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Abstract

Multiple receptors on the surface of B cells are involved in the regulation of B cell
development, trafficking and activation. The chemokine SDF-1 and its receptor CXCR4
mediate the retention of B cell progenitors in the bone marrow during development while the
trafficking of mature B cells into and within secondary lymphoid organs, where they
encounter antigen, is mediated by SDF-1 as well as the chemokines SLC, E L C , and B L C . B
cells recognize antigen through their B cell antigen receptor (BCR). Depending on the nature
of this antigen and whether co-stimulatory signals are also received, antigen recognition may
lead to B cell activation, anergy, or apoptosis. Both chemokine and antigen signals activate
integrins, adhesion receptors on the surface of B cells. Integrins are normally in an inactive,
non-adherent state, but signalling initiated by antigen or chemokines can rapidly convert
them to an activated, adhesion-competent state. Integrin-mediated adhesion is important for
B cell development, trafficking and activation. Chemokine receptors and the BCR mediate
their effects through the activation of multiple signalling pathways in B cells. Both of these
receptors activate low molecular weight GTPases belonging to the Ras superfamily.
GTPases act as molecular switches, cycling between an inactive GDP-bound form and an
active GTP-bound form. In this thesis, I have investigated the activation and function of the
Rap GTPases in B cells. I have shown that Rap is activated downstream of BCR and
CXCR4 engagement in B cells, and that this activation occurs through a phospholipase C and diacylglycerol-dependent pathway. Rap was first identified by its ability to reverse the
transformation of cells by activated forms of Ras, and active, GTP-bound Rap can bind Ras
effectors, but cannot activate them. Thus, it was originally hypothesized that Rap would act
as a negative regulator of Ras-mediated signalling by binding and sequestering Ras effectors,
ii

such as Raf-1, an upstream activator of the ERK1 and ERK2 mitogen-activated protein
kinases. However, I found that in B cells Rap does not regulate Ras signalling to ERK.
Instead, I found that Rap regulates the ability of B cells to migrate towards the chemokine
SDF-1. Lymphocyte migration requires cycles of integrin-mediated adhesion at the leading
edge of the cell and deadhesion at the rear of the cell. Rap may regulate B cell migration
through its ability to promote the activation of integrins on B cells, and subsequent integrinmediated adhesion. I found that Rap activation following BCR engagement or binding of
SDF-1 is necessary for integrin activation and cell adhesion. Rap activation also regulates
cell spreading and actin polymerization, processes that may be important for cell migration
and cell adhesion. In summary, I have identified the Rap GTPases as targets of the BCR and
the receptor for SDF-1, CXCR4. Activation of the Rap GTPases in B cells appears to be
important for B cells to migrate to chemokines and for integrin-mediated B cell adhesion.
Since chemokine-directed migration and integrin-mediated adhesion are important for B cell
development, trafficking and activation, Rap may play a role at multiple stages in the life of a
B cell.
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Chapter 1
Introduction

1.0 The role of B cells during an immune response
The primary function of the B and T lymphocytes of the immune system is to
recognize and destroy invading microorganisms such as pathogenic bacteria and viruses.
Lymphocytes detect the presence of such invaders by means of cell surface receptors that
recognize antigens, small portions of protein or carbohydrate that are unique to the
microorganism, but not present on the cells and tissues of one's own body. Each lymphocyte
circulating in the bloodstream bears antigen receptors of only a single specificity, generated
by random gene rearrangement. Since the receptor specificity of each lymphocyte is
different, the millions of lymphocytes in the body collectively carry billions of different
antigen receptor specificities.
The major function of B lymphocytes is to produce antibodies. Antibodies participate
in immune defense by binding and neutralizing pathogens or toxins, thereby blocking their
access to cells and targeting them for uptake by phagocytes. Antibodies are also involved in
the activation of a system of blood proteins known as complement. The complement system
can directly kill certain bacteria in addition to targeting pathogens for phagocytosis. People
who do not produce B cells and therefore cannot mount an antibody response, such as those
with Bruton's X-linked agammaglobulinemia, fail to control infections by certain bacteria
and have increased susceptibility to certain viruses (1). Excessive or inappropriate
production of antibodies by B cells can also contribute to pathological conditions, for
example when antibodies target autoantigens located on the body's own cells, causing tissue
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damage, as is the case in autoimmune diseases such as systemic lupus erythematosus and
myasthenia gravis (2). Therefore, understanding how B cells develop, become activated, and
differentiate into antibody-producing plasma cells is important for understanding how the
immune response functions in both health and disease.
In order for resting B cells to differentiate into antibody-secreting plasma cells, they
must detect the presence of a pathogen using their B cell antigen receptor (BCR). The BCR
consists of a membrane-bound form of an antibody, which carries out antigen recognition,
and a signalling subunit that consists of the transmembrane accessory proteins Igcc and Ig(3.
Iga and Ig(3 translate antigen binding into intracellular signals that promote B-cell activation
(Fig. 1.1)(3). In addition to activating B cells that recognize pathogen-associated antigens,
BCR signalling also regulates B cell development, survival and the elimination of B cells that
recognize self antigens.

1.1 B cell development
B cell development occurs in the bone marrow and is marked by successive steps of
rearrangement and expression of the Ig genes (4). First, at the pre-B cell stage the B cell
must rearrange its Ig heavy chain genes successfully and express a pre-BCR consisting of the
immunoglobulin pi heavy chain, the Vpre-B and X5 surrogate light chains and the Igcc/IgP
signalling heterodimer. Signalling through this pre-BCR delivers both survival and
differentiation signals (5). As this pre-B cell differentiates into an immature B cell, it
rearranges its Ig light chain genes and expresses a BCR consisting of the pi heavy chain, a K
or X light chain and Iga/Ig(3. Immature B cells that recognize self antigens that initiate a
strong BCR signal undergo apoptosis (6, 7). This negative selection eliminates "self-
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iga/lgp

heterodimer

Figure 1.1. Structure of the B C R . The BCR is composed of the membrane-bound
immunoglobulin (mlg) and the non-covalently linked Iga and Ig|3 heterodimer. The mlg
consists of four polypeptides, two identical heavy chains (dark blue) and two identical
light chains (purple) that are joined by disulfide bonds. Antigen binds to the variable
regions of both the heavy and light chains (light blue and pink, respectively). The
Iga/IgP heterodimer (dark and light green), which are also joined by disulfide bonds, is
the signalling subunit of the BCR, and contains the ITAM (red) that is tyrosine
phosphorylated upon antigen binding and recruits tyrosine kinases.
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reactive" B cells that could potentially promote the development of antibody-mediated
autoimmune diseases.
These developmental steps are governed by cell autonomous patterns of gene
expression as well as cues from bone marrow stromal cells that include cell adhesion,
chemokines, and cytokines. The chemokine SDF-1 and the cytokine IL-7, both produced by
bone marrow stromal cells, are essential for the development of B cell progenitors, while the
adhesion of B cell progenitors to the stromal cells via the integrin V L A - 4 is thought to
provide important survival signals (8-11). B cells that escape negative selection and develop
into immature B cells leave the bone marrow and become quiescent mature B cells that
circulate in the blood. Circulating B cells move through the secondary lymphoid organs,
which include the spleen, lymph nodes and Peyer's patches, by entering via high endothelial
venules and then moving into T cell zones where antigens are trapped (12). As B cells pass
through the T cell zone they scan for the presence of the antigens for which they are specific.
Naive B cells, as well as B cells that do encounter antigens in the T cell zones, migrate into
the lymphoid follicles, or B cell zone, where they receive additional survival signals from
follicular dendritic cells (13). In contrast, B cells that have bound self-antigen in the
periphery fail to enter the lymphoid follicles and are thus negatively selected (13).
Chemokines direct the trafficking of B cells into and within secondary lymphoid
organs (12). More than 50 chemokines and 18 chemokine receptors have been identified in
humans (14). The chemokines are divided into C, C C , C X C , and C X 3 C subfamilies, based
on N-terminal cysteine motifs. More recently, they have been subdivided into inflammatory
(inducible) chemokines and homeostatic (constitutive, housekeeping or lymphoid)
chemokines (14). Inflammatory chemokines specialize in the recruitment of effector cells to
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sites of inflammation. The homeostatic chemokines are produced in distinct
microenvironments within lymphoid tissues and are involved in the positioning of
lymphocyte progenitors during hematopoiesis and in immune surveillance, which involves
the trafficking of lymphocytes through the circulation and the secondary lymphoid tissues.
Cell migration along a chemokine gradient involves sensing differences in chemokine
concentrations and establishing cell polarity (15). This is followed by directional cell
movement, which depends on cytoskeletal rearrangements as well as adhesive interactions
with the extracellular matrix. The entrance of lymphocytes into lymphoid organs involves
chemokines that are presented on the surface of endothelial cells binding to chemokine
receptors on leukocytes (16). This triggers integrin activation and firm adhesion of the
lymphocyte to the endothelium, a prerequisite for extravasation of the lymphocyte into the
lymphoid organ. Recent evidence has shown that the chemokines S L C and SDF-1, which
bind the CCR7 and CXCR4 receptors, respectively, coordinate B cell recruitment into the
secondary lymphoid organs, while the chemokine B L C , which binds CXCR5, directs B cells
into lymphoid follicles (Fig. 1.2) (17, 18).

'

1.2 B cell activation
If a mature B cell binds its specific antigen through its BCR in a secondary lymphoid
organ, it will arrest in the outer T-cell zone where it receives co-stimulatory signals from a
helper T cell (19). The major co-stimulatory signals produced by helper T cells are the CD40
ligand (CD40L), which engages CD40 on B cells, and various secreted cytokines, primarily
IL-4 (3). B cells that fail to receive co-stimulatory signals undergo apoptosis or become
anergic and die over a period of several days (20). In contast, if a B cell receives both a BCR

5

Figure 1.2. Chemokine-directed B cell migration. B cells develop in the bone marrow
where they are retained by interactions with bone marrow stromal cells. Bone marrow
stromal cells express the chemokine SDF-1 (red stars), which binds to C X C R 4 on the surface
of developing B cells. B cells (blue circles) that express functional surface IgM leave the
bone marrow, enter the circulation and home to secondary lymphoid organs such as lymph
nodes. Entry into a lymph node from the bloodstream occurs via high endothelial venules
(HEV). The chemokines SDF-1 (red stars) and S L C (pink triangles), which binds CCR7 on
B cells, are expressed by H E V and mediate the entry of B cells into the lymph node. Within
the lymph node, B cells that have recognized their cognate antigen home to the T cell zone,
where they receive co-stimulatory signals from T cells. S L C (pink triangles) is expressed
within the T cell zone, and mediates the homing of these B cells to this area. B cells that
have received co-stimulatory signals in the T cell zone increase their expression of CXCR5,
the receptor for the chemokine B L C (green squares), which is produced in the lymphoid
follicles. Thus, these B cells migrate into lymphoid follicles where they proliferate and
differentiate into activated, antibody-secreting plasma cells. These plasma cells then exit the
lymph nodes via the efferent lymphatics, and in some cases they migrate to the bone marrow
in response to SDF-1 and become long-lived plasma cells.
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signal and T cell-derived co-stimulatory signals, it becomes activated, begins to proliferate
and migrates to the lymphoid follicles where the cells undergo intense proliferation. This is
accompanied by somatic hypermutation of the Ig genes which results in affinity maturation, a
process that selects for B cells bearing receptors with the highest affinity for the stimulating
antigen. B cells that develop into antibody-producing plasma cells migrate again, either to
the medullary cords of lymph nodes or to the red pulp of the spleen (21). They can also exit
the secondary lymphoid organs and home to the bone marrow or mucosal tissues (21, 22).
The chemokine SDF-1 is thought to be involved in the homing of plasma cells to the splenic
red pulp, the lymph node medullary cords and the bone marrow (23).

1.3 Signalling through the B C R
Antigen binding to the BCR triggers signalling pathways that regulate cell-fate
decisions for B cells. The outcome of BCR signalling depends on the maturation state of the
B cell, the magnitude and duration of the BCR signal and signals from other receptors. Since
the Ig heavy chains of the mlg subunit of the BCR have no signalling capacity, it is the
transmembrane accessory proteins, Iga and Igp\ that transmit signals to the cell interior (24,
25). The cytoplasmic domains of Iga and Ig(3 contain the YxxL-based motif termed the
Immunoreceptor Tyrosine-based Activation Motif (ITAM) (Fig. 1.1) (3). When
phosphorylated on tyrosine residues, the ITAMs recruit and activate the Src family tyrosine
kinases Fyn, Lyn and Blk as well as the Syk tyrosine kinase (Fig. 1.3) (20, 26). These
proteins contain Src Homology 2_(SH2) domains that mediate association with the
phosphorylated tyrosine residues of the ITAM. In resting B cells, only a few BCRs have
phosphorylated ITAMs that are associated with Src kinases. Antigen binding is thought to

8

Figure 1.3. Proximal events in BCR signalling. In unstimulated cells the ITAMs (red
bars) of a few BCRs are phosphorylated on the tyrosine residues and bind the Src family
kinases Fyn and Lyn. Binding of antigen clusters the BCRs on the cell surface, bringing their
ITAMs into close proximity. This allows the Src kinases Fyn and Lyn to phosphorylate
ITAMs on adjacent BCRs. These phosphorylated ITAMs mediate the recruitment of the Syk
tyrosine kinase via its SH2 domains. Recruitment of Syk and additional SH2 domaincontaining signalling proteins activates important downstream signalling pathways, such as
the phosphatidylinositol 3 kinase (PI3K), phospholipase C-y (PLCy) and Ras pathways.
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cluster the BCR on the cell surface, allowing BCR-associated Src kinases to phosphorylate
nearby ITAMs. Once phosphorylated, the ITAMs recruit additional Src kinases and Syk,
which are activated by conformational changes induced by binding, autophosphorylation and,
in the case of Syk, phosphorylation by the Src kinases. Once activated Fyn, Lyn, Blk and Syk
phosphorylate proteins that control BCR signalling pathways.

BCR signalling has been reviewed in detail (20, 26, 27). Phosphatidylinositol 3kinase (PI3K) and phospholipase C-y2 (PLC-y2) are two crucial effector enzymes that
generate key second messengers in BCR signalling (28-30). PLC-y2 cleaves
phosphatidylinositol 4,5-bisphosphate (PIP ) to generate inositol 1,4,5-trisphosphate (IP ) and
2

3

diacylglycerol (DAG). IP production triggers the release of C a
3

thus promoting a subsequent influx of extracellular C a
Ca

2+

2+

2+

from intracellular stores,

(Fig. 1.4)(31). A major target of

signalling in B cells is the nuclear factor of activated T cells (NF-AT) transcription

factor (32). D A G activates multiple isoforms of protein kinase C (PKC) (33). PKCs
contribute to the activation of Nuclear Factor-KB (NF-KB) and AP-1 transcription factors
(32, 34). PI3K phosphorylates PIP , generating phosphatidylinositol-3,4,5-trisphosphate
2

(PIP ) (Fig. 1.5) (30). Accumulation of PIP generates binding sites for proteins containing
3

3

pleckstrin homology (PH) domains (35). Interactions between BIP and PH domains are
3

involved in the BCR-induced activation of PLC-y2, V a v l , PDK1, Akt and Btk (36-39). Akt
is a serine-threonine kinase that promotes B cell proliferation and survival (40). Akt exerts
its effects by phosphorylating and inhibiting a variety of proteins that promote apoptosis (41).
This includes Forkhead family transcription factors, which induce the transcription of pro-
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Figure 1.4. The PLC-y signalling pathway. Engagement of the BCR and subsequent
phosphorylation of tyrosine residues in the I T A M (red bars) leads to the activation of PLCy.
This involves the membrane recruitment and phosphorylation of the B Cell Linker (BLNK)
adaptor protein, which recruits both PLCy and the Btk tyrosine kinase. Btk, together with
Syk, phosphorylates and activates PLCy. PLCy cleaves the membrane lipid PIP into the
2

second messengers, IP and D A G . IP acts on IP Rs on the endoplasmic reticulum (ER),
3

triggering the release of C a

3

2+

3

through the IP R, which forms channels in the ER membrane
3

(pink bar). The resulting increase in intracellular C a

2+

levels activates the Ca -dependent
2+

phosphatase calcineurin, which is responsible for the nuclear translocation of the N F - A T
transcription factor. D A G production results in the recruitment and activation of proteins
containing DAG-binding domains. These include the PKC family of enzymes and the Ras
activator RasGRP. RasGRP activates the Ras low molecular weight GTPase. Activated Ras
triggers the activation of the Raf-MEK-ERK signalling module. Activated E R K translocates
to the nucleus where it phosphorylates and activates transcription factors such as Elk-1. P K C
also activates the N F - K B transcription factor, via a pathway that involves the BcllO and
M A L T 1 proteins.
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Figure 1.5. The PI3K signalling pathway. PI3K is recruited to the plasma membrane via
its SH2 domains binding to phosphorylated docking proteins such as C D 19 and B C A P
following BCR engagement and subsequent I T A M phosphorylation (28). PI3K
phosphorylates the membrane lipid PI(4,5)P to generate PI(3,4,5)P . PI(3,4,5)P creates a
2

3

3

binding site for important PH domain-containing proteins such as the tyrosine kinase Btk, the
Gabl and Gab2 adaptor proteins, and the Rac guanine nucleotide exchange factor (GEF)
Vav. Once phosphorylated by BCR-associated tyrosine kinases, the Gab adaptor proteins
can recruit PI3K and other signalling proteins. Vav activates the Rho-family GTPase Rac,
which mediates the activation of the Mitogen Activated Protein (MAP) kinases c-Jun N terminal Kinase (JNK) and p38. PIP also recruits the PH domain-containing proteins PI3K3

Dependent Kinase 1 (PDK1) and Akt to the plasma membrane. PDK1, along with the as yet
unidentified PI3K-Dependent Kinase 2 (PDK2), phosphorylates and activates Akt. Akt, a
serine-threonine kinase, inhibits pro-apoptotic signalling proteins such as the Forkhead
transcription factor and activates pro-survival pathways such as the N F - K B pathway. Thus,
Akt is an important pro-survival factor in B cells.
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apoptotic genes such as the Bcl-2 family member Bim and the p27

kipl

cell cycle inhibitor (42,

43).
The outcome of BCR signalling can vary depending on the magnitude of the signal,
the differentiation state of the B cells and whether or not the B cell has received
costimulatory signals (20, 26). Each of these factors influences which BCR signalling
pathways are activated. Activating different combinations of signalling pathways results in
the activation of different sets of transcription factors and therefore changes in the expression
of different sets of genes. D N A microarrays have been used to explore the differences in
gene expression profile between naive B cells, activated B cells and anergic B cells (44). In
naive B cells, which have not bound antigen, many genes with inhibitory functions are highly
expressed such as the adaptor protein SLAP and DNA-binding proteins of the Kruppel
family, such as L K L F (44).

Activation of B cells by antigen binding causes a rapid

reduction in the expression of these inhibitory genes, while pro-mitotic genes such as c-myc
and cyclin D2 are induced. B cell anergy, induced by chronic binding of self antigen,
maintains expression of the inhibitory genes that are expressed in naive B cells, but also
induces the expression of an additional set of inhibitory genes. Induction of this additional
set of inhibitory genes is thought to be regulated by chronic activation of the N F - A T and
Extracellular signal Regulated Kinase (ERK) pathways (44).

1.4 Low Molecular Weight GTPases
In addition to those signalling pathways discussed above, the BCR also activates low-

16

Figure 1.6. The GTPase cycle. Ras, and other GTPases cycle between an inactive
GDP-bound form and an active GTP-bound form. GEFs activate Ras by removing GDP,
allowing the more abundant GTP to bind. GTP-bound Ras assumes an active
conformation in which it can bind and activate its downstream effectors. GAPs inactivate
Ras by stimulating the enzyme's intrinsic GTPase activity, accelerating the hydrolysis of
bound GTP to GDP.
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Rap2B Rap2A

Figure 1.7. The Ras superfamily GTPases. Phylogenetic tree of Ras superfamily
members. Sequences were obtained from NCBI databases and aligned using the ClustalW
program at the European Bioinformatics Institute (www.ebi.ac.uk/clustalw'). The alignment
was then analyzed with Tree View PPC 1.6.
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moleuclar weight GTPases of the Rho and Ras families (20). Activation of monomeric
GTPases is a common paradigm in many receptor signalling pathways. Monomeric GTPases
are molecular switches that can be rapidly interconverted between an active GTP-bound state
and an inactive GDP-bound state (Fig. 1.6) (45). GTP binding induces a conformational
change that exposes the "effector binding domain", a region that can bind to downstream
effector proteins and regulate their activity or function. The conversion of GTPases to their
active GTP-bound state is mediated by guanine nucleotide exchange factors (GEFs). GEFs
promote the release of GDP from the nucleotide-binding site of the GTPase, allowing this
site to be filled by GTP, which is more abundant than GDP within cells. GTPases have an
intrinsic GTPase activity that hydrolyzes GTP to GDP, thus converting the enzyme back to
its inactive, GDP-bound form. The rate at which different GTPases spontaneously hydrolyze
bound GTP varies widely but can be dramatically increased by GTPase-activating proteins
(GAPs) that bind to the GTPase. Thus, GTPase activation represents a balance between the
actions of GEFs and GAPs. The GEFs and GAPs are themselves subject to regulation of
both their enzymatic activity and their subcellular localization, allowing for precise temporal
and spatial regulation of GTPase activation.

1.4.1 The Ras superfamily
The Rho and Ras family GTPases are members of the Ras superfamily of lowmolecular weight GTPases and are involved in coordinating intracellular responses to
extracellular signals (Fig. 1.7) (45, 46). The Rho family of GTPases includes Cdc42, Racl,
and RhoA, which link cell surface receptors to changes in the actin cytoskeleton (47).
Activation of Rho family GTPases can result in localized increases in actin polymerization,
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which allows cells to assume a polarized morphology and to form membrane protrusions that
contribute to cell motility. BCR cross-linking results in the phosphorylation and activation of
V a v l , a guanine-nucleotide exchange factor for Racl, thus linking B C R engagement to Racl
activation (37). In addition to regulating the actin cytoskeleton, Racl also triggers'kinase
cascades that activate the JNK and p38 MAPKs (48). JNK and p38 phosphorylate and
activate a number of transcription factors including c-Jun, which acts together with c-Fos to
form the AP-1 transcription factor (49).
The Ras family of GTPases includes the classical Ras proteins (H-Ras, K-Ras, NRas) as well as Rapl A, RaplB, Rap2A, Rap2B, R-Ras, TC21 (R-Ras2), M-Ras (R-Ras3),
RalA, RalB, and Rheb (Fig. 1.7) (45). The classical Ras proteins regulate the canonical
Raf-1/MEK7ERK signalling module. Activated Ras-GTP leads to the activation of the Raf-1
protein kinase. Activation of Raf-1 involves the interaction with Ras-GTP as well as the
phosphorylation of Raf-1 (50, 51). Active Raf then phosphorylates and activates the dualspecificity kinases MEK1/2 (52, 53). Active M E K in turn phosphorylates and activates the
MAPKs ERK1 and ERK2 (54). Upon activation the E R K kinases translocate to the nucleus
where they phosphorylate and activate transcription factors including Ets-1, Ets-2, ELK-1
and Sapla which are members of the ternary complex factor family (3, 55). A number of
other downstream effectors of the classical Ras proteins have been identified including PI3K
and RalGDS, an exchange factor that activates the RalA GTPase (45).
The BCR activates Ras via a member of the CalDAG-GEF family, CalDAGIII (56).
CalDAGIII, also known as RasGRP3 (Ras guanyl nucleotide-releasing protein 3), is
activated by the second messengers C a

2+

and D A G (57). D A G is thought to bind to the C l

domain in CalDAG-GEF family members and recruit them to the plasma membrane where
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Ras is located (58). Ras activation of the Raf-l/MEK/ERK signalling module plays an
important role in B cells, since inhibition of E R K activation blocks BCR-induced
proliferation of mature B cells and BCR-induced expression of cyclin D2 in B cells (59, 60).
Furthermore, Ras activation is essential for B cell development. In mice expressing a
dominant-negative Ras mutant (RasN17) in B lineage cells, B cell development is blocked at
the early pre-B cell stage, suggesting that Ras is important for the survival of pre-B cells
(61). Introduction of the constitutively active forms of Ras or Raf was also able to restore B
cell development in R A G deficient mice, indicating that the Ras pathway can mimic a preBCR signal (62, 63).
My work has focused on the Rap family of GTPases, which are also members of the
Ras superfamily. My goal was to understand the activation and function of this family of
GTPases in B cells.

1.5 The Rap GTPases : an historical perspective
When work on this thesis started, there was very little known about the activation or
function of Rap GTPases in any cell type. Rapl was originally identified as a cDNA that
could revert the rounded morphology of NIH3T3 cells transformed with an oncogenic form
of K-Ras back to a flat fibroblast morphology (64), which led to excited speculation about its
role as a potential tumour suppressor. Mutant forms of Ras proteins that accumulate in the
active state are potent transforming agents, and Ras mutations are found in many human
tumours (65). There are four members of the Rap family (66). There are two Rapl proteins,
RaplA and RaplB, which are 97% identical at the protein level, differing mainly at the
carboxy terminus. RaplA and RaplB are highly related to Ras with an overall sequence
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identity of greater than 50%, and will be referred to collectively as Rapl. However, what is
particularly striking is that the core region of the Ras effector domain (amino acids 32-44 of
H-Ras, K-Ras, and N-Ras) is completely conserved in Rapl. Like RaplA and IB, Rap2A
and 2B are 97% identical. Although their overall identity at the amino acid level is only
about 60%, the effector-binding regions of Rapl and Rap2, and thus of Ras and Rap2 as
well, are identical at eight out of nine resides, with a substitution of a serine to a
phenylalanine at position 39 (66).
Since the effector domains of Ras and Rapl are identical, and since the residues in the
Ras effector domain are critical for Ras proteins to bind its effectors, it was proposed that
activated Rapl might compete with activated Ras for downstream effectors such as Raf-1.
Moreover, the ability of Rapl proteins to apparently suppress Ras-mediated transformation
led to the idea that Rapl-GTP bound to Ras effectors but did not activate them, instead
sequestering them in inactive complexes where they could not be activated by Ras-GTP.
Indeed, Rapl could can bind to the Ras-binding domain (RBD) of Raf-1 in vitro (67, 68)
s

although it does not activate Raf-1(69). If Rapl bound and sequestered Raf-1 in vivo it might
limit the magnitude and/or duration of Ras-mediated signalling." Indeed, when overexpressed
in fibroblasts, a constitutively-active form of Rapl can inhibit Ras-dependent activation of
the E R K kinases (70). Similarly, activated Rapl was found to oppose the actions of Ras in
Drosophila

eye development and in the maturation of Xenopus oocytes (71, 72). Unlike

Rapl, Rap2 does not revert transformation of fibroblasts by activated K-Ras, suggesting a
different function for Rap2 (73).
There were, however, serious concerns about the evidence supporting the idea that
Rapl is a Ras antagonist. While Rap-GTP can bind Ras effectors in vitro, its ability to
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prevent Ras from activating these proteins in vivo may have been an artifact of
overexpressing activated forms of Rapl. Compared to the Ras proteins, RaplA and RaplB
have key amino acid differences in the region flanking the core effector binding domain,
specifically a glutamic acid to lysine substitution at residue 31 and a valine to glutamic acid
substitution at residue 45 (66). These differences could confer upon activated forms of Rapl
a lower affinity for Ras effectors such as Raf-1 and a higher affinity for Rapl-specific
effectors. However, when overexpressed in cells, this specificity could break down. The
abnormally high levels of transfected Rapl-GTP might effectively bind Ras effectors and
sequester them away from Ras, something that even maximal levels of endogenous activated
Rapl might not do. Nevertheless, the idea that Rapl might be a negative regulator of Rasmediated signalling provided the impetus for further investigation into the regulation and
function of Rap GTPases.

1.6 Activation of Rap GTPases
Despite the fact that overexpression of activated Rapl had obvious effects, it took
years to identify extracellular stimuli that could activate endogenous Rap GTPases. Rapl
activation by thrombin in platelets (74) was the first example of an extracellular stimulus
activating Rap. A pulldown assay for detecting active GTP-bound Rap was used since
traditional GTP loading assays to look at GTPase activation were not feasible, due to the lack
of antibodies that could immunoprecipitate Rapl. This pulldown assay is based on the
observation that the RalGDS protein binds with high-affinity to GTP-bound Rap, while not
associating with the GDP-bound form. Thus, a glutathione S-transferase (GST) fusion
protein containing the Rap-binding domain (RBD) from RalGDS can be used to selectively
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Table 1.1. Rapl activation by extracellular stimuli

Receptor
Type

Receptor

Cell type

Rap
GTPase

Ref.

SLC

GPCR

CCR7

Primary T cells

Rapl

(80)

Adrenaline,
forskolin,
isoproterenol
bombesin

GPCR

(32-adrenergic
receptor

Rapl,
Rap2B

(81,
82)

GPCR

Rapl

(83)

A

GPCR

Bombesin
receptor
A -adenosine
receptor

H E K 293 (embryonic
kidney cells), Ovcar
(ovarian carcinoma cells)
NIH 3T3
(fibroblasts)
H E K 293, C H O
(Chinese hamster ovary
cells)

Rapl

(84)

Stimulus"

2 A

agonists

2A

fMLP

GPCR

fMLP receptor

primary neutrophils

Rapl

(85)

PAF

GPCR

PAF receptor

Rapl

thrombin

GPCR

PAR

primary neutrophils, J774
(macrophages)
platelets

Rapl

(85,
86)
(74)

TSH

GPCR

TSH receptor

thyroid follicular cells

Rap lb

(87)

serotonin

GPCR

5-HT4 receptor

CHO

Rapl

(88)

LPA

GPCR

L P A receptor

Rat-1 (fibroblasts)

Rapl

(89)

Endothelin

GPCR

Rat-1, primary astrocytes

Rapl

SDF-1

GPCR

Endothelin
receptor
CXCR4

Angiotensin II

GPCR

Angiotensin II
type 2 receptor

primary T cells, B cell
lines, primary B cells
NG108-15 (neuronal
cells), P V E C (pulmonary
vein endothelial cells)

Rapl,
Rap2
Rapl

(89,
90)
(77,
80)

carbachol

GPCR

M(3) muscarinic
acetylcholine
receptor

H E K 293, PCI 2D

Rap2b

(93,
94)

Prostaglandin

GPCR

Prostaglandin E ,
receptor

NIE-115 (neuroblastoma
cells)

Rap2b

(81)

GPCR

H,K-ATPase

Native kidney cells

Rapl

(95)

E,
calcitonin

24

(91,
92)

Stimulus

Receptor
Type

Receptor

Cell Type

Rap
GTPase

Ref.

TNFa

Cytokine
receptor

T N F a receptor

J774

Rapl

(86)

LPS

Cytokine
receptor
Cytokine
receptor

TLR4

J774

Rapl

(86)

IL-1 receptor

Primary fibroblasts

Rapl

(96)

IL-3

Cytokine
receptor

IL-3 receptor

3 2D (hematopoietic
cells)

Rapl

(97)

GM-CSF

Cytokine
receptor

GM-CSF
receptor

Primary neutrophils

Rapl

(85)

EPO

Cytokine
receptor

EPO receptor

32D

Rapl

(97)

TPO

Cytokine
receptor

c-Mpl

UT7 (megakaryocytes)

Rapl

(98)

crosslinking

Cytokine
receptor

Ephrin B1

Human aortic endothelial
cells, platelets

Rapl

(99,
100)

crosslinking

antigen
receptor

TCR

Jurkat, primary T cells

Rapl

(101,
102)

crosslinking

antigen
receptor

BCR

B cell lines,
Primary B cells

Rapl,
Rap2

(103)

HGF

RTK

H G F receptor

H E K 293

Rapl

(104)

NGF

RTK

TrkA

PC12
(neuronal cells)

Rapl

(105)

PDGF

RTK

PDGF receptor

Rat-1 (fibroblasts)

Rapl

(89)

EGF

RTK

E G F receptor

Rat-1

Rapl

(89)

Ab
crosslinking

Adhesion
receptor

CD98

BAF3 (pro-B cell)

Rapl

(106)

Ab
crosslinking

Adhesion
receptor

CD31

Jurkat

Rapl

(107)

depolarization

Ion channel

L-type calcium
channels

PC12
(neuronal cells)

Rapl

(108)

IL-1
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Stimulus

Receptor
Type

Receptor

Cell Type

Rap
GTPase

Ref.

depolarization

Ion channel

N M D A receptor

Hippocampal neurons

Rapl

(109)

depolarization

Ion channel

A M P A receptor

Hippocampal neurons

Rapl

(109)

Cell stretching

-

-

L-929 (fibroblasts)

Rapl

(110)

turbulence

-

-

K562, Jurkat, THP-1 (T
cells)

Rapl

(111)

Renal glomerular
mesangial cells

Rap lb

(112)

Mouse embryonic
fibroblasts

Rapl

(113)

Dictyostelium

Rap

(114)

High glucose
Adhesive
surfaces

-

Hyperosmotic
stress, cold
stress

Abbreviations: GPCR, G-protein coupled receptor; PAF, platelet activating factor; PAR,

a

protease activated receptor; fMLP, formyl-methionine leucine phenylalanine; T S H , thyroidstimulating hormone; L P A , lysophosphatidic acid; T N F a , tumour necrosis factor a; LPS,
lipopolysaccharide; IL-1, interleukin-1; IL-3^ interleukin-3; G M - C S F , granulocytemacrophage colony stimulating factor; EPO, erythropoietin; TPO, thrombopoietin; R T K ,
receptor tyrosine kinase; HGF, hepatocyte growth factor; N G F , nerve growth factor; PDGF,
platelet-derived growth factor; EGF, epidermal growth factor; N M D A , N-methyl Daspartate; A M P A , a-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid.
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precipitate active GTP-bound Rap, which can then be detected by immunoblotting with an
antibody to Rapl. Since that time it has been shown that Rapl is activated by a diverse set of
stimuli in many cell types (75, 76) (Table 1.1). Rapl activation can be induced through
signalling by various transmembrane receptors, including receptor tyrosine kinases,
heterotrimeric G-protein-coupled receptors, cytokine receptors, and cell adhesion molecules.
I have shown that the BCR and CXCR4, the receptor for the chemokine SDF-1, activate
Rapl in B cells (77, 78). Unlike Rapl, the extracellular signals that activate Rap2 are poorly
elucidated. My own work, and the work of Anson L i in the lab, has shown that Rap2 is also
activated in response to engagement of the BCR and CXCR4 in B cells (77, 78).
The signalling pathways by which receptors activate Rapl have also proven to be diverse.
The second messengers D A G , C a

2+

and cAMP have all been shown to activate Rap (79). The

ability of Rapl to be activated by such a wide range of signalling pathways probably reflects
the large number of Rap activators, or Rap-GEFs, that have been identified. The various
Rap-GEFs will be described in the next section.

1.6.1 Rap-specific guanine-nucleotide exchange factors
Rap GEFs promote the release of GDP from Rap, allowing it to bind the more
abundant GTP and assume its active conformation. The number of known exchange factors
for Rap has increased greatly in recent years (Table 1.2) (75, 76). A l l Rap GEFs activate Rap
through one or more catalytic domains that are homologous to the minimal Ras activation
domain of CDC25, the yeast G E F that activates the Saccharomyces

cerevisiae

RAS protein

(45, 75). The various GEFs exhibit a large range of additional structural features that enable
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Table 1.2. GEFs that act on Rap GTPases
GEF

Important
Domains"

GTPases
activated

Expression

Ref.

C3G

PRD

Ubiquitous

(115)

CalDAG-GEFI

EF, C l

Rapl,Rap2, RRas
Rapl,Rap2

in hematopoietic

(120)

CalDAG-GEFII

EF,C1

in hematopoietic

(121)

CalDAG-GEFIII

EF,C1

in hematopoietic

(57)

CalDAGIV

EF,C1

N-Ras, H-Ras, KRas
Rapl,Rap2, H Ras, R-Ras
H-Ras

in hematopoietic

(122)

PDZ-GEF 1

PDZ

Rapl,Rap2

High
cells
High
cells
High
cells
High
cells
High

in brain

(123)

PDZ-GEF 2

PDZ, R A D

Rapl,Rap2

High in brain

(124)

MR-GEF

PDZ, R A D

Rapl,Rap2

High in brain

(125)

EPAC 1

C N B D , DEP

Rapl,Rap2

Ubiquitous

(126)

EPAC2

C N B D , DEP

Rapl

High in brain

(127)

REPAC

DEP

Rapl

High in brain

(128)

Rapl

Ubiquitous

(129)

PLCe
DOCK4

PRD, SH3

Rapl

Ubiquitous

(130)

AND-34

SH2

Ral, Rapl, R-Ras

Ubiquitous

(131)

"Abbreviations: PRD, proline rich domain; R A D , Ras-associating domain; C N B D , cyclic
nucleotide binding domain; DEP, found in Dishevelled, Egl-10 and Pleckstrin.
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them to respond to many different signals. Some Rap GEFs have activity on both Ras and
Rap proteins, potentially integrating the activation of these GTPases. C3G was the first Rapspecific G E F to be identified (115). Through its proline rich domains, C3G can associate
with the N-terminal Src Homology 3 (SH3) domain of the Crkll and Crk-L adaptor proteins
(116). Phosphorylation of tyrosine residues on growth factor receptors or on accessory
docking proteins such as Cas, Cbl or Gabl allows the binding of Crk via its SH2 domain
(104, 117, 118). The binding of Crk to receptors or to membrane-associated docking
proteins would bring C3G to membranes, where it can activate Rap which is associated with
the membrane through lipid modifications. Furthermore, membrane recruitment of C3G has
been shown to enhance its guanine nucleotide exchange activity (117, 119). Sakkab et al.
showed that binding of Crk-C3G complexes to Gabl is necessary for hepatocyte growth
factor to activate Rapl via the c-Met receptor (104). Thus, at least some receptor tyrosine
kinases are likely to activate Rapl via the phosphotyrosine-dependent recruitment of CrkC3G complexes. Another Rap G E F likely to be downstream of receptor tyrosine kinases is
AND-34, a ubiquitously expressed Rap G E F that associates with the Cas adaptor protein
(131). AND-34 displays G E F activity towards RalA and R-Ras as well as Rap (131).
The CalDAG or RasGRP family of GEFs is defined by the presence of calciumbinding EF-hand domains and a domain that resembles Cl-type DAG-binding domains (45,
120). This family of exchange factors facilitates activation of Rap GTPases by the second
messengers D A G and C a . Four members of the CalDAG/RasGRP family have been
2+

identified so far. CalDAG-GEFI (also known as RasGRP2) has been shown to activate Rapl
and Rap2 in vivo, while CalDAG-GEFII (RasGRPl) has no activity on Rapl and Rap2 and
instead activates the classical Ras proteins N-Ras, H-Ras and K-Ras (58, 120, 132).
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CalDAG-GEFIII appears to activate both H-Ras and R-Ras, as well as Rapl and Rap2, while
CalDAG-GEFIV activates H-Ras, but not Rapl or Rap2 (57, 122). CalDAG-family protein
levels appear to be high in cells of the hematopoietic lineage, with CalDAG-GEFI thought to
be primarily expressed in T and B cells, while CalDAG-GEFIII may be a B-cell specific G E F
(45). CalDAG-GEFIV appears to be expressed in mast cells, but not in lymphocytes (122).
Activation of Rapl by CalDAG-GEFI is enhanced by treating the cells with C a

2+

ionophores

or with phorbol esters, indicating that the activity of this G E F is regulated by the second
messengers C a

2+

and D A G (120).

Unlike the CalDAG family of proteins, which act on Rap or Ras proteins, the cAMPG E F or E P A C (exchange proteins directly activated by cAMP) family of GEFs appear to
activate Rap GTPases exclusively (45). EPAC1 is ubiquitously expressed and has been
shown to activate Rapl and Rap2 while EPAC2 appears to be mainly expressed in brain
tissue (126, 127). EPAC1 and EPAC2 contain an autoinhibitory cyclic nucleotide binding
domain (CNBD) domain that contains a high affinity binding site for c A M P (133).: Binding
of c A M P induces a conformational change that increases the G E F activity. Through their
DEP domains (found in disheveled, Egl-10 and pleckstrin), E P A C proteins are targeted to
membranes (133). A third E P A C family member, Repac, contains a DEP domain but is
missing the cAMP binding domain, and appears to be a constitutive activator of Rapl and
Rap2 (119, 133). Recently, a cAMP analog, 8-(4-chloro-phenylthio)-2'-0-methyladenosine3',5'-cyclic monophosphate (8-CPT-2Me-cAMP), which selectively activates EPAC1 and
EPAC2 has been identified (134). This compound will be useful in identifying the role of
E P A C in Rap activation. Moreover, it provides a simple gain-of-function approach for
studying the effects of selectively activating the Rap GTPases via E P A C family members.
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cAMP also activates protein kinase A (PKA) and until the identification of 8-CPT-2Mec A M P it was difficult to distinguish between P K A - and EPAC-mediated effects of cAMP.
Recently, treatment of an ovarian carcinoma cell line with this cAMP analog was found to
induce integrin-mediated cell adhesion, indicating that this adhesion was occurring through
an EPAC-Rapl signalling pathway (82).
The PDZ-GEF family consists of PDZ-GEF1, PDZ-GEF2 and M R - G E F . All three
family members activate Rapl and Rap2 and are most abundant in the brain (76, 124, 125).
The PDZ (PSD-95/DlgA7ZO-l) protein-protein interaction domain in PDZ-GEFs may target
them to cell membranes since PDZ domains bind C-terminal S/T-X-V sequences of
membrane proteins (135). M R - G E F and PDZ-GEF2 have Ras-associating domains that
specifically bind to M-Ras (124, 125). Binding of the activated GTP-bound form of M-Ras
to these GEFs inhibits GEF-activity of M R - G E F toward Rapl, suggesting that M-Ras
activation might inhibit Rap activation (125).
Another recently described Rap-GEF is P L C E (136). Indicating yet more complex
interactions among GTPases, PLCe itself can be activated by Rapl and Ras, suggesting that a
Rapl-GTP/PLCe pathway might represent a positive feedback loop that amplifies Rap
activation. PLCe is also unique in that it is the only G E F identified that can apparently
activate Rapl, but not Rap2, although not all Rap-GEFs have been tested for their ability to
activate Rap2 (129).
The Rap-specific G E F , DOCK4, is a member of the C D M protein family, which is
implicated in the regulation of the Rac GTPases and defined by its founding members, C.
elegans Ced-5, vertebrate DOCK180, and Drosophila Myoblast City (137-139). The overall
structure of DOCK4 is highly similar to other C D M family members, with an N-terminal
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SH3 domain, a region of extended homology with other C D M proteins, and a C-terminal
proline-rich region (130). Through this C-terminal proline rich region, DOCK4 interacts
with the SH3 domain of the adaptor protein Crkll. DOCK4 may activate Rap in a manner
analogous to C3G, where Crk-DOCK4 complexes are brought to membranes where Rap is
located, resulting in activation of Rap:'

~

.

.

Despite the large number of Rap-GEFs identified thus far, which GEFs are
responsible for Rapl and Rap2 activation downstream of specific receptors is still unclear. It
is not known why there are so many GEFs for Rapl and Rap2. Some may act in a tissue- or
cell-specific manner, such as those expressed mainly in brain tissue or in hematopoietic
lineage cells, while other may be localized to distinct locations within the cell, where they act
on specific pools of Rapl or Rap2. Perhaps because so many extracellular stimuli activate
Rap, a diverse set of GEFs that are regulated by different second messengers is needed to
couple many different receptors to Rap activation.

1.6.2 Rap-specific GTPase-activating proteins
Rap GAPs increase Rap's intrinsic GTPase activity and promote the return of Rapl
and Rap2 to their inactive GDP-bound conformation. Rap GAPs are also likely to play a role
in maintaining the low basal level of Rap activation in unstimulated cells. Since the intrinsic
GTPase activity of Rap GTPases is low, in fact ten times lower than that of Ras (66), the
magnitude and duration of Rap activation may be tightly controlled by Rap-specific GAPs.
There are six GAPs that have been shown to act on Rapl and Rap2 (Table 1.3) (75). The
first Rap-specific G A P to be identified was RaplGAP (140). Early studies showed that
Rapl G A P is expressed most abundantly in brain and in some tumour cell lines. Recently,
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Table 1.3.

GAPs that act on Rap GTPases.

GAP

Expression

Ref.

Rapl G A P

High in brain,
pancreas, kidney

(140)

RapGAPII

High in brain,
pancreas, kidney

(141)

SPA-1

High in lymphoid
tissues

(142)

SPAR

High in brain

(143)

E6TP1

Ubiquitous

(144)

Ubiquitous

(145)

G A

pIP4BP
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RaplGAP expression in B cells has been demonstrated (146). All Rap-specific GAPs that
have been identified all share a RaplGAP-related domain that is responsible for G A P
catalytic activity. More recently, an alternatively-spliced isoform of RaplGAP, called
RaplGAPII, has been identified (141). RaplGAPII cDNA encodes an additional 31 amino
acids before the first methionine of RaplGAP. RaplGAPII cDNA was originally isolated
from Jurkat T cells and is expressed in heart, liver, kidney and the cerebrum. RaplGAP has
been shown to associate with the a subunit of the heterotrimeric G proteins, G and G (147,
z

0

148), while RaplGAPII has been shown to associate with the a subunit of the heterotrimeric
G protein G (141). Stimulation of the G-protein coupled receptors to which these G proteins
s

are linked appears to induce the translocation of RaplGAP or RaplGAPII from the cytosol to
the membrane, where it can decrease the amount of GTP-bound Rap.
The SPA-1 family of Rap-specific GAPs comprises SPA-1, SPAR and E6TP1 (142144). Expression of SPA-1, and RaplGAP tends to be non-overlapping in some tissues, with
lymphoid tissues expressing high levels of SPA-1 mRNA but little RaplGAP, while brain,
kidney and pancreas express high levels of RaplGAP mRNA but little SPA-1 (142). SPA-1
was orginally identified as a gene induced in mouse lymphocytes by mitogenic stimuli (142).
Recently, the GAP-related domain of SPA-1 has been shown to bind to a Rapl effector, A F 6, which is an actin-binding multidomain adaptor protein (149). SPAR, also known as SPAL
(SPA-1-like protein), interacts with PSD-95, a member of a family of scaffold proteins that
organize post-synaptic density and regulate n-methyl-d-aspartate (NMDA) receptor
signalling at excitatory synapses (143). SPAR has G A P activity for Rapl and Rap2 in vitro,
but not for H-Ras, RhoA, Racl and Cdc42 (143). SPAR has actin-reorganizing activity,
targets to dendritic spines of neurons and regulates spine morphology via its G A P and actin-
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interacting domains (143).
A protein with 95% homology to SPAR, E6TP1, is widely expressed in human
tissues and associates with the human papillomavirus oncoprotein E6 (144). Association of
E6TP1 with E6 appears to target E6TP1 for degradation (144). Although E6TP1 shows high
homology to other Rap-specific GAPs, namely SPAR and SPA-1, whether it actually exhibits
GTPase activity on Rap has not been shown. Another Rap-specific GAP, G A P 1

IP4BP

is a

ubiquitously expressed, plasma membrane-associated, inositol 1,3,4,5-tetrakisphosphate
(Ins(l,3,4,5)P )-binding protein that displays G A P activity for Rap and Ras in vitro (145).
4

The inositol phosphate Ins(l,3,4,5)P is produced by phosphorylation of IP and is thought to
4

3

act as a second messenger (150). BCR signalling has been shown to increase the levels of
IP (151).
4

Tuberin was originally identified as a Rap G A P (152), but recent evidence suggests it
acts as a G A P for Rheb instead (153). Tuberin is encoded by the TSC2 gene, loss of
heterozygosity of which results in the human genetic disorder Tuberous Sclerosis Complex
(TSC) which is characterized by the formation of benign tumours in multiple organs (152,
154). Tuberin exhibits weak G A P activity towards Rap in vitro but strongly stimulates GTP
hydrolysis by another Ras family member, Rheb, both in vitro and in vivo (152, 153).
Unlike Rap-specific GEFs, which all share a CDC25 domain with Ras-specific GEFs,
Rap GAPs have no sequence homology with Ras-GAPs or GAPs for other Ras superfamily
members (155). The catalytic mechanism for Ras GAPs to stimulate GTP hydrolysis is
different than Rap GAPs. For Ras GAPs the catalytic mechanism involves stabilization of a
conserved glutamine residue at position 61 of Ras (156, 157). However, Rap is the only low
molecular weight GTPase that does not contain a residue homologous to Gin of Ras.
61
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Recently, the crystal structure of the catalytic domain of RaplGAP has been solved and
RaplGAP has been shown to use a catalytic asparagine (Asn ) to stimulate GTP hydrolysis
280

(158). Rapl and Rap2, for the most part share the same GEFs and GAPs. However, Rap2
has a low sensitivity to Rap GAPs (132), meaning that Rap2 tends to remain in the active,
GTP-bound form for longer than Rapl. This has led to the suggestion that-Rapl and Rap2
function as fast and slow molecular switches respectively (132).

1.7 Functions of Rap
1.7.1 Rap as a negative regulator of Ras-mediated signalling
As discussed earlier, it was originally hypothesized that Rapl would act as a negative
regulator of Ras-mediated signalling, due to its ability to bind, but not activate, the Ras
effector Raf-1 (67, 68). In recent years it has become clearer why Rap fails to activate Raf-1.
To be fully activated at the plasma membrane Raf-1 must establish two points of interaction
with Ras, one through its Ras-binding domain (RBD) (159, 160) and a second, low-affinity
interaction through its cysteine-rich domain (CRD) (161, 162). Raf-1 also requires additional
phosphorylation steps to become activated, including phosphorylation at tyrosine 341 (51).
Although Rapl associates with both the Raf-1 RBD and CRD, its association with the C R D
is enhanced compared to Ras and this strong interaction does not allow activation of Raf-1
(69, 163). Furthermore, it has recently been shown that when Raf-1 binds to Rapl rather
than to Ras, it fails to undergo phosphorylation at the critical tyrosine 341, resulting in the
failure of Raf-1 to become activated (50). In support of the original hypothesis, many reports
have shown that expressing constitituvely-active mutant forms of Rapl inhibits the E R K
pathway. For example, lysophosphatidic acid and epidermal growth factor -induced
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activation of E R K is inhibited by the expression of constitutively active Rapl (70).
However, as mentioned earlier, the ability of Rap to prevent the activation of Ras effectors in
these studies could be an artifact of overexpressing activated forms of Rap. Indeed, it has
been shown that in some cell types activation of Rapl by extracellular stimuli does not
inhibit Ras-mediated signalling. When Rapl was selectively activated in Rat-1 fibroblasts,
the increased amount of Rap-GTP did not decrease subsequent growth factor-induced E R K
activation (89). However, in some situations Rapl does appear to play a role in inhibiting
E R K activation (Table 1.4). A role for Rapl in antagonizing Ras signals to ERKs during T
cell anergy has been proposed, since anergy is characterized by decreased Ras-mediated
signalling to ERKs and constitutive activation of Rapl (164). Constitutive activation of
Rapl in T cells, either by expression of an activated Rapl mutant or by deletion of the Rapspecific G A P SPA-1, results in an anergic phenotype characterized by decreased E R K
activation and decreased IL-2 production (146, 164). Whether or not Rap inhibits E R K
activation following TCR ligation may depend on the T cell population that is being
activated. Czyzyk et al. showed that in T cell populations expressing different CD45
isoforms Rapl could act as either a repressor or a potentiator of Ras effector signals,
depending on the CD45 isoform expressed (165). In 293T cells, elevated levels of RaplGTP were found to correlate with inhibition of Ras-dependent E R K activation, and that
signalling through the G coupled m2-muscarinic receptror caused RapGAPII to bind to G ,
r

;

a i

inactivating Rap and allowing increased E R K activation (141). Furthermore, in C H O cells,
reducing Rap activation by disrupting the association of Crk-C3G complexes, allowed
increased activation of ERKs, suggesting that activation of Rapl by this complex normally
limits E R K activation (169). Thus, it appears that Rap GTPases, in some situations and in
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Table 1.4. Effect of Rap GTPase activation on ERK activation

Cell Type

Stimulus"

Effect on E R K
activation

Ref.

PC 12 (neuronal cells)

NGF

activates

(105)

NG108-15 (neuroblastoma)

angiotensin II

activates

(91-)"

A K R thymoma
(CD45ABC+ T cells)

TCR

activates

(165)

PC 12 (neuronal cells)

carbachol

activates

(93)

astrocytes

endothelin

activates

(90)

H E K 293

thromboxane A2

activates

(94)

UT7 (megakaryocytes)

TPO

activates

(98)

renal mesangial cells

high glucose

activates

(112)

renal epithelial cells

calcitonin

activates

(95)

LnCAP (prostate cells)

epinephrine

activates

(166)

Swiss-3T3 (fibroblast)

integrin activation

activates

(167)

H E K 293

|32-adrenergic receptor

activates

(168)

Jurkat (T cells)

TCR

inhibits

(164)

A K R thymoma (CD45RO+
T cells)

TCR

inhibits

(165)

primary fibroblasts

IL-1

inhibits

(96)

CHO

basal

inhibits

(169)

primary T cells

TCR

inhibits

(146)

primary T cells

TCR

no effect

(102)

B cell lines

BCR

no effect

(170)
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Cell Type

Stimulus

Effect on E R K
activation

Ref.

L-929 (fibroblasts)

cell stretching

no effect

(110)

NIH 3T3, C H O , O V C A R

8CFT-2Me-cAMP

no effect

(134)

Rat-1

endothelin

no effect

(89)

a

Abbreviations: NGF, nerve growth factor; TPO, thrombopoietin; IL-1, interleukin-

1; 8CPT-2Me-cAMP,

8-(4-chloro-phenylthio)-2'-0-methyladenosine-3',5'-cyclic

monophosphate.
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some cell types can limit Ras-mediated signalling to ERKs. The basis for the cell typedependent ability of Rap-GTP to inhibit ERK activation is not clear, but could perhaps
depend on whether or not the levels of Raf-1 in the cell are limiting.

1.7.2 Rap as an activator of the B-Raf/ERK pathway
In some cell types, primarily neuronal cells, Rap has been shown to activate rather
than inhibit E R K activation, through the activation of B-Raf (Table 1.4)(75). B-Raf is a Raf
isoform that, like Raf-1, phosphorylates and activates M E K , the upstream activator of ERK.
Many hormones and agonists that bind G-protein coupled receptors that increase intracellular
cAMP levels have now been shown to induce E R K activation via Rapl-dependent activation
of B-Raf (76).
Recent studies show that Drosophila
Drosophila

Raf (dRaf) and E R K can be activated by

Rapl, demonstrating that a Rapl/Raf/ERK module is evolutionarily conserved

(171). The Rapl/B-Raf/ERK signalling module functions in some cell types to induce a
sustained activation of ERKs. In neuronal-like PC 12 cells, the sustained activation of ERKs
via B-Raf is required for neuronal differentiation induced by nerve growth factor (NGF)
(105). In megakaryocytes, the sustained activation of Rapl, B-Raf and E R K by
thrombopoietin induces megakaryocyte differentiation (98). Moreover, contact with stromal
cells, which inhibits megakaryocytic differentiation and sustained E R K activation, also
blocks sustained Rapl activation (172).
Why does Rap-GTP prevent Raf-1 activation while promoting B-Raf activation? As
mentioned earlier, the binding to Raf-1 to Rap-GTP fails to activate Raf-1 because the
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interaction of the cysteine-rich domain (CRD) of Raf-1 with Rap is too strong (163).
Furthermore, when Raf-1 binds to Rap-GTP, phosphorylation of tyrosine residues critical for
Raf-1 activation fail to occur (50). In contrast, interaction of the C R D of B-Raf with RapGTP does not interfere with the activation of B-Raf and the activation of B-Raf is
independent of tyrosine phosphorylation (50, 163). Thus, B-Raf can be activated by Rap
while Raf-1 cannot.

1.7.3 Rap and oncogenic transformation
Since Rapl was identified as a cDNA that could revert transformation by K-Ras,
original speculation about its function centered around the idea that it would act as a tumour
suppressor. However, a role for Rap in cancer progression/tumorigenesis has not been
clearly established. In fact, there are conflicting reports of Rap playing a positive role and a
negative role in cancer progression, depending on the cell type studied (173). A role for Rapl
in promoting tumorigenesis has been suggested by the analysis of SPA-1-deficient mice
(174). These mice develop myeloid disorders resembling chronic myelogenous leukemia in
chronic and blast phases, as well as myelodyplastic syndrome, suggesting a role for SPA-1 as
a tumour suppressor of myeloid malignancy. In another study, the Rap-specific GEF,
CalDAG-GEFI, was found to be activated by proviral insertion in leukemia prone BXH-2
mice (175), also suggesting that Rapl plays a positive role during tumorigenesis.
Furthermore, the E6 papilloma virus oncoprotein has been shown to target a putative Rapspecific G A P for degradation, resulting in an increase in Rap activity that correlates with
human papilloma virus-induced oncogenesis (176). Paradoxically, loss-of-funtion mutations
in another Rap-specific GEF, DOCK4, are found in mouse tumour cell models (130),
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suggesting that in some situations Rap may function as a tumour suppressor.

1.7.4 Rap and integrin activation
In recent years it has become clear that in many cell systems Rapl regulates integrinmediated cell adhesion, as well as cell motility (177). The first indication that Rapl might be
involved in cell adhesion came from a study in which Rapl activation was blocked by the
overexpression of SPA-1 (178). This paper showed that Rap activation is required for the
adhesion of HeLa cells to fibronectin and for granulocyte colony stimulating factor to induce
the adhesion of the 32D promyelocytic cell line. Subsequently it was shown that Rapl
regulates such adhesion events by modulating the activation state of integrins, a process
known as inside-out signalling. Integrins are heterodimeric cell surface receptors consisting
of one of several different a chains and one of at least five different (3 chains that mediate the
attachment of cells to extracellular matrix components (ECM) or to adhesion molecules on
the surface of other cells (179). Integrins normally exist in an inactive state in which they do
not bind E C M or the adhesion molecules that are their ligands. However, in response to
extracellular stimuli, integrins become activated, showing increased affinity and/or avidity
for their ligands, and mediate adhesion.
Rap-dependent activation of (31, (32 and (33 integrins by multiple stimuli has been
shown in lymphoid cells and myeloid cells (Table 1.5) (78, 80, 86, 97, 102, 107, 177, 180,
181). In T cells, Rapl activation is required for LFA-1 (a (3 )-mediated adhesion stimulated
L

2

by the TCR, CD31, CD98 and phorbol esters (102, 106, 107). Expressing a constitutivelyactive form of Rapl, Rapl VI2, in the T cells of transgenic mice leads to increased activation
of LFA-1 and increased adhesion (102). Inhibiting Rap activation in a macrophage cell line
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Table 1.5. Regulation of integrin activation by Rap

Cell Type

Ref.

IL-3, EPO
CD31 crosslinking
BCR crosslinking

32D (hematopoietic cells)
Jurkat (T cells)
B cell lines

(97)
(107)
(78)

a p\ (VLA-5)

IL-3, EPO
(32-adrenergic
receptor

32D (hematopoietic cells)
O V C A R (ovarian carcinoma cells)

(97)
(82)

a |3 (LFA-1)

CD98 crosslinking
TCR crosslinking
CD31 crosslinking
BCR crosslinking
SDF-1
SLC

BAF3 (pro-B cells)
Primary T cells,
Jurkat
B cell lines

(106)
(102, 182)
(107)
(78)

Primary T cells

(80)

T N F a , LPS, PAF

J774 (macrophages)

(86)

Thrombin, turbulence

Megakaryocytes

(111, 180)

Integrin

Stimuli

a B, (VLA-4)
4

5

L

2

a |3
M

2

3

'Abbreviations: IL-3, interleukin 3; EPO, erythropoietin; T N F a , tumour necrosis
factor a; LPS, lipopolysaccharide; PAF, platelet activating factor.
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blocked the activation of another p integrin, a p during complement-mediated
2

M

2

phagocytosis induced by LPS (86). Other studies have shown Rap-dependent activation of |31
(a p\ and a^i) integrins by IL-3 and erythropoietin in hematopoietic cell lines, as well as
4

Rap-dependent |3 integrin activation (97). In platelets, activation of a (3 by thrombin and
3

IIb

3

subsequent adhesion to fibrinogen is regulated by Rap (180).
Although the mechanism by which Rap regulates integrin activation is not clear, a
recent paper has identified the cytoplasmic regions of LFA-1 that are critical for Rapl
dependent activation and subsequent adhesion (183). This group found that substitution of
alanine for two lysine residues (K1097/K1099) in the a subunit abolishes adhesion induced
L

by a constitutively active form of Rap, Rapl V12 (183).
The critical role of Rapl in receptor-induced activation of the LFA-1 (a |3 ) integrin
L

2

has important implications for immune cell function. LFA-1 is expressed only in leukocytes
and plays an important role in both inflammatory and immune responses, through its
association with ICAM-1, 2 and 3 (179). LFA-1 mediates firm adhesion to vascular
endothelium during leukocyte extravasation and plays a key role in mediating the adhesive
interactions between T cells and antigen-presenting cells (APCs) that are necessary for
activation of T cells by antigen (184, 185). Recently, Rapl, which can be activated by the
binding of MHCpeptide complexes to the TCR, has been shown to accumulate at the contact
site of a T cell and A P C (182). Inhibition of Rapl activation has been shown to abrogate
LFA-1-mediated adhesive interactions with antigen-pulsed A P C as well as subsequent T cell
activation and interleukin-2 production (182). Conversely, augmenting Rapl activation
enhances these responses but can also result in Fas-dependent apoptosis that is characteristic
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of the activation-induced cell death that terminates T cell activation(182). Thus, Rapl can
modulate T cell responses by regulating the strength of the adhesive interactions between the
T cell and APC.

1.8 The role of Rap in cell migration
1.8.1 Leukocyte extravasation
Leukocyte trafficking is a complex multistep process in which lymphocytes must
extravasate out of the circulation and migrate into and within tissues (186). It is mediated by
adhesive interactions with the vascular endothelium that are initiated by chemokines and
adhesion molecules (184). The key adhesion molecules can be divided into two groups, the
selectins, which are generally considered to initiate rolling, and integrins, primarily the |3

2

and a subtypes, which mediate firm adhesion (184, 186). Chemokines, which are frequently
4

tethered on the vascular endothelium in lymphoid tissues and in tissues where inflammation
is present, are responsible for the rapid up-regulation of the adhesive activity of leukocyte
integrins, enabling integrin-mediated firm adhesion at these sites (184). Chemokines also
induce leukocytes to assume a distinct polarized morphology, which facilitates cell migration
on the endothelium once the leukocytes have adhered (187). Migration itself is directed by
chemokine signals as well as by cycles of adhesion and de-adhesion mediated by integrins
(188). To exit the bloodstream and enter the tissues, migrating leukocytes must transmigrate
across endothelial cell layers (189). A recent recent report has extended the role of Rapl
from that of an integrin activator to a regulator of cell polarization and transmigration across
the vascular endothelium (80). In this study Shimonaka et al. found that inhibiting Rapl
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activation abrogates chemokine-stimulated T lymphocyte adhesion to endothelial cells, while
expressing the constitutively-active mutant form of Rapl, Rapl VI2, induces a polarized T
cell morphology, robust migration on immobilized integrin ligands and transendothelial
migration under flow (80). Thus, Rap activation may play a key role in chemokine-induced
lymphocyte extravasation.

1.8.2 The role of Rap in cell migration and polarity determination in model organisms
Rap is highly conserved across species, with Rap homologues identified in
Drosophila,

Dictyostelium

discoideum

and the budding yeast Saccharomyces

cerevisiae

(190-192). Some of the functions described for Rap in these lower organisms may hint at the
role of Rap in mammalian cells. In Drosophila,

Rapl plays a critical role in regulating

morphogenesis in the developing embryo (193). In embryos that lack Rapl function, the
migration of mesodermal precursor cells is perturbed and dorsal structures such as the heart
and dorsal vessel do not form normally. Furthermore, during gonad formation in Rapl
mutant embryos, germline-derived pole cells fail to migrate to reach the gonad. Defects in
the shape and organization of epithelial cells, as well as in cell migration, is suggestive of
abnormalities in the organization of the cytoskeleton. Interestingly, this same study'showed
that Rapl levels had no effect on Ras 1-mediated signalling pathways, suggesting that Rapl
does not act as a negative-regulator of Ras-mediated signalling in Drosophila.
of the role of Rapl in Drosophila

Other studies

have implicated Rapl in the formation and maintenance of

cell-cell junctions, since epithelial cells mutant for Rapl show aberrant adherens junction
formation during wing development (194).
Rap also has important functions in single cell eukaryotes. In the slime mold
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Dictyostelium,

increased expression of the rapl gene results in altered cell morphology, with

Rapl transformants being more flattened and spread than wild type cells, and also having
greater amounts of polymerized F-actin near the cell periphery (195, 196). These findings
suggest a role for Rapl in regulating the actin cytoskeleton in Dictyostelium.

The Rap

homologue in the budding yeast Saccharomyces cerevisiae, Budlp, regulates the position of
the bud site (197, 198). If Budlp is mutated, bud sites form, but they are positioned
randomly, instead of next to the previous site of bud formation (198). Thus, there is a failure
in the ability of the cell to polarize correctly in the absence of Budlp. The ability of Rap to
regulate the actin cytoskeleton, cell polarity, and cell migration in these organisms is
consistent with its recently discovered roles in mammalian cells.

1.9 Rap effectors
Despite the advances in our understanding of Rap function in the last five years, little
is known about the effectors that couple Rap activation to downstream signalling events, in
particular to integrin activation. Although activated Rap mutants have been shown to bind
Ras effectors such as Raf-1, RalGDS and PI3K (67, 69, 170) it is still unclear whether these
proteins are true effectors of endogenous Rap. In some cell types, such as neuronal cells,
Rap-GTP has been shown to associate with and activate the Raf isoform, B-Raf (76, 105).
Activation of B-Raf leads to sustained activation of ERK, which is essential for neuronal and
megakaryocyte cell differentiation (98, 105). However, activation of the Rap/B-Raf/ERK
signalling module has not been implicated in the regulation of integrin-mediated cell
adhesion.
Recently, two new effectors of Rapl have been identified which may play key roles
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in linking Rap activation to cell adhesion, cell migration and regulation of the actin
cytoskeleton. AF-6 is an actin-binding protein that resides at cell-cell junctions where it has
been shown to bind Zona Occludents (ZO-1), a protein that is an integral component of tight
junctions (199-201). It also associates with the actin-regulatory protein profilin (149).
Association with an actin regulatory protein and a tight junction protein suggests that AF-6
may link membrane-associated adhesion molecules to the actin cytoskeleton. AF-6 contains
two Ras/Rap-binding domains in its N terminus that bind activated Rap with a higher affinity
than the classical Ras proteins H, K and N T R a s (149). Recently, AF-6 has been shown to
bind to the Rap G A P SPA-1 and enhance its GTPase activity for Rapl, possibly by bringing
Rap and SPA-1 into close proximity (202). This suggests that AF-6 acts as a negative
regulator of Rap activation.
Another Rap effector, RAPL, has been identified by Katagiri et al. (203). They found
that R A P L plays a key role in Rapl-mediated activation of LFA-1. R A P L is enriched in
mouse lymphoid tissues and associates with Rapl after stimulation of T cells through the
T C R or CXCR4. Expression of R A P L was found to stimulate lymphocyte polarization and
clustering of LFA-1 at the leading edge of the cell, resulting in enhanced adhesion to I C A M 1. Triggered by activated Rapl, RAPL associates with LFA-1 and relocates to the leading
edge of the cell and to the immunological synapse. Thus, R A P L may be the effector
molecule that mediates activation of LFA-1 by Rap.
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1.10 Thesis goals
1.10.1 Hypotheses:
At the time when this work was started in 1998, our original hypotheses based upon
the existing literature were:
1. The Rapl and Rap2 GTPases are activated by the BCR and by chemokine receptors in B
cells. 2. The activation of Rap GTPases in B cells plays a role in integrin-mediated cell
adhesion and cell migration.

1.10.2 Specific aims
1. To show that Rapl and Rap2 are activated by the BCR.
2. To elucidate the mechanism by which Rapl and Rap2 are activated by the BCR.
3. To show that Rapl and Rap2 are activated by the chemokine receptor CXCR4.
4. To show that activation of the Rap GTPases regulates B cell migration towards the
chemokine SDF-1.
5. To show that Rap GTPase activation is important for integrin-mediated adhesion of B
cells, for post-adhesion events such as cell spreading, and for reorganization of the actin
cytoskeleton in B cells.
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1.11 Thesis summary
This thesis is divided into three parts. In chapter 3,1 show that the Rapl and Rap2
GTPases are activated in B cells following BCR crosslinking and stimulation with the
chemokine SDF-1, which binds the receptor CXCR4. Activation of Rapl and Rap2 can also
be induced by treating B cells with phorbol esters, compounds that mimic the actions of the
D A G that is produced during BCR and CXCR4 signalling. I found that activation of Rapl
and Rap2 by the BCR and CXCR4 is dependent on receptor-induced activation of P L C and
the subsequent production of D A G . In chapters 4 and 5,1 present data from experiments in
which I investigated the function of the Rap GTPases in B cells, using both loss-of-function
and gain-of-function approaches. For the loss-of-function experiments I expressed two RapGAPs, RapGAPII and SPA-1, in order to prevent the accumulation of active GTP-bound
Rap. For the complementary gain-of-function experiments, I expressed a constitutivelyactive mutant form of Rap2, Rap2V12, in B cell lines. Using these two approaches, in
chapter 4 of this thesis, I demonstrate that Rap GTPase activation is necessary for effective
migration of B cells towards SDF-1. In chapter 5,1 show that Rap activation regulates L F A 1- and a -integrin-mediated adhesion of B cells to immobilized integrin ligands, to each
4

other, and to bone-marrow stromal cells.
Integrin-mediated adhesion and cell migration both play important roles in B cell
development, trafficking, and activation. Adhesion mediated by integrins is important for the
association of B cells with bone marrow stromal cells during development and with T cells
and follicular dendritic cells during activation. Chemokine-directed migration and integrinmediated adhesion are both important for the entry of B cells into secondary lymphoid
organs, where they encounter antigens and become activated. By regulating B cell adhesion
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and migration, the Rap GTPases may play a significant role in B cell development and
activation.

1.12 Publications resulting from this thesis

McLeod, S.J., Ingham, R.J., Bos, J.L., Kurosaki, T. and Gold, M.R. 1998. Activation of the
Rapl GTPase by the B cell antigen receptor. Journal of Biological Chemistry. 273: 2921829223.

McLeod, S.J., A . H . Y L i , R.L. Lee, A . E . Burgess and M.R. Gold. 2002.The Rap GTPases
regulate B cell migration toward the chemokine stromal cell-derived factor-1 (CXCL12):
Potential role for Rap2 in promoting B cell migration. Journal of Immunology. 169: 13651371.

McLeod, S.J., Shum, A.J., Lee, R.L., Takei, F. and Gold, M.R. 2004. The Rap GTPases
regulate integrin-mediated adhesion, cell spreading, actin polymerization and Pyk2 tyrosine
phosphorylation in B lymphocytes. Journal of Biological Chemistry. 279: 12009-12019.

Christian, S.L., Lee, R.L., McLeod, S.J., Burgess, A . E . , L i , A.H.Y., Dang-Lawson, M . , Lin
K.B.L. and Gold, M.R. 2003. Activation of the Rap GTPases in B Lymphocytes Modulates B
cell antigen receptor-induced activation of Akt but has no effect on M A P K activation.
Journal of Biological Chemistry. 278: 41756-41767.

51

Chapter 2
Materials and Methods
2.0 Antibodies
Goat anti-mouse IgM antibodies, goat anti-mouse IgG antibodies, and goat antihuman IgM antibodies were from Jackson ImmunoResearch Labs (West Grove, PA). Goat
antibodies against murine K light chain were from Southern Biotechnology Associates
(Birmingham, AL). The 2-9B10 monoclonal antibody to chicken IgM was a gift from Dr. M .
Ratcliffe (University of Toronto, Toronto, Canada). Antibodies to Rapl were from Santa
Cruz Biotechnology (Santa Cruz, CA) and antibodies to Rap2 were from B D Transduction
Labs (Lexington, KY). The M2 anti-FLAG antibody was from Sigma-Aldrich (St. Louis,
MO). The anti-RapGAPII antibody was a gift of Dr. M . Matsuda (Osaka University, Osaka,
Japan). The rabbit polyclonal anti-SPA-1 antibody was generated by B. Szczygielski, a coop student in the lab, using a GST-SPA-1 construct.

2.1 B cell lines and murine B cells
All B cell lines were obtained from the American Type Culture Collection (ATCC)
(Manassas, VA). The WEHI-231, BAL17, A20 and 2PK3 murine B cell lines as well as the
R A M O S human B cell line, were grown in RPMI-1640 supplemented with 10% heatinactivated fetal calf serum (FCS), 50 j*M 2-mercaptoethanol, 2 mM glutamine, 1 mM
pyruvate, 15 U/ml penicillin and 50 ^g/ml streptomycin (complete medium). WEHI-231
cells transfected with the M S C V vector or with M S C V containing the RapGAPII cDNA or
Rap2V12 cDNA were maintained in complete medium containing 0.25 /<g/ml puromycin
(Calbiochem, La Jolla, CA). WEHI-231 cells transfected with PMX-pie vector or with
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PMX-pie containing the CalDAG-GEFI cDNA were maintained in the same media. A20
cells transfected with M S C V vector or with M S C V containing the RapGAPII cDNA or
Rap2V12 cDNA were maintained in complete medium containing 4 pig/ml puromycin, while
2PK3 cells were maintained in complete medium containing 2 pig/ml puromycin. 2PK3 cells
transfected with wild type Rap2, PMX-pie vector or PMX-pie containing the SPA-1 cDNA
were maintained in complete medium containing 2 /<g/ml puromycin as well. WEHI-231
cells transfected with the L X S N vector or with L X S N containing the SPA-1 cDNA were
maintained in complete medium containing 2.3 mg/ml G418 (Gibco, Burlington, ON), while
A20 and 2PK3 cells transfected with these constructs were maintained in complete medium
containing 4 mg/ml G418. The wild-type DT40 chicken B cell line, as well as the PLC-Y2deficient (204), and IP3 receptor-deficient variants (205) of this cell line, were grown in
RPMI-1640 supplemented with 10% heat-inactivated FCS, 1% heat-inactivated chicken
serum (Gibco, Grand Island, NY), 50 yiM 2-mercaptoethanol, and 2 mM glutamine
(complete chicken medium). DT40 cells expressing the pMSCV vector or M S C V containing
RapGAPII were maintained in complete chicken medium containing'2 71 g/ml puromycin.
Small resting B cells were isolated from the spleens of C57BL/6 mice by Percoll
density centrifugation after antibody- and complement-mediated lysis of T cells (206).
Briefly, spleen cells were incubated at 37°C for 45 min with a 1:4 dilution of guinea pig
complement (Gibco, Grand Island, NY) and 1:4 dilutions of culture supernatants from the
H013.4 anti-Thyl hybridoma (ATCC), the 3.155 anti-CD8 hybridoma (ATCC), and the 2B6
2D8 anti-CD4 hybridoma (from Dr. D. Hanson, Washington Univ., St. Louis, MO). The
small resting B cells were recovered from the interface of 60% and 75% isotonic Percoll
layers. Flow cytometry showed that the resulting population of cells was greater than 90%
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IgM+ B cells.

2.2 Expression of exogenous genes
2.2.1 Retrovius-mediated gene transfer
The cDNAs encoding FLAG-tagged RapGAPII, Rap2V12 or wild-type (wt) Rap2 in
the retroviral pMSCVpuro vector were gifts from Dr. M . Matsuda (Osaka University, Osaka,
Japan). The cDNA encoding FLAG-tagged SPA-1 in the retroviral p L X S N vector was a gift
from Dr. N. Minato (Kyoto University, Kyoto, Japan). The cDNA encoding murine
CalDAG-GEFI in the eukaryotic expression vector pCMVSport was a gift from Drs. H .
Kawasaki and A . Greybiel (MIT, Cambridge, MA). CalDAG-GEFI was cloned into the
PMX-pie retroviral vector by a former graduate student, Rob Ingham. Retrovirus-mediated
gene transfer was carried out as described by Krebs et al. (207). Two micrograms of
plasmids containing cDNA encoding RapGAPII, Rap2V12, wt Rap2, SPA-1 or CalDAGGEFI or as a control, the empty pMSCV, p L X S N or PMX-pie vectors, was transfected into
the BOSC23 packaging cell line by calcium phosphate transfection.

The resulting viral

particles were used to infect WEHI-231 cells, 2PK3 •cell's or a variant of the DT40 cell line
1

expressing a transfected murine ecotropic retrovirus receptor (207). Stable bulk populations
of WEHI-231, 2PK3 Or DT40 cells expressing RapGAPII and Rap2V12 were selected using
0.25 p.g/ml, 4 /<g/ml, and 2 pig/m\ puromycin respectively. Stable clones of 2PK3 and
WEHI-231 cells expressing SPA-1 were selected using 2.3 mg/ml G418. Expression of
RapGAPII was detected by immunoblotting with an anti-RapGAPII antibody (141) or with
the M2 anti-FLAG monoclonal antibody (Sigma-Aldrich), while expression of wt Rap2 or
Rap2V12 was detected by immunoblotting with an anti-Rap2 antibody or with the anti-
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F L A G antibody. Expression of SPA-1 was detected by immunoblotting with a polyclonal
anti-SPA-1 antibody generated in the lab or with the M2 anti-FLAG monoclonal antibody.

2.2.2 Transfection of A20 cells by electroporation
A20 cells expressing RapGAPII, Rap2V12 or the empty pMSCVpuro retroviral
vector as well as A20 cells expressing SPA-1 or the empty p L X S N retroviral vector were
generated by electroporation. The plasmid D N A was linearized by restriction enzyme
digestion, then mixed with 10 cells in 0.8 ml Dulbecco's phosphate buffered saline (PBS)
7

lacking calcium chloride and magnesium chloride in an electoporation cuvette. The cells
were incubated on ice for 10 min then subjected to an electroshock of 400 V and 975 uP
using a Bio-Rad Gene Pulser (Bio-Rad, Hercules, CA). The cells were incubated on ice for
an additional 10 min and then resuspended in 10 ml complete medium for 36-48 hr. Stable
clones expressing RapGAPII or SPA-1 were obtained by single cell cloning and selection in
medium containing 4 u.g/ml puromycin or 4 mg/ml G418, respectively. Experiments were
performed using RapGAPII-expressing A20 clone 16 or clone 3 and SPA-1-expressing A20
clone 8. The Rap2V12-expressing A20 cells were an oligoclonal population that was not
subjected to single-cell cloning. Expression of RapGAPII or Rap2V12 was detected as
described above.

2.3 Cell stimulation and preparation of cell lysates
To reduce basal signalling caused by serum components, WEHI-231, A20 and 2PK3
cells were sometimes grown overnight in medium containing 1% FCS or incubated in
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medium containing 1% bovine serum albumin (BSA) and no FCS for 4 hr before being
stimulated. For Rap activation assays, the cells were resuspended to 2.5 x 10 /ml in 37°C
7

modified HEPES-buffered saline (25 mM NaHEPES, 125 mM NaCl, 5 mM KCI, 1 mM
CaCl , 1 mM NaHP0 , 0.5 mM MgS0 , 1 g/L glucose, 2 mM glutamine, 1 m M sodium
2

4

4

pyruvate, 50 piM 2-mercaptoethanol) and stimulated with anti-Ig antibodies, recombinant
murine SDF-1 (R&D Systems, Minneapolis, MN), phorbol dibutyrate (PdBu) (SigmaAldrich) or other stimuli. Where indicated, the cells were pretreated with the PLC inhibitor
U73122 or its inactive structural analogue U73343 (BioMol, Plymouth Meeting, PA) or with
the PKC inhibitors safingol or bisindolylmalemide (Sigma-Aldrich). Reactions were
terminated by adding an equal volume of cold NP-40 lysis buffer (1% NP-40, 50 mM TrisHCl, pH 7.5, 200 mM NaCl, 2 mM M g C l , 10% glycerol, 1 mM N a V 0 , 1 mM
2

3

4

phenylmethylsulfonyl fluoride (PMSF), 10 pig/ml leupeptin, 1 ^g/ml aprotinin). After 30
min on ice, detergent-insoluble material was removed by centrifugation. For Rapl activation
assays, cell lysates were used immediately, without freezing.

2.4 Preparation of particulate and cytosolic fractions
Cells were stimulated as described above. After stimulation, the cells were pelleted at
3000 rpm for 5 min in a microfuge and the pellet was quickly frozen in liquid nitrogen. The
pellet was resuspended in lysis buffer without detergent (20 mM Tris-HCl pH 8, 10%
glycerol, 2 mM E D T A , 137 mM NaCl, 1 mM Na3V04, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 10 pig/ml leupeptin, 1 pig/ml aprotinin) and pelleted again at 14,000 rpm for 5 min
in a microfuge. The supernatant (cytosolic fraction) was transferred to a new tube and
solubilized by the addition of Triton X-100 to a final concentration of 1% for 5 min on ice.
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The pellet (particulate fraction) was solubilized in Triton X-100 lysis buffer (1% Triton X 100, 20 mM Tris-HCl pH 8, 10% glycerol, 2 mM E D T A , 137 mM NaCl, 1 mM N a V 0 , 1
3

4

mM phenylmethylsulfonyl fluoride (PMSF), 10 pig/ml leupeptin, 1 //g/ml aprotinin) for 5
min on ice. Detergent insoluble material was removed from both fractions by centrifugation.
Protein concentrations were calculated using the bicinchoninic acid assay (Pierce, Rockford,
IL), quickly frozen in a dry ice ethanol bath and stored at - 8 0 ° C .

2.5 Preparation of the GST-RalGDS(RBD) fusion protein
The pGEX-RalGDS(RBD) plasmid encoding a glutathione S-transferase (GST)
fusion protein containing the 97 amino acid Rapl binding domain (RBD) of the RalGDS
protein has been described previously (74). The plasmid was transformed into E. coli strain
DH5a and protein production was initiated by adding 100 pM isopropyl-p-Dthiogalactopyranoside (IPTG) (Sigma-Aldrich) to the cultures when they had reached an
OD

6 0 0

between 0.8 and 1.0. After IPTG addition, the cells were grown overnight and the

next morning the bacteria were pelleted, resuspended in sonication buffer (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mg/ml lysozyme, 0.1 mg/ml DNase I, 10 pig/nA
leupeptin, 10 fig/ml soybean trypsin inhibitor, 1 /ig/ml aprotinin, 1 mM
phenylmethylsulfonyl fluoride) and lysed by sonication. The lysate was centrifuged at
30,000 rpm for 45 min in the cold. The supernatant was stored at -80°C in 200 yA aliquots.

2.6 Rapl and Rap2 Activation Assay
Bacterial lysate (20 }A per sample) containing the GST-RalGDS(RBD) fusion protein
was mixed with 20 pil glutathione-sepharose 4B beads (Pharmacia, Baie d'Urfe, Quebec,
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Canada) for 1-2 h in the cold. After washing the beads twice with NP-40 lysis buffer, cell
lysates (1.25 x 10 cell equivalents in 0.5 ml) were added and mixed with the beads for 1 h.
7

The beads were then washed three times with NP-40 lysis buffer and bound proteins were
eluted with SDS-PAGE sample buffer containing 100 mM dithiothreitol. Eluted proteins
were separated by SDS-PAGE and transferred to nitrocellulose. Active, GTP-bound Rapl
and Rap2 was detected by first immunoblotting with anti-Rap2 antibodies, and then stripping
and reprobing the filter (as described below) with anti-Rap 1 antibodies.

2.7 Immunoblotting
Total cell extracts or precipitated proteins were separated on SDS-PAGE gels and
then transferred to nitrocellulose membranes. The membranes were blocked for 1 to 2 h with
5% (w/v) skim milk powder in TBST (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween20) and then incubated overnight at 4°C with the primary antibody. The membranes were
then washed with TBST and incubated with the appropriate HRP-conjugated secondary
antibody (Bio-Rad) for 1 h at room temperature. Immunoreactive bands were visualized
using E C L (Amersham Pharmacia Biotech, Bale d'Urfe, Quebec, Canada). To reprobe the
membranes, bound antibodies were eluted by incubating the membrane with 10 mM TrisH C l pH 2, 150 mM NaCl for 30 min. The membranes were then re-blocked and probed as
described above. To quantitate results, scans of E C L exposures were saved as TIFF files and
analyzed using ImageQuant 1.2 software (Molecular Dynamics, Sunnyvale, CA).

2.8 E R K phosphorylation assays
Cells were stimulated with IgM or phorbol esters, washed with PBS, and then
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solubilized in RIPA buffer (30 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Igepal (SigmaAldrich), 0.5% sodium deoxycholate, 0.1% SDS, 2 mM E D T A , 1 m M PMSF, 10 [ig/ml
leupeptin, 1 u,g/ml aprotinin, 1 mM Na3VC»4, 25 m M ^-glycerophosphate, 1 ptg/m\
microcystin-LR). Detergent-insoluble material was removed by centrifugation. Cell extracts
(5 pig protein) were analyzed by immunoblotting with antibodies that recognize the
phosphorylated, active form of E R K (Cell Signalling Technologies, Beverly, M A ) .

2.9 E R K in vitro kinase assays
E R K was immunoprecipitated using monoclonal anti-ERKl/2 antibodies conjugated
to agarose beads (Santa Cruz Biotechnology). E R K in vitro kinase assays were performed as
described previously (54) using myelin basic protein (Sigma-Aldrich) as a substrate. Briefly,
reactions were initiated by adding 30 ul of kinase assay buffer containing 1 mg/ml myelin
basic protein and 5 u,Ci "P-y-ATP to the immunoprecipitated E R K . After 15 min at room
32

temperature, the reactions were stopped by adding 30 ul of 2X SDS-PAGE sample buffer.
The resulting ~P labelled substrate was separated from free "P-y-ATP on a 15%
32

32

polyacrylamide gel and quantified using a phosphorimager (Molecular Dynamics,
Sunnyvale, CA).

2.10 Transwell migration assays
Migration assays were performed in 24 well plates using 5 pirn polycarbonate
Transwell inserts (Costar) as described (208). SDF-1 was diluted in chemotaxis medium
(RPMI-1640/10 m M HEPES/0.5% B S A and added to the lower chamber while 5 x 10 cells
5
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in 0.1 ml chemotaxis medium were added to the upper chamber. After 3 hr at 37°C, the
number of cells that had migrated into the lower chamber was determined using flow
cytometry. The medium from the lower chamber was passed through a FACScan for 30 sec,
gating on forward and side scatter to exclude cell debris. The number of live cells was
compared to a "100% migration control" in which 5 x 10 cells had been pipetted directly
5

into the lower chamber and then counted on the FACScan for 30 sec.

2.11 Flow cytometry
To analyze cell surface expression of CXCR4 on 2PK3 cells, cells were stained with
10 fig/ml rabbit anti-human CXCR4 (Santa Cruz Biotechnology), followed by FITCconjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories). To avoid Fc
receptor interactions, 2PK3 cells were pre-incubated with 100 ^g/ml of the 2.4G2 anti-FcyRII
monoclonal antibody. To analyze cell surface expression of the LFA-1 and a integrins, cells
4

were stained with 30 fig/ml of the TIB-213 (FD441.8) rat anti-mouse LFA-1 monoclonal
antibody (209) (ATCC) or the PS/2 rat anti-mouse a integrin monoclonal antibody (9) (a
4

gift from Dr. B. Chan, Robarts Research Institute, London, Ontario, Canada), followed by
FITC-conjugated mouse anti-rat IgG (Jackson ImmunoResearch Laboratories). During flow
cytometry, the forward and side scatter of cells was assessed in order to gate out dead cells
and cell debris.

2.12 Adhesion assays using immobilized I C A M - 1 or V C A M - 1
The soluble extracellular domain of ICAM-1 (sICAM-1), as well as a VCAM-1-Fc
fusion protein, was a gift from Dr. F. Takei (Terry Fox Laboratories, Vancouver, BC).
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Adhesion assays were performed using a modification of the method described by Welder et
al. (210). Nunc Maxisorp 96-well plates (Nunc, Rochester, NY) were coated at room
temperature for 60-90 min with 30 jiglml of either sICAM-1 or VCAM-1-Fc diluted in 0.1 M
carbonate buffer (pH 9.6). The wells were washed three times with PBS and blocked with
0.5 mg/ml B S A in PBS for 30 min at room temperature. A20 cells were resuspended to 1.25
x 10 per milliliter in HBSS with 2% FCS (binding buffer) and stimulated with phorbol
6

myristate acetate (PMA; Sigma-Aldrich) or anti-IgG antibodies (Jackson ImmunoResearch
Laboratories) for 25 min at 37°C. The cells were then pelleted, resuspended to 1.25 x 10 per
6

milliliter in binding buffer containing 10 /<g/ml 5-chloromethylfluorescein diacetate
(CMFDA; Molecular Probes, Eugene, OR) for 30 min at 37°C. When the cells were
stimulated with SDF-1, they were stained with C M F D A prior to being stimulated with SDF-1
for 20 min. After being labeled and stimulated, the cells were pelleted and resuspended at
the same concentration in binding buffer except for cells to be treated with neutralizing
antibodies to either LFA-1 or a integrins. These cells were resuspended at 1.25 x 10 per
7

4

milliliter in 50 /d binding buffer containing 50 /<g/ml of the TIB-213 anti-LFA-1 monoclonal
antibody or the PS/2 anti-a integrin monoclonal antibody, incubated for 5 min at room
4

temperature and then diluted to 1.25 x 10 per milliliter in binding buffer. For each sample,
6

1.25 x 10 cells in 0.1 ml binding buffer was added to triplicate wells of the sICAM-1- or
5

VCAM-1-Fc-coated 96-well plate. The plates were incubated at 37°C for 25 min and the
total fluorescent signal (excitation at 485 nm, emission at 530 nm) from each well was
measured using a Bio-Tek FL600 microplate fluorescence reader (Bio-Tek Instruments Inc.,
Winooski, VT). The wells were then washed manually 5-6 times with 37°C binding buffer to
remove non-adhering cells and the fluorescent signal from each well was measured again.
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Data are represented as the percent of cells that firmly adhered. This was calculated by
dividing the post-wash fluorescence (remaining adhered cells) by the pre-wash fluorescence
(total input cells) for each well.

2.13 Cell-cell adhesion assays
To assess the effect of RapGAPII expression on the homotypic aggregation of WEHI231 cells, vector control and RapGAPII-expressing cells (2 x 10 cells in 2 ml complete
6

medium) were added to each well of a 6-well plate and stimulated with 2 nM PdBu in the
presence or absence of 30 pig/ml of the TIB-213 anti-LFA-1 monoclonal antibody. The cells
were incubated overnight at 37°C and then photographed. The number of single cells and
aggregates, as well as the number of cells per aggregate, in several random fields was
determined.
To assess the adhesion of A20 cells to the M2-10B4 murine bone marrow stromal cell
line (211, 212) (a gift from Dr. C.J. Eaves, British Columbia Cancer Agency, Vancouver,
British Columbia, Canada), A20 cells (2 x 10 in 1 ml complete medium) were plated on a
6

75% confluent monolayer of M2-10B4 cells in a 6-well plate. Where indicated, 30 pig/ml of
the PS/2 anti-a integrin monoclonal antibody or 10 ^g/ml of a rabbit anti-CXCR4 antibody
4

(Santa Cruz Biotechnology) was added to the medium. The A20 cells were allowed to
adhere for 5 h before washing the wells twice with complete medium and then photographing
the remaining cells. The number of A20 cells adhering to the M2-10B4 cells was determined
by counting random fields of cells.
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2.14 Cell spreading assays
A20 vector control and RapGAPII-expressing cells (7.5 x 10 cells per ml in 1.5 ml
5

complete medium for IgG treatment, 1 x 10 cells per ml in 1.5 ml complete medium for
6

PdBu treatment) were added to each well of a 6-well tissue culture plate and cultured with or
without 10 pig/ml goat anti-mouse IgG antibodies or 2 nM PdBu. The cells were allowed to
adhere and spread overnight at 37°C, in the case of IgG treatment, or for 5 hours in the case
of PdBu treatment and then observed by light microscopy. For each well, three different
observers each determined the number of spread cells in three random fields containing
approximately 300 cells each. Alternatively, the cells were photographed using a camera
system attached to an Olympus 1X70 microscope. Cells that had a flattened morphology or
were phase-dark were scored as spread. WEHI-231 vector control and Rap2 V12-expressing
cells (1 x 10 cells per ml in complete medium or in complete medium containing no FCS
6

and 1% BSA) were added to each well of a 6-well tissue culture plate and cultured with or
without 2 nM PdBu. The cells were allowed to adhere and spread overnight at 37°C and the
cells were photographed.

2.15 Actin polymerization assays
The amount of polymerized F-actin was analyzed on a single cell basis by flow
cytometry, essentially as described by Bleul et al. (213). Vector control and RapGAPIIexpressing A20 cells (4 x 10 cells in 0.4 ml HEPES-buffered saline) were added to
5

polypropylene microfuge tubes and stimulated with 100 nM PdBu for various times at 37°C.
Reactions were stopped by adding 100 u\ of PBS containing 9% formaldehyde, 2 jiglml
FITC-phalloidin (Sigma-Aldrich) and 0.25 mg/ml lysophosphatidylcholine (Sigma-Aldrich).
63

After 10 min at 37°C, the mean fluorescence intensity was determined using a FACScan flow
cytometer and taken as a measure of the amount of polymerized F-actin.
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Chapter 3
Rapl is activated by the BCR but does not regulate
Ras-mediated ERK activation in B cells

3.0 Introduction
The binding of antigens to the B cell antigen receptor (BCR) is essential for the
generation of an antibody response. BCR signalling activates resting B lymphocytes and, in
the presence of T cell-derived co-stimulatory factors, drives B cells to proliferate and
differentiate into antibody-secreting plasma cells. The BCR activates multiple signalling
pathways, including those regulated by PLC-y, PI3K and Ras (20, 26). Activation of the Ras
signalling pathway is important for B cell development and activation (59, 61).
The Ras GTPase binds to and activates Raf kinases, which initiate a kinase cascade
that leads to E R K activation (45). Activated ERKs migrate to the nucleus where they
phosphorylate and activate transcription factors belonging to the ETS family, such as ELK1
(3, 55). These transcription factors regulate the expression of genes that promote cell growth
and proliferation, such as the cell-cycle regulatory gene cyclin D2 (3). The essential role of
Ras in promoting cell proliferation is highlighted by the fact that mutated forms of Ras that
are constitutively active are potent transforming agents (214). Furthermore, these activated
forms of Ras are found in a large fraction number of human tumors and may be responsible
for the uncontrolled proliferation of these cells (214). Ras appears to play a role in B cell
development and activation, since activation of Ras is essential for B cell development (61),
and in mature B cells, E R K activation is essential for BCR-induced proliferation (59, 60).
Given the role of Ras as a mediator of proliferation, differentiation, and oncogenesis in
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multiple cell types, as well as its role in B cell development and activation, our lab became
interested in understanding how Ras-mediated signalling is regulated in B cells.
As discussed earlier, the Rapl protein was identified as a potential negative-regulator
of Ras-mediated signalling (215). Rapl was first identified by its ability to reverse the
transformation of NIH 3T3 cells by an activated form of K-Ras (64). Expression of activated
Rapl proteins was also shown to block the action of Ras in Drosophila

eye development and

in the maturation of Xenopus oocytes (71, 72). The effector-binding domain of Rapl is
identical to that of Ras, which suggested that Rapl-GTP might be able to bind and sequestor
downstream effectors of Ras-GTP. In support of this hypothesis, in vitro experiments
showed that Rapl-GTP could bind to Raf-1 and other Ras effectors, but did not activate them
(69). Furthermore, expressing constitutively-active RaplA in fibroblasts inhibits Rasdependent activation of E R K (70). These observations suggested that activation of the
endogenous Rapl proteins could limit the magnitude or duration of Ras-mediated signalling.
When I started this work, it was not known whether the activation of endogenous
Rapl modulated Ras-mediated signalling since receptor-induced Rapl activation had been
shown only in thrombin-stimulated platelets (74). Since the thrombin receptor is a G proteincoupled receptor it was not known whether other types of receptors, such as the BCR, would
also activate Rapl. My hypothesis was that Rapl would be activated following BCR
engagement. I also hypothesized that Rapl activation in B cells would act to limit Rasmediated signalling. Given the role of the Ras/MEK/ERK module in promoting growth and
proliferation in B cells, negative regulation of Ras signalling by Rapl could be an important
way by which the cell limits the magnitude or duration of proliferation follwing activation.
Previous work by Rob Ingham and Danielle Krebs in the lab had suggested that Rapl could
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be a target of BCR signalling (118). C3G, an exchange factor that activates Rapl, is
constitutively associated with the Crk adaptor protein in B cells (118). In response to BCR
engagement, the membrane-associated docking proteins p l 3 0

C a s

and p l 2 0

C b l

are tyrosine

phosphorylated, creating binding sites for the SH2 domain of Crk (118). Thus, complexes of
Crk and C3G are brought to cellular membranes, where C3G could activate Rapl.
I used the GST-RalGDS pulldown assay, which selectively precipitates active, GTPbound Rapl, to investigate whether the BCR activates Rapl in multiple B cell lines,
representing different stages in B cell development. I found that the B C R does activate Rapl
(103). This was one of the first demonstrations of receptor-induced Rapl activation and the
first demonstration of Rapl activation by a member of the immunoreceptor family. Next, I
wished to elucidate the mechanism of BCR-induced Rapl activation. As discussed in the
previous paragraph, the recruitment of complexes containing Crk and C3G to cellular
membranes could be responsible for Rapl activation following BCR engagement. Since
Rapl is activated in platelets by increases in intracellular C a
intracellular C a
Ca

2+

2+

2+

(74), and increases in

occur following BCR engagement (20), an alternate hypothesis was that

would mediate the activation of Rap by the BCR. However, I found that Rapl

activation following BCR engagement occurred via a novel PLC-y- and DAG-dependent
pathway that appears to be independent of Crk and C3G complexes, as well as increases in
intracellular Ca (103).
2+

Having shown that Rapl is activated by the BCR, I tested my original hypothesis that
Rapl activation would act to limit Ras-mediated signalling to E R K in B cells. To do this I
used a loss-of-function approach in which I expressed a Rap-specific G A P , RapGAPII, in B
cell lines. Expression of this G A P prevented activation of Rapl in these cells. In contrast to
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my original hypothesis, I found that activation of ERK1 and ERK2 following B C R
engagement was unaffected in the cells in which Rapl activation was blocked. Thus, in B
cells, Rapl does not normally limit Ras-dependent E R K activation. Instead, Rap regulates
other important processes in B cells. In chapter 4 and chapter 5 of this thesis I will present
my work demonstrating that Rapl regulates cell migration, cell adhesion and cell spreading
in B cells.

3.1 Results
3.1.1 Activation of the Rapl GTPase by the BCR
To determine whether the BCR activates Rapl I used a novel assay for Rapl
activation developed by Franke et al. (74). This assay is based on the observation that the
RalGDS protein has high affinity for active Rapl-GTP but does not bind the inactive GDPbound form of Rapl (67). A GST fusion protein containing the Rapl-binding domain (RBD)
of RalGDS was used to selectively precipitate activated Rapl. The recovery of activated
Rapl was monitored by immunoblotting with an anti-Rap 1 antibody that recognizes both
RaplA and RaplB.
I started by asking whether the BCR activated Rapl in WEHI-231 B
lymphoma cells that are used for many of the signalling studies in our lab. WEHI-231 cells
represent immature/transitional B cells. In response to BCR crosslinking WEHI-231 cells
undergo growth arrest and apoptosis (216, 217). However, engagement of the co-stimulatory
CD40 receptor can prevent this BCR-induced growth arrest and cell death (218, 219). Using
the GST-RalGDS pulldown assay, I found that initiating BCR signalling with anti-IgM
antibodies increased the amount of activated Rapl in WEHI-231 B lymphoma cells (Fig. 3.1
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Figure 3.1. Activation of Rapl following BCR ligation.
A,B, WEHI-231 cells (25 x lOVml) were incubated with 100 ng/ml anti-IgM antibodies for
the indicated times and Rapl activation assays were performed on the cell lysates. Cell
lysates were precipitated with GST-RalGDS(RBD) and precipitated proteins were analyzed
by anti-Rap 1 immunoblotting. C, WEHI-231 cells were incubated with (+) or without (-)
100 pig/ml anti-IgM for 2 min. The asterisk (*) indicates that anti-IgM antibodies were
added to WEHI-231 cells following solubilization with NP-40 lysis buffer. Platelets were
incubated with (+) or without (-) thrombin (0.25 U/ml) for 1 min. Cell lysates were
precipitated with the indicated GST fusion protein. Precipitated proteins were analyzed by
immunoblotting with the anti-Rapl antibodies. D, WEHI-231, BAL17 and A20 cells were
incubated for 2 min with (+) or without (-) 100 //g/ml anti-IgM in the case of WEHI-231 or
BAL17 cells or with anti-IgG in the case of A20 cells. A Rapl activation assay was
performed on the cell lysates. 30 fig of WEHI-231 was run as a total cell lysate (TCL)
control. Molecular mass standards (in kDa) are indicated to the left of each panel. The
experiments shown in each panel were performed three times and similar results were
obtained each time.
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A). An increase in the amount of activated Rapl was seen at 15 sec after adding anti-IgM to
the cells (Fig. 3.1 B). This BCR-induced Rapl activation was maximal at 2 to 15 min and
persisted for at least 60 min. Several controls were done to confirm that the 23-kDa band
detected by anti-Rapl immunoblotting was activated Rapl and not an artifact (Fig. 3.1 C).
First, the protein precipitated by GST-RalGDS from WEHI-231 cell lysates had the same
electrophoretic mobility as activated Rapl precipitated from thrombin-stimulated platelets.
Rapl is highly expressed in platelets and thrombin causes strong activation of Rapl in these
cells (74). Second, the protein detected by the anti-Rapl antibody was not precipitated by an
irrelevant GST fusion protein containing the Crk SH2 domain. Finally, adding anti-IgM to
WEHI-231 cells after they had been solubilized with NP-40 did not increase the intensity of
the band detected in this assay. This shows that intact cells were necessary for this response
and that the band detected by anti-Rapl immunoblotting was not the 25-kDa Ig light chain of
either the cell's BCR or the stimulating antibody. Together, these controls support the
conclusion that BCR engagement activates Rapl.
BCR signalling regulates multiple steps in B cell development and differentiation,
influencing the survival and activation of pre-B cells, immature B cells, mature B cells, and
memory B cells. Therefore, I asked whether BCR ligation activates Rapl in cell lines
corresponding to different stages of B cell development (Fig. 3.1 D). I found that BCR
ligation increased the amount of activated Rapl in the immature I g M WEHI-231 murine B
+

cell line, the mature I g M B A L I 7 murine B cell line, and the IgG A20 murine cell line. As
+

+

IgG cells, A20 cells are likely to represent the transformed counterpart of memory B cells.
+

BCR-induced Rapl activation was also observed in mature resting B cells isolated from
mouse spleen (Fig. 3.2 D), indicating that this response is not restricted to transformed B cell
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Figure 3.2. R a p l is activated in B cells by P d B u and diC8 but not by ionomycin.
Rapl activation assays were performed on the indicated cell lysates. A, WEHI-231 cells were
left untreated (-) or incubated for 5 min with 100 ^g/ml anti-IgM (Ig), 10 or 100 nM PdBu
(P), 500 nM ionomycin (I), or a combination of 100 nM PdBu plus 500 nM ionomycin (P+I).
B , R A M O S cells were left untreated (-) or incubated for 5 min with 100 pig/ml anti-IgM (Ig),
100 nM PdBu (P), or 500 nM ionomycin (I). C, DT40 cells were left untreated (-) or
incubated for 5 min with 50 jig/ml anti-IgM antibodies (Ig), 100 nM PdBu (P) or 100 nM
;

ionomycin (I). D , Murine splenic B cells were left untreated (-) or incubated for 5 min with
50 pg/ml anti-IgM antibodies, 30 /<g/ml anti-K light chain antibodies, 100 nM PdBu (P), or
500 nM ionomycin (I). E, WEHI-231 cells were incubated with 100 nM PdBu for the
indicated times. F,G, R A M O S cells or DT40 cells were left untreated (-) or incubated for 5
min with 100 /«g/ml anti-IgM (Ig), 100 nM PdBu (P) or 100 \xM dioctanoylglycerol (diCg)
(D). Molecular mass standards (in kDa) are indicated to the left of each panel. The
experiments shown in each panel were performed at least twice and similar results were
obtained each time.
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lines. Finally, I showed that BCR ligation activated Rapl not only in mouse cells but also in
the DT40 chicken B cell line (Fig. 3.2 C) and the R A M O S human B cell line (Fig. 3.2 B,F).
Thus, BCR-induced activation of Rapl is a consistent feature of B cells.

3.1.2 The BCR activates Rapl via PLC-Y-dependent production of diacylglycerol
Having shown that Rapl is activated by the BCR, I was interested in determining the
mechanism by which the BCR activates Rapl. Previous work in the lab had suggested that
complexes of Crk and C3G might be involved in this process. In B cells, the Crk adaptor
proteins constitutively bind C3G (118), a Rapl-specific G E F (115). BCR ligation causes Crk
to bind via its SH2 domain to two membrane-associated docking proteins, p l 3 0
pl20

Cbl

C a s

and

, both of which are tyrosine phosphorylated in response to BCR engagement (118).

Thus, BCR ligation may recruit complexes of Crk and C3G to cellular membranes where
Rapl is located. However, Franke et al. had showed that there was another mechanism for
receptor-induced activation of Rapl (74). They found that increases in cytoplasmic C a

2 +

concentrations could activate Rapl in platelets and that this was required for activation of
Rapl by thrombin in these cells. Since the BCR activates PLC-y, which results in the
production of inositol 1,4,5-trisphosphate (IP3) and subsequent increases in intracellular C a

2 +

concentrations, the BCR could activate Rapl via either a Ca -dependent pathway or via the
2+

membrane recruitment of Crk and C3G complexes.
To distinguish between these two possibilities, I first asked whether the C a 2 +

dependent pathway for Rapl activation was present in B cells. I used the Ca -selective
2+

ionophore ionomycin to increase intracellular C a

2 +

levels in murine splenic B cells and in B

cell lines. I found that ionomycin concentrations (500 nM) that cause increases in
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intracellular C a

2 +

levels similar to that caused by BCR engagement (220) did not activate

Rapl to a significant extent (Fig. 3.2 A-D). Summed over eight experiments, the amount of
activated Rapl in unstimulated cells was 19.9 ± 13.9% of that in anti-IgM-stimulated cells
while the amount of activated Rapl in cells stimulated with 500 nM ionomycin was 14.4 +
8.1% of that in anti-IgM-stimulated cells. Thus, in most experiments the amount of activated
Rapl in ionomycin-treated cells was not significantly different than that in untreated cells.
Higher concentrations of ionomycin (1 jiM), which cause larger increases in intracellular
Ca

2 +

concentrations, also failed to activate Rapl in B cells (data not shown).
While the Ca -dependent pathway for Rapl activation appears not to be significant
2+

in B cells, I found that the other PLC-Y-derived second messenger, D A G , could activate Rapl
in B cells. Phorbol dibutyrate (PdBu) is a phorbol ester that is functionally analogous to
D A G in that it also binds and activates proteins that contain a C l domain, including novel
and conventional PKC enzymes (221). I found that PdBu caused strong activation of Rapl in
murine splenic B cells, the WEHI-231 murine B cell line, the DT40 chicken B cell line, and
the R A M O S human B cell line (Fig. 3.2 A-G). The kinetics of PdBu-induced Rapl
activation (Fig. 3.2 E) were similar to that for anti-IgM-induced Rapl activation (Fig. 3.1 A).
In addition to investigating whether phorbol esters, which mimic the action of D A G , could
activate Rapl, I also looked at Rapl activation by a cell-permeable synthetic D A G ,
dioctanoylglycerol (diCs). Like PdBu, diC binds and activates C l domain containing
8

proteins (222). However, unlike PdBu, diC is structurally similar to the D A G produced by
8

cellular signalling, with the main difference being that it has shorter acyl chains. I found that
diCg also caused strong activation of Rapl in WEHI-231 cells, R A M O S cells (Fig. 3.2 F),
and DT40 cells (Fig. 3.2 G). Thus, I found that a novel DAG-dependent pathway for Rapl
76

activation was present in B cells. Since the kinetics of PdBu-induced Rapl activation were
very similar to the kinetics of BCR-induced Rapl activation, I hypothesized that the BCR
used this DAG-dependent pathway to activate Rapl.
To test whether the BCR activates Rapl via this DAG-dependent pathway, I made
use of several variants of the DT40 chicken B cell line. A propensity for homologous
recombination in this cell line has allowed the generation of multiple variants in which the
genes encoding specific signalling molecules have been disrupted (36). The effect of these
gene disruptions on downstream signalling pathways can then be analyzed in these DT40
variants. To determine whether activation of Rapl by the BCR is dependent on the
generation of PLC-derived second messengers, I asked whether the BCR could activate Rapl
in a DT40 variant in which the genes encoding PLC-y2 had been deleted (204). Since these
cells do not express PLC-yl, they are unable to produce IP3 or D A G in response to BCR
ligation (204). I found that BCR-induced activation of Rapl was dramatically reduced in the
PLC-y-deficient DT40 cells as compared to wild type DT40 cells (Fig. 3.3A). In contrast,
PdBu caused strong activation of Rapl in both the wild type and PLC-y-deficient DT40 cells,
indicating that Rapl could still be activated in the PLC-y-deficient DT40 cells. Thus, P L C Y expression, and presumably activation, is required for the BCR to activate Rapl.
Since activation of PLC-y is necessary for the majority of BCR-induced Rapl activation (Fig.
3.3 A), and both PdBu and diCs can activate Rapl (Fig. 3.2), it strongly suggested that the
BCR activates Rapl via a DAG-dependent pathway. To confirm that activation of Rapl by
the BCR does not require increases in intracellular C a

2 +

concentrations in addition to D A G

production, I asked whether the BCR could activate Rapl in a variant of the DT40 cell line in
which the genes encoding all three IP3 receptors had been disrupted (205). The IP receptors
3
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Figure 3.3. Activation of Rapl by the BCR requires PLC-y2 but does not
involve IP3 receptor-mediated increases in intracellular C a . Rapl activation assays
2+

were performed on cell lysates. A, Wild type (wt) and PLC-y2-deficient DT40 B cells were
left untreated (-) or incubated for 5 min with 50 pig/ml anti-IgM (Ig) or 100 nM PdBu (P). B,
Wild type (wt) and IP3 receptor-deficient (IP3R -/-) DT40 B cells were left untreated (-) or
incubated for 5 min with 50 fig/ml anti-IgM (Ig) or 100 nM PdBu (P). Molecular mass
standards (in kDa) are indicated to the left of each panel. The experiments shown in each
panel were performed three times and similar results were obtained each time.
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are responsible for the release of intracellular C a

2 +

stores in response to IP3 and in these IP3

receptor-deficient DT40 cells there is no increase in intracellular C a

2 +

following BCR

engagement (205). I found that BCR ligation caused strong activation of Rapl in the IP

3

receptor-deficient DT40 cells (Fig. 3.3 B) and that the extent of Rapl activation in these cells
was similar to that caused by engaging the BCR on wild type DT40 cells. This suggests that
D A G production is sufficient to induce maximal activation of Rapl. Consistent with this
idea, I found that increasing intracellular C a

2 +

concentrations with ionomycin did not

enhance the ability of PdBu to activate Rapl (Fig. 3.2 B). In summary, these data argue that
increases in intracellular C a

2 +

are neither necessary nor sufficient for activation of Rapl by

the BCR. Instead these data support a model in which production of D A G is necessary and
sufficient for the activation of Rapl by the BCR.

3.1.3 The diacylglycerol-dependent pathway for Rapl activation does not involve PKC
enzymes
Since phorbol esters and synthetic D A G can activate Rapl in B cells, it suggested that
a novel DAG-dependent pathway leading to Rapl activation is present in B cells. D A G
binds and activates conventional and novel PKC enzymes, and both phorbol esters and
synthetic D A G are strong activators of these PKCs (221). To test whether PKC enzymes
might link the BCR to Rapl activation, I pre-treated B cells with PKC inhibitors and then
asked whether they blocked the ability of the BCR to activate Rapl. PKC inhibitors fall into
two classes. The first class, which includes bisindolylmaleimide, act by competing with A T P
for the catalytic site of PKC enzymes. The second class of PKC inhibitors, which includes
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Figure 3.4. BCR-induced R a p l activation is inhibited by safingol but not by
bisindolylmalemide.
A , B , WEHI-231 cells were left untreated (-) or pre-treated for 20 min at 37°C with the
indicated concentrations of safingol or bisindolylmalemide. Following inhibitor pretreatment, the cells were either left untreated (-) or stimulated for 5 min with 100 nM PdBu
(P). Rapl activation assays were performed on cell lysates. Molecular mass standards (in
kDa) are indicated to the left of each panel. These experiments were repeated three times
with similar results.
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safingol, bind to the C l domain of PKC enzymes, as well as other proteins that contain
DAG-binding domains. I found that BCR-induced Rapl activation was inhibited by safingol
(Fig. 3.4 B) but not by bisindolylmaleimide (Fig. 3.4 A). These findings suggest that the
BCR activates Rapl via a DAG-binding protein that is not a PKC enzyme.

3.1.4 Overexpression of CalDAG-GEFI enhances BCR-induced Rapl activation
Members of the CalDAG family of GEFs, which were discovered while this work
was being performed, contain both a C l DAG-binding domain and E F hand calcium-binding
domains. This family has now grown to include four members termed CalDAG-GEFI, II, III
and IV. The G E F activity of CalDAG-GEFI and CalDAG-GEFII has been shown to increase
when cells are treated with C a

2+

ionophores and/or phorbol esters (58, 120, 223). Binding of

D A G to the C l domain of these proteins is thought to mediate their membrane recruitment
(58).

This would allow them to activate membrane-associated GTPases such as Ras and

Rap. CalDAG-GEFI, is a specific activator of Rapl (120). CalDAG-GEFII and CalDAGGEFIV mediate activation of Ras, while CalDAG-GEFIII appears to activate both Rap and
Ras (57, 58, 122). Thus CalDAG-GEFI, "and perhaps CalDAG-GEFIII, appeared to be a
candidate for the DAG-dependent G E F that activates Rapl in response to BCR engagement.
To test whether CalDAG-GEFs could couple the BCR to Rap activation, I expressed human
CalDAG-GEFI in the DT40 chicken B cell line (Fig. 3.5, bottom panel) and asked whether
this enhanced BCR-induced Rapl activation. It is not clear whether DT40 cells normally
express CalDAG-GEFI since the anti-CalDAG-GEFI antibody may not recognize chicken
CalDAG-GEFI. I found that CalDAG-GEFI overexpression significantly increased BCRinduced Rapl activation (Fig. 3.5, top panel), but only slightly augmented PdBu-induced
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Figure 3.5. Overexpression of C a l D A G - G E F I augments R a p l activation by the B C R .
Vector-control and CalDAG-GEFI-expressing DT40 cells were left untreated (-) or
stimulated with 100 /*g/ml Anti-IgM (Ig), 100 nM PdBu (P) or 500 nM Ionomycin (I). Rapl
activation assays were performed on cell lysates (top panel). Total cell lysates were analyzed
by immunoblotting with an antibody to CalDAG-GEFI to detect CalDAG-GEFI expression
(bottom panel). The band indicated with an asterisk is a non-specific band likely due to the
stimulating antibody. This experiment was repeated two times with similar results.
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Rapl activation. This gain-of-function approach indicated that the BCR can use CalDAGGEFI to activate Rapl. However, overexpression of CalDAG-GEFI in DT40 cells also
allowed C a

2+

ionophores to strongly activate Rapl (Figure 3.5, top panel). C a

2+

ionophores

normally do not cause Rapl activation in B cells (Fig. 3.5, top panel, vector control panels
and Fig. 3.2), and increases in intracellular C a

2+

are not necessary for Rapl activation by the

BCR in the DT40 B cell line (Fig. 3.3 B), suggesting that the BCR uses a DAG-responsive
Rap G E F that is not activated by Ca2+. These data suggest that CalDAG-GEFI may not
normally make a significant contribution to BCR-induced Rapl activation. Consistent with
this idea, CalDAG-GEFI expression is hard to detect in B cell lines that still show strong
activation of Rapl by the BCR and by phorbol esters (224). It is possible that other members
of the CalDAG-GEF family, perhaps ones that have yet to be identified, may couple the BCR
to Rapl activation.

3.1.5 BCR signalling regulates the subcellular distribution of the Rap GAP SPA-1
Rap-specific GAPs increase Rapl's intrinsic GTPase activity and promote the return
of Rapl to its inactive GDP-bound conformation. The magnitude and duration of Rapl
activation could be regulated by Rap-specific GAPs. Therefore, I hypothesized that the BCR
may promote the activation of Rapl, at least in part, by regulating either the activity or
subcellular localization of Rap GAPs. Controlling the subcellular localization of Rap GAPs
may determine whether or not they are in close proximity to Rapl, which is associated with
membranes via lipid modifications.
To address this hypothesis, I started by examining which putative Rap-GAPs were
expressed in B cells. A number of potential Rap GAPs have been described, including
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Figure 3.6. SPA-1, but not tuberin, translocates from the particulate fraction to the
soluble fraction following phorbol ester treatment and BCR crosslinking. A, Expression
of SPA-1 in B cell lines. Cell lysates (30 jig protein) from WEHI-231 (W), B A L I 7 (B),
R A M O S (R), and DT40 cells (D) were analyzed by immunoblotting with an antibody to
SPA-1. B-D, WEHI-231 cells were left untreated (-) or stimulated with 40 ng/ml anti-IgM
antibodies (Ig) or with 100 nM PdBu (P). Cells were lysed and separated into particulate and
soluble fractions, by ultracentrifugation. Protein concentrations were determined by B C A
assay and equal amounts of protein from each fraction were analyzed by immunoblotting
with antibodies to SPA-1, Rapl, or tuberin. Due to differences in protein concentration in
each fraction, the particulate fraction contains 2.5 times more cell equivalents than the
soluble fraction. Molecular mass standards (in kDa) are indicated to the left of each panel.
Experiments were performed three times with similar results.

84

A

W

cell line

B

D

R

116-1

M SPA-1
Anti-SPA-1 Blot

B
fraction
stimulus
116-

soluble

particulate

-

-

Ig P

Ig

P

N

—

Anti-SPA-1 Blot

fraction
stimulus
21.5-

soluble

particulate

-

-

Ig P

Ig

P
k Rapl

,

*

SPA-1

Anti-Rap1 Blot

D
fraction
stimulus

soluble

particulate

-

-

Ig P

Ig

200-

P
-4 Tuberin

Anti-Tuberin Blot

85

RaplGAP, RapGAPII, SPA-1, and tuberin (75). SPA-1 appeared to be a good candidate for a
target of BCR signalling since it is highly expressed in lymphoid cells (142). Indeed, its
expression could be detected in WEHI-231, an immature murine B cell line, A20, a murine B
cell line with a memory B cell phenotype, and RAMOS, a mature human B cell line (Fig. 3.6
A). However, it was not expressed in BAL17 cells, another IgM murine B cell line.
+

Another putative G A P protein, tuberin, which had been shown to act on Rapl in vitro, is also
expressed in B cells (Fig. 3.6 B) while a third Rap-specific GAP, RapGAPII, was not
detected in B cells (Fig. 3.7 A). Therefore, SPA-1 and tuberin are candidates for GAPs that
regulate the activation of Rapl in B cells.
One way that the activity of GAPs may be regulated is by controlling their
localization in the cell, thus restricting their access to the GTPases they regulate. A previous
report had mentioned that SPA-1 translocated from the membrane to the cytosolic fraction in
lymphocytes in response to mitogenic stimuli, however they did not specify whether they
were looking at T or B cells, or which mitogenic stimuli was used (142). Therefore, I
investigated whether BCR ligation and phorbol ester treatment of B cells would induce
translocation of SPA-1 from the membrane to the cytosol. I found that BCR ligation and
phorbol ester treatment decreased the amount of SPA-1 in the membrane-enriched particulate
fraction of WEHI-231 cells (Fig. 3.6 B). Densitometry was performed and in three
independent experiments the amount of SPA-1 in the particulate fraction decreased by 35%±
9.4% (SEM) following anti-IgM treatment ofthe cells and by 62% ±13.3% (SEM) following
PdBu treatment. A corresponding increase in the amount of SPA-1 in the cytosolic fraction
would be expected following anti-IgM and PdBu stimulation. Although in general I saw an
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increase in cytosolic SPA-1 following stimulation, this increase was variable and not always
in keeping with the corresponding decrease seen in the amount of SPA-1 in the particulate
fraction. Comparing the two fractions in the anti-SPA-1 immunoblot is complicated by the
fact that they do not represent equal cell equivalents. Nevertheless, since Rapl is present in
the membrane-enriched particulate fraction in unstimulated WEHI-231 cells due to its lipid
modifications and remains in this fraction, after BCR ligation and phorbol ester treatment
(Fig. 3.6 C), my data show that SPA-1 is moving out of the fraction in which Rapl is
present,. Thus, these data suggest that BCR-induced production of D A G causes SPA-1 to
dissociate from the cellular membranes where Rapl is located. Decreasing the amount of
SPA-1 in the vicinity of Rapl could allow accumulation of the active, GTP-bound form of
Rapl.
Tuberin, another Rap-specific G A P expressed in B cell lines, appears to be present
entirely in the cytosolic fraction in unstimulated cells and it remains there following BCR
ligation or phorbol ester treatment (Fig. 3.6 D). Since Rapl is present only in the membraneenriched particulate fraction of B cells, it is unlikely that tuberin acts as a G A P for Rapl in B
cells. Although tuberin has been shown to act as a Rapl-specific G A P in vitro, there is no
evidence that it functions as such in vivo. In fact, recent genetic and biochemical data have
shown that tuberin is a G A P for the Rheb GTPase in vivo (153). Thus, tuberin is unlikely to
be involved in activation of Rapl by the BCR.

3.1.6 Expression of RapGAPII blocks Rapl activation in B cells, but does not effect
ERK activation by the BCR.
Having shown that Rapl was activated by the BCR, I was interested in determining

.
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the function of Rapl in B cells. It was originally hypothesized that Rapl would act as a
negative regulator of Ras-mediated signalling by binding and sequestering Ras effectors such
as Raf-1 and preventing their activation (215). In this way Rapl was expected to inhibit the
activation of the Ras/MEK/ERK signalling module. Indeed, expression of constitutively
active Rapl mutants had been shown to block the activation of E R K in Rat-1 cells treated
with epidermal growth factor or lysophosphatidic acid (70). However, this effect on Rasmediated signalling could have been an artifact due to overexpression of the activated Rapl
mutant protein. In B cells, the BCR activates the Ras/MEK/ERK signalling module (54) and
this has been shown to be important for B cell development (61) and proliferation (59).
Therefore, Rapl may act as a negative regulator of important cellular processes in B cells
through the regulation of the Ras-MEK-ERK signalling pathway. To determine whether
endogenous Rapl plays a role in regulating Ras-mediated signalling to E R K in B cells, I used
a loss-of-function approach in which I inhibited Rapl activation.
To inhibit activation of Rapl I expressed a Rap-specific GAP, RapGAPII in the
WEHI-231 B cell line. RapGAPII is a Rap-specific G A P that is expressed in the brain but
not in B cells (141)(Fig. 3.7 A). It promotes the conversion of active GTP-bound Rapl and
Rap2 to the inactive GDP-bound form, while having no effect on the activation of other
closely-related GTPases such as Ha-Ras(141), R-Ras (141), RhoA (225), and Racl (77). I
used retroviral-mediated gene transfer to generate bulk populations of WEHI-231 cells that
stably expressed RapGAPII (Fig. 3.7 A). Rap activation assays showed that expressing
RapGAPII strongly inhibited BCR-induced activation of Rapl in the WEHI-231 cell line
(Fig. 3.7 B). I then investigated whether expression of RapGAPII affected BCR-induced
activation of E R K . If Rapl normally inhibits Ras signalling to E R K , RapGAPII expression,
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Figure 3.7. RapGAPII expression inhibits Rap activation but does not augment BCRinduced ERK activation.
BCR-induced activation of Rapl is inhibited by expression of RapGAPII. A, WEHI-231
cells were transfected with the empty pMSCVpuro vector or with pMSCVpuro containing
the cDNA encoding FLAG-tagged RapGAPII. After puromycin selection, bulk populations
of infected WEHI-231 cells were analyzed for expression of FLAG-RapGAPII by
immunoblotting with an anti-RapGAPII antibody. B, WEHI-231 cells expressing either the
empty vector or RapGAPII were stimulated with 40 pig/ml goat anti-mouse IgM antibodies
(Ig) or with 100 nM PdBu (P) for 5 minutes. Rap activation assays were performed on the
cell lysates. Similar results were obtained in at least three independent experiments.
Inhibiting Rapl activation by expression of RapGAPII does not augment BCR-induced E R K
activation. C, Cell extracts were analyzed by immunoblotting with antibodies that recognize
the phosphorylated, active forms of ERK1 and ERK2. Vector control and RapGAPIIexpressing WEHI-231 cells were stimulated with 40 pig/ml goat anti-mouse IgM antibodies
(Ig) or 100 nM PdBu (P) for 5 minutes. For A - C molecular mass standards (in kDa) are
indicated to the left of each panel. Similar results were obtained in at least two independent
experiments. D, ERK2 in vitro kinase assays were performed on cell extracts. Vector
control and RapGAPII-expressing A20 cells were stimulated with 40 jxg/ml goat anti-mouse
IgG antibodies for the indicated times. ERK2 was immunoprecipitated and ERK2 activity
was measured using myelin basic protein as a substrate. Similar results were obtained in at
least two independent experiments.
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by preventing Rap land relieving this Rap-dependent inhibition, would be expected to
increase BCR-induced E R K activation. I first assessed E R K activation by using
phosphorylation state-specific antibodies to detect the phosphorylation of ERK1 and ERK2
on sites that are required for their activation. The BCR caused strong activation of ERK2,
but activation of ERK1, which is often weaker (54) was not detectable (Fig. 3.7 C). When I
compared the phosphorylation of E R K following anti-IgM treatment in vector control and
RapGAPII-expressing WEHI-231 cells I saw no difference in E R K phosphorylation in the
two cell lines (Fig. 3.7 C). I went on to perform ERK2 in vitro kinase assays to show that
Rap does not modulate the enzymatic activity of E R K . I found that the magnitude and
duration of BCR-induced ERK2 activation was virtually identical in the vector control and
RapGAPII-expressing WEHI-231 cells (Fig. 3.7 D). Since inhibiting Rapl activation in the
WEHI-231 B cell line does not result in increased activation of the Ras/MEK/ERK signalling
module by the BCR Rapl does not function as a negative-regulator of Ras-mediated
signalling in B cells.

3.2 Discussion
Engagement of the BCR activates the Ras/MEK/ERK signalling module (3). By
acting as an antagonist of Ras-mediated signalling, the Rapl GTPase could play a key role in
regulating B cell growth and survival. Therefore, I first investigated whether Rapl is a target
of BCR signalling. Using an assay that allowed me to selectively precipitate the activated
GTP-bound form of Rapl, I showed that engaging the BCR activates Rapl in B cell lines and
in splenic B cells and that Rapl activation by the BCR occurs through a PLC-y- and D A G -
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dependent pathway. I found that this DAG-dependent activation of Rapl appears to be
independent of PKC activation, but that it is likely to be dependent on another C l domain
containing protein that binds D A G . Potential targets of this DAG-dependent pathway
include CalDAG-GEF family members, since expressing CalDAG-GEFI, a Rapl-specific
GEF, enhanced Rapl activation in B cells. The BCR may also regulate Rapl activation by
controlling the cellular localization of a Rapl-specific GAP. One candidate is SPA-1, a
Rapl-specific G A P expressed in B cell lines that appears to translocate from the membraneenriched particulate fraction to the cytosol following B cell stimulation.
I went on to investigate whether Rapl regulates activation of the Ras/MEK/ERK
pathway in B cells. Using a loss-of-function approach in which I blocked Rapl activation by
the expression of RapGAPII I showed that Rapl does not negatively regulate E R K activation
by the BCR (170). In chapters 4 and 5 of this thesis I will present evidence that Rapl
regulates B cell migration and adhesion instead.
At the time I did this work the only other example of receptor-induced activation of
Rapl was in platelets where thrombin had been shown to activate Rapl (74). My finding
that the B C R activated Rapl was the second published example of receptor-induced Rapl
activation and the first example of Rapl activation by an immunoglobulin receptor. Since
these studies were performed, activation of Rapl by multiple extracellular stimuli in multiple
cell types has been demonstrated. Rapl activation can be induced through the TCR, and
through receptors for fMLP, platelet-activated factor, epidermal growth factor, endothelin,
LPA, interferon-y, LPS, and adenosine (75, 79).
In platelets, increases in intracellular free C a

2 +

levels were both necessary and

sufficient for activation of Rapl (74). While BCR-induced Rapl activation required PLC-y,
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experiments using IP3 receptor-deficient DT40 cells showed that increases in intracellular
free C a

2 +

were not required for the BCR to activate Rapl. Moreover, C a

2 +

ionophores could

not stimulate Rapl activation to the same extent as anti-IgM antibodies, indicating that
increases in intracellular free C a

2 +

concentrations cannot account for BCR-induced Rapl

activation. This suggested that the other PLC-v-derived second messenger, D A G , might be
involved in activation of Rapl by the BCR. Indeed, the synthetic D A G diCs, as well as
PdBu, which mimics the action of D A G , caused strong activation of Rapl in murine, human,
and chicken B cells. These results are consistent with the idea that the B C R activates Rapl
via a DAG-dependent, not a C a

2+

-dependent pathway. Like BCR-mediated Rapl activation

in B cells, TCR-mediated Rapl activation in T cells is dependent on PLCy (226). However,
which PLCy-derived second messengers are important for TCR-mediated Rapl activation
appears to vary depending on T cell maturity. In human peripheral T cells TCR-mediated
Rapl activation is dependent on increases in intracellular C a
Rapl activation did not require intracellular C a

2+

2+

(101), while in thymocytes

mobilization (227). The second messenger

c A M P has also been shown to mediate Rapl activation in multiple cell types (79) by acting
via the Rap-specific GEFs EPAC1 and EPAC2. Since cAMP levels do not change in
response to BCR stimulation (www.signalling-gateway.org/data/cgibin/table.cgi?cellabbr=BC). the cAMP/EPAC pathway is unlikely to be involved in Rapl
activation by the BCR.
Our initial model for Rapl activation by the BCR involved the binding of complexes
of Crk and C3G to tyrosine-phosphorylated Cbl and Cas (118). Since Cbl and Cas can
associate with cellular membranes, this interaction could recruit cytosolic Crk«C3G
complexes to membranes where Rapl is located. However, Rob Ingham and I found that the
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association of Crk complexes with Cbl, Cas, or other tyrosine-phosphorylated proteins was
neither necessary nor sufficient for the DAG-dependent activation of Rapl (118). PdBu
caused strong activation of Rapl but did not cause Crk to associate with Cbl, Cas, of other
tyrosine-phosphorylated proteins (118). Moreover, BCR-induced Rapl activation was
dramatically reduced in PLC-y-deficient DT40 cells even though Crk associated with
tyrosine-phosphorylated proteins in a normal manner (118). These findings do not, however,
rule out a minor role for Crk and C3G in the activation of Rapl by the BCR. Indeed, the
small amount of residual Rapl activation seen in the PLC-y-deficient DT40 cells following
BCR engagement may reflect the contribution of the Cbl/Cas/Crk/C3G pathway, with the
majority of BCR-induced Rapl activation proceeding via an independent DAG-regulated
pathway. It is also possible that the DAG-dependent pathway regulates C3G or Crk»C3G
complexes in some way that does not involve the binding of Crk to tyrosine-phosphorylated
docking proteins such as Cbl or Cas. However, overexpressing C3G in DT40 cells did not
potentiate the activation of Rapl by the BCR (R. Ingham, S. McLeod, S. Christian and M .
Gold, unpublished observations). Conversely, BCR-induced Rapl activation was not
blocked by overexpressing a truncated form of C3G that binds to the Crk SH3 domains but
which lacks the catalytic domain that activates Rapl (B. Szczygielski and M . Gold,
unpublished observations). When overexpressed it can block the binding of endogenous C3G
to Crk, and has been shown to to block Rapl activation by H G F in M D C K cells (104).
Expressing this truncated form of C3G in B cells completely prevented endogenous C3G
from binding to Crk but did not diminish BCR-induced Rapl activation. These results argue
that Crk»C3G complexes are not required for the BCR to activate Rapl. It also makes it
unlikely that C3G is involved in BCR-induced Rapl activation since Crk is thought to direct
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the subcellular localization of C3G by using its SH2 domain to bind to tyrosinephosphorylated docking proteins.
Since D A G activates multiple PKC isoforms in B cells, I investigated whether Rapl
activation by the BCR involved PKC. I found that PKC inhibitors, such as
bisindolylmalemide, which inhibit the enzymatic activity of P K C enzymes had no effect on
Rapl activation. In contrast, compounds such as safingol that block the binding of D A G to
PKCs and other C l domain-containing proteins did inhibit Rapl activation. These findings
suggested that the BCR activates Rapl via a DAG-binding protein that is not a P K C enzyme.
Therefore, I investigated whether CalDAG-GEFI, a Rap-GEF that contains a C l D A G binding domain, was able to couple the BCR to Rapl activation. I found that overexpressing
CalDAG-GEFI in the DT40 B cell line enhanced BCR-induced Rapl activation, indicating
that CalDAG-GEFI is able to activate Rapl in B cells. However, treating these CalDAGGEFI-expressing DT40 cells with ionomycin caused strong activation of Rapl, while PdBuinduced Rapl activation in these cells was not significantly augmented. Since C a

2+

ionophores are poor activators of Rapl in B cells while PdBu is normally a strong activator,
it is unlikely that the BCR normally uses CalDAG-GEFI as an activator of Rapl. Perhaps
another member of the CalDAG-GEF family may be involved in Rap activation by the BCR.
Recently other members of the CalDAG-GEF family have been identified, and of these new
members, CalDAG-GEFIII, has been shown to activate Rapl and Rap2 (57). There is a
possibility that CalDAG-GEFIII may be a B-cell specific G E F (45) and as such, it may be a
good candidate for the G E F that regulates Rapl activation by the BCR.
The BCR could regulate Rapl activation not only by increasing the actions of Raplspecific GEFs but also by decreasing the rate at which Rap-GAPs stimulate the hydrolysis of
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the GTP bound to Rapl. Six Rapl-specific GAPs have been identified, SPA-1, SPAR,
E6TP1, RapGAPI, RapGAPII, G A P

I P 4 B P

and tuberin (141-145, 225). I investigated the

expression of SPA-1, tuberin and RapGAPII in B cells lines. While SPA-1 and tuberin were
expressed in B cell lines, I was unable to detect expression of RapGAPII in B cell lines.
RapGAPII expression has been detected primarily in the brain (141). Although I detected
expression of SPA-1 in WEHI-231, DT40 and R A M O S B cells lines, I did not detect SPA-1
expression in the BAL17 IgM murine B cell line. Rapl activation by anti-IgM stimulation
+

or by PdBu treatment did not seem abnormally high in BAL17 cells, compared to the other B
cell lines (Fig. 3.1 D), suggesting that this cell line may use another G A P to regulate Rapl
activation. Recently, expression of RaplGAP has been detected in B cells (146). Perhaps
BAL17 cells express RaplGAP rather than SPA-1.
One possible way of regulating the ability of Rap-GAPs to act on Rapl would be to
regulate their localization in the cell. I found that in the WEHI-231 cell line the amount of
SPA-1 in the soluble cytosolic fraction increased after BCR engagement and PdBu treatment
while the amount of membrane-associated SPA-1 decreased. This suggests that following
BCR stimulation, SPA-1 might dissociate from the membranes where Rapl is located, thus
allowing the accumulation of active, GTP-bound Rapl. Although the mechanism by which
SPA-1 associates with cellular membranes is not known, SPA-1 does contain a PDZ proteinprotein interaction domain. PDZ domains generally bind to membrane proteins that contain
C-terminal S/T-X-V sequences. The identification of proteins that bind to SPA-1 may reveal
how its association and dissociation from membranes could be regulated. If SPA-1 regulates
BCR-induced Rapl activation, its dissociation from membranes may be regulated by D A G .
The Rap family of GTPases consists of not only Rapl A and RaplB, which are 95%
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identical and assumed to be functionally equivalent, but also the Rap2 proteins, Rap2A and
Rap2B. Rap2A and Rap2B are 90% identical, also assumed to be functionally equivalent
and will be referred to collectively as Rap2. It is not known whether Rapl and Rap2 have
similar or identical functions, or whether they play different roles within the cell. Although
multiple extracellular stimuli that activate Rapl have now been identified, few stimuli that
activate Rap2 have been identified. Work undertaken by Anson L i in the lab showed that
Rap2 is activated by BCR engagement and by phorbol ester treatment. As for Rapl, Rap2
activation is not induced by C a

2+

ionophores and BCR-induced Rap2 activation is dependent

on PLC activity, as shown by treating B cell lines with U73122, an inhibitor of PLC enzymes
(228). The kinetics of BCR-induced Rap2 activation appear to be similar to those of Rapl,
with peak activation usually occurring between 2 and 10 minutes. However, Anson L i and I
have observed that the basal levels of Rap2-GTP in B cell lines are frequently higher than the
basal levels of Rapl-GTP. Since both Rapl and Rap2 are activated in B cells, my
subsequent studies of Rap GTPase function in B cells will look at both Rapl and Rap2.
Rapl was originally described as a negative regulator of Ras-mediated signalling to
ERK. However, I found that in B cells Rapl did not inhibit BCR-induced activation of ERK.
Preventing the activation of endogenous Rapl by expression of RapGAPII in the WEHI-231
cell line did not increase BCR-induced E R K activation, indicating that endogenous Rap does
not limit the ability of the BCR to activate ERK. Work by Sherri Christian and Rosaline Lee
in the lab showed that expression of RapGAPII in the A20 B cell line also did not increase
BCR-induced E R K activation (170). A longer time course of E R K activation by the BCR in
RapGAPII-expressing A20 cells showed that E R K activation was not increased at later
timepoints when compared to vector-control cells. Furthermore, E R K activation was not
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increased in RapGAPII-expressing WEHI-231 cells compared to vector control cells when
these cells were stimulated with lower concentrations of anti-IgM. Conversely, expression of
a constitutively active Rap2V12 in B cells did not increase BCR-induced phosphorylation or
activation of E R K (170). The findings in our lab are in agreement with other studies
showing that E R K activation is not regulated by activated Rapl. E R K activation is not
inhibited when constitutively active Rapl is expressed in the T cells of transgenic mice (102)
or when endogenous Rapl and Rap2 are selectively activated in NIH 3T3 cells (89). One
possible explanation for these divergent results is that the ability of Rap-GTP to effectively
compete with Ras for binding to Raf-1 is cell type-specific. For instance, Rap-GTP may not
bind and sequester Raf-1 in B cells because B cells may not have limiting amounts of Raf-1,
or because Ras and Raf-1 are physically coupled in B cells by scaffolding proteins that
prevent Rap-GTP from interfering with their interaction. Although Rap-GTP did not inhibit
the activation of the Ras-ERK pathway in B cells, Sherri Christian in the lab found that it did
inhibit the activation of another Ras effector, PI3K, in B cells (170).
The expression of Rap-specific GAPs is a powerful loss-of-function approach for
studying the function of Rapls (77, 78, 86, 178, 181, 182). In chapters 4 and 5,1 use this
approach to show that the Rap GTPases play an important role in cell adhesion, integrin
activation and cell migration in B cells.
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Chapter 4
Rap GTPases regulate B cell migration
4.0 Introduction
Chemokine-directed migration is essential for B cell development, B cell activation,
the differentiation of B cells into antibody-producing cells, and the long-term survival of
plasma cells. The chemokine SDF-1 is involved in all of these processes. First, SDF-1 made
by bone marrow stromal cells plays an essential role in retaining B cell precursors in the bone
marrow where they can adhere to stromal cells and receive survival and differentiation
signals (8). B cell development is severely impaired in mice lacking either SDF-1 or its
receptor, CXCR4 (229). SDF-1 is also a potent chemoattractant for both mature B cells and
memory B cells and is important for their ability to migrate into and within lymphoid organs
where they can encounter antigen and receive T cell-derived co-stimulatory signals (230).
Finally, SDF-1 directs plasma cells to the bone marrow where they can survive and produce
antibodies for long periods of time (21, 23).
Cell migration is a complex process that involves the establishment of a polarized
morphology oriented in the direction of movement, actin-dependent formation of membrane
processes such as lamellipodia that move the leading edge of the cell forward, transient
integrin-dependent adhesion at the leading edge of the cell, and actin/myosin-dependent
forces that pull the rear of the cell in the direction of migration (231, 232). The mechanism
by which chemokine receptor signalling regulates these processes is not completely
understood. Chemokines such as SDF-1 signal via G-protein coupled receptors. Pertussis
toxin-sensitive G proteins couple these receptors to PLC-p, resulting in increases in
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intracellular C a

2 +

as well as the DAG-dependent activation of P K C enzymes (233, 234).

SDF-1 also activates the Fyn, Lyn, and Pyk2 tyrosine kinases, the E R K serine threonine
kinase and the PI3K/Akt signalling pathway (235-237). Although Pyk2, PI3K, and P K C
have been implicated in SDF-1-dependent integrin activation and lymphocyte migration
(238-240), it is likely that many signalling pathways regulate these processes.
My earlier work, described in Chapter 3, showed that Rapl was activated by the
BCR. Furthermore, I showed that in B cells Rapl did not appear to act as a negative
regulator of Ras-mediated signalling, as had been originally hypothesized. I was intent on
elucidating the role of the Rap GTPases in B cells, and at the time several lines of evidence
suggested that Rapl might be involved in cell migration. First, activated Rapl had been
shown to regulate integrin activation, which is important for adhering the leading edge of the
cell to the substrate during cell migration (107, 178, 181).
Sacchromyces

cerevisiae

Second, the putative

orthologue of Rapl, B U D l / R s r l , is involved in bud site selection

(198, 241). Thus Budl is involved in a cell polarity decision that may be analogous to what
occurs when lymphocytes assume a polarized morphology in the direction of a
chemoattractant. In addition, this Sacchromyces

cerevisiae

orthologue of Rapl plays a role

in the reorganization of the actin cytoskeleton at the bud site. Actin cytoskeleton
reorganization is essential during lymphocyte migration, when a migrating lymphocyte must
extend its leading edge in the direction of chemoatttractant. Finally, in Drosophila,

loss-of-

function mutations in Rapl result in embryonic lethality because morphogenesis is severely
disrupted in embryos undergoing gastrulation, with defects in closure of the ventral furrow
and head involution (193). These defects are thought to arise from the failure of multiple cell
types, such as pole cells and mesodermal cells, to migrate to the proper location in the

100

developing embryo. With all this evidence pointing towards a role for Rap GTPases in cell
migration, I investigated the role of the Rapl and Rap2 GTPases in SDF-1-induced B cell
migration.
I first looked at whether the chemokine SDF-1 could activate Rapl and Rap2 in B
cell lines, and found that Rapl and Rap2 are activated by SDF-1 in multiple B cell lines. I
then used both loss-of-function and gain-of-function approaches to determine whether
activation of Rapl and Rap2 was important for migration of B cells towards SDF-1. As a
loss-of-function approach, I expressed the Rap-specific GAP, RapGAPII, in B cell lines in
order to prevent Rapl and Rap2 activation in B cell lines. Expression of RapGAPII
completely blocked both Rapl and Rap2 activation and decreased the ability of these cells to
migrate towards SDF-1. Thus, activation of endogenous Rapl and/or Rap2 regulates
processes that are important for chemokine-induced B cell migration. I also performed the
converse gain-of-function experiments in which I overexpressed in B cell lines either wild
type Rap2 or Rap2V12, a constitutively-active form of Rap2 that has a leucine to valine
mutation at position 12 which impairs its intrinsic GTPase activity. Overexpression of wild
type Rap2, as well as expression of Rap2V12, increased the ability of these cells to migrate
towards SDF-1, consistent with the idea that Rap GTPases promote chemokine-induced B
cell migration.
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4.1 Results
4.1.1 Activation of Rap GTPases by SDF-1
Since Rapl plays an essential role in cell migration during Drosophila

embryogenesis

(193), I hypothesized that the Rap GTPases might also be involved in the chemokine-induced
migration of B lymphocytes. As an initial test of this hypothesis, I asked whether treating B
cells with the chemokine SDF-1 induced the activation of Rapl or Rap2. I tested this in three
different B cell lines, the 2PK3 and WEHI-231 murine B cell lines and the DT40 chicken B
cell line. The 2PK3 murine B cell line is IgG and representative of a mature B cell type.
+

2PK3 and DT40 B cells had been reported to migrate to SDF-1 (208, 242) and therefore
seemed to be a good choice for investigating signalling induced by SDF-1 treatment. To
assess Rap activation I used the GST-RalGDS fusion protein to selectively precipitate the
active GTP-bound forms of Rapl and Rap2, which were then detected by immunoblotting. I
found that SDF-1 treatment increased the amount of active GTP-bound Rapl in 2PK3 cells
(Fig. 4.1 A), WEHI-231 cells (Fig. 4.1 B) and DT40 cells (Fig. 4.3 D). SDF-l-induced
activation of Rapl was observed within 2 min of adding SDF-1 to WEHI-231 and 2PK3 cells
and persisted for at least 15-30 min. Work by Anson L i in the lab showed that Rap2 was also
activated by SDF-1 in these three cell lines and that activation of Rap2 followed a similar
time course to Rapl (228). Rapl and Rap2 were also activated by SDF-1 in mature resting B
cells isolated from mouse spleen (Fig. 4.1 C). Next, I wished to identify the signalling
pathway that coupled the SDF-1 receptor, CXCR4, to the activation of Rapl and Rap2. I had
previously shown that the BCR activates Rapl via PLC-y2-dependent production of D A G
(103). Since chemokine receptor signalling leads to the PLC-p-dependent production of
D A G , I hypothesized that SDF-1 would activate Rapl and Rap2 via this pathway. To test
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Figure 4.1. SDF-1 activates the R a p l GTPase in B cells. 2PK3 cells (A) WEHI-231 cells
(B) or B cells isolated from mouse spleens (C) were stimulated with 100 ng/ml (12.5 nM)
SDF-1 for the indicated times. A GST-RalGDS fusion protein was used to selectively
precipitate the active GTP-bound forms of Rapl and Rap2, which were detected by
immunoblotting with antibodies to each protein. Molecular mass markers (in kDa) are to the
left. For each panel similar results were obtained in at least three independent experiments.
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Figure 4.2. SDF-1 activates R a p l and Rap2 via PLC-derived second messengers.
WEHI-231 cells that had been serum starved overnight in complete media containing 1 %
FCS were pre-treated with the indicated concentrations of the PLC inhibitor U73122 or the
inactive structural analogue U73343 for 20 min. The cells were then stimulated for 5 min
with 100 ng/ml (12.5 nM) SDF-1. A GST-RalGDS fusion protein was used to selectively
precipitate the active GTP-bound forms of Rapl and Rap2, which were detected by
immunoblotting with antibodies to each protein. Molecular mass markers (in kDa) are to the
left. For each panel similar results were obtained in at least three independent experiments.
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this I asked whether the PLC inhibitor U73122 would block SDF-1-induced
activation of Rapl and Rap2. Indeed, I found that the activation of Rapl and Rap2 by SDF-1
was significantly inhibited when WEHI-231 cells were pre-treated with 10-50 ^ M U73122
(Fig. 4.2). In contrast, 30-50 piM U73343, an inactive structural analogue of U73122, did not
inhibit the activation of Rapl or Rap2 (Fig. 4.2). Thus in B cells, SDF-l-induced activation
of Rapl and Rap2 is dependent on PLC activity. Moreover, as shown in Chapter 3, treating
WEHI-231 cells with the phorbol ester PdBu, which mimics the action of D A G , results in the
activation of both Rapl and Rap2. Since Anson L i and I had shown that the other PLCderived second messenger, C a , did not cause significant activation of Rapl or Rap2 in B
2 +

cells (Fig. 3.2)(228), it is likely that SDF-1 activates Rapl and Rap2 via PLC-p-dependent
production of D A G .

4.1.2 Expression of RapGAPII and SPA-1 inhibits Rap activation
To test whether activation of Rapl and/or Rap2 is important for B cells to migrate
towards SDF-1,1 used a loss-of-function approach in which I blocked Rap activation by
expressing RapGAPII in B cell lines. As described in Chapter 3, RapGAPII is a Rap-specific
G A P that is expressed in the brain but not in B cells (Fig. 4.3 A). I used retroviral-mediated
gene transfer to generate bulk populations of 2PK3, WEHI-231 and DT40 cells that stably
express RapGAPII (Fig. 4.3 A). Rap activation assays showed that expressing RapGAPII
strongly inhibited SDF-l-induced, as well as phorbol ester-induced, activation of Rapl in all
three of these B cell lines (Fig. 43 B-D). Work by Anson Li.in the lab showed that Rap2
activation by SDF-1 and PdBu was also inhibited by the expression of RapGAPII:
Densitometry revealed that SDF-l-induced Rapl activation was inhibited by more than 95%
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Figure 4.3. RapGAPII expression inhibits SDF-l-induced activation of R a p l . A ,
Retrovirus-mediated gene transfer was used to establish stable bulk populations of 2PK3,
WEHI-231, and DT40 cells containing either the empty pMSCV vector (V) or pMSCV
containing cDNA encoding FLAG-tagged RapGAPII (R). The expression of F L A G RapGAPII was detected by immunoblotting cell extracts with anti-RapGAPII antibodies.
Similar results were obtained using anti-FLAG antibodies. B-D, Vector-transfected and
RapGAPII-expressing 2PK3 cells (B), WEHI-231 cells (C), or DT40 cells (D) were
stimulated with 100 ng/ml (12.5 nM) SDF-1 (S) or with 100 nM PdBu (P) for 5 min. Rapl
activation was analyzed as in Fig. 3.1. Molecular mass markers (in kDa) are to the left for all
panels.
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Figure 4.4. RapGAPII expression does not alter cell surface expression of

CXCR4.

Vector-transfected and RapGAPII-expressing WEHI-231 cells (left) or 2PK3 cells (right)
were analyzed for CXCR4 expression by flow cytometry. The thin lines represent unstained
cells while the thick lines represent cells stained with rabbit anti-CXCR4 plus FITCconjugated goat anti-rabbit IgG.
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while Rap2 activation was inhibited by at least 80% in all three B cell lines.
While RapGAPII expression inhibited Rap activation, it did not affect other aspects
of SDF-1 signalling. Flow cytometry showed that cell surface expression of the receptor for
SDF-1, CXCR4, was not effected by RapGAPII expression, (Fig. 4.4 A). The cell surface
expression of CXCR4 in RapGAPII-expressing WEHI-231 and 2PK3 cells (Fig. 4.4) was
very similar to that in the corresponding control cells transfected with the empty vector.
Moreover, in experiments performed by Rosaline Lee in the lab, RapGAPII expression did
not inhibit other SDF-1-induced signalling events including activation of the E R K mitogenactivated protein kinases and activation of Akt, a kinase that is a target of PI3K signalling
(77). In other experiments performed by Rosaline Lee, RapGAPII expression also had no
effect on the ability of SDF-1 to activate Racl, a GTPase that is involved in cell motility
(77). Thus, RapGAPII expression appears to selectively inhibit the activation of Rapl and
Rap2 in B cell lines.
In addition to RapGAPII, I overexpressed another Rap-specific GAP, SPA-1, in B
cell lines. SPA-1 is expressed primarily in hematopoietic cells (142), and I showed in Fig.
3.6 A that it is expressed at low levels in multiple B cell lines. SPA-1 has been shown to
stimulate the GTPase activity of Rapl A and Rap2A without affecting that of other small G
proteins including Ras, Rho, Cdc42, Rac and Ran (142). I used retroviral-mediated gene
transfer to generate bulk populations of WEHI-231 and 2PK3 cells expressing SPA-1 (Fig.
4.5 A). Rapl activation assays showed that expression of SPA-1 blocked activation of Rapl
in 2PK3 and WEHI-231 cells (Fig. 4.5 B, D). However, Anson L i and I found that the
expression of SPA-1 did not block Rap2 activation in these cell lines (Fig. 4.5 C)(228). The
effect of SPA-1 expression on Rap2 activation was somewhat variable. In some
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Figure 4.5. SPA-1 expression inhibits SDF-1 induced activation of Rapl, but only
partially inhibits SDF-1 induced activation of Rap2. A, Retrovirus-mediated gene transfer
was used to establish stable bulk populations of 2PK3 or WEHI-231 cells containing either
the empty p L X S N plasmid (V) or p L X S N containing cDNA encoding FLAG-tagged SPA-1
(S). The expression of SPA-1 was determined by immunoblotting cell lysates with anti-SPA1 antibodies. Similar results were seen using anti-FLAG antibodies. B-C, Vector-transfected
and SPA-1-expressing 2PK3 cells were stimulated with 100 ng/ml (12.5 nM) SDF-1 for the
indicated times. D, Vector-transfected and SPA-1-expressing WEHI-231 cells were
stimulated with 100 ng/ml (12.5 nM) SDF-1 (S) or with 100 nM PdBu (P) for 5 min. Prior to
stimulation 2PK3 cells were serum-starved overnight in complete media containing 1% FCS.
Rap activation was analyzed as in Fig. 1. Molecular mass markers (in kDa) are to the left.
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experiments, the levels of Rap2-GTP were unaffected, as shown here, while in other
experiments SPA-1 expression reduced the levels of Rap2-GTP by up to 50%, but never as
completely as the reduction in the levels of activated Rapl. Another confounding factor was
the high basal levels of Rap2 activation in both WEHI- 231 and 2PK3 cell lines that were
observed in many of the experiments. When the basal levels of Rap2-GTP were high, SDF-1
caused little or no additional increase in Rap2 activation (Fig. 4.5 D)(228). Despite these
difficulties, it was very evident that expression of SPA-1 completely prevented the
accumulation of Rapl-GTP in these cell lines, but at best inhibited Rap2 activation
by 50% or less. Thus, although SPA-1 has been reported to have activity against both Rapl
and Rap2 in vitro, it appears that in B cells it acts more effectively on Rapl than on Rap2.

4.1.3 Inhibiting Rap activation decreases B cell migration towards SDF-1
To determine whether blocking SDF-l-induced Rap activation impaired B cell
migration towards SDF-1,1 performed Transwell migration assays. In these assays, cells are
placed in the top chamber of the Transwell and then allowed to migrate through a
polycarbonate membrane into the bottom chamber that contains chemoattractant. By
determining the number of cells that move into the bottom chamber, and comparing it to the
number of cells that were originally placed in the top chamber, the percent of cells that have
migrated can be determined. I found that expressing RapGAPII caused a significant
reduction in the ability of 2PK3 cells, WEHI-231 cells, and DT40 cells to migrate towards
SDF-1, as compared to cells transfected with the empty vector (Fig. 4.6 A-C). In 2PK3 cells,
RapGAPII expression inhibited SDF-l-induced migration by 80% ± 10% (Fig. 4.6 D).
Similarly, RapGAPII expression inhibited SDF-l-induced migration by 50-60% in DT40
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Figure 4.6. RapGAPII expression inhibits B cell migration towards SDF-1. Transwell
assays were used to compare the migration of vector-transfected and RapGAPII-expressing
2PK3 cells (A), DT40 cells (B), and WEHI-231 cells (C). The cells were added to the top
chamber while the bottom chamber contained either medium alone or medium containing
100 ng/ml (12.5 nM) SDF-1. After 3 hr at 37°C, the number of cells that had migrated into
the lower chamber was determined. The data are expressed as the percent of the total input
cells that had migrated into the lower chamber. Each point represents the mean ± SD for
triplicate wells in the same experiment. For each panel similar results were obtained in at
least three independent experiments.
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Figure 4.7. SPA-1 expression does not inhibit B cell migration towards SDF-1.
Transwell assays were used to compare the migration of vector-transfected and SPA-1expressing 2PK3 cells (A) and WEHI-231 cells (B). The cells were added to the top
chamber while the bottom chamber contained either medium alone or medium containing
100 ng/ml (12.5 nM) SDF-1. After 3 hr at 37°C, the number of cells that had migrated into
the lower chamber was determined. The data are expressed as the percent of the total input
cells that had migrated into the lower chamber. Each point represents the mean + SD for
triplicate wells in the same experiment. For each panel similar results were obtained in at
least three independent experiments.
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cells and by 80-90% in WEHI -231 cells. Thus, activation of Rapl and/or Rap2 is important
for SDF-1 to induce B cell migration. Interestingly, the spontaneous migration of 2PK3 cells
in the absence of SDF-1 was also inhibited when Rap activation was blocked. This suggests
that Rap activation may play a general role in B cell motility.
When I looked at the effect of SPA-1 expression on the migration of B cells to SDF1,1 found that migration of both WEHI-231 and 2PK3 cells expressing SPA-1 was not
inhibited compared to vector control cells (Fig. 4.7 A,B). The difference between the percent
migration of vector control cells and SPA-1-expressing cells towards SDF-1 was quite
variable from experiment to experiment, with the SPA-1-expressing cells sometimes
migrating more than the vector control (greater than 100% relative to vector control cells)
and sometimes migrating less (less than 100% relative to vector control cells). In seven
experiments, the SDF-l-induced migration of the SPA-1-expressing cells was 118 ±16%
(mean ± SEM) that of the vector control cells.

Therefore, there was no consistent inhibition

of migration towards SDF-1, as seen with RapGAPII-expressing cells (Fig. 4.6 C). In these
experiments, the SPA-1-expressing cells had high levels of Rap2-GTP in unstimulated cells
and in cells stimulated with SDF-1, despite a complete inhibition in Rapl-GTP accumulation.
Therefore the SPA-1-expressing cells may migrate normally to SDF-1 because the amount of
activated Rap2 in these cells is sufficient to allow migration, even in the absence of Rapl
activation. This suggests that activation of endogenous Rap2 can support SDF-l-induced B
cell migration.

4.1.4 Augmenting Rap activation increases B cell migration towards SDF-1
To support the idea that Rap activation is important for SDF-l-induced B cell
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Figure 4.8. Expression of Rap2V12 or wild type Rap2 increases B cell migration
towards SDF-1. A , Retrovirus-mediated gene transfer was used to establish stable bulk
populations of 2PK3 cells containing the empty pMSCV vector, pMSCV containing cDNA
encoding FLAG-tagged Rap2V12 (VI2), or pMSCV containing cDNA encoding F L A G tagged wild type Rap2 (wt). Expression of FLAG-Rap2V12 and FLAG-wt Rap2 was
detected by immunoblotting cell extracts with the M2 anti-FLAG monoclonal antibody.
B , C , SDF-l-induced Rap2 activation was assessed in vector control and FLAG-Rap2V12expressing 2PK3 cells (B) and in vector control and FLAG-wt Rap2-expressing 2PK3 cells
(C) as in Fig. 4.1. Prior to stimulation 2PK3 cells were serum starved in complete medium
containing 1% FCS. The active GTP-bound forms of endogenous Rap2, the transfected
FLAG-Rap2V12, and the transfected FLAG-wt Rap2 are indicated by the arrows. D , E ,
Transwell assays were used to compare the migration of vector control and Rap2V12expressing 2PK3 cells (D) and vector control and wt Rap2-expressing 2PK3 cells (E). The
cells were added to the top chamber while the bottom chamber contained either medium
alone or medium containing 100 ng/ml (12.5 nM) SDF-1. After 3 hr at 37°C, the number of
cells that had migrated into the lower chamber was determined. The data are expressed as
the percent of the total input cells that had migrated into the lower chamber. Each point
represents the mean + SD for triplicate wells in the same experiment. For each panel similar
results were obtained in at least three independent experiments.
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migration, I used a complementary gain-of-function approach in which I expressed a
constitutively active mutant form of Rap2, Rap2V12, in B cell lines (Fig. 4.8 A). I also
overexpressed the wild-type Rap2 protein in B cell lines (Fig. 4.8 A). Although I attempted
to express the activated RaplVI2 protein in B cell lines, I was unable to do so, perhaps
because it has lethal effects.
First, I examined the effects of expressing Rap2V12 on SDF-1-induced B cell
migration. Rap2 activation assays confirmed that the transfected Rap2V12 protein was
constitutively active and that the total amount of activated Rap2 in cells expressing this
protein was significantly increased (Fig. 4.8 B). When I examined the migration of the
Rap2V12-expressing 2PK3 cells in Transwell assays, I found that both their spontaneous
migration and their SDF-1-induced migration were significantly increased (Fig. 4.8 C). The
SDF-l-induced migration of Rap2V12-expressing 2PK3 cells was 2.6 ± 0 . 5 (n=13, p=0.016)
times the migration of vector-transfected 2PK3 cells (Fig. 4.8 D). I also obtained bulk
populations of 2PK3 cells expressing a FLAG-tagged wild type Rap2 protein (Fig. 4.8 A).
As seen by other groups (132), the overexpressed wild type Rap2 was constitutively active
and was present in the active GTP-bound both before and after SDF-1 stimulation.
Nevertheless, since the total amount of activated Rap2 in cells expressing the FLAG-tagged
wild type Rap2 protein was significantly greater than in vector control cells (Fig. 4.8 E), I
could use this as an independent gain-of-function approach for assessing the effects of
activated Rap2 on SDF-l-induced B cell migration. The SDF-l-induced migration of 2PK3
cells expressing the wild type Rap2 protein was also significantly increased compared to
vector-control 2PK3 cells (Fig. 4.8 F), with the migration of wild type Rap2-expressing cells
being 2.76 ± 1 . 0 (n=5, p=0.045) times the migration of vector control 2PK3 cells (Fig. 4.8
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G). Thus, increasing the amount of activated Rap2, either by expressing a constitutivelyactive mutant or by overexpressing the wild type Rap2, potentiated B cell migration towards
SDF-1. Since SDF-l-induced B cell migration is enhanced by Rap2V12, and inhibited when
the activation of both Rapl and Rap2 activation is blocked by RapGAPII, Rap activation is
an important determinant of B cell migration, at least to SDF-1.

4.1.5 RapGAPII-expressing cells have an inhibitory effect on the migration of vector
control cells
One of the concerns with comparing the migration of two different cell lines is
whether subtle differences between the two populations may affect migration. Although the
different cell populations may be cultured identically prior to being used in a migration
assay, this does not ensure that there are no differences that may affect migration. Indeed, I
found that migration of a population of cells was highly variable day to day, suggesting the
existence of unknown factors that may affect cell migration. In order to avoid this potential
problem when comparing two different cell populations, I investigated whether I could
simultaneously assess the migration of two different cell populations that were cultured
together by using the expression of green fluorescent protein (GFP) to distinguish between
the two cell populations. To compare the migration of RapGAPII-expressing cells with
vector-transfected cells from the same cultures, I mixed RapGAPII-expressing 2PK3 cells
with 2PK3 cells transfected with a pMSCV-GFP vector (vector-GFP) and then cultured this
mixed population of cells together for a number of days before performing Transwell
migration assays. As expected, the RapGAPII-expressing cells within this mixed population
exhibited very little migration towards SDF-1. Surprisingly, the GFP-expressing control
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Figure 4.9. RapGAPII-expressing 2PK3 cells inhibit the migration of GFP-expressing
2PK3 cells in a mixed population. A, 2PK3 cells expressing RapGAPII and 2PK3 cells
expressing GFP were mixed and cultured together for 48 hr. In parallel, vector control 2PK3
cells were mixed with 2PK3 cells expressing GFP for 48 hr. Transwell assays were used to
compare the migration towards SDF-1 of these two mixed populations of cells. The cells
were added to the top chamber while the bottom chamber contained either medium alone or
medium containing 100 ng/ml (12.5 nM) SDF-1. After 3 hr at 37°C, the number of cells of
each type that had migrated into the lower chamber was determined by counting the GFPpositive and GFP-negative cells using flow cytometry. B, A soluble factor produced by
RapGAPII-expressing cells is not responsible for suppressing migration of vector-transfected
cells. Supernatants from RapGAPII-expressing 2PK3 cells were collected and M S C V expressing 2PK3 cells were cultured in the presence of this supernatant for 24 hr. Transwell
assays were performed on MSCV-expressing 2PK3 cells, RapGAPII-expressing 2PK3 cells
and MSCV-expressing 2PK3 cells cultured in supernatant from RapGAPII-expressing cells.
The cells were added to the top chamber while the bottom chamber contained either medium
alone or medium containing 100 ng/ml (12.5 nM) SDF-1. After 3 hr at 37°C, the number of
cells of each type that had migrated into the lower chamber was determined.
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cells that had been mixed with the RapGAPII-expressing cells also migrated poorly towards
SDF-1, while GFP-expressing cells that had been mixed with vector control cells not
expressing GFP showed normal migration towards SDF-1 (Fig. 4.9 A). Thus, within a mixed
population, it appeared that the RapGAPII-expressing cells inhibited the migration of the
GFP-expressing cells in which there is normal Rap activation. It is unclear what the
mechanism for this inhibitory effect could be. One possibility I investigated was that
RapGAPII-expressing cells produce a soluble factor that inhibits the migration of the GFPexpressing cells. To test this, I cultured GFP-expressing cells with culture supernatant from
populations of RapGAPII-expressing cells. I found that vector control cells that were
cultured in the supernatant from the RapGAPII-expressing cell cultures did not show
inhibited migration towards SDF-1 (Fig. 4.9 B). A trivial explanation for the inhibitory
effect could be that the RapGAPII-expressing cells block the pores in the Transwell
membrane preventing the vector-control cells from migrating through. Alternatively, a more
interesting explanation could be that cells must form contacts with one another during
migration, and vector control cells that form contacts with RapGAPII-expressing cells cannot
migrate. However, these models must be tested experimentally.

4.2 Discussion
I have shown that activation of the Rap GTPases is important for B cells to migrate
efficiently in response to SDF-1, a chemokine that plays an important role in B cell
development, trafficking, and activation. I found that SDF-1 activates both Rapl and Rap2
in B cells. Moreover, blocking Rap activation reduced the ability of B cells to migrate
towards SDF-1 while expressing a constitutively-active Rap2 augmented SDF-l-induced B
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cell migration.
Although at the time this work was performed Rapl had been shown to be activated
by many receptors including the T and B cell antigen receptors, growth factor receptors, and
cytokine receptors (79), this was the first report that a chemokine receptor, which regulates
cell migration, could activate the Rap GTPases. More recent work by Shimonaka et al. has
shown that Rapl is activated in primary T cells by SDF-1, as well as another chemokine SLC
(80). Rap2 had previously been shown to be activated only by cell adhesion (113) and by
phorbol ester treatment (101). Thus, our lab provided the first demonstration of receptorinduced activation of Rap2.
I also found that SDF-l-induced activation of Rapl and Rap2 was dependent on P L C ,
since the P L C inhibitor U73122 effectively blocked the ability of SDF-1 to activate both
Rapl and Rap2. It is likely that SDF-l-induced Rap activation is mediated by the PLCp-dependent production of D A G . Anson L i and I had previously shown that phorbol esters
that mimic D A G could activate both Rapl and Rap2 in B cells. In contrast, the C a

2 +

arm of

the PLC pathway does not appear to contribute significantly to Rap activation in B cells since
Ca

2 +

ionophores do not activate Rapl or Rap2 in B cells and do not potentiate phorbol ester-

induced Rap activation. Since most chemokines stimulate PLC-p-dependent production of
D A G (233), it is likely that other chemokines that regulate B cell migration will also activate
Rap GTPases in B cells. In addition to SDF-1, the chemokines SLC, E L C and B L C have
been shown to be important for B cell migration into lymph nodes and Peyer's patches (17).
Within lymphoid tissues, the chemokine B L C mediates the movement of B cells into the
lymphoid follicles (18), as well as directing development of Peyer's patches, lymph nodes
and splenic follicles (243). Determining whether these chemokines activate Rap in B cells is
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an area of future interest in the lab. Caylib Durand in the lab has recently shown that B L C
activates Rapl in B cells and that blocking Rap activation impairs the ability of WEHI-231
cells to migrate towards B L C .
By using a combination of loss- and gain-of-function approaches I showed that
activation of the Rap GTPases promotes B cell migration. In three different B cell lines I
found that RapGAPII expression inhibited SDF-l-induced activation of Rapl and Rap2 as
well as SDF-l-induced migration in Transwell assays. Thus, activation of endogenous Rapl
and/or Rap2 is important for B cell migration. RapGAPII appears to be a selective inhibitor
of Rap activation since it blocked Rap activation but did not inhibit the activation of other
targets of SDF-1 signalling including ERK, Akt, and Racl (77).
To support the idea that Rap GTPases promote B cell migration, I expressed the
constitutively-active Rap2V12 protein in the 2PK3 B cell line and showed that it enhanced
the ability of these cells to migrate towards SDF-1. I also expressed the wild type Rap2
protein in B cell lines and found that, as has been previously described, it functioned as a
constitutively active Rap2 protein in these cells. Expression of the wild type Rap2 also
augmented migration of B cells towards SDF-1, further supporting the findings with the
Rap2V12 mutant. This was the first direct demonstration that activation of the Rap GTPases
promotes cell motility and migration in mammalian cells. Rapl had previously been shown
to be required for the proper migration of pole cells and mesodermal cells during

Drosophila

embryogenesis (193). This was the first demonstration that Rap2 can promote cell
migration.
Interestingly, I found that the spontaneous migration of 2PK3 cells in the absence of
SDF-1 was also dependent on Rap activation since it was inhibited by RapGAPII and
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enhanced by Rap2V12. This suggests that Rap activation is important for B cell motility in
general. As will be discussed in Chapter 5, Rap has been implicated in the regulation of
processes such as actin cytoskeleton rearrangement and integrin-mediated adhesion to a
substrate. These processes are likely to play a role in central cell motility, suggesting that
Rap may regulate not just directional movement of B cells towards a chemoattractant, but
also B cell motility.
At present it is unclear whether B cell migration is regulated by Rapl, by Rap2, or by
both of these GTPases. The inhibition of SDF-l-induced B cell migration by RapGAPII was
associated with the inhibition of both Rapl and Rap2 activation. This indicates that Rapl
and/or Rap2 are involved in B cell migration. Since the activated RaplV12 protein appears
to have lethal effects on B cell lines, I could not directly assess the role of Rapl in promoting
B cell migration. However, I was able to show that expressing the activated Rap2V12
protein or the wild type Rap2 protein, which behaves like a constitutively active Rap2,
enhanced both SDF-l-induced and spontaneous migration in the 2PK3 B cell line. While the
Rap2V12 and wild type Rap2 experiments only showed that Rap2 is capable of promoting B
cell migration, experiments with SPA-1-expressing cells suggested that activation of
endogenous Rap2 can contribute to SDF-l-induced B cell migration. In 2PK3 cells in which
I expressed SPA-1, Rapl activation was almost completely inhibited while Rap2 activation,
on average, was only partially inhibited. In these SPA-1-expressing 2PK3 cells S D F - l induced B cell migration was not inhibited to the degree seen with RapGAPII expression.
This suggests that the amount of Rap2 activation that still occurred in these SPA-1expressing cells was capable of mediating SDF-l-induced B cell migration, even in the
absence of Rapl activation. Since activated Rapl and Rap2 bind many of the same effector

128

proteins, it is possible that activation of either Rapl or Rap2 is sufficient to allow B cells to
migrate towards SDF-1. Unfortunately, expressing dominant-negative forms of Rapl and
Rap2 would not allow me to determine the relative roles of Rapl and Rap2 in B cell
migration since dominant-negative GTPases act by sequestering upstream activators and
Rapl and Rap2 share the same upstream activators. Nevertheless, I have shown that Rap2
can regulate cell migration. This was the first reported function for Rap2.
It is not known how the Rap GTPases regulate B cell migration. Cell migration is a
complex process in which cells assume a characteristic polarized morphology, extend
membrane processes at the leading edge of the cell, and then pull the rear of the cell forward.
This involves reorganization of the cytoskeleton, integrin-mediated adhesion at the leading
edge of the cell, and actin/myosin based contractile forces. In Chapter 5 of this thesis I will
show that Rap regulates integrin-mediated adhesion in B cells, as well as morphological
changes, such as cell spreading and extension of processes, and actin polymerization.
Through its regulation of these processes in B cells, Rap may regulate cell migration.
In summary, I have shown that the chemokine SDF-1 activates Rap in B cells and that
this activation is PLC-dependent. Furthermore, I have shown that blocking Rap GTPase
activation in B cell lines inhibits B cell migration to SDF-1, while increasing Rap2 activation
in B cell lines augments migration to SDF-1. Thus, in B cells, Rap GTPases are activated by
SDF-1, and Rap activation is important for B cell migration to this chemokine.
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Chapter 5
Rap GTPases regulate integrin-mediated adhesion, cell spreading and actin
polymerization

5.0 Introduction
Integrin-mediated adhesion plays an important role in B lymphocyte maturation,
trafficking, and activation. During B cell development in the bone marrow, V L A - 4 on B cell
progenitors binds to V C A M - 1 on the surface of bone marrow stromal cells. This
V L A - 4 / V C A M - 1 interaction plays an essential role in B cell development by positioning and
retaining B cell precursors in the appropriate bone marrow niche where they can receive
survival signals and differentiation signals (9-11) . Once a B cell exits the bone marrow, it
must migrate into and within lymphoid organs in order to encounter antigens. The entry of B
lymphocytes into the lymph nodes, the Peyer's patches, the bone marrow, and the white pulp
cords of the spleen involves adhesion mediated by the LFA-1, V L A - 4 and a (3 integrins (11,
4

7

244-246). These integrins allow B cells to bind to endothelial cells that line the blood vessels
and then transmigrate across the endothelial cell layer into the lymphoid tissue. Once a B
cell has bound antigen within the lymphoid organ it must receive T cell help in order to
become activated and differentiate into an antibody-producing plasma cell. The cognate
interaction between T helper cells and B cells is stabilized by multiple receptor-ligand
interactions including the binding of LFA-1 to ICAM-1 (247). Once activated, germinal
center B cells use both LFA-1 and V L A - 4 to bind to follicular dendritic cells and receive
survival signals (248, 249). Thus, integrin-mediated adhesion plays important roles in
multiple stages of B cell development and activation.
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Integrins present on the surface of resting lymphocytes normally have low affinity
and low avidity for their ligands. However, external stimuli such as chemokines or antigens
can rapidly convert integrins to a clustered high affinity/high avidity state that can bind
adhesion molecules on other cells or E C M components (179, 250). Receptor-induced
integrin activation is important for the regulated migration of lymphocytes from the blood
into tissues or lymphoid organs and for subsequent cell-cell interactions. The low
affinity/avidity state of the integrins on resting lymphocytes allows them to circulate in the
blood until a receptor signal activates the integrins, allowing the lymphocyte to adhere to
endothelial cells and then extravasate into the tissue or lymphoid organ. Integrin activation
in response to chemokines or antigens involves the generation of intracellular signals that
promote integrin clustering, which increases their avidity, as well as conformational changes
that increase integrin affinity (251, 252). The nature of this "inside out" signalling that
promotes integrin activation is not completely understood. Many signalling pathways can
contribute to integrin activation including the pathways that involve phosphatidylinositol 3kinase, PKC-£, the A D A P adaptor protein, and the RhoA GTPase (181, 250, 253-255).
Once activated, integrins can bind their ligands and initiate intracellular signalling
pathways that regulate many aspects of cell behavior including cell survival, proliferation
and differentiation and reorganization of the actin cytoskeleton (256). The reorganization of a
cell's actin cytoskeleton and the resulting morphological changes are important for many
cellular processes including transient cell-cell interactions, sustained cell-cell adhesion, cell
motility, lymphocyte extravasation, and cell migration on an E C M substrate or across cell
surfaces (257, 258). Cell-cell interactions and cell-substrate interactions are often
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accompanied by cell spreading, a flattening of the cell that increases the surface area of the
contact region with othercells or the E C M , thereby allowing stronger adhesion.
The Rap GTPases have been shown to play a role in cell adhesion and post-adhesion
events. Until recently, little was known about the function of the Rap proteins in mammalian
cells. However, a number of reports have now shown that expressing constitutively active
Rapl promotes integrin activation in T cells and myeloid cells while blocking the activation
of endogenous Rap GTPases prevents receptor-induced integrin activation (86, 106, 107,
177, 181). In the model organism Dictyostelium

discoidum,

the orthologue of the

mammalian Rapl GTPase regulates the actin cytoskeleton, since overexpression of Rapl
results in cells with a flattened and spread cell morphology and increased F-actin at the cell
periphery (195). In Drosophila,

loss-of-function Rapl mutants die in embryo due to the

failure of mesodermal and pole cells to migrate correctly. These cells show an altered cell
morphology, with apparent disorganization of the actin cytoskeleton (193).
In B cells, integrin-dependent adhesion, actin polymerization, and cell spreading can
be induced by antigens and anti-Ig antibodies, soluble or membrane-bound cytokines
including IL-4 and the CD40 ligand, chemokines such as SDF-1, and phorbol esters (259265). However, the mechanisms by which these stimuli promote integrin activation and
changes in cell morphology are poorly understood. We have previously shown that anti-Ig
antibodies, SDF-1, and phorbol esters activate the Rapl and Rap2 in B cells GTPases (77,
103, 228). I have also shown that activation of the endogenous Rap GTPases is essential for
SDF-l-induced B cell migration and that expressing a constitutively active form of Rap2
enhances B cell migration (77). Rap activation could regulate various aspects of the
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migration process such as cell adhesion, reorganization of the actin cytoskeleton, and
changes in cell morphology.
In this chapter, I investigated whether Rap activation mediates the effects of anti-Ig
antibodies, SDF-1 and phorbol esters on integrin-dependent adhesion, cell spreading, and
actin polymerization in B cells, processes that are important for chemokine-induced
migration and for chemokine- or antigen-induced B cell adhesion. I will show that activation
of endogenous Rap in B cells is important for anti-Ig, SDF-1, and phorbol esters to stimulate
LFA-1- and a -integrin-dependent adhesion. I also show that Rap activation in B cells is
4

important for cell spreading and actin polymerization. Through the expression of a
constitutively active form of Rap2 in B cell lines I showed for the first time that Rap2 can
promote integrin activation. These results^ suggest that Rap activation may play a critical role
in B cell development and activation by controlling the ability of B cells to adhere to other
cells as well as their ability to migrate into and within lymphoid organs. •

5.1 Results
5.1.1 Rap activation regulates integrin-mediated B cell adhesion to ICAM-1 and VCAM-1
Integrin-mediated B cell adhesion can be induced by BCR engagement with antigen
or anti-Ig antibodies as well as by treating B cells with the chemokine SDF-1 or with phorbol
esters (259-265). I had previously shown that the BCR and CXCR4, the receptor for SDF-1,
activate the Rap GTPases via phospholipase C-dependent production of diacylglycerol (77,
103). Phorbol esters that mimic the actions of diacylglycerol are also potent activators of
Rapl and Rap2 in B cells (77, 103). These findings, together with my observation that Rap
activation is important for SDF-l-induced B cell migration (77), led me to hypothesize that
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Rap might regulate integrin-mediated adhesion and cytoskeletal reorganization in B cells.
To investigate the role of Rap activation in cell adhesion, cell spreading, and actin
polymerization in B cells, I blocked the activation of endogenous Rapl and Rap2 by
expressing a Rap-specific GTPase activating protein, RapGAPII, in the A20 murine B cell
line (Fig. 5.1 A) that has been used previously to study B cell adhesion (266). Rap activation
assays showed that RapGAPII expression significantly inhibited the ability of phorbol esters
(Fig. 5.1 B), anti-IgG antibodies (Fig. 5.1 C) and SDF-1 (Fig. 5.1 D) to activate Rapl and
Rap2 in A20 cells. Rapl activation induced by all of these stimuli was completely blocked
while Rap2 activation was decreased by at least 80%, as determined by densitometry. Thus,
as in other B cell lines, RapGAPII expression can be used as a loss-of-function approach for
investigating the function of Rap activation in the A20 B cell line.
In B cells, integrin activation and subsequent integrin-mediated adhesion mediates many
important processes and can be stimulated by phorbol esters, antigens, anti-Ig antibodies, and
chemokines such as SDF-1. To assess whether Rap activation is involved in B cell adhesion
mediated by LFA-1 or by a integrins, I compared the ability of vector control and
4

RapGAPII-expressing A20 cells to bind to recombinant ICAM-1 or V C A M - 1 that had been
adsorbed onto microtiter wells. I found that blocking the activation of endogenous Rapl and
Rap2 via the expression of RapGAPII significantly inhibited the ability of B cells to bind to
ICAM-1 and V C A M - 1 . In the A20 vector control cells, phorbol esters, anti-IgG antibodies,
and SDF-1 increased the ability of these cells to bind to ICAM-1 (Fig. 5.2 A-C) and this
binding could be blocked with neutralizing antibodies to LFA-1. In the RapGAPIIexpressing cells, the PMA-, anti-IgG-, and SDF-l-induced binding of the cells to ICAM-1
was decreased by 70-80% compared to the vector control cells (Fig. 5.2 A-C). Similarly,
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Figure 5.1. RapGAPII expression inhibits the activation of endogenous R a p l and

Rap2.
A , Cell lysates from A20 clones transfected with either the empty p M S C V vector or pMSCV
containing cDNA encoding FLAG-tagged RapGAPII were analyzed by immunoblotting with
the M2 anti-FLAG mAb. B-D, Vector control and RapGAPII-expressing A20 cells were
stimulated with 100 nM PdBu (B), 100 jug/wl anti-IgG (C) or 100 ng/ml (12.5 nM) SDF-1
(D) for the indicated times. A GST-RalGDS fusion protein was used to selectively
precipitate the active GTP-bound forms of Rapl and Rap2, which were detected by
immunoblotting with specific antibodies. Molecular mass markers (in kDa) are shown to the
left. A similar inhibition of Rapl and Rap2 activation was observed when the cells were
stimulated with a different phorbol ester, PMA, instead of PdBu.
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Figure 5.2. RapGAPII expression inhibits B cell adhesion to ICAM-1 and VCAM-1. AE, Vector control and RapGAPII-expressing A20 cells were stimulated with 15 nM P M A
(A,D), 10 ng/ml anti-IgG (B,E), or 100 ng/ml (12.5 nM) SDF-1 (C) before being assayed for
their ability to bind immobilized ICAM-1 (A-C) or immobilized V C A M - 1 (D,E). The data
are expressed as per cent of cells that bound firmly and represent the mean ± SD for triplicate
wells in the same experiment. For each panel, similar results were obtained in at least three
independent experiments. The use of neutralizing antibodies to LFA-1 (A-C) or a integrins
4

(D,E) showed that the adhesion to ICAM-1 and V C A M - 1 was mediated by LFA-1 and a

4

integrins, respectively. F, Vector control (upper panels) and RapGAPII-expressing (lower
panels) A20 cells were analyzed for LFA-1 and a integrin expression by flow cytometry.
4

The thin lines represent unstained cells while the thick lines represent cells stained with the
TIB-213 rat anti-LFA-1 monoclonal antibody or the PS/2 rat anti-a integrin monoclonal
4

antibody followed by FITC-conjugated mouse anti-rat IgG. The amount of FITC
fluorescence is indicated on the x axis (FL1).
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phorbol esters and anti-IgG antibodies increased the ability of vector control A20 cells to
bind to V C A M - 1 via a integrins and this response was significantly reduced in the
4

RapGAPII-expressing cells (Fig. 5.2 D,E). Thus, activation of Rapl and/or Rap2 is
important for both LFA-1- and a integrin-mediated B cell adhesion. RapGAPII expression
4

could impair LFA-1- and a integrin-mediated adhesion either by preventing integrin
4

activation or by downregulating integrin expression. However, flow cytometry showed that
the levels of cell surface LFA-1 and V L A - 4 on the vector control and RapGAPII-expressing
A20 cells were virtually identical (Fig. 5.2 F). Thus in B cells, Rap activation appears to be
important for extracellular stimuli to convert LFA-1 and a integrins to their active states that
4

have high avidity/affinity for their ligands.
I also expressed the Rap-specific G A P SPA-1 in A20 cells (Fig. 5.3 A). SPA-1
expression completely blocked the activation of Rapl by phorbol esters (Fig. 5.3 B).
However, as seen in other B cell lines in which SPA-1 was expressed, Rap2 activation was
only partially blocked in SPA-1-expressing A20 cells (228). When I compared the ability of
vector-control A20 cells and SPA-1-expressing A20 cells to bind to ICAM-1 absorbed onto
microtitre wells, I found that SPA-1-expressing A20 cells were not impaired in their ability
to bind to ICAM-1 following phorbol ester stimulation (Fig. 5.3 C). This was in direct
contrast to expression of RapGAPII, which inhibited phorbol ester-induced binding to
ICAM-1. Thus, it appears that in the absence of Rapl activation in SPA-1-expressing cells,
the levels of Rap2 activation are sufficient to allow activation of LFA-1 and subsequent
binding to ICAM-1. This suggests a role for Rap2 in integrin activation in B cells.
To further support the idea that Rap2 activation plays a role in integrin-mediated B cell
adhesion, I used a complementary gain-of-function approach in which we expressed in
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Figure 5.3. SPA-1 expression inhibits the activation of Rapl, but does not inhibit B cell
adhesion to ICAM-1." Aj Cell lysates from A20 clones transfected with either the:empty
p L X S N vector or p L X S N containing cDNA encoding FLAG-tagged SPA-1 were analyzed
by immunoblotting with a polyclonal antibody to SPA-1. B, Vector-control and SPA-1expressing cells were left unstimulated (-) or stimulated for 5 min with 100 nM PdBu (+).
Rapl activation assays were performed on cell lysates as described in Fig. 1. Molecular
mass markers (in kDa) are shown to the left. C, SPA-1 expressing A20 cells were stimulated
with 100 nM PdBu before being assayed for their ability to bind to immobilized ICAM-1.
The percent of cells that bound specifically to ICAM-1 was determined by subtracting the
percent adhesion determined for cells pre-treated with an anti-LFA-1 blocking antibody
(non-specific adhesion; approximately 20-30% at the time these experiments were
performed) from the percent adhesion determined for cells not treated with this antibody.
The data represent the mean ± SD for triplicate wells in the same experiment.
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A20 cells a constitutively active mutant form of Rap2, Rap2V12. I have previously shown
that expressing Rap2V12 in other B cell lines enhances B cell migration towards SDF-1 (77).
Rap2 activation assays on the transfected A20 cells confirmed that the FLAG-tagged
Rap2V12 protein was constitutively active and that the total amount of activated Rap2
present in these cells after stimulation with either phorbol esters or anti-IgG antibodies was
significantly greater than in vector control cells (Fig. 5.4 A,B). When I examined integrinmediated adhesion, I found that Rap2V12 expression increased the basal level of A20 cell
adhesion to ICAM-1 and V C A M - 1 (Fig. 5.4 C-F). Moreover, Rap2V12 expression enhanced
both phorbol ester- and anti-IgG-induced adhesion to ICAM-1 and V C A M - 1 (Fig. 5.4 C-F).
The difference in adhesion between the Rap2V12-expressing cells and the vector control
cells was most evident when the cells were stimulated with suboptimal concentrations of
P M A or anti-IgG. At higher concentrations of P M A or anti-IgG, the levels of activated
endogenous Rap may be sufficient to cause maximal adhesion. Since Rap2V12 expression
had no effect on the levels of LFA-1 and cc integrins on the cell surface (Fig. 5.4 G), these
4

results are consistent with the idea that Rap-GTP promotes integrin activation.

5.1.2 Rap activation regulates cell-cell adhesion in B cells
Having shown that Rap GTPases are important for the adhesion of B cells to immobilized
ICAM-1 and V C A M - 1 , 1 was interested in whether the Rap GTPases also regulate cell-cell
interactions in B cells. As a simple model of cell-cell adhesion I made use of the observation
that treating B cells with phorbol esters results in homotypic aggregation of the cells and the
formation of large clusters of cells (267). This response can be readily observed using the
WEHI-231 murine B cell line (Fig. 5.5 C)- To examine the role of Rap activation in the
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Figure 5.4. Rap2V12 expression increases the amount of activated Rap2 in A20 cells
and increases B cell adhesion to I C A M - 1 and V C A M - 1 . Vector control and Rap2V12expressing A20 cells were stimulated with 100 nM PdBu (A) or 100 pig/ml anti-IgG (B) for
the indicated times. Rap2 activation was analyzed as in figure 1. Molecular mass markers (in
kDa) are shown to the left. For each panel, similar results were obtained in at least two
independent experiments. C - F , Vector control and Rap2V12-expressing A20 cells were
stimulated with the indicated concentrations of P M A or anti-IgG before being assayed for
their ability to bind immobilized ICAM-1 (C,D) or immobilized V C A M - 1 (E,F). The data
are expressed as per cent of cells that bound firmly and represent the mean ± SD for triplicate
wells in the same experiment. For each panel, similar results were obtained in at least three
independent experiments. For all conditions shown, the difference between the values for the
vector control cells and the Rap2V12-expressing cells was statistically significant (P < 0.05)
as determined by Student's t test. The use of neutralizing antibodies to LFA-1 (A,B) or a

4

integrins (C,D) showed that the adhesion to ICAM-1 and V C A M - 1 was mediated by LFA-1
and a integrins, respectively. G , Vector control (upper panels) and RapGAPII-expressing
4

(lower panels) A20 cells were analyzed for LFA-1 and a integrin expression by flow
4

cytometry. The thin lines represent unstained cells while the thick lines represent cells
stained with the TIB-213 rat anti-LFA-1 monoclonal antibody or the PS/2 rat anti-a integrin
4

monoclonal antibody followed by FITC-conjugated mouse anti-rat IgG. The amount of
FITC fluorescence is indicated on the x-axis (FL1).
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3

Figure 5.5. RapGAPII expression inhibits phorbol ester, anti-CD40 and manganeseinduced homotypic adhesion. A, Vector control and RapGAPII-expressing WEHI-231
cells were stimulated with 100 nM PdBu for the indicated times. Rap activation was
analyzed as described in Figure 1. Molecular mass markers (in kilodaltons) are shown to the
left. Similar results were obtained in two independent experiments. B, Vector control (upper
panel) and RapGAPII-expressing (lower panel) WEHI-231 cells were analyzed for LFA-1
expressiion by flow cytometry. The thin lines represent unstained cells, whereas the thick
lines represent cells stained with rat anti-LFA-1 monoclonal antibody TIB-213, followed by
FITC-conjugated mouse anti-rat IgG antibodies. C,D, Vector control and RapGAPIIexpressing WEHI-231 cells were left untreated or incubated overnight with either (C) 2 nM
PdBu or 2 nM PdBu plus 30 pig/ml anti-LFA-1 or (D) 5 pig/ml anti-CD40 antibodies or 5
g/ml anti-CD40 antibodies plus 30 ng/ml anti-LFA-1 and then photographed. E , Vector
control and RapGAPII-expressing WEHI-231 cells were left untreated or incubated for 4
hours with 2 mM M n

2 +

and then photographed. Scale bars are equal to 50 /mi. For all panels

similar results were obtained in at least two independent experiments.
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homotypic adhesion of WEHI-231 cells, I expressed RapGAPII in these cells and showed
that it completely blocked phorbol ester-induced Rapl activation and inhibited Rap2
activation by 80% at all time points, as determined by densitometry (Fig. 5.5 A). When
vector control WEHI-231 cells were treated overnight with the phorbol ester PdBu, the cells
aggregated into large clusters, with very few single cells remaining (Fig. 5.5 C). This
homotypic adhesion was mediated by LFA-1 since the addition of anti-LFA-1 antibodies
completely blocked the clustering (Fig. 5.5 C). In contrast to the vector control cells, when
RapGAPII-expressing cells were treated with PdBu they formed far fewer clusters, the
clusters that did form contained fewer cells, and there were more single cells (Fig. 5.5 C). In
two independent experiments, counting at least 500 cells in random fields showed that only
8.4 + 1.0% of vector control cells remained as single cells after the overnight PdBu treatment
whereas 55.8 + 5.0% of the RapGAPII-expressing cells remained as single cells that did not
aggregate. RapGAPII expression had no effect on the cell-surface expression of LFA-1 (Fig.
5.5 B), indicating that Rap activation regulates the ability of L F A -1 to bind to ICAM-1.
Thus, activation of the Rap GTPases is important not only for integrin-mediated adhesion of
B cells to purified adhesion molecules, but also for LFA-1 mediated cell-cell adhesion in B
cells.
Since treating B cells with anti-CD40 antibodies has also been shown to cause L F A 1-mediated homotypic aggregation (268), I asked whether anti-CD40-induced cell-cell
adhesion was dependent on activation of Rap GTPases. When I stimulated vector control
WEHI-231 cells and RapGAPII-expressing WEHI-231 cells with anti-CD40 antibodies for
24 h I found that RapGAPII-expression inhibited anti-CD40-induced cell-cell adhesion (Fig.
5.5 D). As expected, the cell-cell adhesion stimulated by anti-CD40 treatment was integrin-
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dependent since anti-LFA-1 antibodies blocked clumping (Fig. 5.5 D). Thus, Rap activation
is important not only for the LFA-1-dependent cell-cell adhesion-induced by phorbol esters
but also LFA-1-dependent cell-cell adhesion induced by anti-CD40 stimulation.

Treatment of cells with manganese ions (Mn ) has been shown to directly activate
2+

integrins, including L F A - 1 , from the outside, rather than through an inside-out signalling
pathway (269). Treating vector control WEHI-231 cells with M n

2 +

for 3 hours caused cell-

cell adhesion and the formation of cell clusters (Fig. 5.5 E), presumably through direct
activation of the LFA-1 on these cells. Since Rap GTPase activation has been implicated in
the regulation of inside-out signalling leading to integrin activation, one might expect that
blocking Rap activation would have no effect on clustering of WEHI-231 cells induced by
M n . However, RapGAPII-expressing WEHI-231 cells did not form large clusters when
2+

treated with M n

2 +

(Fig. 5.5 E). These findings suggest that Rap activation is required for

cell-cell adhesion induced not only by integrin activation induced by phorbol esters and
CD40, but also for cell-cell adhesion induced by direct activation of integrins by M n .
2+

To determine whether Rap activation is involved in a more physiological model of B
cell adhesion, I examined the binding of B cells to bone marrow stromal cells. The SDF-1 mediated adhesion of B lineage cells to bone marrow stromal cells plays a critical role in B
cell development and survival. In particular, the adhesion of B cell progenitors to bone
marrow stromal cells is essential for B cell development. SDF-1 directs developing B cells
into the appropriate bone marrow microenvironment and promotes their adhesion to stromal
cells by activating V L A - 4 (a Pj integrin), which binds to V C A M - 1 on the stromal cell (270)
4

In mice in which the genes encoding either SDF-1 or its receptor, CXCR4 have been
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Figure 5.6. RapGAPII expression inhibits the adhesion of A20 cells to the M2-10B4
bone marrow stromal cell line. Vector control and RapGAPII-expressing A20 cells were
added to a monolayer of M2-10B4 cells and incubated for 4-5 h at 37°C. After washing
away unbound cells, the M2-10B4 monolayer and any adhering bright, round A20 cells were
photographed (A). Scale bars are equal to 200 /mi. The number of vector control and
RapGAPII-expressing cells adhering to the monolayer was determined by counting three
random fields of cells (B). The data represent the mean number of adherent A20 cells ±
S E M for three independent experiments. B, Neutralizing antibodies to CXCR4 or a

4

integrins inhibits the binding of vector control A20 cells to the M2-10B4 stromal cell line.
Vector control A 20 cells were plated on monolayers of M2-10B4 stromal cells in the
presence or absence of antibody to CXCR4 or a4 integrins. The number of A20 cells
adhering to M2-10B4 cells was determined by counting three random fields of cells. The
data are expressed as the percent of vector control cells that adhered in the absence of
neutralizing antibody and represent the means ± S E M for three independent experiments.
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disrupted, B cell progenitors exit the bone marrow prematurely and fail to develop (8).
Adhesion to bone marrow stromal cells may also promote the long-term survival of plasma
cells, which can migrate to the bone marrow in response to SDF-1 (271). Similarly, SDF-1
can direct the migration of B cell chronic lymphocytic leukemia (B-CLL) cells into the bone
marrow where they adhere to stromal cells and receive adhesion-dependent survival signals
(272).
To investigate the role of Rap activation in the SDF-1-dependent binding of B cells to
bone marrow stromal cells, I compared the adhesion of vector control and RapGAPIIexpressing A20 cells to the M2-10B4 bone marrow stromal cell line (211). This stromal cell
line secretes SDF-1 and B - C L L cells have been shown to bind to these cells in a manner that
depends on SDF-1 secretion by the stromal cells as well as the binding of V L A - 4 on the BC L L cell to V C A M - 1 on the M2-10B4 cells (272). When vector control A20 cells were
added to a monolayer of M2-10B4 cells and cultured for 4 to 5 h, the A20 cells adhered
strongly to the M2-10B4 cells (Fig. 5.6 A). The binding of the A20 cells to the M2-10B4
cells was at least partly dependent on a integrins since an a integrin-specific blocking
4

4

antibody reduced the adhesion of the A20 cells to the M2-10B4 cells by 60-65% (Fig. 5.6 B).
This cell-cell adhesion was also dependent on signalling via CXCR4, the receptor for SDF-1,
since anti-CXCR4 antibodies also blocked adhesion by approximately 60-65% (Fig. 5.6 B).
In contrast to the vector-control A20 cells, when the RapGAPII-expressing A20 cells were
added to a monolayer of M2-10B4 cells, far fewer cells attached and remained adhered after
washing the wells (Fig. 5.6 A). Examining random fields of cells from three independent
experiments showed that blocking Rap activation via the expression of RapGAPII caused
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about a 70% reduction in the number of cells that bound to the M2-10B4 cells (Fig. 5.6 B),
similar to that caused by blocking CXCR4 signaling or a integrin-mediated adhesion. Thus,
4

Rap activation is important for B cells to undergo cell-cell interactions and contributes to the
ability of B lineage cells to bind to bone marrow stromal cells.

5.1.3 Rap activation regulates cell spreading
Cell-cell interactions and cell-substrate interactions mediated by integrins are often
accompanied by cell spreading, a flattening of the cell that increases the surface area of the
contact region with other cells or the E C M , thereby allowing stronger adhesion. Cell
spreading and the extension of membrane processes is also associated with the assumption of
a motile phenotype and may therefore be necessary for cell migration. Having shown that
integrin-mediated adhesion in B cells is regulated by Rap GTPases, I investigated whether
Rap activation is also important for B cell spreading.
I compared the anti-IgG and phorbol ester-induced spreading of vector control A20
cells with that of RapGAPII-expressing A20 cells. Unstimulated vector control A20s grown
overnight in the presence of serum on tissue culture treated plastic dishes displayed a mixture
of morphologies with approximately 75% of cells exhibiting a round, detached morphology
and about 25% of the cells having an adherent, spread morphology that corresponded with
the cells appearing darker by phase contrast microscopy and having several membrane
projections (Fig. 5.7 A,B). When the vector control A20 cells were cultured overnight with
anti-IgG antibodies the number of spread cells rose from 25% to approximately 75% and
both the number of projections per cell and the length of these projections increased
following stimulation with anti-IgG (Fig. 5.7 A-C). In contrast to the vector control cells,
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Figure 5.7. RapGAPII expression inhibits cell spreading in A20 cells. Vector control
and RapGAPII-expressing A20 cells were grown overnight in tissue culture wells in the
presence or absence of 10 pig/ml anti-IgG (A) or 2 nM PdBu (D) and then photographed.
Scale bars are equal to 50 pirn. B, E , To quantitate cell spreading, three independent fields of
~ 300 cells were counted and cells that were phase dark or had a flattened morphology were
scored as spread. The data are expressed as per cent of cells that were spread and represent
the mean ± S E M for three independent experiments. C , A region of the upper right
photograph in panel A was enlarged to show anti-IgG-treated vector control cells with cell
projections. The scale bar is equal to 50 /mi.
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unstimulated RapGAPII-expressing A20 cells rarely showed a spread phenotype in culture
and tended to be uniformly round cells that did not adhere to tissue culture plastic (Fig. 5.7
A,B).

Even after stimulation with anti-IgG, only about 5% of the RapGAPII-expressing

A20 cells spread (Fig. 5.7 A,B) and even the cells that did adhere did not show the dramatic
cell projections that were seen in the anti-IgG-treated vector control A20 cells (Fig. 5.7 A).
Similar to what we observed for anti-IgG stimulation, phorbol ester-induced cell spreading
was also inhibited when Rap activation was blocked by the expression of RapGAPII (Fig. 5.7
D-E). Phorbol ester-induced spreading occurred more rapidly than anti-IgG-induced
spreading, requiring only 4-5 hours of treatment to achieve maximal spreading of vectorcontrol A20 cells. However, the cell projections induced by anti-IgG treatment were longer
and more dramatic than those induced by phorbol ester treatment. Nevertheless, in A20 B
lymphoma cells, both anti-IgG- and phorbol ester-induced cell spreading, as well as the
extension of membrane projections, is strongly dependent on Rap activation.

5.1.4 Rap activation regulates actin polymerization
Both cell spreading and the extension of membrane projections require reorganization of the
actin cytoskeleton as well as new actin polymerization. Since blocking Rap activation
prevented cell spreading and suppressed the extension of membrane projections, I
hypothesized that the Rap GTPases may regulate actin polymerization in B cells. To test
this, I stimulated vector control and RapGAPII-expressing A20 cells with phorbol esters, a
strong stimulus that mimics the diacylglycerol produced in response to signalling by the BCR
or CXCR4. The cells were then permeabilized and stained with phalloidin-FITC, a specific
probe for F-actin (Fig. 5.8 A). The amount of polymerized F-actin in the.cells was
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Figure 5.8. RapGAPII expression inhibits phorbol ester-induced actin polymerization.
A, Vector-control or RapGAPII-expressing A20 cells were stimulated with 15 nM P M A for
the indicated times, fixed, and stained with FITC-phalloidin. The mean fluorescence
intensity was measured by flow cytometry and taken as a measurement of polymerized Factin. The data are expressed as the amount of F-actin relative to unstimulated vector control
or RapGAPII-expressing cells (100%) and represent the mean ± S E M for six independent
experiments. The differences between the PMA-induced increases in F-actin levels in the
control cells versus the RapGAPII-expressing cells were statistically significant as
determined by Student's t test: *, p < 0.05; **, p < 0.01; ***, p < 0.001. Note that the amount
of polymerized F-actin in unstimulated RapGAPII-expressing cells was 20.0 + 4.9% lower
(mean + S E M ; p = 0.026 for six independent experiments, as determined by Student's t test)
than that in unstimulated vector control A20 cells. B, vector control A20 cells were
incubated with or without neutralizing antibody to LFA-1 and then stimulated with 15 nM
P M A for the indicated times before quantitating the amount of polymerized F-actin as
described for (A). Each data point represents the mean ± SD for two independent
experiments.
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determined by flow cytometry. In the vector control A20 cells, stimulating the cells with the
phorbol ester P M A caused a rapid increase in polymerized F-actin that could be detected
within 30 s (Fig. 5.8 A). The response peaked at 5 min but was sustained for at least 45 min.
Although the PMA-induced increase in the total amount of polymerized F-actin in the cells
ranged from 15- 40%, the responses were highly reproducible. This appears to be an
integrin-independent response because a blocking antibody to LFA-1 did not inhibit this
phorbol ester-induced actin polymerization (Fig. 5.8 B). The binding of a integrins to E C M
4

components is unlikely to occur in this assay because the cells are stimulated in serum-free
medium while in suspension in polypropylene tubes.
In the RapGAPII-expressing A20 cells, the amount of polymerized F-actin in
unstimulated cells was 20.0 ± 4.9% lower (mean ± SEM; P = 0.026 for 6 independent
experiments, as determined by Student's r test) than that in unstimulated vector control A20
cells. Moreover, the PMA-induced increase in polymerized F-actin levels was significantly
smaller at all time points in the RapGAPII-expressing cells as compared to the vector control
cells (Fig. 5.8 A). The onset of the increase in F-actin levels also appeared to be slightly
delayed in the RapGAPII-expressing cells (Fig. 5.8 A). Thus, Rap activation regulates the
basal levels of polymerized F-actin in A20 cells and also contributes to the rapid integrinindependent burst of actin polymerization that can be induced by phorbol esters.

5.2 Discussion

,.

I have shown that activation of the Rap GTPases in B lymphocytes is important for
integrin-mediated adhesion as well as cell spreading and actin polymerization. I used a
combination of loss- and gain-of-function approaches to show that Rap activation is required
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for anti-Ig antibodies, SDF-1, and phorbol esters to effectively stimulate integrin activation in
B cell lines. Preventing Rap activation by expressing RapGAPII significantly reduced L F A 1- and a integrin-dependent adhesion of B cells to purified adhesion molecule ligands. In
4

contrast, augmenting Rap activation by expressing the constitutively active Rap2V12
enhanced LFA-1 and a integrin-dependent B cell adhesion. I also showed that Rap
4

activation is required for B cells to adhere to other cells using two model systems, the L F A 1-dependent homotypic aggregation of WEHI-231 cells that is induced by phorbol esters or
anti-CD40 antibodies and the binding of A20 cells to bone marrow stromal cells which is
dependent on SDF-l-induced activation of V L A - 4 (a [3] integrin). In addition to regulating
4

integrin activation, I found that Rap activation plays a critical role in BCR- and phorbol
ester-induced morphological changes that include cell spreading and the extension of
membrane processes. This correlated with a role for Rap activation in promoting actin
polymerization, which is required for changes in cell morphology and the extension of
membrane processes. Thus, Rap activation controls cellular processes that regulate B cell
adhesion and B cell morphology.
Rap activation has been shown by other groups to link receptor signalling to integrindependent adhesion in T cells, myeloid cells, and Ba/F3 cells overexpressing LFA-1 (80, 97,
102, 106, 107, 181-183). I have extended these findings to show that Rap activation is also
important for integrin activation and cell-cell adhesion in B cells. In particular, I have shown
for the first time that Rap links the BCR to activation of the LFA-1 and a integrins. I have
4

also shown that CXCR4-induced binding of B cells to purified ICAM-1 or to bone marrow
stromal cells expressing V C A M - 1 is dependent on Rap activation. Thus, in B cells, Rap
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couples both tyrosine kinase-linked receptors such as the BCR and G protein-coupled
receptors such as CXCR4 to cellular machinery that can promote integrin activation.
The process by which Rap-GTP promotes integrin activation is not well understood.
However, recent work by Katagiri et al. has led to the identification of a protein called R A P L
that binds Rapl-GTP as well as LFA-1 (203). These authors have shown in T cells that RapGTP/RAPL complexes direct the membrane localization of LFA-1 and can thereby promote
clustering of L F A - 1 , which would increase its avidity for ICAM-1. This group also showed
that R A P L overexpression increases the affinity of LFA-1 for ICAM-1.
I have shown that the LFA-1-mediated homotypic aggregation of B cells induced by
phorbol ester treatment and CD40 stimulation is dependent on Rap activation. Although
CD40 stimulation does not appear to activate Rapl at an early timepoint (5 min) (data not
shown), it is possible that Rap may be activated at later time points. However, CD40 is not
known to activate any of the major signalling pathways that can act on Rap GEFs, such as the
P L C - Y signalling pathway or pathways regulated by cAMP. Alternatively, basal levels of
active Rap may be required for allowing the cell-cell adhesion following CD40 stimulation to
occur.
I have also shown that cell-cell adhesion of B cells induced by M n

2+

treatment is

dependent on Rap activation. Although extracellular stimuli such as the BCR and SDF-1
activate integrins by an inside-out signalling pathway, M n

2 +

directly activates integrins from

the outside, by binding to the integrin ectodomain (269). Thus, in B cells Rap is required for
Mn

2+

induced cell adhesion, de Bruyn et al. also found that Mn -induced LFA-1-mediated
2+

adhesion of T cells, as well as LFA-1-mediated adhesion induced by an activating antibody,
was dependent on Rapl-GTP (273). These findings suggest that active Rap is required not
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only for stimulus-induced inside-out activation of integrins, but also for cell adhesion
induced by direct, outside-in activation of integrins.
While studies have shown that expressing the constitutively active Rap IV12 results
in the activation of LFA-1 and a integrins (80, 102, 107, 181, 182), I have shown that
4

activated Rap2 can also promote the activation of these integrins. This was the first report
showing that activated Rap2 could promote integrin activation. I found that expressing the
constitutively active Rap2V12 was sufficient to cause a modest increase in the binding of
unstimulated A20 cells to ICAM-1 and V C A M - 1 . In addition, Rap2V12 expression
enhanced the ability of low concentrations of anti-IgG antibodies and P M A to induce LFA-1 and a integrin-dependent adhesion. Thus, Rap2-GTP can promote integrin activation, at
4

least in the A20 B cell line.
The enhancement of integrin activation by stimuli in Rap2V12-expressing cells is
different from what is seen with RaplV12 expression in various T cell and macrophage-like
;

cells lines as well as in primary T cells and megakaryocytes (86, 102, 107, 180, 181, 274).
Expression of Rapl VI2 in these models is sufficient to induce integrin function even in the
absence of stimuli. We could not look at expression of Rapl V12 in B cell lines because we
were unable to express the RaplV12 mutant, possibly because it is lethal to the cell. Thus it
is not clear whether Rap2V12 is less effective than Rapl at activating integrins or whether
Rap2V12 can activate integrins in B cells but not T cells. In support of there being a
difference between the effects of RaplV12 and Rap2V12, Rap2V12 does not induce integrin
activation in primary T cells (80).

Other studies show that expressing RaplVI2 is sufficient to cause maximal activation
of LFA-1 in the absence of receptor signalling (102, 181), whereas I found that Rap2V12
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expression by itself caused only a modest increase in LFA-1-dependent adhesion. This
supports the idea that Rap2 may be a weaker inducer of integrin activation than Rapl. I have
not been able to directly compare the ability of Rapl V12 and Rap2V12 to induce integrin
activation in B cells since we have been unable to express the constitutively active RaplV12
in B cell lines. Nevertheless, my data establish that Rap2-GTP is able to promote integrin
activation in B cells. It is not clear whether Rapl and Rap2 activate integins via the same
mechanisms. It is not known whether Rap2-GTP can also bind RAPL, and if so, whether it
can do so with the same efficiency as Rapl-GTP.

While I have shown that Rap2V12 can promote integrin activation in B cell lines, it is
not clear whether BCR- and CXCR4-induced integrin activation in B cells is normally
mediated by Rapl, Rap2, or both of these GTPases. My finding that RapGAPII expression
inhibits integrin-mediated B cell adhesion does not distinguish between a role for
endogenous Rapl versus Rap2 since RapGAPII inhibits the activation of both Rapl and
Rap2. Since Rapl and Rap2 have a similar effector-binding domain and bind many of the
same effector proteins, it is possible that activation of either Rapl or Rap2 is sufficient to
allow integrin-mediated B cell adhesion. My data suggests that activation of Rap2 in the
absence of Rapl activation is sufficient to support phorbol ester-induced adhesion of B cells
to LFA-1. When I expressed the Rap-specific G A P SPA-1 in A20 cells Rapl activation was
completely inhibited while Rap2 activation was virtually unaffected. Under these conditions
in which Rap2 was activated in the absence of Rapl activation, phorbol ester-induced
adhesion occurred normally. While this indicates that the activation of endogenous Rap2 is
sufficient to induce LFA-1 activation in B cells, it does not preclude a role for Rapl in this
process.
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In addition to showing that Rap activation regulates integrin activation in B cells, I
also showed that cell spreading is a Rap-dependent process. I found that culturing A20 B
lymphoma cells with anti-Ig antibodies or phorbol esters resulted in dramatic morphological
changes characterized by cell spreading and the extension of membrane processes. Both of
these morphological changes were blocked when Rap activation was suppressed via the
expression of RapGAPII. This supports the idea that Rap activation is required for the antiIg-induced extension of these membrane processes by B cells.
Both cell spreading and the extension of membrane processes are dependent on
reorganization of the actin cytoskeleton as well as the formation of new actin polymers that
support membrane processes and protrusions. In B cells, stimulation with phorbol esters has
been shown to rapidly induce actin polymerization, as judged by an increase in the total
amount of polymerized F-actin in the cell (260). I have shown that this phorbol esterinduced actin polyzmerization is partially dependent on Rap activation in B cells. In
RapGAPII-expressing A20 cells, the PMA-induced increase in poloymerized F-actin
polymerization was reduced and delayed compared to the response seen in vector control
cells. In addition, the amount of polymerized F-actin in unstimulated cells was significantly
lower (20 + 5%) in the RapGAPII-expressing A20 cells than in vector control cells. Thus
Rap regulates both basal and signalling-induced actin polymerization. Although these results
do not distinguish between a role for Rap-GTP in promoting actin polymerization versus
stabilizing actin filaments, the finding that Rap activation promotes cell spreading and the
extension of membrane processes suggests that Rap-GTP promotes actin polymerization
which contributes to morphological changes.
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Rap-GTP may regulate the actin cytoskeleton in B cells via both integrin-dependent
and independent mechanisms. The contribution of Rap to the rapid phorbol ester-induced
increase in polymerized F-actin in B cells likely reflects a direct, integrin-independent effect
of Rap-GTP on actin polymerization since these experiments were done with cells in
suspension, conditions in which integrin engagement is likely to be minimal. Consistent with
this idea, I found that blocking antibodies to LFA-1 and ct integrins did not inhibit this
4

phorbol ester-induced actin polymerization. In contrast, the Rap-dependent spreading of
anti-Ig-treated A20 cells could involve integrin signalling since these responses occurred
over an 18 h time period and the cells were cultured in the presence of serum which contains
fibronectin and other E C M components that can adhere to tissue culture plates. Although
attempts were made to inhibit cell spreading using blocking antibodies to ct integrins, I could
4

not see a reduction in cell spreading in antibody treated A20 cells (data not shown).
Determining whether or not Rap-mediated regulation of the actin cytoskeleton is integrin
dependent or independent, as well as elucidating how Rap regulates the actin cytoskeleton,
are matters for future study.
In summary I have shown that activation of the Rap GTPases promotes integrinmediated adhesion, cell spreading, and actin polymerization. By controlling B cell adhesion,
morphology, and migration, Rap activation may play an important role in multiple steps in B
cell development and activation.
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Chapter 6
Overall discussion

6.0 Summary of thesis

In this thesis I have investigated the role of the Rap GTPases in B cells. I identified
Rapl as a target of signalling by the BCR, a key receptor that regulates B cell development,
activation and differentiation. I showed that the BCR activates Rapl in a PLCy-dependent,
DAG-dependent manner. I subsequently showed that SDF-1, a chemokine that directs the
localization of B cell precursors in the bone marrow and the migration of circulating B cells
into secondary lymphoid organs, also activates the Rapl GTPase. A major goal was then to
elucidate the function of Rap GTPases in B cells. It was originally hypothesized that Rapl
acted as a negative regulator of Ras-mediated signalling. However, I found that in B cells
Rap GTPase activation did not affect Ras-dependent E R K activation. Instead, I found that
Rap activation was important for regulate B cell migration towards the chemokine SDF-1,
integrin-mediated B cell adhesion, B cell spreading, and actin polymerization. These
findings suggest that Rap activation may play an important role in B cell development and
activation, processes that depend on integrin-mediated adhesion and chemokine-induced
migration.

6.1 Activation of Rap
6.1.1 Receptors and second messengers
When I began this work, few extracellular stimuli that activated Rap had been
identified. I showed that the Rapl GTPase is activated by the BCR and by the receptor for
SDF-1, CXCR4 (77, 103). Work by Anson L i in the lab demonstrated that the Rap2 GTPase
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was also activated by these two stimuli (228). Since then, multiple stimuli have been shown
to activate Rapl (Table 1.1)(76, 79). These stimuli act through a variety of receptors,
including G-protein coupled receptors, receptor tyrosine kinases, death-domain containing
receptors and ion channels (Table 1.1)(79). Indeed, Rapl activation seems to be a ubiquitous
event following receptor engagement. In B cells, other chemokines that are important for B
cell trafficking, such as B L C , may also activate Rapl and Rap2. Recent work from our lab
has shown that blocking Rap activation impairs the migration of B cells towards B L C . Other
receptors on the surface of B cells, such as the receptor for SLC, CCR7, or the Edg receptors
for sphingosine 1-phosphate, both of which mediate cell migration, may also activate Rap.
The second messengers D A G , cAMP, and C a

2+

have all been shown to mediate Rap

activation following the engagement of cell surface receptors. Which second messenger
mediates Rap activation is dependent on the cell type, and the receptor that is engaged.
Using a variant of the DT40 B cell line lacking expression of PLCy and another variant
lacking expression of the three IP receptors, I demonstrated that in B cells Rapl activation
3

by the BCR is dependent on D A G production but not on increases in intracellular Ca . I
2+

have also shown that activation of Rapl and Rap2 by SDF-1 is dependent on PLC activity
since treating B cells with the PLC inhibitor U73122 blocks the activation of Rapl and Rap2
by SDF-1. Another student in the lab, Anson L i , has also shown that Rap2 activation by the
BCR is dependent on P L C activity (228). These conclusions are supported by the
observation that in B cells phorbol esters, which mimic the action of D A G , are strong
activators of Rapl and Rap2, while ionomycin, which triggers an increase in intracellular
calcium, does not activate Rapl or Rap2. Our results in B cells differ from what is seen in T
cells where both increased intracellular calcium and phorbol esters cause activation of Rapl
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(101). This could be attributed to the expression of different Rap GEFs in T cells and B
cells. The specific GEFs responsible for Rapl and Rap2 activation in B cells and T cells
have not been identified.

6.1.2 Rap G E F s
Our lab has investigated the potential role of two different Rap-specific GEFs, C3G
and CalDAG-GEFI in linking the BCR and CXCR4 to Rap activation in B cells. C3G
associates with the SH3 domain of the Crk adaptor protein, a protein that associates with the
membrane localized Cas and Cbl adaptor proteins in a phosphotyrosine-dependent manner
following BCR stimulation (118). Thus, we hypothesized that BCR stimulation would result
in C3G being brought to the plasma membrane where it could activate Rapl. However,
several lines of evidence indicated that C3G is not involved in Rapl activation in B cells.
First, phorbol esters, which cause strong activation of Rapl in B cells, do not induce the
binding of Crk/C3G complexes to Cas, whereas BCR signalling does (103). Furthermore,
overexpressing C3G in the DT40 chicken B cell line did not potentiate the activation of Rapl
by the BCR (224). Finally, BCR-induced Rapl activation was not blocked by a dominantnegative form of C3G(B. Szczygielski and M . Gold, unpublished observations).
I also investigated whether CalDAG-GEFI might link the BCR to Rapl activation.
CalDAG-GEFI is a member of a family of GEFs that act on Ras and/or Rap GTPases. These
GEFs contains both a DAG-binding domain and Ca -binding domain, and their activity is
2+

regulated by the binding of D A G or C a

2+

(57, 58, 120, 122, 223). Moreover, their expression

appears to be restricted to cells of the hematopoietic lineage (45). My finding, that Rapl
activation by the BCR was dependent on D A G , suggested that a member of this family of
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GEFs might be responsible for Rapl activation by the BCR. Although overexpression of
CalDAG-GEFI potentiated BCR-induced Rapl activation, it also allowed C a
strongly activate Rapl. Since C a

2+

2+

ionophores to

ionophores are usually very poor activators of Rapl in B

cells, this suggests that the BCR may activate Rapl via a different CalDAG-GEF that is
perhaps regulated more by D A G than by C a . There are four members of the CalDAG-GEF
2+

family. CalDAG-GEFIII activates Rapl and Rap2, as well as H-Ras and R-Ras and its
expression may be B cell-specific (45, 57). Perhaps CalDAG-GEFIII, or another CalDAGG E F family member mediates Rap GTPase activation in B cells.
Recently, the subcellular localization of CalDAG-GEFI has been shown to be
regulated by actin polymerization rather than by D A G production in fibroblasts (275). The
induction of actin polymerization by cytoskeletal regulators such as Vav and Racl leads to
the shift of CalDAG-GEFI from the cytosol to the membrane ruffles and its co-localization
with F-actin. This CalDAG-GEFI/F-actin interaction promotes local activation of Rapl.
Although these are interesting findings, I do not believe that such a link exists between actin
polymerization and Rap activation in B cells, since I found that disrupting actin filaments by
treating B cells with cytochalasin D did not affect Rap activation by the BCR (data not
. shown). However, it is possible that F-actin dependent translocation of CalDAG-GEFI may
be responsible for localized activation of Rapl at the plasma membrane, or in membrane
ruffles.
A large number of GEFs that act on the Rap GTPases have been identified. Two
families of Rap-specific GEFs, the E P A C family and the PDZ-GEF family, containing
multiple members have been identified, in addition to GEFs such as PLCe and DOCK4
(Table 1.2) (75, 76). This multitude of GEFs allows many different receptors, which activate
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different signalling pathways, to activate Rap. Different Rap-specific GEFs may localize to
distinct regions of the cell, where they could mediate the activation of distinct pools of Rap.
Determining which of these GEFs are expressed in B cells, identifying which one link the
BCR and CXCR4 to Rap activation, and understanding how these receptors regulate these
GEFs are topics for future research. Using methods such as R N A i to prevent or reduce the
expression of specific Rap-GEFs in B cells would allow us to determine which GEFs link the
BCR and CXCR4 to Rap activation.

6.1.3 The subcellular distribution of Rap activation
Activated Rap has been implicated in the regulation of cell adhesion and integrin
activation, cell migration in lymphocytes and fibroblasts, cytoskeleton dependent
morphological changes in lymphocytes and in the model organisms Drosophila and
Dictyostelium, differentiation of neuronal cells and megakaryocytes and T cell anergy (75,
76).

In order to regulate such diverse processes, Rap may be activated at different locations

in the cell. Rapl has been shown to localize to multiple regions within the cell. Although
Rapl always associates with cellular membranes through its lipid modifications, some
studies have shown that Rapl is found at the plasma membrane (276), while other studies
have shown that Rapl is associated with the Golgi apparatus or with endocytic vesicles (277,
278). Recently, fluorescent resonance energy transfer (FRET) has been used to monitor the
activation of Rapl in living cells. A fusion protein probe christened Raichu-Rapl, which
consists of wild type Rapl, the Ras binding domain of Raf (RBD), and a yellow (YFP) and
cyan (CFP) fluorescent protein in the same molecule was constructed (279). In unstimulated
cells the Y F P and CFP moieties are physically separated and there is no F R E T between them.
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However, when Rap activation is stimulated, the GTP-bound Rapl associates with the RBD,
bringing together the YFP and CFP, resulting in increased FRET. Thus, the intensity of
FRET is directly proportional to the amount of Rapl activation in the cell and the use of
microscopy to detect the FRET emissions can indicate where in the cell Rapl is being
actvated. The location of Rap2 activation has not been examined, so it is not known if the
pattern of Rap2 activation is similar or different from Rapl.
Studies using the Raichu-Rapl probe showed that in fibroblast-like cell lines
stimulated with epidermal growth factor, Ras is activated at locations near the cell surface
and that the activation spreads inward, while Rapl is activated in the perinuclear region and
the activation spreads outward to the plasma membrane (279). It is not clear why Rapl
would be activated near the nucleus if it controls events such as cell adhesion that occur at
the plasma membrane. Some evidence suggests that Rapl is found in endosomes that reside
near the nucleus, suggesting a possible role in vesicle transport (278). Recently, a Rapl
effector protein called R A P L has been identified and found to play a role in mediating
activation of the integrin LFA-1 by Rapl in T cells (203). R A P L and LFA-1 appear to colocalize to the perinuclear region in resting T cells, and redistribute to the leading edge
following stimulation. These findings, along with the earlier findings that Rapl activation
begins in the perinuclear region, have led to speculation that Rapl and R A P L may be
involved in the vesicle-mediated transport of LFA-1, and other molecules that are involved in
cell adhesion and polarity, to the leading edge of the cell or to immune synapses (203).
Different stimuli may also promote different spatial patterns of Rapl activation in a
cell type-specific manner. In human aortic endothelial cells, stimulation with ephrinBl
causes membrane ruffling, and active Rapl was found to localize to these membrane ruffles
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(99). In Jurkat T cells expressing RasGRP2, a Rap-specific G E F , and the Racl exchange
factor Vav, Rapl was also activated in peripheral membrane ruffles (275). It is not yet
known where active Rapl is localized in B cells. Interestingly, in fibroblasts stimulated with
EGF, the spatial regulation of Rapl activation appears to be regulated by GAPs rather than
GEFs, since the location of the active Rapl VI2 mutant protein, which is resistant to GAP
activity but can still be activated on by GEFs, was abnormal, with highest activation at the
plasma membrane and lowest activation at the endomembrane compartments (280). In
support of the spatial gradient of Rapl activation being regulated by G A P activity, it was
found that Rap G A P activity was higher at the cell periphery than in the central region,
suggesting that G A P activity limits Rap activation at the periphery (280). Thus, identifying
the Rap GAPs present in B cells and elucidating how they are regulated by the BCR and
CXCR4 may be the key to understanding how these receptors activate Rap.

6.1.4 Regulation of Rap GAPs
Nothing is known about the regulation of Rap-specific GAPs in B cells. Six GAPs
for Rap have been identified (Table 1.3). Of these, SPAR, E6TP1 and GAPIP4BP have only
been shown to regulate Rap activity in vitro (143-145). It is not clear whether they actually
function as RapGAPs in vivo. Recently, a putative Rap GAP, tuberin, which exhibited Rap
GTPase activity in vitro, was shown to act on Rheb rather than Rap in vivo (153). Both
RapGAPII and SPA-1 have been shown to regulate Rap GTPase activity in vivo (141, 142). I
have shown that B cell lines express SPA-1 but not RapGAPII. This is in keeping with
previous observations indicating that RapGAPII is primarily expressed in the brain, while
SPA-1 is highly expressed in hematopoietic cells (141). Recently, the expression of SPA-1
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and RaplGAP has been investigated in primary B and T cells (146). T cells were found to
express only SPA-1 while B cells showed expression of both GAPs. Furthermore, T cells
taken from mice deficient in SPA-1 showed increased levels of Rapl-GTP while B cells
taken from these same mice showed normal levels of activation of Rapl, presumably because
of the redundant expression of RaplGAP (146). Thus, in T cells SPA-1 appears to be the
major Rap G A P regulating Rap activation while in B cells both RaplGAP and SPA-1 may
contribute to the regulation of Rap activation. In B cells, different receptors, such as the
BCR and CXCR4, may regulate Rap activation using different GAPs.

Investigating Rap

activation downstream of these receptors in mice deficient in either SPA-1 or RaplGAP
would allow us to elucidate which receptors couple to which GAPs to limit Rap activation in
B cells.
Understanding how Rap-specific GAPs are regulated in B cells will be important for
understanding how receptors such as the BCR and CXCR4 activate Rap. M y preliminary
data suggests that the subcellular localization of SPA-1 may be regulated following phorbol
ester treatment or BCR stimulation in the WEHI-231 B cell line. I saw a decrease in the
amount of SPA-1 in the particulate fraction following cell stimulation. This suggests that in
response to stimulation SPA-1 dissociate from membranes where Rapl is located, perhaps
allowing Rapl to accumulate in the active state. To further examine whether SPA-1 colocalizes with Rapl at membranes in unstimulated cells but dissociates from membranes and
diffuses into the cytoplasm away from Rapl following stimulation, we could perform
immunofluorescence to look at the localization of Rapl and SPA-1. This would also reveal
which membranes SPA-1 and Rapl associate with in B cells, which is not known.
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Thus, while Rap activation seems to be a common consequence of receptor
engagement, how receptors regulate the actions of the GEFs and GAPs that control Rap
activation remains to be determined.

6.2 Rap GTPase Function
6.2.1 Rap as a negative regulator of Ras-mediated signalling

It was originally hypothesized that Rapl functioned as a negative regulator of Rasmediated signalling by binding and sequestering Ras effectors. Thus, I began my
investigation of the function of Rapl with the expectation that it would function as a negative
regulator of Ras-mediated signalling in B cells. I expressed a Rap-specific GAP, RapGAPII,
in B cell lines and found that it inhibited Rapl activation by the BCR. If Rapl is a negative
regulator of Ras-mediated signalling to ERK, blocking Rapl activation via the expression of
RapGAPII might allow increased E R K activation. However, I found that blocking Rapl
activation did not affect Ras-dependent E R K activation by the BCR in B cells. Therefore, I
concluded that Rapl in B cells does not function as a negative regulator of Ras-mediated
signalling. Numerous studies now suggest that activation of Rapl does not always result in
antagonism of Ras-dependent E R K activation (89, 102, 170), but that Rapl also has its own
effectors and activates distinct downstream pathways. Some of the original studies that
demonstrated that Rapl functioned as a negative regulator of Ras-mediated signalling relied
on overexpression of activated Rapl, so the ability of Rapl to interfere with Ras-mediated
signalling in these studies may have been an artifact of overexpression.

Although in recent years Rap has been shown to do more than act as a negative
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regulator of Ras-mediated signalling, there is still evidence that Rapl acts to limit Ras
signalling in some cell types in response to some stimuli. In 293T cells, elevated levels of
Rapl-GTP were found to correlate with inhibition of Ras-dependent E R K activation, and that
signalling through the G coupled m2-muscarinic receptror caused RapGAPII to bind to G ,
r

s

a i

inactivating Rap and allowing increased ERK activation (141). Furthermore, in C H O cells,
reducing Rap activation by disrupting the association of Crk-C3G complexes, allowed
increased activation of ERKs, suggesting that activation of Rapl by this complex normally
limits E R K activation (169).
Some of the most compelling experimental evidence for Rapl acting as a negative
regulator of Ras signalling to E R K has come from studies of anergic T cells. Anergy is a
state of T-cell unresponsiveness that occurs when the T C R is engaged in the absence of costimulation. Anergic lymphocyte stimulation results in concurrent weak ERK1 and ERK2
activation and strong Rapl activation (164), and it has been proposed that TCR-induced
activation of Rapl suppresses Ras-MAPK signalling pathways, and down-regulates T cell
responses. Conversely, engagement of the co-stimulatory molecule CD28 on T cells
increases signalling to ERKs by blocking Rapl activity. This increased E R K signalling
when co-stimulation is present presumably prevents the development ofthe anergic state.
Ishida et al. generated mice with increased Rapl activation by deleting the gene for SPA-1,
the major Rap G A P in hematopoietic progenitor cells and peripheral T cells (146). T cells
taken from these SPA-1-deficient mice showed increased and sustained Rapl activation
following TCR-crosslinkihg, relative to control cells. Furthermore, as these mice aged they
showed progressive accumulation of Rap 1 -GTP.

These SPA-1 -deficient mice developed

age-dependent T cell unresponsiveness, with an increase in a CD44 T cell population that
hl
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was unresponsive to TCR stimulation. These mice also had, at an earlier age, impaired
memory T cell responses against a T-dependent antigen despite having a normal primary
response. SPA-1 deficient T cells had reduced proliferation and IL-2 production in response
to P M A plus ionomycin and concanavalin A , as well as TCR-crosslinking. T cells from
these mice that had high levels of Rapl-GTP showed normal Ras activation but severely
inhibited E R K activation downstream of TCR-crosslinking. Thus in this gain-of-function
model, it appears that increased Rapl-GTP inhibits Ras-mediated signalling. Interestingly,
when B cells derived from SPA-1-deficient mice were stimulated with anti-IgM antibodies,
there was no decrease in E R K activation compared to control B cells. This may indicate the
presence of other Rap-specific G A P proteins in B cells, which can compensate for the lack of
SPA-1. Indeed, this group found that RaplGAP is expressed in B cells (146). Alternatively,
it may indicate that the pathway coupling Rap activation to inhibition of Ras signalling does
not function in B cells. Whether or not Rap inhibits E R K activation following T C R ligation
may depend on the cell population that is being activated. Czyzyk et al. showed that in T cell
populations expressing the low-molecular weight CD45 isoform CD45R0 Rapl could act as
a repressor of Ras effector signals while in T cell populations expressing the high-molecular
weight CD45 isoform CD45ABC Rapl potentiated Ras effector signals (165).
Although Ras has effectors other than Raf-1 and targets downstream pathways other
than E R K , there has been little investigation into the effect of Rap activation on these
effectors or the signalling pathways downstream of them. Studies by Sherri Christian in the
lab have showed that in B cells Rapl may function as a negative regulator of pathways
controlled by another Ras effector, PI3K. She found that activation of Rap GTPases during
BCR signalling limited the ability of the BCR to activate the PI3K/Akt pathway (170). PI3K
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is a downstream effector of Ras in many cell types (281, 282). Indeed, recent work has
shown that expression of a constitutively active Ras leads to Akt activation in the A20 B cell
line (283), suggesting that the PBKVAkt pathway is a bona fide downstream target of Ras in
B cells. A n important downstream target of PI3K in B cells is Akt, a serine-threonine kinase
involved in promoting B cell survival (40). By limiting Akt activation in B cells, Rap may
limit the ability of the BCR to promote B cell activation. This could be important for
preventing autoimmune diseases. An interesting aside is that the negative effect of activated
Rap GTPases on Akt activation may explain why I was unable to express the constitutively
active Rapl V12 protein in B cell lines. Expression of Rapl V12 may reduce Akt activity to
the point where the cells are unable to survive.

6.2.2. Rap as a positive regulator of E R K activation
In a number of cell types Rapl has now been shown to activate ERKs, rather than
inhibit them. Rap-dependent E R K activation involves activation of the related Raf isoform
B-Raf by Rap-GTP (76, 90, 93, 98, 105, 112). The coupling of Rapl to B-Raf, and hence to
E R K activation, may be regulated by cell type-specific proteins since not all cell types that
express B-Raf activate ERKs via Rapl. Activation of the Rapl/B-Raf/ERK signalling
module may be mediated by scaffolding proteins that couple certain stimuli to Rapl and BRaf activation. One potential candidate is the protein 14-3-3, whose expression is required
for cAMP-dependent activation of B-Raf by Rapl, and which forms a tertiary complex with
Rapl and B-Raf (284).

The role of B-Raf in BCR-induced E R K activation in the DT40 B cell line was
analyzed recently by Brummer et al. (285). Using DT40 lines deficient in B-Raf or Raf-1,
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this group showed that B-Raf is the dominant E R K activator in DT40 cells whereas Raf-1
serves as an accessory E R K activator activated transiently during BCR signalling. B-Raf is
involved in the induction of the immediate early gene products c-Fos and Egr-1, as well as
activation of NF-AT.

Thus, if Rapl is a B-Raf activator in B cells, it could play an

important role in the activation of E R K in B cells. However, I found that in B cell lines
where Rapl activation was inhibited there was no block in E R K activation as would be
expected if a Rapl/B-Raf/ERK signalling module existed in these cells. Recently we have
learned that B-Raf-dependent activation of E R K is mediated by Ras rather than by Rapl in B
cells (M. Reth, personal communication). It is not known why Rapl activates B-Raf in
neuronal cells whereas in B cells this does not occur. Perhaps B cells lack an adaptor or
scaffolding protein that can couple Rapl to B-Raf. Since the B-Raf gene encodes multiple
alternatively spliced isoforms (286), an alternate explanation is that B cells and neuronal cells
may express different B-Raf isoforms. Perhaps the B-Raf isoforms expressed in B cells
cannot be activated by RapL
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6.2.3 Regulation of integrin activation by Rap

In the last few years, Rapl activation has been implicated in the regulation of integrinmediated cell adhesion. Rapl has been shown to regulate cell adhesion by regulating the
activation of integrins in multiple cell types (106, 107, 177, 181). In unstimulated
leukocytes, integrins are normally present in a non-adherent state. Upon inside-out signalling
initiated by various extracellular stimuli, integrins undergo a rapid increase in affinity and/or
avidity for their ligands, converting them to their functionally active ligand-binding state in
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which they are able to trigger outside-in signalling (179). Rapl has been shown to regulate
the activation of multiple integrins, including the 61, 62 and 63 integrins (79). In B cells I
have shown that Rap GTPase activation is important for adhesion mediated by LFA-1, a 62
integrin, and V L A - 4 , a 61 integrin. Blocking Rap activation inhibited phorbol ester, anti-Ig
and SDF-1 induced adhesion to ICAM-1 and V C A M - 1 , the ligands for LFA-1 and V L A - 4
respectively. Furthermore, integrin-mediated adhesion was enhanced by expressing the
constitutively-active Rap2V12 mutant, suggesting that Rap2 can promote integrin activation.

The role of Rap in regulating integrin activation has been demonstrated not only in cell
lines but also in transgenic mice expressing the constitutively active RaplV12 mutant in the
T cell lineage (102). RaplV12 expression was sufficient to induce strong activation of the
61 and 62 integrins through avidity modulation, and thus promote enhanced T cell adhesion
via 61 and 62 integrins. Rapl activation was found to potentiate TCR-mediated cellular
responses.

Since integrin activation is important for T cell activation, the potentiation of

TCR-mediated cellular responses in Rapl VI2 transgenic mice may be due to increased
integrin activation on the T cells. The increased integrin activation may enhance and
stabilize contacts between T cells and APCs, resulting in increased T C R responses. In
contrast to what was seen in mice deficient in SPA-1 there was no evidence that Rapl
antagonized Ras-mediated signalling. Expression of the RaplV12 did not affect thymocyte
development, as one might expect if Rapl acts to antagonize Ras-mediated signalling. The
transgenic expression of the dominant negative Ras N17 mutant or expression of a
catalytically inactive Raf-1 has been shown to prevent TCR-induced positive selection and
single positive T cell maturation, so expression of constitutively active Rapl would be
expected to have a similar effect if Rap antagonized Ras signalling (287, 288). Furthermore,
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expression of Rapl VI2 did not induce T cell anergy or suppress TCR-mediated signalling or
E R K activation either in vivo or in vitro. Thus, in this gain-of-function model Rapl
functions to regulate integrin activation but does not appear to act as a negative regulator of
Ras-mediated signalling.

The mechanism by which Rap regulates integrin activation is not clear. Rap could
regulate integrin activation by increasing integrin affinity via a confirmational change to the
extracellular domain, by increasing integrin avidity via clustering or by both mechanisms.
Whether inside-out signalling to integrins induces changes in integrin affinity, avidity or both
remains controversial, and may be cell type specific (251). Sebzda et al. showed that
thymocytes from mice expressing Rapl V12 and from wild type mice bound equal amounts
of soluble ICAM-1 following stimulation with M g

2+

and E G T A , which increase the affinity

of LFA-1 and other integrins (102). However, the LFA-1 on the surface on Rapl VI2
thymocytes was clustered, indicating increased avidity, even on unstimulated cells. Thus, in
this model Rap appears to regulate integrin avidity rather than affinity. However, Dransfield
et al. showed that binding of the anti-a integrin monoclonal antibody 24, which recognizes a
L

conformation-dependent ligand-induced epitope present only on the high affinity form of
LFA-1 (289), was abolished in Jurkat T cells in which Rap activation was blocked (107).
Another study in murine megakaryocytes found that binding of POW-2, an antibody specific
for the high affinity form of a p , was increased in cells expressing Rapl VI2 (180). These
IIb

3

studies suggest that Rap regulates integrin affinity. In a murine BA/F3 pro-B cell line
expressing human LFA-1, binding of both an antibody that recognizes the high affinity form
of LFA-1 and an antibody that recognizes the clustered high avidity form of LFA-1 was
increased in RaplV12-expressing cells (181). Thus, there is evidence for Rap activating the
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integrin LFA-1 through regulation of affinity, regulation of avidity or regulation of both
processes.

-

The recently identified Rapl effector, RAPL, also regulates both integrin affinity and
avidity, since its overexpression in primary T cells has been shown to promote the clustering
of LFA-1 as well as increased binding of soluble ICAM-1 (203). Furthermore, expression of
a dominant negative RAPL, R A P L - N , blocked RaplV12-induced LFA-1 clustering as well
as the binding of soluble ICAM-1, indicating that R A P L may mediate the effects of Rap on
both integrin avidity and affinity (203). Rap may regulate more than just a step in the
inside-out signalling pathway to integrin activation. Direct activation of integrins in Jurkat T
cells by M n

2 +

or by activating LFA-1 or V L A - 4 antibodies, a process which bypasses the

inside-out signalling pathway, has been shown to be dependent on Rap (273). Also, I found
that cell-cell adhesion of WEHI-231 B cells stimulated by M n

2 +

was blocked when Rap

activation was inhibited by the expression of RapGAPII. On the basis of these observations,
one could propose that Rap controls not only inside-out signalling to integrins, but also the
direct, outside-in activation of integrins. These findings suggest that Rap may regulate a
process that is a general requirement for integrin-mediated adhesion or, as proposed by de
Bruyn et al, that Rap may regulate the availability of integrins for ligand binding. Rap could
regulate trafficking of integrins or integrin-associated proteins to the cell surface or it could
modulate lipid raft organization, which has been shown to influence integrin function (290).
Studies of R A P L suggest that the role of Rap may indeed be to direct the trafficking of
integrins to sites where they can be clustered and undergo activating conformational changes.
R A P L appears to translocate from the perinuclear region to the leading edge in T cells
following chemokine stimulation. This is in keeping with the pattern of Rapl activation that
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has been demonstrated by FRET analysis using the Raichu-Rapl probe, in which Rapl is
activated at the perinuclear region and then moves out towards the plasma membrane (279).
During polarization of T cells LFA-1 clusters at the leading edge and this clustering involves
intracellular transport of LFA-1 to the membrane (203). Given the pattern of Rapl activation
and R A P L movement during stimulation, it can be suggested that Rapl and R A P L may act to
facilitate the transport of LFA-1 to the leading edge. Rapl has been suggested to be involved
in intracellular vesicle transport, and it has been shown to associate with exocytic and
endocytic vesicles (276, 278).

The role of R A P L in B cells has not been investigated. R A P L appears to be enriched in
lymphoid tissue, making it a likely Rapl effector in B cells (203). However, it has been
noted that R A P L expression is much higher in T cells than in B cells (203). Moreover, it is
not known whether R A P L also binds other lymphocyte integrins such as V L A - 4 and
contributes to their Rap-dependent activation. It is possible that other integrins will associate
with distinct "adaptor proteins" that link them to activated Rap. Finally, it is not known
whether RapL also binds to Rap2, which I showed can promote integrin activation, or
whether RapL is a Rapl-specific effector molecule.

Another Rap effector, AF-6, may function to limit the effects of Rapl on cell
adhesion. AF-6 has been shown to localize to cell-cell junctional complexes and associate
with tight junction proteins as well as F-actin and the actin regulatory protein profilin (149).
Recently, AF-6 has been shown to associate with the Rap-specific G A P SPA-1, and it is
proposed that AF-6 may negatively regulate integrin-mediated adhesion by inhibiting Rapl
activation through the recruitment of SPA-1 (202). Our preliminary findings indicate that
AF-6 is expressed in B cell lines (Rosaline Lee, personal communication), but it remains to
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be determined whether it associates with SPA-1 in B cells and whether it plays a role in the
negative regulation of cell adhesion induced by Rap.

6.2.4 Regulation of cell spreading and actin polymerization by Rap
Cell adhesion is often followed by cell spreading which maximizes the cell's contact
with the substrate. In B cells, I have shown that cell spreading following anti-Ig or phorbol
ester stimulation is dependent on Rap activation, since expression of RapGAPII blocked this
spreading. One way that Rap GTPases may regulate cell spreading is through the regulation
of the actin cytoskeleton, which must undergo rearrangement during cell spreading. In B
cells I found that the burst of actin polymerization following cell stimulation with phorbol
esters is partially dependent on Rap activation (78).
The mechanism by which activated Rap promotes actin polymerization and the
reorganization of the actin cytoskeleton is not known. Rap-GTP may recruit or activate
proteins that control actin polymerization and organization. One Rap effector which may
couple Rap activation directly to cytoskeletal reorganization, and which I have mentioned in
the preceding paragraph, is AF-6, a cytoskeleton anchoring protein that binds Rapl-GTP
(149). AF-6 may regulate actin polymerization by binding profilin. Profilin can add actin
monomers to the barbed ends of existing actin filaments and may also regulate N-WASPcatalyzed actin polymerization by regulating the binding of N-WASP to one of its coactivators, phosphatidylinositol 4,5-bisphospate (291-293). However, recruitment of SPA-1
by AF-6 suggests that it is a negative regulator of Rap activation rather than a positive
regulator of Rap-mediated actin polymerization.
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There is also some evidence that Rap-GTP may act as a direct regulator of the Rho
family GTPases Rac and Cdc42. Rac and Cdc42 both promote actin polymerization and
reorganization of the actin cytoskeleton (47). In C H O cells expressing the neuronal human
serotonin 5-HT receptor and a human neuronal amyloid precursor protein (APP) Rac
4

activation is regulated by a cAMP, cAMP-GEFI and Rapl-dependent pathway (86). This
signalling pathway is involved in the processing and secretion of APP.

Furthermore, in the

budding yeast Saccharomyces cerevisiae the Rapl homologue Budl binds to and activates
Cdc24, a G E F for Cdc42 (294). Thus, Budl regulates the activation of Cdc42 in these yeast,
which is important for the assembly of the actin cytoskeleton at the site of bud
formation(241).
Our preliminary experiments suggested that Rap is not upstream of Racl in B cells
since inhibiting Rap activation by RapGAPII expression did not alter the overall level of
BCR- or SDF-l-induced Racl activation in these cells (77). However, it is possible that Rap
may control local Rac activation in areas of cytoskeletal reorganization. These local
fluctuations in Rac activation may not affect overall levels of Rac-GTP very much, and
therefore we may not detect local effects on Rac of inhibiting Rap activation in the assay we
used. At a recent meeting, Rapl was reported to bind Rac-GEFs Vav2 and TIAM1 and
induce local activation of Rac (Johnathan Cooper, personal communication). This Rapldependent activation of Rac occurred at the cell membrane in spreading cells. Thus, a direct
link between Rap activation and activation of the Rho-family GTPases Rac and Cdc42, may
provide the mechanism by which Rap regulates cytoskeletal rearrangement.
Rap-GTP could also promote actin polymerization and reorganization indirectly by
promoting integrin activation. Iii fibroblasts,- activated integrins that have engaged.their
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ligands can nucleate the assembly of signalling complexes that contain activators of the Rac
and Cdc42 GTPases, such as DOCK180 and Vay (295). Integrin signaling thus leads to
activation of these Rho-family GTPases. Similar integrin signaling complexes are likely to
form in B cells following integrin activation. In this way, a major function of Rap activation
may be to couple receptors such as the BCR and CXCR4 to integrin signalling modules that
can activate Rac and Cdc42 and signal to the cytoskeleton.

6.2.5 Regulation of cell migration by Rap
I have shown that Rap GTPases mediate the migration of B cells to the chemokine
SDF-1, since blocking Rap activation inhibits migration to this chemokine (77). Conversely,
expression of the constitutively active RaplV12 mutant enhanced B cell migration to SDF-1.
The role of Rap GTPases in cell migration appears to be evolutionarily conserved, since the
Drosophila Rapl homolog regulates the migration of mesodermal and pole cells during
development (193).

In contrast to what has been observed in lymphocytes, deletion of the Rapl exchange
factor C3G in mouse embryonic fibroblast cell lines actually accelerated cell migration (113),
suggesting that Rapl normally functions to repress cell migration in these cells. Introduction
of a constitutively active Rapl or Rap2 into the C3G deficient cells decreased the motility,
confirming that the increased motility in the C3G deficient cells was due to decreased Rap
activation in these cells. The different effect of Rap on cell migration in these cells,
compared to lymphocytes, may be due to differences in the migration of fibroblasts and
lymphocytes. Both lymphocyte migration and fibroblast migration involve cycles of
adhesion and deadhesion to the substrate, mediated by integrins. However, fibroblasts
187

migrate more slowly than lymphocytes and make stronger attachments, called focal
adhesions, with the substrate. In contrast lymphocytes migrate rapidly and make weaker,
more transient attachments, often referred to as focal complexes. If Rap regulates integrinmediated adhesion to the substrate during migration, blocking Rap activation in fibroblasts,
which normally adhere quite strongly during migration, would allow for accelerated
migration because of the reduction in adherence. Conversely, blocking Rap activation in
migrating lymphocytes, which normally form only weak attachments to the substrate during
migration, may make these cells too non-adherent to migrate at all.

The mechanism by which Rap GTPases regulate B cell migration is not known, but a
number of possibilities exist. As mentioned above, Rap may regulate cell migration by
regulating integrin-mediated adhesion. Another possibility is that Rapl regulates cell
migration by regulating the polarization of cells in the direction of chemoattractant, an
essential initial step for cell migration. Polarization in lymphocytes involves changes in cell
morphology, with the formation of a defined leading edge anduropod (231): Furthermore,
there is redistribution of chemokine receptors to the leading edge (296, 297) and intercellular
adhesion molecules, including CD44, to the uropod (298). Recently, polarization of T cells
induced by the chemokine SDF-1 has been shown to be dependent on Rapl (80). I found
that Rap activation is also important for actin polymerization in B cells. Since cell
polarization and subsequent cell migration requires morphological changes dependent on
actin cytoskeleton reorganization, Rap may play an important role in cell migration by
regulating cytoskeletal reorganization in B cells.
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6.2.6 The Pyk2 tyrosine kinase as a downstream target of Rap

A downstream target of Rap activation that may be involved in mediating the effects
of Rap on cell adhesion, cell spreading and cell motility is the Pyk2 tyrosine kinase (78).
Pyk2 is related to the focal adhesion kinase (FAK), and both of these kinases have been
implicated in mediating integrin-triggered cell adhesion, spreading and motility (299, 300).
Pyk2 is required for cell spreading and adhesion-dependent cytoskeletal reorganization in
osteoclasts and macrophages (301, 302) and also plays an essential role in chemokineinduced B cell migration, as B cells from Pyk2-deficient mice are unable to migrate towards
SDF-1 and several other chemokines (303). Rosaline Lee in our lab found that in the A20 B
cell line both anti-Ig and SDF-1 induced tyrosine phosphorylation of Pyk2 is dependent on
Rap activation as it was substantially reduced in RapGAPII-expressing cells. Further
analysis showed that phosphorylation of Pyk2 on tyrosines 579 and 580 was dependent on
Rap activation. Phosphorylation of F A K on the analogous residues (tyrosine 576 and
tyrosine 577) is required for FAK-dependent cell spreading (304). Thus, Rap-dependent
phosphorylation of Pyk2 at tyrosine 579 and 580 may be important for the regulation of cell
morphology and cell migration in B cells.
The mechanism by which Rap controls phosphorylation of Pyk2 is not known. Pyk2
is a key mediator of integrin signalling and has been shown to be tyrosine phosphorylated in
B cells after 61-integrin stimulation (305). Rap-dependent integrin activation and subsequent
integrin signalling may be responsible for Pyk2 phosphorylation and activation. Thus,
through the regulation of integrin activation, Rap would activate Pyk2 indirectly. In support
of this model, anti-Ig and chemokine-induced Pyk2 phosphorylation in B cells appears to be
partially dependent on integrin signalling (78). Alternatively, Rap may regulate the
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phosphorylation and activation of Pyk2 directly. Pyk2 is phosphorylated, albeit to a lesser
degree, even under conditions where there should be no input from integrin signalling and
this phosphorylation is also Rap-dependent (78). Pyk2 has been shown to translocate to sites
of integrin activation following stimulation and this translocation is necessary for its
activation (306, 307). It is possible that Rap may regulate this translocation, either by acting
on signalling pathways that lead to conformational changes or covalent modification of Pyk2,
or by helping to establish target sites (e.g. focal complexes) at which Pyk2 can be
phosphorylated and then carry out its functions.
How Pyk2 regulates cell morphology and cell migration is not completely
understood. Pyk2 has been reported to associate with a number of proteins that have been
implicated in these processes, including F A K , paxillin, Vav, and PI3K (299, 300, 308-311).
However, the proteins that associate with Pyk2 in B cells following antigen receptor or
chemokine stimulation have yet to be identified. The association of these proteins with Pyk2
may be dependent on Rap activation. Determining how Rap regulates the tyrosine
phosphorylation and activation of Pyk2, and how Pyk2 activation contributes to the effects of
Rap activation in B cells, is an area of current research in the lab.

6.3 In vivo analysis of Rap function
At present, much of the work examining the function of Rap has been done in cell
lines. In order to determine the true physiological function of Rap, in vivo gain-of-function
and loss-of-function approaches must be developed. Two different approaches to study Rap
function in vivo have already been employed, as described earlier. Sebzda et al. used
transgenic expression of RaplV12, (102, 146). One potential problem with this approach is
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that gain-of-function mutants do not necessarily reflect the role of endogenous molecules,
especially if protein expression is abnormally high. Sebzda et al. argue that the amounts of
RaplV12 present in the T cells of the RaplV12 transgenic mice were comparable to the
amounts of activated Rapl A that were seen in normal stimulated cells. This would
presumably minimize aberrant cross-talk between signalling pathways, although constitutive
activation of this protein, rather than the tightly regulated activation that would normally
occur following receptor activation could allow some abnormal crosstalk.
Ishida et al. created mice deficient in the Rap GAP SPA-1 and found that T cells in
these mice had increased levels of active Rap (146). Thus, SPA-1 deficient mice represent
another gain-of-function approach for investigating Rap function. What is most striking is
that the T cell phenotype in the SPA-1-deficient mice is the opposite of that seen in the
RaplVI2 transgenic mice. T cells from SPA-1 deficient mice had decreased E R K activation
and an anergic phenotype, while T cells from Rapl V12 transgenic mice had increased
integrin activation and enhanced lymphocyte responses, as described above (102, 146).
There is some evidence that the Rapl VI2 mutant protein, which has been considered as a
canonical constitutively active form by analogy to RasV12, is in fact not truly constitutively
active. Recent studies have shown that the GTPase activity of Rapl V12 remains somewhat
susceptible to G A P activity, in contrast to the RasV12 mutant which is completely resistant
to G A P activity (155). Thus, in the RaplV12 transgenic mouse, G A P activity may limit the
levels of Rapl-GTP in the cell, and perhaps high levels of Rapl-GTP do not accumulate over
time, as is seen in the SPA-1 deficient mouse.
Another difference between the two studies is that expression of Rapl V12 results in
constitutive activation of Rapl but no corresponding activation of Rap2, while the deletion of
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SPA-1 may result in the constitutive activation of both Rapl and Rap2. The activation of
Rap2 in SPA-1 deficient mice was not examined in these studies by Ishida et al. If the
differences in the two studies could be attributed to constitutive activation of both Rapl and
Rap2 in the SPA-1 deficient mice, and constitutive activation of only Rapl in the RaplV12
transgenic mice, one possible explanation of these data is that Rapl and Rap2 have distinct
functions. Alternatively, the differences could be due to different levels of Rap activation,
with physiological levels of Rap activation promoting T cell activation but
supraphysiological levels resulting in T cell anergy. At present it is difficult to draw
conclusions from either of these gain-of-function studies about the function of Rap since the
findings are so completely different. Since they both use gain-of-function rather than loss-offunction approaches, neither demonstrates what processes are dependent on the activation of
the endogenous Rap GTPases, but have merely shown what Rap can do when constitutively
activated.
The functions of endogenous Rap would best be revealed by blocking Rap activation
in a tissue specific manner. Generating a genetic knockout of Rap would be difficult because
there are four Rap genes, RaplA, RaplB, Rap2A and Rap2B, which may have redundant
functions. Thus, it would be necessary to disrupt each of the Rap genes individually and in
combination with the others. One way around this problem would be the transgenic
expression of the Rap-specific GAPs, RapGAPII or SPA-1 in mice, thus blocking activation
of the Rap GTPases. However, given the essential role of Rap in integrin-mediated adhesion
and in cell migration, this may result in embryonic lethality. This is the case in Drosophila,
where embryos with loss-of-function mutations in Rap die during embryogenesis (193).
Similarly, mice lacking the Rapl exchange factor C3G, and which are presumably deficient
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in Rap activation, die before embryonic day 8(113). To elucidate the function of the Rap
GTPases in B lymphocytes, the best approach may be tissue-specific conditional expression
of RapGAPII. This could be achieved by crossing mice expressing the Cre transgene under
control of a B cell specific promoter such as the C D 19 promoter with mice harboring a
RapGAPII transgene preceded by a "floxed" insert that prevents RapGAPIIexpression. This
would allow Cre recombinase-mediated deletion of the insert and expression of RapGAPII
only in B cells.

6.4 A "unified model" of Rap function

Given the multiple functions of Rap activation in promoting integrin activation,
lymphocyte migration, and perhaps modulating Ras activation, Rap appears to play multiple
roles in lymphocyte activation. In T cells, where much of the investigation of Rap function
has been done, Rap promotes integrin-mediated cell adhesion and cell migration and
augments T cell activation. However in other studies,Rap activation can inhibit T cell
signalling and promote T cell anergy, presumably through inhibition of Ras-mediated
signalling. How could these contradictory effects of Rap on T cell activation be explained?
Katagiri et al. propose that the amount of Rap activation determines the effect of Rap on T
cell activation. They found that Rapl activation was the major inside-out signal for LFA-1
activation triggered by the TCR and was critical for the adhesive interactions of T cells with
A P C s and for T cell activation (182). However, increasing the amount of Rap activation
caused by the TCR not only accelerated T cell activation, but also ultimately caused
activation-induced cell death (AICD) by enhancing T cell-APC interactions. Furthermore,
constitutive activation of Rapl resulted in an anergic phenotype, with reduced IL-2
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production. Thus, progressive increases in the level of activated Rap in T cells changes the
outcome of TCR signaling from activation to AICD to anergy. It remains to be seen whether
the induction of AICD or T cell anergy caused by augmenting Rapl activition in this study is
physiologically relevant, or a consequence of overexpression or constitutive activation of
Rapl. However, this study does suggest a model in which Rapl can enhance T cell
activation or drive T cell anergy depending on the degree of Rapl activation.

6.5 R a p l and Rap2: Do they have different functions?
I identified Rapl as a target of signalling by the BCR and the chemokine receptor
CXCR4 (77, 103). Anson L i in the lab went on to show that these two receptors activate
Rap2 as well (228). I also showed that expression of an active form of Rap2 enhances
migration of B cells to SDF-1 and enhances the anti-Ig- and SDF-1-stimulated adhesion
mediated by the LFA-1 and V L A - 4 integrins (77, 78). This suggests a role for Rap2
activation in the regulation of B cell adhesion and migration. Very few extracellular stimuli
that activate Rap2 have been identified and my work demonstrating a possible role for Rap2
in B cell migration and adhesion is the first demonstration of a function for Rap2.
Interestingly, my findings contrast with those of Shimonaka et al., who did not find an effect
of Rap2V12 on T cell adhesion and migration (80). These conflicting observations could be
due to differences between B cells and T cells.
Whether Rapl and Rap2 have different, overlapping or redundant functions is not
known. Rapl and Rap2 share 60% amino acid sequence homology and the overall threedimensional structures of Rapl and Rap2 in their GTP-bound forms appears highly similar,
especially in their switch I, switch II and effector-binding regions. Furthermore, a recent
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paper by Heo et al. looked at cell morphologies induced by expression of consitutively active
small GTPases of the Ras superfamily and found that Rapl A V I 2, RaplBV12, Rap2AV12
and Rap2BV12 all induced similar morphological changes when expressed in NIH3T3 cells
(312).
Unlike Rapl, Rap2 cannot reverse Ras-induced transformation of NIH 3T3 cells (73),
indicating that Rapl and Rap2 may also have distinct functions. However, it has now been
shown that Rap2 can bind to the Ras-binding domain of Raf and inhibit Ras-dependent
activation of ERK, in a manner similar to Rapl (132). Some studies have indicated that
Rapl and Rap2 may be localized differently in the cell, with Rapl localized to the Golgi
apparatus while Rap2 was primarily found in the endoplasmic reticulum (277, 313) or at the
plasma membrane (132). Rapl and Rap2 may mediate different functions if they are located
at different sites in the cell. Rapl and Rap2 may also be compartmentalized into different
domains within the same membrane. Following their synthesis as soluble precursors,
proteins of the Ras superfamily become targeted to intracellular membrane compartments via
post-translational modifications of their carboxy termini (314). The C A A X sequence at the
C-termini targets these proteins for post-translational modification. Rapl and Rap2 have
been shown to differ in their post-translational modification, with Rapl being
geranylgeranylated, while Rap2 is farnesylated (315). A second signal that assists in
membrane targeting is provided by a polybasic sequence upstream of the C A A X sequence in
Rapl and a palmitoylation site upstream from the prenylation site in Rap2. It has been
suggested by studies of the three Ras proteins that only Ras proteins that are palmitoylated
can be targeted to membrane domains known as lipid rafts (316, 317). This suggests that
Rap2, but not Rapl, may localize to lipid rafts, although there are no reports confirming this.
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Since lipid rafts have been proposed to facilitate the co-localization of different signalling
molecules, being localized to lipid rafts may allow Rap2 to associate with effectors or
activators that Rapl, positioned outside of the rafts, would not be able to associate with.
It has not been determined whether Rap2 and Rapl share the same set of effectors.
There is some evidence that specific effectors of Rap2 may exist. Nancy et al. identified a
Rap2-specific effector by yeast two-hybrid analysis, which they called RPIP8 and which they
found to be expressed primarily in the brain (318). However little else is known about this
protein. The identification of Rap2-specific effectors would indicate that Rapl and Rap2
perform different functions.
Rapl and Rap2 may be regulated by the same GAPs and GEFs. However, RapGAPII
and SPA-1 appear to inactivate Rapl to a greater extent than Rap 2 (132). This low
sensitivity to GAPs results in Rap2 maintaining a high GTP/GDP ratio. In 293T cells, at
least 50% of Rap2 is in the GTP-bound state, due to this low sensitivity to GAPs (132). This
has led to the suggestion that Rap2 maintains a sustained Rap activation while Rapl
functions as a more rapid bn/off switch. In some adherent fibroblast cell lines,, stimulation of
Rap2 above basal levels is not observed with phorbol ester stimulation that activate
Rapl(132). However, in B lymphocytes I saw rapid activation of Rap2 after treating B cells
with anti-Ig antibodies, SDF-1 or phorbol esters. In general, however, I have noted that basal
levels of Rap2 are often higher than Rapl in B cells.

So, it is possible that in B cells Rap2

mediates sustained Rap GTPase activation, but this is not as striking as that seen in some
other cell types. My observation that Rap2V12 but not RaplV12 can be expressed in B cell
lines suggested that Rapl and Rap2 may have different functions, with Rapl activating
pathways that impinge on cell survival while Rap2 does not activate these pathways.
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However, it could also be the case that Rapl is simply a stronger activator of certain
pathways, such that constitutive activation of Rapl generates strong enough signals to induce
cell death while Rap2 does not. To determine if there are differences in function between
Rapl and Rap2 and what these differences in function might be, it would be necessary to
express Rapl V12 and Rap2V12 in the same cell type, or transgenically in mice, and look for
differences in the phenotypes. Generating double knockouts of RaplA and B versus Rap2A
and B would also allow differences in function to be elucidated.

6.6 Physiological functions of Rap activation in B cells and other cell types
6.6.1 Rap may have a role in B cell development and in embryonic development

SDF-1 made by bone marrow stromal cells plays an essential role in retaining B cell
precursors in the bone marrow (8), where they can adhere to stromal cells via the integrin
V L A - 4 (9-11) and receive survival and differentiation signals. B cell development is
severely impaired in mice lacking either SDF-1 or its receptor CXCR4 (229), or in mice
lacking V L A - 4 . Since Rap regulates B cell migration to SDF-1 and V L A - 4 activation it may
play an important role in the retention of B cell precursors in the bone marrow. Furthermore,
SDF-1-CXCR4 interactions play important roles in overall embryonic development. Studies
of CXCR4 knockout mice, which die before birth, have revealed an essential role for CXCR4
in cardiac development and in vascularization of the gastrointestinal tract (229). SDF-1 also
regulates angiogenesis (319). Thus, Rap may be important for general development as well
as B cell development.
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6.6.2 Rap may play a role in B cell trafficking and trafficking of other cell types

The entry of circulating naive B cells into the lymph nodes, Peyer's patches, bone
marrow and white pulp cords of the spleen involves integrin-mediated adhesion triggered by
SDF-1 and other chemokines that are immobilized on the surfaces of endothelial cells (11,
244-246). These integrins allow B cells to adhere firmly to the endothelial cells lining the
blood vessels and then transmigrate across the endothelial cell layer into the lymphoid tissue.
As a regulator of both integrin-mediated adhesion and migration to chemokines, Rap may be
important for the trafficking of B cells.

Specfiically I have shown that B cell migration to SDF-1 requires Rap activation.
SDF-1 is a potent chemoattractant for both mature B cells and memory cells, and has recently
been shown to be responsible, along with SLC, for the homing of B cells into the lymph
nodes and Peyer's patches (17). SDF-1 also directs plasma cells to the bone marrow where
they can survive and produce Abs for long periods of time (320). Rap activation may also be
important for B cell migration to other chemokines.

The chemokines B L C , SLC and E L C ,

in addition to SDF-1, control the migration of B cells into and within secondary lymphoid
organs. B L C directs the homing of B cells into the B cell follicles of secondary lymphoid
organs where B cells receive survival and differentiation signals (13). B L C is also important
for the development of proper lymph node architecture, specifically the formation of the B
cell follicles (243). SLC and E L C are expressed in T cell zones and are thought to mediate
the B cell-T cell interactions important for induction of antibody production (19). Cay lib
Durand in the lab has shown that the migration of B cells towards B L C is also dependent on
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Rap activation (C. Durand, personal communication). Thus, by regulating chemokinedirected migration, Rap may play an important role in the entry of B cells into lymphoid
organs, the homing of B cells to the T cell zones where they recognize antigen and receive T
cell help and the subsequent homing to the B cell follicles where they undergo proliferation
and differentiation into antibody-producing plasma cells.
Obviously, chemokine-directed migration is important not only for B cell homing into
and within lymphoid organs, but also for the homing of T cells, macrophages, dendritic cells
and other cells of the immune system to lymphoid organs and to sites of inflammation. Rap
activation has recently been shown to regulate the migration of T cells to SLC (80), a
chemokine important for homing of T cells, B cells and dendritic cells to lymphoid organs
(19). Thus, Rap may be important for the migration of multiple immune cells to multiple
different chemokines.
Rap may also regulate the chemokine-mediated trafficking of non-immune cells.
Tumour cells also respond to chemokines and during the process of metastasis they use
chemokine-mediated mechanisms for entry into target organs. For example, organs
representing the main sites of breast cancer metastasis have been shown to express high
levels of SDF-1 (321). Signalling through CXCR4, the receptor for SDF-1, mediates actin
polymerization and pseudopodia formation in breast cancer cells, and induces chemotactic
and invasive responses. In vivo, blocking SDF-1/CXCR4 interactions casues a significant
inhibition of lymph node and lung metastasis of breast cancer cells. Tumour cells from
patients with small-cell lung cancer also express high levels of the SDF-1 receptor, CXCR4
(322). Furthermore, SDF-1 induces small-cell lung cancer cell invasion into extracellular
matrix as well as firm adhesion to the M2-10B4 bone marrow stromal cell line. It will be

199

interesting to see what role Rap GTPases play in mediating some of these physiological and
pathological events that are regulated by SDF-1.

6.6.3 Rap may be important for B cell activation
B cell activation requires recognition of antigen, often presented by an APC. B cell
recognition of antigen presented by an A P C is accompanied by the formation of an
immunological synapse between the B cell and A P C (323). Recently, the integrin LFA-1 has
been shown to be recruited to a peripheral ring around the BCR/antigen cluster in this
immunological synapse (324). Furthermore, the interaction of LFA-1 with ICAM-1
increases the adhesion of B cells under conditions of limited antigen, lowering the amount of
antigen that is required for formation of the immunological synapse and subsequent B cell
activation. Rapl has been shown to be a critical regulator of LFA-1 activation in T cell-APC
interactions and to be important for subsequent immunological synapse formation and T cell
activation (182). Thus, during B cell-APC interactions, Rap may also be important for L F A 1 activation-, immunological synapse formation and subsequent B cell activation. Rap
activation of LFA-1 may be especially critical in conditions where the amount of antigen is
limiting. Rap is also likely to be important for the interaction of B cells with other cell types
during the immune response, such as T helper cells, which provide essential co-stimulatory
signals to B cells, or follicular dendritic cells which provide survival signals in the germinal
center. Cell spreading, a process I have shown to be Rap-dependent, is likely to be an
important aspect of the interaction of B cells with other cell types by strengthening the
adhesive interactions and maximizing the area of contact where signals can be passed
between the two cells. Thus Rap may be a critical regulator of B cell activation, since
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adhesive interactions provide important positive signals during activation.

In summary, I have shown that in B cells Rap GTPases regulate integrin-mediated cell
adhesion, cell migration and cell spreading. Since these processes play important roles
during B cell development, trafficking and activation Rap activation may be critical for
multiple stages in the life of a B cell. The development of a loss-of-function approach for
investigating the function of Rap in vivo will allow us to determine if Rap activation is
important in vivo for some or all of these processes.

6.7 The role of Rap activation in B cell leukemia and cancer in other cell types
In addition to promoting cell-cell and cell-substrate interactions that are required for
normal B cell function, Rap activation may also contribute to the survival of neoplastic B
cells by promoting these interactions. In B cell chronic lymphocytic leukemia (B-CLL), the
malignant B cells enter lymphoid organs and receive adhesion-dependent survival signals
(325, 326). Similarly, multiple myeloma cells, transformed versions of antibody-secreting
plasma cells, home to the bone marrow and adhere to bone marrow stromal cells in a VLA-4dependent manner (327). This promotes their survival and induces multiple myeloma cells to
secrete R A N K - L , which promotes bone destruction (328, 329). My finding that the binding
of A20 murine B lymphoma cells to bone marrow stromal cells depends on Rap activation
supports the idea that Rap activation might be critical for transformed B cells to adhere to
stromal cells that provide them with survival signals. It will be important to determine
whether B - C L L cells or other types of leukemic B cells exhibit constitutive Rap activation or
whether inhibiting Rap activation would prevent these cells from entering lymphoid organs
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and receiving survival signals.

Although the role of Rap in B cell leukemias has not been investigated, there is some
evidence for Rap activation playing a role in the development of cancer in other cell types.
However, whether Rap acts as a suppressor or promoter of cancer is still not clear. Rapl was
first identified as a cDNA that could revert transformation of fibroblasts by K-Ras (64).
Thus, it was proposed that Rap would act as a tumor suppressor by antagonizing Rasmediated signals. Consistent with the idea that Rap is a tumor suppressor, a Rapl-specific
GEF, DOCK4, was found to be mutated in a mouse osteosarcoma cell line (130).
Reconstitution of DOCK4 expression in these cells resulted in the reestablishment of cell-cell
junctions and suppression of soft agar colony formation and tumor invasion in vivo. Since
DOCK4 is a Rapl activator, this suggests that Rapl normally regulates intracellular junctions
and functions as a tumor suppressor. In support of this hypothesis, DOCK4 mutations have
been found to be present in a subset of human cancer cell lines and mutations of DOCK4 that
render it defective in Rapl activation occur in human prostate and ovarian cancers (130).
Other studies however have suggested a role for Rapl in promoting tumorigenesis.
Mice deficient in SPA-1, a Rap-specific GAP, develop myeloid disorders resembling chronic
myelogenous leukemia in chronic and blast phases, as well as myelodyplastic syndrome,
suggesting a role for SPA-1 as a tumor suppressor of myeloid malignancy (174). Since SPA1 normally inactivates Rapl, this suggests a role for Rapl in promoting the development of
myeloid malignancies. In another study, the Rap-specific GEF, CalDAG-GEFI, was found to
be activated by proviral insertion in leukemia prone BXH-2 mice, also suggesting that Rapl
plays a positive role during tumorigenesis (175). Furthermore, the E6 viral oncoprotein
expressed by high-risk human papillomaviruses (HPV) has been found to target a putative
'*

" - '
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Rap-specific GAP, E6TP1, for degradation, suggesting that increased Rap activation may
correlate with HPV oncogenesis (176). Morevoer, overexpression of Rapl can
morphologically transform Swiss 3T3 fibroblasts,-resulting in increased saturation density
and decreased doubling time (330). Thus, there is evidence for Rap playing both a positive
and negative role in cancer progression. Whether or not Rap suppresses or promotes cancer
development may be specific to the cell type, or even to the stage of cancer development.

6.8 Concluding statement
In this thesis I have shown that Rapl is activated by the BCR. The BCR was one of
the first of the large number of extracellular stimuli that can activate Rapl to be identified. I
determined that activation of Rapl by the BCR occurs through a PLCy-dependent, D A G dependent pathway. I also showed that Rapl is activated by CXCR4, the receptor for the
chemokine SDF-1, in B cells. This was the first example that a chemokine that regulated cell
migration could activate Rapl. My findings helped expand the knowledge of what
extracellular stimuli and intracellular second messengers were involved in activation of
Rapl. My investigation of the function of the Rap GTPases in B cells led me to conclude
that in B cells Rap does not act to inhibit Ras signalling to ERKs. Instead, Rap GTPases are
involved in the regulation of B cell migration and integrin-mediated adhesion. I was the first
to demonstrate a role for Rap in mammalian cell migration, and it is becoming clear that Rap
may play a role in motility in cells other than B cells. Although the function of the Rap
GTPases has not yet been fully elucidated, my findings have expanded the knowledge of the
role of Rap in the immune system.
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One of the next major goals is to understand the regulation Rap in B cells and in other
cell types. This will require identifying the relevant regulators (GEFs and GAPs) that control
Rap activation in response to extracellular stimuli, and then to determine precisely how these
GEFs and GAPs themselves are regulated by these stimuli. This may prove complex since
multiple GEFs and GAPs for Rap have been identified.
Downstream of Rap activation, identifying Rap effectors and determining what their
targets are will be crucial to understanding the function of Rap in B cells and other cell types.
Identification of Rap effectors may help us to understand how Rap regulates processes as
diverse as cell adhesion and T cell anergy. Most importantly, developing appropriate loss-offunction approaches to investigate the roles of Rapl and Rap2 in vivo will allow us to finally
pinpoint the function of these GTPases.
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