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SUMMARY

The Tec family of intracellular protein tyrosine kinases (PTKSs) currently lists five
members: Btk, Itk, Txk, Bmx, and Tec. All members of this family are characteriscd 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 kinasc domain. The expression of Tec family PTKs has becn reported to be, at Icast to
some degree, specific to lincages of the haematopoictic compartment. In addition, one
member of this family, Btk, has so far been associated with the human immunodcficiency
disorder X-Linked Agammaglobulincmia.

Numerous reports over the Jast five ycars 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 rcceptor
signalling. It is currently believed that upon activation of the B and T cell receptors (BCR and
TCR respectively), Btk and Itk form multiprotcin complexes that are critical for the
propagation of BCR- and TCR-initiated signals respectively. These complexcs are nucleated
by adaptor proteins of the BLNK family (either BLNK/SIp-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 complexcs 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 rolc in antigen receptor signalling, functional studics of Tec have
concentrated mostly on its role in cytokine signalling including SCF, IL-3, Epo, 1L-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 rcceptor (FcyR) signal transduction, during the
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internalisation of IgG opsonised exogenous particles, through a process more commonly
referrcd to as phagocytosis.

FcyR signalling has been the subject of numerous studies and the following sequence of
cvents have been uncovered to take place during particle internalisation. Internalisation of the
target particle is dependent on the formation of a membranc bound structure known as the
phagosome. This structure eventually fuses with components of the endocytic pathway to
facilitate the degradation of the intcrnalised particle. Fcy receptors recognise IgG molecules
on the surface of target particles. Particle binding induces the clustering of FcyRs which is
followed by thc phosphorylation of Immunorcceptor Tyrosine-based Activation Motifs
(ITAMs) of the y chain, probably by a Src family kinase. The intracellular protein tyrosinc
kinase Syk is also recruited and activated at the activated rcceptor complex. Other
downstream cffectors of FcyRs have also been identified that arc necessary for the actin-based
engulfment 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, ch 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 polymecrisation 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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diffuse in the cytoplasm of macrophage cells when phagocytosis was carricd out in the
presence of the PI3-K inhibitor LY294002.

In addition to a role in phagocytosis, preliminary studics described in Chapter 5 also
suggest a possible role for Tec in the generation of macrophage cells, at least in vitro. In these
studics, Tec-/- 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 adhcsion 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
Teclll and TeclV, have becn detected in various mouse embryonic and adult tissues, as well as
in a number of different hematopoietic cell lincs: Tec IV is the full length Tec protein with
functional PH, TH, SH3, SH2 and Kinase domains, while TeclII is generated by the splicing
out of exon 8 sequences to yicld a shorter peptide with a non-functional SH3 domain. Using
GFP-Teclll fusion proteins, this shorter isoform of Tec was shown to have biological
characteristics that differed from TecIV. Briefly, GFP-Teclll appecared to be
hyperphosphorylated and showed increascd redistribution to plasma membranc ruffle
structures when cxpressed in COS-1 cells. A potential role for TeclIl in serum deprivation-
induced apoptosis was also hi‘ghh'ghted 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-Teclll and GFP-TecIV
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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INTRODUCTION
AND

LITERATURE REVIEW



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 kinascs, phagocytosis and gene targeting, all of which were
fundamental to the formulation and design of the experimental proccdures described in

chapters 3-5.

1.2  Signal transduction

Signal transduction is thc systematic passage, modification and amplification of a
signal, from one carrier to another, in response to external physical and chcmical stimuli. It is
generally initiated by the intcraction of an extracellular molecule with a ligand-specific receptor
on a target cell. Receptor activation then stimulates intracellular biochemical pathways that
are, depcnding on the naturc of the stimuli, able to induce changes in gene expression,
cytoskeletal structure, protein trafficking, cell adhesion and migration, or affect progression
through the cell cycle. Signal transduction is cssential for the existence of multicellular
organisms, and a vast body of work carricd out over the last few decades has not only
uncovered the highly conserved nature of signal transduction pathways, but also recognised
that defects in signalling arc responsible for many human disorders (Uribe and Weinberg,
1998).

It is now well cstablishcd 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 enzyme will contribute to. Protein modules are compact, independently folding



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 nucleatc the formation of
multiprotein complexes (Panayotou and Waterfield, 1993). These modules are generally 40-
150 amino acids long and fold to gencrate one or more Jigand binding pockets where a core
motif of 3-6 amino acids determincs the type of ligand recognised by a specific module, and the
flanking amino acids dictate its specificity (reviewed in Pawson, 19935; Cohen et al., 1995;
Sudol, 1998). 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 idcntified in protein kinases, lipid kinases, protcin phosphatases, cytoskeletal
proteins, phospholipascs and transcription factors, as well as non-catalytic adaptor proteins,

but are rarcly found in plasma membranc receptors.

1.2.1 Protein-protein interaction modules

1.2.1.1 Src Homology 2 (SH2) domains

SH2 domains are highly specific phosphotyrosine (pTyr) binding modules (Sadowski et
al., 1986) which have essentially no affinity for unphosphorylated peptide sequences (Piccione
et al,, 1993; Felder ct al., 1993; Panayotou et al., 1993; reviewed in Pawson, 1995). Becausc
the interaction between SH2 domains and pTyr residues on tyrosine phosphoproteins -
including activated receptors; is highly spccific, tyrosinc phosphorylation can function as an
“on/off” switch for SH2 binding. Binding of SH2 domains to the pTyr residues of
phosphoproteins can stimulate enzymatic activity, induce subcellular re-localisation and
facilitate enhanced tyrosine phosphorylation of target protcins (reviewed in Pawson, 1995).

Structurally, SH2 domains have a highly conserved peptide fold that consists of a large
central anti-parallel [ sheet flanked by two o helices, which follow a general

B—o—B-B—P-P-p——B pattern (Eck et al, 1993; reviewed in Cohen et al, 1995). The



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 sccond interface recognises the threc amino acids immediately C-terminal to the pTyr
residuc and largely dctermines binding specificity (Eck et al., 1993; Songyang et al., 1993).
Two major groups of SH2 domains have been identificd based on their binding specificity.
The first group of SH2 domains selects pTyr-hydrophilic-hydrophilic-hydrophobic sequences,
while the sccond interacts with pTyr-hydrophobic-X-hydrophobic sequences where X
represents any amino acid residue (reviewed in Cohen et al.,, 1995; Cantley and Songyang,

1994),

1.2.1.2 Src Homology 3 (SH3) domains

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-parallcl
B strands packed to form two perpendicular f 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 scquence of
the SH3 domain has been identified as P-X-X-P-X-X-R/K or R/K-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 lysinc and P is a scaffolding residue that is generally a proline. The conserved proline
residues are crucial for binding affinity, 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 thc SH3 domain (reviewed in Pawson, 1995).



1.2.1.3 Pleckstrin Homology (PH) domains

The pleckstrin homology fold was originally identified as a 100 amino acid internal
repeat in the protein Pleckstrin (Musacchio et al., 1993), and has sincc been recognised in
proteins with a varicty of functions such as phospholipases (PLC), GTPase rcgulating proteins
(VAV, Db], SOS), protein kinascs (Akt and Tcc 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 scquence identity shared between the various PH
domains, these generally sharc a common basic fold, itself similar to that of the Protein
Tyrosine Binding (PTB) domains (Orengo et al., 1994).

Structurally, PH domains form a B barrel structure that consists of two orthogonal 8
sheets of three and four strands that create a § sandwich closed off at the C terminal end by an
amphipathic @ helix. While diffcrent PH domains have similar core structures, the loop regions
between the B strands vary and are therefore predicted to be involved in ligand binding
interactions. PH domains are 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 By
complexes of heterotrimeric G proteins (Touhara et al., 1994; Abrams ct al.,, 1996), protein
kinase C (PKC) (Yao et al., 1994; Kawakami et al., 1995), phosphorylated ligands such as
inosito! phosphates or phosphatidylinositol lipids (Hyvonen et al,, 1995), and cytoskeletal
components such as filamentous actin (Yao et al.,, 1999). PH domains are thercfore 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 ncgatively 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 affinity of PH domains for various inositol derivatives. Based on their affinity for
phospholipids, PH domains are classified into four groups: group 1 interacts with P1(4,5)P,
and 1(1,4,5)P;; group 2 binds PI(3,4,5)P; and 1(1,3,4,5)Ps; group 3 binds PI(3,4,5)P; and
PI(3,4)P,, and group 4 shows no binding for phosphoinosides (Kavran et al., 1998; reviewed in
Blomberg et al., 1999).

Phosphoinositidc metabolism is a critical component of the signal transduction
pathways nccessary to control diverse cellular processes including cell survival, proliferation,
differentiation and migration (Divecha and Irvine, 1995; Carpenter and Cantley, 1996). A
wide range of receptor stimuli induce the production of PI(3,4)P, and PI(3,4,5)P; 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)P;. Binding between group 2 and
group 3 PH domains and PI(3,4,5)Ps in vivo is depcndent on specific interactions between the
negatively charged phosphates in the polar head groups of PI(3,4,5)P; and several conserved
basic residues in the B1-B2 strand and P1-f2 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 bindi;ig (reviewed in Blomberg ct al., 1999).

1.2.2 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 enzyme activity is currently best understood for Src (reviewed in Schwartzberg, 1998).

Biochemical studies first identified critical roles for modular domains in regulating Src kinase



activity, An interaction between the SH2 domain of Src and the phosphotyrosine residue

located just C-terminal to the Src kinase domain (pTyr *?’

) down-regulates Src kinase activity
(Roussel et al., 1991; Liu ct al., 1993). A critical role for thc SH3 domain was alsa identified
(Parsons and Weber, [989) but the mcchanism by which it affected Src kinasc activity
remained unclear until the three dimensional structure of downregulated Src and Hck was
elucidated (Xu et al., 1997 and Sicheri et al., 1997; reviewed in Sicheri and Kuriyan, 1997). In
combination, these studies and numerous others, suggest that although the SH2 domain of Src
is able to intcract with pTyrm, this interaction occurs away from the active sitc of the kinasc
domain and as such can not completcly inhibit Src kinase activity. A sccond unexpccted
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 thercfore responsible for rcgulating 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 SH2 ligands to displacc these mtra-molecular interactions and

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

Kuriyan, 1997).

1.2.3 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 thcse modifications can affect the activation state of



enzymes and increase the diversity of interactions the modified peptides are able to participate
in. Tyrosine phosphorylation is one such modification. It involves the scqucnce specific
addition of the y phosphate residuc of an Adcnosine triphosphate (ATP) molecule on to a
specific tyrosine residue of a target protein, by a protein tyrosine kinase (PTK) enzyme. At
any timc, only 0.05% of total cellular proteins in a normai 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 thc
cxistence of high affinity pTyr binding domains such as the SH2 and PTB domains are the basis
of a highly efficient inducible signalling system based on highly specific phosphotyrosinc-
mediated protein-protein interactions. Ligand induced protein proximity has recently emerged
as a sccond principle of signal transduction. Induced proximity is dependent on the sequence
specific recruitment of proteins to signalling foci, resulting in a local increase in protcin
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 thecse 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 diffusion. Such
compartmentalisation is facilitated by the association of signalling protcins with cytoskeletal
structures nucleated by ancl{‘oring and scaffolding proteins, to form subccllular signalling-
compctent microenvironments. Compartmentalisation incrcases the efficiency 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 subccllular localisation of the

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



such circumstances, long range movements of activated signalling components are necessary
for the initial activator complex to activate the effector systcm. 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 unrave] 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 lics 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
datc at least 18 protein tyrosine kinase genes have bcen identificd as oncogenes either in
acutely transforming retroviruses or in human tumors. Increasing numbers of human diseases
have been shown to involve mutations in gencs encoding protein kinases and/or phosphatases,
or in genes encoding their regulators and/or effectors. Of particular interest has been the
contribution that this arca has made to the understanding of the molecular basis of inheritcd
immunodeficiencies such as SCID, X-linked agammaglobulinemia, Wiskott-Aldrich syndrome
and a number of other autoimmunc discases (Korpi et al., 2000). It is thereforc becoming
increasingly evident that the study of signal transduction pathways will enable further
understanding of the molecular defects that underlic many such disorders and will facilitate the

rational design of therapeutic compounds.



1.3 The Tec family of protein tyrosine kinases

The Tec family of protein tyrosinc 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 ct al., 1993), Bmx (Tamagnone et al., 1994), Itk
(Siliciano et al., 1992) 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 approximatcly 48-59% sequence identity shared between the various
members of the Tec family of PTK (Figure 1.2A and B), and 33-35% sequence identity to Src
(Figure 1.2A and C). The N-terminal region of Tec kinases typically consists of a PH domain
which is followed by a Tec Homology (TH) region (Vihinen et al., 1994) and onc or two
proline rich regions (PRR), except in Txk which lacks the characteristic PH region and has a
shorter cysteine rich scquence instead (Sommers et al,, 1995). The TH region is characterised
by the presence of a conscrved His-Cyss pattern, recognised as the Btk motif, which is
necessary for Zn>* 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 thc Tec
family and is referred to as the PHTH domain with 38-50% scquence identity shared between
Tec family members (Figure 1.2D) (excluding Txk).

A relatively extensive profile of Tec family kinase expression has been compiled and is
diagrammatically represented in Figure 1.3. Brefly, 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 subscet of non-hematopoietic
tissues (Figure 1.3) (Mano et al., 1990, Siyanova et al., 1994; Heyeck and Berg, 1993; Smith

et al., 1994; Tamagnone et al., 1994; Sommers et al., 1995).



Figure 1.1  Nonreceptor protein tyrosine kinases

(adapted from Hunter, 2000)

Intracellular protcin tyrosinc kinase families are arranged according to their sccondary
structure. Common domains are depicted as shaded boxcs. 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)



DNA BD Actin BD

Abl NN

Fes/Fer  ———— - NN\N\\\\\\\\\—
Sykzap70 YU~ NN\

Kinase-like domain

Jak N
PH domain

Tec V=V NN\N\\N\\\\\—

Integrin-binding Focal adhesion-binding

Fak IR ANN\\N\\\\\\ — R
Cdc42-binding

Ack ANNINININNNNNNN
NN

RN
ste my — - NSNS
csk
Srm S 2/ m N\ NN

\\\\\“\\;\\\: PTK catalytic domain

77 SH2 domain
RakFrk  — - SSSSSNNNNY .

BrivSik B NNNNN\\N\N\N\\\N



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 and ¢-src: NP_031809.

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

B.

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 sitcs are underlined. Wherc more than one site was identified, overlapping
sites are marked in italics. The Tec kinase specific PHTH domain is shown in bluc and
amino acid sequences shared between the members of the Tec family are highlighted in
yellow and thosc common to Tec family kinases and Src are in red.

Tabulation of the levels of amino acid identity identificd between the full length amino
acid sequences described above.

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

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

scquence described above.

(SH: Src Homology, PH: Pleckstrin Homology, TH: Tec Homology)



A 1 PH 130
mBmx MESKSILEEL LLKKSQQKKK MSPNNYKERL FVLTKTSLSY YEYD-—-KMKR GSRKGSIEIK KIRCVEKWNL EEQTPVERQ- —==---==-= =c====w==- YPFQIVYKDG LLYWYASNEE SRCOWLKALQ
mBrk MAAVILEST FLKRSOQKKK TSPLMFKKRL FLLTVHKLSY YEYDFERGRR GSKKGSIDVE KITCVETVIP EKNPPPERQI PRRGEESSEM EQISIIERFP YPFOQVWYDEG PLYVFSPTEE LRKRWIHQLK
m(tk MNNFILLEEQ LIKKSQQKRR TSPSNFKVRF FVLTKASLAY FEDR--HGKK RTLKGSIELS RIKCVEIVKS DIS-IPCHY- ~--KYPFQTL WLQWHDNY LLYVFAPDCE SRORWVLTLK
mTE§ MNFNTILEEL LIKRSQOKKK TSLLNYKERL CVLPKSVLSY YEGR---AEK KYRKGVIDIS KIKCYEIVKN DDGVIPCON- =-----—----- -—- KFPFQ== ==== VVHDAN TLYIFAPSPQ SRDRWVKKLK
mTX

oe-sre
131 TH PRE
KEIRGMPHLL VD CRFLEOSC RAAPGLTLAE -ATADLHLAL ECH-?—-B{\F‘[F PERLLKIPRA VEVLEMDASS SGAILPQYDS YSKKSCGSOQP
mBtk NVIRYNSDLY < COYLESSTTA KNAMGCQTLE NRNGSL KPGS PT-—-——PEE DOILKKPLPP EPTAAPISTT ELKKVVALYD
mrck EETRNNNSLY = 3 GRWRSESOLE KPAVEE } —————————P SKNASKKPLP PT-—-—-BED --—-—- NRRS- - FOEF EETLVIALYD
mreC EEIKNNNNIM T ) GEYQEERGTE KLAPGCEKYN =====-v-—- L FESSIRKTLP Pa PBEI KKRRE PPPTPPEEEN TEEIVVAMYD
mTxk MI LCG CSY QKROVRTOIS LARFEELSEK HSCQRORPWFA KLMGKTOSNR GGVOQPSKREF (PP AEPPD ERIOQVEKALYD
mC=Sre MSATQAAWP SGTECTAKYN
261
MBMX —NQLERNIAS HSTSKMSWGF Q
mBtk —ESNLPWWRA RDMXNGOEGYI
mItk -SSEIHWWRY QDKNGHEGYA
MYBC -KNDLHWWRA RDKYGSEGYI
myxX =-RCOPHWWKA RDRFGNEGLI
MC-SrC  VTKDPNWYKA KNKVGREGII E
VEMREVE
EASSTQDTG- G LLEWETYS KMDAPDGCPP
(o] D
mBmx__ | mBeck mI ok mrec mTxk wBmx_| mBtk | mrck | arec mTXK o8mx | mBck | mitk | mTec | mTxk

MBI MRMmX mBmx

mgTk 0% mBt SZ% M8t 40%

mItk | 473 S0 mIzk | >0% 33% | witk | 38% | A%

miec | 26% 357 Sb% mTec | 48% 0% | SB% wrec | 3 43K SGE

mixk | 44% 457 ST% 53% mIXK | 48% 38% 38% o1% wxk_| 7% 178 | 22% 14%

wSrc | 32% 3 A 35% 3% Berc | 33% 34% 3% 35% 1% msrc | 9% 3% 18% 18% 18%



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 cxpression of Tec

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

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

@

(1)

(ii)

1.3.1

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);

the absence of a C-terminal regulatory tyrosine residue. This tyrosine residue (Y*?) in
Src acts as a negative regulator of Src kinasc activity (Matsuda et al.,, 1990 and
Roussel et al., 1991). Its abscnce in Tec family kinascs suggests that an alternative
regulatory mechanism is likely to regulate Tec family kinasc activity;

the presence of three functional regions in the N- terminal unique sequence of Tec
family kinascs consisting of the PH and TH regions-which form a novel fold (the
PHTH domain) that is stabilised by cysteine mediated zinc binding (Vihinen ct 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., 1997).

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 studics that positioned the Btk gene at the X-Linked

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

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

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

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

cells, and low IgM and IgG3 levels (Conley et al., 1994). Although mutations of the Btk gene

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

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

are functionally immature, they have a rcduced half life in vivo (Oka et al.,, 1996) and show
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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 ct al., 1995; Corcoran and Metcalf,1999), CD-38 (Kikuchi et al., 1995) and
RP105 (Corcoran and Metcalf, 1995) signalling.

Btk is reportcdly 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 ccll co-stimulatory receptor CD38 (Santos-Argumedo et al., 1995), the IL-5 rcceptor
(Kikuchi ct al., 1995) and the high affinity IgE rcceptor in mast cells (Kawakami et al., 1994),
It is also requircd for G protein coupled receptor (Tsukada et al., 1994; Jiang et al., 1998) and
collagen rcceptor (glycoprotein VI associated Fc receptor ¥ chain) signalling (Quek et al.,
1998) as well as for alphallb/beta 3 integrin associated thrombin receptor-mediated signal

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

1.3.1.1 Tyrosine phosphorylation events at the BCR

Of these signalling systems, the B cell receptor (BCR) system has been characterised in
most detail and will be revicwed below. The BCR, togcther with the T cell receptor (TCR),
the receptor for the Fc portion of immunoglobulin-y (IgG) (FcyR) and the rcceptor for Fe
portion of immunoglobulin-¢ (IgE) (FceR), are grouped in the antigen rcceptor superfamily
and sharc common structural features as well as signalling targets (Figure 1.4). These are
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 immunoreccptor 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 (D/E-X7-D/E-X-Y-X5-1/1-X5-Y-X,-L/T) (Cambier
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Figure 1.4  Antigen receptor superfamily

Diagrammatic representation of the structural components of the antigen receptor superfamily.
FceRI : Receptor for Fe portion of IgE
FcyR : Receptor for Fc portion of IgG
BCR : B Cell Receptor

TCR : T Cell Receptor
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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 Iga and the
1gf signalling subunits differ in their signalling capacities. Igf dcficient mice are unable to
asscmble 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 neverthelcss able to support very inefficient progression through the pre-B cell
stage (Torres ct al., 1996).

The sequential cvents that take place following BCR engagement are relatively well
cstablished. Tgoand IgB, the signallng componcnts of the B cell receptor, form a
heterodimer that associates with the ligand binding subunit (mlg) to form a functional receptor.
As representcd in Figure 1.5, upon stimulation, cross-linking of the BCR rcsults in the
sequential recruitment and activation of a number of signal transduction molecules, first 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 arc also able to interact with the
resting BCR (Plciman et al., 1994). Under these circumstances, receptor cross-linking alone is
sufficient to induce auto/trans-phosphorylation and activation of the Lyn and Fyn kinase
domains through induced proximity of the kinasc domains (Cooper and Howell, 1993).
Activation of Src family kinases at thc BCR is also detcrmined by the balance between the
activities of the CD45 phospﬁatase (Yanagi et al., 1996) and the tyrosine kinase Csk (Hata et
al., 1994). This balance determines the phosphorylation state of thc C-terminal regulatory Y2
residue, which in tumn 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., 1994). An additional mode of

activation for Syk is possible given that low levels of Syk have also been dctected in
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Figure 1.5 Membrane proximal events during B cell receptor signal transduction

() 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)P; to yield PI(3,4,5)P;. This
phospholipid mediatcs PH-dependent recruitment of Btk to the plasma membrane.

(i) Activated Lyn phosphorylates and activates Syk and Btk and activated Syk
phosphorylates the adapter protein BLNK.

(iii) 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
PTKs. 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 Lyn-/-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, Y**', 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 Phospholipid metabolism and BCR signalling

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)P; into the secondary messenger IPs.
The initial activation of PLC\( is mediated by Syk (Takata and Kurosaki, 1996) and sustained
PLCy phosphorylation is dependent on phosphorylation by Btk (Fluckiger 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
IPs. 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

phosphorylation of PLCy by Btk (Fluckiger et al., 1998). The two levels of calcium signalling
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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 protein and BCR signalling

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
complexcs and act as molecular scaffolds that co-localise cnzymes and their appropriate
substrates. The adaptor protein BLNK/SIp-65, plays a central role in PLCy activation
(Kurosaki and Tsukada, 2000). Mice deficient for BLNK cxhibit a block in B cell
devclopment at the pro-B to pre-B cell transition stage, that mimics the defect scen 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 PLCy in proximity to Syk

and Btk thus facilitating PLCy phosphorylation and activation.

1.3.1.4 Regulation of Btk kinase activity
Btk kinase activity is determined by a number of posttranslational modifications, and
intra- and inter-molecular interactions that include :
(i) The phosphorylation of Y**' (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.

(ii) The phosphorylation of Y**

which is located near the poly-proline binding pocket
of the SH3 domain (Park et al., 1996). Addition of the phosphate residue sterically

inhibits SH3-mediated interaction(s) and stabilises the active form of Btk through
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yet to be charactcrised 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 thc two distinct
phosphotyrosine residues, phosphorylation of Y*** was confirmed to temporally
follow that of Y>*! (Nisitani et al., 1999).

(i) The intcraction between the PHTH domain of Btk and PI(3,4,5)P; molecules
(Salim ct al.,, 1996) that accumulate at the plasma mcmbrane following BCR
receptor activation (reviewed in Marshall et al., 2000). This interaction cnsures that
Src family kinasc-mediated phosphorylation and activation of Btk can only occur
upon the translocation of Btk to thc BCR signalling complex at the plasma
membrane.  The PHTH-PI(3,4.5)P; interaction positively affects membranc
localisation and phosphorylation of Btk (Vamai et al., 1999, Nore et al.,, 2000;
Laffargue et al.,, 1999; Li et al., 1997a and b). Structural studies of the PHTH
region have demonstrated that XLLA mutations in the PH region arc generally
clustered around the predicted lipid binding site, in the positively charged end of the
domain (Hyvonen and Saraste, 1997). In addition, the E41K mutation which
positively affects the affinity of the PH domain for membrane phospholipids
gencrates an activated form of Btk that is constitutively targcted to the membrane
(Nore ct al., 2000).

The successful propagation of the BCR signal thus incorporates a combination of
ITAM and PI3-K mediated signals that provide several lcvels 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., 1999).
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1.3.2 Tyrosine kinase Expressed in hepatocellular Carcinoma cells (Tec)

Tec is the founding member of the Tec/Btk family of protein tyrosine kinascs. It exists
as a single copy gene on mouse chromosome 5, and is closely linked to the Kit gene (Mano et
al.,, 1993). Tec mRNA is expressed mainly in the liver (Mano et al., 1990) and is detected
faintly in the hecart, ovary and kidney (Mano ct 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 dctectable 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 sitcs of embryonic hematopoiesis. Later, Tcc expression broadens to
include embryonic skin, blood vessels in the central nervous system, heart, kidneys, lungs and
intestinc (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 specificity. Its
expression overlaps with that of Btk in B cells (Kitanaka et al., 1998) and platelcts (Hamazaki
et al., 1998), Itk and Txk in T cells (Mano ct al., 1993; Yang ct al. 1999). It is mostly
abundant in megakayocytes (Dorsch et al., 1999), myeloid and monocytic cells (Mano et al.,
1993; 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 homblogy to SH3, SH2 and Kinase domains (Mano et al., 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 transcript, 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 TeclIA, TeclIB, Teclll and TecIV encode
proteins with a PHTH N terminal domain (Mano et al, 1993). Other major differences

betwcen the Tec isoforms included differences in the SH3 and Kinase regions (Mano ct al.,
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1993). Of these, Teclll and TeclV encode peptides that differ by 22 amino acids at the C-
terminus of the SH3 domain, with TecIIl being the truncated isoform. How this deletion
affects TecIll kinase activity has yet to be characterised. A constitutively active form of Tec
(TecASH3) can however be generated by removing the majority of the Tec SH3 domain
(Yamashita ct al., 1996), suggesting a regulatory role for this domain similar to that of thc Btk
SH3 domain (Park et al., 1996). Recmoval of the 22 amino acids in TecIII and the 57 amino
acids in TecASH3 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 rcgulatory 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
multidimensiona! nuclcar magnetic resonance (NMR) studies of the Tec family member Itk
(Andreotti et al.,, 1997). These studics have revealed that the SH3 domain of Tec kinases is
capable of interacting with poly-proline rich scquence(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 scquestering the SH3 from other signalling
molecules.

In an effort to understand Tec-dcpendent signal transduction pathways, several Tec
binding proteins have bcen identified. These include Kit, the receptor for SCF (Tang et al.,
1994), Lyn (Mano et al., 1994), gp130 (Matsuda et al,, 1995), Shc (Mano et al., 1995), Vav
(Machide et al, 1995), PI3K, Jakl/Jak2 (Takahashi-Tezuka et al.,, 1997), and SOCS-
1/JAB/SSI-1 (Ohya et al, 1997). 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., 1997), thrombopoietin (Yamashita et al., 1997 and Dorsch et al., 1999), PI3-
K (Takahashi-Tezuka ct al, 1997), thc BCR (Kitanaka et al., 1998), G protcin coupled
receptor and integrin mediated signalling (Hamazaki ct al., 1998), heterotrimeric G proteins
(Mao ct al., 1998), GM-CSF (Yamashita ¢t al.,, 1998), TCR/CD3 and CD28 (Yang et al.,
1999; Yang and Olive,1999) as well as IL-2 and IL-4 (Yang ct al., 1999). Tec is also reported
to influence a range of effcctor molecules such as Serum Response Factor through Rho (Mao
et al., 1998), and Stat5 (Isaksen ct al., 1999). Despite thcse 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 (IL-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, morc specifically to T and Natural Killer cells (Siliciano et
al., 1992; Gibson et al., 1993; Tanaka ct al., 1993). Functional studies demonstrated Itk kinase
activity to be important for T cell development. Mice deficient for Itk expression show
reduccd numbers of mature T cells, a rcduced 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 activatc PLCyl thus resulting in
reduced levels of TPy which are sufficient to rclecase 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, -8, —€ subunits each contain one ITAM sequence and TCR { has three (Figure 1.4).
Tyrosine phosphorylation of the ITAM by the Stc family kinases (Lck and/or FynT) initiates a
signalling cascade that culminates in calcium mobilisation, activation of the transcription factor
NFAT and IL-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
(Ncumeister 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 ccll specific
homolog of Syk, Zap-70, to the signalling complex where Src family kinase-dependent
phosphorylation of Zap-70 the Y*" and Y*" residucs Jeads to increased ZAP-70 kinasc
activity (Di Bartolo et al., 1999). Two Zap-70-specific substratcs 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 Grb2, the p8S subunit of PI3-K, PLCy, SLP-76, SOS and Cbl
(Zhang ct al., 1998b), while SLLP-76 is rapidly phosphorylated following TCR engagement
(Wardenburg et al., 1996). Deletion of SLP-76 result in a marked reduction in PLCy1 tyrosine
phosphorylation, calcium flux and ERK activation (Yablonski et al., 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 abﬂ{iy to nuclcate 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 PLCyl phosphorylation and calcium signalling
(Finco et al.,1998; 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 rearrangemcent.

19



In addition to Tec and Itk, Txk is also expressed in cells of the T cell lincage (Sommers
et al., 1995) The 7xk locus is also closely linked to Zec on human chromosome 4 though the
significance of such linkage has not becn identified (Sommers et al., 1995). 7xk 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 lincages (Sommers et al.,
1995). Structurally, Txk differs from other members of this family. It lacks a PH domain and
possesscs instead a palmitoylated cysteine ring motif that is proposed to facilitate membranc
localisation (Dcbnath et al., 1999). An altcrnatively spliced isoform of 7xk is also produced
that is shorter and is targeted to the nucleus (Debnath et al., 1999). The functional significance
of this isoform is yct 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 thc SLP-76-dependent association
of Txk with PLCyl (Schneidcr et al., 2000) which mediates PLCy1 phosphorylation, activation
of ERKs and the synergistic up regulation of TCR driven IL-2 NFAT transcription (Schneider
et al., 2000). Txk transgenic mice are hyper-responsive to TCR stimulation, exhibit enhanced
PLCy1 phosphorylation and increased calcium flux. Nevertheless, overexpression of Txk can
only partially rescue the signalling defects of Itk deficient mice (Sommers ct al., 1999). This
suggests a complementary rolc for Txk and Itk kinase activity in regulating TCR signal
transduction. The response ts TCR stimulation although moderately impaired in Itk -/- mice,
and even less in Txk -/- (Schacffer et al.,, 1999), has major defects in numecrous effcctor
systems such as calcium mobilisation and IP; and IL-2 production in the absence of both
kinases (Schaeffer et al., 1999),

Bmx is the most recent membcr of this family of protein tyrosine kinases. It was
identified and cloned during a screen for novel tyrosinc kinases expressed in human bone

marrow cells and was shown to be localised to the X chromosome (Tamagnone et al., 1994).
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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.,, 1997). In contrast to other family members which show strong preference for
hematopoietic cells, Bmx is preferentially expressed in epithelial and endothelial cells (Weil ct
al,, 1997). Functionally Bmx induces the activation of Stat signalling pathways and is
positively regulated by PI3-K(Saharinen et al., 1997).

In summary, Tec family members have proven to be critical for signal transduction
from a wide range of reccptors. Some details have begun to emerge mainly from the studies of
antigen reccptor signalling that have demonstrated the specific role that Btk, Itk and Txk play
in PLCy activation in B and T cell rcceptor signalling respectively. The relatively selective
expression of these kinases in hematopoietic cells positions them as attractive therapeutic
targets for thc management of disorders of thc immune system, and this in turn requires

detailed understanding of their molecular mode of action.

1.4 Fcy Receptor (FeyR)-mediated phagocytosis

Particle internalisation is a fundamental biological phenomenon that is responsible for
the essential role of nutrient uptake in lower cukaryotes, and the more specialised function of
pathogen clearance and destruction in higher eukaryotes. Based on the nature of the
exogenous material being internalised. Particle internalisation is differentiated between the
uptake of soluble material or pinocytosis and that of particulate matter. The uptake of
particulate material is further 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 rcceptors have becn recognised in higher eukaryotes. The first

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 C3bi) and include Fcy
receptors which arc specific for immunogloblins (Indik ct al., 1995), and complement receptors
which specifically recognise thc C3bi fragment (Carroll, 1998). Given the conserved nature of
the BCR, TCR and FcyR signalling systems, and the importance of Tec family kinases for
signa) transduction in the first two receptor systems, the work described in this thesis focussed
mainly on the investigation of a possible rolc for Tec in FcyR -dependent phagocytosis.

During Fey receptor-mediated phagocytosis, cxogenous particles greater than 0.5um in
diameter are intcrnalised by professional phagocytic cells such as macrophages and neutrophils.
This process is initiated by the specific interaction between the cxtracellular region of Fcy
receptors and the Fe portion of 1gG opsonins present on the surface of exogenous particles.
This interaction triggers the clustering of Fcy receptors, induces the reorganisation of the
underlying 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 IgG-opsonised exogenous particles.
Actin is shed after the particle has been engulfed as the phagosome maturcs through a complex
serics of fusion events with xcomponcnts of the endocytic pathway and cventually forms a

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

1.4.1 Fc receptor biology
As previously mentioncd, Fe receptors are part of the antigen receptor superfamily. In
contrast to the B and T cell receptors, Fc rcceptors rccognise the Fc portion 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 inflaimmatory and cellular response(s) that are stimulated by this interaction

(Raghavan and Bjorkman, 1996).

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

FcyRs recognise IgG, FeeRs bind IgE, FcoRs interact with IgA, FcuRs are specific for IgM

and FcBRs for IgD. Each antibody-receptor interaction triggers a distinet 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 ITAM-dependent cellular

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

(reviewed in Dacron, 1997):

The Fey receptor system is a relatively complex receptor system which consists of three
major receptors:

(1) FcyRI/CD64 is a high affinity, 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 reccptor consists of a ligand-binding o 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, monocytes,
granulocytes and macrophages (reviewed in Hulett et al.,, 1994) and in vitro studies have
associated this receptor tyi;c with antibody-dependent cell-mediated cytotoxicity (ADCC),
endocytosis and phagocytosis (Shen et al,, 1987; Davis ct al., 1995).

(ii) FcyRIII/CD16 is a multichain low affinity receptor that is expressed as a complex
consisting of a single & chain with two extracellular Ig-like domains, and disulphide linked
homodimers of i subunits or y/{ heterodimeric subunits (Figure 1.4) (reviewed in Raghavan
and Bjorkman, 1996). This type of reccptor is expressed on macrophages, neutrophils and

mast cells and is the only Fc reccptor found on natural killer cells (Hulett et al.,, 1994).
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Functionally, FcyRUI mediates similar responses to FcyRI (van de Winkel et al,, 1991). A
single FcyRIIT isoform exists in the mouse while two isoforms of the receptor have been
identified in human: FcyRIIIA which cncodes a protcin with a transmembrane region and a
25 amino acid cytoplasmic domain, and FcyRIIIB which is anchored at the plasma
membranc by a glycophosphatidyl inositol linkage (Ravetch and Perussia, 1989).

(ii)) The low affinity FcyRII/CD32 is a single chain receptor (Figure 1.4) (rcviewed in
Raghavan and Bjorkman, 1996) that is cxpressed mainly in myeloid and lymphoid cells
(Hulett ct al, 1994). The affinity of the cxtracellular domain of FcyRlIls 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 diffcrent genes FcyRIIA, 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
FcyRITB 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).



1.4.2 Actin cytoskeleton remodelling and phagocytosis

FcyR-mediated ingestion of IgG opsonised particles occurs through zippering of the
receptors on the plasma membranc with IgG molecules on the particle. Cryo-Electron
Microscopy studies of phagocytosis have also shown that during particle ingestion, veils of the
plasma membrane risc above the cell surface and tightly surround the particle before drawing it
into the body of the macrophage (Allen and Aderem, 1996). Morphological remodelling of the
cytoskeletal structures that underlic the plasma membrane thus appear to be essential for FcyR-
mediated phagocytosis. Scveral linc of studies have confirmed that the actin cytoskeleton
plays a critical role in phagocytosis. Immunofluorescence studics have demonstrated that
during phagocytosis, F-actin is present diffuscly in the cortical cytoplasm directly beneath the
phagocytic cup, and in pseudopod extensions that surround the exogenous particle where it
co-localiscs with other known cytoskeletal proteins such as talin (Grecnberg et al., 1990),
vinculin, paxilin and ¢t-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 cclls with Cytochalasin D abolishes FcyR-mediated phagocytosis
without altering particle binding and the extent of inhibition is dependent on the size of the
target particle (Koval et al, 1998). Unlike actin filaments, microtubule filaments do not
appear to be necessary for the 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 reportcd to affect actin assembly and
cytoskeleton remodelling, including members of the Ras-related family of Rho GTPases (small
guanosine trdphosphatases). Rho is important for the assembly of contractile actomyosin

filaments and for the stabilisation of the focal plaques that form at sites of cell attachment

25



(Ridley and Hall, 1992 and 1994). Other members of this family, Rac and Cdc42, control actin
polymerisation during the formation of lamellipodial and filopodial structurcs (Nobes and Hall,
1995).

The evidence describing a role for Rho in particle ingcstment is still controversial.
Hackam et al. (1997) first reported complete inhibition of phagocytosis in macrophage cells
using C3 (an exotoxin derived from Clostridium botolinurm which is a documented inhibitor of
Rho (Aktories, 1997)). This toxin impairs particle binding and results in a defect in FeyR
clustering. In contrast, Toxin B (an inhibitor of all membcrs of the Rho family), C3 transferase
and a dominant negative Rho mutant werc 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 addresscd 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 GTPascs has been implicated mostly in membrane trafficking
events (reviewed in Moss and Vaughan, 1995) though recently, it has been associated with
FcyR-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 cffector
membrane components to the plasma membrane (Zhang ct al., 1998a). Dynamin 2 is another
GTPase also involved in membrane trafficking at the trans-golgi network. Dominant negative
forms of this GTPase block particle internalisation at the membrane extension stage,
resembling the block obscrved upon PI3-K inhibition (Gold et al, 1999). Further
characterisation of the role of these GTPases is necessary to elucidate the molecular 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 FcyR-mediated phagocytosis was first
demonstrated using the tyrosine kinase nhibitors Genistein and Herbimycin A (Greenberg ct
al., 1993). The addition of these compounds causes a dosc-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 numcrous intracellular protcins during
particle ingestion is detectable by immunoblotting during particle ingestion (Strzelecka et al,,
1997b). 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 intraccllular 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), (i) Syk kinase (Pan et al., 1999, Grecnberg et al., 1994) and (iii)
FAK (Pan et al., 1999). Physical association between the Src family kinase members Hck/Lyn
and FcyR is even detectable prior to FcyRI and FeyRII activation (Ghazizadeh ct al., 1995).
Receptor activation then induces an increase in Stc 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,L&n) in macrophage cells abolishecs FcyR-dependent particle
intermalisation (Crowley et al., 1997).

Syk is a 72 kD intracellular protein tyrosinc kinase characterised by two N-terminal
tandem Src Homology 2 (SH2) domains, a unique domain and a C-terminal kinase domain
(Yagi et al.,, 1994). 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,
1994). Stimulation of the FcyRIIIA and FcyRI receptors induces Syk tyrosine phosphorylation
(Darby et al., 1994; Durden and Liu, 1994) and Syk kinasc activity pcaks within 5 minutes of
receptor stimulation (Darby et al., 1994). Low levels of Syk arc also detectable in association
with the y subunit of the Fc receptor prior to receptor stimulation though it increascs
significantly following receptor stimulation (Durden and Liu, 1994).

Clustering of the Syk kinase domain at the plasma membranc in response to a
phagocytic stimuli initiatcs the redistribution of F-actin (Greenberg et al., 1996). COS cclls
can be rendered phagocytic by the transfection of cxogenous phagocytic receptors (Indik et al.,
1995; Park et 2l., 1995). Using this system, the introduction of exogenous Syk, but not Zap70
(Indik et al., 1995; Park ct al., 1995) was shown to be rcquired for phagocytosis. In contrast,
the presence of Src family kinases, in the abscnce of Syk, appears insufficient to trigger particle
internalisation by phagocytic COS cells (Greenberg et al.,, 1996, Taylor ct 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 using
antisense oligonucleotides which significantly reduced FcyR-mediated phagocytosis in cultured
human monocytes (Matsuda et al., 1996). In vivo, gene targeting of Syk in micc results in
lethality carly in the embryouhic development of Syk deficient mice (Turner et al, 1995).
Foetal liver macrophage cells derived from these mice can however be isolated in vifro and are
able to initiate the formation of actin rich phagocytic cups but fail to complete the phagocytic
process (Crowley et al, 1997). In these cclls, exogenous particles remain bound to the
receptors for several days in culture without further completion of phagocytosis (Crowley et
al., 1997; Kiefer et al., 1998). At the molecular level, these cells exhibit a marked decrease in

the phosphorylation of intracellular proteins including that of the receptor itsclf, 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, BLNK/SLP-65 and LAT

A novel group of adaptor molecules have rccently emerged as essential components of
the signal transduction pathways initiated by antigen receptor stimulation. These proteins
generally possess a number of modular domains that arc able to mediate protein-protein and
protein-lipid interactions to facilitate the formation of multiprotein signalling complcxes such
as those involved in BCR and TCR mediated PLCy activation (Yablonski ct 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 PLCy2
activation following collagen stimulation (Clements ct al., 1999, Gross et al., 1999a). More
recently, SLP-76 tyrosine phosphorylation was also reported in response to FcyRI and
FcyRIVUI 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 adaptof 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-protcin complex that includes PLCyl (Finco et al., 1998), Grf40, a novel
Grb2 family member (Asada et al., 1999) and GrpL (Law et al., 1999), as well as Vav (Wu et
al., 1996), Cbl (Thien et al., 1999), PI3-kinase (Gibbins et al., 1998) and SLP-76 (Yablonski et
al., 1998). In human monocytic cells, the 36 kD isoform of LAT constitutively associates with

FcyRI and Ila, and clustering of these receptors induces the specific phosphorylation of the

29



p36 LAT isoform and its association with PLCyl, Grb2 and the p85 subunit of PI3-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 unclcar.

1.4.5 Phospholipase Cy (PLCy) and phagocytosis

Phagocytic reccptors have been reported to induce a rise in cytosolic calcium
concentration that is grecatest around the forming phagosomc (Odin et al, 1991). In
macrophage cells, calcium release from intracellular stores is mediated by the sccondary
messenger JP3 which is produced by PLCy in response to FcyR crosslinking (Kicner et al.,
1993). The involvement of several effectors of PLCyhas also been identified during
phagocytosis. A number of them are present at the forming phagosome including several
substrates of PKC including pleckstrin (Brumell et al,, 1999) and MARCKS (Allen and
Adercm, 1995). PKC phosphorylates the actin-crosslinking protein MARCKS (Myristoylated
alanine-rich C kinase substrate) and is involved in actin cytoskeleton remodelling (Hartwig et
al,, 1992). It is activated during particle intcrnalisation and is rapidly recruited to the
submembranous fraction of thec nascent phagosome with kinetics similar to that of F-actin

(Allen and Aderem, 1996).

1.4.6 Phosphoinositide 3-kinase (PI3-kinase) and phagocytosis

The inositol phospholipid PI(3,4,5)P; is generated by PI3-K-mediated phosphorylation
of PI(4,5)P, and acts at the plasma membrane to recruit PH-containing proteins in response to
a wide range of external stimuli (Toker and Cantley, 1997). One such stimulus is the
crosslinking of FcyRs which induces a rapid rise in PI3-K activity (Ninomiya et al., 1994).

Chimaeric receptors consisting of the extracellular ligand 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 LY294002, both of which inhibit PI3-K activity, prcvent FcyR-
mediated phagocytosis (Ninomiya et al.,, 1994, Cox et al., 1999; Araki et al., 1996). Dctailed
scanning electron microscopy studics of macrophage cells treated with either inhibitory
compound show that this block in particle ingestion rcsults from the failure of pscudopodia to
successfully scal around the exogenous particle (Araki ct al,, 1996). This effect is most
evident for phagocytic targets greater than 4.5 UM in diamecter thus suggesting that PI 3-kinase
inhibition limits the availability of plasma mecmbrane components that arc required for

pseudopod extcnsion (Cox et al., 1999).

1.4.7 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
opsoniscd 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 ¥ chain of the receptor. Phosphorylated ITAMs provide a platform for
the recruitment of Syk kinasc which in turn 1s responsible for the phosphorylation of the
adaptor protcins, These adab\tor molecules facilitate the formation of a multi~-protein complex
that rccruits PLCy to the receptor and permits phospholipid mectabolism 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 identificd 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.

31



Figure 1.6  FcyR-mediated Phagocytosis

Exposurc to opsoniscd exogenous particles results in the crosslinking of the FcyRs and
stimulates Src family kinases to phosphorylate tyrosinc 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 Jevels. 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 rccently emerged as critical clements 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 scquential 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 investigatc a possible role for Tec in the signal transduction
pathway that initiates at the FcyR in the myeloid lincage, especially macrophage cells.

Over the last decade, genc targeting has emerged as a powerful technology that cnables
the controlled modification of thc 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 widcly published involvement in cytokine signalling, by drawing
analogy to the role of Btk and Itk in antigen receptor signal transduction. In vitro culture
systems have also been developed for ES cells that can drive their differcntiation into specific
hematopoietic lincage(s). Together, these devclopments permit the characterisation of the
molecular conscquences of defined targeting events.

Three specific aims have driven the rescarch described in this thesis. The first aim of
this work was to characteri;e the relative abundance and biological characteristics of the
multiple isoforms of the Tec transcript. In order to determine the biological relcvance of each
Tec isoform in vivo, the expression of cach transcript was analysed in various mousc
embryonic and adult tissues, and transcripts that were most abundant were identified.
Molecular differences between the two most abundant isoforms of Tec were subscquently
characterised in vitro, using grcen fluorescent protein (GFP) fusion proteins that were

overexpresscd in monkey kidney fibroblast COS-1 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 Fey receptor.
These studies exploited a wcll established FcyR-dependent in vitro phagocytosis assay that
uses the macrophage/monocytic cell line J774. This cell line supports antibody depcndent
particle internalisation and by-passes the nced to isolate primary macrophage cells from mouse
tissues. Commercially available antibodics were used to visualise changes in the subcellular
localisation of Tec and other known effectors of FcyR-dependent phagocytosis and inhibitory
drugs were uscd 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 recipicnt mouse blastocysts to generate mice carrying onc 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 morc rapid studics of lineagc-specific
defects in vitro using well cstablished differentiation assays. Tec -/+ and Tec -/- ES cclls were
therefore used to investigate the consequence(s) of these mutation(s) on the devclopmental

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

MATERIALS AND METHODS



2.1

Abbreviations

ATP
DNA
Ig

]

M
uCi
HEB
mg
min
pl
ml
uM
mM
°C

pfu

PI3-K :

PLC

PTK

r.p.m. :

s€C

Tyr

adenosine tri phosphate
deoxyribunucleic acid
immunoglobulin

litre

molar

microcurie

microgram

milligram

minutes

microlitre

maillilitre

micromolar

millimolar

degree centigrade
plaque forming unit
phosphoinositide 3 kinase
phOSphBHpasc C
protein tyrosine kinase
rotation per minute
ribonucleic acid
second

tyrosine
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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

3MM chromato graphy paper Whatman Ltd

Biomax™ MR X-ray film Kodak/Intcgrated Sciences
Colony/Plaque Screen™ nylon membrane Du Pont

Hybond ™-C (nitrocellulose membrane) Amersham

Hybond™-N" (nylon transfer membrane) Amersham

Nitrocellulose Schleicher and Schuell
X-ray film Konica, AGFA

2.2.2 Chemicals and Reagents

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

major source of chemicals are listed below.

Acrylamide (Acryl/bis 29:1) Astral Scientific
Agarose type I Sigma Chemical Co.
Amethopterin X Sigma Chemical Co.
Ampicillin Sigma Chemical Co.
APS BDH Chemicals Ltd.
ATP Sigma Chemical Co.
Bacto-agar Difco Labs Ltd.
Bacto-tryptone Difco Labs Ltd.
BCIG (X-gal) Progen

The
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BCIP
B-mercaptoethanol
Bromopheno! 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 sperm DNA
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 Chcmical Co.

Commonwealth Serum Lab.

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-6B Pharmacia

Scquagel-6, Sequagel-XR National Diagnostics
Temed BIORAD
Thymidine Sigma Chemical Co.
Triton X-100 Sigma Chemical Co
Twecen 20 (polyoxyethylenc- sorbitan monolaurate) Sigma Chemical Co
Zymosan A Sigma Chemical Co

2.2.3 Water Sterilisation
The Milli-Q® Reagent Water System was uscd to filter the water used in the experiments
described in this thesis. Tissuc culture solutions were filtered in-vacuo using Corning

disposable bottle top filters (0.22 uM pore size).

2.2.4 Bacterial Strains
The Eschericia coli DHS5a strain was used for the propagation of all recombinant plasmids.
The E. coli 1LE392 strain was used as host bacteria for genomic library screening. Stock

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

DHS5a : supEA4, AlacU169 (phi80, lacZ,AM15), hsdR17, recAl, endAl, gyrrA96, thil,

relAl.

LE392 : supE,supF,hsdR , permissive for vectors carrying amber mutation, will modify but not

restrict DNA
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2.2.5 Plasmids

pBluescript IT SK* Stratagene

pBluescript II KS* Stratagene

pGEM-T Promega

pBluescriptSK+TeclIB Dr. J. Ihle (St Judes Hospital, Tennesse)

pGEX4T2-SH3 Sharon Pursglove (Labaoratory of Dr Booker)

pEGFP-C2 Dr. S. McColl (Department of Molecular Biosciences,
University of Adelaide).

pEGFP-C2-TecIIl Anita Merkel (Laboratory of Dr Booker)

pEGFP-C2-TeclV 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 18-23 kb DNA fragments of E14TG2a genomic DNA cloned into

the Bam HI site of A2001 (Karn et al., 1984).

2.2.7 Bacterial Growth Media
Growth media were preparcd using double distilled water and were sterilised by autoclaving.

When required, Ampicillin was added after the media solution had cooled to 50°C.

Luria broth (LB)  : 1% (w/v) bacto-tryptone (Difco), 0.5 % (w/v) yeast extract (Difco),

1% (w/v) NaCl. The pH was adjusted to 7.0 with NaOH.

LMM broth : 1% (wlv) baclo-tryptone, 0.4 % (w/v) NaCl, 0.5% (w/v) maltose,

0.2% (w/v) MgSOQO;,.
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NZCYM : 1% (w/v) NZ amine, 0.5% (w/v) NaCl, 0.5% (w/v) yeast extract,

0.1% (w/v) casamino acids, 0.2% (w/v) MgSO;

L plates were prepared by supplementing the LB media with 1.5% (w/v) bacto-agar. LMM

agarose plates werc preparcd by dissolving agarose (0.7% (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. §. McColl (Department of Molecular
Biosciences, University of Adelaide). FITC-conjugated rabbit anti-goat IgG, FITC-conjugated
goat anti-rabbit IgG, TRITC-conjugated rabbit anti-goat IgG, horseradish peroxidase-
conjugated rabbit anti-goat IgG, TRITC-conjugated phalloidin, were obtained from Sigma
Chemical Co. (St. Louis, MO). Horseradish peroxidasc-conjugated sheep anti-mouse IgG
was purchased from Silenius (AMRAD). All antibodics were diluted according to the

manufacturer’s recommendation.

2.2.9 Tissue Culture Material

1X PBS : 8% (w/v) NaCl, 0.02% (w/v) KCl, 0.02% (w/v) KH:PO,,
0.115% (w/v) Na,HPO, The solution was sterilised by
autoclaving and stored at room temperature

B-mercaptoethanol/PBS  : 1000X stock B-mercaptocthanol solution was generated by
diluting 100ul B-mercaptoethanol in 14.1 ml PBS. B-
mercaptocthanol/ PBS was stored at 4°C 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.

PBS/EGTA : 25 mM EGTA was prepared in PBS was stored at room

temperature.

1000X stock FIAU (200uM): A 100 mM solution was first made up in PBS. To dissolve
FIAU, NaOH (2M) was added and the final volumc was finally
adjusted to 10 m] with PBS. This solution was filtered sterilised
and stored at -20°C. When needed it was subscquently diluted

1:500 in PBS to yield the 1000X stock solution.

G418 stock solution : 50 mg/ml G418 in PBS (stored at 4°C)
100X HAT:
100X HT :1.375% (w/v) Hypoxanthine, 0.38% (w/v) Thymidine in MQ

H;0. The mixture was gently heated to 70°C to dissolve.

100X A N 17.6% (w/v) aminopterin was dissolved in MQ H,0O with SmM
NaOH.
1X Freezing Solution : 10%DMSO, 90% FCS stored at 4°C in a light proof container.
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2.2.10 Tissue Culture Media

Incomplete ES cell medium : 1.348% (w/v) DMEM (high glucose, containing L-glutamine
and no sodium bicarbonate nor sodium pyruvate), 0.37% (w/v)
NaHCOs3, 0.125% (v/v) gentamycin. HCl was uscd 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 : 85% (v/v) incompletc ES cell medium, 15% (v/v) FCS,

0.1%(v/v) LIF conditioned medium, L-glutaminel mM, 0.1

mM B-mercaptoethanol

2.2.11 Polymerase Chain Reaction Primers

PHLcxAS GGC GAA TTC GAT GAATTT CAA CAC

THLexA3 CCC GGT ACC TTA ACT ACT CTC AAA

TECSH3.5 TTT AGG ATC CGA CGT TGT AG

TECSH2.3 CIT GAATTCTTA ACT GAC CGG GTA

S’EXON16 TTT GAG AAG ACC AAT TAC

3’EXON17 TCC AAA GAG GAT TACTAC

5PRR ATG (;AT CCA GTA TAA GAA AGACC

5’exon8 GGT ACT GCA GAA ATA CCA ACA GAA GCA AAG CAG
3-exong 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
TA-K16-1 GTTAAAAGGCGGCCGCACCTGGTGTA
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2.2.12 Cells Lines

The following cell lines have been cultured throughout the course of this study:

1)

2)

3)

4)

5)

E14TG2a had originally been obtained from Dr.  Austin Smith, CGR
Edinburgh, UK,

W0O.5 cells had originally been obtained from Dr. Richard Harvey, WEHI,
Melbournc,

STO® had originally becn obtained from Dr. Richard Harvey, WEHI,
Melbourme,

FDC-PI cclls had originally been obtained from Dr. Richard D’ Andrea, IMVS,
Adelaide,

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 secale plasmid preparation

Approximately 5 pg of plasmid DNA was typically extracted from 2 ml bacterial cultures,
Small scale cultures typically used LB supplemented with ampicitlin (100 pg/ml) inoculated
with a single transformant bacterial colony and incubated overnight at 37°C in an orbital
shaker. Bacterial cclls were collected by centrifugation at maximum speed for 2 min in 1.5 ml
eppendorf tubcs.  Pellets were subsequently resuspended in approximately 100ul of
supemnatant and lysed by vortexing with 300ul of Megadeath solution (0.1IM NaOH, 0.5 %
(w/v) SDS, 10mM Tris pH 8.0, ImM EDTA pH 8.0). Cellular proteins and chromosomal
DNA were precipitated with 150ul of 5M NaAc pIl5.2 and collected by 3 min centrifugation
at maximum spced. To precipitate plasmid DNA, supernatant {ractions were mixed with 1 ml
ice cold 95 % ethano! and centrifuged for 5 minutcs at maximum speed. Plasmid DNA pellets

were finally washed with 70% ethanol, vacuum dried and resuspended in 20 pul 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
arpicillin (100pg/ml) inoculated with a single bacterial colony and grown at 37°C with shaking
overnight. Bacterial cultures were centrifuged at 5,000 r.p.m. for 10 min. Pellets were
resuspended in 16 m! Solution 1 (50 mM Glucose, 25 mM Tris pH 8.0, 10 mM EDTA pH 8.0)
and incubated at room temperature for S min. Cells were lysed in 40 ml Solution 2 (0.2 M
NaOH, 1% (w/v) SDS) for 10 min on ice, and ncutralised on icc with 30 ml Solution 3 (5M

Potassium acetate, 11.5% (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 isopropano! were added and pellets were
subsequently collected by 15 min centrifugation at 12,000 r.p.m. (4°C), resuspended in 400l
1x TE and transferred to fresh 1.5 ml eppendorf{ tubes. Bacterial RNA was removed with 50
ul RNase A (10mg/ml) at 37°C for 30 min, and DNA preparations were further cleaned by
phenol/chloroform and chloroform extractions. Plasmid DNA was finally precipitated with 2.5
volumes 95% ethanol at maximum speed. Pellcts were then washed with 70% ethanol and

rcsuspended in 1x TE.

2.3.3 CsCl purification of plasmid DNA

Plasmid DNA required for transfections into mammalian cclls are required to be of high quality
and purity. Typically, approximately 300 g of plasmid DNA prepared following the protocol
described in section 2.3.2 was resuspended in 720 pl 1x TE with 1.26 g CsCl. Following the
addition of 120 ul of the DNA intercalating agent EtBr (10mg/ml), the DNA-containing
solution was underlaid into a TL100 tube (Beckman) containing 1.4 ml CsCl (65% (w/v)).
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 ml syringe, transferred to 1.5 ml eppendorf tubes and extracted 3x with
equal volumes of H,O saturatéd butan-1ol, and precipitated with two volumes of 95% EtOH.
DNA pellets werc collected by centrifugation at maximum speed at room temperature for 10

min. Pellets were finally rinsed with 70% 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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(100pug/ml), at 37°C in a rolling drum. Crude DNA preparations were obtained by mixing 25ul
of overnight culture with an equal volume of 2X cracking solution (0.2M NaOH, 0.5% SDS,
20% sucrosc). 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

rccombinant plasmids were identified by differences in mobility compared to parental plasmids.

2.3.5 Agarose gel electrophoresis

Horizontal “minigels” were preparcd by pouring 10-12 ml of molten 1-2% agarose gel solution
preparcd in 1X TAE (40 mM tris-acetate, 20mM sodium acetate, 1 mM Na,EDTA) onto a 5.0
cm x 7.5 cm glass microscope slide, or 30 ml of gel solution poured into a 6.5 cm x 10 ¢cm
perspex minigel cast. Agarose gels were submerged in 1X TAE and samples were prepared
with GLB". These were clectrophoresed at 70 V. The migration of DNA was generally
visualised by staining with EtBr (5 pg/ml) followed with exposure to short wavelength UV
light. To avoid uv-induced damage to DNA, preparative gels were visualiscd using long wave
UV light and the dcsir.cd DNA fragments were isolated using a fresh #10 scalpel blade and

processed as described in 2.3.11.

" 10X GLB: 50% (v/v) glycerol, 0.1% (w/v) SDS, 0.05% (w/v) bromopheno! blue, xylene

cyanol 0.05% (w/v)
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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 1pug of DNA,
in a 20y reaction for analytical purposes, or in a 40pl reaction when DNA fragments were to
be isolated for cloning. Reactions were incubated at 37°C for 1-6 hours in 1X 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 mM Kac, 100 mM MgAc, 40 mM spermidine, 5

mM DTE.

2.3.7 Endfill reactions

When 5 overhangs generated by restriction enzyme digestion had to be removed prior to the
use of thc DNA fragments in blunt end ligations, up to Spg of DNA with 57 overhangs were
endfilled at 37°C, for 1 hour in 1X Endfill Buffer’, with SmM dNTP and 10mM DTT using 10

units DNA Polymerase Klenow Fragment.

“10x Endfill Buffer: 10mM Tris-HCI (pH 7.5), 100mM MgCl,, 100mM NaCl.

2.3.8 Endchew reaction

3’ overhangs were removed from fragments rcquired for blunt end ligation reactions by
exonuclease digestion. Typically, up to Spug of DNA with 3’ overhangs were treated with 5
units of T4 DNA Polymerase and 5 mM dNTPs in 1X T4 DNA Polymerase Buffer™ at 37°C for

30 minutes.

*10x T4 DNA Polymerase Buffer: 700 mM Tris-HCI (pH 7.4), 100 mM MgCl;, 50 mM DTT.
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2,3.9 Dephosphorylation of §” 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 1X CIP buffer (Boehringer Mannheim Biochemicals), at 37°C

for 30 minutes.

2.3.10 Dephosphorylation of blunt and 3° recessive termini

Dephosphorylation of blunt and 3’ recessive termini of linearised vector fragments uscd in non-
directional cloning was carricd out in 1x CIP buffer (Boehringer Mannheim, Biochemicals),
with 2 units of enzyme. The reaction was initiated at 37°C for 15 minutes and was followed by

a 30 min incubation at 55°C.

2.3.11 Purification of linear DNA fragments from agarose gels

To purify DNA fragments uscd as probces or in ligation reactions, restriction fragments werc
separatcd by agarose gel as described in 2.3.5. 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 molar ratio of inscrt to vector DNA fragments and
were carried out in 1X Ligation Buffer’ with 1 mM ATP and 1 unit of 1'4 DNA ligasc in a
20ul volume. Reactions were allowed to procced at room temperature for 2 hours or

overnight at 16°C when blunt-end ligations were performed.

"10X Ligation Buffer: 500 mM Tris-HCI pH7.6, 100 mM MgCl,, 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. cofi DHSx colony and was
allowed to grow ovemight at 37°C (shaking). The following morning, a 1% subcuiture was
made in 500 ml of LB and the culturc was expanded until an ODgg 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. Pcllcts were then resuspended in 100 ml
ice cold CaCl, solution’, centrifuged at 5,000 r.p.m. (4°C) for 15 minutes and concentrated to
20 ml ice cold CaCl, solution. Aliquots of approximately 200 pl were transferred into
eppendorf tubes, snap frozen in a dry ice/ cthanol bath and stored at -80°C for up to six

months.

’CaCl, solution: 0.06 M CaCl,, 15% v/v 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 ul of compctent cells on ice for 20 minutes. Cells were heat shocked for 2 minutes at
42°C beforc returning to ice for 10 minutes and plated onto LB supplemented with ampicillin
(100 pg/ml) plates. Bacteria) 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 pl of

20 mg/mL X-gal 30 minutes before transformant cells were plated.

2.2.15 Genomic library screening

i) Preparation of bacterial host
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A 20 ml LMM broth culture was inoculated from a single E. coli LE392 colony. The bacterial
culture was expanded overnight at 37°C in an orbital shaker. Bactcrial cells were collected by
centrifugation at 3000 r.p.m. for 5 minutes and were resuspended in 10ml of prechilled 10mM

MgSO,. Cells werc stored on ice prior to infection with bacteriophage.

ii) Plating of genomic library

Aliquots of 0.7% (w/v) LMM agarose were warmcd to 42°C prior to infection. The infection
step was typically carricd out using 200uL of. E. coli LE392 prepared in 2.2.15i and 7 x 10*
A2001 bacteriophage, in a 37°C water bath for 15 min. Following this, 10 ml of 0.7% (w/v)
LMM agarosc was added to the infected cells and the mixture was quickly overlayed onto
prewarmed 15cm LB agar plates. Platcs were left to set at room temperature for 10 minutcs
and were shifted to 37°C for 6-8 hours or until the plaques had grown to a sufficient size.
They were subscquently stored at 4°C for at least 1 hour prior to plaque lifts. First round
plates were generally plated at 40,000-50,000 pfu/platc whereas comparatively low plaque

density (80-100 pfu/plate) was used in subsequent rounds.

iii) Plaque lifts

Nylon membrane circles were overlayed onto infected plates for 1 minute (first lift), 3 minutes
(second lift) and 7 minutes (Optional 3rd lift). Membranes were then zir 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.
Membrancs 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: 5.85% (w/v) NaCl, 40% (w/v) deionised formamide, 17% (w/v)
SDS, 11% w/v PEG, 50 mM Tris-HCI pH 7.4, 5x Denhardt's reagent, 0.05 mg/ml salmon

spcrm DNA.

iv) Radiolabelling of linear DNA probes

Single stranded DNA probes were labelled with 30-50 uCi a-**P-dATP using the Gigaprime
DNA labelling kit as suggested by the supplicr. The volume of the labelling reaction was
increased to 100 pl using MQ water and unincorporated labei was removed by centrifugation
on a 0.5 ml Sepharose CL-6B column by centrifugation at 1800 r.p.m. for 3 minutcs. Prior to
its addition to the prehybridisation solution, the probe was denatured at 100°C for 2 minutes

and snap cooled on icc

v) Hybridisation of labelled probes and detection of positive clones

Hybridisation was carried out overnight in petri dishes at 42°C. Genomic library screen lifts
were washed twice in 1L of 2X SSC/0.1% (w/v) SDS at 42°C for 20 minutcs. An optional
higher stringency wash using 1L of 2X SSC/0.1% (w/v) SDS at 65°C 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 film at -80°C for 72 hours.

vi) Isolation of single genomic clones

Positive plaques identified on duplicate filters were isolatcd by stabbing with a sterile pasteur
pipette. Phage were elutcd by submerging the agar stab in 1 ml PSB for 4 hours at 4°C. The
eluate was transferred to a fresh tube and E.coli 1.LE392 cells were lysed by the addition of a
drop of chloroform. Phage eluates were stored at 4°C. The titre of the cluted phage was

subsequently detcrmined.
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2.3.16 Large scale preparation of phage DNA (Aprep)

1) Preparation and infection of cells

Small scale bacterial culturcs were inoculated from a single E. coli LE392 colony and grown in
LMM broth overnight at 37°C. One millilitre of bacterial host (approximately 2 x 10° bacterial
cells) was subsequently incubated with 1 x 10 phage at 37°C, with intermittent shaking for
30min. Ormne half litrc of NZCYM was then inoculated with 1ml of bactcria/phage mixture,

adjusted to 10mM MgSO, and cxpanded at 37°C overnight in an orbital shaker.

1) Lysing cells and extraction of bactcriophage DNA

To lyse bacterial cells and release phage particles, 10ml of chloroform was added to the culture
for 10 minutes on a tilt table, Bacterial RNA and genomic DNA were digested with RNaseA
(1ug/ml) and DNase I (1pug/ml) respectively for 30 minutes on a tilt table. Solid NaCl was
dissolved into the mixture to yield a 1M solution and coocled on ice for 1 hour. Cell debris
were collected by centrifugation at 5,000 r.p.m. (4°C) for 20 minutes. Solid PEG (10% w/v)
was slowly dissolved into the supernatant and the mixture was kept on icc for I 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 bactcriophage particles were collected from the supernatant
fraction following centrifugation (5,000 r.p.m.; 4°C) for 15 minutes. Thesc were lysed with 20
mM EDTA pH 8, 0.5 % w/v SDS, 50 pg/mL Proteinase K for 30 minutes at 37°C. Proteinase
K was heat inactivated at 65°C for 30 minutes. Bacteriophage DNA.; was then subjected to
phenol/chloroform extraction (centrifugation was carried out at 3,000 r.p.m. for S minutes
using a benchtop centrifuge). Phage DNA was precipitated with 2 volumes of icc cold ethanol
at 3,000 r.p.m for 10 minutes in a benchtop centrifuge. DNA pellets were washed with 70%

ethanol, dricd under vacuum and resuspended in 1X TE.
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2.3.17 Southern blot analysis of plasmid and phage DNA

Following restriction cnzyme digestion (2.3.6), DNA fragments werc separated by 1% (w/v)
TAE agarose gel clectrophoresis (2.3.5) and visualised by EtBr staining under longwave length
UV light. 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 (1lybond™-N") in 0.4M NaOH for 90
minutes under vacuum according to thc manufacturer's suggestion. Membranes were then
rinsed in 5X SSC and DNA fragments wcre further immobiliscd onto the membrane by UV
crosslinking or by air drying the membranc at room temperaturc overnight. Probes were
labelled as in 2.3.15 (iv). For hybridisation, probes werc denatured for 5 minutes and
snapcooled on icc prior hybridisation in cylinders. Filters were hybridised at 42°C in a Hybaid
midi oven in 10 ml/filter of hybridisation solution for a minimum of 2 hours or overnight.
Filters werc finally washed successively for 20 minutes in 2x SSC/0.1% (v/v) SDS, 0.5x
SSC/0.1%(v/v) SDS and 0.1x SSC/0.1%(v/v)SDS at 65°C. Radioactivity was detected as

dcscribed in section 2.3.18

2.3.18 Autoradiograph scanning and phosphorimager analysis
X-ray films werc developed using a CURIX 60 X-Ray developer, Storage Phosphor Screens
exposed to membranes were processed using a Molecular Dynamics PhosphorImager running

the ImageQuant software.

2.3.19 Double stranded sequencing of plasmid DNA
(i) Manual sequencing using the dideoxy-mediated chain termination method
Up to 2ug of plasmid DNA were denatured at 37°C for 15 minutes (166.6mM

NaOH/166.6uM EDTA) and snap cooled on ice. Denatured DNA was purified on a
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Sepharose CL-6B spin column by centrifugation (2,000g) for 5 minutes and annealed to
sequencing primers (Sng/ul). Dideoxy sequencing reactions were carried out using the
Pharmacia or Bresatec T7 polymerase scquencing kits according to the manufacturer's
instructions, using o?P-dATP or o”P-dATP and optional MnCl,, when sequencing was
required in closc proximity to the primer. Stop solution” was added to terminate the reactions
and samples were denatured at 75°C. Fragments werc rcsolved by electrophoresis on a
denaturing 6% w/v polyacrylamide at 50mA. Gels were blotted onto 3MM Whatman paper,
vacuum dried at 70°C for 1 hour and exposed to X-ray film at room tempecrature to detect

radioactivity.

‘Stop solution: 97.5 % (v/v) formamide, 10 mM EDTA pH 7.5, 0.03% (w/v) bromophenol

blue, 0.03% (w/v) xylene cyanol).

(i) Cycle Sequencing

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 appropriatc sequencing
primer (5ng/ul). 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 95% 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 weight genomic DNA was prepared from ES cells grown in 24-well plates. To

each well, 300pl of lysis solution’ was added and plates were incubated overnight at 37°C.
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DNA was precipitated with an equal volume of isopropanol at room temperature on a rotating
table until a precipitate was formed. DNA precipitates werc subsequently picked with the tip
of a 200ul pipettcman and transferred to S00ul of 70% (v/v) ethanol. DNA pellets werc
collected by centrifugation (14,000 r.p.m., 10 minutes) and air dricd at room temperature.

Pcllets were finally resuspended in 100ul of 1X TE (37°C, overnight).

"Lysis Solution: 100 mM HCI pH 8.5, 50 mM EDTA, 0.2% (v/v) SDS, 200 mM NaCl,

0.1mg/ml Proteinase K

2.3.21 Southern Blot Analysis of Mammalian Genomic DNA

Approximately 20 pg of high molecular weight genomic DNA were digested at 37°C using 10-
20 units of restriction enzyme in a total volume of 100ul. The digested DNA was precipitated
with 95% cthanol, washed with 70% (v/v) ethano! and air dricd. The pellet was finally
resuspended in 10pl 1X TE. GLB was added and the mixture was run on a 0.7% (w/v) TAE
agarose at 30V overnight. Gels were photographed the following moming 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
werc then rinsed in 6X SSC and DNA was immobilised by UV crosslinking (120 J, Stratagene
Inc., UV Stratalinker 1800). Radioactive probes werc labelled using the Megaprime labelling
Kit (Amersham) with S0uCi o->*P-dATP following the protocol of the supplier. Hybridisation
reactions were carried out in a Hybaid midi hybrdisation oven at 65°C. Filters were
prehybridised for a minimum of 2 hours at 65°C in 10 mVfilter of hybridisation solution.
Probes were denatured for S minutes and snapcooled on ice prior hybridisation in cylinders.

Filters were hybridised at 65°C overnight. Filters were then washed successively for 20
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minutes in 2X SSC/0.1% (v/v) SDS, 0.5X SSC/0.1%(v/v) SDS and 0.1X SSC/0.1%(v/v)SDS

successively at 65°C. Radioactivity was detected as described in section 2.3.18

"Prehybridisation Solution: 250mM NaPO; (pH.  7.2), 7%(v/v) SDS, 10%(w/v) PEG 6000,

ImM EDTA, 0.1mg/ml sonicated salmon sperm DNA.

2.3.22 Polymerase Chain Reaction

(i) Standard PCR

Standard PCR reactions used lincarised plasmid DNA templates and were carried out
following the manufacturer’s recommendation. Briefly, 20ng plasmid DNA were generally
uscd as template. Fragments were amplificd in a total volume of 25u! using Sng/ul of each
primer, 800uM dNTPs, 1 unit Taq polymerase, in 1X Taq reaction buffer (67mM Tris-HCI,
pH8.8, 16.6mM (NH4);SO4, 0.2mg/m! gelatin and 0.45% Triton X-100). MgCl,
concentrations were optimised for cach primer combination and typically ranged between 1mM

and 2.5mM MgCl.

(ii) Long Distance PCR

The LD-PCR reactions were performed in a volume of 50l containing 1.5mM Mg**, 60mM
Tris-SO4 (pH 9.1, at 25°C), 18mM (NH4);:SOs, 200uM of each dNTP, 200nM cach primer,
200ng of genomic DNA and Ipl 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 60°C (30 sec) and extension at 68°C (4 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 the SUPERSCRIPT ONE STEP RT-PCR System (Life Technologies).
Reactions were carricd out in a total volume of 50ul containing 1X Reaction Mix (0.4mM
cach dNTP, 2.4mM MgSOy), 40 Units of RNaseOut Ribonuclcase Inhibitor (Life
Technologics), 200nM each primer, 1ul RT/7ag Mix and 2 ug of RNA. The PCR profile
consisted of a reverse transcription step at 50°C (40 min), denaturation at 94°C (2 min), 1
cycle of denaturation at 94°C (30 scc), annealing at 46°C (1 min) and extension at 70°C (1
min) and 40 cycles of denaturation at 94°C, annealing at 50°C and cxtension 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 gencrally labelled with 240 uCi a-[**P] rtUTP (mGAP and rGAP
probes were labelled using 40 pCi of o-[*’P]-rUTP) using the appropriatc RNA Polymerase
enzyme. 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 Tcc
ribonucleotide probes and 3,700 counts/minute of antisensc mGAP and rGAP ribonucleotide
probes were added to 10 pug of RNA. After hybridisation, samples werc digested, with a
mixturc of RNase T1 and RNase A at 42°C for 30 min. Samples were subsequently
phenol/chloroform cxtracted and ethanol precipitated. The pellet was then resuspended in
formamide loading buffcr, loaded onto a Sequagel-6 (National Diagnostics) polyacrylamide

gels and visualised by Phosphorimager analysis (Molccular 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, ImM EDTA,
150mM NaCl). Following centrifugation cells were resuspendcd in cold lysis buffer (0.5% v/v
Triton X-100, 60raM KCl, SmM MgCl; 2mM EDTA, 2mM EGTA, 30mM HEPES pH 7.4,
supplemented with 1mM NaVO;, SOmM NaF, 2mM phenylmethylsulfonyl fluoride, 10ug/ml
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 SDS-loading buffer (50mM Tris HCI pH6.8, 1% v/v 2
mercaptoethanol, 2% w/v SDS, 0.1% w/v Bromophcnol Blue, 10% viv glycerol). Cellular
fractions were also prepared using SDS-loading buffer. All samplcs were denatured for 5
minutes at 100°C, separated by SDS-PAGE on 8% Tris-tricine acrylamide gels and electro-
transferred to a nitroccllulose membrane (Hybond-C, Amersham). Nitrocellulose membranes
were blocked overnight at 4°C in 5% w/v skim milk powder, 0.1% v/v Tween 20 in PBS.
Immunodetection was carried out in 5% skim milk/PBS for 1 hour at room tempcrature and

specific binding of antibody was visualised by ECL detection (Amersham).

2.3.27 Immunoblotting analysis of immunoprecipitates

Cells werc washed in PBS, collected in cold TEN buffer and lysed by three rounds of
sonication (30 sec cach) in cold sonication buffer (0.02% v/v TritonX-100, 1mM EGTA,
50mM Tris pH 8§, 1 mM NaVOs, 50 mM NaF, 2 mM phenylmethylsulfony! fluoride, 10 pg/ml
aprotinin as described in Izaguirre et al., 1999). The resulting supernatant fractions were pre-

clearcd 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 4°C for 4 hours with the appropriatc
antibodies. Immune complexes were collectcd 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 furthcr denatured for 5 minutes at 100°C. Proteins were
visualised after SDS-PAGE electrophoresis and electro-transfer to nitrocellulose as described

in 2.3.26.

2.3.28 Fluorescence microscopy

Cells were washced in PBS, fixed for 2 minutes in pre-chilled methanol and rchydrated in PBS
for 15 minutes. To facilitate antibody penetration, cells werc permeablised with
PBS/0.1%(v/v) Trton-X 100 (Sigma Chemical Co. St. Louis, MO) for 10 minutes.
Pcrmeabilised and fixed cells were exposed to antibodies for 1 hour at room temperature and
washed with PBS/0.1% Tween 20. Cells were mounted in PBS/50% 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

2.4.1 Preparation of STO" feeder layers

STO® cells were expanded in complete ES cell medium untii they reached 70-80% confluency.
Cclls were washed twice with PBS and dislodged using 2ml of pre-warmed trypsin for less
than 3 min. Trypsin activity was ncutralised with 10 m! of complete ES cell medium and cells
were collected by centrifugation at 1,200 r.p.m. for 5 minutes. Single cell suspensions of 10
cells/m] were subsequently v irradiated (30 Grays). Irradiated cells were resuspended in 1x
freezing medium (10% (v/v) DMSO, 90% FCS) at 2.5 x 10’ cells/m! and frozen in 2x10 cell
aliquots at - 80°C for short term storage or in hiquid 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
PBS/0.1% gcelatine for 20 minutes. Cells were grown in complete ES cell medium in 10% CO,
at 37°C. E14TG2a ES cells gre fecder layer independent and were therefore grown directly
onto pre-gelatinised plates. WO9.5 ES cells require a feeder layer and were grown onto

mitotically inactivated STO® fibroblast cells.

(ii) Routine passage of ES cells
ES cells were routinely passaged to prcvent differentiation of ES cell colonies. This is

impartant 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 m! 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 E14TG2a cells or to feeder-coated

plates in the case of W9.5 cells.

24.3 Freezing of ES cells

ES cells were grown to sub-confluence and harvested by trypsinisation. Cells were counted,
centrifuged for S minutes at 1,200 r.p.m., and rcsuspended in 1x freezing medium at 6.25 x 10°
cells per ml. ES cells were stored in cryotubes (5x10° 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 200ug of the
appropriate DNA was linearised by restriction enzyme digestion. The reaction was

subsequently extracted with phenol/chloroform and chloroform and resuspended in sterile 1X

TE.

(i) Electroporation of W9.5 ES cells

Typically, six 100 mm plates of ES cells were required per electroporation. Plates were fed
with complcte ES cell medium 4 hours prior to procedurc. Plates were washed first with PBS
and a second time with PBS/EGTA. Cells were trypsinised with 1m] pre-warmed trypsin per

100mm plate for a maximum of 3 minutes at room temperaturc. 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 further centrifuged at 1,200 r.p.m. for 5 minutes and the pellet was
resuspended in 20ml 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 ml.
In an clectroporation cuvette (Bio-Rad, 4 mm disposable electroporation cuvette), 25ug of
linearised vector was mixed with 700ul of pre-chilled cell suspension. Electroporation was
carricd out using the Bio-Rad Gene Pulser at 230mV, 500uF. The cntire contents of the
cuvette werc 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 10%
CO, after which selection was applied for up to 10 days. Cells werce re-fed daily for the first

six days to eliminate dead cclls and every 48-72 hours from thercon.

(ii) Electroporation of E14TG2a cells

Electroporation was carried out as described above with the exccption that ES cells were
expanded in six 175cm? flasks for the experiment. In this experiment, cells were resuspended
in PBS to a concentration of 1,43 x 10° cells per ml. A mixture of 150ug of linearised
targeting vector and 700l cell suspension was immediately electroporated using the Bio-Rad

Gene Pulser at 800mV, 3 pF.

2.4.5 Picking and expansion 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 100ul of trypsin. After 8 colonies were picked, 100ul complete ES cell medium

was added to each well to ncutralise trypsin 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
cach well were transferred to a pre-gelatinised 24 well plate and the other hailf to a pre-
gelatinised 24 well plate with feeder layers. When E14TG2a cells were used the content of
each well was divided over two pre-gelatiniscd 24 well plates. In both cases, the first plate
was used for characterisation of the clones by Southem blot analysis (2.3.21) 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 into 24 well platcs. Wells were washed twice with PBS, 100u] trypsin
was added to each well and the platc was incubated at 37°C for 3 minutes. An cqual volume
of 2X freezing medium was then added and cell clumps were disrupted by pipetting using a
multichannel pipettor. Plates were then scaled and immediately transferrcd to a -80°C freezer.
To thaw cclls, plates were piaced in a 37°C incubator for 10 minutcs and 1 ml of pre-warmed
ES ccll 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 Karyotyping ES cell lines

ES cells were grown in 60 mm plates at high density (10° cells per plate) and fresh complete
ES cell medium was added to the plates 3 hours prior to the proccdure, Cells were arrcsted in
mitosis by the addition of colcemid (0.1pg/ml) (Sigma Chemical Co.) after which they were
harvested by trypsinjsation 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 m! 0.075M KCl and remained at

room temperature for 30 minutes. One millilitre of fresh pre-chilled methanol/acetic 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 6ml of cold fixative, and washed twice in 6ml of methanolacetic
acid fixative solution. Following the final wash, 0.5ml 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 Gicmsa and sprcads were vicwed under phase contrast optics on the Zeiss

Axioplan Universal microscope.

2.4.8 In vitro differentiation of ES cells

ES cells were differentiated to form macrophages by the methods of Wiles and Keller (1991)
following modifications described m Lake et al (2000). Embryoid bodics were incubated in
1.25ml MC medium (0.9% methyl cellulose in IMDM, 15%FCS, 50mg/ml ascorbic acid,
0.45mM a-monothioglycerol) supplemented with 400 U/ml recombinant mouse IT.-3 (a kind
gift of Dr T. Gonda, Institutc of Medical and Veterinary Scicnce, Adelaide) and 10 ng/ml
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 manner as for

1774 cells.

2.4.9 Histochemical staining of cells for detection of B-Galactosidase

Two days after transfcction, cclls were fixed and stained to detcrmine transfection efficiencies.
Bricfly, the medium was removed from the transfected cells and cells were washed twice with
PBS. Cells were then fixed with Sml of cold fixing solution and incubated at 4°C for 5
minutes. The fixing solution” was then removed and cells were washed thrce times in PBS.

Five millilitres of staining solution’* was then added to the plates and these were incubated
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overnight at 30°C for the detection of (3-galactosidase activity. Cells were then viewed under

phase contrast and bright field optics using a Nikon Diaphot microscope.

"Fixing Solution: 2% (v/v) formaldehyde, 0.2% (v/v) glutaraldchyde)

“Staining Solution: 0.5SmM potassium ferrocyanide, 0.SmM potassium ferricyanide, 1mM

MgCl2, 40mg/ml BCIG

2.4.10 Fugene™ transfection of GFP construct in COS-1 Cells

Transient transfection required for immunohistochemical analysis of Tec isoforms were carried
out in 6 well platcs. Briefly, 10° cells were plated on glass coverslips 24 hours prior to
transfection. Ceclls were transfected according to the manufacturer's instruction. Typicaily, 3ul
transfection reagent were diluted in 97l scrum-free DMEM and incubated at room
temperature for 5 min. The diluted transfection reagent was subsequently added to 1pg 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 werc fixed in pre-chilled methanol for 2 min,
rehydrated in PBS for 15 minutes and permeabilised in PBS/0.1% TritonX-100 for 10 min.
Nuclei were stained with Hoechst (1pg/ml) for 30 sec and thoroughly washed in PBS/0.1%

Tween-20.



2.5 Phagocytosis-related protocols

2.5.1 Routine maintenance of J774 cells
The murine monocytic/macrophage ccll line J774 was maintaincd at 37°C in DMEM (GIBCO,
Life Technologies) supplemented with 10%(v/v) fetal bovine scrum, under 10% CO,. For

immunofluorescence, cells were plated on glass coverslips in 6-well plates at 10° 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 1 hour at
37°C with 20mg/ml human IgG (Sigma Chemical Co. St. Louis, MO) at a final concentration
of 10mg/ml 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

J774 cells prepared for immunohistochcmistry 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 DMEM/10% 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
DMEM/10%FBS and kept in suspension at 37°C 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 initiatcd by a temperature shift to 37°C in
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DMEM/10%FBS for the required length of time. Particle uptake was stopped by plunging

tubes into ice until further processing.

2.5.5 Inhibitor studies

J774 cells were exposed to inhibitory drugs for 30 minutes at 37°C prior to phagocytosis
assays. Cytochalasin D (Sigma Chemical Co. (St. Louis, MO) was used at 50-500nM,
1.Y294002 (BIOMOL Rescarch Labs Inc.) at 30-80uM and Nocodazole (Sigma Chemical Co.,
St. Louis, MO) at SuM. All inhibitors were diluted in DMSO (Sigma Chemical Co., St.
Louis, MO) to final concentrations of 48 mM LY294002, S mM Nocodazole, 1§ mM
Brefcldin A and 2 mM Cytochalasin D. Cells were exposed to IgG opsonised Zymosan A for
30 minutes at 37°C, unbound particles were then washed washed gently and cells were process

for cither immunofluorescence or immunoblotting analysis.



2.6 Mouse manipulation and analysis

() Chimaera production

Chimaeric mice were produced by microinjection (J. Wrin, Department of Biochemistry,
University of Adelaide). W9.5 targeted derivatives were introduced into C57BV/6 blastocysts
or B6D2F1 blastocysts (CS7BV6 X DBA/2). Chimacra were identified by coat colour
assessment based on the known coat colour genotypes: C57BV6 (a/a; B/B; D/D) results in a
black coat colour phenotype and DBA/2 (a/a; b/b; d/d) manifested by a dilute brown
phenotype. B6D2F1 progeny had the following possible genotypc: a/a; B/7; D/? (black), a/a;
b/b; D/? (brown), a/a; B/?; d/d (dilute black) and a/a; b/b; d/d (dilute brown). W9.5 ES cells

have a dominant agouti allele.

(1) Brecding

Chimaeric mice displaying 25% or more chimaerism were bred to CS7Bl/6 mice and progenies

werc scored for the transmission of the dominant agouti allcle.
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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
carricd out and are described in Chapter 5. In combination with studies by Merke! (1996),
thesc studies have identified all exon-intron boundaries of the Tec genc. 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 linkcd 5' exons and more sparscly arranged 3’ cxons. Since Mano et al. first reported
the 1solation of thc 7Tec transcript in 1990, a total of five Tec mRNA isoforms have been
reported in the litcrature that differ in the PHTH, SH3 and kinase regions (Mano et al., 1990;
Mano et al,, 1993). As seen in Figure 3.1A, the exon/intron structurc of the Tec locus
suggcsts 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 their PHTH, SH3 and kinase
domains respectively. A diagrammatic representation of the molecular mechanisms responsible
for the generation of thesc alternatively spliced transcripts is represented in Figure 3.1B.

Translation of Tecll, III and 1V occurs in reading frame 1 and initiates at the first ATG
codon located in exon 2. The full length TeclV transcript cncodes functional PHTH, SH3,
SH2 and kinase domains, but no Src-like negative regulatory Tyr residuc is present in the C-
terminal tail of the kinase domain. Compared to TeclV, TeclIl has a truncation of 22 amino
acids that is predicted to remove critical structural components of the SH3 fold (Figure 3.2A
and B). TecllA and TecllIB arc characterised by a 99 bp insertion in the 3' end of the kinase
region of Teclll and 1V respectively which exchanges the last 27 amino acids of the kinase
region of TeclIA and IIB with an unrelated 21 amino acids scquence. This potentially

influcnces the fold and/or stability of type II Tec kinascs 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 rcpresentation of Tec isoforms as reported in the literature.

S5'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

first ATG in exon 2.

B. Diagrammatic representation of splicing events proposcd to occur at the Tec locus.
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Figure 3.2  Representation of the structure of the TecIV SH3 domain

Diagrammatic representations of the TecIV SH3 domain arc based on the solution structure

(Pursglove et al., 2001).

A. The molecular surface of TeclV 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 oricntation displays the characteristic beta barrcl conformation of the SH3 module
and highlights the 22 amino acid strctch absent in TeclIl (red). The regulatory tyrosine

residuc is highlighted in orange.
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and/or specificity. Compared to TeclV, Tecl has a 41 bp deletion in thc PHTH region. Based
on the sequence of the Tec! transcript, it is predicted that its translation can initiate at two
possible ATG sites. The first ATG is located in frame 1 of exon 2 (basc pair 49 of exon 2).
The same ATG codon facilitates the 'mitiation- of translation of Tecll, III and 1V transcripts.
The usc of this ATG to initiate the translation of Tecl results in the synthesis of a short 100
amino acids long peptide that shares only 81 amino acids with thc N-terminus of TeclIl and IV.
Alternatively, as initially suggested in Mano ct al., 1990, translation of Tecl could initiate in
frame 3, from the first ATG in exon 3 (basc pair 65 of exon 3) resulting in the expression of a
unique N-terminal region, and functional SH3, SH2 and kinase domains. Thc N terminal
unique region of this second peptide lacks traditional membrane targeting scquences and is
reported to have no homology to known modular domains (Mano et al., 1990). In the cell, the
Tecl protein is predicted not to be targeted to the plasma membrane because of the lack of PH
sequences otherwise prescat in all other Tec proteins. Consequently, distinct stimuli are
expected to affect Tecl 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.
Studics of Tec expression have also not differcntiated between the different isoforms of the
Tec transcript (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 vivo expression pattern of each Tec transcript
was characterised using RNase protection analysis (RPA) and/or rcverse transcriptase PCR
(RT-PCR) to provide an insight into thc relative abundance of each isoform in mousc
embryonic and adult tissues. To complement these studies, a second approach which utilised

the power of the green fluorescent protein (GFP) was adopted to visualise the subcellular
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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 Tcc in the absence of isoform-specific antibodies.

3.2 Results

3.2.1 In vive characterisation of Tec isoforms by RNase Protection Analysis (RPA)

RNasc protection analysis relies on the ability of RNA molecules to form RNA-RNA
duplexes that are resistant to RNase digestion. Antiscnse radiolabelled RNA probes
complementary to a transcript of intcrest are generated and allowed to hybridisc to RNA
samples. Hybridisation is followed by RNasc digestion, and protected radiolabelled fragments
arc identified by gel electrophoresis. The expression of the transcript of interest is determined
bascd on the presence and size of the specific protected fragment.

To characterise the expression of each Tec isoform, the studies described in this section
utilised radiolabelled RNA probes complementary to Tec scquences, each encompassing one of
thc three regions characteristic of Tecl, Tecll and TeclV. 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 formation of RNA-RNA duplexes. Tecl and Tec{ll 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 protectcd fragments of radiolabelled probe. Their full length
counterpart should bc 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 fragments recovered following RNase digestion.
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3.2.1.1 Investigation of Tecl Expression in Mouse Adult Tissues

A probe encoding the full length PHTH region was generated by PCR using the
PHLexAS and THLcxA3 primer combination (2.2.11; 2.3.22i). This primer combination
amplifies a 474bp PCR product that was subscquently cloned in pGEM-T (Stratagenc). The
orentation of the cloned PHTIH fragment was determined by restriction enzyme digestion with
Acc | (Figure 3.3A). SP6 RNA polymcrase was used to generate the PH/TH probe deseribed
in Figure 3.3B. The predicted size of probe fragments that are protected by Tecl versus Tecl],
IIT and IV mRNA sequenccs are depicted in Figure 3.3B. Briefly, two radiolabelled fragments
of 244bp and 172bp arc cxpected to be protected by the shorter Tecl transcript, as the 41bp
insertion in PH/TH-7ecI duplexes should form a single stranded loop that is susceptible to
RNasc digestion. These two shorter fragments can easily be distinguished from the 457bp
PH/TH fragment protected by Tecll, 1T and IV transcripts using gel electrophoresis.

As shown in figure 3.3C, RNA samples from adult mouse liver, kidney and placenta
tissues protected only the full length PH/TH fragment, and no Tec cxpression was detectable in
the hcart. In order to account for differcnce in the amounts of RNA recovercd in each
reaction, an antisensc radiolabelled rGAP probe that monitors the expression of thc house
keeping gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was uscd 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 Tecl expression was detected in two independent liver RNA
samples. The absence of Tecl in the liver samples tested could however be explained as
follows: First, Tecl could represent an incomplctely spliced form of Tec transcripts that had
been captured during the synthesis of the cDNA library described in Mano et al. (1990).
Alternatively, the Tecl 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

1



Figure 3.3  Characterisation of the tissue distribution of Tecl in mouse adult tissues

A. Diagrammatic represcntation of the pGEM-T-PHTH plasmid used to generate the
radiolabelled antisense PH/TH probe.

T7: T7 RNA polymerasc promoter; SP6: SP6 RNA polymerase promoter.

B. Diagrammatic representation of the ribonucleotide probe used in the RNasc Protection

Assay, together with the potential products generated following RNase digestion .

C. RPA analysis of mouse adult tissucs.
Ten micrograms of total RNA prepared from mouse adult liver, kidney, heart and
placcnta tissues were subjected to RPA using the PH/TH probe. The rGAP antisensc

probe was used as a loading control.

rGAP: rat glyceraldehyde-3-phosphate.
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Tecl is only a minor isoform of the Tec 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 Inyestigation of the Expression of Type II Tec Transcripts

The abundance of the kinase-variant isoforms of Tec was investigatcd using the
KINASE probe described in Figure 3.4B. The 99 bp insertion characterstic of Tecll
transcripts is located in the Nco I/BamH 1 fragment at the 3' end of the TeclIB transcript.
Nco 1 lincarised pBluescript SK”. TeclIB (Figure 3.4A) was used as a template to transcribe the
KINASE antisense riboprobe using T7 RNA polymerase (Figure 3.4A). A 275 bp
radiolabelled probe fragment is predicted to be protected by sequences in the 3' region of Tecll
transcripts. On the other hand the 99bp insertion sequencc of the probe which has no
complementary counterpart in type II7 or IV transcripts is susceptible to RNase digestion and
should yield two fragments of 85 and 91bp (Figure 3.4B). As shown in Figure 3.4C, based on
the size of the recovered protected fragments, no Tecll transcripts were observed in adult
mouse spleen, liver or placenta tissues, nor were Tecll transcripts detectable in total RNA
samples from day 16 cmbryos. ES ccll RNA samples displayed no Tec expression at all despite

efficient rccovery of the rGAP control sequence.

The absence of type II'Tec transcripts was further confirmed by RT-PCR analysis using
the S'EXON16 and 3EXONI17 primer combination (section 2.2.11). 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 Tecll
sequences was identified (Figure 3.4D). The identity of the amplified fragment was also

confirmed by DNA sequencing and restriction enzyme digestion using Nco I/ Sac I, two
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Figure 3.4  Characterisation of the tissue distribution of TeclII transcripts in mouse

adult tissues

A. Diagrammatic representation of the pBluescriptSK*. TecIIB plasmid used to generate the
radiolabelled antisense KINASE probe.

T7: T7 RNA polymerase promoter; T3: T3 RNA polymerase promoter.

B. Diagrammatic representation of the ribonuclcotide probe used in thc RNase Protection

Assay (RPA), together with the potential products generated following RNase digestion.

C. RPA analysis of mouse adult tissues.
Ten micrograms of total RNA preparcd from adult mouse liver, spleen, and placenta
tissucs as wcll as embryonic day 16 and ES cell total RNA werc subjected to RPA using
thc KINASE probe. The rGAP antisense probe was used as a loading control.

ES: Embryonic Stem cell; tGAP: rat glyceraldehyde-3-phosphate.

D. RT-PCR analysis of adult mouse liver and spleen tissucs, and day 16 embryonic and ES
cell total RNA.
Five hundred nanograms of total RNA was tested in reactions that utilised the 5'c¢xonl6
and 3'cxonl7 primer combination and the SUPERSCRIPT ™ ONE-STEP™ RT-PCR
System.
The products of the reaction were separated by 1% (w/v) TAE gel clectrophoresis and

visualiased by EtBr staining.
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restriction cnzyme recognition sites known to be present in TeclIT and IV kinase sequences (J.

Doumanis, personal communication).

3.2.1.3 Investigation of Teclll and TeclV expression in mouse embryonic and adult tissues

Given that the cxpression of Zec/ and /7 in mouse tissues was found to be negligible,
further studics concentrated on the distribution of TeclIT and IV using the SH3/SH2 probe
described in Figure 3.5B. This fragment had been amplified from pBlucscriptSK *TeclIB by
PCR using the TecSH3.5 and TccSH2.3 primer combination (2.2.11; 2.3.221). The amplified
fragment had been subscquently subcloned in pBluescript SK* using BamH 1 and EcoR 1
restriction enzymc sites prcsent in the primer sequences (Figure 3.5A). The antisense
SH3/SH2 radiolabelled probe described in Figure 3.5B was transcribed from the T7 promoter
of BamH 1 lincarised pBluescriptSK'SH3/SH2. This radiolabeled SH3/SH2 fragment is fully
protectcd by TeclV sequences and yields a 495bp fragment aftcr RNase digestion, while Teclll
expression can be identified by the presence of a 301bp protccted radiolabelled fragment
(Figure 3.5B).

As seen in Figure 3.5C, analysis of mouse embryonic and adult tissues indicates that
TeclV is the major Tec transcript 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 tthf: latter tissues were found to protect only the Teclll 301bp
fragment suggesting that Tecl V 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 Tecl
and Tecll transcripts are generally not expressed in embryonic and adult mouse tissues, whilc
Tecill and TeclV are co-expressed at detcctable levels except in adult liver kidney and

embryonic d16 limb tissues where only TecllI 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'.SH3SH?2 plasmid used to gencrate
the radiolabelled antisense SH3/SH2 probe.

T7: T7 RNA polymerase promoter; T3: T3 RNA polymerase promoter.

B. Diagrammatic representation of the ribonucleotide probe uscd 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, Jung and skin tissues were subjected to RPA using the SH3/SH2
probe. The mGAP antisense probe was uscd as a loading control.

mGAP: mouse glyceraldehyde-3-phosphate.
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3.2.2 RT-PCR analysis of TeclIll 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 carricd
out on total RNA preparations from adult and crmbryonic mouse tissues, using the primer
combination SPRR and 3'exon8 (3.2.11; 2.3.23). This primer combination amplifies thc PRR
to SH3 region and identifies the presence of TeclV transcripts as a 353bp PCR product, and
that of TeclIl as a 287bp product (Figure 3.6A). To confirm the identity of the amplified
fragments, Southern blot analysis (2.3.17) was carricd out using an internal SH3 probe
gencrated by BamH VEcoR 1 restriction enzyme digest of pGEX4T2-SH3 (Pursglove et al.,
1998). As shown in Figure 3.6B, expression of both Tec isoforms was detected in a range of
adult and embryonic mousc tissucs. Based on the intensity of the PCR products as detected by
Southern blot analysis (Figure 3.6B), TeclV 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 TeclV
specific 353bp product as well as the TeclII 287bp fragment.

Given the discrcpancy between the observations made in section 3.2.1.3 and those
described in Figurc 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 SPRR/3'exon8 primer pair (2.2.11) 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 ccll total RNA
preparations which had been shown to lack Tec expression by RPA (Figure 3.3C and 4C) were

used as a ncgative control. As shown in Figure 3.6B RT-PCR reactions with ES cell RNA as a
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Figure 3.6 RT-PCR analysis of Tec/II and TecIV transcripts in mouse adult and

embryonic tissues

A. Diagrammatic rcpresentation of the RT-PCR products generated using the SPRR and

exon8 3' primer combmation.

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
dl6 total RNA and embryonic d16 brain, heart, kidney, intestine, lung and skin total
RNA were tcsted using the S'exonlé and 3'exonl7 primer combination and the
SUPERSCRIPT ™ ONE-STEP™ RT-PCR System. The products of the reactions were
separated by 2% (w/v) TAE gel electrophoresis, visualised by Ethidium Bromide (EtBr)
staining and blottcd 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 1774, CTLL, BaF3, FDCP1 and
I2E tissue culture cells were tested in each rcaction using the S'exonl6 and 3'exonl?
primer combination using SUPERSCRIPT ™ ONE-STEP™ RT-PCR System. The

products of the reactions were analysed as in (B).
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template yielded no Tec product, thus confirming that no contamination of PCR reagents by
plasmid DNA sequences (such as pBluescript SK*.TeclIB or pBluescript SK".SH3/SH2) had
occurrcd.

As Tec expression had previously been reported in various cells of the hematopoietic
lineage, especially myeloid cells (Mano et al.,, 1993), the relative distribution of TeclII versus
TeclV was investigated in various hematopoietic cell lincs. Total RNA preparcd from J774
(monocyte macrophage), CTLL (T lymphocytes), BaF3 (mouse pro-B cells), FDCP-1
(myeloblast/early promyelocyte) and J2E (erythroblast) ccll lines were subjected to RT-PCR
amplification of the PRR-SH3 region using the SPRR/3'e¢xon8 primer combimnation (2.2.11;
2.3.23). TeclV was identificd in the three hematopoictic lineages tested, namely the myeloid
lincage (J774, FDCP-1), lymphocyte lineage (CTLL and BaF3) and erythrocyte lineage (J2E).
TecllI on the other hand was observed only in T lymphocyte (CTLL) cells, as well as in on¢ of
the two myeloid cell lines, the J774 ccll line suggesting that TeclIl expression showed some
degree of specificity that might or might not be related to the origin of the lineage (Figure
3.6C).

It is intercsting that the two myeloid derivatives showing different Tec expression differ
in their morphological characteristics and represent different stages of myeloid differentiation.
J774 cells arc terminally differentiated macrophage cells that grow as flat, elongated adherent
cells in culture. FDCP-1 cells'in contrast are early promyelocyte cells that grow in suspension
as small round cells, with relatively small cytoplasms. 1t 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 adhercnt and non-adherent ccll lines would be necessary to investigate such a

link.
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3.2.3 Investigation of functional differences between TeclIl and TecIV in mammalian

COS-1 cells using GFP fusion proteins

3.2.3.1 Characterisation of the subcellular localisation of GFP-TecIll and GFP-TeclV

Binlogical differences between Teclll and TeclV were further investigated using fusion
genes consisting of Teclll or IV ¢cDNA sequences fuscd in frame to the C-terminus of the
green fluorcscent 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 fixation and
immunostaining. This permits comparative studics 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 thc presence of specific stimuli. All transfections were
transient to avoid the sclection of non-representative clones that might arise from the
procedure of cstablishing stable transfectants. Plasmids carrying GFP-Tec fusion sequences
were transfected into COS-1 cells, COS-1 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
protcins in transfected cells. In addition, endogenous Tec expression had also been detected in
COS-1 cclls by western blot analysis (Merkel, personal communication). The subcellular
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 thesc
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 29 kD

GFP product, while GFP-TecIV and GFP-Teclll migrated at the 100kD mark. Surprisingly
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Figurc 3.7  Charaterisation of the subcellular localisation of GFP fusion proteins in

COS-1 cells

Fluorcscence analysis of COS-1 cells expressing (A) GEP, (B) GFP-PHTH, (C-D) GFP-Teclll

and (E-F) GFP-TeclV .

5x10° COS-1 cells were transfected with 2ug plasmid DNA (A) pEGFP-C2, (B) pEGFP-C2-
PHTH, (C-D) pEGFP-C2-Tec3 and (E-F) pEGFP-C2-Tcc4 for 18 hours at 37°C using the
Fugene™ transfection system. Cells were grown at 37°C in complete medium for at least 24
hours prior to visualisation. The arrows in (B) mark mcmbrane ruffle-like region characterised
by plasma membrane fluorescence. The arrow in C marks cells with rounded morphology. The
*in (D) highlights cells with asymmetrical distribution of plasma membranc GFP-TecIII and
the arrows highlight fluorescent filopodia extensions. The arrow in (E) points to vesicular-like,
punctate fluorescence of GFP-TecIV and the arrow in (F) shows juxtanuclear GFP-Tecl V.

Bar = 100uM (A-C; E) and 10uM (D & F)

(G) Western immunoblot analysis of total cell lysates preparcd from COS-1 cells expressing
GFP, GFP-TecIV and GFP-Teclll.  Protein samples werc separated by SDS-PAGE
electrophoresis on an 8% Tris-tricinc polyacrylamide 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-Teclll appeared to migrate slower than GFP-TeclV despite its 2kD deletion. This is
proposed to reflect differences in post-translational modification of the two peptides, most
likely phosphorylation.

Visualisation of GFP transfected cells was carried out on a Nikon inverted (ECLIPSE
TE300) microscope. GFP was present diffuscly 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 diffusely in the cytoplasm and nucleus of transfected cells (Figure
3.7B). Rarely, in less than 5% of transfected cells, GFP-PHTH expressing cells were identificd
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 cnriched with GFP-PHTH (Figure 3.7B arrow).

When TecIV was {used to the C-terminus of GEP, a distinct change in the subcellular
distdbution of the fusion protein compared to that of GFP or PHTH alonc was observed
(Figure 3.7E-F). In gencral, within a single population of transfected cells, three distinct
fluorescence patterns were obscrved that included: (i) diffuse staining in the cytoplasm and
nucleus of transfected cells, undistinguishable from that of GFP alone. (ii) intense punctate
staining generally in combination with diffuse fluorescence in highly fluorescent cclls (Figure
3.7E arrow). This was suggestive of vesicular distribution and appcarcd to be associated with
fine structures extending from the cytoplasm. An intense juxta-nuclcar pool of fluorescence,
suggestive of the endoplasmic reticulum/golgi network, was also observed in the majority of
these cells (Figure 3.7F arrow). (iii) plasma membranc staining that was in general
accompanied by punctate fluorcscence.

The pattern of fluorescence observed for GFP-TeclIl fusion proteins was distinct from
that describcd above. Although, overall the same three patterns were identified, a larger

proportion of transfected cells showed intensc 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). Intercstingly, two distinct populations of GFP-Teclll cells appeared to exhibit
plasma membrane localisation of the fusion protecin. The first population of GFP-TecIll cells
had large cytoplasmic regions, generally accompanied by an intense juxta nuclear pool of GFP-
Teclll fusion proteins and plasma membrane localised GIFP-Tec]II in plasma membrane ruffle-
like regions (Figure 3.7D asterisk and arrow; Figure 3.10 arrow) suggesting a potential role for
TecIll in the formation of such structures. The second group of GFP-Teclll cells were smaller
and had typically round cytoplasms, with distinctive intensc plasma membrane fluorescence
(Figure 3.7C arrow and 3.10A). Becausc they often possessed smaller, condensed nuclei as
dctected by Hoechst staining (Figure 3.10B) it was expected that these rcpresent a
subpopulation of poorly growing cells.

As previously described, the population of transfected GFP-Teclll and TecIV cells
were heterogenous in their fluorescence pattern. The proportion of each characteristic pattern
was thus quantificd to provide an insight into thc major characteristics that differentiate the
two major isoforms of Tec. As described in Figure 3.8, 100% of GFP and approximately 98%
of GFP-PHTH transfected cells showed diffuse cytoplasmuc/nuclear localisation, while only
50% GFP-TecIV and less than 10% GFP-Teclll transfected cells showed the same diffuse
staining pattern. Plasma membrane targeting was only observed in approximately 2% of GFP-
PHTH cells, 15% of GFP-TécIV cells and 45% of GFP-Teclll cells. Plasma membrane
targeting was thus most prominent in GFP-Teclll cells compared to GFP-TecIV cells.
Punctate fluorcscence was scored based on the presence of distinctive vesicular-like
fluorcscence, with or without the presence of an intense juxta-nuclear pool of fusion protein.
When punctate fluorescence was obscrved in cells with an otherwise diffuse 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-1 transfected cells

5x10° COS-1 cells were transfected with 2ug of the following plasmid DNA pEGFP-C2,
pEGFP-PHTH, pEGFP-Teclll and pEGFP-TeclV as described in Figure 3.7. Staining patterns
were quantitated from images captured using a Nikon (ECLIPSE TE300) inverted microscopc.
Brefly, cells were visualised using Adobc Photoshop 5.5 and approximately 200 cells were
counted in each case. Cclls expressing diffuse as well as punctate fluorescence were scored as

punctate. An example of cach subccllular localisation pattern is shown beneath the graph.
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Teclll and GFP-TecIV expressing cells displayed vesicular punctate staining although the
appearance of the punctate distribution was gencrally different (Figure 3.7C-F).

Biochemical differences between Teclll and TecIV fusion proteins were further
investigated by immunoblotting. Total cell lysates and fusion protein immunoprecipitates
preparcd 24 hours following transfection, were probed for tyrosine phosphorylation (Figure
3.9). Phosphorylation of GIFP-Teclll in total cell lysates as well as in GFP-immunoprecipitatcs
was consistently highcr than that observed for GFP-TecIV (Mano ct al,, 1995). This higher
level of phosphorylation is also likely to be responsible for the slightly slower motility rate of
GFP-Teclll identified by polyacrylamide gel electrophoresis.

Phalloidin-TRITC co-staining of GFP-TeclIl and TeclV transfected cells identified the
presence of regions, cnriched in filamentous F-actin that strongly colocalised with GFP-Tec
fusion protcins (Figure 3.10). GEFP-TecllI transfected cells displayed regions enriched in F-
actin that could clearly be identified by fluorescent cytoplasmic cxtension structures as they
were labelled with both phalloidin-TRITC and GFP-TecIIl (Figure 3.10A,C-D). In addition,
GFP-TecllI cells with rounded morphology also displayed distinctive colocalisation of F-actin
and GFP-Teclll at the periphery of the cells. This increased level of plasma membrane
targeting of hypcrphosphorylated GFP-Teclll coincides with high levels of filamentous actin at
the plasma membrane.

The subcellular localisation of GFP fusion proteins was further investigated in serum
starved quiescent cells to identify specific changes in the subcellular distribution of GFP-TecllIl
and TeclV in response to serum stimulation. Eighteen hours after transfection, cells were
starved of scrum for a further 18 hours after which GFP fluorescence was visualised. A
subpopulation of cells from each transfection had also been set apart that werc not subjected to

serum starvation. These were monitorcd concurrently with experimental specimens at each
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Figure 3.9  Western blot analysis of GFP-Tec fusion COS-1 transfected cells

5x10% COS-1 cells were transfected with 2ug plasmid DNA for 18 hours at 37°C using the
Fugene™ transfection system. Total cell lysates were prepared and subjected to
immunoprecipitation analysis using the GFP specific antibody for 18 hours at 4°C. Whole cell
Iysates and immunoprecipitates were subjccted to SDS-PAGE analysis on 8% Tris-tricine
polyacrylamide gels and blotted onto nitrocelulose 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 antibodics 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
carricd out using enhanced chemiluminescence.

(WCL: wholc 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-1 cells

Transfections were carried out for 18 hours at 37°C using 2ug plasmid DNA per 5x10° COS-1
cells, in presence of serum using the Fugene™ transfection system. Cells were fixed in
methanol and F-actin was detected using TRITC-conjugated phallodin. Nuclei were visualised
using Hoechst staining.

(A-D) pEGFP-Teclll and (E-H) pEGFP-TcclV transfected COS-1 cells. Images were
visualiscd 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 = 100uM

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
thosc shown in Figure 3.7 (data not shown).

As represented in Figure 3.11D, the subcellular localisation of GFP-PHTH transfected
cells was generally not affccted by serum starvation. It remaincd largely diffuse in the
cytoplasm although overall cclls appcared to have smaller cytoplasms compared to cells
cultured in the presence of scrum (Figure 3.11A and D). Changes in the subcellular
distribution of GFP-TeclV transfected cells were very distinctive (Figure 3.11B and E). In the
absence of serum, GFP-TecIV cells werc much smaller with less extended cytoplasms and
showed diffuse distribution of GFP-TecIV (Figurc 3.11E). Punctate fluorcscence was rarely
observed and no plasma membrane targeting of GFP-TeclV was observed, suggesting that
serum stimulation was necessary for plasma membrane targeting, most probably as a result of
phospholipid synthesis by PI3-Kinases. Re-exposure to serum for 3 hours restored punctate
structures but plasma membranc distribution was rarely observed (Figurc 3.11H). This
suggests that under these culture conditions, additional external stimuli, are required to induce
plasma membrane targeting of GFP-TeclV. Such stimuli could potentially accumulate with
extensive culture periods and are probably responsible {for the plasma membrane localisation of
GFP-TeclV.

In serum free culture conditions, GFP-TecIIl cells displayed a significant decrcase in
the size of GFP-Teclll expressing cells. Punctate fluorescence was less frequent plasma
membrane targeted GFP-Teclll was still visible (compare Figure 3.11C and F). This
suggested that even in the absence of growth factor stimulation, the absence of an intact SH3
domain facilitates plasma membrane targeting of TecIll, In general however, GFP-Teclll cclls
appeared smaller, round and shrivelled up, with almost no cytoplasmic extensions, suggesting
that thesc cells were growing poorly (Figure 3.11F). The addition of serum did also not

appear to fully restore the charactenistic staining pattern of GFP-TeclIll (Figure 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-1 transfected cells

Fluorescence patterms of (A) pEGFP-PHTH, (B) pEGFP-TeclV and (C) pEGFP-TecIlT
following 18 hours transfection with 2ug plasmid DNA per 5x10° COS-1 cclls using the
Fugene™ transfection system; (D) pEGFP-PHTH, (E) pEGFP-TeclV and (F) pEGFP-TeclII
transfected cells following 24 hours of serum deprivation at 37°C; and (G) pEGFP-PHTH, (H)
pEGFP-TeclV and (I) pEGFP-TecllIl transfected cells following the addition of FCS to 24
hours-serum starved cells for 3 hours.

Bar = 100pM

(FCS: fetal calf serum)
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In fact, a large proportion of transfected cells remained rounded up, appcared to have lost
adherence to the tissuc culture dish and could clearly be identified because of their intense
fluorescence. It is thercfore predicted that, in a proportion of GFP-Teclll expressing cells,
serum deprivation induces changes that arc ureversible and culminate in the loss of cell

viability.

3.2.3.2 Characterisation of TecIll and TeclV subcellular localisation in the presence of

LY294002 and Cytochalasin D

Membrane recruitment of PH containing proteins is dependent on the interaction of a
positively charged phosphoinositide-binding pocket in the PH rcgion of these proteins with
phosphoinositides in the plasma membrane (Blomberg et al., 1999). The PHTH domain of the
Tec kinases Tec and Btk have been reported to be highly specific for PI(3,4,5)Ps, a product of
the lipid kinase PI3-K (Rameh et al, 1997). The role of PI3-K products in thc plasma
membrane targeting of Teclll and TecIV was thus investigated using the PI3-K inhibitor
LY294002.

The PI3-K inhibitor was added to (i) cells 24 hours following transfection, (ii)
transfected cclls subjected to scrum 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 congurrently with experimental specimens and in all cases the
fluorescence pattern of these ;:ontrols was representative of those shown in Figure 3.7 (data
not shown).

The addition of LY294002 24 hours after transfection dramatically influcnced the
fluorescence pattern of GFP-TeclV (Figure 3.12A). 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-Teclll and GFP-TeclV fusion proteins in

COS-1 cells

Cclls were transfected for 18 hours using Fugene™ transfection system. LY294002 (30 uM)
was added to (A) pEGFP-TeclV and (B) pEGFP-Teclll transfected cells for 3 hours in the
presence of serum at 37°C. Cells were serum starved overnight and 1.Y294002 (30uM) was
added to (C) pEGFP-TeclV and (D) pEGFP-Teclll transfected cells for 3 hours in thc
presence of serum at 37°C. Insets show Hoechst staining of respective fluorescence pictures.

Bar = 100puM
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inhibitor (Figurc 3.12A). Together these suggest a possible role for PI3-K activity in the
formation of GFP-Tec]lV-enriched vesicular-like structures.

In contrast, as depicted in Figurc 3.12B, GFP-Teclll redistribution to the plasma
membranc 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-Teclll.
The persistence of plasma mcmbrane targeting of GFP-Teclll suggests that the absence of an
intact SH3 domain is able to potentiate plasma membranc targeting, even in the absence of
PI(3,4,5)P;. Altcrnatively, it is also possible that in the absence of an intact SH3 domain, SH3
binding sitcs 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-TeclIl even in
the absence of PI3-K activity.

To ensure that basal levels of PI(3,4,5)P; werc minimal prior to the addition of the PI3-
K inhibitor LY294002, cells were starved of serum prior to exposure to 1.Y294002 (Figure
3.12C and D). This was carried out mainly because scrum starvation is known to induce a
quiescent statc which was expected to result in the depletion of PI(3,4,5)P; at the plasma
membrane. Under these conditions, the addition of serum (in the presence of 1.Y294002) was
cxpected to restore all cellular processes whilst preventing the activation of PI3-K. As scen in
Figure 3.12C, faint punctate fluorescence was observed in a subset of GFP-TeclV transfected
cells. These gencrally 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 effcct of serum starvation and PI3-K inhibition (Figure 3.12D)
appeared to have a greatcr effect on the appearance of GFP-Teclll. Under these conditions,
the majority of GFP-Teclll 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-TecllI subcellular distribution and this appeared to be aggravated
by the addition of LY294002. Thus, although the abscnce of P1(3,4,5)Ps alonc in GFP-TeclIl
cells is not sufficient to promote loss of cell viability (Figure 3.12B), addition of the inhibitor to
serum starved GFP-TecllII cells appcars to promote increased cell death.

A further requirement for an intact cytoskeleton in the distribution of fusion proteins
was investigated using Cytochalasin D, an actin filaments-specific toxin (Figurc 3.13). This
inhibitory drug was added for three hours, 24 hours following transfection. In these
experiments, a subpopulation of cells from each transfcction had also been sct apart that were
not exposcd to Cytochalasin D. Thesc 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 culturc conditions but were dircctly affected by the addition of the
inhibitory drug. When Cytochalasin D was added to adherent cultures of GFP-Teclll and
TeclV, fluorescencec was mostly diffuse, although, low levels of vesicular fluorescence could
be identified in fine cytoplasmic structurcs (Figure 3.13A and B). These structurcs persisted
even in the presence of the inhibitor, and were predicted to represent structurcs that had been

established prior to the addition of the inhibitor.

3.2.3.3 Characterisation of _vesicular and juxta-nuclear pool of GFP-TeclV using

BrefeldinA

Brefeldin A is a fungal toxin that rapidly blocks anterograde exocytic transport through
the golgi and results in the formation of uncoated mcmbrane tubules through which golgi
components redistribute to the endoplasmic reticulum and results in the failure to transport
molecules out of this mixed golgi/ER 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-TeclV.
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Figure 3.13 Characterisation of the effect of Cytochalasin D on the subcellular

localisation of GFP-TeclIl and GFP-TeclV fusion proteins.

Cos-1 cclls were transfccted with (A) pEGFP-TecIV and (B) pEGFP-Teclll for 18 hours
using the Pugene™ transfection system, trypsinised and replated in the presence of
Cytochalasin D (100nM) for 3 hours.

Bar = 100uM
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Addition of Brefeldin A abolished the presence of punctate cytoplasmic fluorescence
suggesting that the formation of thesc vesicular-like structures was dependent on a functional
golgi apparatus (Figure 3.14). Although the intcnse juxta-nuclear poo! of fluorescence did not
disappcar, it was clearly disrupted and fragmented, resulting in a more diffusc fluorescence
pattern. The cffects of Brefeldin A were not permanent, and punctate fluorescence couid be
restored following removal of BFA. Punctate fluorescence of GFP-TeclV is thereforc

expected to represent vesicles that originate in the golgi.

3.3 Discussion.

Protein-protein interaction domains are now recogniscd to have multiple functions.
Their main role in signal transduction is to mediate inter-molecular protein-protein intcractions
and dictate the signalling pathway(s) to which a given protein will contribute. Morc recently,
these domains have increasingly been found to function as crtical 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 influcnee protein tyrosine
kinase activity (Nore et al., 2000; Park ct al., 1996 and Yamashita ct al., 1996). Fivc isoforms
of Tec have been reported in the literature that vary in the PHTH, SH3 and Kinase domains.
Because thesc 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
effectively increases the complexity of Tec-dependent signal 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 thereforc the first to address biological

differences betwcen the Tecl, 1IA, 1IB, I1] and IV transcripts in vivo.
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Figure 3.14 Characterisation of the effect of Brefeldin A on the punctate fluorescent

pattern of GFP-TeclV transfected cells

Fluorcscent pattern of (A) pEGFP-TeclV transfected cells 18 hours after transfection using the
Fugene™ transfection system; (B and C) pEGFP-TeclV transfectcd cells cxposed to Brefeldin
A (5uM) for 1 hour and (D) cells grown at 37°C for 1 hour following the removal of
BrefeldinA.

Bar = 100uM






3.3.1 Expression of Tec isoforms in vivo

Bricfly, only two major isoforms of the Tec mRNA are present at detectable levels in
mouse adult and embryonic tissues: TeclII and TecIV. Throughout thesc studies, the Tecl and
TeclII transcripts described in Mano et al., 1993 remained undetcctable despite the testing of
numcrous mouse cmbryonic and adult tissues. It is thereforc predicted that Tecl and Tecll
represent minor transcripts that could have resulted from cither incomplete or incorrect
splicing of the Tec mRNA. It is likcly 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 in mouse tissucs appcars to be spatially and temporally
rcgulated. Kluppel ct al., (1997) werc first to report detailed in sifu hybridisation studies of
thc mouse embryo which identificd 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 Tec
expression was also detected in the liver and AGM region at later somite stages as well as in
cmbryonic skin, blood vessels in the central nervous system, heart, kidneys, lungs and intestinc
of older embryos. It is interesting that Tec cxpression is first detected at sites of embryonic
hematopoicsis, suggesting a possible role for Tec in hematopoietic-specific functions.
Unfortunately, the studies of Kluppel et al. (1997) 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 invcstigate the expression pattern of
each major isoform in vivo and complement the report of Kluppel et al., 1997. In general, the
cxpression of Teclll and TeclV was observed in both embryonic and adult tissues tcsted.
Although the sensitivity of RT-PCR and RPA experiments appcared 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 Teclll appeared to be more
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prominent. The significance of such diffcrential pattern of cxpression 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 thc SH3 region. This
truncation removes the 3/10 helix and 6th 8 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 TecIIl 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 rcsidues. First, Y**' 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 ct al., 1996; Nisitani et al., 1999). A sccond phosphorylation event at Y2 residue
near the ligand binding pockct of the SH3 domain follows and alters the ligand binding
propertics of the SH3 domain (Nisitani ct al., 1999) (Figure 3.2). Both phosphorylation events
are necessary for maximal Btk kinase activity. Deletion of the Btk SH3 domain and
mutagenesis of Y*** (Y223F) result in increascd 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. Furthcr complexity is added by reports that the SH3
domain of Tec family kinases is also able to mecdiate intra-molecular binding to an internal
ligand site located in the PRR (Patel et al,, 1997; 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 cnzyme through a mechanism that is yet to be identified. A role for the
SH3 domain of Tec family kinases is therefore beginning to ecmerge as a ncgative 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 modcl, the biological characteristics of TecIIl and TeclV are predicted to
differ significantly. The 22 amino acid truncation in TeclIl remaves 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.,
1997). The abscnce of the last 22 amino acids in Teclll is likely to also disrupt the fold of the
truncated SH3 domain such that surrounding electrostatic forces will detcrmine the thrce
dimensional fold of the truncated peptide. Under these conditions, SH3 dependent interactions
are predicted to be dramatically weakencd if not abolished (Patel ct al., 1997). Previous
reports have shown increased tyrosine phosphorylation and activation of a 48 amino acids
deletion mutant TecASH3 (Yamashita et al., 1996). Although, the truncation in the TeclIll
SH3 domain removes a smaller region of the SH3 domain than that deletcd in TecASH3, it is
predicted to have a similar effect on Tec kinasc activity. To support this, studics described in
this chapter have found TecIIl to be hyperphosphorylated. Given that phosphorylation of Tec
family kinases is belicved to reflcct the activity of their kinase domain, TeclIl is predicted to
have intrinsically higher kinase activity than TecIV. The higher incidence of TeclIl localisation
to the plasma membrane, an event which in itself is recognised to result in activation of Tec (Li
ct al., 1997) provides further support to thc idea that Tec III is intrinsically more active that
TecIV.Further characterisation of the kinase activity of (partially) purificd TecIIl and TecIV

will provide more insight into the biological differences between these isoforms.
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3.3.3 Proposed mechanism for the regulation of TecIV and Teclll kinase activity

In the absence of external stimuli, full length GFP-TeclV is diffuse in the cytoplasm of
transfected cells and shows lower levels of tyrosinc phosphorylation than GFP-TeclIIT which
shows higher incidencc 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 rcgulators and/or internal SH3 binding sites to prevent the
redistribution of TecIV to the plasma membrane. Phosphorylation of the activation loop
tyrosine and subscquent 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 TecIIl is unable to mediate these negative regulatory
interactions. It is possible that plasma membrane targeting motifs of the PH domain of Teclll
are largely exposed, and/or that SH3 binding sites in thc PRR are also available to potential
SH3 binding protcins. Either one, or the combination of these interactions, might then
facilitate the targeting of thc truncated protein to the plasma membranc. Redistribution of
Teclll to the plasma membrane in turn spatially positions TeclIl in proximity to plasma
membranc localised Src family kinases that

are then able to phosphorylate and activate TeclIl. 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 molccular mechanism that regulate Tec

activation.
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3.3.4 Subcellular localisation of TecIIl and TecIV

In transfected cells, GFP-TcclV fluorescence in highly expressing/fluorescent cells has
a definitc 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 trafficking reactions is cxtremcly complex.
Recently, PI3-K activity was shown to be cssential for constitutive vesicle formation (Jones
and Howell, 1997) due to the requirement for PI(3)P phospholipid in regulating thc multitude
of steps necessary to sort molecules and form vesicles at the trans-golgi nctwork (Jones et al.,
1998). The sensitivity of TecIV-vesicle formation to LY294002 treatment suggests that
TecIV-containing vesicles might arise from a PI3-K dependent pathway possibly that of
constitutive vesicle formation. However, fluorescent vesicles appcar more prominent in higher
expressing cells, it thus remains possible that the formation of TecI'V-containing vesicles might
be biologically irrelcvant and is an artefact of the ovcrexpression system utilised in this study.
This issue could easily be resolved using a weaker promoter to drive the expression of the
GFP-TeclIV {usion protein.

The difference in GFP-Teclll vesicle distribution, together with their seemingly
different susceptibility to LY294002 treatment suggest a biological diffcrence between Teclll
and TeclV vesicles. A rccycling compartment is known to exist that is responsible for the
targeted delivery of plasma membrane components (Bajno et al., 2000) to replenish plasma
membrane comporncnts necessary for processes dependent on the active remodelling of the
plasma membranc necessary for lamellipodia formation, phagocytosis, macropinocytosis, cell
spreading and chemotaxis. These vesicles arc necessary to rapidly deliver signalling
components to activated rcgions of the plasma membrane (Greenberg et al., 1999). It is then

possible, given the plasma membrane-rich distribution of GFP-TeclIl that recycling vesicles
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could target GFP-TeclIll, probably in association with other plasma membrane signalling
components, to activated membrane ruffle-like regions hence continually replenishing activated
TeclIl at the plasma membranc. The absence of a functional SH3 domain might facilitate this
proccss by exposing protein-protcin interaction sites that facilitate such transport.

The absencc of a functional SH3 domain thus appcars to have a two fold affect on
plasma membrane targeting of TecIIl. Firstly by exposing the phospholipid binding pocket of
the PH domain and SH3 binding sitcs in the PRR and secondly by facilitating its packaging into

plasma membrane targeted vesiclcs.

3.3.5 A proposed role for Tec in apoptosis

Apoptosis 1s a critical component of immune system homcostasis. It is a common
mode of eukaryotic cell death and is triggered by an inducible cascade of evcnts 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 rcported
in B cells cxposed to ionising radiation (Uckun et al., 1996), as well as in mast cclls cultured in
the absence of serum (Kawakami et al., 1997). Studies dcscribed in this chapter have also
uncovered a possible role for Tec in serum deprivation-induced cell death that is most
pronournced in Teclll expressing cells. Following the removal of serum, a larger proportion of
TecIIl expressing cells, compared to cclls 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 permcability
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 decrcase in cell viability observed

in GFP-Teclll expressing cells is thus proposed to result from its increased redistribution to



the plasma membrane. No dircct investigation of the role of Tec in apoptosis was presented in
these expcriments as it had been beyond the scope of this thesis. These preliminary
observations will necd to be followed up in more dctail using apoptosis specific cell staining
assays and DNA fragmentation analysis.

Preliminary cvidence for Tec-dependent apoptosis has previously been reported in the
literaturec. DT40 B cells are programmed to apoptosc 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 efficicntly 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 cclls in Xid mice can be restored to normal by the expression of the
anti apoptotic bel-2 transgene (Woodland et al., 1996) suggesting the importance of Btk in
activating pro-survival factors. This pro-survival signal is likcly to involve bel-xd which is up
regulatcd in a Btk depcndent manner (Anderson et al., 1996). Such apparently contradictory
roles of Btk in apoptosis are likely to arise from differcnces 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 with TeclV being the most prevalent. Although Teclll transcripts have been identified
in various mouse tissues, the distribution pattern of the Teclll protein could not be )
characterised because Teclll and IV specific antibodies are yet to be generatcd. An in vitro
system has also been identified that will facilitate further studies of the Tec function in plasma

membrane remodelling.
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CHAPTER 4:

PRELIMINARY INVESTIGATION OF TEC
FUNCTION IN FCy RECEPTOR-MEDIATED

PHAGOCYTOSIS



4.1 Introduction

Macrophage cells are terminally differentiated myeloid cells with highly specialised
roles in the innate and acquircd immune systems. They are present ubiquitously in the stromal
compartment of tissues under norma! physiological conditions, and increase markedly in
number with the onset and progression of many pathological states. The rolc of macrophages
in innatc immunity is mainly centred around their ability to intcrnalise and degrade exogenous
particles, a function more commonly rcferred to as phagocytosis, and their involvement in
acquircd immunity includes thc production and secrction of regulatory molecules such as
cytokines, chemokines and nitrogen oxide (Gordon, 1995).

Macropha‘gc ccll 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, trafficking 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 tissuc culture substratum.

Macrophage adherence and migration requires the rearrangement of cytoskeletal
structures (Gordon, 1995). These changes are induced by the activation of plasma membrane
reccptor 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), Fey 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 arc shared betwcen the two processes.
Adherent cells often change in shape and round up during particle internalisation, as known
participants of cell adhesion including cytoskelctal components such as paxillin, talin, vinculin,
o-actinin, protein kinasc Ca, MARCKS (Myristiloylated Alanine Rich C Kinase Substratc) and
MacMARCKS (Macrophage-enriched Myristiloylated Alanine Rich C Kinase Substrate) arc
rccruited 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 efficiency. They act as professional
scavengers that remove non-self material such as invading microorganisms, and clear altcred-
self materjal such as apoptotic cells, senescent crythrocytes, immune complexes and
inflammatory products. Phagocytosis is conscquently a complex process that can be initiated
by a range of plasma membranc 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 dcgradation.‘ IgG molecules are the major antibody class produced in
sccondary immune responses. Cross-linking of Fey 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, 1999).

Some of the molecular events that take place during FcyR-mediated phagocytosis have

also been identified. Immunorcceptor tyrosine-based activation motifs (ITAMs) located in the
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gamma chain of the Fcy receptor are first phosphorylated (Greenberg, 1994; Park et al., 1995)
by Src family kinases found in association with clustered Fey receptors. The 72 kD Syk kinase
is then recruited to phosphorylated ITAMS in the signalling compartment of the ¥ chain of the
receptor via an SH2-pTyr interaction (Agarwal et al., 1993; Kicner, 1993). The association of
Syk with activated receptors facilitates the phosphorylation and activation of Syk by Src family
kinases (Crowley ct al., 1997). This cvent is critical for cytoskeletal rearrangement in
macrophage cclls (Cox ct al., 1996; Crowley et al., 1997). Other membrane proximal events
that take place subscquent to Syk activation during FcyR-mediated phagocytosis arc yet to be
fully charactcrised. Recent reports however suggest that the phosphorylation of the 36 kD
isoform of the anchoring protein LAT (Tridandapani ct al.,, 2000) and that of the adaptor
moleculc SLP-76 (Bonilla et al., 2000) might be involved in FcyR-mediated signal
transduction. The chronological details of the signal transduction pathway that induces actin
rcarrangement and phagosome formation are yet to be fully characterised. A number of
signalling molecules have however been identificd.  These include members of the
phosphatidylinositol 3-Kinase (PI3K) family (Ninomiya et al., 1994; Araki et al., 1996), the
Rho family of small guanosine triphosphatases (Rho GTPases) (Hackam et. al, 1997; Caron
and Hall, 1998), protein kinasc C (PKC) (Zheleznyak et al., 1992) and myristoylated alaninc
rich C kinase substrate (MARKCS) (Allen et al., 1995) and MARCKS-related protein (Mac-
MARKCS) (Zhu et al,, 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 rcceptor 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 intraccllular subunit of the receptors, the
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activation of Src and Syk kinases and the subsequent incrcase in the levels of intracellular
calcium and PKC function. In the B and T cell receptor system, the Tec family kinascs Btk
and Itk have been shown to act downstream of Src and Syk kinases to propagate the signal
initiatcd by activated receptors (Schaeffer and Schwartzberg, 2000). Given the highly
conserved nature of thesc receptor systems, Tec 1s 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 ccll culturc system that is
wideclyused in studics of FcyR-mediated phagocytosis (Hackam et al., 1997, Caron and Hall,
1998). The use of an established cell line to study phagocytosis provides a replenishable
source of macrophage cells and climinates the need to isolate primary macrophage cells from
an animal sourcc. 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 protcins 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 1gG
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 methods have been used elsewhere to detect phagosomal enrichment of
various signalling molecules including that of the protein tyrosine kinase Syk (Strzelecka et al.,
1997b), substrates of the serine/threonine kinase PKC such as pleckstrin (Brumell et al., 1999)
and MacMARCKS (Undecrhill 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 westemn 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
undcrtaken in this laboratory to generate antibodies that could differcntiate between TeclIl and
TecIV all of which had unfortunately becn unsuccessful. All studies presentced in this chapter
thercfore utilised a commercially available polyclonal goat anti-Tec antibody (sc-1109, St
Cruz) that recognises an epitope at the carboxy tcrminus of the mouse Tec protein and will
therefore not differentiate between Teclll and TecIV-mediated processes. Time constraints
did not pcrmit further investigation of the role of cach Tec isoform in FcyR-dependent signal

transduction.

4.2 Results

4.2.1 Characterisation of Tec protein expression in hematopoietic cells

As described in scction 3.2.2 TeclV is the only Tec transcript identified in BaF3 pro-B
cells and FDCP-1 promyelocytic cells, while both TeclII and TeclV transcripts are cxpressed
by the J774 macrophage cell line. Given the differential expression observed for TecllI and IV
mRNA in J774 cells, the distribution of the Tec protein in BaF3, FDCP-1 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' J774, FDC-P1 and BaF3 cclls as described in section 2.3.25.
This method had previously been used by Strzelecka et al., 1997b to demonstrate the
cytoskcletal 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 secen in Figure 4.1, 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 in J774 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-1109
antibody. Whole cell lysates were prepared from 1X107 774, FDC-P1 and BaF3 cells
respectively. Lysates werc 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-Tcc antibody and rabbit-anti goat-zlkaline phosphatase conjugated

secondary antibody and visualisation used NBT and BCIP substrates.
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was identical to that seen in BaF3 and FDC-P1 cells. These later cells had previously been
shown to express only TecIV mRNA. It is therefore possible that only the TecIV isoform is
expressed in J774 cells, despite the~pr;:sencc of both Teclll and TeclV transcripts in J774 cells.
On the other hand it is possible that the 2 kD differcnce between the two Tec isotypes had not
been resolved under the clectrophoresis conditions used. It appcars that despite the presence
of both Teclll and TeclV transcripts in J774 cells, only the full length Tecl'V protein is present
at detectable levels in J774 cells thus reflecting potential posttranscriptional regulation of
Teclll or high turn over rate of the TeclIl protcin 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 spccific 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 Teclll and TecIV isoforms, as it had been obscrved in all cell lines tested,
including those where Teclll 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 subcellular localisation in hematopoietic cells
Immunohistochcmical studics are dependent on the availability of highly specific
antibodies that permit the detection of a specific epitope in the context of an intact, fixed cell.
As seen in Figurc 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 thercfore 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 adherc to fibronectin coated tissuc culturc plastic surfaces (Shibayama et al., 1998). J774
macrophage/monocyte cells in contrast cxist as a mixed population of cells, thc majority of
which grow adherently. Cell adhesion is an important macrophage cell function. It induces
changes in the morphological appcarance of the cell that are primarily driven by the
rcarrangement of the underlying actin cytoskeleton. A range of morphological cell shapes have
been observed during the culturing of J774 cclls, and these generally correiate 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
sccding, 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 cxtensions that could, in some cases, rcach several times the length of
the body of the cells.

Using the sc-1109 antibody, immunofluorescent staining studics were carried out in
BaF3 and macrophage cclls to investigate differences in the distribution of Tec and correlate
these diffcrences with specific cell morphology (Figure 4.2). As seen in Figure 4.2Ai1, BaF3
cells were gencrally 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 obscrved, in
which case Tec was enriched at regions of contact between the cells (Figure 4.2Aiii). Rarely,
BaF3 cells werc identified that had adhcred to the finbroncctin coatcd glass coverslips that
were morphologically distinctive from BaF3 cells grown in suspension due to the presence of
plasma membrane ruffle structurcs enriched in Tec (Figure 4.2Ait). This suggests that in the
absence of plasma membrane rearrangement, Tec is diffuse 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

Immunofluorcscence detection of Tec in hemapoictic cells. Cells were fixed in methanol and
permeabilised in 0.1% Triton X-100. Tec was detected using goat anti-Tec (sc-1109) and

visualised using FITC-conjugated rabbit anti-goat antibody.

A) Immunofluorescent staining of Tec in BaK3 pro-B cells.
BaF3 cells were plated on fibronectin coated glass coverslips to facilitate adhcrence and
processing of samples. (i-iii) show threc different staining patterns typically observed
for Tec in BaF3 cells. Armrows indicate regions of plasma membrane Tec cnrichment.

Bar = 10pM

B) Immunofluorescent staining Tec in J774 cells.
Tec staining 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 staining in J774 plated on glass coverslips for at least 24 hours.

Bar = 10uM



A) Subcellular localisation of Tec in BaF3 cells

B) Subcellular localisation of Tec in J774 cells




membrane and/or underlying cytoskeleton are associated with the rccruitment of Tec to the
plasma membrane at sites of contact.

J774 cells kept in suspension were also typically round, with little cytoplasm and no
cytoplasmic cxtensions, and Tec staining in thesc cells was prcdominantly diffuse in the
cytoplasm (Figure 4.2B1). When cclls werc allowed to adhere to glass coverslips for up to
three hours, Tec staining remained detectable in the cytoplasm. A narrow strip of intcnse
staining was generally visible at thc periphery of thc cell, indicating redistribution to cither the
plasma membrane or the underlying membrane cytoskeleton (Figure 4.2Bii). J774 cells
cultured for 6-12 hours as adherent cells, readily producc flattened and elongated cells with
membrane ruffle-like structures enrichcd in Tec (Figure 4.2Biii)). Tecc was also frequently
obscrved 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 in J774 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 ncar the nucleus was
further investigated using the golgi-disrupting compound Brefeldin A. The inhibitory
compound was added to J774 cultures for 30 minutes after which cells were fixed and stained
for Tec. As shown in Figure 4.3ii, addition of Brefeldin A induced a change in Tec staining.
Tec was more diffuse in the cytoplasm 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 thc peri-nuclear region reappeared
(Figure 4.3iii).

The presence of Tec in the Triton-X 100 insoluble cytoskcletal fractions of
hematopoietic cells (Figure 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 1774 cells (i) plated on glasscoverslips, (ii) exposed to 5
uM Brefeldin A and (iii) fo.llowing removal of Brefeldin A. Cells were exposcd to inhibitor for
30 minutes, fixed, permeabilised and stained for Tec using goat anti-Tec (sc-1109) and
visualised using FITC-conjugated rabbit anti-goat antibody. The strong perinuclear
accumulation of Tec in untreated cells is highlighted by arrows in (i).

Bar = 10uM
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cytoskeleton. Fibronectin is an extracellular matrix protein that promotes macrophage
spreading and migration (Meng and Lowell, 1998), and induccs 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 fibronectin coated coverslips and
stained for Tec using sc-1109 and for filamentous actin using TRITC-labelled phalloidin. As
secn in Figure 4.4, both staining patterns showed cxtensive web-like networks within
cytoplasmic extensions (compare Figures 4.4A and D to 4.4B and E). Overlaying of the two
images identified colocalisation of Tec and FF-actin especially in the fine filamentous extensions
found to protrude from thc cytoplasm (Figurc 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 diffuse cytoplasmic pool to the submembranous actin

cytoskeleton.

4.2.3 Immunofluorescence analysis of Tec during FcyR-mediated phagocytosis
Phagocytosis 18 a macrophage-specific function that rcquires extensive cytoskeletal
rearrangement. Because Tec had been identified to colocalise with the actin cytoskeleton of
adherent J774 cells, immunofluorescence was uscd to follow the subcellular distribution of Tec
during the formation of FcyR-dependent phagocytic cups. J774 cclls were exposed to
Zymosan A opsoniscd with human IgG molecules at 4°C and phagocytosis was allowed to
proceed at 37°C for increasing periods of time. Phagocytosis procecded in a time depcndent
manner, with internalisation of the particle being essentially completc within 10 minutes.
Screening of the secondary FITC-conjugated antibody had been carricd 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

Co-localisation of (A and D) Tec detected with sc-1109, and (B and E) F-actin visualised
with phalloidin-TRITC in cells plated on fibroncctin-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 arca highlighting pseudopod extensions.

Bar = 10uM






Comparison of the fluorescence pattern seen in Figure 4.5A with the fluorescence
pattern of Tec in non-stimulated cclls (Figure 4.2A) shows strong recruitment of Tec to the
periphery of the macrophage cells following cxposure to opsonised Zymosan A particles. In
these cells, Tec was visible in peripheral regions of the cells that interacted with the exogenous
particle. These structures arc more commonly referred to as phagocytic cups. Tec was visibic
at the phagocytic cups within 30 scconds phagocytosis, persisted as membrane extended to
cngulf the particle and appeared to be shed following internalisation (Figurc 4.5A i-vi). At any
given time point, thc population of phagocytosing cclls was relatively heterogenous. This
heterogeneity appearcd 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 comparcd 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 phagosomec. Consequently, even after 30 minutes, cclls could be
identified where Tec staining was observed at the phagosome, while the remaining cclls which
appcared to have completcd particle internalisation had shed Tec (identified by the more
diffuse staining of Tec in these cclls) (Figure 4.5Av asterisk). In those later cells, the
phagosome is expected to be undcrgoing maturation steps independent of Tee function.

Because non-opsonisca Zymosan 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 fixed and stained for Tec. As seen in Figure 4.5B non-

opsonised particles were efficiently internalised by J774 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

J774 cells were cxposed to hlgG-opsonised Zymosan A for 20 minutes at 4°C, and
phagocytosis was allowed to proceed at 37°C for the appropriate period of time. Cells were
fixed, permeabilised and stained at (A) 30 sec, (B)1 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-opsoniscd Zymosan A. Tec staining and visualisation was carried
out using goat polyclonal anti-Tec antibody (sc-1109) and FITC conjugated sccondary
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 = 10uM
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remained largely diffuse in the cytoplasm, independent of the extent of particle internalisation.
The rccruitment of Tec to the phagocytic cup thcrefore 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 cstablished component of the FcyR signalling system (Cox et al., 1996 and
Crowley ct al, 1997) and is also targeted to the phagosomal membrane (Strzelecka ct al,,
1997b). Co-staining of macrophage cells for Syk and Tec were originally planned to confirm
the colocalisation of thesc signalling molecules at the phagosomal membrane. Unfortunately,
thc secondary antibodies available had been found to cross rcact. Immunofluorescence
analysis of Syk during phagocytosis was thus carried out. (Figurc 4.6). Syk was generally
found to be enriched at the phagocytic cup prior to phagosome closure (Figurc 4.6i). When
particles had been drawn into the body of the cell, intecnse Syk staining was not observed to
surround internalised particles and Syk was diffuse in the cytoplasm of these cells (Figure 4.6ii
asterisks). The internalisation of IgG opsonised Zymosan A triggers the redistribution of two
familics of PTKSs, Syk and Tec, to the phagosomal membrane. The redistribution of Syk to the
phagosome appearcd to be more transicnt 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 P-actin had been shown to also accumulate at the phagosomal
membrane (Greenberg ct al., 1990), co-localisation of Tcc 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

1774 cclls werc exposed to AlgG-opsoniscd Zymosan A for 20 minutes at 4°C, and
phagocytosis was allowed to proceed at 37°C for 5 minutes. Cells were fixed, permeabilised
and stained for Syk using SC-1077 and detected using a goat-anti-rabbit-TRITC conjugated
secondary antibody. i and i1 show two different populations of cells stained for Syk. Arrows
highlight cells with intense accumulation of Syk at the phagosome. * highlights cells that
appecar to have undergone internalisation of particles.

Bar = 10uM
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Figure 4.7 Characterisation of Tec and F-actin in J774 cells engaged in the

internalisation of IgG-opsonised Zymosan A

I774 cells were exposed to hlgG-opsonised Zymosan A for 20 minutes at 4°C, and
phagocytosis was allowed to proceed at 37°C for 5 minutes. Cells were fixed and stained for
Tcce using polyclonal goat anti Tec sc-1109 and FITC-conjugated rabbit anti-goat secondary
antibody. Filamentous actin was detccted using TRITC-cojugated phalloidin.

Tec staining is represented 1n green, F-actin staining is represented in red and a merge picture
of the two, depicting colocalisation of the two in yellow.

Bar = 104M
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4.2.4 Investigation of the localisation of Tec to the phagocytic cup in presence of the

PI3K inhibitor 1.Y294002

PI(3,4,5)Ps, is a product of the lipid kinase PI3-K which acts as a critical sccondary
messenger during phagocytosis. PI(3,4,5)P; binds the PH domain of Tec/Btk kinase (Hyvonen
and Saraste, 1997) and targets Tec/Btk protein tyrosine kinases to the plasma membrane
(Varnai et al., 1999). LY294002 is an inhibitor of PI3-K which has been reported to inhibit
FcyR-mediated signal transduction and prevent particle internalisation (Ninomiya et al., 1994).
As described in chapter 3, LY294002 has a visible effect on the subccllular distribution of
GFP-tagged Tec expressed in COS-1 cells suggesting a possible role for Tec as a downstrcam
cffector of PI3-K. The effcct of LY294002 on the subcellular distribution of endogenous Tec
in J774 macrophage cells during phagocytosis was thereforc investigated using
immunochistochemistry.

During thesc studies, 1.Y294002 concentrations had been tcsted that ranged between
SuM and 80uM. Figurc 4.8 shows macrophage cells exposed to 40 uM (Figure 4.8B) and
80 uM (Figure 4.8C and D). As shown in Figurc 4.8B-D, the addition of LY294002 affected
particle internalisation in a dose dependent manner. Control samples showed the cxpected
high levels of internalised particle after 30 minutes (Figure 4.8A). Figure 4.8B and C show
that 1.Y294002 blocked the internalisation of Zymosan A particles but did not abolish particle
binding. At 40 pM, 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 thesc cells was gencrally diffuse and no redistribution to sites of particle
binding could be identificd (Figure 4.8B). Particle binding was significantly impaired at 80 pM
of LY294002 as reflected by the small numbers of Zymosan A particles scen at the periphery

of the cell after 30 minutes (Figure 4.8C). 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 uM, and (C) 80 uM LY294002. Cells were cxposed
to LY294002 for 30 minutes prior to phagocytosis. Phagocytosis was carried out at 37°C
for 30 minutes. (D) F-actin costaining of cells in (C); insct shows the mege of F-actin and
Tec staining.

Bar = 10uM
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close despite the fact that phagocytosis had been allowed to proceed for up to 30 minutes and
Tec generally showed diffuse fluorescence. Co-staining with phalloidin-TRITC 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 rcquires extensive
remodclling of the actin cytoskeleton. Cytochalasin D is a potent inhibitor of actin
polymerisation and has been reported to affect phagocytosis (Newman et al., 1991; Koval et
al., 1998). It was thus uscd to determine whether the recruitment of Tec to the phagosome
was dependent on a functional actin cytoskeleton. Cells were trcated 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 secn in Figure 4.9A, Cytochalasin D inhibited FeyR-
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 (Figure 4.9Aii).
At 500nM, the morphology of J774 cells was dramatically affected and cells appeared to round
up and loose their cytoplasmic cxtensions (Figure 4.9Aiir). 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 diffuse in the cytoplasm. At 100nM Cytochalasin D however,
phagocytosis was partially impaired (Figure 4.9B). 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 partially 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 at 37°C in the presence of the inhibitory drugs.

A. Tec staining in (i) control cells, and cells treated with (i1) 50 nM, (iii) S00 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. Tcc and F-actin staining in phagocytosing cclls in the presence of 5 uM 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 = 10uM
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still displayed strong localisation of Tec (Figure 4.9B arrow). This suggests that although the
rearrangement of cytoskeletal structures is closely associated with the recruitment of Tec to
the phagosome during phagocytosis, it is not an esscntial pre-requisite for the redistribution of
Tec to the phagocytic cup. It is thereforc predicted that the recruitment of Tec to the
phagosome precedes actin polymerisation during FcyR-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 4.9C). 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 5uM 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 thereforc 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 protcin tyrosine kinase predicted to
be primarily cytosolic in the absence of external stimuli. The PHTH, SH3 and SH2 domains of
Tec can mediate protcin-lipid and protein-protein intcractions that will influence the subcellular
localisation of Tec. The activation state of a ccll, 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 the J774 macrophage cell line.
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4.3.1 Subcellular localisation of Tec in macraphage cells

Immunohistochemical studies presented in this chapter have confirmed Tec to be highly
dynamic in macrophage cells. In these cells, the subeellular 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) diffusc cytoplasmic Tec, (ii) plasma membrane targeted Tec, (ili) juxta-nuclear
Tec, and (iv) Tec in association with the cytoskeleton.

Based on the curmrent understanding of the Tec family kinase signal transduction
pathways, the level of Tec phosphorylation and Tec kinasc activity of cach subcellular poaol are
cxpected to differ. Diffuse cytoplasmic Tec is predicted to represent a non-phosphorylated and
thus inactive pool of Tec. In the prescnce of external stimuli (such as phagocytosis), Tec
would be translocated to the plasma membrane, generally in ruffle-like regions and
pseudopodial structures. Plasma mcmbranc targeted Tcc is expected then to be
phosphorylated, most likely by a member of the Src family of tyrosine kinases, thus enabling it
to participatc in the signalling cvents rcquired 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 intenscly staining
rcgion 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
mcchanism involved in targeting 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

(Mcrkel, personal communication). This work has identified the cytoskeletal protein o-actinin

106



as a Tec PHTH binding protein and the interaction between the two peptides is currently being
characterised. In addition, the N-tcrmina) 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 intcraction is also mediated by an actin-binding protein or not (Yao
et al., [999). These reports suggests that a possible role for Tec in the rearrangement of the
actin cytoskcleton. The phosphorylation of actin binding proteins, such as a-actinin, by Tec,
would enable the rearrangement of filamentous actin structures, and facilitate the formation of
plasma membranc ruffics 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 extremcly high adherence to tissue
culture plastic and that the culturing of these cells on fibroncctin coated surfaces induces the
formation of filopodia structurcs characteristic of ccll spreading. Several protein tyrosine
kinasc families are involved in cell spreading, including Src family kinascs and Syk.
Macrophage cells deficient in both Hck/Fgr, as well as Hek-/- Fgr-/- Lyn-/- triple mutants are
unable to sprcad on fibronectin-coated surfaces and show impaircd migration in vivo (Suen et
al., 1999; Meng and Lowecll, 1998). In the abscnce of functional Src kinases, PI3-K also fails to
redistribute to the plasma membranc upon stimulation with fibronectin, suggesting that this
plasma mcmbrane targeted pool of PI3-K is also involved in the rcarrangement of actin
cytoskeletal structures necessary for cell spreading (Meng and Lowell, 1998).

Several observations suggest the involvement of Syk in the signalling cvents 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 adhercnce of macrophage cells to
tissue culture plastic alone (Hirano and Kanno, 1999). A critical role for Syk in the adherernce
of macrophage cells 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 confirmed upon the characterisation of Hck-/-Fgr-/- double
mutant macrophages. These cclls exhibit significantly decreased phosphorylation of numerous
proteins including that of Syk and several actin-associated protcing such as cortactin,
vitronectin and tcnsin (Sucn et al, 1999). In these cells, F-actin, paxillin and talin fail to
accumulate at the leading edge of the cells thus cxplaining the absencc of filopodial formation.
This suggests a link between Syk phosphorylation and the rearrangement of thc actin
cytoskeleton.

It is thus apparent that several protein tyrosine kinascs arc involved the process of
plasma membrane remodelling during cell adhesion and sprcading. In macrophage cells, at
least two families of protein tyrosine kinases have so far been implicated in this signalling
pathway, both of which have been reported to be closcly associated with Tec kinases in the
antigen rceceptor signalling systems (BCR and TCR) (Schacffer and Schwartzberg, 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 siﬁnaning from the y chain of the integrin reccptor.

4.3.3 A role of Tec in FcyR-dependent phagocytosis

The cffect 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 ct al., 1994). Macrophage cells platcd on fibronectin-coated

surfaces for example have an increased ability 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 Jeast to some extent, with that
involved in phagocytosis.

Mechanistically, phagocytosis requires the coordinated action of numerous molecules
including that of ccll membrane rcceptors, signalling protcins and cytoskeletal components.
This study is the first to proposc a rolc for the non-rcceptor tyrosinc kinasec Tec as a
component of the early stages of signalling during FcyR-mediated phagocytosis.

The signal transduction cvents that follow antigen rcceptor stimulation are relatively
well conserved between members of the antigen receptor family (Kwiatkowska and Scbota,
1999). During BCR, TCR and FcyR signalling, binding of exogenous lgands to membrane
bound receptors induces the aggregation of thesc receptors and is rapidly followed by Src-
dcpendent phosphorylation of ITAMs and phosphorylation and activation of Syk. Btk and Itk
arc well established effectors of the B cell recceptor and T ccll receptor respectively, and are
critical for receptor function. This chapter proposes an analogous function for the myeloid
cell-expressed protein tyrosine kinase Tec in FcyR signalling.

Immunostaining of Tec in macrophage cells exposed to IgG-opsonised Zymosan A
indicates that Tcc 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 (Grccnb&g et al., 1990), as well as for the protein tyrosine kinase Syk
(Strzelecka ct al., 1997b). This rcport is however the first to position Tec, both spatiaily 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 PLCy. In this system, 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 PLCy (reviewed in Rawlings, 1999). SLP-76 is a homologue of Slp-65 that is
cxpressed in myeloid cells and is tyrosine phosphorylated upon the selective ligation of FcyRI
and IIT (Bonilla et al., 2000). In T cells this SLLP-76-dependent complex is anchored at the
plasma membrane through the LAT anchoring protein, a protein that has also been implicatcd
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 protcins 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 celular PI(3,4,5)P; (Ninomiya et al.,, 1994).
This phosphoinositol phospholipid acts as a secondary mcssenger molecule that rccruits
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
membranc 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 kinascs is prcdiéted to involve the PHTH domain, probably through binding to
PI(3,4,5)P3 molecules in the plasma membrane. The PHTH region is also responsible for the
redistribution of Btk to plasma membranc ruffles where it co-localises with F-actin upon
cellular activation (Vamai et al.,, 1999, Nore et al.,, 2000). The L.Y294002 compound is a
known inhibitor of the PI3-K family that blocks Fcy-R mediated phagocytosis by interfering
with the actin-driven extcnsion of the phagosome surrounding the phagocytic target and

preventing the closure of the newly formed phagosome (Araki et al., 1996). As shown in this
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chapter, L'Y294002 also prevents the typically strong polarisation of Tec to sites of particle
binding. This suggests that PI(3,4,5)Ps synthesis is necessary for plasma membrane targeting.
Tec thus appears to be involved in the PI3-K-dependent process of actin-driven membranc
extension that closcs the phagosomal membrane around bound particles.

The mechanism of F-actin polymerisation at the forming phagosome during particle
internalisation is unclear, Tec family kinases, cspecially 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 rcgion 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 ct 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 Tcc 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 colocaliscs
with previously reported effectors of the FeyR system including filamentous actin and Syk
during phagocytosis. Based on studies of other antigen reccptor systems, Tec is predicted to
act as a central component of the early signalling events that take place at the plasma
mcmbrane. It is possible that Tec is important for sustaining PLCy phosphorylation, an event
required for extracellular calc{ixm 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 cytoskelcton 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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CHAPTERSS:

GENE TARGETING AT THE TEC LOCUS



5.1 Introduction

5.1.1 Gene targeting

5.1.1.1 General overview

It 1s now over a decade since the first homologous recombination event was reported in
embryonic stem cells (Thomus and Capecchi, 1987). Homologous recombination is a
phenomenon that is initiated by the sequence specific recoguition of endogenous scquences 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 mous¢ models for many human genetic disorders.

Betwcen 1981-1985, two significant technical developments occurred in the areas of
cellular and molecular biclo gy that were critical for the development of gene targeting. First,
mouse pluripotent embryonic stem (ES) cells were isolated from the inner cell mass of mouse
blastocysts and could be cultured in vifro without the loss of pluripotency (Evans and
Kaufman, 1981 and Martin, 1981). Following their rcintroduction into recipient blastocysts,
ES cells were found to be able to contribute to all tissues of the developing embryo to produce
phenotypically normal chimacric animals (Evans and Kaufman, 1981 and Martin, 1981).

Because of their pluripotent characteristic, BS cells are able to colonise the germline of thesc
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chimaeric animals (Bradley et al., 1984) and arc thus able to act as a bridge that allows direct
access to the germline compartment. The dcvelopment 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 sccond
major devclopment to have an impact on gene targeting. Because ES cells arc able to support
homologous rccombination events without affecting germline competence (Thompson et al.,
1989), specific mutations can be introduced into the genctic matcrial of these cells and can be
passed on to subsequent gencrations 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 vifro
manipulation and culture conditions are crucial to the success of this procedure. Extensive
pre-screcning of reagents is gencrally 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 techrnology that has been widely adopted for the study of

genc function and dysfunction in thc mouse.

5.1.1.2 Experimental design

Gene targeting cxperiments are initiated with the identification of a gene of interest and
the isolation of appropriate ta;gct 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 exist: replacement vectors and insertion
vectors (revicwed 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 genc
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Figure 5.1 = Diagrammatic representation of genc targeting vectors

Wild type target sequences are diagrammatically shown at the top, with exonic regions

representcd as black boxes.

A. Typical replacement targeting cvents
A generic replacement vector is shown underneath the target locus. Marker sequences
are cloned to disrupt exonic scquences. The targeting vector is lincarised outside the
rcgion 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 inscrtion vector is shown undemeath the target locus. Markcer sequences are
cloned outside exonic scquences and the targeting vector is linearised inside the region of
homoalogy. Successful targeting events requirc a single crossover event (represcented 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 genc. They are typically
linearised outside the region of homology and two crossover events arc required for the
insertion of vector sequences into the target locus (Figure 5.1A). Insertion vectors 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
selectablc marker is inserted at the 3° end of DNA scquences homologous to the target gene.
Inscrtion vectors arc typically lincarised within the rcgion of homology and a single crossover
event leads to the duplication of the region of homology and insertion of the sclectablc marker
(Figure 5.1B).

Targeting vectors arc 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 intcgrated plasmid sequences are identified by
antibiotic selection and homologous recombination events arc diffcrentiated from random
integration of vector sequences using Southern blot or PCR analysis. As the paramecters that
influence the efficiency of homologous recombination events have become better defined,
additional manipulations originally developed to eliminate ES cell clones with randomly
intcgrated vector sequences have in many cases proven to be unnccessary.

To gencrate genetically manipulated mice, targeted ES cell lines need to be injected
into mouse blastocysts. Thc"‘genctic 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 cfficiency of ES cell colonisation is judged by coat-
colour chimaerism and highly chimaeric male pups are bred to identify successful germiine
transmitters. The breeding of chimaeric male pups allows for the screening of a large number

of progenies as a singlc 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 affecting the efficiency of gene targeting experiments
Over the last dccade, numerous parameters have been shown to affect the efficiency of
homologous rccombination events including:
i) The use of isogenic DNA segments to construct targeting vectors.
Vectors constructed with isogenic DNA sequences generally display a significant
increasc in gene targeting efficiency (van Deursen and Wicringa, 1992). The
magnitude of this positive effect appears to be dependent on the target genc (Deng
and Capecchi, 1992).
ii) The length of unintcrrupted perfectly matching sequences.
This appears to be more influential than the existence of a low percentage of
mismatched bases (tc Riele et al. 1992). However, given that non-isogenic DNA
has successfully been uscd 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 Capecchy,
1992).
iii) The length of homologous sequences sharcd between the targeting vector and the
target gene. |
A minimum of 2 kb has becn 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 Capccchy,

1992).
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iv) ES cell cycle rate.
Homologous recombination occurs during S-phase and almost exclusively within
the first 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
procegure.
The length of non-homologous DNA introduced into the target locus does not appear to affect
the succcss of homologous recombination as various length fragments can be deleted
successfully from the target genc (Mansour ct al, 1990). Furthermore, becausc 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 efficiency of germline transmission

Germline transmission is thc most time consuming and expensive step involved in the
generation of genetically modified mice. Several parameters have been identified that affect
the cfficiency of germlinc transmission. Of these, the quality of ES cells used in the targeting
cxperiments is most important. Decreased efficiency of germline transmission has been
associatcd with chromosomal abnormalities found to be common in ES cclls (Suzuki et al.,
1997h), particularly trisomy 8 (Liu et al. 1997), as well as with increascd passage numbers of
ES cells (Nagy et al., 1990, Fc;iorov et al., 1997).

The choice of ES cell line used for homologous recombination and of the donor mousc
strain used as a source of host blastocysts also appear to affect the success of germline
colonisation by targeted ES cells (Lemckert 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 efficiency 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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supcrovulation, produce high numbers of embryos and show high rate of germline colonisation

by the chosen ES cell line.

5.1.2 In Vitro 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 difficultics encountered with the Icthal phenotypes
associatcd with genes nccessary for carly developmental processes. Elaborate protocols have
been designed that cnable a continuously growing ES cell population to be differcntiated in
vitro in a rclatively well controlled manner. The hematopoietic system is ideal for in vitro
differentiation studics. Many hematopoietic lineages arc already well characterised, and a large
number of recombinant growth factors that can act at diffcrent stages of hematopoietic
differentiation are readily available.

In vitro differcntiation protocols rely on the formation of embryoid bodies (EB). These
are thrce-dimensional structurcs 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
many cell types including those of the hematopoietic system, though the efficicncy of this
process is generally unpredictable and the kinetics of differentiation are poorly defined (Evans
and Kaufman, 1981; Martin,~ 1981 and Doctschman et al.,, 1985). In vitro differentiation
conditions have been significantly improved with the usc of a methylcellulose semi-solid
culturc system which acts as a three-dimensional matrix that supports the efficient,
reproducible and synchronised differcatiation of ES cells into numerous hematopoietic
lineages, including erythroid, macrophage, ncutrophil and mast cells (Wiles and Keller, 1991;

Keller et al., 1993). The order of differentiation observed in those experiments also suggests
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that hematopoietic differentiation of ES cells in vitro 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 ccll types. This
system includes the additional manipulation of ES cells to form a pluripotent cell population
termed carly 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 lincages has numerous
advantages. Using this approach, the molccular 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 associatcd 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 molccular function of Tec and other
members of the Tec family of protein tyrosine kinases. Since then, this family of protein
tyrosine kinascs has been the subjcct 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 genc is not expected to
affect ES cell viability and function. In addition, the expression of Tec is first detected at day
7.5 of gestation 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 hcmatopoietic lincages. Mice deficient for Tec (generated by
homologous recombination) would thus be used to identify devclopmental proccsse(s) that are
dependent on Tec function. This approach would also identify cell lincage(s), cspecially thosc
of the hematopoictic compartment most affected by the lack of functional Tec.

ES cells targeted at the Tec locus can also be utilised for in vitro differentiation studics
to investigate the role of Tec, if any, in hematopoietic differentiation. In light of the many
problems encountercd during attempts to generatc Tec-/- mice, this second approach was
cxpected to have several advantages. In vitro diffcrentiation 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 altcred hematopoictic cells generated using this approach can easily be
isolated, detailed analysis of Tec function in macrophage diffcrentiation 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 mousc ES cells. These genetically altered ES cclls were generated to

facilitate the analysis of Tec function (i) in vive, using genetically modified mice, or (ii) in
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vitro, 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 thc
success of this approach is dependent on the strategy adopted to disrupt the locus of interest.
Gene targeting vector design ideally rcquires knowledge of target protein structurc and
function to complement that of gene structure. Target gene sequences have traditionally been
obtained through claborate screens of genomic libraries, though recent developments in
automated gene sequencing techniques and large scale genome sequencing projccts are likely
to eliminate the necd 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 E14TG2a
ES cell genomic DNA using Sau3A that had subsequently been cloned into the Baml!I I site of

the vectar A2001 (Karn et al., 1984).

5.2.1 Partial characterisation of the mouse Tec locus

Prior to the beginning of this project, a genomic library screen had initially been carried
out using PHTH ¢DNA sequences as the probe. It had successfully isolated two genomic
library clones, AKS1.1 and A.i(S4.1 shown in Figure 5.2A (Stevens K., 1995). To facilitatc the
manipulation of genomic scquences, subclones of AKS1.1 and AKS4.1 had been generated
using the restriction enzymes Sac I and Xba I (Stevens, 199S). They had been cloned into
pBlucscript IT KS* (Stratagene) and had subsequently been subjected to restriction enzyme

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 AKS1.1 and AKS4.1
Hatched boxes representing the lambda genomic clones isolated during the first screen of
the E14TG2a lambda genomic library (Stevens, 1995) arc at the top. A Sac I restriction
enzyme map that encompasses this region of the Tec 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 detcrmine the overlapping

region between the two genomic clones.

B. Restriction enzyme map of 4.1SS5
Restriction enzyme map of the 6 kb 4.1SS5 genomic DNA fragment cncoding exons 3-5.
Exon regions are numbered and represented as black boxes. The following MCS
restriction enzyme sites werc not identified in 4.18S5: Cla I and Not 1. 4.1SSS was

cloned into the Sac I site of pBluescript IT KS* to generate p4.18S5.

C. Restriction enzyme map of K16
Restriction enzyme map of 6 kb K16 genomic DNA fragment encoding exon 3
sequences (depicted as a black box). The following MCS restriction cnzyme sites were
not detected in K16: Cla I, EcoR V, Not 1, Sac 11, Sal I, Sma 1. This fragment was
cloned into pBluescript II KS* to generate pK16.

MCS: Multiple Cloning Site; 1: lambda
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identified and had been sequenccd to confirm exon/intron boundaries for exons 2 and 3
(Stevens, 1995).

Further characterisation of AKS1.1 and AKS4.1 genomic DNA fragments was carricd
out during the coursc 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. Sac I/Sac I and Xba 1/ Xba
I subclones of the two isolated genomic fragments were subjected to restriction enzyme
analysis using a range of restriction enzymes. A2001 vector multiple cloning sitc sequences
werc identified by manual sequencing and enabled the orentation of these genomic clones.
The most 5' region of AKS4.1 was isolated by Sac I/ITind I1I restriction enzyme digestion. It
was purified and used as a probe in Southern blot analysis to identify DNA fragments shared
between AKS1.1 and AKS4.1 clones. Approximately 4 kb of DNA sequences were found to
be shared between the two clones. Several Sac 1 sites, marked as ASac I, werc identified
during restriction enzyme mapping that were abscnt from the endogenous Zec gene suggesting
that these had been derived from the multiple cloning site of A2001 (Figure 5.2A). The K16
and 4.1SS5 fragments outlined in Figure 5.2A were characterised in detail, and their restriction
enzyme maps are represented in Figure 5.2B and 5.2C. These genomic DNA fragments
cncode cxon 2, and exons 3, 4 and 5 scquences respectively and as such were identified as
potential targets for homologous recombination.

Although in thcory rc;;loval 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 original Tecl
transcript (Mano et al., 1990). Exons located downstream of cxon 2 werc therefore identified
as prefcrable targets for homologous recombination. Disruption of these exons is expected to
interfere with the expression of all Tec 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 AKS4.1 and AKS1.1. This initial targeting strategy therefore aimed to
delete cxons 3 and 4. These two cxons, unfortunately, revealed to be clustered at the 3" end of
AKS4.1 thus limiting the length of DNA sequences available to use as the 3’ homology arm of
the vector.

As dcscribed later in this chapter, this first targeting vector was unsuccessful in
generating targeted ES cell clones for reasons that are unciear. Because sharcd homologous
sequence Jength had been reported to influence the efficicncy of homologous recombination
(Hasty et al., 1991 and Deng and Capecchi, 1992), furthcr attempts were made to isolate
genomic DNA scquences by repeated screening of the E14TG2a genomic DNA library using
the SH3/SH2 probe represented in Figure 5.3A. This probe which targets genomic sequences
3’ to AKS4.1 successfully identified a 15 kb clone labelled as Ai81.1 (depicted in Figure 5.3B).
Restriction enzyme analysis and DNA sequencing showed that Ai81.1 encodes exons 3-7
suggesting extensive overlap with AKS4.1. In fact, only approximately 5 kb of genomic
sequences were found to be unique to Ai81.1. Restriction enzyme mapping was also used to
characterise Ai81.1. A 6.1 kb Pst I/Sac I fragment was identified to carry exonic sequences by
Southern blot analysis using a radiolabelled SH3 fragment as a probc. As depicted in Figurc
5.4A, this fragment encodes exons 6 and 7, as well as exons 4 and 5, thus extending genomic
DNA sequences further 3’ by approximately 5 kb.

Indepcndent expcn'mcr;ts were subscquently carried out in the laboratory that aimed to
isolate and charactcrise the entire mouse Tec locus (Merkel, 1996; Merkel et al., 1999).
Several clones were identified using probes consisting of 3’ untranslated cDNA sequences
(UTR) and cxon 7/8 cDNA sequences and these are described in Merkel] et al, 1999. One of
these clones, Aex78, was found to overlap extensivcly at the 5’ end with Ai81.1 with
approximately 6 kb of additional unique sequcnces including thc 66 bp exon 8. This exon

encodes the C-terminal region of the SH3 domain and is differentially spliced in Teclll
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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 scrcen.
Tec cDNA scquences are diagrammatically represented as hatched boxes that inciude the
5' untranslated rcgion (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 scrcens was generated by PCR using the
TecSH3.5 and TecSH2.3 primer sequences. The PCR product generated is

diagrammatically represented underneath its corresponding cDNA region.

B. Sac I rcstriction enzyme map of Ai81.1
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 1. Exons arc
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
underncath its corresponding A\genomic region.

1: 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 depicted as black boxes. The following MCS sequences were not identified in PS6.1:
Bamil'1, Clal, Kpn I, Not 1, Sal 1, Xba 1. The BgS1.8 fragment isolated by Bgl I1/Sac 1

restriction enzyme digestion is represented undcmeath.

B. Diagrammatic represcntation of genomic fragment encoded by Aex78 and Ai81.1
A Sac 1 restriction enzyme map is shown at the top that encompasses a region of the Tec
locus encoded by the genomic clones Aex78 and Ai81.1. Hatched boxcs represent DNA

fragments Aex78 and Ai81.1 and ex78SS6.5.

C. Restriction enzyme map of ex78SS6.5
Restriction enzyme map of ex78SS6.5 and of the PS1.1 fragment isolated by Psz I/Sac 1
restriction enzyme digestion of ex78SS6.5.

I; lambda
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compared with TeclV. A contiguous map of Aex78 and Ai81.1 is shown in Figure S.4B. The
ex78SS6.5 fragment shown in Figure 5.4B encodcs a 6.5 kb DNA fragment located at the end
of Aex78. This DNA fragment was subcloned in pBluescript II KS* and mapped by restriction
enzyme analysis (Figure 5.4C) beforc being used to generate the 3" homology arm of targeting
vectors deseribed in scction 5.2.2.2.

Numerous attempts to further screen the E14TG2a genomic library failed to isolate a
genomic clone that encoded cxon 9 and overlapped with Acx78 and AAMCI1.1.1 (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 carricd out using the 5-exon8/3’exon8 and
5’exon8/3-exon8 primer combinations. As shown in Figurc 5.5A, two fragments were
predicted to be amplified using thcse primer combinations: Fragment A and B. Gel
elcctrophoresis analysis of the PCR products is shown in Figure 5.5B 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 Aex78
and a Psr I site identified in exon 9. The 5’exon8/3-exon8 primer pair amplificd two DNA
fragments of 2 kb and 1.6 kb respectively. Upon the optimisation of Mg®* concentrations, the
larger of the two fragments appearcd more prominent. This fragment was subsequently
purified, subcloned in pBluescript I1 KS* and sequenced to confirm the presence of Tec exon 9
sequenccs.

In summary, scveral sércening expeniments using various rcgions of the Tec cDNA as
probes have been necessary to isolate and characterise all exon/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 Ai81.1, Acx78 and AAMCI.1.1, and highlights thc gap in genomic sequences
that includes exon 9 and surrounding intronic sequcnces. To bridge this gap, two rounds
of PCR were carricd out using ES cell genomic DNA template. Overlapping sequences
of this region werce isolated. Fragment A cncodes intron 8 and exon 9 scquences while
fragment B includes exon 9 and intron 9 sequenccs.

B. Gelelcctrophoresis of Fragment A PCR product
Fragment A was amplified using the 5-exon8/3’exon8 primer pair. Undigested PCR
products, as well as EcoR 1, Kpn I and Pst I restriction enzymc digests of the PCR
product were analysed by 2% (w/v) TAE gel electrophoresis and compared with SPP1
and pUC19 DNA (Geneworks) markers for sizing.

C. Gel electrophoresis (2% (w/v) TAE) of Fragment B PCR product
PCR was carried out using S'exon8 and 3-exon8 primers. Two parameters of the
reaction werc tested including enzyme concentration and MgCl; concentration. A 2 kb
fragment appeared most prominent at the higher MgCl, concentrations that was
subsequently subcloned into pBluescript IT-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 94°C, 30 seconds at

94°C, 30 seconds at 60°C, 4 minutes at 68°C, 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 (mTec), human 7XK (hTxk), human BTX (hBtk)
and mouse Btk (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 al., 1996 and Sideras et al., 1994, respectively). Exon 1 of mouse 7xk (mTxk) 1s also

shown approximatcly 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 projcct. Initial targeting experiments were carried out in E14TG2a ES cells, using the
HPRT minigene as a selection marker, whilc subsequent experiments utilised W9.5 ES cells
and the Neomycin resistance gene. These marker genes werc chosen as they have been widely
uscd in gene targeting experiments to confer resistance to HAT and Geneticin (G418 sulfate)

respectively without affecting ES cell pluripotency.

5.2.2.1 Gene targeting in E14TG2a ES cells

The first round of gene targeting experiments was carried out in the ES cell line
E14TG2a. This ES line is a feeder independent, HPRT deficient ES cell linc derived from
129/SV/Ola mice that requires the Leukemia 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 numbcer of targcted ES clones (Whyatt, 1996;
Thonglairoam, 1994). Following injection into mouse blastocysts, targeted derivatives of this
cell line had also successfully gencrated chimaeric animals that transmitted ES cell derived
genetic material through their germline (Whyatt, 1996; Thonglairoam, 1994).

The gene targeting strategy adopted is diagrammatically represented in Figure 5.7.
Removal of exons 3 and 4 is ;)rcdictcd to abolish the production of functional Tec sequences,
although a 46 amino acid peptide can thcoretically be generated from the translation of exon 2
sequences. This peptide encodes N-terminal amino acids of the PHTH 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 1KS1.1 and IKS4.1 is
represcnted at the top. Black boxes represent exon scquences and hatched boxes indicate §°
and 3 genomic sequences used to construct the targeting vector. Expected targeted and wild
type alleles arc shown below.

I: lambda
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5.2.2.1.2 Generation of the Gene Targeting Construct pSH.HPRT.3NS4

Exons 3, 4 and 5 are found clustered at the 3' end of AKS4.1. 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 Not 1
restriction enzyme site was thus introduced by PCR in the 3” exon4/intron4 boundary using the
primer pair [A-K16-1 (2.2.11) and USP (universal scquencing primer, Stratagene). As
described in Figure 5.8A, p4.1SSSPS had been generated by subcloning the 2 kb Pst I/Sac 1
fragment of p4.1SS5 into pBluecscript IT KS™ and was used as the template for the PCR
reaction. The PCR product amplified using IA-K16-1/USP was gel purified, digested with Not
I/Sac 1 and subcloned into pBluescript IT KS” to generate p3NS4 (Figure 5.8B 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
prescnce of the exogenous Not 1 site.

The 5 homology arm of the targeting vector was gencrated by Hinc II restriction
enzyme digestion of pK16. The 4.8kb Hinc II fragment was isolated by gel electrophoresis,
purified and ligated with Hinc II lincarised p3NS4 to creatc pSH.NS4 (Figure S5.9A).
Restriction enzyme analysis and gel elcctrophoresis was used to confirm the identity of the
resulting plasmid. The HPRT _\marker gene was isolated from pnI2(11S) (Reid et al., 1990) as a
BamH 1/ BamH 1 minigene fragment of approximately 6 kb and was subscquently cloned into
BamH 1 linearised pSH.NS4 (Figure 5.9B). Restriction enzyme analysis of thc resulting
pSH.HPRT.3NS4 plasmid (Figurc 5.10B) was carricd out to generate a restriction enzyme
map of the plasmid (Figure 5.10A). Prior to transfcction into ES cell, pSH.HPRT.3NS4 was
purified on a CsCl gradient, lincarised with Sal I and extracted with phenol and chloroform.
Sal I digested pSH.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 extremitics of targeting
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Figure 5.8 Diagrammatic representation of cloning strategy used to generate the 3'

homology arm of pSH.HPRT.3NS4

A. Restriction cnzyme map of 4.1SS35 highlighting the Pst I/Sac I fragment used to generatc

the 3' homology arm of targeting vector as a hatched box.

B. Restriction enzyme map of the p4.1SS5PS plasmid and PCR strategy used to introduce a
Not 1 restriction enzyme site at the exond/intrond boundary using the IA-K16-1/USP
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 inscrt the NS4 fragment into

pBluescript I 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 enzyme map of the K16 fragment is represented that highlights the Hinc
I/Hinc 11 fragment used to generate the 5° homology arm of the targeting vector as a
hatched box. The subcloning strategy uscd to subclonc this fragment into Hinc I
lincarised pNS4 is also represcnted. A map of the resulting pSHNS4 plasmid is also

shown,

B. Diagrammatic representation of thc HPRT minigene used as selection marker.
The HPRT minigene was isolated by BamH I restriction cnzyme digestion of the
pnl2(I1s) plasmid and inserted into Bamll 1 linearised pSHNS4 to generate

pSH.HPRT.3NS4.
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Figure 5.10 Characterisation of pSH.HPRT.3NS4 targeting vector

A. Restriction enzyme map of the pSH.HPRT.3NS4 targeting vcctor.
5' and 3' homology scquences are represented as full black lines, the HPRT minigene as a

hatched box and exon 5 scquence as a black box.

B. Agarose gel electrophoresis of pSH.HPRT.3NS4 restriction enzyme digests
Restriction enzyme digests were carricd out on CsCl purified pSH.HPRT.3NS4 DNA
andAproducts were separated by gel clectrophoresis on a 1% (w/v) TAE agarose gel.

SPP1 molccular weight markers were used for size companson.
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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 bc incorporated into the target gene (Mansour ct al.,

1990) or affect targeting efficicncy (Deng and Capecchi, 1992).

5.2.2.1.3 Transfection and characterisation of ES cell colonies

EI4TG2a ES cells are deficient for the HPRT (hypoxanthine phosphorbosyl
transferase) gene (Hooper ct al,, 1987) and as such are scnsitive to sclection using HAT
(Hypoxanthine, Aminoptcrin, Thymidine). Bccause 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 cffectively
selcct against untransfected E14TG2a ES cells was determined as described in Figure 5.11A.
During the course of this experiment, a final concentration of 100 uM hypoxanthine, 16 uM
thymidine and 0.4 uM aminopterin was found to be sufficient to completely kil E14TG2a ES
cells.

Transfection of E14TG2a ES cells was carried out by electroporation using parameters
optimised to minimisc cell death and prevent multiple intcgration of the targeting vector
(Whyatt, 1996). The statistics of this experiment arc shown in Figure 5.11B. Two hundred
HAT resistant colonies were picked, expanded and subjected to genomic DNA cxtraction and
Southern blot analysis. Briefly, genomic DNA preparations were subjected to restriction
enzyme digestion using Hind III and the resulting products were scparated by 0.8% agarose
gel electrophoresis. Southern blot analysis was subsequently carricd out using the 3' external
probe which was prepared by Acc VEcoR 1 restriction enzyme digestion of pBgS1.8 (Figure
54A). 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 BamH I restriction cnzyme digestion, 0.8% agarose gel clectrophoresis and
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Table 5.11 Targeting of E14TG2a ES cells

A

Toxicity assay.

Determination of thc optimal concentration of HAT necded to select against
untransfected ES cells. Increasing concentrations of HAT werc added to a sub-confluent
layer of E14TG2a cells and cell death was measured 7 days after the start of the selection
process. The sclective medium was changed daily.

Statistics of electroporation of pSH.HPRT.2NS4 targcting vector into E14TG2a ES
cells.

Selection was carried out at 100 uM hypoxanthine, 16 UM thymidine and 0.4 uM
aminopterin for 14 days after which 200 HAT resistant colonies werc 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 sclection to characterise cell survival efficiency.



A)

Plate No. Hypoxanthine, Thymidine Aminopterin % cell death
1 0 uM, 0 uM 0 pM 0%
2 100 pM, 16 uM 0.2 uM 85%
3 100 uM, 16 uM 0.267 UM 90%
4 100 uM, 16 uM 04 uM 100%
5 100 uM, 16 uM 0.534 uM 100%
6 100 uM, 16 UM 0.8 uM 100%

HT (Hypoxanthine, Thymidine) solution was prepared as a 100X stock solution
(10 mM Hypoxanthine, 1.6 mM Thymidine).
A (Aminopterin) solution was prepared as 100X stock solution (0.04 mM Aminopterin).

B)

No Selection HAT Selection
Cells Electroporated 1x 10° 1x 10°
Cells Plated 1x 10 1x 10’
Cells Surviving 2x 10° 3.6 x 10*
Colonies Picked 200
Targeted Lines 0

Efficiency 0%




Figure 5.12 Characterisation of HAT resistant ES cells

A. Southem blot analysis of HAT resistant E14TG2a ES cell DNA using 3' external probe
Approximately 20 pg of ES cell DNA was digested with Hind 11I. Restriction enzyme
digests werc separated by 0.8% (w/v) TAE agarose gel electrophoresis, transferred to a

nylon membranc and probed with the 3' external probe.

B. Southem blot analysis of HAT resistant E14TG2a ES cell DNA using the 5' external
probe.
Approximatcly 20 pg of ES cell DNA was digested with BamH 1. Restriction enzyme
digests were separated by 0.8% (w/v) 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 1/ Hind 111
restriction enzyme digestion of p4.1S21 (Figure 5.2A). Figure 5.12B shows a typical Southern

blot generated using the 57 extcrnal probe.

5.2.2.2 Gene Targeting in W9.5 ES cells

Because the approach described above failed to isolate E14TG2a-derived ES cell
clones that had successfully been targeted at the Tec 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 homologous recombination.

This seccond replacement vector was designed to effectively remove exons 3-8 (Figure
5.13). These cxons are clustered within a 10 kb rcgion in the middle of the Tec locus and
encode PHTH 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 PHTH scquences can potentially be expressed from the ATG codon in exon 2. This
peptide is predicted to be unstructurcd 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 exp;ession.

The usc of a new targe;ting vector that encodes longer regions of homology compared
to pSH.HPRT.3NS4 was cxpected to increase the cfficiency of homologous rccombination
events at the Tec 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 E14TG2a ES derivatives had been observed in the gene
targeting facility of this dcpartment while this work was in progress (Remizsewski, 2000; J.

Wrin, personal communication). At the same time, W9.5 ES cclls 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 Sac I sites
while exons are represented as black boxes. A more dctailed restriction cnzyme map of the
region targeted for homologous recombination is shown underneath.  Homologous
rccombination 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 cclls 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 arc feeder dependent adherent ES cclls that are cultured in the presence
of LIF. During the coursc of these studies, W9.5 ES cells were rﬁaintained on a confluent
layer of gamma irradiated STOR fibroblast cells. Bccause W9.5 ES cells arc HPRT 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 werc available that
cxpresscd antibiotic resistance: STO" cclls which carry a Neomycin 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 cxtensive 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 Generation of the Gene Targeting Construct pKE.Neo.KP2.8

This targeting vector encodes the bacterial aminoglycoside phosphotransferase neo
genc which confers resistance to the antibiotic G418. The neo selective marker was isolated as
an EcoR 1/BamH 1 fragment from the pMGD20Neo plasmid which includes pgk promoter and
polyA tail sequences (Gassmgnn et al., 1992). To facilitate further manipulation, this fragment
was subcloned in pBluescript iI KS" to generate the pKS'Neo plasmid shown in Figure 5.14B,
The 5° homology arm of the targeting vector was isolated as 4 4.6 kb Kpn I/EcoR 1 DNA
fragment from pK16, purified and subcloned into Kpn VEcoR 1 linearised pBluescript KS* to
generate the plasmid pKE (Figure 5.14A). The Neo cassette was isolated from pKS*Neo and
inserted into EcoR I/BamH 1 linearised pKE to produce the pKE.Neo plasmid. This plasmid
encodes 5° homology and marker gene scquences (Figure 5.14B). To derive the 3" homology

arm of the targeting vector, ex78SS86.5 (Figure 5.14C) was digested with Kpn I/Pst I and the
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Figure S5.14 Diagrammatic representation of the cloning strategy to generate the 5°

homology arm and marker sequences of targeting vector

A. Restriction enzyme map of genomic fragment K16 that highlights the Kpn UVEcoR 1
fragment used as the 5" homology arm of the targcting vector
The 5° homology arm of the vector was isolated using Kpn I/EcoR T restriction enzyme
digestion of pK16 and was subscquently subcloned into pBluescript II KS+ to generate

pKE.

B. Diagrammatic representing of the cloning step used to insert the Neo® marker pene
The Nco® resistance cassette was isolated by BamH UEcoR I rcstriction enzyme
digestion of pKS+Neo and was inserted into EcoR I/BamH 1 linearised pKE to construct

the pKE.Neo plasmid.

C. Restriction enzyme map of the genomic fragment ex78S6.5 showing the Kpn UPst 1
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
UPst 1 fragment used as the 3" homoiogy arm of the targeting vector. This fragment was

subcloned into Kpn 1/Pst I lincarised pBlucscript II KS+ to generate pex78KP2.8
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2.8 kb genomic DNA fragment obtaincd was purified and subcloned into Kpn I/Pst 1 linearised
pBluescript 1I KS* to generate pex78KP2.8 (Figure 5.14C). To facilitate the subcloning of 3*
homology sequences into pKE.Nco, a Not I site needed to be introduced at the 5' end of the
Kpn 1 site in the polylinker sequence of pex78KP2.8. Briefly, pcx78KP2.8 and pBluescript 11
SK * were digested with Sca I/Kpn 1. DNA fragments were purified by gel electrophoresis and
the 1.87 kb Sca U/Kpn I fragment of pBluescript II SK” carrying multiple cloning sitc
sequences was ligated to the 4 kb fragment of pex78KP2.8 which encodes 3' homology
sequences to generate the plasmid pSK-KP2.8 (Figure 5.15A). The 3' homology arm of the
targeting vector was isolated from pSK-KP2.8 by Not I restriction cnzyme digestion. The 2.8
kb fragment was purificd by gel clectrophoresis and inserted into Nor I lincarised pKE.Neo
(Figurc 5.15B). This gene targeting vector, pKE.Neo.Kp2.8, was further characterised by
restriction enzyme digestion and gel electrophoresis (Figure 5.16A and B). Prior to
transfection into ES cells, large scale plasmid DNA preparations of pKE.Nco.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 characterisation of Tec +/- ES cells

Toxicity assays were first carried out to optimise the concentration of G418 nccessary
to select against untransfected W9.5 ES cells. Unlike E14TG2a ES cells, W9.5 ES cells are
idcally maintained on a layer ;)f feeder cells. To identify the level of G418 resistance of the
STO" fibroblast cells used as feeder cclls, STO® cells were subjected to toxicity assays, the
result of which are described in Figure S.17A. Briefly, concentrations of G418 ranging
between 200 and 2000 pg/m! were added to a subconfluent layer of STO® cells. At 200 pg/ml
G418, 100% STOR cells appeared to survive selection after 7 days. Survival was significantly
decreased at 600 pg/ml suggesting that higher concentration of G418 were not suitable for the

culturing of STO® cells, Unlike STO® cells, W9.5 ES cells do not carry the neo cassette and
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Figure 5.15 Subcloning of 3” homology sequences

A. Gencration of pSK-KP2.8 plasmid

Diagrammatic rcpresentation of cloning step rcquired to gencrate pSK-KP2.8.

B. Final subcloning step required to generate the pKE.Neo.KP2.8 targeting vector
Diagrammatic representation of pKE.Nco 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 of pKE.Neo.KP2.8

A. Restriction enzyme map of pKE.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 Sac II restriction enzyme site
used to lincarise the vector is underlined.

B. Gel clectrophorcsis of restriction enzyme digests of pKE.Neo.KP2.8
Restriction enzyme digests of pKE.Neo.KP2.8 werc separated on a 1% (w/v) agarose

gel. SPP1 DNA molccular weight markers were used for size comparison.
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Figure 5.17 G418 toxicity assays

A. Determination of G418 toxicity on STO® cells.
1x10° STO® cells were plated on 100 mm plates. G418 was added 24 hours after plating
and selection was carricd out for 7 days. The percentage survival was determined based

on the survival of cells plated in the absence of G418.

B. Dctermination of G418 toxicity on W9.5 cells.
5x10° W9.5 cells were plated on a confluent layer of STO cells in 100 mm plates. G418
was added after 24 hours and sclection was carried out for 7 days. The percentage
survival was dctermined based on the survival of ES cell colonics observed in the

absence of G418.



A)

Plate number G418 (ug/ml) % cell survival *
1 0 100
2 200 100
3 600 80
4 1000 50
] 1500 30
6 2000 20

* 1x 10° cells were plated.
Selection was started after 24 hours.
G418 resistant cells were counted after 7 days of selection.

B)
Plate number G418 (ug/ml) % cell survival *
1 0 100
2 150 <5
3 175 <5
4 200 <1
S 225 <1
6 250 <1

* 5x 10° cells were plated. Selection was started after 24 hours.
Remaining cells were stained and counted after 7 days of selection.



are therefore sensitive to G418 sclection. As shown in Figure 5.17B, a minimum of 200 pg/ml
G418 was shown to be neccssary to achieve 99% W9.5 cell death after 7 days. In light of
these observations,G418 selcction was carried out at 250 ug/mi G418.

Sac 11 linearised pKe.Neo.Kp2.8 was transfected into W9.5 ES cclls using the
parameters described in Kwee et al. (1995). Transfected cells were cultured on STO® cells
and selection was started 24 hours following transfcction 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 BamliT I, separated by gel
electrophorcsis on 0.8% TAE agarose gels and subjected to Southern blot analysis. The 3'
external probe was derived by Acc U/Sac I restriction enzyme digestion of ex78PS1.1 (Figure
5.4C). This probe was used in the first round of scrcening. The Southern blot pattern
expected for targeted clones using this probe is casily distinguished from that of its non-
targeted counterpart due to the 10 kb difference between thc two allcles. The 5' external
probe was purified by BamH I/Hind 11 restriction enzyme digestion of the plasmid 4.15521
(Figure 5.2A) and was subscquently 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 Nco probe derived from BamH 1/Nco I restriction enzyme digestion
of pKS*Neo . In practice, thé 3' external probe identifies BamH 1 fragments of 20 kb and 10
kb for the wild type and targeted alleles respectively. The 5' external probe recogniscs a 12 kb
BamH 1 fragment of the wild type allcle and a 10.5 kb BamlI! I fragment of the targcted allele.
The internal probe hybridises to a 10 kb BamH I fragment. Figurc 5.18 shows typical southern
blot membranes probed with the 3', §' 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
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Figure 5.18 Southern blot analysis of targeted W9.5 clones

A. Typical Southern blot analysis using the 3’ external probe
20 pg genomic DNA were digested with BamH 1, transferred to a nylon membrane and

subjected to southern blot analysis using the Acc I/EcoR 1 3' external probe.

B. Typical Southern blot analysis using the 5’ external probe.
20 ug genomic DNA were digested with BamH 1, transfcrred to a nylon membrane and

subjectcd to southern blot analysis using the BamH I/Iind 111 5' external probe.

C. Southcrn blot analysis of targetcd W9.5 derivatives using internal probe
20 ug genomic DNA were digested with BamH |, transferrcd 1o a nylon membranc and

subjected to southern blot analysis using the Nco /BamH 1 3 external probe.
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days of selection at 250 pg/ml G418 were picked, of which 400 were immediatcly cxpanded in
duplicate for storage and analysis, while the remaining 400 colonies were immediately frozen
at -80°C as a backup pool of cloncs to be analysed only if necessary. Genomic DNA was
prepared from each clonc and were characterised by Southern blot analysis. Six of the first
130 ES ccll clones tested displayed the Southern blot pattern expected for a targeted alleles.
These targeted ES ccll clones were retrieved from storage, passaged and cxpanded.,
Upon expansion, two of the six targeted ES cell clones showed high levels of differcntiation as
determined by their phenotypic appearance and were thus discarded from subscquent
manipulation and analysis. Numecrous aliquots of the remaining 4 ccll lines, subsequently
labelled KENKP 24, 32, 52 and 69 respectively were prepared for long term storage in liquid

nitrogen.

52223 Generation and characterisation of Tec +/- chimaeras

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 chimacric mice
(Suzuki et al., 1997). Four targeted ES cell lines were karyotyped. As summarised in Figure
5.19, all cell lincs displayed a normal 2N karyotype of 40. They were thus retrieved from
liquid nitrogen storagc, culturg?d and prepared for blastocyst injection.

During the course of this Ph.D, numerous attempts were made to generatc 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 C57BI6-derived blastocysts. All attempts
made during the two years that followed however failed to generate germline transmittcrs. As
summarised in Figure 5.20, a major limiting factor to these experiments was the relatively low
number of recipients blastocysts obtained from C57B16 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 pg/ml G418 for 8 days after which 800 G418 resistant
colonies were picked manually and characterised by Southern blot analysis to identify
successful targeting cvents. Mock transfection controls were carried out with no DNA.
Transfected ES cclls were also plated with no selection to characterise cell survival

efficiency.

B. Karyotypic analysis of targcted 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.



No Selcction G418 Selection
Cells Electroporated 3.5x 10 3.5x 10
Cells Plated 3.5x 10’ 3.5x 10’
Cells Surviving 5.25 x 10° 5.25 x 10°
Cells Transfected 42x10°
Colonies Picked 860
Lines Analysed 130
Targeted Lines 6
Efficiency 4.6%
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Figure 5.20 Summary of blastocyst injection experiments carried out using Tec-/+ ES

cells

Table shows chronological summary of blastocyst injection attempts carricd out between 1997
and 2000 according to the two mouse strains uscd to donate the blastocysts.
(A) Injections carried out using C57BI16 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.



A)

Cells injected Year | Blastocyst | No Blastocysts Injected ® | No Pups born | Chimaeras®™
Ww9.5 1997 C57Bl6 11 (11) 3 2

KENKP 52 1997 C57B16 13 (13) 0
KENKP 32 1997 C57Bl6 10 (11) 4 1 (5%)
KIENKP 52 1997 CS57B16 24 (24) 1 0
KENKP 52 1998 C57B16 7)) 0
KENKP 52 1998 C57Bl6 10 (10) 0
KENKP 52 1998 C57B16 15 (18) 4 2 (>50%)
KENKP 32 1998 C57Bl6 15(15) 3 2 (>50%)
KENKP 52 1998 C57Bl6 11 (11) 1 0

KENKY 52.2 1998 | C57BI6 4 (4) 0

KENKP 52.2 1998 | CS57BI6 7(7) 0

KENKP 52.2 1999 C57Bl6 13 (27) 0

KENKP 52.2 1999 CS57Bl6 NO BLASTOCYCTS ~

KENKP 52.2 1999 C57Bl6 NO BLASTOCYCTS ~

KENKP 52.2 1999 C57BIl6 NO BLASTOCYCTS ~

KENKPT 52.2 1999 C57Bl16 0(5) ~

B)

Cells injected Year | Blastocyst L No Blastocysts Injected | No Pups born | Chimaeras

KENKP 52.2 2000 B6D2F1 26 (30) ~ ~

KENKP 24.4 2000 B6D2F1 34 (100) 17 6

KENKP 52.2 2000 B6D2F1 14 (18) 3 2
KENKP 32 2000 B6D2F1 20 (48) 13 11

W9.5 2000 | B6D2FI1 12 (48) ~ ~

KENKP 69 2000 B6D2F1 23 (25) 8 8




were born, thus reflecting the need for a critical number of embryos to cnsure normal
development of the transferred litters. In summary, only 5 chimaeric pups had been obtained
using C57B)6 blastocysts, three of which showed over 50% coat colour chimaerism. None of
thesc showed germline transmission of the targeted 7ec 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 rcsponsive to hormone trcatment (J. Wrin, personnal
communication) . Injection of blastocysts was carried on five separatc occasions and a
significantly higher number of blastocysts werc consistently obtained on each occasion. In
general, approximately 50% 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 obscrved for each targeted
ES cell line is summariscd in Figure 5.21. In total, 27 chimacras were obtained and coat
colour chimaerism appearcd to vary depending on the targeted ES cell used. Chimaeric micc
generated with KENKP-69 showed the highest levels of coat colour chimaerism. Animals with
a minimum of 25% agouti coat colour were bred to C57BI6 mice to identify potential germline
transmitters. As summarised in Figure 5.22, when possible, six litters were generated for cach
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, appearcd to be sterile. In total 436 pups were obtained, none of which

showed germline transmission.
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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 522 Summary of breeding program carried out to identify germline

transmitters

Both male and female chimaera that showed a minimum of 25% coat colour chimacrism were
bred to CS57BlI6 mice. Number of offsprings from each matings arc listed. Germline
transmission is identified by the transmission of the agouti coat colour. Mice that do not carry

the W9.5-derived alleles are characterised by the black coat colour.



Chimaeras

5

#1

#3

#5

#6

Germiine

Transmitter

KENKP-24 45% M 0 0 0 0 dead 0
KENKP-24  40% M 8 7 10 11 9 14 0
KENKP-24 50% M 4 9 7 7 6 8 0
KENKP-24 25% M 5 2 0
KENKP-24  50% F 4 7 9 2 8 14 0
KENKP-52.2 50% M 6 11 4 4 0
KENKP-32 65% M 7 11 8 8 9 4 0
KENKP-32 60% M 8 10 11 11 5 11 0
KENKP-32  55% M 9 ] 7 9 7 10 0
KENKP-32  50% M 3 (1 runt) 10 6 5 4 4 0
KENKP-32  40% M 9 (2 died) 7 5 4 10 9 0
KENKP-69  95% M 0 0 0 0 0 0 0
KENKP-83  80% M 0 o 0 0 0 o 0
KENKP-69  70% M 5 9 10 10 12 dead 0
KENKP-68  50% M culled

KENKP-69 50% F 10 11 13 10 0

Total 78 86 47 81 70 74




5.2.2.3 Generation 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 recipicnt mousc
blastocysts, but also in their ability to differcntiate in vitro thus allowing for critical information
to be gathered in a relatively short time. Studics carried out using such in vitro differentiation
approach are obviously less complex than those carricd out in genetically manipulated mice as
they gencrally concentrate on a specific ccll lineage. As described in Chapter 4, studies of the
phagocytic function of macrophage cclls suggested a role for Tec in phagocytosis. In vitro
differentiation protocols for ES cells had been rcported that efficiently produce macrophage
cells (Wiles and Keller, 1991; Keller et al., 1993; Lake et al.,, 2000). The role of Tec in
macrophage differentiation and function in vitro was thus investigated further.

The overall strategy of this approach is described in Figure 5.23. To disrupt thc non-
targeted alicle of Tcc -/+ ES cells, the gcnomic fragment encompassing cxons 3-8 of the Tec
gene was rcplaced with a sclectable 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 cffect, analysis was planned in targeted dcrivatives
from at lcast two parental cell lines. Targeting was thus carried out in KENKP-24 and

KENKP-32 Tec-/+ ES cells.

5.2.2.3.1 Generation of éene targeting construct

Bricfly, the Hygromycin marker was isolated as a EcoR I/Sma 1 fragment from the
plasmid pgkHygro/ALT20 (Gassman et al., 1992) and was subscquently cloned into
EcoR 1/Sma 1 lincarised pBluescript T KS* to generate the pKS+Hygro plasmid shown in
Figure 5.24A. 5' homology sequences were isolated from pK16 (Figure 5.24A) by restriction
enzyme digestion with Kpn I. The 6 kb Kpn I/Kpn I fragment of pK16 was separated from

vector sequences by gel electrophoresis, purified and cloned into Kpn I linearised pKS*Hygro
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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 1 sites is shown at the top. A
restriction enzyme map of the rcgion 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 crosscs and the resulting targeted allele is represented under
the black arrow. A second targeting event, using a vector contamning a Hygromycin Resistance
(HygroR) gene is indicated at the bottom. Tec -/- ES cclls are cxpcected to contain both NeoR
and HygroR replacecment vectors. Exons are represented as black boxes and the ncomycin and

hygromycin resistance cassettes as hatched boxes.



Kpnl
EcoR 1

Kpnl =

. Kpnl

=<l

|- Sac1

,—SacI

L. EcoR1
—BanH 1
o

>

| EcoR 1

Qi1

L. BamH 1,
Not 1,
Sac 1

[~Sac 1

- Kpn 1
[~ BamH 1

|~ Sac |

~ Kpn 1

~ Sacl

- Sac |

| BamH 1
- Kpnl
r_ BamH 1
- Kpnl

|_ Sacl
= Kpn 1
Kpn 1

- Kpn 1

| Kprnl
— Sacl

’_Sac]

| Kpnl
— BamH |

‘_.Sac I

| Kpnl
- Sac 1
L Sac 1
2
8
=~
BamH |
Kpn 1
BamH1 .
Sac1 EcoR 1
BamH [;
Not 1,
EcoR 1
Kpnl

FKP'I I

—Sac 1

|-Sac 1

g 03N

"BamH 1,
Not 1,
Sac 1

() m

-

=
L

-Ecal“>.<

~Sac 1

. Kpn 1
- BamH |

|- Sac 1

L Kpn 1

I? Sac 1

-Sac 1

BamH 1
C“ Kpn 1

L BamH 1
- Kpn 1

Sac 1
EKP” |
Kpn 1

| Kpn 1

| Kpn 1
Ee

oy
//i

T

[

| mr —I1mT T
SSSS $S

1]

T

S§ S

SS S

SS

S

$S

S

R

XY,



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

Kpn UKpn I fragment was inserted into Kpn I 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 V/Not 1 fragment into Sma I/Not 1 linearised

pKK.Hygro.
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to generatc pKK Hygro (Figure 5.24B). The 3' homology region of the targeting vector was
derived from pSK.KP2.8 as an EcoR V/Not I fragment. The 2.8 kb fragment was subsequently
purified and ligated into Sma I/Not 1 linearised pKK.Hygro (Figure 5.24B). A restriction
enzyme map of the resulting plasmid, pKS'KK.Hygro.KP2.8 is shown in Figure 5.25A and B.
pKS'KK.Hygro.KP2.8 was used as the gene targeting vector in sccond round targeting
experiments. Prior to transfection into ES cells, plasmid preparation of pKS'KK.Hygro.KP2.8

was purified on a CsCl gradient, digested with Not I and cxtracted with pheno! chloroform.

5.2.2.3.2 Generation and characterisation of Tec -/- ES cells

To gencrate Tec -/- ES cells, two ES cell lines (KENKP-24 and 32) were
electroporated with Not I lincarised pKS+KK.Hygro.KP2.8 using the paramcters described in
Kwee ct al., 1995. To prevent homologous recombination cvents at the pKE.Nco.Kp2.8
targeted Tec allele, selection was carricd 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 gencration of such a feeder cell line, selection was carried out in
the absence of a fecder layer on gelatinised plates. This was not expected to be detrimental to
the experimental approach given that in vitro differentiation protocols require that ES cell lines
be adapted to feeder-free culture conditions. As summarised in Figure 5.26A, 200
G418/Hygromycin B rcsistant_ colonies were picked after 10 days. Colonies were expanded in
duplicate for liquid nitrogen storage and Southern blot analysis. The apparcnt efficiency of
targeting events using this construct was much lower than expected bascd on first round
targeting results. Although two Tec -/+ lincs had been elcctroporated, only one Tec -/- clone
was identified by Southern blot analysis (Figure 5.26B). This ES cell clonc was subsequently
expanded and frozen for long term storage. Karyotyping of the cell line confirmed the abscnce

of gross chromosomal abnormalities (Figure 5.26C).
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Figure 5.25 Characterisation of pKK.Hygro.KP2.8

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.

B. Gel electrophoresis of restriction enzyme digest products of pKK.Hygro.KP2.8



(da
(v

e e B W A N®
F 222 82 ° 528
=
1 un [ T TR | = Kpnl
o

Hind 11

EcoR1
BamH]I
Kpm I, EcoR 1

gy 018 Ay 3L, Syd

Pst 1
BamH 1
Xba 1
Not 1
Sac 11
Sacl




Figure 5.26 Characterisation of Tec-/- ES cell clones

A. Elcctroporation statistics for the generation of Tec-/- ES cell clones
Selection was carried out in Hygromycin (100ug/ml) and G418 (250 pg/ml) 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 lanc 2 expccted to represent a double knock out ES ccll clone.

C. Karyotypic analysis of Tec -/- ES cell clone
Graphs showing the number of 2N chromosomes counted in thc Tec -/~ ES cell line.
Chromosome spreads werc prepared and stained as described in 2.3.7 and viewed under

bright ficld optics on the Zeiss Axioplan Universal microscope.



A)

B)

C)

No Selection | Selection
Cells Electroporated]  5.44 x 10’ 5.44 x10’
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Colonies Picked | 200
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Targeted Lines _ 1
Efficiency 0.50%

Karyotype of Tec-/- ES cell
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5.2.2.3.4 Analysis of phagocytic characteristics of ES cell in vitro differentiation product

The results described in this section rcpresent observations made during three
independent in vitro differentiation experiments. Each experiment utilised ES cells of the same
passagc number to cnsure that differences werc not due to extensive passaging of ES cell lines.
Wild type W9.5 and Tec +/- KENKP-32 ES cells were adapted to feeder-frec culture
conditions for in vitro diffcrentiation studics by multiple passages on gelatinised plates.

The in vitro diffcrentiation system used followed the protocol optimised in the
laboratory of Prof. P.D. Rathjen to ensure cfficient differentiation of ES cells into
macrophage cells (Remiszewsky,2000 and Lake ct al.,, 2000). This in vitro differentiation
system relies on the formation of EPL cells (Lake, 2000) prior to the formation of embryoid
body structures and is reported to result in efficient hematopoietic differentiation from ES cells
(Lake ct al., 2000, Remischesky, 2000). In the presence of IL-3 and M-CSF, 80% of
embryoid bodies reportedly release macrophage cells as confirmed by staining with the
macrophage spccific F4/80 antibody (Remiszcwsky, 2000).

Differentiation in mcthylcellulose 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 structurcs which will be referred to as colony bursts. Colony bursts were
visualised by phase contrast microscopy and imagcs were captured using a Nikon inverted
ECLIPSE TE 300 microscope. Photographs of typical embryoid body morphology obtained
for W9.5 ES cclls 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 bodics (Figure 5.27A and B). Tec -/- ES
cells generally failed in all three attempts to generate similar structures (Figurc 5.27C). Over

the course of these cxperiments, embryoid bodies generally showed an extremely small colony
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Figure 5. 27 In Vifro differentiation of ES cells into macrophage cells

Bright field images of embryoid bodies subjccted to in vitro differentiation into macrophage
cells in methylcellulose. (A-B) wild type embryoid bodies; (C-D) Tcc -/+ embryoid bodies and

(E-F) Tec -/- embryoid bodies.

G. Efficicncy of differentiation quantitated bascd on the proportion of embryoid bodies
forming the characteristic colony burst seen in A and B.

Bar = 100uM
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burst size-if any at all- compared to those obtained for Tec+/+ or Tec-/- ES cells (Figure
5.27C).

The phagocytic propertics of macrophage cclls generated from these ecmbryoid 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 AlgG optimised Zymosan A as described in Chapter 4. As seen in
Figure 5.28A although in virro differentiation conditions had been optimised for macrophage
differentiation, upon replating, cells with no phagocytic ability could also be identificd (Left
hand panel). The majority of cells obtained for Tec -/+ in vitro differentiation displayed
macrophage-like characteristics that included adherence to the substratum and the presence of
filopodial extensions. Most importantly these macrophage cells had the ability to bind and
efficiently internalise #4lgG opsonised exogenous material (Figure 5.28 inset). The
internalisation of Zymosan A appeared to be highly efficient as numerous Zymosan A particles
were characteristically intcrnalised by single macrophage cells (Figure 5.28, insct). As
previously mentioned, non phagocytic adherent cells werc also identified in these preparations.
These werc generally morphologically distinctive from macrophage cells as they had a flattened
appearance, relatively large cytoplasms and a prominent nucleus which were observed to
extend from adherent embryoid bodics.

As expected Tee -/- ES cell differentiation experiments did not produce characteristic
macrophage like cells after replating. Following overnight culture at 37°C fewer cells were
obscrved on the glass coverslips, none of which resembled macrophage cells (Figure 5.28 right
hand panel). This was not unexpected given that cmbryoid bodies had not ruptured in the

methylcellulose matrix assay. Generally embryoid bodics 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 diffcrentiation into macrophage cells in
methylcellulose. In virro differentiation products were then washed in DMEM and re-plated

onto glass coverslips. Phagocytic assays were carried out as described in Chapter 4.

Left hand panels depict in vitro differentiation product derived from Tec -/+ ES cells that had
becn replated on glass coverslips. The asterisk points to non-macrophage cells as detcrmined

by their inability to phagocytosc IgG opsonised Zymosan A particles.

Right hand panels depict in vitro differentiation pfoduct derived from Tec -/- ES cells that had

been replated on glass coverslips.

Bottom panels show a larger magnification of the boxcd regions. The left hand panel depicts
macrophage cells and highlights their extended filopodia. Large numbers of interalised
Zymosan A particles are visible in this panel confirming their identity as macrophage cells. The
right hand panel shows non macrophage cells recovered following the replating of Tec -/- in
vitro differentiation products. Note the absencc of internalised Zymosan A particles.

Bar = 100uM
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to glass coverslips. Cells were observed around these that had a flattened appearance,
relatively large cytoplasms and did not resemble macrophage cells morphologically. These
cells werc subjected to phagocytic assays but as expccted where unable to ingest target particle
(Figure 5.28 (inset)). This provided further indication that no macrophage cells wcre obtained

from the Tcc -/- 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 vitro using a well cstablished in vitro
differentiation system for ES cclls. Both approaches were highly dcpendent on partial
charactcrisation of the structure of the Tec locus. The information gathered from these
prcliminary studies was subsequently used in the design of the gene targeting strategies
described in this chapter.

Tec genomic scquences described in this thesis werc isolated and characteriscd in
collaboration with K. Stevens and A. Merkel. The structurc of the Tec gene was shown to
generally resemble that of other members of the Tec family of protein tyrosinc kinases,
including Brk and Txk. 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 of the Txk
promoter rcgions suggesting that Txk could 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
E14TG2a ES cclls 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 efficicncy probably varies depending on the target loci.

The sccond targeting attempt used the feeder dependent W9.5 ES ccll line which
successfully generated targeted ES cell clones. This increase in efficicncy can be attributed to
at lcast 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 cfficiencies 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 culturc conditions of ES cells prior
to transfection.

Following their return to recipicnt blastocysts, 4 of these lines, all of which displayed a
normal karyotype, failed to show germline transmission despitc high rates of coat colour
chimaerism. The reason for this failure remains unclcar. Wild type W9.5 ES celis had been
tested prior to the beginning of this scries of experiments and showed relatively high rates of
germline transmission (J.  Wrin, personal communication). However, three independent
attempts madec since this original test, using targeted derivatives of the W9.5 ES ccll 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 cfficicncy observed
betwcen the parental W9.5 ES cell and its targetcd derivatives has been caused by the
extended culturing of ES cells necessary to generate targeted derivatives. The wild type W9.5
BS cell lines used to generate targeted derivatives had already been passaged at least 15 times
prior to their usc in these gene targeting experiments, and Tec -/« ES cell derivatives required
approximately 6 more passages prior to their reintroduction into blastocysts. Although
Bradley et al. (1984) 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

138



(Nagy et al., [993) probably because of thc accumulation of chromosomal abnormalitics
associated with cxtended culture (Liu et al., 1997),

Because targeted ES cells failed to generate penetically altered mice, Tec function in
these cells was subsequently studied using a well cstablished in vitro differentiation system.
Although Tec-/+ ES cells had failed to contribute to the germline of chimacric mice, they
appearcd to retain their ability to differcntiatc in vitro and form macrophage-like cells with
kinetics similar to that of wild type ES cclis. To investigate the role of Tec in macrophage
differentiation and function, Tec -/~ ES cells were also generated through a second round of
targeting using two independent Tec -/+ ES cell lines. The use of indepcndent ES cell lines
was proposcd to avoid problems associated with clonal variation often obscrved with ES cells
and.would enable differences in macrophage cell differentiation and function to be attributed to
the loss of Tec function. Unfortunately, only onc targeted ES cell line could be generated from
this experiment. It is therefore important to trcat thc observations made in thesc studics
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 ct al. (2000) used fecder mdependent ES cell lines. Experiments described in this thesis
however used W9.5 derivatives which necded to be adapted to fecder independent culture
conditions thus requiring additional in vitro manipulation. All cell lines used in this series of in
vitro differentiation assays (wild typc, Tec -/+ and Tec -/-) 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 in vitro differentiation system utilised in these studies is extensively used in this
department and conditions have becn optimised for macrophage cell differentiation originally
detected by F4/80 staining (Hudson, personal communication). In vitro differcntiation of Tec -

/+ ES cells successfully generated macrophage cells which could clearly be identificd by their
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characteristic morphology. The kinctics of differentation observed for Tec -/+ ES cells are
similar to that of wild typc ES cells. Macrophage cells arc detectable following 8-10 days in
methylccllulose, and both wild type and Tec -/+ macrophage cells are able to internalise IgG
opsonised Zymosan A following replatimg on glass coverslips. There appears not to be a dose
dependent requirement for Tec during phagocytosis.

Interestingly no cells with macrophage morphology werc isolated from three
independent in vitro diffcrentiation attempts of Tec -/- ES cells. Embryoid bodies in these
experiments generally failed to display the characteristic burst seen with wild type and Tec-/+
ES cells suggesting a dcfect in macrophage diffcrentiation in vitro. Because macrophage cells
failed to be generated, the requircment for Tec in phagocytosis could not be characterised
further. All cells isolated upon replating of the in vitro differentiation products were
morphologically diffcrent from macrophage cells and resembled fibroblast cells. They
appeared flattened in appcarance 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 Jeast three different reasons can be proposed to explain this defect in macrophage
cell production. First, the absence of macrophage cells obscrved in these experiments might
directly reflect a lesion in the macrophage differcntiation pathway caused by the absence of a
functional Tec gene. Secondly, 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 Tec/+
differentiation experiments. This is not unlikely given the association of Tec with plasma
membrane rufflecs and cytoskeletal structures often seen during the spreading of macrophage
cells (Chapter 4). These structures are also necessary for ccll 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 RNasc Protection Analysis, and at the
protein level by immunofluorescent staining for thc macrophage specific markers such as
F4/80. Alternatively, embryoid bodies could be disrupted mechanically to release a single cell
suspension that can subsequently be stained for F4/80 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 thesc experiments, a Tec transgene could be introduced into Tec-/- ES cclls
by standard transfection protocols to gencrate transgenic ES cells. These could subsequently
be subjected to in vitro differcntiation protocols to test the ability of the Tec transgene to
rescuc the defective phenotype. More sophisticated mutations could also be introduced in this
systcm to identify the role of cach domain in macrophage cell differentiation. Finally, it
remains possible that the lack of macrophage production by the Tec-/- cell linc generated
during thesc experiments reflects clonal variation or loss of pluripotency associated with the
additional manipulation rcquired to generate this ccll line. Unfortunately no other targeted cell
line had becn identified to eliminate such possibility. Further characterisation of the differential
potential of this ccll 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. This report is the first to suggest such a rolc and more detailed studies will be required

to confirm and characterise this possibility.
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CHAPTER é6:

FINAL DISCUSSION AND FUTURE

DIRECTIONS



6.1 Final Discussion

Signal transduction is cssential for cell metabolism, genc expression, cytoskeletal
rearrangement, 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 protecins attached to extra-cellular matrix components are ablc to stimulatc specific
receptors at the plasma membrane and influence such functions. The molccular 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 becn identified. These
molecules are generally characterised by their ability to interact, in a specific and regulated
manner, with other signalling molecules, and in some cases with structural components of the
cell.

The Tcc 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 kinasc domain, which acts as the critical enzymatic determinant of the protcin. It has
recently emerged as a major component of the signal transduction pathways activated by the
family of antigen reccptors (recently reviewed in Schaeffer and Schwartzberg, 2000).

To date, the role of Btk in B cells and, Itk and Txk in T cclls has been characterised in
detail. Recent reports suggest an important role for these tyrosine kinases for the maximal
activation of phospholipase C-y (PLCy) (Fluckiger et al., 1998; Takata and Kurosaki, 1996;
Liu et al., 1998; Schacffer et al., 1999), through the formation of a multiprotcin complex that
is nucleated by LAT and SLP-76 in T cells, and BLNK/SLP-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 stem cell factor (SCF) (Tang et al., 1994), IL-3 (Mano et al.,
1995), IL-6 (Matsuda ct al., 1995), granulocyte colony-stimulating factor (G-CSF) (Miyazato
et al., 1996), erythropoietin (Epo) (Machide et al., 1995), thrombopoietin (Tpo) (Yamashita et
al.,, 1997) or granulocyte-macrophage colony-stimulating factor (GM-CSF) (Yamashita et al,,

1998).

6.1.1 Biological Significance of Teclll and IV isoforms

Several isoforms of the Tec transcripts have been reported in the literature of which
two, Teclll and TeclIV have bcen shown in this thesis to be most abundant in mouse embryonic
and adult tissues (3.2.1). The structure of the Tec gene suggests that these two isoforms arise
from alternative splicing of the Tec mRNA. The full length Tec transcript gives rise to TeclV,
which is detectable in numerous tissues (3.2.1.3) while skipping of cxon 8 gencrates the
shorter Teclll transcript, which appears to bc most predominant in the adult liver and kidney.
While detailed characterisation of the distribution of TecllI and TeclV 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 cxtracts. It remains unclear whether
Teclll and TecIV proteins are distributed in @ manner similar to their respective transcripts.
Theorctically isoform-specific antibodies can be generated using antigenic material consisting
of recombinant peptides that cncompass the full length and truncated SH3 region of TecIV and
TeclIl. Unfortunately, despitc numerous attempts in this laboratory, this approach has failed
to gencrate the desired antibodies (G. Booker, personal communication).

Studies carricd out on hematopoietic cell extracts used the commercially available Tec
antibody (sc 1109, St Cruz Biotechnology) (4.2.1), and have identified a single Tec specific
band (based on clectrophoretic mobility) in J774 and CTLL cells. This is in contrast to the

identification of the two forms of thc Tec transcript in these cells by RT-PCR (3.2.2). The
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significance of this singlc band remains to be detcrmined. [t is possible that it reflects (i) post-
transcriptional and/or post-translational control, (ii) instability of the TecllIl protein given the
relatively large section of unstructured peptide in the truncated SH3 region or (iii) tissue-
specific slippage of the splicing machinery (although this is predicted to be least likely given
the number of tissucs that appear to express Tecl/T). TecllI-specific antibodies would facilitate
further analysis of thesc protein cxtracts. It is possible that the two isoforms of Tec cannot be
resolved under the electrophoresis condition used in these studics considering their small
difference in molccular weight and given that the mobility of the two protcins is also affected
by post-translational modifications of the peptides including tyrosine phosphorylation.

Yamashita et al. (1996) first 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-Teclll, which includes thc truncated SH3
domain, also appears to be hyperphosphorylated when overexpressed in COS-1 cells. Given
that phosphorylation is generally considered to reflect the activation state of Tec family kinases
(Aoki et al., 1994; Yamashita ct al., 1996), it is predicted that TecIII will show higher levels of
kinascs activity even in the absence of a specific external stimulus. To further characterisc
differences between the two major isoforms of Tec, in vitro kinase assays need to be carried
out to compare the kinase activity of the two Tec 1soforms. Thesc could be performed using
various substrates including Tec to test for auto/trans-phosphorylation, and PLCy (as a
putative downstrcam cffector and substrate for Tec family kinases).

The mechanism responsible for the hyperphosphorylation of Teclll is unclear.
Fluorescence studies of GFP-Teclll transfected cells have however provided some clucs.
Visualisation of GFP-TeclIl by fluorescence microscopy have identified high levels of plasma
membrane-targcted GFP-Teclll 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). Targcting
of Tec family kinases to the plasma mcmbrane thus appears to be sufficicnt for kinase
activation, probably as a result of their proximity to Src family kinases.

The mechanism by which the EAIK mutation affects the phosphorylation of Btk is
relatively well understood. This residuc lies in the Btk PH domain and increases the affinity of
the PH domain for plasma membrane phospholipids. The mechanism by which the abscnce of
a functional SH3 domain in Teclll is able to facilitate the translocation of GFP-Teclll to the
plasma membranc is not obvious. It is possible that in the abscnce 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 membranc and that such interactions facilitate the recruitment of
TecIll to the plasma membrane. One such interaction has been reported between the TH
region of Tee (including the PRR) and the plasma membrane anchored Src family kinasc Lyn
(Mano et al., 1996). Altcmatively, the absence of thc PRR-SH3 intramolecular interaction
might influence the threc 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 PI1(3,4,5)P; molccules, (Shirai et al., 1998 and Okoh and Vihinen, 1999) it is difficult to
cxplain the high incidence of plasma membranc targeting obscrved for GFP-TeclIll 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)P; molecules was shown not to affect the targeting of GFP-
Teclll to the plasma membrane. It thus appears that signals other than phospholipid
metabolism must affect the targeting of GFP-TeclIl. 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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some uncharacterised protein-protein interactions. The role of actin polymerisation in the
plasma membrane targeting of GFP-TecllIl also requires further characterisation,

The study of the mechanism(s) rcsponsible for targeting GFP-Tec to the plasma
membrane requircs the gencration of site-specific mutants. Mutation of essential proline
residues in cach of the PRR consensus sequences (Figure 1.2) results in loss of Tec-SH3-
binding capability Pursglove (2001). Thesc mutants could be used to investigate the role of
thc PRR in plasma membrane targeting. Using fluorescence microscopy, the subcellular
localisation of GFP-TecIV and GFP-TeclIT PRR mutants could be investigated and compared.
It is predicted that plasma membranc targeting of GFP-TeclV 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-TecIIl would inhibit
the localisation of the GFP-Teclll mutant to the plasma mcmbrane resulting in diffuse
fluorescence. Furthermore, mutation of the SH3 binding pocket of GFP-TeclV should prevent
SH3-PRR binding and is predicted to result in a fluorescence localisation pattern that
rescmbles that of GFP-Teclll, 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 TH region of GPE-TecIll should be generated to identify
the region involved, if any at all, in such an intcraction. Should this interaction be important in
plasma membrane targeting of GFP-Teclll then mutants of this rcgion are predicted to show
diffuse fluorcscence when expressed in COS-1 cells.

The biological role of this activated form of Tec is unclear. Plasma membrane regions
enriched in GFP-Teclll appear to be enriched in filamentous actin and associated with

membrane ruffling, suggesting active rearrangement of the underlying actin cytoskeleton and
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remodeclling of the plasma membrane. Activated Tec at the plasma membrane might thus be
involved in active remodelling of the actin cytoskeleton.

Interestingly, ongoing studics in this laboratory have uncovered a physical association
between the PHTH domain of Tec and the human actin binding protein Actinin-4 (Merkel,
personal communication). Interestingly Actinin-4 has been associated with cell motility and
tumour invasion in breast cancer (Honda et al., 1998). Phosphorylation of actinin is known to
destabilise filamentous actin bundle structures and facilitate the rcarrangement 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
ablc to interact with and/or phosphorylatc components of the underlying cytoskeleton
including actinin, thus facilitating the remodclling of the cytoskeleton. Such possibility

highlights a possible role for Tcc in cell migration and metastasis.

6.1.2 Subcellular Localisation of Tec in macrophage cells

Immunofluorescence studies described in chapter 4 have identificd at least four
subcellular pools of Tec 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 Tec was also
identified although the signals that affect this pool of Tec were not characteriscd. 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 Tec is
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determined by the nature of extra-cellular stimuli. To complement observations made during
this Ph.D, further quantitative analysis of the subcellular Jocalisation 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 in antigen receptor signaling

The antigen receptor family includes amongst others the B cell receptor (BCR), T cell
receptor (TCR) and Fcy receptors (FcyRs). The roles of Btk and Itk as downstrcam effectors
of the BCR and TCR have been studied in great detail (Schacffer and Schwatzeberg, 2000 for
recent review). This thesis suggests a parallel role for Tec in antigen receptor signalling, as a
downstream effcctor of the Fcy receptor during the phagocytosis of 1gG opsonised particles.
In the BCR and TCR systems, activation of Btk and Itk occurs through a two-step scquence
that involves the association of Btk or Itk with products of PI3-K, mainly P1(3,4,5)P;, at the
plasma membrane, the Src-family-dependent phosphorylation of the Tcc family kinase domain
activation loop tyrosine residue and the subsequent auto-phosphorylation of the SH3 domain
tyrosine residue. The recruitment of Tec 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 affinity of thc‘ Btk PH domain for PI(3,4,5)P; molcecules result in the Xid
phenotype (Fukuda et al., 1996). Additionally, a decrease in P1(3,4,5)P; 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)Ps molecules in Tec family kinase activation. During
antigen receptor signalling, Tec family kinases phosphorylate and activatc PLCy, to facilitate

the mobilisation of calcium from extracellular sources (Fluckiger et al.,, 1998; Takata and
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Kurosaki, 1996; 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 (Bunncll 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
tyrosinc kinase families.

The studics described in chapter 4 have uncovered the potential involvement of Tec in
the signal transduction pathway activated by Fcy receptors during the phagocytosis of 1gG
opsonised cxogenous particles. Many aspects of phagocytosis have been characterised in
detail (Grecnberg, 1999; Aderem and Underhill, 1999). , The interaction between I1gG-
opsoniscd 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 diffusion of the receptors, recent reports suggest the involvement of signalling
molccules 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., 1994) that initiatcs at ITAM tyrosine residues, in the ¥ subunit of the receptors (Greenberg
et al., 1993, 1994; Duchcemin ct al.,, 1994). This sequence of events is believed to be the major
activating pathway for phagocytosis. However, phagocytosis can be initiated, albeit with
significantly lower efficiency, in Lyn-/-Fgr-/-Hck-/- macrophage cells (Crowley et al., 1997)
thus suggesting an alternative mechanis might exist that is independent of these Src kinases.
The phosphorylation of ITAM tyrosinc 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 Fey rcceptors (Ghazizadeh
et al., 1994) such that rcceptor clustering alone might be able to induce Syk auto-
phosphorylation (Kurosaki et al., 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 proposcd to result in the activation of Src family kinases which can in turm
phospharylate 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 rearrangement of the cytoskeleton to form the characteristic
phagocytic cup (Allen and Adcrem, 1996), calcium mobilisation (Odin et al., 1991), activation
of PLCy (Kiener et al., 1993), protcin kinase C (PKC) (Zhcleznyak et al., 1992) and MARCKS
(Allen and Adercm, 1995). Other critical cffectors 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 rccruited to thc phagocytic cup following particle binding, and is shed following
particle internalisation as particles are drawn into thc body of macrophage cells. The
recruitment of Tec 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 cytoskelcton 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 mulfi‘protcin complex nuclcated by an adaptor protein such as that of
the BLNK/SLP-76 family. At least two members of this family have becn identified in
macrophage cells: SLP-76 and BLNK (Bonilla et al., 2000). The SH2 domain of several Tcc
family kinases has also been reported to interact with SLP-76 (Su et al., 2000) and both SLP-
76 and BLNK have bcen shown to cooperate with Tec and Syk to enhance PLCyl
phosphorylation (Yamamoto et al., 2001). Surprisingly, SLP-76-/- macrophage cells retain

their ability to phagocytosc IgG opsonised exogenous particles (Myung et al., 2000),
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suggesting that SLP-76 is not a critical component of thc phagocytic signal transduction
pathways in macrophage cells. Similarly, no defects in phagocytosis have yet been reported in
BLNK-/- micc (Pappu et al,, 1999; Xu et al., 2000). It is therefore possible that other as yet
undefincd family members, are important for macrophage function and/or that the absence of
significant defects in these SILP-76 and BLNK deficient mice rcflects complementation
between members of this family.

Recent studies of SCF signalling in erythroid and mcgakaryocytic cell lines have also
identificd the formation of a PI3-K-dependent multiprotein complex that consists of Lyn, Tec
and Dok-1 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 manner (Yoshida et al 2000). In the B cell line
Ramos, cross-linking of the B ccll antigen receptor (BCR) results in tyrosine phosphorylation
of Dok-1, and this effect is markcdly inhibited by cxpression of dominant negative mutants of
Tec. Overall these results indicate that Tec can mediate signalling from the BCR to Dok-1.
Dok-1 tyrosine phosphorylation has also been associated with FcyRIIB signal transduction
(Tamir et al., 2000). Physiologically, Dok-1 has becn implicated in mitogenic signalling (van
Dijk et al., 2000) as well as in the rearrangement of the cytoskeleton (through its interaction
with the Wiskott-Aldrich protein) during cellular migration responses (Noguchi et al.,1999).

It is interesting that Tcc 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 thesc adaptors in FcyR-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 mcchanisms encompassing that range
from phospholipid metabolism to cytoskeletal rearrangement and mitogenic signal

transduction.
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Additional expcriments are required to further characterisc FeyR-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 LY294002 (data not shown). Putative interactions betwecn
BLNK and Tec, and between Tec and Syk need to be tested using a co-immunoprecipitation
approach that should be carried out using commercially availablc BLNK antibodies (such as
sc-8382, St Cruz Biotcchnology). A search for potential novel family members of the
BLNK/SLP-76 families in macrophage cclls could also be carried out using a degenerate PCR
approach. The predicted association between Tec and PLCy needs to be confirmed using 2
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 vifro. Finally, it would bc
intercsting to characterise the phosphorylation status of Tec and PLCy in Lyn-/-Fgr-/-Hck-/-
macrophage cells (Crowley et al., 1997; Fitzcr-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 obscrved would reflect low levels of PLCy activation.

6.1.3.2 A possible role for Tec in IL-3 signaling

Interleukin 3 (IL-3), GM-CSF and IL-5 are cytokines principally released by activated
T cells. Their activities include stimulation of proliferation, survival and differentiation of
myeloid hematopoietic cells and enhancement of functions of terminally differentiatcd myeloid
cells (Arai et al, 1990 and Guthridge ct al, 1998). IL-3 receptors are present on early
hematopoictic progenitor cells, on a range of committed myeloid cells, eosinophils and
basophils (Arai et al., 1990). Numerous in vitro studics suggest that ILL-3 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 mycloid cells, IL-3 stimulation induces the association of Tec with the Src family
kinasc 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-/- ES cell line gencrated by gene targeting (chapter 5) appears to be
unable to produce macrophage cells when subjected to in vitro diffcrentiation protocols. The
same protocol had previously been optimiscd 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 identificd as a halo of cclls that appear to have
migrated out of the differentiating embryoid body. Upon replating, the cells adherc strongly to
glass coverslips and form clongated cytoplasmic extcnsions such as thosc described for J774
macrophage cells (Chapter 4). Most importantly, in vifro gencrated macrophage cells
successfully internalise IgG opsonised target particles. In contrast, no phagocytic cells could
be isolated following the replating of Tec-/. embryoid bodies, cven when attempts were made
to disrupt cmbryoid body structure. It is possible that such attcmpts had not successfully
released trapped macrophage cells.  Additional manipulation of the embryoid bodies nceds to
be carried out using collagenasc treatment and/or repeated passage through syringe needles to
achieve a better single ccll suspension and conscquently better rclease of any potentially
trapped macrophage cells.

It had originally been feared that the defects seen with Tec-/- ES cells reflected clonal
variation and loss of pluripotency in these cells. While this thesis was in preparation, additional
in vitro differcntiation of Tec-/- ES cells was carricd out in the laboratory of Dr P.D. Rathjen.

These experiments show that Tec-/- ES cells are able to give rise to various cell lincages
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including nerve cells, beating muscle 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 defcct in the macrophage differcntiation pathway or (ii) a lesion in the signalling pathway
required for the migration and/or adhesion of macrophage cells. The addition of IL.-3 appears
to significantly increasc the cfficiency of macrophage differentiation in this system (Wiles and
Keller, 1991 and Keller et al., 1993). It is thus possible that the absence of Tec-/- macrophage
cells results from a lesion in 11.-3 and/or M-CSF signalling thus suggesting a possible role for
Tec in IL-3 signalling. The rolc of Tec in the differentiation of macrophage cells in vitro
remains to be clarified. Tec-/- embryoid bodies should be analysed for the expression of
macrophage specific genes such as F4/80 or Mac-1 using RT-PCR or RNasc protection
analysis. The abscnce of thesc markers would confirm the inability of these cells to
differentiate into macrophage cells. Further confirmation of macrophage differcntiation defects
should be carried out using rescue-type experiments where exogenous Tec, under the control
of a macrophage specific promoter. Under macrophage diffcrentiating conditions the
expression of Tec is predicted to be able to restore the ability of Tec-/- 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.

While this thesis was in preparation, Ellmeier et al. (2000) reported the generation and
characterisation of mice deficient for Tec. These studies suggest that Tec deficient mice are
viable and fertile. Surprisingly, hcmatopoiesis is also not obviously impaired in these mice.
Tec-deficient B and T lymphocytes behave like wild type cells in both in vitro proliferation
assays and in vivo immunization experiments. The myeloid Lineage was characterised by FACS
analysis and did not identify any dcvelopmental defects. However, it remains unclear whether

Tec deficient myeloid cells, including macrophage cells behave normally. In light of the
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prcliminary 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 cclls to a range of pathogens might identify possible Tec-dependent
physiological processes. Btk/Tec double KO mice were also generated in those studics.
Compared with Btk single KO mice, these mice suffered severe changes in splenic architccture
and showed further disruption of B cell development. These results suggest that Tec family
kinases arc able to partially rescue cach other although it appears that developing murinc 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 affinities and or cxpression
levels. These results contrast the in vitro differentiation results presented in this thesis, which
identified the inability of Tec deficient ES cells to gencrate macrophage cells in vitro. 1t is
possible that the absence of Tec-/- macrophagc in vitro reflect limitations of the in vitro assay
system used in the studies especially limitation in thc varety of cxogenous differentiating
factors added to the differentiating medium. In summary, it appears that Tec is not required
for the myelogecnesis in vivo and that its requirement in vitro will require further

characterisation.

6.1.3.3 A possible role for T, e¢; in apoptosis

Conflicting evidence has been reported in the litcrature 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 Bel-xL transcription 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 al,, 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 associatcd 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 Tec kinase activity in the absence of an appropriate cxternal
stimulus. This would act as a selection mechanism to protect against overstimulation of Tec
kinase activity. As apoptosis was not the focus of the rescarch presented in this thesis, the

nature of these high levels of cell dcath was not tested.

6.1.3.4 A possible role for Tec in macrophage adhesion and migration

The signal transduction pathways that are involved in macrophage cell adhesion and
migration appear to overlap extensively with those necessary for phagocytosis (reviewed in
Lowell and Berton, 1999). A number of signalling molccules identified as critical effectors of
phagocytosis are also involved in myeloid cell adhesion/spreading and migration. These
includc tyrosine kinases such as Src family kinascs and Syk (Yan et al.,, 1997; Suen ct al,,
1999; Fclsenfeld ¢t al., 1999, Lin et al., 1995 and Fernandez and Suchard, 1998), Rho family
GTPases (Allen ct al.,, 1997, Allen et al., 1998) and actin cytoskeleton-associated proteins such
as o-actinin (Pavalko et al., 1993). Myeloid cell adhesion and/or migration are gencrally
mediated by integrin receptors (Lowell and Berton, 1999). Effectors of this pathway include
Src family kinases (Sucn et 41., 1999, Mcng 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
Lowell, 1998 and 1999), Rho GTPases (Allen et al,, 1997), and numerous cytoskeletal
proteins (Hirano and Kanno, 1999). Some limited evidence also suggests the involvement of
Tec in integrin signalling (Hamazaki et al., 1998).

As previously mentioned, it is proposed that Tec might be involved in macrophage
migration and/or adhesion. The absence of macrophage cclls observed in Tec-/- ES cell in

vitro might thus reflect the inability of Tec-/- macrophage cells to migrate out of the embryoid
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bodics and form the characteristic burst of macrophage cells seen in wild type and Tcc-/+ cells.
This is not unlikely considering the similarity between the membranc 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-/-
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 becn scen in
macrophages lacking Src family kinases (Crowley ¢t al., 1997; Fitzcr-Attas ct al., 2000) and

Syk (Crowley et al., 1997).

6.2 Future Directions

As a result of the work carried out during the course of this Ph.D, scveral areas have
been identified that will rcquire further analysis. These include (i) in vivo analysis of Tec
function in the mouse, (ii) the in vitro characterisation of the molccular details of Tec action in
FcyR-mediated phagocytosis and (iii) the in vitro characterisation of other potential Tec-
mediated signal transduction pathways identificd during the course of this Ph.D.

It is obvious from the data presentcd in 5.2.2.2.3 that the Tec-/+ ES cell lines used in
these studies are unable to colonise the germline of chimaeric animal. As previously
mentioned, this difficulty is predicted to reflect a decrease of pluripotency which has since then
been identified to result partly from the poor quality of thc parental ES linc used (J. Wrin,
personal communication). Further characterisation of Tec function in vivo using a gene
targeting approach would therefore require re-targeting of an appropriate ES cell line using the
genc targeting vector described in 5.2.2.2.1. Targeting of Tec in the mouse has been reported
to gencratc viable homozygous animals. Further characterisation of thcse animals is thus

necessary to investigate the role of Tec 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 macrophage cell functions including FcyR-medjated 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-opsoniscd particles. For
convenicnce, all the work presented in chapter 4 and 5 had bcc‘r’x carried out using IgG-
opsoniscd Zymosan A as target particles for phagocytosis assays. However, it appcars that the
usc of IgG-opsonised fluorescently labelled latex beads might be more appropriate as it would
cnable 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 particic (Koval et al., 1998). Given that Tec is predicted to act as a
downstream effector of PI3-K, the cffect 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 arc now available that utilisc
latex beads, for the preparation of phagosomal membranc fractions. This provides a powerful
tool that enables studics to focus on a single pool of Tec. Such an approach can be used (i) to
purify and analyse the phosphorylation of phagosomal Tec, (ii) to purify and analyse the in
vitro kinase activity of phagoé‘omal Tec and (iii) characterise the kinetics of its redistribution to
the phagosomal membrane.

Scveral parameters of Tec function during phagocytosis also nced to be further
characterised. For example, it remains unclear whether both isoforms of Tec are involved in
FcyR-mediated phagocytosis and whether all types of FcyR are able to trigger the
redistribution and activation of Tec. The first question could 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. Bricfly, 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 Tec, if not
both, should restore the ability of Tec -/- ES cells to differentiate into macrophage cells and the
ability of such cells to carry out FcyR-mcediated phagocytosis could then be investigated. This
Tec null ES cell line is in fact a valuable tool that cnables the characterisation of the roles of
cach domain of Tec in Tec function. For cxample, reintrodaction of site specific mutants of
Tec, such as the R28C PH domain mutant, would cnable the characterisation 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 K397E
would determine the nced for Tec kinase activity during phagocytosis. This approach
potentially enables one to dissect the role and function of cach domain of Tec in FeyR-
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, intcgrin and
apoptotic. While it remains unclear how specificity is achieved under such conditions, it is
possible that the ability of Tec to participate in such a variety of signal transduction pathways

enables the coordination of varjous cellular functions.
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