994; Lim et al., 1994). 4). A Src-homology-2 (SH2) domain that
contains 100 amino acid and has the ability to bind inter- or intra-molecularly to tyrosine
phosphorylated proteins (Pawson et al., 1992). The specificity of the binding to
phosphorylated tyrosine is regulated by the sequence flanking the SH2 domain (Felder et
al., 1993; Panayotou et al., 1993). 5). A catalytic region, the most conserved region
between Src family members. It contains sites for ATP binding, phoshotransfer and
autophosphorylation. A characteristic feature of the catalytic domain is the presence of a
tyrosine residue (Tyr-397 in Lyn) as the autophosphorylation site, which becomes
phosphorylated during enzyme activation. 6). A negative regulatory domain at the
carboxy-terminus of Src-family members, including the major site of in vivo tyrosine
phosphorylation. The phosphorylation of a conserved tyrosine residue (Tyr-508) in the
regulatory domain of Lyn negatively regulates its tyrosine kinase activity. Current
models suggest that in the inactive state, the C-terminal tyrosine in the regulatory domain
is phosphorylated by PTK Csk (Okada et al.,, 1991; Bergman et al., 1992). The
interactions among domains, stabilized by binding of the phosphorylated tail to the SH2
domain lock the molecule in a conformation that simultaneously disrupts the kinase
active site and sequesters the binding surfaces of the SH2 and SH3 domains. When the
C-terminal tyrosine is de-phosphorylated by CD45, - a transmembrane protein tyrosine
phosphatase (Cahir McFarland et al., 1993; Hurley et al., 1993), - the SH2 and SH3
domains are freed from the phosphorylated Tyr 508, which promotes enzyme
autophosphorylation and hence increases the kinase activity (Sicheri et al., 1997; Xu et
al., 1997). The common structural features of Src family protein tyrosine kinases are

depicted in Figure 1.2.
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Figure 1.2 Src Protein Tyrosine Kinases. Shown is a schematic representation of the

common features of Src family protein tyrosine kinase members. Specific residues in

each member vary slightly. The function of each domain is indicated.
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1.2.1.2: Function of Src-PTKSs in B Lymphocyte:

The functions of Src family PTKs correlates with their physical expression and
association. In hematopoietic cells, the Src-PTKs are associated with several surface
receptors including integrins, G-protein-coupled receptors, growth factor receptors,
BCR, T cell antigen receptor (TCR), the high affinity FceRI complex, CD40, Fcy RI, the
lipopolysaccharide receptor, and several cytokine receptors (Erpel et al., 1995).
Engagement of these receptors by suitable ligands activates Src family PTKs and thereby
starts signal transduction by phosphorylating several target proteins in these receptor
pathways. Therefore, the major function of Src-family PTKSs is to initiate signalling

transduction by phosphorylating substrate molecules.

In B cells, the direct target of phosphorylation by Src-PTK is the Igo/p subunit in the
BCR complex. Ig o and Igp chains contain a sequence motif of approximately 26 amino
acid residues within their cytoplasmic regions. This motif is named the Immunoreceptor
Tyrosine-based Activation Motif (ITAM) (Reth, 1989), and is characterized by six
conserved amino acids in the sequence D/Ex;D/Ex;YxoL/IX7YXxoL/l (in single-letter
amino acid code, where x represents any amino acid) (Cambier, 1995). The
phosphorylation of the two critical tyrosines in the ITAMs in Ig o/p heterodimers creates
binding sites for SH2 domain containing molecules involved in the BCR signal
trasduction cascade. The recruitment of signalling molecules to the Ig o/ subunits
brings them into close proximity with the plasma membrane where they can be activated

by specific enzymes.

Of these SH2 domain-containing signal transducers recruited to the Ig o/f subunits in
the BCR complex, Syk -another non-receptor family of protein tyrosine kinase- is the
key molecule phosphorylated by the Src-family PTK (Kurosaki et al., 1994). Following
its phosphorylation, Syk becomes activated and starts several important signalling
pathways, leading to B cell activation. The function of Syk in BCR signalling will be

discussed in detail in the following section of this review.

Other downstream molecules in the BCR signalling pathway that fall into the scope of
tyrosine phosphorylation by the Src-family PTKs are some important adaptor proteins in
the cytosol. HS1 is a 75-kDa protein encoded by a gene (hsl) expressed only in

hematopoietic cells. It is mainly localized in the membrane and cytosolic fractions of the
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cells. p75HS1 was found to be rapidly phosphorylated and associated with the Src-like
kinase Lyn after crosslinking of membrane-bound IgM, making it an important substrate
of Src family PTK and possibly other protein-tyrosine kinases upon B cell antigen
receptor-mediated signalling (Yamanashi et al., 1993; Fukamachi et al., 1994)

p2lras is a key regulator of cell growth. GTPase-activating protein (GAP) may act as
both a regulator of p21ras activity and as a downstream effector of p21ras (Cales et al.,
1988; Molloy et al., 1992). Tyrosine phosphorylation of GAP increased rapidly after
mlg cross-linking in the immature B cell line WEHI 231, the mature B cell lines BAL 17
and Daudi and the IgG-bearing B cell line A20, which showed p21ras GAP to also be a
substrate for mlg-activated tyrosine kinases. (Gold et al., 1993). Furthermore, the GAP
associated protein that migrates at 62 kDa by SDS-PAGE (p62) was isolated in the
hematopoietic progenitors from chronic myelogenous leukemia (CML) patients, and was
found to be constitutively tyrosine phosphorylated (Carpino et al., 1997). Later on,
p62dok
linking of BCR or BCR with FcyRIIB and plays a negative role in various BCR

was proven to be tyrosine phosphorylated in a Lyn-dependent manner upon cross-

signalling situations (Tamir et al., 2000; Yamanashi et al., 2000).

Further substrates phosphorylated by the Src family protein tyrosine kinases include
Bruton tyrosine kinase (BTK), a protein tyrosine kinase involved in phosphorylation of
phospholipidase C gamma 2 (PLC-y2). (Kawakami et al., 1994; Aoki et al., 1994);
CD19, a co-receptor of BCR that promotes B cell signalling (Chalupny et al, 1993; van
Noesel et al, 1993;); and CD22, an adhesion molecule that is implicated in calcium
inhibition in B cells (Schulter et al., 1992; Chen et al., 1998; Cornall et al., 1998; Smith
et al., 1998).

Apart from phosphorylating downstream molecules in the signalling cascade as a
tyrosine kinase, the Src-family PTKSs also have a role independent of this activity. The
SH3 domain of the Src-family PTKSs, for example, has the ability to interact with proline-
rich peptides contained in most of the cytoplasmic signalling molecules. This interaction
either directly activates these molecules or brings them close to plasma membrane to be
activated. One such target molecule is the 85 kD sub-unit of PI3 kinase, which is
reported to interact with the SH3 domain of p53/56”" and p59™" (Pleiman et al., 1994;
Karnitz et al., 1994 ). The binding of the SH3 domain of Lyn and Fyn to the purified

P13 kinase led to a five-to-seven fold increase in the specific kinase activity of PI3
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kinase. Moreover, the ligand-induced receptor activation of P13 kinase was blocked by a
peptide containing residues 84 to 99 of p85, the regulatory subunit of PI3 kinase
(Pleiman et al., 1994), which further supports the idea that interaction of the SH3 domain
of Src-family PTKs with P13 kinase can regulate the enzymatic activity of the latter. A
second documented target for the SH3 domain of Src-related molecules is the Tec family
of tyrosine protein kinases, the third non-receptor PTK in hemopoietic cells, which
includes Tec and Btk. By utilizing the glutathione S-tansferase (GST)-fusion system, the
C-terminal half of the Tec N-terminal unique domain was found to bind p53/56""
constitutively, with the binding domain of Lyn localized to its SH3 domain (Mano et al.,
1994). Btk was also reported to be capable of associating with the SH3 domain of not
only p53/56"", but also p59™" and p56/59""° with the interactions mediated by two 10-
amino acid long motifs in Btk. (Cheng et al., 1994). Finally, the SH3 domains of Src
family PTKSs can also associate with some multifunctional adapter proteins to enrich Src-
PTK’s importance as an essential molecule in the hemopoietic lineage. A 62 kDa
tyrosine-phosphorylated protein that associates with p21lras GTPase-activating protein
was identified as a Src family kinase SH3-domain-binding protein in the yeast two-
hybrid system (Richard et al., 1995). Reconstitution of complexes containing p62 and
the src family kinase p59™" demonstrated that formation of such a complex resulted in
tyrosine phosphorylation of p62 and this phosphorylation required an intact SH3 domain
of p59™" (Richard et al., 1995).

The major obstacle in addressing the function of Src family PTKs in general is the
apparent redundancy among individual family members. To overcome this problem, a
Blk, Fyn and Lyn triple-deficient mouse, referred to as Src Family Kinase-deficient
(SFK-deficient) was recently generated (Saijo et al., 2003). Although this defect was not
associated with impaired tyrosine phosphorylation of known key signalling molecules
such as Iga, 1gp and Syk in the pre-B cells, the absence of BIk, Fyn, and Lyn completely
abrogated pre-BCR-mediated NF-xB activation, which was unaffected in Syk-deficient
pre B cells (Saijo et al., 2003). Furthermore, the link between Src family PTKs and NF-
kB activation in pre-B cells was localized to the atypical PKC-A, whose phosphorylation
is greatly reduced in the absence of BIk, Fyn, and Lyn (Saijo et al., 2003). Although the
analysis of signalling events in mouse mature B cells with such SFK-deficiency needs to
be done in the future, these results suggest an independent role of Src family PTKs from

that of Syk in early B cell development.
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1.2.2: SYK/ZAP-T70:

Following receptor engagement and phosphorylation of the ITAMs by Src-family PTKs,
a second class of cytosolic PTKs, the Syk/ZAP-70 family of PTKSs, is recruited to the
antigen receptor complex. Syk (spleen tyrosine kinase) was initially purified as a novel
40 kDa PTK from soluble extracts of bovine thymus, but it later turned out that this
protein was actually derived from a larger 72 kDa protein (Syk) that was highly
susceptible to proteolytic degradation (Law et al., 1994; Taniguchi et al., 1991;
Zioncheck et al., 1986). Cloning of porcine and human Syk revealed a new class of non-
receptor PTKs (Taniguchi et al., 1991; Law et al., 1994). As opposed to the discovery of
Syk, the identification of ZAP-70 was closely related to its functional characteristics.
ZAP-70 was first isolated as a 70 kDa tyrosine phosphorylated protein associtated with
the tyrosine phosphorlated TCR £ chain following TCR ligation (Chan et al., 1991). It
was therefore designated as zeta-associated protein of 70 kDa (ZAP-70) (Chan et al.,
1991). ZAP-70 has approximately 73% amino acid sequence homology with Syk, but
their expression pattern is quite different. ZAP-70 was reported to be expressed in T
cells and NK cells (Chan et al., 1992; Chan et al, 1994) and recently also found
throughout B cell development (Schweighoffer et al., 2003). Although Syk protein is
present in all major thymocyte subsets, its expression level is down-regulated threefold
to fourfold in peripheral T cells. In contrast to ZAP-70, expression of Syk is 12- to 15-
fold higher in peripheral B cells when compared with peripheral T cells (Taniguchi 1993;
Chan et al., 1994). Besides, Syk was also reported in macrophages (Greenberg et al.,
1994) and later in dendritic cells (Fanger et al., 1997). Therefore, Syk is mainly
expressed in B cell and has a broader expression pattern than that of ZAP-70 (Law et al.,
1994).

1.2.2.1: The Structure of Syk/ZAP-70 PTKs

As a non-receptor protein tyrosine kinase, the structure of Syk/ZAP-70 family PTKSs is
slightly different from that of Src family. At the amino terminus, the Syk/ZAP-70 family
of PTKs have no putative sites of N-myristylation. Although this family of PTKSs also
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have two SH2 domains, they have no Src-homology 3 (SH3) domains. Following the
two tandem amino-terminal SH2 domains is an extended interdomain region, which is
important in regulating the kinase activity of these proteins. These interdomain regions
of Syk and ZAP-70 show about 30% sequence identity. Like Src-family PTKs, the
Syk/ZAP-70 kinases also have a well-conserved catalytic enzyme domain. ZAP-70
contains the amino acids YTAR, a sequence identical to the autophosphorylation motif
of the Src-family PTKs (Cooper et al., 1993), while the corresponding region in Syk
comprises the amino acid sequence YKAQ. At the COOH-terminus, Syk/ZAP-70
PTKs do not contain negative regulatory tyrosine phosphorylation sites that are evident
in the Src-family PTKSs. (Fig 2.2.2).

Both of the tandem SH2 domains in Syk/ZAP-70 kinases were shown to be required to
bind to the two, properly spaced, phosphotyrosyl residues of ITAMs in the antigen
receptor complex (Chan and Shaw, 1995; Hatada et al., 1995), and the binding of Syk to
phosphorylated tyrosines in the ITAMs is a crucial step in its activation (Pao et al.,
1998). Auto-phosphorylation of Syk occurs in vitro on several tyrosine residues
(Furlong et al., 1997; Keshvara et al., 1997), at least two of which -Y518 and Y519- are
located within the activation loop of the catalytic domain and have been identified as in
vivo phosphorylation sites (Couture et al., 1996). Mutation of either or both these
residues to phenylalanine blocked the normally observed tyrosine phosphorylation of
many cellular proteins (Couture et al., 1997). Sequences of phosphorylation sites located
within the hinge region predict that Syk serves as a docking site for other SH2 domain-
containing proteins. Consistent with this prediction, auto-phosphorylated Syk efficiently

binds the carboxyl terminal SH2 domain of phospholipase C-y 1 (Furlong et al., 1997).

1.2.2.2: The Function of Syk of Syk/ZAP-70 PTKs

The importance of Syk to several organ systems including the immune system is

supported by the fact that Syk-deficient mice die perinatally (Cheng et al., 1995;
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Figure 1.3: Structural Characteristics of the ZAP-70 and Syk Protein Tyrosine Kinases.

Schematic representation of ZAP-70 and Syk N-terminal (SH2-N) and COOH-terminal
(SH2-C) Src-homology 2 domains and the catalytic kinase domain (Kinase). Amino acid

sequence numbers are labelled above their corresponding positions.

Tybulewicz et al., 1998). Study of the Syk” lymphoid cells showed that the Syk
mutation impaired the differentiation of B-lineage cells, apparently by disrupting
signalling from the pre-BCR complex and thereby preventing the clonal expansion, and
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further maturation, of pre-B cells (Cheng et al., 1995). The early death of Syk —
deficient mice has made the investigation of the immune system in these mice
problematic. However, analysis of donor B lineage cells in radiation chimeras
reconstituted with fetal liver from Syk-deficient mice showed a block in B-cell receptor
signalling (Turner et al., 1995). Despite the production of small numbers of immature B
cells, Syk-deficient radiation chimaeras failed to accumulate mature B cells, indicating a
role for this protein in the production or maintenance of mature B cells (Turner et al.,
1995).

The roles that Syk plays in signal transduction from the BCR have been analysed most
extensively in a cell line using targeted gene disruption. Reconstitution of DT40 cells,
rendered Syk-deficient by homologous recombination, with the wild-type but not the
kinase-dead Syk, led to a complete restoration of BCR-mediated signalling (Kurosaki et
al., 1994; Takata et al., 1994), indicated the necessity of this non-receptor kinase in BCR
signalling pathway. In terms of signalling initiation, Syk was recently found to
phosphorylate both tyrosines in the ITAMs of BCR complex, while Lyn phosphorylates
only the first tyrosine (Rolli et al., 2002). Distinct from the Src-family member Lyn,
deletion of Syk in DT40 B cell line abolished BCR-induced tyrosine phosphorylation of
phospholipase C-gamma 2 (PLCy2), resulting in the loss of both inositol 1,4,5-
trisphosphate (IP3) generation and calcium mobilization, demonstrating a critical role for
Syk in phosphorylating and activating PLCy2 (Takata et al., 1994). Since PLCy2 is
involved in the activation of the phosphatidylinositol pathway, its role in BCR signalling
has been examined by generating a PLCy2-deficient DT40 cell line (Takata et al., 1995).
Cross-linking slgM on the PLCy2-deficient cells evoked neither inositol 1,4,5-
trisphosphate nor calcium mobilization, which supported the argument that PLCy2 is the
upstream phospholipase that causes inositol 1,4,5-trisphosphate generation and calcium
mobilization. However, in the PLCy2-deficient or Syk-deficient DT40 B cells, the
induction of apoptosis was also found to be blocked but still observable in Lyn-deficient
B cells (Takata et al., 1995). These results indicate that activation of PLCy2 through Syk

is required for sigM-induced apoptosis.

Following PLCy2, several other intracellular signalling proteins including Vav, HS1, and
Shc, (Deckert et al., 1996; Brunati et al., 1995; Harmer et al., 1997) have been identified
as functional substrates of Syk. Vav is a proto-oncogene exclusively expressed in
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hematopoietic cells. In the yeast two-hybrid system, Syk was found to phosphorylate
Vav. Furthermore, the interaction between Syk and Vav is antigen receptor stimulation
dependent and involves the SH2 domain of VVav and tyrosine residues located in a region
of Syk between its C-terminal SH2 and kinase domains (Deckert et al., 1996). BCR-
induced tyrosine phosphorylation of Shc induces it to form a complexe with another
adapter molecule, Grb2, and the Ras guanine nucleotide exchange factor, Sos, which is
believed to lead to the activation of Ras (Bonfini et al., 1992). Syk was demonstrated to
be the protein tyrosine kinase responsible for the phosphorylation of Shc in stimulated B
cells, and the Syk-phosphorylated Shc possesses two Grb2 binding sites, which are
required for efficient formation of Shc-Grb2-Sos complexes in vitro and in vivo (Harmer
etal., 1997).

Though it was clear from the above studies that Syk stimulates PLCy2, Vav and Shc, the
mechanism by which these events occur remained obscure until the identification of a
particular cytosolic adaptor protein. Fu et al first cloned the gene encoding the adaptor
in mouse and man, which they named BLNK (B cell linker protein) (Fu and Chan,
1997). In the same year, another group independently cloned the mouse gene, which
they called SLP-65 (SH2-domain-containing leukocyte protein of 65 kDa) (Wienands et
al., 1998) and later a chicken homologue was also cloned (Goitsuka et al., 1998) and
termed BASH (B cell adaptor containing an SH2 domain). In spite of the different
terminology, the new molecule turned out to be a novel adaptor protein that linked Syk
to many downstream signalling events. After BCR cross-linking, BLNK/SLP-65 is
rapidly tyrosine-phosphorylated by Syk. The phosphorylated BLNK provides docking
sites for several SH2-containing effector molecules, forming a signalling complex
involving PLCy2, Grb-2 and Vav that, in turn, permits the phosphorylation and/or
activation of their respective signalling pathways (Zhang et al., 1998; Ishiai et al., 1999 ).

Most of the BCR signalling occurs in plasma membrane microdomains called lipid rafts,
in which diverse signalling pathways are assembled (Cheng et al., 1999; Petrie et al.,
2000). The prominant role of Syk in early BCR signalling is further supported by the
finding using a microscopic visualization approach that Syk is rapidly translocated into
lipid raft domains (Gupta et al., 2003). Although inconsistent with a previous study
(Cheng et al., 1999), in which biochemical purification of lipid rafts might have

disrupted native protein-protein interaction, this result provided physical evidence for the
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accessibility of Syk to the antigen receptor, the Src family PTKs and other signalling

molecules in the early stages of signalling.

1.2.3: BTK

The third class of non-receptor cytoplasmic tyrosine kinases involved in B cell signal
transduction, other than Src family and Syk/ZAP-70 family PTKs, is the Tec family of
protein tyrosine kinases, which consists of Bruton’s tyrosine kinase (Btk) (Tsukada et al.,
1993; Aoki et al., 1994); Tec (Mano et al., 1990; Mano et al, 1993); Itk (Siliciano et al.,
1992; Tanaka et al., 1993), as well as the less homologous Txk kinase (Haire et al.,
1994). Btk was initially identified as the target of mutations responsible for the genetic
defects associated with X-linked agammaglobulinemia (XLA) in man, and X-linked B
cell immunodeficiency (XID) in mice (Tsukada et al., 1993; Rawlings et al., 1993). The
expression of Btk is preferentially in cells of the B lymphoid and myelomonocytic
lineages, but not in T cells where Itk is the predominant Tec family PTK (Tsukada et al.,
1993; Vetrie et al., 1993; Siliciano et al., 1992).

1.2.3.1: The Structure of Btk

Like the Src-family PTKSs, Bruton’s tyrosine kinase contains classical SH1, SH2 and
SH3 domains in tandem (amino acid residue 215-279, 280-376 and 377-659
respectively), which is different from the Syk/ZAP-70 family kinases in that they contain
tandem SH2 domains but lack an SH3 region. The SH2 and SH3 domains are highly
conserved in all Tec family PTKs. These noncatalytic domains exist among a series of
cytoplasmic signalling proteins including PLC-y, Ras GTPase (guanosine
triphosphatase)-activating protein, and Src-like tyrosine kinases, with SH2 domains
binding to tyrosine phosphorylated proteins and SH3 binding to proline rich motifs. The
formation of these heteromeric signalling protein complex at or near the plasma
membrane links the kinases to specific target proteins (Koch et al., 1991; Pawson et al.,
1992; Birge et al., 1993). The Btk PTK differs from the Src-related kinases in its lack of
a negative regulatory phosphorylation site and in the absence of an amino-terminal
myristylation site (Tsukada et al., 1993; Vetrie et al., 1993). Amino-terminal
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myristylation results in constitutive membrane association of all Src-family kinases
(Resh, 1994), while lack of the myristylation signal lead to the majority of the Btk
protein remaining in the cytoplasm, which indicates that translocation from the cytosol to

the cell membrane may be a critical feature in the activation of Btk.

The most distinctive feature of Btk is the presence of an amino-terminal pleckstrin
homology (PH) domain (amino acid residue 1-137), followed by cysteine-rich and
proline-rich regions that together comprise the Tec homology (TH) domain (amino acid
residue 138-214) (Vihinen et al., 1994). The PH domain is highly conserved between the
Tec family members, and was implicated in translocating Btk to the plasma membrane
(Hemmings, 1997), which is both essential (Kasakami et al., 1994; Li et al., 1995) and
sufficient for its activation (Li et al., 1997a). The proline rich sequence in the TH
domain may function as a ligand involved in SH3 mediated interaction with Src-family

proteins and other SH3 containing proteins (Cheng et al., 1994; Mano et al., 1994).

1.2.3.2: The Function of Btk

Evidence obtained from the analysis of BCR signalling in the chicken B cell line DT40
indicates the involvement of Btk in phospholipase dependent signalling. Disruption of
the Btk locus in DT40 cells caused a significant reduction in the tyrosine
phosphorylation of PLC-y2 upon BCR stimulation, leading to the loss of both inositol
3,4,5-trisphosphate (IP3) generation and calcium mobilization in response to BCR cross-
linking. Furthermore, the PH and SH2 domains of Btk were found to be required for
PLC-y 2 activation (Takata et al., 1996). In addition, activation of the p isoform of
PKC (PKCp) downstream of PLC-y2 in DT40 cells after BCR engagement was partially
reduced by the disruption of Btk (Sidorenko et al., 1996), further supporting the

regulatory role of Btk in phosphatidylinositol hydrolysis and calcium mobilization.
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Figure 1.4: The Structure of Btk in comparison with those of Src and Syk PTKSs.

PH, TH, SH1, SH2 and SH3 domains are indicated by the labels above the boxed regions

in each protein. The cysteine-rich and proline-rich regions of the Btk TH domain are

designated C and P respectively. UNIQ represents the unique region of Src family PTKs.

Research on DT40 cells also showed that apart from the phospholipase-dependent

response, Btk may have a role in apoptosis induction. After exposure to radiation, DT40

cells undergo apoptosis (Yang et al., 1995), as they do in response to BCR crosslinking.

While this radiation-induced apoptosis occurred in Lyn and Syk disrupted B cells, it was
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completely abolished in the Btk disrupted B cells (Uckun et al., 1996), indicating an
requirement for Btk in these process among the three important non-receptor PTKSs.
Furthermore, the kinase domain of Btk was identified to be responsible for triggering
radiation-induced apoptosis in B lymphoma cells because introduction of the human btk
gene mutated either in SH2 domain or PH domain (but not a kinase domain mutant) into

the Btk-deficient cells restored the apoptotic response to radiation (Uckun et al., 1996).

Recent studies on Btk function suggest that this non-receptor PTK may play a direct role
in affecting gene transcription. Like other Tec family members, Btk has been shown to
interact with transcription factors (Lewis et al., 2001). In ectopically as well as
endogenously Btk-expressing cells, Btk was reported to translocate to the nucleus in
response to external stimulation (Mohamed et al., 2000). A direct impact of Btk on gene
expression is further supported by an in vitro finding that BAP/TFII-I, a protein
implicated in transcriptional regulation (Roy et al., 1997), is a substrate for Btk and is
hyperphosphorylated on tyrosine upon co-expression with Btk in mammalian cells
(Egloff et al., 2001).

Mutations in btk have been linked to the severe early B cell developmental blocks in
human XLA and to the milder B cell activation deficiencies in murine XID (Tsukada et
al., 1993; Rawlings et al., 1993). To elucidate the potential Btk functions in mice, a Btk-
deficient mouse line was generated by gene targetting in embryonic stem cells and
assayed by RAG2-deficient blastocyst complementation (Khan et al., 1995). The
blocked expression of Btk lead to reduced numbers of mature conventional B cells,
severe B1 cell deficiency, serum IgM and 1gG3 deficiency, and defective responses in
vitro to various B cell activators and in vivo to immunization with thymus-independent
type Il antigens, indicating an important role of Btk in splenic B cell proliferation (Khan
et al., 1995). Further analysis of the Btk knockout model suggested that Btk is not
essential for pre-B cell receptor signalling in the mouse, but Btk-mediated B cell receptor
signalling appears to be required for the survival of immature B cells in the bone
marrow, development of peripheral B cells, including follicular entry, follicular

maturation and plasma cell differentiation (Maas et al., 2001).

1.2.4. Phosphoinositide 3-kinase
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Apart from protein tyrosine phosphorylation, phosphatidylinositol (PtdIns) turnover can
also carry a powerful signal. Phosphoinositide 3-kinases (PI13Ks) are an evolutionarily
conserved family of signal transducing enzymes that phosphorylate the D3 position of
the inositol ring of phosphoinositides and produce Ptdins (3)P, Ptdins (3,4)P2, and
PtdIns (3,4,5)P3. A great variety of stimuli activate PI3Ks, leading to the transient
accumulation of these lipid products in cell membranes, which then serve as second
messengers to regulate the location and activity of an array of downstream effector

molecules.

1.2.4.1: The Classification of PI3Ks

Since the discovery of a PI3K activity in 1988 (Whitman et al., 1988), nine members of
the PI3-K families have been isolated from mammalian cells. According to the
molecules that they preferentially utilize as substrates, PI3Ks are grouped, as suggested
by Domin and Waterfield, into three classes (Domin and Waterfield, 1997): Class I (IA
and IB), Class Il and Class I1I.

Class | PI3Ks utilize PtdIns (PI), PtdIns(4)P (P14P) and PtdIns(4,5)P2 (P1(4,5)P2) as
substrates in vitro, but in cells, their preferred substrate is PI(4,5)P2 (Stephens et al.,
1993; Woscholski et al., 1997). Class | PI3Ks are further subdivided into class IA and
IB enzymes according to the different upstream molecules. Class IA PI3Ks signal down-
stream of tyrosine kinases while Class IB PI3K work under heterotrimeric G-protein-
coupled receptors (Fruman et al., 1998). All mammalian cell types investigated express
at least one class IA PI3K isoform, and stimulation of almost every receptor that induces
tyrosine kinase activity also leads to class IA PI3K activation (Stephens et al., 1993; Fry,
1994; Wymann et al., 1998).

Class Il PI3Ks are large molecules (> 170 kDa). This class of PI3Ks have a lipid
substrate specificity clearly distinct from that of class | and class 11l enzymes. In vitro
class Il PI3Ks can use PI, PI(4)P, and P1(4,5)P2 as substrates, with a strong preference
for PI>PI(4)P>>>PI(4,5)P2 ( MacDougall et al., 1995; Domin et al; 1997). In contrast to
class | PI3Ks which are mainly cytosolic, class Il PI3Ks are predominantly associated

with the membrane fraction of cells (Arcaro et al., 1998; Prior et al., 199).
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Class 111 PI3Ks are the homologues of the yeast vesicular protein-sorting protein Vps34p
(Herman et al., 1992). These PI3Ks can only use PI as a substrate in vitro and they are
most likely responsible for the generation of a large fraction of the PI(3)P in cells. The
fact that cellular levels of PI(3)P remain quite constant suggests that the physiological

processes in which class 111 PI3Ks are involved are not triggered by cellular stimulation.

Of the three classes of PI3Ks, class | Pl 3Ks are the best understood in their role in
leukocyte signalling pathways and therefore their structures will be discussed in detail.

1.2.4.2: The Structure of Class | PI3Ks

Class | PI3Ks are heterodimers made up of an ~ 110 kDa catalytic subunit (p110) and a
tightly associated adaptor/regulatory subunit. The class 1A PI3Ks have three catalytic
isoforms (p110a, p110B, or p1103), and five regulatory isoforms (p85a, p8583, p50a,
p55a, or p55y). The regulatory units p85a, p85P, and p55y are encoded by distinct
genes, while p50a and p55a. are produced from alternate transcripts of the p85a gene.
Each of the regulatory isoforms in class 1A molecules contains two SH2 domains that
mediate binding to phosphotyrosine residues in the sequence motif pYxxM (x represent
any amino acid). Together with other protein-interaction domains in the catalytic and
regulatory subunits, which will be described later, the SH2 domains help recruit the class
IA PI3Ks to membrane-associated signalling complexes following tyrosine Kkinase
activation. Between the two SH2 domains is a region that is necessary and sufficient for
interaction with the N terminus of p110 catalytic subunits (Klippel et al., 1993). This
region, referred to as the inter-SH2 domain, contains sequences that are predicted to form
a-helices that fold into a coiled-coil structure (Klippel et al., 1993). In addition to the
SH2 domain, p85a and p85P posses an N-terminal SH3 domain, two or three proline-
rich segments and a region of homology to GTPase-activating proteins for the rho family
of small G proteins (rho-GAPs) (Koyama et al., 1993; Vanhaesebroeck et al., 1999).

The three catalytic subunits of class 1A PI3Ks, p110a, p1108, and p1103, share 42-58%
amino acid sequence identity (Hiles et al., 1992; Hu et al., 1993; Vanhaesebroeck et al.,
1997). Each of these proteins contains an N-terminal region that interacts with

regulatory subunits, a domain that binds to the small G protein ras, a phosphoinositide
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kinase (PIK) domain homologous to a region found in other phosphoinositide kinases,
and a C-terminal catalytic domain. pl10o and pl10B, are widely distributed in
mammalian tissues, while p1105 shows a more restricted distribution and is mainly

found in leukocytes (Vanhaesebroeck et al., 1999).

The only class IB PI3K that has been identified so far is the p110y catalytic subunit
complexed with a 101-kDa regulatory protein (p101) (Stephens et al., 1994). The p110y
contains a PIK domain and a ras-binding domain but diverges from class 1A PI3Ks at its
N terminus and does not interact with p85 proteins (Stoyanov et al., 1995; Stephens et al,
1997). The unique regulatory subunit of class IB PI3K, p101, possesses no recognizable
homology to other proteins (Stephens et al., 1997). The regions of interaction between
p101 and pl110y have not been mapped. The structural domains of Class IA and IB
PI3Ks are depicted in Fig 1.5.

1.2.4.3: The Function of Class IA PI3K

Much attention has been paid to class IA PI3Ks since they were found to be the isoforms
that signal downstream of tyrosine kinases. In B cells, this class of PI3Ks is rapidly
activated by BCR engagement. Although all of the class | PI3Ks phosphorylate PI,
P1(4)P, and PI(4,5)P2 in vitro as has been mentioned above, PI(4,5)P2 is the predominant
substrate in cells and therefore the major product of the kinases is P1(3,4,5)P3 (Toker et
al., 1997). The major function of PI3K is realized via its lipid product, PIP3, which can
recruit signalling proteins to the plasma membrane through their PH domains (Lemmon
et al., 1998; Leevers et al., 1999). Once at the plasma membrane, these cytosolic
proteins or enzymes are further activated by their respective
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Figure 1.5 Structural features of phosphoinositide 3-kinase (PI13K) Class I family

members. Class | PI3Ks is further subdivided into class IA and IB based on the
associated regulatory subunit. The class IA catalytic isoforms associate interchangeably
with five regulatory isoforms in which p85 a, P55a and p50a are encoded by alternative

transcripts of a single gene.

kinases and subsequently initiate a series of signalling cascades that lead to such events
as calcium flux, cell survival and proliferation (Leevers et al., 1999).
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Calcium Flux

Of the several PH domain-containing proteins that are known to be targets of PI3K in B
cells, the Tec family PTK Btk is an important one implicated in calcium flux control
(Rawlings et al., 1996; Rawlings, 1999). PIP3 binds with high affinity to the PH domain
of Btk, recruiting it to the plasma membrane. There it can be activated by membrane-
associated Src family kinases that phosphorylate Y551 in the activation loop, and this
activation is dependent on an intact Btk PH domain (Li et al., 1997; Nisitani et al., 1999).
Aditionally, the lipid product generated by PI3K was also reported to directly increase
Btk activity by binding to the PH domain of Btk and thereby relieving an inhibitory
interaction between the PH and kinase domains (Saito et al., 2001). A critical substrate
of Btk is PLCy2 (Fluckiger et al., 1998). After being brought together by the scaffolding
protein BLNK, Btk can phosphorylate and maximise the activation of PLC-y2 (Fu et al.,
1998; Hashimoto et al., 1999). In addition, PI3K may contribute to recruitment of PLC-
v2 via direct interactions of PIP3 with the SH2 and/or PH domains of PLC-y2, indirectly
activating PLC-y2 in the absence of its tyrosine phosphorylation (Bae et al., 1998;
Falasca et al., 1998). After being fully activated by Btk under the influence of PI3K,
PLC-y2 produces the second messenger 1(3,4,5)P3 to increase calcium flux in the

cytoplasm (Berridge et al., 1984).

The above model for PI3K to enhance intracellular calcium flux is supported by
pharmacological and gene targeting approaches. The treatment of primary B cells with
wortmannin, a drug that specifically inhibits the activity of PI3K (Arcaro et al., 1993),
attenuates BCR-mediated calcium flux (Buhl et al., 1997), while over-expression of Btk
and PI3K enhances PLC-y2 phosphorylation and the sustained phase of calcium flux
(Scharenberg et al., 1998), indicating the promoting effect of PI3K in the calcium
pathway. Finally, knockout models of different subunits of PI3K confirm the
requirement of PI3K for elevated calcium flux in vivo. Jou et al recently generated a
mutant mouse in which the gene encoding p110 5, one of the three pl110 catalytic
subunits of class IA PI3Ks, was disrupted in murine ES cells (Jou et al., 2002). Among

the immune-deficiencies in these mutant mice, the IgM-induced calcium flux was found
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to be attenuated to around 25 % of the wild type control (Jou et al., 2002). Collectively,

these results strongly indicate an essential role for PI3K in the calcium pathway in B cell.

Cell Proliferation and Survival

In the past three or four years, the subunits of PI3Ks have been genetically disrupted in
mice in an attempt to fully understand the role of these lipid kinases in vivo. The
regulatory subunit of PI3Ks increases the thermal stability of the catalytic subunits (Yu
et al.,, 1998) and regulates the association of the enzyme with membrane-associated
signalling complexes (Klinghoffer et al., 1996). To further define the function of these
subunits mice lacking p85a. (Suzuki et al., 1999; Terauchi et al., 1999) or p85a together
with its two spliced variants p55a. and p50c (Fruman et al., 1999; Fruman., 2000) have
been generated. While p850 mice are viable, p85-p55-p500.” mice die from liver
degeneration days after birth (Suzuki et al., 1999; Fruman et al., 1999). Consequently
the function of p85a gene products in lymphocytes have been studied using RAG2-
deficient blastocyst complementation system, in which homozygous p85-p55-p50a.” ES
cells were injected into RAG2™ blastocysts (Chen et al., 1993). As the RAG2-deficient
mice lack mature B and T cells (Shinkai et al., 1992), any lymphocytes in such chimeras
will have developed from the ES cells and therefore be deficient in all p85 gene
products. Such chimeras and the intact p850.”" mice exhibit impaired B cell development
at the pro-B cell stage, reduced numbers of peripheral mature B cells, and decreased
serum immunoglobulin (Suzuki et al., 1999; Terauchi et al., 1999; Fruman et al., 1999).
Most strikingly, in both kinds of mutant mice, the few B cells that do develop have
diminished proliferative responses to anti-IgM, LPS, and CD40 (Suzuki et al., 1999;
Fruman et al.,, 1999). Involvement of PI3Ks in B cell proliferation was further
underscored by recent genetic deletion in mice of the gene encoding the 5 isoform of the
p110 catalytic subunit of PI3Ks (Jou et al., 2002). Although the mice were viable, they
displayed an immuno-deficient phenotype similar to that of p85c™ mice, including

attenuated proliferation in response to B cell mitogens (Jou et al., 2002).

/

The similarities between the p85a” and p1108™ in B cell proliferation indicate that

p1105 may uniquely associate with p85a in the context of the BCR, given the lack of a
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significant effect of p85a and p1105-deficiency on TCR signalling pathways (Fruman et
al., 2000; Jou et al., 2002). Furthermore, the fact that the phenotypes observed in these
PI3K mutant mice resemble the defects in Xid and Btk knockout mice, suggests that
PI3K and Btk are components of a common signalling pathway in calcium mobilization
that can lead to cell proliferation. Apart from the calcium, however, mitogen-activated
protein kinase (MAPK) is another biochemical means by which PI3K affects cell
proliferation. Class | PI3Ks possess intrinsic protein kinase activity that is inseparable
from their lipid kinase activity (Vanhaesebroeck et al., 1997; Stoyanova et al., 1997).
The major substrates of this protein kinase activity are serine residues within the catalytic
subunit itself and /or its associated regulatory subunit (Stoyanova et al., 1997). Apart
from phosphorylating its own regulatory p85 subunit, and thereby decreasing the
enzyme’s lipid kinase activity (Carpenter et al., 1993), the protein kinase activity of
PI3K was also found to be associated with the activation of MAPK. Exchange of a
putative lipid substrate-binding site generated a PI3K protein with altered or aborted
lipid kinase activity but retained protein kinase activity. When transiently expressed in
COST7 cells, this mutant PI3K exihibited wortmannin-sensitive activation of MAPK,
whereas a catalytically inactive PI3K did not, attributing MAPK activation to the protein
kinase activity of PI3Ks (Bondeva et al., 1998).

In addition to reduced proliferation, decreased cell survival is another characteristic of
these PI3K mutant mice (Suzuki et al., 1999; Terauchi et al., 1999; Fruman et a., 2000).
The mechanism by which PI3Ks effect cell survival might be their association with the
serine/threonine kinase Akt. Also known as protein kinase B (PKB), Akt is another PH-
domain containing molecule that is a target of PI3K in B cells. Discovered as the
cellular homolog of the v-akt oncogene, Akt was one of the first clearly identified targets
of PI3K (Franke et al., 1995; Downward et al., 1998). Akt can be activated by many
receptors including BCR, and in all cases the activation of Akt is dependent on PI3K
(Gold et al., 2000). Therefore, the status of Akt phosphorylation is generally used as a
readout of PI3K activity (Gold et al., 1999; Li et al., 1999; Jacob et al., 1999; Astoul et
al., 1999).

Binding of the Akt PH domain to the PI3K-derived lipid, PIP3, recruits Akt to the
plasma membrane, causes it to dimerize and induces a conformational change that allows

Akt to be phosphorylated and activated by upstream kinases (Andjelkovic et al., 1997;
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Datta et al., 1995). After being phosphorylated/activated at the plasma membrane, Akt

translocates to the cytosol and the nucleus (Astoul et al., 1999; Meier et al., 1997).

Many substrates for Akt are critical regulators of apoptosis and cell survival, of which
the first to be identified was Bad (Del Peso et al., 1997; Datta et al., 1997). Bad belongs
to a distant member of the Bcl-2 family of regulators of cell death in mammalian cells
(White et al., 1996). Bad promotes cell death at least in part through heterodimerization
with, and therefore inhibition of, the survival proteins Bcl-2 and Bcl-x. (Yang et al.,
1995). After phosphorylation, however, Bad binds to another protein called 14-3-3,
which frees the membrane-bound Bcl-x; for anti-apoptosis effect (Zha et al., 1996).
Active, but not inactive, forms of Akt were found to phosphorylate Bad both in vivo and
in vitro at the same residues that are phosphorylated in response to interleukin-3(IL-3)
(Del Peso et al., 1997). In growth factor promoted cell survival, Akt was also reported to
phosphorylate Bad both in vitro and in vivo, and block the Bad-induced death of primary
neurons in a site-specific manner, thereby suppressing apoptosis and promoting cell
survival (Datta et al., 1997)

Another means by which PI3Ks can contribute to cell survival via Akt is caspase-9, an
intracellular protease that functions as initiator and effector of apoptosis (Li et al., 1997).
In an in vitro experiment, Akt phosphorylated recombinant caspase-9 on serine-196 and
inhibited its protease activity, while a mutant pro-caspase-9 was resistant to Akt-
mediated phosphorylation and inhibition, resulting in Akt-resistant induction of
apoptosis (Cardone et al., 1998). Therefore, as for Bad, the pro-apoptotic activity of

caspase-9 is also inhibited by Akt phosphorylation to promote cell survival.

Besides phosphorylating and inactivating components of the apoptotic machinery,
including Bad and caspase 9 in a transcription-independent manner, Akt is also
implicated in cell survival by regulating the activity of a transcription factor. In the
presence of survival factor, Akt was found to phosphorylate a member of the Forkhead
family of transcription factors, leading to its association with the 14-3-3 proteins in the
cytoplasm, rather than its nuclear translocation to trigger apoptosis, most likely by
inducing the expression of genes that are critical for cell death, such as Fas ligand gene.
(Brunet et al., 1999).
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1.2.4.4: The Activation of Class 1A PI3Ks

Given the important role that PI3Ks play in controlling cell behaviour such as survival
and proliferation, understanding the mechanisms that lead to the activation of this lipid
kKinase is an interesting issue. Several factors are involved in the activation of PI3Ks in B

cells following BCR engagement.

Y-x-x-M-Containing Scaffolding proteins

PI3K is a cytosolic enzyme and receptor-induced production of PIP3 in the plasma
membrane reflect translocation of PI3K from the cytosol to the membrane. The two SH2
domains of the PI3K p85 regulatory subunit are utilized to recruit the p110 catalytic
subunit to the membrane by binding to phosphotyrosines present in receptor tails or other
membrane-associated signalling molecules. Indeed the motif Y-x-x-M (x denotes any
amnio acid) has been shown to have strong binding affinity to the two SH2 domains of
p85 (Okada et al., 2000). However, unlike growth factor receptors that undergo ligand-
induced autophosphorylation on the Y-x-x-M motif and directly recruit PI3K, the 1ga/p
subunits of the BCR do not contain Y-x-x-M sequences. Therefore, the ability of the
BCR to recruit PI3K to the plasma membrane depends on its ability to induce the
phosphorylation of Y-x-x-M motifs on other membrane-associated docking proteins.
CD19 is a B cell co-receptor that has two Y-x-x-M motifs in its cytoplasmic tail. The
tyrosine in the Y-x-x-M motifs is rapidly phosphorylated after BCR ligation (Tuveson et
al., 1993), recruiting PI13K to the plasma membrane. Changing tyrosines 484 and 515 in
the motifs to phenylalanine residues was reported to abrogate the ability of CD19 to bind
PI3K, which severely impaired BCR-induced activation of PI3K (Buhl et al., 1997).
This result suggests that CD19 is the major membrane docking site for PI3K in BCR-
stimulated B cells. However, recently another group reported that in the B cells of CD19
knockout mice, BCR induced PI3K activity is comparable to that of wild type
counterpart if not higher (Fujimoto et al., 2002), suggesting a compensational role of
other Y-x-x-M sequence-containing docking molecules in B cells in the absence of
CD19.
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One such docking protein that BCR uses to mobilize PI3K in B cells is B cell adaptor for
PI13Ks (BCAP). BCAP possesses four Y-x-x-M motifs and associates with p85 proteins
following BCR stimulation of chicken or mouse B cells. Deletion of BCAP in chicken
DT40 cells reduces BCR-triggered PIP3 production, leading to impaired Akt response,
though not as completely as wortmannin treatment (Okada et al., 2000). Transfection
experiments demonstrated that phosphorylation of the Y-x-x-M motifs in BCAP is
critical for PI3K activation (Okada et al., 2000). Later on, the Y-x-x-M motifs in BCAP
were shown to be even more important than that of CD19 in CD19-mediated PI3K
signalling pathway (Inabe et al., 2002), laying a solid foundation for BCAP in PI3K
activation. These cell line-derived results, however, need to be confirmed in the animal
to address the physiological association of BCAP with PI3K. Mutant mice deficient in
BCAP were recently generated, and showed decreased numbers of mature B cells, a B1
B cell deficiency, lower titers of serum IgM and IgG3, and an attenuated responses to T
cell-independent type Il antigens (Yamazaki et al., 2002), a phenotype resemble that of
Btk-deficient mouse line (Khan et al., 1995) and XID mice (Tsukada et al., 1993;
Rawlings et al., 1993), to which, mice deficient in p85a. regulatory subunit of PI3K also
bear similarity (Suzuki et al., 1999). Therefore, it is likely that BCAP and PI3K work
through each other in vivo. Biochemically, although BCR-induced calcium mobilization
and proliferative response were reduced, the kinase activity of Akt and PI3K in the
BCAP-deficient B cells, however, were comparable to that of the wild type control
(Yamazaki et al., 2002), indicating either a downstream identity of BCAP in PI3K

pathway or a redundancy between the adaptor proteins for PI3K activation.

Gabl is a member of a family of docking proteins, which include p120 Gabl and p97
Gab2 (Holgado-Madruga et al., 1997; Gu et al., 1998). Although Gabl and Gab2 are
encoded by different genes, they both contain conserved PH domains as well as the
potential SH2 domain-binding sites. While Gab2 appears to play a role in PI3K
activation downstream of various cytokine receptors (Gu et al., 2001), Gabl is tyrosine
phosphorylated following BCR stimulation and interacts with class 1A PI3K (Ingham et
al., 1998). Over-expression of Gabl in the WEHI-231 B cell line cause Gabl to
potentiate BCR-induced tyrosine phosphorylation of Akt, and Gabl PH domain as well
as PI3K activity were required for the BCR-induced translocation of Gabl from the

cytosol to the plasma membrane (Ingham et al., 2001). These results suggest that Gabl
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may be both upstream and downstream of PI3K and respond to the PI3K signal by

amplifying or extending the duration of PI3K activation.

Protein Tyrosine Kinases

Recruitment of PI3K to the plasma membrane by these docking proteins serves to bring
it in proximity to its membrane substrates, notably PI(3,4)P2, for maximal enzyme
activity. But the most important advantage for this cytosolic enzyme to be present in the
membrane is that some membrane-rich PTKs might activate it easily. The tyrosine
kinases involved in BCR-induced activation of PI3K have been examined in great detail
in cell lines by loss-of-function approaches, using the activation of Akt as a readout.
Since PI3K is rapidly activated after BCR cross-linking, and Src-family PTKs and Syk
are thought to be the initiators of signalling events downstream of the BCR, the role of
these PTKs in PI3K activation were checked first. In DT40 B cell line expressing Lyn
but not Syk, BCR-induced Akt phosphorylation occurred, but the level was lower than
that of wild-type controls (Gold et al., 1999; Li et al., 1999). Additionally, the BCR-
induced Akt phosphorylation was also quite transient in the absence of Syk, as opposed
to the sustained BCR-induced Akt phosphorylation observed in the wild-type DT40 B
cells. When both Lyn and Syk were deleted in the DT40 B cells, BCR-induced Akt
phosphorylation was completely ablated (Gold et al., 1999), indicating a requirement for
both Src and Syk PTK for PI3K activity. Furthermore, the effect of Syk on
accumulation of PIP3, the product of PI3K, in B cell signalling was tested by dominant
negative and gene knockout approaches. Both methods indicated that Syk is upstream
of, and necessary for, a significant portion of BCR-induced PIP3 production (Beitz et al.,
1999). These results indicate that while Src family tyrosine kinases can mediate
activation of the PI3K/Akt pathway, the Syk tyrosine kinase is required for maximal and

sustained activation of this signalling pathway.

The mechanisms involving the activation of PI3K by Syk may be associated with its
ability to tyrosine phosphorylate the adaptor molecules for PI13K, such as BCAP. Indeed,
the phosphorylation of BCAP is reported to be reduced in Syk-deficient B cell lines
(Okada et al., 2000). Unlike Syk, the mechanisms of Src family PTKs in activating
PI3Ks may involve the direct interaction between these two kinase families. Early in
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1992, a group of Japanese scientist reported that PI3K bound Lyn tyrosine kinase in a
BCR-induced manner (Yamanashi et al., 1992), indicating a physical association, albeit
weak, between Src-PTKs with PI3Ks. Later on, the in vitro binding assay of Lyn
(Pleiman et al., 1994), Fyn (Prasad et al., 1993; Kapeller et al., 1994; Pleiman et al.,
1994) and Lck (Kapeller et al., 1994) to PI3Ks demonstrated that this interaction
occurred between the SH3 domains of Src-PTKs and proline-rich motifs of p85a., the
regulatory subunit of PI3Ks, which enhances the activity of the associated PI3K catalytic
subunit (Fleiman et al., 1994).

While Src-PTKs and Syk were demonstrated to promote Akt/PI3K activation, Lyn, a
member of Src-PTK family, however, was found to have an opposite role. BCR cross-
linking of Lyn-deficient B cells resulted in markedly enhanced phosphorylation and
activation of Akt in both cell lines and splenic B cells, compared with wild-type controls
(Li et al, 1999; Craxton et al., 1999). Furthermore, the negative regulation of Akt in DT
40 B cells by Lyn was shown not to depend on the protein phosphatase SHP-1, SHP-2,
or SHIP (Li et al., 1999), indicating the existence of an alternative pathway, by which,

Lyn negatively regulates PI3K signals downstream of the BCR complex.

Ras

Apart from the protein tyrosine kinase and tyrosine phosphorylated scaffold proteins,
receptor-mediated activation of PI3K was also reported to be associated with the direct
binding by Ras. In vivo, a dominant negative Ras mutant inhibited growth factor
induced production of 3’ phosphorylated phosphoinositides in PC12 cells and
transfection of Ras, but not Raf, into COS cells resulted in a large elevation in the level
of these lipids (Rodriguez-Viciana et al., 1994). In vitro, the interaction of Ras-GTP,
the active form of Ras, but not Ras-GDP, with PI3K led to an increase in its enzymatic
activity in fibroblasts following growth factor stimulation and this stimulation was
synergistic with the effect of tyrosine phosphopeptide binding to p85 (Rodriguez-Viciana
et al., 1996). Besides, evidence from experiments using platelet-derived growth factor
(PDGF)-receptor mutants also suggested that accumulation of GTP-bound Ras was
required for full activation of class IA PI3K (Klinghoffer et al., 1996). Finally, the

dependence of PI3K activation on Ras interaction was also examined in 1gG-bearing
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A20 murine B cell line, using activation Akt as an indirect measurement for PI3K
activity. After transient transfection with HA-tagged Akt cDNA, in combination with a
dominant negative mutant of Ras, both basal and BCR-stimulated HA-Akt activity was
completely inhibited, compared with 3-5 fold increase of BCR-induced HA-Akt activity
in cells transfected with empty vector, indicating that the activation of PI3K and its
effector Akt by BCR is downstream of Ras (Jacob et al., 2002).

Taken together, these data indicate that PI3Ks might be another class of Ras effector
molecules, alongside proteins such as the Raf Ser/Thr kinases. The interaction of Ras
with PI3K might result in allosteric activation and/or contribute to PI3K recruitment to
the plasma membrane. However, it should be noted that some data also position Ras
downstream of PI3Ks, which will be discussed in the following section. Therefore,
PI3K can be regulated by a number of mechanisms, and Ras contributes to the activation

of this lipid kinase synergistically with tyrosine kinases.

1.3: SIGNALLING PATHWAYS INITIATED FROM THE B CELL RECEPTOR:

The protein tyrosine kinases and lipid kinases activated by BCR-stimulation act to
trigger a complex panel of early signalling events. Of these, three important signalling
pathways convey the BCR signals to nucleus: These are PLC-y2 pathway; Ras pathway;
and PI3K pathway.

1.3.1: PLC-y2 Pathway:

The first signalling pathway to be activated following BCR engagement was the PLC-y2
pathway. PLC-y is a phospholipase which hydrolyzes phosphatidylinositol 4,5-
biphosphate (P14,5-P2) to form diacylglycerol (DAG) and inositol 1,4,5-trisphosphate
(IP3) (Bijsterbosch et al., 1985). Two PLC-y isoforms are expressed in B cells: PLC-y 1
and PLC-y 2. Unlike most other cell types, in which PLC-yl predominates, B cells
contain PLC-y2 as the main isoform (Marshall et al., 2000). Although both isoforms
appear to participate in BCR signal transduction (Carter et al., 1991; Hempel et al.,

1992), it is not clear whether they play distinct functional roles. Activation of PLC-y
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upon BCR ligation requires both its recruitment to the membrane and its tyrosine
phosphorylation. PLC-y has several protein-protein interaction domains in its structure,
such as PH, SH2 and SH3 domains, which can be utilized to associate with scaffolding
proteins for recruitment to the vicinity of the membrane. Among these domains, SH2 is
known to play a critical role in PLC-y activation (Takata et al., 1995). The ligand for the
SH2 domains of PLC-y, however, was unknown until a tyrosine-phosphorylated adaptor
protein, termed B cell linker protein (BLNK) was identified (Fu and Chan, 1997;
Goitsuka et al., 1998; Wienands et al., 1998). The 65kDa BLNK protein was rapidly
tyrosine phosphorylated after BCR cross-linking and then was found to be dependent on
Syk, rather than Lyn or Btk (Fu et al., 1998). Over-expression of wild-type BLNK
promoted BCR-induced calcium mobilisation, while disruption of BLNK in DT40 B
cells abrogated PLC-y phosphorylation and calcium response upon BCR ligation (Ishiai
et al.,, 1999). The binding of PLC-y SH2 domain to the phosphotyrosines in BLNK
brings PLC-y into close proximity with the BCR signalling complex, whereby PLC-y
becomes tyrosine phosphorylated and activated (Ishiai et al., 1999; DeBell et al., 1999).

Syk- but not Lyn-deficient DT-40 cells exhibited an almost complete loss of tyrosine
phosphorylation of PLC-y2 and IP3 generation (Takata et al., 1994), suggesting that Syk
plays an indispensable role in PLC-y phosphorylation and activation. When Btk was
disrupted in DT 40 cells, however, the phosphorylation of PLC-y 2 was slightly reduced,
but IP3 generation was almost complete lost (Takata et al., 1996), indicating that both
Btk and Syk are required for PLC-y activation, but they may be involved in
phosphorylating different tyrosines on PLC-y.

Since Syk activation precedes that of Btk following BCR ligation (Saouaf et al., 1995), a
model of PLC-y activation has been proposed in which the initial /partial activation of
PLC-y is dependent mainly on Syk but its later /full activation requires both Syk and Btk
(Rawlings et al., 1999). After BCR cross-linking, Syk becomes activated and thereby
phosphorylates BLNK, creating binding sites for PLC-y via its SH2 domain. This would
bring PLC-y into proximity with Syk, leading to its phosphorylation and partial
activation by Syk. In the later stage of BCR cross-linking, Btk is recruited to the
membrane by binding via its PH domain to the PIP3, the product of PI3K (Varnai et al.,

1999). Besides, BLNK has also been reported to associate with membrane recruited Btk
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in that Btk binds via its SH2 domain to the phosphorylated BLNK (Su et a., 1999;
Hashimoto et al.,, 1999). After recruitment to the plasma membrane, Btk is
phosphorylated and activated probably by Src-PTKs (Rawlings et al., 1996). Activated
Btk then phosphorylates PLC-y, resulting in the full activation of PLC-y .

After being activated by the above mechanism, PLC-y generated DAG and IP3 act as
second messengers in signal transduction. DAG is a lipophilic compound that remains in
the plasma membrane and activates most protein kinase C isozymes (Sidorenko et al.,
1996; Barbazuk et al., 1999; Bras et al., 1997), which can also be activated by the tumor-
promoting phorbol esters (phorbol myristate acetate, PMA, etc.). The functions of the
different isoforms of PKCs vary. While PKCB was reported to associate with and
phosphorylate Btk (Yao et al., 1994), PKCu may be a negative regulator of BCR
signalling as it can phosphorylate Syk in vitro and inhibit its ability to phosphorylate
PLCyl (Sidorenko et al., 1996). Although discrepancies exists among the functions
assigned to the PKCs and the function of some of them remains unclear, stimulation of B
cells with phorbol esters, the activator of PKCs, activates the p42/p44 form of mitogen-
activated protein kinases (Erk) (Gold et al., 1992) and synerigizes with the calcium
signal (see following section for details) to activate the transcription factors NFAT
(nuclear factor of activated T cell) and NF-kxB (Venkataraman et al., 1994; Baeuerle et
al., 1994). The transcription factor CREB (CAMP response element binding protein) is
also activated upon stimulation of protein kinase C with phorbol esters in B cells (Xie et
al., 1995; Xie et al., 1996), suggesting that it is another direct or indirect target of PKC.

The other second messenger released by PLC-y is IP3, which is water soluble and
diffuses to the endoplasmic reticulum where it interacts with the IP3 receptor that cause
the release of calcium ions from this intracellular compartment. Full release of the
intracellular calcium stores results in the opening of the plasma membrane calcium
channels that are responsible for the entry of extracellular calcium that produces the
sustained elevation of calcium. Therefore, IP3 stimulates both calcium release
intracelluarly and calcium entry extracellularly, with the former triggering such events as
muscle contraction, secretion, adhesion and synaptic transmission, and the latter inducing
cell proliferation and differentiation (Parekh et al., 1997; Putney et al., 1993). The

amplitude and duration of calcium signals in B cells controls differential activation of the
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pro-inflammatory transcriptional regulators NF-xB, c-Jun N-terminal kinase (JNK) and

NFAT. NF-xB and JNK are selectively activated by a large transient calcium

-

Figure 1.6: PLC-y pathway: After BCR cross-linking, PLC-y is first partially activated

by Syk and then fully activated by both Syk and Btk mediated via phosphorylated
BLNK, a target of Syk activity. Activated PLC-y generates DAG and IP3 as second
messengers, with the former activating Erk through PKC, and the latter opening calcium
channels inside the cell. Once activated, Erk synerigizes with the calcium signals to

activate several transcription factors including CREB, NFAT, and NF«B.
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rise whereas NFAT is activated by a low, sustained calcium plateau (Baeuerle et al.,
1994; Dolmetsch et al., 1997). Although initially described as a transcription factor that
is important for cytokine gene expression in TCR- stimulated T cells, NFAT is clearly
can be activated by BCR stimulation in B cells (Venkataraman et al., 1994). The
activation of NFAT is caused by its dephosphorylation by calcineurin, the calcium
activated serine/threonine phosphatase (Clipstone et al., 1992; Jain et al., 1993). De-
phosphorylation of NFAT leads to its nuclear translocation and participation in calcium-
dependent induction of genes required for lymphocyte activation and proliferation
(Timmerman et al., 1996).

1.3.2. Ras Pathway

The second major signalling pathway triggered in response to BCR engagement is the
Ras pathway. Ras is an important regulator of cell growth and differentiation in most
cell types (McCormick et al., 1994). The activity of Ras is determined by the nature of a
bound guanine nucleotide in such a way that GDP binding makes Ras inactive and GTP
binding makes Ras active (De Vendittis et al., 1986; Hattori et al., 1986). The binding
state of Ras, however, is controlled by nucleotide exchange factors (e.g. mSOS1 and
mS0S2), which are translocated to the plasma membrane where Ras is located upon
receptor engagement. The membrane recruitment of mSOSs are associated with the
adapter protein Shc, which is tyrosine phosphorylated after BCR stimulation and
assembles with another adapter protein, Grb2, in complexes (Lankester et al., 1994;
Saxton et al., 1994; Smit et al., 1994).

After being recruited to the plasma membrane and in close proximity to Ras, the mSOSs
exchange factors promote the release of GDP from Ras (inactive state) for GTP binding
(active state). The conversion of Ras from an inactive to an active state, however, is
negatively regulated by other molecules, called GTPase activating proteins (GAPS) that
hydrolyze the bound GTP to yield GDP and phosphate (McCormick et al., 1994;
McCormick et al., 1996). BCR stimulation results in tyrosine phosphorylation of both
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RasGAP, and two RasGAP-associate proteins of 190kDa and 62 kDa (Gold et al., 1993).
The cloning of the genes encoding these proteins showed that the p190 protein is a GAP
for the Rho family members, which may allow the coupling of signalling pathways that
involve Ras and Rho GTPases (Settleman et al., 1992). The p62 RasGAP —associated
protein, which appeared to be a docking protein based on its structure and the fact that it

was rapidly tyrosine phosphorylated after receptor cross-linking, was termed p62d°k

29 in the Ras

(Carpino et al., 1997; Yamanashi., 1997). The negative role of p6
pathway was unknown until 1999 when it was found to be a substrate of the Src-family
Lyn by an in vitro phosphorylation-screening strategy (Lock et al., 1999), and later on,
the phosphorylation of Erk was found to be enhanced in the p62° deficient mice

(Yamanashi et al., 2000).

Activated Ras then interacts with and activates the serine/threonine protein kinase Raf by
recruiting Raf to the plasma membrane where a separate, Ras-independent, activation of
Raf occurs (Stokoe et al., 1994). Once activated, Raf serine phosphorylates two further
MAP kinase kinases (MEK1/2), the dual specificity kinases that in turn phosphorylate
two key regulatory threonine and tyrosine residues in extracellular-signal regulated
kinase (Erk) 1 and Erk 2 (Crews et al., 1992; Dent et al., 1992; Kyriakis et al., 1992).
These MAP kinases are clearly activated in B cells stimulated through the BCR. Of the
two isoforms of pp44/pp42 (Erkl/2), only p42-kDa Erk (Erk2) appears to be activated
and tyrosine-phosphorylated to a significant extent upon BCR engagement (Sutherland et
al., 1996). Although protein kinase C (PKC) is involved in the activation of the Erks in
B cells, the slg-stimulated Erk activation and tyrosine phosphorylation were only
partially blocked by a PKC inhibitor, indicating the existence of both PKC-dependent
and —independent Erk activation mechanisms by BCR (Casillas et al., 1991; Gold et al.,
1992; Tordai et al., 1994).

Upon activation, the Erks either phosphorylate a number of cytoplasmic targets or
migrate to the nucleus. The translocation of Erks to nucleus is rapid (seen in 15 min),
persistent (at least during the entire G1 period up to 6 hours), reversible (by removal of
the mitogenic stimulus) and apparently coupled to the mitogenic potential of the serum
(Lenormand et al., 1993). In the nucleus, the Erks phosphorylate and activate a number
of transcription factors including the Ets-family members that cooperate with Serum

Response Factor (SRF) to activate transcription at Serum Response Elements (SRES)

39



Chapter 1 Signalling Activation via B cell Receptor

(Treisman et al., 1996). Among the early response genes of BCR-stimulated B cells
known to be regulated by SREs are c-fos and egr-1 (DeFranco et al., 1993), which
encode proteins responsible for important cell behaviour (Maltzman et al., 1996a;
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Figure 1.7: Ras pathway: Membrane localized Ras is converted between active (GTP
binding) and inactive (GDP binding) forms by signalling complexes of Grb2/mSQOSs and
Ras GAP, which are recruited to the plasma membrane by the phosphorylated adaptor
molecules Shc and p62"* respectively. Ras-GTP recruits and activates Raf, which
activates the MAP kinase kinase MEK1/2 and finally leads to the activation of the MAP
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kinases Erk1/2. Once activated, Erk1/2 translocates into the nucleus and activates the

transcription factor SRE to start the transcription of early response genes.

Maltzman et al., 1996b). Abnormal activation of the Erk pathways can result in the
growth and pathological behaviour of cancer cells (Walter et al., 2000). The Ras/Erk
pathway has long been known to be important in many cell types for receptor-induced
proliferation responses (Pages et al., 1992; Woods et al., 1997). The effects of Erks in
BCR-induced proliferation, however, were not fully addressed until recently when
Richards et al used two structurally and mechanistically distinct inhibitors to investigate
the role of this pathway in B cell behaviour. These inhibitors suppressed BCR-induced
activation of Erk MAP kinase only but not other forms of MAP kinase such as JNK in all
B cell types tested (Richards et al., 2001). Although the BCR-induced cell cycle arrest
or apoptosis in WEHI-231 cells and primary immature splenic B cells was undisturbed
by these inhibitors, both inhibitors blocked BCR-induced proliferation of mature splenic
B cells, as well as the induction of the proteins involved in cell-cell interactions and B
cell trafficking such as CD44 adhesion protein and CD69 activation marker. These
results indicate a critical role for Erk in BCR-induced proliferation. In agreement with
this findings, the enhanced BCR-induced Erk activity observed in Lyn knockout mice
(Chan et al., 1997) correlates with enhanced B cell proliferation despite most of the
BCR-induced immediate signalling events being delayed or decreased to some extent
(Hibbs et al., 1995; Wang et al., 1996; Nishizumi et al., 1998).

1.3.3. Phosphatidylinositol 3-Kinase Pathway

A third signalling pathway initiated by BCR cross-linking is the phosphatidylinositol 3-
kinase (PI3K) pathway. BCR stimulation leads to rapid activation of PI3Ks and
accumulation of its product PIP3 in the plasma membrane, which in turn attracts PH
domain-containing molecules from the cytosol to be activated, as summarized in
previous sections. There are two major PH domain-containing targets of PIP3 in the
PI3K signalling pathway: the serine/threonine protein kinase Akt/PKB and the Tec
family non-receptor kinase Btk. Since the role of Akt/PKB in inhibiting apoptosis and of
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Btk in calcium flux have been reviewed in detail, only the emerging effect of PI3K
pathway on p44/p42 MAPK (Erk1/2) activation will be discussed here.

The relevance of PI3K for activation of Erk was observed in several experimental
systems. First expression of activated forms of p110a PI3K was reported to stimulate
diverse Ras/MAP kinase -dependent cellular processes including oocyte maturation and
fos transcription (Hu et al., 1995). Second, over-expression of PI3Ky in COS-7 cells
activated MAP kinase in a G-protein-dependent fashion, while expression of a
catalytically inactive mutant of PI3Ky abolished the stimulation of MAPK (Lopez-
Ilasaca et al., 1997).

In addition to genetic manipulation, pharmaceutical approaches have been explored to
confirm the effect of PI3K on MAP kinase activation. Inhibition of PI3K with
wortmannin has been shown to block activation of MAP kinase in several cell types (Hu
et al., 1996; Duckworth et al., 1997; Wennstrom et al., 1999; Pirola et al., 2001).
Wortmainnin blocked platelet-derived growth factor (PDGF)-dependent activation of
Raf-1 and the MAP kinase cascade in Chinese hamster ovary cells, which have few
PDGF receptors, but had no significant effect on Erk activation in Swiss 3T3 cells,
which have high levels of PDGF receptors (Sturani et al., 1986). However, wortmannin
could block activation of Erk proteins if Swiss 3T3 cells were stimulated with lower,
physiological levels of PDGF (Duckworth et al., 1997). These results suggest that PI3K
is in an efficient pathway for activation of MAP kinase, but MAP kinase can also be

stimulated by a redundant pathway when a large number of receptors are activated.

Treatment of T cells with wortmannin blocked anti-CD3-induced activation of the MAP
kinase Erk2 while wortmannin had no effect on the activity of Erk2 when added directly
to the in vitro assays. In addition, expression of a disruptive PI3K construct also reduced
Erk2 activation, while a construct that stimulates PI3K enhanced the activation of Erk2
(Von Willebrand et al., 1996). Receptor-induced activation of other Ser/Thr kinases
such as c-Raf, B-Raf, Mekl, Mek2, Mekk, was not affected by wortmannin (Von
Willebrand et al., 1996).

The cross-talk between PI3 Kinase and Erk MAP kinase in B cells has not been fully
investigated until recently when different PI3K inhibitors and dominant-negative PI3K

constructs were used to inhibit P13 kinase activity following BCR stimulation. In each
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case the BCR-induced Erk phosphorylation/activation was blocked. This influence of
PI3K on Erk activation was independent of intracellular calcium mobilization because
reconstitution of calcium flux by the calcium ionophore ionomycin in the absence of
PI3K activity failed to restore Erk phosphorylation (Jacob et al., 2002). Further
experiments showed that PI3K influences the Ras cascade both up-stream and
downstream of Ras itself, suggesting that PI3K and Ras pathways in B cells are

intimately connected at several levels (Jacob et al., 2002).

While accumulating data demonstrate the requirement of PI3K for Erk MAP kinase
activation, the intermediate targets that link PI3K to Erk MAP kinase, however, remain
elusive. Phospholipase C family members could be such intermediaries. Indeed, PLC-y
is a downstream target of PI3K, because PLC-y itself is also a PH domain-containing
molecule (Falasca et al., 1998; Bae et al., 1998). The PH domain of PLC-y binds to the
PI3K product, PIP3, and is thus targeted to the membrane to be activated. Consistent
with this, activation of PI3K caused PLC-y PH domain-mediated membrane targeting
and PLC-y activation in response to growth factor stimulation (Falasca et al., 1998). In
addition, PIP3 was reported to activate purified PLC-y isozymes in vitro (Bae et al.,
1998) and expression of an activated catalytic subunit of PI3K in COS-7 cells resulted in
an increase in inositol phosphate formation, suggesting an alternative mechanisms of
PLC-y activation independent of its phosphorylation (Bae et al., 1998). These results
demonstrate that PI3K can affect PLC-y activity not only indirectly via Btk, but directly
via PIP3 as well. After full activation, this phospholipase generates the second
messenger DAG to activate PKC. PKC is upstream of Erk, because stimulation of PKC
with phorbol esters was reported to activate Erk MAP kinase (Gold et al., 1992), as has
been summarized in the PLC-y pathway (Section 1.3.1).

There are also reports indicating an alternative pathway by which PI3K can have an
affect on Erk activation. In B cell lines, PI3K activity was found to be required for the
activation of Ras and MEK, the upstream activator of Erk, although assembly of the
Shc/Grb2/Sos complex was unaffected by PI3K inhibition (Jacob et al., 2002),
suggesting that PI3K can influence Erk activation via the Ras pathway. Furthermore,
transient expression of a trimeric G-protein-sensitive phosphoinositide 3-kinase (PI3Ky)
(Stoyanov et al., 1995) hybrids, in which a putative lipid substrate-binding site was

exchanged to abort lipid kinase activity but retain protein kinase activity, exhibited

43



Chapter 1 Signalling Activation via B cell Receptor

wortmannin-sensitive activation of MAP kinase in COS cells, whereas a catalytically
inactive PI3Ky did not (Bondeva et al., 1998). Membrane-targeted PI3Ky constitutively
produced PIP3 and activated Akt but not MAP kinase (Bondeva et al., 1998), indicating
the protein kinase activity of PI3K can lead to Erk activation independent of lipid kinase

Erk1/2 (Ca)

Akt/PKB

Figure 1.8:_PI3K pathway: The PI3K generated lipid product PIP3 acts to recruit and

activate PH domain-containing molecules such as Akt and Btk, which promote cell
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survival and full activation of the PLC-y pathway respectively. PI3K might also have an

input in the activation of the Ras pathway as well, indicated as Ras ?/X.

activity. Consistent with this idea, a separate group also reported the protein kinase
activity of PI3K activates Erk but not Akt in 293 cells (Pirola et al., 2001), further

demonstrating the possibility of multiple ways from PI3K towards Erk activation.

1.4: REGULATION OF BCR SIGNALLING:

Since the signal initiated from BCR can generate the diverse biochemical pathways as
discussed above that combine to induce such different biological responses as
proliferation, differentiation and apoptosis, depending on the context of the BCR signals,
it must be properly regulated. Unbalanced signalling from BCR may cause detrimental
effects such as autoimmunity or immunodeficiency. B cells, however, overcome these
potential problems by utilizing several regulatory molecules to control signal strength via
adjusting the threshold for the B cell receptor. Of the numerous regulatory molecules
employed by the BCR, two are of particular importance: One is the BCR co-receptor

CD19 and the other is Src family protein tyrosine kinase Lyn.

1.4.1: Positive Regulation of BCR Signalling by CD19:

CD19 is an approximately 95kDa glycoprotein member of the immunoglobulin super-
family expressed exclusively on B cells (Sato et al., 1996). In mouse, this surface
protein is expressed from the early pre-B cell stage until the time of plasma cell
differentiation. Mature conventional B cells (B-2) from different peripheral lymphoid
tissues have similar CD19 expression levels that are lower than those of CD5" (B-1) B
cells (Krop et al., 1996).
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1.4.1.1: Structure of CD19:

The extracellular domain of CD19 contains two C2-type Ig-like domains separated by a
smaller, potentially disulfide-linked domain. On the surface of mature B cells, CD19

forms a heterologous non-covalent complex with CD21, a receptor for complement
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Figure 1.9:_Model of CD19 structure: CD19 forms a complex with CD21, CD81 and
Leu-13 on the cell surface. The cytoplasmic domains of CD19 contain 9 tyrosines
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designated as Y with corresponding amino acid positions labelled. After
phosphorylation of these tyrosines, they bind to potential signalling molecules as
indicated to amplify signal transduction.

cleavage fragments generated during complement activation (Carroll et al., 1998). In
addition, CD19 interacts with CD81, a broadly expressed member of the tetraspanin
family of cell-surface molecules that are involved in multiple, diverse signalling
pathways (Bradbury et al., 1992; Maecker et al., 1997). CD81 associates with another
widely expressed cell-surface molecule termed Leu-13 (Deblandre et al.,, 1995;
Matsumoto et al., 1993). Although the functional significance of this multi-molecular
complex on the cell surface is not understood, it was envisioned that CD19 and its
associated CD81/Leu-13 molecules provide a signalling function to inform B cells of

complement activation in their microenvironment (Tedder et al., 1999).

Intracellular signalling arising from the CD19/CD21/CD81 complex is, however,
independent of both CD21 and CD81 (Matsumoto et al., 1993), but requires the
cytoplasmic domain of CD19, because the phenotypes of transgenic mice that expressed
only the extracellular and transmembrane domains of CD19 were similar, if not identical,
to CD19-deficient mice (Sato et al.,, 1997). The cytoplasmic domain of CD19 is
approximately 240 amino acid long and contains 19% acidic and 9.5% basic amino acid
residues, with some localized regions of strong net negative charge (Teffer et al., 1994).
There are nine tyrosines in the cytoplasmic tail of CD19, which are highly conserved
among human, mouse and guinea pig (Zhou et al., 1991), indicating the importance of
this domain for CD19 function. Of the nine tyrosine residues, three have been formally
shown by mutational analysis to be phosphorylated: tyrosines-391, -482 and -513 (L.i et
al., 1997; O’Rourke et al., 1998; Tuveson et al., 1993). The former binds Vav and PLC-
v2 through its SH2 domain (Weng et al., 1994; Li et al., 1997; O’Rourke et al., 1998;
Brooks et al., 2000), and the latter two cooperate to bind PI3K thought the SH2 domains
of this enzyme’s p85 subunit (Tuveson et al., 1993).  The tyrosine-482 and —-513 were
recently found to be important for most of CD19 functions in vivo (Wang et al., 2002).
Phosphotyrosyl peptides with sequences corresponding to Y405 and Y445 of CD19 and
having the sequence, YEND/E, have been shown to bind a fusion protein containing the

SH2 domain of Fyn (Chalupny et al., 1995), although mutation of this site has not been
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done to determine its role in signalling by CD19. Phosphopeptides matching CD19
Y330 precipitated a complex that included Grb2 and Sos, which were also detected in
CD19 immunoprecipitates from activated cells (Brooks et al., 2000; Fujimoto et al.,
2000).

1.4.1.2: The Function of CD19

CD19 is required for normal B cell responses in mice and is likely to play a regulatory,
and perhaps pathogenic role in human autoimmune disease such as SLE (Kuroki et al.,
2002). Gene disruption studies in mice showed that the peritoneal B 1 and the splenic
marginal zone B cell subsets are fully dependent on CD19 (Engel et al., 1995; Martin
and Kearney, 2000; Rickert et al., 1995; Sato et al., 1995). The IgG response to antigens
is dramatically reduced in these animals, with a commensurate reduction in number and
size of germinal centres (Fearon and Carroll, 2000). Conversely, transgenic mice that
over-express CD19 by threefold on B cells have a reciprocal phenotype (Zhou et al.,
1994). A hallmark of these mice is an increased B-1 cell population in the peritoneal
cavity (Sato et al., 1996). Surface IgM levels are reduced on B cells from these mice, but
their B cells are hyper-responsive to transmembrane signals and proliferate at elevated
levels (Sato et al., 2000). The over-expression of CD19 also resulted in the development
of autoimmune disease in the transgenic mice (Tedder et al., 1997). The immune-
deficiency associated with the loss of CD19 and the autoimmune tendency associated
with too much CD19 strongly suggest a positive regulatory role of this surface co-

receptor in promoting BCR signalling.

The positive role of CD19 in vivo can be explained by the following in vitro experiments

as well as the mechanisms based on these in vitro observations:

Calcium Mobilization:

Since intracellular calcium flux is an important index for cell response, the role of CD19,
as a signalling molecule in calcium flux was first examined by cross-linking it alone with
monoclonal antibodies and an elevated intracellular calcium was found (Pezzutto et al.,
1987), generating the first link between CD19 and calcium response. Later on, co-

ligation of CD19 with surface Ig synergistically increased intracellular calcium levels, in
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that the response achieved by simultaneous ligation was greater than the sum of
individual ligation of the two receptors (Carter et al., 1991), further demonstrating the

promoting effect of CD19 on calcium flux in B cells.

The mechanisms underlying the positive effect of CD19 on calcium flux are multifold:
IP3 is responsible for the release of intracellular calcium storage and, ultimately, the
activity of the calcium release-activated calcium current that maintains the elevation of
intracellular calcium.  The IP3 comes from PIP2, which is synthesized by a
phosphatidylinositol 4-phosphate 5-kinase (PIP5-kinase).  Therefore, the finding that
ligating CD19 alone modestly activated, and that co-ligating CD19 and membrane IgM
strongly activated, PIP5 kinase in primary murine B cells suggested that CD19 may
contribute to the B cell calcium response by regulating the availability of PIP2
(O’Rourke et al., 1998).

Other proposed mechanisms for CD19 to regulate calcium are via PI3K and Bk,
although conflicting evidence exists. Some scientists believe while CD19 is not required
for antigen-mediated activation of receptor proximal tyrosine kinases, it is critical for
activation of PI3K. PI3K activation was found to be dependent on phosphorylation of
CD19 Y484 and Y515, and antigen-induced CD19-dependent PI3K activation was
required for calcium mobilization response (Buhl et al., 1997). The evidence from
others, however, does not support the CD19/P13K/calcium pathway by the finding that in
the CD19-deficent mice, the BCR-induced calcium flux is normal (Rickert et al., 1995;
Sato et al., 1997). Btk plays a critical role in BCR-mediated calcium, as has been
reviewed previously. The role of CD19 in Btk activation was checked in a CD19
reconstituted myeloma model and CD19 gene-ablated animals. BCR-mediated Btk
activation and phosphorylation were found to be dependent on the expression of CD19,
while BCR-mediated activation of Lyn and Syk were not (Buhl et al., 1999).
Wortmannin pre-incubation inhibited the activation and phosphorylation of Btk after
BCR cross-linking and Btk activation was not rescued in a myeloma by expression of a
CD19 mutant in which tyrosine residues Y484 and Y515 were changed to phenylalanine
(Buhl et al., 1999). These findings postulate that the ability of CD19 to recruit and
activate PI3K, which in turn activates Btk, would cause CD19 to enhance calcium flux.
Again, this theory confronts contradictory evidence such as Akt activation being reduced
in CD19-deficient B cells (Otero et al., 2001); PI3K activity and Akt activation being
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normal in CD19-deficient mice (Fujimoto et al., 2002) and the combined loss of both
CD19 and Btk having additive inhibitory effects on BCR-induced calcium responses in
primary B cells (Fujimoto et al., 2002).

Recently, a new mechanism has been proposed to explain the role of CD19 in the
calcium flux pathway: that is via sequestration of the Src family PTK Lyn (Fujimoto et
al., 2001), a negative regulatory molecule for calcium flux (Smith et al., 1998). Indeed,
Lyn has long been reported to associate with the cytoplasmic tail of CD19 (van Noesel et
al.,, 1993). CD19 cross-linking may augment BCR-induced calcium response by
sequestering the available pool of functional Lyn away from downstream negative
regulatory proteins such as CD22. Consistent with this proposal, simultaneous CD19
engagement was reported not to enhance the BCR-induced calcium responses of Lyn- or
CD22-deficent B cells over BCR ligation alone (Fujimoto et al., 2001). Thus, CD19
recruitment of Lyn may preferentially activate selective signalling pathways downstream
of the CD19/Lyn complex to the exclusion of other downstream regulatory and effector

pathways (Fujimoto et al., 2001).

MAP Kinase Activation

The other major in vitro molecular evidence that leads to the positive role of CD19 in
primary B cells is the activation of MAP kinase. Co-ligating CD19 to surface IgM
caused a 5- to 10- fold augmentation of the activation of the three MAP kinases: Erk2,
JNK1 and p38, relative to the effects of ligating optimally BCR alone in primary murine
B cells (Tooze et al., 1997). Similar results were also achieved in human B cell lines in
which co-ligation of CD19 caused synergistic, prolonged enhancement of MAP kinase
activity relative to ligation of either receptor complex alone (Li et al., 1997). These data
indicate that CD19 has a positive impact on MAP kinase. Consistent with this, a further
study demonstrated that tyrosine phosphorylation of Vav was markedly enhanced after
CD19-BCR co-ligation and the mutation of Y391 in CD19 ‘s cytoplasmic domain, the
site at which Vav but not PI3K binds, blocked the enhancement of MAP kinase
activation, suggesting that Vav is the factor linking CD19 to MAP kinase activation (Li
etal., 1997).
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The SH2 domain-containing transforming Shc protein has been implicated in MAP
Kinase activation via interacting with Grb2/Sos in Ras pathway (see previous section for
details). Co-ligation of the BCR with CD19 increased the interaction of Shc with
Grb2/Sos in both transformed and normal human B cells, whereas CD19 cross-linking
alone induce neither Shc tyrosine phosphorylation nor translocation (Lankester et al.,
1994). Besides, Grb2/Sos complexes were also found to be associated with native
CD19. In mapping studies with altered constructs, it was found that CD19 Y330 and/or
Y360 were necessary for binding to Grb2 and Sos (Brooks et al., 2000). Therefore,
enhanced tyrosine phosphorylation and membrane translocation of Shc/Grb2/Sos
complexes could form an additional mechanism for the activation of MAP kinase by co-
stimulation of CD19.

The pathway leading to MAP kinase Erk2 activation from CD19 was further dissected in
Daudi human B lymphoblastoid cells and compared with that from the BCR. While
CD19-BCR co-ligation did not increase activation of Ras or Raf beyond that induced by
ligation of slgM alone, the co-engagement of CD19 with BCR resulted in the synergistic
activation of MEK1 (Li et al., 1998), indicating a different pathway from CD19 to Erk
activation. Furthermore, synergistic activation of Erk2 by CD19 occurred in the absence
of changes in intracellular calcium and was not blocked by the loss of protein kinase C
activity, demonstrating that the CD19-dependent Erk activation pathway does not
involve calcium and PKC (Li et al., 1998). However, a later study by the same group
reported that in CD19 induced Erk activation, PI3K, calcium and PKC were all required
and that CD19 enhances the MAPK cascade at multiple levels, depending on the state of
differentiation (Li et al., 2000). Thus the pathway from CD19 to Erk activation remains

obscure.

Prolonging BCR Signalling in Lipid Rafts

Advances in membrane biology have led to the identification of glycosphingolipid- and
cholesterol-rich plasma membrane microdomains, or lipid rafts, that have been proposed
to function as platforms for both signal transduction and membrane trafficking (Simons
et al.,, 1997). The important signalling molecules that have been identified as residents

of these lipid microdomains include Src family PTKs Lyn, Lck, and Fyn (Casey et al.,
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1995), and the ZAP-70 family PTK Syk (Stauffer et al., 1997). Following antigen
binding, the BCR rapidly translocates into lipid rafts and is then subsequently
internalised from the lipid rafts into the cell, a process that plays a role not only in the
targeting of antigens that captured by the BCR for presentation, but also in the down-
regulation of BCR signalling as well (Cheng et al., 1999). The role of the CD19/CD21
complex in the translocation of the BCR into lipid rafts was explored in the CH27 mouse
B cell line (Cherukuri et al., 2001). After co-ligating CD19 with BCR by complement-
tagged antigens, the CD19/CD21 complex was found to translocate together with the
BCR into lipid rafts. Moreover, the presence of CD19/CD21 in the lipid raft caused by
the co-ligation was demonstrated to significantly sustain BCR residency in lipid rafts,
resulting in prolonged BCR signalling (Cherukuri et al., 2001). This result provides a
novel additional mechanism to explain the positive function of CD109.

Src PTK Amplification

Src family protein tyrosine kinases are implicated in the initiation and propagation of
BCR signalling. A novel biochemical basis for the positive role of CD19 was recently
proposed, in which amplification of the Src PTKSs, especially Lyn was mediated by
CD19 (Fujimoto et al., 1999; Fujimoto et al., 2000). Lyn expression was reported to be
required for CD19 tyrosine phosphorylation in primary B cells (Fujimoto et al., 2000).
Furthermore, experiments with purified proteins demonstrated that CD19-Y513 was
Lyn’s initial phosphorylation and binding site (Fujimoto et al.,, 2000). This was
proposed to lead to processive phosphorylation of CD19 -Y482, which recruited a
second Lyn molecule, allowing for transphosphorylation and amplification of Lyn kinase
activity (Fujumoto et al., 2000). Although it sounds feasible, a great defect of this model
is its failure to explain the opposite phenotypes of CD19 and Lyn knockout mice. In
order to test the upstream effect of CD19 on Lyn, a CD19 and Lyn double knockout
mouse was generated by the same group. The phenotype of the mice deficient for both
CD19 and Lyn, however, did not look like that of CD19-deficient mice as would be
expected under this model. Instead, CD19-deficiency suppressed the hyper-
responsiveness of Lyn-deficient B cells and the autoimmunity characterized by serum
auto-antibodies and immune complex-mediated glomerulonephritis in Lyn-deficient

mice (Hasegawa et al., 2000). In addition, the enhanced intracellular calcium responses

52



Chapter 1 Signalling Activation via B cell Receptor

following BCR ligation that typifies Lyn deficiency were delayed, rather than
normalized, by the loss of CD19 expression (Hasegawa et al., 2001). These findings
demonstrate that although it is possible for CD19 to amplify Src family PTK members-
the tyrosine phosphorylation of Fyn and other cellular proteins induced following BCR
ligation was dramatically reduced in CD19/Lyn double knock-out B cells relative to Lyn
knock-out B cells (Hasegawa et al., 2000)-Lyn and CD19 are each engaged in the two
extremes of the signalling scale. Rather than being dependent on each other, knocking

out both CD19 and Lyn may bring BCR signalling back to balance.

1.4.2: Negative Regulation of BCR Signalling By Lyn

After initiation and propagation, a well-balanced signal needs a negative feed-back loop
for termination when complete or to prevent inappropriate activation. Among dozens of
negative regulators in B lymphocyte, the protein tyrosine kinase Lyn is a double-edged
one. As a Src family member, Lyn is involved in signal initiation and amplification.
These positive roles of Lyn in BCR regulation, however, are redundant and can be
substituted by other Src family PTK members, because BCR signalling can still occur in
its absence although in a delayed fashion (Chan et al., 1997). The hyper-responsive
phenotype of Lyn-deficient mice, however, demonstrated that the unique function of this
protein tyrosine kinase lies in its negative side. The molecular mechanism of negative

regulatory role of Lyn can be summarized as follows.

1.4.2.1:Phosphorylating Negative Receptors

The negative regulatory mechanisms of B cells involves the engagement of several
surface molecules, which can moderate the B cell’s response to antigenic stimulation.
These surface molecules are called negative receptor for BCR and their phosphorylation

depends, to a great extent, on Lyn.

FeyRI1b1
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When antigen is present in the form of immune complexes with 1gG, as would occur late
in immune responses, antigen binding to the BCR of specific B cells leads to co-ligation
of the BCR and the receptor for Fc portion of immunoglobulin, FcyRIIbl (Cassel et al.,
1993; Muta et al., 1994), inhibiting B cell activation so as to stop production of too much
antibody (Phillips and Parker, 1983). Indeed, FcyRIIb1-deficient mice exhibit elevated
antibody responses, particularly at late times after immunization (Takai et al., 1996).
Co-ligation of the BCR and FcyRIIbl led to phosphorylation of a tyrosine in the
cytoplasmic domain of FcyRIIbl that is critical for its inhibition of BCR-induced
elevation of intracellular free calcium and activation of Ras pathway (DeFranco et al.,
1995; Hippen et al., 1997; Tridandapani et al., 1997). After tyrosine phosphorylation,
the cytoplasmic domain of FcyRIIbl serves as a recruitment site for two phosphatases:
SH2-containing inositol 5-phosphatase (SHIP) and SH2-containing protein tyrosine
phosphatase-1 (SHP-1) (Ono et al., 1996; D’Ambrosio et al., 1995). Both dampen the
BCR-signal, although SHIP appears to be the more important in mediating the inhibitory
effects of FcyRIIbl in B cells (Ono et al., 1997; Nadler et al., 1997).

The inhibitory function of FcyRIIb1 in Lyn-deficient mice was first checked in 1996
when it was found that the B cells from young Lyn-deficient mice were hyper-responsive
to anti-lgM-induced proliferation, and co-ligation of FcyRIIb1 receptor with the BCR on
Lyn-deficient primary B cells failed to suppress the BCR-induced proliferation, while it
could on control B cells (Wang et al., 1996). The defective inhibition of proliferation by
FcyRIIb1 in absence of Lyn was later confirmed (Chan et al., 1997). Furthermore, it was
also reported that the negative regulation of Erk and calcium by FcyRIIbl were partly
impaired in Lyn-deficient mice (Chan et al., 1998). The phosphorylation of FcyRIIb1 in
Lyn-deficient mice as a biochemical basis for the defective function of this receptor was
therefore examined and found to be reduced (Chan et al., 1998; Nishizumi et al., 1998),
consistent with the idea that Lyn plays an important role in the phosphorylation of
FcyRIIb1 on its inhibitory tyrosine upon co-ligation with BCR. However, the fact that
the inhibitory function of FcyRIIbl are still partly present in Lyn-deficient primary B
cells leads to the presumption that Lyn must have affected other inhibitory pathway(s) in
addition to FcyRIIb1.
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CD22

CD22 is a B cell restricted member of the sialoadhesin family of adhesion molecules
(Kelm et al., 1994). After BCR or CD22 cross-linking, CD22 is rapidly tyrosine
phosphorylated (Schulte et al., 1992; Peaker et al., 1993), facilitating recruitment of a
number of intracellular signalling molecules including SHP-1 (Doody et al., 1995;
Campbell et al., 1995), Lyn, Syk, PI3K and PLC-y (Tuscano et al., 1996; Tuscano et al.,
1996; Law et al, 1996). Although it may also serve a positive role in some contexts
(Cyster et al., 1997; Tuscano et al., 1996), CD22 appears to be an inhibitory receptor
because B cells from CD22-deficient mice show enhanced BCR-induced calcium
elevation (O’Keefe et al., 1996; Otipoby et al., 1996; Sato et al, 1996), which is reduced
after co-ligation of CD22 with BCR in wild type primary B cells (Xu et al., 2002), and
activation of MAP kinase pathways is suppressed when CD22 is co-ligated into the BCR
signalling complex but enhanced when CD22 is separately ligated before BCR
engagement (Tooze et al., 1997). The inhibitory phosphatase SHP-1 recruited (Law et
al., 1996; Doody et al, 1995) is a strong candidate for mediating the inhibitory effect of
CD22.

To examine the inhibitory role of CD22 in Lyn-deficient B cells, an anti-CD22 antibody
was used to sequester CD22 prior to BCR stimulation. This treatment enhanced anti-
IgM-induced calcium elevation in wild-type B cells, consistent with the negative
regulatory role of CD22 in calcium pathway. The sequestion of CD22, however, failed
to raise the elevated calcium flux in the Lyn-deficient B cells following BCR ligation
although it was not maximum (Chan et al., 1998), suggesting that the ability of CD22 to
down-regulate the BCR-induced calcium response was critically dependent upon Lyn.
The requirement of Lyn for CD22-mediated calcium inhibition in primary B cells was
not only repeated by others (Smith et al., 1998; Cornall et al., 1998), but also the primary
role of Lyn in phosphorylating CD22 (Smith et al., 1998; Nishizumi et al., 1998), and
recruiting SHP-1 (Smith et al., 1998) were established. Recently, in order to further
investigate the role of Lyn kinase in setting signalling thresholds for BCR, Lyn"""? mice
were generated, in which a gain-of—function mutation analogous to the Src Y527F-
activating mutation was introduced into the Lyn gene, and resulted in sustained
activation of Lyn in these mice (Harder et al., 2001; Hibbs et al., 2002). The finding that
Lyn“"™® primary B cells have constitutive phosphorylation of CD22 and SHP-1 (Hibbs et
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al., 2002) further strengthens the role of Lyn in phosphorylating CD22, which in turn
recruits SHP-1.

CD72

CD72, formerly called Lyb-2, is a 45 kDa type Il transmembrane glycoprotein expressed
primarily on B cells as a disulfide-linked homodimer from the pro-B through the mature
B cell stage, but downregulated on terminally differentiated plasma cells (Nakayama et
al., 1989; Sato et al., 1976; Von Hoegen et al., 1990). This surface protein has a 95
amino acid cytoplasmic domain that contains two potential ITIMs (Adachi et al., 1998).
Initial signalling studies on CD72 classified it as a positive modulator of B cell responses
since anti-CD72 was reported to induced tyrosine phosphorylation of a variety of
proteins including PLC-y and CD19, and to activate Lyn, Blk and Btk (but not Syk)
kinases (Venkataraman et al., 1998a; Venkataraman et al., 1998b).  However, the
evidence that a small amount of protein phosphatase SHP-1 was immunoprecipitated
with CD72 from the WEHI-231 B cell line and that cross-linking of the BCR enhanced
both tyrosine phosphorylation of CD72 and association of CD72 with SHP-1 in these
cells (Adachi et al., 1998) suggested that CD72 might be a negative regulator of BCR
signalling via SHP-1 (Adachi et al., 1998; Adachi et al., 2001). In order to elucidate the
function of CD72 in B cell activation, the homozygous CD72-deficient mice was
generated by targeted gene inactivation (Pan et al., 1999). The phenotype of CD72"
mice indicates that CD72 plays a non-redundant role in vivo and negatively regulates

responsiveness of B cells.

The phenotype of CD72" mice is similar to that of Lyn-deficient mice in that B cells
from both are hyper-responsive to BCR cross-linking and LPS stimulation (Pan et al.,
1999; Wang et al., 1996; Cornall et al., 1998). These similarities suggest that Lyn might
be involved in the signalling pathway utilized by CD72. Consistent with this hypothesis,
Lyn has been shown to tyrosine phosphorylate CD72 in an in vitro assay (Adachi et al.,
1998). However, Lyn deficiency does have broader effects than CD72 deficiency
including overt autoimmune disease with autoantibody production and
glomerulonephritis, which are not observed in CD72-dificient mice, suggesting

additional effectors of Lyn in the negative regulation of BCR signalling.
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PIR-B

Another ITIM-containing surface molecule that may be employed by Lyn for negative
regulation is Paired Immunoglobulin-like Receptor-B (PIR-B). Based on RNA and RT-
PCR analysis, expression of PIR-B is restricted to B cells and myeloid cells (Hayami et
al., 1997; Kubagawa et al., 1997). While the overall structure of PIR-B shows homology
to several lg-superfamily members, its striking feature is the presence of four sets of
ITIM-like sequences in the cytoplasmic tail (Maeda et al., 1998).  Synthetic
phosphotyrosyl peptides corresponding to the third and fourth ITIMs of PIR-B can bind
SHP-1, SHP-2 and SHIP from macrophages and B cell line lysates (Yamashita et al.,
1998), indicating these enzymes could be recruited for the inhibitory function of PIR-B.
Further study showed that the PIR-B mediated inhibition was markedly reduced in the
SHP-1 and SHP-2 double-deficient DT40 chicken B cells, but unaffected in SHIP-
deficient cells, suggesting that PIR-B negatively regulates BCR activation by the
redundant functions of SHP-1 and SHP-2 (Maeda et al., 1998). Consistent with this
result, SHP-1 and SHP-2, rather than SHIP, were found to be co-immunoprecipitated
with PIR-B (Blery et al., 1998), and over-expression of a catalytically inactive form of
SHP-1 prevented the PIR-B-mediated inhibition of tyrosine phosphorylation of Syk, Btk,
and PLC-y2 (Maeda et al., 1999).

The association of Lyn with the inhibitory activities of PIR-B is supported by
experiments in both mice and cell lines. In mice, constitutive tyrosine phosphorylation
of PIR-B molecules on macrophages and B cells was observed, irrespective of the cell
activation status. These constitutively phosphorylated PIR-B molecules were associated
with the Lyn and SHP-1, and in Lyn-deficient mice, PIR-B tyrosine phosphorylation was
greatly reduced (Ho et al., 1999). In a B cell line, however, PIR-B phosphorylation
required co-ligation with the BCR (Ho et al., 1999; Maeda et al., 1999), but is
completely abolished in the Lyn-deficient DT40 cells (Maeda et al., 1999). These results
suggest that the Src family member Lyn plays an important role in tyrosine
phosphorylation of the inhibitory molecule PIR-B, inrrespective of BCR co-ligation.
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1.4.2.2: Phosphorylating Adaptor Molecules

Adaptor molecules are commonly referred to as proteins that possess protein-protein or
protein-lipid interaction domains, such as SH2, SH3, or PH domains, but do not have
enzymatic activity. This distinguishes them from kinases and phosphatases, which also
have these interaction domains and can serve as adaptors as well as enzymes. In this
concept, certain co-receptors such as CD22 and PIR-B can be regarded as adaptor
molecules. Since the role of Lyn in phosphorylating these surface molecules has been
discussed above, only non-receptor adaptor molecules involved in the negative

regulation of BCR signalling and their relationship with Lyn will be reviewed here.

Dok (Downstream of tyrosine kinase) is a family of adaptor molecules that modulates
immunoreceptor, cytokine and growth factor signalling in a variety of hematopoietic
lineages. These molecules share an N-terminal PH domain, a central phosphotyrosine
binding domain (PTB) and a C-terminus motif that allows for association with both SH2-
and SH3- containing molecules (Jones et al., 1999; Suzu et al., 2000; Veillette et al.,
2002; Yamanashi et al., 2000). The inhibitory function of the Dok proteins in B cells is
associated with FcyRI1Ib (Tamir et al., 2000). Co-ligating FcyRIIb with the BCR resulted
in increased tyrosine phosphorylation of p62Dok, with a concomitant increase in its
binding to RasGAP , a negative regulator of Ras (Tamir et al., 2000). Furthermore, B
cells from p62Dok” animals demonstrate elevation of MAPK activity and proliferation
following co-engagement of the BCR and FcyRIlb, consistent with a negative role for
Dok in MAP kinase regulation (Yamanashi et al., 2000). It is therefore proposed that
following receptor ligation, Dok-1 (p62Dok) is recruited to the cell membrane via
association of its PTB domain with phosphorylated residues within SHIP, which in turn
is recruited to the membrane via association of its SH2 domain with phosphorylated
FcyRIlb, a substrate of Lyn. Besides, Lyn may also be involved in the direct
phosphorylation of the p62Dok, because in Lyn-deficient primary B cells, the
phosphorylation of p62Dok is abolished in both BCR cross-linking alone and co-ligation
with FcyRIIb (Yamanashi et al., 2000).

Phosphoprotein associated with glycosphingolipid-enriched microdomains (PAG, or cbp
for Csk binding protein) has emerged as a potentially critical regulator of Src family

kinase activity through its association with the cytosolic protein tyrosine kinase (Csk)
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(Nada et al., 1991; Brdicka et al., 2000; Kawabuchi et al., 2000). Like Dok protein, PAG
contains several phosphorylatable tyrosines for SH2 binding and two potential SH3
binding sites.  Based on analysis of T cells, in which the role of PAG has been
extensively studied, the following model has been suggested in B cells (Kurosaki et al.,
2002): In the resting state, raft-associated PAG recruits Csk to the plasma membrane via
its phosphorylated tyrosine and therefore activates Csk (Takeuchi et al., 2000).
Activated Csk then phosphorylates the C- terminus tyrosine of Src family PTKSs in the
lipid raft, which makes the Src PTKSs inactive (Hata et al, 1994). Upon receptor cross-
linking, PAG becomes de-phosphorylated, as is the case of T cells, by an as yet
unidentified phosphatase and releases Csk (Brdicka et al., 2000). The absence of Csk in
the lipid raft removes the inhibition on Src PTKSs.

An important extension of this model, assuming that PAG is phosphorylated again
during the course of signalling, is that the restoration of the PAG-Csk interaction might
contribute to the termination of Src-family PTKs activity. The PTK that is responsible
for PAG phosphorylation in B cells might be Lyn, although this has not been tested
directly. If so, then the Lyn that is activated on BCR ligation could inhibit the kinase
activities of Src-family PTKs, including itself, by recruiting Csk to the rafts (Kurosaki et
al., 2002). In support to this model, Lyn-deficiency has been reported to enhance Fyn-

dependent signals and degranulation in mast cells (Parravicini et al., 2002).

1.4.2.3: Kinase —Independent Inhibition

Apart from phosphorylating some negative receptors or adaptor molecues, the
mechanisms of Lyn in the negative regulation of BCR signalling were also include
tyrosine kinase-independent function. Given Lyn’s important physical location in the
lipid rafts of the plasma membrane where most of the signalling activators and substrates
reside, the presence of Lyn in the cell membrane itself could prevent the translocation of
other cytosolic signalling molecules to the membrane where they would gain access to
their physiological substrates or activators. One such example is that Lyn was found to
be able to inhibit PKC activation without requiring its kinase activity (Katsuta et al.,
1998). In DT40 chicken B cell lines, the absence of Lyn caused elevated PKC activation
after BCR cross-linking but did not change the level of expression, compared with that of
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control cells. This elevation of PKC activity in Lyn-deficient cells, however, was
completely reversed to wild-type level by the transfection of the kinase-inactive LynKL
vector, indicating that the tyrosine kinase activity of Lyn is not required for this
inhibition of PKC activity. (Katsuta et al., 1998).

1.4.2.4: Phosphorylating a negative regulatory site on Syk:

Understanding the signalling role of Lyn is complicated by the fact that phosphorylation
of both positive and negative signalling molecules has been found to require this Src
family PTK. Syk is a positive effector of BCR-stimulated responses because disruption
of this gene results in pronounced defects in calcium signalling and B cell development
(Turner et al., 1995; Cheng et al., Takata et al., 1994). Following its recruitment to the
BCR, Syk becomes phosphorylated on multiple tyrosines, including three (Tyr-317, -
342, and —346) in the linker region that separates the tandem SH2 domains from the C-
terminal catalytic domain (Keshvara et al., 1998). The phosphorylation of Tyr-342, -
346, or both creates a binding site for PLCy (Law et al., 1996). The phosphorylation of
Tyr-317, however, creates a binding site for c-Cbl, an adaptor protein that serves as a
negative regulator of BCR-stimulated calcium signalling (Lupher et al., 1998; Yankee et
al., 1999). In DT40 B cells that lack the Src family kinase Lyn, the phosphorylation of
the inhibitory Tyr-317 was found to be suppressed, leading to elevated production of IP3
and an amplified calcium signal (Hong et al., 2002). Although this result came from a
cell line in which Lyn is the only Src family PTK and needs to be confirmed in other cell
system, it at least broadens our view that the mechanisms of Lyn in negatively regulating
BCR signalling could also extend to modulating positive signalosomes, apart from

promoting inhibitory signalling molecules.

1.5: THE AIMS OF THE THESIS:

Lyn is mainly involved in the negative regulation of B cell receptor-mediated signals,
although positive signalling events are also associated with this protein tyrosine kinase
based on the fact that it is the predominant Src family PTK expressed in B cells and that
the constitutive activation of Lyn results in autoimmunity just as the absence of Lyn does
(Hibbs et al., 1995; Harder et al., 2001; Hibbs et al., 2002). The mechanisms for Lyn as
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a negative regulator of BCR signalling identified so far have been summarized above and
mainly involve phosphorylation of some BCR negative co-receptors, which in turn
recruit and activate protein or lipid phosphatases to down-regulate BCR-induced signals.
However, some of the hyper-responsive phenotypes of Lyn-deficient B cells are still
present in these phosphatase-deficient B cells (Li et al., 1999), and some of the inhibitory
effects of BCR co-receptors are still functional in Lyn knock-out mice (Chan et al., 1997,
Chan et al., 1998), suggesting some independent negative regulatory mechanisms
between Lyn and the phosphatase, as well as the possible existence of novel molecules or

signalling pathways that are negatively regulated by Lyn.

This thesis examines the roles of Lyn in regulating signal transduction from the BCR.
We first investigate the molecular interaction between Lyn and CD19, an important B
cell specific co-receptor and signalling modulator, by assessing Lyn and CD19
membrane localization, as well as the phosphorylation and function of each molecule in
the absence of the other. Finally, a novel inhibitory role of Lyn in PI3K activation is

described and a mechanism proposed.
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CHAPTER 2: MATERIALS AND METHODS

2.1: MEDIA

The following media were prepared by the Walter and Eliza Hall Institute media
department. Media were sterilized by filtration through a 0.22 um membrane filter
and stored at 4 ° C.

Complete RPMI was used for cell culture and where otherwise indicated. This
media consisted of RPMI 1640 supplemented with 2-ME and 5% FCS (see solutions

and supplements).

Ken D. Shortman’s Balanced Salt Solution (KDS/BSS) was prepared to mouse
tonicity by adding 0.15M NaCl, 0.004M KCI, 0.002M CaCl,, 0.001M MgSQ,,
0.001M KH,PQ,, 0.0008M K;HPO, and 0.015M Hepes buffer to Milli Q water, pH to
7.2.

Kelso DME was prepared to mouse tonicity by dissolving 4g glucose, 6mg folic acid,
36mg L-asparagine, 116mg L-arginine HCI, 2g NaHCO3;, 10mM Hepes, 60mg
penicillin and 100mg streptomycin to 1 litre Dulbecco’s Modified Eagle’s Medium
(Gibco cat no 430-1600).

HEPES Eagle’s Medium (HEM) was prepared to mouse tonicity by dissolving a 1 x
10 litre packet of Minimum Essential Medium (Cat. No. 41500-018, Gibco BRL,
Grand Island, NY, USA), 160 mL of a 1 M HEPES solution, 1.0g penicillin and 1.0g
streptomycin in 8.75 litres of Milli Q water. pH to 7.2 with NaOH.

Phosphate Buffered Saline (PBS), pH 7.3, (0.02M PO4) was prepared to mouse
tonicity by dissolving 579 of Na,HPO,2H,0, 12g of Na,H,PO,2H,0 and 174g of
NacCl in 20 litres of Milli Q water. For use in immunofluorescent staining, PBS was

supplemented with 3% foetal calf serum.
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Red Cell Removal Buffer (RCRB), pH 7.3, was prepared by dissolving 155.8g
NH4Cl, 0.74g ethylenediaminetetra-acetic acid (EDTA)-disodium salt and 20g
NaHCOj3 in 20 litres of Milli Q water.

RPMI 1640 was prepared to mouse tonicity by dissolving a 1 x 10 litre packet of
RPMI 1640 (Cat. No. 50-020-PB-R, TRACE Biosciences Pty. Ltd., Australia), 9.0g
NaCl, 20g NaHCO3, 1.1g sodium pyruvate, 1.0g penicillin and 1.0g streptomycin in

10 litres of double distilled water.

2.2: SOLUTIONS AND SUPPLEMENTS:

Asparagine and Glutamine were supplied by WEHI media department and made
into 200mM and 200mM stock with Milli Q water respectively. For cell culture, they
are used in 1:100 dilution in Kelso DME.

B-Mercaptoethanol (2-ME) was purchased from Sigma, Sydney, Australia. For cell
culture, it is diluted to 100mM in HEM (50 ul of 2-ME in 6.5 ml of HEM ) and
further diluted in Kelso DME to a final dilution of 100 uM (100 pl in 100 ml).

Dimethyl Sulphoxide (DMSO) 99.5% was purchased from BDH, MERCK Pty. Ltd.,

Australia.

Foetal Calf Serum (FCS) was supplied by CSL Ltd., Melbourne, Australia. The
FCS was heat-inactivated in a 56°C waterbath for 60 mins and then stored at — 20°C.

FAM Culture Media for wt type B cell line: To 100 ml Kelso DME, add 8 ml of
FCS, 1 ml of 100mM Asparagine, and 100 ul of above-made 2-ME.

FGM Culture Media for lyn-deficient B cell line: To 100 ml of Kelso DME, add 5
ml of FCS, 1 ml of 200mM Glutamine, and 50 pl of above-made 2-ME.

Freezing Media for B cell lines (6 ml): 600 ul of DMSO; 1.2 ml of FCS; and 4.2 ml
of Kelso DME containing 10% FCS. Cells are Freezed at 1 ml/vial into —70 C for 24
-48hrs before put into liquid N2.
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Propidium lodide (Calbiochem, CA, USA) was stored at 100 ug/mL in PBS at 4°C

and used at a final concentration of 1 pg/mL for FACS analysis and sorting.

Rabbit Complement was purchased from C-six Diagnostics Inc., Winconsin, USA.
Each batch was tested to ensure it was capable of killing anti-CD4, anti-CD8 and anti-

Thy 1 monoclonal antibody labelled T cells.

Coommassie Blue Staining Solution: 10% Methanol, 10% Acetic Acid, 0.1%
Coommassie Blue R-250.
Gel was stained for about 15 min at room temperature, then de-stained in 10% acetic

acid plus 20% methanol overnight.

Digestion Buffer for DNA extraction from B cell lines. 100mM of Tris (pH8.0), 5
mM of EDTA (pH 8.0), 0.2% w/v of SDS, 200mM of Na CI and 100ug/mL of
proteinase K. This solution was stored at room temperature without the proteinase K,

which was stored at -20°C and added just prior to use.

ELISA Blocking Solution comprised PBS with 0.6% weight to volume skim milk
powder, 0.05% Tween-20 and 1% FCS. This solution was stored at 4 °C.

Lau Lysis Buffer: 100 mM NaCl; 10 mM Tris-HCI (pH 7.5); 2 mM EDTA; 1% NP
40.

Lipid Re-suspension Buffer (re-useable): 20 mM Tris (pH 7.4); 1 mM MgCl,; 1mM
EGTA.

Lyn Kinase Buffer: 25 mM Tris (pH 7.5), 0.5 mM DTT; 0.1 mM NaVOyg; 50 uM
cold ATP; 10 mM MgCl;,

MACS Buffer: PBS supplemented with 2mMEDTA and 0.5% Bovine Serum
Albumin (BSA).

Pl;Kinase Reaction Buffer: 20 mM Tris (pH 7.4); 5 mM MgCl..
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Sodium Ortho Vanadate Stock Solution (10 x): 100mM Sodium Ortho Vanadate
(NazVOy)™* in Milli Q Water

* NagVO, was activated for maximal inhibition of protein phosphotyrosyl-
phosphatases.  After making up the stock solution, the pH was adjusted to 10, the
solution transferred to a 100 ml glass bottle and boiled in microwave till colourless.
When cool, the pH was re-adjusted to 10. This process was repeated till solution

remained colourless and pH stabilized at 10.

RIPA Lysis Buffer: 20 mM Tris (pH 7.5); 150 mM NaCl; 1 % Triton X-100;
1 % Sodium Deoxycholate; 0.1% SDS

SDS Sample Buffer (2 x): 0.01% Bromophenol blue, 4% SDS, 20% Glycerol,
125mM Tris-HCI (pH 6.8), 2.5% B Mercaptoethanol.

Stripping Buffer: 100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris (pH 6.7).

TNEV Buffer: 10 mM Tris-HCI, pH7.5, 150 mM NaCl, 5 mM EDTA, 1 mM
NazVO,

TLC Plate Coating Solution: 1% Oxalic acid (dipotassium monohydrate); 1 mM
EDTA; 40% Methanol.
(10 g of Oxalic acid + 2 ml of 500 mM EDTA + 400 ml of Methanol in 1 L dd

water)

TLC Tank Solution:

Propan-1-01 130 ml
Glacial acetic acid 8 ml
Phosphoric acid 0.68 ml
DD water 62 ml
Total 200 ml

65



Chapter 2 Materials and Methods

2.3: CELL LINES AND MICE

2.3.1: B Cell Line Genotyping

PCR assays specific for lyn” and corresponding wild type alleles were performed on
each cell line to confirm genotypes. The DNA was extracted from 1 x 10° cells by
lysing the cells in 500 pl of Digestion buffer for 1 hour at 55 °C /1350 rpm shaking.
After spinning down debris, supernatants were transferred into new tubes and an
equal volume of isopropanol (500 ul) added to precipitate DNA. After washing with
70% EtOH, the DNA was resuspended in 100 ul of 8 mM NaOH with agitation for 30
mins. Once solubilized, 40 ul of 45mM Hepe was added with 360 ul of dH,0 to give

a final volume of 0.5ml.

All PCR were carried out in a 20 pl volume using the following mixture:

2 ul of 10 x PCR buffer (Perkin Elmer), 2 ul of 10 x dNTPs (Pharmacia Biotech) (5
uM), 1.6 ul of MgCl;, (2.5mM), 2 ul of Primer (20pmol), 0.3ul of Tag Polymerase
(Perkin Elmer) (10 Units), and 5.1 ul of dH,0, before adding 1 ul of sample DNA.

The primers and conditions used for each genotype are as follows:

Common Forward Primer 5-CGGCCTTCATATCCATGATTTCAC-3
Wt Reverse Primer 5-CAGGTGGAGCATACCTGGCTGTTT-3’
Iyn"' Reverse Primer 5-CCTTGGGAAAAGCGCCTCCCCTAC-3

PCR products were generated by 35 cycles of 95°C for 30s, 60°C for 30s, and 72°C
for 30s, with 72°C for 1'30s at last. The products were analysed on a 2% agarose gel

and bands visualised using ethidium bromide fluorescence.

2.3.2: Mice Strains

lyn” Mice The generation of the lyn” mice has been described (Hibbs et al., 1995).
Mice were originally a C57BL/6 x 129/Sv inter-cross before an 11" generation
C56BL/6 backcross line was established.

CD19" Mice CD19-deficient mice were obtained by inactivation of the CD19 gene

in embryonic stem cells (Rickert et al., 1995), and subsequent germline transmission
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of the mutant allele through the generation and breeding of chimaeric mice. The
mice are an 11" generation C57BL/6 backcross.

Xid Mice Xid mice (CBA/N) containing a point mutation in Btk PH domain and
their wild-type control mice (CBA/Ca) were maintained in WEHI Animal Facility.

cd45” Mice cd45" mice were generated by targeted deletion of exon 12 of the cd45
gene, which encodes part of the extracellular domain and is common to all CD45
isoforms (Mee et al., 1999). The mice are more than 11" generation of C57BL/6
backcross.

2.4: ANTIBODIES
The names, specificities and sources of antibodies and related reagents used in the
work described in this thesis are listed in Table 2.1.

Table 2.1 Antibodies

Specificity Name/Host Derivation/Purchasing source
CD19 ID3 Krop et al., 1996

FcyR land 1l 2.4G2 Unkeless et al., 1979
CD45R (B220) RA3-6B2 Coffman and Weissman, 1981
CD22.2 Cy34 Symington et al., 1982
CD5 (Ly-1) 53.7.8 Ledbetter and Herzenberg., 1979
IgM 331.12 Kincade et al., 1981

Igk 187.1 Hybridoma 1:5-11, 1981
CD43 S7 Gulley et al., 1988
Thy-1 30H12 Ledbetter and Herzenberg, 1979
CD4 3155 Sarmiento et al., 1980
CD8 RL 172.4 Malek et al., 1983

IgD 11-26C Southern Biotech. Assoc.
Phospho-tyrosine 4G10 Upstate Biotech.

IkBa Mouse monoclonal Cell Signalling Technology
Vav Mouse monoclonal Cell Signalling Technology
Lyn Rabbit antiserum Santa Cruz Biotech.
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Erk2 Rabbit antiserum Cell Signalling Technology
Phospho-Erk1/2 Rabbit antiserum Cell Signalling Technology
CD19 Rabbit antiserum Dr. James Bolen from Millennium

Pharmaceuticals, Boston, MA

CD22 Rabbit antiserum Dr. P. Crocker, Dundee University
United Kingdom
BCAP Rabbit antiserum Dr. T.Kurosaki, Kansai Medical
University, Japan
plkBo Rabbit antiserum Cell Signalling Technology
Vav Rabbit antiserum Santa Cruz Biotech
Akt 1 Goat polyclonal 1gG Santa Cruz Biotech
Phospho-Akt Rabbit antiserum Cell Signalling Technology
PI3K Rabbit antiserum Upstate Biotech
IgM Goat F(ab), Ab Jackson ImmunoResearch
Ltd
IgM Goat Inact Ab Southern Biotech. Assoc.
Rabbit Ig HRP-Conjugated Sheep Ab Silenus, Chemicon, Australia
Goat Ig HRP-Conjugated Donkey Ab  Silenus, Chemicon, Australia
Mouse 1gG2a HRP-Conjugated Goat Ab Southern Biotech. Associ.
Mouse 1gG2b HRP-Conjugated Goat Ab Southern Biotech. Associ.
Actin HRP-Conjugated Goat Ab Santa Cruze Biotech

2.5: CELL PREPARATIONS

2.5.1: In vitro Cell Lines Culture After a quick thawing, B lymphoma cell lines
were washed and resuspended in 5 ml of their preferred media, diluted in 1:1, 1:2 and
1:4 for 7 day’s growth at 37°C before splitted at 1:3 and 1: 20 dilution later on.

2.5.2: Standard Splenic Cell Preparations Mice were sacrificed by CO,
asphyxiation and the spleens removed and placed into complete RPMI containing
1%FCS . Single cell suspensions of spleens were obtained by cutting the spleens into
small pieces and gently pushing the organs through a wire sieve. Cells were then

resuspended in RCRB at room temperature for 30 seconds, centrifuged and then
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washed and resuspended in PBS/FCS. Cells were finally passed through nylon mesh

to remove aggregates.

2.5.3: B Cell Enrichment by Complement Killing B cells were enriched from
pooled spleen cell suspensions by complement killing of T cells. Cells were
centrifuged and resuspended at 10 cells/mL in the supernatants from the hybridoma
cell lines 30H12(anti-Thy-1), 3155 (anti-CD4) and RL 172.4 (anti-CD8) in a 1:1:1
ratio for 30 mins on ice. Cells were again centrifuged to remove unbound antibody
and resuspended in RPMI containing 1% FCS and rabbit complement. The cells were
then transferred to tissue culture petri dishes (Falcon, New Jersey, USA) and
incubated at 37°C 10% CO, for 40 mins. Non-adherent cells were recovered and
washed in complete RPMI twice and passed through nylon mesh to remove dead cell

aggregates.

2.5.4: B Cell Enrichment by MACS Columns Single cell suspensions were made
from mice spleens by standard preparation method, washed in PBS, and cell pellets
was resuspended in MACS buffer (450 ul /spleen).  After incubation with
MicroBeads coated either with anti-rat Ig or anti-CD45R (B220) mAbs (Miltenyi
Biotec, Auburn, CA) (50ul / spleen) for 15 min at 4 °C, the cells were washed once
with 10-20 x labelling volume of buffer then re-suspended in MACS buffer (500
ul/spleen) for magnetic separation. 3 x 1 ml of degassed MACS buffer was applied
on the top of column placed in the MidiMACS Separation Unit before running
through the magnetically labelled cell suspension, and washing the column with 3 x 2
ml buffer. The total effluent was collected as negative fraction (negative selection).
For positive selection, the column was removed from separator and placed on a new
collection tube. After 5 ml of buffer was applied to the reservoir of the column, it was
firmly flushed out using a plunger into the collection tube.

2.5.5: Immunofluorescence Labelling and Flow Cytometry Cell suspensions were
incubated at 0.5 x 10° per well on ice for 30 mins with fluorescent-conjugated
antibody diluted in PBS/FCS to an appropriate concentration. After washing twice,
cells were resuspended in PBS/FCS and propidium iodide was added at 1 pg/mL for

dead cell exclusion. Cells were analysed on a FACScan (Becton Dickinson, San Jose,
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CA) for different surface markers, or isolated by sorting using a MoFlo (Cytomation,
Fort Collins, Colarado, USA) for specific cell populations.

2.6: BIOTINYLATION OF PROTEINS (ANTIBODIES)

Dialysis tubing with a diameter of 1 cm and pore size of 12-14 x 10° kD was chosen,
and boiled in 1 % NHaCOj3 to activate the tube. Protein (antibody) was then dialysed
against 1 litre of 0.1M NaCOs (pH 8.2-8.6) overnight at 4°C. Protein (antibody) was
transferred in a screw-cap tube on the bench and adjusted to be 1 mg/ml with 0.1M
NaHCOs. Biotin succinimide ester (Biotin-N-Hydroxy Succinimide Ester NHS-d-
Biotin, Sigma H-1759) was weighed out into a glass vial and dissolved in DMSO
(Dimethylsulfoxide, Sigma D-8779) to 1 mg/ml immediately before use. 120 ul
biotin per 1 ml of protein (antibody) was mixed and rotated at room temperature for 4
hours. After dialysis against 2 changes of 1 litre PBS each overnight at 4 °C for 2
nights, the conjugation was tested by staining with a titration of decreasing amounts

of conjugate.

2.7: LIPID RAFT ISOLATION

100 x 10° cells were lysed in 1 ml of TNEV Buffer, plus 1% Triton X-100 on ice for
30 min. After centrifugation for 10 min at 3000 rpm on a bench top centrifuge at 4
°C, the cleared lysates were diluted 1 : 1 with 85% (w/v) sucrose in TNEV. 6 ml of
35% and 3.5 ml of 5% sucrose in TNEV were then in turn overlayed on top of the
diluted lysates. Lipid rafts from the cells were floated toward top by ultracentrifuging
the sample at 33,500 rpm (200,000 g) for 16 hours at 4 °C in SW40Ti rotor. 1 ml
fractions from the top to the bottom were collected into eppendorf tubes to be

analysed by direct western blot.

2.8: CELL BIOCHEMISTRY

2.8.1: Cell Stimulation and Lysate Preparation

After washing with PBS, the cells were resuspended at 20-40 x 10° /ml in 0.5 ml PBS,
and pre-warmed at 37 °C for 5 min before stimulation Where inhibition of kinases
was required, the cells were incubated with specific inhibitors at 37 °C for an
additional 20-30 min. Cells were generally stimulated with Goat anti-mouse IgM at

different time points at the specified concentrations. Co-ligation of the BCR with
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CD19 was done by staining B cells with biotinylated monoclonal antibodies (Mabs)
specific for 1g « and CD19, either alone or together. FcyRIlIb binding was blocked by
saturating concentrations of 2.4G2. Cross-linking of biotinlated Mabs for co-ligation
was achieved by addition of avidin to a final concentration of 20 pg/ml. For FcyRIIb
co-ligation, purified splenic B cells were treated with either buffer alone, F(ab’), goat
anti-mouse IgM at 40 ug/ml or intact goat anti-mouse IgM at 60 pg/ml to give
equimolar stimulation for 2 min at 37°C. At the end of stimulation, 10 ml of ice-
cold PBS was added immediately to the samples and the cells spun down at 1500 rpm
for 5 min. After removing the supernatant, 1 ml of lysis buffer was added to each
sample in the presence of 1 x Complete Protease Inhibitor (Roche Diagnostics,
GmbH, Mannheim, Germany) and the samples were left on ice for 30 min before the
cell debris was spun down and the cleared supernatants of the lysates were transferred
into new eppendorf tubes. 20 ul lysates were left for protein determination and the

rest were stored at — 70 °C for later immunoprecipitation or direct western analysis.

2.8.2: BCA Protein Determination (Pierce)

A protein standard dilution series protein of 1mg/ml, 0.5mg/ml, 0.25mg/ml,
0.625mg/ml was established from a 2mg/ml Pierce BSA Standard, prepared in 96-
well microtitre plate. The unknown sample dilution and lysis buffer dilution were
prepared in 1 :2; 1:5;and 1: 10 if necessary. The standards and appropriately
diluted unknown samples were prepared in duplicate in the sample lysis buffer or H,O
with final volume of the sample being 10 ul. 200 ul of “BCA working reagent” (100
ul BCA solution B in 4.9 ml BCA solution A) was added to each well, and the plate

was agitated and incubated at 37 °C for 30 min before read at Asg,.

2.8.3: Immunoprecipitation and Western Blotting

At least 100pg of protein derived from cell lysates or 20 x 10° cell lysate equivalents
were subject to immunoprecipitation, in which optimal concentration of biotinylated
MADb was incubated with the cell lysates for 2 hours at 4 °C, followed by Streptavidin
Sepharose Beads (Amersham Phamacia Biotech, Uppsala, Sweden) for an additional
hour, or optimal concentration of polyclonal antibodies were incubated with the cell
lysates overnight at 4 °C, followed by Protein G Sepharose Beads
(Pharmacia/Amersham) for 2 hours. The immunoprecipitates were then washed 3
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times with lysis buffer, eluted by addition of a equal volume of 2 x SDS sample buffer
containing 2.5% 2-ME, and heated for 5 min at 95 °C. 40-50 ul of sample was loaded
onto the appropriate percentage acrylamide gel. After SDS-PAGE separation,
proteins were transferred for 2-3 hours at 4 °C to nitrocellulose membranes
(Amersham Pharmacia Biotech UK Ltd, Buckinghamshire, England). The membrane
was blocked either with 3% BSA for one hour at room temperature and incubated
with primary antibodies overnight at 4 °C, or 1% BSA overnight at 4 °C and
incubated with primary antibodies for one hour at room temperature. After extensive
washing, the membrane was incubated with appropriate HRP-conjugated secondary
antibodies against the primary antibodies for one hour at room temperature. The
proteins of interests were visualised by addition of Chemiluminescent Substrate
(Pierce, Rockford, Illinois). To verify equivalent protein loading, membranes were
subsequently stripped with stripping buffer (See 2.2) for 15 min at room temperature
and re-probed with appropriate antibodies. For quantitation of band intensities, non-
saturating exposures were scanned by a Computing Densitometer (Molecular

Dynamics).

2.9: PROTEIN AND LIPID KINASE ASSAYS
29.1: Lyn Kinase Assay wusing SOP [Src Optimal Peptide:
AEEEIYGEFEAKKKK (Sicilia et al., 1998)]
60 ul of Protein-A 50% sepharose slurry was added to pre-clear lysates for at least
one hour, followed by overnight on a wheel at 4 °C, in which 3 pl of anti-Lyn
antibody (Santa Cruz, 200 ug/ml) was added for every 100 ug or total cell lysates (in
a final volume of approx 600 ul). 20 ul of protein-A sepharose (50% slurry) was
added to each IP sample plus lysis buffer as background and continue rotating for 1.5
hours. Beads were washed 3 times in 1 ml of lysis buffer at 13,000 rpm for 1 min at
room temperature. For triplicate measurement, 310 pul lysis buffer was added to each
tube, which was then divided into 3 x 100 ul aliquots among three tubes. After
spinning, the supernatant from beads were removed, leaving approximately 10 pl
beads.
Kinase reaction mix/sample: 1 ul of SOP (from 5 mg/ml Stock)

0.25 ul of y-*** ATP

10 pl of Kinase Buffer (from 4 x Stock)
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18.75 pl of dH,0

30 ul total
30 ul of above kinase mix was added to each sample tube. After incubation at 30 °C
for 7.5 min at 900 rpm in Eppendorf thermomixer in the hood, the reaction was
terminated by brief centrifugation followed by spotting 20 ul of supernatant onto
Whatman P81 chromatography paper (Clifton, NJ). Unincorporated [y-**> P] ATP was
eliminated by one 10-min wash and two 5-min washes in 0.4% orthophosphoric acid
followed by a 5-min wash in 100% ethanol. The phosphorylated peptide bound to the
paper was immersed in beta counter scintillation fluid and counted (Packard
Instruments, Downers Grove, IL). Kinase assays were conducted in triplicate and
activity was expressed in c.p.m. The amount of Lyn present in each assay was
determined by eluting Lyn from the beads followed by SDS gel electrophoresis and
Western blot analysis. Assays were normalized for Lyn content as measured by

densitometry.

2.9.2: Pl3 Kinase Assay

Preparing Substrate Mix During the p85 immunoprecipitation, substrate mix for
PIsK was prepared: 15 ul of Phosphoinositide (P1) and 5 ul of Phosphatidylserine
(PS) were added in an eppendorf tube, and the mix was dried under a stream of
Nitrogen to remove the organic solvents used to store the above lipids (PS helps to
reconstitute Pl as micelles, which are required for optimal activity of the enzyme).
400 pl of Lipid Resuspension Buffer was added to the dry tube and pippeted up and
down, before the mix was sonicated for 5 min to obtain good resuspension (after
sonication, the mixture of lipids looked clear as compared to slightly cloudy earlier,

and 50 ul of this mix was added to each reaction as the substrate).

Assembling Kinase Reaction After PIsK was immunoprecipitated, the
immunoprecipitates were washed with 3 x 1 ml of kinase reaction buffer, and the

following added for kinase reaction in every IP sample:

Pl; Kinase IP 30 pl (see above)
Substrate 50 ul
Reaction Buffer (20 x stock) 5 ul
ATP (1 mM stock) 2 ul
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v-3P-ATP 1~2 ul
DD water ~12 wl
Final Vol 100 pl

Above reaction mix was incubated behind Perspex shielding at room temperature for
30 min, and then stoped by addition of 100 ul 1 M HCI and 200 pl of Methanol:
Chloroform (1 Vol: 1 Vol). After vortexing for 10 sec, the reaction mix was
centrifuge at 13,000 rpm for 30-60 sec, producing a lower aqueous phase with the
labelled-lipid and a higher solvent phase with the beads for IP sandwiched in between.
A yellow-tipped Gilson was used to aspirate enzyme product. 100 ul of the enzyme
products was loaded on to the TLC plate, which was coated shortly beforehand and
dried in the air/fume hood. Coating Solution was poured on to the plate till it was

evenly “wetted” and then decanted back into the bottle for reuse.

Separating Lipid Product by TLC TLC tank was assembled at least 2~4 hours
before the experiment: 3 M blotting papers were arranged along the two sides of the
tank before 200 ml of Tank Solution was poured. The tank was then capped and
sealed using Vaseline/grease in the area of contact between the lid and the tank top.
After the TLC plate was loaded and dry, it was immersed in the tank with the loading
zone in contact with the tank solution. The tank was capped air-tight and left for 4~5
hours to allow for the upward migration of the lipid. When the solvent phase was
within 1 cm of the top edge of the TLC plate, the plate was carefully removed and
dried in the fume hood. The plate was finally wrapped in Clingwrap and exposed to
autoradiography.

Quantifying Labelled Subtrates The intensity of the radio-active phosphorous
incorporated into lipid product was measured by Phosphorimager (Molecular
Dynamics, Sunnyvale, CA), and represents the activity of Pl; Kinase.

2.10: PRODUCTION OF ANTIBODY AGAINST CYTOPOLASMIC TAIL OF
MOUSE CD19
CD19 cDNA was made out of spleen from BL6 wild type mice. Sal I and Not |

Restriction Enzyme Sites were created at the two ends of the intracellular fragment of
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CD19 cDNA (720bp) by PCR, which was subsequently cloned into the expression
vector pGEX-4T-1 (4,900bp), and transformed into bacteria cloning host DH 10-a..
2.10.1: Checking CD19 Inserts from Bacteria

DNA extraction by QIAprep protocol 6 colonies were randomly picked up and 3
ml overnight culture from each was grown up at 37 °C in LB broth supplemented with
ampicillin.  After spinning down the culture twice in Eppendorf tube, 250 ul of P1
buffer, 250 ul of P2 buffer and 500 ul of N3 buffer from QIAprep Kit were added.
Cleared supernatants were transferred into QIlAprep column in Eppendorf tube,
centrifuged for 30-60 sec, and the flow-through was discarded. 0.75 ml of Buffer PE
was added to wash QIlAprep spin column.  After discarding the flow-through, the
QIAprep column was then placed in a clean 1.5-ml microfuge tube, and 50 ul of
Buffer EB (10 mM Tris-HCI, pH 8.5) was added to elute DNA.

Restriction Enzyme Digestion Following were added to an Eppendorf tube for each

sample:
dH,0: 6.8 pl
10 x Buffer D 1ul
Sal I 0.1 ul
Not | 0.1ul
DNA sample 2 ul
10 pl

After overnight digestion at 37 °C, the samples were run on 1% Agarose gel to check

the correct bands.

CD19 Insert Sequencing by PCR Correct sequence of the CD19 insert was finally
confirmed by PCR using primers specific for intracellular fragment of CD19:
CD19 I1: 5’- GAA GAG CCAGACAGCGAG -3
CD19 12: 5-CTC ATAGCCACTCCCATC-3
For each reaction, following were added to PCR tubes:
T Reaction Mix 8 ul
3.2 pM Primer (CD19 11 or CD19 12) 1yl
DNA Sample 11 ul
20
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25 cycles of 96°C 30s, 50°C 15s, 60°C 4min was run for each reaction.

PCR products were precipitated by adding 80 ul of 75% Isopropanol, vortexing and
leaving at room temperature for 15 min. After spinning down, the samples were
washed again with 250 ul of 75% Isopropanol, and air-dry at 90°C for 1 min before

being stored at 4 °C to be sequenced.

2.10.2: Transformation of CD19 containing vector into expression host BL-21
The vector to be transformed was diluted in 1 : 100 with H,O, and DNA concentration
was measured using the following equation:
DNA Concentration (ug/ul): Ao Reading x Dilution factor (100) x 50
1000

50 ng (1-2 pl) of plasmid DNA was added into Eppendorf tube containing 200ul of
competent BL-21. After leaving on ice for 30 min to let the plasmid bind to the
bacteria, the Eppendorf tube was then dipped in 42 °C water bath for 1.2 min, and
immediately put back into ice to stop plasmid infection. LB without Ampicillin was
added into the tube and the bacteria were spread onto LB/Amp plate for overnight

incubation at 37 °C.

2.10.3: Production of GST-CD19 Fusion Protein from Bacteria BL-21

Small Scale Production for Check 100 ul out of 2 ml overnight bacterial culture
was taken into 2 ml of fresh LB/Amp and grown for 1.5 hours at 37°C. 100 pl of each
sample was taken out as an un-induced control, before 20 ul of 10 mM IPTG was
added to the rest of 1.8 ml of bacteria to induce the production of GST-fusion protein.
After 4 more hours growing, 200 ul of bacteria were then taken out to be resolved by
SDS-PAGE and stained with Commas Blue. Since the size of CD19 insert DNA is
700Dbp, the estimated protein size should be: 700/3 x 110 = 25.6 kD; the size of GST
protein is 27 kD, the correct size of GST-CD19 fusion protein, therefore, should be:
25.6 kD+ 27 kD = 52 kD.

Large Scale Production for GST Pull Down 2 ml out 4 ml overnight culture was
taken into 200 ml of fresh LB/Amp to grow for additional 2.5 hours. After checking
the OD at 595 nm to be 0.6, 200 ul of 0.1 M IPTG was added to the 200 ml culture

(final concentration of 0.1 mM) and incubation continued for 3 hours at 37 °C before
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spinning down at 3,500 rpm for 15 min at 4 °C. Bacteria pellet was resuspended in 12
ml of STE (10mM Tris, pH8.0, 150mM NaCl, 1 mM EDTA), transferred to 50 ml
tubes and spun down at 2,500 rpm for 10 min 4 °C. Bacteria were lysed on ice by 12
ml of STE containing 1.5% Sarkosyl (2.2 ml from 10% stock ), 5mM DTT (60 ul
from 1M stock) and proteinase inhibitors.  After vortexing for 5 s, cells were
sonicated on ice for 1 min (power level 5, 50% duty cycle, 2 x 6 pulses) and the
bacteria lysate clarified by centrifugation at 15,000 rpm for 10 min at 4 °C.
Supernatant was transferred to a fresh 50 ml tube on ice and 10 ml of Triton X-100
from 10% stock in STE was added, plus 500 ul of washed and swollen glutathione
beads (1:1 in PBS). The mixture was incubated overnight by rotating at 4 °C, before
spinning down the beads at 2000 rpm for 10 min at 4 °C, and washing 2 more times
with 40 ml of ice-cold PBS each. Pelleted beads were then transferred into an
eppendorf tube and the CD19-GST was eluted by incubating with 5 x 400 ul of
Elution Buffer (10mM glutathione, 50mM Tris pH 8.0, 0.1 % Triton X-100, 5 mM
DTT) at 4 °C, 15 min each time before spinning down at 2,000 rpm for 2 min at 4°C.
The CD19-GST fusion protein was collected from each elution into a new tube and
stored at —70 °C.

2.10.4: CD19 Quantitation and Purification for Immunization

The amount of CD19 in the eluted solution was measured by titrating against a
standard protein BSA in 1 ug, 5 ug, and 10 ug. After resolved by 10% SDS gel, the
proteins were visualized by Commasie Blue staining and the amount of CD19 protein

was compared against BSA to calculate the protein concentration of the stock.

For rabbit immunization, 200 ug of CD19 was loaded onto 10% SDS gel. After
electrophoresis, the gel was stained in a solution of 4M Sodium Acetate for 20 min
on a shaker at low speed. The stained band was viewed by looking at the gel against a
black non-reflective surface. A band of 52 kD was cut out and rinsed in 3-4 changes
of 50 ml dH,0, minced in a small volume of PBS in an Eppendorf tube and stored at
—70 °C until being injected into rabbits.

2.11: CELL PROLIFERATION ASSAY
2.11.1: CFSE Labelling
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10x10° purified primary B cells were washed with RPMI without FCS, spun down
and resuspended in 1 ml of pre-warmed RPMI. 5 uM final concentration of CFSE [5,
and 6 Carboxyfluorescin diacetate succinimidyl ester] (Molecular Probes, Oregon),
was added into the resuspended cells (1:10 dilution of the stock before adding 10 pl
into 1ml of cell suspension to give final dilution of 1:1000). After cells were stained
at 37°C for 10 min, the excess dye was washed out with RPMI/FCS. The CFSE
labelled cells were re-suspended at 2 x 10° /ml to be added 100pl /well into 96 well

flat bottom plate containing 100 ul of stimulus with or without inhibitors in each well.

2.11.2: Tissue Culture
200 ul of CFSE labelled cells, plus stimulus/inhibitors in each well, were incubated at
37°C 10% CO; for 48 hours before FACS staining for fluorescence intensity.

2.11.3: Cell Division Measurement by FACS

After 48 hours culture, B cells were transferred into round bottom 96 well ELISA
plate, spun down, and re-suspended in 200 ul of PBS, containing 1% FCS/(1ug/ml)
Pl.  The intensity of FITC labelled dye was determined by FACScan, with
unstimulated (undivided) sample as a zero division control. Half of the intensity
represents first division, and half of that intensity represents the second division, and

SO on.

2.12: CALCIUM FLUX

After purification, 10 x 10° primary B cells were collected and resuspended in
Calcium Buffer (KDS-BSS + 0.1% Glucose/0.1% FCS) at room temperature. 2 pl of
1 mM Indo-AM Cell Permeant Stock (50 ul DMSO was added freshly into 50 pg
desiccated powder, Molecular Probes) was added into the 1 ml cell suspension to give
a final concentration of 2 uM. After votexing, cells were covered with foil and placed
at 37 °C for 40 min, with hand-mixing every 10 min. Cells were left at room
temperature for 5 mins before 4 ml of Calcium Buffer was added and then left at
room temperature for another 20 mins. After centrifugation, the cells were
resuspended in 500 ul of Calcium Buffer and stained for B cell with fluorochrome
labelled antibody specific for B220 at room temperature for 10 min. If necessary,
cells were split into two part in equal amount and treated with and without inhibitors
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at 37 °C before being washed and resuspended in 250 ul of Calcium Buffer. 50 pl (1
x 10%) of the cells per stimulation were transferred into FACS tubes containing 500 pl
of Calcium Buffer, and each tube run for 30-45 seconds to establish a baseline. BCR
crosslinking was initiated by adding 475 ul of the cells to 25 ul of 20 x anti-lgM and

collecting the events for 5 min.

2.13: ELISA ASSAY

The isotypes of mouse anti-phospho (active) Src PTK antibody was measured by
ELISA. Sheep anti-mouse total Ig (Silenus Laboratories) was absorbed to flexible U-
bottom 96 well plates (Costar, Cambridge, MA) at 2 ug/ml in 0.2 M carbonate buffer
(pH 9.5) by incubating at 37 °C for two hours. After washing the plate three times in
the order of PBS containing 0.1% Tween-20, PBS, and distilled water, the tested
sample was diluted at 1:10 (2 pg/ml) in the blocking solution, along with different
purified mouse mAb as controls and added at 50 pl/well. The plate was incubated
overnight at room temperature and then washed three times as before. Horseradish
peroxidase conjugated secondary antibodies directed against different mouse isotypes
(Southern Biotechnology Associates, Inc) were diluted at 1:500 in the blocking
solution, and 50 ul was added into each well. After 4 hours incubation at room
temperature and three washes, HRPO was detected by the addition of 100 ul of the
enzyme substrate 2,2’-azinocis 3-ethylbenzthiazoline sulphonic acid (Sigma) at 0.55
mg/ml in 0.1M sodium citrate (pH 4.5) plus 0.1% H,0O,. Absorbance was read using
Titerteck Multiskan MCC/340 (Labsystems, Helsinki) at 414nm with a reference

wavelength of 492nm after 30-45 min incubation at room temperature.
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CHAPTER 3: THE ROLE OF LYN IN CD19 MEMBRANE
LOCALIZATION

3.1: INTRODUCTION

Signalling activation through the BCR plays a critical role in the whole life cycle of
B-lymphocytes. Depending on the maturation status of the B cells and the signals
supplied by other cells such as T cells and macrophages, antigen binding to the BCR
can lead to either elimination in the case of auto-reactive B cells or proliferation and
differentiation of those B cells that recognize foreign antigens (Goodnow et al, 1995;
Rajewsky et al, 1996). These events are primarily initiated by activation of Protein
Tyrosine Kinases (PTKSs) of the Src-family (Lyn, Fyn, Blk, Fly etc) (Burkhard et al,
1991); the Syk/ZAP-70 family (Syk) (Hutcheroft et al, 1992); and the Tec family
(Btk) (Aoki et al, 1994). The phosphorylation of multiple substrates by these kinases
leads to the activation of multiple intracellular signal pathways including
phosphoinositide hydrolysis, the Ras pathway and intracellular calcium elevation.
These culminate in the activation of a series of DNA binding proteins that initiate

specific gene transcription for cell proliferation and differentiation.

A well-balanced BCR signal, however, requires further regulation and this is
provided by a series of surface molecules that modify and provide a context for signal
transduction. For example, CD22 can negatively regulate BCR signals via recruiting
the phosphotyrosine phosphatase, SHP-1, to the Immunoreceptor Tyrosine-based
Inhibitor Motifs (ITIM) of its cytoplasmic tail. ~ After phosphorylation SHP-1 can
down-regulate BCR signalling by dephosphorylation of Src PTK, Syk (Siminivitch et
al 2000; Dustin et al., 1999), as well as the adaptor protein BLNK/SLP65 (Mizuno et
al., 2000). The low affinity Fcy Receptor 11B on the B cell also has an ITIM in its
cytoplasmic tail, but the major phosphatase it recruits after phosphorylation is SH2-
containing Inositol Phosphatase (SHIP), which inhibits the Ras pathway through
binding to P62 “* and competing for Shc (Tamir et al, 2000). CD19, on the other
hand, can promote BCR signals by providing docking sites in its phosphorylated
cytoplasmic domain for additional signalling molecules such as P13-Kinase and Vav
(Tuveson et al, 1993; Weng et al, 1994). By binding to CD19, these intracellular
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signalling molecules are brought in close proximity to the plasma membrane, where

their upstream activators are located.

As a Src PTK family member, Lyn was originally thought to be the amplifier of BCR
signaling, which was supported by the fact that it can phosphorylate tyrosine(s) in the
ITAMs of the Ig o/ 1gB subunits of BCR complexes (Songyang et al., 1995; Schmitz
et al., 1996), and lead to the activation of Syk (Kurosaki et al., 1994; Rowley et al.,
1995; Kimura et al., 1996), an essential enzyme for B cell signalling cascades. Later
on, however, the generation of lyn” mice demonstrated that Lyn was mainly involved
in the negative regulation of BCR signaling, because the primary B cells from these
mutant mice were hyper-responsive to BCR crosslinking (Wang et al., 1996; Chan et
al., 1997; Chan et al., 1998; Cornall et al., 1998). Indeed, Lyn was found to be
required to phosphorylate ITIMs of some negative BCR co-receptors such as CD22,
FcyRIIB, CD72 and PIR-B (Smith et al, 1998; Nishizumi et al, 1998; Maeda et al.,
1999); some negative intracellular molecules such as rasGAP-associated docking
protein p62%°
SHP-1/2 (Harder et al, 2001). Given the diverse substrates that Lyn could have

worked on, there are still a lot of unknown mechanisms associated with this unique

(Yamanashi et al, 1999); and phospho-tyrosine phosphatases, such as

Src protein tyrosine kinase. For instance, when Lyn loss-of-function mice tend to
have autoimmune disease, the Lyn-gain-of-function mice also end up with auto-
immunity (Hibbs et al., 2002). The paradoxical effects of Lyn prompt us to search

for novel substrates to explain the complex role of Lyn in BCR signaling.

CD19 is an important BCR co-receptor, which can lower the threshold for the number
of BCR that must be ligated to activate the B cell when antigen is limiting. What is
more, CD19 might also allow the BCR to engage signalling pathways that would not
otherwise be effectively activated, because cross-linking CD19 with BCR has been
reported to result in enhanced cell proliferation (Carter et al, 1992); augmented
MAPK activation ( Tooze et al, 1997); elevation of calcium flux (Carter et al, 1998);
up-regulating B7-1 and B7-2 expression (Kozono et al, 1998); and retention of BCR
in the lipid raft of plasma membrane for signalling (Cherukuri et al, 2001). The
positive role of CD19 was further supported by the recent finding that CD19 can also

exert a role before antigen encounter by promoting the survival of naive recirculating
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B cells (Otero et al., 2003). Consistent with these in vitro findings, CD19” mice
demonstrate an immuno-deficient phenotype, while genetically modified mice that
over-express CD19 developed autoimmunity (Sato et al., 2000).

Since the tight regulation of CD19 function is likely to be a critical event for normal
immunity, and its expression was believed to possibly modulate the activities of Src-
PTK Lyn, CD22, SHP-1, and FcRIl (Fujimoto et al., 1999; Fujimoto et al., 2000;
Tedder et al., 2000), the molecular interaction between Lyn and CD19 were
thoroughly investigated in chapter 3 and chapter 4 of this thesis, with Chapter 3
focusing on the physical association, and chapter 4 focusing on biochemical

interaction between these two molecules.
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3.2: RESULTS AND DISCUSSION
3.2.1: Lyn is dispensable for activating BCR signalling.

The most rapid biochemical changes induced by antigen binding to the B cell
Receptor (BCR) is tyrosine phosphorylation of a multitude of molecules inside the B
lymphocyte. Since Src family protein tyrosine kinases are among the first to be
activated following BCR stimulation (Saouaf et al., 1994), and the ITAMs of Iga/p
complex match Src-family kinase specificities (Songyang et al, 1995; Schmitz et al.,
1996), Src family PTKs are thought to be the initiator of BCR signalling. The role of
Lyn, a member of Src family PTKSs, in relaying the phosphorylation signal induced by
BCR crosslinking was therefore examined in a B cell line, in which immature primary
B cells from both wild-type and Lyn-deficient mice was immortalized by
transformation with an Ep-myc transgene (Corcoran et al., 1999). BCR stimulation
was achieved by adding F(ab’), portions of goat anti-mouse IgM to avoid the
engagement of Fc receptors on the B cells. In the control cell line, BCR crosslinking
induced rapid tyrosine phosphorylation of numerous intracellular molecules at 1
minute time point compared with the 0 minutes unstimulated sample. This BCR-
induced tyrosine phosphorylation of signalling molecules peaked at 5 minutes and has
receded substantially by 25 minutes post-stimulation.  In the Lyn-deficient B cell
line, however, the kinetics of tyrosine phosphorylation of signalling molecules is
different from that of wild type cell line. Within the first five minutes after
stimulation, the total protein phosphorylation of Lyn-deficient B cells was weaker
than that of control, indicating a delay in relaying BCR signalling in absence of Lyn.
25 minutes later, however, the phosphorylation inside Lyn-deficient B cells eventually
reached a maximum, close to the 5 minutes peak level of wild type cell line (Fig 3.1).
This result demonstrates an important role of Lyn in initiating BCR signalling, but its
role in activating B cells is redundant. In Lyn’s absence, BCR signalling activation
can still be accomplished although decreased for the first few minutes.

3.2.2: Lyn has a weak association with CD19, a positive modulator of BCR-
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Cell Lines: Lyn+/+ Lyn--

Anti-lgM:(min): 0 1 5 25 0 1 5 25
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Figure 3.1: Signal activation through BCR is delayed but still accomplished in

absence of Lyn. Equal number of cells (2 x 10°) from both wild type (Lyn"") and

Lyn-deficient (Lyn™) B cell lines were stimulated with the F(ab’)2 portion of goat
anti-lgM at 37 °C for different time period as indicated and then lysed. The total
cellular proteins were separated by SDS-PAGE, and subjected to anti-
phosphotyrosine Western blotting. Shown on the left are the standard protein marker
in kD.
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induced MAP kinase activation.

The dispensable role of Lyn in BCR signal activation prompted us to investigate its
role in promoting signalling through BCR co-receptors. CD19 is an important BCR
co-stimulatory molecule that functions in conjunction with the BCR to amplify signal
transduction (Carter and Fearon, 1992). The major means by which CD19 is thought
to couple extracellular ligation to intracellular signalling pathways is by the tyrosine
phosphorylation of its large 242 amino acid cytoplasmic domain (Sato et al., 1997).
Therefore, the kinetics of wild-type CD19 phosphorylation in response to BCR
stimulation was first examined before checking the role of Lyn in CD19 signalling.
CD19 was immunoprecipitated by biotinylated rat anti-CD19 monoclonal antibody
(see table 2.1). The specificity of CD19 precipitation and subsequent western
detection were confirmed by comparing biotinylated rat mAb anti-CD19
immunoprecipitation in both wild type and CD19-deficient primary B cells, with the
isotype matched biotinylated rat mAb anti-B220 immunoprecipitation in wild type
primary B cells as isotype control (Fig 3.2A). After stimulating B cells for varying
times, CD19 was immunoprecipitated and its tyrosine phosphorylation checked by
anti-phosphotyrosine mAb (4G10). The filters were then stripped and probed for

++

CD19 to confirm the identity of the precipitated proteins. In our Lyn™" B cell line,
CD19 was rapidly tyrosine phosphorylated at 1 min point post-BCR stimulation.
After 5 minutes, CD19 phosphorylation began to decline, but was still detectable 15
minutes after BCR cross-linking (Fig 3.2B). The profile of CD19 phosphorylation in
primary B cells is similar to that of B cell lines, with a peak at the 1 minute time
point, a decline at 5 minutes, yet still visible at 15 minutes post-stimulation (Fig

3.2C).

The rapid tyrosine phosphorylation of CD19 after BCR crosslinking should correlate
with a positive role in BCR pathway. One of the important effectors of BCR
signalling is the Erk MAP kinase that once activated, is rapidly translocated into the
nucleus to initiate the transcription of some early response genes. Thus the effect of
CD19 on Erk MAP kinase activation was titrated against increasing concentration of

anti-CD19 antibody either alone or together with anti-Igk. The MAP kinase activation
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Figure 3.2: CD19 is rapidly tyrosine phosphorylated after BCR ligation:

CD19 membrane localization in absence of Lyn

I ppt: anti-B220 anti-CD19

Genotypes: CD19+/+ CD19+/+ CD19-/-

Anti-CD19 Blot | . - |

I ppt: Anti-CD19

Cell Type: Wt B Cell Line
Anti-IgM (min): 0 1 5 15
Anti-pY Blot | ——— e e |

ANti-CD1O BIOt | s st s s |

Ippt: Anti-CD19

Cell Type: Wt Primary B Cell
Anti-IgM (min): 0 1 5 15
Anti-pY Blot | — — o |

Anti-CD19 Blot [ e s e |

The

specificity of CD19 immunoprecipitation is shown in (A), in which anti-B220

antibody, as isotype control, failed to immunoprecipitate CD19, while anti-CD19
antibody immunoprecipitated CD19 from CD19-sufficient mice but not from CD19-
B cell line (B) or primary B cells (C) were stimulated with the

deficient mice.

F(ab’)2 portion of anti-lgM for the indicated time period before being lysed and
CD19 immunopreciated for anti-phosphotyrosine blotting. The filters were stripped

and reprobed with anti-CD19 for loading control.
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Cross-linking: PBS k CD19 CD19 CD19/x CD19/x
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Figure 3.3: CD19 positively reqgulates Erk activation. Purified splenic B cells from

wild type mice were pre-incubated with either medium, biotinylated anti-lgx,
biotinylated anti-CD19 or both antibodies at the indicated concentrations. B cell
stimulation was initiated by addition of avidin and halted after 2 min. Whole cell
lysates were probed with antibodies specific for the phosphorylated form of Erk
(upper panel). Membranes were stripped and re-blotted with anti-Erk to reveal

protein loading (lower panel).

was checked by Western blotting with antibody that recognizes the phosphorylated
(activated) form of Erk. Erk MAP kinase phosphorylation/activation occurred

87



Chapter 3 CD19 membrane localization in absence of Lyn

following ligation of either membrane Igk or CD19 alone at 5 pg/ml, but the
activation signal of the MAP kinase is much stronger when membrane Ig and CD19
were co-ligated than when either was crosslinked alone (Fig 3.3). This may indicate
that the function of CD19 requires BCR crosslinking, and the tyrosine kinase(s) that
act(s) on CD19 to initiate its function are most effectively activated by membrane Ig.

Since Src family PTKs are the first to be activated by membrane Ig (Saouaf et al.,
1994), and Lyn is the predominant Src PTK in B cells (Burkhardt et al., 1991), the
physical association of Lyn with CD19 in response to BCR ligation was checked to
test the possibility that Lyn acts on CD19. After stimulation with anti-IgM, B cells
were lysed with detergent and CD19 immuno-precipitated. The immunoprecipitates
were separated on SDS gel, transferred onto membrane and probed for the presence of
Lyn. The physical association of Lyn with CD19 was not detected until a lower
concentration of detergent (0.5% Triton X100) was used to lyse the cells (Fig. 3.4).
After BCR-crosslinking for 5 min, a tyrosine phosphorylated band of 95 kD was
visible. Below this 95 kD band were two weak tyrosine phosphorylated bands of 56
kD in both unstimulated and stimulated lanes. Stripping and probing the filter with
anti-CD19 and anti-Lyn Abs proved these bands to be CD19 and Lyn respectively
(the blot on the right is the isotype control and total cell lysate (TCL) result of Lyn
migration position on the gel under the same system condition). The weak association
of Lyn with CD19 is constitutive. BCR-induced CD19 phosphorylation, however, did
not increase the amount of Lyn binding processively to CD19. Nevertheless, the
constitutive association of Lyn with CD19 makes it possible that Lyn initiates the

tyrosine phosphorylation of CD19 after BCR cross-linking.

3.2.3: CD19 failed to be solubilized by non-ionic detergent in Lyn-deficient
primary B cells.
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Figure 3.4: Lyn is weakly associated with CD19. CD19 was immunoprecipitated

from a Lyn*"* B cell line after the indicated time of stimulation and the Western blot

was probed sequentially for phosphotyrosine (upper left panel), CD19 (middle left
panel), and Lyn (lower left panel). A control Ab (Bio-anti-CD5) failed to precipitate
Lyn from the Lyn™" B cell line, either unstimulated or stimulated (upper right panel).

Lyn was detectable in the total cell lysate (TCL) and indicated by the arrow.
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After detecting the weak association of Lyn with CD19, we next want to know
whether Lyn is required for CD19 phosphorylation. To this end, CD19 need to be
immunoprecipitated from both wild type and Lyn-deficient primary splenic B cells.
Unlike cell lines, spleens contain an array of different cell lineages including B cells,
T cells, and macrophages and therefore enrichment was done for B cells. A number
of ways have Dbeen tried for negative depletion of non-B cells amongst the
splenocytes, which included using Dynal beads coated with anti-CD43; MACS Beads
coated with anti-rat mAb after incubating samples with cocktails of rat anti-T cell Abs
and finally complement killing of T cells. Among these three methods of eliminating
non-B cells, MACS beads give the highest B cell purity (95.5%), but the recovery is
the lowest (8.16 x 10%/spleen). Therefore, compliment depletion of T cells was used
to enrich B cells in mouse spleen because of its high recovery and B cell purity (Fig
3.5).

We enriched B cells from Lyn-deficient and wild-type control spleens by complement
killing of T cells. The percentage of B cell population enriched was lower from Lyn-
deficient spleen than from wild-type control (around 50% compared to 95%) due to a
higher proportion of granulocytes and macrophages in the spleens from Lyn-deficient
mice (Hibbs et al., 1995; Nishizumi et al., 1995). We thought, however, that this
shouldn’t affect our examination of CD19 phosphorylation in response to BCR
stimulation as long as we adjusted the number of B cells in each sample to be the
same since CD19 is only expressed in B cells and the stimulus added was also B cell
specific. After cross-linking the BCR with the F(ab”), portion of goat anti-IgM,
purified splenic B cells from both wild-type and Lyn-deficient mice were lysed with
normal detergent (1% Triton X100), CD19 immunoprecipitated and transferred onto
nitrocellulose membrane. To our surprise, probing the filter with rabbit anti-CD19
serum failed to reveal CD19 in the Lyn-deficient sample while it did in the wild type
samples (Fig 3.6A). To check the availability of CD19 for immunoprecipitation in
the absence of Lyn, the splenic B cells from wild-type and Lyn-deficient mice were
stained for surface CD19 expression. Although the number of splenic B cells in the
Lyn-deficient mice are somewhat lower than that of wild type control, CD19

expression, on a single cell basis, is the same (Fig 3.6B).
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Enrichment Methods: A. Dynal Beads B. MACS Beads C. Compliment Killing
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Figure 3.5: Comparison of different B cell enrichment methods. Splenocytes from

one wild-type mouse spleen were either incubated with Dynal beads coated with anti-
CD43 Ab (A), or incubated with a cocktails of rat anti-T cell Abs before addition of
MACS beads coated with anti-rat Ab (B), or anti-T cell Abs plus compliment (C).
After depletion of non-B cells, samples were stained for B220 to check B cell purity,
except in the sample enriched by Dynal beads, additional CD43 staining was also

scanned in FL2 channel to check the efficiency of depletion.
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Figure 3.6: CD19 solubilization by different lysis buffer. Purified splenic B cells

(20x10°%time point) were stimulated with the F(ab”), anti-lgM for the indicated times,
and lysed with different lysing buffers as indicated (A and C). Immunoprecipitated
proteins were transferred to a filter and probed with rabbit polyclonal anti-CD19
antibody. Splenocytes from both wild type and Lyn-deficient mice were enriched for
B cells by complement depletion of T cells. CD19 expression on lyn** and lyn™

splenocytes displayed using FACS histogram (B).
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Since CD19 expression is not down-regulated in Lyn-deficient primary B cells, the
failure to recover CD19 from a Triton X100 lysate may be due to the weakness of this
detergent. Therefore RIPA buffer was tried, as this contains 0.1% SDS in addition to
1% TX100 and 1% Deoxycholate. After lysing the Lyn-deficient primary B cell in
RIPA, CD19 was successfully detected on the filter, in equivalent amounts to wild-

type mice (Fig 3.6C)

The fact that the non-ionic detergent Triton X-100 did not extract CD19 from the B
cell membrane from Lyn-deficient mice while a stronger SDS detergent did lead us to
hypothesise that in the absence of Lyn, CD19 might be constitutively located in a
Triton X-100-insoluble micro-domain on cell membrane called lipid raft and this may
contribute to the hyper-responsiveness of Lyn-deficient B cells.

3.2.4: Lipid rafts are signalling platforms, but do not constitutively contain CD19
in the absence of Lyn

For a long time, lipids were thought to play only a passive role as simple building
blocks for membranes that delimit intracellular compartments and separate the
internal milieu from the extracellular environment. In the fluid mosaic model, cellular
membranes were envisaged as disordered uniform bilayers in which lipids moved
freely and randomly by lateral diffusion (Levine et al., 1971). During the past decade,
a new model that accounts for lipid diversity emerged. This model proposed the
existence in biological membranes of lipid microdomains or rafts that have a high
sphingolipid and cholesterol content (Simons and Ikonen, 1997). Unlike the loosely
packed, disordered phospholipids present in the bulk of membranes, raft lipids are
organised in a tightly packed, liquid-ordered manner, and have been proposed to
function as platforms for both signal transduction and membrane trafficking (Simons
and Ikonen, 1997).

The tight packing of lipids in rafts confers resistance to solubilization by non-ionic
detergents at low temperatures, which allows their isolation as an insoluble membrane
fraction according to their buoyant density on sucrose gradients (Brown and Rose,
1992; Parton et al., 1995; Rodgers et al., 1996). Several important signalling proteins
have been identified as residents of these lipid microdomains, including double-
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acylated Src family protein tyrosine kinases (Casey et al., 1995) and Zap-70 family
protein tyrosine kinase (Stauffer et al., 1997), but not the phosphatase CD45 (Cheng
et al,, 1999). Lipid rafts also contain cholesterol and glycosphingolipid (GM1
ganglioside), which can be detected by cholera toxin B subunit (CTB) and serves as a

means of identifying lipid rafts.

In order to check whether CD19 is constitutively located in this signalling
microdomain in Lyn-deficient B cells, we first needed to isolate and characterize lipid
rafts from cell membranes. Our initial attempt to isolate the lipid raft in primary B
cells was unsuccessful due to the difficulty in obtaining the necessary amount of
purified splenic B cells (10%) from Lyn-deficient mice. We therefore turned to our

+/+

lyn” and Iyn** B cell lines, in which the B cells are immortalised at immature stages.
After lysing the cells in Triton X-100 buffer on ice, lipid rafts were floated on
discontinuous sucrose gradients by high-speed centrifugation, and 1 ml fractions were
collected from the top to the bottom of the gradients, of which 20 ul aliquots were
subjected to SDS-PAGE separation (see materials and methods for details). The
fractions at the top (3/4) represent lipid raft and those at bottom (11/12) represent
domains outside lipid raft as defined by revealing the raft specific substances
cholesterol and glycosphingolipid (GM1 ganglioside) and Lyn all in fraction 4 and

CD45R in fraction 10, 11, and 12 in Western blot (Fig 3.7).

As a signalling platform, lipid raft domains should maintain a dynamic exchange of
proteins that are important for antigen receptor signalling before and after stimulation.
To verify this dynamics, lipid rafts from the surface IgM-expressing B cell line were
isolated before and after BCR cross-linking, transferred onto filters, and revealed by
western antibody. A great amount of IgM was identified outside lipid rafts in fraction
10, 11, and 12 despite the antigen receptor stimulation (Fig 3.8A). This IgM
comprised both surface IgM and the cytoplasmic IgM in and outside ER. A small
proportion of surface IgM was found in lipid rafts of plasma membrane before

receptor stimulation. After receptor stimulation, however, the proportion of sigM in
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CHAPTER 4. INDEPENDENT REGULATORY ROLES OF
LYN AND CD19

4.1: SUMMARY:

The balance between immunity and tolerance depends on the appropriate balance
between positive and negative signals within lymphocytes. Key mediators of
signalling in B cells include the cell surface glycoprotein CD19 and the Src-related
protein tyrosine kinase Lyn. A recent model of the biochemical events following B
cell receptor (BCR) ligation intimately links the activation of Lyn and CD19 despite
the unique regulatory functions of CD19 and Lyn being thought to be in opposition to
each other. We examined the biochemical consequences of BCR ligation in mouse B
cells deficient in either Lyn or CD19 for evidence of interaction or co-dependence. In
contrast to published results we found that the extent of CD19 phosphorylation
following BCR ligation was unaffected by the absence of Lyn yet was dependent on
other Src-family PTKSs as it was inhibited fully by pp2, a Src-family specific inhibitor.
Consistent with the normal phosphorylation of CD19 in lyn” B cells, the recruitment
of phosphoinositide-3 kinase to CD19 and the ability of CD19 to enhance both
intracellular calcium flux and Erk1/2 activation after co-ligation with the BCR were
intact in the absence of Lyn. Similarly, unique functions of Lyn were found to be
independent of CD19. The increase in Lyn kinase activity following BCR ligation and
the inhibition of BCR-mediated calcium flux by CD22 and Erk MAP kinase
activation by FcyRIIB were all normal in CD19”" B cells.  Collectively, these data
argue that the unique functions of Lyn do not require CD19 and that the signal
amplification mediated by CD19 is independent of Lyn. We conclude that the roles
of Lyn and CD19 following BCR ligation are independent and opposing, one being
primarily inhibitory and the other stimulatory.

4.2: INTRODUCTION:

The developmental fate of B lymphocytes is determined largely by signals emanating
from the B cell receptor (BCR). Early in development, productive rearrangements at
the Ig heavy and light chain loci are required for pre-B cells to reach the immature B
cell stage. Entry of immature B cells into the population of mature recirculating B

lymphocytes requires the cells to successfully negotiate BCR-mediated negative
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selection for high avidity self-reactivity (Hartley et al., 1991; Nemazee & Burki,
1989) as well as a BCR-mediated positive selection step (Gu et al., 1991; Loder et al.,
1999). Persistence of mature B cells is dependent similarly on the presence of a
functional BCR (Lam et al., 1997). B cell involvement in immune responses to
exogenous antigens requires the avidity of the interaction between the BCR and the
antigen to be greater than a certain threshold value. Signalling through the BCR thus

determines both the survival and the reactivity of B cells.

It is also clear, however, that the cellular and molecular environment in which BCR
ligation occurs can modulate the outcome. T cells, for example, can enhance B cell
activation by providing membrane bound and secreted co-stimuli such as CD40-
ligand and cytokines (Baxter & Hodgkin, 2002).  Similarly, components of the
complement cascade such as C3d fragments bound to an antigen can greatly increase
the B cell response by co-ligating the complex comprising CD21, CD19 and Leu-18
with the BCR (Carter & Fearon, 1992; Dempsey et al., 1996). Conversely, co-ligation
of Fc[JRIIB1 with the BCR via the Fc regions of Ig bound to antigen can inhibit B
cell reactivity (Malbec et al., 1999). That is, receptors on the surface of the B cell that
sense the context in which BCR engagement occurs can positively and negatively
modulate the signal delivered through the BCR and thus may be critical in

determining the outcome, be that activation, differentiation or death.

The molecular pathways emanating from the BCR and its accessory molecules are
becoming increasingly well defined. BCR cross-linking results in the rapid activation
of Src-related protein tyrosine kinases, of which Lyn is predominant in mouse B cells.
Active Src-PTKs facilitate the phosphorylation and consequent activation of Syk, the
dominant PTK in B lymphocytes. The positive role of Lyn in Syk activation in mouse
B cells does not appear to be unique since in the absence of Lyn, Syk activation
occurs, albeit at a reduced rate (Chan et al., 1997; Cornall et al., 1998). Active Syk
efficiently phosphorylates numerous intracellular substrates mediating B cell
activation including Ig[J, Igl] and various adaptor proteins including BLNK (SLP-
65/BASH) and phospholipase C[] (PLCL]) (Marshall et al., 2000). These molecules
in turn mediate a cascade of events resulting in release of Ca®" from intra-cellular

stores, activation and nuclear localization of NF-AT and NFB and, if the conditions
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are correct, mitogenesis. CD19 exerts its positive effect on BCR signalling by the
phosphorylation dependent recruitment of Vav and phosphotidylinositol-3 kinase
(PI3K), that in turn enhances Ca flux, activation of the extracellular signal-regulated
kinase (ERK1/2) and, ultimately, B cell proliferation (Carter & Fearon, 1992; Carter
et al., 1988; Tooze et al., 1997). CD19 deficiency results in a hypo-responsive B cell
phenotype in which activation mediated by BCR cross-linking and T cell dependent
immune responses are compromised to varying degrees (Engel et al., 1995; Rickert et

al., 1995).

Ligation of the BCR also initiates negative regulatory cascades that often involve the
recruitment of phosphatases to BCR-proximal molecules. For example, co-ligation of
CD22 with the BCR results in it being phosphorylated on tyrosines contained within
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that serve as binding sites
for the SH2 domains of the phosphatase SHP-1 (Doody et al., 1995). SHP-1 is active
in dephosphorylating many of the signal transduction molecules proximal to the BCR
such as Syk, BLNK and Ig(1[ (Adachi et al., 2001). Phosphorylation of tyrosines
within the ITIM of several B cell negative regulatory molecules such as CD22, CD72
and PIR-B has been found to depend on Lyn (Adachi et al., 1998; Chan et al., 1998;
Cornall et al., 1998; Ho et al., 1999; Nishizumi et al., 1998; Smith et al., 1998). Loss
of these molecules results in a hyper-responsive B cell phenotype and autoimmunity
(Nitschke et al., 1997; Pan et al., 1999; Ujike et al., 2002), as is also the case for loss
of Lyn (Chan et al., 1997; Hibbs et al., 1995; Wang et al., 1996), although the
phenotypes are not identical. Thus biochemical and cellular studies have defined
unique roles for Lyn in inhibiting BCR signalling. The role of Lyn in promoting BCR
signalling through phosphorylation of immuno-receptor tyrosine based activation
motifs (ITAM) in Igo/p does not appear to be unique (Chan et al., 1997; Takata et al.,
1994), presumably due to the activity of other Src-related PTK in B cells such as Fyn
and Blk.

Given that most experimental data have defined almost diametrically opposing
functions for CD19 and Lyn in regulating B cell activation, two recent observations
came as somewhat of a surprise. These findings were that 1) the initial

phosphorylation of CD19 was entirely dependent on Lyn (Fujimoto et al., 2000a) and
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2) increased Lyn activity in stimulated B cells was dependent on the presence of an
amplification loop centered on tyrosine phosphorylation of CD19 (Fujimoto et al.,
2000a; Fujimoto et al., 1999b). Given this proposed inter-relationship between Lyn
and CD19 in B cell activation, we endeavoured to more clearly define the molecular
basis and consequences of this interaction. We have re-examined the relationship
between CD19 and Lyn and found that the pathways in which these two molecules

participate in an obligatory manner are essentially independent of each other.

4.3: RESULTS
4.3.1: CD19 phosphorylation is intact in Lyn-deficient B cells

It has been reported that tyrosine phosphorylation of CD19 is compromised in Lyn-
deficient B cells following BCR ligation (Fujimoto et al., 2000a). To confirm this
observation, we checked CD19 tyrosine phosphorylation first in B cell lines in which
B cells from both Lyn-deficient mice and wild type controls had been immortalized at
an immature state (Corcoran et al., 1999). After stimulation with F(ab’), polyclonal
anti-IgM reagent for different times, the B cells were lysed and CDI9
immunoprecipitated. The tyrosine phosphorylation of CD19 was checked by
Western blot with 4G10. Contrary to published results (Fujimoto et al., 2000a), we
found no difference in the level or rate of CD19 phosphorylation in lyn” B cells after
BCR ligation when compared to control B cells (Fig 4.1A). We also measured the
tyrosine phosphorylation status of CDI19 in Iyn”+ and Iyn'/ " splenic B cells
immediately prior to, or 1 and 5 minutes after BCR cross-linking. Similar results
were obtained in the cell lines and primary B cells (Fig 4.1B). These data
demonstrate clearly that the presence of Lyn is not obligatory for CDI19

phosphorylation in mouse B cells.

4.3.2: CD19 is a substrate of Src- family PTK.

BCR cross-linking induces tyrosine phosphorylation of CD19 while cross-linking
CD19 alone does not (Fujimoto et al., 2001; Inabe & Kurosaki, 2002). The PTK
responsible for CD19 phosphorylation is presumed, therefore, to be BCR-associated
with Lyn and Syk being prime candidates. Since we have shown CD19

107



Chapter 4. Independent regulatory roles of Lyn and CD19

A.
CD19IP
Cell Lines: Lyn+/+ Lyn-/-
Anti-lgM (min): 0 1 5 25 0 1 5 25
Anti-pY Blot | e — —— |
B.
CD191P
Mice: Lyn+/+ Lyn-/-

Anti-lgM (min: 0 1 5 0 1 5
ANti-pY BIOt  [we -t . - —

Anti-CD19 Blot [ S D s S St |

Relative Phosphorylation

Anti-igM(min: 0 1 5 0 1 5
Mice: Lyn+/+ Lyn-/-

Figure 4.1. CD19 phosphorylation in the absence of Lyn. lyn"*and lyn” B cell lines

(A), or purified splenic B cells from both wild type and lyn” mice (B) were
stimulated with F(ab’), anti-IgM for the indicated times, lysed and CDI19
immunoprecipitated. Immunoprecipitated proteins were probed with the anti-
phosphotyrosine antibody, 4G10. All blots were subsequently stripped and re-probed
with rabbit anti-CD19 to show loading. Signals obtained from the Western blots in
mice samples (B) were quantified by densitometry and the mean +SE of the ratio of
the intensity of the anti-phosphotyrosine and anti-CD19 signals at each time point
from three independent experiments were plotted, permitting a comparison of the
relative tyrosine phosphorylation of CD19 in primary B cells from lyn*™* and lyn™

mice.
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phosphorylation to be normal in the absence of Lyn, we wished to determine whether
the kinase responsible was either a Src-family PTK or Syk. We therefore stimulated
lyn” and control B cell lines with F(ab’), anti-IgM in the presence of the Src-family
specific inhibitor pp2 (Hanke et al., 1996) and then determined the extent of CD19
phosphorylation. Figure 4.2A shows that in both lyn” and lyn”" B cell lines the BCR-
induced phosphorylation of CD19 is inhibited completely by pp2 but unaffected by
the control drug, pp3.

A number of reports implicate Lyn as the PTK responsible for CD19 phosphorylation
in Lyn-sufficient B cells (Roifman & Ke, 1993; van Noesel et al., 1993). While our
data indicate that a Src-related PTK is responsible for CD19 phosphorylation in the
absence of Lyn (Fig. 4.2A), we are unable to identify the specific PTK involved. We
also examined CD19 phosphorylation in a B cell line carrying a genetic modification
encoding a constitutively activated form of Lyn (lyn"**: Y508F (Harder et al., 2001)).
While BCR cross-linking is required to induce phosphorylation of CD19 in the
control B cell line, tyrosine phosphorylation of CD19 was detected in the
unstimulated IynHLlp B cell line and enhanced by BCR cross-linking (Fig. 4.2B).
Collectively these results strongly support a role for Lyn in CD19 phosphorylation
following BCR ligation. These data also suggest, however, that in the absence of Lyn,
other members of the Src family mediate the BCR-induced phosphorylation of CD19.
The relative contribution of other Src family PTK in wild type or Lyn-deficient B

cells cannot be resolved at present.

4.3.3: Lyn is not required for CD19 to recruit PI3K and enhance calcium flux
after co-ligation with BCR

The costimulatory role of CD19 in B cell activation is mediated by the recruitment of
the signalling molecules such as PI3K to tyrosine phosphorylation sites on CD19
(Tuveson et al., 1993; Weng et al., 1994). Although we have shown that other Src-
family PTK can compensate for the absence of Lyn in BCR-dependent
phosphorylation of CD19, Lyn might still be essential for recruitment of specific
effector signalling molecules to the cytoplasmic domain of CD19. To test this

possibility, we immunoprecipitated CD19 from resting and stimulated lyn”" and lyn”
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Figure 4.2. CD19 is a substrate of Src-family PTK activity. (A). Control and Lyn-

deficient B cell lines were untreated or pre-treated with either pp2 or the control
compound pp3 before BCR stimulation with F(ab’), anti-IgM. CDI19
immunoprecipitates were blotted sequentially with anti-phosphotyrosine antibody
then anti-CD19 sera as described in Fig.4.1. (B). Control and LynH ** B cell lines
were stimulated, lysed and CD19 immunoprecipitated. Phospho-CD19 was revealed
with anti-phosphotyrosine antibody and total CD19 by re-probing with rabbit anti-
CD19 serum.
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primary B cells and looked for co-precipitation of PI3K. We found that PI3K was
recruited to CD19 equally well in lyn” and lyn™" primary B cells following BCR
ligation (Fig. 4.3). Recruitment of PI3K to CD19 is thought to be important in the
enhanced calcium flux engendered by BCR and CDI19 co-ligation (Li & Carter,
2000). We therefore tested the functional relevance of PI3K recruitment to CD19 in
lyn” splenic B cells by comparing the calcium flux induced by BCR ligation alone
with that induced by co-ligation of the BCR with CD19. As expected, in control B
cells, co-ligation of CD19 with the BCR induced a higher calcium flux than BCR
ligation alone (Fig. 4.4A). Importantly, we observed a similarly enhanced calcium
flux upon BCR and CD19 co-ligation in lyn”" B cells (Fig. 4.4B) indicating that the
absence of Lyn affects neither the CD19-dependent recruitment nor function of

effector molecules essential for the mobilization of Ca>".

4.3.4: Co-ligation of the BCR with CD19 increases MAP kinase phosphorylation
in the absence of Lyn

Besides raising calcium flux, co-ligation of CD19 with the BCR can also enhance the
activation of MAP kinase (Tooze et al., 1997). To determine whether the role of
CD19 in regulating MAP kinase activation is affected by the absence of Lyn, purified
splenic B cells from lyn”" and lyn”" mice were stimulated by cross-linking the BCR,
CD19 or both, and ERKI1/2 activation was measured by detection of its
phosphorylated forms. In Iyn+/+ B cells, cross-linking CD19 or the BCR alone
resulted in no or low-level phosphorylation of ERK1/2 respectively, whereas co-
ligation induced a signal much stronger than that induced by either stimulus alone
(Fig.4.5). Ligation of the BCR on lyn” B cells induced stronger ERKI/2
phosphorylation compared with control B cells, a result consistent with the previously
reported hyper-activity of ERK1/2 (Chan et al., 1998). Curiously, cross-linking CD19
alone in lyn” B cells induced a low level of ERK1/2 phosphorylation. While the basis
for this observation is currently being investigated, it is consistent with Lyn being a
negative regulator of MAP kinase activity (Chan et al., 1997).  Furthermore, the
already strong ERK1/2 phosphorylation induced by BCR cross-linking on lyn”™ B
cells was enhanced by co-ligation of CD19 with the BCR (Fig.4.5), clearly
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Figure 4.3. Recruitment of PI3K to CD19 is intact in lyn"=B cells. Purified splenic B

cells from control and lyn” mice were stimulated for the indicated times. CD19 was
immunoprecipitated and the Western blot probed with anti-phosphotyrosine (upper
panel) and rabbit anti-PI3K serum (middle panel). After stripping, the blot was re-
probed with rabbit anti-CD19 to reveal the amount of CD19 loaded (lower panel).
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Figure 4.4. Co-ligation of the BCR with CD19 enhances Ca** flux in control and lyn-
£ B cells. Splenocytes from (A) control or (B) lyn” mice, loaded with the calcium
sensitive dye indo-1, were stained with biotinylated monoclonal antibodies for Igk
alone or together with anti-CD19 as indicated. B cells, specifically labeled with
FITC-conjugated anti-B220, were analysed by flow cytometry. After establishing
baseline fluorescence, cross-linking was initiated by addition of avidin (indicated by
the vertical arrow) and the analysis continued for the times indicated. The plots
represent the fluorescence ratio of gated B220" cells. The result shown is from one of

three independent experiments. Previous analyses have demonstrated no effect of

anti-B220 staining on Ca’" flux ((Smith et al., 1998) and data not shown).
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Figure 4.5. Co-ligation of CD19 with the BCR enhances phosphorylation of ERK1/2

in control and lyn B cells. Purified splenic B cells (2 x 10%1ane) were pre-incubated

with either medium, biotinylated anti-Igk, biotinylated anti-CD19 or both antibodies
together. B cell stimulation was initiated by addition of avidin and halted after 2 min.
(A). Whole cell lysates were resolved by SDS-PAGE , transferred to nitrocellulose
membranes and probed with antibodies specific for the phosphorylated form of
ERK1/2 (upper panel). Membranes were stripped and re-blotted with anti-Erk1/2 to
reveal protein loading (lower panel). (B). The ratio of the intensity of the phospho-
ERK1/2 and ERK1/2 signals for each stimulation condition was determined by
densitometric analysis, allowing a comparison of the relative phosphorylation of

ERK1/2 between samples.
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demonstrating that the role of CD19 in enhancing MAP kinase activity remains intact
in Lyn-deficient B cells. Collectively, these data demonstrate that the ability of CD19

to enhance BCR signalling is not dependent on Lyn.

4.3.5: Activation of Lyn and total protein tyrosine phosphorylation following
BCR ligation are unaffected by the absence of CD19.

Having found the BCR-associated functions of CD19 to be independent of Lyn, we
next examined the suggested role of CD19 in the activation of Lyn. If, as proposed,
CD19 is essential for the amplification of Lyn activity in B cells following BCR
ligation (Fujimoto et al., 2000a), then in the absence of CD19, Lyn activity should be
diminished. We measured Lyn specific activity in CD19”" and CD19"" splenic B
cells before and after BCR ligation (Fig. 4.6A). In control B cells, Lyn activity
increased approximately 1.6 fold after 2 minutes of BCR cross-linking. The activity
of Lyn in CD19” primary B cells increased about 1.9 fold after equivalent BCR
stimulation (Fig. 4.6A), demonstrating that the activation of Lyn in B cells is not
affected by the absence of CD19. It is important to note that both the baseline and
stimulated activity of Lyn are approximately equal in both cell types indicating an
approximately equal increase in the absolute activity in control and CD19™" B cells. In
agreement with this result, we found the level of phosphorylated Lyn in CD19” and
CD19"" B cells to increase comparably following BCR ligation (Fig. 4.6B). Finally,
the level of tyrosine phosphorylation induced by BCR ligation was similar in control
and CD19” splenic B cells (Fig. 4.6C) suggesting that many of the early steps in B

cell activation are unaffected by the absence of CD19.

4.3.6: Lyn-dependent tyrosine phosphorylation of CD22 and FcyRIIB is
comparable to that of wt type mice in CD19-deficienct mice.

CD22 and FcyRIIB are two important B cell surface molecules that negatively control
BCR-induced signals. Since Lyn was reported to be the primary PTK that
phosphorylates these surface molecules in B cells ( Smith et al., 1998; Chan et al.,
1998), we next tested the Lyn-dependent tyrosine phosphorylation of CD22 and
FcyRIIB in CD19- deficient primary B cells after BCR stimulation to confirm that the
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Figure 4.6. Lyn kinase activity, phosphorylation and total protein phosphorylation in

control and CD19% B cells. (A). Lyn was immunoprecipitated from normalized cell

lysates prepared from control and CD19”" B cells either unstimulated or stimulated
with F(ab’), anti-IgM for 2 minutes. Lyn kinase assay was performed as described in
Chapter 2. The relative mean Lyn-kinase activity from triplicate assays is plotted as
is the fold increase observed in each sample following stimulation. The values
represent the mean + SE of 2 independent experiments. (B). Splenic B cells from
CD19"" and CD19” mice were treated as in (A). Lyn was immunoprecipitated from
100 pg of total protein, Western blotted and probed to detect phosphorylated tyrosines
before stripping the membrane and re-probing with anti-Lyn. (C). Splenic B cells
from the mice were treated as in A. Protein (7.5 pg) from each sample was Western
blotted and probed for phosphorylated tyrosines. Positions of molecular weight
standards are shown on the left. The membrane was subsequently stripped and re-

probed with anti-Lyn as a loading control.
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activity of Lyn is not affected by the loss of CD19. We found that CD22 is
constitutively tyrosine phosphorylated in the wild type primary B cells and BCR
crosslinking increase this phophorylation. In the Lyn-deficient B cells, however,
CD22 phosphorylation is barely detectable and BCR ligation failed to enhanced the
weak phosphorylation of CD22 at two time points tested. Quite different from lyn”"
mice, CD19” primary B cells demonstrated strong phosphorylation of CD22 similar
to the control both before and after BCR stimulation (Fig 4.7A). Likewise, tyrosine
phosphorylation of FcyRIIB after co-ligation with the BCR in CD19-deficient primary
B cells looks more like that of wild type control than that of Lyn-deficient B cells,
which is compromised (Fig 4.7B). These results agree with the intact Lyn activity in

the absence of CD19.

4.3.7: Inhibitory role of CD22 and FcyRIIB is Lyn-dependent and CD19-
independent .

In addition to the phosphorylation studies, we checked the functions of these surface
molecules in the absence of CD19. In particular, we tested the ability of CD22 co-
ligation to inhibit BCR mediated calcium flux in CD19" B cells and FcyRIIB co-
ligation to inhibit BCR mediated ERK activation, as these activities have been found
to depend to varying degrees on Lyn (Chan et al., 1998; Chan et al., 1997; Nishizumi
et al., 1998; Smith et al., 1998). As expected, cross-linking CD22 with the BCR
inhibited calcium flux in control but not Iyn'/' B cells (Fig. 4.8A, B). In contrast to
Lyn-deficient B cells, co-ligation of CD22 with the BCR on CD19” B cells inhibited
calcium flux with a kinetics and to a degree comparable to that in control B cells (Fig.
4.8C), supporting the notion that the Lyn dependent, CD22 mediated-inhibition of
calcium flux induced by BCR ligation is not dependent on CDI19. Finally, we
determined whether the inhibition of ERK phosphorylation mediated by co-ligating
FcyRIIB with the BCR was sensitive to the presence of Lyn or CD19. Control B cells
showed greatly diminished ERK phosphorylation when stimulated with intact anti-
IgM compared to F(ab’)2 anti-IgM (Fig. 4.8D). Both stimuli induced equal levels of
total tyrosine phosphorylation while only intact anti-IgM induced FcyRII
phosphorylation (data not shown). FcyRII was less inhibitory of ERK
phosphorylation in lyn” B cells (Fig. 4.8D), consistent with a role for Lyn in FcyRII
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Figure 4.7. Comparison of CD22 and FcyRIIb phosphorylation in Lyn and CD19-

deficient mice. Purified splenic B cells from control, Lyn'/ ", and CD19” mice were
stimulated either with (A) F(ab), anti-IgM, or (B) F(ab), portion (F), intact (I) anti-
IgM or no stimulus (N). CD22 (A), and FcyRIIB (B) were immunoprecipitated, and
Western blotted with anti-phosphotyrosine Ab before the filters were stripped and re-

probed with anti-CD22 (A) and anti-FcyR (B) Abs for loading control.

118



Chapter 4. Independent regulatory roles of Lyn and CD19

A. Control B..Lyn-/- C.CD19-/-
2507 7 .
200—; Igx Igx N Igx
HE 1 Ak / '::"-:_'7_..‘__._ / i
+ 150: - -\-_AH'-':":-'—_.";,._:_.‘--.-?—-’-‘- 1 £ :"'_',"-.;?.; - Al 1 - "-_;'_:-CC-:'_.‘-_-.-__,'_-._-‘..-._-._-_
N('U s e L ke TSGR = T et
O 100{ | X ] X ] \
] lgx + CD22 lgk + CD22 lgk + CD22
507
0-""|""|""|'"'|""| T T T T LI B B B BB R LA IR |
0O 50 100 150 200 O 50 100 150 200 0 50 100 150 200 250
Time (seconds)
D. E.
Genotypes: Wt Lyn-/- Wt CD19-/-
Anti-IgM: N F | N F 1 N F 1 N F |
| e —— = - - |
Anti-pErk1/2 Blot Anti-pErk1/2 Blot
Anti-Erk2 Blot Anti-Erk2 Blot

Figure 4.8.Lyn-dependent inhibition by CD22 and FcyRIIB is intact in CD19~ B

cells.  Splenocytes, previously loaded with the calcium sensitive dye indo-1, were
labelled with biotinylated antibodies specific for Igk alone or together with anti-
CD22. The cells were subsequently stained with FITC-conjugated anti-B220. After
establishing baseline indo-1 fluorescence by flow cytometry, receptors were cross-
linked by the addition of avidin to a final concentration of 20 pg/ml. The resultant
flux in intracellular Ca*" in (A) control, (B) lyn” and (C) CD19” B220" cells was
monitored for the indicated times. The plots depict calcium content as defined by
fluorescence ratio as a function of time and the experiment was repeated twice.
Purified splenic B cells from (D) control and lyn”" and (E) control and CD19”" were
either not treated (N), or treated with F(ab’), goat anti-IgM fragments (F), or intact
goat anti-IgM antibody (I) for 2 min at 37°C. Total cell lysates were separated by
electrophoresis, blotted and probed for phosphorylated ERK1/2 (upper panel). The
filter was subsequently stripped and re-probed with anti-ERK2 to show protein
loading (lower panel). The rabbit anti-ERK2 Abs used in E belonged to a different

batch than was used in D and appeared to have less cross-reactivity with ERK1.
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mediated inhibition in B cells (Chan et al., 1997; Wang et al., 1996). CD19" B cells,
on the other hand, showed an inhibition of ERK phosphorylation similar to controls
(Fig. 4.8E). Collectively these results are most consistent with the regulatory activity

of Lyn induced by BCR stimulation being unaffected by the absence of CD19.

4.4: DISCUSSION

The outcome of B lymphocyte stimulation is the sum of the positive and negative
signals delivered through the BCR. Studies over many years have defined CD19 as a
prominent positive regulator of B cell activation. These studies have included
biochemical analysis of the consequences of co-ligating CD19 with the BCR (Doody
et al., 1996) and analysis of B cells from CD19 deficient mice (Engel et al., 1995;
Rickert et al., 1995). All available evidence supports the notion that CD19 functions
to amplify signalling from the BCR. Conversely, the Src-related tyrosine kinase Lyn
has been identified as a critical negative regulator or inhibitor of B cell activation. In
mouse primary B cells, Lyn has the unique role of phosphorylating tyrosines within
the ITIMs of several key inhibitory proteins thereby providing docking sites for
phosphatases that down-regulate B cell activation (Adachi et al., 1998; Chan et al.,
1998; Cornall et al., 1998; Ho et al., 1999; Nishizumi et al., 1998; Smith et al., 1998).
At certain points, however, CD19, Lyn and the pathways emanating from them are
thought to intersect. Lyn has long been suspected as the principal tyrosine kinase
responsible for phosphorylating CD19 following B cell activation (Roifman et al.,
1993; van Noesel et al., 1993). Similarly, CD19 co-ligation with the BCR intensifies
MAP-kinase activation (Tooze et al., 1997) while the absence of Lyn results in hyper-
activation of MAP-kinase (Chan et al., 1997), suggesting a convergence of these
pathways at this point. Ca®* flux due to BCR ligation is enhanced in the absence of
Lyn (Smith et al., 1998) but either delayed or normal in the absence of CD19
(Fujimoto et al., 1999a; Sato et al., 1997). A similar reciprocal relationship between
Lyn and CDI19 is apparent in the status of Akt. Akt is reported to be hyper-
phosphorylated in Lyn-deficient B cells (Li et al., 1999), but hypo-phosphorylated
following BCR ligation in CD19-deficient B cells (Otero et al., 2001). Given these
apparently opposite activities for Lyn and CD19 in B cell activation, recent findings
suggesting that CD19 phosphorylation depends entirely on Lyn (Fujimoto et al.,
2000a) and that increased Lyn activity should depend on phosphorylated CD19
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(Fujimoto et al., 2000a; Fujimoto et al., 1999b) were surprising. If these observations
and the resultant model are correct, one might expect that the regulatory activities of
CD19 and Lyn would show a degree of inter-dependence and that the B cell
phenotype resulting from the absence of CD19 or Lyn might show a degree of

redundancy.

The study reported here was undertaken to clarify the relationship between Lyn and
CD19 in mouse B cells and to define points at which the regulatory roles of these
molecules converged. To this end we examined CDI19 phosphorylation following
BCR ligation in the presence and absence of Lyn and found it to increase and
decrease with a kinetic essentially the same as in control B cells (Fig. 4.1). We
examined recruitment of the ancillary signalling molecule PI3K to CD19 following B
cell activation and found this also to be unaltered by the absence of Lyn (Fig. 4.3).
Moreover, the enhanced Ca®” flux and phosphorylation of ERK1/2 following co-
ligation of CD19 with the BCR remained intact in lyn”™ B cells. The fact that we saw
no effect of Lyn deficiency on CD19 function raises the question of whether Lyn has
any role in CDI9 activation following BCR ligation. We did find CDI19
phosphorylation in both lyn™" and lyn” B cell line to be blocked by the Src-kinase
specific inhibitor pp2, indicating that Src-related tyrosine kinases are responsible for
BCR-dependent CD19 phosphorylation. CD19 was also constitutively phosphorylated
in a cell line containing a constitutively active form of Lyn, identifying CD19 as a
potential substrate of Lyn. Thus the often suggested role for Lyn in CDI19
phosphorylation is either shared with, or able to be replaced by, other Src-related
kinases found in B cells. A similar conclusion has been reached after analysis of
Lyn’s other suggested positive roles, such as the activation of Syk (Chan et al., 1997).
Our data demonstrate no unique role for Lyn in CD19-mediated signalling processes

initiated by BCR ligation.

We also examined the reported role of CD19 in amplifying Lyn activity in B cells
(Fujimoto et al., 2000a; Fujimoto et al., 1999b). In a current model, Lyn
phosphorylates and subsequently binds to tyrosine 513 in the cytoplasmic tail of
CD19 via its SH2 domain. Lyn then phosphorylates tyrosine 482 of CD19 through

“processive phosphorylation” which allows recruitment of another Lyn molecule
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leading to Lyn transphosphorylation and/or autophosphorylation. The ability of Lyn
to amplify its own activity via its interaction with CD19 is proposed to account for the
majority of the increase in Lyn activity in B cells following BCR ligation (Fujimoto et
al., 2000a; Fujimoto et al., 1999b). Such a model might predict that the absence of
CDI19 would negatively affect the unique functions of Lyn following BCR
stimulation. Our analysis of these activities, however, has failed to reveal any affect of
the absence of CD19 on Lyn activity. First, we measured Lyn kinase activity in CD19
sufficient and deficient B cells following BCR ligation and found the magnitude of
the increase to be independent of the presence or absence of CDI19 (Fig. 4.6).
Similarly we found the ability of CD22 to inhibit Ca** flux and FcyRIIB to inhibit
ERK phosphorylation following co-ligation with the BCR to be unaffected by the
absence of CD19 (Fig. 4.8). We and others have previously shown these activities to
depend either entirely or predominantly on the presence of Lyn (Chan et al., 1998;
Chan et al., 1997; Cornall et al., 1998; Smith et al., 1998). While Lyn almost
certainly interacts with CD19 in normal circumstances (see for example Fig 3.4), our
data support the notion that this interaction is not essential for the function of either

CD19 or Lyn.

The biochemical independence of CD19 and Lyn reported here is consistent with the
biology of B cells derived from mice deficient in either molecule. CD19”" B cells
have been reported to have either normal or diminished proliferation in response to
BCR ligation (Engel et al., 1995; Rickert et al., 1995). CD19” mice also show
diminished levels of IgM in serum and fail to generate germinal centers following
immunization with T cell dependent (TD) antigen in alum (Engel et al., 1995; Rickert
et al.,, 1995). Lyn-deficient B cells, on the other hand, hyper-proliferate following
BCR ligation (Chan et al., 1997; Wang et al., 1996) and germinal centers form in Iyn'/ )
mice following immunization (L. Blink and DT, unpublished). Lyn” mice also
contain 10 times the normal level of IgM in their serum (Hibbs et al., 1995). These
phenotypic traits are consistent with Lyn and CD19 acting independently in B cell

activation.

If Lyn and CD19 are critical mediators of negative and positive signalling from the

BCR, respectively, and if the balance between positive and negative pathways is
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essential for normal B cell activation, at what points do Lyn-dependent and CD19-
dependent pathways impinge on each other? While our data are not exhaustive on this
issue, we find intersection in both the regulation of MAP-kinase and in Ca®*" flux.
That is, CD19 is a positive regulator of both MAP-kinase and Ca flux while Lyn is a
negative regulator of both. How this regulation occurs is not clear. Does Lyn act
directly or indirectly on CD19 to diminish these responses? Since Lyn is responsible
for mobilization of phosphatases to the plasma membrane it is possible that Lyn may
regulate CD19 activity via the activation of a phosphatase such as SHP-1 that
subsequently modulates the phosphorylation of CDI19. Indeed, the hyper-
phosphorylation of CD19 in Me" B cells has been attributed to the absence of SHP-1,
although this affect is itself thought to be indirect (Somani et al., 2001). Furthermore,
mice transgenic for human CD19 show a B cell phenotype and develop an
autoimmune disease that is remarkably similar to that found in Lyn-deficient mice
(Hibbs et al., 1995; Nishizumi et al., 1995; Sato et al., 2000). That is, too little Lyn
could be equivalent to a functional excess of CD19. The dephosphorylation of CD19
apparent in lyn” B cells (Fig. 4.1) indicates that Lyn does not act indirectly via, for
example, activation of phosphatase to regulate the level of CD19 phosphorylation.
This in turn suggests that Lyn exerts its influence on B cell signalling pathways

parallel to or downstream of CD19.

Interestingly, we noticed that CD19 ligation alone lead to the activation of ERK in
Iyn"' B cells (Fig 4.5). The reason for this could be because CD19 is constitutively
associated with BCR to some degree, and ligation of CD19 triggered a low level of
BCR signaling that utimately resulted in ERK MAP kinase activation. In wild-type
B cells, this signal may be too small to detect, but in Iyn‘/ " B cells, which are hyper-
responsive to BCR ligation, this signal is detectable. Alternatively, it could be that
the absence of Lyn may have already caused ERK activity to be near its threshold
level in the resting state through some CD19 independent mechanism (which are
investigated in the next chapter). Ligation of CDI19 may therefore induce ERK
activation in the knockout thatt will not occur in wild type B cells.

Several elements of our data are in direct contradiction to those reported previously
on the co-dependence of Lyn and CD19 (Fujimoto et al., 2000a; Fujimoto et al.,
1999b). Most importantly we find normal phosphorylation of CD19 in Iyn'/ " B cells
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and normal activation of Lyn in CD19”" B cells. These results, therefore, question the
model of ‘processive amplification of Src-kinases’ in B cell activation in which Lyn is
the obligate kinase for CD19 phosphorylation and CD19 is the obligate scaffold for
the amplification of Src family kinase activation following BCR cross-linking
(Fujimoto et al., 2000a; Fujimoto et al., 2000b; Fujimoto et al., 2001; Fujimoto et al.,
1999b; Hasegawa et al., 2001). As mentioned above, the biology of both the mice
and the B cells deficient in either Lyn or CD19 best fits a model of B cell activation in
which the activation of Lyn and CD19 are not dependent events, a notion consistent
with the biochemistry presented here. While Lyn and CD19 may interact in the
manner described (Fujimoto et al., 2000a), it is clearly not essential for the function of
either. While we have no explanation for the failure to see CD19 phosphorylation in
lyn”" B cells (Fujimoto et al., 2000a), the gene targeted mice used in our experiments
differ from those used by Tedder and colleagues, although several studies suggest
they are indistinguishable (Chan et al., 1997; Engel et al., 1995; Hibbs et al., 1995;
Rickert et al., 1995). Our studies indicate, however, that previous measurements of
Lyn kinase activity (Fujimoto et al., 1999a; Fujimoto et al., 2000a) were sub-optimal.
In establishing conditions for measuring Lyn activity, we compared the peptide
cdc2(6-20) with the Src-optimal peptide (Sicilia et al., 1998) as substrates for Lyn
and found a 22 fold difference in favour of SOP (Beavitt SJ and Hibbs ML., data not
shown). Hck has also been reported to phosphorylate SOP more efficiently than cdc2
(Sicilia et al., 1998) suggesting cdc2 is not the optimal substrate for assessing Src
family PTK activity. It may be that the use of the cdc2 peptide diminishes the

sensitivity of the assay and makes differences difficult to resolve.

In conclusion, we have found that CD19 and Lyn exert opposite and independent
affects following B cell activation. CD19 loss does not affect the activity of Lyn and
Lyn is not required for CD19 phosphorylation although it may play a role when
present.  We did find, however, that Lyn exerts a negative influence on signalling
pathways augmented by CDI19 co-ligation with the BCR. If Lyn were to act
downstream of CD19 this would allow greater flexibility in the extent to which

various pathways were modulated in different stimulatory circumstances.

124



Chapter 5 Lyn down-regulates PI3K in primary B cells

CHAPTER 5: LYN DOWN-REGULATES PI3K IN PRIMARY
MURINE B LYMPHOCYTES

----- Novel mechanisms to explain the hyper-sensitive phenotype of Lyn-deficient

5.1.SUMMARY

The phenotype of Lyn knockout mice suggests this Src family protein tyrosine kinase
to be a negative regulator of B cell signalling. The negative regulatory mechanisms
of Lyn in B cells, however, are not fully understood. We report here that the hyper-
sensitive phenotype of Lyn-deficient primary B cells in response to BCR ligation such
as Erk MAP kinase activation, calcium elevation and hyper-proliferation were
attenuated by removal of phosphoinositide-3 kinase (PI3K) activity. Furthermore, the
specific activity of PI3K from Lyn-deficient primary B cells was found to be elevated
both before and after BCR-stimulation. Finally, the activity of other Src family PTKs
in Lyn -deficient primary B cells was demonstrated to be required for the elevated
PI3K activation in Lyn -deficient B cells. On the basis of these data we propose a

novel inhibitive mechanism of Lyn in BCR signalling acting on PI3K.

5.2: INTRODUCTION

The signals propagated through the BCR are central to B cell development and
production of antibodies in response to antigen. The early events of signal
transduction through the BCR is the activation of a series of non-receptor protein
tyrosine kinases that belong to the Src family, the Zap/Syk family, and the Tec/Btk
family. Once activated, they transduce signals received from the BCR to the nucleus
by catalysing phosphorylation of the tyrosine residues in either the cytoplasmic
domains of some surface molecules or within intracellular adaptor proteins that in turn
recruit cytosolic signalling molecules close to the plasma membrane for activation.
Of these three kinds of non-receptor PTKSs, Src PTKSs are the first to be activated and

play an important role in signal initiation.
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As the predominant Src family PTK member expressed in B cells, Lyn participates in
the activation of the BCR signalling cascade via phosphorylating the Iga/p subunit of
BCR complex (Chan et al., 1997), Syk (Cornall et al., 1998; Hibbs et al., 2002), and
CD19 (Fujimoto et al., 2000a; Xu et al., 2002). However, Lyn is also involved in
down-regulation of BCR signalling by phosphorylating the immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) of several inhibitory receptors including CD22
(Smith et al., 1998; Nishizumi et al., 1998), FcyRIlb (Chan et al., 1998; Nishizumi et
al., 1998), CD72 (Adachi et al., 1998), paired Ig-like receptor-B (Ho et al., 1999), and
PD-1(Okazaki et al, 2001). The phosphorylation of inhibitory surface molecules is
unique to Lyn while phosphorylation of BCR subunits and their associated co-
stimulatory molecules is redundant (Chan et al., 1997; Xu et al., 2002). Therefore, B
cells from Lyn-deficient mice are hyper-responsive to BCR stimulation in terms of
MAP kinase activation, calcium flux and proliferation. As a consequence, the Lyn-
deficient mice develop autoimmune disease similar to systemic lupus erythematosus
(SLE) as they age (Hibbs et al., 1995; Nishizumi et al., 1995).

BCR ligation also induces activation of phosphoinositide-3 kinase (PI3K) (Gold et al.,
1992), which is a key enzyme producing phospholipid second messengers and has an
important role in various signal transduction pathways (Fruman et al., 1998). PI3K
family members were classified into three groups according to their structure and
substrate specificity (Katso et al., 2001). Among them, class IA heterodimeric PI3Ks
consisting of a catalytic subunit (p110a, p110pB, p11038) and a regulatory subunit
(p85c., p85PB, p55y) are activated by tyrosine-kinase-associated receptors, including
antigen, co-stimulatory and cytokine receptors (Okkenhaug et al., 2003). PI3K
mutant mice deficient for the genes encoding p85c, the most abundantly and
ubiquitously expressed regulatory subunit of class IA PI3Ks, have been generated
(Terauchi et al., 1999; Suzuki et al., 1999; Fruman et al., 1999). The B cell
phenotype of these mice was more severe than that of T cells, probably due to an
alternative regulatory subunit other than p85a in T cells (Fruman et al., 1999). In the
absence of PI3K activity, primary B cells demonstrated a general immunodeficient

phenotype that resembled Xid mice (Suzuki et al., 1999; Fruman et al., 1999).
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The B cell phenotype in the absence of PI3K activity is opposite to that of Lyn -
deficient B cells, raising the possibility that there is some connection between these
two molecules. Indeed, several lines of evidence suggest that Lyn might negatively
regulate PI3K pathway. First, the activity of Akt, a molecule down-stream of PI3K,
was found to be elevated after BCR crosslinking in Lyn-deficient primary B cells (Li,
et al., 1999; Craxton et al., 1999). Second, tyrosine phosphorylation of p110, the
catalytic subunit of PI3K, was enhanced in a Lyn-deficient DT40 chicken B cell line
(Craxton et al., 1999). Third, PIP3, the product of PI3K, was increased in Lyn-
deficient mast cells (Parravicini et al., 2002). Here, we investigate the role of Lyn in
PI3K pathway in murine primary B cells. We find that the hyper-sensitivity of the
Lyn-deficient B cells to BCR ligation is dampened by loss of PI3K activity and
specific enzymatic activity of PI3K is elevated in Lyn-deficient primary B cells.
Furthermore, we find that the Src-family PTKSs other than Lyn are the factors causing

the elevated PI3K activity in the Lyn-deficient mice.

5.3: RESULTS

5.3.1: The hyper-responsive phenotype of Lyn-deficient primary B cell was
suppressed by PI3K inhibitors.

Mice deficient for lyn are predisposed to autoimmunity, which is accountable, in part,
by the in vitro biochemical findings that Lyn-deficient primary B cell have enhanced
Erk activation (Chan et al., 1997) and elevated calcium flux (Chan et al., 1998;
Cornall et al., 1998; Smith et al., 1998) in response to BCR ligation. However, the
molecular mechanisms that lead to the hyper-responsiveness of Lyn-deficient B cell
have not been fully elucidated. Since PI3K was recently reported to be critical for
BCR-induced Erk MAPK activation and intracellular calcium flux in B cells (Jacob et
al., 2002; Marshall et al., 2000; Jou et al., 2002), we employed a pharmaceutical
approach to investigate the possibility that lyn works through PI3K in B cells. After
treatment with wortmannin, a chemical compound that specifically inhibits PI3K
(Arcaro et al., 1993), primary B cells from both wild-type and Lyn -deficient mice
were stimulated with F(ab”)2 goat anti-IgM, lysed with detergent and
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Figure 5.1. The hyper-responsiveness of Lyn-deficient primary B cells after BCR

stimulation is corrected by Wortmannin

(@.). Splenic B cells from both wild-type and Lyn -deficient mice were treated with
either DMSO or 50nM wortmannin (Wtm) before being stimulated with 40 ug/ml
goat anti-mouse IgM. Whole cell lysates were probed with anti-phospho-Erk2 Abs.
The filter was stripped and re-probed with anti-Erk2. (b.). Splenic B cells from wild
type and Lyn-deficient mice were loaded with the calcium-sensitive dye indo-1, and
then treated with or without 50nM wortmannin.  After establishing baseline
fluorescence, BCR stimulation was initiated by addition of goat anti-lgM and the

resulting calcium flux monitored for 10 minutes.
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checked for activated/phosphorylated form of Erk by western blotting. Remarkably,
the BCR-induced hyper-phosphorylation of Erk in Lyn-deficient primary B cells was
reduced to the level of wild-type control by this PI3K inhibitor (Fig. 5.1A).
Likewise, wortmannin also inhibited the elevated intracellular calcium flux in
response to BCR crosslinking in Lyn -deficient primary B cells (Fig. 5.1 B). A
structurally different chemical LY294002 that also specifically inhibits PI3K activity
(Vlahos et al., 1994) was also used to treat the sample, and similar results were
obtained in the inhibition of Erk MAP kinase activation (Fig 5.2). Treatment of the
samples with these inhibitors did not cause cell death as the treated cells responded as
well as untreated samples to BCR crosslinking in term of total tyrosine
phosphorylation (Fig 5.2). While the PI3K inhibitors suppressed the phosphorylation
and activation of Erk MAP kinase, treatment of primary B cells with wortmannin
within the same concentration range did not affect the phosphorylation and activation
of another intracellular molecule, Vav (Fig 5.3). This indicates that the inhibitory role
of these drugs is restricted to the PISK/Erk pathway. Collectively, these results
indicate that PI3K activity is a critical factor associated with the hyper-responsiveness
of Lyn -deficient primary B cells. Since the phenotype of the Xid mouse containing a
point mutation in the Btk PH domain that disrupts binding to PIP3 is similar to that of
p85a- and p1103-deficient mice (Suzuki et al., 1999; Okkenhaug et al., 2002), the
possibility that Btk mediates the PI3K-dependent Erk activation was checked in
primary B cells from Xid mice. Surprisingly, the BCR-induced Erk activation in Btk-
mutated B cell is the same as that of wild-type control and is able to be suppressed by
a PI3K inhibitor (Fig 5.4), suggesting an existence of alternative PI3K effector(s) in
the Erk pathway.

5.3.2: PI3K kinase activity is enhanced in the lyn -deficient primary B cell

Inhibition of the hyper-sensitive phenotype of Lyn -deficient B cells by PI3K
inhibitors prompted us to think that Lyn might negatively regulate PI3K activation
and therefore, PI3K activity could be elevated in the absence of Lyn . To verify this
possibility, primary B cells from both wild-type and Lyn -deficient mice were left
either unstimulated, or stimulated with anti-IgM to activate PI3K inside the cell
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Figure 5.2. Wortmannin and LY294002 have the same inhibitory effect on Erk

activation but cause no cell death.

Splenic B cells from wild-type mice were treated with either wortmannin (Wtm) or
LY294002 (LY) at increasing concentration before being stimulated with 40 pg/ml
goat anti-mouse IgM. Whole cell lysates were probed with anti-phospho-Erk2 Abs
first. The filter was then stripped and re-probed with anti-Erk2, then stripped and
reprobed with anti-phosphotyrosine Abs.
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Figure 5.3. Wortmannin does not inhibit the phosphorylation/activation of Vav

Purified splenic B cells from wild type mice were treated with or without Wortmannin
at increasing concentration before being stimulated with the F(ab’)2 portion of anti-
IgM and lysed with detergent. Vav was immunoprecipitated and checked for its
tyrosine phosphorylation using the anti-phosphotyrosine Ab (4G10). The same filter
was subsequently stripped and reprobed with rabbit anti-Vav serum to show

approximately equal amount of Vav on the filter.
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Figure 5.4. PI3K-dependent Erk MAP activation does not require Btk.

Purified splenic B cells from Xid mice and wild type controls were pre-treated with
wortmannin at 50nM before being stimulated with goat-anti-IgM and lysed. Whole
cell lysates were resolved by SDS-PAGE and probed with Ab recognizing the
phosphorylated form of Erk. The filer was then stripped and reprobed with anti-Erk,
stripped again and reprobed with anti-phosphotyrosine Abs.
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Figure 5.5. In vitro PI3K activity is elevated in Lyn -deficient primary B cells
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(a.). Purified splenic B cells were incubated with anti-IgM Abs, lysed and the lysates

were immunoprecipitated with anti-p85 Ab.
incubated with phosphatidylinositol and [**P]JATP and separated by TLC.

Precipitated proteins were then
-32P

incorporated into PI3P was quantified using a phosphor imager. (b.). Signals derived

from Western blots were scanned over densitometry and the results from three

independent experiments are graphed as the relative mean (+SEM) quantities of 2P

incorporated into PI3P in all experiments. In each experiment, the kinase activities in

unstimulated wild-type B cells were defined as 100%.
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before lysis. PI3K was purified by immunoprecipitation using anti-p85 antibody.
After addition of phosphatidylinositol (PI), the optimal substrate for PI3K, the
enzymatic activity of PI3K was quantitated in vitro by the production of PIP3. In
wild type samples, 2 min after BCR crosslinking, PI3K activity displayed a slight
increase over the 0 min resting status, with a further increase observed 5 min post-
stimulation (Fig 5.5). In the Lyn-deficient mice, however, PI3K activity was
constitutively higher than that of wild type mice, and showed a further increase after 2
and 5 min BCR-stimulation (Fig. 5.5). These results provide, for the first time, direct

evidence that PI13K activity is elevated in primary B cells from Lyn -deficient mice.

5.3.3: PI3K pathway is hyper-active in absence of Lyn

Finding elevated PI3K activity in Lyn -deficient primary B cells predicts that the
PI3K pathway should be hyper-active in the absence of Lyn. In agreement with this
prediction, Akt, a molecule directly down-stream of PI3K, was reported to be hyper-
activated following BCR ligation in Lyn-deficient primary B cells (Li, et al., 1999;
Craxton et al., 1999). The hyper-active Akt in the absence of Lyn is further
supported here by data showing that BCR-induced Akt activation is reduced in B cells
from mice in which Lyn has been mutated to be constitutively active (gain-of-
function) (Harder et al., 2001) (Fig 5.6). Complete inhibition of Akt
phosphorylation/activation by Wortmannin in both wild-type and Lyn -deficient
primary B cells demonstrates the downstream identity of Akt in the PI3K pathway.
Compared with wild-type control, while Lyn loss-of-function enhanced Akt
activation in response to BCR ligation, the Lyn gain-of-function inhibited Akt

activation (Fig 5.6).

The hyper-activity of the PI3K pathway in the absence of Lyn should also lead to the
elevated activity of key regulatory molecules further down-stream of PI3K. NF kappa
B (NFxB) was recently reported to be a target of the PI3K pathway in mitogen-
induced B cell growth (Grumont et al., 2002). An index of NF«B activation is the
phosphorylation of the NF-kappa B-bound inhibitory protein 1xB, which is degraded
once phosphorylated, thereby liberating NF-xB to translocate to the nucleus (Karin

and Ben-Neriah, 2000). Therefore, the phosphorylation and degradation of IkBa in
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Figure 5.6. PI3K pathway is hyper-active in Lyn-deficient primary B cells--1.

(@) B cells purified from wild-type, Lyn -loss-of-function and Lyn -gain-of-function

(lyn"™) mice were pre-treated with or without wortmannin as indicated before being

stimulated with anti-IgM at optimal concentration. Whole cell lysates were probed
with antibodies against phospho-Akt. After being stripped, the filter was re-probed

with anti-Akt total protein as a loading control.
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Figure 5.7. PI3K pathway is hyper-active in Lyn-deficient primary B cells--2.

Purified splenic B cells from wild type mice were pre-treated with LY294002 at 25
uM before stimulation with anti-IgM at different time points as indicated (a), or
purified splenic B cells from both wild type and Lyn-deficient mice were stimulated
with anti-IgM for 5 min (b). Total cell lysates were probed with antibodies that
recognize the phosphorylated form of IkBa protein. The filters were subsequently
stripped and re-probed with either anti-tublin (a), or anti-actin (b) antibodies as
loading controls.
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response to BCR stimulation was checked in wild type primary B cells in the presence
and absence of PI3K inhibitor. In the LY294002 untreated samples, IxBa began to
be phosphorylated and degraded 5 min after BCR ligation and had disappeared by the
15 min time point. In the presence of LYZ294002, however, there was no
phosphorylation of IkBa at any time point tested and the protein level of IkBa also
remained constant, even after 15 min post BCR stimulation (Fig 5.7A), confirming a
requirement for PI3K in BCR-induced NFkB activation. This PI3K- dependent
signal, however, was found to be much stronger in Lyn -deficient B cells than B cells
in wild-type control B cells both before and after BCR ligation (Fig 5.7B), which
serves as another piece of evidence for the elevated activity of the PI3K pathway in

Lyn -deficient primary B cells.

The hyper-active PI3K pathway in the absence of Lyn was further proven by the
phosphorylation status of B Cell Adaptor for PI3K (BCAP) (Okada et al., 2000) in
Lyn -deficient primary B cells following BCR ligation. There are four PI3K binding
motifs (Y-x-x-M) in BCAP whose tyrosine phosphorylation is greatly increased
following BCR ligation (Okada et al., 2000). A BCAP-deficient DT40 B cell line
had impaired Akt phosphorylation (Okada et al., 2000; Inabe et al., 2002) while
BCAP-deficient primary B cells had reduced calcium mobilization, poor proliferative
responses and reduced NF-kappa B activation upon BCR crosslinking (YYamazaki et
al., 2002; Yamazaki et al., 2003), indicating an important role of this molecule in
PI3K pathway. To check BCAP phosphorylation in the absence of Lyn, BCAP was
immunoprecipitated from Lyn -deficient primary B cells after BCR crosslinking and
probed with 4G10. Out of the four isoforms of BCAP, the phosphorylation of BCAP
3/4 from Lyn -deficient primary B cells was found to be stronger than in the wild type
control sample at the 2 min time point in spite of less protein being present on the gel
(Fig 5.8). Collectively, these data demonstrate an elevated activity of PI3K pathway
in Lyn -deficient primary B cell.

5.3.4: Lyn inhibits PI3K mediated B cell proliferation
The biochemical pathways regulated by Lyn kinase should finally be represented in B
cell functions. One of the important functional consequences of BCR ligation during

the response to antigen is proliferation and differentiation into antibody forming

137



Chapter 5 Lyn down-regulates PI3K in primary B cells

[ppt: Lyn BCAP
Genotypes: Lyn+/+ Lyn-/-
Anti-IgM(min): 0 0O 2 5 0 5
97 - LR § 9 = BCAP3A
b < (' SRt | [E= BCAP12

66— . b1 AR

Anti-pY Blot

Anti-BCAP Blot

Figure 5.8. BCAP is hyper-phosphorylated in Lyn -deficient primary B cells

BCAP3/4
BCAP1/2

Purified splenic B cells from both wild-type and Lyn -deficient mice were stimulated

with F(ab’)2 anti-IgM before lysis and immunoprecipition of either BCAP, or Lyn as

antibody control. After resolution by SDS-PAGE, the proteins were transferred onto

a nitrocellulose membrane and probed with anti-phosphotyrosine Ab (upper panel).

The membrane was then stripped and re-probed with rabbit anti-BCAP serum (lower

panel).
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Figure 5.9. The hyper-proliferation of Lyn -deficient B cells is inhibited in a dose-
dependent manner by LY29004

Equal number of purified splenic B cells from wild-type and Lyn -deficient mice were

stimulated with 1 pg/ml anti-IgM in the presence of increasing concentrations of LY
294002 as indicated, cultured at 37° C for 40 hrs before being pulsed with [°H]
thymidine for an additional 6 hours. Incorporation of [°H] is used as a measure of
proliferation and is displayed as counts per minute (c.p.m.) for each sample. The
graphs represent the average of triplicate wells with s.d. indicated. One of three

experiments is shown.
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cells. B cells from Lyn -deficient mice hyper-proliferate in response to BCR ligation.
Therefore, proliferation of Lyn -deficient B cells was assessed to define the
involvement of PI3K in the hyper-proliferative attribute of Lyn -deficient B cells in
response to BCR stimulation. Due to the lower rate of degradation of LY294002 in
tissue culture conditions it was chosen over Wortmannin to incubate with primary B
cell from both wild type and Lyn -deficient mice in the absence and presence of BCR
crosslinking reagent. After the 40 hours incubation, *H-thymidine was added for the
last 6 hour. Incorporated radioactivity was measured as count per minute (c.p.m).
Noticeably, the B cell proliferation from both wild type and Lyn - deficient mice after
BCR ligation was suppressed by PI3K inhibitor in a dose-dependent manner,
confirming an essential role for PI3K in B cell proliferation (Suzuki et al., 1999;
Jacob et al., 2002). Furthermore, at a certain concentration of inhibitor (2 uM), the
hyper-proliferative property of Lyn -deficient primary B cells was corrected to be
equal to that of wild-type uninhibited level (Fig 5.9). This result suggests that PI13K is
a major contributor to the hyper-proliferation in Lyn -deficient B cells.  Since the
activation of Erk MAP kinase is reported to be necessary for mature splenic B cell
proliferation (Richard et al., 2001), a similar titration of PI3K inhibitor on Erk
phosphorylation/activation was performed on both wild type and Lyn -deficient
primary B cells. The inhibition of PI3K activity by wortmannin was monitored by
phosphorylation/activation of Akt. Consistent with the proliferation evidence, the
hyper-phosphorylated Erk signal from Lyn-deficient mice after BCR crosslinking was
inhibited by wortmannin in a dose-dependent manner as was Akt phosphorylation
(Fig 5.10). At a certain concentration of the drug (approximately 12nM), the
phosphorylation of Erk in Lyn -deficient samples was reduced to be equal to that in
wild-type untreated B cells (Fig 5.10).

5.3.5: Src family kinases are involved in PI3K activation in primary B cell

The dose-dependent effect of PI3K activity on the Lyn -deficient phenotype and the
elevated PI3K activity in the absence of Lyn strongly suggest that lyn inhibits the
activity of PI3K itself, not just its down-stream molecules, such as Akt. But what
causes PI3K activation in primary B cells? Since the SH3 domains of Lyn and Fyn
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Figure 5.10. Elevated Erk MAP kinase activation in Lyn -deficient primary B cells

after BCR ligation is inhibited by wortmannin in a dose-dependent manner

Splenic B cells from both wild-type and Lyn -deficient mice were treated with either
DMSO or increasing concentration of wortmannin before stimulation with 40 pg/ml
F(ab’)2 goat anti-mouse IgM. Whole cell lysates were probed with anti-phospho-Akt
and anti-phospho-Erk2 Abs. The filter was stripped and re-probed with anti-Erk2
(upper panel). Signals obtained from the Western blots were quantified by
densitometry and the relative phosphorylation of Erk over total Erk was plotted (lower
panel). Arrow indicates the concentration of drug required to inhibit the hyper-
phosphorylation of Erk from Lyn -deficient sample to be equal to that in wild-type

untreated sample.
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Figure 5.11. Src family kinases are involved in PI3K activation

(a.) Purified splenic B cells from wild type mice were treated either with 20uM pp3 or
pp2 at 37°C before stimulation with F(ab’)2 anti-IlgM for 2 min and then lysed. The
whole cell lysates were checked for phosphorylated forms of Akt and Erk, and then
the filter was stripped and re-probed with anti-Akt and anti-Erk Abs as loading
controls. (b.) Purified primary B cells from wild type and CD45-deficient mice were

stimulated and whole cell lysates were probed as in (a).
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were reported to activate the specific kinase activity of PI3K by five to seven-fold in

vitro (Pleiman et al., 1994), we used pp2, a specific SFK inhibitor (Hanke et al.,
1996), to check the requirement for SFK activity in PI3K activation in wild-type
primary B cells, using Akt phosphorylation as a readout. After BCR ligation, Akt
was phosphorylated in the samples treated with pp3, a control drug for pp2, but not in
samples treated with pp2, indicating a requirement of SFK activity in the activation of
PI3K. Additionally, Erk phosphorylation was also found to be greatly reduced in the
pp2 treated primary B cells, which agrees with the PI3K-dependence of Erk MAP
kinase activation (Fig 5.11A). Consistent with the pharmaceutical results, Akt
activation in response to BCR ligation was found to be abolished in primary B cells
from CD45-deficient mice, in which the phosphatase CD45, believed to be the SFK
activator (Yanagi et al., 1996), was absent. Furthermore, like pp2 treated samples,
Erk MAP Kkinase activation in response to BCR crosslinking at different time points

was not observed (Fig 5.11C).

5.3.6: Other Src PTKs contribute to the elevated PI3K activity in Lyn-deficient
primary B cells

Having shown that SFKs are responsible for PI3K activation in presence of Lyn , we
next asked if it was still the case when Lyn , the major SFK expressed in B cell, was
absent. In other words, are other SFKs involved in the elevated PI3K activity in Lyn -
deficient primary B cells? To answer this question, we treated primary B cells from
both wild-type and Lyn -deficient mice with increasing concentrations of pp2 before
BCR ligation and then examined Akt phosphorylation. In wild type mice, BCR-
induced Akt activation was brought down by pp2 in an apparently dose-dependent
manner, with significant reduction at 2 uM, and abolition at 10 uM pp2, confirming
the involvement of SFKs in PI3K activation in wild-type B cells. In the lyn -deficient
B cells, the hyper-activated Akt activity following BCR ligation was also successfully
suppressed by increasing concentration of the SFK inhibitor.  Although not
completely abolished at 10 uM, the level of induced phospho-Akt signal from Lyn -
deficient primary B cells disappeared at 20 uM concentration of pp2 (Fig 5.12).
Since the activation of SFKs precedes the activation of Syk by several minutes
following BCR ligation (Yamanashi et al., 1992; Burg et al., 1994) and Syk is
believed to require SFKs for full activation (Kurosaki et al., 1994),
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Figure 5.12. Other Src PTKs contributes to the elevated PI3K activity in Lyn-

deficient primary B cells.

Purified splenic B cells from both wild type and Lyn-deficient mice were treated
either with DMSO or pp2 at increasing concentrations before stimulation with F(ab’)2
anti-lgM, followed by lysis. Whole cell lysates were probed for the phosphorylated
form of Akt. The filters were subsequently stripped and probed with anti-Akt and

anti-phosphotyrosine antibodies.
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it was important to prove that the concentration of Src inhibitor used in our
experiment did not affect the activity of Syk. Because Syk is the critical protein
tyrosine kinase involved in phosphorylation of the majority of signalling molecules
inside B cells, if Syk activity had been inhibited in the pp2 treated samples, the
tyrosine phosphorylation of the whole cell lysates in response to BCR stimulation
would be greatly reduced, as was reported in the Syk-deficient A20 B cell line
(Yokozeki et al., 2003). We therefore examined total tyrosine phosphorylation of the
pp2 treated samples. With the increasing concentration of pp2 on both wild type and
Lyn -deficient primary B cells, the total tyrosine phosphorylation was reduced only
slightly (Fig 5.12), suggesting normal Syk activity in the drug-treated samples. The
fact that the hyper-phosphorylation of Akt in BCR stimulated lyn -deficient B cells
was suppressed by pp2 as it was in wild-type controls indicates that SFKs other than

Lyn are responsible for PI3K activation in Lyn-deficient primary B cells.

But what is the link between the SFKs and PI13K activation and how does Lyn inhibit
PI3K activity? The phosphorylation events catalysed by PTKs not only modulate the
catalytic activity of effector enzymes but also mediate protein—protein interactions
that juxtapose critical signal transduction elements. Since PI3K activity requires
PI3K to be recruited close to its substrate in the plasma membrane by membrane
bound proteins that contain the pY-x-x-M motif, SFK might affect PI3K activity via
tyrosine phosphorylation of these PI3K recruiting proteins. To investigate this
possibility, we stimulated primary B cells from wild-type mice, immunoprecipitated
the p85 subunit of PI3K and probed with anti-phosphotyrosine antibody to see if any
PI3K associated protein become phosphorylated in response to BCR ligation. In the
4G10 blot, we noticed a BCR-induced tyrosine phosphorylated band that migrated at
a position above 97kD in the p85 immunoprecipitates. The phosphorylation of this
protein increases 2 min following BCR crosslinking and declines at 5 min post-
stimulation (Fig 5.13A). According to its molecular weight it is not the p85 subunit
of PI3K (Fig 5.13A lower panel), nor is p110 catalytic subunit of PI3K (110kD).
Probing the same filter with anti-CD19 antibody proved that it is not CD19 either.
The BCR-induced tyrosine phosphorylation of this PI3K associated protein, however,
is inhibited by pp2 (Fig 5.13B), suggesting it is either a substrate of SFK or a
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Figure 5.13. The PI3K associated protein is the substrate of Srk PTKSs.

(a). Purified splenic B cells from wild-type mice were stimulated with F(ab”) anti-lgM
and lysed. p85 was immunoprecipitated and the tyrosine phosphorylated proteins that
associated with p85 (upper panel) were detected with anti-pY Ab. The filter were
subsequently stripped and re-probed with rabbit anti- p85 serum as a loading control
(lower panel). (b). Purified splenic B cells from wild-type mice were treated with pp2

at increasing concentration as indicated and then proceeded as in (a).
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Figure 5.14. A PI3K associated protein is hyper-phosphorylated in the absence of lyn
lyn *™* or Iyn 7

" splenic B cells were stimulated with anti-IgM for the time indicated
and then lysed. p85 was immunoprecipitated and tyrosine phosphorylated proteins
associated with p85 (upper panel) and immunoprecipitated p85 (lower panel) were
detected with anti-pY and p85 antibodies respectively. Fold induction is calculated

as relative signal over wild type unstimulated control after normalised for the amount
of p85 precipitated.
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molecule whose tyrosine phosphorylation is controlled by SFK. Consistent with the
elevated PI3K activity in Lyn -deficient primary B cells, the SFK-dependent tyrosine
phosphorylation of this protein(s) is also enhanced in Lyn -deficient B cells following
BCR ligation compared with that of wild-type control (Fig 5.14). Therefore it is
possible that Lyn down-regulates PI3K activity by either inhibiting other SFKs
activity or de-phosphorylating these PI3K-recruiting molecules via tyrosine

phosphatases.

5.4. DISCUSSION

In this study, we demonstrate the novel finding that the BCR hyper-sensitive
phenotype of primary B cells from Lyn -deficient mice is attenuated by removal of
PI3K activity, suggesting a negative regulatory role for Lyn in the PI3K pathway.
PI13Ks are a family of enzymes that regulate diverse biological functions in every cell
type by generating lipid second messengers (Vanhaesebroeck et al., 2001).  New
insights into the role of PI3Ks in lymphocyte biology have been derived from recent
gene-targeting studies, which reveal an important regulatory role for this lipid kinase
in adaptive immunity including cell growth, differentiation, survival, and
proliferation. Too little PI3K activity leads to immunodeficiency, whereas too much
activity leads to autoimmunity and leukaemia (Fruman et al., 1999; Suzuki et al.,
1999; Jou et al., 2002; Borlado et al., 2000). Given such an essential role for PI3K in
the immune system, it is not surprising to find that PI3Ks or their pathways are targets
of negative regulatory molecules such as Lyn in primary B cells.

Although the signalling cascades involving Ras, PI3K and PLC-y activated in
response to BCR ligation are generally described as independent of each other, cross-
talk between these pathways is essential for actual signalling transduction inside the
cells and PI3K seems to be dominant over the other two. For example, PI3K activity
was reported to be required for the activation of Rass/MAPK pathway in several cell
lineages including B cell (Von Willebrand et al., 1996; Lopez-llasaca et al., 1997,
Wennstrom et al., 1999; Jacob et al., 2002). Likewise, assembly of PH-domain

containing, membrane-associated signalling complex including PLC-y and tyrosine
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kinase Btk, which finally results in intracellular calcium flux, requires PIP3, the
product of PI3K (Vanhaesebroeck et al., 1997). A B cell adaptor molecules of 32
kDa (Bam32) has also been found to have a high affinity PIP3-binding PH domain
and seems to have a role in BCR-dependent calcium flux, although the mechanism by
which this occurs is unknown (Marshall et al., 2000; Niiro et al., 2002).  Consistent
with this biochemical evidence, the hallmark of the B cell phenotype from conditional
PI3K-deficient mice is reduced proliferation in response to mitogen stimulation
including BCR ligation (Suzuki et al., 1999; Fruman et al., 1999). Furthermore, the
proliferation of B cells was shown to be controlled by PI3K-dependent induction of

Rel/NF-kappB regulated c-myc transcription (Grumont et al., 2002).

Since PI3K activity is required in wild type primary B cells for the activation of Erk
MAPK, calcium flux and proliferation in response to BCR ligation, the inhibition of
these elevated properties in Lyn -deficient B cell by PI3K inhibitors could simply
reflect that PI3K is upstream of these pathways in which Lyn has an individual
inhibitory role.  However, we excluded this possibility by showing the dose-
dependent effect of PI3K inhibitors on dampening Erk activation and proliferation in
Lyn-deficient primary B cells in response to BCR ligation. In addition, direct in vitro
PI3K kinase activity assay in Lyn- deficient primary B cells further confirm the
inhibition of PI3K activity by Lyn in primary B cell.

In this study, we further demonstrated that SFK activity is required for the elevated
PI3K activity in Lyn deficient primary B cells as the elevated PI3K activity,
represented by the stronger Akt phosphorylation, in the Lyn -deficient primary B cells
could be suppressed by the SFK inhibitor pp2 in a dose-dependent manner. The
increasing concentration of pp2 used did not appear to affect Syk activity as total
tyrosine phosphorylation blots demonstrated extensive tyrosine phosphorylation in
response to BCR stimulation after the pp2 treatment. Consistent with our data, two
groups recently reported that BCR-mediated activation of PI3K and MAP kinase is
Syk-independent (Yokozeki et al., 2003), and SFK-dependent NF kappaB activation
in pro-B cell does not require Syk (Saijo et al., 2003). Therefore, our data suggest
that the mediators of this elevated PI3K activity in the absence of Lyn are the other

SFKs. Furthermore, SFK dependent phosphorylation of a PI3K associated protein
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was found to be enhanced following BCR ligation in the Lyn -deficient B cells,
suggesting a counter-balancing role for Lyn with the other SFKs in PI3K activation.
In agreement with this hypothesis, Fyn-mediated, PI3K-dependent mast cell
degranulation is reported to be elevated in the Lyn -deficient mice (Parravicini et al.,
2002).

What then are the mechanisms that underlie the inhibition of SFK activity by Lyn ?
The activity of SFKs can be regulated by phosphorylation of C terminal Tyr527 by
Csk, which mediates an intramolecular association with the SH2 domain of the same
kinase, and therefore leads to repressed kinase activity (Cooper and Howell 1993).
Data that are emerging from several laboratories indicate that the newly identified
membrane adaptor molecule that has affinity for lipid rafts, PAG/cbp (phosphoprotein
associated with glycosphingolipid-enriched microdomains/Csk binding protein),
might regulate Csk subcellular localization (Kawabuchi, et al., 2000; Brdicka et al.,
2000). PAG/chp is expressed in mast cells, T cells and B cells (Kurosaki et al., 2002)
and once phosphorylated in mast cells and T cells, has been shown to recruit Csk from
the cytoplasm to the lipid rafts for termination of SFK activity (Ohtake et a., 2002;
Davidson et al., 2003). The protein tyrosine kinase responsible for PAG/cbp
phosphorylation in B cells might be Lyn because Lyn is the predominant Src PTK in
B cells (Yamanashi et al., 1989; Yamanashi et al., 1991) and located in the lipid raft
(Casey et al., 1995; Cheng et al., 1999). Thus, Lyn that is activated following BCR
ligation could initiate a negative - feedback regulatory loop to control SFKs activity -
including its own-by phosphorylating PAG. In the absence of Lyn, this negative
regulatory loop would be lost or diminished and dysregulated SFK activity could

occur.

Another mechanism by which Lyn could inhibit the activation of other SFKSs is via
the SH2 domain-containing protein tyrosine phosphatase SHP-1, which links the
already established mechanism of negative regulation by Lyn (Chan et al., 1997;
Chan et al., 1998; Smith et al., 1998; Hibbs et al., 2002) to our present findings. For
SHP-1 activation, its tandem SH2 domains need to be associated with a tyrosine-
phosphorylated peptide (Pei et al., 1994). Upon BCR ligation, SHP-1 is recruited to
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Figure 5.15. Proposed model for inhibition of PI3K activation by Lyn in the context

of BCR signalling.

(1) PI3K is rapidly activated after BCR cross-linking via adaptor molecules for
membrane recruitment and then via SFKs for the lipid kinase activation. (2)
Activated PI3K produce PIP3 to attract and activate PH-domain containing
molecules, (3) leading to MAP kinase and calcium activation. The up-stream
inhibition of PI3K by Lyn potentially involves both de-phosphorylation of PI3K
adaptor molecules and down-regulation of Src PTKs activation. The mechanisms
could be through adaptor molecules such as PAG, tyrosine phosphatases like SHP-1
or the ubiquitin ligase Chl.
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the plasma membrane via binding to phosphorylated tyrosine residues within
Immunoreceptor Tyrosine-based Inhibitory Motifs (ITIMs) of several B cell surface
molecules such as CD22, FcyRIIb, and CD72. This recruitment of SHP-1 requires
Lyn as tyrosine phosphorylation within the ITIMs of these surface molecules depends
on the presence of Lyn . In line with the positive role of Lyn in activation of SHP-1,
SHP-1 phosphorylation in response to BCR crosslinking was found to be reduced in
Lyn loss-of-function mice (Nishizumi et al., 1998; Hibbs et al., 2002) and enhanced
in Lyn gain-of-function mice (Hibbs et al., 2002). Conversely, activated SHP-1 was
found to deactivate Src family Lyn , as cyanogen bromide cleavage data revealed that
SHP-1 de-phosphorylates the Lyn auto-phosphorylation site (Somani et al., 2001).
Given the sequence homology among the Src family PTKSs in the autophosphorylation
site, this role of SHP-1 in dephosphorylating/deactivating Lyn could equally well be
extended to other Src PTKs. Therefore, in the wild-type situation, Lyn seems to be
involved in activating SHP-1, which in turn terminates the activity of whole Src PTKs
including Lyn itself. In the absence of Lyn , however, the activation of SHP-1 is

diminished, which then causes the hyper-active state of other SFKs in B cells.

Apart from PAG/cbp and PTP, the other candidate molecule that Lyn may work on to
inhibit SFK activation is Syk.  Lyn was reported to be responsible for the
phosphorylation of inhibitory Tyr-317 within the linker region of Syk, which recruits
Cbl to dampen the calcium signal in DT40 B cells (Hong et al., 2002). The Cbl
family of proteins contain substrate recognition domains that interact specifically with
the SH3 domain of SFKs (Tsygankov et al., 2001) and therefore, targets activated Src
kinases for degradation thus attenuating receptor signalling (Rao et al., 2002). Along
this line, the Lyn protein expression level from primary B cells, in which Lyn was
genetically manipulated to be constitutively active, was much less than that of wild
type control (Hibbs et al., 2002). Furthermore, several groups have demonstrated
recently that Cbl polyubiquitinates activated pools of Fyn, Lck and Src, leading to
their proteasomal degradation (Yokouchi et al., 2001; Rao et al., 2002). Moreover,
Chbl-deficient cells showed reduced levels of Fyn and Lck ubiquitination, indicating

an important role for endogenous Cbl in regulating SFK turnover (Rao et al., 2002).

Given such an important role of Chl in down-regulating SFK activity, it would then
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be possible that reduced degradation of SFKs by low recruitment of Cbl in absence of

Lyn causes the elevated PI3K activity.

In spite of the several mechanisms that could lead to the enhanced activity of SFKs in
the absence of Lyn , our data demonstrate convincingly a negative regulatory role of
Lyn in PI3K activation. Lyn could have achieved this effect by any of the above-
mentioned mechanisms in primary B cells, acting alone or in combination.  Our
proposed model is that in resting B cells, signalling molecules are sporadically
distributed in the plasma and cell membrane compartments. Co-ligation of oligomic
BCR by antigen activates SFKs, which initiates BCR signal traduction via activating
PI3K in addition to phosphorylating Igoa/B. Activated PI3K produces the lipid
product PIP3 to recruit PH domain-containing molecules such as PLC-y, Btk, Vav,
and Akt, to the plasma membrane. Recruitment of these positive molecules to the
plasma membrane brings them in to close proximity of the lipid rafts where many
signal activating enzymes reside.  Once activated, these molecules then catalyse
reaction cascades in the PLC-y pathway, the RassMAPK pathway, and the Akt
pathway, which will finally lead to the activation of such transcription factors as NF-
kappaB and NFAT. At the same time as antigen initiates BCR signalling, it also
starts negative feed-back machinery inside the cell, presumably to counter-balance the
positive signalling promoted. = Work presented in this chapter and previously
published data indicate that the task of this negative regulatory role in BCR signalling
is mainly Lyn ’s. After activation together with other SFKs by BCR ligation, Lyn
could phosphorylate ITIM containing surface molecules to recruit SHP-1 close to
membrane-located SFKs for down-regulation of their activities. In addition, Lyn
might phosphorylate the membrane adaptor protein PAG/cbp, which then recruits Csk
to lipid rafts for de-activation of SFKs. Finally Lyn might phosphorylate a particular
tyrosine in Syk to recruit Chl for the degradation of already activated SFKs. Exactly
which mechanism is involved in the down-regulation of the various signalling
pathway following BCR ligation remains to be clarified, but it is clear that Lyn can
participate in all. We are currently investigating these mechanisms within primary B

cells.
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CHAPTER 6: GENERAL DICSUSSION

6.1: INTRODUCTION

The intracellular signalling cascades triggered by the B-cell antigen receptor (BCR)
determine the fate of B lymphocyte during both development and immune responses.
Depending upon whether suitable signals are obtained from other cell types in
different contexts, ligation of the BCR by antigen can have different outcomes
including proliferation, differentiation, functional inactivation and apoptosis (Nossal,
1983; Healy and Goodnow, 1998). Such BCR signalling, however, is balanced or
fine tuned by surface molecules that perceive the situation under which the B cell
contacts antigen as well as intracellular enzymes that control the signal transduction
cascades. For example, tyrosine phosphorylation of CD19 cytoplasmic tail, caused
by binding of complement-coated antigen to BCR, recruits and activates the lipid
kinase PI3K and the effector molecule Vav, both of which enhance BCR signalling
(Tuveson et al., 1993; Weng et al., 1994). Co-ligation of Fcy receptor 11B with BCR
on the B cell via the Fc portion of 1gG bound to antigen in the later stages of an
immune response causes tyrosine phosphorylation of the cytoplasmic domain of Fcy
receptor 11B, which then recruits and activates the inositol phosphatase SHIP to
terminate the antigenic response (Ono et al., 1996; Kiener et al., 1997). Altering the
balanced of BCR signalling could lead to either immunodeficiency or autoimmunity.
In this thesis, the roles of Lyn, a non-receptor protein tyrosine kinase (PTK) of the Src
family, in the regulation of both positive and negative BCR signalling pathways were

investigated and novel mechanisms were proposed.
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6.2: DISCUSSION
6.2.1: The Role of Lyn in Positive Regulation of BCR Signalling

Lyn is the predominant Src PTK expressed in B cells and has been implicated by a
variety of biochemical experiments to be involved in BCR signal propagation. Lyn
associates with IgM and IgD complexes (Yamanashi et al., 1991) and is rapidly
phosphorylated and activated upon BCR cross-linking (Burkhardt et al., 1991).
Furthermore, the activation of Lyn correlates with the tyrosine phosphorylation of
Igo/B (Saouaf et al., 1994). In addition, Lyn interacts with and phosphorylates
tyrosine residues in a number of intracellular signalling effector molecules in BCR
pathway such as Syk kinase (Kurosaki et al., 1994; Sidorenko at al., 1995), HS1
protein (Yamanashi et al., 1993; Yamanashi et al., 1997) and the Cbl protooncogene
product (Tezuka et al., 1996) following BCR ligation. The positive function of Lyn
in BCR was first demonstrated in a Lyn-deficient variant of the chicken B cell line
DT40, which exhibited delayed calcium influx following BCR ligation (Takata et al.,
1994), indicating a requirement for Lyn in promoting BCR-induced calcium
mobilization.  Consistent with these cell line data, Lyn-deficient mice that were
generated later also demonstrated a hypo-proliferation phenotype in primary B cell
following BCR ligation (Hibbs, et al., 1995; Nishizumi et al, 1995). A positive role
for Lyn in BCR-induced signal transduction is further supported by the development
of autoimmune disease in the recently generated gain-of-function Lyn mutant mice
(Harder et al., 2001; Hibbs et al., 2002). Consistent with the positive role of Lyn in
initiating BCR , delay is observed in tyrosine phosphorylation of total cellular

proteins following BCR ligation in the absence of Lyn (Chan et al., 1997; Fig 3.1).

While the promotional effect of Lyn on BCR signalling was obvious in these studies,
the question of whether this activity was unique to Lyn remained unanswered,
because there are deficiencies in the approaches used above. For example, Lyn is the
only Src family PTK expressed in the DT40 cell line, Lyn-deficient mice develop
autoimmune disease as they age and in the Lyn gain-of-function mice, Lyn is active in
resting cells when the protein kinases are supposed to remain in a quiescent state,
which might result in different signalling mechanism from that in activated cells. It
was later found that Lyn-deficient DT40 chicken B cells that express other Src-family
kinase members had BCR signalling reconstituted (Takata et al., 1994); that BCR

155



Chapter 6 General Discussion

stimulation of Lyn-deficient B cell from mouse spleen at sub-optimal concentrations
led to enhanced proliferation (Wang et al., 1996; Chan et al., 1997); and that the Lyn
gain-of-function primary B cell also displayed enhanced phosphorylation of negative
regulatory molecules such as CD22 and SHP-1 (Hibbs et al., 2002). Collectively,
these data suggest that the role of Lyn in amplifying BCR is conditional and
replaceable. In the absence of Lyn, the tyrosine phosphorylation of Iga/p in the BCR
complex, which is an important event in recruiting and activating the critical
molecule Syk, could still be achieved (Chan et al., 1997; Cornall et al., 1998).

Besides the BCR complex, Lyn was also reported to physically associate with CD19 (
van Noesel et al., 1993), making it possible that the positive mechanisms of Lyn in
regulating BCR could be achieved by phosphorylating CD19, a BCR co-stimulatory
molecule. Indeed, Tedder’s group has recently reported that tyrosine
phosphorylation of CD19 is abolished in Lyn-deficient primary B cell (Fujimoto et
al.,, 2000). There are nine conserved tyrosine residues in the ~240-amino acid
cytoplasmic region of CD19 (Tedder et al., 1989), which mediates most of the
functions of CD19 except the induction of homotypic cellular aggregation
(Matsumoto et al., 1993). If Lyn is the only PTK that phosphorylates CD19, the
phenotype of Lyn-deficient primary B cells should overlap to same extent with that of
CD19-deficient B cell. Rather the two are obviously and almost diametrically
different (Hibbs et al., 1995; Nishizumi et al., 1995; Richert et al., 1995; Engel et al.,
1995). Furthermore, the phenotype of Lyn- and CD19- double deficient primary B
cell should look like that of Lyn- deficient primary B cell rather than that of CD19-
deficiency in that the double mutation suppressed the hyper-responsiveness and
development of autoimmunity characteristic of Lyn-deficient mice (Hasegawa et al.,
2001).

For these reasons, the role of Lyn in phosphorylation of CD19 was re-examined. Lyn
was found to be weakly associated with CD19 since it required the use of mild
detergent. Furthermore, the weak association of Lyn with CD19 is constitutive and
the BCR-induced phosphorylation of CD19 did not cause “processive binding” of Lyn
to CD19 as was proposed by Tedder’s group (Fujimoto et al., 2000). However,
constitutively active Lyn did result in CD19 phosphorylation in resting B cells and

this constitutive phosphorylation was increased following BCR ligation, suggesting
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that Lyn phosphorylates CD19 when it is active. It is interesting to speculate that the
constitutive phosphorylation of CD19 in Lyn gain-of-function mice may be part of the
biochemical basis for the autoimmunity observed in such mice (Hibbs et al., 2002).
However, BCR-induced CD19 phosphorylation was not affected by loss of Lyn. In
agreement with its phosphorylation, the functions of CD19 in recruiting PI3K,
elevating calcium flux, and increasing MAP kinase activity also turned out to be intact
in the absence of Lyn (Chapter 4). Collectively, these data suggested that the role of
Lyn in phophorylating CD19, like that in phosphoprylation of ITAM-containing

molecules Iga/p in the BCR complex, is redundant.

6.2.2: The Positive Roles of CD19 in BCR Signalling

CD19 is an essential co-receptor for the BCR and co-ligation of the BCR with CD19
reduced the degree of ligation of the BCR required for full B cell activation (Cater
and Fearon, 1992). In CD19-deficient mice, peritoneal B-1 lineage cells are greatly
reduced (Richert et al., 1995; Engel et al., 1995). CD19 deficiency was also reported
to result in the severe reduction of serum Ig levels and diminished T-dependent
immune response (Sato et al., 1996; Sato et al., 1997). Biochemically, the nine
conserved tyrosine residues (Tedder et al., 1989) in the 240-amino acid cytoplasmic
region of CD19 become rapidly phosphorylated following BCR ligation to generate
functionally active SH2-recognition domains that mediate the recruitment of
regulatory molecules to the plasma membrane such as Vav and PI3K (Tuveson et al.,
1993) for the generation of inositol-1,4,5-trisphosphate and elevation of intracellular
calcium concentration (O’Rourke et al., 1998). Ligation of CD19 or co-ligation of the
BCR and CD19 also results in activation of three mitogen-activated protein kinases,
Erk2, JNK and p38 (Weng et al., 1994; Tooze et al., 1997; Li and Carter, 1998;
O’Rourke et al., 1998). Recently BCR-induced tyrosine phosphorylation of Iga and
Lyn but not Syk was found to be greatly compromised in CD19-deficient primary B
cells while phosphorylation of Igp and Fyn was abolished (Fujimoto et al., 1999a),
suggesting a reduced activity of Src family PTK in the absence of CD19. A novel
role of CD19 in the amplification of Src PTK Lyn activity following BCR ligation

was proposed (Fujimoto et al., 1999a; Fujimoto et al., 2000). However, since the role
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of Lyn in initiating BCR signalling is known to be redundant (Chan et al., 1997;
Cornall et al., 1998) while its role in negative signalling pathways is unique (Wang et
al., 1996; Chan et al., 1997; Chan et al., 1998; Cornall et al., 1998; Smith et al., 1998),
it seems paradoxical that CD19 can promote BCR signalling via amplifying Lyn.
Contrary to the published report, we found that the unique functions of Lyn in
dampening BCR via CD22 and FcyRIIB were independent of CD19 and the activity
of Lyn is normal in the CD19-deficient B cells both before and after BCR ligation
(Chapter 4).  Although it remains possible that CD19 amplifies other Src family
PTKSs to phosphorylate Iga/p for the propagation of BCR signalling, we conclude that
CD19 has no effect on the functions of Lyn after BCR ligation. The roles of Lyn and
CD19 appear therefore to be independent and opposing, one being primarily

inhibitory and the other stimulatory.

6.2.3: Negative Regulation of BCR Signalling by Lyn

Since the generation of Lyn-deficient mice and their subsequent development of
autoimmune disease (Hibbs et al., 1995; Nishizumi et al., 1995), accumulating
evidence has indicated a negative role for Lyn in regulating BCR signalling.
Although Lyn-deficient mice have a reduced number of B cells, this deficiency is
mainly confined to mature recirculating population and is probably caused by the
accelerated differentiation of B cells into antibody forming cell (Chan et al., 1998)
rather than a developmental block. In vitro experiments showed that besides hyper-
proliferation in response to BCR cross-linking at lower concentration (Wang et al.,
1996; Chan et al., 1997), Lyn-deficient primary B cells also showed elevated MAP
kinase activation (Chan et al., 1997; Chan et al., 1998) and enhanced calcium flux
(Chan et al., 1998; 1998; Cornall et al, 1998 Nishizumi et al., Smith et al., 1998).
The mechanisms proposed so far to explain the hyper-sensitive phenotype of Lyn-
deficient B cells, however, are limited to the defective phosphorylation of CD22
(Chan et al., 1998; Cornall et al., 1998; Nishizumi et al., 1998; Smith et al., 1998),
CD72 (Adachi et al., 1998) and PIR-B (Ho et al., 1999) with the subsequent failure to
recruit the tyrosine phosphatase SHP-1 and the reduced phosphorylation of FcyRIIB
(Chan et al., 1998; Nishizumi et al., 1998) and its subsequent inability to recruit the
phospholipidase SHIP (Sarmay et al., 1997; Chan et al., 1998; Nishizumi et al., 1998).
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Apart from protein-protein interactions, lipid-protein interactions also play an
important role in receptor-induced signalling. The recently generated conditional
mutant mice for PI3K demonstrated the indispensability of this lipid kinase in BCR-
induced proliferation, intracellular calcium flux and Erk MAPK activation (Suzuki et
al., 1999; Marshall et al., 2000; Jacob et al., 2002; Jou et al., 2002).  Given the
opposite phenotype of Lyn-deficient mice to that of PI3K-mutant mice, it was always
a possibility that the negative regulatory role of Lyn in BCR signalling could include
PI3K. Using pharmaceutical inhibitors, we found that the hyper-sensitive phenotype
of Lyn-deficient primary B cells in response to BCR ligation, such as Erk MAP
kinase activation, calcium elevation and hyper-proliferation, were attenuated by
removal of PI3K activity. Furthermore, the specific kinase activity of PI3K from
primary B cells was found to be higher both before and after BCR-stimulation,
confirming the inhibition of Lyn on PI3K activity. In a search for the factors that
cause the activation of PI3K in primary B cells, we found that the remaining Src
family PTKs (SFKs) were required for the elevated PI3K activation in absence of
Lyn. Consistent with this, the BCR-induced tyrosine phosphorylation of a PI3K-
associated protein was inhibitable by pp2 (an SFK inhibitor), defining it as being
down stream of SFK. Furthermore, SFK dependent phosphorylation of this PI3K
associated protein was enhanced following BCR ligation in Lyn-deficient B cells,
suggesting a counter-balancing role for Lyn with the other SFKs in PI3K activation
(Chapter 5).

The activity of SFKs is regulated by the phosphorylation status of their C-terminal
Tyr527, which is phosphorylated by c-Src tyrosine kinase (CSK) for kinase repression
(Cooper et al., 1993; Hata et al., 1994), and dephosphorylated by the receptor tyrosine
phosphatase CD45 for kinase activation (Yanagi et al., 1996). A newly identified
adaptor that has affinity for lipid rafts, known as phosphorprotein associated with
GEMs (PAG) [also called Csk-binding protine (cbp)] is believed to recruit the
cytoplasmic Csk to the lipid rafts where SFKs reside (Simons and Ikonen 1997;
Cheng et al., 1999), facilitating the suppression of SFKs (Kawabuchi et al., 2000;
Brdicka et al., 2000). Since Lyn is the predominant SFKs expressed in the lipid rafts
of B cells, it could very likely be that Lyn has a feed-back inhibition on the activity of
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all SFKs including itself by phophorylation of the Csk recruiting molecule, PAG/cbp.
This hypothesis is currently under investigation.

6.3: CONCLUSION

Lyn protein tyrosine kinase is the predominantly expressed Src family member in B
lymphocytes and has both positive and negative regulatory roles in BCR-induced
signal transduction.  Accumulating evidence, however, indicates that the positive
functions of Lyn following BCR ligation are redundant, which is reflected not only in
phosphorylation and initiation of traditional BCR  pathways, but also in
phosphorylation and initiation of the pathway from CD19, a B cell co-stimulatory
molecule that helps reduce the threshold for BCR stimulation.  The irreplaceable
functions of Lyn in primary B cell are to set negative feed-back control of the
signalling cascades following BCR ligation by phosphorylating ITIM containing
surface molecules that recruit and activate phosphatases. Besides, the data present in
this thesis indicate that it is also possible that Lyn uniquely phosphorylates an adaptor
molecule in lipid rafts to recruit Csk for suppression of other Src family PTK activity ,
which is necessary for PI3K activity in primary B cells . In this thesis we show for
the first time dysregulated PI3K activity in Lyn-deficient B cells and present evidence
to show that the biochemical consequences of Lyn deficiency in B cell all appear to
depend on the dysregulation of PI3K.

Despite the progress described here, fully elucidating the mechanisms of Lyn activity
in B cells requires additional work. An important challenge in the future is to verify
the in vitro findings reported here in in vivo models. These studies may well
contribute not only to the knowledge of B cell biology but also to the development of
pharmaceutical reagents for better management of human autoimmune diseases,
which may have dysregulated Lyn as a contributing or causative factor (Liossis et al.,
2001).
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