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SUMMARY

The Tec family of intracellular protein tyrosine kinases (PTKs) currently lists ltve

members: Btk, Itk, Txk, Bmx, and Tec. All members of this family are characterised by the

presence of an N-terminal Pleckstrin Homology domain (except for Txk), that is followed by a

Tec Homology (TH) motif characteristic of the Tec family, a Src Homology (SH) 3, a SH2

and a kinase domain. The expression of Tec family PTKs has been reported to be, at least to

some degree, specific to lineages of the haematopoietic compartment. In addition, one

member of this family, Btk, has so far been associated with the human immunodeficiency

disorder X-Linked Agammaglobulinemia.

Numerous reports over the last five years have focussed on the characterisation of the

signal transduction pathways that are dependent on Tec family kinase activity. These have

uncovered a critical role for several members of this family of PTKs in antigen receptor

signalling. It is currently believed that upon activation of the B and T cell receptors (BCR and

TCR respectively), Btk and Itk form multiprotein complexes that are critical for the

propagation of BCR- and TCR-initiated signals respectively. These complexes are nucleated

by adaptor proteins of the BLNK family (either BLNIISIp-65 or SLP-76), and include a

member of the Tec kinase family (Btk or Itk), Syk or Zap-70 and PLCy. The formation of

such complexes enables the phosphorylation and activation of PLCy, and is a pre-requisite for

sustained calcium signalling upon receptor activation in these signalling systems.

In contrast to this role in antigen receptor signalling, functional studies of Tec have

concentrated mostly on its role in cytokine signalling including SCF, IL-3, Epo, IL-6,

thrombopoietin and GM-CSF signal transduction pathways; although more recently, Tec has

also been implicated in BCR, and TCR/CD3 and CD28 signalling. This thesis describes a

potential novel role for Tec in Fcy receptor (FcyR) signal transduction, during the
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internalisation of IgG opsonised exogenous particles, through a process more commonly

referred to as phagocytosis.

FcyR signalling has been the subject of numerous studies and the following sequence of

events have been uncovered to take place during particle internalisation. Internalisation of the

target particle is dependent on the formation of a membrane bound structure known as the

phagosome. This structure eventually fuses with components of the endocytic pathway to

facilitate the degradation of the internalised particle. Fcy receptors recognise IgG molecules

on the surface of target particles. Particle binding induces the clustering of FcyRs which is

followed by the phosphorylation of Immunoreceptor Tyrosine-based Activation Motifs

(ITAMs) of the y chain, probably by a Src family kinase. The intracellular protein tyrosine

kinase Syk is also recruited and activated at the activated receptor complex. Other

downstream effectors of FcyRs have also been identified that are necessary for the actin-based

engulfrnent of the target including PLCy and a number of its effector proteins including PKC,

MARCKS and MacMARKS all of which accumulate at the forming phagosome. Additionally,

PI3-K has also been identified to be critical mainly for the closure of the forming phagosome.

Evidence presented in Chapter 4 demonstrates the involvement of Tec in phagocytosis.

Such involvement is easily visualised by the distinct change in the subcellular localisation of

Tec observed at the sites of particle binding during the formation of the phagocytic cups.

Using immunofluorescence, Tec was shown to be rapidly recruited to phagocytic cups during

the internalisation of IgG opsonised Zymosan A, where it colocalised with F-actin. Using

Cytochalasin D, an inhibitor of actin polymerisation, actin polymerisation was shown not to be

necessary for the redistribution of Tec to the phagosome. Recruitment of Tec is predicted to

be mediated by an interaction between the lipid binding PH domain of Tec and PI(3,4,5)P¡

molecules at the plasma membrane. This is supported by the observation that Tec remains
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diffr¡se in the cytoplasm of macrophage cells when phagocytosis was carried out in the

presence of the PI3-K inhibitor LY294002.

In addition to a role in phagocytosis, preliminary studies described in Chapter 5 also

suggest a possible role for Tec in the generation of macrophage cells, at least in vitro. In these

studies, Tec-l- ES cells were unable to demonstrate the levels macrophage cell differentiation

seen in wild type and Tec+/- ES cells. Although it remains to be fully characterised, this defect

in macrophage differentiation was predicted to reflect either a defect in cytokine signalling,

especially IL-3, or a defect in macrophage migration and/or adhesion that might prevent

macrophage cells to migrate out of the differentiating embryoid body.

Finally, as shown in Chapter 3, two major isoforms of the Tec transcript, referred to as

TecIII and TecIV, have been detected in various mouse embryonic and adult tissues, as well as

in a number of different hematopoietic cell lines: Tec IV is the full length Tec protein with

functional PH, TH, SH3, SH2 and Kinase domains, whtle TecIII is generated by the splicing

out of exon 8 sequences to yield a shorter peptide with a non-functional SH3 domain. Using

GFp-TecIII fusion proteins, this shorter isoform of Tec was shown to have biological

characteristics that differed from TecIV. Briefly, GFP-TecIII appeared to be

hyperphosphorylated and showed increased redistribution to plasma membrane ruffle

structures when expressed in COS-1 cells. A potential role for TecIII in serum deprivation-

induced apoptosis was also hiþhlighted using this system. The distribution of GFP-TecIV on

the other hand appeared to be mostly diffuse in the cytoplasm and nucleus of transfected cells.

In addition, punctate fluorescence was also observed for both GFP-TecIII and GFP-TeoIV

suggesting the possible association of Tec with vesicle structures.

In summary, this thesis identified the involvement of Tec in signalling pathways other

than that of cytokine signal transduction and uncovered a possible role for Tec in the

phagocytosis of IgG-opsonised exogenous particles as a downstream effector of the Fcy
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receptor. In addition, a model system for the study of Tec function during macrophage

differentiation was also generated using gene targeting in ES cells. This system should allow

more detailed characterisation of Tec function both in macrophage differentiation and

macrophage function as it allows studies to be carried out in a Tec null genetic background.
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1.1 Introduction

The work described in this thesis has concentrated mainly on the characterisation of the

molecular mechanism of action of the Tec protein tyrosine kinase using biochemical and

genetic approaches. This introductory chapter addresses the issues of signal transduction, the

Tec family of protein tyrosine kinases, phagocytosis and gene targeting, all of which were

fundamental to the formulation and design of the experimental procedures described in

chapters 3-5.

1.2 Signal transduction

Signal transduction is the systematic passage, modification and amplif,rcation of a

signal, from one carrier to another, in response to external physical and chemical stimuh lt is

generally initiated by the interaction of an extracellular molecule with a ligand-specific receptor

on a target cell. Receptor activation then stimulates intracellular biochemical pathways that

are, depending on the nature of the stimuli, able to induce changes in gene expression,

cytoskeletal structure, protein traff,rcking, cell adhesion and migration, or affect progression

through the cell cycle. Signal transduction is essential for the existence of multicellular

organisms, and a vast body of work carried out over the last few decades has not only

uncovered the highly conserv'ed nature of signal transduction pathways, but also recognised

that defects in signalling are responsible for many human disorders (Uribe and Weinberg,

1e98).

It is now well established that enzymes involved in signal transduction have highly

specific catalytic domains, separated from other protein-protein or protein-lipid interaction

modules, and that it is the later modules that determine the signal transduction pathway(s) that

a particular enzyrne will contribute to. Protein modules are compact, independently folding
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units. Many have their N and C termini in close apposition such that they can be plugged into

the surface of proteins and act as molecular adhesives that nucleate the formation of

multiprotein complexes (Panayotou and Waterheld, 1993). These modules are generally 40-

150 amino acids long and fold to generate one or more ligand binding pockets where a core

motif of 3-6 amino acids determines the type of ligand recognised by a specific module, and the

flanking amino acids dictate its specificity (reviewed in Pawson, 1995; Cohen et al., 1995;

Sudol, 1993). Protein modules such as Src Homology (SH) 2, SH3 and Pleckstrin Homology

(PH) domains are not restricted to any particular type of signal transduction proteins. They

have in fact been identified in protein kinases, lipid kinases, protein phosphatases, cytoskeletal

proteins, phospholipases and transcription factors, as well as non-catalytic adaptor proteins,

but are rarely found in plasma membrane receptors.

L.2.1 Protein-proteininteraction modules

I.2.I.1Src Homology 2 (SH2) domains

SH2 domains are highly specific phosphotyrosine (pTyr) binding modules (Sadowski et

al., 1986) which have essentially no afhnity for unphosphorylated peptide sequences (Piccione

et al., I993;Felder et al., I993;Panayotou et al., 1993; reviewed in Pawson, 1995). Because

the interaction between SH2 domains and pTyr residues on tyrosine phosphoproteins -

including activated receptors- is highly specific, tyrosine phosphorylation can function as an

"on/off' switch for SH2 binding. Binding of SH2 domains to the pTyr residues of

phosphoproteins can stimulate eruymatic activity, induce subcellular re-localisation and

facilitate enhanced tyrosine phosphorylation of target proteins (reviewed in Pawson, 1995).

Structurally, SH2 domains have a highly conserved peptide fold that consists of a large

central anti-parallel p sheet flanked by two cr helices, which follow a general

Þ<-Ê-Þ-Þ-Ê-Þ-cr-p pattern (Eck et al., !993; reviewed in Cohen et a1., 1995). The
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binding pocket of the SH2 domain is bipartite. The first binding interface consists of an

invariant arginine residue that forms hydrogen bonds with two pTyr phosphate oxygens, while

the second interface recognises the three amino acids immediately C-terminal to the pTyr

residue and largely determines binding specificity (Eck et al., 1993; Songyang et al., L993).

Two major groups of SH2 domains have been identified based on their binding specificity.

The first group of SH2 domains selects pTyr-hydrophilic-hydrophilic-hydrophobic sequences,

while the second interacts with pTyr-hydrophobic-X-hydrophobic sequences where X

represents any amino acid residue (reviewed in Cohen et al., 1995; Cantley and Songyang,

re94).

1.2.1.2 Src Homolost 3 (SH3) domaíns

SH3 domains have been identified as structural components of signalling and

cytoskeletal proteins that act as highly specific molecular adhesives by interacting with specific

left-handed poly-proline type II helices. SH3 domains typically consist of five anti-parallel

p strands packed to form two perpendicular p sheets, with a binding pocket characterised by a

hydrophobic patch of clustered aromatic amino acids that are surrounded by two charged and

variable loops (reviewed in Cohen et al., 1995). The minimal consensus binding sequence of

the SH3 domain has been identified as P-X-X-P-X-X-R/K or RÆ(-X-X-P-X-X-P (reviewed in

Morton and Campbell, 1994),.where X tends to be an aliphatic residue, R represents arginine,

K is lysine and P is a scaffolding residue that is generally a proline. The conserved proline

residues are crucial for binding affrnity, and binding specificity is conferred by the interaction

between non-proline residues in the ligand and the two variable SH3 loops that flank the main

hydrophobic binding surface of the SH3 domain (reviewed in Pawson, 1995).
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1.2.1.3 Pleckstrìn Homology (PH) domaíns

The pleckstrin homology fold was originally identified as a 100 amino acid internal

repeat in the protein Pleckstrin (Musacchio et al., 1993), and has since been recognised in

proteins with a variety of functions such as phospholipases (PLC), GTPase regulating proteins

(VAV, Dbl, SOS), protein kinases (Akt and Tec kinases), as well as cytoskeletal proteins such

as spectrin (reviewed in Shaw, 1996; Blomberg et al., 1999). Structural studies have also

revealed that despite the limited extent of sequence identity shared between the various PH

domains, these generally share a common basic fold, itself similar to that of the Protein

Tyrosine Binding (PTB) domains (Orengo et al., L994).

Structurally, PH domains form a p barrel structure that consists of two orthogonal p

sheets of three and four strands that create a p sandwich closed off at the C terminal end by an

amphipathic cr helix. While different PH domains have similar core structures, the loop regions

between the p strands vary and are therefore predicted to be involved in ligand binding

interactions. PH domains a¡e able to incorporate a series of different binding sites on the same

structural scaffold. This enables them to interact with a wide range of molecules, including py

complexes of heterotrimeric G proteins (Touhara et al., L994; Abrams et al., 1996), protein

kinase C (PKC) (Yao et al., 1994; Kawakami et a1., 1995), phosphorylated ligands such as

inositol phosphates or phosphatidylinositol lipids (Hyvonen et al., 1995), and cytoskeletal

components such as filamentous actin (Yao et al., 1999). PH domains are therefore able to

interact not only with other signalling proteins but also with critical structural components of

the cell such as the plasma membrane and actin cytoskeleton.

pH domains have an electrostatically positive polarised surface with high affinity for

the negatively charged phospholipids of the plasma membrane which facilitates the recruitment

of these domains to receptor signalling complexes at the plasma membrane. This strong

positive potential surrounds the phosphoinositide recognition site of the domain and dictates
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the relative afhnity of PH domains for various inositol derivatives. Based on their affinity for

phospholipids, PH domains are classified into four groups: group 1 interacts with PI(4,5)P2

and I(1,4,5)P3i group 2 binds PI(3,4,5)P¡ and I(1,3,4,5)P¿; group 3 binds PI(3,4,5)P3 and

PI(3,4)Pz, and group 4 shows no binding for phosphoinosides (Kavran et al., 1998; reviewed in

Blomberg et al., 1999).

Phosphoinositide metabolism is a critical component of the signal transduction

pathways necessary to control diverse cellular processes including cell survival, proliferation,

differentiation and migration (Divecha and Irvine, 1995; Carpenter and Cantley, L996). A

wide range of receptor stimuli induce the production of PI(3,4)Pz and PI(3,4,5)P3 by

phosphoinositide 3-kinases (PI3-K). This family of phosphoinositide kinases catalyse the

transfer of the y-phosphate group of ATP to the D3 position of phosphoinositides resulting in a

transient rise of phosphorylated lipids including PI(3,4,5)P3. Binding between group 2 and

group 3 PH domains and PI(3,4,5)P¡ in vivo is dependent on specihc interactions between the

negatively charged phosphates in the polar head groups of PI(3,4,5)P¡ and several conserved

basic residues in the þI-þ2 strand and p1-p2 loop region of the PH domain. It is the

combinatorial strength of these interactions that dictates the relative affinity of PI(3,4,5)P¡ for

PH domains as demonstrated by the detrimental effect of the mutagenesis of amino acid

sequences that alter the overall positive charge of the domain or disrupt the binding pocket of

PH on phosphoinositide bindirig (reviewed in Blomberg et al., L999).

I.2.2 Modular domains as regulators of enzyme activity

In addition to their function as molecular adhesives, modular domains can also act as

regulators of enzymatic activity. The mechanism by which these modular domains are able to

control en4vmre activity is currently best understood for Src (rcviewed in Schwartzberg,l99S).

Biochemical studies first identified critical roles for modular domains in regulating Src kinase
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activity. An interaction between the SH2 domain of Src and the phosphotyrosine residue

located just C-terminal to the Src kinase domain (pTyr t"¡ down-regulates Src kinase activity

(Roussel et al., I99I;Liu et al., 1993). A critical role for the SH3 domain was also identified

(parsons and Weber, 1989) but the mechanism by which it affected Src kinase activity

remained unclear until the three dimensional structure of downregulated Src and Hck was

elucidated (Xu et a1.,1997 and Sicheri et al., I997;reviewed in Sicheri and Kuriyan, L997)' In

combination, these studies and numerous others, suggest that although the SH2 domain of Src

is able to interact with pTyr527, this interaction occurs away from the active site of the kinase

domain and as such can not completely inhibit Src kinase activity. A second unexpected

intramolecular interaction involving the SH3 domain and the linker region that joins the SH2

and kinase domains stabilises the closed/inactive conformation of Src. The combination of

these two intramolecular interactions is therefore responsible for regulating Src enzymatic

activity. In the absence of a stimulatory signal, the two lobes of the kinase domain appear to

be pushed close together thus enforcing a conformation in the small lobe that disables the

active site. This in turn restricts the relative motion between the N and C-terminal lobe of the

kinase and prevents the binding of ATP. Activation of the enzyme requires competitive

interactions with SH3 or SFI2 ligands to displace these intra-molecular interactions and

destabilise the inactive conformation (Xu et al., 1997 and Sicheri et al., 1997 and Sicheri and

Kuriyan, 1997).

L.2.3 Principles of signal transduction

The study of signal transduction pathways has revealed that the propagation of a signal

from a plasma membrane activated receptor to appropriate effector pathways is dictated by

several principles (Hunter, 2000). The first of these principles states that amino acid residues

can be biochemically modified and that these modifications can affect the activation state of

6



enzymes and increase the diversity of interactions the modified peptides are able to participate

in. Tyrosine phosphorylation is one such modification. It involves the sequence specific

addition of the y phosphate residue of an Adenosine triphosphate (ATP) molecule on to a

specific tyrosine residue of a target protein, by a protein tyrosine kinase (PTK) enzyme. At

any time, only 0.057o of total cellular proteins in a normal vertebrate cell show detectable

levels of tyrosine phosphorylation (Hunter and Sefton, 1980). This extremely low basal level

of tyrosine phosphorylation, coupled with the tight regulation of PTK activity, and the

existence of high affrnity pTyr binding domains such as the SH2 and PTB domains are the basis

of a highly effrcient inducible signalling system based on highly specific phosphotyrosine-

mediated protein-protein interactions. Ligand induced protein proximity has recently emerged

as a second principle of signal transduction. Induced proximity is dependent on the sequence

specific recruitment of proteins to signalling foci, resulting in a local increase in protein

concentration (Pawson et al., 1993; Pawson, 1993). A typical example is the recruitment of

SH2- and PTB-containing proteins to phosphorylated receptors at the plasma membrane,

where these proteins are able to interact with membrane targeted modifying enzymes and./or

membrane targeted effector proteins. A third principle of signal transduction suggests that

signal transduction occurs in a semi-solid-state manner with minimal free diffr¡sion. Such

compartmentalisation is facilitated by the association of signalling proteins with cytoskeletal

structures nucleated by anch'oring and scaffolding proteins, to form subcellular signalling-

competent microenvironments. Compartmentalisation increases the effrciency and specificity

of substrate modifications to allow the coordinated action of enzymes and their substrates in a

particular position in the cell (Pawson and Scott, 1997). A final principle of signal

transduction suggests that mechanisms exist in the cell that prevent spontaneous signal

activation. These generally depend on the regulation of the subcellular localisation of the

various signalling molecules to separate signalling complexes from effector systems. Under

7



such cfucumstances, long range movements of activated signalling components are necessary

for the initial activator complex to activate the effector system. A typically example of such

movement is the translocation of phosphorylated transcription factors from the cytoplasm to

the nucleus.

Although a vast body of work is beginning to unravel the biomolecular details of

various signal transduction pathways, the issues of redundancy and cross talk remain to be

resolved. The mechanism by which different external stimuli can trigger overlapping signalling

pathways and yet result in distinctive cellular responses is still unclear. Part of the answer for

both phenomena probably lies in the fact that the repertoire of signal transduction proteins

expressed by a given cell will influence the range and strength of the signal transduction

pathway(s) being activated.

The area of signal transduction has had a dramatic impact on medical research. To

date at least 18 protein tyrosine kinase genes have been identified as oncogenes either in

acutely transforming retroviruses or in human tumors. Increasing numbers of human diseases

have been shown to involve mutations in genes encoding protein kinases and/or phosphatases,

or in genes encoding their regulators and/or effectors. Of particular interest has been the

contribution that this area has made to the understanding of the molecular basis of inherited

immunodeficiencies such as SCID, X-linked agammaglobulinemia, Wiskott-Aldrich syndrome

and a number of other autoimmune diseases (Korpi et al., 2000). It is therefore becoming

increasingly evident that the study of signal transduction pathways will enable fuither

understanding of the molecula¡ defects that underlie many such disorders and will facilitate the

rational design of therapeutic compounds.
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1..3 The Tec family of protein tyrosine kinases

The Tec family of protein tyrosine kinases belongs to the family of non-

receptor/intracellular protein tyrosine kinases (Figure 1.1). It includes Tec (Mano et al.,

1990), Btk (Thomas et al., 1993; Rawlings et al., 1993), Bmx (Tamagnone et al., 1994), Itk

(Siliciano et al., L992) and Txk (Sommers et al., 1995), making it the second largest family of

intracellular PTKs. Like Src, Tec kinases are characterised by the presence of SH3, SH2 and

kinase domains with approximately 48-59Vo sequence identity shared between the various

members of the Tec family of PTK (Figure 1.24 and B), and 33-357o sequence identity to Src

(Figure 1.24 and C). The N-terminal region of Tec kinases typically consists of a PH domain

which is followed by a Tec Homology (Tþ region (Vihinen et al., 1994) and one or two

proline rich regions (PRR), except in Txk which lacks the characteristic PH region and has a

shorter cysteine rich sequence instead (Sommers et al., 1995). The TH region is characterised

by the presence of a conserved His-Cys3 pattern, recognised as the Btk motif, which is

necessary for Zn2* binding (Hyvonen and Saraste, 1997; Vihinen et al., 1997). Together with

the PH domain, the TH region forms a structural unit that is highly characteristic of the Tec

family and is referred to as the PHTH domain with 38-507o seeuence identity shared between

Tec family members (Figure l.2D) (excluding Txk).

A relatively extensive þrofile of Tec family kinase expression has been compiled and is

diagrammatically represented in Figure 1.3. Briefly, Tec family kinases are generally restricted

to cells of the hematopoietic lineage with some relatively high degree of lineage specificity,

though various members of the family have been detected in a subset of non-hematopoietic

tissues @gure 1.3) (Mano et al., 1990, Siyanova et al., 1994; Heyeck and Berg, 1993; Smith

et al., I994;Tamagnone et al., L994; Sommers et al., 1995).
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Figure 1.1 Nonreceptor protein tyrosine kinases

(adapted from Hunter, 2000)

Intracellular protein tyrosine kinase families are affanged according to their secondary

structure. Common domains are depicted as shaded boxes. The various domains represented

in this diagram include the SH3, SH2 and Kinase domains as well as the PH and TH domains

characteristic of the Tec family of protein tyrosine kinases. (SH: Src Homology, PH: pleckstrin

Homology, TH: Tec HomologY)
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Figure 1.2 Alignment of the amino acid sequence of the members of the Tec family of

non-receptor protein tyrosine kinases

The alignment of mouse Tec family kinase used sequences obtained from GenBank. The

following GenBank accession number were used: Bmx: NP-033889, Btk: 149553, Itk:

NP-034713, Tec: T01380, Txk 149133 andc-sri: NP 031809.

A. Alignment of mouse Tec family kinase sequences. The mouse Tec family kinase

sequences were compared with that of c-Src to determine SH3 (pink), SH2 (green) and

Kinase (black) domain boundaries. Poly-proline sequences characteristic of SH3

recognition sites are underlined. Where more than one site was identihed, overlapping

sites are marked in italics. The Tec kinase specific PIITH domain is shown in blue and

amino acid sequences shared between the members of the Tec family are highlighted in

yellow and those common to Tec family kinases and Src are in red.

B. Tabulation of the levels of amino acid identity identified between the full length amino

acid sequences described above.

C. Tabulation of amino acid identity levels between the C-terminal SH3-Kinase protein

sequences described above.

D. Tabulation of the levels of amino acid identity identified between the N-terminal

sequence described above.

(SH: Src Homology, PH: Pleckstrin Homology, TH: Tec Homology)
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Figure 1.3 Diagrammatic representation of the expression pattern of Tec family

kinases in hematopoietic lineages.

The major hematopoietic lineages are represented in this diagram. The expression of Tec

family kinases in these lineages is listed adjacent to the corresponding lineage(s).
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In general, three main characteristics differentiate Tec kinases from Src family kinases,

the latter being the prototype of nonreceptor PTKs. These differences include:

(Ð the lack of Src-like N-terminal modifications, including the post-translational addition

of fatty acid chains such as N-myristoylation or palmitoylation (Mano et al., 1990);

(ü) the absence of a C-terminal regulatory tyrosine residue. This tyrosine residue 1Y527¡ in

Src acts as a negative regulator of Src kinase activity (Matsuda et al., 1990 and

Roussel et al., 1991). Its absence in Tec family kinases suggests that an alternative

regulatory mechanism is likely to regulate Tec family kinase activity;

(üi) the presence of three functional regions in the N- terminal unique sequence of Tec

family kinases consisting of the PH and TH regions-which form a novel fold (the

PHTH domain) that is stabilised by cysteine mediated zinc binding (Vihinen et al.,

1994; Hyvonen and Saraste, 1997), and the proline rich region (PRR) which has been

proposed to act as an intramolecular SH3 domain ligand (Andreotti et al., L997).

1.3.1 Bruton's Tyrosine Kinase (Btk) and B Cell Receptor (BCR) signalling

The vast body of research that has contributed to the characterisation of Btk was

initially instigated by genetic linkage studies that positioned the Btk gene at the X-Linked

agammaglobulinemia ()il-A) locus (Vetrie et al., 1993). XLA is an X-linked immunoglobulin

deficiency disorder that manifests itself as recuffent bacterial infections in young male patients

(reviewed in Satterthwaite et al., 1998 ). This condition affects mainly cells of the B cell

lineage, and is diagnosed by a lack of germinal cells, a sovere deficit in mature B and plasma

cells, and low IgM and IgG3 levels (Conley et al., L994). Although mutations of the Btk gene

in Xid mice result in a less severe phenotlpe, the same population of cells as those affected in

XLA patients are developmentally abnormal in these mice (Rawlings et al., 1993). Xid B cells

are functionally immature, they have a reduced half life in vívo (Oka et al., 1996) and show

10



increased spontaneous apoptosis in vitro (Woodland et al., 1996). At the molecular level,

many signal transduction pathways are found to be defective in Xid B cells, including those

downstream of BCR cross-linking (Wicker et al., 1986) and those involved in IL-5 (Hitoshi et

al., 1993; Koike et al., 1995; Corcoran and Metcalf,1999), CD-38 (Kikuchi et al., 1995) and

RP105 (Corcoran and Metcalf, 1995) signalling.

Btk is reportedly involved in the signal transduction pathways activated by a number of

receptors (reviewed in Rawlings, 1999), including the B cell receptor (Khan et al., 1997), the

B cell co-stimulatory receptor CD38 (Santos-Argumedo et al., 1995), the IL-5 receptor

(Kikuchi et al., 1995) and the high affrnity IgE receptor in mast cells (Kawakami et al., 1994).

It is also required for G protein coupled receptor (Tsukada et al., 1994; Jiang et al., 1998) and

collagen receptor (glycoprotein VI associated Fc receptor y chain) signalling (Quek et al.,

1993) as well as for alphallb/beta 3 integrin associated thrombin receptor-mediated signal

transduction in platelets (Laffargue et al., 1999).

1.3.1J Tyrosine phosphoryl.ation events aÍ the BCR

Of these signalling systems, the B cell receptor (BCR) system has been characterised in

most detail and will be reviewed below. The BCR, together with the T cell receptor (TCR),

the receptor for the Fc portion of immunoglobulin-y (IgG) (FcyR) and the receptor for Fc

portion of immunoglobulin-e (IgE) (FceR), are grouped in the antigen receptor superfamily

and share cortmon structural features as well as signalling targets (Figure 1.4). These a¡e

multichain receptors that form heteromeric structures, with distinct extracellular ligand-binding

subunits and intracellular cytoplasmic signal transduction compartments. The ligand binding

subunit of the BCR is derived from membrane immunoglobulin (mlg), while signalling is

mediated by immunoreceptor tyrosine-based activation motifs (ITAM) present in the

cytoplasmic region of the Iga and the Igp signalling subunits (Wienands et al., 2000). ITAM

motifs consist of 6 conserved amino acids @/E-X?-D/E-Xz-Y-Xz-UI-Xt-Y-Xz-UI) (Cambier

11



Figure 1.4 Antigen receptor superfamily

Diagrammatic representation of the structural components of the antigen receptor superfamily.

FceRI : Receptor for Fc portion of IgE

FcyR : Receptor for Fc portion of IgG

BCR :B CellReceptor

TCR:TCellReceptor
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et al., 1995) which act as phospho-acceptor sites for the pTyr/SH2-mediated recruitment of

intracellular signalling components. Gene targeting studies indicate that the Igo and the

Igp signalling subunits differ in their signalling capacities. IgB deficient mice are unable to

assemble the remaining components of the BCR and exhibit a complete block in B cell

development (Gong and Nussenzweig, 1996), while Iga-/- mice can assemble an incomplete

BCR that is nevertheless able to support very ineffrcient progression through the pre-B cell

stage (Torres et al., 1996).

The sequential events that take place following BCR engagement are relatively well

established. Igø and Igp, the signalling components of the B cell receptor, form a

heterodimer that associates with the ligand binding subunit (rnlg) to form a functional receptor.

As represented in Figure 1.5, upon stimulation, cross-linking of the BCR results in the

sequential recruitment and activation of a number of signal transduction molecules, fnst Src

family kinases, most probably Lyn and/or Fyn, and subsequently intracellular PTKs such as Syk

and Btk (Saouaf et al., 1994). Lyn and Fyn but not Src are also able to interact with the

resting BCR (Pleiman et al., 1994). Under these circumstances, receptor cross-linking alone is

suffrcient to induce auto/trans-phosphorylation and activation of the Lyn and Fyn kinase

domains through induced proximity of the kinase domains (Cooper and Howell, 1993).

Activation of Src family kinases at the BCR is also determined by the balance between the

activities of the CD45 pt orpiutase (Yanagi et al., 1996) and the tyrosine kinase Csk (Hata et

al., L994). This balance determines the phosphorylation state of the C-terminal regulatory Ys27

residue, which in turn dictates the level of Src family kinase activation and influences the

strength of BCR signalling. The local increase in Src family kinase activity at the BCR

complex is then responsible for ITAM phosphorylation, and the subsequent recruitment and

activation of Syk at the activated complex (Kurosaki et al., L994). An additional mode of

activation for Syk is possible given that low levels of Syk have also been detected in

L2



Figure 1.5 Membrane proximal events during B cell receptor signal transduction

(Ð BCR engagement activates Lyn, leading to the phosphorylation of ITAM tyrosine

residues. Tyrosine phosphorylated residues recruit Syk to the activated receptor and

activation of PI3-K results in the phosphorylation of PI(4,5)P2 to yield PI(3,4,5)P3. This

phospholipid mediates PH-dependent recruitment of Btk to the plasma membrane.

(ü) Activated Lyn phosphorylates and activates Syk and Btk and activated Syk

phosphorylates the adapter protein BLNK.

(üi) Phospho-BLNK nucleates a multiprotein complex that brings Syk and Tec in proximity

to their substrate PLCy , and this results in the generation of IP¡ and DAG, an increase

in intracellular calcium and the activation of PKC.
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association with the BCR complex prior to receptor activation. Aggregation of the receptor

alone might be able to induce the auto/trans-phosphorylation and activation of a limited

amount of Syk, independently of Src family kinase activity (Hutchcroft et al., 1992). In brief,

it is currently believed that engagement of the BCR results in the activation of three families of

PTK5. The first two, the Src family and Syk, are both critical for BCR activation as reflected

by the total absence of tyrosine phosphorylation observed in LynJ-Syk-/- DT40 B cells despite

BCR crosslinking (Takata and Kurosaki, 1996). The third PTK to be activated following B

cell receptor crosslinking is the Btk tyrosine kinase. At the molecular level, Btk activation

results from the phosphorylation of a highly conserved tyrosine residue located in the

activation loop of the Btk kinase domain, Yttt, by a member of the Src family of tyrosine

kinases, (Saouaf et al., 1994; Mahajan et al., 1995). Btk phosphorylation is initially dependent

on Src kinase activity, but Syk is necessary for sustained phosphorylation (Kurosaki and

Kurosaki,1997)

1.3.1.2 Phospholípíd metabolísm ønd' BCR sígnallíng

Changes in intracellular calcium levels follow receptor activation. These are initiated

by the phosphorylation and activation of PLCy (Padeh et al., 1991), an enzyme responsible for

converting the plasma membrane phospholipid PI(4,5)P2 into the secondary messenger IP3.

The initial activation of PLCy. is mediated by Syk (Takata and Kurosaki, 1996) and sustained

PLCT phosphorylation is dependent on phosphorylation by Btk @uckiger et al., 1998; Takata

and Kurosaki, 1996). IP¡ molecules generated by PLCY then trigger the release of calcium

from endoplasmic reticulum (ER) stores, the majority of which are sensitive to low levels of

IP¡. A distinct subset of ER calcium stores which are sensitive to higher levels of IP¡ release

also trigger extracellular calcium influx through store-operated calcium channels (SOC)

(parekh and Penner 1997). It is the release of these stores of calcium that requires the

phosphorylarion of PLCy by Btk (Fluckiger et al., 1993). The two levels of calcium signalling

13



control indicate that the amplitude and duration of calcium signalling is important in regulating

the intensity of BCR signalling and is expected to determine the transcriptional program

initiated following BCR engagement (Healy et al., 1997).

1.3.1.3 Adaptor proteín and BCR sígnallíng

A critical role for an emerging class of immune cell-restricted adaptor proteins in BCR

signalling has recently begun to emerge. Adaptor proteins lack enzymatic and transcriptional

activity. They encode multiple motifs and domains that nucleate the formation of multiprotein

complexes and act as molecular scaffolds that co-localise enzymes and their appropriate

substrates. The adaptor protein BLNIISIp-65, plays a central role in PLCy activation

(Kurosaki and Tsukada, 2000). Mice dehcient for BLNK exhibit a block in B cell

development at the pro-B to pre-B cell transition stage, that mimics the defect seen in Xid

mice (Pappu et al., 1999 and Xu et al., 2000). At the molecular level, the phosphorylation of

BLNK by Syk facilitates the formation of a multiprotein complex, nucleated by BLNK, which

includes Syk, Btk, and PLCy (Hashimoto et al., 1999) and brings PLC} in proximity to Syk

and Btk thus facilitating PLCy phosphorylation and activation.

1.3.1.4 Regulatíon of Btk kinase actívíty

Btk kinase activity is determined by a number of posttranslational modifications, and

intra- and inter-molecular inteiactions that include :

(i) The phosphorylation of Y5sr (Afar et al., 1996 and Rawlings et al., 1996).

Phosphorylation of this tyrosine residue changes the conformation of the activation

loop in the kinase domain and increases intrinsic Btk kinase activity.

(ü) The phosphorylation of Y223 which is located near the poly-proline binding pocket

of the SH3 domain (Park et al., 1996). Addition of the phosphate residue stericaþ

inhibits SH3-mediated interaction(s) and stabilises the active form of Btk through
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yet to be cha¡acterised mechanisms. These could involve either the direct

association of the SH3 domain with inhibitory proteins or intramolecular association

with proline rich sequence(s) of Btk (Andreotti et al., 1997 and Patel et al.,1997).

Using phospho-peptide specific antibodies raised against the two distinct

phosphotyrosine residues, phosphorylation of Y223 was confirmed to temporally

follow that of Y5sr lNisitani et al., 1999).

(üi) The interaction between the PHTH domain of Btk and PI(3,4,5)P3 molecules

(Salim et al., L996) that accumulate at the plasma membrane following BCR

receptor activation (reviewed in Marshall et al., 2000). This interaction ensures that

Src family kinase-mediated phosphorylation and activation of Btk can only occur

upon the translocation of Btk to the BCR signalling complex at the plasma

membrane. The PI{IH-PI(3,4,5)P¡ interaction positively affects membrane

localisation and phosphorylation of Btk (Varnai et a1., 1999, Nore et al., 2000;

Laffargue et al., 1999; Li et al., I997a and b). Structural studies of the PIITH

region have demonstrated that XLA mutations in the PH region are generally

clustered around the predicted lipid binding site, in the positively charged end of the

domain (Hyvonen and Saraste, 1997). In addition, the B[lK mutation which

positively affects the affinity of the PH domain for membrane phospholipids

generates an activated form of Btk that is constitutively targeted to the membrane

(Nore et al., 2000).

The successful propagation of the BCR signal thus incorporates a combination of

ITAM and PI3-K mediated signals that provide several levels of regulation to prevent

spontaneous activation of Btk. Recently, basic residues in the first 10 amino acids of the PH

domain of Btk were also shown to interact with actin thus positioning Btk as a possible link

between calcium signalling events and actin cytoskeleton remodelling (Yao et al., L999).
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1.3.2 Tyrosine kinase Expressed in hepatocellular Carcinoma cells (Tec)

Tec is the founding member of the TeclBtk family of protein tyrosine kinases. It exists

as a single copy gene on mouse chromosome 5, and is closely linked to the Kit gene (Mano et

al., 1993). T¿c mRNA is expressed mainly in the liver (Mano et al., 1990) and is detected

faintly in the heart, ovary and kidney (Mano et al., 1990) as well as in the spleen, small

intestine, lungs, testis and brain (Siyanova et al., 1994). Expression of Tec is temporally and

spatially regulated during mouse development (Kluppel et al. 1997). It is detectable first at

day 7 of embryogenesis in the blood islands and maternal decidua, and in the placenta at day 9.

At later somite stages, strong punctate expression of Tec is visible in the liver and AGM

region, both of which are sites of embryonic hematopoiesis. Later, Tec expression broadens to

include embryonic skin, blood vessels in the central nervous system, heart, kidneys, lungs and

intestine (Kluppel et al., 1999). In the adult, like other members of this family, Tec is

expressed in hematopoietic cells, although with a lower degree of lineage specihcity. Its

expression overlaps with that of Btk in B cells (Kitanaka et al., 1993) and platelets (Hamazaki

et al., 1998), Itk and Txk in T cells (Mano et al., 1993; Yang et al. 1999). It is mostly

abundant in megakayocytes @orsch et al., 1999), myeloid and monocytic cells (Mano et al.,

I993;Yang et al., 1999; Yang and Olive, 1999).

Based on its homology to Src, Tec was initially reported to consist of 3 modular

domains with significant homòlogy to SH3, SH2 and Kinase domains (Mano et a1., 1990). In

total 5 transcripts have been reported for Tec in the literature and these will be described in

detail in Chapter 3. The first transcnpt, Tec I (Mano et al., 1993) has a short N-terminus with

no significant homology to any other known modules and no characteristic membrane targeting

motifs (Mano et al., 1990) while all other transcripts TecIIA,TecIIB,TecIII andTecIV encode

proteins with a PIITH N terminal domain (Mano et al., t993). Other major differences

between the Tec isoforms included differences in the SH3 and Kinase regions (Mano et al.,
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1993). Of these, TecIII and TecIV encode peptides that differ by 22 amino acids at the C-

terminus of the SH3 domain, with TecIII being the truncated isoform. How this deletion

affects TecIII kinase activity has yet to be characterised. A constitutively active form of Tec

(TecÀSH3) can however be generated by removing the majority of the Tec SH3 domain

(Yamashita et al., 1996), suggesting a regulatory role for this domain similar to that of the Btk

SH3 domain (Park et al., 1996). Removal of the 22 amino acids in TecIII and the 57 amino

acids in TecÂSH3 are predicted to disrupt the three dimensional fold of the SH3 domain and

effectively abolish SH3-dependent function(s)/interaction(s) involved in regulating kinase

activity.

The regulatory mechanism(s) that control Tec activation are predicted to differ from

that of Src family kinases since, like Btk, Tec lacks the C-terminal regulatory Tyr residue.

Further insight into the regulation of Tec family kinase activity has come from

multidimensional nuclear magnetic resonance (NMR) studies of the Tec family member Itk

(Andreotti et al., 1997). These studies have revealed that the SH3 domain of Tec kinases is

capable of interacting with poly-proline rich sequence(s) in the PRR region, of which Tec has

two. Recently studies carried out in this laboratory have also identified an analogous

interaction in Tec (Pursglove, 2001). This interaction is predicted to prevent the docking of

other SH3 binding proteins thus effectively sequestering the SH3 from other signalling

molecules.

In an effort to understand Tec-dependent signal transduction pathways, several Tec

binding proteins have been identified. These include Kit, the receptor for SCF (Tang et al.,

lgg4), Lyn (Mano et al., lg94), gp130 (Matsuda et al., 1995), Shc (Mano et al., 1995)' Vav

(Machide et al., lggs), PI3K, JakIllak2 (Takahashi-Tezuka et al., 1997), and SOCS-

I/JAB/SSI-I (Ohya et al., L997). Tec has also been implicated in a number of signal

transduction pathways including those involving SCF (Tang et al., 1994),IL-3 (Mano et al.,
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1995; Machide et al., 1995), Epo (Machide et al., 1995), IL-6 (Matsuda et al., 1995), integrin

(Laffargue et al., lgg7), thrombopoietin (Yamashita et a1.,1997 and Dorsch et al., 1999), PI3-

K (Takahashi-Tezuka et al., 1997), the BCR (Kitanaka et al., 1998), G protein coupled

receptor and integrin mediated signalling (Hamazaki et al., 1998), heterotrimeric G proteins

(Mao et al., 1998), GM-CSF (Yamashita et al., 1998), TCR/CD3 and CD28 (Yang et al.,

1999;Yang and Olive,1999) as well asIL-2 and IL-4 (Yang et al., 1999). Tec is also reported

to influence a range of effector molecules such as Serum Response Factor through Rho (Mao

et al., 1998), and Stat5 (Isaksen et al., 1999). Despite these numerous reports the molecular

details of Tec action remain poorly understood compared to that of other family members such

as Btk and Itk.

1.3.3 Other Tec family members: Interleukin-2 (lL-2\-inducible T cell Kinase (Itk)' T

cell eXpressed Kinase (Txk) and Bone Marrow kinase in chromosome X (Bmx)

The Tec family kinase member Itk was originally isolated by a degenerate PCR screen

which aimed to identify T cell specific tyrosine kinases (Siliciano et al., 1992). Its expression is

apparently exclusive to the thymus, more specifically to T and Natural Killer cells (Siliciano et

a1.,1992;Gibson et al., I993;Tanaka et al., 1993). Functional studies demonstrated Itk kinase

activity to be important for T cell development. Mice deficient for Itk expression show

reduced numbers of mature T..cells, a reduced ratio of CD4 to CD8 cells, and compromised T

cell proliferation in response to TCR stimulation (Liao and Littman, 1995). At the molecular

level, stimulation of the TCR in these mice fails to fully activate PLC|I thus resulting in

reduced levels of IP¡ which a¡e suffrcient to release calcium from intracellular stores, but

inadequate to open plasma membrane calcium channels (Liu et al.' 1998).

Overall, activation of the TCR parallels to some extent signalling from the BCR. Like

the BCR, the signal transduction unit of the TCR belongs to the ITAM family. The
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CD3y, -ô, -e subunits each contain one ITAM sequence and TCR ( has three (Figure 1.4).

Tyrosine phosphorylation of the ITAM by the Src family kinases (Irk and/or FynT) initiates a

signalling cascade that culminates in calcium mobilisation, activation of the transcription factor

NFAT andIL-2 production (Weiss and Littman, 1994). The extent of phosphorylation of the

6 ITAM tyrosine residues on the TCR ( chain determines the strength of TCR activation

(Neumeister et al., 1995), and is, at least in part, regulated by the tyrosine kinase Csk

(Schmedt et al., 1998). Tyrosine phosphorylated ITAM motifs recruit the T cell specific

homolog of Syk, Zap-70, to the signalling complex where Src family kinase-dependent

phosphorylation of Zap-70 the Y31s and Y31e residues leads to increased ZAP-70 kinase

activity (Di Bartolo et al., Lggg). Two Zap-70-specific substrates include the adaptor proteins

LAT and the BLNK homolog SLP-76 (reviewed Pivniouk and Geha, 2000). In activated T

cells, the transmembrane protein LAT associates either directly or indirectly with many critical

signalling molecules including Grb¿, the p85 subunit of PI3-K, PLCY, SLP-76, SOS and Cbl

(Zhang er al., 1998b), while SLP-76 is rapidly phosphorylated following TCR engagement

(Wardenburg et al., 1996). Deletion of SLP-76 result in a marked reduction in PLCyI tyrosine

phosphorylation, calcium flux and ERK activation (Yablonski et a1., 1998).

Functionally, the adaptor protein SLP-76 is able to couple Syk activation following

TCR engagement to downstream effector pathways, including that of phospholipid

metabolism, through its ability to nucleate multiprotein signalling complexes (Finco et al.,

1998). These complexes are anchored at the plasma membrane by LAT and include Syk and

Itk (Bunell et al., 2000). They ensure sustained PLql phosphorylation and calcium signalling

(Finco et a1.,199g; yablonski et al., 1998). SLP-76 has also been implicated in cytoskeleton

reorganisation through Rho-family dependent activation of Pak and WASP (Bubeck-

Wardenburg et al., 1998) suggesting a role for this adaptor protein in coupling lipid

metabolism and cytoskeleton rearrangement'
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In addition to Tec and Itk, Txk is also expressed in cells of the T cell lineage (Sommers

et al., 1995) The Txk locus is also closely linked to Tec on human chromosome 4 though the

significance of such linkage has not been identified (Sommers et al., 1995). Txk mRNA is

detectable from day 13.5 of gestation, the earliest stage at which foetal thymus can be

identified and in the adult, expression is detected in T and mast cell lineages (Sommers et al.,

1995). Structurally, Txk differs from other members of this family. It lacks a PH domain and

possesses instead a palmitoylated cysteine ring motif that is proposed to faciütate membrane

localisation (Debnath et al., 1999). An alternatively spliced isoform of Txk is also produced

that is shorter and is targeted to the nucleus (Debnath et al., 1999). The functional significance

of this isoform is yet to be determined. Functional characterisation of Txk is still limited. It is

known not to be involved in the early signalling events associated with CD3(, CTLA4 or CD

28 signalling (Ellis et al., 1998). TCR stimulation induces the SlP-76-dependent association

of Txk with PLCyI (Schneider et al., 2000) which mediates PLCY1 phosphorylation, activation

of ERKs and the synergistic up regulation of TCR drivenn--Z NFAT transcription (Schneider

et al., 2000). Txk transgenic mice are hyper-responsive to TCR stimulation, exhibit enhanced

plCyl phosphorylation and increased calcium flux. Nevertheless, overexpression of Txk can

only partially rescue the signalling defects of Itk deficient mice (Sommers et al., 1999). This

suggests a complementary role for Txk and Itk kinase activity in regulating TCR signal

transduction. The response td TCR stimulation although moderately impaired in Itk -/- mice,

and even less in Txk -/- (Schaeffer et al., 1999), has major defects in numerous effector

systems such as calcium mobilisation and IP¡ and IL-2 production in the absence of both

kinases (Schaeffer et al., L999)'

Bmx is the most recent member of this family of protein tyrosine kinases. It was

identified and cloned during a screen for novel tyrosine kinases expressed in human bone

rnarrow cells and was shown to be localised to the X chromosome (Tamagnone et al., L994).
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Expression of Bmx is detectable in the spleen of late gestation embryos (Weil et al., 1997). In

the adult it is expressed primarily in the bone marrow and at lower levels in the lung and heart

(Weil et al., lgg/). In contrast to other family members which show strong preference for

hematopoietic cells, Bmx is preferentially expressed in epithelial and endothelial cells (Weil et

al., IggT). Functionally Bmx induces the activation of Stat signalling pathways and is

positively regulated by Pl3-K(Saharinen et al., 1997).

In summary, Tec family members have proven to be critical for signal transduction

from a wide range of receptors. Some details have begun to emerge mainly from the studies of

antigen receptor signalling that have demonstrated the specific role that Btk, Itk and Txk play

in pLCy activation in B and T cell receptor signalling respectively. The relatively selective

expression of these kinases in hematopoietic cells positions them as attractive therapeutic

targets for the management of disorders of the immune system, and this in turn requires

detailed understanding of their molecular mode of action.

L.4 FcyReceptor (FcyR)'mediatedphagocytosis

particle internalisation is a fundamental biological phenomenon that is responsible for

the essential role of nutrient uptake in lower eukaryotes, and the more specialised function of

pathogen clearance and destruction in higher eukaryotes. Based on the nature of the

exogenous material being intèrnalised. Particle internalisation is differentiated between the

uptake of soluble material or pinocytosis and that of particulate matter. The uptake of

particulate material is fuither subdivided based on the size of the exogenous particles. Material

smaller than 0.5 pm in diameter is internalised through clathrin-dependent endocytosis, while

larger material is taken up through phagocytosis (reviewed in Aderem and Underhill, 1999).

Three types of phagocytic receptors have been recognised in higher eukaryotes. The lust

includes the mannose receptor (MR), DEC 205 and scavenger receptors (Stahl and Ezekowitz,
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1998) which are responsible for the recognition of conserved motifs on pathogens including

mannans in the yeast cell wall, formylated peptides in bacteria and lipopolysaccharides and

lipoteichoic acids on the surface of Gram negative and Gram positive bacteria. The two

remaining receptor systems recognise humoral components (Ig and C3bÐ and include Fcy

receptors which are specific for immunogloblins (Indik et al., 1995), and complement receptors

which specifically recognise the C3bi fragment (Carroll, 1998). Given the conserved nature of

the BCR, TCR and FcyR signalling systems, and the importance of Tec family kinases for

signal transduction in the first two receptor systems, the work described in this thesis focussed

mainly on the investigation of a possible role for Tec in FcyR -dependent phagocytosis.

During Fcy receptor-mediated phagocytosis, exogenous particles greater than 0'5pm in

diameter are internalised by professional phagocytic cells such as macrophages and neutrophils.

This process is initiated by the specific interaction between the extracellular region of Fcy

receptors and the Fc portion of IgG opsonins present on the surface of exogenous particles.

This interaction triggers the clustering of Fc"y receptors, induces the reorganisation of the

underþing actin cytoskeleton to form the phagocytic cup and provides the driving force for

particle internalisation. The phagosome is the membrane-derived structure that is formed

following the pinching of the plasma membrane to enclose lgG-opsonised exogenous particles'

Actin is shed after the particle has been engulfed as the phagosome matures through a complex

series of fusion events with tomponents of the endocytic pathway and eventually forms a

mature phago-lysosome structure (reviewed in Aderem and Underhill, 1999).

1.4.1 Fc receptor biologY

As previously mentioned, Fc receptors are part of the antigen receptor superfamily. In

contrast to the B and T cell receptors, Fc receptors recognise the Fc pofion of

immunoglobulins and not the antigenic moiety on the surface of exogenous particles. As a
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result, these receptors form a link between the binding of immunoglobulins to antigenic

material and the inflammatory and cellular response(s) that are stimulated by this interaction

(Raghavan and Bjorkman, 1996).

Five types of Fc receptors exist based on their immunoglobulin isotype specificity:

FcyRs recognise IgG, FceRs bind IgE, FcaRs interact with IgA, FcpRs are specific for IgM

and FcôRs for IgD. Each antibody-receptor interaction triggers a distinct cellular response.

Fc receptors for IgA and IgM facilitate the transport of antibodies through the epithelia

without affecting cellular activation, while FcyRs and FceRs mediate lTAM-dependent cellular

responses, the intensity of which is dependent on the affrnity of the receptor for its ligand

(reviewed in Daeron, I99l):

The Fcy receptor system is a relatively complex receptor system which consists of three

major receptors:

(i) FgyRVCD64 is a high affrnity, multi-chain receptor complex that is involved in early immune

responses when IgG levels are typically low (Shen et al., 1987). As shown in Figure 1.4,

this receptor consists of a tigand-binding a chain with two Ig-like extracellular domains and

a homodimer of the intracellular y signal transduction unit (reviewed in Raghavan and

Bjorkman, 1996). FcyRI is generally expressed on the surface of neutrophils, monoc)¡tes,

granulocytes and macrophages (reviewed in Hulett et al., 1994) and ir¿ virro studies have

associated this receptor type with antibody-dependent cell-mediated cytotoxicity (ADCC),

cnclocytosis and phagocytosis (Shen et al., 1987; Davis et al., 1995).

(ü) FcfRIIVCDI6 is a multichain low affinity receptor that is expressed as a complex

consisting of a single o chain with two extracellular Ig-like domains, and disulphide linked

homodimers of y subunits or ylÇ heterodimeric subunits (Figure 1.4) (reviewed in Raghavan

and Bjorkman, 1996). This type of receptor is expressed on macrophages, neutrophils and

mast cells and is the only Fc receptor found on natural killer cells (Hulett et al., 1994).
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Functionally, Fc"yRIII mediates similar responses to FcyRI (van de Winkel et al., 1991). A

single FryRIII isoform exists in the mouse while two isoforms of the receptor have been

identified in human: FcyRIIIA which encodes a protein with a transmembrane region and a

25 amino acid cytoplasmic domain, and FoyRIIIB which is anchored at the plasma

membrane by a glycophosphatidyl inositol linkage (Ravetch and Perussia, 1989).

(äi) The low afñnity FcyRIVCD32 is a single chain receptor (Figute I.4) (reviewed in

Raghavan and Bjorkman, 1996) that is expressed mainly in myeloid and lymphoid cells

(Hulett et al, 1994). The affinity of the extracellular domain of FcyRIIs for IgG is so low

that under physiological conditions these receptors are predicted to interact with IgG only

following immunoglobulin aggregation on multivalent antigens. Several isoforms of this

receptor are encoded by three different genes Fc1RIIA, FcyRIIB and FcyRIIC. They have

identical extracellular ligand binding and transmembrane regions but differ in their

cytoplasmic tail. FcyRIIC and the human specific FcyRIIA have a functional ITAM while

FgyRIIB isoforms possess a single Y-X-X-L sequence and are predicted to function as

putative negative regulators of immune complex-triggered activation (Takai et al., 1996).

u



1.4.2 Actin cytoskeleton remodelling and phagocytosis

FcyR-mediated ingestion of IgG opsonised particles occurs through zippering of the

receptors on the plasma membrane with IgG molecules on the particle. Cryo-Electron

Microscopy studies of phagocytosis have also shown that during particle ingestion, veils of the

plasma membrane rise above the cell surface and tightly sunound the particle before drawing it

into the body of the macrophage (Allen and Aderem, 1996). Morphological remodelling of the

cytoskeletal structures that underlie the plasma membrane thus appear to be essential for FcyR-

mediated phagocytosis. Several line of studies have confirmed that the actin cytoskeleton

plays a critical role in phagocytosis. Immunofluorescence studies have demonstrated that

during phagocytosis, F-actin is present diffrrsely in the cortical cytoplasm directly beneath the

phagocytic cup, and in pseudopod extensions that surround the exogenous particle where it

co-localises with other known cytoskeletal proteins such as talin (Greenberg et al., 1990),

vinculin, paxilin and cr-actinin (Allen and Aderem,1996). A critical role for F-actin assembly

was further demonstrated using the actin assembly inhibitory drug Cytochalasin D. Pre-

incubation of macrophage cells with Cytochalasin D abolishes Fc-yR-mediated phagocytosis

without altering particle binding and the extent of inhibition is dependent on the size of the

target particle (Koval et a1., 1998). Unlike actin filaments, microtubule filaments do not

appear to be necessary for thè initial stages of particle ingestion as the microtubule disrupting

compound Nocodazole has no effect on the formation of phagosomal structures (Newman et

al., 1991).

Several signalling molecules are widely reported to affect actin assembly and

cytoskeleton remodelling, including members of the Ras-related family of Rho GTPases (small

guanosine triphosphatases). Rho is irnportant for the assembly of contractile actomyosin

filaments and for the stabilisation of the focal plaques that form at sites of cell attachment
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(Ridley and Hall, 1992 andL994). Other members of this family, Rac and Cdc42, control actin

polymerisation during the formation of lamellipodial and filopodial structures (Nobes and Hall,

lees).

The evidence describing a role for Rho in particle ingestment is still controversial.

Hackam et al. (1997) frst reported complete inhibition of phagocytosis in macrophage cells

using C3 (an exotoxin derived from Clostridium botolinum which is a documented inhibitor of

Rho (Aktories, 1997)). This toxin impairs particle binding and results in a defect in FcyR

clustering. In contrast, Toxin B (an inhibitor of all members of the Rho family), C3 transferase

and a dominant negative Rho mutant were shown to inhibit phagocytosis while not affecting

the binding of opsonised targets (Caron and Hall, 1998). Although the differences between

these two reports remain to be addressed further, both are suggestive of a role for this family

of signalling proteins in phagocytosis. Further studies are required to clarify whether this role

is limited to the process of particle ingestion or includes that of particle binding.

The involvement of other families of GTPases during phagocytosis has also been

suggested. The ARF family of GTPases has been implicated mostly in membrane trafhcking

events (reviewed in Moss and Vaughan, 1995) though recently, it has been associated with

Fc-yR-dependent phagocytic events. Overexpression of ARF6 mutants in RAW cells blocks the

accumulation of F-actin beneath attached particles and prevents the formation of phagocytic

cups suggesting the involvement of this GTP-ase in the delivery of phagocytic effector

membrane components to the plasma membrane (Zhang et al., 1998a). Dynamin 2 is another

GTPase also involved in membrane traffrcking at the trans-golgi network. Dominant negative

forms of this GTPase block particle internalisation at the membrane extension stage,

resembling the block observed upon PI3-K inhibition (Gold et â1., 1999). Further

characterisation of the role of these GTPases is necessary to elucidate the tnolecular details of

their action during phagocytosis.
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1.4.3 Protein tyrosine kinases involved in phagocytosis

A requirement for tyrosine kinases in FclR-mediated phagocytosis was first

demonstrated using the tyrosine kinase inhibitors Genistein and Herbimycin A (Greenberg et

al., 1993). The addition of these compounds causes a dose-dependent and reversible decrease

in the phagocytic index of macrophages, and reduce both the number of macrophages actively

ingesting exogenous particles, as well as that of particles being ingested by single macrophage

cells. An increase in the tyrosine phosphorylation of numerous intracellular proteins during

particle ingestion is detectable by immunoblotting during particle ingestion (Strzelecka et al.,

lggTb). Furthermore, immunohistochemistry experiments have also identified the localisation

of a substantial proportion of tyrosine phosphoproteins in the F-actin rich sub membranous

regions beneath phagocytic cups (Greenberg et al., 1993).

To date, the activation of three classes of intracellular protein tyrosine kinases has been

identified following crosslinking of FcyRs in monocytes: (i) Src family kinases such as Fgr, Lyn

or Hck (pan et al., 1999), (ü) Syk kinase (Pan et al., 1999, Greenberg et al., 1994) and (üi)

FAK (pan et al., lggg). Physical association between the Src family kinase members Hck/Lyn

and Fc.yR is even detectable prior to Fc'yRI and FcyRII activation (Ghazizadeh et al., 1995).

Receptor activation then induces an increase in Src tyrosine phosphorylation and Src kinase

activity (Ghazizadeh et al., 1995) and the absence of three members of the Src family of

tyrosine kinases (Fgr,Hck,Lþ) in macrophage cells abolishes FcyR-dependent particle

internalisation (Crowley et al., 1997).

Syk is a 72 Y,D intracellular protein tyrosine kinase characterised by two N-terminal

tandem Src Homology 2 (SH2) domains, a unique domain and a C-terminal kinase domain

(yagi et al., Igg4). Although Syk expression has been detected in most lineages of the

hematopoietic compartment, it is present at lower levels in thymocytes, mature T cells, mast

cells, monocyte/macrophage and neutrophils and is highest in B cells (Chan et al., 1994). Syk
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is phosphorylated following the activation of the y subunit of Fc receptors (Greenberg et al,

Igg4). Stimulation of the FoyRIIIA and FcIRI receptors induces Syk tyrosine phosphorylation

(Darby et al., 1994; Durden and Liu, 1994) and Syk kinase activity peaks within 5 minutes of

receptor stimulation (Darby et al., 1994). Low levels of Syk are also detectable in association

with the y subunit of the Fc receptor prior to receptor stimulation though it increases

signilrcantly following receptor stimulation (Durden and Liu, 1994).

Clustering of the Syk kinase domain at the plasma membrane in response to a

phagocytic stimuli initiates the redistribution of F-actin (Greenberg et al., 1996). COS cells

can be rendered phagocytic by the transfection of exogenous phagocytic receptors (Indik et al.,

1995;Park et al., 1995). Using this system, the introduction of exogenous Syk, but not Zap70

(Indik et al., 1995; Park et al., 1995) was shown to be required for phagocytosis. In contrast,

the presence of Src family kinases, in the absence of Syk, appears insufficient to trigger particle

internalisation by phagocytic COS cells (Greenberg et al., 1996; Taylor et al., 1997). The

combination of these observations thus suggests that the requirement for Src family kinases in

phagocytosis is limited to their role in phosphorylating ITAM residues to provide a docking

platform for Syk. A critical role for Syk in phagocytosis was further confirmed in vitro ustng

antisense oligonucleotides which significantly reduced FcyR-mediated phagocytosis in cultured

human monocytes (Matsuda et al., 1996). In vivo, gene targeting of Syk in mice results in

lethality early in the embryonic development of Syk deficient mice (Turner et al., 1995).

Foetal liver macrophage cells derived from these mice can however be isolated in vitro and are

able to initiate the formation of actin rich phagocytic cups but fail to complete the phagocytic

process (Crowley et al., IggT). In these cells, exogenous particles remain bound to the

receptors for several days in culture without further completion of phagocytosis (Crowley et

a1.,I997;Kiefer et al., 1993). At the molecular level, these cells exhibit a marked decrease in

the phosphorylation of intracellular proteins including that of the receptor itself, thus
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confirming a critical role for Syk for the successful propagation of the phagocytic signal

(Kiefer et al., 1998).

1.4.4 Adaptor proteins and phagocytosis: sLP-76, BLNMLP-65 and LAT

A novel group of adaptor molecules have recently emerged as essential components of

the signal transduction pathways initiated by antigen receptor stimulation. These proteins

generally possess a number of modular domains that are able to mediate protein-protein and

protein-lipid interactions to facilitate the formation of multiprotein signalling complexes such

as those involved in BCR and TCR mediated PLCY activation (Yablonski et al., 1998; Pappu

et al., 1999).

SLP-76 is physically associated with the y signalling subunit both in monocytic cells

(Chu et al., 1998) and in platelets (Gross et al., 1999b) where it is required for PLCp

activation following collagen stimulation (Clements et al., 1999, Gross et al', 1999a). More

recently, SLP-76 tyrosine phosphorylation was also reported in response to FcyR[ and

Fc-yRIIÄII crosslinking in bone marrow derived macrophage cells (Bonilla et al., 2000). These

observations suggest a possible link between the stimulation of the y signalling subunit and

SlP-76-dependent activation of PLCy. The molecular details that control these interactions

remain to be fully characterised.

The 36/38 kD adaptor LAT (linker for activation of T cells) is a specific substrate for

Zap70 in response to TCR stimulation (Zhang et al., 1998b) whose main function is to

nucleate a large multi-protein complex that includes PLCyI (Finco et al., 1998), Grf40, a novel

Grb2 family member (Asada et al., L999) and GrpL (Law et al., 1999), as well as Vav (Wu et

al., 1996), Cbl (Thien et al., 1999),Pl3-kinase (Gibbins et al., 1998) and SLP-76 (Yablonski et

al., 1998). In human monocytic cells, the 36 lÐ isoform of LAT constitutively associates with

FcyRI and IIa, and clustering of these receptors induces the specific phosphorylation of the
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p36 LAT isoform and its association with PLCyl, Grb2 and the p85 subunit of Pl3-kinase

(Tridandapani et al., 2000). It is predicted that adaptor proteins are likely to be critical to the

signal transduction pathways that are initiated at the FcyR during particle internalisation

though their identity is yet unclear'

1.4.5 Phospholipase C y (PLCy) and phagocytosis

phagocytic receptors have been reported to induce a rise in cytosolic calcium

concentration that is greatest around the forming phagosome (Odin et al., 1991). In

macrophage cells, calcium release from intracellular stores is mediated by the secondary

messenger Ip¡ which is produced by PLCy in response to FcyR crosslinking (Kiener et al.,

lgg3). The involvement of several effectors of PLCy has also been identified during

phagocytosis. A number of them are present at the forming phagosome including several

substrares of PKC including pleckstrin (Brumell et al., 1999) and MARCKS (Allen and

Aderem, 1995). PKC phosphorylates the actin-crosslinking protein MARCKS (Myristoylated

alanine-rich C kinase substrate) and is involved in actin cytoskeleton remodelling (Hartwig et

à1., IggZ). It is activated during particle internalisation and is rapidly recruited to the

submembranous fraction of the nascent phagosome with kinetics similar to that of F-actin

(Allen and Aderem, 1996).

1.4.6 Phosphoinositide 3-kinase (Pl3-kinase) and phagocytosis

The inositol phospholipid PI(3,4,5)P3 is generated by Pl3-K-mediated phosphorylation

of pl(4,5)pz and acts at the plasma membrane to recruit PH-containing proteins in response to

a wide range of external stimuli (Toker and Cantley, L997). One such stimulus is the

crosslinking of Fc-yRs which induces a rapid rise in PI3-K activity (Ninomiya et al', t994).

Chimaeric receptors consisting of the extracellular tigand binding region of Fc receptors and
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the cytoplasmic p85 coding region have PI3-K activity and are able to induce the

polymerisation of actin necessary for the formation of phagocytic cups (Lowry et al., 1998).

Wortmannin and LY294OO2, both of which inhibit PI3-K activity, prevent FcyR-

mediated phagocytosis (Ninomiya et al., 1994, Cox et a1.,1999; Araki et al., 1996). Detailed

scanning electron microscopy studies of macrophage cells treated with either inhibitory

compound show that this block in particle ingestion results from the failure of pseudopodia to

successfully seal around the exogenous particle (Araki et al., 1996). This effect is most

evident for phagocytic targets greater than 4.5 ¡rM in diameter thus suggesting that PI 3-kinase

inhibition limits the availability of plasma membrane components that are required for

pseudopod extension (Cox et al., 1999).

L.4.7 Current model for FcyR-mediated signal transduction during phagocytosis

A current model describing the signal transduction pathways predicted to be involved

in FcyR-dependent phagocytosis is diagrammatically represented in Figure 1.6. Briefly, IgG

opsonised particles induce the clustering of FcyR on the surface of professional phagocytes.

Receptor clustering activates pre-associated Src family kinases leading to the phosphorylation

of ITAM motifs in the y chain of the receptor. Phosphorylated ITAMs provide a platform for

the recruitment of Syk kinase which in turn is responsible for the phosphorylation of the

adaptor proteins. These adaptor molecules facilitate the formation of a multi-protein complex

that recruits PLCy to the receptor and permits phospholipid metabolism and the release of

intracellular calcium. At the same time, receptor clustering also triggers the activation of PI3-

K, the remodelling of the actin cytoskeleton and eventually phagosome closure. Other

effectors of the phagocytic signalling pathway have also been identified that include Rho

GTPases, PKC and its substrate, dynamin and ARF6 although the molecular details of how

their action is coordinated have yet to be determined.
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Figure1.6 FcyR-mediatedPhagocytosis

Exposure to opsonised exogenous particles results in the crosslinking of the FcyRs and

stimulates Src family kinases to phosphorylate tyrosine residues of ITAMs. Syk is

subsequently recruited to the receptor complex and is responsible for the phosphorylation of

the adapter proteins such as SLP-76 and LAT. Syk activity is a prerequisite for the PLCY-

dependent increase in calcium levels. PI3-K activity is also required for the polymerisation of

actin and the formation and closure of the phagosome.
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1.5 Aims and approach

At least three members of the Tec family of protein tyrosine kinases (Btk, Itk and Txk)

have recently emerged as critical elements of antigen receptor signalling in B and T cells

respectively, while Tec has been reported mainly as a component of cytokine-mediated signal

transduction pathways. The sequential events that initiate from the activation of B and T cell

and Fcy receptors have so far proved to be relatively well conserved. Given the role that the

Tec family members Btk and Itk play in BCR and TCR signalling respectively, the work

described in this thesis aimed to investigate a possible role for Tec in the signal transduction

pathway that initiates at the FcyR in the myeloid lineage, especially macrophage cells.

Over the last decade, gene targeting has emerged as a powerful technology that enables

the controlled modification of the genetic material of ES cells to generate mice with well

defined mutations. This work was based mainly on the hypothesis that a novel role exist for

Tec, that is distinct from its widely published involvement in cytokine signalling, by drawing

analogy to the role of Btk and Itk in antigen receptor signal transduction. In vilro culture

systems have also been developed for ES cells that can drive their differentiation into specific

hematopoietic 1ineage(s). Together, these developments permit the characterisation of the

molecular consequences of defined targeting events.

Three specific aims have driven the research described in this thesis. The first aim of

this work was to characterise the relative abundance and biological characteristics of the

multiple isoforms of the Tec transcnpt. In order to determine the biological relevance of each

Z¿c isoform in vivo, the expression of each transcript was analysed in various mouse

embryonic and adult tissues, and transcripts that were most abundant were identified.

Molecular differences between the two most abundant isoforms of Tec were subsequently

characteris ed in vitro, using green fluorescent protein (GFP) fusion proteins that were

overexpressed in monkey kidney fibroblast COS-I cells.
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The second aim of this research was to establish a novel role for Tec in antigen

receptor mediated signal transduction, specifically in the pathway initiated at the Fcy receptor.

These studies exploited a well established FcyR-dependent in vitro phagocytosis assay that

uses the macrophage/monocytic cell hne J774. This cell line supports antibody dependent

particle internalisation and by-passes the need to isolate primary macrophage cells from mouse

tissues. Commercially available antibodies were used to visualise changes in the subcellular

localisation of Tec and other known effectors of FcyR-dependent phagocytosis and inhibitory

drugs were used to dissect and position Tec in this signalling pathway.

Finally, gene targeting was used to generate genetically manipulated ES cells that can

subsequently be reintroduced into recipient mouse blastocysts to generate mice carrying one or

two copies of the modified locus. ES cells act as powerful tools that permit not only in vivo

studies of Tec dysfunction in the mouse but also allow more rapid studies of lineage-specific

defects in vitro using well established differentiation assays. Tec -l+ andTec -/- ES cells were

therefore used to investigate the consequence(s) of these mutation(s) on the developmental

potential of ES cells to form macrophage cells in vitro.
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CHAPTER 2z

MATERIALS ANDMETHODS



2.L Abbreviatiors

ATP

DNA

M

pci

pg

mg

min

pl

rnl

pM

mM

"C

ptu

PLC

PTK

adenosine tri phosphate

deoxyribunucleic acid

immunoglobulin

litre

molar

microcurie

microgram

milligram

minutes

microlitre

millilitre

micromolar

millimolar

degree centigrade

plaque forming unit

phosphoinositide 3 kinase

phospholipase C

protein tyrosine kinase

rotation per minute

ribonucleic acid

second

tyrosine

Ig

PI3-K :

r.p.m

RNA

sec

Tyr
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2.2 Materials

The materials used in these studies and their main supplier are listed below.

2.2.1 Sheet Materials

2.2.2 Chemicals and Reagents

All chemicals and reagents were of analytical grade, or of the highest purity available. The

major source of chemicals are listed below.

3MM chromatographY Paper

BiomaxrM MR X-ray film

Colony/Plaque ScreenrM nylon membrane

Hybond t"-C 
lnitrocellulose membrane)

HybondrM-N* (nylon transfer membrane)

Nitrocellulose

X-ray film

Acrylamide (AcryVbis 29: 1)

Agarose type I

Amethopterin

Ampicillin

APS

ATP

Bacto-agar

Bacto-try¡ltone

BCIG (X-gal)

Whatman Ltd

Ko dak/Integrated S ciences

Du Pont

Amersham

Amersham

Schleicher and Schuell

Konica, AGFA

Astral Scientific

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

BDH Chemicals Ltd.

Sigma Chemical Co.

Difco Labs Ltd.

Difco Labs Ltd.

Progen
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BCIP

p-mercaptoethanol

Bromophenol Blue

BSA

CsCl

DMEM

DTE

DTT

EDTA

EGTA

Ethidium Bromide (Et Br)

Fetal bovine Serum

G418

Gelatin

Gentamycin

Human gamma globulin

Hypoxanthine

IPTG

L-Glutamine

NBT

PEG

Phenol

Salmon spermDNA

SDS

Sephadex G50

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

Cabot

Gibco BRL

Sigma Chemical Co.

Diagnostic Chemicals

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

Commonwealth Seruml-ab.

Gibco BRL

Sigma Chemical Co.

Schering Corporation

Sigma Chemical Co

Sigma Chemical Co.

Progen

Sigma Chemical Co.

Sigma Chemical Co.

BDH Chemicals Ltd.

BDH Chemicals Ltd.

Sigma Chemical Co.

Sigma Chemical Co.

Pharmacia
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Sepharose CL-68 Pharmacia

Sequagel-6, Sequagel-XR National Diagnostics

Temed BIORAD

Thymidine Sigma Chemical Co

Triton X-100 Sigma Chemical Co

Tween 20 (polyoxyethylene- sorbitan monolaurate) Sigma Chemical Co

Zymosan A Sigma Chemical Co

2.2.3 Water Sterilisation

The Milli-QR Reagent Water System was used to filter the water used in the experiments

described in this thesis. Tissue culture solutions were filtered in-vacuo using Corning

disposable bottle top filters (0.22 ¡ti['[ pore size).

2.2.4 BacterialStrains

The Eschericia coli DH5cr strain was used for the propagation of all recombinant plasmids.

The E coti I-8392 strain was used as host bacteria for genomic library screening. Stock

cultures of these strains (and transformants) were stored as glycerol stocks at -80oC.

DH5cr:sup$ , LlacfJl1g,(phi80, lacZ,LMlS), hsdF.IT' recXl, end\I, gyruA96, thil,

relAl

I-8392 : supE,supF,hsdR , permissive for vectors carrying amber mutation, will modify but not

restrict DNA
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2.2.5 Plasmids

pBluescript II SK.

pBluescript II KS+

pGEM-T

pBluescriptSK+TecIIB

pGEX4T2-SH3

pEGFP-C2

pEGFP-C2-TecIII

pEGFP-C2-TecIV

Stratagene

Stratagene

Promega

Dr. J. Ihle (St Judes Hospital, Tennesse)

Sharon Pursglove (Laboratory of Dr Booker)

Dr. S. McColl (Department of Molecular Biosciences,

University of Adelaide).

Anita Merkel (Laboratory of Dr Booker)

Anita Merkel (Laboratory of Dr Booker)

2.2.6 Genomic librarY

The E14TG2a murine genomic library was supplied by Dr Martin Kennedy. The library

consists of partially digested L8-23 kb DNA fragments of E14TG2a genomic DNA cloned into

the Bam.Í/I site of À2001 (Karn et al., 1984).

2.2.7 Bacterial Growth Media

Growth media were prepared using double distilled water and were sterilised by autoclaving.

'When required, Ampicillin waò added after the media solution had cooled to 50oC.

Luria broth (LB) : I7o (wlv) bacto-tryptone @ifco), 0.5 Vo (wlv) yeast extract (Difco)'

l.Vo (wlv) NaCl. The pH was adjusted to 7.0 with NaOH.

; L%o (wlv) bacto-tryptone, 0.4 7o (wlv) NaCl, 0.5c/o (wlv) maltose,LMM broth

O.27o (wlv) MgSOa.
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NZCYM : I7o (wlv) NZ amine, O.57o (w/v) NaCl, 0.57o (w/v) yeast extract,

O.IVo (wlv) casamino acids, O.2Vo (wlv) MgSO¿

L plates were prepared by supplementing the LB media with I.sEo (w/v) bacto-agar. LMM

agarose plates were prepared by dissolving agarose (0.77o (w/v) in LMM broth.

2.2.8 Antibodies and staining reagents

polyclonal goat anti-Tec (sc-1109) and polyclonal rabbit anti-Syk (sc-1077) antibodies were

obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The monoclonal anti-

phosphotyrosine antibody was a kind gift of Dr. S. McColl (Department of Molecular

Biosciences, University of Adelaide). FlTC-conjugated rabbit anti-goat IgG, FlTC-conjugated

goat anti-rabbit IgG, TRlTC-conjugated rabbit anti-goat IgG, horseradish peroxidase-

conjugated rabbit anti-goat IgG, TRlTC-conjugated phalloidin, were obtained from Sigma

Chemical Co. (St. Louis, MO). Horseradish peroxidase-conjugated sheep anti-mouse IgG

was purchased from Silenius (AMRAD). Atl antibodies were diluted according to the

manufacturer' s recommendation.

2.2.9 Tissue Culture Material

1X PBS ;.87o (w/v) NaCl, 0.O27o (w/v) KCl, 0.027o (w/v) KHzPO¿,

O.IlSVo (ilv) NazHPO¿. The solution was sterilised by

p-mercaptoethanoÞBS

autoclaving and stored at room temperature

: 1000X stock p-mercaptoethanol solution was generated by

diluting 100p1p-mercaptoethanol in I4.l ml PBS. p-

mercaptoethanoV PBS was stored at 4oC in a light-proof

container for up to two weeks.
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LIF conditioned medium : LIF conditioned medium was prepared following the method

described by Smith (1991) with the exception that COS-1 cells

were used and transfections were carried out by electroporation.

PBSÆGTA : 25 mM EGTA was prepared in PBS was stored at room

temperature.

1000X stock FIAU (200t^lM): A 100 mM solution was first made up in PBS. To dissolve

FIAU, NaOH (2M) was added and the final volume was finally

adjusted to 10 rnl with PBS. This solution was filtered sterilised

and stored at -20oC. When needed it was subsequently diluted

1:500 in PBS to yield the 1000X stock solution.

G418 stock solution : 50 mg/rnl G418 in PBS (stored at 4"C)

1OOX HAT:

100x HT

100x A

;1.375Vo (w/v) Hypoxanthine, 0.387o (w/v) Thymidine in MQ

HzO. The mixture was gently heated to 70oC to dissolve.

': !7.6Vo (w/v) aminopterin was dissolved in MQ HzO with 5mM

NaOH.

1X Freezing Solution : 107oDMS O,90Vo FCS stored at 4oC in a light proof container.
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2.2.10 Tissue Culture Media

Incomplete ES cell medium : I348Vo (w/v) DMEM (high glucose, containing L-glutamine

and no sodium bicarbonate nor sodium pyruvate), 0.37Vo (wlv)

NaHCO¡, 0.L25Vo (v/v) gentamycin. HCI was used to adjust the

pH of the medium to 7.4. The medium was subsequently filter

sterilised and stored at 4"C.

Complete ES cell medium : 857o (v/v) incomplete ES cell medium, t57o (v/v) FCS,

0.17o(vlv) LIF conditioned medium, L-glutaminel mM, 0.1

mM p-mercaptoethanol

2.2.1I Polymerase Chain Reaction Primers

PHIæxA5 GGC GAA TTC GAT GAA TTT CAA CAC

THIÆXA3 CCC GGT ACC TTA ACT ACT CTC AJqA

TECSH3.5 TTT AGG ATC CGA CGT TGT AG

TECSH2.3 CTT GAA TTC TTA ACT GAC CGG GTA

5'EXON16 TTT GAG AAG ACC AAT TAC

3'EXON17 TCC AAA GAG GAT TAC TAC

sPRR ATG GAT CCA GTA TAA GAA AGA CC

5'exon8 GCT ACT GCA GAA ATA CCA ACA GAA GCA AAG CAG

3-exon8 TGG TGT CGA CTG GAG GAG GCA CAC TCA

5-exON8 GAG CTC GAG GTA GAT GGG GAC TGG AAT AAG ATA

3'exON8 ATG GGT ACC GTT CTG AGG AGC TGT TCT GC

IA-KI6-1 GTTTqTqAGGCGGCCGCACCTGGTGTA
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2.2,12 Cells Lines

The following cell lines have been cultured throughout the course of this study:

1) EI4TG2a had originally been obtained from Dr. Austin Smith, CGR

Edinburgh, UK,

2) W9.5 cells had originally been obtained from Dr. Richard Harvey, WEHI,

Melbourne,

3) STOR had originally been obtained from Dr. Richard Harvey, WEHI,

Melbourne,

4) FDC-PI cells had originally been obtained from Dr. Richard D'Andrea, IMVS,

Adelaide,

5) J774 murine monocytic/macrophage cells had originally been obtained from Dr

G.Mayerhofer (Department of Molecular Biosciences, University of Adelaide)
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2.3 Molecular Biology Techniques

2.3.1 Small scale plasmid preparation

Approximately 5 pg of plasmid DNA was typically extracted from 2 ml bacterial cultures.

Small scale cultures typically used LB supplemented with ampicillin (100 pg/ntl) inoculated

with a single transformant bacterial colony and incubated overnight at 37'C in an orbital

shaker. Bacterial cells were collected by centrifugation at maximum speed for 2 min in 1.5 ml

eppendorf tubes. Pellets were subsequently resuspended in approximately 100p1 of

supernatant and lysed by vortexing with 300p1 of Megadeath solution (0.1M NaOH, 0.5 Vo

(w/v) SDS, 10mM Tris pH 8.0, lmM EDTA pH 8.0). Cellular proteins and chromosomal

DNA were precipitated with 150p1 of 5M NaAc pH5.2 and collected by 3 min centrifugation

at maximum speed. To precipitate plasmid DNA, supernatant fractions were mixed with 1 ml

ice cold 95 7o ethanol and centrifuged for 5 minutes at maximum speed. Plasmid DNA pellets

were finally washed withTÙEo ethanol, vacuum dried and resuspended in 20 pl of TE.

2.3.2 Large scale preparation of plasmid DNA

Large scale DNA preparations'were obtained from 500 ml cultures of LB supplemented with

ampicillin (100pg/ml) inoculated with a single bacterial colony and grown at37"C with shaking

overnight. Bacterial cultures were centrifuged at 5,000 r.p.m. for 10 min. Pellets were

resuspended in 16 ml Solution 1 (50 mM Glucose, 25 mM Tris pH 8.0, 10 mM EDTA pH 8.0)

and incubated at room temperature for 5 min. Cells were lysed in 40 ml Solution 2 (0.2 M

NaOH, LVo (wtv) SDS) for 10 min on ice, and neutralised on ice with 30 ml Solution 3 (5M

Potassium acetate, Il.SVo (v/v) glacial acetic acid) for 10 min. Cellular proteins and
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chromosomal DNA were removed by centrifugation at 13,000 r.p.m. for 15 min. To

precipitate plasmid DNA, equal volumes of isopropanol were added and pellets were

subsequently collected by 15 min centrifugation at 12,000 r.p.m. (4'C), resuspended in 400p1

lx TE and transferred to fresh 1.5 ml eppendorf tubes. Bacterial RNA was removed with 50

pl RNase A (l0mg/nrl) at 37'C for 30 min, and DNA preparations were further cleaned by

phenoVchloroform and chloroform extractions. Plasmid DNA was finally precipitated with 2.5

volumes 957o ethanol at maximum speed. Pellets were then washed with 70Vo ethanol and

resuspended in lx TE.

2.3.3 CsCl puriflrcation of plasmid DNA

Plasmid DNA required for transfections into mammalian cells are required to be of high quality

and purity. Typically, approximately 300 pg of plasmid DNA prepared following the protocol

described in section 2.3.2 was resuspended ln,72O pl 1x TE with 1.26 g CsCl. Following the

addition of I2O pl of the DNA intercalating agent EtBr (l0mg/ml), the DNA-containing

solution was underlaid into a TL100 tube (Beckman) containing 1.4 rnl CsCl (65Vo (ilv)).

The tubes were sealed and centrifuged at 100,,000 r.p.m. for 3 hrs at 20"C. Plasmid DNA

was drawn with a 1 rnl syringe, transferred to 1.5 ml eppendorf tubes and extracted 3x with

equal volumes of HrO saturatêd butan-lol, and precipitated with two volumes of 95Vo EIOH.

DNA pellets were collected by centrifugation at maximum speed at room temperature for 10

min. Pellets were finally rinsed withTÙVo ethanol and the DNA was resuspended in 1x TE.

2.3,4 Colony cracking

Rapid screening for recombinant plasmids was carried out using the colony cracking method.

Small scale bacterial cultures were grown overnight in LB supplemented with ampicillin
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(100pg/ml), at37"C in a rolling drum. Crude DNA preparations were obtained by mixing 25pl

of overnight culture with an equal volume of 2X cracking solution (0.2M NaOH, 0.57o SDS,

207o sucrose). The mixture was vortexed, incubated at 70'C and centrifuged for 5 min at

maximum speed. Plasmid DNA was visualised by TAE agarose electrophoresis (2.3.5) and

recombinant plasmids were identified by differences in mobility compared to parental plasmids.

2,3,5 Agarose gel electroPhoresis

Horizontal "minigels" were prepared by pouring 10-12 rnl of molten I-27o agatose gel solution

prepared in 1X TAE (40 mM tris-acetate, 20mM sodium acetate,l mM NazEDTA) onto a 5.0

cm x 7.5 cm glass microscope slide, or 30 nìl of gel solution poured into a 6.5 cm x 10 cm

perspex minigel cast. Agarose gels were submerged in lX TAE and samples were prepared

with GLB-. These were electrophoresed at 70 V. The migration of DNA was generally

visualised by staining with EtBr (5 pglrnl) followed with exposure to short wavelength UV

light. To avoid uv-induced damage to DNA, preparative gels were visualised using long wave

UV light and the desired DNA fragments were isolated using a fresh #10 scalpel blade and

processed as describe d in 2.3.II.

- lgx GLB: 50Vo (vlv) gþerol, 0.IVo (wlv) SDS, 0.057o (w/v) bromophenol blue, xylene

cyanol0.05Vo (wlv)
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2.3.6 Restriction endonuclease digestion of DNA

Plasmid and phage DNA were digested with 2-4 units of restriction enzyme per lpg of DNA,

in a 20pl reaction for analytical purposes, or in a 40¡^ll reaction when DNA fragments were to

be isolated for cloning. Reactions were incubated at37"C for 1-6 hours in lX SD buffer-. The

extent of digestion was assayed by agarose gel electrophoresis (2.3.5).

-10x 
SD buffer: 330 mM tris-Hac pH 7.8, 625 rnNIKac, 100 mM MgAc, 40 mM spermidine, 5

mM DTE.

2.3.7 Endfillreactions

When 5' overhangs generated by restriction enzyme digestion had to be removed prior to the

use of the DNA fragments in blunt end ligations, up to 5pg of DNA with 5'overhangs were

endfilled at 37"C, for t hour in lX Endfill Buffer*, with 5mM dNTP and 10mM DTT using 10

units DNA Polymerase Klenow Fragment.

-10x 
Endfill Buffer: 10mM Tris-HCl (pH 7.5), 100mM MgCl2, 100mM NaCl.

2.3.8 Endchew reaction

3' overhangs were removed from fragments required for blunt end ligation reactions by

exonuclease digestion. Typically, up to 5pg of DNA with 3' overhangs were treated with 5

units of T4 DNA Polymerase and 5 mM dNTPs in lX T4 DNA Polymerase Buffer* at 37oC for

30 minutes.

"10x T4 DNA Polymerase Buffer: 700 mM Tris-HCl (pH7.4),100 mM MgCl2, 50 mM DTT

46



2.3.9 Dephosphorylation of 5' protruding termini

To prevent recircularisation of the parental vector, the 5' protruding termini of vector DNA

fragments to be used in non-directional cloning reactions were dephosphorylated with 1 unit of

Calf Intestinal Phosphatase in lX CIP buffer (Boehringer Mannheim Biochemicals), at 37oC

for 30 minutes.

2.3.L0 Dephosphorylation of blunt and 3' recessive termini

Dephosphorylation of blunt and 3' recessive termini of linearised vector fragments used in non-

directional cloning was carried out in lx CIP buffer (Boehringer Mannheim, Biochemicals),

with 2 units of enzyme. The reaction was initiated at 37oC for 15 minutes and was followed by

a 30 min incubation at 55"C.

2.3.1I Purification of linear DNA fragments from agarose gels

To purify DNA fragments used as probes or in ligation reactions, restriction fragments were

separated by agarose gel as described in2.3.5. Linear fragments were extracted from the gel

slices using the BRESACLEAN kit (GeneWorks) following the protocol suggested by the

manufacturer.

2.3.12 Ligation reactions

Ligation reactions typically contained a 3:1 mola¡ ratio of insert to vector DNA fragments and

were carried out in lX Ligation Buffer* with I mM ATP and I unit of 't4 DNA ligase in a

20pl volume. Reactions were allowed to proceed at room temperature fot 2 hours or

overnight at 16"C when blunt-end ligations were performed.

-10X 
Ligation Buffer: 500 mM Tris-HCl pÍn.6,100 mM MgCl2, 100mM DTT, (500 mg/ml

BSA (optional)).
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2.3.13 Preparation of calcium competent bacterial cells

Calcium competent cells used to transform ligation reactions were prepared as follows. A

small scale bacterial culture was set up in LB from a single E. coli DH5cr colony and was

allowed to grow overnight at 37"C (shaking). The following morning, a l%o subculture was

made in 500 nìl of LB and the culture was expanded until an ODooo reading of 0.4 - 0.5 was

reached. The culture was chilled on ice for 10 minutes and bacterial cells were collected by

centrifugation at 5,000 r.p.m. (4'C) for 15 minutes. Pellets were then resuspended in 100 ml

ice cold CaCb solution*, centrifuged at 5,000 r.p.m. (4'C) for 15 minutes and concentrated to

20 rnl ice cold CaClz solution. Aliquots of approximately 200 pl were transferred into

eppendorf tubes, snap frozen in a dry icel ethanol bath and stored at -80oC for up to six

months

*CaCl, 
solution: 0.06 M CaCb, I5Vo vlv glycerol.

2.3.14 Transformation of competent cells

Approximately 10 ng of circular plasmid or one half volume of ligation reaction was incubated

with 100 pl of competent cells on ice for 20 minutes. Cells were heat shockedfot 2 minutes at

42"C before returning to ice for 10 minutes and plated onto LB supplemented with ampicillin

(100 pglnrl) plates. Bacterial plates were incubated overnight at 37"C. When blue/white

colour selection was necessary, plates were spread with 40 pl of 100 mM IPTG and 40 ¡rl of

2O mglrrú,X-gal30 minutes before transformant cells were plated.

2.2.15 Genomic librarY screening

i) Preparation of bacterial host
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A 20 rnl LMM broth culture was inoculated from a single E. coliLE3gz colony. The bacterial

culture was expanded overnight at 37'C in an orbital shaker. Bacterial cells were collected by

centrifugation at 3000 r.p.m. for 5 minutes and were resuspended in 10rnl of prechilled 10mM

MgSO¿. Cells were stored on ice prior to infection with bacteriophage.

ü) Plating of genomic librarY

Aliquots of 0.7Vo (w/v) LMM agarose were warmedto 42"C prior to infection. The infection

step was typically carried out using 200¡rL of. E. coliLE3g2 prepared in2.2.I5iand 7 x 104

),,200I bacteriophage, in a31"C water bath for 15 min. Following this, 10 ml of 0.7Vo (wlv)

LMM agarose was added to the infected cells and the mixture was quickly overlayed onto

prewarmed 15cm LB agar plates. Plates were left to set at room temperature for 10 minutes

and were shifted to 37'C for 6-8 hours or until the plaques had grown to a sufficient size.

They were subsequently stored at 4"C for at least t hour prior to plaque lifts. First round

plates were generally plated at 40,000-50,000 pfir/plate whereas comparatively low plaque

density (30-100 pfir/plate) was used in subsequent rounds.

üi) Plaque lifts

Nylon membrane circles were overlayed onto infected plates for 1 minute (ftrst lift), 3 minutes

(second lift) and 7 minutes (Öptional 3rd lift). Membranes were then air dried on 3MM

Whatman paper for 10 minutes and autoclaved at 101"C for 2 minutes. Phage DNA was

immobilised by uv crosslinking after membranes had been moistened with 6X SSC.

Membranes were incubated with 10-25 ml prewarmed prehybridisation solution* at 42"C for at

least 2 hours in plastic bacterial petri dishes.
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-Prehybridisation 
Solution: 5.857o (w/v) NaCl, 40Vo (w/v) deionised formamide, ITVo (wlv)

SDS, l l%o wlv PEG, 50 mM Tris-HCl pH 7.4, 5x Denhardt's reagent, 0.05 mg/ml salmon

spennDNA.

iv) Radiolabelling of linear DNA probes

Single stranded DNA probes were labelled with 30-50 pCi a-32P-dATP using the Gigaprime

DNA labelling kit as suggested by the supplier. The volume of the labelling reaction was

increased to 100 pl using MQ water and unincorporated label was removed by centrifugation

on a 0.5 ml Sepharose CL-68 column by centrifugation at 1800 r.p.m. for 3 minutes. Prior to

its addition to the prehybridisation solution, the probe was denatured at 100"C for 2 minutes

and snap cooled on ice

v) Hybridisation of labelled probes and detection of positive clones

Hybridisation was carried out overnight in petri dishes at 42oC. Genomic library screen lifts

were washed twice in lL of 2X SSC/0.17o (w/v) SDS at 42"C for 20 minutes. An optional

higher stringency wash using lL of 2X SSC/O.I%o (wlv) SDS at 65oC for 15 minutes was

performed when the radioactivity was greater than 5-10 counts per second. Genomic library

screen lifts were exposed to X-ray frlm at -80'C fot 72 hours.

vi) Isolation of single genomic clones

Positive plaques identified on duplicate filters were isolated by stabbing with a sterile pasteur

pipette. Phage were eluted by submerging the agar stab in 1 rnl PSB for 4 hours at 4oC. The

eluate was transferred to a fresh tube and E.coli L8392 cells were lysed by the addition of a

drop of chloroforrn Phage eluates were stored at 4oC. The titre of the eluted phage was

subsequently determined.
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2.3.16 Large scale preparation of phage DNA (Àprep)

i) Preparation and infection of cells

Small scale bacterial cultures were inoculated from a single E. coIiLE39z colony and grown in

LMM broth overnight at 37"C. One millilitre of bacterial host (approximat ely 2 x 10e bacterial

cells) was subsequently incubated with 1 x 107 phage at 37oC, with intermittent shaking for

30min. One half litre of NZCYM was then inoculated with lrnl of bacteria/phage mixture,

adjusted to 10mM MgSOa and expanded at 37'C ovèrnight in an orbital shaker.

ü) Lysing cells and extraction of bacteriophage DNA

To lyse bacterial cells and release phage particles, lOml of chloroform was added to the culture

for 10 minutes on a tilt table. Bacterial RNA and genomic DNA were digested with RNaseA

(lpglrnl) and DNase I (lpg/rnl) respectively for 30 minutes on a tilt table. Solid NaCl was

dissolved into the mixture to yield a lM solution and cooled on ice for t hour. Cell debris

were collected by centrifugation at 5,000 r.p.m. (4"C) for 20 minutes. Solid PEG (107o w/v)

was slowly dissolved into the supernatant and the mixture was kept on ice for t hour.

Bacteriophage particles were pelleted by centrifugation (3,000 g, 4"C) for 10 minutes and

resuspended in PSB. PEG and any remaining bacterial debris were extracted with an equal

volume of chloroform. Clean bacteriophage particles were collected from the supernatant

fraction following centrifugatioh (5,000 r.p.m.; 4"C) for 15 minutes. These were lysed with 20

mM EDTA pH 8, 0.5 Vo w/v SDS, 50 pglml. Proteinase K for 30 minutes at37"C. Proteinase

K was heat inactivated at 65oC for 30 minutes. Bacteriophage DNA was then subjected to

phenoVchloroform extraction (centrifugation was carried out at 3,000 r.p.m. for 5 minutes

using a benchtop centrifuge). Phage DNA was precipitated with 2 volumes of ice cold ethanol

at 3,000 r.p.m for 10 minutes in a benchtop centrifuge. DNA pellets were washedwith70%ct

ethanol, dried under vacuum and resuspended in lX TE.
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2.3.17 Southern blot analysis of plasmid and phage DNA

Following restriction enzyme digestion (2.3.6), DNA fragments were separated by IVo (wlv)

TAE agarose gel electrophoresis (2.3.5) and visualised by EtBr staining under longwave length

IfV hght. To facilitate the transfer of large molecular weight fragments, agarose gels were

submerged in 0.25M HCI for 20 minutes to depurinate DNA fragments. Agarose gels were

then rinsed in water and blotted onto a nylon membrane (HybondrM-N*) in 0.4M NaOH for 90

minutes under vacuum according to the manufacturer's suggestion. Membranes were then

rinsed in 5X SSC and DNA fragments were further immobilised onto the membrane by UV

crosslinking or by air drying the membrane at room temperature overnight. Probes were

labelled as in 2.3.15 (iv). For hybridisation, probes were denatured for 5 minutes and

snapcooled on ice prior hybridisation in cylinders. Filters were hybridised at 42"C in a Hybaid

midi oven in 10 mVfilter of hybridisation solution for a minimum of 2 hours or overnight'

Filters were finally washed successively for 20 minutes in 2x SSC/0.17o (v/v) SDS, 0.5x

SSC/g.l%(v/v) SDS and 0.lx SSC/0.l7o(v/v)SDS at 65oC. Radioactivity was detected as

described in section 2.3.I8

2.3.18 Autoradiograph scanning and phosphorimager analysis

X-ray films were developed using a CURIX 60 X-Ray developer. Storage Phosphor Screens

exposed to membranes were processed using a Molecular Dynamics Phosphorlmager running

the ImageQuant software.

2.3.L9 Double stranded sequencing of plasmid DNA

(i) Manual sequencing usíng the dì.deoxy-medìated chøín termínatíon method

Up to 2ttg of plasmid DNA were denatured at 37"C for 15 minutes (166.6mM

NaOII/166.6pM EDTA) and snap cooled on ice. Denatured DNA was purified on a
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Sepharose CL-6B spin column by centrifugation (2,0009) for 5 minutes and annealed to

sequencing primers (sng/pl). Dideoxy sequencing reactions were carried out using the

Pharmacia or Bresatec T7 polymerase sequencing kits according to the manufacturer's

instructions, using a"P-dATP or c[33P-dATP and optional MnClz, when sequencing was

required in close proximity to the primer. Stop solution* was added to terminate the reactions

and samples were denatured at 75"C. Fragments were resolved by electrophoresis on a

denaturing 6Vo wlv polyacrylamide at 50m4. Gels were blotted onto 3MM Whatman paper,

vacuum dried at 70"C for t hour and exposed to X-ray film at room temperature to detect

radioactivity.

*Stop 
solution: 97.5 Vo (v/v) formamide, 10 mM EDTA pH7.5,0.O3Vo (w/v) bromophenol

blue, 0.037o (w/v) xylene cyanol).

(ä) Cycle Sequencíng

Automated DNA sequencing was carried out using the protocol of the supplier (Applied

Biosystems). Briefly, approximately 500ng DNA template was added to the reaction mix (ABI

Prism Dye Terminator Sequencing Ready Reaction Mix) with the appropriate sequencing

primer (sng/pl). Sequencing was carried out at 96'C (30sec), 50 "C (15sec), 60"C (4min) for

25 cycles. Sequencing products were subsequently precipitated by the addition of 0.1X

volume 3M sodium acetate pH4.6 and 2.5X volume 95Vo ethanol at -80'C, followed by

centrifugation at 14,000 r.P.m.

2.3.20 Small scale preparation of high molecular weight DNA from mammalian cells

High molecular wcight genomic DNA was prepared fromES cells grown in 24-well plates. To

each well, 300p1 of lysis solution' was added and plates were incubated overnight at 37"C.

53



DNA was precipitated with an equal volume of isopropanol at room temperature on a rotating

table until a precipitate was formed. DNA precipitates were subsequently picked with the tip

of a 200¡rl pipetteman and transferred to 500p1 of 70Vo (v/v) ethanol. DNA pellets were

collected by centrifugation (14,000 r.p.m., 10 minutes) and air dried at room temperature.

Pellets were finally resuspended in 100p1of lX TE (37'C, overnight).

*Lysis 
Solution: 100 mM HCI pH 8.5, 50 mM EDTA, 0.2Vo (v/v) SDS' 200 mM NaCl,

0.lmg/rnl Proteinase K

2.3.2I Southern Btot Analysis of Mammalian Genomic DNA

Approximately 20 pg of high molecular weight genomic DNA were digested at 37oC using 10-

20 units of restriction enzyme in a total volume of 100¡rl. The digested DNA was precipitated

with 957o ethanol, washed with 70Vo (v/v) ethanol and air dried. The pellet was finally

resuspended in 10pl lX TE. GLB was added and the mixture was run on a0.7%o (w/v) TAE

agarose at 30V overnight. Gels were photographed the following morning under longwave

UV light. They were depurinated (0.25 M HCI for 20 minutes), rinsed in MQ water and

transferred to Hybond-N" membranes (Amersham) in 0.4M NaOH under vacuum. Membranes

were then rinsed in 6X SSC and DNA was immobilised by UV crosslinking (I20 J, Stratagene

Inc., IJV Stratalinker 1800). i{adioactive probes were labelled using the Megaprime labelling

Kit (Amersham) with 50pCi cr-32P-dATP following the protocol of the supplier. Hybridisation

reactions were carried out in a Hybaid midi hybridisation oven at 65oC. Filters were

prehybridised for a minimum of 2 hours at 65oC in 10 mVfrlter of hybridisation solution.

probes were denatured for 5 minutes and snapcooled on ice prior hybridisation in cylinders.

Filters were hybridised at 65oC overnight. Filters were then washed successively for 20
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minutes in2X SSC/O.17o (v/v) SDS, 0.5X SSC/O.l%o(vlv) SDS and 0.lX SSC/O.l%(v/v)SDS

successively at 65oC. Radioactivity was detected as described in section 2.3.18

.Prehybridisation 
Solution: 250mM NaPO¿ (pH. 7.2), 7%o(vlv) SDS, lÙ%o(wlv) PEG 6000,

lmM EDTA, 0.lmg/ml sonicated salmon spelm DNA.

2,3.22 Polymerase Chain Reaction

(í) Standard PCR

Standard PCR reactions used linearised plasmid DNA templates and were carried out

following the manufacturer's recommendation. Briefly, 20ng plasmid DNA were generally

used as template. Fragments were amplified in a total volume of 25¡tl using Sng/¡rl of each

primer, 800pM dNTPs, 1 unit Taq polymerase, in lX Taq reaction buffer (67mM Tris-HCl,

pH8.8, 16.6mM (NH4)2SO4, 0.2mgln1, gelatin and 0.45Vo Triton X-100). MgCb

concentrations were optimised for each primer combination and typically ranged between lmM

and 2.5mM MgClz.

(íí) LonS Dístance PCR

The LD-PCR reactions were performed in a volume of 50pl containing 1.5mM Mgt*, 60mM

Tris-SO¿ (pH 9.1, at 25"C), l8mM (NII4)2SO4, 200pM of each dNTP, 200nM each primer,

200ng of genomic DNA and lpl Elongase Enzyme Mix (Life Technologies). Initial

denaturation at 94"C (30 sec) was followed by 35 cycles of denaturation at 94'C (30 sec),

annealing at 60oC (30 sec) and extension at 68oC (a min).
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2.3.23 Reverse Transcriptase Polymerase Chain Reaction (RT'PCR)

Mouse adult and embryonic RNA samples were subjected to reverse transcription PCR (RT-

pcR) analysis using rhe SUPERSCRIPT ONE STEP RT-PCR System (Life Technologies).

Reactions were carried out in a total volume of 50pl containing lX Reaction Mix (0.4mM

each dNTP, 2.4trÌvf. MgSOa), 40 Units of RNaseOut Ribonuclease Inhibitor (Life

Technologies), 200nM each primer, lpl RTlTaq Mix and 2 ¡t"g of RNA. The PCR profile

consisted of a reverse transcription step at 50oC (40 min), denaturation at 94oC (2 min), 1

cycle of denaturation at 94"C (30 sec), annealing at 46"C (1 min) and extension at 70'C (1

min) and 40 cycles of denaturation at 94"C, annealing at 50oC and extension at 70'C. Twenty

percent of each reaction was analysed by TAE agarose gel electrophoresis.

2.3.24 RNase Protection AssaYs

RNase protection assays were performed essentially as described in Merkel et al. (1999)

Transcription reactions were generally labelled with 240 pCi a-¡32P1 rUTP (mGAP and rGAP

probes were labelled using 40 pCi of cl-¡32P1-rUTP) using the appropriate RNA Polymerase

eîzil¡nrle. One millilitre Sephadex G50 spin columns (Pharmacia) were used to remove excess

radiolabel by centrifugation at 3,000 r.p.m. (5 minutes). 150,000 counts/minute of Tec

ribonucleotide probes and 3,700 counts/minute of antisense mGAP and rGAP ribonucleotide

probes were added to 10 pg'of RNA. After hybridisation, samples were digested, with a

mixture of RNase T1 and RNase A at 42"C for 30 min. Samples were subsequently

phenoVchloroform extracted and ethanol precipitated. The pellet was then resuspended in

formamide loading buffer, loaded onto a Sequagel-6 (National Diagnostics) polyacrylamide

gels and visualised by Phosphorimager analysis (Molecular Dynamics).
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2.3.25 Preparation of cell lysates for immunoblotting

Cells were washed in PBS and collected in cold TEN buffer (40mM Tris, lmM EDTA,

150mM NaCl). Following centrifugation cells were resuspended in cold lysis buffer (0.57o vlv

Triton X-100, 60mM KC| 5mM MgCl2 2mM EDTA, 2mM EGTA, 30mM I{EPES pH7.4,

supplemented with lmM NaVO+, 50rnM NaF, 2mM phenylmethylsulfonyl fluoride, l0pg/rnl

aprotinin) and lysed at 4"C for 20 minutes. Cytoskeleton fractions were separated from

cellular fractions by centrifugation at 10,000 r.p.m. (4"C) for 15 minutes.

2.3.26 Immunoblotting analysis of cell extracts

Pellet fractions were resuspended in SDSloading buffer (50mM Tris HCI pH6.8, IVo vlv 2

mercaptoethanol, 2Vo wlv SDS, 0.17o w/v Bromophenol Blue, I07o v/v glycerol). Cellular

fractions were also prepared using SDS-loading buffer. All samples were denatured for 5

minutes at 100"C, separated by SDS-PAGE on 87o Tris-tricine acrylamide gels and electro-

transferred to a nitrocellulose membrane (Hybond-C, Amersham). Nitrocellulose membranes

were blocked overnight at 4"C in 57o w/v skim milk powder,O.l%o v/v Tween 20 in PBS.

Immunodetection was carried out in 57o slrim milk/PBS for t hour at room temperature and

specific binding of antibody wap visualised by ECL detection (Amersham).

2.3.27 Immunoblotting analysis of immunoprecipitates

Cells were washed in PBS, collected in cold TEN buffer and lysed by three rounds of

sonication (30 sec each) in cold sonication buffer (0.02Vo v/v TritonX-lO0, lmM EGTA,

50mM Tris pH 8, 1 mM NaVO¿, 50 mM NaF, 2 mM phenylmethylsulfonyl fluoride, 10 pglml

aprotinin as described in Izaguirre et al., 1999). The resulting supernatant fractions were pre-

cleared with Protein A-Sepharose (Sigma Chemical Co. St. Louis, MO) for a minimum of 4
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hours at 4"C. Immunoprecipitations were carried out at 4oC for 4 hours with the appropriate

antibodies. Immune complexes were collected on Protein A-Sepharose and were washed three

times with cold lysis buffer. Prior to loading, pre-heated SDS-loading buffer was added to the

immunoprecipitates which were further denatured for 5 minutes at 100oC. Proteins were

visualised after SDS-PAGE electrophoresis and electro-transfer to nitrocellulose as described

in2.3.26.

2.3.28 Fluorescence microscoPY

Cells were washed in PBS, fixed for 2 minutes in pre-chilled methanol and rehydrated in PBS

for 15 minutes. To facilitate antibody penetration, cells were permeablised with

pBS/0.17o(v/v) Triton-X 100 (Sigma Chemical Co. St. Louis, MO) for 10 minutes.

Permeabilised and fixed cells were exposed to antibodies for t hour at room temperature and

washed with PBS/0.LVo Tween 20. Cells were mounted in PBS/507o glycerol and viewed

using a Zeiss Axioplan microscope equipped for 3 channel fluorescence (Zeiss filter sets II, IX

and XV) and photographed with a Zeiss MC 100 camera attachment using 35 mm ektachrome

160T film.
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2.4 Tissue culture techniques

2.4.L Preparation of STOR feeder layers

STOR ceils were expanded in complete ES cell medium until they reached 70-80Vo confluency.

Cells were washed twice with PBS and dislodged using 2rnl of pre-wanned trypsin for less

than 3 min. Trypsin activity was neutralised with 10 rnl of complete ES cell medium and cells

were collected by centrifugation at I,200 r.p.m. for 5 minutes. Single cell suspensions of 107

cells/ml were subsequently y irradiated (30 Grays). Irradiated cells were resuspended in lx

freezingmedium (107o (vlv) DMSO, 907o FCS) at 2.5 x 107 cells/ml and frozen in 2x107 cell

aliquots at - 80'C for short term storage or in liquid nitrogen for long term storage. When

required, aliquots were thawed at 37"C and plated onto pre-gelatinised 100 mm plates with 10

ml complete ES cell medium.

2.4.2 Routine maintenance of ES cells

(i) Culture conditions

To facilitate ES cell adherence, polystyrene cell culture dishes were pre-gelatinised with

PBSt}.lVo gelatine for 20 minutes. Cells were grown in complete ES cell medium n LïVo COz

at 37"C. EI4TG2a ES cells 4re feeder layer independent and were therefore grown directly

onto pre-gelatinised plates. W9.5 ES cells require a feeder layer and were grown onto

mitotically inactivated STOR fibroblast cells.

(iÐ Routine passage of ES cells

ES cells were routinely passaged to prevent differentiation of ES cell colonies. This is

important for optimal contribution of ES cells to the germline of chimaeric mice. Briefly, cells
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were washed twice with PBS and dislodged, by pipetting up and down with 1 ml pre-warmed

trypsin per 100 mm diameter plates, for approximately 3 minutes at room temperature.

Trypsin activity was neutralised by gentle mixing using an equal volume of complete ES cell

medium and cells were collected by centrifugation at 1,200 rpm. for 5 minutes. Cells were

then resuspended in 10 ml of complete ES cell medium and the appropriate volume of cells

was finally added to pre-gelatinised plates in the case of EI4'1G2a cells or to feeder-coated

plates in the case of W9.5 cells.

2.4.3 Freezing of ES cells

ES cells were grown to sub-confluence and harvested by trypsinisation. Cells were counted,

centrifuged for 5 minutes at 1,200 r.p.m., and resuspended in lx freezing medium at 6.25 x 106

cells per ml. ES cells were stored in cryotubes (5x106 cells/aliquots) at -80'C for short term

storage or in liquid nitrogen for long term storage.

2.4.4 Electroporation of ES cells

Targeting vector DNA was prepared by the CsCl banding technique (2.3.3) and 200pg of the

appropriate DNA was linearised by restriction enzyme digestion. The reaction was

subsequently extracted with phenoVchloroform and chloroform and resuspended in sterile lX

TE

(i) Electroporation of W9.5 ES cells

Tlpically, six 100 mm plates of ES cells were required per electroporation. Plates were fed

with complete ES cell medium 4 hours prior to procedure. Plates were washed first with PBS

and a second time with PBSÆGTA. Cells were trlpsinised with lml pre-warmed trypsin per

100mm plate for a maximum of 3 minutes at room temperature. An equal volume of complete
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ES cell medium was added to neutralise trypsin activity and cell suspension from all plates

were pooled. Cells were fuither centrifuged at 1,200 r.p.m. for 5 minutes and the pellet was

resuspended in 20rnl PBS. A cell count was performed using a haemocytometer, cells were

pelleted by centrifugation and resuspended in PBS at a concentration of 2.8 x 107 cell per nrl.

In an electroporation cuvette (Bio-Rad, 4 mm disposable electroporation cuvette), 25¡tg of

linearised vector was mixed with 700p1 of pre-chilled cell suspension. Electroporation was

carried out using the Bio-Rad Gene Pulser at 230mV, 500pF. The entire contents of the

cuvette were then transferred to 9ml of complete ES cell medium and divided over ten 100mm

plates with feeder cells. Cells were grown in complete ES cell medium for 24 hours at l07o

COz after which selection was applied for up to 10 days. Cells were re-fed daily for the first

six days to eliminate dead cells and every 48-72 hours from thereon.

(iÐ Electroporation of E14TG2a cells

Electroporation was carried out as described above with the exception that ES cells were

expanded in six lT1crtf flasks for the experiment. In this experiment, cells were resuspended

in PBS to a concentration of 1.43 x 108 cells per ml. A mixture of 150pg of linearised

targeting vector and 700p1cell suspension was immediately electroporated using the Bio-Rad

Gene Pulser at 800mV, 3 PF.

2.4.5 Picking and ex¡lansion of resistant colonies

After 10 days of selection, resistant ES cell colonies were visible to the naked eye and could be

picked. The plate was washed twice with PBS and PBS was added to cover the plate. Each

colony was picked using a 20pl pipetteman (Gilson) and transferred to a 96 well plate

containing 100p1 of trypsin. After 8 colonies were picked, l00pl complete ES cell medium

was added to each well to neutralise tr¡psin activity and clumps of cells were broken up by
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moving the cell suspension up and down using a multichannel pipettor. In the case of W9.5

ES cells, when 24 colonies had been picked and treated as described, half of the content of

each well were transferred to a pre-gelatinised 24 well plate and the other half to a pre-

gelatinised 24 well, plate with feeder layers. 'When El4TG2a cells were used the content of

each well was divided over two pre-gelatinised 24 well plates. In both cases, the hrst plate

was used for characterisation of the clones by Southern blot analysis (2.3.2L) while the second

were grown to sub-confluency and frozen for storage (2.4.3).

2.4.6 Freezing and thawing of ES cells in 24 well plates.

To avoid the time consuming task of freezing individual clones in freezing vials, cells could

also be frozen directly lrilto 24 well plates. Wells were washed twice with PBS, 100p1 trypsin

was added to each well and the plate was incubated at 37'C for 3 minutes. An equal volume

of 2X fteezing medium was then added and cell clumps were disrupted by pipetting using a

multichannel pipettor. Plates were then sealed and immediately transferred to a -80'C freezer.

To thaw cells, plates were piaced in a37"C incubator for 10 minutes and 1 ml of pre-warmed

ES cell medium was added. The content of the well was then transferred to a fresh pre-

gelatinised 10 mm well with or without feeder cells depending of the type of ES cells used.

2.4.7 Karaotyping ES cell lines

ES cells were grown in 60 mm plates at high density (106 cells per plate) and fresh complete

ES cell medium was added to the plates 3 hours prior to the procedure. Cells were arrested in

mitosis by the addition of colcemid (O.lpglrnl) (Sigma Chemical Co.) after which they were

harvested by trlpsinisation and the cell suspension was centrifuged at 1,000 r.p.m. for 10

minutes at 4"C. The pellet was then gently resuspended in 9 mI0.075M KCl and remained at

room temperature for 30 minutes. One millilitre of fresh pre-chilled methanoUacetic acid
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solution (3:1) was added and cells were centrifuged for 10 minutes at 1,000 r.p.m. (4'C). The

pellet was resuspended in 6rnl of cold flxative, and washed twice in 6rnl of methanoUacetic

acid fxative solution. Following the final wash, 0.5m1 supernatant was kept and a single cell

suspension was generated. Microscope slides were soaked in methanol for 5 min and 2-3

drops of cell suspension were added to the microscope slides. The slides were finally stained

for 5 minutes with Giemsa and spreads were viewed under phase contrast optics on the Zeiss

Axioplan Universal micro scoPe.

2.4.8 In vifro differentiation of ES cells

ES cells were differentiated to form macrophages by the methods of Wiles and Keller (1991)

following modifications described in Lake et al (2000). Embryoid bodies were incubated in

1.25rnl MC medium (O.97o methyl cellulose in IMDM, 157oFCS, 50mg/ml ascorbic acid,

0.45mM a-monothioglycerol) supplemented with 400 U/ml recombinant mouse IL-3 (a kind

gift of Dr T. Gonda, Institute of Medical and Veterinary Science, Adelaide) and 10 ng/rnl

recombinant human M-CSF (R&D systems). Colonies were scored for the presence or

absence of macrophages by microscopic examination after 8 days of culture. The ability of the

resulting cells to phagocytose IgG-opsonised Zymosan A was tested in the same rnanner as for

J774 cells.

2.4.9 Histochemical staining of cells for detection of p-Galactosidase

Two days after transfection, cells were fxed and stained to determine transfection eff,tciencies.

Briefly, the medium was removed from the transfected cells and cells were washed twice with

PBS. Cells were then fxed with 5ml of cold fxing solution and incubated at 4oC for 5

minutes. The fixing solution* was then removed and cells were washed three times in PBS.

Five millilitres of staining solution** was then added to the plates and these were incubated
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overnight at 30oC for the detection of p-galactosidase activity. Cells were then viewed under

phase contrast and bright field optics using a Nikon Diaphot microscope.

*Fixing 
S olution: 27o (v I v) fofmaldehyd e, 0.27o (v/v) glutaraldehyde)

**Staining 
Solution: 0.5mM potassium ferrocyanide, 0.5mM potassium ferricyanide, lmM

MgCl2,40mg/ml BCIG

2.4.10 Fugenem transfection of GFP construct in COS'1 Cells

Transient transfection required for immunohistochemical analysis of Tec isoforms were carried

out in 6 well plates. Briefly, 105 cells were plated on glass coverslips 24 hours prior to

transfection. Cells were transfected according to the manufacturer's instruction. Typically, 3pl

transfection reagent were diluted in 97¡tl serum-free DMEM and incubated at room

temperature for 5 min. The diluted transfection reagent was subsequently added to 1¡rg of

purified plasmid and complex formation was carried out at room temperature for 15 min. This

mixture was finally added to freshly changed medium on adherent cell layer. GFP and GFP

fusion proteins were visualised after 24 hours in PBS using a Nikon inverted (ECLIPSE TE

300) microscope. To visualise nuclei, cells were fxed in pre-chilled methanol for 2 min,

rehydrated in PBS for 15 minutes and permeabilised in PBS/O.l%oTntortX-l00 for 10 min.

Nuclei were stained with Hoechst (lpg/ml) for 30 sec and thoroughly washed in PBS/0.17o

Tween-20.
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2.5 Phagocytosis-related protocols

2.5.1 Routine maintenance of J774 cells

The murine monocytic/macrophage cell line J774 was maintained at37"C in DMEM (GIBCO,

Life Technologies) supplemented with IOVo(vlv) fetal bovine serum, under IOTo COz. For

immunofluorescence, cells were plated on glass coverslips in 6-well plates at 10s cells/well.

2.5.2 Preparation of phagocytic target

Opsonisation of Zymosan A (Sigma Chemical Co. St. Louis, MO) was carried out as

previously described (Strzelecka et al., 1997b). Briefly, particles were incubated for t hour at

37"C with 20m{nl human IgG (Sigma Chemical Co. St. Louis, MO) at a final concentration

of lOmg/rnl Zymosan A. Particles were then washed 3 times with PBS to remove unbound

IgG and resuspended in PBS.

2.5.3 Phagocytosis with adherent cells

1774 cells prepared for immunohistochemistry were plated on glass coverslips and allowed to

bind opsonised Zymosan A in PBS, for 20 minutes on ice. To initiate particle uptake, cells

were transferred to pre-warmed DMElvf/l07o FBS and at the required time points, cells were

processed for immunofluorescence analysis.

2.5.4 Phagocytosis with cells grown in suspension

J774 cells prepared for immunobloting analysis were trypsinised, resuspended in pre-warmed

DMElv1/lQToFBS and kept in suspension at 37oC for approximately 30 minutes prior to the

assay. Cells were then resuspended in pre-chilled PBS and particle binding was carried out on

ice for 20 minutes. Phagocytosis was initiated by a temperature shift to 37oC in
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DMEN{/|Q7oFBS for the required length of time. Particle uptake was stopped by plunging

tubes into ice until further processing.

2.5.5 Inhibitorstudies

Jj74 cells were exposed to inhibitory drugs for 30 minutes at 37oC prior to phagocytosis

assays. Cyochalasin D (Sigma Chemical Co. (St. Louis, MO) was used at 50-500nM,

LyZ94OO2 (BIOMOL Research Labs Inc.) at 30-80pM and Nocodazole (Sigma Chemical Co',

Sr. Louis, MO) ar 5pM. All inhibitors were diluted in DMSO (Sigma Chemical Co., St.

Louis, MO) to final concentrations of 48 mM LY294002, 5 mM Nocodazole, 18 mM

Brefeldin A and 2 rrÌvlCytochalasin D. Cells were exposed to IgG opsonised Zymosan A for

30 minutes at 37oC, unbound particles were then washed washed gently and cells were process

for either immunofluorescence or immunoblotting analysis'
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2.6 Mouse manipulation and analysis

(Ð Chimaera production

Chimaeric mice were produced by microinjection (J. Wrin, Department of Biochemistry,

University of Adelaide). W9.5 targeted derivatives were introduced into C57BV6 blastocysts

or B6D2F1 blastocysts (C57BV6 X DBN}). Chimaera were identified by coat colour

assessment based on the known coat colour genotypes: C57BV6 (ala;BlB; DID) results in a

black coat colour phenotype and DBN? (ala; blb; d/d) manifested by a dilute brown

phenotype. B6D2F1 progeny had the following possible genotype: ala;Bl?; D/? (black), a/a;

blb;Dt? (brown), ala Bl?; d/d (dilute black) and ala; b/b; d/d (dilute brown). W9.5 ES cells

have a dominant agouti allele.

(ü) Breeding

Chimaeric mice displayng25Vo or more chimaerism were bred to C57By6 mice and progenies

were scored for the transmission of the dominant agouti allele.
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CHAPTER 3:

BIOCHEMICAL ANALYSIS OF TEC

ISOFORMS



3.1 Introduction

Tec is a single copy gene located on mouse chromosome 5 (Mano et al., 1993). As

part of this thesis, partial cloning and characterisation of mouse Tec genomic fragments were

carried out and are described in Chapter 5. In combination with studies by Merkel (1996),

these studies have identified all exon-intron boundaries of the Tec gene. A complete

description of the exon-intron boundaries of the Tec gene is presented in Merkel et al. (1999).

Briefly, the Tec locus consists of 18 exons that are distributed over approximately 100kb with

tightly linked 5'exons and more sparsely arranged 3'exons. Since Mano et al. fnst reported

the isolation of the Tec transcript in 1990, a total of five T¿c mRNA isoforms have been

reported in the literature that differ in the PFITH, SH3 and kinase regions (Mano et al., 1990;

Mano et al., Igg3). As seen in Figure 3.14, the exorVintron structure of the I¿c locus

suggests that all 5 Tec isoforms can theoretically arise from alternative splicing of exons 4, 8

and 18a. Such transcripts would give rise to proteins that vary in thei¡ PIITH, SH3 and kinase

domains respectively. A diagrammatic representation of the molecular mechanisms responsible

for the generation of these alternatively spliced transcripts is represented in Figure 3.18.

Translation of TecII, III andlV occurs in reading frame 1 and initiates at the first ATG

codon located in exon 2. The full length TecIV transcript encodes functional PIITH, SH3,

SH2 and kinase domains, but ho Src-like negative regulatory Tyr residue is present in the C-

terminal tail of the kinase domain. Compared to TecIV, TecIII has a truncation of 22 amno

acids that is predicted to remove critical structural components of the SH3 fold (Figure 3.24

and B). TecIIA and TecIIB are characterised by a 99 bp insertion in the 3' end of the kinase

region of TecIII and IV respectively which exchanges the last 27 atnno acids of the kinase

region of TecIIA and IIB with an uruelated 21 amino acids scquence. This potentially

influences the fold and/or stability of type II Tec kinases and might in turn affect kinase activity
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Figure 3.1 Five alternative isoforms of. Tec can arise by alternative splicing of. Tec

transcripts

A. Diagrammatic representation of Tec isoforms as reported in the literature.

5'UTR: 5' untranslated region, PH: pleckstrin homology domain; TH: Tec homology

motif, PRR: proline rich region; SH3: Src Homology 3 domain; SH2: Src Homology 2

domain; 3' UTR: 3' untranslated region.

The various domains represented in this diagram are based on translation initiated at the

frst ATG in exon 2.

B. Diagrammatic representation of splicing events proposed to occur at the I¿c locus
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Figure 3.2 Representation of the structure of the TecIV SH3 domain

Diagrammatic representations of the TecIV SH3 domain are based on the solution structure

(Pursglove et al., 2001).

A. The molecular surface of TecIV SH3 domain.

This orientation allows visualisation of the SH3 binding pocket (purple) and of the

regulatory tyrosine residue (yellow).

B. Ribbon diagram of the TecIV SH3 domain.

This orientation displays the characteristic beta barrel conformation of the SH3 module

and highlights the 22 amino acid stretch absent in TecIII (red). The regulatory tyrosine

residue is highlighted in orange.
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and./or specif,icity. Compared to TecIV, TecI has a 41 bp deletion in the PFIIH region. Based

on the sequence of the TecI transcript, it is predicted that its translation can initiate at two

possible ATG sites. The first ATG is located in frame I of exon 2 (base patr 49 of exon 2).

The same ATG codon facilitates the initiation of translation of TecII, III and /V transcripts.

The use of this ATG to initiate the translation of TecI results in the synthesis of a short 100

amino acids long peptide that shares only 81 amino acids with the N-terminus of TecIII and IV.

Alternatively, as initially suggested in Mano et al., 1990, translation of TecI could initiate in

frame 3, from the first ATG in exon 3 (base pair 65 of exon 3) resulting in the expression of a

unique N-terminal region, and functional SH3, SH2 and kinase domains. The N terminal

unique region of this second peptide lacks traditional membrane targeting sequences and is

reported to have no homology to known modular domains (Mano et al., 1990). In the cell, the

TecI protein is predicted not to be targeted to the plasma membrane because of the lack of PH

sequences otherwise present in all other Tec proteins. Consequently, distinct stimuli are

expected to affect TecI subcellular localisation and/or kinase activity.

It is expected that the five isotypes of Tec potentially differ in their biological

characteristics, including in the range of protein-protein interactions in which they can

participate. All studies of Tec function have however to date mostly ignored this issue.

Studies of Tec expression have also not differentiated between the different isoforms of the

Tec ftanscnpt (Mano et al., 1990, Siyanova et al., 1994 and Kluppel et al., 1997).

Two distinct approaches were thus chosen to investigate the biological characteristics

of the five isoforms of. Tec in vivo. First, the in vívo expression pattern of each Tec transcript

was characterised using RNase protection analysis (RPA) and/or reverse transcriptase PCR

(RT-PCR) to provide an insight into the relative abundance of each isoform in mouse

embryonic and adult tissues. To complement these studies, a second approach wlúch utilised

the power of the green fluorescent protein (GFP) was adopted to visualise the subcellula¡
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localisation of the major Tec isotypes in living cells. This in vitro cell culture system also

enabled the identification of some the biomolecular signals that affect the subcellular

distribution of rec in the absence of isoform-specific antibodies.

3.2 Results

3.2.1 In vívo characterisation of Tec isoforms by RNase Protection Analysis (RpA)

RNase protection analysis reles on the ability of RNA molecules to form RNA-RNA

duplexes that are resistant to RNase digestion. Antisense radiolabelled RNA probes

complementary to a transcript of interest are generated and allowed to hybridise to RNA

samples. Hybridisation is followed by RNase digestion, and protected radiolabelled fragments

are identified by gel electrophoresis. The expression of the transcript of interest is determined

based on the presence and size of the specific protected fragment.

To characterise the expression of each Zec isoform, the studies described in this section

utilised radiolabelled RNA probes complementary to Zec sequences, each encompassing one of

the three regions characteristic of TecI, TecII and TecIV. These probes encode sequences

complementary to the 41,99 and 66 bp insertion regions respectively. Each region is typically

flanked by regions of homology that range between 85 and 301 bp depending on the design of

the probe to facilitate the forrnation of RNA-RNA duplexes. TecI andTecIII isoforms lack the

41 and 66bp regions of insertion respectively. The radiolabelled probes are expected to form

single stranded loops in the insertion regions that are sensitive to RNase digestion resulting in

the production of two protected fragments of radiolabelled probe. Their full length

counterpart should be able to protect the entire length of the probe. Expression of the

different isoforms of Tec can thus be monitored based on the sizes of the protected

radiolabelled fr agments recovered following RNase digestion.
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3.2.r.1 Investígatian of TecI Expression in Mouse Adult Tìssues

A probe encoding the full length PIIIH region was generated by pCR using the

PHLexAs and THI-exA3 primer combination (2.2.L1; 2.3.22i). This primer combination

amplifies a 474bp PCR product that was subsequently cloned in pGEM-T (Stratagene). The

orientation of the cloned PI{[H fragment was determined by restriction enzyme digestion with

Acc I (Figure 3.34). SP6 RNA polymerase was used to generate the PFI/TH probe described

in Figure 3.38. The predicted size of probe fragments that are protected by TecI versus TecII,

III and Iy mRNA sequences are depicted in Figure 3.3B. Briefly, two radiolabelled fragments

of 244bp and L72bp are expected to be protected by the shorter TecI transcript, as the 41bp

insertion in PtI/TH-TecI rJuplexes should form a single stranded loop that is susceptible to

RNase digestion. These two shorter fragments can easily be distinguished from the 457bp

PII/TH fragment protected by TecII,III andlVtranscripts using gel electrophoresis.

As shown in figure 3.3C, RNA samples from adult mouse liver, kidney and placenta

tissues protected only the full length PII/TH fragment, and no Tec expression was detectable in

the heart. In order to account for difference in the amounts of RNA recovered in each

reaction, an antisense radiolabelled rGAP probe that monitors the expression of the house

keeping gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as a loading

control.

Given that TecI had originally been isolated from a mouse liver cDNA library (Mano et

al., 1990), it is surprising that no TecI expression was detected in two independent liver RNA

samples. The absence of TecI n the liver samples tested could however be explained as

follows: Ftrst, TecI could represent an incompletely spliced form of Tec transcipts that had

been captured during the synthesis of the cDNA library described in Mano et al. (1990).

Altcrnatively, the TecI transcript could represent an extremely rare form of the Tec transcript

that was not expressed in the liver tissues tested in these studies. It was thus decided that
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Figure 3.3 Characterisation of the tissue distribution of TecI in mouse adult tissues

A. Diagrammatic representation of the pGEM-T-PIITH plasmid used to generate the

radiolabelled antisense PFI/TH probe.

T7:T7 RNA polymerase promoter; sP6: SP6 RNA polymefase promoter.

B. Diagrammatic representation of the ribonucleotide probe used in the RNase Protection

Assay, together with the potential products generated following RNase digestion .

C. RPA analysis of mouse adult tissues.

Ten micrograms of total RNA prepared from mouse adult liver, kidney, heart and

placenta tissues were subjected to RPA using the PFVTH probe. The rGAP antisense

probe was used as a loading control.

rGAP: rat gþeraldehyde-3-phosphate.
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TecI is only a minor isoform of the Tøc transcript that might or might not be physiologically

relevant, and was therefore not investigated further during the course of this Ph.D.

3.2.1.2 Investígatíon of the Expressíon of Type II Tec Transcrípts

The abundance of the kinase-variant isoforms of Tec was investigated using the

KINASE probe described in Figure 3.48. The 99 bp insertion charactenst\c of TecII

transcripts is located in the Nco IJBamH I fragment at the 3' end of the TecIIB transcript'

Ncollinearised pBluescript SK*.TecIIB (Figure 3.44) was used as a template to transcribe the

KINASE antisense riboprobe using T7 RNA polymerase (Figure 3.44). A 275 bp

radiolabelled probe fragment is predicted to be protected by sequences in the 3' region of. TecII

transcripts. On the other hand the 99bp insertion sequence of the probe which has no

complementary counterpart in type III or IV transcripts is susceptible to RNase digestion and

should yield two fragments of 85 and 91bp @gure 3.4B). As shown in Figure 3.4C, based on

the size of the recovered protected fragments, no TecII transcripts were observed in adult

mouse spleen, liver or placenta tissues, nor were TecII transcripts detectable in total RNA

samples from day 16 embryos. ES cell RNA samples displayedno Tec expression at all despite

effrcient recovery of the rGAP control sequence.

The absence of type II'Tec transcripts was further confirmed by RT-PCR analysis using

the 5EXON16 and 3EXON17 primer combination (section 2.2.LI). RT-PCR was carried out

on liver, spleen and d16 total RNA samples and resulted in the amplification of only a 635bp

fragment characteristic of TecIII and IV while no 734bp PCR product characteristic of TecII

sequences was identified @gure 3.4D). The identity of the amplified fragment was also

confirmed by DNA sequencing and restriction enzyme digestion using Nco A Sac I, two
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Figure 3.4 Characterisation of the tissue distribution of TecII transcripts in mouse

adult tissues

A. Diagrammatic representation of the pBluescriptSK*.TecllB plasmid used to generate the

radiolabelled antisense KINASE probe.

T7:T7 RNA polymerase promoter; T3: T3 RNA polymerase promoter

B. Diagrammatic representation of the ribonucleotide probe used in the RNase Protection

Assay (RPA), together with the potential products generated following RNase digestion.

C. RPA analysis of mouse adult tissues.

Ten micrograrrx¡ of total RNA prepared from adult mouse liver, spleen, and placenta

tissues as well as embryonic day 16 and ES cell total RNA were subjected to RPA using

the KINASE probe. The rGAP antisense probe was used as a loading control.

ES: Embryonic Stem cell; rGAP: rat gþeraldehyde-3-phosphate.

D. RT-PCR analysis of adult mouse liver and spleen tissues, and day 16 embryonic and ES

cell toral RNA.

Five hundred nanograms of total RNA was tested in reactions that utilised the 5'exon16

and 3'exon17 primer combination and the SUPERSCRIPT t" ONE-STEPTM RT-PCR

System.

The products of the reaction were separated by I7o (w/v) TAE gel electrophoresis and

visualiased by EtBr staining.
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restriction errzyÍþ recognition sites known to be present in TecIII and IV kinase sequences (J.

Doumanis, personal communication).

3.2.1.3 Investígatíon of TecIII and TecIV expression ín mouse embryoníc and a.dult tíssues

Given that the expression of TecI and II in mouse tissues was found to be negligible,

further studies concentrated on the distribution of TecIII and IV using the SH3/SH2 probe

described in Figure 3.58. This fragment had been amplified from pBluescriptSK TecIIB by

PCR using the TecSH3.5 and TecSH2.3 primer combination (2.2.1I;2.3.221). The amplified

fragment had been subsequently subcloned in pBluescript SK* using BamH I and EcoR I

restriction enzyme sites present in the primer sequences (Figure 3.54). The antisense

SH3/SH2 radiolabelled probe described in Figure 3.5B was transcribed from the T7 promoter

of BamH I linearised pBluescriptSK.SH3/SH2. This radiolabeled SH3/SH2 fragment is fully

protected by TecIV sequences and yields a 495bp fragment after RNase digestion, while TecIII

expression can be identified by the presence of a 301bp protected radiolabelled fragment

(Figure 3.5B).

As seen in Figure 3.5C, analysis of mouse embryonic and adult tissues indicates that

TecIV is the major Tec transcnpt in all tissue samples tested with the exception of adult liver

and kidney, and embryonic day 16 limb tissues. In contrast to all other tissue tested, total

RNA preparations from these latter tissues were found to protect only the TecIII 301bp

fragment suggesting that TecIV expression in these samples was too low to be detected by this

assay. In summary, the series of RPA experiments described in this section suggest that TecI

and TecII transcripts are generally not expressed in embryonic and adult mouse tissues, while

TecIII and TecIV are co-expressed at detectable levels except in adult liver kidney and

embryonic d16 limb tissues where only TecIII can be detected by RPA.
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Figure 3.5 Characterisation of the tissue distribution of. TecIII and TecIV in mouse

adult and embryonic tissues

A. Diagrammatic representation of the pBluescriptSK..SH3SH2 plasmid used to generate

the radiolabelled antisense SH3/SH2 probe.

T7:T7 RNA polymerase promoter;T3: T3 RNA polymerase promoter.

B. Diagrammatic representation of the ribonucleotide probe used in the RNase Protection

Assay (RPA), together with the potential products generated in this type of experiment.

C. RPA analysis of mouse adult and embryonic tissues.

Ten micrograms of total RNA prepared from mouse adult liver, kidney, intestine, spleen,

and placenta tissues as well as embryonic day 10.5 and 16 total RNA, embryonic day 16

brain, intestine, limb, lung and skin tissues were subjected to RPA using the SH3/SII2

probe. The mGAP antisense probe was used as a loading control.

mGAP: mouse gþeraldehyde-3-phosphate.
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3.2.2 RT-PCR analysis of TecIII and TecIV expression in adult and embryonic mouse

tissues and hematopoietic cell lines

To complement the results described in section 3.2.1.3, RT-PCR analysis was carried

out on total RNA preparations from adult and embryonic mouse tissues, using the primer

combination 5PRR and 3'exon8 (3,2.11;2.3.23). This primer combination amplifies the PRR

to SH3 region and identifies the presence of TecIV transcripts as a 353bp PCR product, and

that of TecIII as a 287bp product (Figure 3.64). To confirm the identity of the amplified

fragments, Southern blot analysis (2.3.17) was carried out using an internal SH3 probe

generated by BamHIlEcoR I restriction enzyme digest of pGEX4T2-SH3 (Pursglove et aI.,

1993). As shown in Figure 3.68, expression of both T¿c isoforms was detected in a range of

adult and embryonic mouse tissues. Based on the intensity of the PCR products as detected by

Southern blot analysis (Figure 3.6B), TecIV expression was greatest in the adult small

intestine, spleen and placenta as well as embryonic day 16 brain, kidney, lung and skin.

Surprisingly, although TecIV expression had been undetectable in adult liver and kidney tissues

by RPA, RT-PCR assays carried out on the same RNA preparations amplified the TecIV

specific 353bp product as well as the TecIIIZSTbp fragment.

Given the discrepancy between the observations made in section 3.2.1.3 and those

described in Figure 3.6, the possibility that the TecIV RT-PCR products observed in adult liver

and kidney RT-PCR reactions had resulted from the amplification of contaminating genomic or

plasmid DNA sequences needed to be excluded. Briefly, based on the structure of the Tec

gene, amplification of genomic DNA using the 5PRR/3'exon8 primer pair (2.2.IL) should

result in a 4.5kb PCR product. The 353bp product observed in Figure 3.6 could therefore not

have arisen from amplification from genomic DNA. Additionally, ES cell total RNA

preparations which had been shown to lack Tec expression by RPA (Figure 3.3C and 4C) were

used as a negative control. As shown in Figure 3.68 RT-PCR reactions with ES cell RNA as a
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Figure 3.6 RT-PCR analysis of TecIII and. TecIV transcripts in mouse adult and

embryonic tissues

A. Diagrammatic representation of the RT-PCR products generated using the 5PRR and

exon8 3' primer combination.

B. Five hundred nanograms of total RNA prepared from mouse adult liver, kidney, spleen,

muscle, small intestine and placenta tissues as well as ES cell, embryonic day 10.5 and

d16 total RNA and embryonic d16 brain, heart, kidney, intestine, lung and skin total

RNA were tested using the 5'exon16 and 3'exon17 primer combination and the

SUPERSCRIPT 
t" ONE-STEPTM RT-PCR System. The products of the reactions were

separated by 27o (Wv) TAE gel electrophoresis, visualised by Ethidium Bromide (EtBr)

staining and blotted onto a nylon membrane and subjected to southern blot hybridisation

using a radiolabelled Tec-SH3 fragment as a probe.

C. Five hundred nanograms of total RNA prepared from J774, CTLL, BaF3, FDCP1 and

J2E tissue culture cells were tested in each reaction using the 5'exon16 and 3'exon17

primer combination using SUPERSCRIPT t" ONE-STEPTM RT-PCR System. The

products of the reactions were analysed as in (B).
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template yielded îo Tec product, thus confirming that no contamination of PCR reagents by

plasmid DNA sequences (such as pBluescript SK*.TecIIB or pBluescript SK+.SH3/SH2) had

occurred.

Ãs Tec expression had previously been reported in various cells of the hematopoietic

lineage, especially myeloid cells (Mano et al., 1993), the relative distribution of TecIII versus

TecIV was investigated in various hematopoietic cell lines. Total RNA prepared from J774

(monocyte macrophage), CTLL (T lymphocytes), BaF3 (mouse pro-B cells), FDCP-I

(myeloblastlearly promyelocyte) and J2E (erythroblast) cell lines were subjected to RT-PCR

amplification of the PRR-SH3 region using the 5PRR/3'exon8 primer combination (2.2.11;

2.3.23). TecIV was identihed in the three hematopoietic lineages tested, namely the myeloid

lineage (J774, FDCP-1), lymphocyte lineage (CTLL and BaF3) and erythrocyte lineage (J2E).

TecIII on the other hand was observed only in T lymphocyte (CTLL) cells, as well as in one of

the two myeloid cell lines, the J774 cell line suggesting that TecIII expression showed some

degree of specificity that might or might not be related to the origin of the lineage (Figure

3.6C).

It is interesting that the two myeloid derivatives showing different Tec expression differ

in their morphological characteristics and represent different stages of myeloid differentiation.

J774 cells are terminally differentiated macrophage cells that grow as flat, elongated adherent

cells in culture. FDCP-I cells"in contrast are early promyelocyte cells that grow in suspension

as small round cells, with relatively small cytoplasms. It is possible that these morphological

differences, especially their distinct differences in substratum adherence, could provide some

clues as to the biological differences between these two isoforms. More extensive studies on a

larger panel of adherent and non-adherent cell lines would be necessary to investigate such a

link.
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3.2.3 Investigation of functional differences between TecIII and TecIV in mammalian

COS-1 cells using GFP fusion proteins

3.2.3.1 Characterísatíon of the subcellulnr locq.lísation of GFP-TecIII and GFP-TecIV

Biological differences between TecIII and TecIV were further investigated using fusion

genes consisting of TecIII or IV cDNA sequences fused in frame to the C-terminus of the

green fluorescent protein (GFP). These were routinely used in the laboratory of Dr. Booker

(Merkel, personal communication). The fluorescent GFP moiety enables direct visualisation of

the fusion protein in living cells by fluorescence microscopy without the need for fxation and

immunostaining. This permits comparative studies of the subcellular distribution of the two

isoforms of Tec to be carried out in living cells, in real time, and facilitates the characterisation

of anticipated translocation(s) in the presence of specific stimuli. All transfections were

transient to avoid the selection of non-representative clones that might arise from the

procedure of establishing stable transfectants. Plasmids carrying GFP-Tec fusion sequences

were transfected into COS-I cells. COS-I cells are routinely used as a model system for

transient transfection experiments. They grow adherently as flattened cells with large

cytoplasmic volumes which facilitates the visualisation of the subcellular distribution of fusion

proteins in transfected cells. In addition, endogenous Tec expression had also been detected in

COS-I cells by western blot analysis (Merkel, personal communication). The subcellula¡

localisation of Tec fusion proteins is thus expected to reflect that of its endogenous

counterpart, although it is possible that the exogenous overexpression system used in these

transfections might affect the fluorescence pattern observed'

The sizes of the fusion protein products were confirmed by Western blotting analysis of

whole cell lysates (Figure 3.7G). The GFP fusion partner alone yielded the predicted 29k<D

GFp product, while GFP-TecIV and GFP-TecIII migrated at the 100lcD ma¡k. Surprisingly
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Figure 3.7 Charaterisation of the subcellular localisation of GFP fusion proteins in

COS-I cells

Fluorescence analysis of COS-I cells expressing (A) GFP, (B) GFP-PFIIH, (C-D) GFP-TecIII

and (E-F) GFP-TecIV

5x106 COS-I cells were transfected with 2pg plasmid DNA (A) pEGFP-C2, (B) pEGFP-C2-

pFIIH, (C-D) pEGFP-C2-Tec3 and (E-F) pEGFP-C2-Tec4 for 18 hours at37"C using the

Fugenert transfection system. Cells were grown at 37"C in complete medium for at least 24

hours prior to visualisation. The arrows in (B) mark membrane ruffle-like region characterised

by plasma membrane fluorescence. The ¿urow in C marks cells with rounded morphology. The

* in (D) highlights cells with asymmetrical distribution of plasma membrane GFP-TeoIII and

the arrows highlight fluorescent filopodia extensions. The arrow in (E) points to vesicular-like,

punctate fluorescence of GFP-TecIV and the arow in (F) shows juxtanuclear GFP-TecIV.

Bar = 100pM (A-C; E) and 10¡rM (D & F)

(G) Western immunoblot analysis of total cell lysates prepared from COS-I cells expressing

GFp, GFP-TegIV and GFP-TecIlI. Protein samples were separated by SDS-PAGE

electrophoresis on an 87o Tris-tricine poþcrylamide gel, transferred to a nitrocellulose

membrane (Hybond-C), probed with GFP-specific antibody and HRP-conjugated anti rabbit

antibody, and detected by enhanced chemiluminescence.
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GFp-TecIII appeared to migrate slower than GFP-TecIV despite its 2kD deletion. This is

proposed to reflect differences in post-translational modification of the two peptides, most

likely pho sphorylation.

Visualisation of GFP transfected cells was carried out on a Nikon inverted (ECLIPSE

TE300) microscope. GFP was present diffrrsely in the cytoplasm and nucleus of transfected

cells and showed no specific subcellular localisation (Figure 3.7 A). The GFP-PHTH fusion

protein was also present diffrrsely in the cytoplasm and nucleus of transfected cells (Figure

3.78). Rarely, in less than 5Vo of transfected cells, GFP-PIITH expressing cells were identified

that were phenotypically distinct from the rest of the population. These cells were mostly

larger than other transfectants and displayed extensive cytoplasmic extensions and membrane

ruffle-like structures that were enriched with GFP-PHTH (Figure 3.78 a:row).

When TecIV was fused to the C-terminus of GFP, a distinct change in the subcellular

distribution of the fusion protein compared to that of GFP or PHTH alone was observed

@gure 3.ZE-F). In general, within a single population of transfected cells, three distinct

fluorescence patterns were observed that included: (i) diffr¡se staining in the cytoplasm and

nucleus of transfected cells, undistinguishable from that of GFP alone. (ü) intense punctate

staining generally in combination with diffi¡se fluorescence in highly fluorescent cells (Figure

3.7E arrow). This was suggestive of vesicular distribution and appeared to be associated with

fine structures extending froni the cytoplasm. An intense juxta-nuclear pool of fluorescence,

suggestive of the endoplasmic reticulum/golgi network, was also observed in the majority of

these cells @gure 3.7F alrow). (üi) plasma membrane staining that was in general

accompanied by punctate fluorescence.

The pattern of fluorescence observed for GFP-TecIII fusion proteins was distinct from

that described above. Although, overall the same three patterns were identified, a larger

proportion of transfected cells showed intense plasma membrane localisation of the fusion
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protein in ruffle-like membrane projections, as well as in fine filopodia-like extensions (Figure

3.7C-D). Interestingly, two distinct populations of GFP-TeoIII cells appeared to exhibit

plasma membrane localisation of the fusion protein. The first population of GFP-TecIII cells

had large cytoplasmic regions, generally accompanied by an intense juxta nuclear pool of GFP-

TecIII fusion proteins and plasma membrane localised GFP-TecIII in plasma membrane ruffle-

like regions (Figure 3.7D asterisk and arrow; Figure 3.10 arrow) suggesting a potential role for

TecIII in the formation of such structures. The second group of GFP-TecIII cells were smaller

and had typically round cytoplasms, with distinctive intense plasma membrane fluorescence

(Figure 3.7C arrow and 3.104). Because they often possessed smaller, condensed nuclei as

detected by Hoechst staining (Figure 3.108) it was expected that these represent a

subpopulation of poorly growing cells.

As previously described, the population of transfected GFP-TecIII and TecIV cells

were heterogenous in their fluorescence pattern. The proportion of each characteristic pattern

was thus quantified to provide an insight into the major characteristics that differentiate the

two major isoforms of Tec. As described in Figure 3.8, I00Vo of GFP and approximately 98Vo

of GFP-PHTH transfected cells showed difñ.rse cytoplasmic/nuclear localisation, while only

507o GFP-TecIV and less than I07o GFP-TecIII transfected cells showed the same diffr,¡se

staining pattern. Plasma membrane targeting was only observed in approximately ZVo of GFP-

PIilH cells, l5Vo of GFP-TècIV cells and, 457o of GFP-TecIII cells. Plasma membrane

targeting was thus most prominent in GFP-TecIII cells compared to GFP-TecIV cells.

Punctate fluorescence was scored based on the presence of distinctive vesicular-like

fluorescence, with or without the presence of an intense juxta-nuclear pool of fusion protein.

When punctate fluorescence was observed in cells with an otherwise diffirse fluorescent

pattern, those cells were counted as punctate. As seen in Figure 3.8, similar proportions of
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Figure 3.8 Quantitation of subcellular pattern of GFP fluorescence in the population

of COS-I transfected cells

5x106 COS-I cells were transfected with 2pg of the following plasmid DNA pEGFP-C2,

pEGFp-PHTH, pEGFP-TecIII and pEGFP-TecIV as described in Figure 3.7. Staining patterns

were quantitated from images captured using a Nikon (ECLIPSE TE300) inverted microscope.

Briefly, cells were visualised using Adobe Photoshop 5.5 and approximately 200 cells were

counted in each case. Cells expressing diffuse as well as punctate fluorescence were scored as

punctate. An example of each subcellular localisation pattern is shown beneath the graph.
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TecIII and GFp-TecIV expressing cells displayed vesicular punctate staining although the

appearance of the punctate distribution was generally different (Figure 3'7C-F)'

Biochemical differences between TecIII and TecIV fusion proteins were further

investigated by immunoblotting. Total cell lysates and fusion protein immunoprecipitates

prepared 24 hours following transfection, were probed for tyrosine phosphorylation (Figure

3.g). phosphorylation of GFp-TecIII in total cell lysates as well as in GFP-immunoprecipitates

was consistently higher than that observed for GFP-TecIV (Mano et al., 1995)' This higher

level of phosphorylation is also likely to be responsible for the slightly slower motility rate of

GFP-TecIII identified by polyacrylamide gel electrophoresis.

phalloidin-TRlTc co-staining of GFP-TeoIII and TecIV transfected cells identified the

presence of regions, enriched in filamentous F-actin that strongly colocalised with GFP-Tec

fusion proteins (Figure 3.10). GFp-TecIII transfected cells displayed regions enriched in F-

actin that could clearly be identified by fluorescent cytoplasmic extension structures as they

were labelled with both phalloidin-TRlTC and GFP-TecIII (Figure 3.104,C-D). In addition,

GFp-TecIII cells with rounded morphology also displayed distinctive colocalisation of F-actin

and GFP-TecIII at the periphery of the cells. This increased level of plasma membrane

targeting of hyperphosphorylated GFP-TecIII coincides with high levels of filamentous actin at

the plasma membrane.

The subcellular localisätion of GFP fusion proteins was fuither investigated in serum

starved quiescent cells to identify specific changes in the subcellular distribution of GFP-TecIII

and TecIV in response to serum stimulation. Eighteen hours after transfection, cells were

starved of serum for a further 18 hours after which GFP fluorescence was visualised. A

subpopulation of cells from each transfection had also been set apart that were not subjected to

serum starvation. These were monitored concurrently with experimental specimens at each
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Figure 3.9 Western blot analysis of GFP-Tec fusion COS-I transfected cells

5x106 COS-I cells were transfected with 2¡rg plasmid DNA for 18 hours at37oC using the

FugenerM transfection system. Total cell lysates were prepared and subjected to

immunoprecipitation analysis using the GFP specific antibody for 18 hours at 4oC. Whole cell

lysates and immunoprecipitates were subjected to SDS-PAGE analysis on 87o Tris-tricine

polyacrylamide gels and blotted onto nitrocellulose membranes (Hybond-C). Membranes were

immunoblotted using the GFP-specific and HRP-conjugated anti rabbit antibodies to confirm

loading, stripped, and blotted with Tec specific and HRP-conjugated anti-goat antibodies to

confirm the identity of the GFP-Tec fusion proteins. Phosphorylation levels were monitored

using mouse monoclonal anti-pTyr and HRP-conjugated anti mouse antibodies. Detection was

carried out using enhanced chemiluminescence.

(WCL: whole cell lysate; IP: immunnoprecipitation; IgHc: immunoglobulin heavy chain; GFP:

green fluorescent protein)
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Figure 3.10 Colocalisation of GFP-Tec fluorescence with F-actin in COS-I cells

Transfections were carried out for 18 hours at 37"C using 2pg plasmid DNA per 5x106 COS-1

cells, in presence of serum using the FugenerM transfection system. Cells were fxed in

methanol and F-actin was detected using TRlTC-conjugated phallodin. Nuclei were visualised

using Hoechst staining.

(A-D) pEGFP-TecIII and (E-Ð pEGFP-TecIV transfected COS-I cells. Images were

visualised using a Nikon (ECLIPSE TE300) inverted microscope. D and H: merge of GFP

fluorescence and F-actin staining showing colocalisation in yellow. A and E: GFP

fluorescence; C and G staining of F-actin and B and F hoechst staining of nuclei.

Bar = 100pM

Arrows mark colocalisation of GFP fluorescence with filamentous actin. * highlights cells with

a characteristically round morphology, intense fluorescence and condensed nucleus.
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time point and in all cases the fluorescence pattern of these controls was representative of

those shown in Figure 3.7 (data not shown).

As represented in Figure 3.1lD, the subcellular localisation of GFP-PIITH transfected

cells was generally not affected by serum starvation. It remained largely diffr¡se in the

cytoplasm although overall cells appeared to have smaller cytoplasms compared to cells

cultured in the presence of serum (Figure 3.114 and D). Changes in the subcellular

distriburion of GFp-TecIV transfected cells were very distinctive (Figure 3.118 and E). In the

absence of serum, GFP-TecIV cells were much smaller with less extended cytoplasms and

showed difñ¡se distribution of GFP-TecIV (Figure 3.11E). Punctate fluorescence was rarely

observed and no plasma membrane targeting of GFP-TecIV was observed, suggesting that

serum stimulation was necessary for plasma membrane targeting, most probably as a result of

phospholipid synthesis by Pl3-Kinases. Re-exposure to serum for 3 hours restored punctate

structures but plasma membrane distribution was rarely observed (Figure 3.11H). This

suggests that under these culture conditions, additional external stimuli, are required to induce

plasma membrane targeting of GFP-TecIV. Such stimuli could potentially accumulate with

extensive culture periods and are probably responsible for the plasma membrane localisation of

GFP-TecIV.

In serum free culture conditions, GFP-TecIII cells displayed a significant decrease in

the size of GFp-TecIII exprèssing cells. Punctate fluorescence was less frequent plasma

membrane targeted GFP-TecIII was still visible (compare Figure 3.11C and Ð. This

suggested that even in the absence of growth factor stimulation, the absence of an intact SH3

domain facilitates plasma membrane targeting of TecIII. In general however, GFP-TecIII cells

appeared smaller, round and shrivelled up, with almost no cytoplasmic extensions, suggesting

that these cells were growing poorly (Figure 3.11Ð. The addition of serum did also not

appear to fully restore the characteristic staining pattern of GFP-TecIII @gure 3.11F and I)'
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Figure 3.11 Visualisation of changes in the subcellular localisation of GFP fusion

proteins induced by serum deprivation of COS-I transfected cells

Fluorescence patterns of (A) pEGFP-PHTH, (B) pEGFP-TecIV and (C) pEGFP-TecIII

following 18 hours transfection with 2pg plasmid DNA per 5x106 COS-I cells using the

FugenetM transfection system; (D) pEGFP-PIITH, (E) pEGFP-TecIV and (F) pEGFP-TecIII

transfected cells following24 hours of serum deprivation at37oC; and (G) pEGFP-PIITH' (H)

pEGFp-TecIV and (I) pEGFP-TecIII transfected cells following the addition of FCS to 24

hours-serum starved cells for 3 hours.

Bar = 100pM

(FCS: fetalcalf serum)
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In fact, a large proportion of transfected cells remained rounded up, appeared to have lost

adherence to the tissue culture dish and could clearly be identified because of their intense

fluorescence. It is therefore predicted that, in a proportion of GFP-TecIII expressing cells,

serum deprivation induces changes that are irreversible and culminate in the loss of cell

viability.

3.2.3.2 Characterisation of TecIII and TecIV subcellular localísati.on in the presence of

LY294002 and CYtochal.a.sín D

Membrane recruitment of PH containing proteins is dependent on the interaction of a

positively charged phosphoinositide-binding pocket in the PH region of these proteins with

phosphoinositides in the plasma membrane (Blomberg et al., 1999). The PIITH domain of the

Tec kinases Tec and Btk have been reported to be highly specific for PI(3,4,5)P¡, a product of

rhe lipid kinase pI3-K (Rameh et al., 1997). The role of PI3-K products in the plasma

membrane targeting of TecIII and TecIV was thus investigated using the PI3-K inhibitor

LY294002.

The pI3-K inhibitor was added to (i) cells 24 hours following transfection, (ü)

transfected cells subjected to serum starvation for 18 hours. In all experiments, a

subpopulation of cells had been set apart that were not exposed to inhibitory compounds.

These were monitored concurrently with experimental specimens and in all cases the

fluorescence pattern of these controls was representative of those shown in Figure 3.7 (data

not shown).

The addition of LY2}40O2 24 hours after transfection dramatically influenced the

fluorescence pattern of GFP-TecIV (Figure 3.I2A). The dramatic loss of punctate

immunofluoresence in intensely fluorescent cells was most evident. The presence of the

intense juxta nuclear pool of fusion protein was also less prominent in the presence of the
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Figure 3.12 Characterisation of the effect of the PI3-K inhibitor (LY294002) on the

subcellular localisation of GFP-TecIII and GFP-TecIV fusion proteins in

COS-I cells

Cells were transfected for 18 hours using Fugenerttransfection system. LY294002 (30 pM)

was added to (A) pEGFP-TeoIV and (B) pEGFP-TecIII transfected cells for 3 hours in the

presence of serum at37"C. Cells were serum starved overnight andLY294002 (30pM) was

added to (C) pEGFP-TecIV and (D) pEGFP-TecIII transfected cells for 3 hours in the

presence of serum at37oC. Insets show Hoechst staining of respective fluorescence pictures.

Bar = 100¡lM
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inhibitor (Figure 3.12A). Together these suggest a possible role for PI3-K activity in the

formation of GFP-TeclV-enriched vesicular-like structures.

In contrast, as depicted in Figure 3.128, GFP-TecIII redistribution to the plasma

membrane remained visible in the presence of LY294002, although it appeared less prominent.

Vesicule-like structures remained present, and so was the juxta nuclear pool of GFP-TecIII'

The persistence of plasma membrane targeting of GFP-TecIII suggests that the absence of an

intact SH3 domain is able to potentiate plasma membrane targeting, even in the absence of

pl(3,4,5)p¡. Alternatively, it is also possible that in the absence of an intact SH3 domain, SH3

binding sites present in the PRR become accessible to other SH3 domains and that this

interaction might in turn be responsible for plasma membrane targeting of GFP-TecIII even in

the absence of PI3-K activitY.

To ensure that basal levels of PI(3,4,5)P3 were minimal prior to the addition of the PI3-

K inhibitor Lyzg4OOZ, cells were starved of serum prior to exposure to LY294002 (Figure

31ZC and D). This was carried out mainly because serum starvation is known to induce a

quiescent state which was expected to result in the depletion of PI(3,4,5)P3 at the plasma

membrane. Under these conditions, the addition of serum (in the presence of LY294002) was

expected to restore all cellular processes whilst preventing the activation of PI3-K. As seen in

Figure 3.IZC, faint punctate fluorescence was observed in a subset of GFP-TecIV transfected

cells. These generally had a flattened appearance and lower levels of GFP-TecIV expression'

Highly expressing cells in contrast were rounder and appeared to have lost adherence to the

substratum due to a decrease in cell viability'

The combinatorial effect of serum starvation and PI3-K inhibition @gure 3j2D)

appeared to have a greater effect on the appearance of GFP-TecIII. Under these conditions,

the majority of GFp-TecIII transfected cells appeared to have rounded up and lost adherence

to the tissue culture plastic. As previously described however serum starvation alone can
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induce such change in GFP-TecIII subcellular distribution and this appeared to be aggravated

by the addition of LY294002. Thus, although the absence of PI(3,4,5)P3 alone in GFP-TecIII

cells is not suffrcient to promote loss of cell viability (Figure 3.128), addition of the inhibitor to

serum starved GFP-TecIII cells appears to promote increased cell death'

A fuither requirement for an intact cytoskeleton in the distribution of fusion proteins

was investigated using Cytochalasin D, an actin filaments-specific toxi4 (Figure 3.13). This

inhibitory drug was added for three hours, 24 hours following transfection. In these

experiments, a subpopulation of cells from each transfection had also been set apart that were

not exposed to Cytochalasin D. These were monitored concurrently with experimental

specimens and in all cases the fluorescence pattern of these controls was representative of

those shown in Figure 3.7 (data not shown), thus confirming that any changes in fluorescence

did not result from culture conditions but were directly affected by the addition of the

inhibitory drug. When Cytochalasin D was added to adherent cultures of GFP-TecIII and

TecIV, fluorescence was mostly difftrse, although, low levels of vesicular fluorescence could

be identified in fine cytoplasmic structures (Figure 3.134 and B). These structures persisted

even in the presence of the inhibitor, and were predicted to represent structures that had been

established prior to the addition of the inhibitor.

J,2.3.3 Characterísatíon of vesícular and juxtø-nuclear pool of GFP'TecIV usíng

BrefeldìnA

Brefeldin A is a fungal toxin that rapidly blocks anterograde exocytic transport through

the golgi and results in the formation of uncoated membrane tubules through which golgi

components redistribute to the endoplasmic reticulum and results in the failure to transport

molecules out of this mixed golgiÆR system (Lippincott-schwartz et al., 1991).

Brefeldin A was added to the culture medium of transfected cells in order to investigate

the identity of the juxta-nuclear and punctate cytoplasmic pool of fluorescent GFP-TecIV.
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Figure 3.13 Characterisation of the effect of cytochalasin D on the subcellular

localisation of GFP-TecIII and GFP'TecIV fusion proteins.

Cos-1 cells were transfected with (A) pEGFP-TecIV and (B) pEGFP-TecIII for 18 hours

using the FugenerM transfection system, trypsinised and replated in the presence of

Cytochalasin D (100nM) for 3 hours'

Bar = 100¡rM
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Addition of Brefeldin A abolished the presence of punctate cytoplasmic fluorescence

suggesting that the formation of these vesicular-like structures was dependent on a functional

golgi apparatus (Figur e 3.I4), Although the intense juxta-nuclear pool of fluorescence did not

disappear, it was clearly disrupted and fragmented, resulting in a more diffi'¡se fluorescence

pattern. The effects of Brefeldin A were not permanent, and punctate fluorescence could be

restored following removal of BFA. Punctate fluorescence of GFP-TeoIV is therefore

expected to represent vesicles that originate in the golgi'

3.3 Discussion.

protein-protein interaction domains are now recognised to have multiple functions'

Their main role in signal transduction is to mediate inter-molecular protein-protein interactions

and dictate the signalling pathway(s) to which a given protein will contribute. More recently,

these domains have increasingly been found to function as critical regulators of enzymatic

activity, typically through intra-molecular binding to internal ligand sites'

The Tec family of protein tyrosine kinases have three such modular domains and at

least two of these, the PHTH and SH3 domains, have been shown to influence protein tyrosine

kinase activity (Nore et al., 2000; Park et a1.,1996 and Yamashita et al., 1996)' Five isoforms

of Tec have been reported in the literature that vary in the PHTH, SH3 and Kinase domains'

Because these differences can'potentially influence not only their level of kinase activity, but

also the signal transduction pathway(s) each isoform is able to participate in, their expression

effectivery increases the complexity of rec-dependent signar transduction pathway(s). This

level of complexity had generally been ignored prior to the beginning of this Ph'D' The

biochemical studies described in this chapter are therefore the first to address biological

differences between the TecI, IIA, IIB, III andlV transcripts in vivo'
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Figure 3.14 Characterisation of the effect of Brefeldin A on the punctate fluorescent

pattern of GFP-TecIV transfected cells

Fluorescent pattern of (A) pEGFP-TecIV transfected cells 18 hours after transfection using the

Fugenert transfection system; (B and C) pEGFP-TecIV transfected cells exposed to Brefeldin

A (5pM) for t hour and (D) cells grown at 37"C for I hour following the removal of

BrefeldinA.

Bar = 100pM





3.3.1 Expression of Tec isoforms ín vívo

Briefly, only two major isoforms of the Tec mRNA are present at detectable levels in

mouse adult and embryonic tissues: TecIII and TecIV. Throughout these studies, the TecI and

TecII transcripts described in Mano et al., 1993 remained undetectable despite the testing of

numerous mouse embryonic and adult tissues. It is therefore predicted that TecI and recll

represent minor transcripts that could have resulted from either incomplete or incorrect

splicing of the ?¿c mRNA. It is likely that these had been inadvertently captured during the

synthesis of the cDNA library used in the studies of Mano et al. (1990 and 1993)'

The expression of Tec ln mouse tissues appears to be spatially and temporally

regulated. Kluppel et al., (Igg7) were first to report detailed in situ hybridisation studies of

the mouse embryo which identified Tec expression first at day 7 of embryogenesis in the blood

islands and maternal decidua, and later in the placenta at day 9. In those studies T¿c

expression was also detected in the hver and AGM region at later somite stages as well as in

embryonic skin, blood vessels in the central nervous system, heart, kidneys, lungs and intestine

of older embryos. It is interesting that Tec expression is first detected at sites of embryonic

hematopoiesis, suggesting a possible role for Tec in hematopoietic-specific functions'

Unfortunately, the studies of Kluppel et al. (Igg7) could not differentiate between the two

major isoforms of Tec.It remained unclear whether both isoforms are produced during early

hematopoiesis.

The studies described in section 3.2 attempted to investigate the expression pattern of

each major isoform in vivo and complement the report of Kluppel et al', 1997 ' In general' the

expression of recIII and reclV was observed in both embryonic and adult tissues tested'

Although the sensitivity of RT-PCR and RPA experiments appeared to differ, both types of

experiments indicate that TecIV is generally the most prominent Tec isoform except in adult

mouse liver, kidney and embryonic day 16 limb tissues were TecIII appeared to be more
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prominent. The significance of such differential pattern of expression in a specific subset of

tissues is yet to be determined and will require more detailed functional analysis using

genetically modified animals.

3.3.2 Biological characteristic of major Tec isoforms

The two major isoforms of Tec differ by 22 amino acids in the SH3 region. This

truncation removes the 3/10 helix and 6th P strand of the SH3 domain which are critical

structural elements of the SH3 domain. The absence of such critical elements is predicted to

affect the structure and function of the TecIII SH3 domain (Figure 3'2)'

The importance of the SH3 region in modulating the activity of Tec family kinases has

been best characterised for the Tec family member Btk. Btk activation is characterised by the

phosphorylation of two tyrosine residues. First, Ys51 in the activation loop of the kinase

domain is phosphorylated by a Src family kinase (Rawlings et al., 1996, Mahajan et al., 1995

and Afar et al., 1996;Nisitani et al., Iggg). A second phosphorylation event atY223 residue

near the ligand binding pocket of the SH3 domain follows and alters the ligand binding

properties of the SH3 domain (Nisitani et al., 1999) @gure 3.2). Both phosphorylation events

afe necessary for maximal Btk kinase activity. Deletion of the Btk sH3 domain and

mutagenesis of y223 (y2Z3F) result in increased Btk phosphorylation (Park et al, 1996)'

Recently, an SH3 binding protein (Sab) was isolated that inhibits the auto- and trans-

phosphorylation activity of Btk (Matsushita et al., 1998). This suggests that SH3 dependent

regulation of Btk kinase activity could at least in part be mediated by inter-molecular

interactions with inhibitory proteins. Further complexity is added by reports that the SH3

domain of Tec family kinases is also able to mediate intra-molecular binding to an internal

ligand site located in the PRR (Patel et al., t997; Andreotti et al., 1997; Pursglove,2001)'

The full implication of this association is yet to be fully understood although it is expected that
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it is able to prevent binding to other signalling molecules and stabilise the down-regulated

conformation of the enzyme through a mechanism that is yet to be identified. A role for the

SH3 domain of Tec family kinases is therefore beginning to emerge as a negative regulator of

Tec kinase activity through a combination of intra-molecular interactions with the PRR and

intermolecular binding to negative regulatory proteins'

Based on this model, the biological characteristics of TecIII and TecIV are predicted to

differ significantly. The 22 amino acid truncation in TecIII removes critical structural elements

at the c terminus of the SH3 domain. In Btk, truncation of the c terminal tail prevents correct

folding of the shorter peptide and gives rise to a random coiled coil structure (Patel et al',

IggT). The absence of the last 22 amino acids in TecIII is likely to also disrupt the fold of the

truncated SH3 domain such that surrounding electrostatic forces will determine the three

dimensional fold of the truncated peptide. Under these conditions, SH3 dependent interactions

are predicted to be dramatically weakened if not abolished (Patel et al., 1997). Previous

reports have shown increased tyrosine phosphorylation and activation of a 48 amino acids

deletion mutant TecÀSH3 (yamashita et al., 1996). Although, the truncation in the TecIII

SH3 domain removes a smaller region of the SH3 domain than that deleted in TecÂSH3, it is

predicted to have a similar effect on Tec kinase activity. To support this, studies described in

this chapter have found TecIII to be hyperphosphorylated. Given that phosphorylation of Tec

family kinases is believed to rèflect the activity of their kinase domain, TecIII is predicted to

have intrinsically higher kinase activity than TecIV. The higher incidence of TecIII localisation

to the plasma membrane, an event which in itself is recognised to result in activation of Tec (Li

et al., lgg1) provides further support to the idea that Tec III is intrinsically more active that

TeclV.Further characterisation of the kinase activity of (partially) purified TecIII and TecIV

will provido more insight into the biological differences between these isoforms.
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3.3.3 Proposed mechanism for the regulation of TecIV and TecIII kinase activity

In the absence of external stimuli, full length GFP-TecIV is diffuse in the cytoplasm of

transfected cells and shows lower levels of tyrosine phosphorylation than GFP-TecIII which

shows higher incidence of plasma membrane targeting. This suggest a role for a functional

SH3 domain in preventing plasma membrane targeting and activation of Tec'

Under normal conditions, it is expected that a functional SH3 domain, such as that of

TecIV, interacts with negative regulators and/or internal SH3 binding sites to prevent the

redistribution of reclV to the plasma membrane. phosphorylation of the activation loop

tyrosine and subsequent phosphorylation of the SH3 domain tyrosine residue is predicted to

displace such interaction(s) thus permitting plasma membrane targeting and activation of Tec'

The truncated SH3 domain of TecIII is unable to mediate these negative regulatory

interactions. It is possible that plasma membrane targeting motifs of the PH domain of TecIII

are largely exposed, and/or that SH3 binding sites in the PRR are also available to potential

SH3 binding proteins. Either one, or the combination of these interactions, might then

facilitate the targeting of the truncated protein to the plasma membrane' Redistribution of

TecIII to the plasma membrane in turn spatially positions TecIII in proximity to plasma

membrane localised Src family kinases that

are then able to phosphorylate and activate TecIII. Further characterisation of the

subcellular localisation and phosphorylation of GFP fusion proteins encoding a specific kinase

dead mutants (K397E) as well as mutants of the polyproline rich region of TecIV (Pursglove'

2001) will be necessary to further elucidate the molecular mechanism that regulate Tec

activation.
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3.3.4 Subcellular localisation of TecIII and TecIV

In transfected cells, GFp-TecIV fluorescence in highly expressing/fluorescent cells has

a definite punctate appearance. Using Brefeldin A to disrupt golgi function, this pattern of

distribution was shown to represent vesicle-like structures originating from the golgi. The

trans golgi network is believed to produce both constitutive and regulated vesicles, and the

molecular mechanisms that regulate these traffrcking reactions is extremely complex.

Recently, pI3-K activity was shown to be essential for constitutive vesicle formation (Jones

and Howell, lgg7) due to the requirement for PI(3)P phospholipid in regulating the multitude

of steps necessary to sort molecules and form vesicles at the trans-golgi network (Jones et a1.,

1993). The sensitivity of TeclV-vesicle formation to LY294002 treatment suggests that

TeclV-containing vesicles might arise from a PI3-K dependent pathway possibly that of

constitutive vesicle formation. However, fluorescent vesicles appear more prominent in higher

expressing cells, it thus remains possible that the formation of TeclV-containing vesicles might

be biologically irrelevant and is an artefact of the overexpression system utilised in this study.

This issue could easily be resolved using a weaker promoter to drive the expression of the

GFP-TecIV fusion Protein.

The difference in GFP-TecIII vesicle distribution, together with their seemingly

different susceptibility to Lyzg4002 treatment suggest a biological difference between TecIII

and TecIV vesicles. A recycling compartment is known to exist that is responsible for the

targeted delivery of plasma membrane components (Bajno et al., 2000) to replenish plasma

membrane components necessary for processes dependent on the active remodelling of the

plasma membrane necessary for lamellipodia formation, phagocytosis, macropinocytosis, cell

spreading and chemotaxis. These vesicles are necessary to rapidly deliver signalling

components to activated regions of the plasma membrane (Greenberg et al., 1999). It is then

possible, given the plasma membrane-rich distribution of GFP-TecIII that recycling vesicles
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could target GFP-TecIII, probably in association with other plasma membrane signalling

components, to activated membrane ruffle-like regions hence continually replenishing activated

TecIII at the plasma membrane. The absence of a functional SH3 domain might facilitate this

process by exposing protein-protein interaction sites that facilitate such transport.

The absence of a functional SH3 domain thus appears to have a two fold affect on

plasma membrane targeting of TecIII. Firstly by exposing the phospholipid binding pocket of

the PH domain and SH3 binding sites in the PRR and secondly by facilitating its packaging into

plasma membrane targeted vesicles.

3.3.5 A proposed role for Tec in apoptosis

Apoptosis is a critical component of immune system homeostasis. It is a cornmon

mode of eukaryotic cell death and is triggered by an inducible cascade of events that

culminates in the activation of endonucleases responsible for the cleavage of nuclear DNA into

oligo-nucleosome-length fragments. A pro-apoptotic role for Btk has recently been reported

in B cells exposed to ionising radiation (Uckun et al., 1996), as well as in mast cells cultured in

the absence of serum (Kawakami et al., 1997). Studies described in this chapter have also

uncovered a possible role for Tec in serum deprivation-induced cell death that is most

pronounced in TecIII expressing cells. Following the removal of serum, a larger proportion of

TecIII expressing cells, compared to cells expressing TecIV, displayed signs of cell death.

These include the characteristic round appearance of the cells, the loss of cytoplasmic

extensions, and the appearance of brightly staining nuclei that reflect the increased permeability

of the nuclear membrane to DNA-specific stains. In Btk, growth factor deprivation induced

cell death appears to be dependent on the targeting of Btk to the plasma membrane and the

activation of its kinase domain (Tomlinson et al., 1999). The decrease in cell viability observed

in GFP-TecIII expressing cells is thus proposed to result from its increased redistribution to
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the plasma membrane. No direct investigation of the role of Tec in apoptosis was presented in

these experiments as it had been beyond the scope of this thesis. These preliminary

observations will need to be followed up in more detail using apoptosis specific cell staining

assays and DNA fragmentation analysis'

preliminary evidence for Tec-dependent apoptosis has previously been reported in the

literature. DT40 B cells are programmed to apoptose following BCR engagement' This

response is impaired in the absence of Btk and can, although poorly, be partially restored by

Tec (Tomlinson et al., 1999), suggesting that Tec can to some extent convey pro-apoptotic

signals although not as effrciently as Btk. Interestingly, several reports have also suggested a

pro-survival role for Tec family kinases. B cells derived from Xid mice have a reduced half life

in vivo (Oka et al., 1996) and show increased apoptosis in vitro (Woodland et al., 1996)' The

number of peripheral B cells in Xid mice can be restored to normal by the expression of the

anti apoptotic bcl-2 transgene (woodland et al., 1996) suggesting the importance of Btk in

activating pro-survival factors. This pro-survival signal is likely to involve bcl-xl which is up

regulated in a Btk dependent manner (Anderson et al., 1996). Such apparently contradictory

roles of Btk in apoptosis are likely to arise from differences in the type and/or stage of

development of cells used in each assays. More interestingly, they highlight a possible function

for Btk as a BCR threshold modulator that will determine the fate of a cell in response to BCR

engagement based on the intensity of the BCR signal'

In conclusion, two major isoforms of the Tec transcript have been identified in the

mouse withTeclVbeing the most prevalent. Although TecIII transcripts have been identified

in various mouse tissues, the distribution pattern of the TecIII protein could not be

characterised because TecIII and IV specific antibodies are yet to be generated. An in vitro

system has also been identified that will facilitate fuither studies of the Tec function in plasma

membrane remodelling.
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CHAPTER 4z

PRELIMINARY INVESTIGATION OF TEC

FUNCTION IN FCY RECEPTOR-MEDIATED

PHAGOCYTOSIS



4.L Introduction

Macrophage cells are terminally differentiated myeloid cells with highly specialised

roles in the innate and acquired immune systems. They are present ubiquitously in the stromal

compartment of tissues under normal physiological conditions, and increase markedly in

number with the onset and progression of many pathological states. The role of macrophages

in innate immunity is mainly centred around their ability to internalise and degrade exogenous

particles, a function more commonly referred to as phagocytosis, and their involvement in

acquired immunity includes the production and secretion of regulatory molecules such as

cytokines, chemokines and nitrogen oxide (Gordon, 1995)'

Macrophage cell morphology can vary depending on surrounding environmental

conditions as external stimuli can induce the formation of plasma membrane ruffles, fillopodia

extensions and/or cytoplasmic vesicles, all of which modify the morphology of macrophage

cells. In vivo, macrophages cells are highly motile, trafhcking into and through tissues in

response to various chemokines. In vitro, macrophage cells can be cultured as an adherent

monolayer of cells. Cells generally have a flattened appearance due to the formation of

cytoplasmic extensions and strong adherence to the tissue culture substratum.

Macrophage adherence and migration requires the rearrangement of cytoskeletal

structures (Gordon, 1995). These changes are induced by the activation of plasma membrane

receptor proteins some of which are also able to facilitate the recognition of exogenous

particles for phagocytosis, as well as trigger the release of secretory molecules such as

mediators of inflammation, growth factors, cytokines and cytocidal intermediates. Receptors

with a specialised adhesion function include sialoadhesin, CD32, integrins, V-CAM and

various receptors for extracellular matrix components, while plasma membrane molecules such

as the Type 3 complement receptor (CR3), Fcy receptor and MSR (macrophage scavenger
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receptor) are able to participate in both cell adhesion and particle internalisation (Gordon,

1995). A complex relationship thus appears to exist between cell adhesion and particle

internalisation, and components of the cytoskeleton are shared between the two processes.

Adherent cells often change in shape and round up during particle internalisation, as known

participants of cell adhesion including cytoskeletal components such as paxillin, talin, vinculin,

cr-actinin, protein kinase Ccr, MARCKS (Myristiloylated Alanine Rich C Kinase Substrate) and

MacMARCKS (Macrophage-enriched Myristiloylated Alanine Rich C Kinase Substrate) are

recruited to the phagocytic cup (Allen and Aderem,1995;1996).

Professional phagocytes such as macrophage cells are highly specialised myeloid cells

that are able to internalise exogenous particles with high efFrciency. They act as professional

scavengers that remove non-self material such as invading microorganisms, and clear altered-

self material such as apoptotic cells, senescent erythrocytes, immune complexes and

inflammatory products. Phagocytosis is consequently a complex process that can be initiated

by a range of plasma membrane receptors. To simplify subsequent analysis, the work

described in this chapter has concentrated on the study of the signal transduction pathway(s)

involved in Fc gamma (Fcy) receptor-dependent phagocytosis.

During Fcy receptor-mediated phagocytosis, exogenous particles are recognised by

immunoglobulin (Ig) molecules. The coating of invading particles by Ig molecules such as IgG

marks them for degradation. IgG molecules are the major antibody class produced in

secondary immune responses. Cross-linking of Fq receptors on the surface of macrophage

cells by IgG molecules initiates the process of actin polymerisation that is necessary to form

the phagosome, and culminates in actin-based internalisation of the particle (reviewed in

Aderem and Underhill, 1999; Kwiatkowska and Sobota, L999).

Some of the molecular events that take place during FclR-mediated phagocytosis have

also been identified. Immunoreceptor tyrosine-based activation motifs (ITAlvts) located in the
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gamma chain of the Fc1 receptor are first phosphorylated (Greenberg, 1994; Park et al., 1995)

by Src family kinases found in association with clustered Fcl receptors. The 72kD Syk kinase

is then recruited to phosphorylated ITAMs in the signalling compartment of the y chain of the

receptor via an SH2-pTyr interaction (Agarwal et al., 1993; Kiener, 1993). The association of

Syk with activated receptors facilitates the phosphorylation and activation of Syk by Src family

kinases (Crowley et al., 1997). This event is critical for cytoskeletal rearrangement in

macrophage cells (Cox et al., 1996; Crowley et a1., 1997). Other membrane proximal events

that take place subsequent to Syk activation during FcyR-mediated phagocytosis are yet to be

fully characterised. Recent reports however suggest that the phosphorylation of the 36 kD

isoform of the anchoring protein LAT (Tridandapani et a1.,2000) and that of the adaptor

molecule SLP-76 (Bonilla et â1., 2000) might be involved in FcyR-mediated signal

transduction. The chronological details of the signal transduction pathway that induces actin

re¿urangement and phagosome formation are yet to be fully characterised. A number of

signalling molecules have however been identified. These include members of the

phosphatidylinositol 3-Kinase (PI3K) family (Ninomiya et al., L994; Araki et al., 1996), the

Rho family of small guanosine triphosphatases (Rho GTPases) (Hackam et. al, 1997; Caron

and Hall, 1998), protein kinase C (PKC) (Zheleznyak et al., 1992) and myristoylated alanine

rich C kinase substrate (MARKCS) (Allen et al., 1995) and MARCKS-related protein (Mac-

MARKCS) (Zhu etal., 1995).

The aim of the work described in this chapter was to demonstrate a potential role for

the Tec protein tyrosine kinase in macrophage cell function, especially in the process of FcyR-

dependent phagocytosis. The rationale for this approach was derived from observations that

the immediate events that follow the activation of the B and T cell receptor systems have so far

proven to be conserved in the FcyR system. In fact, all antigen receptor systems appear to

include the phosphorylation of ITAMs in the intracellular subunit of the receptors, the
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activation of Src and Syk kinases and the subsequent increase in the levels of intracellular

calcium and PKC function. In the B and T cell receptor system, the Tec family kinases Btk

and Itk have been shown to act downstream of Src and Syk kinases to propagate the signal

initiated by activated receptors (Schaeffer and Schwartzberg, 2000). Given the highly

conserved nature of these receptor systems, Tec is proposed to perform an analogous role to

that of Btk and Itk, in the FcyR system of macrophage cells.

The J774 macrophage cell line is a well established cell culture system that is

widelyused in studies of FcyR-mediated phagocytosis (Hackam et al., 1997, Caton and Hall,

1998). The use of an established cell line to study phagocytosis provides a replenishable

source of macrophage cells and eliminates the need to isolate primary macrophage cells from

an animal source. J774 cells also have large cytoplasms that facilitate the visualisation of

particle internalisation. This property is ideal for the use of immunofluorescence to follow the

localisation of signalling proteins during phagocytosis. Zymosan A has been used as a

phagocytic target in these studies. This phagocytic target consists of a preparation of yeast

cell wall protein-carbohydrate complexes that can readily be opsonised with purified IgG

molecules.

Two approaches were taken to identify a role for Tec in phagocytosis. Firstly, indirect

immuno-fluorescence was used to follow the re-distribution of Tec, during particle

internalisation. Similar methoàs have been used elsewhere to detect phagosomal enrichment of

various signalling molecules including that of the protein tyrosine kinase Syk (Strzelecka et al.,

Igg7b), substrates of the serine/threonine kinase PKC such as pleckstrin (Brumell et al., 1999)

and MagMARCKS (Underhill et al., 1998) and various cytoskeletal proteins such as F-actin,

talin (Greenberg et al., 1990) and cofilin (Nagaishi et al., 1999). Secondly, to further

characterise the composition of the Tec signalling complex formed upon particle internalisation

using immunoprecipitation and western blot analysis were carried out. Such studies are largely
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dependent on the use of highly specific antibodies. Numerous attempts had previously been

undertaken in this laboratory to generate antibodies that could differentiate between TecIII and

TecIV all of which had unfortunately been unsuccessful. All studies presented in this chapter

therefore utilised a commercially available polyclonal goat anti-Tec antibody (sc-1109, St

Cruz) that recognises an epitope at the carboxy terminus of the mouse Tec protein and will

therefore not differentiate between TecIII and TeclV-mediated processes. Time constraints

did not permit further investigation of the role of each Tec isoform in FcyR-dependent signal

transduction.

4.2 Results

4.2.1 Characterisation of Tec protein expression in hematopoietic cells

As described in section 3.2.2 TecIV is the only Tec transcnpt identified in BaF3 pro-B

cells and FDCP-I promyelocytic cells, while both TecIII and TecIV transcripts are expressed

by the J774 macrophage cell line. Given the differential expression observedfor TecIII and IV

pRNA in J774 cells, the distribution of the Tec protein in BaF3, FDCP-I and J774 cells was

also investigated by western blot analysis.

Triton-X 100 insoluble cytoskeletal rich pellets and Triton-X 100 soluble cytoplasmic

fractions were prepared from' 1774, FDC-PI and BaF3 cells as described in section 2.3.25.

This method had previously been used by Strzelecka et al., I997b to demonstrate the

cytoskeletal recruitment of Syk during phagocytosis. Samples were resolved by

polyacrylamide gel electrophoresis and probed for Tec expression using the sc-1109 antibody

as described in section 2.3.26. As seen in Figure 4.I, a single Tec specific band, migrating at

approximately 66 kD, was observed in each lane, thus confirming that the sc-1109 antibody

was specific for mouse Tec. Interestingly, the staining pattern observed for Tec nJ774 cells
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Figure 4.1 Characterisation of Tec protein expression in hemapoietic cells

Western blot analysis of Tec in hemapoietic cell extracts using the polyclonal anti-Tec sc-l109

antibody. Whole cell lysates were prepared from 1X107 J774, FDC-PI and BaF3 cells

respectively. Lysates were separated into Triton X-100 insoluble pellets and Triton X-100

soluble fractions by centrifugation. Western blot detection of Tec was carried out using the

sc-1109 goat anti-Tec antibody and rabbit-anti goat-alkaline phosphatase conjugated

secondary antibody and visualisation used NBT and BCIP substrates.
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was identical to that seen in BaF3 and FDC-PI cells. These later cells had previously been

shown to express only TecIV mRNA. It is therefore possible that only the TecIV isoform is

expressed inJiT4cells, despite the pråsence of bothTecIII andTecIV transcripts in J774 cells.

On the other hand it is possible that the 2 kD difference between the two Tec isotypes had not

been resolved under the electrophoresis conditions used. It appears that despite the presence

of both TecIII and TecIV transcripts in J77 4 cells, only the full length TecIV protein is present

at detectable levels in J774 cells thus reflecting potential posttranscriptional regulation of

TecIII or high tum over rate of the TecIII protein in J774 cells.

Two pools of Tec were identified in all cell lysates: a soluble cytoplasmic pool and non-

soluble pool that precipitates with components of the cytoskeleton. Interestingly, the insoluble

cytoskeletal-associated Tec specific band consistently migrated at a larger molecular weight

than its soluble counterpart. This difference in molecular weight is not expected to reflect the

presence of the TecIII and TecIV isoforms, as it had been observed in all cell lines tested,

including those where TecIII transcripts were not present. It is likely that the apparently larger

Triton-X 100 insoluble Tec protein results from posttranslational modifications of cytoskeletal-

Tec. For the purpose of these studies, TecIV was thus considered to be the main Tec isoform

expressed in the hematopoietic cells.

4.2.2 Visualisation of Tec zubcellular localisation in hematopoietic cells

Immunohistochemical studies are dependent on the availability of highly specific

antibodies that permit the detection of a specific epitope in the context of an intact, fxed cell.

As seen in Figure 4.1, western blot analysis had shown that the sc-1109 antibody was highly

specific for Tec in BaF3 and J774 cell extracts. This antibody was therefore used for

subsequent immunofluorescent staining studies of Tec'
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BaF3 cells are IL-3 dependent pro-B cells that grow in suspension and can be induced

to adhere to fibronectin coated tissue culture plastic surfaces (Shibayama et al., 1998). J774

macrophage/monocyte cells in contrast exist as a mixed population of cells, the majority of

which grow adherently. Cell adhesion is an important macrophage cell function. It induces

changes in the morphological appearance of the cell that are primarily driven by the

reaffangement of the underlying actin cytoskeleton. A range of morphological cell shapes have

been observed during the culturing of J774 cells, and these generally correlate with the

adherence of cells to the culture substratum. Unattached cells obtained by the displacement of

monolayer cell cultures were typically round with little cytoplasm. Within 2-3 hours of

seeding, adherent cells were typically flattened with visible plasma membrane ruffle structures.

Upon prolonged culturing as an adherent monolayer, macrophage cells were found to generally

form fine cytoplasmic extensions that could, in some cases, reach several times the length of

the body of the cells.

Using the sc-1109 antibody, immunofluorescent staining studies were carried out in

BaF3 and macrophage cells to investigate differences in the distribution of Tec and correlate

these differences with specific cell morphology (Figure 4.2). As seen in Figure 4.2A1, BaFj

cells were generally round with little cytoplasm and no cytoplasmic extensions and Tec was

generally diffuse in the cytoplasm of BaF3 cells, except when clumps of cells were observed, in

which case Tec was enriched'àt regions of contact between the cells (Figure 4.2{1rii). Rarely,

BaF3 cells were identified that had adhered to the finbronectin coated glass coverslips that

were morphologically distinctive from BaF3 cells grown in suspension due to the presence of

plasma membrane ruffle structures enriched in Tec (Figure 4.2Aji). This suggests that in the

absence of plasma membrane reaûangement, Tec is diffi.¡se in the cytoplasm of BaF3 cells, and

that upon contact either with other cells or with the culture substratum, changes in the plasma
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Figure 4.2 Characterisation of Tec subcellular distribution in hemapoietic cells

Immunofluorescence detection of Tec in hemapoietic cells. Cells were fixed in methanol and

permeabilised in 0.17o Triton X-100. Tec was detected using goat anti-Tec (sc-1109) and

visualised using FlTC-conjugated rabbit anti-goat antibody'

A) Immunofluorescent staining of Tec in BaF3 pro-B cells'

BaF3 cells were plated on fibronectin coated glass coverslips to facilitate adherence and

processing of samples. (i-iii) show three different staining patterns typically observed

for Tec in BaF3 cells. Arrows indicate regions of plasma membrane Tec enrichment.

Bar = 10pM

B) Immunofluorescent staining Tec in J774 cells.

Tec stainin g of J774 cells (i) kept in suspension prior to fixing, or (ii) allowed to adhere

on fibronectin coated glass coverslips for approximately 3 hours, or (iii) 6 hours. (iv)

Tec staininginJTT4 plated on glass coverslips for at leastz4 hours'

Bar = 10pM
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membrane and./or underþing cytoskeleton are associated with the recruitment of Tec to the

plasma membrane at sites of contact.

1774 cells kept in suspension were also typically round, with little cytoplasm and no

cytoplasmic extensions, and Tec staining in these cells was predominantly diffrrse in the

cytoplasm (Figure 4.28\). When cells were allowed to adhere to glass coverslips for up to

three hours, Tec staining remained detectable in the cytoplasm. A narrow strip of intense

staining was generally visible at the periphery of the cell, indicating redistribution to either the

plasma membrane or the underlying membrane cytoskeleton (Figure 4.28Ð. J774 cells

cultured for 6-L2 hours as adherent cells, readily produce flattened and elongated cells with

membrane ruffle-like structures enriched in Tec (Figure 4.2Bnt). Tec was also frequently

observed to follow a filamentous, web-like staining pattern within the cytoplasm of flattened

cells (Figure 4.2Biv). Overall, it appears that the distribution of Tec inJ774 cells is highly

heterogenous and dependent on the morphology of the cell'

Throughout these studies, intense peri-nuclear Tec staining was often observed that

was suggestive of the golgi (Figure 4.3i). This accumulation of Tec near the nucleus was

fuither investigated using the golgldisrupting compound Brefeldin A. The inhibitory

compound was added to J774 cultures for 30 minutes after which cells were fxed and stained

for Tec. As shown in Figure 4.3ü, addition of Brefeldin A induced a change in Tec staining.

Tec was more diffr¡se in the qrtoplasm as the perinuclear pool of Tec appeared to have been

dispersed. When the inhibitor was removed and cells were allowed to recover in normal

medium prior to fixing and staining, accumulation of Tec at the peri-nuclear region reappeared

(Figure 4.3üi).

The presence of Tec in the Triton-X 100 insoluble cytoskeletal fractions of

hematopoietic cells @gure 4.1), together with the presence of Tec rich filamentous structures

in adherent macrophage cells (Figure 4.2Biv) suggested its association with components of the
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Figure 4.3 Characterisation of peri-nuclear pool of Tec in J774 cells

Immunofluorescence staining of Tec J774 cells (i) plated on glasscoverslips, (ü) exposed to 5

pM Brefeldin A and (üi) following removal of Brefeldin A. Cells were exposed to inhibitor for

30 minutes, fxed, permeabilised and stained for Tec using goat anti-Tec (sc-1109) and

visualised using FlTC-conjugated rabbit anti-goat antibody. The strong perinuclear

accumulation of Tec in untreated cells is highlighted by arrows in (i).

Bar = 10pM
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cytoskeleton. Fibronectin is an extracellular matrix protein that promotes macrophage

spreading and migration (Meng and Lowell, 1998), and induces actin polymerisation in

neutrophils, monocytes and macrophages (Yang et al., 1994). To facilitate the visualisation of

actin rich cytoskeletal structures , J774 cells were seeded on ltbronectin coated coverslips and

stained for Tec using sc-1109 and for filamentous actin using TRlTC-labelled phalloidin. As

seen in Figure 4.4, both staining patterns showed extensive web-like networks within

cytoplasmic extensions (compare Figures 4AA and D to 4.48 and E). Overlaying of the two

images identified colocalisation of Tec and F-actin especially in the fine filamentous extensions

found to protrude from the cytoplasm (Figure 4.4 C and F). These observations suggested

that cell spreading induces remodelling of the actin cytoskeleton and promotes the

redistribution of Tec from a diffrrse cytoplasmic pool to the submembranous actin

cytoskeleton.

4.2.3 Immunofluorescence analysis of Tec during FcyR-mediated phagocytosis

Phagocytosis is a macrophage-specific function that requires extensive cytoskeletal

rearrangement. Because Tec had been identified to colocalise with the actin cytoskeleton of

adherent J774 cells, immunofluorescence was used to follow the subcellular distribution of Tec

during the formation of Fc"yR-dependent phagocytic cups. J774 cells were exposed to

Zymosan A opsonised with human IgG molecules at 4oC and phagocytosis was allowed to

proceed at 37"C for increasing periods of time. Phagocytosis proceeded in a time dependent

rnanner, with internalisation of the particle being essentially complete within 10 minutes.

Screening of the secondary FlTC-conjugated antibody had been carried out to confirm that it

did not cross react with the opsonised Zymosan A particles or the J774 cells in the absence of

an appropriate primary antibody (data not shown).
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Figure 4.4 Colocalisation studies of Tec and F-actin in resting J774 cells

CoJocalisation of (A and D) Tec detected with sc-1109, and (B and E) F-actin visualised

with phalloidin-TRlTC in cells plated on fibronectin-coated glass coverslips. (C and F)

represent merges of A-B, and D-E respectively. Inset in C shows a higher magnification of

the boxed area highlighting pseudopod extensions.

Bar = 10¡"lM
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Comparison of the fluorescence pattern seen in Figure 4.54 with the fluorescence

pattern of Tec in non-stimulated cells (Figure 4.2A) shows strong recruitment of Tec to the

periphery of the macrophage cells following exposure to opsonised Z¡nnosan A particles. In

these cells, Tec was visible in peripheral regions of the cells that interacted with the exogenous

particle. These structures are more commonly referred to as phagocytic cups. Tec was visible

at the phagocytic cups within 30 seconds phagocytosis, persisted as membrane extended to

engulf the particle and appeared to be shed following internalisation (Figure 4.54 i-vi). At any

given time point, the population of phagocytosing cells was relatively heterogenous. This

heterogeneity appeared to result from differences in the numbers of opsonised Zymosan A

particles associated with a given phagocytic cup. Generally, where large numbers of particles

were being internalised, particle internalisation appeared to be delayed compared to the

internalisation of smaller numbers of exogenous particles. It is likely that this reflected larger

requirements for cytoskeletal rearrangement and plasma membrane components necessary for

the formation of a sealed phagosome. Consequently, even after 30 minutes, cells could be

identihed where Tec staining was observed at the phagosome, while the remaining cells which

appeared to have completed particle internalisation had shed Tec (identified by the more

diffr¡se staining of Tec in these cells) (Figure 4.54v asterisk). In those later cells, the

phagosome is expected to be undergoing maturation steps independent of Tec function.

Because non-opsoniseh Zy-osan A particles can also be internalised independently of

the Fcy receptor, it was necessary to confirm that the redistribution of Tec to the phagosome

was dependent on opsonisation of target particles with IgG molecules. This control also

confirmed that the apparent redistribution of Tec did not reflect the exclusion of cytoplasmic

material from the region of particle ingestion. Phagocytosis assays were carried out using non-

opsonised Zymosan A and cells were fxed and stained for Tec. As seen in Figure 4.5B non-

opsonised particles were efficiently internalised by 1774 cells, but Tec staining in these cells
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Figure 4.5 Characterisation of the subcellular distribution of Tec in J774 cells

engaged in the phagocytosis of IgG opsonised Zymosan A

J'174 cells were exposed to /rlgG-opsonised Zymosan A for 20 minutes at 4oC, and

phagocytosis was allowed to proceed at 37oC for the appropriate period of time. Cells were

fixed, permeabilised and stained at (A) 30 sec, (B)l min, (C) 2 min, (D) 10 min, (E) 15 min

and (F) 30 min of phagocytosis. (G) control experiment showing Tec staining pattern during

the phagocytosis of PBS-opsonised Zymosan A. Tec staining and visualisation was carried

out using goat polyclonal antlTec antibody (sc-1109) and FITC conjugated secondary

rabbit-anti goat antibody. Arrows highlight the enrichment of Tec at the phagosome in (A-

E). Asterisk in E indicates internalised particles that were devoid of Tec.

Bar = 10pM
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remained largely difü¡se in the cytoplasm, independent of the extent of particle internalisation.

The recruitment of Tec to the phagocytic cup therefore appears to be dependent on

opsonisation of target particles with IgG molecules thus suggesting a role for Tec in FcyR

dependent phagocytosis.

Syk is a well established component of the FcyR signalling system (Cox et al., 1996 and

Crowley et al., 1997) and is also targeted to the phagosomal membrane (Strzelecka et al.,

IggTb). Co-staining of macrophage cells for Syk and Tec were originally planned to confirm

the colocalisation of these signalling molecules at the phagosomal membrane. Unfortunately,

the secondary antibodies available had been found to cross react. Immunofluorescence

analysis of Syk during phagocytosis was thus carried out. (Figure 4.6). Syk was generally

found to be enriched at the phagocytic cup prior to phagosome closure (Figure 4.6i). When

particles had been drawn into the body of the cell, intense Syk staining was not observed to

surround internalised particles and Syk was diffr¡se in the cytoplasm of these cells @gure 4.6i

asterisks). The internalisation of IgG opsonised Zymosan A triggers the redistribution of two

families of PTKs, Syk and Tec, to the phagosomal membrane. The redistribution of Syk to the

phagosome appeared to be more transient than that of Tec. The signalling mechanisms that

dictate the dissociation of Tec and Syk from the phagosomal membrane must thus differ.

Because targeting of Tec to the phagosome had been detected upon particle

internalisation and given that F-actin had been shown to also accumulate at the phagosomal

membrane (Greenberg et al., 1990), co-localisation of Tec and F-actin at the phagosomal

membrane was also tested. As seen.in Figure 4.7, strong colocalisation of Tec and F-actin was

apparent at the forming phagosomes and was strongest prior to the closure of the phagosome.
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Figure 4.6 Characterisation of the subcellular distribution of Syk during the

internalisation of IgG opsonised Zymosan A

Ji74 cells were exposed to /rlgG-opsonised Zymosan A for 20 minutes at 4oC, and

phagocytosis was allowed to proceed at31"C for 5 minutes. Cells were fixed, permeabilised

and stained for Syk using SC-1077 and detected using a goat-anti-rabbit-TRlTC conjugated

secondary antibody. i and ii show two different populations of cells stained for Syk. Arrows

highlight cells with intense accumulation of Syk at the phagosome. * highlights cells that

appear to have undergone internalisation of particles.

Bar = 10pM



Subcellular localisation of Syk during FcyR-mediated phagocytosis in J774 cells

lt

1



Figure 4.7 Characterisation of Tec and F-actin in J774 cells engaged in the

internalisation of lgG'opsonised Zymosan A

J7j4 cells were exposed to hlgG-opsonised Zymosan A fot 20 minutes at 4oC, and

phagocytosis was allowed to proceed at37"C for 5 minutes. Cells were fixed and stained for

Tec using polyclonal goat anti Tec sc-1109 andFlTC-conjugated rabbit anti-goat secondary

antibody. Filamentous actin was detected using TRlTC-cojugated phalloidin.

Tec staining is represented in green, F-actin staining is represented in red and a merge picture

of the two, depicting colocalisation of the two in yellow'

Bar = 10pM
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4.2.4 Investigation of the localisation of Tec to the phagocytic cup in presence of the

PI3K inhibitor LY 29 4002

pI(3,4,5)P¡, is a product of the lipid kinase PI3-K which acts as a critical secondary

messenger during phagocytosis. PI(3,4,5)P¡ binds the PH domain of TeclBtk kinase (Hyvonen

and Saraste, 1997) and targets TecÆtk protein tyrosine kinases to the plasma membrane

(Varnai er al., 1999). LY294002 is an inhibitor of PI3-K which has been reported to inhibit

FclR-mediated signal transduction and prevent particle internalisation (Ninomiya et al., 1994).

As described in chapter 3, LY294002 has a visible effect on the subcellular distribution of

GFP-tagged Tec expressed in COS-I cells suggesting a possible role for Tec as a downstream

effector of PI3-K. The effect of LY294002 on the subcellular distribution of endogenous Tec

in J774 macrophage cells during phagocytosis was therefore investigated using

immunohistochemistry.

During these studies, LY294002 concentrations had been tested that ranged between

5pM and 80pM. Figure 4.8 shows macrophage cells exposed to 40 pM (Figure 4.88) and

80 pM (Figure 4.8C and D). As shown in Figure 4.88-D, the addition of LY294002 affected

particle internalisation in a dose dependent manner. Control samples showed the expected

high levels of internalised particle after 30 minutes (Figure 4.84). Figure 4.88 and C show

that LY294002 blocked the iriternalisation of Zymosan A particles but did not abolish particle

binding. At 40 ¡r,M, some particles could be identified that had been internalised after 30

minutes although the majority of Zymosan A particles remained bound at the periphery of the

cells. Tec staining in these cells was generally diffr¡se and no redistribution to sites of particle

binding could be identified (Figure 4.88). Particle binding was significantly impaired at 80 pM

of LY294002 as reflected by the small numbers of Zymosan A particles seen at the periphery

of the cell after 30 minutes (Figure 4.SC). In these cells, the phagosomal membrane failed to
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Figure 4.8 Investigation of the requirement for PI3-K activity in the recruitment of

Tec to the phagosome using the inhibitory compound LY294002

Immunohistochemical analysis of Tec in (A) control cells, and (B-C) J774 cells undergoing

phagocytosis in the presence of (B) 40 pM, and (C) 80 pM LY294002. Cells were exposed

to Ly294002 for 30 minutes prior to phagocytosis. Phagocytosis was carried out at 37oC

for 30 minutes. (D) F-actin costaining of cells in (C); inset shows the mege of F-actin and

Tec staining.

Bar = 10pM
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close despite the fact that phagocytosis had been allowed to proceed for up to 30 minutes and

Tec generally showed diffr¡se fluorescence. Co-staining with phalloidin-TRlTC showed that

the absence of Tec at sites of particle binding generally corresponded to a lack of actin

polymerisation in these regions (Figure 4.8D inset).

4.2.5 Investigation of the Localisation of Tec to the Phagosomal Membrane in

Response to Cytochalasin D or Nocodazole Exposure.

As previously mentioned, the formation of the phagosome requires extensive

remodelling of the actin cytoskeleton. Cytochalasin D is a potent inhibitor of actin

polymerisation and has been reported to affect phagocytosis (Newman et al., I99I; Koval et

al., 1998). It was thus used to determine whether the recruitment of Tec to the phagosome

was dependent on a functional actin cytoskeleton. Cells were treated with Cytochalasin D for

30 minutes prior to exposure to IgG osponised Zymosan A and phagocytosis was carried out

in the presence of the inhibitor. As seen in Figure 4.9A, Cytochalasin D inhibited FøyR-

mediated phagocytosis in a dose dependent manner. At 50 nM, Cytochalasin D had no evident

effect on particle internalisation and Tec remained targeted to the phagosome @gure 4.94ü).

At 500nM, the morphology of J774 cells was dramatically affected and cells appeared to round

up and loose their cytoplasmic extensions (Figure 4.94üi). It appears that this concentration

of Cytochalasin D is toxic to'macrophage cells. Particle binding in these cells was abolished

and Tec staining was generally diffrrse in the cytoplasm. At 100nM Cyochalasin D however,

phagocytosis was partially impaired (Figure 4.98). Phagocytic cups were formed but generally

failed to extend and enclose Zymosan A particles. As F-actin staining could be detected at

some phagosomes, suggesting that F-actin polymerisation had only been pa.rtially impaired'

When F-actin was detected at the phagosomal membrane, F-actin always co-localised with Tec

accumulation at the phagocytic cup. In contrast, phagocytic cups that lacked F-actin staining
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Figure 4.9 Investigation of the dependence of Tec redistribution to the phagosomal

membrane on actin and tubulin polymerisation

Cells were plated on glass coverslips and exposed to inhibitors for 30 minutes prior to assay.

phagocytosis was carried out for 30 minutes at37"C in the presence of the inhibitory drugs'

A. Tec staining in (i) control cells, and cells treated with (ii) 50 nM, (iii) 500 nM

Cytochalasin D.

B. Tec and F-actin staining in phagocytosing cells in the presence of 100 nM Cytochalasin

D. Tec staining is represented in green, F-actin in red and a merge of the two pictures

shows colocalisation of Tec and F-actin in yellow.

C. Tec and F-actin staining in phagocytosing cells in the presence of 5 pM Nocodazole.

Tec staining is represented in green, F-actin in red and a merge of the two pictures

shows colocalisation of Tec and F-actin in yellow.

Bar = 10¡lM
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still displayed strong localisation of Tec (Figure 4.98 arrow). This suggests that although the

re¿uïangement of cytoskeletal structures is closely associated with the recruitment of Tec to

the phagosome during phagocytosis, it is not an essential pre-requisite for the redistribution of

Tec to the phagocytic cup. It is therefore predicted that the recruitment of Tec to the

phagosome precedes actin polymerisation during FclR-dependent phagocytosis'

Since actin cytoskeletal structures surrounding the phagosome eventually exchange for

microtubules, a possible role for microtubule assembly for the redistribution of Tec was

investigated (Figure 4.gC). The microtubule inhibitory drug Nocodazole was added to J774

culture for 30 minutes prior to phagocytosis and particle internalisation was carried out in the

presence of the inhibitor at concentrations previously reported to affect microtubule assembly

(Newman et al., 1991). At 5pM Nocodazole did not affect particle engulfment and Tec

remained localised to the phagocytic cup as the plasma membrane extended to surround bound

particles and was shed following phagosomal closure as particles became internalised. The

microtubule cytoskeleton does therefore not appear to be critical for the dynamics of Tec

movement during PhagocYtosis'

4.3 DISCUSSION

The protein tyrosine kinase Tec is a non-receptor protein tyrosine kinase predicted to

be primarily cytosolic in the a6sence of external stimuli. The PHTH, SH3 and SH2 domains of

Tec can mediate protein-lipid and protein-protein interactions that will influence the subcellular

localisation of Tec. The activation state of a cell, together with the presence of specific

extracellular stimuli, are expected to dictate the subcellular localisation of Tec. This chapter

describes the effect of FcyR stimulation during phagocytosis on the subcellular localisation of

Tec in theJ774 macrophage cell line.
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4.3.1 Subcellular localisation of Tec in macrophage cells

Immunohistochemical studies presented in this chapter have conltrmed Tec to be highly

dynamic in macrophage cells. In these cells, the subcellular distribution of Tec appears to be

dependent on the morphological shape of the cells, and at least four pools of Tec have been

identified: (i) diffuse cytoplasmic Tec, (ii) plasma membrane targeted Tec, (üi) juxta-nuclear

Tec, and (iv) Tec in association with the cytoskeleton'

Based on the current understanding of the Tec family kinase signal transduction

pathways, the level of Tec phosphorylation and Tec kinase activity of each subcellular pool are

expected to differ. Diffuse cytoplasmic Tec is predicted to represent a non-phosphorylated and

thus inactive pool of Tec. In the presence of external stimuli (such as phagocytosis), Tec

would be translocated to the plasma membrane, generaþ in ruffle-like regions and

pseudopodial structures. Plasma membrane targeted Tec is expected then to be

phosphorylated, most likely by a member of the Src family of tyrosine kinases, thus enabling it

to participate in the signalling events required for plasma membrane ruffling and pseudpod

extension. The significance of the juxta-nuclear pool of Tec is currently unknown although it

appears to be dependent on golgi function. It is however interesting that this intensely staining

region is most obvious in cells with extended cytoplasms, and is generally found in conjunction

with plasma membrane or filamentous staining of Tec. This might reflect a golgi-dependent

mechanism involved in targetirtg Tec to those locations in the cell. The association of Tec with

actin filament web-like structures that extend from the cytoplasm of macrophage cells suggests

the involvement of Tec in the molecular events necessary for the spreading of these cells. The

phosphorylation and/or activation status of actin-associated Tec remains to be determined.

Tec-actin association is predicted to involve the PHTH domain. A yeast two-hybrid

assay has been carried out in this laboratory that utilised the Tec PHTH domain as a bait

(Merkel, personal communication). This work has identified the cytoskeletal protein cr-actinin
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as a Tec pIIIH binding protein and the interaction between the two peptides is currently being

characterised. In addition, the N-terminal region of the Btk PH domain, a region that is also

conserved in Tec, has also been reported to interact with filamentous actin although it remains

to be clarified whether this interaction is also mediated by an actin-binding protein or not (Yao

et al., ßgg). These reports suggests that a possible role for Tec in the rearrangement of the

actin cytoskeleton. The phosphorylation of actin binding proteins, such as cr-actinin, by Tec,

would enable the rearrangement of filamentous actin structures, and facilitate the formation of

plasma membrane ruffles and filopodia extensions, both of which are recognised to be

associated with cell spreading/adhesion.

4.3.2 A possible role for Tec in cell adhesion

It is well documented that macrophage cells show extremely high adherence to tissue

culture plastic and that the culturing of these cells on fibronectin coated surfaces induces the

formation of filopodia structures characteristic of cell spreading. Several protein tyrosine

kinase families are involved in cell spreading, including Src family kinases and Syk.

Macrophage cells deficient in both HclclFgr, as well as Hck-/- Fgt-l- Lyn-l- triple mutants are

unable to spread on fibronectin-coated surfaces and show impaired migration in vivo (Suen et

al., 1999;Meng and Lowell, 1998). In the absence of functional Src kinases, PI3-K also fails to

redistribute to the plasma mômbrane upon stimulation with fibronectin, suggesting that this

plasma membrane targeted pool of PI3-K is also involved in the reaffangement of actin

cytoskeletal structures necessary for cell spreading (Meng and Lowell, 1998)'

Several observations suggest the involvement of Syk in the signalling events that are

required for the formation of the cytoplasmic extensions that are characteristic of macrophage

spreading. Firstly, fibronectin stimulates integrin receptors and leads to the phosphorylation of

numerous proteins including that of Syk (Gotoh et al., 1997). Secondly, even in the absence of
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fibronectin, it appears that Syk is phosphorylated upon the adherence of macrophage cells to

tissue culture plastic arone (Hirano and Kanno, 1999). A critical role for syk in the adherence

of macrophage ceils was further demonstrated using the Syk-specific inhibitor Erbstatin

(Hirano and Kanno, 1999). Further involvement of Syk in the cell adhesion-dependent signal

transduction pathways was also conf,rmed upon the characterisation of Hck-/-Fgr-/- double

mutant macrophages. These cells exhibit significantly decreased phosphorylation of numerous

proteins including that of Syk and several actin-associated proteins such as cortactin'

vitronectin and tensin (Suen et al., 1999). In these cells, F-actin, paxillin and talin fail to

accumulate at the leading edge of the cells thus explaining the absence of filopodial formation'

This suggests a link between syk phosphorylation and the rearrangement of the actin

cytoskeleton.

It is thus apparent that several protein tyrosine kinases are involved the process of

plasma membrane remodelling during cell adhesion and spreading' In macrophage cells' at

least two families of protein tyrosine kinases have so far been impricated in this signalling

pathway, both of which have been reported to be closely associated with Tec kinases in the

antigen receptor signalling systems (BCR and TCR) (Schaeffer and Schwartzbetg' 2000)'

Based on the subcellular distribution of Tec during macrophage spreading, this thesis proposes

that Tec might be involved in the signal transduction pathways involved in cell adhesion and

spreading, possibly through siþna[ing from the y chain of the integrin receptor'

4.3.3 A role of Tec in FcyR'dependent phagocytosis

The effect of the extracellular matrix environment on macrophage cell function is not

restricted to its effect on cell spreading and migration as it affects other macrophage functions

including phagocytosis (Yang et al., Ig94). Macrophage cells plated on fibronectin-coated

surfaces for example have an increased abitity to phagocytose apoptotic cells (Mccutcheon et
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al., 1998). At the molecular level, this suggests that the signal transduction pathway(s)

activated by cell adhesion must influence and/or overlap at least to some extent' with that

involved in PhagocYtosis.

Mechanistically, phagocytosis requires the coordinated action of numerous molecules

including that of cell membrane receptors, signalling proteins and cytoskeletal components'

This study is the frst to propose a role for the non-receptor tyrosine kinase Tec as a

component of the early stages of signalling during FcyR-mediated phagocytosis'

The signal transduction events that follow antigen receptor stimulation are relatively

well conserved between members of the antigen receptor family (Kwiatkowska and sobota'

ßgg). During BCR, TCR and FclR signalling, binding of exogenous ligands to membrane

bound receptors induces the aggregation of these receptors and is rapidly followed by Src-

dependent phosphorylation of ITAMs and phosphorylation and activation of Syk' Btk and Itk

are well established effectors of the B cell receptor and T cell receptor respectively, and are

critical for receptor function. This chapter proposes an analogous function for the myeloid

cell-expressed protein tyrosine kinase Tec in Fc'yR signalling.

Immunostaining of Tec in macrophage cells exposed to IgG-opsonised Zymosan A

indicates that Tec is redistributed to the phagocytic cup during particle ingestion' similar

redistribution has previously been reported for cytoskeletal components such as F-actin, talin,

vinculin and actinin (Greenbeig et al., 1990), as well as for the protein tyrosine kinase Syk

(Strzelecka et al., Iggïb). This report is however the first to position Tec, both spatially and

temporally, at the site of particle ingestion during phagocytosis. It is expected that at the site

of particle ingestion, Tec might come into proximity with other tyrosine kinases such as src

and syk. Temporal and spatial colocalisation of the Tec family kinase Btk and syk is also

known to take place during BCR signalling through the formation of a multiprotein complex

consisting of syk, Slp-65, Btk and PLCT. In this systern, the adaptor protein Slp-65 plays a
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critical role as a molecular adhesive that brings the two kinases in close proximity to their

substrate pLCT (reviewed in Rawlings, 1999). SLP-76 is a homologue of Slp-65 that is

expressed in myeloid cells and is tyrosine phosphorylated upon the selective ligation of FryRI

and III (Bonilla et al., 2000). In T cells this SlP-76-dependent complex is anchored at the

plasma membrane through the LAT anchoring protein, a protein that has also been implicated

in FcyR signalling (Tridandapani et al., 2000). Although SLP-76 appears to be the logical

candidate for the formation of Tec/Syk multiprotein complex during phagocytosis, it is

apparently not essential during phagocytosis, as FcyR-mediated phagocytosis is not impaired in

SLp-76 deficient cells (Clements et al., 1999). It is possible that another member of this family

of adaptor proteins is responsible for the formation of a multiprotein signalling complex that

includes Tec upon the stimulation of FcyRs.

FcyR stimulation causes a rapid rise in cellular PI(3,4,5)P¡ (Ninomiya et al., L994).

This phosphoinositol phospholipid acts as a secondary messenger molecule that recruits

regulatory proteins to the plasma membrane via an interaction with phosphoinositide binding

modules such as PH domains (reviewed in Martin, 1998). The phagocytic staining of Tec

observed during FcyR-mediated phagocytosis suggests a possible role for Tec at the plasma

membrane region that might include the remodelling of the plasma membrane during the

formation of the pseudopod structures that engulf target particles. Plasma membrane targeting

of Tec family kinases is predicted to involve the PIIIH domain, probably through binding to

pl(3,4,5)p3 molecules in the plasma membrane. The PHTH region is also responsible for the

redistribution of Btk to plasma membrane ruffles where it co-localises with F-actin upon

cellular activation (Varnai et al., lggg, Nore et al., 2000). The LY294002 compound is a

known inhibitor of the pI3-K family that blocks Fcy-R mediated phagocytosis by interfering

with the actin-driven extension of the phagosome surrounding the phagocytic target and

preventing the closure of the newly fornred phagosome (Araki et al., 1996). As shown in this
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chapter, LY2}4OO2 also prevents the typically strong polarisation of Tec to sites of particle

binding. This suggests that PI(3,4,5)P¡ synthesis is necessary for plasma membrane targeting.

Tec thus appears to be involved in the Pl3-K-dependent process of actin-driven membrane

extension that closes the phagosomal membfane around bound particles'

The mechanism of F-actin polymerisation at the forming phagosome during particle

internalisation is unclear. Tec family kinases, especially Btk have been shown to target to the

membrane ruffle structures where it colocalises with F-actin upon growth factor stimulation

(Varnai et al., 1999; Nore et al., 2000). Although the region of involved in this interaction is

yet to be fully characterised, the first 10 amino acids of the Btk PH domain appear to be

involved (Yak et al., 1999). Since this region is conserved in Tec it is possible that Tec also

physically interacts with F-actin. This would be consistent with the redistribution of Tec to

cytoskeletal structures seen during cell spreading or phagocytosis.

Preliminary evidence presented in this chapter suggests a novel role for Tec in FcyR-

dependent phagocytosis. Tec was shown to relocate to the phagosome where it colocalises

with previously reported effectors of the Fc"yR system including filamentous actin and Syk

during phagocytosis. Based on studies of other antigen receptor systems, Tec is predicted to

act as a central component of the early signalling events that take place at the plasma

membrane. It is possible that Tec is important for sustaining PLCy phosphorylation, an event

required for extracellular calcùm influx, in a manner reminiscent of the function of Btk in BCR

signalling (Perrez-Villar and Kanner et al., 1999; Fluckiger et al., 1998). The work described

in this thesis and independent observations made in this laboratory also suggest that Tec has a

role in the remodelling of the actin cytoskeleton required for macrophage spreading and

phagocytosis and that it acts as a link between PI3-K activation and actin cytoskeleton

rearrangement.
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CHAPTER5:

GENE TARGETING AT THE TEC LOCUS



5.1 Introduction

5.1.1 Gene targeting

S.LLI General ovemiew

It is now over a decade since the first homologous recombination event was reported in

embryonic stem cells (Thomas and Capecchi, 1937). Homologous recombination is a

phenomenon that is initiated by the sequence specihc recognition of endogenous sequences by

an exogenous linear fragment of DNA, that is subsequently integrated through cross over

events within the region of homology.

Gene targeting by homologous recombination is a powerful technique that exploits the

phenomenon described above, and allows the controlled modification, generally the disruption,

of a specific target gene (reviewed in Galli-Taliadoros et al., 1995). Over the past decade this

procedure, although currently restricted in higher eukaryotes to the characterisation of mouse

genes, has proven instrumental for the study of many physiological and developmental

processes, especially in the areas of cell differentiation and gene function, as well as for the

production of mouse models for many human genetic disorders.

Between 1981-1985, two significant technical developments occurred in the areas of

cellular and molecular biology that were critical for the development of gene targeting. First,

mouse pluripotent embryonic stem @S) cells were isolated from the inner cell mass of mouse

blastocysts and could be culture d in vitro without the loss of pluripotency (Evans and

Kaufrnan, 19g1 and Martin, 1981). Following their reintroduction into recipient blastocysts'

ES cells were found to be able to contribute to all tissues of the developing embryo to produce

phenotypically normal chimaeric animals (Evans and Kaufman, 1981 and Martin, 1981)'

Because of their pluripotent characteristic, ES cells are able to colonise the germline of these
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chimaeric animals (Bradley et al., 1984) and are thus able to act as a bridge that allows direct

access to the germline compartment. The development of protocols that enable the

manipulation of the DNA of ES cells in a controlled and defined manner through homologous

recombination (Thomas and Capecchi, 1987; and Doetschman et al., 1987) was the second

major development to have an impact on gene targeting. Because ES cells are able to support

homologous recombination events without affecting germline competence (Thompson et al.,

19g9), specific mutations can be introduced into the genetic material of these cells and can be

passed on to subsequent generations thus allowing the production of animals with defined

mutations.

Although gene targeting is theoretically straightforward, in practice, experiments are

sensitive, time consuming and elaborate. ES cells are extremely sensitive to in vitro

manipulation and culture conditions are crucial to the success of this procedure. Extensive

pre-screening of reagents is generally required to avoid contamination by differentiating factors

as these will decrease the efficiency of germline chimaerism. In spite of this, gene targeting has

evolved into a relatively accessible technology that has been widely adopted for the study of

gene function and dysfunction in the mouse.

5. I. 1.2 Experímental design

Gene targeting experiments are initiated with the identification of a gene of interest and

the isolation of appropriate target genomic sequences. A targeting vector is then constructed

that consists of a selectable marker, DNA sequences homologous to the target gene and vector

sequences necessary for the manipulation and propagation of the resulting plasmid. As

described in Figure 5. 1 , two types of targeting vectors exrst: replacement vectors a¡d insertion

vectors (reviewed in Bronson and Smithies, 1994). Replacement vectors are designed to

effectively eliminate critical exonic sequences of the target gene, by replacing them with an

appropriate selective marker. Structurally, replacement vectors consist of marker gene
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Figure 5.1 Diagrammatic representation of gene targeting vectors

Wild type target sequences are diagrammatically shown at the top, with exonic regions

represented as black boxes.

A. Typical replacement targeting events

A generic replacement vector is shown underneath the target locus. Marker sequences

are cloned to disrupt exonic sequences. The targeting vector is linearised outside the

region of homology. Integration of vector sequences requires two crossover events that

can occur anywhere in the region of homology (represented as black crosses) that lead to

the excision of endogenous sequences and its replacement with vector sequences.

B. Typical insertion targeting events

A generic insertion vector is shown underneath the target locus. Marker sequences are

cloned outside exonic sequences and the targeting vector is linearised inside the region of

homology. Successful targeting events require a single crossover event (represented as a

black cross) for the insertion of targeting vector sequences including that of vector

sequences.

Genomic DNA sequences homologous to the target region are represented as full black lines,

the selectable marker as a hatched box and plasmid vector sequences as a dotted line.
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sequences, flanked by DNA sequences homologous to the target gene' They are typically

linearised outside the region of homology and two crossover events are required for the

insertion of vector sequences into the target locus (Figure 5.14). Insertion vectofs on the

other hand are designed to disrupt the target locus by duplicating target gene sequences and,

as such, they are structurally different to insertion type vectors. In these vectors, the chosen

selectable marker is inserted at the 3' end of DNA sequences homologous to the target gene.

Insertion vectors are typically linearised within the region of homology and a single crossover

event leads to the duplication of the region of homology and insertion of the selectable marker

(Figure 5.1B).

Targeting vectors are introduced into an embryonic stem cell line by standard

transfection protocols, generally electroporation, under conditions that have been optimised for

the chosen ES cell line. ES cells that carry integrated plasmid sequences are identified by

antibiotic selection and homologous recombination events are differentiated from random

integration of vector sequences using Southern blot or PCR analysis. As the parameters that

influence the effrciency of homologous recombination events have become better defined,

additional manipulations originally developed to eliminate ES cell clones with randomly

integrated vector Sequences have in many cases proven to be unnecessary'

To generate genetically manipulated mice, targeted ES cell lines need to be injected

into mouse blastocysts. The'þenetic background of the recipient blastocysts is chosen such

that the ES cell-derived coat colour differs from that of the recipient embryos thus allowing the

visualisation of ES cell contribution. The efficiency of ES cell colonisation is judged by coat-

colour chimaerism and highly chimaeric male pups are bred to identify successful germline

transmitters. The breeding of chimaeric male pups allows for the screening of a large number

of progenies as a single animal can be bred to numerous females. Additional breeding steps are
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subsequently required to generate animals homozygous at the targeted allele' and these are

identified by genotyping using either PCR or Southern blot analysis.

5.1.1.3 Parameters affectíng the fficíency of gene targetíng experíments

Over the last decade, numerous parameters have been shown to affect the efhciency of

homologous recombination events including:

Ð The use of isogenic DNA segments to construct targeting vectors'

Vectors constructed with isogenic DNA sequences generally display a significant

increase in gene targeting efficiency (van Deursen and Wieringa, 1992)' The

magnitude of this positive effect appears to be dependent on the target gene (Deng

and CaPecclx,1992).

ü) The length of unintem¡pted perfectly matching sequences.

This appears to be more influential than the existence of a low percentage of

mismatched bases (te Riele et al. Igg2). However, given that non-isogenic DNA

has successfully been used for the generation of a number of gene knock out mice,

this parameter, though important, is obviously not an absolute pre-requisite for

successful gene targeting (van Deursen and Wieringa,1992; Deng and Capecchi'

te92).

üi) The length of homologous sequences shared between the targeting vector and the

target gene.

A minimum of 2 kb has been identified as a prerequisite for successful homologous

recombination events in ES cells (Hasty et al., 1991), and recombination frequency

increases exponentially with increased length of homology (Deng and Capecchi'

1992).
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iv) ES cell cycle rate.

Homologous recombination occurs during S-phase and almost exclusively within

the frst hour that follows transfection. Consequently, faster cycling cells

reportedly support higher rates of gene targeting (Udy et al., 1997). This suggests

that ES cell culture conditions should be monitored carefully during the targeting

procedure.

The length of non-homologous DNA introduced into the target locus does not appear to affect

the success of homologous recombination as various length fragments can be deleted

successfully from the target gene (Mansour et al., 1990). Furthermore, because genes not

expressed in ES cells have successfully been targeted (Johnson et al., 1989), target site

transcription and thus chromatin structure is also not critical for the success of this approach.

5.1.1.4 Parameters affecting the effîcíency of germlíne transmíssion

Germline transmission is the most time consuming and expensive step involved in the

generation of genetically modified mice. Several parameters have been identified that affect

the efficiency of germline transmission. Of these, the quality of ES cells used in the targeting

experiments is most important. Decreased effrciency of germline transmission has been

associated with chromosomal abnormalities found to be common in ES cells (Suzuki et al.,

lggTb), particularly trisomy 8..(Liu et al. L997), as well as with increased passage numbers of

ES cells (Nagy et al., 1990; Fedorov et al., 1997).

The choice of ES cell line used for homologous recombination and of the donor mouse

strain used as a source of host blastocysts also appear to affect the success of germline

colonisation by targeted ES cells (I-emckert et al., 1997). Ideally, preliminary studies are

required to identify the optimal genetic background of recipient blastocysts to be used with a

given ES cell line. To further increase the effrciency of this process, the genetic background of

mice used to produce recipient blastocysts needs also to be sensitive to hormone treatment for
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superowlation, produce high numbers of embryos and show high rate of germline colonisation

by the chosen ES cell line'

5.1.2 In Ví,tro differentiation of ES cells

In vitro, ES cells are able to generate a range of specific cell types. This approach is

often necessary to circumvent experimental difhculties encountered with the lethal phenotypes

associated with genes necessary for early developmental processes. Elaborate protocols have

been designed that enable a continuously growing ES cell population to be differentiated in

vitro in a relatively well controlled manner. The hematopoietic system is ideal for in vitro

differentiation studies. Many hematopoietic lineages are already well characterised, and a large

number of recombinant growth factors that can act at different stages of hematopoietic

differentiation are readily available.

In vitro differentiation protocols rely on the formation of embryoid bodies (EB). These

are three-dimensional structures that form in response to the removal of the differentiation

inhibiting factor LIF from suspension cultures of ES cells (Wiles and Keller, 1991). In the

absence of exogenous factors, these structures are able to differentiate spontaneously to form

rnany cell types including those of the hematopoietic systern" though the efficiency of this

process is generally unpredictable and the kinetics of differentiation are poorly defined (Evans

and Kaufman, 1981; Martin,..1981 and Doetschman et al., 1985). In vitro differentiation

conditions have been significantly improved with the use of a methylcellulose semi-solid

culture system which acts as a three-dimensional matrix that supports the efftcient,

reproducible and synchronised differentiation of ES cells into numerous hematopoietic

lineages, including erythroid, macrophage, neutrophil and mast cells (Wiles and Keller, 1991;

Keller et al., Lgg3). The order of differentiation observed in those experiments also suggests
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that hematopoietic differentiation of ES cells in viffo mimics to some extent the in vivo

situation.

A modified in vitro differentiation system has been set up in the laboratory of Prof.

p.D. Rathjen that has enabled the differentiation of ES cells into numerous cell types' This

system includes the additional manipulation of ES cells to form a pluripotent cell population

termed early primitive ectoderm-like (EPL) cells and results in the formation of terminally

differentiated mesodermal cell types at higher levels than that obtained using ES cell embryoid

bodies (Lake et al., 2000).

The ability to differentiate ES cells into various hematopoietic lineages has numerous

advantages. Using this approach, the molecular and cellular events involved in establishing the

primary hematopoietic system in vivo can be duplicated in vitro where cells are accessible to

manipulation at all stages of differentiation. A broad range of genes can be studied through

their inactivation and problems associated the generation of genetically modified animals as

well as those encountered with embryonic lethality can be circumvented'

5.1.3 Approach

The work described in this thesis was initiated early in 1996, at a time when limited

information was available on the physiological and molecular function of Tec and other

members of the Tec family of protein tyrosine kinases. Since then, this family of protein

tyrosine kinases has been the subject of increasing amount of interest, as reflected by the

increasing number of publications in this area, all of which have along the way influenced the

experimental design of this project. 
.

Gene targeting has had a major impact on the field of immunology and has been

instrumental in early studies of Btk, Itk and Txk function. This approach was thus chosen to

study and identify a physiological function for Tec in vivo. Tec is an ideal candidate for gene
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targeting. It is not expressed in ES cells and the disruption of the Tec gene is not expected to

affect ES cell viability and function. In addition, the expression of Tec is first detected at day

7.5 ofgestation and is therefore unlikely to be essential for early embryonic development.

As described in Chapter 3, Tec transcripts are expressed in various embryonic and adult

tissues including cells of various hematopoietic lineages. Mice deficient for Tec (generated by

homologous recombination) would thus be used to identify developmental processe(s) that are

dependent on Tec function. This approach would also identify cell lineage(s), especially those

of the hematopoietic compartment most affected by the lack of functional Tec.

ES cells targeted at the Tec locus can also be utilised for in vitro differentiation studies

to investigate the role of Tec, if any, in hematopoietic differentiation. In light of the many

problems encountered during attempts to generate Tec-l- mice, this second approach was

expected to have several advantages . In vitro differentiation protocols for the generation of

various lineages had been optimised in the laboratory of Prof. P.D' Rathjen (Lake et al., 2000)

that showed high rates of macrophage differentiation. Given that studies described in Chapter

4 had suggested a role for Tec in macrophage function, this approach seemed appropriate to

investigate further the role of Tec in macrophage-specific functions, including phagocytosis.

Because genetically altered hematopoietic cells generated using this approach can easily be

isolated, detailed analysis of Tec function in macrophage differentiation and function was also

planned.

5.2 Results

The work described in this section focuses on the generation of targeted mutations at

the Tec locus using mouse ES cells. These genetically altered ES cells were generated to

facilitate the analysis of Tec function (i) in vivo, using genetically modified mice, or (Ð in
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vlfro, using a macrophage differentiation system (Keller et al., 1993; modified in Lake et al.,

2000).

Although quite powerful, gene targeting is time consuming and expensive and the

success of this approach is dependent on the strategy adopted to disrupt the locus of interest.

Gene targeting vector design ideally requires knowledge of target protein structure and

function to complement that of gene structure. Target gene sequences have traditionally been

obtained through elaborate screens of genomic libraries, though recent developments in

automated gene sequencing techniques and large scale genome sequencing projects are likely

to eliminate the need for such elaborate and time consuming manual screening procedures.

The genomic library used in these studies was obtained from Dr. M. A. Kennedy and

numerous gene sequences isolated from this library have been successfully used for targeting

experiments in this department (Whyatt, 1996; Remiszewski, 2000). The library encodes 17-

23 kb genomic DNA sequences prepared by partial restriction enzyme digestion of El4TG2a

ES cell genomic DNA using Saø34 that had subsequently been cloned into the BamH I site of

the vector ),"200I (Karn et al., 1984).

5.2.L Partial characterisation of the mouse Tec locus

prior to the beginning of this project, a genomic library screen had initially been carried

out using pIITH cDNA seqúences as the probe. It had successfully isolated two genomic

library clones, ÀKS1.1 and ÀKS4.1 shown in Figure 5.24 (Stevens K., 1995). To facilitate the

manipulation of genomic sequences, subclones of ÀKSl.l and ÀKS4.1 had been generated

using the restriction enzymes Sac I and Xba I (Stevens, 1995). They had been cloned into

pBluescript II KS+ (Stratagene) and had subsequently been subjected to restriction et]øYrl;re

mapping. Using Southern blot analysis, DNA fragments encoding exon sequences had been
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Figure 5.2 Tec genomic sequences

A. Diagrammatic representation of genomic clones l,KS 1. I and ÀKS4.1

Hatched boxes representing the lambda genomic clones isolated during the first screen of

the El4TG2alambda genomic library (Stevens, 1995) are at the top. A S¿c I restriction

enzqe map that encompasses this region of the Z¿c locus is depicted underneath.

Exons are numbered and represented as black boxes. The diagram also shows the

genomic fragment probe used in Southern blot analysis to determine the overlapping

region between the two genomic clones.

B. Restriction enz¡ymre maP of 4.1SS5

Restriction enzyme map of the 6 kb 4.1SS5 genomic DNA fragment encoding exons 3-5.

Exon regions are numbered and represented as black boxes. The following MCS

restriction enzqe sites were not identified in 4.1555l. CIa I and Not I. 4.1SS5 was

cloned into the Søc I site of pBluescript II KS*to generate p4.1SS5.

C. Restriction enzyme maP of K16

Restriction euyme map of ..6 kb K16 genomic DNA fragment encoding exon 3

sequences (depicted as a black box). The following MCS restriction enzyme sites were

not detected in K16: CIa I, EcoR Y, Not I, Sac 1,, Sal I, Sma I. This fragment was

cloned into pBluescript II KS* to generate pK16.

MCS: Multiple Cloning Site; l: lambda
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identilred and had been sequenced to confirm exon/intron boundaries for exons 2 and 3

(Stevens, 1995).

Further characterisation of ÀKS1.1 and ÀKS4.1 genomic DNA fragments was carried

out during the course of this Ph.D to generate a detailed restriction enzyme map of the

genomic DNA region surrounding exons 2 and 3 of the Tec locus. SacUSacI andXbaU Xba

I subclones of the two isolated genomic fragments were subjected to restriction enzyme

analysis using a range of restriction enzymes. X200I vector multiple cloning site sequences

were identifìed by manual sequencing and enabled the orientation of these genomic clones.

The most 5, region of ÀKS4.1 was isolated by Sac IlHind III restriction enzyme digestion. It

was purified and used as a probe in Southern blot analysis to identify DNA fragments shared

between ¡,KS1.1 and ÀKS4.1 clones. Approximately 4 kb of DNA sequences were found to

be shared between the two clones. Several Sac I sites, marked as l,Sac I, were identified

during restriction enzyme mapping that were absent from the endogenous Tec gene suggesting

thar these had been derived from the multiple cloning site of À2001 (Figure 5.2A). The K16

and 4.1SS5 fragments outlined in Figure 5.24 were characterised in detail, and their restriction

enzyme maps are represented in Figure 5.28 and 5.2C. These genomic DNA fragments

encode exon 2, and exons 3, 4 and 5 sequences respectively and as such were identified as

potential target s for homolo gous recombination.

Although in theory removal of the ATG start codon located in exon 2 should disrupt

the transcription of the Tec gene, several in frame ATG codons exist downstream of exon 2.

One of these is located in exon 3 and is predicted to initiate the translation of the originalTecl

transcript (Mano et al., 1990). Exons located downstream of exon 2 were therefore identified

as preferable targets for homologous recombination. Disruption of these exons is expected to

interfere with the expression of allTec transcripts and prevent the generation of truncated Tec

sequences. The generation of the first gene targeting vector was limited to the genomic DNA
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region encoded by ÀKS4.1 and ÀKS1.1. This initial targeting strategy therefore aimed to

delete exons 3 and 4. These two exons, unfortunately, revealed to be clustered at the 3'end of

ÀKS4.1 thus limiting the length of DNA sequences available to use as the 3' homology arm of

the vector.

As described later in this chapter, this first targeting vector was unsuccessful in

generating targeted ES cell clones for reasons that are unclear. Because shared homologous

sequence length had been reported to influence the efhciency of homologous recombination

(Hasty et al., 1991 and Deng and Capecchr, 1992), fuither attempts were made to isolate

genomic DNA sequences by repeated screening of the EI4TG2a genomic DNA library using

the SH3/SH2 probe represented in Figure 5.34. This probe which targets genomic sequences

3' ro ÀKS4.1 successfully identified a 15 kb clone labelled as Ài81.1 (depicted in Figure 5.38).

Restriction erzyme analysis and DNA sequencing showed that Ài81.1 encodes exons 3-7

suggesting extensive overlap with 1,KS4.1. In fact, only approximately 5 kb of genomic

sequences were found to be unique to Ài81.1. Restriction enzyme mapping was also used to

characterise Ài81.1. A 6.1 kb Psr ASac I fragment was identified to carry exonic sequences by

Southern blot analysis using a radiolabelled SH3 fragment as a probe. As depicted in Figure

5.44, this fragment encodes exons 6 and 7, as well as exons 4 and 5, thus extending genomic

DNA sequences fuither 3'by approximately 5 kb.

Independent 
"*p"ri-.nts 

were subsequently carried out in the laboratory that aimed to

isolate and characterise the entire mouse T¿c locus (Merkel, L996; Merkel et al., 1999).

Several clones were identified using probes consisting of 3' untranslated cDNA sequences

(UTR) and exon 7/8 cDNA sequences and these are described in Merkel et al, 1999. One of

these clones, Àex78, was found to overlap extensively at the 5' end with Ài81.1 with

approximately 6 kb of additional unique sequences including the 66 bp exon 8. This exon

encodes the C{erminal region of the SH3 domain and is differentially spliced in TecIII
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Figure 5.3 Isolation of lambda genomic clone using the SH3/SH2 probe

A. Diagrammatic representation of cDNA fragment used in genomic library screen.

Tec oDNA sequences are diagrammatically represented as hatched boxes that include the

5'untranslated region (5'UTR, Pleckstrin Homology (PH) domain, Tec Homology (TH)

region, Proline Rich Region (PRR), Src Homology 3 (SH3) domain, Src Homology 2

(SH2) domain, kinase and 3' untranslated region respectively.

The SH3/SH2 probe used in the genomic screens was generated by PCR using the

TecSH3.5 and TecSH2.3 primer sequences. The PCR product generated is

diagrammatic ally represented underneath its corresponding cDNA region.

B. Sac I restriction enzyme map of Ài81.1

Restriction enzyme map showing Sac I sites, sites unique to vector sequences are marked

in italics. Sites derived from the lambda cloning vector are indicated with l. Exons are

represented as black boxes. The SH3 cDNA fragment region is represented as a hatched

box underneath exon 7. The PS6.1 cDNA fragment is also represented as hatched box

underneath its corresponding genomic region.

l: lambda
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Figure 5.4 Characterisation of Tec genomic sequences

A. Restriction enzyme maP of PS6.1

A restriction enzyme map of PS6.1 cDNA fragment is depicted that includes exons 4 to

7 dppicted as black boxes. The following MCS sequences were not identified in PS6.1:

BamHI, CIaI, KpnI, NotI, SalI, XbaI. The BgS1.8 fragment isolated by BgIIUSacI

restriction enzyme digestion is represented underneath.

B. Diagrammatic representation of genomic fragment encoded by Àex78 and Ài81.1

A Sac I restriction enzyme map is shown at the top that encompasses a region of the Tec

locus encoded by the genomic clones Àex78 and Ài81.1. Hatched boxes represent DNA

fragments Àex78 and Ài81.1 and ex78SS6.5.

C. Restriction enzyme map of ex78SS6.5

Restriction enzyme map of ex78SS6.5 and of the PS1.1 fragment isolated by Pst USac I

restriction enzyme digestion of ex78SS6.5.

l: lambda
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compared withTecIV. A contiguous map of Àex78 and Ài81.1 is shown in Figure 5.48. The

ex78SS6.5 fragment shown in Figure 5.4B encodes a 6.5 kb DNA fragment located at the end

of l,ex78. This DNA fragment was subcloned in pBluescript II KS* and mapped by restriction

enzyme analysis (Figure 5.4C) before being used to generate the 3' homology arm of targeting

vectors described in section 5.2.2.2.

Numerous attempts to further screen the E14TG2a genomic library failed to isolate a

genomic clone that encoded exon 9 and overlapped with Àex78 and À4MC1.1.1 (Merkel,

personal communication). In order to complete the mapping of the Tec locus and identify the

exon/intron boundary of exon 9, LR-PCR was carried out using the 5-exon8/3'exon8 and

5'exon8/3-exon8 primer combinations. As shown in Figure 5.54, two fragments were

predicted to be amplified using these primer combinations: Fragment A and B. Gel

electrophoresis analysis of the PCR products is shown in Figure 5.58 and C. Fragment A was

0.5 kb long and included an EcoR I site previously shown to be located at the 3' end of Àex78

and a Psr I site identified in exon 9. The 5'exon8/3-exon8 primer pair amplified two DNA

fragments of 2 kb and 1.6 kb respectively. Upon the optimisation of Mg2* concentrations, the

larger of the two fragments appeared more prominent. This fragment was subsequently

purified, subcloned in pBluescript II KS+ and sequenced to confirm the presenc e of Tec exon 9

sequences.

In summary, several screening experiments using various regions of the Tec cDNA as

probes have been necessary to isolate and characterise all exor/intron boundaries of the Tec

gene. However, as highlighted in Figure 5.6, these screens failed to fully isolate intron 2

region thus leaving a gap of uncloned sequences. It is expected that this gap will be readily

identified through the effort of the mouse sequencing project.
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Figure 5.5 Isolation of exon 9 genomic sequences

A. Diagrammatic representation of the Long Range PCR (LR-PCR) strategy adopted to

isolate genomic DNA sequences that include exon 9 and surrounding intronic sequences.

A Sac I restriction enzyme map is depicted at the top that encompasses regions encoded

by clones Ài81.1, Àex78 and I4MC1.1.1, and highlights the gap in genomic sequences

that includes exon 9 and surrounding intronic sequences. To bridge this gap, two rounds

of PCR were carried out using ES cell genomic DNA template. Overlapping sequences

of this region were isolated. Fragment A encodes intron 8 and exon 9 sequences while

fragment B includes exon 9 and intron 9 sequences.

B. Gel electrophoresis of Fragment A PCR product

Fragment A was amplified using the 5-exon8/3'exon8 primer pair. Undigested PCR

products, as well as EcoR I, Kpn I and Psl I restriction enzyme digests of the PCR

product were analysed by 2Vo (wlv) TAE gel electrophoresis and compared with SPP1

and pUC19 DNA (Geneworks) markers for sizing.

c. Gel electrophoresis (2vo (wlv) TAE) of Fragment B PCR product

pCR was carried out using 5'exon8 and 3-exon8 primers. Two parameters of the_

reaction were tested including enzyme concentration and MgCb concentration. A 2 kb

fragment appeared most prominent at the higher MgCb concentrations that was

subsequently subcloned into pBluescript II KS+ and subjected to automated DNA

sequencing. SPP1 markers (Geneworks) were loaded onto the gel for size comparison.

The following program was used in the PCR reactions: 1 minute at 94oC,30 seconds at

g4oc,30 seconds at 60oc, 4 minutes at 68oc, repeated steps 2-4 32 times.
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Figure 5.6 Diagrammatic representation of the Tec family kinases gene structure

Schematic representation of the mouse Tec (rrilec), human ZXK (hTxk), human BTK (hBtk)

and mouse Brk (mBtk) loci showing the positions of the exons within the genes and the

approximate sizes of the intervening sequences (Txk and Btk gene structures adapted from

Ohta et aI., L996 and Sideras et a\.,1994, respectively). Exon 1 of mouse Txfr (mTxk) is also

shown approximately 2.6 kb 3' of mTec exon 18.
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5.2.2 Gene targeting at the Tec locus

Several gene targeting vectors have been designed and constructed during the course

of this project. Initial targeting experiments were carried out in El4TG2a ES cells, using the

I{pRT minigene as a selection marker, while subsequent experiments utilised W9.5 ES cells

and the Neomycin resistance gene. These marker genes were chosen as they have been widely

used in gene targeting experiments to confer resistance to IIAT and Geneticin (G418 sulfate)

respectively without affecting ES cell pluripotency.

5.2.2.1 Gene targetíng in EI4TG2a ES cells

The first round of gene targeting experiments was carried out in the ES cell line

El4TG2a. This ES line is a feeder independent, IIPRT deficient ES cell line derived from

129lSV/Ola mice that requires the I-eukemia Inhibitor Factor (LIF) to prevent ES cell

differentiation in vitro. It had, prior to the beginning of this project, been used successfully in

this department for the generation of a number of targeted ES clones (Whyatt, 1996;

Thonglairo am, L994). Following idection into mouse blastocysts, targeted derivatives of this

cell line had also successfully generated chimaeric animals that transmitted ES cell derived

genetic material through their germline (Whyatt, L996;Thonglairoam, 1994).

The gene targeting strategy adopted is diagramrnatically represented in Figure 5.7.

Removal of exons 3 and 4 is predicted to abolish the production of functional Tec sequences,

although a 46 amino acid peptide can theoretically be generated from the translation of exon 2

sequences. This peptide encodes N-terminal amino acids of the PIITH domains which are

predicted to be unstructured and have no biological activity. This strategy should therefore be

effective in disrupting Tec function.
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Figure 5.7 Diagrammatic representation of gene targeting strategy used to target the Tec

locus in E14TG2a ES cells

A partial restriction enzyme map of genomic sequences encoded by lKSl.l and lKS4.1 is

represented at the top. Black boxes represent exon sequences and hatched boxes indicate 5'

and 3'genomic sequences used to construct the targeting vector. Expected targeted and wild

type alleles are shown below.
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5.2,2.L2 Generatíon of the Gene Targeting construct pSH,HPRT.3NS4

Exons 3, 4 and 5 are found clustered at the 3' end of ÀKS4.1. The design of this

targeting vector therefore required that the length of DNA sequences used in the 3' homology

arm of the targeting vector be maximised, whilst removing exons 3 and 4 sequences. A Nol I

restriction enzyme site was thus introduced by PCR in the 3' exon4/intron4 boundary using the

primer pair IA-K|6-I (2.2.11) and USP (universal sequencing primer, Stratagene). As

described in Figure 5.84, p4.lSSSPS had been generated by subcloning the 2kb PstUSacI

fragment of p4.1SS5 into pBluesòript II KS* and was used as the template for the PCR

reaction. The PCR product amplified using IA-K16-1ruSP was gel purified, digested with Nor

IlSac I and subcloned into pBluescript II KS* to generate p3NS4 (Figure 5.88 and C). The

identity of this plasmid was confirmed by restriction enzyme analysis using EcoR V. Manual

sequencing using the Universal Sequencing Primer (Stratagene) was also used to confirm the

presence of the exogenous Nor I site.

The 5' homology arm of the targeting vector was generated by Hinc II restriction

egyme digestion of pK16. The 4.8kb Hinc II fragment was isolated by gel electrophoresis,

purified and ligared wíth Hinc II linearised p3NS4 to create p5H.NS4 (Figure 5.94).

Restriction enzyme analysis and gel electrophoresis was used to confirm the identity of the

resulting plasmid. The FIPRT marker gene was isolated from pnI2(IlS) (Reid et al., 1990) as a

BamH Il BamH I minigene fragment of approximately 6 kb and was subsequently cloned into

BamH I linearised p5H.NS4 (Figure 5.98). Restriction enz¡rrrre analysis of the resulting

p5H.HpRT.3NS4 plasmid (Figure 5.108) was carried out to generate a restriction enzyme

map of the plasmid (Figure 5.104). Prior to transfection into ES cell, p5H.FIPRT.3NS4 was

purified on a CsCl gradient, linearised with,Søl I and extracted with phenol and chloroform.

Sal I digested p5H.HPRT.3NS4 includes 2.9 kb of pBluescript II KS+ DNA sequences at the

3' end of targeting vector sequences. Non homologous regions at the extremities of targeting
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Figure 5.8 Diagrammatic representation of cloning strategy used to generate the 3'

homology arm of P5H.HPRT.3NS4

A. Restriction enzyme map of 4. 15 S 5 highlighting the Psf U Sac I fragment used to generate

the 3' homology arm of targeting vector as a hatched box.

B. Restriction enzqe map of the p4.lSS5PS plasmid and PCR strategy used to introduce a

Not I restriction enzyme site at the exon4/intron4 boundary using the IA-K16-1ruSP

primer pair. Primers are diagrammatically represented as black arrows and exon

sequences are represented as black boxes.

C. Diagrammatic representation of the subcloning step used to insert the NS4 fragment into

pBluescript II KS*.
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Figure 5.9 Diagrammatic representation of cloning strategy used generate targeting

vector

A. Diagrammatic representation of cloning strategy used to generate the 5' homology arm of

targeting vector.

Restriction eîzyme map of the K16 fragment is represented that highlights the Hinc

IIlHinc II fragment used to generate the 5' homology arm of the targeting vector as a

hatched box. The subcloning strategy used to subclone this fragment into Hinc II

linearised pNS4 is also represented. A map of the resulting p5HNS4 plasmid is also

shown.

B. Diagrammatic representation of the I{PRT minigene used as selection marker.

The HPRT minigene was isolated by BamH I restriction enzyme digestion of the

pnl2(Ils) plasmid and inserted into BamH I linearised p5HNS4 to generate

p5H.HPRT.3NS4.
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Figure 5.10 Characterisation of pSH.HPRT.3NS4 targeting vector

A. Restriction enzyme map of the p5H.rIPRT.3NS4 targeting vector.

5' and 3' homology sequences are represented as full black lines, the HPRT minigene as a

hatched box and exon 5 sequence as a black box.

B. Agarose gel electrophoresis of p5H.FIPRT.3NS4 restriction enzpe digests

Restriction enzyme digests were carried out on CsCl purified p5H.IIPRT.3NS4 DNA

and products were separated by gel electrophoresis on a I7o (wlv) TAE agarose gel'

SPP1 molecular weight markers were used for size comparison.
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vectors were not removed prior to the transfection of the linearised vector into ES cells as they

have previously been reported not to be incorporated into the target gene (Mansour et al',

1990) or affect targeting effrciency (Deng and capecchr,1992).

5.2,2.1.3 Trønsfectíon and characterísatíon of ES cell coloníes

F,IATGZa ES cells are deficient for the IIPRT (hypoxanthine phosphoribosyl

transferase) gene (Hooper et al., 1987) and as such are sensitive to selection using HAT

(Hypoxanthine, Aminopterin, Thymidine). Because the activity of various batches of selective

agents have been found to vary, selection conditions were determined for each batch of HAT

using a standard toxicity assay. The optimal concentration of HAT required to effectively

select against untransfected E14TG2a ES cells was determined as described in Figure 5.114.

During the course of this experiment, a final concentration of 100 pM hypoxanthine, 16 ¡rM

thymidine and 0.4 pM aminopterin was found to be sufficient to completely kill E14TG2a ES

cells.

Transfection of E14TG2a ES cells was carried out by electroporation using parameters

optimised to minimise cell death and prevent multiple integration of the targeting vector

(whyatt, 1996). The statistics of this experiment are shown in Figure 5.118. Two hundred

HAT resistant colonies were picked, expanded and subjected to genomic DNA extraction and

Southern blot analysis. Briefly, genomic DNA preparations were subjected to restriction

enzyme digestion using Hind III and the resulting products were separated by 0.87o agarose

gel electrophoresis. Southern blot analysis was subsequently carried out using the 3' external

probe which was preparedby Acc IJEcoR I restriction enzyme digestion of pBgSl.8 @gure

5.4A). Unfortunately, no targeted clones were identified using this strategy. A blot

representative of these experiments is shown in Figure 5.12A. To confirm the absence of

successful homologous recombination events in these clones, genomic DNA preparations were

also subjected to BamHI restriction eîzqe digestion, 0.87o agarose gel electrophoresis and
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Table 5.11 Targeting of BLATG2aES cells

A. Toxicity assay.

Determination of the optimal concentration of HAT needed to select against

untransfected ES cells. Increasing concentrations of HAT were added to a sub-confluent

layer of ElgTG}acells and cell death was measured 7 days after the start of the selection

process. The selective medium was changed daily'

B. Statistics of electroporation of p5H.IIPRT.2NS4 targeting vector into E14TG2a ES

cells.

Selection was carried out at 100 pM hypoxanthine, 16 pM thymidine and 0.4 pM

aminopterin for 14 days after which 200 HAT resistant colonies were picked manually

and characterised by Southern blot analysis to identify successful targeting events. Mock

transfection controls were carried out with no DNA. Transfected ES cells were also

plated with no selection to characterise cell survival effrciency.
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Figure 5.12 Characterisation of HAT resistant ES cells

A. Southern blot analysis of HAT resistant EI4TG2aES cell DNA using 3'external probe

Approximately 2O pg of ES cell DNA was digested with Hind III. Restriction enzyme

digests were separated by 0.8Vo (wlv) TAE agarose gel electrophoresis, transferred to a

nylon membrane and probed with the 3'external probe.

B. Southern blot analysis of HAT resistant EI4TG2a ES cellDNA using the 5'external

probe.

Approximately 20 pg of ES cell DNA was digested with BamHI. Restriction enzyme

digests were separated by 0.8Vo (wlv) TAE agarose gel electrophoresis, transferred to a

nylon membrane and probed with the 5'external probe.
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Southern blot analysis using the using the 5' external probe prepared by BamH U Hind III

restriction enzyme digestion of p4.1S21 (Figure 5.2A). Figure 5.128 shows a typical Southern

blot generated using the 5'external probe.

5.2.2.2 Gene Targetíng in W9.5 ES cells

Because the approach described above failed to isolate El4TG2a-derived ES cell

clones that had successfully been targeted at the lec locus, an alternative targeting strategy

was designed. Two critical changes were made to the original experimental approach that

involved both the design of a new gene targeting vector and a change in the type of ES cell line

used for homolo gous recombination.

This second replacement vector was designed to effectively remove exons 3-8 (Figure

5.13). These exons are clustered within a 10 kb region in the middle of the I¿c locus and

encode PIIIH and SH3 sequences that are critical for Tec function. Removal of these exons is

predicted to disrupt the Tec locus although a short 46 amino acid peptide that encodes N-

terminal PFIIH sequences can potentially be expressed from the ATG codon in exon 2. This

peptide is predicted to be unstructured and have no biological activity. The absence of open

reading frames from downstream exons suggests that this strategy should result in the

complete abolition of Tec expression.

The use of a new targeting vector that encodes longer regions of homology compared

to p5H.HPRT.3NS4 was expected to increase the efficiency of homologous recombination

events at the Z¿c locus. As previously mentioned, the choice of ES cell line used for gene

targeting experiments affects the success of these experiments. A consistent decrease in the

germline transmission potential of El4TG2a ES derivatives had been observed in the gene

targeting facility of this department while this work was in progress (Remizsewski, 2000; J.

Wrin, personal communication). At the same time, W9.5 ES cells which have a similar genetic
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Figure 5.13 Diagrammatic representation of the second gene targeting strategy used to

generate Tec -/+ ES cells

A restriction enzyme map of the Tec locus is represented at the top that highlights S¿c I sites

while exons are represented as black boxes. A more detailed restriction enzyme map of the

region targeted for homologous recombination is shown underneath. Homologous

recombination events are represented as two black crosses and the resulting modified allele is

represented under the arrow.
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background to E14TG2a ES cells were made available to the department. These were

reported to show a high rate of coat colour chimaerism and germline colonisation compared to

the chimaeric animals obtained with E14TG2a ES cells (J. Wrin, personal communication).

W9.5 ES cells are feeder dependent adherent ES cells that are cultured in the presence

of LIF. During the course of these studies, W9.5 ES cells were maintained on a confluent

layer of gamma irradiated STOR fibroblast cells. Because W9.5 ES cells are FIPRT positive,

HAT selection could not be used for selection. The choice of resistance markers was mainly

determined by the feeder cell line(s) available. Two fibroblast cell lines were available that

expressed antibiotic resistance: STOR ce[s which carry aNeomycin resistance cassette and are

therefore resistant to G418, and H200 cells which carry a Hygromycin resistance cassette that

confers resistance to Hygromycin B. Given the extensive use of both selective agents for gene

targeting, culturing of ES cells in the presence of these antibiotics was expected to have no

affect on the pluripotent potential of ES cells.

5.2.2.2,1 Generafíon of the Gene Targeting construct pKE.Neo,KP2.8

This targeting vector encodes the bacterial aminoglycoside phosphotransferase neo

gene which confers resistance to the antibiotic G418. The neo selective marker was isolated as

an EcoRIlBamH I fragment from the pMGD2ONeo plasmid which includes pgk promoter and

polyA tail sequences (Gassmann et al., 1992). To facilitate further manipulation, this fragment

was subcloned in pBluescript II KS* to generate the pKS\eo plasmid shown in Figure 5.148.

The 5' homology arm of the targeting vector was isolated as a 4.6 kb Kpn UEcoR I DNA

fragment from pK16, purified and subcloned into Kpn IlEcoR I linearised pBluescript KS* to

generate the plasmid pKE (Figure 5.144). The Neo cassette was isolated from pKSNeo and

inserted tnto EcoRIlBamH I linearised pKE to produce the pI(E.Neo plasmid. This plasmid

encodes 5' homology and marker gene sequences (Figure 5.14B). To derive the 3'homology

arm of the targeting vector, ex78SS6.5 (Figure 5.14C) was digested with KpnAPst I and the
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Figure 5.14 Diagrammatic representation of the cloning strategy to generate the 5'

homology arm and marker sequences of targeting vector

A. Restriction eîzyme map of genomic fragment K16 that highlights the Kpn UEcoR I

fragment used as the 5' homology arm of the targeting vector

The 5'homology arm of the vector was isolated using KpnAEcoR I restriction enzyme

digestion of pK16 and was subsequently subcloned into pBluescript II KS+ to generate

PKE.

B. Diagrammatic representing of the cloning step used to insert the NeoR marker gene

The NeoR resistance cassette was isolated by BamH AEcoR I restriction enzyme

digestion of pKS+Neo and was inserted into EcoRUBamH I linearised pIG to construct

the pKE.Neo plasmid.

C. Restriction enzyme map of the genomic fragment ex78S6.5 showing the Kpn APst I

fragment used as the 3'homology arm of targeting construct

A restriction enzyme map of the ex78S6.5 fragment is shown that highlights the Kpn

IlPst I fragment used as the 3' homology arm of the targeting vector. This fragment was

subcloned into KpnIlPstI linearised pBluescript II KS+ to generate pex78KP2.8
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2.8 kb genomic DNA fragment obtained was purihed and subcloned into KpnAPstI linearised

pBluescript II KS* to generate pex78KP2.8 (Figure 5.14C). To facilitate the subcloning of 3'

homology sequences into pKE.Neo, a Not I site needed to be introduced at the 5' end of the

Kpn I site in the polylinker sequence of pex78KP2.8. Briefly, pex78KP2.8 and pBluescript II

SK * were digested with 
^Sc¿ 

UKpn I. DNA fragments were purihed by gel electrophoresis and

the 1.87 kb Sca IlKpn I fragment of pBluescript II SK* carrying multiple cloning site

sequences was ligated to the 4 kb fragment of pex78KP2.8 which encodes 3' homology

sequences to generate the plasmid pSK-KP2.8 (Figure 5.154). The 3' homology arm of the

targeting vector was isolated from pSK-KP2.8 by Not I restriction enzyme digestion. The 2.8

kb fragment was purified by gel electrophoresis and inserted into Nol I ìinearised pKE.Neo

(Figure 5.158). This gene targeting vector, pI(E.Neo.Kp2.8, was further characterised by

restriction enzyme digestion and gel electrophoresis (Figure 5.164 and B). Prior to

transfection into ES cells, large scale plasmid DNA preparations of pKE.Neo.Kp2.8 were

finally purified on a CsCl gradient, linearised with Sac II, and extracted with phenol

chloroform.

5.2.2.2.2 Generation and characterísa.tion of Tec +/- ES cells

Toxicity assays were first carried out to optimise the concentration of G418 necessary

to select against untransfected W9.5 ES cells. Unlike El4TG2a ES cells, W9.5 ES cells are

ideally maintained on a layer of f""der c"[r. To identify the level of G418 resistance of the

STOR fibroblast cells used as feeder cells, STOR cells were subjected to toxicity assays, the

result of which are described in Figure 5.L7A. Briefly, concentrations of G418 ranging

between 200 and 2000 pglrnl were added to a subconfluent layer of STOR cels. At 200 ¡tgtlrrrl

G418, IO\Vo STOR cels appeared to survive selection after 7 days. Survival was significantly

decreased at 600 tlglml suggesting that higher concentration of G418 ,were not suitable for the

culturing of STOR cells. Unlike STOR cels, W9.5 ES cells do not carry the neo cassette and
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Figure 5.15 Subcloning of 3'homology sequences

A. Generation of pSK-KP2.8 plasmid

Diagrammatic representation of cloning step required to generate pSK-KP2.8

B. Final subcloning step required to generate the pKE.Neo.KP2.8 targeting vector

Diagrammatic representation of pKE.Neo and pSK-KP2.8 plasmids that highlights the

cloning step required to generate pKE.Neo.KP2.8.
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Figure 5.16 Characterisation ofpKE.Neo.KP2.8

A. Restriction enzyme map of pI(E.Neo.KP2.8

5' and 3' homology arms of the vector are represented as thick black lines and the Neo

resistance cassette is represented as a hatched box. The Søc II restriction enzyme site

used to linearise the vector is underlined.

B. Gel electrophoresis of restriction enzyme digests of pKE.Neo.KP2.8

Restriction enzyme digests of pKE.Neo.KP2.8 were separated on a l7o (wlv) agarose

gel. SPP1 DNA molecular weight markers were used for size comparison.
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Figure 5.17 G418 toxicitY assays

A. Determination of G418 toxicity on STOR cells.

1x106 STOR ce[s were plated on 100 mm plates. G418 was added 24 hours after plating

and selection was carried out for 7 days. The percentage survival was determined based

on the survival of cells plated in the absence of G418'

B. Determination of G418 toxicity on W9.5 cells.

5x105 W9.5 cells were plated on a confluent layer of STOR cells in 100 mm plates. G418

was added after 24 hours and selection was carried out for 7 days. The percentage

survival was determined based on the survival of ES cell colonies observed in the

absence of G418.
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are therefore sensitive to G418 selection. As shown in Figure 5.178, a minimum of 200 pglml

G418 was shown to be necessary to achieve 99Vo W9.5 cell death after 7 days. In light of

these observations,G4l8 selection was carried out at 250 ¡tglnn G418.

S¿c II linearised pKe.Neo.Kp2.8 was transfected into W9.5 ES cells using the

parameters described in Kwee et al. (1995). Transfected cells were cultured on STOR cells

and selection was started 24 hours following transfection and maintained for 8 days. ES cell

colonies were picked using disposable yellow tips and expanded in duplicate for storage and

Southern blot analysis. To identify homologous recombination events, genomic DNA

preparations from G418 resistant ES cells were digested with BamH I, separated by gel

electrophoresis on 0.87o TAE agarose gels and subjected to Southern blot analysis. The 3'

external probe was derived,by Acc IlSac I restriction enzyme digestion of ex78PS1.1 (Figure

5.4C). This probe was used in the hrst round of screening. The Southern blot pattern

expected for targeted clones using this probe is easily distinguished from that of its non-

targeted counterpart due to the 10 kb difference between the two alleles. The 5'external

probe was purifiedby BamH IJHind III restriction enzyme digestion of the plasmid 4.1SS21

@igure 5.2A) and was subsequently used to confirm homologous recombination events

identified during the first screen. Multiple integration events of the vector were ruled out

using the 300 bp internal Neo probe derived from BamH UNco I restriction enzyme digestion

of pKSl.{eo . In practice, thè 3' external probe identifies BamH I fragments of 20 kb and 10

kb for the wild type and targeted alleles respectively. The 5' external probe recognises a I2kb

BamH I fragment of the wild type allele and a 10.5 kb BamH I fragment of the targeted allele.

The internal probe hybridises to a 10 kb BamH I fragment. Figure 5.18 shows typical southern

blot membranes probed with the 3', 5' and internal probes respectively. To ensure that low

frequency homologous recombination events would not be missed, plans were made to test a

relatively larger pool of G418 resistant ES cell colonies. In total, 800 colonies that survived 7

130



Figure 5.18 southern blot analysis of targeted w9.5 clones

A. Typical Southern blot analysis using the 3'external probe

20 ttggenomic DNA were digested with BamH I, transferred to a nylon membrane and

subjected to southern blot analysis using the AccIlEcoR I 3'external probe.

B. Typical Southern blot analysis using the 5'external probe'

20 þggenomic DNA were digested with BamH I, transferred to a nylon membrane and

subjected to southern blot analysis using the BamHIlHind III 5'external probe.

C. Southern blot analysis of targeted W9.5 derivatives using internal probe

20 þggenomic DNA were digested with BamH I, transferred to a nylon membrane and

subjected to southern blot analysis using the Nco IlBamHI 3'external probe'
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days of selection at 250 pgml G418 were picked, of which 400 were immediately expanded in

duplicate for storage and analysis, while the remaining 400 colonies were immediately frozen

at -80"C as a backup pool of clones to be analysed only if necessary. Genomic DNA was

prepared from each clone and were characterised by Southern blot analysis. Six of the fnst

130 ES cell clones tested displayed the Southern blot pattern expected for a targeted alleles.

These targeted ES cell clones were retrieved from storage, passaged and expanded.

Upon expansion, two of the six targeted ES cell clones showed high levels of differentiation as

determined by their phenotypic appearance and were thus discarded from subsequent

manipulation and analysis. Numerous aliquots of the remaining 4 cell lines, subsequently

labelled KENKP 24,32, 52 and 69 respectively were prepared for long term storage in liquid

nitrogen.

5.2.2.2.3 Generatíon and characterísahíon of Tec +/- chimaerøs

It is critical to check the karyotype of targeted ES cell derivatives prior to their

injection into recipient blastocysts as the presence of significant chromosomal abnormalities is

known to affect ES cell pluripotence and inhibit colonisation of the germline of chimaeric mice

(Suzuki et al., 1997). Four targeted ES cell lines were karyotyped. As summarised in Figure

5.19, all cell lines displayed a normal 2N karyotype of 40. They were thus retrieved from

liquid nitrogen storage, cultured and prepared for blastocyst injection.

During the course of this Ph.D, numerous attempts were made to generate germline

chimaeras using the KENKP-24, 32, 52 and 69 targeted ES cell lines. Blastocyst injection

experiments were initiated at the end of 1997 using C57Bl6-derived blastocysts. All attempts

made during the two years that followed however failed to generate germline transmitters. As

summarised in Figure 5.20, amajor limiting factor to these experiments was the relatively low

number of recipients blastocysts obtained from C57Bl6 mice (Wrin, personal communication).

Generally, when low numbers of blastocysts were reimplanted into recipient females no pups
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Figure 5.19 Generation and characterisation of W9.5 ES cell derivatives targeted at

the Tec locus.

A. Statistics of electroporation experiment of W9.5 ES cells

Selection was carried out at 250 ¡tghtú G418 for 8 days after which 800 G418 resistant

colonies were picked manually and characterised by Southern blot analysis to identify

successful targeting events. Mock transfection controls were carried out with no DNA.

Transfected ES cells were also plated with no selection to characterise cell survival

efficiency.

B. Karyotlpic analysis of targeted ES cell derivatives.

Graphs showing the number of 2N chromosomes counted in the 4 Tec -/+ ES cell lines.

Chromosome spreads were prepared and stained as described in 2.3.7 and viewed under

bright field optics on the Zeiss Axioplan Universal microscope.
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Figure 5.20 Summara of blastocyst injection experiments carried out using Tec'/+ ES

cells

Table shows chronological summary of blastocyst injection attempts carried out between 1997

and 2000 according to the two mouse strains used to donate the blastocysts.

(A) Injections carried out using C57Bl6 blasotocysts.

(a) total number of blastocysts recovered from donor listed in brackets

(b) percentage chimaerism indicated in brackets

(A) Injections carried out using B6D2F1 blastocysts.
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were born, thus reflecting the need for a critical number of embryos to ensure normal

development of the transferred litters. In summary, only 5 chimaeric pups had been obtained

using C57Bl6 blastocysts, three of which showed over 507o coat colour chimaerism. None of

these showed germline transmission of the targeted Tec allele despite an extensive breeding

program.

To address this problem, an alternative B6D2F1 blastocyst system which is compatible

with a large number of ES cell lines was chosen. Larger numbers of blastocysts were expected

from these mice as they appear to be responsive to hormone treatment (J. Wrin, personnal

communication) Injection of blastocysts was carried on five separate occasions and a

significantly higher number of blastocysts were consistently obtained on each occasion. In

general, approximately 50Vo of reimplanted blastcosysts developed to term (Figure 5.20). As

mentioned in section 5.1, coat colour chimaerism is generally considered as an indicator of

germline chimaerism. Percentage chimaerism is generally used to select chimaeric animals to

be used for breeding. The percentage of coat colour chimaerism observed for each targeted

ES cell line is summarised in Figure 5.21. In total, 27 chfuaeras were obtained and coat

colour chimaerism appeared to vary depending on the targeted ES cell used. Chimaeric mice

generated with I(ENKP-69 showed the highest levels of coat colour chimaerism. Animals with

a minimum of 25Vo agouti coat colour were bred to C57B16 mice to identify potential germline

transmitters. As summarised ìn Figure 5.22, when possible, six litters were generated for each

chimaeric animal including female chimaeras, unless chimaeric animals had died during the

breeding program. Of these, three animals which include those with the highest level of coat

colour chimaerism, appeared to be sterile. In total 436 pups were obtained, none of which

showed germline transmission.

t32



Figure 5.21 Analysis of coat colour chimaerism observed in mice produced with Tec'/+

ES cells

A. picture of chimaeric animals obtained from injection using KENKP-32 cell line

B. The graph shows the percentage contribution of agouti coat colour observed on an

otherwise black background. Percentages were determined based on surface area covered

by agouti coat colour. Each column represent individual mice.
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Figure 5.22 Summary of breeding program carried out to identify germline

transmitters

Both male and female chimaera that showed a minimum of 257o coat colour chimaerism \ryere

bred to C57Bl6 mice. Number of offsprings from each matings are üsted. Germline

transmission is identified by the transmission of the agouti coat colour. Mice that do not carry

the Wg.s-derived alleles are characterised by the black coat colour.
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5.2.2.3 Generatíon of Tec -/- ES cells

As previously mentioned, the power of ES cells lies not only in their ability to

contribute to the developing embryo following their re-introduction into recipient mouse

blastocysts, but also in their ability to differentiate in vitro thus allowing for critical information

to be gathered in a relatively short time. Studies carried out using such in vitro dtfferentiation

approach are obviously less complex than those carried out in genetically manipulated mice as

they generally concentrate on a specific cell lineage. As described in Chapter 4, studies of the

phagocytic function of macrophage cells suggested a role for Tec in phagocytosis. In vitro

differentiation protocols for ES cells had been reported that effrciently produce macrophage

cells (Wiles and Keller, l99I; Keller et al., 1993; Lake et al., 2000). The role of Tec in

macrophage differentiation and function in vitro was thus investigated fuither.

The overall strategy of this approach is described in Figure 5.23. To disrupt the non-

targeted allele of Tec -/+ ES cells, the genomic fragment encompassing exons 3-8 of the Tec

gene was replaced with a selectable marker to confer resistance to the antibiotic

Hygromycin B. To confirm that phenotypic differences between Tec deficient cells and those

expressing Tec were not due to a clonal effect, analysis was planned in targeted derivatives

from at least two parental cell lines. Targeting was thus carried out in KENKP-24 and

KENKP-32 Tec-/+ ES cells.

5.2.2.3.1 Generatíon of gene targetíng construct

Briefly, the Hygromycin marker was isolated as a EcoR USma I fragment from the

plasmid pgktlygro/ÂLT20 (Gassman et â1., L992) and was subsequently cloned into

EcoRIlSma I linearised pBluescript II KS* to generate the pKS+Hygro plasmid shown in

Figure 5.24A. 5' homology sequences were isolated from pK16 (Figure 5.24A) by restriction

eîzqe digestion with KpnI. The 6 kb Kpn\tKpn I fragment of pK16 was separated from

vector sequences by gel electrophoresis, purified and cloned rnto Kpn I linearised pKSÏygro
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Figure 5.23 Targeting strategy for the generation of Tec -/- ES cells

A restriction enzyme map of the Tec locus showing Sac I sites is shown at the top. A

restriction enzyme map of the region of the locus that is targeted in this second round of gene

targeting is shown underneath. Homologous recombination events of the gene targeting

vector are represented as black crosses and the resulting targeted allele is represented under

the black affow. A second targeting event, using a vector containing a Hygromycin Resistance

(HygroR) gene is indicated at the bottom. Tec -l- ES cells are expected to contain both NeoR

and HygroR replacement vectors. Exons are represented as black boxes and the neomycin and

hygromycin resistance cassettes as hatched boxes.
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Figure 5.24 Diagrammatic representation of cloning steps involved in the generation of

the pKK.Hygro.KP2.8 gene targeting vector

A. Restriction enzyme map of pK16 and pKS+Hygro. Restriction enzyme digestion of pK16

with Kpn I was used to isolate the 5' homology region of the gene targeting vector. This

KpnUKpn I fragment was inserted into KpnI linearised pKS+Hygro.

B. Restriction enzyme map of pKK.Hygro and pSK-KP2.8 plasmids. The 3'homology arm of

the targeting vector was inserted as .EcoR YlNot I fragment into Sma UNot I linearised

pKK.Hygro.



üar.t

Þw

i
o\X̂

¡iÉr

úaão

Éou')
ãä+a\ (t) o.
E^ã

IJ 
'F)oò r,ì a

o P¡r.
oo ò'
3¡J9<9)Ss>,
Ès
È=gB
-iOQ

3
g

-Kpnl
Hinc ll

- 
Hindlll

Sac I
Hindlll

Sac I

- 
Hinc II
EcoR I
BamÍIl

Kpnl

Hinc Il

BcLll

Bgl lI

Sac I

Sac I

Hinc Íl
XbaI
EcoR I
Bgl rI
BamHI

Kpn I
I, EcoRl

I

Hinc ll

RI

BamH I
Not I
Sac I

I
I

I I

BamHl
Pst I
EcoRl

CIal
EcoR

I

I

I
0eã

Hinc Il BamH I
Xbal
Not I13

V)
7ì
I

X
F)
æ

(,I

0a



to generate pKK.Hygro (Figure 5.248). The 3' homology region of the targeting vector was

derived from pSK.KP2.8 as an EcoRYlNot I fragment. The 2.8 kb fragment was subsequently

purified and ligated into Sma IlNot I linearised pKK.Hygro (Figure 5.248). A restriction

enzyme map of the resulting plasmid, pKSÏ<K.Hygro.KP2.8 is shown in Figure 5.25A and B.

pKSï(K.Hygro.KP2.8 was used as the gene targeting vector in second round targeting

experiments. Prior to transfection into ES cells, plasmid preparation of pKSÏ(K.Hygro.KP2.8

was purified on a CsCl gradient, digested with Nor I and extracted with phenol chloroform.

5.2.2.3.2 Generatíon and characterisatíon of Tec -/- ES cells

To generate Tec -l- ES cells, two ES cell lines (KENKP-24 and 32) were

electroporated with Not I linearised pKS+KK.Hygro.KP2.8 using the parameters described in

Kwee et al., 1995. To prevent homologous recombination events at the pKE.Neo.Kp2.8

targeted Tec allele, selection was carried out in both Hygromycin B and G418 for 10 days. As

no feeder cell line was available that was resistant to both antibiotics, and given time

constraints that prevented the generation of such a feeder cell line, selection was carried out in

the absence of a feeder layer on gelatinised plates. This was not expected to be detrimental to

the experimental approach given that in vitro dlfferentiation protocols require that ES cell lines

be adapted to feeder-free culture conditions. As summarised in Figure 5.26A, 200

G4l8/Hygromycin B resistant..colonies were picked after 10 days. Colonies were expanded in

duplicate for liquid nitrogen storage and Southern blot analysis. The apparent effrciency of

targeting events using this construct was much lower than expected based on ftrst round

targeting results. Although two Tec -/+ Iines had been electroporated, only one Tec -/- clone

was identified by Southern blot analysis (Figure 5.268). This ES cell clone was subsequently

expanded and frozen for long term storage. Karyotyping of the cell line confirmed the absence

of gross chromosomal abnormalities (Figure 5.26C).
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Figure 5.25 Characterisation ofpKK.Hygro.KP2.S

A. Restriction enzyme map of pKK.Hygro.KP2.8 plasmid

Regions of homology are represented as thick black lines and the Hygromycin resistance

cassette as a hatched box. Underlined is the Not I restriction enzyme site used to linearise

the vector prior to transfection.

Gel electrophoresis of restriction elzyme digest products of pKK.Hygro.KP2.8B
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Figure 5.26 Characterisation of Tec'/' ES cell clones

A. Electroporation statistics for the generation of Tec-/- ES cell clones

Selection was carried out in Hygromycin (100pg/rnl) and G418 (250 pglrnl) for 10 days

after which a total of 200 colonies were picked and analysed by restriction enzyme

digestion and Southern blot analysis. Transfected ES cells plated with no selection were

used to determine the survival rate of transfected cells'

B. Southern blot analysis of G418/Hygromycin resistant ES cell using the 3' external probe.

Note that lane 2expected to represent a double knock out ES cell clone'

C. Karyotypic analysis of Tec -/- ES cell clone

Graphs showing the number of 2N chromosomes counted in the Tec -l- ES cell line.

Chromosome spreads were prepared and stained as describedin2.3.7 and viewed under

bright field optics on the Zeiss Axioplan universal microscope.
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5.2.2.3.4 Analysís of phagocytíc characterístícs of ES cell in vítro dífferentíatíon product

The results described in this section represent observations made during three

independent in vitro differentiation experiments. Each experiment utilised ES cells of the same

passage number to ensure that differences were not due to extensive passaging of ES cell lines.

Wild type W9.5 and Tec +/- KENKP-32 ES cells were adapted to feeder-free culture

conditions for in vitro dlfferentiation studies by multiple passages on gelatinised plates.

The in vitro dtfferentiation system used followed the protocol optimised in the

laboratory of Prof. P.D. Rathjen to ensure effrcient differentiation of ES cells into

macrophage cells (Remiszewsky,200O and Lake et al., 2000). This in vitro dtfferentiation

system relies on the formation of EPL cells (Lake, 2000) prior to the formation of embryoid

body structures and is reported to result in effrcient hematopoietic differentiation from ES cells

(Lake et al., 2000, Remischesky, 2000). In the presence of IL-3 and M-CSF, 807o of

embryoid bodies reportedly release macrophage cells as confirmed by staining with the

macrophage specific F4l80 antibody (Remiszewsky, 2000).

Differentiation in methylcellulose was carried out for 8 days. By this time embryoid

bodies appeared to have ruptured and cells were identified that formed a halo surrounding the

embryoid body structures which will be referred to as colony bursts. Colony bursts were

visualised by phase contrast microscopy and images were captured using a Nikon inverted

ECLIpSE TE 300 microscopè. Photographs of typical embryoid body morphology obtained

for W9.5 ES cells and its targeted derivatives are depicted in Figure 5.27. Wild type and Tec -

/+ embryoid bodies were characteristically opaque in the centre and macrophage cells appeared

to form an extending mass surrounding the embryoid bodies (Figure 5.27Aand B). Tec -/- ES

cells generally failed in all three attempts to generate similar structures @gure 5.27C). Over

the course of these experiments, embryoid bodies generally showed an extremely small colony
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Figure 5. 27 In Vitro differentiation of ES cells into macrophage cells

Bright field images of embryoid bodies subjected to in vitro differentiation into macrophage

cells in methylcellulose. (A-B) wild type embryoid bodies; (C-D) Tec -l+ embryoid bodies and

(E-F) Tec -l- embrYoid bodies.

G. Effrciency of differentiation quantitated based on the proportion of embryoid bodies

forming the characteristic colony burst seen in A and B'

Bar = 100pM
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burst size-if any at all- compared to those obtained for Tec+/+ or Tec-/- ES cells (Figure

s.27C).

The phagocytic properties of macrophage cells generated from these embryoid bodies

was subsequently confirmed by immunohistochemical analysis. In these experiments, in vitro

differentiation products were first replated on glass coverslips. Tec+/+ and Tec+/-

macrophage cells generally replated efficiently. Embryoid bodies could also occasionally be

identified that had adhered to the glass coverslips. Phagocytic assays were generally set up 24

hours after replating using hIgG optimised Zymosan A as described in Chapter 4. As seen in

Figure 5.28A although in vitro differentiation conditions had been optimised for macrophage

differentiation, upon replating, cells with no phagocytic ability could also be identified (Iæft

hand panel). The majority of cells obtained for Tec -l+ in vitro differentiation displayed

macrophage-like characteristics that included adherence to the substratum and the presence of

hlopodial extensions. Most importantly these macrophage cells had the ability to bind and

effrciently internalise hIgG opsonised exogenous material (Figure 5.28 inset). The

internalisation of Zymosan A appeared to be highly efhcient as numerous Zymosan A particles

were characteristically internalised by single macrophage cells @igure 5.28, inset). As

previously mentioned, non phagocytic adherent cells were also identified in these preparations'

These were generally morphologically distinctive from macrophage cells as they had a flattened

appearance, relatively large èytoplasms and a prominent nucleus which were observed to

extend from adherent embryoid bodies.

As expected Tec -/- ES cell differentiation experiments did not produce characteristic

macrophage like cells after replating. Following overnight culture at 37oC fewer cells were

observed on the glass coverslips, none of which resembled macrophage cells (Figure 5.28 right

hand panel). This was not unexpected given that embryoid bodies had not ruptured in the

methylcellulose matrix assay. Generally embryoid bodies could be identified that had adhered
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Figure 5. 28 Characterisation of the phagocytic characteristic of embryoid'body

derived macroPhage cells

Embryoid bodies were subjected to in vitro differentiation into macrophage cells in

methylcellulose. In vitro differentiation products were then washed in DMEM and re-plated

onto glass coverslips. Phagocytic assays were carried out as described in Chapter 4.

I."ft hand panels depict in vitro differentiation product derived from Tec -/+ ES cells that had

been replated on glass coverslips. The asterisk points to non-macrophage cells as determined

by their inability to phagocytose IgG opsonised Zymosan A particles.

Right hand panels depict in vitro differentiation product derived from Tec -/- ES cells that had

been replated on glass coversliPs

Bottom panels show a larger magnification of the boxed regions. The left hand panel depicts

macrophage cells and highlights their extended filopodia. Large numbers of internalised

Zymosan A particles are visible in this panel confirming their identity as macrophage cells. The

right hand panel shows non macroplraee cells recovered following the replating of Tec -l- in

vitro differentiation products. Note the absence of internalised Zymosan A particles.

Bar = 100¡lM
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to glass coverslips. Cells were observed around these that had a flattened appeafance'

relatively large cytoplasms and did not resemble macrophage cells morphologically' These

cells were subjected to phagocytic assays but as expected where unable to ingest target particle

(Figure 5.2g (inset)). This provided fuither indication that no macrophage cells were obtained

from the Tec -l- ES cell line.

5.3 Discussion

The work described in this chapter aimed to characterise the function of Tec both in

vivo using genetically manipulated mice and, in vilro using a well established in vitro

differentiation system for ES cells. Both approaches were highly dependent on partial

characterisation of the structure of the Tec locus. The information gathered from these

preliminary studies was subsequently used in the design of the gene targeting strategies

described in this chaPter.

Tec genomic sequences described in this thesis were isolated and characterised in

collaboration with K. Stevens and A. Merkel. The structure of the Tec gene was shown to

generally resemble that of other members of the Tec family of protein tyrosine kinases,

including Btk andrxk. Exons located at the 5' end of the locus are sparsely distributed, while

3, introns are generally shorter. The 3' end of the Tec locus is located within 1.5 kb or the Txk

promoter regions suggesting that Txkcould have arisen from the duplication of the Tec locus'

Using genomic DNA sequences isolated during gene mapping studies, gene targeting

vectors were designed and constructed to disrupt the Tec locus in ES cells. Unfortunately,

despite numerous attempts over a 3 year period, genetically altered heterozygous or

homozygous mice could not be obtained from these ES cells. The first attempt which used

EL4TG2aES cells failed to generate targeted ES cell clones, probably due to the relatively

short 3, homology arm of the construct. As reported in Deng and Capecchi, (1992) the rate of
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homologous recombination events increases exponentially with increased length of homology,

although targeting effrciency probably varies depending on the target loci'

The second targeting attempt used the feeder dependent w9.5 ES cell line which

successfully generated targeted ES cell clones. This increase in effrciency can be attributed to

at least two factors. First the increase in the length of homology shared between the target

locus and second the identity of the ES cell line used. Studies by udy et al" 1997 have

demonstrated that targeting efficiencies can vary between ES cell lines, by 3 fold between

isogenic cells line and as much as 12 fold between non isogenic cell lines. It remains possible

that targeting efficiencies were also influenced by in vitro culture conditions of ES cells prior

to transfection.

Following their return to recipient blastocysts, 4 of these lines, all of which displayed a

normal karyotype, failed to show germline transmission despite high rates of coat colour

chimaerism. The reason for this failure remains unclear. Wild type W9.5 ES cells had been

tested prior to the beginning of this series of experiments and showed relatively high rates of

germline transmission (J. Wrin, personal communication). However, three independent

attempts made since this original test, using targeted derivatives of the W9'5 ES cell line

(carrying mutation of different loci), have failed to generate targeted mice (J' Wrin' personal

communication). It is possible that the difference in germline transmission efftciency observed

between the parental w9.5 ES cell and its targeted derivatives has been caused by the

extended culturing of ES cells necessary to generate targeted derivatives' The wild type W9'5

ES cell lines used to generate targeted derivatives had already been passaged at least 15 times

prior to their use in these gene targeting experiments, and rec -/* ES cell derivatives required

approximately 6 more passages prior to their reintroduction into blastocysts' Although

Bradley et al. (19g4) had shown that ES cells could still contribute to the germline after 15

passages, others had shown that this ability declines with the number of ES cell passages
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(Nagy et al., 1993) probably because of the accumulation of chromosomal abnormalities

associated with extended culture (Liu et al.,1997)'

Because targeted ES cells failed to generate genetically altered mice, Tec function in

these cells was subsequently studied using a well established in vitro dlfferentiation system.

Although Tec-/* ES cells had failed to contribute to the germline of chimaeric mice, they

appeared to retain their ability to differentiate in vito and form macrophage-like cells with

kinetics similar to that of wild type ES cells. To investigate the role of Tec in macrophage

differentiation and function, Tec -l- ES cells were also generated through a second round of

targeting using two independent Tec -/+ ES cell lines. The use of independent ES cell lines

was proposed to avoid problems associated with clonal variation often observed with ES cells

and would enable differences in macrophage cell differentiation and function to be attributed to

the loss of Tec function. Unfortunately, only one targeted ES cell line could be generated from

this experiment. It is therefore important to treat the observations made in these studies

cautiously. An additional round of targeting using a different Tec -/+ parental cell line should

thus ideally be performed. The experiment protocol for in vitro differentiation described in

Lake et al. (2000) used feeder independent ES cell lines. Experiments described in this thesis

however used W9.5 derivatives which needed to be adapted to feeder independent culture

conditions thus requiring additional in vitro manipulation. All cell lines used in this series of in

vitro differentiation assays (wild type, Tec -/+ and rec -/-) were subjected to feeder

independent culture conditions. It is thus possible that changes in culture conditions might

affect the quality of ES cells and hence their ability to differentiate in vitro.

The jr¿ vitro differentiation system utilised in these studies is extensively used in this

department and conditions have been optimised for macrophage cell differentiation originally

detected by F4ls0 staining (Hudson, personal communication). ftr vitro diffetentiation of Tec -

/+ ES cells successfully generated macrophage cells which could clearly be identified by their
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characteristic morphology. The kinetics of differentation observed for Tec -/+ ES cells are

similar to that of wild type ES cells. Macrophage cells are detectable following 8-10 days in

methylcellulose, and both wild type and Tec -l* macrophage cells are able to internalise IgG

opsonised Zymosan A following replating on glass coverslips. There appears not to be a dose

dependent requirement for Tec during phagocytosis'

Interestingly no cells with macrophage morphology were isolated from three

independent in vitro differentiation attempts of Tec -/- ES cells. Embryoid bodies in these

experiments generally failed to display the characteristic burst seen with wild type and Tec-l+

ES cells suggesting a defect in macrophage differentiation in vitro. Because macrophage cells

failed to be generated, the requirement for Tec in phagocytosis could not be characterised

further. All cells isolated upon replating of the in vitro differentiation products were

morphologically different from macrophage cells and resembled fibroblast cells. They

appeared flattened in appearance with large cytoplasms and no pseudopodia extension. These

typically resemble fibroblast cells. Phagocytic assays set up using these cells also confirmed

their inability to internalise IgG opsonised Zymosan A.

At least three different reasons can be proposed to explain this defect in macrophage

cell production. First, the absence of macrophage cells observed in these experiments might

directly reflect a lesion in the macrophage differentiation pathway caused by the absence of a

functional Tec gene. Secondiy, the absence of macrophage cells in these assays could reflect

the inability of differentiated macrophage cells to migrate out of the embryoid bodies, resulting

in the absence of the characteristic colony burst structures seen in wild type and TecT+

differentiation experiments. This is not unlikely given the association of Tec with plasma

membrane ruffles and cytoskeletal structures often seen during the spreading of macrophage

cells (Chapter 4). These structures are also necessary for cell migration. To differentiate

between these possibilities, embryoid bodies need to be tested for the presence of macrophage
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specific markers both at the mRNA level, by RT-PCR or RNase Protection Analysis, and at the

protein level by immunofluorescent staining for the macrophage specific markers such as

F4l80. Alternatively, embryoid bodies could be disrupted mechanically to release a single cell

suspension that can subsequently be stained for F4l80 and exposed to phagocytic targets to

identify potential macrophage cells. Should macrophages not be detected by either methods,

the role of Tec in macrophage differentiation can further be confirmed by complementation

experiments. In these experiments, a Tec transgene could be introduced into Tec-l- ES cells

by standard transfection protocols to generate transgenic ES cells. These could subsequently

be subjected to in vitro dlfferentiation protocols to test the ability of the Tec transgene to

rescue the defective phenotype. More sophisticated mutations could also be introduced in this

system to identify the role of each domain in macrophage cell differentiation. Finally, it

remains possible that the lack of macrophage production by the Tec-/- cell line generated

during these experiments reflects clonal variation or loss of pluripotency associated with the

additional manipulation required to generate this cell line. Unfortunately no other targeted cell

line had been identified to eliminate such possibility. Further characterisation of the differential

potential of this cell line is therefore necessary. Preliminary conclusions from the studies

described in this thesis suggest a potential role for Tec in macrophage cell differentiation in

vitro. Tlns report is the first to suggest such a role and more detailed studies will be required

to confirm and characterise this possibility.
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CHAPTER 6z

FINAL DISCUSSION AND FUTURE

DIRECTIONS



6.1 Final Discussion

Signal transduction is essential for cell metabolism, gene expression, cytoskeletal

reaffangement, proliferation and apoptosis, all of which are cellular functions that are critical

for the survival of multicellular organisms. Extra-cellular stimuli in the form of soluble ligands

and/or proteins attached to extra-cellular matrix components are able to stimulate specific

receptors at the plasma membrane and influence such functions. The molecular details of the

events that follow receptor activation have, over the last two decades, been the subject of

numerous studies, and many of the molecules responsible for the passage of the plasma

membrane-initiated signals to specific intracellular effectors have been identified. These

molecules are generally characterised by their ability to interact, in a specific and regulated

rnanner, with other signalling molecules, and in some cases with structural components of the

cell.

The Tec family of protein tyrosine kinases is characterised by the presence of three

protein-protein interaction domains, namely the PHTH, SH3 and SH2 domains' in addition to

the kinase domain, which acts as the critical enzymatic determinant of the protein. It has

recently emerged as a major component of the signal transduction pathways activated by the

family of antigen receptors (recently reviewed in Schaeffer and Schwartzbetg,2000)'

To date, the role of Btk in B cells and, Itk and Txk in T cells has been characterised in

detail. Recent reports suggest an important role for these tyrosine kinases for the maximal

activation of phospholipase C-y (PLCY) @uckiger et al., 1998; Takata and Kurosaki, 1996;

Liu et al., 1998; Schaeffer et al., lggg), through the formation of a multiprotein complex that

is nucleated by LAT and SLp-76 in T cells, and BLNIíSLP-65 in B cells (Bunnell et al., 2000;

Hashimoto et al., 1999;Shan and Wange et al., 1999; Su et al., 2000)' The biological role of

Tec is less well characterised . It is reportedly phosphorylated and activated in response to
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numerous cytokines including stemcell factor (SCF) (Tang et al', I994),IL-3 (Mano et al''

1995), IL-6 (Matsuda et al., 1995), granulocyte colony-stimulating factor (G-csF) (Miyazato

et al., lggi),erythropoietin (Epo) (Machide et al., 1995), thrombopoietin (Tpo) (Yamashita et

al., 1997) or granulocyte-macrophage colony-stimulating factor (GM-CSF) (Yamashita et al"

1ee8).

6.1.1 Biological signiflrcance of TecIII and IV isoforms

Several isoforms of the Tec transcripts have been reported in the literature of which

two, TecIII andTeclVhave been shown in this thesis to be most abundant in mouse embryonic

and adult tissues (3.2.t). The structure of the Tec gene suggests that these two isoforms arise

from alternative splicing of the Tec mRNA. The full length Tec ftanscnpt gives rise to TecIV'

which is detectable in numerous tissues (3.2.1.3) while skipping of exon 8 generates the

shorter TecIII transcript, which appears to be most predominant in the adult liver and kidney.

While detailed characterisation of the distribution of TecIII and TecIV transcripts was carried

out during the course of this ph.D, the lack of suitable isoform specific antibodies prevented

similar analysis to be carried out on appropriate protein extracts. It remains unclear whether

TecIII and TecIV proteins are distributed in a rnanner simila¡ to their respective transcripts'

Theoretically isoform-specific antibodies can be generated using antigenic material consisting

of recombinant peptides that encompass the full length and truncated SH3 region of TecIV and

TecIII. Unfortunately, despite numerous attempts in this laboratory, this approach has failed

to generate the desired antibodies (G. Booker, personal communication)'

Studies carried out on hematopoietic cell extracts used the commercially available Tec

antibody (sc 1109, St Cruz Biotechnol ogy) (4.2.I), and have identified a single Tec specific

band (based on electrophoretic mobility) inJ774 ¿¡¿ ÇfTT. cells. This is in contrast to the

identificarion of the two forms of the Tec transcript in these cells by RT-PCR (3'2'2)' The
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significance of this single band remains to be determined. It is possible that it reflects (i) post-

transcriptional and/or post-translational control, (ü) instability of the TecIII protein given the

relatively large section of unstructured peptide in the truncated SH3 region or (üi) tissue-

specihc slippage of the splicing machinery (although this is predicted to be least likely given

the number of tissues that appear to express TecIII). Teclll-specific antibodies would facilitate

further anarysis of these protein extracts. It is possible that the two isoforms of rec cannot be

resolved under the electrophoresis condition used in these studies considering their small

difference in molecular weight and given that the mobility of the two proteins is also affected

by post-translational modihcations of the peptides including tyrosine phosphorylation'

yamashita et al. (1996) frst reported that truncation of the C-terminal region of the

sH3 domain of Tec results in hyperphosphorylation and activation of the truncated Tec

protein. As shown in 3.2.3, exogenous GFP-TecIII, which includes the truncated sH3

domain, also appears to be hyperphosphorylated when overexpressed in coS-l cells' Given

that phosphorylation is generally considered to reflect the activation state of rec family kinases

(Aoki et al., 1994;yamashita et al., tgg6),it is predicted that TecIII will show higher levels of

kinases activity even in the absence of a specific external stimulus. To fuither characterise

differences between the two major isoforms of Tec, in viffo kinase assays need to be carried

out to compare the kinase activity of the two Tec isoforms' These could be performed using

various substrates including Tec to test for auto/trans-phosphorylation, and PLcy (as a

putative downstream effector and substrate for Tec family kinases)'

The mechanism responsible for the hyperphosphorylation of TecIII is unclear'

Fluorescence studies of GFp-TecIII transfected cells have however provided some clues'

visualisation of GFp-TecIII by fluorescence microscopy have identified high levels of plasma

membrane-targeted GFP-TecIII in transfected cells, generally in regions associated with

plasma membrane ruffles, suggesting a possible involvement for Tec in plasma membrane
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remodelling. Constitutive plasma membrane targeting of other members of the Tec family'

mainly Btk has been shown to result in their phosphorylation and activation' The E41K Btk

mutant for example, generally referred to as Btk*, (Li et al., 1995) is phosphorylated on both

tyrosine residues in the absence of specific stimuli (Li et al., 1995; Park et al., 1996). Targeting

of Tec family kinases to the plasma membrane thus appears to be suffrcient for kinase

activation, probably as a result of their proximity to Src family kinases'

ThemechanismbywhichtheE4lKmutationaffectsthephosphorylationofBtkis

relatively well understood. This residue lies in the Btk pH domain and increases the affinity of

the PH domain for plasma membrane phospholipids. The mechanism by which the absence of

a functional SH3 domain in TecIII is able to facilitate the translocation of GFP-TecIII to the

plasma membrane is not obvious. It is possible that in the absence of a functional SH3 region'

proline rich sequences at the c terminus of the TH domain are exposed to SH3-containing

proteins located at the plasma membrane and that such interactions facilitate the recruitment of

TecIII to the plasma membrane. one such interaction has been reported between the TH

region of Tec (including the PRR) and the plasma membrane anchored Src family kinase Lyn

(Mano et al., 1996). Altematively, the absence of the PRR-SH3 intramolecular interaction

might influence the three dimensional orientation of the Tec PHTH domain rendering it more

accessible to phospholipid binding. However, given the specificity of the PH domain of Tec

for PI(3,4,5)P¡ molecules, (Shirai et al., 1998 and Okoh and Vihinen' 1999) it is diffrcult to

explain the high incidence of plasma membrane targeting observed for GFP-TecIII in the

absence of a specific extra cellular stimuli. In fact, the PI3-K inhibitor LY294002 which

inhibits the synthesis of PI(3,4,5)P3 molecules was shown not to affect the targeting of GFP-

TecIII to the plasma membrane. It thus appears that signals other than phospholipid

metabolism must affect the targeting of GFP-TecIII. It is also possible that the exposed PRR

region of Tec might be able to facilitate the targeting Tec to the plasma membrane region via
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sorne uncharacterised protein-protein interactions. The role of actin polymerisation in the

plasma membrane targeting of GFP-TecIII also requires further characterisation'

The study of the mechanism(s) responsible for targeting GFP-Tec to the plasma

membrane requires the generation of site-specific mutants. Mutation of essential proline

residues in each of the pRR consensus sequences (Figure r.2) results in loss of rec-SH3-

binding capability Pursglove (2001). These mutants could be used to investigate the role of

the PRR in plasma membrane targeting. using fluorescence microscopy, the subcellular

localisation of GFp-TecIV and GFp-TecIII PRR mutants could be investigated and compared'

It is predicted that plasma membrane targeting of GFp-TecIV pRR sitel mutants (Figure 1.2)

would suggest a role for the PRR-SH3 interaction in affecting the orientation of the PH

domain and its affinity for the plasma membrane. on the other hand, should the PRR site 1

itself be required for plasma membrane targeting then its mutation in GFP-TecIII would inhibit

the localisation of the GFp-TecIII mutant to the plasma membrane resulting in difftrse

fluorescence. Furthermore, mutation of the SH3 binding pocket of GFP-TecIV should prevent

sH3-pRR binding and is predicted to result in a fluorescence localisation pattern that

resembles that of GFp-TecIII, suggesting a role for the SH3 domain in preventing plasma

membrane targeting. To investigate the role of the Tec-Lyn interaction in plasma membrane

targeting, mutants of the pRR and rH region of GpF-TecIII shourd be generated to identify

the region involved, if any at äll, in such an interaction. should this interaction be important in

plasma membrane targeting of GFP-TecIII then mutants of this region are predicted to show

diffuse fluorescence when expressed in COS-I cells'

The biological role of this activated form of Tec is unclear. Plasma membrane regions

enriched in GFp-TecIII appear to be enriched in filamentous actin and associated with

membrane ruffling, suggesting active re¿urangement of the underlying actin cytoskeleton and
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remodelling of the plasma membrane. Activated Tec at the plasma membrane might thus be

involvedinactiveremodellingoftheactincytoskeleton.

Interestingly, ongoing studies in this laboratory have uncovered a physical association

between the pHTH domain of Tec and the human actin binding protein Actinin-4 (Merkel,

personar communication). Interestingly Actinin-4 has been associated with cell motility and

tumour invasion in breast cancer (Honda et al., 1993). Phosphorylation of actinin is known to

destabilise filamentous actin bundle structures and facilitate the rearrangement of the actin

cytoskeleton. This allows the speculation that in the presence of specific stimuli, such as cell

adhesion or the presence of migratory stimuli, activated Tec at the plasma membrane might be

able to interact with and/or phosphorylate components of the underlying cytoskeleton

incruding actinin, thus facilitating the remodelring of the cytoskeleton. Such possibility

highlights a possible role for Tec in cell migration and metastasis'

6.Í.2 Subcellular Localisation of Tec in macrophage cells

Immunofluorescence studies described in chapter 4 have identified at least four

subcellula¡ pools of rec in macrophage cells. when cells do not adhere to the substratum and

are processed in suspension, Tec appears to be diffuse in the cytoplasm of macrophage cells'

when cells adhere to the tissue culture glass coverslips and cytoplasmic extensions become

visible, Tec is present in ruffle-like regions at the plasma membrane, as well as in association

with the actin cytoskeleton of these filopodia structures. A distinctive Brefeldin A-sensitive

pool of juxta-nuclear Tec is also prominent in adherent cells. The significance of this pool of

Tec remains to be determined. Throughout these studies nuclear localised rec was also

identified although the signals that affect this pool of Tec were not cha¡acterised' These

observations suggest that Tec is a highly dynamic protein that cycles between various

subcellular locations in the cell. It is expected that the subcellular localisation of rec is
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determined by the nature of extra-cellular stimuli. To complement observations made during

this ph.D, fuither quantitative analysis of the subcellular localisation of Tec in macrophage

cells would require confocal microscopy analysis of Tec'

6.1.3 Tec'mediated signal transduction pathways

6.1.3.1 The role of Tec ín antigen receptor sígnaling

The antigen receptor family includes amongst others the B cell receptor (BCR), T cell

receptor (TCR) and Fcy receptors (FcyRÐ. The roles of Btk and Itk as downstream effectors

of the BCR and TCR have been studied in great detail (Schaeffer and Schwatzebetg,2000 for

recent review). This thesis suggests a parallel role for Tec in antigen receptor signalling' as a

downstream effector of the Fcl receptor during the phagocytosis of IgG opsonised particles'

In the BCR and TCR systems, activation of Btk and Itk occurs through a two-step sequence

that involves the association of Btk or Itk with products of PI3-K, mainly PI(3,4,5)P3' at the

plasma membrane, the Src-family-dependent phosphorylation of the Tec family kinase domain

activation loop tyrosine residue and the subsequent auto-phosphorylation of the SH3 domain

tyrosine residue. The recruitment of rec family kinases to the plasma membrane is critical for

their activation and the important role that the pH domain plays in this interaction is reinforced

by several observations. Firstly, PH domain mutations (such as the R28C mutation in Btk)

that affect the affrnity of the Btk pH domain for pl(3,4,5)p¡ molecules result in the Xid

phenotype (Fukuda et al., 1996). Additionally, a decrease in PI(3,4'5)P3 levels such as that

seen in response to the activation of the phosphatase SHIP or in p85a -/- mice also result in the

suppression of Btk activity (Bolland et al., 1998; Suzuki et al., 1999 respectively) thus

reflecting the requirement for PI(3,4,5)P3 molecules in Tec family kinase activation' During

antigen receptor signalling, Tec family kinases phosphorylate and activate PLCY' to facilitate

the mobilisation of calcium from extracellular sources (Fluckiger et a1., 1998; Takata and
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Kurosaki, L996; Schaeffer et al., 1999). They form a protein complex that includes Syk and

PLCY and is nucleated by the adaptor proteins LAT and SLP-76 in T cells, and SLP-65/BLNK

in B cells (Bunnell et al., 2000; Hashimoto et al., 1999; Shan and wange et al" 1999: Su et al',

2000). Such structure is critical for the phosphorylation of PLCy by the two independent

tyrosine kinase families.

The studies described in chapter 4 have uncovered the potential involvement of Tec in

the signal transduction pathway activated by Fcy receptors during the phagocytosis of IgG

opsonised exogenous particles. Many aspects of phagocytosis have been characterised in

detail (Greenberg, 1999; Aderem and Underhill, lg99)' , The interaction between IgG-

opsonised target particles and cell surface Fcy receptors on macrophage cells is rapidly

followed by receptor clustering. Although this had originally been assumed to result from

simple diffr¡sion of the receptors, recent reports suggest the involvement of signalling

molecules such as GTpases including RhoA in this process (Hackam et al., 1997). Following

receptor clustering, Src family kinases instigate a cascade of phosphorylation events (Wang et

al., I994)that initiates at ITAM tyrosine residues, in the y subunit of the receptors (Greenberg

et al., Igg3, l994;Duchemin et al., I9g4). This sequence of events is believed to be the major

activating pathway for phagocytosis. However, phagocytosis can be initiated' albeit with

significantly lower efftciency, in Lyn-/-FgrJ-Hck-l- macrophage cells (Crowley et al" 1997)

thus suggesting an alternative mechanis might exist that is independent of these Src kinases'

The phosphorylation of ITAM tyrosine residues then creates docking sites for the tyrosine

kinase syk (crowley et al., 1997). Syk phosphorylation is proposed to result from a number

of unrelated events. Firstly, low levels of Syk are associated with Fcl receptors (Ghazizadeh

et â1., Igg4) such that receptor clustering alone might be able to induce syk auto-

phosphorylation (Kurosaki et a1., 1995) thus explaining the residual phagocytic activity seen in

the absence of functional Src kinases (crowley et al., 1997). In most cases however, receptor
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aggregation is proposed to result in the activation of Src family kinases which can in turn

phosphorylate and activate FcyR receptor-associated syk (Sidorenko et al" 1995)' Many of

the subsequent downstream events that take place during phagocytosis have also been

identified. These include reafrangement of the cytoskeleton to form the characteristic

phagocytic cup (Allen and Aderem, 1996), calcium mobilisation (odin et al" 1991), activation

of PLQ (Kiener et al., Igg3),protein kinase C (PKC) (Zheleznyaket al'' 1992) and MARCKS

(A[en and Aderem, 1gg5). Other critical effectors of phagocytosis include PI3-K which is

necessary for phagosome closure (Araki et al., 1996) and Rho family GTPases which are also

required to control actin dynamics (reviewed in Chimini and Chavrier, 2000)'

Work presented in this thesis suggests that Tec is also involved in phagocytosis' Tec is

rapidly recruited to the phagocytic cup following particle binding, and is shed following

particle internalisation as particles are drawn into the body of macrophage cells' The

recruitment of rec to the phagosome is dependent on pI3-K activity thus suggesting a critical

role for the pH domain in the redistribution of Tec to the phagosomal membrane. Although

Tec appears to co-localise with F-actin at the phagocytic cup, the redistribution of Tec is not

dependent on the polymerisation of the underlying actin cytoskeleton as Tec can be detected at

the phagocytic cup even in the presence of the inhibitor of actin polymerisation cytochalasin

D. Based on the molecular details of B and T cell receptor signal transduction, Tec is

predicted to be part of a muliiprotein complex nucleated by an adaptor protein such as that of

the BLNITSLP_76 family. At reast two members of this family have been identified in

macrophage cells: sLP-76 and BLNK (Bonilla et al., 2000). The SH2 domain of several Tec

family kinases has also been reported to interact with slp-76 (Su et al., 2000) and both SLP-

76 and BLNK have been shown to cooperate with Tec and syk to enhance PLCY1

phosphorylation (Yamamoto et al., 2001). Surprisingly, SLP-76-/- macrophage cells retain

their ability to phagocytose IgG opsonised exogenous particles (Myung et al'' 2000)'
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suggesting that sLP-76 is not a critical component of the phagocytic signal transduction

pathways in macrophage cells. Similarly, no defects in phagocytosis have yet been reported in

BLNK-/_ mice (pappu et al., Iggg; Xu et al., 2000). It is therefore possible that other as yet

undehned family members, are important for macrophage function and/or that the absence of

significant defects in these sl-p-76 and BLNK deficient mice reflects complementation

between members of this familY.

Recent studies of SCF signalling in erythroid and megakaryocytic cell lines have also

identified the formation of a pl3-K-dependent multiprotein complex that consists of Lyn, Tec

and Dok-l in response to SCF (van Dijk et al., 2000). Dok-1 is an adaptor molecule that has

recently been shown to participate in BCR signal transduction where it is reported to associate

with Tec in a phosphorylation-dependent Inanner (Yoshida et al 2000). In the B cell line

Ramos, cross-linking of the B cell antigen receptor (BCR) results in tyrosine phosphorylation

of Dok-l, and this effect is markedly inhibited by expression of dominant negative mutants of

Tec. Overall these results indicate that Tec can mediate signalling from the BCR to Dok-l'

Dok-l tyrosine phosphorylation has also been associated with FcyRIIB signal transduction

(Tamk et al., 2000). physiologically, Dok-l has been implicated in mitogenic signalling (van

Dijk et al., 2000) as well as in the reaffangement of the cytoskeleton (through its interaction

with the Wiskott-Aldrich protein) during cellular migration responses (Noguchi et al',1999)'

It is interesting that Tec has been shown to associate with at least two distinct families

of adaptor protein, both of which have been associated with distinct signalling pathways in the

cell. The role of these adaptors in FclR-mediated signal transduction is yet to be clarified'

Nevertheless the ability of Tec to participate in various multiprotein complexes would explain

the apparent involvement of Tec in signal transduction mechanisms encompassing that range

from phospholipid metabolism to cytoskeletal reaffangement and mitogenic signal

transduction.
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Additional experiments are required to further characterise FcyR-mediated signalling

pathway(s). First the effect of phagocytosis on the phosphorylation of Tec needs to be

characterised in detail. Preliminary experiments indicate that Tec might be phosphorylated in a

time-dependent manner during phagocytosis and that such phosphorylation is inhibited by the

addition of the pI3_K inhibitor Ly2g4oo2 (data not shown). putative interactions between

BLNK and Tec, and between Tec and syk need to be tested using a co-immunoprecipitation

approach that should be carried out using commercially available BLNK antibodies (such as

sc-8382, St Cruz Biotechnology). A search for potential novel family members of the

BLNIISLP-76 families in macrophage cells could also be carried out using a degenerate PCR

approach. The predicted association between Tec and PLCy needs to be confirmed using a

co-immunoprecipitation approach. Furthermore, given the proposed role for Tec as an

activator of PLCy, in vitro kinase assays using immunoprecipitated material could also be

performed to test the ability of Tec to phosphorylate PLCy in vitro' Finally' it would be

interesting to characterise the phosphorylation status of Tec and PLCy in LynJ-Fgt-l-Hck-l-

macrophage cells (Crowley et al., I99l;Fitzer-Attas et al', 2000) given the reported low level

of phagocytic activity of these cells. It is predicted that in the absence of these src family

kinases, Tec would be hypo-phosphorylated despite the presence of phagocytic stimuli and that

the low levels of particle internalisation observed would reflect low levels of PLGY activation'

6.1.3.2 A possíble role for Tec ín II-3 signalíng

Interleukin 3 (IL-3), GM-CSF and IL-5 are cytokines principally released by activated

T cells. Their activities include stimuration of proliferation, survival and differentiation of

myeloid hematopoietic celrs and enhancement of functions of terminany differentiated myeloid

cells (Arai et al., 1990 and Guthridge et a1., 1993)' IL-3 receptors are present on early

hematopoietic progenitor cells, on a range of committed myeloid cells' eosinophils and

basophils (Arai et al., 1990). Numerous ín vitro studies suggest that IL3 can stimulate myelo-
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monocytic cells and induce the differentiation of the granulocyte and macrophage populations,

as well as stimulate effector functions of these cells, thus contributing to the body's defence

against microbial pathogens (Nicola et al., 1996 and Arai et al., 1990).

In myeloid cells, IL-3 stimulation induces the association of Tec with the Src family

kinase Lyn that is predicted to result in an increase in Tec phosphorylation and activation' thus

positioning Tec as a downstream effector of the IL-3 receptor (Mano et al', 1994 and 1996)'

Interestingly, the Tec-l- ES cell line generated by gene targeting (chapter 5) appears to be

unable to produce macrophage cells when subjected to in vitro differentiation protocols' The

same protocol had previously been optimised for macrophage differentiation (Lake et al"

2000) and consistently produced the characteristic burst of macrophage cells for both wild type

and Tec -/* ES cells. These bursts are easily identified as a halo of cells that appear to have

migrated out of the differentiating embryoid body. upon replating, the cells adhere strongly to

glass coverslips and form elongated cytoplasmic extensions such as those described fot J774

macrophage cells (chapter 4). Most importantly, in vitro generated macrophage cells

successfully internalise IgG opsonised target particles. In contrast, no phagocytic cells could

be isolated following the replating of Tec-/- embryoid bodies, even when attempts were made

to disrupt embryoid body structure. It is possible that such attempts had not successfully

released trapped macrophage cells. Additional manipulation of the embryoid bodies needs to

be carried out using collagenase treatment and/or repeated passage through syringe needles to

achieve a better single cell suspension and consequently better release of any potentially

trapped macroPhage cells.

It had originally been feared that the defects seen with Tec-l- ES cells reflected clonal

variation and loss of pruripotency in these ce[s. while this thesis was in preparation, additional

in vitrodifferentiation of rec-l- ES cells was carried out in the laboratory of Dr P'D' Rathjen'

These experiments show that Tec-/- ES celrs are able to give rise to various cell lineages
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including nerve ce¡s, beating muscre and blood islets thus indicating some level of pluripotency

(J. Rathjen, personnal communication)'

Functionally, the absence of Tec-/- macrophage cells is thus proposed to reflect either

(i) a defect in the macrophage differentiation pathway or (ü) a lesion in the signalling pathway

required for the migration and/or adhesion of macrophage ceus. The addition of IL-3 appears

to significantly increase the efficiency of macrophage differentiation in this system (wiles and

Keller, 1gg1 and Keler et al., 1gg3). It is thus possible that the absence of rec-/- macrophage

cells results from a lesion in IL-3 and/or M-CSF signalling thus suggesting a possible role for

Tec in IL-3 signalling. The role of Tec in the differentiation of macrophage cells in vitro

remains to be clarified. Tec-l- embryoid bodies should be analysed for the expression of

macrophage specific genes such as F4l80 or Mac-1 using RT-PCR or RNase protection

analysis. The absence of these markers would confirm the inability of these cells to

differentiate into macrophage cells. Further confirmation of macrophage differentiation defects

should be carried out using rescue-type experiments where exogenous Tec, under the control

of a macrophage specific promoter. under macrophage differentiating conditions the

expression of rec is predicted to be able to restore the ability of rec-/- ES cells to generate

macrophage cells. Further characterisation of the phagocytic potential of such cells would be

required to confirm the restoration of macrophage specific functions'

Whilethisthesiswasinpreparation,Ellmeieretal.(2000)reportedthegenerationand

characterisation of mice deficient for Tec. These studies suggest that Tec deficient mice are

viable and fertile. surprisingly, hematopoiesis is also not obviously impaired in these mice'

Tec_deficient B and r lymphocytes behave rike wild type cells in both in vitro prorrteration

assays and in vivo immunrzation experiments. The myeloid lineage was characterised by FACS

analysis and did not identify any developmental defects. However, it remains unclear whether

Tec deficient myeloid cells, including macrophage cells behave normally' In light of the
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preliminary results presented in this thesis, it would be interesting to test the phagocytic ability

of Tec deficient macrophage cells. Further characterisation of the innate immunity response of

Tec-deficient macrophage cells to a range of pathogens might identify possible Tec-dependent

physiological processes. Btk/Tec double KO mice were also generated in those studies'

Compared with Btk single KO mice, these mice suffered severe changes in splenic architecture

and showed further disruption of B cell development. These results suggest that Tec family

kinases are able to partially rescue each other although it appears that developing murine B

cells have differential requirements for functional Tec family kinases. Btk (or an other Tec

family member) thus appears to be able to fully compensate for the loss of Tec in Tec deficient

mice while Tec can not compensate for the loss of Btk. This might reflect differences between

the various members of this family in substrate specificity, binding affrnities and or expression

levels. These results contrast the in vitro differentiation results presented in this thesis, which

identified the inability of Tec deficient ES cells to generate macrophage cells in vitro. It is

possible that the absence of Tec-/- macrophag e in vitro reflect limitations of the in vitro assay

system used in the studies especially limitation in the variety of exogenous'differentiating

factors added to the differentiating medium. In summary, it appears that Tec is not required

for the myelogenesis in vivo and that its requirement in vitro will require fuither

characterisation.

6.1.3.3 A possible role for Tec in apoptosís

Conflicting evidence has been reported in the literature regarding the role for Tec

kinases in apoptosis, and most studies have concentrated on the role of Btk in B cell apoptosis'

on the one hand, Btk is required to induce Bcl-xLtranscription in response to IgM stimulation

and as such has a protective role (Anderson et al., 1996). On the other hand, it also appears

necessary for radiation-mediated apoptosis (Uckun et a1., 1996) as well as cytokine deprivation

induced apoptosis (Kawakami et al., 1999) in B cells'
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Preliminary evidence presented in chapter 3 suggests that hyperphosphorylated TecIII

protein is associated with a higher incidence of cell death in the absence of serum when

transfected into coS cells than TecIV. It is possible that this reflects a mechanism to eliminate

cells that show hyperactivation of rec kinase activity in the absence of an appropriate external

stimulus. This would act as a selection mechanism to protect against overstimulation of rec

kinase activity. As apoptosis was not the focus of the research presented in this thesis' the

natureofthesehighlevelsofcelldeathwasnottested'

6.1.3.4 A possíble role for Tec in møcrophage adhesíon and mígrafíon

The signal transduction pathways that are involved in macrophage cell adhesion and

migration appeaf to overlap extensively with those necessary for phagocytosis (reviewed in

I-owen and Berton, lggg). A number of signalling morecules identified as critical effectors of

phagocytosis are also involved in myeloid cell adhesion/spreading and migration' These

include tyrosine kinases such as Src family kinases and syk (Yan et al" 1997; Suen et al''

1999;Felsenfeld et al., Lggg, Lin et al., 1995 and Fernandez and Suchard' 1998), Rho family

GTPases (Allen et al., 1997;Allen et al., 1998) and actin cytoskeleton-associated proteins such

as cr-actinin (Pavalko et al., 1993). Myeloid cell adhesion and/or migration are generaþ

mediated by integrin receptors (Lowell and Berton, 1999). Effectors of this pathway include

src family kinases (suen et a.lr., Iggg,Meng and Lowell, 1998), Syk (Lin et al" 1995; Yan et

al., 1997, Hirano and Kanno, 1999), PLCy, PKC and calcium signalling' PI3-K (Meng and

I-owell, 1998 and 1999), Rho GTPases (Allen et al., lgg7), and numerous cytoskeletal

proteins (Hirano and Kanno , Lggg). Some limited evidence also suggests the involvement of

Tec in integrin signalling (Hamazaki et a1', 1998)'

As previously mentioned, it is proposed that Tec might be involved in macrophage

migration and/or adhesion. The absence of macrophage cells observed in Tec-/- ES cell in

vítro rnghtthus reflect the inability of rec-/- macrophage cells to migrate out of the embryoid
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bodies and form the characteristic burst of macrophage cells seen in wild type and Tec-/+ cells'

This is not unlikely considering the similarity between the membrane proximal events involved

in cell spreading and/or adhesion and those identified in particle internalisation, and given the

proposed involvement of Tec in both signalling pathways' The disruption of these embryoid

bodies and replating of differentiation products were also unable to isolate phagocytic Tec-l-

macrophage cells thus suggesting that any macrophage cells that might have been produced -if

any, were unable to adhere to the culture substratum' Similar defects have been seen in

macrophages lacking Src family kinases (Crowley et al', 1997; Fitzer-Attas et al" 2000) and

Syk (CrowleY et al., 1997)'

6.2 Future Directions

AsaresultoftheworkcarriedoutduringthecourseofthisPh.D,severalareashave

been identified that will require further analysis. These include (t) in vivo analysis of Tec

function in the mouse, (ü) the in vitro characterisation of the molecurar details of rec action in

FcyR_mediated phagocytosis and (üi) the in vitro characterisation of other potential rec-

mediated signal transduction pathways identified during the course of this Ph'D'

It is obvious from the data presented in 5.2.2.2.3 that the Tec-l* ES cell lines used in

these studies are unable to coronise the germrine of chimaeric animal. As previously

mentioned, this diffrculty is prèdicted to reflect a decrease of pluripotency which has since then

been identified to result partry from the poor quarity of the parental ES line used (J. wrin,

personal communication). Further characterisation of rec function in vivo using a gene

targeting approach would therefore require re-targeting of an appropriate ES cell line using the

gene targeting vector described in 5.2.2.2.1' Targeting of Tec in the mouse has been reported

to generate viable homozygous animals. Further characterisation of these animals is thus

necessary to investigate the role of rec in the myeloid compartment. FACS analysis of the
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hematopoietic lineages should be carried out to determine the need for Tec in macrophage

differentiation. Should viable macrophage cells be obtained, further analysis of Tec function

needs then to concentrate on rnacrophage cell functions including FcyR-mediated phagocytosis

as well as integrin-dependent cell adhesion and migration.

The work presented in this thesis has also identified a potential role for Tec in FcyR-

mediated signal transduction during the internalisation of IgG-opsonised particles' For

convenience, all the work presented in chapter 4 and 5 had been carried out using IgG-

opsonised Zymosan A as target particles for phagocytosis assays' However' it appears that the

use of IgG-opsonised fluorescently labelled latex beads might be more appropriate as it would

enable better visualisation of the forming phagosome. Furthermore, F-actin accumulation at

the phagocytic cup and the effect of PI3-K inhibitors have also been reported to be dependent

on the size of target particle (Koval et al., 1998)' Given that Tec is predicted to act as a

downstream effector of PI3-K, the effect of target particle size on the redistribution of Tec to

the phagocytic cup could also be characterised by immunofluorescence microscopy using

various size latex beads. Most importantly, various protocols are now available that utilise

latex beads, for the preparation of phagosomar membrane fractions. This provides a powerful

tool that enables studies to focus on a single pool of Tec. such an approach can be used (i) to

purify and analyse the phosphorylation of phagosomal Tec, (ü) to punfy and analyse the in

vjfro kinase activity of phagos'omal rec and (üi) characterise the kinetics of its redistribution to

the phagosomal membrane'

SeveralparametersofTecfunctionduringphagocytosisalsoneedtobefurther

characterised. For example, it remains unclear whether both isoforms of Tec are involved in

FclR-mediated phagocytosis and whether all types of FclR are able to trigger the

redistribution and activation of rec. The first question courd be addressed using the Tec-/- ES

cell line described in chapter 5 while the second could be answered using specific monoclonal
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antibodies to stimulate FcyRs. Briefly, cDNAs encoding each isoforms of Tec could be

reintroduced in this cell line and the ability of each isoform to rescue the Tec-/- phenotype

could be investigated. It is predicted that reintroduction of at least one isoform of rec, if not

both, should restore the ability of rec -/- ES ce[s to differentiate into macrophage cells and the

ab'ity of such cens to carry out FcyR-mediated phagocytosis could then be investigated. This

Tec nuu ES cell line is in fact a valuabre tool that enables the characterisation of the roles of

each domain of Tec in Tec function. For example, reintroduction of site specific mutants of

Tec, such as the R2gc pH domain mutant, would enable the cha¡acterisation of PH domain

function in phagocytosis, and confirm the need for PH-domain dependent plasma membrane

during particle internalisation. Reintroduction of a kinase dead mutant of Tec such as Í3978

would determine the need for Tec kinase activity during phagocytosis. This approach

potentially enables one to dissect the role and function of each domain of Tec in FcyR-

mediated PhagocYtosis.

Finally, several potential Tec-dependent signal transduction pathways have been

identified in this thesis which suggest that Tec is able to participate in the signal transduction

pathways activated by a range of different receptors including, cytokine, FcyR' integrin and

apoptotic. while it remains unclear how specificity is achieved under such conditions' it is

possible that the ability of rec to participate in such a variety of signal transduction pathways

enables the coordination of vaiious cellular functions.
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