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THESIS ABSTRACT 

 
B lymphocytes are an important type of immune cell that contributes to pathogen clearance, 

classically by secretion of specific immunoglobulins, or antibodies. When dysregulated, these 

cells contribute significantly to diseases such as autoimmunity, allergy and B cell cancers. Here 

we examine an important regulatory circuit that involves the lipid phosphatase SH2 domain 

containing inositol 5’-phosphatase (SHIP), a key regulator of the phosphoinositol 3-kinase 

(PI3K) signaling pathway. SHIP was first described as the major effector of inhibitory IgG 

receptor FcγRIIB, which downregulates B cell antigen receptor (BCR) signaling pathways when 

co-engaged. However, it is also known to inhibit signaling downstream of several other 

receptors, both activating and inhibitory. Here we examine the regulation and function of SHIP 

in B cells, focusing on the inter-related influences of binding partners, tyrosine phosphorylation 

and localization dynamics. 

 

First, we identify potential interaction partners of SHIP using prediction tools and assess binding 

to selected candidate proteins in vitro. Several novel interactions are identified and mapped to 

either the SH2 domain or one of the four identified tyrosine phosphorylation sites in the C-

terminus of SHIP. The two most robust interactions measured in a screening assay were further 

characterized with respect to dissociation constant. These were: a novel interaction between 

SHIP phospho-Tyr944 and the SH2 domain of cytoskeletal adaptor protein Nck, and a known 

interaction between the SH2 domain of SHIP and FcγRIIB phospho-Y292. 

 

Next, we perform the first examination of SHIP Tyr944, focusing on its interaction with Nck and 

its effects on the B cell cytoskeleton. We provide evidence that it contributes to interaction with 
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Nck after BCR engagement. Furthermore, we demonstrate that overexpression of SHIP-EGFP in 

Ramos B cells is associated with reduced actin dynamics. This effect is lost with mutation of 

Tyr944 to phenylalanine or by co-overexpression of Nck. The Y944F mutation causes no 

apparent defect in enzymatic activity or membrane recruitment of SHIP, therefore we propose 

that loss of interaction with Nck is responsible for disruption of inhibitory function. 

 

Finally, we perform the first detailed examination of the mechanisms controlling SHIP 

localization in human B cells stimulated through the BCR with and without co-engagement of 

FcγRIIB. We discover that SHIP is recruited to the plasma membrane equally in both stimulation 

contexts, however FcγRIIB co-ligation results in reduced mobility of SHIP molecules at the cell 

periphery. We identify the SH2 domain of SHIP as well as the kinase activity of Syk as critical 

for recruitment under both stimulation conditions, while BCR ligation alone further requires the 

C-terminus of SHIP. Syk activity was also indispensable for stimulation-induced 

phosphorylation of both SHIP and its known binding partner Shc1, as well as for an interaction 

to form between them.  

 

Together, these results provide significant and exploitable insight into the molecular control of a 

clinically important regulator of B cell responses. Enhancing our understanding of the regulation 

of SHIP will lead to a greater understanding of how B cell activation is controlled overall and 

how we might intervene therapeutically in patients whose B cells are responding inappropriately 

to self-tissues. 
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1 CHAPTER 1: GENERAL INTRODUCTION 

1.1 Discovery of B cells 

B cells are a critical immune cell subset. They contribute to adaptive immunity by producing 

secreted antibody and by supporting the function of other immune cells. B cells are distinguished 

by the expression of membrane-embedded antibody, also called immunoglobulin (Ig), on their 

surface. This antibody forms part of the B cell antigen receptor (BCR). A given antibody has the 

ability to bind a specific region (epitope) of a specific antigen, where an antigen is simply any 

substance that can be recognized by the immune system to potentially evoke a response (1). 

 

This definition of a B cell rests on the back of decades of theoretical and experimental 

observations. In 1947, Astrid Fagraeus published a study implicating plasma cells (not yet 

understood at that time to be B lymphocytes) as the cells responsible for antibody production (2). 

This was based on the observation that secondary injection of antigen into rabbit spleen leads to 

a local increase in (histologically defined) plasma cells in the red pulp, concurrent with an 

increase in antibody. Furthermore, when spleen tissue was cultured in vitro, the red pulp isolates 

were able to produce antibody to a much greater extent than lymph follicle isolates. Niels Jerne 

proposed what was known as the “natural selection theory” of antibody formation in 1955 (3). 

He suggested that millions of antibody specificities are naturally present in the naïve state and 

antigen exposure somehow promotes the synthesis of specific antibody when an appropriate cell 

phagocytoses the antibody-antigen complex. David Talmage took it a step further and proposed 
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that natural antibodies are actually receptors on a cell surface, thus antigen selects cells for 

replication based on surface expression of the correct receptor (4).  

 

The actual concept of clonality and clonal selection was proposed soon after when the famed Sir 

Macfarlane Burnet elegantly theorized that each lymphocyte that is produced bears a unique 

antigen receptor consisting of just one natural antibody (5, 6). Theoretically, this concept 

explained several experimental observations of the time, such as how antigen exposure 

(immunization) can select specific cells for proliferation and differentiation into plasma cells, 

how antibody concentration increases exponentially as this selection occurs and how the cells 

producing antigen-specific antibody are the ones to rapidly respond after a secondary 

immunization. Furthermore, if antigen is encountered too early in development, the clonal line is 

killed rather than selected for. This mechanistically explained natural and experimental self-

tolerance phenomena described previously in several systems. It also provided a rational account 

of autoimmunity, proposed to arise by occasional failings in the tolerogenic system, i.e. “clonal 

escape” (5, 7).   

 

Before long, Sir Gustav Nossal published the first direct experimental evidence supporting 

Burnet’s theory (8). Nossal perfected a technique to isolate a single lymph node cell from an 

immunized rat by suspending it in a microdroplet on a slide. When he introduced a small number 

of flagellated salmonella of the specific strain used for immunization, anti-flagella antibodies 

were formed within a subset of droplets and would immobilize the bacteria on the slide. 

Importantly, a given droplet only yielded one antibody specificity, even after exposure to 
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different strains of the bacteria (8). Burnet’s thought experiments were now backed by laboratory 

experiments. 

 

Throughout the next decade, especially the mid-1960s to early 1970s, the B lymphocyte was 

finally formally identified and characterized as the clonal, antibody-producing cell of the 

immune system. In chickens, cells isolated from the bursa of Fabricus were found to be the 

antibody producers (9). In mice, cells transplanted from bone marrow but not thymus played this 

role (10). The first report identifying surface immunoglobulin expression as a marker of B cells 

was published in 1969 (11). The development of immunophenotyping methods, first established 

to classify leukemia patients based on surface marker expression (12), also facilitated the 

characterization of normal B cells and, over the years, has enabled scientists to identify and 

functionally characterize the multiple subsets of B cells that we know today. 

1.2 The benefits of B cells: immune response to pathogens  

B cells are critical to humoral immune responses (that is, production of antibodies) and also 

support the function of other immune cells such as T cells, macrophages, and dendritic cells, by 

presenting antigen, providing cell-cell contact and producing cytokines (1). B cell-deficient mice 

are more susceptible to a wide variety of pathogens, including viral (13) or bacterial (14) 

gastrointenstinal infections, bacterial infection in the lung (15) and parasitic infection (16). 

 

Both cell surface and secreted antibodies are central to B cell function. Naïve B cells express 

antibody on their surface as part of the B cell receptor (BCR) complex. Antigen binding by the 

BCR is the first crucial step in the classic B cell activation sequence and thus provides the basis 
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for clonal selection.  BCR signaling alone is sufficient to maintain survival in some B cell 

subsets (17, 18), initiate gene transcription (19) and mount a humoral response to certain 

multivalent antigens (20, 21). Extensive clonal expansion and production of high affinity 

antibody requires further support from T cells that are specific for the same antigen although not 

necessarily the same epitope (22, 23). To obtain this help, B cells internalize the BCR-antigen 

complex, process it, and present it on their surface bound to Class II Major Histocompatibility 

Complex (MHCII). This process is termed antigen presentation. Together with interaction of 

other surface protein pairs (notably CD40 and CD80/CD86 on the B cell with CD40L and CD28 

on the T cell, respectively) and localized production of cytokines, this supports clonal expansion 

of the antigen-specific B cell and differentiation into plasma and memory cells (23-25). 

Depending on co-stimulation and the cytokine milieu, B cells may change the isotype of 

antibody they express on their surface and secrete (26, 27).  

 

The most effective place for B and T cells to come together to coordinate an immune response is 

in germinal centres, specialized regions of secondary lymphoid tissues such as in the spleen, 

lymph nodes and peyers patches (28, 29). Here, B cells are exposed to antigen on the surface of 

specialized mesenchymal-derived cells called Follicular dendritic cells (FDCs), interact closely 

with T cells, proliferate extensively, and ultimately differentiate (29). Clonally expanded B cells 

undergo somatic hypermutation in the antigen-binding region of their immunoglobulin genes. 

Mutations that result in higher affinity antibodies out-compete the rest for T cell help, thus this 

“affinity maturation” refines the humoral response over time (30). 
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Secreted antigen-specific antibodies are the effective, multifunctional weapons of humoral 

immunity.  They can neutralize toxins and extracellular viruses (IgG and IgA isotypes), coat  or 

“opsonize” pathogens to target them for phagocytosis and/or killing, activate complement 

pathways (IgM and IgG isotypes) and  induce degranulation of mast cells and eosinophils (IgE 

isotype) (23, 31, 32). B cell effector functions in addition to antibody production are also 

important. For example, T cell expansion often fails in the absence of B cell priming (33, 34), 

especially in response to low-dose antigen exposure (35). This reflects a requirement for B cells 

as effective antigen presenting cells (36) and as essential initiators of germinal centre formation. 

Germinal centers benefit T cells by supporting T cell activities such as proliferation and cytokine 

production (37). Additionally, B cells secrete a wide array of cytokines that can act on diverse 

target cells. They can influence T-cell differentiation (38, 39), modulate the function of dendritic 

cells (40) and neutrophils (41) and regulate wound healing (1, 42).  

1.3 The hazard of B cells: role in inflammatory and autoimmune conditions 

Due to their innate potential to inflict damage to their targets, multiple redundant mechanisms 

exist to prevent B cells from mounting a response to self-antigens, that is, to induce tolerance. 

Central tolerance mechanisms are at play during B cell development to edit (43) or remove (44) 

self-reactive precursors while clones that escape are controlled in the periphery by ignorance (45, 

46) or anergy (47), a state of active unresponsiveness maintained by inhibitory signaling. 

Occasionally, these mechanisms fail and autoimmunity develops. Most autoimmune diseases are 

complex and involve multiple immune cell types, however several studies have clearly identified 

a key role for B cells in diseases such as Systemic Lupus Erythematosus (SLE), Rheumatoid 

Arthritis (RA), Type I Diabetes (TID) (48) and, more recently, multiple sclerosis (49). The B 
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cells in these patients are abnormal. For example, analysis of blood from SLE patients revealed 

that their B cells are hyperactive (50) and increased in number during active phases of the 

disease (51). 

 

B cell depletion therapy has demonstrated efficacy to varying degrees for all of these disorders 

(52-55). Their central role as major pathogenic contributors has also been carefully studied in 

animal models. Upon depletion of B cells, mouse strains susceptible to SLE (56), collagen-

induced arthritis (CIA) (57, 58) and TID (59, 60) are protected. Indeed, careful examination of 

several mouse strains that spontaneously develop SLE-like disease has revealed impairment in 

negative selection of B cells (61) or abnormally high activation of the phosphatidylinositol 3-

kinase (PI3K) signaling pathway that is central to B cell development and function (62-64). 

Further, passive transfer of antibodies from SLE (65) or CIA (66) mice or from patients with 

rheumatoid arthritis (66) induces symptoms in otherwise healthy animals.  

 

Autoantibodies and the resulting pathogenic activation of complement pathways are responsible 

for much of the tissue damage seen in these autoimmune diseases, notably anti-DNA antibodies 

in SLE (65)  and anti-collagen antibodies in arthritis (67), at least in animal models. However, B 

cells also contribute significantly in other ways (48). This was elegantly demonstrated by genetic 

modification of an SLE susceptible mouse, creating a strain in which B cells cannot secrete 

soluble antibody but otherwise develop normally. These mice still developed nephritis (68). 

Another study identified a synergistic contribution of the antibody secreting function and the 

antigen presentation function of B cells in autoimmune arthritis (69). Here, mild arthritic 

symptoms were induced by transfer of arthritic serum into SCID mice or by adoptive transfer of 
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T cells primed by autoreactive B cells. Concurrent transfer of both resulted in severe arthritis 

(69). Another group demonstrated the importance of B cell antigen presentation in the non-obese 

diabetic (NOD) model of TID. Here, a B cell specific deletion of MHC class II prevented B cells 

from presenting antigen and resulted in protection from disease development (70). Finally, in a 

human study, a subset of GM-CSF-producing B cells found to be increased in patients with 

multiple sclerosis was demonstrated to enhance myeloid cell pro-inflammatory responses in a 

manner dependent on cytokine production. B cell depletion in these patients led to reduced 

inflammatory cytokine production by macrophage that was reversible by adding back 

supernatants from the GM-CSF-producing B cell subset (49). Given the importance of antibody 

generation, antigen presentation, cytokine production and other B cell effector functions for the 

clearance of pathogens and given the damage these same functions can cause when targeted 

inappropriately, there is a need to understand the intricate balance between signals that result in 

B cell activation and those that result in inhibition. Such insight can inform us of how that 

balance becomes dysregulated in human disease and how it can be restored. 

1.4 B cell development 

Hematopoietic stem cells develop in the fetal liver and seed the bone marrow to provide a 

continuous source of newly derived immune cells throughout a mammal’s lifetime (71). In 

adults, B cell development is restricted to the bone marrow, although other tissues contribute in 

the fetus and newborn (72). Lineage commitment begins at the common lymphocyte progenitor 

stage, which has the potential to give rise to B cells, T cells and Natural Killer cells (73-75). The 

stages of B cell development have been defined and refined by countless genetic studies in mice 

and extensive immunophenotyping in humans (76). Indeed details pertaining to the definition of 
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each stage and the discrepancies between mice and humans are still being debated, however a 

basic model has been developed and is largely agreed upon (Figure 1-1). The three main stages 

of B cell development in the bone marrow, pro-B, pre-B and immature B cells are dictated by 

transcription factor expression (77) and are defined by the genetic rearrangements that take place 

at each stage (76). These genetic rearrangements, along with somatic hypermutation and class 

switch recombination that occur in mature B cells, are used to create the immense diversity of 

immunoglobulins (also known as antibodies) required to recognize any conceivable antigen. 

Immunoglobulin heavy chains (H locus) are generated from combinatorial rearrangement of 

variable (V), diversity (D) and joining (J) gene segments, while immunoglobulin light chains (L 

locus) are generated from V and J segments (78). Several alternative segments are available for 

each and diversity is further amplified by the imprecise joining of segments, thus the number of 

possible combinations producing a complete Ig of heavy plus light chain is staggering (76, 79).  

 

The first relatively well-defined stage is the pro-B cell stage (80, 81). Here, H-chain D and J 

segments are rearranged, followed by joining of a V region to DJ. Successfully recombined 

VDJH unites with a surrogate light chain (82) and Ig-α/β to form a pre-BCR complex on the cell 

surface (83). If functional, signaling through the pre-BCR leads to the shutting down of H-chain 

rearrangement (84) and the initiation of L-chain rearrangement, marking the beginning of the 

pre-B cell stage. In this stage, V and J segments are joined for one the two L-chain alleles, 

known as κ and λ (85).  In the next stage, immature B cells now express κ or λ L-chain along 

with H-chain, forming surface IgM, allowing survival and exit from the bone marrow. In mice, 

two transitional stages of immature B cells are characterized, T1 and T2 (86). By chance, many 

of the newly formed immature B cell clones are self-reactive. When these cells encounter self-
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antigen in the bone marrow, developmental progression is blocked and instead the receptors are 

edited through continued genetic recombination (43, 87). 

 

Immature B cells develop into mature B2 cells (marginal zone or follicular) through the T1 and 

T2 stages. During fetal development, immature B cells can also develop into B1 B cells, which 

populate the peritoneal and pleural cavities. Follicular B cells are the classic subtype that give 

rise to germinal centre responses and differentiate into either antibody-secreting plasma cells or 

long-lived memory B cells. Marginal zone (MZ) and B1 B cells are innate-like B cell subsets 

that produce “natural” antibody at homeostasis and can respond to T-independent antigens to 

produce adaptive antibody (1).  
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Figure 1-1. Overview of B2 cell development including the major subsets and their 
primary tissue residency. 
The common lymphoid progenitor gives rise to the B cell lineage, including subsets found in 
the bone marrow progressing from pro-B through pre-B to the immature B cell stage. 
Immature B cells progress through transitional stages 1 and 2 (T1 and T2), into mature 
lymphoid tissue resident subsets: marginal zone (MZ) B cells or follicular B cells. Follicular 
B cells are the subset that partake in classical germinal centre responses and can develop 
into antibody-secreting plasma cells or memory B cells.  

 

Throughout the developmental process, checkpoints are in place to reduce the incidence of either 

non-functional or autoreactive B cell clones. Positive selection checkpoints ensure function. At 

the pre-B cell stage, genetic rearrangements that result in a functional pre-BCR complex produce 

a receptor that transmits low-level signals that ensure survival of that clone. In the absence of 

this positive selection signal, cells will die (83, 88). Positive selection is also important during 

germinal center responses, as B cell clones generating weaker BCR signals fail to outcompete 

other clones for T cell help (89). Negative selection checkpoints safeguard auto-reactivity at the 

immature B cell stage. If a BCR is formed that interacts strongly enough with self-antigen, BCR 
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signaling will lead to either re-expression of receptor editing genes or to cell death (43, 87). In 

the absence of this negative selection signal, cells will live and continue through the 

developmental process. 

1.5 Immune receptor signaling basics: ITAM versus ITIM 

Immune cells express receptors on their surface that respond to a wide variety of stimuli. Many 

of these receptors are tyrosine kinase or tyrosine kinase-associated receptors that become 

phosphorylated in their cytoplasmic tails upon ligation. The sequence context of these residues 

determines the type of effectors that are recruited and thus the type of signaling pathways that are 

initiated. Activating receptors contain Immunoreceptor tyrosine-based activation motifs (ITAMs) 

with consensus sequence YxxL/I(x6-8)YxxL/I (90, 91), where x is any amino acid. Generally, 

binding of tyrosine kinases to ITAM sequences initiate “positive” signaling pathways (92). 

Inhibitory receptors contain Immunoreceptor tyrosine-based inhibitory motifs (ITIMs) with 

consensus sequence I/V/L/SxYxxL/V (93, 94). These receptors become phosphorylated when 

they are co-ligated to activating receptors and thus are accessible to ITAM-associated kinase 

(93).  Generally binding of protein or lipid phosphatases to ITIM sequences initiate “negative” 

signaling pathways (92). Well-known ITAM-bearing receptors include the BCR, the T cell 

receptor (TCR), the high affinity receptor for IgE (FcεRI), killer cell activatory receptors 

(KARs), and activating IgG receptors such as FcγRIIA and FcγRIII. Well-known ITIM-bearing 

receptors include the inhibitory receptor for IgG (FcγRIIB), CD22, killer cell inhibitory receptors 

(KIRs) and gp49B. Although these classifications have been useful in establishing our basic 

understanding of how immune cells balance both positive and negative inputs from their 

environment, several deviations from the standard model have been described. Inhibitory 



12 
 

phosphatases have been reported to bind ITAMs (95, 96),  the binding of phosphatases to ITIMs 

can play a positive regulatory role (97) and ITIM sequences can be found coded within ITAMs, 

allowing for potential binding of either kinases or phosphatases depending on the number of 

phosphorylation events (98). The number of known exceptions is growing, thus it is important to 

view the ITAM-ITIM dogma as a guide for hypothesis generation without making biased 

assumptions in the absence of experimental evidence. 

1.6 Signalling through the B cell receptor 

The BCR is an ITAM-bearing activating receptor that is of critical importance for B cell 

development and function. It is comprised of a membrane-embedded immunoglobulin (mIg), 

(99, 100) and a heterodimer of Igα/Igβ (101). The mIg can be of IgG, IgM, IgD, IgE, or IgA 

subtype and the association with Igα/Igβ is at a 1:1 ratio, at least for IgM (102). Antigen binding 

triggers a spatial reorganization of the BCRs, inducing an interaction with kinases Lyn and Syk. 

Lyn is thought to be principally responsible for subsequent phosphorylation of the two ITAM 

tyrosine residues in Igα and Igβ tails at early stages, although Syk plays this role in some 

contexts (103). Doubly phosphorylated Igα/β ITAMs provide binding sites for Syk, thereby 

initiating its activation (104).  Lyn and Syk each phosphorylate a variety of target proteins, 

initiating multiple independent and overlapping signaling cascades that ultimately result in 

activation of the B cell (105). 

1.6.1 Signal initiation 

Exactly how antigen binding to mIgM initiates a spatial reorganization of BCRs and how this 

initiates signaling has been a topic of hot debate. The first hypothesis to garner wide support 

is the crosslinking model (Figure 1-2A), which suggests that BCRs exist as monomers within 
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the plasma membrane of a resting cell and are induced to form signaling-competent oligomers 

when multivalent antigen physically joins them (106). It is proposed that this accumulation of 

BCRs in specific membrane subdomains allows access to signal initiating kinases Lyn and 

Syk (107). The early observation that divalent F(ab’)2 but not monovalent Fab anti-BCR 

antibodies induces signaling backed this theory (108), as did early studies demonstrating that 

monovalent antigens make poor vaccines (20). More recently, Förster resonance energy 

transfer (FRET) experiments also seemed to provide support for the crosslinking model (102). 

Igα molecules were tagged with a mixture of FRET donor cyan fluorescent protein and FRET 

acceptor yellow fluorescent protein. The authors observed a low FRET efficiency in resting 

cells, suggesting that individual BCR molecules do not associate with each other at rest and 

are instead monomeric (102). However, careful assessment of the technique in other systems 

later cautioned against over-interpretation of negative FRET data since several factors are at 

play such as relative abundance of the tags and their orientation (109).  

 

The next iteration of BCR signal initiation model is known as the conformation-induced 

oligomerization model (110). It proposes that binding of membrane-bound antigen to BCR 

exerts a torsion force that exposes an oligomerization interface in the membrane-proximal 

domain of mIg, the Cμ4 domain. Oligomerization then leads to the merging of BCRs into 

“microclusters” within specialized “raft-like” lipid domains that allow association of the BCR 

signaling chains with raft-resident Lyn (110). The idea was first conceived upon the 

observation that monovalent antigen failed to induce BCR signaling in solution but succeeded 

when embedded in a lipid bilayer. Further study was made possible by advancements in total 

internal reflection fluorescence microscopy and post-processing calculations that allowed for 
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single particle tracking of fluorescently labelled BCRs (111). Here a small fraction of the 

BCRs are labelled and the cells are spread on an antigen-coated lipid bilayer to simulate the 

encounter of cell surface antigen. As the cells spread, BCRs converge into microclusters and 

their lateral diffusion rate slows until the receptors are immobilized, coincident with the 

initiation of signal transduction (112). The authors demonstrated that BCRs mutated in either 

the Cµ4 domain or the N-terminal region of the transmembrane domain did not immobilize in 

response to monovalent antigen, and were never fully phosphorylated. Further, if all mIg 

domains except CµV and the transmembrane domain are deleted, spontaneous microcluster 

formation occurs in the absence of antigen and BCRs become immobilized within the 

microclusters (110), hinting that these regions might be involved in oligomerization. Thus the 

“conformation-induced oligomerization” model was born. According to this model, binding 

of membrane-bound monovalent antigen to BCRs exerts unique physical forces that are not 

exerted upon binding of soluble antigen. These forces induce a change in conformation or 

orientation of the extracellular domain, exposing a “clustering interface” in the Cµ4 domain, 

leading to oligomerization of BCRs. Oligomerization presumably perturbs the lipid 

environment within the cluster and leads to opening of the cytoplasmic domains and initiation 

of signal transduction (113).   

 

The conformation-induced oligomerization model for BCR signal initiation was built almost 

exclusively on single particle tracking of labelled BCRs. Recognizing certain technical issues  

associated with this approach led others to investigate further using complementary methods, 

the results of which led to a complete reversal of previous thinking (by some) and the origin 

of the dissociation activation model (114). This model proposes the presence of small 
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oligomeric BCR clusters (or nanoclusters) at rest which dissociate upon ligation, releasing 

steric constraint and exposing Igα/Igβ ITAMs to the early kinases for signal initiation and 

reorganization into larger but loosely associated microclusters (114). The experiment driving 

the formulation of this hypothesis was a bimolecular fluorescence complementation (BiFC) 

assay where cells expressed Igα molecules fused to half domains of YFP and CFP (115). 

These tag fragments are non-fluorescent unless two differentially tagged Igα molecules are in 

close proximity, in which case the half domains join and a fluorescent signal is detected. The 

authors observed a fluorescent signal at rest, suggesting the presence of BCR oligomers prior 

to receptor ligation. Since the joining of half-domains is irreversible, this experimental system 

is not suitable to measuring the ligand-induced dissociation of BCR oligomers proposed by 

the model. 

 

The same group addressed this issue with the development of a specialized proximity ligation 

assay (PLA) which used Fab fragment of anti-Ig antibodies directly conjugated to specialized 

DNA fragments, to label the intracellular region of the BCR (116). When two labelled targets 

are in extremely close proximity (10-20nm), the DNA fragments ligate and are amplified, 

enabling detection with a fluorescent DNA probe. The authors demonstrated an initially 

detectable signal at rest that was significantly reduced upon BCR ligation. Further, they 

demonstrated that interaction of Syk with doubly phosphorylated ITAMs was required for the 

opening of BCR oligomers (116).  

 

How can this new model be reconciled with previous experiments seemingly endorsing the 

former models? According to the advocates of the dissociation activation model, the 
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observation that F(ab’)2 but not Fab anti-BCR antibodies induces signaling is explained by the 

ability of the larger, divalent F(ab’)2 fragment to bind two different mIgM molecules and aid in 

their physical separation (114). Moreover, they suggest that the single particle tracking data 

initially proposed to support the conformation induced oligomerization model can be 

interpreted in an alternative way. Even though individual BCRs are fluorescently tagged in 

this assay, they must account for a very small fraction of the total BCR molecules in the cell 

to allow for tracking of single molecules. Since BCR complexes measure around 10nm and 

the optical diffraction limit is around 250nm, this assay cannot distinguish single, monomeric 

BCR molecules from those participating in an oligomeric complex with other untagged BCRs 

(114). As a result of newly developed complementary techniques as well as re-interpretation 

of older experiments, many experts now support the dissociation activation model of BCR 

signal initiation.  
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Figure 1-2. Models of BCR signal initiation. 
(A) Cross-linking model. BCRs exist as monomers at rest. When multiple BCRs bind to 
different sites on the same multivalent antigen, they coalesce together into lipid rafts, 
where resident kinases initiate signaling.  
(B) Conformation-induced oligomerization model. BCRs exist as monomers in a closed 
conformation at rest. Upon ligation with membrane-bound (but not soluble) monovalent 
antigen, mechanical forces favor an extended conformation in the extracellular domain 
(i). This exposes a clustering interface, leading to oligomerization and subsequent 
opening of the cytoplasmic domain to initiate signaling (ii).  
(C) Dissociation-activation model. BCRs exist as auto-inhibited oligomers at rest. Upon 
ligation with multivalent antigen, the receptors become spatially separated, allowing 
kinases to access the cytoplasmic domains to initiate signaling.  
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All of the above models attempt to describe how the signaling chains of the BCR become 

accessible to and phosphorylated by Lyn and Syk kinases. Once these kinases come into play, 

they initiate several signaling pathways that contribute to B cell survival, proliferation and 

effector functions. The main downstream players are phospholipase Cγ (PLCγ), mitogen-

activated protein kinases (MAPKs), and phosphoinositol 3-kinase (PI3K, Figure 1-3) (105).  

 

 

Figure 1-3. Overview of BCR signaling (105). 
When B cell receptor ligation occurs, early signaling kinases Lyn and Syk become 
activated and phosphorylate multiple targets, including other protein kinases such as Btk 
as well as adaptor molecules such as BLNK and BCAP. These facilitate the organization 
of signaling complexes and initiation of key pathways including the PI3K pathway, the 
NFκB pathway, and the MAP kinase pathways. These culminate in activation of 
transcription factors and ultimately changes to the gene expression profile of the cell.  
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1.6.2 PLCγ pathway 

B cells express the lipid-cleaving enzyme phospholipase Cγ2 (PLCγ2) (117). PLCγ2 is 

recruited to the BCR when the scaffolding protein B cell linker (BLNK or SLP-65) associates 

with Ig-α pY204 (118, 119) and is phosphorylated on several tyrosine residues by Syk (120). 

PLCγ2 interacts with BLNK via its SH2 domain (120) and with plasma membrane lipid 

PI(3,4,5)P3 (to be discussed later) via its PH domain (121). PLCγ2 is then phosphorylated by 

Syk (122). Optimal enzymatic activation requires further phosphorylation by PI3K-dependent 

kinase Btk (123, 124). PLCγ2 then cleaves the plasma membrane lipid PI(4,5)P2 to produce 

inositol triphosphate (IP3) plus diacyl-glycerol (DAG). IP3 is the ligand for certain Ca2+ 

channels in the endoplasmic reticulum; ligation induces opening and release of Ca2+ ions into 

the cytoplasm (125, 126). Depletion of intracellular stores then induces opening of plasma 

membrane store operated channels, known as Calcium release activated calcium (CRAC) 

channels, leading to influx of extracellular Ca2+ (127, 128). This sets the stage for activation 

of two major transcription factors: NF-AT and NFκB. The activation of these factors can be 

accomplished and regulated by several means, however only the classical pathways will be 

discussed here. NF-AT activation occurs when Ca2+-bound calmodulin binds to calcineurin 

and activates its phosphatase activity (129, 130). Calcineurin dephosphorylates NF-AT, 

triggering its translocation into the nucleus (131) where it activates transcription of target 

genes including IRF4 (130).  NFκB activation is initiated when protein kinase C is activated 

by DAG plus Ca2+. PKC promotes phosphorylation of Inhibitor of NFκB Kinase α (IκB 

kinaseα or IKKα), which then phosphorylates IκB, causing it to be degraded and thus release 

its inhibitory effect on NFκB (132). This frees the transcription factor to enter into the nucleus 
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where it activates target genes, including those encoding cytokines, chemokines, cell survival 

proteins and more (133). 

1.6.3 MAPK pathways 

Activation of MAPKs in B cells largely occurs downstream of small G proteins Ras (for 

ERK1/2 MAPK) and Rac (for JNK and p38 MAPKs). These small G-proteins are themselves 

activated by Guanine nucleotide exchange factors (GEFs). GEFs promote dissociation of 

GDP from the G protein, freeing the binding pocket for interaction with GTP, which is found 

in higher relative abundance in the cytoplasm (134). The MAPKs ERK, JNK and p38 are all 

activated downstream of the BCR (134). 

 

In BCR-stimulated B cells, the Ras-GEF Son of Sevenless (SOS) is recruited to the B cell 

signalosome either by interaction with Grb2 and Shc (135, 136) or Grb2 and BLNK (137). 

Alternatively, another Ras-GEF called Ras guanyl nucleotide releasing protein 1 (RasGRP1) 

is phosphorylated by protein kinase C β (PKCβ) downstream of PLCγ2 activation. This 

phosphorylation event promotes the GEF activity of RasGRP1 (138, 139). Once acted upon 

by these GEFs, Ras-GTP activates the Raf proteins (Raf-1 and BRaf), which then 

phosphorylate and activate MEK1/2, which then phosphorylate ERK1/2, which dimerize, 

enter the nucleus, and modulate the activity of transcription factors that control cell 

proliferation and differentiation (140).  

 

In BCR-stimulated B cells, the Rac-GEF Vav is also recruited to the B cell signalosome by 

way of binding to BLNK (120, 141). Vav promotes Rac activation by way of GDP-GTP 

exchange and PKC (activated by PLCγ signaling) co-operatively promotes Rac activation 
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presumably by phosphorylation (137). Rac-GTP then activates the MAPK pathways leading 

to phosphorylation of the other two family members, p38 and JNK (137). 

1.6.4 PI3K pathway 

The importance of the PI3K signaling pathway has been demonstrated through numerous 

studies confirming that it is central to B cell development (142, 143), survival (144) and 

activation (145, 146). Upon BCR ligation, the lipid second messenger phosphoinositol-3,4,5-

trisphosphate (PI(3,4,5)P3 or PIP3) rapidly accumulates in the plasma membrane (147). It is 

generated from the plasma membrane precursor phosphoinositol-4,5-bisphophate (PI(4,5)P2) 

by the activity of Class I PI3Ks (148) (Figure 1-4). PIP3 interacts with specific pleckstrin 

homology (PH) domain-containing binding partners to relay signals downstream (149). PIP3 

can be dephosphorylated at position D5 by inositol 5-phosphatases SHIP1 and SHIP2, 

producing PI(3,4)P2 (150) (Figure 1-4). This lipid can also bind certain PH-domain 

containing proteins, some overlapping and some distinct (151). PTEN removes the D-3 

phosphate group, therefore inhibiting the formation of both PIP3 and PI(3,4)P2. INPP4 

converts PI(3,4)P2 to inert lipid PI(3)P (152, 153) (Figure 1-4). 
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Figure 1-4. Overview of PI3K signaling in lymphocytes. 
The primary substrate of PI3K in B cells is the membrane lipid PI(4,5)P2, which acquires a 
phosphate group to yield PI(3,4,5)P3. PI(3,4,5)P3 can be bound by specific PH domain-
containing proteins. Lipid phosphatases PTEN and SHIP dephosphorylate the phosphate 
groups at position 3 and position 5 on the inositol ring, respectively. PI(3,4)P2 produced by 
SHIP can be bound by an independent yet overlapping set of PH domain-containing 
proteins and can be further dephosphorylated by INPP4. 

1.6.4.1 PI3K isoforms 

All PI3K isoforms are inositol D3 kinases, however the three different classes have unique 

regulation and substrate specificities. Class I enzymes catalyze the conversion of PI(3,4)P2 

to PIP3 and PI4P to PI(3,4)P2, with the former being the dominant reaction induced by 

BCR signaling. Class II and III enzymes convert PI to PI(3)P while class II also produces 

PI(3,4)P3 from PI4P. The roles of Class II and III PI3Ks have not been characterized in 

lymphocytes. Class I on the other hand are known to be central regulators of BCR 

signaling (148, 154). 



23 
 

 

Class I PI3Ks exist as heterodimers of a regulatory subunit (p85 subfamily: p85α/β, 

p55α/γ, p50α or p101) and a catalytic subunit (p110α, β, δ or γ) and are further subdivided 

into Class IA and Class IB. Class IA members include PI3Kα, PI3Kβ and PI3Kδ, named 

based on the identity of their p110 catalytic subunit. These are classically described to be 

activated downstream of tyrosine kinase receptors or tyrosine kinase-linked receptors 

(155), however recently the β isoform was also demonstrated to be activated by GPCRs 

through direct binding to Gβγ subunits (156). p110α and β isoforms are ubiquitously 

expressed while the p110δ is restricted mainly to the hematopoietic compartment. Class IB 

has only one member: PI3Kγ, a hematopoietic-restricted, GPCR-activated enzyme (154, 

157).  

 

There has been much interest in the isoform-specific requirements for PI3K in B cell 

development, maintenance and function (Reviewed in (158)). With respect to B cell 

development in the mouse, loss of p110δ leads to a B cell maturation defect whereas 

double knock of both p110δ and p110α completely blocks development at the pre-B cell 

stage (159). This likely reflects a requirement for these PI3K isoforms in pre-BCR 

signaling as well as signaling through the IL-7 receptor. Combined deletion of p110δ and 

p110γ has a more profound effect compared to deletion of p110δ alone (160), however the 

role of p110γ is more likely B-cell extrinsic, impacting T cell development and activation 

which may influence B cell development indirectly (161). Deletion of p110β has no 

measurable effect on B cell development or function in the studies performed to date (159).  
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With respect to B cell maintenance, continuous low level signaling through the BCR, 

called tonic signaling, is required for the long term survival of mature B cells (17, 162) and 

this relies on PI3K signaling (163). Loss of either p110α or p110δ activity in the mouse 

leads to a dose-dependent loss of follicular B cells, with p110δ having a more profound 

effect (159). MZ B cells are thought to require more robust PI3K signaling in order to be 

maintained, achieved by BCR ligation with self-antigens. p110δ but not p110α is required 

for maintenance of these cells (159). Thus, the roles of the α and δ isoforms appear to be 

redundant in the context of tonic signaling while the δ isoform is specifically required for 

antigen-triggered responses (159). This idea was re-enforced by studies specifically 

examining the effects of p110δ inactivation or deletion on mature B cell functions. For 

example, p110δ catalytic activity was required for T cell-dependent antibody responses 

(146), antigen presentation to T cells (164), and B cell spreading (165), a process that 

precedes antigen uptake for presentation. B cell adhesion and migration also rely on p110δ 

(166). Furthermore, reduced Akt activation resulting from p110δ inactivation resulted in 

enhanced activation-induced cytodine deaminase (AID) expression and was correlated with 

increased antibody class switch to the IgE isotype (167, 168).  

1.6.4.2 Recruitment and activation of Class I PI3Ks 

The regulatory subunit serves both to inhibit activity at rest and to trigger activity in 

response to receptor ligation. For Class IA PI3K, the interstitial SH2 domain (iSH2) of the 

regulatory subunit interacts strongly with p110. At rest, the N-terminal (nSH2) and C-

terminal (cSH2) SH2 domains also interact weakly with p110 to promote an inhibitory 

conformation (169). This inhibitory conformation is released when nSH2 and/or cSH2 

binds to phospho-peptide motifs (170-172) such as the Y-x-x-M sequence found in CD19 
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(142) and BCAP (142, 173, 174) or to non-canonical Tyr-based motifs in R-Ras2 (175) 

and Syk (176). Binding to CD19 and BCAP are thought to be the principal recruitment 

mechanisms in BCR-stimulated B cells (142). Recent evidence suggests the adaptor 

protein Nck binds to Ig-α to bridge BCAP to the BCR (177). Additional mechanisms have 

been described to further enhance catalytic activity in some contexts, specifically binding 

to anionic lipids (178) and to Ras (179, 180) and Rac (181) family GTPases. PI3Kβ is 

unique in that it can be synergistically activated by binding both phosphotyrosine residues 

via its regulatory subunit and binding to the Gβγ subunit of activated GPCRs via its 

catalytic subunit p110β (182, 183).  

 

For class IB PI3K, the regulatory subunit p101 binds membrane bound Gβγ from activated 

GPCRs to recruit catalytic subunit p110γ to the plasma membrane. Gβγ then allosterically 

activates p110γ enzymatic activity (184). Unlike the Class IA PI3Ks, p110γ may 

sometimes function as a monomer, independent of its regulatory subunit (185). In this 

context membrane recruitment may be facilitated by binding to anionic phospholipids 

(186) or other membrane-associated proteins such as Ras (187, 188).  

1.6.4.3 Major PI3K effectors 

1.6.4.3.1 Akt 

One of the best described effectors of PI3K signaling downstream of BCR ligation (189, 

190) is the pro-survival serine/threonine kinase Akt, also known as protein kinase B 

(PKB) (191). Overexpression of Akt in chicken DT40 B cells inhibits BCR-induced 

apoptosis (190). Akt binds both PIP3 and PI(3,4)P2 via its N-terminal PH domain (192, 
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193), inducing its recruitment to the cell periphery (192). This results in a 

conformational change (194) which facilitates its phosphorylation on two Ser/Thr 

residues by membrane-proximal kinases (195). Now, fully active, Akt phosphorylates 

several cytoplasmic (196) and nuclear (197) substrates. These substrates include Bad 

(198), GSK-3 (199) and IKK (200, 201). 

1.6.4.3.2 Btk 

Bruton’s tyrosine kinase (Btk) is a Tec-family kinase expressed in most B cell subsets 

as well as in innate immune cells (202). Its PH domain specifically binds PIP3 (203, 

204). BCR ligation induces rapid and transient plasma membrane localization that is 

negatively regulated by both PTEN and SHIP (205, 206). Btk participates in the BCR 

signalosome (207) and phosphorylates PLCγ2 (124) to promote Ca2+ signaling (208, 

209) and ultimately NFκB activation (210, 211) as well as inside-out activation of 

integrins (212). Btk also phosphorylates Vav and Wiskott Aldrich syndrome protein 

(WASP) (213), thereby promoting filamentous- (F-)actin polymerization. The central 

role of Btk in B cell survival and function is illustrated by a rare human disease, X-

linked agammaglobulinemia, caused by loss of function mutations in the PIP3-binding 

pocket of Btk. These patients virtually lack circulating B cells and are unable to produce 

antibody (214).  

1.6.4.3.3 Small GTPases 

The Rho family GTPases Rac and Cdc42 exhibit a complex relationship with PI3K, as 

they have been described to be both upstream PI3K activators and downstream PIP3 

effectors in various systems. What is clear is that they both promote cytoskeletal 

rearrangements in B cells, stimulating the formation of lamellipodia and filopodia (215). 
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Rac isoforms 1 and 2 also promote B cell development, BCR signaling (216) and 

integrin-mediated adhesion through activation of actin nucleation protein Wiskott 

aldrich syndrome protein (WASP) (165). A dependence on upstream PI3K signaling 

was demonstrated for the adhesion-promoting  function of Rac2  (165). One mechanism 

for Rac1 activation downstream of PI3K was described by our group and depends on 

the PI(3,4)P2-dependent adaptor protein Bam32 (217). BCR-mediated Rac1 activation 

was impaired in Bam32-deficient B cells, as was B cell adhesion and interaction with T 

cells. The reverse was observed in Bam32-overexpressing B cells (217). Another 

mechanism is PI3K-dependent activation of Vav, demonstrated to be a GEF for both 

Rac1 and Cdc42 (218, 219). In vitro and in other cellular systems, interaction of PIP3 

with the PH domain of Vav1 supports an open conformation that permits 

phosphorylation for further activation (220, 221). However, Vav isoform 3 activity is 

apparently unaffected by pharmacological inhibition of PI3K in B cells (181). Other 

isoforms have not been explicitly tested. A more recent study identifies a clear 

requirement for the PIP3 effector Btk in efficient phosphorylation of Vav1 and 

colocalization of Vav1 with the BCR (213). The principal role of these Rho-family 

GTPases is to bind and activate actin nucleation proteins WASP, neural- (N-)WASP 

and WASP-family verprolin-homologous protein (WAVE), as will be discussed in 

section 1.8. The activity of another more recently described small GTPase, Ras-related 

protein 1 (Rap1), is impaired by pharmacological inhibition of PI3K as well as by 

deficiency in Vav1, Vav2 or Rac2 (165). Rap1 is known to promote adhesion by 

activation of integrins (222) and B cell spreading by activation of actin severing protein 

cofilin (223). 
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1.6.5 BCR signal modulation by co-receptors and phosphatases 

The magnitude and duration of BCR signaling required in a given situation depends on 

several factors, for example the subtype of B cell that is being activated, whether an infection 

is in early or late stage, and whether other inflammatory or “danger” signals are present in the 

microenvironment. One important means by which B cells modulate their signaling strength is 

by way of co-receptors (Figure 1-5). CD19 is a co-receptor that lowers the threshold for BCR 

signaling when bound by C3d complement fragments (224). It forms a complex with CD21 

(type 2 complement receptor) and CD81 (tetraspanin) (225). It can be phosphorylated by Lyn 

and Syk (226, 227) to provide a binding site for PI3K (227). Although co-ligation of the 

CD19 complex can amplify BCR signaling (224), CD19 becomes phosphorylated after BCR 

ligation even in the absence of complement and it is critical for effective PI3K activation in 

this context (228, 229). 

 

In addition to the prominent activating co-receptor CD19, two inhibitory co-receptors have 

been described to dampen BCR-mediated signals: CD22 and FcγRIIB. CD22, or Siglec-2, is 

an adhesion molecule of the lectin family that recognizes a variety of glycan ligands 

containing α2,6-linked sialic acid moieties (230). Soluble IgM is glycosylated in such a way 

and therefore can serve as a ligand (231). CD22-deficient mice display increased Ca2+ flux in 

response to BCR ligation (232). It is not strictly a negative regulator however, as anti-CD22 

monoclonal antibody treatment synergizes with BCR ligation to induce a robust proliferative 

response (232, 233). One important and well described mechanism to explain the negative 

regulatory role of CD22 is the phosphorylation of its ITIM tyrosines that specifically bind the 

protein phosphatase SHP-1 (232, 234). It has also been proposed to recruit SHIP (235). Upon 
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BCR ligation, a complex containing CD22, Shc, Grb2 and SHIP was detected by co-

immunoprecipitation. Pull-down experiments with biotinylated peptides mapped the phospho-

tyrosine binding sites for Shc and Grb2, however a direct binding site was not found for SHIP 

(235).  

 

Another well-characterized inhibitory co-receptor is FcγRIIB; it will be discussed at length in 

chapter three. Briefly, this receptor is ligated by the Fc portion of IgG antibody, found in 

soluble form at late stages of an immune response or as a component of immune complexes in 

the context of chronic inflammation (236). When co-ligation occurs, the BCR-associated 

kinase Lyn phosphorylates the ITIM tyrosine in FcγRIIB (237), recruiting its binding partner 

SHIP (238, 239). SHIP is thought to be responsible for most or all of the inhibitory action of 

FcγRIIB, evidenced by experiments where co-ligation of FcγRIIB failed to inhibit BCR-

induced Ca2+ flux in the absence of SHIP (240, 241). As the regulation and function of SHIP 

is the major topic of this thesis, an extensive background will be provided in section 1.7. 
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Figure 1-5. BCR signal modulation by co-receptors.  
BCR ligation leads to phosphorylation of ITAM tyrosine residues in the BCR signaling 
chains, recruiting Syk kinase and initiating multiple pathways leading to B cell activation. 
Positive regulation (green) occurs by co-ligation of CD19, which can directly recruit class 
IA PI3K via phosphorylated tyrosine residue. Negative regulation (red) occurs by co-
ligation of ITIM-bearing receptors. FcγRIIB recruits lipid phosphatase SHIP and CD22 
classically recruits protein phosphatase SHP-1.  

1.6.6 Abnormal BCR signaling and disease 

Since BCR signaling triggers such responses as survival, proliferation, and activation, it not 

surprising that dysregulation of several key BCR signaling molecules has been described to 

contribute to both autoimmune disease (242) and to B cell malignancy (243).  

 

Murine models lacking negative regulators of BCR signaling pathways such as CD22 (244, 

245), FcγRIIB (62), SHIP (63), PTEN (246) and SHP-1 (247) display B cell hyperactivity and 

spontaneously develop autoantibodies. A similar phenotype is seen in CD19 transgenic mice 

(248) and this CD19 overexpression was demonstrated to break tolerance to model 

autoantigens (249). In humans, increased expression of CD19 on B cells from systemic 
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sclerosis patients was found to correlate with increased auto antibody titres (250). 

Autoimmune diseases are complex and involve multiple cell and organ systems, some of 

which employ the same signaling molecules. Thus it is often difficult to isolate a specific role 

for the BCR. Some of the above mouse studies address this using B-cell targeted genetic 

manipulations (63) or examine regulators whose expression is restricted to the B cell 

compartment (244, 245, 248). These studies in addition to ex-vivo analysis of altered B cell 

responses support abnormal amplification of BCR signaling as a central driver of autoimmune 

responses involving antibody. 

 

Enhanced BCR signaling also contributes to B cell malignancy. In a prominent subset of 

Diffuse large B cell lymphoma (DLBCL) patients, activating mutations are found within the 

ITAM motifs of Ig-α and Ig-β (251). In chronic lymphocytic leukemia (CLL), maintenance of 

malignant B cells is supported by chronic BCR signaling resulting from low affinity reactivity 

to self-tissues or microbial antigens (243). Gene expression profiling has identified BCR 

signaling pathways as by far the most prominently activated pathways in CLL cells isolated 

from lymphatic tissues (252). In various types of B cell malignancies, increased BCR 

signaling has been demonstrated to be supported or sustained by increased PI3K enzymatic 

activity (253), decreased PTEN enzymatic activity (254), increased expression of miRNAs 

targeting PTEN (17, 255, 256) and SHIP (257), abnormal expression and function of Lyn  

(258) and upregulation of BLNK (259). Enhanced PI3K pathway activation by the above 

mechanisms is critical in sustaining CLL cells by promoting cellular and molecular 

interactions within the permissive microenvironment of lymph nodes and bone marrow (260). 

This role is being exploited clinically, as both PI3Kδ inhibitors and Btk inhibitors have been 
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approved for treatment of CLL and mantle cell lymphoma (261). The signaling programs that 

drive and sustain abnormal function in B cell-driven autoimmunity and malignancy may 

prove to be their most exploitable Achilles heel.  

1.7 SH2 domain-containing inositol 5’phosphatase (SHIP) 

1.7.1 Discovery of SHIP 

In 1994, several groups reported that a 145-kDa protein became phosphorylated and 

associated with the adaptor protein Shc1 after BCR (136, 262) or cytokine receptor 

stimulation (263). Two years later, that protein was identified to be the inositol 5’phosphatase 

SHIP (264-266), encoded by the gene INPP5D.  

1.7.2 SHIP knock-out models 

The first indication that SHIP was a regulator of BCR signaling came from genetic 

manipulation of the DT40 chicken B cell line. SHIP-/- DT40 cells have increased Ca2+ flux in 

response to BCR stimulation which can be rescued by re-expression of wild type but not 

phosphatase-dead SHIP (267). B cells from SHIP-/- mice were studied shortly after (150). The 

dominant phenotype in these mice is myeloid cell infiltration into the lungs associated with 

early death (268), however defects in B cell development and activation were apparent in 

young mice (150). Brauweiler et al. (150) demonstrated reduced numbers of pre- and 

immature B cells in the bone marrow but increased numbers of B cells in the spleen. By 

irradiating the animals then following the reconstitution of lymphocyte cell populations, they 

found evidence for accelerated B cell development and quicker emigration from the bone 

marrow. When studied in isolation, the SHIP-/- B cells were hyper-responsive to BCR 
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stimulation, displaying increased and sustained PIP3 production and increased expression of 

activation markers CD86 and CD69 relative to B cells from wild type mice (150).  

 

Two B cell-specific SHIP knock-outs were later made using a CD79a (Igα)-cre system in a 

mixed background (63) and using a CD19-cre system in a C57BL/6 background (269). A 

similar state of hyper-responsiveness was reported (269). In the mixed background, a severe 

lupus-like autoimmune disease manifested in the knock-out mice, characterized by high titres 

of anti-nuclear antibody and by immune complex deposition in kidney glomeruli (63). In 

C57BL/6 mice, B cell-specific SHIP-deficiency resulted in a shift in B cell populations. The 

authors found decreased marginal zone B cells but increased germinal centre B cells, B1 cells 

and plasma blasts. Furthermore, germinal centres formed spontaneously and levels of IgG2 

antibodies were increased. Despite this increased responsiveness at rest, the mice responded 

poorly when challenged. Germinal centres formed but were defective, resulting in reduced 

isotype switching and the production of only low affinity specific antibody. The authors 

proposed that the lowered threshold for activation in SHIP-/- cells leads to increased negative 

selection of B cells. The hyper-responsiveness would cause death of intermediate- and high-

affinity clones, allowing only low affinity clones to survive and contribute to weakened 

humoral responses (269). All together, these cell line and murine knock-out systems 

established a central role for SHIP as a negative regulator of B cell development and 

responsiveness to antigen.    

1.7.3 Structure and function 

SHIP is a 1189 amino acid protein encoded by the gene Inpp5d. It contains several 

identifiable domains and motifs that contribute to its cellular functions (Figure 1-6).  
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Figure 1-6. Domain structure of SHIP. 
The N-terminus of SHIP is comprised of an SH2 domain. The central region contains a 
lipid phosphatase domain that is flanked by a PH-related (PH-R) domain and by an 
overlapping C2 domain. The C-terminus is largely unstructured yet includes proline-rich 
regions and two classical PTB domain interaction sites, Tyr 915 and Tyr1022. 
 

1.7.3.1 Phosphatase domain 

The catalytic domain of SHIP spans amino acids 401-866; it is responsible for recognition 

of PIP3 or its soluble equivalent inositol tetraphosphate (IP4), and dephosphorylation of 

these substrates at position D5 of the inositol ring (270, 271). This is the region sharing the 

highest homology (64%) with related protein SHIP2, encoded by the gene Inppl1 (272). 

Dephosphorylation of PIP3 prevents the recruitment of PIP3-dependent effectors such as 

Btk, thus inhibiting Ca2+ flux (206, 271, 273). The production of PI(3,4)P2 on the other 

hand promotes recruitment of PI(3,4)P2-dependent effectors such as the tandem PH domain 

containing proteins (TAPPs) (206), implicated in negative feedback regulation of PI3K 

(274). Both PIP3 and PI(3,4)P2 are also critical second messengers for cell migration (151, 

153, 275, 276). Early studies re-expressing WT or phosphatase-dead SHIP in SHIP-/- 

chicken DT40 B cells established catalytic activity as the major mechanism by which SHIP 

regulates BCR-mediated Ca2+ flux (241). More recent studies in other cell types have 
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revealed that a phosphatase-dead mutant of SHIP retains significant function (277, 278). 

This mutant has yet to be studied in lymphocytes. 

 

Overlapping with the phosphatase domain are two allosteric activation sites: The C2 

domain (amino acids 725-863) and a phosphorylation site at Serine 440. When exposed to 

substrate in vitro, recombinant SHIP displays sigmoidal reaction kinetics rather than the 

conventional Michaelis-Mentin kinetics (279). In an isolated system, this indicates 

allosteric activation by the end product. Indeed SHIP activity is enhanced by treatment 

with PI(3,4)P2, and this effect is lost in ∆C2 SHIP (279). Direct binding of PI(3,4)P2 to the 

C2 domain was demonstrated (279). This discovery lead to the identification of a family of 

small molecules that bind to SHIP via the same site in the C2 domain and serve as 

allosteric activators (279). Preclinical studies were performed focusing on effects on 

mononuclear and mast cells (280, 281). Two phase II clinical trials have also been 

completed. One of these failed to demonstrate efficacy in chronic obstructive pulmonary 

disease while the other reported promising results for interstitial cystitis (282).  

 

An allosteric phosphorylation site was first evidenced by a study demonstrating a 2-3 fold 

increase in SHIP phosphatase activity in vitro after treatment with protein kinase A (PKA) 

(283). Further, pre-treatment of cells with a PKA activating agent inhibited BCR-induced 

Ca2+ flux and Akt phosphorylation in the murine A20 B cell line and in SHIP+/+ but not 

SHIP-/- DT40 B cells (283). A follow-up study identified several serine and threonine 

residues phosphorylated by PKA in vitro and narrowed down the functional site to Serine 

440. PKA and PKA activators had no effect on a SHIP S440A mutant protein (284). Thus, 
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receptors that signal via PKA can modulate BCR signaling pathways by promoting SHIP 

activity.  

1.7.3.2 Src-homology 2 (SH2) domain 

The SH2 domain of SHIP spans amino acids 5-101(265) and shares 54% amino acid 

identity with homologue SHIP2 (272). One study screened for interactions with a 

degenerate peptide library and revealed a preference for consensus sequence 

pY(Y/D)x(L/I/V) (285). Interestingly, this potentially adheres to both ITIM 

(V/I)xYxx(L/V) and ITAM (YxxL) criteria.  Notably, the consensus sequence represents a 

preference, however not all conforming peptides necessarily bind SHIP. In B cells, the 

SHIP SH2 domain interacts with phosphorylated ITIM tyrosine residues in FcγRIIB (286), 

allowing it to mediate downstream inhibitory effects of this receptor (287). In non-B cell 

types, it has also been shown to bind phosphorylated ITAM tyrosine residues in FcγRIIA, 

FcγRI-associated zeta-chain (288), TCR zeta chain, FcεRI1 (95), and DNAX-activating 

protein of 12 kD (DAP12) (289). Although not fully characterized for the other identified 

binding partners, the functional consequence of FcεRI binding is downregulation of Ca2+ 

flux in response to supra-optimal receptor cross-linking (290, 291). In isolation, the SHIP 

SH2 domain was shown to interact with the phospho-ITAM of Ig-α (103), however 

association of full length SHIP with Ig-α was undetectable therefore the biological 

relevance is unclear. In theory, binding of the SH2 domain to the intracellular chains of cell 

surface receptors is thought to be a critical mechanism controlling the localization of SHIP 

and therefore access to its substrate PIP3. Several phosphorylated cytoplasmic proteins can 

also interact with the SH2 domain of SHIP, including Shc1 (292, 293) and Dok3 (294). 

Depending on the context, binding to these proteins can bridge SHIP to receptors (235), 
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compete with receptors for SHIP binding (295), or co-operate with receptor binding in 

order to relay signals downstream (235). 

1.7.3.3 Pleckstrin homology-related (PH-R) domain 

Another more recently described regulatory domain in SHIP is the PH-related (PH-R) 

domain (296). Although not evident from examination of the SHIP amino acid sequence, 

nuclear magnetic resonance (NMR) structural studies revealed an independently folded 

structure spanning amino acids 292-401. The predicted topology closely resembled that of 

a PH domain. Phospholipid overlays revealed an interaction between the PH-R domain and 

phosphoinositides, with a preference for PIP3. Unlike the C2 domain, this lipid binding site 

has no allosteric effect on enzymatic activity and is not targeted by the previously 

described small molecule agonists. However, mutation of two critical lysine residues in 

this region abrogated binding to PIP3, impaired the localization of SHIP to the phagocytic 

cup of macrophages, and impaired the ability of SHIP to inhibit phagocytosis in these cells 

(296). The contribution of this domain to the localization and function of SHIP has not 

been studied in lymphocytes.  

1.7.3.4 C-terminus 

The C-terminus of SHIP diverges from that of SHIP2 considerably (272). It contains 

several protein-protein interaction motifs that are thought to contribute to the regulation of 

both catalytic and adaptor activities. In one study, a truncation mutant lacking amino acid 

900 onward retained its ability to bind FcγRIIB but displayed reduced ability to inhibit 

Ca2+ flux in DT40 B cells (297). Results of later studies in murine and humanized B cells 
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suggested that some element(s) in the SHIP C-terminus are required to stabilize the 

interaction with FcγRIIB (240, 298).  

 

Two specific tyrosine residues in the C-terminus of SHIP were shown to be phosphorylated 

by Src family kinases, Y917 and Y1020 named for the murine sequence (299-301), 

corresponding to Y915 and Y1022 in the human sequence. More phosphorylation is seen 

with FcγRIIB co-ligation than with BCR ligation alone (264, 302). Mutation of both 

residues to phenylalanine virtually eliminated all detectable SHIP pTyr signal in T cell 

receptor-stimulated T cells (301), however this experiment has not been performed in B 

cells. Much like C-terminal truncation, Y917F/Y1020F SHIP also failed to inhibit Ca2+ 

flux in DT40 B cells (297). The authors of this study speculate a role for these residues in 

stabilizing SHIP at the membrane, therefore facilitating access to its substrate. Other than 

potentially directing localization, tyrosine phosphorylation has no direct effect on 

phosphatase activity (300). Despite this, many studies use Y1020 phosphorylation as a 

marker of SHIP activity. 

 

Two adaptor functions of SHIP, that is functions independent of catalytic activity, have 

been proposed to depend on the NPxY motifs (illustrated in Figure 1-7).  The first 

involves binding of these motifs to the protein tyrosine binding (PTB) domain of Shc, 

demonstrated by peptide pull-down assays (292, 293). Although the SH2 domain of SHIP 

can also potentially participate in the interaction by binding tyrosine phosphorylated Shc, 

the importance of the NPxY motifs at least in vitro was illustrated in one early study that 

demonstrated no detectable interaction of double mutant SHIP Y915F/Y1020F with Shc1 
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in contrast to a robust interaction detected with WT SHIP (301). The function of the SHIP-

Shc interaction in B cells is somewhat debated in the literature. It may interfere with Shc 

binding to the Grb2-SOS complex, thus negatively regulating Ras-Erk signaling (136, 239, 

303). The second proposed adaptor function of the NPxY motifs is binding to p62dok, also 

known as Dok-1. This interaction is proposed to localize a Dok-associated RasGAP to the 

membrane and thus negatively regulate Ras-Erk signaling (304). Another group confirmed 

that the SHIP-Dok-1 interaction required the NPxY tyrosines and further demonstrated that 

unlike WT SHIP, Y917F/Y1020F SHIP failed to inhibit migration of a transformed pro-B 

cell line (305). Since Dok-1 was previously shown to promote migration (306), the authors 

propose that SHIP binding inhibits the pro-migratory function of Dok-1 (305). 
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Figure 1-7. Phosphatase-independent adaptor functions described for SHIP. 
The interaction of SHIP with Shc, via both its SH2 domain and phosphorylated NPxY 
tyrosine residues, is proposed to obstruct the interaction between Shc and Grb2, thus 
preventing activation of the Ras/MAPK pathway (303). The interaction of SHIP with Dok-
1 via its phosphorylated NPxY residues is proposed to promote the recruitment of a Dok-
1-associated RasGAP, thus further dampening Ras/MAPK activation (304). Dok-1 also 
plays a role in activation of migration machinery and interaction with SHIP is proposed 
to disrupt this function (305). 

 

Phosphorylation of additional, non-NPxY tyrosine residues at position 867 and 944 is 

induced in stimulated mast cells (307) and reported in B cells according to publically 

available mass spectrometry databases (www.phosphosite.org). No functional information 

is currently available for these sites. Chapter 2 of this thesis identifies a potential 

interaction between phosphorylated Tyr944 of SHIP and the SH2 domain of Nck. Chapter 

4 validates this interaction and provides the first examination of Y944 function in B cells. 
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In addition to tyrosine phosphorylation sites, examination of the amino acid sequence in 

the SHIP C-terminus reveals a proline-rich region spanning amino acids 920-1148, with 

SH3-binding domains specifically located at 969-974 and 1040-1051. This was identified 

as a binding site for the SH3 domain of Grb2 (308). In mouse B cells, an interaction 

between SHIP and Grb2 or Grb2-related adaptor protein (GRAP) is required to reinforce 

the association between SHIP and FcγRIIB (298). Grb2 and GRAP are dispensable for 

SHIP-FcγRIIB interaction in human B cells, however an as-yet unidentified protein is 

presumed to play this role (240). 

1.7.4 Regulation of SHIP protein levels 

Inpp5d, the gene encoding SHIP, is constitutively expressed in hematopoietic cells. However, 

SHIP can be regulated by means of micro-RNA (miRNA)-mediated degradation of transcript 

and proteasome-mediated degradation of protein. 

 

Several groups have reported upregulation of miR-155 in various B cell leukemias and 

lymphomas (309, 310). Costinean et al. (311) demonstrated that B cell-targeted transgenic 

expression of miR-155 in mice led to stalled development and accumulation of pre-B cells 

and with time a mixed leukemia-lymphoma phenotype (311). Based on sequence analysis, 

SHIP was among the predicted targets of this so-called “onco-miR”. SHIP was later 

confirmed to be a direct target and a key target of miR-155 in murine B cells (312), human B 

cell lymphoma cell lines (257) and macrophages (313). 

 

Soon after these discoveries, Rushmann et al. (314) reported that SHIP protein levels decrease 

in response to ligation of certain receptors and that this can be blocked by both Src family 
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kinases inhibitors and proteasomal inhibitors. Further investigation revealed that SHIP 

associates with ubiquitin ligases and becomes polyubiquitinated following receptor ligation, 

in a Src family kinase-dependent manner. Thus, a model was proposed whereby 

phosphorylation of SHIP triggers its polyubiquitination and degradation within the 

proteasome (314).  

 

The identification of multiple mechanisms in place to control SHIP activity, including the 

regulation of protein levels described here as well as the allosteric regulation of enzymatic 

activity and recruitment into various complexes described previously suggests that it is of 

central importance to cellular function. Indeed, disruption of SHIP expression or activity can 

have destructive consequences for immune homeostasis, as will be discussed in the following 

section. 

1.7.5 SHIP in autoimmune and inflammatory disorders 

Fcgr2b polymorphisms that result in decreased expression (315) or loss of function (316) of 

FcγRIIB have been associated with human lupus. Several mouse models of spontaneous 

autoimmunity (NZB, MRL, NOD) also share polymorphisms in this gene (317, 318) and the 

phenotype is reversible by transfer of the wt gene (319). FcγRIIB-deficient mice have 

increased susceptibility to collagen-induced arthritis (CIA) (320). Depending on the genetic 

background, FcγRIIB deletion in mice can also cause lupus-like autoimmunity (62, 321) or 

exacerbate spontaneous autoimmunity caused by other genetic factors (322). Transgenic 

expression of FcγRIIB in B cells but not macrophages was protective in murine models of 

CIA and lupus (319, 323).  
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Direct evidence that SHIP, the main effector of FcγRIIB, also plays a protective role in 

autoimmune models was demonstrated more recently. Compared to healthy controls, B cells 

from a subset of Systemic lupus erythematosus (SLE) patients exhibited decreased 

phosphorylation of SHIP (324). Antibodies engineered to crosslink CD19 with FcγRIIB and 

thereby mimic negative signaling were shown to activate SHIP and suppress BCR signaling in 

human B cells from healthy donors (325) and SLE patients (326). Moreover, two murine 

studies demonstrated that natural and antigen-induced anergic B cells have increased basal 

phosphorylation of SHIP (63) and that SHIP expression is required to maintain anergy (63, 

327). Specifically, deletion of SHIP reverses the anergic phenotype in two models of 

tolerance to self-antigen (63, 327), resulting in autoimmunity. Furthermore, a B cell-targeted 

deletion of SHIP was sufficient to cause a severe, spontaneous, lupus-like disease in mice 

(63).  

 

Aside from the “B cell-mediated” autoimmune disorders,  a protective role for FcγRIIB 

and/or SHIP in other cell types has been demonstrated in in vivo models of allergic asthma 

(328), mast cell-mediated allergic reaction (329) and inflammatory lung disease (330). These 

findings have fuelled the development and investigation of small molecule SHIP activators 

(331, 332). Since some of the inhibitory effects of SHIP in B cells may be attributed to 

adaptor functions rather than enzymatic activity, there is a need to continue defining the 

molecular mechanisms governing its function in order to find new and better ways to 

specifically target SHIP in therapeutic settings. 
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1.8 The actin cytoskeleton and B cell signaling 

B cells depend on actin cytoskeleton rearrangements for several processes. The network of actin 

filaments closely associated with the inner leaflet of the plasma membrane, called the cortical 

actin network, serves to control and compartmentalize signaling events involving membrane 

proteins, including the BCR. Additionally, amoeboid-like migration and spreading over antigen-

coated surfaces depend on the ability of growing branched actin filaments to exert an outward 

protrusive force on the cell membrane (333). Migration is essential for B cell homing to tissues 

and lymphoid organs (334) while spreading is an important mechanism for increasing exposure 

to antigen (335). 

1.8.1 Signal initiation 

Antigen binding to BCRs is accompanied by the formation of mobile BCR microclusters from 

which signaling events are initiated. When the antigen is membrane-bound, microclusters can 

be observed to merge and move centripetally toward a central contact zone, even while the 

cell itself is spreading outwards in an effort to gather more antigen (335). The cortical actin 

network is responsible for the spatiotemporal regulation of these processes. It consists of 

branched actin filaments and associated binding proteins and is tethered to the plasma 

membrane through interaction with transmembrane proteins of the ezrin/radixin/moesin 

(ERM) family (336). Treatment with actin depolymerization agent, even in the absence of 

antigen, leads to accelerated BCR diffusion in the membrane and initiation of signaling events 

(337), albeit with slow kinetics (338). Moreover, two different populations of BCRs can be 

observed in a resting cell, a highly mobile population that tends to be found within actin- and 

ezrin-poor regions of the membrane and a population with restricted mobility that tends to be 



45 
 

found within actin- and ezrin-rich regions of the membrane. It was postulated that the 

transiently mobile populations are responsible for the tonic low level signaling that is required 

for mature B cell survival (337).  

 

Cortical actin rearrangements are also critical in signaling in response to both soluble and 

membrane-bound antigens. Both complete F-actin depolymerisation and complete F-actin 

stabilization prior to antigen exposure inhibits BCR microcluster formation (338). Two 

prominent signals contribute to the required rearrangements: conformational change of ERM 

proteins (339, 340) and activation of actin severing proteins (223, 338).  BCR ligation induces 

rapid dephosphorylation of ezrin. This induces a conformational change that triggers 

dissociation of ezrin from both lipid raft domains in the plasma membrane and the cortical 

actin network in the cytoplasm (339). Thus lipid rafts, containing signaling proteins such as 

Lyn kinase, are freed from restriction and become more mobile, supporting their association 

with BCR signaling chains. Uncoupling of cortical actin from the membrane in this manner 

also allows for a transient increase in BCR diffusion rate in the plasma membrane, promoting 

microcluster formation. ERM proteins rapidly reorganize upon BCR ligation to surround and 

support microcluster formation and maturation (340). Moreover, the actin severing proteins 

cofilin and gelsolin localize to BCR microclusters upon antigen exposure (338). Severing of 

cortical F-actin essentially makes space for BCRs to interact with cytoplasmic signaling 

proteins and to coalesce into microclusters. Rap GTPase is a critical upstream activator of 

cofilin and an essential driver of microcluster formation (223).  
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Taken together, the current model postulates the existence of discrete compartments or 

“corrals” underlying the plasma membrane at rest, formed from overlapping F-actin and ERM 

protein networks. These restrict and confine the lateral mobility of the BCR, preventing 

extensive interaction with other groups of BCRs, co-receptors, and membrane associated 

kinases. BCR ligation breaks down these barriers by detaching actin from membrane-bound 

ERM and by activating actin severing proteins. These processes allow for increased BCR 

mobility, association with lipid rafts, coalescence of BCR microclusters and the formation of 

membrane-proximal signaling complexes. Furthermore, F-actin severing serves not only to 

break down a physical barrier to signal initiation, but also to generate free barbed ends. These 

are substrates for branched actin filament formation, which is critical for the B cell spreading 

response (341). 

1.8.2 Branched actin filament formation 

The formation and outward growth of branched F-actin filaments at the cell periphery, when 

anchored further inside the cytoskeleton, pushes the plasma membrane outward. This 

facilitates cell spreading in response to immobilized/membrane bound antigen or lamellipodia 

formation in response to chemokine stimulation (333). Branching is accomplished when the 

actin-related protein 2/3 (Arp2/3) complex binds to free barbed ends of actin filaments and 

nucleates the formation of a new filament at a 70° angle (342, 343). Many of the upstream 

signals induced by BCR or chemokine receptor ligation are common to other cell types 

(Figure 1-8). Wiskott-Aldrich Syndrome Protein (WASP) and neural- (N-) WASP are actin 

nucleation promoting factors that activate the Arp2/3 complex (215, 344). These, in turn, are 

activated by conformational change induced by interaction with GTP-bound Rac and/or 

Cdc42, with PI(4,5)P2 (215, 344, 345) and by direct interaction with adaptor protein Nck 
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(346, 347). In vitro, Rac1 and PI(4,5)P2 only act on N-WASP while Cdc42 acts on both but is 

more effective for WASP (347).  

 

Figure 1-8. Key signals involved in branched actin nucleation. 
Actin nucleation promoting proteins WASp and N-WASp exist in an autoinhibited 
conformation at rest, which can be relieved upon interaction with activated (GTP-bound) 
Cdc42 and/or Rac, PI(4,5)P2 membrane lipid, and Nck adaptor protein. Nck is thought to 
both directly activate WASp/N-WASp and indirectly promote activity by recruitment into 
pTyr-dependent signaling complexes. Tyr phosphorylation also promotes activity. Once 
active, WASp/N-WASp support nucleation of branched actin filaments by the Arp2/3 complex.  
 

One step further upstream, small GTPases are activated by GEFs.  T cell receptor signaling 

induces the phosphorylation of a scaffold protein called SLP-76, homologous to BLNK. 

Phospho-SLP-76 binds both Nck and the Rac-GEF Vav1. Nck binds to and stabilizes WASP 

while Vav1 activates Cdc42. Cdc42 can then further activate WASP, leading to actin branch 

nucleation (348). In B cells, phosphorylated BLNK has been shown to bind both Nck (349) 

and Vav1 (120), thus Nck may promote actin polymerization by this scaffolding function in B 

cells as well, in addition to direct binding and activation of WASP and N-WASP (347). N-

WASP is reported to have very similar functions to WASP in other cell types (345), however 

a recent study indicates this is not the case in B cells (350). WASP was shown to be important 
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for the spreading and BCR clustering phases of B cell response to antigen (351) while N-

WASP was shown to promote the contraction phase, coalescence of microclusters into a 

central cluster for internalization, and signal attenuation (350). In fact, WASP and N-WASP 

suppress each other’s function in BCR-stimulated murine and human B cells (350).  

1.8.3 PI3K signaling and actin 

Deletion of several PI3K effectors has been shown to severely impair both BCR microcluster 

formation and B cell spreading, including PLCγ2, Vav (352), Rac (165) and Btk (17, 213). 

From mechanistic studies, we know that PIP3-binding by Vav promotes Rac1 GTPase 

function, (218, 353, 354), although this might not be a critical mechanism in B cells (181). 

Btk-mediated phosphorylation of Vav does promote its activity in B cells (213), thus 

promoting Cdc42 association with GTP and, subsequently, WASP activation (213). Direct 

phosphorylation of WASP by Btk also activates its actin nucleation activity (351).  

 

SHIP has been shown to negatively regulate WASP phosphorylation in murine B cells, 

presumably by consuming PIP3 thereby limiting the recruitment of Btk (351). In human T 

cells, loss of SHIP leads to increased F-actin content (290). Functionally, SHIP has been 

shown to limit murine B cell spreading on antigen-coated lipid bilayers, a system used to 

mimic the flexibility of a cellular surface coated with antigen (351). Also, inhibition of cell 

motility by SHIP has been demonstrated in neutrophils (355). Whether or not these actin-

inhibitory mechanisms are dependent on phosphatase activity has never been explicitly tested. 

 

On the other hand, SHIP has been shown to support the formation of adhesive contacts in 

macrophages in a phosphatase-dependent manner. It does this by promoting certain integrins 
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to adopt an active conformation (356). SHIP also promotes the formation and/or maintenance 

of actin-rich microvilli in T cells by an unknown mechanism (290). These positive effects 

may be explained by considering the double-edged nature of certain PIP3 binding proteins 

such as Rac1, which in addition to promoting actin nucleation can also activate protein 

phosphatases (357, 358). Alternatively, proteins that are specifically recruited to the SHIP 

product PI(3,4)P2 may promote F-actin polymerization. The tandem pleckstrin homology 

domain proteins (TAPPs) (275) and lamellipodin (153, 359) are two candidates. On the other 

hand, these effects of SHIP may occur entirely independently of its phosphatase activity, 

depending instead on protein-protein interactions not yet characterized. 

1.9 Thesis overview 

1.9.1 Study Rationale 

Leukocyte activity is controlled by balancing activating and inhibitory signals in order to 

generate effective immune responses while avoiding tissue damage and autoimmunity. Here 

we examine an important regulatory circuit in B cells that involves the lipid phosphatase 

SHIP. Functionally, previous studies have revealed much about how SHIP affects cellular 

behaviours. It dampens Ca2+ signaling and thus the expression of Ca2+-regulated genes. It 

inhibits adhesion and migration in certain cell types and regulates B cell spreading and 

microcluster formation. These were important and informative studies, however if the goal is 

to target these effects therapeutically, it is essential to also determine exactly how SHIP is 

carrying out these functions. In many cases, the mechanistic explanations have lagged behind 

the functional descriptions. As is the case in many fields of research, there are certain 

prevalent assumptions that are affecting how scientists and clinicians approach the question of 
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therapeutic targeting. The first specific assumption is that the enzymatic activity of SHIP in 

dephosphorylating PIP3 accounts for most of its functions. This bias remains even after 

several studies have demonstrated important exceptions. Indeed the only current therapeutic 

approaches to targeting SHIP involve direct manipulation of its enzymatic activity. Given the 

number and variety of domains and motifs found in SHIP, it is likely that this protein has 

evolved as a multifunctional regulator that carries out its cellular tasks by several distinct 

means. The dominant mechanism in any given contexts is likely determined by where it is 

directed to go within the cell and which binding partners are expressed and localized along 

with it. The second prevalent assumption in the field is that SHIP is primarily controlled by its 

best described binding partner, the inhibitory receptor FcγRIIB. In the context of BCR-

FcγRIIB co-ligation, the binding of SHIP to FcγRIIB is indeed a dominant mechanism by 

which PIP3 levels and subsequent Ca2+ flux are dampened. However, it will be revealed 

throughout this thesis that SHIP can absolutely be controlled by other means, independent of 

FcγRIIB, a revelation that has been supported by recent literature.  

1.9.2 General hypothesis 

SHIP is a multi-functional signaling protein that is controlled by three inter-related factors: 

interaction with binding partners, phosphorylation and directed subcellular localization. 

1.9.3 Objectives 

My first objective is to describe novel interaction partners of SHIP and the structural 

requirements for these interactions. I accomplish this using co-immunoprecipitation assays 

and surface plasmon resonance screening to selectively investigate proteins involved in 

related signaling pathways and/or those that are predicted to bind to SHIP, with specific 
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emphasis of pTyr-SH2 domain pairs. These represent an important class of inducible and 

reversible interactions commonly triggered by signaling pathways. 

 

My second objective is to examine the role of a novel SHIP phosphorylation site, located at 

Tyr944, with respect to its binding partners and functional outcomes. I examine its interaction 

with adaptor protein Nck, first identified via Biacore screening and now validated by pull-

down assays. I then compare the effects of WT and Y944F mutant SHIP over-expression on 

F-actin and actin-dependent cellular processes in human B cells. 

 

My final objective is to describe FcγRIIB-independent mechanisms by which the subcellular 

localization of SHIP is controlled, as well as to compare the molecular behaviour of SHIP 

with and without FcγRIIB involvement. My main approach employs high resolution imaging 

techniques to objectively quantify SHIP membrane recruitment in human B cells stimulated 

via the BCR +/- FcγRIIB. I assess the effects of structural mutations, pathway inhibitors, and 

expression/phosphorylation of binding partners. 

 

Together, these studies significantly expand our understanding of how SHIP functions in B 

cells and therefore how B cell activation is controlled. Many of the mechanistic insights 

gained likely apply broadly to other immune cell types and open up new avenues for 

therapeutic manipulation of signaling pathways. 
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 CHAPTER 2: DEFINING THE INTERACTION NETWORK 

OF SHIP 

2.1 Specific Introduction 

Interaction partners often change the function of a protein, for example by activating or 

inhibiting its activity or by directing it to a particular subcellular niche. In some cases, the 

interaction is the function, providing a scaffold for the assembly of an operational complex. 

Protein interaction motifs are often “promiscuous”, allowing multiple alternative partners to 

bind, with the order of preference defined by the expression level, accessibility and rate constant 

of the interaction. Thus, the functions of a given protein can vary depending on the cellular 

context. Signal transduction pathways often promote the formation of de novo, transient protein-

protein interactions. This can result following conformational changes such as those occurring in 

GPCRs bound by ligand and by post-translational modifications such as when phosphorylation 

of tyrosine residues create binding sites for specific SH2 and PTB domain-containing proteins. 

Examining the binding partners of a given protein may inform of its function and/or the context 

of its function. Reciprocally, examining the function of a protein may provide clues to its 

interaction network and therefore illuminate the mechanism by which its functions are carried 

out.  

 

Several direct binding partners of SHIP have been identified and validated (Figure 2-1). 

FcγRIIB (286), Dok-3 (294) and DAP12 (289) bind the SH2 domain. Shc1 binds both the SH2 

domain and phosphorylated NPxY tyrosines (292, 293). Grb2 binds the proline-rich region 
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(308). Dok-1 binds the NPxY tyrosines when phosphorylated (305) (Figure 2-1). Still others 

have been proposed but have not yet been validated (360).  

 

Figure 2-1. SHIP interaction partners with defined binding sites. 

Some of these interactions have defined functions or at least models of function supported by 

some experimental evidence. For example, interaction of the SHIP SH2 domain with p-ITIM 

tyrosines in FcγRIIB is thought to recruit SHIP to the membrane, the site of its catalytic substrate 

PIP3 (287, 295). Interaction of the SHIP C-terminus with Dok-1 in sequence brings a RasGAP to 

the membrane to inhibit the MAPK pathway (304). Other interactions have complex or poorly 

defined outcomes. Piecing together molecular mechanisms involving protein-protein interactions 

is tedious work, however a molecular-level understanding of a pathway can guide rational 

targeting strategies for therapeutic intervention. Indeed a new class of therapeutics has recently 

emerged, aimed at blocking protein interaction (361).  

 

In this chapter, we seek to identify binding partners of SHIP and to characterize key interactions 

with respect to the site and strength of interaction.  We were at the outset interested in the 

adaptor protein Bam32, functionally linked to SHIP in mast cells where deficiency in Bam32 

resulted in hypo-phosphorylation of SHIP and exaggerated responses to ligation of the high 
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affinity receptor for IgE (362). We were able to identify an interaction between Bam32 and SHIP 

in B cells in a co-immunoprecipitation assay detected by selective reaction monitoring (SRM), 

however binding was not sufficiently robust to detect via traditional western blotting in our 

hands. Therefore, we broadened our focus to screen for interactions with other proteins 

functionally linked to SHIP or structurally related to Bam32, using a surface plasmon resonance 

(Biacore 2000) platform. A number of interactions of varying apparent strength were identified 

and two were chosen for further analysis: the known interaction between SHIP SH2 and the 

phospho-ITIM peptide of FcγRIIB and a novel interaction between SHIP phospho-Tyr944 and 

the SH2 domain of adaptor protein Nck. The latter phosphorylation event has been reported but 

remains completely uncharacterized. Together, this chapter provides new insights into SHIP 

binding partners and their mechanisms of interaction. 

2.2 Materials and Methods 

2.2.1 Cell lines and reagents 

BJAB cells, a human B cell line derived from a female Burkitt Lymphoma patient (363), and 

a stable cell line derived previously in our laboratory expressing Bam32 with a myc epitope 

tag (364), were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented 

with 10% Fetal Bovine Serum (FBS) and penicillin/streptavidin antibiotics. Stimulations were 

performed using pervanadate, a potent tyrosine phosphatase inhibitor (365) prepared fresh by 

mixing 2.5mM hydrogen peroxide with 0.25mM sodium orthovanadate (final concentrations).  
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2.2.2 Co-immunoprecipitation, western blotting and selective reaction monitoring 

Cells were lysed at equal numbers with 0.5% Nonidet P-40 (Thermo Fisher) lysis buffer 

containing protease and phosphatase inhibitor cocktails (Roche). Lysates were precleared for 

1h at 4°C then incubated for 1h with 2μg (for detection by western blotting) or 10ug (for 

detection by SRM) specific antibody against Myc tag (9E10, Millipore), SHIP (P1C1, Santa 

Cruz), Lyn (44, Santa Cruz), Hck (N-30, Santa Cruz) or SHIP2 (H-300, Santa Cruz). Finally, 

samples were incubated with protein G sepharose beads (GE) for 1h at 4°C for 

immunoprecipitation.  

 

For western blotting, equal volume of precipitate was run on a 10% polyacrylamide gel then 

transferred to nitrocellulose membrane (Bio-Rad). Membranes were probed with anti-SHIP 

(P1C1, Santa Cruz) or anti-Myc tag (4A6, Millipore) primary antibody, then Horseradish 

peroxidase-linked goat anti-mouse IgG (Jackson) secondary antibody, followed by 

chemiluminescence development. 

 

For SRM, proteins were eluted off the beads using 0.1% trifluoroacetic acid (TFA), dried in a 

speed vacuum evaporator and resuspended in 100mM ammonium bicarbonate. Samples were 

reduced by adding 100mM dithiothreitol (DTT) and incubating for 35min at 56°C then 

immediately put on ice. Samples were alkylated by adding 500mM iodoacetamide (IAA) and 

incubating for 20min at room temperature. Excess IAA was neutralized by the addition of 

17.5mM DTT and incubation for 20min at room temperature. Next, the samples were 

incubated with trypsin for 16h at 37°C at a 1:50 ratio of trypsin:protein then frozen, 
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evaporated and reconstituted. The samples were then sent to the Manitoba Centre for 

Proteomics and Systems Biology for SRM analysis, as described previously (366).   

2.2.3 Bioinformatics prediction tools 

Scansite 3, available at http://scansite.mit.edu, was used to identify candidate interaction 

partners of SHIP, using the amino acid sequence from the UniProtKB database as the query 

under high stringency conditions (367, 368). Small matrix assisted ligand identification 

(SMALI), previously available at http://lilab.uwo.ca/SMALI.htm, was used to specifically 

predict SH2 domains likely to interact with phospho-SHIP using the domain scan module 

(369). 

2.2.4 Recombinant proteins 

Recombinant SH2 domains fused to Glutathione-S-transferase (GST) were purchased 

(Thermo Pierce) for Lyn, Hck and Nck and later purified from bacteria for these in addition to 

SHIP, SHIP2 and Bam32. For in-house preparation, pGEX-5x-2 expression vectors (a gift 

from Dr Kazuya Machida) were transformed into competent BL21 E. coli cells (Agilent 

Technologies). Recombinant proteins were purified with glutathione-sepharose beads 

(Amersham Pharmicia Biotech), dialyzed and verified for purity by SDS-PAGE and 

Coomassie blue staining. 

2.2.5 Biacore screening  

For Biacore 2000 assays, biotinylated phospho-peptides (Sigma Aldrich), with sequences 

specified in (Table 2-1), were reconstituted in 50% acetonitrile/water (vol/vol). Peptides were 

diluted to a working concentration of 50nM and injected incrementally on streptavidin pre-

http://scansite.mit.edu/
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coated sensorchip (SA chip, GE) at 5μl/min until 30-50 response units (RU) were captured. 

Recombinant GST-SH2 proteins or GST control (Thermo Pierce) were diluted to a working 

concentration of 50nM in HBS-EP and injected over control surface or peptide surface for 

2min at a flow rate of 10μl/min. Surfaces were then regenerated with two repeated injections 

of 1M NaCl at 50μl/min for 30 seconds, each followed by an extraclean cycle. All reagents 

were filtered through a 0.2μm membrane to remove air bubbles prior to injection. 
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Table 2-1. Phosphopeptides derived from candidate proteins 
Protein name Peptide name Peptide sequence 

Bam32  Y139 EPSIpYESVRVH 

SHIP Y865 REKLpYDFVKTE 

Y915 INPNpYMGVGPF 

Y944 TAWSpYDQPPKD 

Y1022 ENPLpYGSLSSF 

Lyn Y32 ERTIpYVRDPTS 

Y193 DNGGpYYISPRI 

Y194  NGGYpYISPRIT 

Y306  LVRLpYAVVTRE 

Y397 EDNEpYTAREGA 

Y473 PDELpYDIMKMC 

Y508 TEGQpYQQQP 

Hck Y209 NGGFpYISPRST 

Y411 EDNEpYTAREGA 

Y522 TESQpYQQQP 

Nck Y105 GERLpYDLNMPA 

Y268 PQCDpYIRPSLT 

SHIP2 Y671  SRDTpYAWHKQK 

Y886  RERLpYEWISID 

Y986 NNPApYYVLEGV 

Y1135 SEVDpYAPAGPA 

Y1162 LPSDpYGRPLSF 

FcγRIIB (pos control for SHIP) Y292 NTITpYSLLMHP 

PDGFR (pos control for Nck) Y1009 SSVLpYTAVQPNE 
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2.2.6 Biacore steady-state affinity analysis 

Peptides were loaded on SA chip surface to 30-50 RU, as described above. Using the Affinity 

Analysis wizard, four to six dilutions of recombinant GST-SH2 domains were injected 

serially from lowest to highest concentration over peptide and control surfaces. Each was 

injected for 2min at 20μl/min followed by a 2.5min wait period, an injection of 1M NaCl at 

50μl/min for 0.5min for surface regeneration, and a 0.5min stabilization period. At least two 

concentrations were performed in duplicate for each analyte. Analysis was performed using 

Biacore Affinity Analysis software. After subtraction of control surface signal, the averaged 

equilibrium response (Req) is plotted versus concentration of analyte and curve fit to the 

steady-state affinity model (BIAevaluation). The dissociation constant (KD) is calculated as 

the concentration required to reach half the maximal response (Rmax): 

𝐾𝐷 =
1
2
𝑅𝑚𝑚𝑚 

2.3 Results 

2.3.1 Evidence for an interaction between Bam32 and SHIP in B cells 

We performed several co-immunoprecipitation experiments in pervanadate-stimulated BJAB 

cells overexpressing myc-tagged Bam32, however we consistently failed to detect an 

interaction between SHIP and Bam32 by western blotting. (Figure 2-2. Pervanadate is a 

potent tyrosine phosphatase inhibitor, thus treatment of cells with this agent rapidly induces 

phosphorylation of nearly all tyrosine phosphorylation sites within signaling proteins (365). 

We additionally failed to detect the presence of SHIP in Lyn, Hck, and SHIP2 

immunoprecipitates. Importantly, these negative results do not rule out the existence of 
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interactions between these proteins since it is possible that the stimulation or lysis conditions 

are not amenable to binding or that binding is transient or of relatively low affinity. 

 

Figure 2-2. SHIP does not detectably co-immunoprecipitate with Bam32-myc, Lyn, Hck, 
or SHIP2.  
1x107 cells were stimulated with pervanadate for 1-2min, lysed, precleared, incubated with 
targeting antibody as indicated or isotype control antibodies mouse IgG1 (MIgG1) or rabbit 
IgG (RIgG), then precipitated with protein G-sepharose beads. Eluates were separated by 
SDS-PAGE and western blotting was performed with the indicated antibodies. Blot is 
representative of a total of 8 repeated co-IPs in Bam32-myc+ BJAB cells. 

 

We were especially interested in the potential interaction of SHIP with Bam32 due to the 

known functional link (362), therefore we developed a mass spectrometry-based selective 

reaction monitoring (SRM) assay to specifically detect Bam32 in co-immunoprecipitates. 

Compared to western blotting, this is a more sensitive method for detection of protein in 

solution. After digesting with trypsin and separating by high performance liquid 

chromatography (HPLC), the peptides are directed into a time of flight mass spectrometer 

(Q1). Ions with specified mass/charge ratios are directed into a collision cell (Q2) where 

they are further cleaved and send through a second time-of-fight mass spectrometer (Q3) for 

detection. Using purified recombinant Bam32, we identified six tryptic fragments unique to 
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Bam32 that could be distinguished in the tandem MS system by retention time and 

mass/charge ratio (Figure 2-3). These were the fragments directed through Q2. The 

presence of Bam32 in the original solution is confirmed if at least 3 y-transitions are present 

from at least 3 unique tryptic fragments.  Bam32 was confirmed to be present in the SHIP IP 

eluate, the positive control IP eluate (myc-tag IP) and the lysate, but absent in Lyn and 

isotype control mouse (M) and rabbit (R) IgG IP eluates (Table 2-2). 

 

Figure 2-3. Amino acid sequence of Bam32 
 Amino acids 1-280 are shown for human Bam32 protein. Tryptic peptides are 
highlighted in grey. 
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Table 2-2. Multiple reaction monitoring to identify Bam32-Myc in co-IP samples. 

Peptide Retention 
time LC 

Q1 y-
transition 

Q3 IP Ab Lysate 

SHIP Lyn Myc MIgG
1 RIgG  

AELLEGK 14min 380.22 2y4 446.26 
+ - - - - + 2y5 559.34 

2y6 688.39 
DQMSPEP
IR 

15min 536.76 2y6 698.38 
+ - + - - + 2y7 829.42 

2y8 957.48 
VEEPSIYE
SVR 

20min 654.33 2y7 853.44 

+ - + - - + 2y8 950.49 
2y9 1079.5

4 
TGVEADE
WIK 

21min 574.29 2y6 761.38 
+ - + - - + 2y7 890.43 

2y8 989.49 
DSNETTG
LYSLSVR 

23min 771.38 2y8 894.5 
- - + - - + 2y9 995.55 

2y10 1096.6 
FGFNEFSS
LK 

26min 588.29 2y7 824.41 
- - + - - + 2y8 971.48 

2y9 1028.5 
 

2.3.2 Identification of potential SHIP interaction partners using prediction tools 

Although an interaction between SHIP and Bam32 could be detected by co-IP paired with 

SRM, it was not sufficiently robust to detect by standard western blotting in our hands. Thus, 

we set out to broaden our search for candidate binding partners of SHIP using bioinformatics 

tools. Scansite3 (http://scansite3.mit.edu) is an open web tool developed at the Massachusetts 

Institute of Technology that uses results from oriented peptide library and phage display 

experiments to construct position-specific scoring matrices (PSSM). These PSSMs can be 

used to identify protein motifs and determine the probability of any given protein in its 

database binding to that motif (367, 368). This is then converted into a score where a higher 

http://scansite3.mit.edu/
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score is associated with higher probability of binding. For pTyr-SH2 domain interactions, 

positions +1 to +3 relative to pTyr are considered for selectivity. Using high stringency search 

conditions, 29 interactions with 12 unique proteins were predicted (Table 2-3). The hits 

involving phosphotyrosine residues are highlighted in gray. Bam32 was not among the 

predicted interactions, however the cytoskeletal adaptor protein Nck was predicted by bind at 

two sites (bolded), at a proline rich region via its 2nd SH3 domain and at pTyr944 via its SH2 

domain. 
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Table 2-3. SHIP interaction partners predicted by Scansite3. 
Motif in 

 
Motif in partner Partner Score 

Pro127 SH3 CAP 0.6136 

Pro955 SH3 CAP 0.6018 

Pro1135 SH3 Itk 0.5681 

Pro127 SH3 (1st) Intersectin 0.5157 

Pro955 SH3 (3rd) p85 0.5124 

Pro1139 SH3 PLCγ 0.5043 

Tyr915 PTB Shc 0.4748 

Thr1087 Basophillic S/T Kinase Akt 0.4586 

Ser1127 Basophillic S/T Kinase AMP 0.4586 

Pro250 SH3 (1st) p85 0.4559 

Ser971 Pro-dependent S/T kinase Erk1 0.4447 

Pro1141 SH3 Crk 0.4316 

Thr1138 Pro-dependent S/T kinase Erk1 0.4303 

Ser1057 Pro-dependent S/T kinase Erk1 0.4219 

Pro250 SH3 Src 0.4160 

Ser971 Pro-dependent S/T kinase Cdc2 0.4106 

Thr963 Pro-dependent S/T kinase Erk1 0.3953 

Thr1136 Pro-dependent S/T kinase Erk1 0.3933 

Tyr944 SH2 CRK 0.3903 

Thr988 DNA damage kinase DNA PK 0.3844 

Tyr221 Y kin Lck 0.3789 

Thr739 Basophillic S/T Kinase PKC α/β/γ 0.3659 

Tyr1022 PTB Shc 0.3571 

Pro962 SH3 (2nd) Nck 0.3561 

Ser971 Pro-dependent S/T kinase Cdk5 0.3559 

Thr451 DNA damage kinase DNA PK 0.3505 

Tyr944 SH2 Nck 0.3434 

Thr108 Acidophilic S/T kinase Casein 
  

0.3218 

Tyr944 SH2 Abl 0.3116 
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Another web-based prediction tool available is Small matrix assisted ligand identification 

(SMALI), which also uses previously generated results from oriented peptide array library 

screening experiments (370) to determine the probability of a given SH2 domain to bind a 

given phosphopeptide sequence, based on the surrounding sequence (369). The PSSM 

incorporates selectivity information for positions -2 to +4, relative to the pTyr residue. This 

database contains selectivity information for 76 SH2 domains (of the 120 encoded in the 

human genome), a significant improvement on the 14 SH2 domains included in the Scansite 

search. For this, we input the amino acid sequence for SHIP and several SH2 domain 

proteins were identified as candidate interaction partners of various tyrosine residues. Those 

involving known phosphorylation sites are listed in Table 2-4. Higher scores are associated 

with higher probability of binding.  
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Table 2-4. Phospho-SHIP interaction partners predicted by SMALI  
pTyr in SHIP SH2 domain Partner Score 

Y866 

BLNK 1.32 

Tec 1.20 

Txk 1.14 

Nck1 1.13 

Brk 1.07 

Nck2 1.04 

Y915 

Abl1 1.16 

Crk 1.14 

SH2D1A 1.10 

SRMS 1.00 

Y944 

Rasa1 (C-terminal) 1.23 

Nck1 1.16 

BLNK 1.16 

Crk 1.11 

CrkL 1.05 

Tec 1.05 

Nck2 1.01 

Y1022 

Syk (C-terminal) 1.13 

Abl1 1.03 

Crk 1.01 
 

2.3.3 Identification of SHIP interaction partners by a Biacore screening assay  

Along with bioinformatics prediction, we set out to screen our pool of candidates for 

interaction with SHIP experimentally, focusing on pTyr-SH2 domain pairs. We individually 

immobilized each biotinylated phosphotyrosine-containing 11-mer peptide (Table 2-1) on a 



67 
 

streptavidin-conjugated sensorchip surface, then individually injected each SH2 domain 

analyte. Several in vitro binding partners of SHIP were identified by this screening assay and 

are listed in Table 2-5, with the raw sensorgrams shown in Figure 2-4. The response depends 

on refractive index changes on the sensorchip surface, which in turn depends on changes in 

mass at the surface. Since the peptides were immobilized within a fairly tight range of 

response units (RUs) and since the SH2 domains all have approximately the same mass, it is 

possible to compare the relative estimated affinity of each interaction based on the relative 

response at equilibrium. Thus, the interactions in Table 2-5 are ranked based on their relative 

estimated affinity. In total, the SH2 domain of SHIP was screened for binding to all 24 

peptides listed in the Materials and Methods section (Table 2-1) and the four known pTyr 

sites in SHIP were each screened for binding to all six recombinant SH2 domains. Thus, the 

list of 15 positive hits obtained using a cut-off value of 10RU at equilibrium was derived from 

a total of 48 experimental pairings.  
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Figure 2-4. Potential SHIP interaction partners identified in a Biacore screening 
experiment.  
Biotinylated phospho-peptides were immobilized on an SA sensorchip surface to 30-50 RU 
and SH2 domain analytes were injected for 2min. Response (RU, y-axis) is plotted over time 
(sec, x-axis). The response at equilibrium (Req) is indicated for each graph. All are plotted 
to the same scale, except where indicated, to facilitate estimated comparisons. 
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Table 2-5. Interaction partners of SHIP identified by Biacore screening assay  

Motif in 
SHIP 

Motif in 
partner 

Partner Relative binding 

pY944 SH2 Nck ++++ 

SH2 pY292 FcγRIIB +++ 

SH2 pY1135 SHIP2 ++ 

SH2 pY139 Bam32 + 

SH2 pY209 Hck + 

pY865 SH2 Hck + 

pY1020 SH2 Hck + 

SH2 pY193 Lyn + 

SH2 pY194 Lyn + 

SH2 pY306 Lyn + 

pY865 SH2 Lyn + 

pY865 SH2 Nck + 

SH2 pY865 SHIP1 + 

SH2 pY886 SHIP2 + 

pY865 SH2 SHIP2 + 

+  10-50RU 
++ 50-100RU 
+++ 100-200RU 
++++ 200+ RU 
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2.3.4 Biacore affinity analysis of SHIP-FcγRIIB and SHIP-Nck interactions 

Two interactions were chosen for further analysis and comparison of dissociation constant: 

the interaction between SHIP SH2 and FcγRIIB pY292 and the interaction between Nck SH2 

and SHIP pY944 (Figure 2-5). In this assay, phospho-peptide is again immobilized on a 

sensorchip surface then multiple rounds of binding-dissociation are repeated, at increasing 

analyte concentration. The response at equilibrium, normalized to control surface, increases as 

concentration increases, until a plateau is reached. The dissociation constant (KD) is calculated 

to be the analyte concentration required to attain half of the maximal response; it was found to 

be 120nM for both interactions.  

 

 

Figure 2-5. Steady-state affinity analysis of selected interactions.  
Biotinylated-phosphopeptide was captured on an SA sensorchip surface to 30-50RU then 
the Biacore Affinity Analysis wizard was used to inject SH2 domain analyte at increasing 
concentrations, as indicated, with surface regeneration performed after each injection. 
Upper panels show sensorgram overlays and lower panels show response at equilibrium 
for FcγRIIB-SHIP (A) and SHIP-Nck (B) direct interactions. 
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2.4 Discussion 

Our first set of experiments identified Bam32 as a bona fide SHIP interaction partner, as Bam32 

was detected in anti-SHIP co-immunoprecipitates by a custom mass spectrometry-based SRM 

assay. However, we were consistently unable to confirm this finding by the traditional western 

blotting method of detection. This suggests that the interaction between SHIP and Bam32 is 

likely weak and/or transient in our system, and perhaps indirect. Our Biacore screening 

experiments suggests a direct interaction between Bam32 phospho-Y139 and the SH2 domain of 

SHIP can occur, however it appears relatively weak. Since much more robust binding partners 

were identified in this in vitro assay with potentially interesting functional implications, we opted 

not to pursue the Bam32-SHIP interaction any further and focused instead on a newly identified 

interaction between Nck and SHIP involving the SH2 domain of the former and phospho-Y944 

of the latter. This interaction was predicted by both the Scansite3 and SMALI prediction tools 

and the dissociation constant was calculated here to be comparable to the well-characterized 

interaction of SHIP SH2 with FcγRIIB pITIM peptide. The dissociation constant of the SHIP-

FcγRIIB interaction has been reported previously for the murine proteins (295). An interaction 

between SHIP and Nck was reported in a previously published paper as detected by co-

immunoprecipitation in stimulated mast cells (371). The paper describes their binding in the 

context of a larger protein complex, thus it is not clear whether the interaction is direct or 

mediated by other proteins. Our results complement this previous work and further provide 

support for a direct interaction, one mediated by a previously unappreciated phosphotyrosine 

residue in the C-terminus of SHIP. 
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Given the identification of SHIP Tyr944 as a potential site for Nck binding with relatively high 

affinity, we believe it warrants further experimentation. Phosphorylation at this site has been 

reported in mass spectrometry studies (307), but nothing further is known. Previously, only the 

NPxY tyrosine residues in the SHIP C-terminus were recognized as important. This was perhaps 

rooted in results from early T cell receptor signaling experiments demonstrating an abrogation of 

total SHIP pTyr signal in SHIP Y915F/Y1022F double mutant T cells (301). One might be 

tempted to speculate that these two residues are then responsible for close to 100% of the 

tyrosine phosphorylation events in SHIP, leaving no room for Tyr944 phosphorylation. 

However, these experiments were performed in stable cell lines, did not include analysis of other 

tyrosine mutants, and have not been repeated in other cell types. Thus they should not bias 

further investigation in B cells.  

 

According to the bioinformatics tools used here, a total of seven potential SH2 domain 

interaction partners were identified for SHIP Y944. Both Scansite3 and SMALI predicted an 

interaction with Nck SH2. Nck is an important regulator of cytoskeletal dynamics first described 

in non-hematopoietic cells but also functioning in lymphocytes (372). Interaction with Nck may 

explain some of the effects of SHIP on the cytoskeleton. Nck is a potent and direct activator of 

the actin nucleation promoting factors WASP and N-WASP (347). Furthermore, in T cells, the 

SH2 domain of Nck binds to the BLNK-like scaffolding molecule SLP-76, bridging WASP to 

the T cell signalosome (348). It is easy to imagine that disruption of the Nck-SLP76 interaction 

by competition with SHIP might have important functional consequences. 
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Interestingly, examination of the amino acid sequence of human and mouse Y944 reveals a 

potentially important distinction – the presence of a proline residue at Y+3 in human but not 

mouse. Proline residues cause a bend in three-dimentional structure, which could affect binding 

of protein partners. Studies have shown that as far as Y+6 may be important for specific 

interactions (373). There are known differences in the mechanisms employed by human and 

mouse B cells to recruit and retain SHIP to FcγRIIB (240). Species-specific binding preferences 

provide one possible explanation for these differences. 

 

Here, we use two different web tools for prediction SHIP interaction partners, Scansite3 and 

SMALI. These are useful tools for hypothesis building, however the potential for false negatives 

should be considered as a limitation. For instance, the phosphopeptide SHIP2 pY1135 bound to 

SHIP SH2 with the second highest Biacore response in our screening experiment, weaker only 

than ITIM binding. This interaction was not predicted by either web tool, nor does it conform to 

the previously described consensus sequence for SHIP SH2 (95, 370). Of note, Scansite and 

SMALI use information extending to the Y+3 and Y+4 positions, respectively, while specificity 

has been reported to extend as far as Y+6 for some SH2 domains (373). False positive 

predictions can also potentially arise, however only one positive hit was further tested (and 

subsequently confirmed) in our Biacore screening experiment since we limited our screening to 

selected specific candidates. One likely cause of false positives theoretically is negative selection 

against specific residues near the tyrosine, which is not accounted for in either prediction tool. 

For example the presence of a positively charged residue might repel the essential arginine in an 

SH2 domain. It is also important to note that these prediction tools are limited to only a subset of 

SH2 domains for which peptide screening experiments were performed previously. Scansite has 
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prediction information available for only two of our six candidate SH2 domains (SHIP and Nck) 

while SMALI has information for five of six (SHIP, SHIP2, Lyn, Hck, Nck), lacking only 

Bam32 SH2.  

 

Finally, it is vital to keep in mind, both for bioinformatics prediction tools and in vitro assays 

such as Biacore, that a given cellular context may or may not allow for an interaction to occur 

even if strongly predicted or having a high measured affinity. Many additional inter-related 

factors are at play including expression levels, conditions required for tyrosine phosphorylation, 

co-localization within the cell, binding kinetics, and competition with other interaction partners. 

Thus, the identification of an interaction in vitro is not sufficient to conclude the presence of an 

interaction in vivo, nor is it sufficient to extrapolate physiological relevance. Some of these 

factors will be examined in more detail in chapter three (for the Nck-SHIP interaction) and 

chapter four (for the SHIP-FcγRIIB interaction)  
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 CHAPTER 3: A NOVEL PHOSPHORYLATION SITE IN SHIP 

INDUCES BINDING TO NCK AND REGULATES ACTIN 

DYNAMICS IN B CELLS 

3.1 Specific Introduction 

The actin cytoskeleton is a fundamental component of cellular structure and response to 

extracellular cues. It directs such key activities as spreading, migration and adhesion of B 

lymphocytes. These functions are critical to the immune response as B cell trafficking through 

tissues and lymph nodes permits encounter with antigen and B cell spreading produces the 

increased surface area required to gather as much antigen as possible and/or to make maximal 

cell:cell contacts. Both of these processes depend on the induction of branched filamentous actin 

(F-actin) polymerization that drives the cell membrane outward (333).  

 

Many of the upstream signals induced by BCR or chemokine receptor ligation are common to 

other cell types. Wiskott-Aldrich Syndrome Protein (WASp) and neural- (N-) WASp are actin 

nucleation promoting factors that activate the Arp2/3 complex, which bind to existing filaments 

and nucleate a new branch (215, 344). WASP and N-WASp require several signals to become 

fully activated, including binding to active (GTP-bound) GTPases Cdc42 and Rac (347, 374, 

375) and to the SH3 and SH2 domain-containing adaptor protein Nck (347). Tyrosine 

phosphorylation of WASP and N-WASP is also associated with increased activity (376-378). 

Actin severing proteins such as cofilin are proposed to promote extensive branching by 

generating free barbed ends (223), the preferred site of Arp2/3-mediated filament nucleation 
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(379). In B cells, both WASP and N-WASP contribute to cell spreading, however N-WASP was 

demonstrated to play an additional, more dominant role in cell contraction and signal attenuation 

(350). 

 

B cell receptor (BCR) signaling promotes remodelling of cellular F-actin. The rate of peripheral 

F-actin turnover is increased in stimulated cells (223), which likely reflects both continuous 

addition of actin monomers onto growing filaments and continued addition of new branches. 

Phosphatidylinositol 3-kinase (PI3K) is a key signaling enzyme activated upon ligation of the 

BCR. It phosphorylates the membrane lipid PI(4,5)P2 to produce PI(3,4,5)P3. PI(3,4,5)P3-

dependent effector molecules contribute to the actin nucleation pathway by several means. Btk, a 

PIP3-binding tyrosine kinase, phosphorylates Vav, a PIP3-binding guanine nucleotide exchange 

factor, which activates Cdc42 and subsequently WASp (213). Btk also phosphorylates WASP 

directly and contributes to its full activation (351).  

 

Pathways independent of PI3K also play an important role in actin dynamics. The adaptor 

protein Nck is recognized as a crucial link between tyrosine kinase associated receptor signaling 

and localized actin polymerization (380, 381). Nck interacts with WASp (382) and N-WASP 

(383, 384) which serves to recruit them into receptor-associated signaling complexes (348, 385, 

386), in addition to directly activating their actin nucleation activity (347). By contributing to the 

activation of actin nucleation proteins, Nck promotes branched actin formation (346). In 

lymphocytes, Nck is recruited via interaction with phosphorylated scaffolding molecules (348, 

349) or, as more recently demonstrated, via direct interaction with the BCR (177). 
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The lipid phosphatase SHIP is a key regulator of actin dynamics. SHIP-deficiency results in 

increased F-actin content in B cells (351), T cells (290) and neutrophils (355) and more effective 

B cell spreading (351). In B cells, this negative regulatory role of SHIP is proposed to depend on 

hydrolysis of PI(3,4,5)P3, triggering a loss of Btk membrane recruitment (351). However, this 

hypothesis has not been thoroughly examined. Paradoxically, another study showed that primary 

T cells deficient in SHIP had reduced numbers of microvilli and decreased basal motility 

compared to their wild type counterparts (290). These positive effects of SHIP may be explained 

by considering the double-edged nature of certain PIP3 binding proteins such as Rac, which in 

addition to promoting actin nucleation can also activate protein phosphatases (357, 358). 

Alternatively, proteins that are specifically recruited to the SHIP product PI(3,4)P2 may promote 

F-actin polymerization. The tandem pleckstrin homology domain proteins (TAPPs) (275) and 

lamellipodin (153, 359) are two candidates. On the other hand, these effects of SHIP, both 

positive and negative, may occur entirely independently of its lipid phosphatase activity, 

depending instead on protein-protein interactions not yet characterized. 

 

In chapter 2 of this thesis, we identify and characterize a direct interaction that forms in vitro 

between SHIP Tyr944 phosphopeptide and the SH2 domain of Nck, as detected by surface 

plasmon resonance. Here, we provide further support for this interaction in a cellular system and 

provide evidence that Tyr944 is required. Using a fluorescence recovery after photobleaching 

(FRAP) assay, we demonstrate that SHIP overexpression is associated with decreased dynamic 

turnover of fluorescently tagged actin. According to our data, this effect is lost by mutation of 

Tyr944 to phenylalanine (Y944F) or by co-overexpression of Nck. The loss of inhibitory 

function associated with Y944F mutation does not seem to be associated with reduced enzymatic 
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activity or defective recruitment to the cell membrane. Thus we propose instead that SHIP 

inhibits actin dynamics by binding to Nck and disrupting its function in promoting branched F-

actin polymerization.  

3.2 Materials and Methods 

3.2.1 Cell culture and reagents 

Ramos (Ra 1) cells, a human B cell line derived from a male Burkitt Lymphoma patient 

(387), Ramos clonal cell lines expressing FcγRIIB generated and described previously (388), 

and A20 cells, a murine B cell line derived from BALBc mice with reticulum cell sarcoma 

(389), were both cultured in Roswell Park Memorial Institute (RPMI) medium supplemented 

with 10% Fetal Bovine Serum (FBS) and penicillin/streptavidin antibiotics. 50nM 2-

mercaptoethanol was also added to A20 cultures. Stimulations were performed using F(ab’)2 

goat anti-human IgM (Jackson Immunolabs or Southern Biotechnology) or pervanadate, 

which was prepared fresh by mixing 2.5mM hydrogen peroxide with 0.25mM sodium 

orthovanadate (final concentrations). 

3.2.2 Plasmids and transfections  

Actin-pTagRFP vector was purchased from Evrogen and Nck-pCMV6-Entry vector was 

purchased form Origene. Human SHIP-pEGFP-C1 construct was a gift from Dr M. Jücker 

(390). Site-directed mutagenesis was performed using the QuikChange II XL kit (Agilent 

Technologies) to convert Tyr944 to phenylalanine (Y944F) with the following primers: 

 5’-ACAGCCTGGAGCTTCGACCAGCCGC-3' 

5'-GCGGCTGGTCGAAGCTCCAGGCTGT-3' 
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Mutagenesis was confirmed by sequencing (Robarts Research Institute). Transfections were 

performed using the Neon® transfection system (Invitrogen) to electroporate 5x106 cells per 

100μl reaction with 20μg SHIP vector and/or 10μg Actin pTagRFP. Cells were cultured in 

antibiotic-free medium and used for experiments 24-48h post-transfection. 

3.2.3 Generation of stable cell lines 

Expression vectors were linearized by single cutting with Mlu1 enzyme (New England 

Biolabs) and, after purification using QiaQuick columns (Qiagen) and verification by agarose 

gel electrophoresis, transfected into Ramos cells. After 24h, Geneticin (Thermo Fisher) was 

added at 1.5mg/ml for drug selection. After 1-2 weeks, cells were sorted by fluorescence 

activated cell sorting (FACS) using a FACSAria III cell sorter (BD) then cloned into 96-well 

plates after a brief rest period. Once single cell colonies were visible, EGFP expression was 

verified by flow cytometry and EGFP or SHIP-EGFP expression was verified by western 

blotting using anti-EGFP antibody (4B10, Cell Signaling Technologies).  

3.2.4 GST pull-downs 

Cells were stimulated with either pervanadate or anti-IgM, then lysed in equal numbers with 

0.5% Nonidet P-40 (Thermo Fisher) lysis buffer containing protease and phosphatase 

inhibitor cocktails (Roche). Lysates were precleared with glutathione-sepharose beads prior to 

pull-down with fresh beads plus recombinant Nck-GST or GST control (Abnova). Eluates 

were separated by SDS-PAGE using precast 4-15% polyacrylamide gradient gels (Bio-Rad), 

transferred to nitrocellulose membrane (BioRad) and probed with anti-SHIP (P1C1, Santa 

Cruz) or anti-BLNK (3587, Cell Signaling Technologies) antibody. Horseradish peroxidase-
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linked goat anti-mouse (Jackson) or anti-rabbit (Cell Signaling Technologies) IgG was used 

as secondary antibody, followed by chemiluminescence development. 

 

3.2.5 FRAP assay for actin turnover 

Transfected cells expressing actin-TagRFP together with either EGFP, SHIP-EGFP or 

Y944F-EGFP were adhered for 30min on coverglass surfaces coated with 10μg/ml anti-IgM. 

Cells were mounted on a stage-top incubator and three peripheral regions of interest (ROIs) 

were chosen for photobleaching using a 405nm laser (100% intensity, 100ms, Rapp 

OptoElectronic) concurrent with confocal imaging on a Zeiss AxioObserver spinning disc 

microscope. TagRFP signal intensity within the bleached ROI was normalized to intensity 

values from an unbleached control region of the same cell. The curves were also y-

transformed to (0,0) at t=0 (bleaching event) so that individual recovery curves begin at the 

intensity minimum. Each group of recovery curves were then fit to the following equation, 

with the constraint that Yo=0: 

𝑌 = 𝑌𝑜 + (𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑌𝑜) ∗ (1 − 𝑃−𝐾∗𝑚) 

The rate constant (K) was derived by nonlinear regression analysis using GraphPad Prism 

software. 

3.2.6 Membrane recruitment assay 

FcγRIIB+ Ramos cells were serum-starved at 1x106/ml for 3h. Stimulations were performed in 

a cell culture incubator and stopped with 2% ice cold paraformadahyde (PFA). Membrane 

recruitment was measured by co-localization analysis in ImageJ. The Cell Outliner plugin was 

used to define individual cells and the Colocalization Indices plugin was used to calculate 



81 
 

Pearson’s coefficient of correlation between green and red signals. The red signal arises from 

the membrane marker fmem. The green signal arises from ectopic EGFP control or EGFP 

fused to SHIP protein. 

3.2.7 Intracellular staining 

For PI(3,4)P2 staining, cells were incubated at 1x107/ml in warm PBS with LIVE/DEAD 

Fixable Aqua stain (Molecular Probes) at 1:1000 dilution for 20min at 37°C and 5% CO2, 

then centrifuged and resuspended in the same volume RPMI. After a 30min recovery period, 

cells were stimulated with F(ab’)2 anti-IgM then fixed and permeabilized with BD Fix/Perm 

solution (BD Biosciences) for 20min on ice. Cells were incubated with anti-PI(3,4)P2 

(Echelon) diluted to 1:200 for 1h at room temperature, followed by Alexafluor647-conjugated 

goat anti-mouse IgG secondary antibody (Life Technologies) diluted to 1:500 for 30min at 

room temperature. Detection was performed by flow cytometry. 

 

For F-actin staining, spread cells were fixed with 2% PFA for 30min on ice and permeabilized 

with 0.1% saponin for 10min at room temperature. Cells were incubated overnight at 4°C 

with Alexafluor647-Phalloidin diluted to 1:100. Detection was performed by confocal 

microscopy and quantitation was performed using ImageJ software. 

3.2.8 Spreading assay 

8-well coverglass bottom slides (Nunc) were coated with 5μg/ml F(ab’)2 anti-IgM overnight at 

4°C then washed in PBS followed by RPMI. 40-44h post-transfection, EGFP+ transfected 

cells were purified by FACS and rested a minimum of 2h in a cell culture incubator. Cells 

were then transferred to coated surfaces at 5x104 cells per well and incubated for 30min. 
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Spreading was stopped by transfer to ice and addition of 2% PFA. After washing and F-actin 

staining, cells were imaged on a confocal microscope. Cells were traced based on red signal 

using the Cell Outliner plugin for ImageJ and the relative surface area was quantified. 

3.2.9 Statistical Analysis 

GraphPad Prism software was used for all statistical analyses and comparisons. For all 

figures, *=p<0.05, **=p<0.01, ***=p<0.001 and ****=p<0.0001. 

3.3 Results 

3.3.1 SHIP interacts with the cytoskeletal adaptor protein Nck 

In chapter 2 of this thesis, we reported an interaction between phospho-Y944 of SHIP and the 

SH2 domain of Nck, detected in an in vitro Biacore 2000 assay. To validate this interaction in 

a cellular system, we stimulated cells with the potent tyrosine phosphatase inhibitor 

pervanadate, lysed them and performed pull-down assays using recombinant Nck-GST. In 

both murine A20 and human Ramos cells, endogenous SHIP protein was able to bind Nck-

GST and was detected by western blotting (Figure 3-1). BLNK was used as a positive control 

since it is known to interact with the Nck SH2 domain (120). 
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Figure 3-1. Endogenous SHIP binds recombinant Nck-GST.  
A20 (left) or Ramos cells (right) were stimulated for 2min with pervanadate, lysed then 
incubated with GST control or recombinant Nck-GST. Glutathione sepharose beads were 
used to pull-down binding partners, which were detected by SDS-PAGE and western 
blotting for SHIP and BLNK. Blots are representative of at least two repeated 
experiments in each cell line. 

 

To define the dependence on BCR stimulation and the contribution of Y944, we developed 

clonal cell lines which overexpress EGFP, SHIP-EGFP or SHIP Y944F-EGFP (Figure 

3-2A) and performed GST pull-down experiments in unstimulated and BCR-stimulated cells 

(Figure 3-2B). Background binding to GST control was high, however in one experiment 

SHIP-EGFP bound to Nck-GST appreciably more than to GST control. The interaction was 

observed only after stimulation through the BCR and it was greatly reduced when Y944 was 

mutated to phenylalanine (Figure 3-2). 
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Figure 3-2. Interaction between SHIP and Nck is stimulation-dependent and supported 
by Tyr 944. 
(A) Clonal cell lines expressing SHIP-EGFP (S), SHIP Y944F-EGFP (YF) and EGFP (E) 
were lysed. Western blotting was performed with anti-EGFP antibody. (B)The indicated 
clonal cell lines were left unstimulated or stimulated with 10µg/ml F(ab’)2 anti-IgM for 5min 
then lysed. Lysates were incubated with recombinant Nck-GST or GST control. The binding 
fraction was separated with glutathione-sepharose beads and subjected to SDS-PAGE 
followed by western blotting with anti-EGFP antibody. Note that SHIP-EGFP can be 
identified above background in stimulated cells expressing WT SHIP but not in unstimulated 
cells or those expressing SHIIP Y944F. 
 

3.3.2 SHIP inhibits actin turnover by a mechanism seemingly dependent on Tyr944 

Since our data supports that Tyr944 is the major motif required for interaction of SHIP with 

Nck and since Nck is a regulator of the actin cytoskeleton, we aimed to determine the effects 

of SHIP overexpression on F-actin turnover and the requirement for Y944. We adopted an 

assay previously developed in the laboratory of Dr Michael Gold that allows for direct 

visualization and measurement of fluorescently-tagged actin turnover in live cells by FRAP 

(223). We transiently transfected cells to express actin-TagRFP plus either EGFP control, 

SHIP-EGFP or SHIP Y944F-EGFP, then allowed them to spread on anti-IgM-coated 
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coverglass for 30-40min. Live cells were kept in a stage-top incubator with temperature, 

humidity and CO2 control and imaged at high magnification and high-resolution with a 

spinning-disc confocal microscope. Three regions of interest (ROIs) were chosen at the 

periphery of EGFP+ cells, where actin is assembled into filaments and theoretically turning 

over to promote cell spreading over the antigen-coated surface. A high intensity, 405nm laser 

was directed to the ROIs, which locally bleached the fluorescent signals. The cells were 

imaged as the bleached regions recover their fluorescence over time. The kinetics with which 

the TagRFP fluorescence signal recovered reflects the rate of tagged-actin turnover. We found 

that SHIP-EGFP overexpression was associated with slower actin turnover relative to control 

EGFP, as indicated by a decrease in the rate constant of fluorescence recovery. The reduction 

was not seen in cells overexpressing SHIP Y944F-EGFP (Figure 3-3). This was statistically 

significant and consistently observed in four independent experiments. 
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Figure 3-3. SHIP inhibits actin turnover rate in a Tyr944-dependent manner.  
(A) Example cells, (B) representative recovery curves and (C) rate constant 
quantification pooled from four independent FRAP experiments (48 bleaching events 
total per group). Ramos cells were co-transfected with actin-TagRFP2 plus either EGFP, 
WT SHIP-EGFP or Y944F SHIP-EGFP and spread on anti-IgM for 30-40min before 
photobleaching of peripheral ROIs. Rate constants and p values were obtained by 
nonlinear regression analysis. 
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3.3.3 Effect of SHIP-EGFP on actin turnover is overcome by co-overexpression of Nck 

If the proposed function of SHIP in slowing actin turnover is accomplished by binding to Nck 

as we predict, then we would expect than co-overexpression of Nck would abrogate the effect 

of SHIP overexpression. This is indeed what we observed in two independent experiments 

(Figure 3-4). Since the Nck expression vector had no fluorescent indicator it was transfected 

at a ratio of 3:1 relative to EGFP/SHIP-EGFP expression vector to ensure that most EGFP+ 

cells also received the Nck vector. 

 

Figure 3-4. Co-overexpression of Nck abrogates the inhibitory effect of SHIP-EGFP 
on actin turnover. 
Ramos cells were transfected with Actin-TagRFP2 plus either EGFP or SHIP-EGFP and 
a 3x excess of Nck. Spreading and photobleaching were performed as in Figure 3-3. (A) 
Representative recovery curves. (B) Rate constant quantification pooled from two 
independent experiments with 24 bleaching events total per group. Rate constants and p 
values were obtained by nonlinear regression analysis. 

3.3.4 SHIP membrane recruitment and enzymatic activity are not diminished by 

Y944F mutation 

The observation made here that Y944 is required for the function of SHIP in slowing actin 

turnover could potentially be explained if this tyrosine residue was important for localization 

of SHIP to the cell periphery or if it somehow inhibited the catalytic activity of SHIP. 
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To address the effect on localization, we co-expressed either WT or Y944F SHIP-EGFP along 

with a red fluorescent membrane marker in FcγRIIB+ Ramos cells. The cells were stimulated, 

fixed, and imaged by confocal microscopy. Membrane localization was quantitatively 

assessed by Pearson’s coefficient, which measures the overlap between green and red signals. 

Both WT and mutant forms are induced to accumulate at the plasma membrane upon 

stimulation through the BCR (F(ab’)2 anti-IgM) or through co-ligation of the BCR with 

FcγRIIB (Intact anti-IgM, Figure 3-5A). Both forms of SHIP-EGFP could be recruited to a 

similar extent.  

 

To address the effect on catalytic function, Ramos cells were transiently transfected with 

EGFP, SHIP-EGFP, or SHIP Y944F-EGFP, stimulated via the BCR, and stained with an anti-

PI(3,4)P2 antibody as well as a fixable viability dye. As expected, SHIP-EGFP overexpression 

resulted in increased PI(3,4)P2 production upon stimulation, relative to EGFP control. 

Overexpression of the mutant version had the same effect, perhaps even more potently, 

demonstrating no evidence that enzymatic activity is impaired by Y944F mutation. Further 

repeated experiments will determine if this result is supported by statistical comparison.  
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Figure 3-5. Mutation of Tyrosine 944 to phenylalanine does not impair membrane 
recruitment of SHIP or its PIP2-hydrolyzing function. 
(A) Transiently transfected, FcγRIIB+ Ramos cells expressing WT or Y944F SHIP-EGFP 
and red membrane marker were stimulated in a cell culture incubator for 5min, fixed and 
imaged by confocal microscopy. Representative images and quantitation of green/red 
colocalization by Pearson’s coefficients are shown, analyzed for 14 cells per condition by 
one-way Anova using GraphPad Prism. Asterisks indicate statistical significance relative 
to unstimulated control in the same group. (B) Transiently transfected Ramos cells 
expressing EGFP, SHIP-EGFP or SHIP Y944F-EGFP were stained with a fixable 
viability dye (AmCyan), stimulated with F(ab’)2 anti-IgM, fixed, stained for intracellular 
PI(3,4)P2 lipid and analysed by flow cytometry. Graph shows normalized PI(3,4)P2 
staining intensity gated on EGFP+, AmCyan- population.  

3.3.5 Overexpression of SHIP-EGFP has no measurable effect on cell spreading in a 

transient transfection system 

To test the functional consequence of SHIP’s role in slowing actin turnover in Ramos cells, 

we performed a cell spreading assay. Here, a coverglass surface is coated with anti-IgM and 

transiently transfected, FACS purified cells are allowed to adhere for 30min before fixation 
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and phalloidin staining, which binds specifically to F-actin. We find no difference in either 

total area of spreading or total F-actin staining intensity between controls cells and cells 

overexpressing WT or mutant SHIP-EGFP (Figure 3-6). 

 

Figure 3-6. Overexpression of SHIP-EGFP has no measurable effect on Ramos cell 
spreading. 
Transiently transfected Ramos cells expressing the indicated construct were sorted by FACS, 
rested a minimum of one hour, then spread on anti-IgM coated coverglass surfaces. 
Following fixation and permeabilization, cells were stained with Alexafluor647-Phalloidin 
and imaged on a confocal microscope. Relative area and Phalloidin intensity were measured 
using ImageJ. Representative cells (A) and quantitation of relative area (B) and F-actin 
content (C) are shown. Statistical analysis was performed by one-way Anova test using 
GraphPad Prism software. 

 

3.3.6 Cell viability after transfection is variable and vector-dependent 

Several experiments were performed to examine potential mechanisms by which SHIP might 

affect actin turnover in a Y944-dependent manner. These include flow cytometry-based 

measurements of WASP and N-WASP phosphorylation and F-actin content after stimulation. 

Further functional assays were also performed, including chemokinesis experiments and 

spreading assays in other cell lines. The results were inconsistent between experiments, thus 

are inconclusive to date and are not shown here. These inconsistencies may be explained by 

variability in cell viability after transfection. As shown in Figure 3-7A, EGFP-expressing 
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transfected populations had more surviving cells compared to SHIP-EGFP and SHIP Y944-

EGFP-expressing transfectants, and even proliferated over the course of 24h in some 

experiments. When compared directly, SHIP-Y944F vector had a more profound negative 

effect on cell viability compared to the WT version (Figure 3-7B). We also consistently 

observed dimmer expression of SHIP Y944F-EGFP compared to WT SHIP-EGFP 

(observation, not shown). 

 

Figure 3-7. Cell viability is negatively affected by transient transfection with SHIP and 
Y944F constructs. 
Ramos cells transiently transfected with the indicated pEGFP-C1 construct were cultured 
at 5x105/ml for 18-24h then counted with a hemocytometer using trypan blue to exclude 
dead cells. Each dot represents an independent transfection. Percent surviving cells were 
compared by a paired one-way Anova (A) or by a paired t-test (B) using GraphPad 
Prism software. 

 

Measures taken to overcome these differences, including FACS sorting based on forward and 

side scatter and the inclusion of a viability indicator, were insufficient to instill confidence in 

the results since cells in early stages of apoptosis cannot be excluded by these methods.  The 

differences in cell viability observed in the current experimental system make it difficult to 

assess the differential effects of SHIP and SHIP Y944F on cellular signaling and function. 

Caution is also required in the interpretation of FRAP experiments presented earlier, however 

for this experiment it was possible to select morphologically normal, well-spread cells from 

each group prior to manipulation and measurement. 
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3.4 Discussion 

Our data supports the existence of a SHIP-Nck complex that is induced to form in B cells upon 

stimulation and that depends, at least in part, on Tyr944 of SHIP. In a FRAP assay, we 

demonstrate a role for SHIP in slowing actin turnover. This function is apparently lost with either 

mutation of Tyr944 to Phe or with co-overexpression of Nck. The dependence on Tyr944 does 

not seem to be due to an effect on SHIP localization or catalytic function, although further 

experimentation is required to substantiate this finding. Experiments so far fail to demonstrate a 

functional effect of SHIP or SHIP Y944F overexpression on B cell spreading, however 

shortcomings of the transient transfection system currently used may be a limiting factor in the 

detection of potential differences. The limitations of the current system include differences in 

cell viability after transfection with different expression vectors, as well as the fact that SHIP is 

expressed endogenously in these cells at relatively high levels. The over-expression that is 

achieved over and above endogenous expression may not be sufficient to detect overall changes 

in function.  

 

Importantly, the key data demonstrating an interaction between SHIP and Nck and 

demonstrating a differential effect of SHIP WT and Y944F on actin turnover are less vulnerable 

at least to the cell viability issue. For the interaction studies, this is true because they are 

performed in stable cell lines expressing similar levels of exogenous protein. For the Actin 

FRAP experiments, this is true because morphologically normal, viable and well-spread cells 

from each condition can be visualized and chosen for further photobleaching and analysis 

without experimental bias. 
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We have provided evidence that Tyr944 of SHIP is linked to the actin cytoskeleton physically 

through interaction with cytoskeletal adaptor protein Nck and functionally by supporting the role 

of SHIP in slowing actin turnover. At this point, two major points remain to be confirmed: the 

presence of this complex in vivo and the link between its existence and the proposed functional 

consequence. GST pull-down experiments support the ability of SHIP and Nck to interact in a 

cellular context, however these experiments were performed either after non-physiological 

stimulation with pervanadate or in BCR-stimulated cells with non-physiological levels of 

overexpressed SHIP and recombinant Nck. Further experimentation should be performed to 

confirm the presence of a SHIPpY944-Nck SH2 interaction in vivo. The demonstration that 

SHIP-EGFP overexpression is no longer associated with slower kinetics of actin turnover when 

Nck is co-overexpressed is consistent with our hypothesis that binding of SHIP to Nck is the 

mechanism by which SHIP alters the cytoskeleton, or at least that it lies somewhere upstream. 

 

One could imagine several reasons why mutation of Tyr944 could result in loss-of-function of 

SHIP with respect to its effect on actin. First, Tyr944 could be important in localizing SHIP to 

the plasma membrane where it can access and hydrolyze its substrate PIP3. Our data does not 

support this hypothesis since SHIP Y944F-EGFP is recruited to the membrane as well as WT 

SHIP-EGFP. Second, Y944 could somehow promote enzymatic activity either directly by some 

cross-domain allosteric mechanism or indirectly by directing it to specific PIP3-containing 

membrane compartments via binding partners. Our preliminary data does not support this 

hypothesis either, since SHIP Y944F-EGFP overexpression results in an equivalent or even 

greater increase in stimulation-induced PI(3,4)P2 production over control transfectants, compared 

to WT SHIP-EGFP overexpression. Although further supporting experiments are required, it is 
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tempting to speculate that mutation of Y944 may uncouple SHIP from the cytoskeleton by 

releasing it from Nck. This might result in more “free” SHIP molecules available for PIP3 

hydrolysis, which could account for the qualitative increase in PI(3,4)P2 production observed and 

perhaps the increased cell death. 

 

The specific mechanism by which SHIP binding to Nck disrupts actin turnover can be speculated 

based on previous studies. The SH2 domain of Nck is known to bind to phosphorylated BLNK, a 

molecular scaffold that binds several BCR signaling proteins. The model below (Figure 3-8) 

illustrates how pSHIP could compete with pBLNK for Nck SH2 and inhibit downstream 

signaling events. The BLNK-related molecule SLP-76 has been shown in T cells to bind both 

Nck SH2 and the guanine nucleotide exchange factor Vav upon T cell receptor stimulation. Nck 

recruits WASP into the signalosome while Vav recruits and activates Cdc42. Cdc42 can then 

activate the actin nucleation function of WASP, inducing branched actin formation (348). 

Although an equivalent process has not been extensively characterized in B cells, it is likely to 

occur since BLNK, like SLP-76, inducibly associates with both Nck and Vav (120). 

Furthermore, Nck can directly activate both Cdc42 and Rac if brought into proximity (347). 

Thus, our model predicts that SHIP inhibits actin polymerization by excluding Nck from the 

BCR signalosome. This model depends not on the catalytic activity of SHIP but rather on an 

adaptor function of a novel tyrosine phosphorylation site, Y944. 
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Figure 3-8. Model demonstrating how binding of SHIP to Nck via Y944 could inhibit 
F-actin dynamics. 
Upon BCR ligation, a large complex of signaling molecules forms, known as the 
signalosome. A key scaffolding molecule in this complex is BLNK. Phosphorylated BLNK 
binds Nck via its SH2 domain. Nck associates with WASP/N-WASP, promoting an active 
conformation and bridging these actin nucleation promoting factors to the signalosome. 
By providing an alternative binding site for the Nck SH2 domain, SHIP phospho-Tyr944 
may inhibit this function of Nck and subsequently inhibit nucleation of branched actin 
filaments. 

 

In brief, the data presented here supports that an interaction is induced to form between SHIP 

and the cytoskeletal adaptor protein Nck by way of Tyr944, a newly described tyrosine 

phosphorylation site in SHIP. Furthermore, our data suggests that SHIP inhibits actin turnover in 

a manner dependent on Tyr944 and seemingly independent of its inositol polyphosphatase 

enzymatic activity. Although the physiological consequences of Tyr944 phosphorylation are as-
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yet unclear, these results provide exciting justification for further characterization of this site and 

its contribution to SHIP function in lymphocyte signaling.  
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 CHAPTER 4: CONTROLLING THE INTRACELLULAR 

LOCALIZATION DYNAMICS OF SHIP 

4.1 Specific Introduction 

Activation of immune cells is controlled by an intricate balance of activating and inhibitory 

signals, which collectively direct effective immune responses while avoiding damage to self 

tissues. Understanding how activating and inhibitory signals are balanced requires a detailed 

determination of the multiple inputs controlling activity of regulatory signaling molecules. Many 

of the fundamental signaling pathways leading to B cell activation via the BCR have been 

elucidated, however the integration of activating and inhibitory signaling mechanisms are still 

not well understood.  

 

The BCR signaling chains Igα and Igβ each contain two ITAMs that can be phosphorylated upon 

receptor cross-linking by the Src family kinase Lyn and, in some contexts, Syk (103, 105). 

Doubly phosphorylated Igα/β ITAMs provide binding sites for Syk, thereby initiating its 

activation (104). These two early signaling kinases phosphorylate a variety of target proteins, 

initiating multiple independent and overlapping signaling cascades, ultimately resulting in 

activation of the B cell (105). One key Syk-dependent pathway is the PI3K pathway. Upon BCR 

ligation, Syk phosphorylates CD19 and BCAP, providing binding sites at the membrane for class 

IA PI3K adaptor subunits (142, 158). PI3K catalytic subunits then convert the membrane lipid 

phosphoinositol 4,5-bisphosphate (PI(4,5)P2) to the second messenger phosphoinositol 3,4,5-

trisphosphate (PI(3,4,5)P3) (147), which is of critical importance for cell proliferation, survival, 

antigen presentation, class switching and migration (158)  
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Late in the immune response, both in the context of a protective response to pathogens or a 

pathological response to self-antigen, complexes of antigen and previously-generated IgG are 

present and can co-ligate FcγRIIB along with the BCR (236). This leads to phosphorylation of 

ITIM tyrosines in FcγRIIB and subsequent recruitment of SH2 domain containing inositol-5’-

phosphatase (SHIP) (239). SHIP controls the accumulation of PI3K products at the plasma 

membrane by converting PI(3,4,5)P3 to PI(3,4)P2 (150, 265). SHIP was found to mediate most of 

the inhibitory functions of FcγRIIB in B cells (240). Together these findings established the 

paradigm that SHIP recruitment to the ITIM of FcγRIIB is a dominant mechanism controlling 

SHIP activity and thus B cell activation via the PI3K pathway. Since both FcγRIIB and SHIP are 

implicated in control of autoreactive B cells (62, 63) this regulatory circuit is critical. However 

SHIP is also phosphorylated and functional after triggering activating receptors such as cytokine 

receptors and the BCR, indicating that it can also function independently of FcγRIIB (150, 265). 

 

SHIP recruitment to the plasma membrane is required for its function in hydrolyzing PIP3 

substrate, and the current model predicts that inhibitory receptor engagement enhances SHIP 

membrane recruitment via phoshorylated ITIMs.  Unexpectedly, we find here that after BCR 

stimulation SHIP is indistinguishably recruited to the plasma membrane in the presence or 

absence of FcγRII co-ligation, however FcγRII co-ligation impacts the mobility of engaged SHIP 

molecules once at the cell surface based on fluorescence recovery after photobleaching (FRAP) 

analysis.  BCR-induced membrane recruitment requires the SH2 domain of SHIP and an intact 

C-terminus containing tyrosine phosphorylation sites and proline rich region, while with 

FcγRIIB co-ligation SHIP recruitment becomes less dependent on the C-terminal region. The 

kinase activity of Syk is strictly required for SHIP recruitment in either stimulation context, and 
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for the association of SHIP with another well-characterized binding partner. Together our 

findings provide new insight into the regulation of SHIP by BCR and FcγRIIB and identify a 

novel and essential role for Syk kinase as an upstream regulator of SHIP. 

4.2 Materials and Methods 

4.2.1 Cell culture and reagents 

Ramos clonal cell lines expressing full length or cytoplasmic truncated FcγRIIB were 

generated previously (388). A20 cell culture conditions are described elsewhere (205).  

Primary human B cells were isolated from healthy donor blood using the EasySep Direct B 

cell Isolation Kit (Stem Cell Technologies) and were rested 1h before manipulation. Where 

indicated, coverglass slides were coated with 5μg/ml fibronectin (FN, Sigma Aldrich) 

overnight at 4°C. Stimulations were performed using goat anti-human IgM or goat anti-mouse 

IgG antibodies (Jackson Immunolabs and Southern Biotechnology) at 10μg/ml (F(ab’)2) or 

20μg/ml (intact). Inhibitors used were as follows: 3AC (10μM, Calbiochem, GDC-0980 (1 

μM, Selleck Chemicals), Bafetinib (1μM; Selleck Chemicals), PP2 (10μM; Sigma Aldrich), 

R406 (10μM; Selleck Chemicals) and GS-9973 (5μM; Selleck Chemicals). Vehicle controls 

were used at the same dilution and consisted of ethanol (Commercial Alcohols) for 3AC or 

DMSO (Sigma) for all others. 

4.2.2 Plasmids and transfections 

Human SHIP-pEGFP-C1 construct was a gift from Dr M. Jücker (390). The membrane 

marker used was pmKate2-f-mem (Evrogen), where f-mem is a 20 amino acid farnesylation 
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signal from c-Ha-Ras (391). Site-directed mutagenesis was performed using the QuikChange 

II XL kit (Agilent Technologies). Primer sequences are as follows:  

SH2 domain inactivated SHIP R31G (293):  

5’-GAGCTTCCTCGTGGGTGCCAGCGAGTC-3’ 

5'-GACTCGCTGGCACCCACGAGGAAGCTC-3’;  

Phosphatase –deficient SHIP D673G (278, 392):  

5'-CCTTCCTGGTGTGGCCGAGTCCTCTGG-3' 

 5'-CCAGAGGACTCGGCCACACCA GGAAGG-3';  

For truncated SHIP 909Trunc, a stop codon was introduced using  

3’-GTGGCTCCAGCATCACTTAAATCATCAACCCCAAC-5’ 

3’-GTTGGGGTTGATGATTTAAGTGATGCTGGAGCCAC-5’. 

All newly generated constructs were verified by sequencing (Robarts Research Institute). 

Transient expression of constructs was achieved using the Neon® transfection system 

(Invitrogen) to electroporate 5x106 cells per 100μl reaction with 20μg SHIP vector and/or 

10μg pmKate2-f-mem. Cells were cultured in antibiotic-free medium and used for 

experiments 18-24h post-transfection. 

4.2.3 Membrane recruitment experiments 

For live cell imaging experiments, transfected cells were plated at 1x105/well on uncoated 

(A20) or fibronectin-coated (Ramos) coverglass slides, mounted in a stage-top incubator and 

stimulated while imaging on a Zeiss AxioObserver spinning disk confocal microscope. For 

fixed cell experiments, cells were serum-starved at 1x106/ml for 3h (Ramos) or 1h (primary 

cells) and inhibitors were added during the final hour. Stimulations were performed in a cell 

culture incubator and stopped with 1-2% ice cold paraformadahyde (PFA). Membrane 
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recruitment in transfected cell lines was measured by co-localization analysis in ImageJ. The 

Cell Outliner plugin was used to define individual cells and the Colocalization Indices plugin 

was used to calculate Pearson’s coefficient of correlation between green and red signals. The 

red signal arises from the membrane marker fmem. The green signal arises from either ectopic 

EGFP or anti-SHIP staining using anti-SHIP (P1C1, Santa Cruz) as primary antibody at 1:200 

plus goat anti-mouse Alexafluor 488 (Molecular Probes) as secondary antibody at 1:500.  

 

Membrane recruitment in primary cells was estimated using a modification of the previously 

described “maximal method” (205). Briefly, for each cell the maximal intensity membrane 

pixel (within 2 pixels of the cell edge) is divided by the average pixel intensity of the entire 

cell to calculate a maximal membrane/average pixel intensity ratio. 

4.2.4 Statistical Analysis 

Correlation coefficient data from 10 cells per condition (live cell time courses) or 20 cells per 

condition (fixed cell imaging) were analyzed by ANOVA to identify any significant 

differences in means among multiple conditions.  Post-tests for pairwise significance were 

applied depending on the comparison being made.  For comparison of three stimulation 

conditions, one-way Anova with Tukey post-test was used; for comparison of multiple 

stimulation time points to unstimulated, non-parametric one-way Anova with Dunn's test was 

used; for multiple time points and two stimulation conditions, or for three stimulations 

conditions and two drug treatments, two-way Anova with Sidak’s test was used. All 

calculations were performed using GraphPad Prism software. For all figures, *=p<0.05, 

**=p<0.01, ***=p<0.001 and ****=p<0.0001. 
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4.2.5 FRAP experiments 

Ibidi μ-slides were coated with 5μg/ml FN plus 5μg/ml F(ab’)2 or 10μg/ml Intact anti-IgM 

where indicated. Cells were serum-starved for 2-3h then plated at 2.5x105/well and spread for 

30-40min. Peripheral regions of interest were bleached with a 405nm laser (Rapp 

OptoElectronic), concurrent with high speed confocal imaging. Intensity values were obtained 

using the Time Series V3 plugin for ImageJ. To account for initial intensity differences as 

well as minor whole-cell photobleaching resulting from the 488nm imaging laser, intensity 

values within the bleached regions of interest were normalized to intensity values from an 

unbleached control region of the same cell. The curves were also y-transformed to (0,0) at t=0 

(bleaching event) so that individual recovery curves begin at the intensity minimum. Each 

group of recovery curves were then fit to the following equation, with the constraint that 

Yo=0: 

𝑌 = 𝑌𝑜 + (𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑌𝑜) ∗ (1 − 𝑃−𝐾∗𝑚) 

The rate constant (K) was derived and statistical comparisons between groups were performed 

using GraphPad Prism software. Two peripheral regions of interest were bleached in at least 8 

cells per stimulation condition per experiment. 

4.2.6 Co-immunoprecipitation experiments 

Equal numbers of FcγRIB+ Ramos cells were stimulated as indicated and lysed with 0.5% 

Nonidet P-40 (Thermo Fisher) lysis buffer containing protease and phosphatase inhibitor 

cocktails (Roche). 3μg specific antibody, either anti-SHIP (P1C1, Santa Cruz) or anti-Shc 

(PG-797, Santa Cruz), was used for immunoprecipitation with protein G sepharose beads 

(GE). Equal volume of precipitate was run on mini-protean 7-15% polyacrylamide precast 

gels (Bio-Rad) and transferred to nitrocellulose membrane (Bio-Rad). Membranes were 
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probed with anti-SHIP (P1C1, Santa Cruz), anti-Shc (H-108, Santa Cruz) or anti-pTyr (4G10, 

Millipore) primary antibody then HRP-linked goat anti-mouse IgG (Jackson) or goat anti-

rabbit IgG (Cell Signaling Technologies) secondary antibody, then developed by 

chemiluminescence.  

4.2.7 Antibodies and staining 

For surface staining, FITC-conjugated anti-FcγRIIB/CD32 (BD Pharmingen), Cy3-conjugated 

anti-IgM (Jackson ImmunoResearch) and APC-conjugated anti-CD19 (BD Pharmingen) were 

all used at 1:200. For intracellular phosflow staining, cells were prepared at 1x106/ml in warm 

serum-free RPMI and starved for 3h before stimulation as indicated. Cells were centrifuged 

briefly for harvest, re-suspended in Fix/Perm solution (BD Biosciences), washed and finally 

stained with Alexafluor488-conjugated anti-phospho Syk (BD Biosciences) at 1:5 or rabbit 

monoclonal anti-phosphoSHIP (EPR425, Abcam) at 1:200 in combination with Alexafluor 

488-conjugated donkey anti-rabbit IgG secondary antibody (BD) at 1:500. For phospho-SHIP 

western blot, anti-pY1020 (Cell Signaling Technologies, named for mouse sequence) was 

used at 1:1000. 

4.2.8 Lentivirus-mediated shRNA silencing 

pGIPz vector alone or coding for two distinct Shc1-targetting shRNAs (V3LHS_319056 and 

V3LHS_319060 from GE Dharmacon) were packaged and prepared as concentrated viral 

preparations by the University of Manitoba Lentiviral Core Facility. Ramos cells were seeded 

in a 24-well plate at 5x104 cells/well in 0.2ml complete medium overnight. The next day, 15μl 

concentrated viral prep and 2μl polybrene were added to the cells and the total volume was 

adjusted to 300μl with medium. HEPES buffer (Gibco) was added to a final concentration of 
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25mM. Plates were centrifuged at 800xg for 1h at room temperature, then cells were re-

suspended in 500μl fresh medium and incubated for 3 days. Transductants were selected with 

1μg/ml puromycin for 24h. Transduction was verified in intact cells by flow cytometry (EGFP 

marker) and in cell lysates by SDS-PAGE followed by western blotting with anti-Shc1 

antibody (Santa Cruz). 

4.3 Results 

4.3.1 SHIP is recruited to the plasma membrane after BCR stimulation with and 

without FcγRIIB co-engagement 

Previous studies report that SHIP-mediated inhibition of PIP3 and Ca2+ flux is most active 

when FcγRIIB is co-ligated with the BCR (238, 240). SHIP is also more highly 

phosphorylated in its C-terminus with FcγRIIB co-ligation (302). However, the impact of co-

ligation on SHIP recruitment to the plasma membrane has not been directly determined. To 

assess SHIP recruitment in the presence or absence of FcγRIIB we utilized human Ramos B 

cell lines lacking endogenous expression of FcγRIIB but transfected with either wild-type 

FcγRIIB or a truncation mutant lacking the ITIM motif (Figure 4-1A-B). As expected, co-

ligation of FcγRIIB using intact anti-IgM led to increased phosphorylation of SHIP on 

tyrosine 1022, relative to BCR ligation alone using F(ab’)2 anti-IgM, and this increased 

phosphorylation required the ITIM motif (Figure 4-1C, left). In contrast, phosphorylation of 

Syk was unaffected by FcγRIIB co-ligation (Figure 4-1C, right).  SHIP-EGFP fusion protein 

also showed increased phosphorylation in FcγRIIB-expressing Ramos cells stimulated with 

intact anti-IgM (Figure 4-1D).  
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Figure 4-1. Defining an experimental system to test the influence of FcγRIIB on BCR-
induced recruitment of SHIP. 
 (A-B) FcγRIIB/CD32B expression in Ramos-derived cell lines. (A) Ramos cell cultures 
were cell surface stained with anti-CD32 antibody and analyzed by flow cytometry. (B) 
Cell lysates were probed with antibody that specifically detects the C-terminus of anti-
CD32B and analyzed by western blotting. Note that FcγRIITtrunc is not detected with this 
antibody as expected. (C) Stimulation with intact anti-IgM leads to increased SHIP 
phosphorylation dependent on the FcγRIIB cytoplasmic tail. The indicated Ramos-
derived cell lines were serum-starved then stimulated as indicated. Intracellular staining 
was performed for phospho-Y1022 SHIP or phospho-Y348 Syk and detection was 
performed by flow cytometry. Percent increase in mean fluorescence intensity relative to 
unstimulated cells was determined for triplicate samples. (D) SHIP-EGFP is 
phosphorylated on Y1022 after F(ab’)2 and intact anti-IgM stimulation. 24h after 
transfection with SHIP-EGFP vector, FcγRIIB+ Ramos cells were serum-starved and 
stimulated for 5min with anti-IgM. Lysates were subjected to SDS-PAGE and western 
blotting was performed with the indicated antibodies. EGFP-tagged SHIP (upper band, 
arrow) and endogenous SHIP (lower band) can be distinguished by size. 

 

In FcγRIIB+ Ramos cells, we unexpectedly found that SHIP-EGFP is significantly recruited to 

the plasma membrane when the BCR is ligated alone, and there is in fact no measurable 

difference in the magnitude of recruitment induced by F(ab’)2 or intact anti-IgM (Figure 4-2A). 
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In addition, SHIP recruitment still occurs in Ramos cells expressing truncated FcγRIIB that 

lacks the ITIM-motif (Figure 4-2B).  

 

Figure 4-2. SHIP-EGFP is recruited to the plasma membrane with BCR ligation alone 
or with FcγRIIB co-ligation.  
Transiently transfected FcγRIIB+ (A) or FcγRIIBTrunc (B) Ramos cells expressing SHIP-
EGFP and red membrane marker were serum-starved, stimulated in a cell culture 
incubator for 2min, fixed and imaged by confocal microscopy. Representative images and 
quantitation of green/red co-localization by Pearson’s coefficients is shown, analyzed by 
one-way Anova with Tukey’s multiple comparisons test for pairwise comparisons. Data 
are representative of at least 3 independent experiments for FcγRIIB+ cells or 2 for 
FcγRIIBTrunc cells, with 20 cells per group. Scale bars indicate 5μm. 

We examined whether FcγRIIB co-ligation impacted the kinetics of SHIP membrane 

recruitment. Live cell imaging of FcγRIIB+ Ramos co-expressing SHIP-EGFP and a red 

fluorescent membrane marker indicated that recruitment occurs within the first minute of 

stimulation with either F(ab’)2 or intact anti-IgM and did not reveal any significant differences 

between these stimuli (Figure 4-3A).  A similar analysis was conducted in murine A20 cells, 

which express IgG BCR and endogenous FcγRIIB and are an established model for inhibitory 
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signaling (273). A20 cells also did not show significant differences in the magnitude or 

kinetics of SHIP recruitment (Figure 4-3B).  

 

Figure 4-3. Kinetics of SHIP-EGFP membrane recruitment in live cells.  
(A) FcγRIIB+ Ramos cells or (B) A20 cells were transiently transfected with plasmids 
encoding SHIP-EGFP plus a red fluorescent membrane marker and stimulated with anti-
Ig while imaging in a stage-top incubator. Graphs show change in SHIP membrane 
localization over time, expressed as average Pearson’s correlation coefficient of 10 cells 
per condition (normalized to time 0). Significance relative to pre-stimulation, as assessed 
by Dunn’s test is indicated by * (Intact) or τ (F(ab’)2). Two-way ANOVA did not reveal 
any significant difference between F(ab’)2 and Intact anti-Ig. 

 

We further examined membrane association of endogenous SHIP detected by intracellular 

staining and colocalization with a membrane marker and found results consistent with those 

using SHIP-EGFP (Figure 4-4A). Examination of primary human B cells also revealed that 
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BCR stimulation alone triggers membrane recruitment of SHIP that is indistinguishable from 

that induced in the presence of FcγRIIB co-ligation (Figure 4-4B). Together these results 

indicate that neither expression nor engagement of FcγRIIB are essential for SHIP 

accumulation at the plasma membrane during B cell activation, counter to the prevailing 

paradigm.  
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Figure 4-4. Endogenous SHIP is recruited to the plasma membrane after BCR ligation 
with or without FcγRIIB co-ligation.  
(A) FcγRIIB+ Ramos cells transfected with membrane marker only were serum-starved, 
stimulated, fixed, permeabilized and stained with anti-SHIP Ab. Representative images 
and quantitation of green/red co-localization by Pearson’s coefficients is shown, 
analyzed by one-way ANOVA with Tukey’s multiple comparisons test for pairwise 
comparisons. (B) Primary human B cells were enriched from healthy donor blood and 
serum-starved prior to stimulation, fixation and staining with anti-SHIP antibody. 
Membrane recruitment of SHIP was calculated as the ratio of maximal membrane 
intensity to average fluorescence (Memb/Avg) in each cell and statistical differences 
were calculating by one-way ANOVA with Tukey’s test. Images and analysis are 
representative of at least 3 independent experiments with 20 cells per group. (C) Analysis 
of B cell population purified from three human donors. Fluorophore-conjugated anti-IgM 
and anti-CD19 antibodies were used for cell surface staining ex-vivo. 
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4.3.2 Mobility of SHIP-EGFP is altered by stimulation 

While BCR ligation appears sufficient to recruit SHIP to the plasma membrane, FcγRIIB co-

ligation can impact SHIP phosphorylation and activity (238, 240).  We thus speculated that 

engagement of this inhibitory receptor may allow SHIP to enter into functionally distinct 

protein complexes at the membrane. One measurable parameter that can be influenced by 

signaling complex formation is dynamic protein mobility or diffusion rate. We employed 

FRAP to determine whether stimulation conditions alter the mobility of SHIP-EGFP 

molecules at the cell periphery. We bleached regions of interest and subsequently monitored 

the fluorescence recovery over time. By curve fitting, rate constants were derived for the 

recovery, reflective of how quickly the molecules redistribute within the bleached area. Our 

results in FcγRIIB+ Ramos B cells indicate that the mobility of SHIP-EGFP is significantly 

reduced when cells are stimulated with intact anti-IgM relative to F(ab’)2 anti-IgM (Figure 

4-5B). This difference was not seen in FcγRIIBTrunc Ramos cells (Figure 4-5C).  
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Figure 4-5. Fluorescence recovery after photobleaching analysis of SHIP-EGFP. 
FcγRIIB+ or FcγRIIBTrunc Ramos cells transiently transfected to express SHIP-EGFP 
were plated on either F(ab’)2 or Intact anti-IgM for 30-40min before photobleaching of 
peripheral regions of interest. (A) Representative images showing recovery from 
bleaching over time. (B) FRAP analysis of FcγRIIB+ Ramos cells.  Left panel shows 
example recovery curves and right panel shows quantification of rate constants pooled 
from four experiments (100-120 bleaching events total). (C) FRAP analysis of 
FcγRIIBTrunc cells. Right panel shows data pooled from two experiments (50-60 bleaching 
events total). Rate constants and p values were obtained by nonlinear regression 
analysis. 

 

4.3.3 Dependence of SHIP membrane recruitment on protein interaction motifs 

We tested the sensitivity of the membrane recruitment process to disruption of key elements 

of SHIP structure (Figure 4-6). It was found that a functional SH2 domain is required for 

SHIP membrane recruitment irrespective of FcγRIIB co-ligation, as SH2 mutated (SH2mut) 

SHIP is not significantly recruited to the plasma membrane. (Figure 4-6B,C). A phosphatase-
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deficient mutant was recruited normally (Figure 4-6B,D). Interestingly, a C-terminal 

truncation mutant failed to be recruited upon stimulation with F(ab’)2 Ab, but could be recruited 

after intact Ab stimulation (Figure 4-6B,E). This differential effect was not observed in cells 

expressing truncated FcγRIIB lacking the ITIM motif; In these cells, truncated SHIP failed to 

be recruited under either stimulation condition (Figure 4-6F). Mutagenesis of Y1022, the 

best-characterized pTyr in the SHIP C-terminal domain, revealed that this tyrosine is not 

essential for membrane recruitment (Figure 4-6G). These results suggest that tyrosines other 

than Y1022, or other motifs in the C-terminal region, can play a role together with the SH2 

domain in facilitating BCR-induced SHIP recruitment. 
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Figure 4-6. Structural requirements for SHIP-EGFP membrane recruitment.  
(A) Schematic of fusion proteins derived from SHIP-EGFP vector by site-directed 
mutagenesis. (B) FcγRIIB+ Ramos cells expressing membrane marker plus WT or mutant 
SHIP-EGFP, as indicated, were serum-starved, stimulated, fixed and imaged by confocal 
microsopy. The SHIP-EGFP images and Pearson’s correlation coefficient of 
representative cells are shown. Quantitation is shown for (C) SH2 mutant (D) 
phosphatase-deficient (PD) mutant, (E) C-terminal truncation (909Trunc) mutant or (G) 
Y1022F mutant SHIP-EGFP. (F) 909Trunc mutant expressed in FcγRIIBTrunc Ramos cells. 
Statistical analyses were performed by two-way ANOVA with Sidak’s multiple 
comparisons test. Data are representative of at least 3 independent experiments for 
FcγRIIB+ cells or 2 for FcγRIIBTrunc cells, with 20 cells per group. 

4.3.4 Dependence of SHIP membrane recruitment on upstream kinases 

We next examined whether SHIP recruitment is influenced by its own activation state or 

requires activation of Syk, Src or PI3K kinases (Figure 4-7). Neither the SHIP inhibitor 3AC 

(Figure 4-7A,B) nor the pan-PI3K inhibitor Apitolisib (GDC-0980, Figure 4-7A,C) had any 

effect, suggesting that binding to phosphoinositides or PI-binding proteins are not essential for 

SHIP recruitment. Unexpectedly, membrane association of SHIP was not strongly inhibited 

by the potent Lyn inhibitor Bafetinib or by the pan-Src kinase inhibitor PP2, even in the 
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presence of FcγRIIB co-ligation (Figure 4-7A,D). However, pre-treatment with the Syk 

kinase inhibitor Fostamatinib (R406) strongly inhibited membrane recruitment of SHIP-EGFP 

in FcγRIIB+ Ramos cells (Figure 4-7A,E). Similar results were obtained using a distinct Syk 

inhibitor Entospletinib (GS-9973; Figure 4-7F). While Syk inhibition significantly reduced 

membrane recruitment with either F(ab)2 or intact anti-IgM stimulation, we noted a trend of 

decreased percent inhibition under the latter condition (Figure 4-7G).  
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Figure 4-7. Signaling requirements for SHIP-EGFP membrane recruitment.  
(A) FcγRIIB+ Ramos cells expressing membrane marker plus WT SHIP-EGFP were 
serum-starved, pre-incubated with inhibitors, stimulated as indicated, then fixed and 
imaged. SHIP-EGFP images and Pearson’s correlation coefficient of representative cells 
are shown. Quantitation of Pearson’s coefficient is shown for (B) SHIP phosphatase 
inhibitor 3 alpha-aminocholestane (3AC), (C) PI 3-kinase inhibitor Apitolisib (GDC-
0980), (D) Lyn inhibitor Bafetinib or pan-Src kinase inhibitor PP2, (E) Syk inhibitor 1 
Fostamatinib (R406), (F) Syk inhibitor 2 Entospletinib (GS-9973). Statistical analyses 
were performed by two-way ANOVA with Sidak’s multiple comparisons test. Data are 
representative of at least 3 independent experiments with 20 cells per group. (G) 
Comparison of the effect of Syk inhibitor on SHIP-EGFP membrane localization induced 
by F(ab’)2 versus intact anti-IgM stimulation, assessed by non-parametric paired t-test. 
Percent decrease in Pearson’s coefficient relative to DMSO control was calculated for 4 
experiments with R406 (Syk inh 1) and 2 experiments with GS-9973 (Syk inh 2). 
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Syk inhibition also blocked membrane recruitment of endogenous SHIP in both FcγRIIB+ 

Ramos cells (Figure 4-8A) and primary human B cells (Figure 4-8B). Together these results 

identify a novel role for Syk kinase activity in recruitment of SHIP to the membrane of human 

B cells.  

 

Figure 4-8. Syk inhibition prevents membrane recruitment of endogenous SHIP. 
(A) FcγRIIB+ Ramos cells expressing red membrane marker were serum-starved, pre-
incubated with Syk inhibitor R406, then stimulated, fixed and stained for endogenous 
SHIP. Example images and co-localization analysis are representative of 3 independent 
experiments with 20 cells per group. (B) Primary human B cells derived from healthy 
donor blood were serum-starved, pre-incubated with Syk inhibitor R406, then stimulated, 
fixed and stained for endogenous SHIP. Example images and maximal method analysis 
are representative of 3 donors with 20 cells per group for each donor. Statistical analyses 
between treated and untreated groups were performed by two-way ANOVA with Sidak’s 
multiple comparisons test. 

 

4.3.5 Syk activity is required for phosphorylation and association of SHIP with Shc 

Stimulation with intact anti-Ig induces a robust interaction between SHIP and the adaptor 

protein Shc1 (136, 301). Here, we report that F(ab`)2 anti-Ig induces a comparable interaction 
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detected by reciprocal co-immunoprecipitation (Figure 4-9A). Interestingly, pre-treatment 

with the Syk inhibitor R406 abrogates the interaction between SHIP and Shc and substantially 

reduces the total tyrosine phosphorylation of both proteins (Figure 4-9C). A second Syk 

inhibitor, GS-9973, had a similar effect (Figure 4-9D). Phospho-flow cytometry confirms that 

inhibition of Syk significantly reduces SHIP phosphorylation at Y1022; however this 

inhibition appears incomplete in the presence of FcγRIIB co-ligation (Figure 4-9B). 

Inhibition of Src family kinases, which are directly responsible for phosphorylating Y1022 

(299, 300), abrogated phosphorylation (Figure 4-9B). Together these results suggest that Syk 

activity is required for SHIP to form a complex with Shc and facilitates SHIP phosphoryation 

by Src kinases at the plasma membrane. 
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Figure 4-9. Syk inhibition prevents SHIP phosphorylation and association with Shc1. 
(A) FcγRIIB+ Ramos cells were serum-starved, stimulated for 5min with the indicated 
anti-IgM antibody, lysed, and subjected to co-immunoprecipitation with specific antibody 
or isotype control. Eluates were separated by SDS-PAGE and western blotting was 
performed with the indicated antibodies. (B) FcγRIIB+ Ramos cells were serum-starved, 
pre-treated with Syk inhibitor R406 or Src family kinase inhibitor PP2 then stimulated for 
5min, fixed, stained for intracellular phospho-SHIP (Y1022) and analyzed by flow 
cytometry. Quantitation is based on triplicate samples. (C-D) Cells were pre-treated with 
Syk inhibitor 1 R406 (C) or Syk inhibitor 2 GS-9973 (D) prior to stimulation and protein 
extracts analyzed as above. Blots are representative of 3 experiments for C and two 
experiments for D.  
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4.3.6 A lower stimulation threshold is required for SHIP membrane recruitment 

compared to SHIP phosphorylation 

Most previous studies use a standard dose of 10μg/ml (F(ab’)2) or 20μg/ml (Intact) anti-IgM for 

in vitro B cell stimulation (241, 393), an equimolar ratio of the two antibodies.  Some studies 

use even higher doses (298, 302). In a preliminary experiment, we found that a 10x lower 

dose of anti-BCR antibody (“low anti-IgM”) resulted in the same magnitude of SHIP-EGFP 

membrane recruitment as the standard dose (“high anti-IgM”, Figure 4-10A). However, low 

dose stimulation was not able to induce SHIP phosphorylation at Tyr1020 (Figure 4-10B). 

This suggests that the two events - recruitment and phosphorylation - are uncoupled in the 

context of weak BCR stimulation. 

 

 

Figure 4-10. Low dose anti-BCR stimulation is sufficient for SHIP membrane 
recruitment but not phosphorylation. 
(A) FcγRIIB+ Ramos cells expressing membrane marker plus WT SHIP-EGFP were 
serum-starved, stimulated for 2min, fixed and imaged by confocal microscopy. 
Quantitation of Pearson’s coefficient was performed for 15 cells per group in one 
experiment. Two-way ANOVA with Sidak’s multiple comparisons test revealed no 
difference between high and low dose anti-IgM. (B) FcγRIIB+ Ramos cells were serum-
starved and stimulated for 5min, then intracellular staining was performed using anti-
SHIP phospho-Y1022 primary antibody and Alexafluor488-conjugated secondary 
antibody. MFIs were measured by flow cytometry. 
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4.3.7 Reducing Shc1 expression has no measurable impact on SHIP membrane 

recruitment 

As we observed, SHIP membrane recruitment is dependent on Syk kinase activity. Since the 

interaction between SHIP and Shc1 is also Syk-dependent, we wanted to determine if this 

complex is in fact required for directed localization of SHIP in B cells. Thus, we used lentivirus-

mediated shRNA silencing to reduce Shc1 protein levels in Ramos cells (Figure 4-11A). 

Compared to empty vector control, Shc1 knockdown had no measurable effect on SHIP 

membrane localization (Figure 4-11B). Since the inception of this study, three distinct 

mechanisms that were predicted to contribute significantly to SHIP membrane recruitment failed 

to be identified as important in our experiments. These were: a) phosphorylation of ITIMs and/or 

ITAMs by Src family kinases, b) PIP3 levels and c) interaction with Shc1. In light of this we 

reasoned that the contributions of these mechanisms might be partially redundant, making 

ablation of one of them alone insufficient to cause mis-localization of SHIP. Thus, we tested 

their redundancy by combining Src and PI3K pharmacological inhibitors in an FcγRIIB-deficient 

system with reduced Shc1 expression. Still we found no measurable effect on SHIP membrane 

recruitment (Figure 4-11C).  
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Figure 4-11. Knockdown of Shc1 has no measurable effect on SHIP membrane 
recruitment. 
(A) Ramos cells were transduced with control lentivirus or lentivirus encoding two 
distinct shRNA constructs targeting Shc1. SDS-PAGE and western blotting was 
performed to verify Shc1 knockdown. (B) Transduced cells were transfected with red 
fluorescent membrane marker, serum-starved, stimulated for 2min, then stained with 
anti-SHIP primary antibody and Alexafluor647-conjugated secondary antibody. Co-
localization analysis was performed to calculate overlap of SHIP signal with membrane 
marker and is representative of two independent experiments with 20 cells per group. (C) 
Parental or Shc1 knockdown Ramos cells were transfected with membrane marker, 
serum-starved, pre-incubated for 1h with the indicated pharmacological inhibitor(s), then 
stimulated for 2min and stained as above. Co-localization analysis was performed for 
one experiment. Two-way ANOVA with Sidak’s multiple comparison test revealed no 
significant differences between control and any of the knockdown/treatment groups. 

  



122 
 

4.4 Discussion  

Engagement of FcγRIIB provides a critical control mechanism to attenuate B cell activation in 

the presence of antigen complexed with pre-existing IgG antibody. This feedback circuit plays 

essential l roles in preventing inappropriate activation and preventing autoimmunity and immune 

complex mediated inflammatory disease (323, 394, 395). SHIP is also strongly implicated in 

control of autoreactive B cells and inflammation (63), and this is most often attributed to its role 

as mediator of FcγRIIB inhibitory signaling. Our results demonstrate that in the absence of 

FcγRIIB involvement BCR ligation alone can trigger robust membrane recruitment of SHIP via 

protein-protein interactions driven by Syk. These results are consistent with a model where SHIP 

is directly recruited by the BCR and acts primarily as an intrinsic brake on BCR signaling, and 

can secondarily be modulated by FcγRIIB - and likely other receptors as well.  Indeed this 

example of a negative signal initiated from an activating receptor is one of several recent 

challenges to the elegant but simplistic ITAM-ITIM dogma (98, 396). Other activating receptors 

have been found to recruit SHIP (289, 397).  

 

The established model for SHIP membrane recruitment and activation predicts the central 

importance on the Src family kinase Lyn, which can phosphorylate the ITIM motif on FcγRIIB 

that binds to the SHIP SH2 domain (398, 399). However our results indicate that activity of this 

kinase is dispensable for SHIP recruitment after BCR or BCR/FcγRIIB ligation, while inhibition 

of Syk abrogates membrane recruitment of SHIP under these conditions. We determined that the 

Src family kinase inhibitors were indeed functional as they were able to prevent stimulation-

induced phosphorylation of known target SHIP Tyr1022. We saw that weak BCR stimulation 

(low dose anti-IgM) is sufficient to induce membrane recruitment but not phosphorylation of 
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SHIP. It would be useful to test whether there is a differential requirement for Syk/Src family 

kinases for the induction of SHIP membrane recruitment at low versus high dose stimulation 

conditions. 

 

Conceptually these results indicates that the “activating kinase” Syk rather than the “inhibitory 

kinase” Lyn can serve as the primary driver of SHIP membrane recruitment in human B cells. 

Mechanistically, this result could be interpreted in several ways. As Syk is upstream of PI3K 

(142), the requirement for Syk activity might reflect a requirement for either PI(3,4,5)P3 or 

PI(3,4)P2 as an alternate ligand for plasma membrane docking. Indeed SHIP contains a pleckstrin 

homology-related domain that is required for localization to the phagocytic cup of RAW264.7 

macrophages (296) and a C2 domain that can interact with its own lipid product to promote 

enzymatic activity via an allosteric positive feedback mechanism (279). However, we found that 

inhibition of PI3K or SHIP enzymatic activity had no effect on BCR-induced SHIP membrane 

recruitment, arguing against this mechanism. Alternatively, Syk might be responsible for 

phosphorylation of a SHIP binding partner that is required for its recruitment to, or retention at, 

the plasma membrane. 

 

The latter hypothesis led us to test the sensitivity of known interactions to Syk inhibition. We 

focused on Shc1 since previous studies report an inducible association with SHIP upon ligation 

of various receptors (400) and that its phosphorylation is impaired in the absence of Syk (401). 

We found that pre-treatment with Syk inhibitor abrogates the anti-IgM-induced interaction 

between SHIP and Shc1. However, a partial knockdown of Shc1 had no measurable impact on 

BCR-mediated SHIP recruitment. Furthermore, global tyrosine phosphorylation of both SHIP 
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and Shc1 is substantially reduced in the presence of Syk inhibitor. This may to some extent 

reflect direct phosphorylation by Syk, which has been reported previously for Shc1 (402). We 

also found that phosphorylation of SHIP at Y1022 is blocked by both Syk and Src kinase 

inhibitors. As Lyn or other Src family kinases are directly responsible for phosphorylating 

Y1022 (299, 300), this result is consistent with a model where Syk-dependant translocation of 

SHIP to the membrane is prerequisite to phosphorylation by membrane-associated Src family 

kinases. 

 

Our structure-function analysis indicates that BCR induced SHIP recruitment requires both its 

SH2 domain and its C-terminal domain. The latter contains NPxY motifs at Y917 and Y1022, 

PxxP motifs, and several other poorly characterized tyrosine phosphorylation sites. Any or all of 

these sites might contribute to interaction with membrane-proximal signaling complexes. The 

SHIP SH2 domain was reported to bind directly to Ig-α (403); however an intramolecular and/or 

oligomeric interaction between SHIP’s SH2 domain and its C-terminus was also found to 

compete for Ig-α binding (403). Thus, it is possible that direct recruitment of SHIP to the BCR 

complex may require disengagement of SHIP’s SH2 domain from its C-terminus, and perhaps 

engagement of the C-terminus with other binding partners could promote such disengagement. 

The identity of the key binding partner(s) eludes us still as Shc1 appears not to contribute, at 

least in preliminary experiments. Three alternate models of SHIP membrane recruitment that are 

consistent with our data are depicted in Figure 4-12. According to our experiments, both the 

SH2 domain and C-terminus of SHIP are required, Syk is required either for phosphorylation of 

binding partner(s) or as a binding partner itself (371), and PIP3 and PI(3,4)P2 contribute 

minimally or not at all in this context. 
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Figure 4-12. Visualizing BCR-mediated SHIP recruitment. 
The SH2 domain of SHIP can bind directly to BCR ITAMs or might be bridged to the BCR via an 
interaction partner. Alternatively, it may be bridged to an inhibitory receptor such as CD22 that 
can associate closely with the BCR. In all cases, a C-terminal binding partner is additionally 
required. 
 

Our data indicate that co-ligation of FcγRIIB modulates BCR-induced SHIP recruitment such 

that it becomes less dependent on C-terminal interactions and immobilized to a greater degree.  

The most straightforward interpretation of these results is that SHIP preferentially binds to 

phospho-ITIMs when they are available, and this promotes SHIP interaction with distinct protein 

complexes that promote increased phosphorylation on Y1022 and increased or prolonged 

enzymatic activity. Our finding that FcγRIIB co-ligation decreases mobility of SHIP-EGFP is 

consistent with inhibitory receptor driving formation of distinct membrane associated protein 

complexes. Surprisingly, SHIP recruitment, phosphorylation and interaction with Shc1 remains 

dependent on Syk activity with co-ligation of FcγRIIB, suggesting an “upstream” requirement 

for Syk in generation of both activating and inhibitory signaling complexes.  

 

Since modulation of SHIP activity by FcγRIIB cannot be explained by an increase in access to 

phosphoinositide substrate at the plasma membrane, more subtle regulatory mechanisms must be 

at play to control the activities of this key enzyme.  One current model of SHIP recruitment to 
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the membrane after BCR/ FcγRIIB co-ligation describes the formation of a stable tri-molecular 

complex containing FcγRIIB, SHIP and Grb2 and/or GRAP in murine B cells (298). In human B 

cells, Grb2 and GRAP are dispensable but an as-yet unidentified interaction partner that bridges 

the C-terminus of FcγRIIB to the C-terminus of SHIP is proposed to exist (240). We were unable 

to detect SHIP/Grb2 interaction and found that the C-terminal region of SHIP is less critical for 

recruitment in the case of BCR/FcγRIIB co-ligation of human B cells, suggesting that this 

complex may not have a major role in the human B cell context, however we cannot rule out the 

possibility.  While our data suggests that this region is more quantitatively significant for SHIP 

membrane targeting upon BCR ligation alone, it remains possible that the C-terminus is also 

engaged in protein interactions within the inhibitory signaling complex that are important for 

control of enzymatic activity. Indeed previous studies demonstrated reduced functionality of C-

terminally truncated SHIP (297).The best characterized tyrosine phosphorylation site within the 

C-terminus of SHIP, Y1022, is clearly phosphorylated to a greater extent with BCR/FcγRIIB co-

ligation, perhaps indicating that the inhibitory complex is more accessible to Lyn, which 

phosphorylates this site. However, the functional role of Y1022 is unclear, and we find that 

mutation of this tyrosine has no effect on membrane recruitment.  

 

Given its established ability to control autoimmune and inflammatory reactions, SHIP is an 

attractive drug target (280, 404), highlighting the need to further define mechanisms controlling 

SHIP activity.  Together our results refine the classical paradigm for modulation of SHIP activity 

by inhibitory receptor and suggest that SHIP might be more accurately viewed as an intrinsic 

regulator of immunoreceptor signaling whose recruitment is intimately associated with engaged 

ITAM-bearing receptors.   
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 CHAPTER 5: GENERAL DISCUSSION 

5.1 Summary of findings 

The data presented in this thesis informs several novel aspects of the molecular regulation and 

function of SHIP in B cells. First, potential interaction partners of SHIP were examined using 

both unbiased bioinformatics prediction tools and an in vitro candidate screening approach. 

Several novel partners were identified. The list included Nck, revealed by both methods. The 

interaction was mapped to the SH2 domain of Nck and phospho-Tyr944 of SHIP. The 

dissociation constant was measured by affinity analysis and revealed to be approximately equal 

to the dissociation constant of a well-characterized interaction between SHIP SH2 and FcγRIIB 

ITIM phosphopeptide.  

 

Next, I examined the function of SHIP Y944 with respect to regulation of the actin cytoskeleton. 

Endogenous SHIP derived from stimulated B cell lysates was demonstrated to interact with 

recombinant Nck. Further experiments in stable cell lines overexpressing WT or Y944F SHIP-

EGFP supported a requirement for BCR engagement and for Y944. In a FRAP assay which 

measures actin dynamics, transient overexpression of WT but not Y944F SHIP-EGFP in Ramos 

cells resulted in a reduced rate of tagged actin turnover. The reduction could be overcome by co-

overexpression of Nck. The defect demonstrated with mutation of Tyr944 is likely not due to a 

defect in enzymatic activity or membrane recruitment, supporting instead a role for Nck binding. 

I present a model whereby SHIP binding to Nck disrupts the recruitment of Nck into signaling 

complexes, where it normally serves to promote the function of actin nucleation promoting 

proteins. 
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Finally, I use confocal imaging techniques to examine the mechanisms controlling subcellular 

localization dynamics of SHIP after ligation of the BCR with or without co-ligation of FcγRIIB, 

an inhibitory receptor and a well-known SHIP interaction partner. The data demonstrates that 

SHIP is recruited to the plasma membrane after stimulation, however contrary to expectation 

recruitment is not measurably enhanced by co-ligation of FcγRIIB with the BCR. We confirm 

this unforeseen finding by meticulous testing, carefully validating stimulation antibodies 

obtained from distinct sources, examining both SHIP-EGFP and endogenous SHIP in multiple 

independently repeated experiments, and testing two cell lines as well as primary cells. Since 

previous studies have extensively demonstrated a role for FcγRIIB in promoting the inhibitory 

function of SHIP, at least with respect to PIP3 hydrolysis and Ca2+ flux (238, 240), we propose 

that FcγRIIB does so not by enhancing the overall recruitment of SHIP to the membrane but 

rather by recruiting SHIP into distinct signaling complexes. This model is supported by FRAP 

experiments demonstrating an effect of FcγRIIB co-ligation on the dynamic mobility of SHIP-

EGFP molecules at the cell periphery. Further experiments assess which structural elements in 

SHIP and which upstream signals are required for SHIP recruitment after BCR stimulation with 

or without FcγRIIB co-ligation. I demonstrate that the SH2 domain of SHIP is required in both 

cases, as is the kinase activity of Syk. Syk activity is also required for interaction of SHIP with 

known binding partner Shc1 and for phosphorylation of both SHIP and Shc1. The C-terminus of 

SHIP is required for BCR-induced recruitment but has no statistically significant role in the case 

of co-ligation. Phosphoinositide moieties produced upon stimulation appear to have no role, as 

neither inhibition of PI3K activity nor disruption of SHIP activity by mutagenic and 

pharmacological means had any effect on SHIP localization. The precise identity of SHIP 
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binding partner(s) required for association with membrane-proximal signaling complexes in the 

context of BCR ligation alone is still under investigation. 

5.2 Impact and implications 

This thesis examines the regulation and function of SHIP in B cells and the role of specific 

structural elements and binding partners. As therapeutics designed to target the PI3K pathway as 

a whole or SHIP activity in particular are emerging as promising treatments against autoimmune 

and inflammatory disorders, it is essential to gain a molecular-level understanding of these 

pathways and how they are regulated in order to guide and refine pharmacological applications. 

It is also essential to verify that previous conclusions made using chicken or mouse B cell 

systems hold true for human B cells and human SHIP protein. This thesis addresses both of these 

concerns and provides important novel insight into the mechanisms by which SHIP contributes 

to B cell signaling and how its function is controlled. 

 

One major impact of this thesis work is in challenging the multiple, persistent biases that exist in 

the field. These biases originated from informative but limited early studies on the biochemistry 

and function of SHIP. One is the long-held notion that SHIP carries out its inhibitory functions 

almost exclusively by its enzymatic activity in hydrolyzing PIP3. This is likely true for inhibition 

of Ca2+ flux, which was the focus of early studies (238, 298), however it has not been examined 

for other functions such as the effect of SHIP on the cytoskeleton. Here, we propose and examine 

a role for SHIP in regulating actin dynamics, relying not on enzymatic activity but rather on 

interaction with cytoskeletal adaptor protein Nck. This data, in addition to previous studies 

demonstrating protein interactions as a major mechanism by which SHIP regulates MAPK 
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signaling in B cells (303, 304) and demonstrating functional activity of phosphatase-dead SHIP 

in other cell types (277, 278), should be sufficient to cast doubt on the absolute importance of 

SHIP enzymatic activity and to re-evaluate the expected results of therapeutic manipulation. 

New therapies targeting protein-protein interactions rather than enzymatic activity might be 

beneficial in some contexts and should be explored. 

 

Another persistent bias, one that we ourselves assumed to be true prior to carefully 

experimentation, is that interaction with the FcγRIIB ITIM, phosphorylated only after co-ligation 

of this receptor with the BCR, is the major mechanism for SHIP recruitment to the plasma 

membrane. This assumption was based on early studies demonstrating a robust interaction 

between SHIP SH2 and the ITIM motif and demonstrating increased SHIP phosphorylation 

(302), enhanced PIP3 hydrolysis and greater inhibition of Ca2+ flux (238, 240) with co-ligation of 

BCR/FcγRIIB relative to BCR ligation alone. Despite this, my data demonstrates that SHIP is 

recruited to the plasma membrane equally after BCR ligation with or without FcγRIIB co-

ligation. FcγRIIB likely promotes SHIP function in PIP3 hydrolysis by more subtle influences 

such as by controlling association into particular membrane sub-domains and/or participation in 

distinct protein/lipid complexes.  

 

In addition to challenging these biases in the field, the data presented here also serves to refine 

some of the models of SHIP regulation proposed by other groups. For example, one group 

performed an elegant study demonstrating that both the SH2 domain and C-terminus of SHIP 

participate in an inter- or intra-molecular interaction at rest, forming an auto-inhibited 

conformation that can be relieved upon interaction with other proteins (403). The Biacore 
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interaction screen performed here estimated only a very weak interaction of SHIP’s SH2 domain 

with one of its uncharacterized C-terminal phospho-tyrosine residues, Tyr886.  However, in this 

same screening experiment, an interaction of appreciably higher apparent strength was identified 

between the SH2 domain of SHIP and a well-characterized phosphorylation site of homologous 

protein SHIP2. Thus, perhaps it is a hetero-oligomeric rather than or in addition to a homo-

oligomeric structure that retains SHIP in a cytoplasmic-localized, inhibited conformation at rest.  

 

Another model of SHIP regulation put forward by others suggested that the mechanism by which 

SHIP is recruited to the membrane upon BCR ligation is by interaction with Dok-1, which in 

turn binds to PIP3 in the plasma membrane (405). Although neither they nor we have explicitly 

tested the effect of Dok-1 silencing/deficiency on SHIP localization, the data presented here does 

not support a role for PIP3. Neither PI3K inhibitors nor SHIP inhibitors, both of which 

substantially alter the balance of PIP3/PI(3,4)P2 phosphoinosities, have any measurable effect on 

SHIP recruitment. Neither did mutation of the SHIP phosphatase domain. These results also 

imply that there is no significant requirement for direct phosphoinositide binding by the PH-R 

(296), C2 (279) or SH2 domains (406) of SHIP under the conditions tested. 

 

Finally, the prevalent ITAM-ITIM model postulates that phosphorylated ITAM residues (targets 

of both Src family and Syk kinase activity) bind activating kinases such as Syk and initiate 

positive signaling pathways, while phosphorylated ITIM residues (targets of only Src family 

kinase activity) bind inhibitory phosphatases such as SHIP or SHP and initiate negative 

signaling. We demonstrate here, as others have before us (289, 397), that ITAM-containing 

receptors such as the BCR can directly initiate negative signaling pathways. Moreover, we 
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demonstrate a critical role for Syk, the “activating kinase”, in initiating inhibitory signaling. Syk 

activity was categorically required for membrane recruitment of SHIP while inhibition of Src 

family kinases had little impact under the conditions tested. Syk was also required for SHIP 

phosphorylation, best explained if membrane localization is a pre-requisite to phosphorylation by 

Src family kinases. These results should inspire a re-evaluation of the role of Syk in other 

inhibitory signaling pathways as well. 

5.3 Limitations and future research directions 

The conclusions presented in this thesis could be strengthened and extended in several ways. In 

chapter 2, I screen for interactions between SHIP and candidate interaction partners using a 

Biacore assay. More information could be gathered using an unbiased approach. For example, a 

Biacore assay could be established whereby structural elements of SHIP (SH2 domain, 

phosphotyrosine sequences, or other motifs) or full-length SHIP protein are immobilized on a 

sensorchip surface and whole cell lysate is sent through the fluidics system in place of 

recombinant analyte. The fraction that binds to SHIP can be eluted for mass spectrometry 

detection. This type of assay would generate more candidate interaction partners and map their 

interaction sites. It would require considerably less recombinant SHIP protein compared to a 

more traditional pull-down assay and could be performed more easily with low numbers of 

primary cells. 

 

In chapter 3, I examine a potential role for SHIP phospho-Tyr944 in slowing actin turnover by 

mediating an interaction with Nck. First, complementary approaches could be taken to validate 

the SHIP-Nck interaction in cells, such as an in-situ proximity ligation assay. It would also be 
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informative to describe the conditions of Tyr944 phosphorylation more thoroughly. The 

generation of a specific antibody would allow us to characterize the kinetics of Tyr944 

phosphorylation after ligation of the BCR and other receptors and to define the kinase(s) and 

phosphatase(s) that act on this site. An attempt was made to generate such an antibody, however 

it detected phosphorylation even of Y944F mutant SHIP and therefore had poor specificity.  

 

Furthermore, as discussed in chapter 3, the transient transfection system used to explore the role 

of Tyr944 has important limitations. One is the variation in cell viability that is observed from 

experiment to experiment and from one construct to another. To account for this potentially 

complicating factor, one must have a method to clearly distinguish live, healthy cells from dead 

or dying cells. In some assays such as the FRAP assay performed for measuring actin dynamics, 

this can be accomplished by observation of cell morphology and spreading behaviour. For other 

assays, a fluorescent live-cell marker can be used theoretically; however these typically mark 

only late stages of cell death. A second key limitation is the presence of relatively high levels of 

endogenous SHIP protein. A role for Tyr944 might be masked in SHIP Y944F-expressing cells 

if there is sufficient endogenous WT SHIP present to perform its Tyr944-dependent function. 

Other drawbacks of transient transfection include variability of vector expression and the 

presence of a large fluorescent tag fused to the protein of interest, SHIP. We have attempted to 

account for these factors by excluding excessively dim or excessively bright cells and by testing 

the ability of SHIP-EGFP to be phosphorylated and to act on its substrate PI(3,4,5)P3. On the 

other hand, there are some advantages to a transient transfection approach. Experiments can be 

repeated quickly and with relative ease. Furthermore, unlike with a stable transfection or knock-
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in approach, cells have little time to change their genetic programs to compensate for the 

manipulation. 

 

For future experiments, we will first attempt to overcome the viability in a transient system by 

relatively simple modifications, for example by FACS sorting and a longer recovery period or by 

using improved early apoptosis markers. An alternate option is to generate multiple stable clones 

expressing each construct. Unfortunately, the number of cell lines required to compensate for 

potential clonal anomalies would make this approach time-consuming and it would not solve the 

problem of endogenous SHIP expression. Another possibility is the generation of a knock-in 

SHIP Y944F mutant in a SHIP-deficient system using either chicken DT-40 B cells or an in-vivo 

mouse model. However, careful interpretation of results would be required as species-specific 

SHIP binding partners have been described in previous studies (240) and the sequence 

surrounding Tyr944 is similar but not identical between human, mouse and chicken SHIP 

protein. With newly emerging CRISPR-Cas9 technology, a knock-in mutation could conceivably 

be generated in human cells. However, this approach is still limited by transfectability and would 

likely also require the generation of clonal cell lines. Unfortunately, there is no perfect 

experimental system for studying the effects and requirements of small motifs such as 

phosphotyrosine sequences, therefore results obtained using any chosen model must be 

cautiously interpreted. 

 

Finally, in Chapter 4 I examine the localization dynamics of SHIP and how they are controlled. I 

found that co-ligation of the BCR with FcγRIIB had no effect on the magnitude or kinetics of 

SHIP recruitment to the plasma membrane, however the mobility of SHIP molecules was 
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reduced by co-ligation in a manner dependent on the FcγRIIB ITIM. This is consistent with the 

inference that SHIP participates in distinct protein and/or lipid complexes depending on FcγRIIB 

involvement. A more informative experiment would be to directly measure the rate of SHIP-

EGFP diffusion by single particle tracking. We could also co-label SHIP and FcγRIIB or the 

BCR in these experiments to examine their spatial relationships under different stimulation 

conditions. Another key follow-up study would be to perform a detailed examination of the 

complexes that form. The least biased approach would be to differentially label BCR- and 

BCR/FcγRIIB-stimulated cells with heavy and light amino acid isotopes, then perform co-

immunoprecipitation experiments with anti-SHIP antibody followed by detection via mass 

spectrometry. 

 

In addition to the direct follow-up studies proposed here, there are still many big picture 

questions that remain unanswered. For example, it would be a large but extremely informative 

undertaking to carefully dissect and compare the contributions of SHIP phosphatase activity 

versus adaptor elements to function in vitro and in vivo. This could be accomplished using 

knock-in mutants of phosphatase-dead, Y915F/Y1022F, Y944F SHIP and more to study basic 

differences in downstream signaling, interaction with protein partners including BCR, FcγRIIB 

and cytoskeletal regulators, as well as their contribution to disease susceptibility in whole animal 

models. The influence of regulatory factors such as FcγRIIB and other co-receptors that tip the 

balance toward either inhibitory or activating signaling pathways should also be examined. A 

mouse knock-in model of SHIP Y944F would be especially informative to assess effects of 

Tyr944 on B cell development, tissue homing, immune response to pathogens and susceptibility 

to autoimmunity or other diseases.  
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Furthermore, future translational studies should focus on other therapeutic mechanisms to 

manipulate SHIP function, complementing the use of enzymatic modulators currently under 

investigation. One obvious focus would be to promote or inhibit membrane localization, which 

could affect both enzymatic and adaptor functions of SHIP. Conceptually, it is easier to imagine 

how recruitment could be inhibited rather than promoted, which might be relevant to treatment 

of some cancers in which SHIP inhibition seems to paradoxically promote leukemic cell death 

(407). This could be accomplished by blocking the interaction between SHIP and ITIM/ITAM 

phospho-tyrosines, perhaps using specific SH2 domain “superbinders” (408) to bind exposed 

phospho-tyrosines in a dominant negative fashion. Strategies to promote membrane recruitment 

in contexts where SHIP plays a protective role are less intuitive but could be explored 

nonetheless. For example, if we determine that interaction of SHIP with a specific phospho-

protein is required for membrane recruitment, then inhibiting the dephosphorylation of that 

protein or blocking its binding to competing interaction partners might show promise. 

 

Clearly, SHIP is a complex molecule involved in multiple cellular pathways by way of multiple 

mechanisms. By thorough examination of these mechanisms, the contexts in which they occur, 

and their beneficial/detrimental contribution to disease, we paint a clearer picture of the intricate 

equilibrium of positive and negative signaling pathways that maintain balanced cellular 

responses. As a consequence, we also identify novel therapeutic approaches to potentially correct 

the imbalances that occur in diseases such as autoimmunity. 
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