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ABSTRACT

The receptor tyrosine kinase (RTK), c-KIT is involved in normal haemopoiesis and is

constitutively active in some haemopoietic malignancies. Objectives of this study were to

investigate the mechanisms by which proto-oncogenic and oncogenic forms of c-KIT mediate

cellular responses. The overall aim was to aid in the understanding of signal transduction

pathways and their relation to biological responses and leukaemic transformation in

haemopoietic cells.

In the haemopoietic system, c-KIT is expressed by stem and progenitor cells of bone

maffow and tissue mast cells. The receptor and its ligand, stem cell factor (SCF) are involved

in normal haemopoietic responses including proliferation, survival, adhesion and migration.

Two naturally occurring isoforms of human c-KlT, differing by the insertion or deletion of 12

base pairs encoding a 4 amino acid stretch, GNNK, in the extracellular region displayed

significant differences in signalling and cellular responses when expressed in fibroblasts and

stimulated with human SCF (huSCF). It was of interest to observe any differences between

the function of c-KlT isoforms in a more physiologically relevant cellular environment,

specifically factor dependent haemopoietic cells. Factor dependent haemopoietic progenitor

cells, FDC-Pl and murine foetal liver cells immortalised with a truncated constitutively active

form of the myb transcription factor (MIHC), were retrovirally transduced with cDNA

encoding c-KIT isoforms and clones expressing physiological levels of the receptor were

selected. Regression analysis indicated that huSCF mediated growth was directly related to

the surface expression level of c-KIT for both isoforms (r2 > 0.9). Growth in huSCF for cells

expressing the GNNK- isoform was at a higher rate as compared to the GNNK+ isoform.

Associated with these observations was rapid and transient phosphorylation of the GNNK-

isoform as compared to a slower and more sustained response for the GNNK+ isoform.

Internalisation and degradation of c-KIT isoforms exhibited similar kinetics to their
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phosphorylation profiles. The intensity of phosphorylation and internalisation was also higher

for the GNNK- isoform relative to the GNNK+ isoform. In summary, these results confirmed

previous observations in NIH-3T3 fibroblasts indicating that differences were intrinsic to the

isoforms.

A direct association of phosphoinositide 3-kinase (PI3-K) with both isoforms of

c-KIT was observed when cells were treated with huSCF. This has been reported to be via the

autophosphorylation site,Y72l. To investigate the role of direct recruitment of PI 3-K,Yl2l

was mutated to phenylalanine (Y721F). Constructs containing either wild type (WT) or

Y72lF c-KIT in the retroviral vector, pRUFMC1neo, were expressed in two haemopoietic

progenitor cell models, FDC-P1 and MIHC and clones thereof were selected based on surface

expression levels of c-KIT. Mutation of the PI3-K binding site reduced growth in the

presence of huSCF in both cellular models. Separation of parameters involved in cell yield

revealed that direct recruitment of PI3-K was mainly involved in survival, rather than

proliferation. Mutation of the PI3-K binding site did not alter the kinetics of activation and

internalisation of c-KIT in response to huSCF. The intensity of peak phosphorylation was

decreased 1.7 fold suggesting that it,was an important site. In the absence of direct PI3-K

activation, Akt was still activated by huSCF albeit at 5OVo of the level for WT c-KIT.

Phosphorylation of ERK was also reduced in Y72lF c-KIT expressing cells. A potential

compensatory mechanism identified was YlzI independent activation of PI3-K as shown by

an effect of the PI3-K inhibitor LY294002 on cellular yield and survival. These results

indicated that direct recruitment of PI3-K to Y72I of c-KIT is important but not solely

required for the survival of haemopoietic cells and that alternate recruitment site(s) and/or

indirect activation of PI 3-K may play a role.

Oncogenic forms of c-KIT have been identified in certain leukaemias and solid

tumours. The amino acid substitution of D816V in c-KIT found in human mast cell

leukaemia, systemic mastocytosis and occasional cases of acute myeloid leukaemia (AML)
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results in constitutive phosphorylation and activation, which gives rise to factor independent

growth and an ability to produce tumours in mice. The mechanism by which the D816V

c-KIT mutation mediates its oncogenicity was unknown, therefore the role of the constitutive

association of PI3-K was addressed. MIHC were infected with WT and D816V c-KIT

constructs with or without the Yl2lF mutation in pRUFMCIneo and their ability to grow in

the absence of factor was assessed in liquid culture and semi-solid medium. Cells expressing

Dgl6v c-KIT lacking the PI3-K binding sire, Y7ztFlD9l6V c-KIT, formed colonies in the

absence of exogenous factor, however the number of colonies was significantly lower than

D8l6V c-KIT expressing cells (p < 0.00001) despite there being no difference in formation in

muGM-CSF (p > 0.1). Results from liquid culture confirmed the colony growth indicating

that mutation of the PI3-K binding site reduced but did not abolish factor independent

growth. The reduced growth observed in the absence of factor for Y'72IF|D816V c-KIT as

compared to D816V c-KIT expressing cells was primarily due to an effect on survival rather

than proliferation. Tumourigenesis studies in syngeneic mice revealed that mutation of the

PI3-K binding site abolished tumour formation induced by subcutaneous injection of MIHC

expressing D816V c-KIT. Attempts to further deduce the mechanism involved analysis of the

signal transduction pathways activated by D816V andY72lFlD816V o-KIT. In contrast to

the response triggered by huSCF acting on WT c-KIT, neither Akt nor ERK were activated by

D816V c-KIT maintained in the absence of factor. Therefore the mechanism remains

unknown. Overall, these results indicated that direct recruitment of PI3-K via Y721 was

involved in factor independent growth through an effect on survival, however it was not the

sole mechanism, whereas in tumourigenicity it was crucial'
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1. INTRODUCTION

1.1. SrcN¡,r, TnaNsnucrloN ¡.Nl CRNcnn

Cancer is a multifactorial disease characterised by unrestrained proliferation resulting

from the loss of control of cell growth, cell death and terrninal differentiation. Malignant

neoplasms have an additional feature in that they are capable of invading and metastasising in

foreign tissues (Blume-Jensen and Hunter, 2001). The unrestrained proliferation and ability to

metastasise is attributed to an accumulation of two types of mutations in the genome of the

cell (Bishop, 1987; Bishop, l99I; Varmus, 1989). The first involves inactivating mutations in

tumour suppressor genes that encode proteins whose function is to inhibit the proliferation of

cells. The other class involves mutations in growth stimulatory genes resulting in the

constitutive activation of the encoded protein. This type of mutation exerts a dominant effect

and the protein encoded by the mutant gene is called an oncogene. A recent observation

indicates the potential for a third class consisting of mutations to alter telomere maintenance

which is important in human tumourigenesis (Hahn et al.,1999)'

Oncogenes were initially identified in ribonucleic acid (RNA) tumour viruses, known

as retroviruses (Bishop, 1991). In 1910, Peyton Rous was the first to observe that an

infectious filtrate obtained from chicken sarcomas was capable of inducing tumour formation

in otherwise healthy chickens (Bishop, 1982). The infectious agent was identified as a virus

and later called the Rous sarcoma virus (RSV) (Varmus, 1989). Sixty years after the

discovery by Rous, the transforming agent carried by RSV was identified as Src. A

homologue of this gene encoding a protein tyrosine kinase was found in the normal cellular

genome (Bishop, 1982; Varmus, 1989).

Oncogenes arise by deoxyribonucleic acid (DNA) mutation, chromosomal

translocation or gene amplification of their respective cellular counterparts called proto-
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oncogenes (Bishop, 1987:. Bishop, 1991; Varmus, 1989). The majority of proto-oncogenes

are thought to constitute the signal transduction machinery of a cell which is responsible for

the regulation of numerous biological responses including proliferation, differentiation,

adhesion, migration and apoptosis (reviewed in Cantley et al., I99l; Vamus, 1989). There

are various mechanisms by which proto-oncogenes act. They may trigger phosphorylation on

serine, threonine or tyrosine residues either indirectly by growth factors acting on their

cognate receptors or by direct catalysis in the case of activated receptors acting on their

downstream effectors (Bishop, 1991). Oncogenic versions of these proteins arise from

mutations, deletions or chromosomal fusions affecting the primary structure of the protein

resulting in deregulated and constitutive kinase activity. Conversely, proto-oncogenes can

function by dephosphorylating growth regulatory enzymes such as Cdc25A and B (Nilsson

and Hoffmann, 2000; Parsons, 1998). Proto-oncogenes can also exhibit lipid kinase activity

as in the case of phosphoinositide 3-kinase (PI3-K) (see section 1.7 for more details) and

sphingosine kinase (Xra et a1.,2000). Other proto-oncogenes exhibit GTPase activity (an

example being Ras; Bishop, 1991), act as nuclear transcription factors (Bishop, l99I) or act as

modifiers of cell death (for exampleBcl-2; Adams and Cory, 2001)

Ongoing research into cancer management is concerned with deducing the structure

and function of proto-oncogenes and oncogenes. Understanding the differences between

proto-oncogenes and their corresponding oncogenes wíll aid in development of

pharmaceutical agents that potently and specifically inhibit activated oncogenes. This project

investigated the function of a receptor tyrosine kinase (RTK), c-K.IT, and an oncogenic

version that has been identified in several leukaemias.

1.2. RncnproR TyRosrNE KrNAsBs (RTKs)

RTKs comprise a large family of growth factor receptors of which 58 have been

identified to date (Blume-Jensen and Hunter, 2001). All have three basic structural
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components consisting of a large glycosylated extracellular domain responsible for ligand

binding, a single pass hydrophobic transmembrane domain which anchors the receptor in the

plasma membrane, and lastly a cytoplasmic domain with intrinsic tyrosine kinase catalytic

activity (Schlessinger and Ullrich, 1992; Schlessinger, 2000; Ullrich and Schlessinger, 1990;

Yarden and Ullrich, 1988). Based on the sequence similarity and structural characteristics of

the RTKs, they have been sub-divided into distinct subclasses (Ullrich and Schlessinger,

1990) of which 2Ohave been established to date (Blume-Jensen and Hunter, 2001)

The extracellular regions of RTKs are composed of discrete globular domains enabling

them to bind ligand. Consistent with the need to create specificity, there is minimal sequence

conservation in this region (Yarden and Ullrich, 1988). The transmembrane region is highly

hydrophobic, with a conserved length, however its sequence is not conserved even within

subclasses (Yarden and Ullrich, 1988). The juxtamembrane domain is a sequence of about 50

amino acids (Yarden and Ullrich, 1988) separating the membrane region from the kinase

domain and is divergent between RTK subclasses but appears relatively conserved within

(Ullrich and Schlessinger, 1990; Yarden and Ullrich, 1988). The tyrosine kinase domains are

the most conserved regions of RTKs (Ullrich and Schlessinger, 1990; Yarden and Ullrich,

1988). These are composed of an adenosine triphosphate (ATP) binding site with a consensus

sequence containing a crucial lysine residue (Ullrich and Schlessinger, 1990). The ATP

binding site is in the amino terminal region of the kinase domain, while the carboxy terminal

remainder contains the tyrosine acceptor site within the activation loop (Yarden and Ullrich,

1988). The carboxy terminal tail has the highest degree of variation both in its length and

sequence even within subclasses (Yarden and Ullrich, 1988). Carboxy terminal tails for

RTKs are typically composed of hydrophilic residues and small amino acids suggesting that

they might be flexible (Yarden and Ullrich, 1988).

The mechanism of activation and the subsequent signal transduction cascades are

similar for all sub-classes of RTKs. Firstly, the ligand must bind to the extracellular domain
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of the receptor, this results in a change in conformation of the extracellular domain, allowing

receptor dimerisation to occur (Ullrich and Schlessinger, 1990). Dimerisation seems to be an

important step since it precedes phosphorylation (Schlessinger and Ullrich, 1992) and

catalytic activation (Schlessinger, 1995). Dimerisation allows the transphosphorylation of a

conserved tyrosine in the activation loop of the catalytic domain which results in increased

kinase activity and precedes the autophosphorylation of residues outside the catalytic domain

(Heldin, 1995: Hubbard and Till, 2000). These phosphotyrosine-containing motifs then

recruit downstream effectors to the receptor.

Analysis of the crystal structures of the insulin receptor, fibroblast growth factor (FGF)

receptor-l and vascular endothelial growth factor (VEGF) rcceptor-2 has shed light on

mechanisms regulating receptor activation (Hubbard and Till, 2000). In the unstimulated

form of the receptor, the activation loop of the catalytic domain acts as a negative regulator

blocking access of ATP and substrate (Hubbard et a1.,1998; Hubbard and Till, 2OOO; Hunter,

2000). The activation loop is also mobile and the inactive conformation is in equilibrium with

the active conformation which has sites accessible for ATP and substrate binding (Figure 1.1)

(Blume-Jensen and Hunter, 2O0l; Hubbard et a\.,1998; Hubbard and Till, 2000; Schlessinger,

2000). Ligand induced dimerisation stabilises the active conformation long enough for

transphosphorylation of one or more tyrosines in the activation loop to occur (Figure 1.1).

Dimerisation alone however is not sufficient for kinase activation, and additional

conformational changes induced by ligand are required for full activation (reviewed in Blume-

Jensen and Hunter, 2O0l). In the case of Tek (TIE2) activation also involves the relief of

negative regulation by the carboxy terminal tail which partially obstructs the substrate tyrosine

binding site (Blume-Jensen and Hunter, 2001). Similarly, the juxtamembrane domain has

been reported to have an autoinhibitory function (Blume-Jensen and Hunter, 2OOI). As well

as their inhibitory function, these regions are phosphorylated and act as docking sites for Src
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Figure 1.1: Activation of RTKs.

In the unstimulated state, the inactive conformation of the RTK (ATP and substrate

inaccessible) (blue) is in equilibrium with the active conformation (ATP and substrate

accessible)(green). Juxtamembrane (orange) and carboxy terminal (red) regions negatively

regulate the receptor. When ligand is bound, shown on the right, the active conforrnation is

stabilised allowing phosphorylation of the activation loop, relief of negative constraints and

general phosphorylation. Reprinted by permission from Nature (Blume-Jensen and Hunter,

2001). Copynght (2001) Macmillan Publishers Ltd.
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homology (SH) 2 and protein tyrosine binding (PTB) domain containing proteins, therefore

their role in receptor activation is two fold (Blume-Jensen and Hunter, 2001).

RTKs have oncogenic potential and activated forms can be observed in cancer

(reviewed in Ullrich and Schlessinger, 1990; Yarden and Ullrich, 1988). A common

mechanism of constitutive RTK activation is through autocrine stimulation, by expression of

the cognate ligand in the same cell. In addition, overexpression of RTKs resulting in

increased dimers can lead to ligand independent activation as has been observed for epidermal

growth factor (EGF) receptor and FIER2/neu in breast cancer (Blume-Jensen and Hunter,

2OOL; Yarden and Ullrich, 1988). A key feature of oncogenic conversion of receptors is that

mutation or deletions in the receptor must overcome any negative restraints that ligand

binding usually relieves (Maehama and Dixon, 1998). Carboxy terminal truncation is a

mechanism involved in constitutive activation of various RTK subfamilies (Yarden and

Ullrich, 1988), as too are mutations in the juxtamembrane domain for example in c-KIT

(Blume-Jensen and Hunter, 2OOI), confirming the negative regulatory role of these two

regions. Point mutations or deletions in the extracellular domain, transmembrane domain and

in the kinase domain of RTKs have also been observed in various cancers (Blume-Jensen and

Hunter, 2O0l; Ullrich and Schlessinger, 1990).

1.2.I. Discovery of the c-KIT Proto-oncogene

The viral homologue of the cellular proto-oncogene, c-Kit was initially identified in

feline leukaemic virus (FeLV), Hardy Zuckerman 4 feline sarcoma virus (HZ4-FeSV)

(Besmer et aL.,1986). Infectious filtrate obtained from primary feline fibrosarcomas exhibited

the ability to transform and induce focus formation in feline embryonic fibroblasts and mink

cells (Besmer et al., 1986). Restriction digest analysis and Southern blotting of HZ4-FeSV

revealed sequences not homologous to FeLV or to pre-existing oncogenes and therefore the

foreign sequence was designated v-Kit. The 1.1 kb v-Kit sequence fused to a truncated viral
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Gag sequence encoded a 3'7O amino acid fusion protein. GagJinked myristoylation was

presumed to localise v-Kit to the plasma membrane.

Through the use of oligonucleotide probes based on the u-Klr sequence, c-KIZ was

identified in feline (Herbst et al., L995a), murine (Qiu er al., 1988) and human (Yarden et al.,

1987) cDNA libraries. In the human, the largest quantities were found in a glioblastoma cell

line and term placenta (Yarden et aI., 1987). Three types of structural modifications wero

observed in v-Kit including: lack of the extracellular domain, lack of the transmembrane

domain and the first 17 amino acids of the intracellular juxtamembrane region (Herbst et al.,

1995a:. Yarden et al., 1981) and finally the deletion of 50 amino acids in the carboxy terminal

domain and their replacement with five non-related amino acids (Herbst et a\.,1995a). Three

point mutations located in the juxtamembrane and kinase insert not attributable to species

divergence were also identified (Herbst et aL.,1995a). These modifications are believed to be

in part responsible for the deregulated oncogenic activity observed tn v-Kit and give clues as

to the regulation and function of c-Kit.

In parallel to these studies, c-KIT was identified at the protein level. A search for

myeloid leukaemia associated antigens using monoclonal antibodies identified a surface

marker on acute myeloid leukaemia (Al\fl-) cells that was absent in an autologous Epstein

Barr Virus (EBV) transformed B cell line (Gadd and Ashman, 1985). The expression (or

overexpression) of this marker on AML, detected with monoclonal antibody YB5.B8, was

associated with a poor prognosis (Ashman et aL.,1988; Gadd and Ashman, 1985). It was later

determined that the antigen recognised by YB5.B8 was c-KlT, a 145 kDa protein expressed in

immature haemopoietic cells and tissue mast cells (Ashman et a1.,7991; Cole et al., 1987;

Lerner et a1.,1997; Mayrhofer et al., L981).
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1.2.2. c-KIT is a Receptor Tyrosine Kinase

The cellular homologue of v-Kit, c-KIT was determined to be a9l6 amino acid protein

(Yarden et aI., 1981). Based on cell surface iodination studies of transfected NIH-3T3

fibroblasts, the protein was shown to be expressed on the cell surface (Yarden et aI., l9B7).

Deductions made concerning the primary amino acid sequence (Andre et al.,1992; Giebel ¿r

al., 1992:' Vandenbark et al., 1992) and the presence of a 24 amino acid signal peptide located

at the amino terminus (Yarden et al., 1987) supported this observation. The molecular weight

of c-KIT was predicted to be about 110 kiloDalton (kDa), however potential Nlinked

glycosylation sites in the extracellular domain (Qiu et a\.,1988) increase the molecular weight

to 125 kDa and 145 kDa (Reith et al.,l99l; Yarden et a1.,1987) for immature and mature

c-KlT respectively. Homology of c-KlT with other RTKs and its amino acid sequence

suggested that it has an extracellular domain, a transmembrane domain and an intracellular

kinase domain (Vandenbark et al., 1992) (Figure 1.2). Based on structural similarity

(Blechman et al., 1993b) and sequence homology (Herbst et aI., 1995a Qiu er al., I98B;

Yarden et al., 1986), c-KIT was assigned to RTK subclass III along with platelet derived

growth factor (PDGF) receptor and colony stimulating factor-l (CSF-l) receptor.

Characteristic structural features of this subclass include five immunoglobulin like repeats in

the extracellular domain and a kinase domain that is split by an interkinase sequence (Fantl er

aI.,1993).

The extracellular domain contains 491 amino acid with 12 inegularly spaced cysteine

residues, 10 of which are involved in disulphide bonding required to form the 5

immunoglobulin like repeats (Qiu er aL.,7988; Yarden and Ullrich, 1988). Only abouf 257o

amino acid homology exists in the extracellular domain for receptors in this subclass (Qiu er

al., 1988) consistent with different functional requirements for binding ligand (Lev et al.,

1993). The extracellular domain has more species divergence than the intracellular domain,

highlighting its importance in regulation of activarion (Herbst et al.,l995a).
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Figure 1.2: Schematic diagram of human c-KlT.

Numbered circles represent the five immunoglobulin like domains with the first three

representing the ligand binding domain. The split tyrosine kinase is denoted by red boxes.

Location of the alternate splice sites in the juxtamembrane and interkinase region are

indicated. The ligand for c-KIT, stem cell factor is abbreviated as SCF
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Unlike the extracellular domain, the 439 amino acid intracellular domain contains a

high amount of homology with other subclass III members (Blechman et aI., 1993b; Qru et al.,

1988; Yarden et al., 1987). The intracellular kinase domain is split by a hydrophilic insert

sequence (Qiu e/ aI., 1988 Yarden et a1.,1986). The interkinase region is variable between

members of the family and its length ranges from 70 to 100 amino acids (Qiu et al., 1988;

Yarden et aI., 1981). The amino terminal kinase domain is characterised by an ATP binding

motif while the carboxy terminal kinase domain contains sequences consistent with kinase

activity as well as the conserved autophosphorylation site in the activation loop at Y82l

(equivalent toY823 in human c-KIT) (Qiu er a1.,1988).

The carboxy terminal tail varies in length and is divergent between receptors in the

family (Herbst et al., I995a; Yarden et al., 1987), however some tyrosines that may recruit

downstream signalling proteins are conserved (Qiu et a1.,1988). The carboxy terminal tail is

deleted in v-Kit supporting its possible involvement in receptor down modulation (Qiu et aI.,

1e88).

1.2.3. Naturally Occurring Isoforms of c-KlT

In humans, four naturally occurring isoforms of c-KIT resulting from differential

splicing at two distinct sites have been identified (Figure I.2). The first occurs due to

alternate splicing at the 3' end of exon 9, the exon encoding the region immediately prior to

the transmembrane domain (Giebel et aI., 1992; Gokkel et al., 1992; Hayashi et al., l99l;

Reith et a|.,1991; Vandenbark et aI., 1992). This results in an in-frame insertion or deletion

of twelve base pairs encoding glycine-asparagine-asparagine-lysine, abbreviated as GNNK+

or GNNK- throughout this thesis. The second site for alternate splicing occurs at the 3' end of

exon 15 (Crosier et al., 1993). This results in the insertion or deletion of three base pairs

encoding serine 715 in the interkinase sequence, abbreviated as S+ or S- respectively.

Transcripts containing the serine residue have not been identified in mice (Crosier et aI.,
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1993) and analysis of the genomic structure revealed only the one acceptor site in contrast to

the two in the human genomic sequence (Qiu er aI., 1988). All human c-KIT isoforms have

been shown to have an equivalent affinity for their ligand (Caruana et a\.,1999).

The isoforms of c-KIT are co-expressed in tissues and their relative levels have been

analysed in a number of different tissues and cell lines. In melanocytes, bone marrow and

haematopoietic tumour cell lines, the GNNK- isoform appears to be dominant (Crosier et al.,

1993; Giebel et a1.,1992;Piao et a\.,1994). Similarly in AML there is higher expression of

GNNK- c-KIT transcript relative to GNNK+ however the ratio of GNNK-:GNNK+ was quite

heterogeneous and did not appear to depend on the AML subtype or correlate with colony

forming ability in conditioned medium containing low levels of c-KIT ligand (Piao et al.,

1994). Supporting the observation in human cells, murine placenta and mast cells show co-

expression of the isoforms with a dominance of GNNK- (Reith et al., 1991). Analysis of

messenger ribonucleic acid (mRNA) for the serine isoform indicates that in human bone

marrorw cells, melanocytes, and various tumour cell lines the S+ isoform is dominant (Crosier

et al.,1993).

Research investigating the role of murine GNNK-/+ isoforms in ligand mediated

responses in mast cells indicated that both isoforms were able to promote proliferation to an

equivalent extent with a half-maximal response at 25 nglml of ligand, however the GNNK-

isoform induced a slightly stronger effect on adhesion (Serve et al.,1995). Further analysis

into the differential effects of c-KlT isoforms on ligand mediated biological responses was

performed in NIH-3T3 fibroblasts transfected with cDNA encoding isoforms of human c-KIT

(Caruana et al., 1999). Analysis of the transformation efficiency of the isoforms revealed that

GNNK-S+ induced potent transformation as shown by focus formation, anchorage

independent growth and the ability to produce tumours in nude mice. The GNNK+S+ isoform

promoted anchorage independent growth but only weak focus formation and no tumour

formation in mice (Caruana et al., 1999). The GNNK+S- isoform induced only focus
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formation, while the GNNK-S- isoform could not be detected by indirect immunofluorescence

or immunochemistry using the alkaline phosphatase anti-alkaline phosphatase (APAAP)

method, despite the presence of mRNA transcripts (Caruana et al., 1999).

Investigation of the downstream signalling pathways activated by murine c-Kit

revealed that both isoforms became phosphorylated in a ligand dependent manner

accompanied by an increased association with downstream substrates (Reith et al., 1991).

The GNNK- isoform had slightly increased autophosphorylation (Serve et al., 1995) and

constitutive activity (Reith et aL,1991) as compared to GNNK+ c-Kit. Expression of human

c-KIT in NIH-3T3 cells revealed differences between the activation kinetics of the GNNK-S+

and GNNK+S+ isoforms over a time course of ligand stimulation (Caruana et aI., 1999).

Unlike murine c-Kit, human GNNK- c-KIT did not exhibit detectable basal phosphorylation,

which may be due to serum starvation, differences between cell types or the levels of

expression. Ligand activation of the GNNK-S+ isoform resulted in rapid and transient

phosphorylation of c-KIT peaking at two minutes, while the GNNK+S+ isoform exhibited

delayed but sustained phosphorylation of c-KlT peaking at seven minutes (Caruana et al.,

1999). The absence of the serine residue in c-KIT did not alter the kinetics of ligand

activation, nor did it alter its ability to recruit PI3-K whose binding site is only a few residues

downstream (Caruana et a1.,1999).

1.2.4. Inactivation of c-Kit inWhite Spottíng (17) Mutant Mice

The RTK c-Kit, has been described as being allelic to the white spotting (W) locus in

mice (Chabot et aI., 1988; Nocka et al., 1989). Mice with mutations in the W locus have

developmental abnormalities in germ cells, melanocytes, haematopoietic progenitor cells as

well as cells of the erythroid and mast cell lineages, resulting in an absence of coat colour,

macrocytic anaemia and in more severe cases sterility or death. Based on the observations
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from the W mutant mice, a large amount of data about the involvement and function of c-Kit

in the development of these lineages has been obtained.

Several lines of evidence have linked c-Kit to the W locus. It was observed that the

expression patterns of c-Kit closely reflected the tissues that were affected in W mutant mice

(Andre et al.,1992; Ikeda et aI.,I99I; Keshet et al.,I99l; Kitamura et a1.,19781,Lammie et

al., 1994; Manova and Bachvarova, 1991; Nocka et a1.,1989; Ogawa et a|.,1991b; Ratajczak

et a|.,1992). At the genetic level, in situ hybridisation and hybrid cell lines localised the c-Kit

gene to mouse chromosome 5, which is the same as the W locus (Chabot et al., 1988).

Sequencing and restriction fragment length polymorphism of DNA from W mice revealed

base pair transitions or creation of novel fragments in c-Kit (Chabot et a|.,1988; Reith et al.,

1990). Functional involvement of mutant c-Kit in the W phenotype was confirmed by the

observation that c-Kit kinase activity was affected in IV mice (Nocka et aI., 1989) and also

that introduction of wild type (rWT) c-Kir cDNA into I4l mutant cells rescued the responses of

these cells to the c-Kit ligand (Alexander et a1.,199I).

Multiple independent mutations or deletions within c-Kit and the surrounding regions

involved in regulating gene expression are affected in the I4zphenotype (Berrozpe et a\.,1999;

Hayashi et al.,l99l; Koshimizu et aI., 1994; Nocka et a1.,1989; Reith et aI.,l99O; Reith ¿/

aL, l99l; Rottapel et al., l99I;Tan et al., 1990). The various mutations alter c-Kit kinase

activity in a way that is correlated with the overall severity of the phenotype (Nocka et al.,

1989; Nocka et a\.,1990b; Reith et aL.,1990). Deletion or truncation mutants of c-Kit appear

to have a relatively mild phenotype in the heterozygous state, however in the homozygous

state, they are severe and can be lethal (Chabot et a\.,1988). Point mutations in the conserved

region of the kinase domain resulting in impaired or no kinase activity exert a 'dominant

negative'effect in the heterozygous form (Herbst et al., 1992; Nocka et a1.,1990b; Reith ¿/

al., l99l; Tan et aI., l99O) due to sequestering active receptor into inactive dimerised

complexes (Adachi et aI., 1992; 'îan et al., l99O). In the homozygous form, these I4z

l1



mutations generally result in viable progeny due to the presence of a low residual kinase

activity (reviewed in Bernstein et al., 1991). The phenotype of the mutant mice shows that

c-Kit dimerisation and kinase activity are important for its function (Herbst et a\.,1992).

Piebaldism is an autosomal dominant disorder affecting humans which has a similar

phenotype to W mice (reviewed in Vliagoftis et al., 1991). It is diagnosed by congenital

patching of white skin and white hair on the scalp, forehead, chest, abdomen and the

extremities and is present from birth (Giebel and Spritz, 1991). Due to the correlations of this

disease with the I4l locus in mice, parallels were made and it was shown to be dependent on

missense mutations and deletions in the c-KIT gene (Fleischman et al., 1991; Giebel and

spritz, l99l).

1.3. Tnn LrcaND FoR c-KIT

The ligand for c-KIT was simultaneously identified by several research laboratories in

murine, human and rat systems and was named mast cell growth factor (MGF) (Anderson er

al., l99O', Boswell et al., 1990; 
.Williams 

et al., 1990), steel factor (SLF) (Williams et al.,

1992), kit ligand (KL) (Flanagan and Leder, 1990; Huang et al., l99O; Nocka et a1.,1990a)

and stem cell factor (SCF) (Martin et aI., 1990; Zsebo et al., I990a; Zsebo et al., 1990b), of

which the latter terminology has been used throughout this thesis.

The ligand for c-KIT is a 248 amino acid transmembrane polypeptide with an

extracellular domain of 189 amino acids, a hydrophobic transmembrane domain of 23 amino

acids and an intracellular domain consisting of 36 amino acids (Flanagan and Leder, 1990).

Alternate splicing of both murine and human SCF (huSCF) results in the formatìon of two

membrane bound isoforms, with one lacking exon 6 that encodes 28 amino acids of the

extracellular domain (Flanagan et al., 1991). This splicing event is tissue specific, with the

brain and bone marrow expressing about five fold more of the long form (248 amino acids),

while the spleen expresses an equal amount of both splice variants (Flanagan et a\.,1991).
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A soluble form of SCF was identified in murine stromal supernatant (Williams et al.,

1990) and in conditioned medium from buffalo rat liver cells (Martin et al., l99O:. Zsebo et

al., l99}a) and Balb/c 3T3 fibroblasts (Nocka et al., 1990a). This soluble form is produced

due to the presence of a serine protease site at amino acid 165 in exon 6 (Longley et al.,I99l)

absent in the alternately spliced variant (Flanagan et al., l99l). Another site for cleavage is

between amino acids 158 - 159 and is cleaved by chymase, a chymotrypsin like protease

derived from human mast cells, resulting in a product 7 amino acids shorter than the

previously reported form of soluble SCF (Longley et al., 1997). In murine SCF, an alternate

cleavage site in exon 7 utilised in the absence of the exon 6 site allows formation of soluble

SCF from both transmembrane forms (Majumdar et aI., 1994) This site is absent in human

SCF (Majumdar et al., 1994). Both the transmembrane and soluble forms of SCF have been

shown to be biologically active (Anderson et a|.,1990).

SCF has been determined to exist as a non-covalent homodimer, however under

physiological conditions, most of it is present as a monomer (Hsu et aI., l99l). The first

structural information was obtained from a crystal structure of the receptor binding core

encoded by amino acids 1 - l4I (Zhang et a\.,2000b). The SCF dimer was found to be joined

head to head through an extensive hydrophobic region that covered about 207o of the total

surface area of each monomer (Zhang et al., 2000b). The presence of SCF in dimeric form

appears to be required for function since dimerisation defective SCF had minimal activity

(Hsu e/ al., 1997) while disulfide linked dimers had enhanced (Hsu et al., l99l) or no activity

(Zhang et a|.,2000b) dependent on the location of the disulfide link. Unlike soluble SCF, the

majority of membrane bound SCF exists in a dimer formation as was shown by cross-linking

studies (Tajima et al., 1998). Deletion of the majority of the cytoplasmic domain did not

seem to affect the dimerisation ability, however replacement of this region with extraneous

amino acids diminished dimerisation capabilities (Tajima et aL.,1998).
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SCF belongs to the short chain helical cytokine family (Bazan,l991). It differs from

PDGF and CSF-I, both ligands for subclass Itr RTKs, in that they both form disulphide linked

homodimers. Other ligands also exist in a transmembrane form, for example TNFcr which

also has roles as a growth factor as well as serving adhesive functions (Massague, 1990)

1.3.1. SteelMtúant Mice Lack Functional c-KIT Ligand

The finding that SCF mapped to mouse chromosome 10 (Copeland et a|.,1990;Zsebo

et al., 1990a) led to the identification of SCF being allelic with the Steel (Sl) locus.

Alterations in the SCF gene are the cause of the Sl phenotype with deletions having the most

dramatic phenotype including death in utero or shortly after birth due to a complete loss of

SCF function (Zsebo et a1.,1990a). Mutations in SCF generally result in a milder phenotype

with defects in pigmentation, haematopoietic cells, melanocytes and germ cells (Flanagan et

aI., l99l; Zsebo et al., 1990a).

The phenotype of S/ mutant mice is similar to that of W mutant mice, in that they have

severe macrocytic anaemia, are sterile and lack pigmentation (Copeland et al.,l99O; Flanagan

and Leder, 1990). Transplantations studies elucidated the involvement of the S/ locus in

haemopoiesis and its relationship to the IV locus in mice (Kitamura and Go, 1978; Kitamura ¿/

al., 1978). Adult mice mutant for the Sl locus (S\/SP) have only IVo of normal mast cell

numbers in the skin as compared to WT, while no mast cells were present in the stomach,

caecum, bone marrow, spleen, thymus, heart, lung, kidney, liver and brain (Kitamura and Go,

1978). Similarly, WW mutant mice displayed a similar distribution of mast cells (Kitamura

et a\.,1978). Bone marrow transplantation from 
.WT 

donors showed that mast cells in the S/

mutant mice could not be rescued (Kitamura and Go, 1978), in contrast to l7 mutant mice that

were partially rescued (Kitamura et al., 1978). Skin grafts further elucidated the roles of S/

and W (Kitamura and Go, l9l8). Grafting 17 mutant skin onto a WT mouse resulted in

increased mast cells up to 100 fold at the site of engraftment whereas there was no change
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when Sl skin was grafted onto a WT mouse. However, grafting of W skin onto S/ mice

resulted in mast cell rescue at the engraftment site but the converse did not result in rescue.

This indicated a link between the W and S/ locus, suggesting that S/ provided a

microenvironmental cue to support the growth of these cells while I4l provided a signal

intrinsic to the cells affected. This led to the notion that the Sl gene product encoded the

ligand for the W gene product. Further, SCF has been shown to be expressed in

complementary tissues to c-KIT (Lammie et al., L994).

The functional requirement for the transmembrane form of SCF has been highlighted

in the Steet-Dickie (Sld) mutant (Flanagan et al., 1991). The Sld mutation results in the

deletion of the transmembrane and intracellular region, producing a soluble protein capable of

stimulating proliferation (Flanagan et al., I99I). Mice with this mutation have impaired

development of haemopoietic cells, melanocytes and germ cells, although the phenotype is

less severe than other types. It is of interest to note this phenotype because it shows a

requirement of transmembrane SCF in supporting haemopoiesis, germ cell development and

pigmentation. The functional requirement of the cytoplasmic region of SCF in dimerisation

has been shown in SltTH mutant mice (Tajima et a\.,1998). In this mutation the cytoplasmic

domain is replaced wtth 27 extraneous amino acids which allows surface expression, however

its stability, rate of transport and dimerisation is affected (Tajima et aL.,1998). Mice with this

genotype have decreased tissue and peritoneal mast cells, white spotting with residual

pigmentation, and the males are infertile (Tajima et al., 1998). Observation of Sld and SltTH

mutant mice indicate the importance of the transmembrane and intracellular regions of SCF

for its function. The transmembrane form of SCF is required for adhesion of cells to stroma

(Tajima et al., 1998) and is also important in the homing of transplanted haemopoietic cells to

irradiated SlrTH spleen (Tajima et a\.,1998).

1.4. AcuvnuoN oF c-KIT
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1.4.1. Ligand Binding

The affinity of huSCF for its receptor is 3x10-8 M (Flanagan and Leder, 1990; Lev et

aI., 1992c) without exhibiting preference for c-KlT isoforms (Caruana et a\.,1999). Analysis

of SCF action between species revealed that huSCF is only active on human c-KlT, since it

shows negligible affinity for murine c-Kit (Martin et al.,I99O;Zsebo et a\.,1990a). Rat SCF,

on the other hand, is active on both species of c-KIT (Martin et a\.,1990), showing about 10 -

100 fold reduced affinity for human c-KIT relative to murine c-Kit (Lev et al.,l992c).

The species divergence exhibited with human and rat SCF enabled mapping of the

ligand binding site. By the use of chimeric c-KIT composed of human and murine portions,

and using either human or rat SCF, the ligand binding site was mapped to the second

immunoglobulin like domain of human c-KIT (Lev et al., 1993). Studies using antibody

displacement techniques also confirmed these results (Blechman et al., 1993a). The two

immunoglobulin like domains flanking the second were found to be important in ligand

recognition with the first having an inhibitory effect on SCF binding while the third enhanced

the affinity, possibly by stabilising the interaction (Blechman et al.,I993a;Lev et aI., 1993).

It is of interest to note that RTKs containing immunoglobulin like domains in the extracellular

region (those from sub-class III and V) bind ligand within the first three immunoglobulin like

domains, and where this has been defined further, to either the second or third (Jiang et al.,

2000).

The site of interaction for c-KIT on SCF has been identified by the use of chimeric

interspecies and epitope mapping to three distinct regions on SCF (Matous et al., 1996).

Modelling of SCF by crystal structure have shown that these regions on SCF are also non-

contiguous in the primary sequence, but are contiguous on the surface of SCF (Jiang et al.,

2000).

1.4.2. Dimerisation and Activation of Downstream Pathways
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The binding of ligand to RTKs results in dimerisation, which appears to be an

important step for their activation since it correlates with kinase activity (Blume-Jensen et al.,

1991). It is also highlighted by the dominant negative action of various lV mutants in mice

(Nocka et aL.,1990b; Reith et al., l99l;Tan et al.,1990). The dimeric conformation consists

of two molecules of SCF monomer complexed to two molecules of c-KIT (Philo et a1.,1996).

Controversy exists over the mechanism by which ligand induces dimerisation. One view is

that ligand is the driving force since the addition of SCF to soluble c-KIT consisting of the

first three immunoglobulin like domains resulted in dimerisation (Lemmon et aI., 1997).

However, this does not seem likely since excess SCF did not disrupt c-KIT dimer formation

(Lemmon et al., 1997;Lev et al., 1992c) which would be expected if the ligand was solely

responsible. Others have proposed that the binding of SCF induces a conformational change

in c-KIT revealing sites critical for dimer formation (Blechman et al., 1995). A more

plausible explanation is a combination of the two models, where the dimeric nature of SCF

initiates receptor dimerisation and a conformational change in the receptor stabilises the

dimer. Upon the binding of ligand, the extracellular region of c-KIT undergoes

conformational changes in the secondary and tertiary structure (Narhi et al., 1998)

Expression of the extracellular domain alone is sufficient to allow dimerisation (Blechman e/

aI., 1995;Lev et al.,I992b; Narhi et a\.,1998; Philo et aL.,1996). It is thought that the fourth

immunoglobulin like domain is important in supporting dimerisation since its deletion

abolished dimerisation as well as c-KIT auto kinase activity (Blechman et aL.,1995)

Dimerisation is an important step since it precedes tyrosine phosphorylation of

intracellular residues within the dimers by a process called transphosphorylation or

autophosphorylation (see section 1.2). Transphosphorylation in the kinase domain precedes

kinase activity as well as phosphorylation at other sites of the receptor (Heldin, 1995). In the

human PDGF receptor, one phosphorylated tyrosine residue Y857, resides in the activation

loop of the catalytic kinase domain (Claesson-Welsh, 1994). This residue in the activation

t7



loop is conserved in human and murine c-KIT as Y823 and Y821 respectively (Serve et al.,

1995). Phosphorylation of residues outside the kinase domain serve as docking sites for

downstream signalling molecules, triggering multiple signalling cascades (Heldin, 1995).

Signalling pathways have important roles in contributing to the numerous biological

responses, and the duration/strength of signalling through c-KIT may modulate the mixture of

downstream cascades triggered, and determine which of the many biological outcomes of

SCF/c-KIT signalling are activated.

1.4.3. Biological Responses Mediated by c-KIT

Ligand binding and receptor dimerisation are important prerequisites for eliciting the

biological response. For example, W mice with c-Kit incapable of binding SCF or dimerising

correctly have defects in various biological responses including proliferation, adhesion and

chemotaxis of mast cells, melanocytes and natural killer cells (Dastych et a\.,1998; Nocka ¿r

aI.,1989).

The interaction of SCF with c-KIT has been found to induce the proliferation of many

haemopoietic cell types including both mature and immature mast cells (Tsai et al., 1991),

natural killer committed precursors (Colucci and Di Santo, 2000), over half of AML cases

(Ikeda et al., 1993) and a human megakaryocytic cell line, MOTe (Kuriu et al., l99l). The

effect of SCF on proliferation has been dissected from its survival response, showing that SCF

increases the survival of certain cells expressing c-KIT (Bendall et a\.,1998; Colucci and Di

Santo, 20OO; Ricotti et a\.,1998). Adhesion is also mediated by SCF interacting with c-KIT.

This can be due to direct interaction of c-KlT with the transmembrane form of SCF expressed

on fibroblasts (Kinashi and Springer, 1994), or indirect with the interaction of SCF and c-KlT

stimulating integrin mediated adhesion to the extracellular matrix (Kinashi and Springer,

1994; Levesque et al., L995; Levesque et al., 1996; Yuan et al., 1997). Direct adhesion

through the interaction of c-KIT with membrane bound SCF is independent of c-KlT kinase
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activity, however integrin mediated adhesion is dependent on an active kinase since a kinase

inhibitor, genistein inhibited the adhesion (Kinashi and Springer, 1994). This suggests that

the kinase activity of c-KlT is required in an inside-out signalling mechanism to modify the

functional state of the integrins (Levesque et aI., 1995). A role of c-KIT in chemotaxis has

been observed both in bone marrow derived mast cells (Meininger et a|.,1992) and in c-KIT

transfected cells (Blume-Jensen et al., 1993). In bone maffow derived mast cells, c-KIT

signalling has been shown to promote secretion (Damen et al., 2001), degranulation

(Vosseller et aI., l99l), membrane ruffling (Vosseller et al., 1997) and actin assembly

(Blume-Jensen et aI., 1993; Vosseller et al., 1991). SCF is also capable of inducing

differentiation of immature mast cells (Tsai et al., l99l), Myb immortalised haemopoietic

cell(s) (MIHC) derived from murine foetal liver (Ferrao et al., l99l), and melanocytes in the

embryo as well as in adult human skin xenografts (Ricofti et al., 1998). However, in other

cases such as natural killer cells, SCF is not required for the commitment of haemopoietic

stem cells to the lineage, instead, it is important in increasing the numbers of this population

(Colucci and Di Santo, 2000). All of these responses including proliferation, survival,

adhesion, chemotaxis, differentiation and secretion can be seen in mast cells with a more

restricted range ofresponses occurring in other cell types.

While stimulation of c-KIT with SCF can in some cases act alone to elicit biological

responses, it can also act in concert with other RTKs and cytokine receptors to augment the

response obtained (Martin et a1.,1990; Zsebo et al., 1990b). In most cell types, SCF exerts

little proliferative effect on its own, however, it synergises with other cytokines such as

interleukin (IL)-6, IL-3 and n--7 to exert a dramatic effect on proliferation (Martin et aI.,

1990; Zsebo et al., 1990b). Synergy of SCF with extracellular matrix proteins acting via

integrins has also been observed where the presence of fibronectin enhanced SCF mediated

proliferation of AML cells (Bendall et a\.,1998).
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While the role of c-KlT kinase activity in eliciting biological responses is clear, the

precise signalling pathways that couple c-KIT activation to specific responses are unknown.

Ongoing research is investigating how signal transduction downstream of c-KIT and other

RTKs regulates the outcome.

1.5. Annnn¡.¡tr c-KIT KrN¿.sn Acrrvrrv AND ITS Ror,n IN NEoPLASIA

The first oncogenic version of c-KlT, v-Kit, was identified as the transforming element

of the HZ4-FoSV responsible for fibrosarcoma formation in cats (Besmer et aI.,1986). The

transforming activity of v-Kit and the oncogenic potential of other RTKs (Ullrich and

Schlessinger, 1990) suggested that aberrant activation of c-KIT had the potential to be

involved in neoplasia. c-KIT has subsequently been found to have a role in haemopoietic

associated neoplasms including mastocytosis, AML, myeloproliferative disorders as well as

gastrointestinal stromal tumours (GISTs).

Mastocytosis is a sporadic disease characterised by mast cell hyperplasia in the bone

marrow, liver, spleen, lymph nodes, gastrointestinal tract and skin (Nagata et a\.,1998). The

most common c-KlT anomaly involved in mastocytosis is mutation of aspartate at position

816, located in the phosphotransferase region of the kinase domain to a valine residue

(D816V) (Worobec et al., 1998), however mutations to tyrosine or phenylalanine have also

been reported (Longley et al., 1999). The D816V mutation was observed in 257o of

mastocytosis patients (n=65) (Worobec et a|.,1998), while in another study all (n=15) patients

with adult sporadic mastocytosis contained the mutation (Longley et aI., 1999). Patients

presenting with this mutation are generally of an older age and exhibit more severe disease

patterns associated with haemopoietic disorders, including mast cell lesions in bone marrorw,

chronic neutropenia, acute non-lymphocytic leukaemia, myelodysplastic syndrome and

myelodysplastic disease (Nagata et al., 1995; Worobec et a\.,1998). This suggests that the

D816V c-KIT mutation is associated with rworse prognosis. Another constitutively active
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c-Kit mutation identified in a murine mastocytoma cell line (FMA3) results from an in frame

deletion of 2l base pairs at the juxtamembrane domain (Tsujimura et a\.,1996) indicating an

important role of this region in regulating kinase activity. Upregulation of c-KIT transcription

may also have a role since an increase in c-KIT mRNA was identified in all (n=6) patients

with mastocytosis as determined by quantitative polymerase chain reaction (PCR) (Nagata er

aL.,1998).

The presence of D816V was first identified in association with V560G as a

heterozygous mutation in HMC-I, a human mast cell leukaemic line (Furitsu et al., 1993;

Kanakura et aI., 1994). These mutations induce constitutive tyrosine phosphorylation on

c-KIT as well as its constitutive association to a downstream substrate, PI3-K (Furitsu et aI.,

1993; Kanakura et al., 1994). Introduction of the corresponding murine mutants V559G and

D814V or the human equivalents, either separately or together, into factor dependent cell lines

rendered the cells factor independent and tumourigenic in mice (Ferrao et al., 1997;

Hashimoto et al., 1996; Kitayama et al., 1995; Tsujimura et al., 1994). This suggests that

both mutations are transforming events. An equivalent mutation (D814Y) observed in P815,

a murine mastocytoma cell line, also induces constitutive c-Kit phosphorylation and kinase

activity (Tsujimura et a|.,1994).

Most amino acids, when substituted at D814, result in constitutive phosphorylation

and factor independent growth indicating the critical role of the aspartate residue in regulating

eîzyme activity (Moriyama et al., 1996). Investigation into the mechanism by which D816V

may act revealed that it induced degradation of SIIPI, a phosphatase involved in

dephosphorylating c-KlT and hence regulating its activity (Piao et al., 1996). The D816V

mutation also causes a difference in the phosphorylation selectivity and substrate specificity of

c-KIT (Prao et al., 1996). The constitutive activity of D8l6V c-KIT appears to be due to

ligand independent dimerisation, since a dimerised form of the recombinant intracellular

kinase domain was detected by gel filtration, unlike WT c-KIT which was present as a
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monomer (Lam et al., 1999). Further, the constitutive phosphorylation of D8l4Y c-Kit and

factor independent growth observed when expressed in BalF3 cells was abrogated with the co-

expression of a IV' mutant version of c-Kit (Tsujimura et al., 1999). Although no

constitutively dimerised complex has been detected in cross linking studies (Kitayama et al.,

1995), it is thought that D816V may induce a conformational change in the receptor allowing

self association at sites distinct from those required for ligand mediated dimerisation

(Tsujimura et aI., 1999).

Aberrant activation of c-KIT may play a role in AML with 7 out of 12 patients in one

study showing constitutive c-KlT phosphorylation (Ikeda et al.,I99I). Mutations involving a

loss or replacement of aspartate at 419 in the extracellular domain of c-KIT have been

observed in 7 .77o (n=60) of AML cases (Gari et aI., L999). The D816V mutation also occurs

in occasional cases of AML (Ashman et a1.,2000; Beghini et aL.,1998). Overexpression of

c-KIT does not appear to be a causative agent since c-KIT protein and mRNA levels were

generally less than or equal to those found in normal CD34+ cells (Cole et al., 1996).

Autocrine activation of c-KIT as a common means of transformation has also been excluded

(Cole et aI., 1996). Myeloproliferative disorders are a group of haemopoietic neoplasms at

the myeloid stem cell level and mutation of c-KlT at aspartate 52 has been observed in 3 of 25

cases (KimLna et aI.,199'7:' Nakata et a\.,1995).

The most common mesenchymal tumours in the human digestive tract are GISTs

(Hirota et a|.,1998) of which a major proportion contain mutations in c-KlT (Moskaluk et al.,

1999; Taniguchi et a1.,1999). Similarly to D816V in mastocytosis, GIST patients presenting

with c-KlT mutations are generally older and have tumours of a more malignant phenotype

including metastasis and invasion of adjacent tissues (Taniguchi et al.,1999). The majority of

c-KIT mutations in GIST are located in exon l1 encoding the intracellular juxtamembrane

region and consist of in frame insertions, deletions and missense mutations (Moskaluk et al.,

1999; Taniguchi et a\.,1999). Where further defined, these mutations encompass amino acids
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550 to 560 (Moskaluk et aI., 19991' Taniguchi et al., 1999), located in a region thought to

encode a regulatory cx-helix. Expression of several juxtamembrane mutant forms of c-KlT in

BalF3 factor dependent cells results in factor independent growth, tumour formation and

constitutive kinase activity (Hirota et al., 1998). Additional types of mutations identified in

GIST include a 6 nucleotide duplication in exon 9 encoding the carboxy terminal end of the

extracellular region as well as a missense mutation, K6428 in the amino terminal kinase

domain (Hirota et al.,2O0I;Llx et al.,2O0O). Unlike mastocytosis, no mutations have been

observed in the exon where D816V is located (Taniguchi et aL.,1999).

The above research highlights that types of c-KIT mutations are similar within but

different between the types of neoplasms. In mastocytosis, mutations are mostly located in the

enzymatic pocket, such as D8l6V, while in GIST mutations are mainly in the juxtamembrane

region and considered to be a regulatory type mutation (Longley et aL.,2001). Identification

of these differences may aid in potential therapeutic treatments (Longley et a\.,2001), with an

example being Imatinib (Glivec, formerly STI-571). Imatinib is a potent inhibitor of abl

kinase, PDGF receptor, c-KIT and bcr-abl (Buchdunger et al., 19961, Buchdunger et a1.,2000:.

Druker et al., 1996) due to its ability to stabilise the inactive conformation of the kinase (Shah

et al., 2OO2). It is currently in phase tr trials for the treatment of chronic myelogenous

leukaemia (CI\tr-) (Kantarjian et aI., 2002; Sawyers et aI., 2002) of which 957o of patients

contain the bcr-abl oncogene (Sawyers, 1999). Imatinib is also active against various c-KIT

mutations found in GIST (Tuveson et al., 2001). In a phase I study, administration of

Imatinib to patients with GIST resulted in improved clinical symptoms in24 of the 27 studied,

while in25 of 36, tumour regression was observed (van Oosterom et a|.,2001). Interestingly,

Imatinib is not active on the D816 kinase domain mutant as judged by phosphorylation and

cell growth, although the V560G mutant was strongly inhibited (Frost et aL.,2002; Ma et al.,

2OO2). Co-expression of the D8l6V mutant with V560G as present in one subline of HMC-l

abolishes the response to Imatinib. Therefore, Imatinib is active on regulatory type mutations
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in c-KlT, however this is overcome by the addition of kinase domain mutations. The

differential effect of Imatinib on regulatory and kinase domain mutations in c-KIT further

illustrates that they lead to constitutive receptor activation by different mechanisms. Three

indolinones have recently been identified as inhibitors of catalytic and regulatory type c-KIT

mutations and may therefore be useful in the treatment of mastocytosis (Liao et a\.,2002).

1.6. SrcN¡.r, Tn¡.NsnucrloN P¡.rnw¡.vs

Activation of signal transduction by RTKs is a complex procsss involving cascades of

protein and lipid phosphorylation, culminating in various biological responses. Receptor

dimerisation triggered by ligand binding promotes the autophosphorylation of one receptor by

its neighbour. This causes displacement of the activation segment from the active site

(Blume-Jensen and Hunter, 2001) to allow further phosphorylation on tyrosines outside the

kinase domain (Pawson and Nash, 2000). These phosphorylated residues then act as docking

sites allowing the binding and activation of downstream substrates (reviewed in Pawson and

Schlessinger,1993). Although common signal transduction pathways are activated by RTKs,

different biological responses can be obtained depending on the cellular makeup and the

strength and duration of the signal (Fantl et a|.,1993).

1.6.1. Protein Modules Involved in Signal Transduction

Various modular domains are involved in signal transduction, each having a unique

role. Two of these were originally identified in the non-receptor tyrosine kinase Src, but later

found in unrelated proteins and were labelled SH2 and SH3 (reviewed in Pawson, 1995).

Other modular structures also present in proteins are the pleckstrin homology (PH) domain

(which contains homology to pleckstrin a major substrate of protein kinase C (PKC) in

platelets) (Lemmon and Ferguson, 1998), and the PTB domain (Pawson, 1995). More details

on these domains follows.
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The SH2 domain specifically recognises phosphotyrosine in the context of a small

amino acid peptide (Pawson, 1995). The affinity and specificity of the association is created

by approximately three amino acids carboxy terminal to the phosphorylated tyrosine. As an

example, the SH2 domain of the adaptor subunit of PI3-K recognises the sequonce

pY-X-X-M where pY represents tyrosine phosphorylation and X represents any amino acid

(Pawson and Schlessinger, 1993). The 100 amino acid SH2 domain (Pawson and

Schlessinger, 1993) has a structure analogous to a two pin electric socket and the

phosphopeptide is analogous to a two pin plug (Smithgall, 1995). The pocket responsible for

binding phosphotyrosine contains the only invariant amino acid, arginine, which is important

for binding oxygen atoms in the phosphate group (Pawson, 1995). The second, more variable

pocket is involved in binding amino acids carboxy terminal to the phosphorylated tyrosine

(Pawson and Schlessinger, 1993; Pawson, 1995). The effect of a SH2 domain binding its

target sequence can be three fold (Schlessinger, 2000). Firstly, the association can cause an

increase in the phosphorylation of the protein, for example, phospholipase Cy (PLCy) binding

to a RTK (Pawson and Schlessinger, 1993; Schlessinger, 1994). Secondly, it can cause

translocation of the protein to the membrane localising it near its substrates, and finally, it can

stimulate enzyme activity by inducing a conformational change in the protein, for example

PI3-K (Pawson and Schlessinger, L993).

The SH3 domain specifically recognises proline residues usually present in a sequence

X-P-X-X-P, where the second X tends to be a proline and the third X an aliphatic residue

(Pawson, 1995; Smithgall, 1995). Unlike the SH2 domain, SH3 mediated association is not

induced by phosphorylation, but instead is mainly involved in stable protein-protein

interactions (Pawson and Schlessinger, 1993). The SH3 domain has a more regulatory role in

signal transduction (Pawson and Schlessinger, 1993) being involved in subcellular

localisation, cytoskeletal interactions and in linking signals (Pawson, 1995). It is composed of

approximately 50 amino acids (Pawson and Schlessinger,1993) and has a barrel like structure
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'with a hydrophobic pocket (Schlessinger, 1994, Smithgall, 1995) containing the signature

sequence A-L-Y-D-Y responsible for binding proline rich sequences (Smithgall, 1995).

Less is known about PH domains and their involvement in intracellular signalling and

cytoskeletal organisation (reviewed in Lemmon and Ferguson, 1998). The substrates to which

they bind include the By subunits of G proteins, some PKC isoforms and phosphoinositides

(Lemmon and Ferguson, 1998; Pawson, 1995). Associations with 3' phosphorylated

phosphoinositides have been characterised in respect to the PI3-K pathway (see section 1.7

for more detail). PH domains form important associations with phosphoinositides

(Vanhaesebroeck and Alessi, 2000) and the affinity and specificity for binding varies. As an

example, the PH domain of Akt binds with high affinity to phosphatidylinositol

(Ptdlns)-3,4-P2 whereas 3' phosphoinositide-dependent kinase-1 (PDKI) prefers

I

Ptdlns-3,4,5-P¡ (Martin, I 998).

PTB domains, like SH2 domains, bind phosphorylated tyrosines in the context of

N-P-X-pY (Pawson, 1995). This association is important for interactions with activated

receptors, and examples of proteins with PTB domains are Shc and the insulin receptor

substrate(IRS) (Pawson, 1995). The suggested purpose of these domains is to amplify signals

from a given receptor by creating multiple docking sites for signalling proteins (Pawson and

Nash,2000).

Proteins have various combinations of these domains and can be grouped into two

classes. The first are adaptors that lack any intrinsic enzyme activity and are composed of a

number of these domains (eg. Grb2) (Pawson, 1995). The other class have these domains in

conjunction with their own intrinsic catalytic activity (Schlessinger,1994).

1.6.2. The Complexity of Cellular Signalling

Signal transduction pathways downstream of RTKs are complex. There are multiple

components forming a cascade of phosphorylation events thought to provide amplification of

26



the initial signal, such that increased numbers of the more downstream components are

activated than would occur in a single activation step (Brown et al., 1991). Multi-level

cascades increase the sensitivity to a stimulus and allow for the switch like responses (Brown

et a1.,1997;Ferrell, 1996; Ferrell, 1991).

The strength of signal down a particular pathway dictates the response obtained

(reviewed in Marshall, 1995). In the PCl2 phaeochromocytoma cell line, activation of the

trkA RTK by its ligand, nerve growth factor (NGF) results in neurite extension (Qui and

Green, 1992; Traverse et al., 1992; Traverse et aI., 1994). Accompanying this is sustained

Ras activation, prolonged extracellular signal regulated kinase (ERK) activation and nuclear

translocation (Qui and Green, 1992;, Traverse et a1.,1992; Traverse et aL.,1994). Activation

of endogenous EGF or insulin receptors results in weak mitogenic responses associated with

transient Ras and ERK activation without nuclear translocation (Dikic et al., 1994; Qui and

Green, 1992; Traverse et aL,1992; Traverse et a1.,1994). Overexpression of these receptors

is capable of generating neurite formation which appears to be due to the prolonged activation

of ERK leading to its nuclear translocation (Dikic et al., 1994; Traverse et al., 1994). This

indicates that the duration of ERK activation and nuclear translocation is an important

parameter in the decision to proliferate or differentiate. Therefore, RTKs that activate the

same signal transduction pathway can elicit different biological responses by varying the

amplitude and duration of the signal (Pawson and Nash, 2000).

The signal transduction pathways interact and converge on overlapping targets to

ensure tight control over biological functions (Pawson and Nash, 2000). An example of this

is in cell division where a cell needs to monitor its size and internal state so that it doesn't

divide before reaching the appropriate mass (Pawson and Nash, 2000). One means of doing

this is by requiring two pathways to converge on the activation of a particular protein. This is

illustrated by Rsk which must be phosphorylated by two proteins, PDK1 and ERK for its full

activation (Pawson and Nash, 2000).
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Compartmentalisation adds to the complexity and control of signal transduction as it

segregates proteins within the cell (Weng et al., 1999). Communication between

compartments such as the cytosol and plasma membrane can be via translocation or

recruitment to an activated receptor. For example, the Grb2lSon of Sevenless (Sos) complex

(which is the first step of the Ras-mitogen activated protein kinase (MAPK) cascade; see

section 1.6.3) is recruited to the plasma membrane where it acts on Ras (Schlessinger,1995;

Schlessinger and Bar-Sagi, 1991).

Another complexity arises from scaffolding where components assemble into

functional complexes in order to increase efficiency and specificity in signalling (Weng et al.,

L999). An example of a scaffolding protein in mammalian cells is MEK partner-l (MPl)

which binds MEK and ERK, facilitating the phosphorylation of the latter (Garrington and

Johnson, 1999). Given the complexity of signal transduction pathways downstream of RTKs,

and the control mechanisms employed, it is clear that more complete characterisation is

required to fully understand their roles in cellular responses.

1.6.3. Ras-MAPK Pathway

After activation of RTKs by ligand engagement and tyrosine phosphorylation, a

cascade of serine and threonine phosphorylation events follow of which a portion can be

attributed to the Ras-MAPK pathway (Avruch et aI., 1994). The significance of this pathway

in signal transduction is emphasised by two points. Firstly, it is highly conserved between

species, since homologous proteins have been found in Caenorhabditis Elegans and

Drosophila (Schlessinger, 1995; Schlessinger and Bar-Sagi, 1997). Secondly, 5 of the l0

components in this pathway are involved in human oncogenesis (Schlessinger and Bar-Sagi,

1997) demonstrating that it is a critical cascade for the regulation of proliferation and

differentiation.
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The pathway is initially triggered by binding of the SH2 domain of the adaptor protein

Grb2 to the tyrosine phosphorylated RTK either directly or via Shc (Figure 1.3) (Schlessinger,

1995; Schlessinger and Bar-Sagi, 1997). The binding of Grb2 to the receptor recruits a

guanine nucleotide exchange factor, Sos (Pawson and Schlessinger, 1993) which is stably

associated through its proline rich region to the SH3 domain of Grb2 (Claesson-Welsh, 1994;

Schlessinger, 1995; Schlessinger and Bar-Sagi, 1997). Although Sos is constitutively active,

its actions only become apparent upon translocation to the membrane where its substrate, a

GTPase protein termed Ras is located (Schlessinger, 1995; Schlessinger and Bar-Sagi, l99l).

Ras is anchored to the plasma membrane by postranslational modification involving

farnesylation (Rebollo and Martinez, 1999) and has intrinsic guanosine diphosphate (GDP)/

guanosine triphosphate (GTP) exchange and GTPase activity, but at a lower level than that

seen in response to RTK activation (Rebollo and Martinez,1999). In response to the guanine

nucleotide exchange factor, Sos, Ras becomes activated through an exchange of GDP for GTP

(Schlessinger and Bar-Sagi, 1997). The binding of GTP to Ras results in a conformational

change (Avruch et al., 1994) allowing it to interact with a number of proteins (Rebollo and

Martinez,1999), notably the serine/threonine kinase Raf, also known as MAPK kinase kinase

(Avruch et al., 1994). Raf is partially activated through its membrane recruitment by Ras,

however full activation may require another protein (Dent et al., 1998). Activation of Raf

kinase activity allows it to phosphorylate and activate the dual specificity kinase, MAPK

kinase also known as MEK on serine and threonine residues. MEK, a dual specificity kinase

is in turn responsible for phosphorylating ERK on tyrosine and threonine residues resulting in

its activation (Dent et aL.,1998; Garrington and Johnson,1999).

The kinase ERK, phosphorylates both nuclear and cytoplasmic proteins containing the

sequence P-X-S/T-P(Davis, 1993). Cytosolic substrates include Rafl, MAPK-activating

protein kinase I (MAPKAP-KI) (also known as p90'6kinase un¿ rskl), mnkl and 2, EGF

receptor, synapsins and integrins (Cohen, 1991; Davis, 1993; Hughes et a\.,1997; Vojtek and
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Figure 1.3: Activation of the Ras-MAPK pathway by RTKs.

See text for details. Reprinted by permission from Journal of Biological Chemistry ffojtek

and Der, 199S). Copynght (1998) by the American Society for Biochemistry and Molecular

Biology.
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Der, 1998). ERK can also translocate to the nucleus where it phosphorylates numerous

transcription factors including Elkl, c-myc, IL-6 and c-jun (Avrtch et al.,19941' Davis, 1993;

Vojtek and Der, 1998).

To ensure aberrant activation of this pathway does not occur, ERK activates the

expression of ERK phosphatases, which down modulate the cascade through negative

feedback (Brondello et aI., 1991). The phosphorylation of Sos by ERKs (Buday et a1.,1995)

uncouples the Sos/Grb2 complex from RTKs (Buday et a1.,1995) or Sos from Grb2 (Langlois

et al., 1995) and results in down regulation (Buday et al., 1995). Phosphorylation of Raf is

possibly another mechanism of negative feedback since its hyperphosphorylation correlates

with decreased association with the membrane ('Wartmann et al., l99l). The GTPase

activating protein (GAP) becomes activated by RTKs and has a negative regulatory role by

accelerating the intrinsic GTPase activity of Ras, thereby inhibiting its function (Vojtek and

Der, 1998).

Ras is a key component of this cascade and its importance is exemplified by the

finding that it is mutated in a third of human tumours (Avruch et a1.,1994; Vojtek and Der,

1998). Several isoforms of Ras exist and 1¡ese activate effectors to varying extents. K-Ras

prefers to activate Raf, while H-Ras, prefers to activate PI 3-K (Rebollo and Martinez,

1999) through interacting with its pl l0 subunit (Rodriguez-Viciana et al., 1994).

1.7. PHospnorNosrrrDn 3-KTNASE (PI 3-K)

The eîzyme PI3-K, is recruited to almost every activated RTK complex

(Vanhaesebroeck et al., 1996), suggesting an important role in signal transduction. This

family of isoenzymes phosphorylates the inositol ring of phospholipids at the 3' hydroxyl

group and is subdivided into classes based on catalytic specificity, structure and likely mode

of regulation (reviewed in Vanhaesebroeck et aI., 1991). Class I PI3-K is important in

signalling via receptor complexes, with subclass IA being activated by RTKs and subclass IB
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activated by Êy subunits of heterotrimeric G proteins. Both subclasses of PI3-K exist as a

heterodimer composed of a regulatory or adaptor subunit associated to a catalytic subunit

(Backer, 2000; Vanhaesebroeck et aI., 1997). Subclass lA PI 3-K consists of a pl10 catalytic

subunit and a p85 regulatory subunit (Vanhaesebroeck and Alessi, 2000). These subunits are

constitutively associated through interaction of the amino terminal portion of the p1l0

catalyic domain with the segment between the two SH2 domains of the p85 subunit (Backer,

2000). The modular structure of the catalytic subunit of class lB PI3-K was revealed by

X-ray crystallography (\ù/alker et al., 1999). Unlike the other classes, PI3-K 1A and 18 can

phosphorylate Ptdlns, PtdIns-4-P and PtdIns-4,5-P2 to generate PtdIns-3-P, Ptdlns-3,4-P2 and

PtdIns-3,4,5-P3 respectively (Galetic et aI., 1999; Vanhaesebroeck et al., I99l). The lipids

PtdIns-3,4-P2 and PtdIns-3,4,5-P3 have roles as second messengers since they appear only

after stimulation with ligand, unlike PtdIns-3-P which is present in quiescent cells and only

slightly increases upon RTK activation (Auger et a\.,1989).

Activation of the PI 3-K pathway occurs through interaction of the p85 adaptor subunit

with phosphorylated tyrosines on the receptor (see below), however this is not the sole

mechanism. Ras can directly interact with the catalytic subunit of PI3-K to increase its

activity (Vanhaesebroeck et a\.,1997). Another example is Grb2 associated binder 2 (Gab2),

which activates PI3-K in response to IL-3 (Gu et al., 2000). This is mediated by an

interaction of Gab2 with PI3-K and is dependent on the recruitment of Shc and Grb2 to the

receptor (Gu et aI., 2O0O). Similarly, PI3-K interacts with phosphotyrosines on another

scaffolding adaptor family member, Gabl as observed in EGF stimulated cells (Zhang et al.,

2002).

Interaction of the p85 subunit \ /ith receptor phosphotyrosines results in the activation

of the PI3-K pathway (Figure 1.4) (Vanhaesebroeck et a1.,1991;Yu et a1.,7998). The p85

subunit of PI3-K binds via its SH2 domains to phosphorylated tyrosines in the Y-X-X-M

motif (Backer et al., 1992; Duronio et al., 1998; Gillham et al., 1999). This results in
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Figure 1.4: Activation of the PI 3-K pathway by RTKs.

See text for details. Solid affows indicate the movement of Akt from the cytosol to the

membrane through an interaction of its PH domain with the lipids and then release to the

cytosol and nucleus to phosphorylate downstream effectors (in blue). A line with a

perpendicularbar indicates an inhibitory role of Akt mediated phosphorylation.
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membrane localisation (Gillham et al., 1999) bringing the catalytic subunit into close

proximity with its substrate, allowing phosphorylation of Ptdlns, PtdIns-4-P and Ptdlns-4,5-Pz

(Vanhaesebroeck et al., 1997). Although PI3-K activated by RTKs can phosphorylate three

substrates, it has higher affinity for Ptdlns-4,5-P2 (Carpenter et a\.,1990). Lipids generated by

PI 3-K activity behave as second messengers to elicit various biological responses through the

recruitment of proteins containing PH domains (reviewed in Toker and Cantley, 1997). Along

with its lipid kinase function, PI3-K, has serine/threonine kinase activity and has been

reported to phosphorylate both PI3-K subunits and IRS (reviewed in Rameh and Cantley,

t999).

1.7.1. Effectors of the PI 3-K Pathway

Effectors of the PI3-K pathway are recruited to the plasma membrane through an

interaction of their PH domain with 3' phosphorylated phosphoinositides (Lemmon and

Ferguson, 1998). A well-characterised effector of the PI 3-K pathway is Akt.

1.7.1.1.Akt

The 57 kDa serine/threonine kinase Akt, was identified in 1991 by three independent

groups and given the names c-Akt (Bellacosa et al., l99l), protein kinase B (PKB) (Coffer

and'Woodgett, 1991) and Related to the A and C kinases (RAC-PK) (Jones et a|.,1991). This

protein will be referred to as Akt throughout this thesis. Upon activation of the PI3-K

pathway, Akt translocates to the plasma membrane (Andjelkovic et al., 1997) through

interaction of its PH domain with PtdIns-3,4-P2 (Figure 1.a) (Klippel et al., l99l). The

association of Akt with Ptdlns-3,4-Pz increases its kinase activity and allows dimerisation to

occur (Klippel et a\.,1991; Marte and Downward,l99l; Toker and Cantley, L997). For full

activation, Akt must be phosphorylated at two distinct sites, T308 and 5473 (Andjelkovic er

aI., 1997; Vanhaesebroeck et aI., 1997) which occur independently (Vanhaesebroeck and

Alessi, 2000). The PH domain has an important regulatory role in Akt activation (Franke er
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al.,1995; Stokoe et a\.,1991) as it masks the T308 phosphorylation site in the activation loop

when not in contact with lipid (Stokoe et al., 1997). Binding of the PH domain to lipid

relieves this constraint (Stokoe et aI., 1991) and Akt becomes phosphorylated on T308 located

in the activation loop by PDKI, a serine/threonine kinase (Figure 1.4) (Galetic et al., 1999;

Marte and Downward, 1997; Rameh and Cantley, 1999; Stokoe et al., 1991). PDK1 is

constitutively active, but requires lipids generated by PI3-K for its recruitment to its substrate

(Rameh and Cantley, 1999). In response to growth factor stimulation, PDK1 translocates to

the membrane (Anderson ¿/ al., 1998) via its PH domain, binding PtdIns-3,4,5-P3 (Stokoe er

al., 1997), and phosphorylates membrane localised Akt (Galetic et al., 1999; Marte and

Downward, 199'7; Rameh and Cantley,1999). The other site phosphorylated on Akt, 5473, is

located in the carboxy terminal regulatory region of the kinase domain and is phosphorylated

by an unidentified kinase (Leevers et al., 1999; Vanhaesebroeck and Alessi, 2000).

Sequences surrounding both phosphorylation sites are different suggesting the involvement of

two kinases (Galetic et aI., 1999; Marte and Downward, 1991). A candidate for

phosphorylation af S4l3 is integrin-linked kinase-1 (tr-K) (Persad et aL.,2001). Alternatively,

PDKI associated with the carboxy terminal of PKC-related kinase 2 (PRK2) has been

reported to phosphorylate Akt at 5473, indicating a dual role (reviewed in Vanhaesebroeck

and Alessi, 2000). In addition, t'wo sites of tyrosine phosphorylation in Akt have been

identified and substitution of these abolished kinase activity stimulated by RTKs (Chen et al.,

2001).

Once Akt has been phosphorylated it is released from the plasma membrane and can

phosphorylate numerous substrates in the cytosol. It also translocates to the nucleus where it

can phosphorylate nuclear targets (Meier et a1.,1997). Substrates of Akt (Figure 1.4) have the

motif R-X-R-X-X-S/T (Marte and Downward, 1997). Some targets of Akt are involved in

survival through the regulation of apoptosis (Kelley et aI., 1999; Kulik and 'Webber, 1998).

Akt phosphorylates Caspase-9, inhibiting it and hence blocking apoptosis (Stambolic et al.,
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1999; Vanhaesebroeck and Alessi, 2000). It can also phosphorylate Bcl-2lBcl-X¡-agonist

causing cell death (BAD) on 5136 (Blume-Jensen et aI., 1998; Datta et al., L991).

Phosphorylation of BAD at two sites is important to induce an association with 14-3-3 which

leads to its sequestration in the cytosol, preventing its association to apoptotic proteins such as

Bcl-Xr and Bcl-2 (Datta et al., 1991; Stambolic et al., 1999; Zha et al., 1996). Translocation

of Akt to the nucleus allows it to phosphorylate Forkhead transcription factors

(Vanhaesebroeck and Alessi, 2000). This promotes nuclear export where they interact with

14-3-3 preventing them from interacting with target genes (Vanhaesebroeck and Alessi,

2000). Another target of Akt includes Raf which becomes phosphorylated at 5259 resulting

in inhibition of the Ras-MAPK pathway (reviewed by Vanhaesebroeck and Alessi, 2000).

Akt also has various insulin dependent roles such as an involvement in glycolysis regulation

and glycogen synthesis (Galetic et al., 1999; Vanhaesebroeck et al., 1997:. Vanhaesebroeck

and Alessi, 2000).

1.7.1.2. Other Effectors of PI 3-K

PI3-K has other effectors besides Akt. It activates some novel and atypical PKC

proteins through 3' phosphorylated lipids (reviewed in Toker and Cantley, 1997) and

phosphorylates p70'6kinu'", a protein involved in the cell cycle, although this may be

downstream of Akt (reviewed in Grammer et al., 1996). Other proteins include Rho/Rac

(small GTP binding proteins) whìch have roles in actin cytoskeletal reorganisation (Leevers e/

al.,1999).

Another downstream protein indirectly activated by PI3-K is c-Jun N-terminal kinase

(JNK) also known as stress activated protein kinase (SAPK). Activation of JNK was

observed in cells stimulated with various haemopoietic cytokines including SCF (Foltz and

Schrader, 1997). JNK activation in cells stimulated with EGF is inhibited by expression of a

dominant negative adaptor subunit of PI3-K and treatment with wortmannin (Logan et al.,
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1997). The mechanism by which PI3-K activates JNK is unknown, although it may be

mediated by activation of Rac (Mainiero et al., 1997).

1.7.2. Downregulation

The PI3-K pathway is tightly regulated to ensure aberrant activation does not occur.

A negative regulatory mechanism potentially activated when lipids reach a threshold level

involves the ability of Ptdlns-3 ,4,5-P3 to bind directly to the carboxy terminal SH2 domain of

p85 (Ching et al.,20OI; Rameh et al.,1995). This blocks the ability of the p85 subunit to

bind phosphotyrosines on the receptor (Rameh et a\.,1995).

Upon PI3-K activation by RTKs the p85 subunit can become phosphorylated

modifying the amino terminal SH2 domain (Kavanaugh et al., 1992). This does not affect

binding to the PDGF receptor which is mainly mediated via the carboxy terminal SH2

domain, but it may regulate PI3-K activity by other means, or alter its interaction with other

proteins (Kavanaugh et al., 1992). Others have observed that decreased kinase activity of

PI3-K is associated with p85 phosphorylation supporting a role in negative regulation (Rameh

and Cantley,1999).

Probably the major mechanism of control is through the action of phosphatases. A

recently discovered phosphatase PTEN, removes the 3' phosphate group on the inositol ring,

converting PtdIns-3,4,5-P3 to PtdIns-4,5-P2, reversing the reaction catalysed by PI3-K and

preventing the activation of Akt and other effectors (Maehama and Dixon, 1998; Myers et al.,

1998).

1.7.3. Deregulation of the PI 3-K Pathway and its Involvement in Cancer

The first suggestion of the role of PI3-K in cancer came from observations of viral

oncogene products, polyoma middle-T antigen and v-src. It was observed that the

transforming ability of polyoma middle-T antigen was mediated by its association with the Src

tyrosine kinase, which in turn was associated with PI kinase activity (Whitman et a\.,1985).
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Correlation of middle-T transformation with PI kinase activity was observed (Whitman et al., d

1985), and since the p85 subunit of PI3-K directly associates with Src (Carpenter et al., n

1990), it was considered to be PI3-K dependent. Studies with PI3-K inhibitors indicated that )r

its activation is required for Ras mediated transformation (Rodriguez-Viciana et aI., 1997). n

Constitutive PI3-K activity has also been observed in 867o of colorectal tumour tissues e

(Phillips et al., 1998). PI3-K has a role in transformation once activated by other proteins, e

however it also has a role in its own right. A mutant version of the catalytic subunit of PI 3-K, ff

v-p3k was found in avian sarcoma virus 16 (Chang et al., l99l). Expression of this protein, )-

or the proto-oncogene when fused to retroviral Gag resulted in transformation (Aoki et aI., d

2000). In humans, an oncogenic version of the catalytic subunit has not been detected to date,

however, upregulation of this subunit by increased copy number and resultant increased y

PI3-K activity has a role in ovarian cancer (Shayesteh et al., 1999). A mutant version of the

adaptor subunit in a cell line derived from thymic lymphoma has also been reported (Jimenez

S

et aL.,1998)

Akt has also been implicated in carcinogenesis. An oncogenic version of Akt was first

identified as a retroviral oncogene, v-Akt, which encoded a 105 kDa protein fused to Gag

(Bellacosa et a1.,1991). Subsequently, overexpression of Akt due to amplification has been

observed in pancreatic carcinomas, human ovanan carcinoma cell lines, primary ovarian

tumours as well as breast carcinomas (Bellacosa et al., 1995:. Cheng et al., 1992; Cheng et al.,

lees).

PTEN is now known to be one of the most common targets of mutation in human

cancer, with a frequency approaching that of p53 (reviewed in Cantley and Neel, 1999). It

functions as a tumour suppressor gene and has been mapped to chromosome lOq23, a site

mutated in various cancer types (reviewed in Cantley and Neel, 1999; Smith and Ashworth,

1998). Mutations in PTEN cause an ablation of phosphatase activity and have been identified
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1996). Mutation of Akt does not appear to have a role in carcinogenesis (Bellacosa et al.,
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intracellular and inaccessible to ligand (Rottapel et al., 1991). Phosphorylation of c-KIT on

tyrosines creates docking sites for SH2 containing proteins enabling them to interact and

become phosphorylated. Known tyrosine residues involved in substrate association are shown

in Figure 1.5, others have yet to be identified. In response to SCF, at least 12 proteins are

phosphorylated (Miyazawa et aI., l99l) suggesting that a complex array of signal transduction

pathways become activated.

1.8.1. PI3-K

One protein to become associated with c-KIT in a ligand dependent manner is PI3-K

(Lev et al., l99l; Rottapel et aI., 1991) (see section 1.7 for details on the activation and

function of PI3-K). The p85 adaptor subunit of PI3-K interacts with c-KIT via its carboxy

terminal SH2 domain (Sattler et al., 1997). Interaction of PI3-K with c-KIT has been

narrowed down to the kinase insert by way of deletion mutants, anti peptide antibodies and

expression of the kinase insert in bacteria (Lev et aI.,l992a). The residue responsible for this

association has been mapped to Y719 and YlTl in mouse and human c-KIT respectively

(Herbst et aI., 1995b; Serve et al., 1994). Controversy exists as to whether p85 becomes

tyrosine phosphorylated in response to c-KlT stimulation (Blume-Jensen et al., 1994;Lev et

aI., I99l; Serve et aL.,1994), however if phosphorylation is observed, it is weak suggesting it

does not have a major role in signal transduction.

By the use of Y7l9F andY'721F mutants that no longer directly recruit PI 3-K and also

use of PI 3-K inhibitors LY294002 and wortmannin, the role of PI3-K activation in response

to c-KIT stimulation has been assessed. In murine bone marrow mast cells, mutation of the

tyrosine 719 to phenylalanine abolished adhesion (Serve et aI., 1994; Serve et a1.,1995).

Further effects observed in bone maffo\'/ derived mast cells include apartial decrease in DNA

synthesis and survival, inhibition of degranulation, impaired membrane ruffling and reduced

actin assembly (Timokhina et al., 1998; Vosseller et al., 1997). Investigation of PI3-K in
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Figure 1.5: Phosphorylation sites in human c-KIT known to recruit SH2 domain

containing proteins.

Schematic diagram of o-KIT focusing on the intracellular domain. Y823 is in the activation

loop. Green bar represents the plasma membrane.
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spefinatogonia, another cell population where c-KIT is expressed, revealed that it was

important in proliferation (Feng et a|.,2000). The proliferation was mediated by activation of

Akt, 'which phosphorylated p70'6kinu'" resulting in an increase in cyclin D3 expression and

phosphorylation of Retinoblastoma protein. The activation of PI3-K by c-KIT has also been

observed to have a role in cellular differentiation (Kubota et a|.,1998).

Once activated by c-KlT, PI3-K exists in a multimeric complex. The adaptor protein

CRKL associates with the p85 subunit of PI3-K and is thought to be involved in recruiting

signalling molecules (Sattler et a\.,1991). Similarly, c-Cbl associates with the p85 subunit of

PI3-K (Sattler et aI., 1997), suggesting that PI 3-K may be responsible for the recruitment of

proteins to c-KIT as well as in the activation of Akt.

1.8.2. Ras-MAPKPathway

Activation of the Ras-MAPK pathway occurs after stimulation of c-KIT (Miyazawa et

al., l99l) (for details regarding the Ras-MAPK pathway, see section 1.6.3). The adaptor

protein, Grb2 complexes with c-KIT at Y7O3 and Y936 upon SCF stimulation with Y703

providing the link to the Ras-MAPK pathway (Thommes et aL.,1999). Another adaptor, GrbT

binds specifically to Y936 on c-KIT via its SH2 domain (Thommes et aI., 1999). Grb2

recruits Sos, a guanine nucleotide exchange factor (Brìzzi et aI., 1996), leading to the

activation of Ras (Duronio et al., 1992). Alternately, Grb2lSos can be indirectly recruited to

c-KlT by interaction with an adaptor protein Shc that binds in its own right and becomes

phosphorylated by Src (Lennartsson ¿/ al., 1999). Ras stimulation results in its association

and recruitment of Raf to the plasma membrane (Tauchi et al., 1994). This increases Raf

phosphorylation on serine (Hallek et al., 1992;I-ev et al., l99l) but not on tyrosine (Herbst e/

al.,l99I; Miyazawa et al.,l99l), and increases its intrinsic kinase activity (Miyazawa et al.,

1991). Downstream of Raf are ERKI and ERK2 whose phosphorylation and activation
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conelate with increased kinase activity of c-KlT (Funasaka et ø1., 1992; Miyazawa et al.,

1e91).

A negative regulator of the Ras-MAPK pathway, GAP forms a weak association to

g-KIT in human embryonic kidney fibroblast cells (Herbst et a1.,1991) and haemopoietic cells

(Duronio et a|.,1992). No association has been observed in mast cells (Duronio et a1.,1992;

Herbst et al., 1995b; Rottapel et al., 1991) possibly because it was below the limits of

detection. Similarly there is controversy over phosphorylation of GAP in response to c-KlT

stimulation (Duronio et al.,1992; Funasaka et a|.,1992; Herbst et al.,l99I;Miyazawa et al.,

l99l; Rottapel et aI.,1991).

1.8.3. Others

Recruitment of PLCy to activated RTK complexes allows close localisation to its

substrate, inositol phospholipids (reviewed in Berridge, 1993). PLCy hydrolyses inositol

phospholipids into inositol triphosphate (IP¡) and diacylglycerol (DAG) which are involved in

calcium mobilisation and PKC recruitment and activation respectively (Berridge, 1993).

Some studies have shown weak association of PLCy to c-KIT (Herbst et al., 1995b; Rottapel

et al., 1991), however others disagree, possibly because the level was below limits of

detection (Blume-Jensen et al., L994; Herbst et aL, L991;' I-ev et al., I99l). The weak

recruitment may be due to partial indirect competition with p85 which binds with high affinity

to c-KIT (Herbst et al., 1995b). The residue Y728 in murine c-Kit is required for the

activation of PLCy (Gommerman et a1.,2000). Accompanying recruitment of PLCy to the

activated c-KIT complex is weak phosphorylation, possibly on tyrosine residues (Blume-

Jensen et a1.,1994; Herbst et al.,1991;-Lev et aI.,l99L).

Downstream of PLCy is PKC which is activated by c-KIT (Blume-Jenseî et a1.,1993;

Vosseller et al., 1997). PKC has roles in c-KlT mediated degranulation, membrane ruffling,

actin assembly (Vosseller et al., 1997) as well as a role in the negative regulation of c-KIT
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(for more details see section 1.8.4). It has been proposed that the c-KIT mediated activation

of PKC is through the activation of phospholipase D (PLD) and not via PLCy, since IP: is not

produced in response to SCF (Koike et al., 1993). Activation of PLD is PI3-K dependent

(Kozawa et a1.,1997).

In response to SCF, Src family kinases, by virtue of their SH2 domain, interact with

phosphorylated tyrosines on c-KlT resulting in an increase in their kinase activity (Linnekin ef

a\.,1997). The tyrosines involved in this association for Lyn and Fyn have been identified as

Y568 and Y570 in human c-KIT (Y567 and Y569 are the murine equivalents) (Linnekin et

al., 1997; Timokhina et a\.,1998). The activation of Src family kinases in conjunction with

PI3-K induces proliferation due to their ability to stimulate Rac resulting in the activation of

JNK (Timokhina et al., 1998). Src also has a role in the phosphorylation of the adaptor

protein Shc, leading to the activation of the Ras-MAPK pathway (Lennartsson et al.,1999).

A negative feedback mechanism exists in which Src kinase activity is inhibited by

phosphorylation of a carboxy terminal tyrosine (Avraham et a\.,1995). This is performed by

carboxy terminal Src kinase (Csk) homologous kinase (CHK) formerly referred to as

megakaryocyte-associated tyrosine kinase (MATK) (Jhun et al., 1995). CHK is activated in

response to SCF through an interaction with Y568 and Y570 of c-KlT, the same tyrosines

involved in recruiting Src (Timokhina et a\.,1998).

In response to SCF, increased tyrosine phosphorylation and activation of a cytoplasmic

related kinase Tec, is observed (Tang et aI., 1994). Phosphorylation of Tec is partly

dependent on the activity of PI 3-K and the Src family kinase Lyn (van Dijk et al.,2O0O). Tec

can associate with c-KfI, however a low concentration of detergent was used (Tang et aI.,

1994) suggesting that the interaction may be indirect (van Dijk et a1.,2000). For example,

Tec interacts with a scaffolding protein, Dok, whose association is stabilised by Lyn (van Dijk

et a\.,2000). Dok is phosphorylated via a PI3-K dependent mechanism in response to SCF

and can interact with numerous SH2 containing proteins (van Dijk et aL.,2000).
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Activation of receptors lacking intrinsic kinase activity such as members of the

cytokine receptor superfamily induce signal transduction via members of the Janus family of

protein tyrosine kinases (JAKs). A member of the JAK family, JAK2 has a role in SCF

mediated proliferation (Linnekin et al., 1996). Interaction of JAK2 with c-KlT was

constitutive with further association observed upon SCF treatment (Weiler et al., 1996).

Stimulation of c-KIT with SCF also resulted in rapid and transient phosphorylation of JAK2

(Linnekin et al., 1996). JAKs are involved in activating signal transducers and activators of

transcription (STAT) which become activated by treatment of cells with SCF (Bnzzi et al.,

t999).

A protein, suppressor of cytokine signalling (Socsl) becomes inducibly associated via

irs SH2 domain to c-KlT upon SCF stimulation (De Sepulveda et al., 1999). Its role in c-KIT

signalling is two fold, it suppresses c-KIT mediated proliferation while maintaining survival

signals (De Sepulvedaet aI., 1999). It also acts as an adaptor type protein since it interacts

with both Grb2 and the rho-family guanine nucleotide exchange factor, Vav (De Sepulveda ør

al.,1999).

1.8.4. Down Modulation of c-KIT Function

To ensure tight regulation of c-KIT function, numerous down-modulatory pathways

are employed and activated upon SCF binding. These consist of ubiquitination,

internalisation, degradation and activation of negative feedback loops involving the function

of phosphatases as well as PKC mediated phosphorylation of c-KIT.

In response to ligand, c-KIT is lost from the surface through endocytosis and

undergoes degradation (I-nv et aI.,l99I). Extensive research into internalisation revealed that

inactivation of receptor kinase activity decreased the rate of internalisation of c-KIT (Yee et

a.1., 1993) and CSF-I receptor (Carlberg et al., 1991). Investigation into the role of

downstream substrates in internalisation revealed that mutation of the PI3-K binding site in
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c-KIT did not affect internalisation (Gommennan et aI., 1997; Yee et al., 1993). Similar

results have been obtained with other RTKs belonging to subclass Itr (Carlberg et al., I99l',

Joly et aL, 1995). Therefore PI3-K in its own right does not have a role, however lack of

PI3-K recruitment in concert with a lack of calcium influx during c-KlT activation perturbs

internalisation (GommeÍnan et al., t997). Src family kinases also have a role in SCF

mediated internalisation of c-KIT (Broudy et aI., 1999; Jahn et al.,20O2a).

Degradation of RTKs is dependent on their kinase activity (Carlberg et a|.,1991; Yee

et al., 1993) and phosphorylation (Ohtsuka et aI., 1990). Unlike internalisation, ligand

mediated degradation is dependent on PI 3-K activity, as shown by removal of its binding site

in c-KIT (Gommerman et a\.,19971'Yee et a\.,1993), CSF-1 receptor (Carlberg et al.,I99I;

Murray et a1.,2000) and PDGF receptor (Joly et aI., 1995). PI3-K appears to have a role in

the late endocytic steps of degradation since mutant c-KIT incapable of recruiting PI3-K

internalises normally but remains in vesicles at the periphery of the cell (Gommerrnan et al.,

1997). Similar observations have been made with the activation of the CSF-I receptor in the

presence of wortmannin (Murray et a1.,2000).

Prior to internalisation and degradation, c-KIT is ubiquitinated on lysine residues

(Miyazawa et al., 1994). Ubiquitin serves to tag proteins for degradation (reviewed in Hicke,

1999). In response to SCF stimulation, c-KlT becomes ubiquitinated as demonstrated by

upward smearing and retarded migration by Sodium Dodecylsulphate-Polyacrylamide Gel

Electrophoresis (SDS-PAGE) analysis (Miyazawa et al., 1994). This ubiquitination is

dependent on the receptors intrinsic kinase activity and also on the presence of ligand but not

on PI3-K activity (Miyazawa et a\.,1994;Yee et a|.,1993). c-Cbl has a role in ubiquitination

since it functions as an E3 ubiquitin protein ligase involved in conjugating ubiquitin to its

substrate (Ettenberg et a\.,2001). Phosphorylation of c-Cbl is observed upon SCF stimulation

and it associates with c-KlT potentially by virtue of its constitutive interaction with Grb2
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(Brizzi et a\.,1996). It also complexes with the SH3 domain of p85 (Kanagasundaram et al.,

1996; Sattler et a1.,1997).

Phosphatases are an important family of proteins involved in down-regulating signal

transduction pathways activated by RTKs. A balance between phosphatase and kinase action

needs to be established otherwise aberrant signalling may occur. It was initially thought that

phosphatases ìwere constitutively activated, exerting a negative effect in the absence of

stimulus due to their significant basal activity, however it has been shown that their activity is

also regulated by RTKs (Hunter, 1995). A phosphatase predominantly expressed in

haemopoietic cells, SHPl, transiently associates to c-KlT after SCF stimulation (Yi and Ihle,

1993). This results in a slight increase in tyrosine phosphorylation of SHP-1 and a subsequent

dephosphorylation of c-KlT in vitro (Yi and lhle, 1993). Interaction of SHp-l on murine

c-Kit is via Y569 (Y570 human equivalent) although Y561 (Y568 human equivalent)

contributes to this association (Kozlowski et aL.,1998). SHP-1 also constitutively associates

with Vav and Grb2lSos, and this is increased upon stimulation with SCF (Kon-Kozlowski ¿/

aI., 1996). The negative regulatory role of SHP-I is highlighted in knockout mice, which

have a motheaten phenotype with significantly elevated levels of myeloid cells (Paulson et al.,

1996). Homozygous VV and motheaten mice crosses have a less severe phenotype than either

mutation on its own, lending support to the role of SFIP-I in the negative regulation of c-KlT

function (Paulson et a|.,1996). A ubiquitously expressed phosphatase, SI{P-2 associates with

murine c-KIT af. Y567 (Y568 in human c-KIT) upon SCF binding (Kozlowski et al., 1998).

Mutation of both tyrosines required to recruit SIIP-I and SFIP-2 results in increased

proliferation in response to SCF (Kozlowski et a\.,1998), further supporting a negative role of

these proteins. SIIP-2 also becomes tyrosine phosphorylated in response to SCF allowing it to

complex directly with Grb2 (Tauchi et al., 1994). It is considered that SIIP-2 potentiates the

action of RTKs and other cytokine receptors since it is incapable of dephosphorylating c-KIT

(Tauchi et a\.,1994) and secondly, its mutation suppresses growth factor induced mitogenesis
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(Kharitonenkov et al., 1997) and haemopoietic development (Qu et al., 1997). Lack of

functional SHP-2 suppresses c-KIT mediated induction of ERK (Qu er al., 1997) which

maybe due to its ability of linking Grb2 to c-KIT (Tauchi et al., 1994).

A protein activated downstream of c-KlT, involved in a negative feedback loop is

PKC. Inhibition of PKC results in increased mitogenicity (Blume-Jensen et aI., 1993). It

mediates its effect of inhibiting c-KlT kinase activity and tyrosine phosphorylation by

inducing direct phosphorylation of c-KIT on 5741 and 5746 in the kinase insert (Blume-

Jensen et a\.,1993; Blume-Jensen et a\.,1995) These sites are constitutively phosphorylated,

however the presence of SCF upregulates their phosphorylation (Blume-Jensen et al., 1995).

PKC also appears to be involved in downregulation of c-KIT by causing proteolytic cleavage

near the transmembrane domain (Yee et al., 1993). Similar observations of the inhibitory

effect of PKC have been made with other receptors (Downing et a1.,1989; Nishizuka, 1986;

Schlessinger, 1986) implying a universal role of PKC as a negative feedback inhibitor of RTK

activity.

1.9. Arvrs

The objectives of this research are to address the mechanisms by which c-KIT

mediates its cellular responses in relevant factor dependent immature haemopoietic cells, to

aid in the understanding of signalling pathways induced by RTKs and to contribute to

correlating cellular responses with the activation of signal transduction pathways.

Part of this objective will be fulfilled by the analysis of two human c-KIT isoforms,

which either contain or lack GNNK in the extracellular juxtamembrane domain. Expression

of these isoforms in NIH-3T3 fibroblasts resulted in significant differences in the activation

kinetics of c-KIT as well as the biological responses obtained (Caruana et aI., 1999).

Therefore it was of interest to determine if these differences could also be observed in cells in

which c-KIT is normally expressed. This will provide useful information regarding the
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function of c-KlT in haemopoietic cells and correlation of its activation kinetics in response to

huSCF with biological responses. Further, it will identify any differences of c-KIT function in

two cellular systems.

In response to ligand binding to c-KlT, various signal transduction proteins are

activated, with one of the key proteins being PI3-K. PI3-K is recruited directly to c-KlT via

Y72l and is responsible for eliciting various biological responses including survival,

adhesion, degranulation, membrane ruffling and actin assembly as observed in mast cells

(Serve et aI., 1994; Serve et aI., 1995; Timokhina et a1.,1998; Vosseller et a1.,1997). The

aim of this section was to determine the involvement of direct PI3-K recruitment in c-KlT

signal transduction and its ability to elicit biological responses in an alternate physiologically

relevant cell model, the haemopoietic progenitor cells.

Oncogenic forms of c-KIT have been found in various malignancies and it is of

interest to deduce differences between these oncogenic forms and the proto-oncogenic

versions. This will be important to aid in the development of future cancer therapies. One

oncogenic form of c-KIT that induces factor independent growth and tumour formation results

from a single base pair change, D816V (Ferrao et al., 1997; Hashimoto et aL.,1996; Kitayama

et al., 1995; Tsujimura et al., 1994). This mutation results in constitutive activation of c-KlT

as well as a constitutive association with the p85 subunit of PI3-K (Furitsu et al., 1993;

Kanakura et al., 1994). The mechanisms employed to mediate factor independent growth are

largely unknown, and it was hypothesised that the direct recruitment of PI3-K may play an

important role. The aim of this section was to determine the involvement of direct PI3-K

recruitment by D816V c-KlT in factor independent growth and tumourigenicity by

constructing c-KIT containing the D816V mutation but lacking the PI3-K binding site. This

research will aid in identifying key components involved in the oncogenesis by c-KIT.

Further, it will elucidate the role of PI 3-K in both oncogenic and WT c-KIT function.
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2. MATERIALS AND MBTHODS

2.1. Trssun Cur,runn

Reagents used were of analytic grade unless specified otherwise. All solutions were

prepared using Milli-Q purified water (Milli-Q water) generated by deionising distilled water

using a Milli-Q RO60 system (Millipore Corporation, Bedford, MA) and then further purified

by passing through two beds of ion exchange resins, a carbon filter and an organic filter using

a Milli-Q system (Millipore).

2.1.1. Tissue Culture Media and Solutions

Dulbecco's Modified Eagle's Medium (DMEM) was prepared by mixing one sachet of

DMEM powder (GibcoBRL, Rockville, MD, Cat. No. 12800-017) and3;7 g NaHCO3 (BDH,

USA, Cat. No. 10247) in 900 ml of Milli-Q 'water. To the solution, N-2-

Hydroxyethylpiperazine N'-2-ethanesulphonic acid (HEPES) pIJ7.2 (Boehringer-Mannheim,

Australia, Cat. No. 131151) was added from sterile stock solutions for a final concentration of

15 mM. Likewise, penicillin (Sigma, St Louis, MO, Cat. No. P3032) and streptomycin

sulphate (Sigma, St Louis, MO, Cat. No. 59137) was added for final concentrations of 100

IU/ml and 100 pglml respectively. The pH of the solution was adjusted to 7 by the addition of

4 ml I M hydrochloric acid (HCl) and the volume adjusted to 1 L with Milli-Q water. The

medium was filter sterilised using an Acrocap Till{0.22 ¡rm filter unit (Gelman Sciences, Ann

Arbor, MI, Cat. No. 4480) and a Millipore pump with a filling bell (Millipore, Bedford, MA,

Cat. No. SVGB1010) and stored at 4"C. Prior to use, medium was supplemented with

l0-207o foetal calf serum (FCS) (CSL, Parkville, Victoria, Australia, Cat. No. 09102301)

which had previously been heat inactivated at 56oC for 30 minutes. To medium that had been

stored at 4"C for more than'7 days, glutamine was added to yield a final concentration of 2
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mM. DMEM with pyruvate and high glucose without glutamine (JRH Biosciences, Lenexa,

KS, Cat. No. 45042301) was supplemented with 15 mM I{EPES (JRH Biosciences, Lenexa,

KS, Cat. No.44811901), 50 U/ml penicillin, 50 þglml streptomycin sulphate (JRH

Biosciences, Lenexa, KS, Cat. No. 05081901) and 200 mM glutamine (JRH Biosciences,

Lenexa, KS, Cat. No.44831901).

Iscove's Modified Dulbecco's Medium (IMDM) was prepared by adding one sachet of

IMDM powder (GibcoBRL, Rockville, MD, Cat. No. 12200-036) and2 g of NaHCO¡ in 900

ml of Milli-Q water. As with DMEM, sterile stock solutions of ffiPES, penicillin and

streptomycin sulphate were added to the same final concentrations as above and filter

sterilised as previously indicated. The pH was adjusted to'7.4 with 2.5 ml of I M HCI and the

volume made to 1 L. RPMI 1640 medium was prepared the same way as for IMDM using

RPMI 1640 powder (GibcoBRL, Rockville, MD, Cat. No. 31800-02)'

Double strength IMDM was prepared by dissolving one sachet of IMDM powder

(Cytosystems, Australia, Cat. No. 50-016-PA) and 0.2 g L-asparagine in 390 ml of Milli-Q

water. Sterile stocks of penicllin, streptomycin sulphate, DEAE-Dextran (Pharmacia,

Sweden, Cat. No. 17-0350-01) were added to give a final concentrations of 200 IU/ml, 200

pglml and 0.19 mg/ml respectively. Medium was filter sterilised and stored up to 6 months at

4"C.

Hank's balanced salt solution (IIBSS) contained 0.14 M NaCl, 5 mM KCl, 0.3 mM

NazFIPO+.12H2O,0.4 mM KH2POa, 4.2 mM NaHCO¡, 5.5 mM glucose, l7o Phenol Red (in

0.1 M NaOH) in Milli-Q water, with a final pH of 7.4. The solution was sterilised by

autoclaving at 130"C for 2O minutes and stored at 4"C. Hanks without calcium and

magnesium, with phenol red from JRH Biosciences (Lenexa, KS, Cat. No. 55021-500M) was

also used.

Tissue culture grade phosphate buffered saline (PBS) contained 0.14 M NaCl, 3 mM

KCl, 8 mM Na2FIPO+.IZHzO and I mM KH2PO¿ in sterile tissue culture grade Milli-Q water,
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with a final pH o17.4. Solution was sterilised by autoclaving and stored at 4"C. A sterile 10x

stock of PBS without calcium and magnesium (JRH Biosciences, Lenexa, KS, Cat. No.

45312301) diluted in Milli-Q water sterilised by autoclaving and stored at 4"C was also used.

A solution used for removing adherent cells from the base of tissue culture flasks and

dishes consisted of 0.0547o w/v trypsin and 0.54 mM ethylenediaminetetra-acetic acid

(EDTA) in HBSS. Once dissolved, the solution was filtered through a low protein binding

0.22 ¡tm filter (Millipore, Bedford, MA, Cat. No. SLGVO25LS). To prevent inactivation of

the trypsin, the solution was stored at -20"C. In some cases, O.O57o trypsin wtth 0.027o

EDTA from JRH Biosciences (Lenexa, KS, Cat. No. 59417) was used.

Semi-solid medium containing methylcellulose was used for colony growth. To

sterilise methylcellulose, 8.1 g of A4M premium grade 400 centipose methylcellulose powder

(DOW Chemical Company, Midland, MI), was added to a 500 ml bottle with a tissue culture

flea and autoclaved at 15 psig (121"C) for 15 minutes. When cool,2J0 ml of sterile single

strength IMDM (double-strength diluted l:1) was added to the bottle while stirring and the

mixture left to stir at room temperature in the dark for 3 days with occasional shaking. During

this time, bovine serum albumin (BSA) solution was made by dissolving20 g BSA (Sigma, St

Louis, MO, Cat. No. 2153) in 88.4 ml Milli-Q water in a conical flask at 4oC overnight.

Duolite mixed resin beads (BDH, Australia, Cat. No. 55057) were used to deionise the BSA

solution at 4"C. This involved the addition of 4 g of beads to the BSA solution, with mixing

every 15 minutes for about 2 hours or until beads became yellow. The solution \ilas decanted

into a fresh conical flask to remove existing beads. The process was repeated twice or until

the beads did not change to yellow after incubation for 2 hours. The BSA solution was

decanted and an equal volume of double-strength IMDM was added, and the solution filter

sterilised. Aliquots were stored at -20"C if not used immediately, with a small aliquot

collected to check for sterility. To the dissolved methylcellulose, 60 ml of the BSA solution
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and 180 ml of FCS was added and left to stir for a further 4 hours. The methylcellulose

mixture was aliquoted and stored at -20"C until required. Small aliquots of methylcellulose

were set aside for sterility checks and batch testing to ensure comparative batches were used.

2.1.2. Cytokines and Growth Factors

Cytokine units are defined such that 50 Units results in 507o of the maximal number of

colonies in soft agar cultures containing 5x104 murine bone marrow cells. Purified

recombinant huSCF produced in E. coli, was supplied by Amgen Corporation (Thousand

Oaks, CA). Recombinant murine granulocyte macrophage - colony stimulating factor

(muGM-CSF) (5x10s U/ml) synthesised by insect cells infected with a recombinant

baculovirus vector ì,vas a gift from Dr. T. Gonda (Division of Human Immunology, Hanson

Centre for Cancer Research, Adelaide). Recombinant murine interleukin-3 (muIL-3) (7.5x10s

U/ml) synthesised by insect cells infected with a recombinant baculovirus vector was a gift

from Dr. T. Gonda (Division of Human Immunology, Hanson Centre for Cancer Research,

Adelaide). Recombinant murine CSF-1 (5000 U/ml) synthesised by insect cells infected with

a recombinant baculovirus vector was donated by Elizabeth MacMillan (Division of Human

Immunology, Hanson Centre for Cancer Research, Adelaide). Conditioned medium

containing either recombinant human GM-CSF or IL-3 was obtained from cultured CHO cells

transfected with the respective mammalian expression plasmids, kindly provided by Dr. A.

Lopez (Division of Human Immunolog], Hanson Centre for Cancer Research, Adelaide,

Australia).

2.1.3. Culture Maintenance of Cells

Tissue culture work was performed in Class tr Biosafety Cabinets, using reagents

prewarmed to 3J"C in a water bath. Bottles from the water bath were sprayed with 707o

ethanol to prevent contamination. Cell cultures were maintained in tissue culture flasks or

wells in tissue culture medium (see section 2.1.1) and were incubated in a humidified
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atmosphere containing 57o COz in air at 3J"C. Cell density and viability were determined

from an aliquot diluted l:2 tn 0.87o wlv trypan blue (in saline). Cell counts were performed

using a haemocytometer, where cells excluding trypan blue were deemed viable. Cell cultures

were maintained for approximately three weeks before referring back to the cryopreserved

stocks.

The murine fibroblast cell line, psi2 (Mann et al., 1983) was obtained from Dr. T.

Gonda (Division of Human lmmunolog], Hanson Centre for Cancer Research, Adelaide).

The psi2 packaging cell line produces empty ecotropic retrovirus. Upon transfection with

plasmid, the introduced retroviral constructs were packaged into these viral particles.

Transfected cells producing virus particles were used to infect target cells with plasmid by co-

cultivation. Cells were maintained as sub-confluent monolayers in DMEM containing lOTo

FCS. Cultures that were approximately J07o confluent were harvested and subcultured into a

new flask. To harvest cells, the adherent monolayer was rinsed once in HBSS and then

incubated for 1 minute in trypsin diluted ll2 in FIBSS. After incubation, the sides of the

tissue culture flask were hit several times to dislodge any remaining adherent cells. Trypsin

activity was inhibited by the addition of FCS diluted in DMEM to lo7o. Cells were then

seeded into new flasks at appropriate densities.

The non-adherent factor dependent cell line, FDC-PI (Dexter et al., 1980) obtained

from Dr. T. Gonda (Deparlment of Human Immunology, Hanson Centre for Cancer Research,

Adelaide, Australia) was maintained in DMEM containing l07o FCS supplemented with 62.5

U/ml baculovirus derived muGM-CSF. Cells were maintained at densities between 5x104/ml

to lx106/ml and were sub-cultured every 2 - 3 days.

Non-adherent myb immorlalised haemopoietic cells (MIHC) were obtained from Dr.

P. Ferrao (Division of Haematology, Hanson Centre for Cancer Research, Adelaide) (Fenao et

at., 1991). These cells were created by transducing day 14 foetal livers with pRuf with

inserted "truncated myb" (pRuf CT3-Myb) and selected for long term factor dependent growth
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selection. Cells were grown in DMEM supplemented with 2O7o FCS with 250 U/ml

baculovirus derived muGM-CSF alone or further supplemented with 469 Ulml muIL-3.

Cells were maintained at densities between 1x10s/ml to lx106/ml and were sub-cultured every

2 - 3 days. For some experiments, MIHC infected with human D8l6V c-KIT or GNNK+S+

c-KIT created by Dr. P. Ferrao (Division of Haematology, Hanson Centre for Cancer

Research, Adelaide, Australia) (Ferrao et al., 1997) were used as controls. D816V c-KIT

MIHC serving as a control were maintained in DMEM with 2OEo FCS without exogenous

factor, while GNNK+S+ c-KIT MIHC control cells were maintained in DMEM wtth 207o

FCS supplemented with 100ng/ml huSCF.

The factor dependent human megakaryocytic leukaemic cell line, MOTo (Avanzi et al.,

1938) was obtained from Dr. P. Crozie.r (Department of Molecular Medicine, School of

Medicine, University of Auckland, Auckland, New Zealand). Cells were maintained at log

phase in DMEM with IOTo FCS supplemented with conditioned medium from CHO cells

transfected with either human GM-CSF or human IL-3 cDNA.

2.1.4. Cryopreservation of Cells

Cells were cryopreserved in the presence of IOTo dimethylsulphoxide (DMSO) as

cryoprotectant to prevent fracturing of the cellular membranes. Cells in midlog phase were

passaged as above and resuspended in the appropriate growth medium to approximately

lx107/ml. Immediately prior to freezing, an equal volume of "freezing mix" (3O7oFCS,207o

analytical grade DMSO (BDH, Merck, Victoria, Australia, Cat. No. 10323) and 507o RPMI-

1640) was added dropwise to the cells. 1 ml aliquots of the cell suspension were dispensed

into cryotubes (Nunc, Denmark, Cat. No. 3-66656) which were wrapped in cotton wool and

placed at -70'C overnight to allow for gradual freezing. The next day, vials were transferred

to liquid nitrogen filled tanks, for long tetm storage.

2.1.5. Thawing of Cryopreserved Cells
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Cryotubes removed from liquid nitrogen were snap thawed in a 37"C water bath. The

contents were transferred to a 10 ml centrifuge tube and 4 ml medium rwas added dropwise

while shaking the tube. The tube was left for 3 minutes and 3 ml medium v/as added

dropwise prior to centrifuging (2OO g for 5 minutes at25"C). The supernatant was removed

and cells were seeded into the appropriate growth medium.

2.2. Cvrolocy, CyrocHEMIsrRY aND HISToLocY

Smears containing 5xl0a cells were prepared from cultured cells. Cells were

harvested, pelleted and resuspended in I0O7o filtered FCS such that the final amount of FCS

present \ilas greater than 807o. Aliquots of 75 pl were cytocentrifuged at 28 g at room

temperature for 5 minutes on ethanol cleaned glass microscope slides in a cytospin 3

(Shandon Scientific, Cheshire, England). Cell smears were allowed to air dry before being

stored at 4"C in air tight slide boxes in the presence of 2 - 4 mm self indicating silica gel

(Ajax Chemicals, Australia, Cat. No. 3681).

To observe cellular morphology, tumour specimens were fixed in ll%o formalin. The

specimen samples were then paraffin embedded and sectioned at 5 pm at the Division of

Histopathology (Institute of Medical and Veterinary Sciences (IMVS), Adelaide). The

sections were stored at room temperature and stained with Haematoxylin/Eosin as detailed in

section 2.2.1.

To detect specific markers in tumour specimens, fresh frozen sections prepared by

immersion in Tissue TeK OCT compound (ProSciTech, Queensland, Australia, Cat. No.

14018), were frozen with isopentane pre-cooled in liquid nitrogen and stored at -70"C.

Sections (5 pm) thick were prepared on a cryostat machine with the help of Llew Spargo

(Arthritis Research Laboratory, IMVS, Adelaide) and stored at -20"C in air tight slide boxes

in the presence of self indicating silica gel until required for staining.
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2.2.1. Morphological Characterisation of Cells

To observe general cellular morphology, cell smears prepared using the Cytospin

Centrifuge, were stained with Wright-Giemsa through the automated system by the Diagnostic

Services Laboratory, Division of Haematology, IMVS. Briefly, the slides were immersed in

Jerner's stain for 2 minutes, Giemsa stain for 6 minutes and washed in a buffer of pH 7, before

air drying. For photography, slides were mounted in glycerol-glycine mountant (Appendix

8.1).

To observe the morphology of tissue samples, paraffin embedded sections were

stained with HaematoxylinÆosin at the Division of Histopathology, IMVS and then mounted

in DePX.

2.2.2. Phenotypic Characterisation of Cells

To determine the phenotype of cells in culture, the expression of lineage specific

esterases was analysed. Mature macrophages express 'non-specific' (o-naphthyl acetate)

esterase while mature neutrophils express naphthol-AS-D-chloroacetate esterase. The method

used to detect these lineage specific enzymes was adapted from a technique described by

(Yam et al., l91I). Cytocentrifuged cell smears were fixed in ice cold esterase fixative (see

section 8.1) for 30 seconds in a Coplin jar and then washed in distilled water with 3 changes

over 5 minutes. The slides were then allowed to stain for 45 minutes at room temperature in a

freshly made solution of 'non-specific'esterase substrate solution (see appendix 8.1). The

slides were washed as above and stained for t hour at room temperature in a freshly made

'chloroacetate'esterase substrate solution (see appendix 8.1). Slides were washed as above

and counterstained in Dako@ methylgreen solution (Dako, Carpinteria, CA, Cat. No. S1962)

from which the contaminating methyl violet had been removed by two extractions with an

equal volume of chloroform. For photography, slides were mounted in glycerol-glycine

mountant (see section 8.1). Cells expressing'non-specific'(cx-naphthyl acetate) esterase were
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detected by a red-brown colouring and those expressing 'chloroacetate' (naphthol-As-D-

chloroacetate) esterase by a blue colouring.

2.3. InnvruNoassAYs

2.3.1. Antibodies

Antibodies specific for human c-KIT included murine monoclonal 1DC3 (lgcl)

(Aylett et aI., 1995) which was produced in our laboratory. An isotype matched negative

control murine monoclonal antibody, 185 specific for Giardia (provided by Professor G.

Mayrhofer, Department of Microbiology and Immunology, University of Adelaide, Australia)

was run in parallel to 1DC3 in indirect immunofluorescence assays.

Antibodies to murine surface expressed proteins for MIHC phenotyping by

immunofluorescence were ACK2 raised against murine c-KIT (donated by Dr. M. Ogawa,

Department of Pathology, Institute of Medical Immunology, Kumamoto University Medical

School, Japan) (Ogawa et al., l99la), F4l80 raised against mature macrophages (Austyn and

Gordon, 1931) (donated by Dr. A. Hapel, John Curtin School of Medical Research, Canberra,

Australia), biotinylated RB6 8C5 raised against GR-1 to detect mature neutrophils (Holmes er

al., 1986) and M1/70 raised against MAC-1 to detect monocytes (donated by Dr. L

Bertoncello, Peter MacCallum Institute, Melbourne) (Springer et al., 1919) and 30H12 raised

against Thyl (Ledbetter and Herzenberg, 1979) (obtained from Dr. I. Kotlarski, University of

Adelaide). Antibody was diluted tn lOVo normal human serum in PBS containing 1% BSA

(Sigma, St Loius, MO, Cat. No. A-7906) and O.l7o wlv sodium azide (Az) (Sigma, St Louis,

MO, A-7906) (PBS/BS NAz) as follows: ACKZ,lpg/ml; F4l8O, undiluted; RB6 8C5, 1/160;

ltl[ll7},ll32o and 30Hl2,11160, all prior to a l/2 dilution in the indirect immunofluorescence

assay. A rabbit polyclonal antibody raised against a synthetic peptide of murine mast cell

protease-5 (mMCP-5) provided by Dr. Patrick McNeil, University of New South Wales,
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Sydney (McNeil et al., 1992) was used at l/50 in IOVo normal goat serum to detect murine

mast cells.

Murine monoclonal antibodies, 1DC3 and 185 were detected using affinity-isolated

fluorescein isothiocyanate (FlTC)-labelled F(ab')2 sheep antibody to mouse immunoglobulin

(Silenus, Australia, Cat. No. DDF) or affinity purified R-phycoerythrin (PE) - labelled goat

F(ab')2 anti-mouse Ig (Southern Biotechnology Associates, Inc. Birmingham, AL, Cat. No.

1030-09) both diluted 1/50 in lOTo normal rabbit serum. Rat monoclonal antibodies ACK2,

F4l80, M1/70 and Thyl were detected with goat anti-rat IgG-R-PE (Southern Biotechnology

Associates, Birmingham, AL, Cat. No. 3030-09) diluted 1/100 tn 107o normal human serum.

Biotinylated RB6 8C5 was detected with l/50 dilution of streptavidin-R-GPE (Caltag

Laboratories, SA 1001-4) in lOTo normal human serum.

2.3.2. Indirect Immunofluorescence Assay

Target cells were harvested and washed twice in 2 ml ice cold PBS/BSA/Az by

centrifugingat2OO g for 5 minutes at4"C. Cells were then resuspended to approximately

1x107 cells/ml in PBS/BS NAz supplemented with lOTo heat inactivated normal rabbit serum

(NRS) or lOTo normal human serum in order to block antibodies binding to surface Fc

receptors. Aliquots of 50 pl were dispensed into round-bottomed plastic tubes and placed on

ice. Saturating levels of antibody or culture supernatant (50 ¡rl) were added to cell

suspensions, vortexed and then incubated on ice for 60 minutes. Cells were washed twice in 2

ml PBS/BS NAz and after the final wash the supernatant was removed leaving about 50 ¡ll in

the tube. Tubes were vortexed prior to the addition of 50 pl of secondary antibody diluted in

PBS/BSA/Az supplemented wtth l07o NRS or I07o normal human serum. Cell suspensions

were vortexed and incubated on ice for 60 minutes in the dark. Following the incubation,

cells were washed twice with 2 ml PBS/BS NAz and fixed in 0.5 ml of fluorescence activated
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cell sorting fixative (FacsFix) (see section 8.1). The samples were stored for up to three

weeks at 4"C in the dark.

Samples were analysed by flow cytometry using either a Profile tr or EPICS XL flow

cytometer (Coulter, Hialeah, FL). To ensure reproducibilty of mean fluorescence intensity on

the flow cytometers from day to day, FLI (detecting FITC) and FL2 (detecting R-PE)

photomultiplier tube sensitivities \ilere calibrated using Standard-Briteru calibration beads

(Coulter, Cat. No. PN 6604146).

2.3.3. Fluorescence Activated Cell Sorting

Cells were washed in HBSS containing 57o FCS and stained as above (see section

2.3.2)in IOTo NRS in PBS under sterile conditions in the absence of Az andresuspendedto

5x106/ml in HBSS containing 57o FCS. Cells were run through the FACStaTPLUS cell sorter

(Becton-Dickinson, Moutainview, CA). Pools of cells expressing a similar level of c-KIT

were collected in sterile tubes. Cells were washed and seeded in appropriate medium in 25

cm2 growth area flasks. For clonal isolation, cells were sorted individually into 96 well plates.

Wells containing a single cluster were selected for amplification to ensure only one cell had

been deposited in the well. Sorted cells were expanded until analysis by indirect

immunofluorescence could be performed to confirm surface expression.

2.3.4. Alkaline Phosphatase Anti-Alkaline Phosphatase (APAAP) Technique

Further details ofreagents used for this technique are in the appendix section 8.1.

The APAAP technique used to detect the expression of both intracellular and

membrane bound antigens and was a derivation of that described by Erber et al., (1984).

Slides were prepared as detailed in section2.2. Using a wax pen (Dakopatts, Glostrup,

Denmark, 52002), a ring was drawn around the cell smear to localise the applied solutions.

Cells were fixed for 30 seconds in ice cold standard fixative (see appendix 8.1) then

immediately washed by agitation in tris buffered saline (TBS) (see appendix 8.1) with three
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changes over a 5 minute duration. To avoid high background staining, cell smears \ilere not

allowed to dry out from this point on. Excess TBS was removed with a paper towel and 50 pl

of hybridoma supernatant diluted ll2 in 107o NRS in PBA was added to the wax ring. This

was incubated overnight in a humidified box at 4oC.

Primary antibody was removed by three washes in TBS over a 5 minute duration. To

the cell smear 30 ¡rl of rabbit anti-mouse Ig bridging antibody (Dakopatts, Glostrup, Denmark,

2259) diluted 1/50 in 107o NRS in PBS/BS NAz was added and incubated for t hour at room

temperature. Slides were washed as above then incubated with 30 pl of APAAP complex

(Dakopatts, Glostrup, Denmark, D0651) diluted 1/100 in lOTo NRS in PBSiBSA/Az. Smears

were washed and incubated with two more rounds of bridging antibody and APAAP complex

with 10 minute incubations for each. After the final wash, slides were incubated upright in a

Coplin jar with APAAP substrate (see section 8.1) for 20 minutes and then rinsed with

distilled water. Slides were either dried or counterstained immediately.

For counter staining, pre-wet slides were immersed in Dako@ Mayer's Hematoxylin

(Lillie's Modification) (Dako Carpinteria, CA, Cat. No. 53309) for 5 to 10 minutes. Slides

were briefly rinsed in a large volume of distilled water prior to a 3 second immersion in acid

water (0.57o HCI in distilled water). Slides were again rinsed in a large volume of distilled

water prior to immersion in Scott's gentle alkaline solution (see section 8.1) for 2 minutes.

Slides were rinsed in water and the mounted with glycerol-glycine (see section 8.1) and stored

at room temperature. Cells exhibiting antibody binding had faint red colouring with the

Haematoxylin stained nucleus appearin g purple.

A variation on the above technique was performed by Ms Ly Nguyen (Division of

Haematology, Hanson Centre for Cancer Research, Adelaide) to detect murine mast cells.

Cells fixed as above were incubated with anti-mMCP-5 diluted 1/50 in lOTo normal goat

serum ín PBS/BS NAz and incubated for I hour in a humidified chamber at room

temperature. Slides were washed as above and incubated with biotinylated swine anti-rabbit
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Ig (Dako, Carpinteria, CA) diluted 1/500 in 2O7o normal human serum for 2 hours at room

temperature. Washed slides were then incubated with neat streptavidin alkaline phosphatase

(Zymed Laboratories, CA, Cat. No. P50231) for one hour then incubated with APAAP

substrate (detailed in section 8.1) for 2O minutes. Slides \¡/ere counterstained with

haematoxylin as above and mounted in glycerol/glycine (see section 8.1).

2.4. TuvroumcENrcrrYSrutrns

Cells in log phase growth were harvested and washed three times in DMEM. During

the last wash, cells were counted and resuspended to 1x107/ml in serum free DMEM.

Aliquots of 2x106 cells (200 pl) were injected into the hind flank of 8 week old female

syngeneic (CBA strain) mice. Mice were monitored for tumour development daily.

Once mice presented with tumours measuring 5 to 10 mm in diameter, the mouse was

sacrificed and the skin around the tumour removed. The exposed tumour was excised and

divided into four sections. One section used for tissue culture was homogenised in DMEM

using sterile apparatus. This sample was counted and seeded in DMEM supplemented with

FCS to ensure factor independent growth. Other portions were used for fresh frozen sections

(see section 2.2), fomalin fixation (see section 2.2) and the final portion was snap frozen in

liquid nitrogen and stored at -70"C.

2.5. PRolrrnRArroNAssrvs

Cells were passaged and seeded in fresh medium at 3x10s/ml a day prior to the assay

to ensure that all clones were of an equivalent density

2.5.1. PI3-K Reagents

LY294002 (Sigma, St Louis, MO, Cat. No. L-9908) was dissolved in DMSO to a

stock concentration of 6.5 mM and stored at -20"C. The final concentration of DMSO in

culture was 0.l5%o
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Wortmannin (Sigma, St Louis, MO, Cat. No. W-1628) was diluted to 5 mM in DMSO

and stored at -70oC. The final concentration of DMSO in the assay was O.OO1Vo.

2.5.2. Analysis of Cell Number by Absorbance

This procedure was performed using CellTitrerM Assay reagent (Promega, Madison,

WI, Cat. No. G5421) according to the manufacturer's instructions. It is based on the cellular

conversion of a tetrazolium salt to a coloured formazan product, which is measured by

absorbance at 490 nm to determine the number of viable cells.

Cells were harvested and washed three times in DMEM lacking serum and

resuspended in DMEM supplemented with either l0 or 20Vo FCS. Densities used were either

5x10a or 2.5xl}a cells/ml. Triplicate 50 pl aliquots of cells were seeded into wells of a 96

well tissue culture tray already containing 50 ¡ll DMEM with appropriate FCS and growth

factors and incubated for 2 - 6 days in a humidified chamber in a tissue culture incubator at

3'7"C. Total cell yield was determined after culture by the addition of 10 pl dye solution and

incubation at 31oC for 3.5 hours, after which 25 ¡tl of l0%o sodium dodecylsulphate (SDS)

(stop solution) was added and left for 30 minutes at 37"C. The absorbance at 490 nm was

measured on an enzyme linked immunoabsorbent assay (ELISA) plate reader (Biorad, model

3550) with the reference wavelength set at 655 nm. To serve as background controls,

triplicate wells containing medium only were included on all trays.

2.5.3. Analysis of Cell Survival, Proliferation and Growth by PKH Assay

The technique and data analysis was essentially carried out as described by Ashley er

aI., (1994). The procedure relies on the incorporation of a fluorescent lipophilic dye into the

cellular membrane. Cellular division results in equal distribution of the dye between the two

daughter cells, hence the level of fluorescence on a given cell is an indication of the number of

divisions undergone (Figure 2.1). The total yield of fluorescence in the viable population
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Figure 2.L: Schematic diagram showing the distribution of PKH-26 dye amongst

daughter cells.

The division of one cell stained with PKH-26 dye results in the equal distribution of

PI<TI-26 dye amongst the daughter cells. Therefore, the fluorescent dye distribution serves as

a measure of proliferation in the culture. For example, one division reduces the fluorescence

level of a cell by half, and a further division will reduce this to a quarter. The rate of survival

during culture is calculated based on the total fluorescence yield in the viable population and

the number of cells present. Diagram shown where pink represents live cells stained with

PKH-26 and the blue cell represents cell death.
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indicates cellular survival (Figure 2.1). 
^ 

standard number of fluorescently labelled beads are

mixed into each sample and they are used to calculate the total number of cells present.

Cells were labelled using the PKH-26 Red Fluorescent Cell Linker Kit (Sigma, St

Louis, MO, PKH26-GL) as per the manufacturer's instructions. Cells were harvested from

culture at equivalent densities and washed three times in serum free DMEM and then

resuspende dto zxl}l lml in Diluent C (supplied in kit). The staining procedure was optimised

for each cell line used to maximise staining whilst maintaining cell yields from the procedure.

For FDC-PI cells, an equal volume of 2x10-s M PKH-26 dye diluted in diluent C was added

to the cells and incubated at room temperature for 3 minutes with gentle mixing every 30

seconds. For MIHC, an equal volume of lxlO-s M PKH26 dye diluted in diluent C was added

to the cells and incubated at room temperature for 3 minutes with gentle mixing every 30

seconds. To stop dye incorporation, an equal volume of lo07o FCS was added and incubated

for I minute followed by the addition of an equal volume of 10 or 20ToFCS in DMEM with a

further incubation of 1 minute. The volume was made to 10 ml and viability and number of

cells were determined using a haemocytometer and trypan blue exclusion. Cells were

centrifuged and resuspended to 3x10s/ml (for FDC-PI) and 4xl0s/ml (for MIHC) in

appropriate growth medium and incubated overnight to stabilise the cells before commencing

analysis.

FDC-PI cells were harvested 15 hours post staining and washed three times in serum

free DMEM and then resuspended to 1x106/ml in serum free DMEM for 2 hours at 37oC.

Cells were counted and resuspended to 2x10slml in DMEM with l07o FCS and 100 pl

aliquoted in triplicate into 96 well tissue culture trays already containing factors to give a final

volume of 200 pl and a final density of lxl0s/ml. For titration of huSCF a half-medium

change was performed after 24 hours to maintain the sub-optimal concentrations of hUSCF in

the wells. After 48 hours culture, the contents of the wells were harvested (200 ¡tl) and 400 ¡^tl

FacsFix (see section 8.1), was added. Samples were vortexed before storage at 4"C in the
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dark. To analyse the effect of LY294002 on proliferation and survival of cells, cells were

incubated in the presence of LY294002 or DMSO control for I hour prior to the addition of

cytokine or growth factor.

For MIHC, the cells were harvested 15 hours post staining and washed three times in

serum free DMEM. Cells were then resuspended to 4xI}a/ml (for examination of huSCF

titrarion) or lx10s/ml and 2xlOsl-l lto examine the effect of LY294002) in DMEM with20Eo

FCS. Aliquots of 500 pl were added to wells already containing either factor or LY294002

titrations to give a final volume of I ml and a final density of 2xl0alml, 5xlOa/ml or lx10s/ml.

After 2 and 4 days of culture, the entire contents of the wells were harvested (l ml). Since

MIHC can differentiate and adhere to the plastic, wells were washed with 100 ¡tl of medium

and incubated with 100 ¡rl trypsin to remove the adherent population. This was added to the

tube containing the corresponding non-adherent population. Cultures were vortexed and

triplicate 200 pl aliquots were added to round bottomed plastic tubes along with 400 pl of

FacsFix (see section 8.1). Samples were vortexed before storage at 4"C in the dark. The

volumes added to remove the adherent cells (200 pl) were taken into account during the

calculations.

On the day of analysis, 2.5xl}3 Standard-BriterM calibration beads diluted in PBS

(Coulter, Hialeah, FL, Cat. No. PN 660414) was added to the tubes immediately prior to

analysis. The cell count, bead count and the mean fluorescence intensity (l\ßÐ for each

sample was analysed on a flow cytometer. The total cell number was calculated using the

formula: Cell Density (cells/ml) = (viable cell count -:- bead count) x (volume of the beads +

volume of the cells) x (concentration of the beads). Since each division results in halving of

the fluorescence of individual cells, the average number of divisions was calculated based on

the MFI at each time point relative to the MFI at day 0. The formula used was: Number of

Divisions = (log (MFI at day 0 + MFI at that day )) + log (2). The survival or maintenance as
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the percentage retention of fluorescence relative to day 0 was calculated by the formula: Cell

maintenancs = (MFI at that day x total viable cells at that day) + (MFI at day 0 x total cells at

day 0) x 100. This calculation is possible as no dye from dead cell membranes is able to re-

incorporate into live cells and dead cells are excluded from analysis on the flow cytometer.

2.5.4. Statistical Analysis of Data

All statistical analysis was performed using a two sample students t-test assuming

unequal variance unless otherwise indicated. Statistical significance was at the level of cr <

0.05.

2.6. DrnnnRnNTIATIoNAss¿.Ys

The day prior to the assay cells were seeded in fresh medium at 3x10s/ml. This

ensured that on the day of the assay, cells were at a similar density of about 6x10s/ml.

Differentiation assays in both liquid culture and semi-solid medium wers set up in parallel.

2.6.1. Liquid Culture

Cells were harvested and washed three times in serum free DMEM and resuspended to

2xl14lml in DMEM with 207o FCS. 2 ml aliquots were placed into wells containing no

factor, 100ng/ml SCF or 250 U/ml muGM-CSF and 46.9 U/ml n--3. Cytocentrifuge smears

of this population were made to enable comparison. Throughout the assay the density was

monitored and cultures amplified similarly. On day J, the contents of the wells were

harvested. The non-adherent fraction \^/as pooled with the adherent fraction which had been

removed by trypsinisation. Cyocentrifuge smears of samples were made with 5x104 per slide

(as in section 2.2). Slides were stained with esterase or V/right-Giemsa stain (see section

2.2.2 and2.2.l respectively for details).

2.6.2. Semi-solid Medium
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Frozen aliquots of methylcellulose (see section 2.1.1) were thawed at 3J"C in a

waterbath. To the 42.5 ml aliquot of methylcellulose, 7.5 ml IMDM and 500 prl of glutamine

was added and mixed well before use.

The experiment was performed in triplicate with 5x103 cells per dish. A I ml aliquot

of culture was taken and the volume was made up to 10 ml with serum free DMEM. Samples

were centrifuged and resuspended in 2 ml serum free DMEM. Samples were counted and

2xl0a cells were added to 5 ml tubes already containing factors. Using a 5 ml pipette and l6G

lr/z gauge needle, 4 ml of methylcellulose solution was added to the 5 ml sterile tube, and

pipetted up and down repeatedly to disperse cells and factors throughout the methylcellulose.

Aliquots of lml were dispensed into triplicate 3.5 mm dishes. Dishes were stored for 1 week

at 37"C in a humidified box in an incubator, after which the number of colonies on each plate

were counted. Colonies counted contained greater than 50 cells.

2.7. PnornrN Axalvsrs

2.7.1. Antibody Details

See Table 2.I for antibodies used for immunoprecipitation, Table 2.2 for primary

antibodies used to probe Western blots and Table 2.3 for secondary antibodies conjugated to

alkaline phosphatase activity.

2.7.2. Biotinylation of Cell Surface Antigens

Cells harvested from log phase cultures were washed three times in PBS/BS N Az.

During the last wash cells were counted and resuspended to 2x107/ml in PBS (pH 7.a). To

each lml of cells, 0.5 mg of 10 ¡rglpl membrane impermeant NHSS-spacer-biotin (Pierce,

Rockford, IL, Cat. No.2l2l7) freshly made in PBS was added and incubated with occasional

mixing for 30 minutes at room temperature. After incubation, cells were washed three times
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Tabte 2.1: Antibodies used for Immunoprecipitation

Cat. No./ Reference

Unpublished data

06-195

(O'Connor and Ashman,
re82)

Cityl
Country
Division of Haematology,
Hanson Centre for Cancer
Research, Adelaide, Australia
Lake Placid, NY

Dept of Microbiology and

Immunology, The University of
Adelaide

Produced by

A. C. Cambareri,
L. Ngyuen, L.K.
Ashman
Upstate
Biotechnology
O'Connor and
Ashman

Species

Murine

Rabbit

Murine

Isotype

IgGZa

Polyclonal

IgG2a

Monoclonal
Name
Kit4.Gt2

1D4.5

Specificity

o-KIT (extra
cellular)

PI 3-K p85

subunit
Salmonella



Table 2.2: Primary antibodies used for Immunoblotting
Ce1l Signalling was based in Bevery, MA, Santa Cruz Biotechnology in Santa Cruz, CA, Upstate Biotechnology in Lake Placid, NY, Transduction

Laboratories in Lexington, KY, Zymed.in San Francisco, CA and Promega based in Madison, WI. 1C1.HF was kindly donated by Dr H-J' Bühring

(Transplantation Immunology and Immunohaematology, University of Tubingen, Germany).

Cat. No./ Reference
9272
92715
sc-168

(Btihring et al.,
1993)

Sc-094
Sc-154
9106S

9252
v793U2

9255S

05-32r
Pl1120
06-195
13-600

Produced by
Cell Signaling
Cell Signaling
Santa Cruz Biotechnology

Dr H-J. Bühring

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling

Cell Simaline
Promega

Cell Signaling

Upstate Biotechnolgoy
Transduction Laboratories
Upstate Biotechnology
Zymed

Dilution
1/1000
1/1000

1/1000

U2

1/1000
1/1000
l/1000

1/1000
U2000

U2000

U2000
1/5000
1/1000
1/1000

Species
Rabbit
Rabbit
Rabbit

Murine

Rabbit
Rabbit
Murine

Rabbit
Rabbit

Murine

Murine
Murine
Rabbit
Murine

Isotype
Polyclonal
Polyclonal
Polyclonal C19

IgGl

Polyclonal
Polyclonal
IgGl

Polyclonal
Polyclonal

Not listed

1eG2bk
IsG2b
Polyclonal
IeGk

Monoclonal Name

1C1.HF

E10

G9

4G10
PY20

Lrbi-l IMABIs10]

Specificity
Akr
Akt-Phospho (5473)

c-KIT (carboxy
terminus)
c-KIT (extracellular)

ERKl
ERK2
ERK-phospho (T202,
Y204)
JNK
INK-phospho
(pTPpY)
JNK-phospho (T183,
Y18s)
Phosphotwosine
Phosphottnosine
PI 3-K p85 subunit
Ubiquitin



Table 2.3: Secondary reagents for Immunodetection on Western blots
All secondary reagents were conjugated to alkaline phosphatase

Cat. No.

985034010
984134010
s-921

City/Country

Victoria, Australia
Victoria, Australia
Eugene, OR

Produced by

Silenus
Silenus
Molecular Probes

Dilution

1/1000
U2000
U4000

Source

Sheep

Sheep

Streptavidin

Specificity
(anti-)
Mouse
Rabbit
Biotin



with PBS. During the final wash, cells were counted, resuspended to 1x107/ml in PBS and

lysed as in section 2.1.3.

2.7.3. Preparation of Cellular Lysates

Cells grown in log phase were harvested and starved of growth factors in DMEM

without serum at lx106/ml for 2 hours at 3'7"C. After serum and factor deprivation, FDC-Pl

cells were resuspended to 1x107/ml in serum free DMEM, while MIHC were resuspended to

2xIOTlml in serum free DMEM. Cells were pulsed with or without 100 ng/ml huSCF at3J"C

and then pelleted in a microcentrifuge by pulsing to 15000 g. Tubes were immediately placed

on ice, the supernatant aspirated and cells lysed in 1 ml of lysis buffer (see section 8.2) by

trituration and vortexing. Lysed cells were incubated on ice for 30 minutes with vortexing

every 5 minutes to assist in lysis. Tubes were then centrifuged at 15000 g for 30 minutes at

4"C to remove nuclei. The clarified lysate was transferred to a fresh tube and a small portion

was removed and stored at -20"C for protein determination and whole cell lysate analysis.

The remainder was immunoprecipitated (see section 2.1.4)'

2.7.4. Immunoprecipitation

Immunoprecipitation of lysates was performed with 5 pg of primary antibody (see

section 2.7 .l) and25 pl of a 507o slurry of Protein A Sepharose (in PBS with 0.I7o Az) at 4"C

on a rotating platform for 2 hours at 4oC. Immunoprecipitates of the same treatments were

pooled and washed five times in the corresponding detergent supplemented with 5 mM

sodium orthovanadate. After the final wash, the Protein A Sepharose pellet was resuspended

in an equal volume of double strength reduced loading buffer (see section 8.2). Samples were

boiled for 2 minutes and then either loaded onto gels or stored frozen at -20"C. If frozen,

samples were reboiled for 2 minutes prior to loading on gels.

2.7.5. Determination of the Protein Content in Lysates
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Protein determination was carried out on whole cell lysates using Micro BCA Protein

Assay Reagent Kit (Pierce, Rockford, tr , 23235) according to the manufacturer's instructions.

The assay relies on the presence of bicinchoninic acid (BCA) and Cu2*. In the presence of

peptides and amino acid side chains, a purple reaction product is obtained absorbing at 562

nm. BSA (supplied with kit) was serially diluted in PBS with concentrations ranging from

1.56 ¡tglml to 200 ttdml. Protein determination was performed on frozen lysates after

centrifugation for 15 minutes at 15000 g at 4"C. Samples were diluted ll2Ù or li30 in PBS.

For the correction of background absorbance, blanks consisting of PBS only or 17o Nonidet P

40 (NP40) or l7o Triton diluted l/20 or l/30 dilution in PBS were used. Standards, lysates

and blanks (75 ¡tl) were loaded in triplicate into wells of 96 well trays. Standards and blanks

were replicated on all trays used. To the wells, 75 ¡rl of BCA reagent (507o reagent lll4{,487o

reagent lll4B, 27o reagent MC) was added and trays incubated at 37"C for 2 hours in a

humidified box. Microtitre plates were read on a Biorad microtiter plate reader (Bio-Rad,

model 3550) at absorbance 570 nm.

2.7.6. Size Determination of Proteins

The molecular weight of proteins was calculated by comparing their relative

electrophoretic mobility with proteins of known size. The commercially available molecular

weight markers used ,were Prestained SDS-PAGE Standards, High Range (Biorad

Laboratories, Hercules, CA, Cat. No. 161-0309) and SeeBlue@ Pre-Stained Standard

(Invitrogen, Carlsbad, CA, Cat. No. LC5625). The estimated sizes of these molecular weight

markers in kDa are as follows:

Prestained SDS-PAGE Standards, High Range: 204; 123; 80; 48

SeeBlue@ Pre-Stained Standard: 25O;98; 64; 50 36;30 16; 6; 4
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2.7.7. Sodium Dodecylsulphate-Poly Acrylamide Gel Electrophoresis

(sDS-PAGE)

Immunoprecipitates as described in section 2.7.4 above were size fractionated under

reducing conditions on 87o polyacrylamide gels (see section 8.2) overlayed with a stacking gel

(see section 8.2). Gels were assembled in Hoefer gel tank apparatus, according to the

manufacturer's instruction, and immersed in protein electrophoresis buffer (see section 8.2).

Boiled immunoprecipitates were loaded onto gels using cut tips to ensure Protein A Sepharose

was loaded. Samples were electrophoresed at 15 mA/gel through the stacking gel and 20

mA/gel through the resolving gel.

Whole cell lysates (15 pl) diluted Il2 in double strength reduced loading buffer were

size fractionated under reducing conditions on lOTo polyacrylamide gels (see section 8.2)

overlayed with a stacking gel (see section 8.2). Samples were boiledfor2 minutes priorto

loading and were electrophoresed at 15 mA/gel through the stacking gel and 2O mA/gel

through the resolving gel.

2.7.8. Transfer of Proteins to Nitrocellulose and Polyvinylidene Difluoride

(PVDF)

Proteins size fractionated on 87o or l07o gels by SDS-PAGE were transferred to either

polyvinylidene difluoride (PVDF) Hybond membrane (Amersham Pharmacia,

Buckinghamshire, England, Cat. No. RPN 303F) prewetted in IÙOVo methanol, or onto

nitrocellulose (Advantec MFS, Pleastanton, CA, Cat. No. 4045A330R) using a fully

submerged electrophoretic transfer technique with 207o or l07o methanol for PVDF or

nitrocellulose respectively (see section 8.2 for transfer buffer details). For transfer to

nitrocellulose, gel and membrane were allowed to equilibriate in transfer buffer for 15 minutes

prior to setting up transfer. Proteins \ /ere transferred at 30 mA overnight or 250 mA for 2

hours.
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2.7.9. Western Blotting Technique

Membranes to be probed were washed twice in lx TBS (see section 8.2 for 10x stock)

with O.l7o Tween20 for 10 minutes. To prevent non-specific antibody binding, the

membranes were incubated in 2.57o membrane blocking solution (Amersham Pharmacia,

Buckinghamshire, England, NIF833) in TBS for t hour whilst rocking slowly. The membrane

was washed in TBS with O.I7o Tween2O (2 quick rinses followed by a 15 minute incubation

and two 5 minute incubations) on a fast rocking platform. The membrane was then incubated

with primary antibody (see Table 2.2) dllúed in 2.57o membrane blocking solution for at least

2 hours in a covered container on a slow rocking platform at room temperature. After

washing as above, the membrane rwas incubated with secondary reagent (see Table 2.3) for at

least t hour in a covered container on a slow rocking platform at room temperature.

Membranes were then washed as above followed by two rinses and an incubation for 5

minutes in TBS. The membrane was incubated protein side down on enhanced

chemifluorescence (ECF) substrate (Amersham Pharmacia, Buckinghamshire, England, Cat.

No. RPN 5785) for 30 seconds to I minute then placed protein side down on the glass plate of

the Fluorlmager (Molecular Dynamics) and scanned immediately using a 510 nm filter. For

strong signals, ECF was diluted 1/2 in TBS.

Blots were maintained wet and stored at 4"C in TBS with 0.17o Tween2O on a rocking

platform. After probing, all blots were dried between two pieces of Whatman paper and

stored in the dark.

2.7.10. Quantitation of Protein Bands

Data produced by the Fluorlmager or Phosphorlmager was quantitated using

ImageQuantTM software (Molecular Dynamics). Background values for each band were

determined using an equivalent size analysis region in the same lane. The background value

in relative fluorescence units was subtracted from the intensity of the band of interest.
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2.8. AssnssvrENT oF PI 3-K Acuvrrv

2.8.1. AntibodyDetails

See section 2.7 .l (Table 2.1) for details.

2.8.2. Preparation of Lipid

The lipids used in this procedure included Ptdlns, a substrate for PI3-K and

phosphatidylserine, added to increase the specificity of the reaction. Lipids v/ere prepared in

chloroform/methanol (95:5 v/v) at 10 mg/ml and 5 mg/ml stock for Ptdlns and

phosphatidylserine respectively and stored aliquoted at -70"C.

To make 400 pl of resuspended lipid, 2O ¡tl of Ptdlns (10 mg/ml) and l0 ¡rl of

phosphatidylserine (5 mg/ml) were carefully dried under a stream of nitrogen until just dry.

Lipids were then resuspended in 400 ¡tl of lipid resuspension buffer (see section 8.2) with a

probe sonicator on ice by 2 quick 30 second pulses. Once in suspension, lipid was kept at

room temperature and used within 2 hours of preparatton.

2.8.3. Preparation of Cellular Lysates

Cellular lysates were prepared as described in section 2.1.3. Immunoprecipitations

were performed as in 2.7.4, with 60 pl of 5O7o Protein A Sepharose slurry and 5 ¡rg of

antibody. After two hours rotation at 4"C, immunoprecipitated pellets were washed 3 times

with ice cold Tris saline (see section 8.3) and 3 times with ice cold lx kinase buffer (see

section 8.3).

2.8.4. In vitro Kinase Assay

To the 30 pl Protein A Sepharose pellet 2O ¡tl of 5x kinase buffer, 50 pl of

resuspended lipid, 2 ¡tl of 2.5 mM ATP and 10 pCi of y32P-ATP (specific activity 3000

CilmM) (PerkinElmer, Boston, MA, Cat. no. NEG002A) were added and the reaction allowed
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to proceed at room temperature for 20 minutes. The reaction was terminated by the addition

of 100 ¡rl of 1 M HCl. Lipids Ìvere extracted with the addition of 200 pl chloroform:methanol

(1:1 v/v) and 500 ¡t"l of 2 M KCI saturated with chloroform (lo7o vlv final). Tubes were

vortexed briefly and centrifuged for 2 minutes at 15000 g to separate the mixture out into two

phases, the top aqueous phase and the lower organic phase. The organic phase was collected

with a fine pipette tip and placed into a fresh tube.

To inhibit PI3-K activity, wortmannin (see section 2.5.1), at a final concentration of

70 nM was added to the kinase mix, just prior to the addition of y32P-ATP. The final

concentration of DMSO in the reaction wasO.OO77o.

2.8.5. Thin Layer Chromatography

Samples were spotted2 cm from the base of a thin layer chromatography (TLC) plate

(aluminium sheet precoated with silica gel 60; Merck, Darmstadt, Germany, 5553) that had

been immersed in potassium oxalate solution (see section 8.3) for 30 seconds and let to dry at

room temperature overnight. Plates were then placed in a tank containing

chloroform:methanol:acetic acid:water (43:38:5:7 vlv) that had equilibrated overnight and run

until the solvent front was near the top of the TLC plate. The plate was then removed and

allowed to dry. It was covered in plastic wrap and developed overnight on phosphorimaging

plates. Plates were read on a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA).

2.8.6. Quantitation of Phosphorlmager Results

Quantitation of Phosphorlmager results was performed as in section 2.7 .10 above.
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2.9. MnNrpulArIoN or DNA

2.9.1. Restriction Endonuclease Digestion

Plasmid DNA was digested with 2 - 3 fold excess restriction endonuclease in a final

volume of l0 - 40 pl. Digests were performed for I - 3 hours in lx digestion buffer (supplied

with enzyme as a 10x concentrated stock) at the optimal temperature as indicated by the

manufacturer. The extent of digestion was determined by visualisation of the DNA fragments

by gel electrophoresis (see section 2.9.2). Following digestion, enzymes were inactivated as

specified by the manufacturer. If DNA was to be digested by multiple enzymes, then this was

done simultaneously if the enzymes required compatible buffer conditions. If not, the DNA

was purified by phenol chloroform extraction (section 2.9.4.2) after digestion with the first

enzyme and before digestion with the subsequent enzyme.

2.9.2. Electrophoresis of DNA

DNA was separated by electrophoresis on agarose gels made in lx Tris-acetate-EDTA

(TAE) (see section 8.4) with the percentage of the gel dependent on the size of the DNA

products to be detected. Generally, l7o asafose gels were used. For the analysis of PCR

products l7o and 27o agarose and 47o low melting point Sea Plaque (FMC BioProducts,

Rockland, ME Cat. No. 50111) gels were used. To the DNA, gel loading buffer (see section

8.4) was added and the samples loaded on horizontal gels immersed in an electrophoresis tank

containing lx TAE. Gels were electrophoresed at 80 - 100 V until the bromophenol blue dye

front was three quarters along the gels. Gels were then removed, stained with ethidium

bromide solution (2 ¡tglml in water) for 5 minutes and destained in water for 5 minutes. DNA

bands were visualised using a Fluorlmager 595 (Molecular Dynamics) with a 610 nm filter.
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2.9.3. Size Determination and Quantitation of DNA Fragments

The size of DNA fragments were calculated by comparing their relative mobilities in

agarose with DNA of known size. The commercially available molecular weight markers

used were Bacillus subtilis bacteriophage SPPI DNA digested with EcoRI (GeneWorks,

Adelaide, Australia, Cat. No. DIvtW-Sl) and plasmid pUC19 DNA digested with HpaII

(GeneWorks, Adelaide, Australia,Cat No. DMW-PI) The estimated sizes of these molecular

weight markers in kilobases are as follows:

EcoRI digested SPP1 DNA: 8.51; 7.35;6.11;4.84;3.59;2.81; 1.95; 1.86; l.5l; I.39;

l. 16; 0.98; 0.72; 0.48', 0.36

HpaA. digested pUC19 DNA: 0.501; 0.489; 0.404;0.331; 0.242;0.190; 0.L41;0.111;

0. 1 10; 0.067 ; 0.034; 0.026

The concentration of DNA in solution was determined by spectrophotometry with

absorbance at 260 nm based on the assumption that an absorbance value of 1 was equivalent

to 50 pglml (1 cm light path). Alternatively, DNA was electrophoresed and the intensity of

the ethidium bromide stained bands rwas compared to those with known molecular weight

markers.

2.9.4. Purification of DNA

Two techniques were used in the purification of DNA. Firstly, GENECLEAN@ was

used to purify DNA excised from agarose gels. The second technique was phenol chloroform

extraction used for purifying DNA after restriction enzyme digests.

For purification of the target DNA fragment from contaminating DNA fragments after

restriction endonuclease digestion, samples were electrophoresed and stained with ethidium
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bromide as in section2.9.2. The gel was then scanned on the Fluorlmager and a printout the

same size as the gel was obtained. This printout was placed beneath a glass plate the gel was

resting on and the fragment of interest was excised from the gel. The gel was then rescanned

to ensure all the band had been excised.

2.g.4.1.GENECLEAN@

This method was used to purify DNA between 0.3 and 5 kb from molten agarose and

'was a modification of the manufacturer's instructions (BIO 101, La Jolla, CA, Cat. No. 3105).

It relied on the affinity of a specially formulated silica matrix termed 'GLASSMILK'to bind

double stranded DNA. The excised gel slice containing the DNA fragment was placed into a

microcentrifuge tube and weighed (assuming I mg is equivalent to I ml). To this, 2.5 - 3

volumes of sodium iodide (NaI) solution (supplied by manufacturer) was added and the

agarose melted at 55"C. To the molten agarose, 5 ¡r,l of glassmilk suspension (supplied by

manufacturer) (for 5 pg or less of DNA) was added and the sample rotated at 4"C for l5 to 30

minutes. DNA bound to the silica matrix was pelleted in a microcentrifuge for 5 seconds and

the NaI supematant was removed. The pellet was resuspended and washed 3 times with

'NEW WASH' (NaCllEthanol/lVater; as supplied by the manufacturer) and resuspended in 10

- 2O ¡tl Milli-Q water by heating the tube at 55oC for l0 minutes. The glassmilk was pelleted

and the supernatant containing the DNA was transferred to a fresh tube.

2.9.4.2. Phenol Extraction

The DNA to be purified was made up to a minimum volume of 100 ¡rl. To this, 2 pl

of glycogen (2 mglml) (Roche, Mannheim, Germany, Cat. No. 901393) was added as a carrier

to aid in visualisation of the purified DNA. An equal volume of phenol/chloroform (507o

phenol, 507o chloroform) was added, vortexed and incubated on ice for 2 minutes to allow

separation of the two phases. The solution was then centrifuged at 4"C at 15000 g for 5
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minutes and the top aqueous phase transferred to a new centrifuge tube. To precipitate the

DNA, 0.1 volumes of 3 M sodium acetate (pH 5.2) and 2.5 volumes of lo07o ethanol was

added and incubated on ice for 20 minutes prior to centrifuging at 15000 gfor 20 minutes at

4"C. The precipitated DNA was washed once with 500 ¡tl of 707o ethanol and allowed to air

dry or dry under vacuum and then resuspended in water or Tris-EDTA (TE) (see section 8.4

for 100x stock).

2.9.5. Dephosphorylation of DNA

Dephosphorylation of vector DNA was performed to stop vector religation. This

procedure used calf intestinal alkaline phosphatase (CIP) (Amersham Pharmacia,

Buckinghamshire, England, E225OY) which removed the 5' phosphate of DNA. Phosphatase

treatment was performed in a reaction volume of l0 pl comprising DNA, lx OnePhorAll

buffer (Amersham Pharmacia, Buckinghamshire, England, 21-090I-02) and 1 U of CIP per I

pg of DNA. Phosphatase reactions for 'sticky ends' were carried out at 37oC for 30 minutes

and then terminated by the addition of EDTA (pH 8) to a final concentration of 5 mM and

incubation atlS"Cfor 10 minutes. DNA was purified using the GENECLEAN@ method (see

section 2.9.4.1).

2.9.6. Ligation

Ligation of DNA was performed using T4 DNA ligase (Amersham Pharmacia,

Buckinghamshire, England, E70005Y). Ligation reactions were performed with a I - 3 fold

molar excess of insert DNA to vector DNA in the presence of 10 mM ATP, 66 mM Tris HCI

(pH 7.6), 6.6 mM MgCl2, l0 mM l,4-Dithiothreitol (DTT), 150 mM NaCl, and 6 U of T4

ligase to a final volume of l0 ¡r,l and incubated at 4oC overnight. To terminate the reaction, it

was heated at 65'C for 10 minutes and DNA was then purified using phenol chloroform

procedure (see section 2.9.4.2).
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2.9.7. Production of Electrocompetent Bacterial Cells

Bacterial Escherichia coli DH10Þ strain used for transformation were made

electrocompetent by the following procedure. Bacterial cells from glycerol stocks were

streaked onto a Ya agar plate (see section 8.4) and incubated overnight at 37"C. A single

colony was used to inoculate 10 ml of Luria Broth (LB) (see section 8.4) and was incubated

with shaking at 37'C overnight. This was subcultured 1:100 into 1 L of prewarmed

superbroth (see section 8.4) and grown until an ODeoon- of 0.4 - 0.6 (1 cm light path) was

achieved. The cells were then chilled on ice for 15 to 30 minutes and centrifuged in a cold

rotor at 5000 g for 15 minutes. The pellets were washed three times in ice cold water and then

resuspendedin2O ml of lOTo glycerol. Cells were centrifuged at 5000 g for 15 minutes at4"C

and resuspended in 1ml of IOTo glycerol. The competent cells were aliquoted (45 pl) into

cold 1.5 ml microcentrifuge tubes on dry ice and stored at -70"C until required.

2.9.8. Transformation of Electrocompetent Cells

Electrocompetent cells were thawed to room temperature and placed on ice. In a cold

1.5 ml tube, 40 pl of cells were mixed with | - 2 ¡tl of purified ligated DNA and incubated on

ice for 1 minute. This mixture was transferred to an ice-coldO.2 cm cuvette and pulsed at 25

pF, 1.6 kV and 200 ç¿ with a Bio-Rad Gene Pulser. A time constant of approximately 4.5

pseconds was obtained after each electroporation. Immediately after the pulse, 500 pl of ice

cold SOC medium (see section 8.4) was added to the cuvette using a glass pasteur pipette,

mixed and the contents transferred to 10 ml polypropylene tubes and incubated for I hour at

37'C with gentle shaking. Dilutions of the culture were then plated onto Luria agar plates

(see section 8.4) containing 100 ¡rglml ampicillin.

2.9.9. Expansion of Plasmid DNA

2.9.9. 1 . Small Scale Plasmid Preparation
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Single colonies were plucked aseptically from agar plates and grown overnight in 10

ml microcentrifuge tubes containing 3 ml of Luria broth (see section 8.4) with 100 pglml

ampicillin. Cultures were chilled on ice and 1.5 ml transferred to microcentrifuge tubes. The

bacterial cells were pelleted in a microcentrifuge at 9000 g for I minute. The supernatant was

aspirated and the pellet resuspended in 250 pl of fresh lysis buffer (see section 8.4), vortexed

and incubated on ice for 5 minutes. To this, 2O ¡tl of lysozyme (10 mg/ml) was added,

vortexed for 3 seconds, boiled in a waterbath for 1 minute and immediately placed on ice for

15 minutes. Chromosomal DNA and protein was pelleted by centrifugation at 15000 gfor 20

minutes at 4"C. The supernatant containing the plasmid DNA was transferred to a fresh tube

and precipitated with 2 volumes of IOOVo ethanol and vortexing. The plasmid DNA was

pelleted at 15000 g for 15 minutes at 4"C. The pellet was washed with 1 ml of J07o ethanol,

dried under vacuum and resuspended in 30 pl of Milli-Q water.

2.9.9.2.Midiprep DNA P reparation

Midiprep DNA preparation was caried out using a QIAGEN Midi Kit (QIAGEN,

Germany, Cat. No. I2t43) with slight modifications to the manufacturer's instructions. A 100

ml2x YT bacterial culture (see section 8.4) containing 100 pglml ampicillin was inoculated

with bacterial culture using a sterile loop and incubated overnight at 37"C with shaking. The

culture was centrifuged at 4oC for 10 minutes at 5000 g. The supernatant was removed and

the pellet resuspended in 4 ml Buffer Pl containing RNase A. Cells were lysed by the

addition of 4 ml Buffer P2, mixed and incubated for 5 minutes at room temperature. The

chromosomal DNA and protein were precipitated by the addition of 4 ml Buffer P3 with

gentle inversion and incubated on ice for 15 minutes. Samples were centrifuged at 27OOO g

for 30 minutes at 4"C. The supernatant was transferred to a fresh plastic tube and centrifuged

at 27OOO g for l0 minutes at 4"C and then applied to a QIAGENtip that had been pre-

equilibrated with l0 ml of Buffer QBT. The column was washed twice with l0 ml of Buffer
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QC before the elution of plasmid DNA using 5 ml Buffer QF. Eluted DNA was precipitated

with 0.7 volumes of room temperature isopropanol and centrifuged at 21000 g for 30 minutes

at 4"C. The supernatant was removed and the DNA pellet air dried briefly. The pellet was

then resuspended in 400 pl of TE (see section 8.4) and transferred to a microcentrifuge tube.

The DNA was then re-precipitated with the addition of 40 ¡"tl 3 M sodium acetate and I ml of

1007o ethanol and microcentrifuged at 15000 g for 30 minutes at 4"C. The pellet was washed

in'707o ethanol, centrifuged for 10 minutes at 15000 gat 4"C and dried under vacuum. The

pellet containing the plasmid DNA was resuspended in 100 pl of TE.

Glycerol stocks were made of all midiprep cultures. 3 ml of culture was centrifuged at

2500 g for 10 minutes at 4"C and supernatant removed. The pellet was resuspended in I ml

of 2O7o glycerol in Luria Broth (see section 8.4) and transferred to a lml cryotube for storage

at -20"C.

2.9.10. Primers used for Polymerase Chain Reaction (PCR) and Sequencing

Table 2.4 summarises the location of the oligonucleotide primers used to sequence or

amplify human c-KIT. The location of these oligonucleotide primers is based on the c-KlT

sequence published by Yarden et aI., (1987).
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Name Oligonucleotide Sequence * Location Orientation

441 5'-GGGGGATCC

GATGTGGGCAAGACTTCT-3'

t506-1524 SENSE

1003 5'-GCAGGAAGACTCCTTTGAATGC-3' 2t42-2163 antl-sense

1002 5'-GATAGTACTAATGAGTACATGG-3' 2t61-2188 SENSE

1004 5'-TCATCCTCCATGATGGCG-3' 2283-2300 antl-sense

SRC-09 5'-TTGGCAGCCAGAAATATC-3' 2400-24t8 SENSE

SRC-03 5'-TTAGAATCATTCTTGATG-3' 2410-2487 antr-sense

SRC-10 5'-AACTTAGAATCGACCGGC-3' 2642-2660 antl-sense

SRC-05 5'-GAATGGTCTACCACGGGC-3' 2865-2882 antr-sense

Table 2.42 Oligonucleotide Primers

*Italicised sequence in oligonucleotide primer 447 encodes an endonuclease restriction

srte.

2.9.11. Purifïcation of Oligonucleotide Primers

Primers were synthesised on an Applied Biosystems 391 DNA synthesiser in the

Division of Haematology, IMVS, Adelaide by Mr A. Mangos and were obtained still attached

to the synthesis column. The below procedure was used to remove and purify primers. A I

ml syringe was inserted into one end of the column and into the other end another I ml

syringe containing 500 pl of ammonium hydroxide (25%o ammonia solution, MERCK,

Melbourne, Victoria, Australia, Cat. No. 1.05428) was insefted. The plungers of the syringes

were moved backwards and forwards in order to fill the column with ammonium hydroxide

and left to stand for 2O minutes. The ammonium hydroxide was then drawn into one syringe

and the contents placed in a2 ml screw-capped tube. The above procedure \ilas repeated three

more times until a volume of 2 ml was obtained. The primer/ammonium hydroxide solution

was incubated overnight at 56'C. The vials were allowed to cool and the primer dried down

by vacuum. The pellet was dissolved in 100 ¡rl of sterile distilled water and the concentration

the
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2.I0. INrnonucrroN on RncoMBTNANT DNA rNTo Eur¡nvorrc Cnr-r,s

2.10.1. cDNA and Expression Vectors

Human c-KIT cDNA, according to the sequence published by Yarden et al., (1987)

inserted between the Asp 718 - Not I sites of the pBluescript M13 - (SK) vector was provided

by Dr. D. Williams (Immunex Corporation, Seattle, WA).

Human c-KIT cDNA containing a single point mutation 42813T, inserted in the

BamIIL site of the pcDNA3 polylinker, was provided by Dr. L. Ronnstrand (Ludwig Institute

for Cancer Research, Uppsala, Sweden)

The retroviral vector pRUFMClneo was provided by Drs J. Rayner and T. Gonda,

(Hanson Centre for Cancer Research, Adelaide, Australia) (Rayner and Gonda, 1994) and

contained 5' and 3'LTRs and the neomycin gene was driven by the f9 polyoma enhancer. The

vector is shown inFigure 2.2.

Human GNNK+S+ and GNNK-S+ isoforms of c-KIT inserted into the Hpal site of

pRUFMClneo was created previously by Dr. G. Caruana (Caruana et al., 1999). Human

c-KIT containing the substitution 42468T, resulting in the D816V mutation, was inserted into

the HpaI site of pRUFMC 1 neo by Dr. P. Ferrao (Ferrao et al. , I99l)

Required cDNA fragments were purified and cloned into the polylinker of the

retroviral expression vector, pRUFMClneo. DNA plasmids containing retroviral expression

constructs ,ù/ere expanded by midiprep DNA preparations (see section 2.9.9.2) for transfection

into the psi2 packaging cell line.

2.10.2. Calcium Phosphate Transfection into psi2 Packaging Cells

The viral packaging fibroblast cell line psi2 was transfected with retroviral plasmid

constructs as described by Lang et aI., (1985). Briefly, a day prior to transfection, 6 cm dishes

were each seeded with lxlOs psi2 cells in DMEM supplemented with 107o FCS. In a 10 ml
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Figure 2.2: Schematic of the pRUFMClneo retroviral vector.

The pRUFMClneo vector was created by inserting MClNeo cassette between Bgltr

and CIaI sites of pRUF. U3, R and U5 represent repeat sequences within the LTR in which

KpnI and SnaI sites have been omitted from the figure. A unit proviral length is 3259 bp.

Amp* represents gene encoding resistance to ampicillin while ORI refers to the origin of

plasmid replication. 'SD' and 'SA' represent the splice donor and splice acceptor sites

respectively. In the polylinker, BamIil., XhoI, HpaI , Hindfr, and BgIU, are all unique.



52
90

X
òr

 I 
54

99

S
ro

I 
56

t5
I o9 'l{

ô
so

 2
06

15
35sA

 t3
63

t4
59

82
1

E F .Å rã z ID o (.
lt o\ 9t O (J rc

15
69

E
co

R
 I

 1
74

6

N
co

I 
24

19

C
l¡ 

I 
26

5E

o =
33

94

X
br

 I 
30

98

S
ro

 I 
32

t4

=o (D o

I 
¡6

65

28
0t

'tt o = f (D
B

gl
 ll

X
ba

 I

B
am

H
X

ho
 I

E
co

R
 I

H
pa

l
H

ln
d 

lll

Þ ='o ¡

33
94

32
,1

8

E
tfT



polystyrene tube, a 0.5 ml solution containing 20 llg DNA and 250 mM CaClz was prepared.

A second solution of equal volume was freshly prepared in a 2O ml conical polystyrene tube

and consisted of 250 mM NaCl, 1.5 mM NaPO4 pH 7 and 50 mM FIEPES pH 7.1. The DNA

solution was added dropwise to the second solution while bubbling air through the second

solution with a 1 ml pipette. The combined solution was incubated at room temperature for

30 minutes until a visible precipitate had formed. 500 pl of the precipitate was added

dropwise to a duplicate set of dishes and cultures incubated at 37"C. After 24 hours, cells

were 'glycerol shocked'. Medium was removed from dishes and 1 ml of l57o glycerol in

DMEM was added and rocked gently every 30 seconds. After 4 minutes the glycerol/DMEM

was removed and cells were gently washed with 5 ml DMEM. After the wash, DMEM

containing 10% FCS was added and cells incubated overnight. The following day, cells were

harvested and seeded into DMEM containing 107o FCS and 400 Wglml geneticin. Medium

was changed twice weekly. Geneticin was maintained in the culture medium for about 1 week

until all mock transfected cells died.

2.10.3. Retroviral Infection of Suspension Cells by Co'cultivation

Semi-confluent monolayers of psi2 transfectants were irradiated at 30 Grays, harvested

and seeded at 1x106 in 25 cm2 growth area flasks. Non-adherent cells to be infected were

added at various densities depending on the cell line in a final volume of 5 ml. After 2 days

co-cultivation, the non-adherent cells were collected, washed and cultured in 5 ml DMEM

with FCS, muGM-CSF and 1 mg/ml geneticin. Medium was changed twice weekly until all

mock infected cells had died.

2.II. M¿,NTPUIATION OF RNA

For RNA procedures, materials were maintained free from RNase contamination, and

gloves were always worn. Plasticware and autoclaved glassware was pretreated with 0.5 M
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NaOH to remove RNase contamination. All Milli-Q water used was treated with 0.l7o vlv

dierhylpyrocarbonate (DEPC) (Sigma, St Louis, MO, Cat. No. D-5758) at 37"C overnight and

autoclaved to inactivate the DEPC. All other solutions used were prepared in 'RNase-free'

plasticware or glassware. Plugged tips were used to prevent contamination.

2.l1^.l. Total RNA Extraction

Total RNA extraction was performed using TRIzol according to the manufacturer's

instructions (GibcoBRL, Gaithersburg, MD, Cat. No. 15596-026). Cells in log phase growth

(l.25xl}ltotal) were harvested and washed in tissue culture grade PBS. The supernatant was

removed and 1 ml TRIzol reagent was added to the pellet and mixed by pipetting. The

samples were left at room temperature for 5 minutes, before transferring them to

microcentrifuge tubes and storing ftozen at -70"C.

To 1 ml samples that had been thawed to room temperature, O.2 ml chloroforrn was

added and vigorously shaken before incubation for 3 minutes. Samples were centrifuged at

12000 g for 15 minutes at 4"C which resulted in the presence of three phases, a lower red

phase, a phenol-chloroform interphase and an upper colourless aqueous phase containing

RNA. The aqueous phase was transferred to a fresh tube and the RNA was precipitated with

0.5 ml isopropyl alcohol by incubation at room temperature for 10 minutes. The samples

were centrifuged at 12000 g for 10 minutes at 4"C. The supernatant was removed and the

pellet washed with I ml757o ethanol. Samples were incubated at room temperature for 10

minutes then centrifuged for 5 minutes at 7500 g at 4"C. Pellets were air dried then dissolved

in DEPC treated water by pipetting and incubation at 60"C for 10 minutes.

2.11.2. Quantitation of RNA

Quantitation of RNA was performed using a spectrophotometer to measure absorbance

at A26O and A280. The concentration was determined on the assumption that an absorbance
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at 260 nm of 1 is equivalent to 4O ¡tglml (1 cm light path) of RNA. The ratio of A260/Ã280

was determined to ensure freedom from protein contaminatlon

2.11.3. Probes

A probe for human c-KIT was created by digesting GNNK+S+ c-KIT cDNA contained

in pRUFMClneo with EcoRI. A fragment encoding the first 700 base pairs of c-KIT was gel

purified. A 780 base pair fragment of the human glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) cDNA excised from pHcGAP (ATCC, Rockville, MD) was provided by Mr G.

Casey (Division of Haematology, IMVS, Adelaide).

2.11.4. Random Oligonucleotide Priming

The double stranded DNA probe from 2.11.3 above was labelled using the GIGAprime

DNA Labelling Kit (Bresatec, Adelaide, Australia, Cat. No. GPK-I) according to the

manufacturer's instructions with minor modifications. 50 - 100 ng of template DNA was

made to 7 pl with sterile Milli-Q water and heated at95"C for 5 minutes to denature the DNA,

and then placed on ice to cool. To this was added 6 pl of decanucleotide solution, 6 ¡rl of

nucleotide/buffer cockrail, 50 pCi of s32P-dATP (specific activity 3000 Ci/mM) (Bresatec,

Adelaide, Cat. No. ADA-2) and I ¡rl (5 U) of Klenow DNA polymerase. The solution was

mixed and briefly centrifuged before incubation at 3J"C for 15 minutes. The reaction was

terminated by the addition of 1 pl of 0.5 M EDTA and the volume adjusted to 50 pl with

sterile Milli-Q \ilater. The final volume was then adjusted to 50 pl with sterile Milli-Q water.

The probe was purified from the label using Microbio-spin 6 chromatography columns

(Biorad, Hercules, CA, Cat. No.132-6221). Columns were inverted to resuspend the gel and

the tip snapped off and placed in a 2 ml microcentrifuge tube with the top cap removed to

allow flow. The column was centrifuged for 2 minutes at 1000 g and then placed in a clean

tube. Samples were applied to the column and centrifuged at 1000 g for 4 minutes, to elute
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the purified labelled probe. The counts per minute of the DNA probe was determined by

diluting 1 ¡rl of the probe in 100 ¡rl Milli-Q water and placing into a Bioscan QC-2000.

2.11.5. Northern Blot Transfer

RNA samples (10 pg) isolated as described in section 2.lI.l were dried in a speedivac

and then resuspended in LZ pl of sample buffer (see section 8.5) with 0.2 mglml ethidium

bromide and mixed. RNA was denatured at 65oC for 5 minutes and then 1 ¡rl of loading

buffer (see section 8.5) was added to the tubes. Samples were electrophoresed in a !7o

agarose gel (see section 8.5) in formaldehyde running buffer (Appendix 8.5). The gels were

washed by rocking in DEPC treated water for 30 minutes and then ethidium bromide stained

RNA contained in the gel was visualised using a Fluorlmager at an excitation wavelength of

610 nm. This was performed to determine the quality of the RNA. The gel was then blotted

onto Hybond N+ filters (Amersham, Buckinghamshire, England, Cat. No. RPN303B) and the

RNA transferred by capillary action in lOx SSC (see section 8.5) overnight. The nylon

membrane was rinsed in 2x SSC and allowed to air dry prior to cross-linking the RNA to the

filter by exposure ro uV light (0.4 Jlcm2 in a Hybaid I-rV crosslinker).

Nylon membranes were placed in 2x SSC, rolled and placed in glass hybaid bottles.

Prior to hybridisation with radiolabelled probes, filters were incubated at 68"C for 30 minutes

in 10 ml of pre warmed Express Hyb solution (Clontech, Palo Alto, CA, 8015-l) Probes for a

final activity of 5x106 cpm/ml were denatured by incubation at 95"C for 10 minutes and then

added to 3 ml ExpressHyb. This was added to the bottle containing the membrane and

incubated for I hour at 68'C whilst rotating.

Filters were washed twice with 2x SSC containing 0.O5Vo SDS with the final wash

incubated for 30 minutes at room temperature, whilst rocking. Filters were then washed once

in a more stringent solution (0.lx SSC wifhO.IEI SDS) at 50oC for 30 minutes while shaking.

Filters were dried and wrapped in plastic wrap. Hybridisation signals were detected on
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phosphor storage screens which were exposed overnight and analysed using a Molecular

Dynamics Phosphorlmager with ImageQuantTM software (Molecular Dynamics, Sunnyvale,

CA). Hybridisation signals were quantified using the GAPDH signals as a loading control.

To reprobe, nylon membranes were stripped by submersion in a 90'C solution of 0.57o SDS

for 10 minutes and dried on Whatman paper.
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3. DIFFERENTIAL FUNCTION OF C.KIT ISOFORMS IN

HAEMOPOIETIC PROGENITOR CELLS

3.1. INrnorucrroN

Activation of the RTK, c-KIT by its ligand SCF results in haemopoietic cell

proliferation, survival, differentiation, adhesion and chemotaxis (Bendall et a\.,1998; Kinashi

and Springer,1994 Meininger et aI., 1992; Ricotti et a1.,1998; Tsai et al.,l99l). Receptor

dimerisation, transphosphorylation and the activation of downstream pathways including

PI 3-K and Ras-MAPK are important aspects of c-KIT function (Lev et al., l99l; Miyazawa

et al.,I99l; Rottapel et aL.,1991).

Human c-KIT has four naturally occurring isoforms, which arise from differential

splicing at two distinct sites. Alternate splicing results in the insertion/deletion of GNNK in

the extracellular juxtamembrane region, or the insertion/deletion of a single serine residue in

the interkinase sequence (Crosier et al., 1993; Giebel et al., 1992; Gokkel et al., 1992;

Hayashi etal., I99l;Vandenbark etal., 1992). Thepresenceorabsenceof GNNKonaS+

background of c-KIT had significant effects on the biological responses and activation

kinetics in response to huSCF, which was not attributable to differences in ligand binding

affinity (Caruana et a1.,1999). These studies performed in NIH-3T3 fibroblasts revealed that

the GNNK- isoform was more transforming in the presence of huSCF as shown by focus

formation, anchorage independent growth and the ability to produce tumours in nude mice.

The GNNK+ isoform also promoted anchorage independent growth but only weak focus

formation and no tumours in mice. The kinetics of c-KIT activation in response to huSCF

stimulation were also different between the two isoforms with GNNK- exhibiting rapid

transient responses, while GNNK+ exhibited a slower more sustained response.
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MuGM-CSF dependent FDC-PI were infected by co-cultivation with psi2 cells

producing virus containing cDNA encoding either GNNK-S+ or GNNK+S+ human c-KIT

(see section 2.10.3 for method). Infected cells were selected with 1 mg/ml geneticin until

control cells died. To obtain c-KIT expression within a physiological range, cells were sorted

based on their surface expression using fluorescence activated cell sorting. Antibody used in

these studies (1DC3) bound to the first immunoglobulin like domain of c-KlT, exhibiting no

preference for the isoforms (unpublished data). The sorted population was used to create a

series of clones to ensure that observations were not due to a clonal artefact of the infected

population. These were created by single cell deposition using fluorescence activated cell

sorting and were expanded and characterised in regard to their surface expression.

3.2.1. Analysis of c-KIT Expression by Indirect Immunofluorescence

Indirect immunofluorescence performed on FDC-PI clones used 1DC3, an IgGl

antibody specific for c-KIT, and an isotype matched negative control, lB5, specific for

Giardia. Parental FDC-P1 did not express human c-KlT (Figure 3.14). Expression of c-KIT

was observed in all clones as a single peak shift of fluorescence above background. Four

clones of each isoform, displayed in Figure 3.14, were selected based on their surface

expression. Selected clones exhibited a range of surface c-KIT which was paired between the

isoforms. These clones were amplified and cryopreserved (see section 2.1.3 and2.l.4). For

subsequent experiments, cells were maintained in medium supplemented with muGM-CSF

(refer to section 2.1.3 for details).

Saturation binding analysis previously performed in our laboratory on FDC-PI cells

transduced with human c-KIT cDNA, gave an estimate of the number of surface expressed

receptors (Caruana et al., 1999). To determine the relative copy numbers of c-KIT on

FDC-Pl clones, an indirect immunofluorescence assay was performed on clones, in parallel to

FDC-PI populations that had been characterised by saturation binding analysis (Caruana et
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Figure 3.1: Surface expression of c-KIT isoforms by indirect immunofluorescence

assay.

Surface expression of c-KIT was determined by indirect immunofluorescence using

monoclonal antibody 1DC3 (anti-c-KlT) and an isotype matched negative control lB5 (anti-

giardia). A: Histogram of mean + standard deviation (SD) from a duplicate experiment

shows the relative surface expression profiles of GNNK- and GNNK+ c-KlT in FDC-PI

clones after correction for background levels. B: Comparison of c-KIT copy number

previously obtained from saturation binding analysis in FDC-PI (see reference Caruana et al.,

1999) with mean fluorescence intensity for the same populations. AMFI represents the

change in mean fluorescence intensity after correction for background.
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at., 1999). Good correlation (r = 0.99) was observed between mean fluorescence intensity and

the saturation binding data obtained on FDC-P1 cells (Figure 3.18). Using the linear equation

obtained from Figure 3.18, the copy number for each of the clones was determined to be in

the range 1 - 5x10a receptors per cell. This level is comparable to 2x104 c-KIT molecules per

cell expressed on CD34+ cells from human bone marrow (Cole et al., 1996) and is therefore

within the physiological range.

3.2.2. Analysis of c-KIT Expression by Immunohistochemistry.

The expression of c-KIT in each of the clones was further examined by

immunohistochemistry using the APAAP technique (see section 2.3.4 for details). Both

internal and external c-KIT was detected, unlike the indirect immunofluorescence assay,

which only detected surface expressed c-KIT. Cells permeabilised with fixative wers

incubated with 1DC3 antibody or an isotype matched negative control, 185. Expression of

c-KIT was indicated by red staining, with haematoxylin staining the nucleus purple (Figure

3.2). Parental FDC-PI remained unstained with antibody to c-KlT (Figure 3.2A). Similarly

no staining was observed with the negative control antibody for any of the clones

(representative clone shown in Figure 3.28). In each of the clones treated with antibody

against c-KIT, faint red staining was observed. Two representative clones for each isoform

are shown in Figure 3.2C -F.

3.2.3. Analysis of c-KIT Expression by Immunoprecipitation and Western Blot

Another technique employed to determine the expression of c-KIT within FDC-PI

clones was by immunoprecipitation and Western blot. c-KIT was immunoprecipitated from

lysed FDC-PI clones using a purified monoclonal antibody (KIT4.G12) directed against the

extracellular region. Samples were electrophoresed under reducing conditions and transferred

to membrane, which was probed with an antibody raised against the extracellular region of

c-KlT, 1C1. Two bands were present after probing for c-KIT (Figure 3.34). The first band at
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Figure 3.2: Immunohistochemical analysis of c-KIT on representative FDC-PI clones.

Cells cytocentrifuged onto glass slides were fixed and incubated with an anti-c-KlT antibody

(1DC3) or an isotype matched control. Antibody bound to cells was detected using a

bridging rabbit anti-mouse antibody, followed by APAAP complex. Cells were incubated

with substrate resulting in c-KIT positive cells staining red and with haematoxylin

counterstain staining the nucleus purple. Cells were visualised using an Olympus microscope

and photographed with a 20x objective lens. A: Uninfected parental FDC-PI stained with

lDC3. B: FDC-PI GNNK-4 clone stained with isotype matched negative control. C:

FDC-PI GNNK+4 clone stained with 1DC3. D: FDC-PI GNNK+I clone stained with

1DC3. E: FDC-PI GNNK-4 clone stained with 1DC3. F: FDC-PI GNNK-2 clone stained

with 1DC3.
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Figure 3.3: Detection of degraded c-KIT in FDC-PI.

A: Detection of c-KIT in FDC-PI clones. Indicated FDC-PI GNNK+ clones were starved of

serum and factor for 2 hours and lysed at 1x107/ml. Clarified lysates were

immunoprecipitated with KIT4.G12 antibody and Protein A Sepharose for 2 hours and

samples resolved by reduced SDS-PAGE. Proteins were transferred to PVDF and blotted for

c-KIT with a murine monoclonal antibody, lCl and visualised by ECF on the Fluorlmager

(Molecular Dynamics). B: Detection of surface expressed c-KIT by Western analysis. Cell

surface biotinylation was performed on indicated FDC-PI clones. Cells were then lysed, c-

KIT immunoprecipitated and resolved by reduced SDS-PAGE. Proteins were transferred to

PVDF and blotted for biotin using streptavidin conjugated to alkaline phosphatase or for

c-KIT with lCl and visualised by ECF on the Fluorlmager. C: Use of additional protease

inhibitors and different antibodies for the detection of c-KIT. FDC-PI GNNK+I clone was

lysed in 17o NP40 with commercial protease inhibitor cocktail or with additional protease

inhibitors (+) including 10 pdml aprotinin and leupeptin and 1 mM PMSF in the presence

(+) or absence C) of a caspase inhibitor, VAD-fmk. Blots were probed with lCl or a rabbit

polyclonal antibody raised against the carboxy terminal region of c-KIT (C-ter c-KIT).

Proteins were visualised by ECF on the Fluorlmager.
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approximately I45 kDa represented fully glycosylated c-KlT, whereas the band at 125 kDa

corresponded to the immature unglycosylated form (Figure 3.34). Only the 145 kDa version

of g-KIT is expressed on the surface since the immature form undergoes further glycosylation

prior to its plasma membrane localisation (Yarden et aL.,1987). Surprisingly, there was great

variation in the intensity of the 125 kDa band and a trend suggested that clones with increased

surface expression had higher levels of the 125 kDa protein. This possibly suggested that

varied intracellular pools of immature c-KIT existed in the clones, or that the I25 kDa protein

was expressed on the surface, contributing to the immunofluorescence data.

To investigate if the I25 kDa protein could be expressed on the surface and therefore

contribute to the immunofluorescence result, cell surface proteins were biotinylated (see

section 2.1.2), cells lysed and c-KlT immunoprecipitated. Samples were electrophoresed

under reducing conditions and transferred to membrane. The resultant duplicate blots were

probed with streptavidin, to detect biotin or with an antibody against the extracellular region

of c-KlT, lCl (Figure 3.38). In two representative clones, biotinylation of the 125 kDa band

was detected (Figure 3.38). The biotinylated 125 kDa band was at an equivalent intensity to

blots probed for c-KIT. These results suggested that the 125 kÐa protein was present on the

cell surface since it was biotinylated. As a control, antibodies specific for intracellular

proteins (p85 and MAPK) were used to confirm only the surface of the cell had been

biotinylated (data not shown).

It was surprising that the 125 kÐa band was biotinylated since it is considered to be

intracellular due to its partial maturation (Yarden et a\.,1987). Both antibodies used to detect

g-KIT were raised against the extracellular domain, therefore it was possible that a portion of

the I25 kDa band was a degradation product of c-KIT. To examine this further, c-KIT was

immunoprecipitated with KIT4.G12 and blots were probed with either an antibody to the

extracellular region of c-KIT, lC1, or else a polyclonal antibody raised against the carboxy

terminal rail of c-KIT (Figure 3.3C). Less 125 kDa c-KIT was detected when the antibody

9t



generated against the intracellular domain was used as compared to 1C1, suggesting that a

large portion of the 125 kDa band was a degraded extracellular fragment of c-KIT. To

address this problem, the addition of increased protease inhibitors in the lysis buffer as well as

the effect of a caspase inhibitor was analysed. The lysis buffer used for the previous

experiment contained a commercial protease inhibitor cocktail (Roche Diagnostics,

Mannheim, Germany, Cat. No. 1836145). The effect of 10 ¡rglml leupeptin and aprotinin and

1 mM phenylmethylsulfonyl fluoride (PMSF) as included by Hu et al., (1993) and/or a

caspase inhibitor, 50 pM VAD.fmk (Calbiochem, San Diego, CA, Cat. No. 62 7610) in

addition to the commercial protease inhibitor cocktail rwere compared. The addition of extra

protease inhibitors resulted in increased amounts of the 145 kDa band with an associated

decrease in the level of the 125 kDa band (Figure 3.3C). Blotting with the carboxy terminal

antibody resulted in increased levels of the 145 kDa band in the presence of extra protease

inhibitors (Figure 3.3C). The caspase inhibitor made little difference to the ratio of 145:125

kDa (Figure 3.3C). From these studies it can be concluded that degradation of c-KIT was a

problem and this was addressed by the addition of extra protease inhibitors.

In order to compare the levels of functional c-KIT in each of the clones by Western

blot analysis, it was decided that the lysis buffer containing extra protease inhibitors should be

used in conjunction with antibody raised against the intracellular domain of c-KIT for

blotting. To compare c-KIT protein levels between the clones, cells were lysed and lysates

immunoprecipitated and blotted for c-KIT. No c-KIT was detected in parental FDC-PI

however it was present in FDC-PI clones infected with c-KIT constructs (Figure 3.44).

Quantitation of the 145 kDa band was performed using ImageQuantTM software (Molecular

Dynamics) and results were standardised to the number of cells in the lysates (Figure 3.48).

Little similarity in c-KIT expression was observed when the results from Western analysis

were compared to the indirect immunofluorescence assay (Figure3.4B). This may be partially

due to the degradation problem identified in Figure 3.3.
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Figure 3.4: Presence of c'KIT in FDC'PI clones.

A: Detection of o-KIT expression by Western blot analysis. Cells starved of serum and

factor for 2 hours were resuspended to 1x107/ml and lysed in 1 ml of 17o NP40 in the

presence of protease and phosphatase inhibitors. c-KlT was immunoprecipitated with 5 ¡rg

KI14.Gy2 antibody and,25 pl Protein A Sepharose. Immunoprecipitates were resolved by

reduced SDS-PAGE and proteins transferred to PVDF and probed for c-KIT using a

commercial rabbit polyclonal antibody against the carboxy terminal tail. Primary antibody

was detected with sheep anti-rabbit alkaline phosphatase and enzyme activity was visualised

using ECF on the Fluorlmager. In the figure, par represents parental FDC-PI. B:

Comparison of c-KIT detection techniques. Results from A were quantitated using

ImageQuantTM software and expressed as a ratio of the number of cells present in the lysate.

c-KlT levels detected by Western blot analysis (bar graph) were compared to the change in

mean fluorescence intensity (^MFÐ obtained from the indirect immunofluorescence assay

see Figure 3.1 (line graph). Relative fluorescence units is represented by rfu.
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3.3. Gnowrn on c-KIT ExpnnsslNc FDC-PL CLoNES IN SUSCF

FDC-PI cells are depen-deñt on muGM-CSF for growth. To determine if the

expression of c-KIT could allow growth in huSCF, FDC-PI clones were seeded at 5x104/ml in

either saturating levels of huSCF (100 nglml), muGM-CSF, or ìn the absence of factor and

their growth assessed over three days by MTT assay (see section 2.5.2). Results confirmed

that cells were factor dependent since no growth in the absence of factor was observed (Figure

3.54 and B). Only clones expressing c-KlT were capable of growth in huSCF (Figure 3.5C

and D) confirming that this was due to the presence of introduced human c-KIT and not

endogenous murine c-KlT. The expression of c-KIT did not alter growth in muGM-CSF since

all clones grew to an equivalent extent as the parental control (Figure 3.5E and F). Thus, the

introduction of both c-KlT isoforms into FDC-PI allowed for growth in the presence of

huSCF.

3.3.1. Effect of c-KlT Surface Expression on Growth in hUSCF

Interestingly, the clones exhibited a range of growth in huSCF even though they grew

at a consistent rate in muGM-CSF (Figure 3.5). Therefore, the relationship between the level

of c-KIT expression (Figure 3.14) and growth in huSCF was investigated (Figure 3.5). Linear

regression analysis suggested a strong relationship between the two variables (r2 = 0.97 and

0.99 for GNNK- and GNNK+ respectively) such that an increase in surface expression

resulted in an increase in huSCF mediated growth (Figure 3.64). Comparing growth in

muGM-CSF to c-KIT surface expression did not result in any relationship indicating that the

introduction of c-KIT did not disrupt normal cellular growth (Figure 3.68).

Growth in huSCF was dependent on the level of surface expression for both isoforms

of c-KIT. Interestingly, at low levels of c-KIT expression, growth in huSCF was equivalent,

however at higher levels, a difference was observed with the GNNK- expressing clones

requiring less surface expression for an equivalent growth response as compared to GNNK+
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Figure 3.5: Cellular growth in the presence of huSCF.

Uninfected FDC-PI or FDC-PI clones expressing c-KIT isoforms, seeded at a density of

5x104/ml were assessed for total number of cells by MTT assay at days 0, l, 2 and 3 in the

absence of factor (4, B), in the presence of 100 nglml huSCF (C, D) or in the presence of

¡uGM-CSF (8, F). Growth analysed by absorbance at49O nm from a triplicate experiment is

shown as mean * standard error of the mean (SEM). Due to overgrowth, data for muGM-

CSF cultures at day 3 have been omitted.
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Figure 3.6: Comparison of cellular growth in huSCF or muGM-CSF to surface

expression.

Cellular growth data (4490) from Figure 3.5 were plotted against surface expression of c-

KIT (change in mean fluorescence intensity, AMFI) (Figure 3.1). Cells were cultured in 100

nglml huSCF (A) or muGM-CSF (B) for 3 days. Points plotted were mean + SEM for

cellular growth and mean + SD for surface expression. Solid line (GNNK+ c-KIT) and

hashed line (GNNK- c-KIT) shown in A were determined by linear regression analysis.

Statistical significance (cr < 0.05) is represented by a *.
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expressing clones. Linear regression was used to calculate the slope estimate for each line. A

two sample t-test on these values allowing for adjusted expression for degrees of freedom

indicated that the slope for the GNNK- clones was statistically higher than that for GNNK+

clones (p = 0.03). Therefore growth in huSCF was dependent on surface expression however

the relationship between these two variables was different for the c-KIT isoforms.

To determine the contribution of proliferation and survival to the growth advantages

caused by increased surface expression, cellular membranes were stained with a lipophilic

dye, PKH-26 (see section 2.5.3 for details). The number of divisions undergone by viable

cells could be traced based on the amount of dye present on the cells since the dye is

distributed equally among the daughter cells. Cellular survival was calculated based on the

total yield of fluorescence. Stained cells were seeded at lx10s/ml in either saturating levels of

huSCF (100 nglml) or muGM-CSF and were harvested after two days culture. Confirming

results from the cell growth assay, the total cell yield correlated with surface expression (r =

0.9) (data not shown). Proliferation and survival in huSCF were also dependent on c-KlT

expression (f > O.l) (Figure 3.7). With changes in surface expression levels, less difference

in proliferation was observed as compared to survival, which ranged from 15 to70Vo. In these

experiments, the differences in the slope of the regression lines for cells expressing the two

isoforms \üere not significant as shown by a two sample t-test allowing for adjusted degrees of

freedom (p > 0.05). Even though statistical significance was not observed, the trend was

similar to results obtained from the MTT assay (Figure 3.6).

3.3.2. Proliferation and Survival in Limiting Concentrations of hUSCF

In the previous section, analysis of proliferation and survival were performed using

saturating levels of huSCF. To determine if titration of huSCF differentially affected the

isoforms, a PKH assay was performed as detailed in section 3.3.1. Cells were seeded at

lxl0s/ml in sub-saturating levels of huSCF and cultured for 48 hours. After 24 hours, a

94



Figure 3.7: Comparison of proliferation and survival in huSCF or muGM-CSF to

surface expression.

Proliferation (4, C) or survival (8, D) in either 100ng/ml huSCF (,{, B) or muGM-CSF (C,

D) as determined by PKH assay after 2 days culture were plotted against surface expression

(^MFI, change in mean fluorescence intensity) (Figure 3.1). Points plotted were mean r

SEM for proliferation and survival and mean * SD for surface expression
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half-medium change was performed with medium of the appropriate concentration of huSCF

to maintain limiting concentrations. Three clones paired for surface expression of GNNK-

and GNNK+ c-KIT were analysed (GNNK-I paired with GNNK+I, GNNK-2 paired with

GNNK+2 and GNNK-4 paired with GNNK+4). These pairs of clones were used in all

subsequent experiments. Data of proliferation, survival and total cells obtained are presented

in Figure 3.8. The total cell yield varied substantially between the clones being dependent on

the surface expression (Figure 3.84). The calculated level of hUSCF giving half-maximal cell

yield did not appear to be dependent on the level of c-KlT, nolwas it dependent on the

isoform expressed (average values for GNNK- and GNNK+ clones were 8.5 + 2.6 nglml and

12.4 + 2.4 nglml with p = 0.17). For both isoforms, survival appeared to be more dependent

on the concentration of huSCF as compared to proliferation as measured by the number of

divisions undergone by surviving cells. For example, at low levels of huSCF, proliferation

\ilas near maximal whereas survival was substantially decreased. Overall, the concentration of

huSCF required for a half-maximal response did not seem to be influenced by the c-KIT

isoform or receptor level. However, consumption of huSCF at the lower levels during the

assay could have masked any differences

3.4. KrNnrrcs oF SCF MnITITND ACTIVATION OF C.KIT ISOFORMS

Interestingly, the above studies showed that the GNNK- isoform supported cell growth

to a greater extent than the GNNK+ isoform in huSCF. Similar results were obtained in

NIH-3T3 fibroblasts (Caruana et al., 1999), therefore it was of interest to investigate the

biochemical events following stimulation \Mith hUSCF in FDC-PI. Analysis of receptor

phosphorylation, degradation and ubiquitination following huSCF treatment of cells

expressing c-KlT isoforms were carried out by immunoprecipitation and Westem blot (see

section 2.7). FDC-PI clones starved of serum and growth factor for 2 hours were stimulated

with 100 nglml huSCF in triplicate and lysed. Lysates were immunoprecipitated with a
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Figure 3.8: Effect of huSCF titration on cell yield, proliferation and survival.

FDC-PI cells infected with c-KIT constructs were seeded at a density of 1x10s/ml and

assessed for cell yield, proliferation and survival as described in section 2.5.3 in sub-optimal

levels of huSCF. Cells were harvested after 48 hours culture with a half-medium change

performed after 24 hours culture to aid in the maintenance of sub-optimal concentrations of

huSCF. Data from triplicate experiments are represented as mean + SEM. A: The total

number of viable cells present. B: The average number of cell divisions of viable cells. C:

The percentage of fluorescent yield in the viable population. Data points for the number of

divisions where less than 1000 viable cells remained were considered unrealistic and have

been omitted.
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purified monoclonal antibody against the extracellular region of c-KIT (KIT-4.G12) and

Protein A Sepharose. Immunoprecipitates were resolved on 87o polyacrylamide gels and

proteins transferred to membrane. Triplicate membranes were used to detect phosphotyrosine,

total c-KIT and p85, or ubiquitin. A separate membrane was used for each detection method

because signal is diminished with stripping and reprobing (T Cambareri, personal

communication).

As a control standard for each of the blots, cells of the human megakaryocytic cell line

MO7e, which expresses high levels of c-KlT were treated with or without huSCF for 2.5

minutes. Standard aliquots of immunoprecipitates equivalent to 1.8x106 cells were run on

each gel to serve as an intemal standard to control for variation in transfer and detection

processes.

3.4.1. Phosphorylation of c-KlT

In response to huSCF, c-KlT is phosphorylated on tyrosine residues (Rottapel et al.,

I99l). The phosphorylation of c-KlT isoforms was analysed after varying duration in huSCF

and the results are presented in Figure 3.94 and B for a representative GNNK- and GNNK+

clone respectively. Minimal or no phosphorylation of c-KIT was observed for either isoform

in the absence of huSCF. In the presence of huSCF both isoforms were rapidly

phosphorylated to levels that could be detected within 1 minute. Peak phosphorylation for

GNNK- and GNNK+ isoforms occurred after 2.5 and 5 minutes of huSCF stimulation

respectively.

The intensity of phosphorylation varied greatly between the two isoforms. Figure 3.9c

shows the average phosphorylation of three clones for each isoform as a ratio to the amount of

c-KIT present (taken from Figure 3.10). These results indicated that GNNK- c-KIT was

phosphorylated six times as much as the GNNK+ isoform when peak levels were compared.

The average relative ratio of phosphorylated to total c-KIT for the GNNK- isoform at peak
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Figure 3.9: Phosphorylation of c-KIT isoforms in response to hUSCF stimulation.

FDC-PI clones expressing GNNK+/- c-KIT isoforms were starved of serum and factor for 2

hours, stimulated with 100 nglml of huSCF at a density of 1x107/ml and lysed. Clarified

lysates were immunoprecipitated with 5 pglml KT|4.GI2 antibody and 25 pl of Protein A

Sepharose for 2 hours. 'Washed immunoprecipitates were loaded onto 87o gels,

electrophoresed, transferred to membrane and probed with two antibodies to phosphotyrosine

(see table 2.2). Primary antibody was detected with sheep anti-mouse alkaline phosphatase

conjugate. Alkaline phosphatase activity was visualised using ECF and Fluorlmager

analysis. Included on the gels was an aliquot of c-KIT immunoprecipitate from MOTo cells

that had been treated with (+) or without (-) 100 nglml huSCF for 2.5 minutes. A: Data from

a representative GNNK- clone, GNNK-2. B: Data from a representative GNNK+ clone,

GNNK+2. C: Quantitation of c-KIT phosphorylation in FDC-PI clones. Results from each

of the clones was quantitated using ImageQuantTM software, standardised against the MOTe

controls loaded onto the gel and then further standardised to the amount of c-KIT present

(Figure 3.10). Results are expressed as an average of the three clones analysed for each

isoform, shown as mean t SEM. Statistical significance (cr < 0.05) between peak

phosphorylation values is shown by a *.
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levels was 1.5 whereas peak phosphorylation for the GNNK+ isoform at 5 minutes was only

O.24. Peak phosphorylation of the GNNK- isoform was significantly higher than the GNNK+

isoform (p = 0.02).

The duration of c-KIT phosphorylation was also different between the two isoforms.

Phosphorylation of the GNNK- isoform appeared to be transient, with less than a quarter of

phosphorylated c-KlT remaining after 2O minutes huSCF stimulation. On the other hand,

huSCF stimulation of the GNNK+ isoform for 2O minutes resulted in about 507o reduction in

c-KIT phosphorylation at peak levels. Therefore the kinetics and intensity of c-KIT

phosphorylation differed between the two isoforms of o-KIT after huSCF stimulation.

3.4.2. Degradation of c-KIT

To determine the degradation of c-KIT over a time course of huSCF stimulation, blots

were probed with a commercial rabbit polyclonal antibody directed against the carboxy

terminal tail of c-KIT (see Table 2.2). Results shown in Figure 3.104 and B are

representative of a GNNK- and GNNK+ clone respectively. c-KIT was detected in the

presence and absence of huSCF. With increasing duration of huSCF treatment, levels of the

mature 145 kDa band of c-KIT decreased for the GNNK- isoform, however this was not

evident upon stimulation of the GNNK+ isoform. Upward smearing of the 145 kDa band was

evident as early as 1 minute after huSCF stimulation for the GNNK- isoform and persisted

throughout the time course. It was also noticeable in cells expressing GNNK+ however not as

prominent. This smearing reflects ubiquitination of c-KlT as ubiquitin groups are added

resulting in an increase in the molecular weight (Miyazawa et a1.,1994).

Standardisation of c-KIT levels as a ratio to the MOTe controls loaded on each blot

enabled comparisons between each of the clones. Further, standardisation of the differences

in c-KIT expression levels exhibited by the clones was performed by expressing the results as

a ratio of c-KIT levels in the absence of huSCF (Figure 3.10C). An initial slight increase in
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Figure 3.10: Degradation of c-KIT in response to hUSCF stimulation.

FDC-PI clones were treated as described in Figure 3.9. Membranes were probed using an

antibody against the carboxy terminal tail of c-KIT and detected with sheep anti-rabbit

immunoglobulin alkaline phosphatase conjugate. Alkaline phosphatase activity was

visualised using ECF and Fluorlmager analysis. A: Data from a representative GNNK-

clone, GNNK-2. B: Data from a representative GNNK+ clone, GNNK+2. C: Quantitation

of c-KIT in FDC-PI clones. Results for each of the clones were quantitated using

ImageQuantTM software, standardised against the MOTe control loaded onto the gel and

further standardised to the level of c-KIT in the absence of huSCF. Results are expressed as

an average of three clones for each isoform, shown as mean + SEM.
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the levels of c-KIT was regularly observed possibly due to the immunoprecipitation being

more efficient in the presence of huSCF when c-KlT is dimerised. With increasing huSCF

stimulation, the level of g-KIT decreased; this was more noticeable for the GNNK- isoform

where only 6OVo of c-KIT remained after treatment with huSCF for 10 minutes. No

degradation of the GNNK+ isoform was observed since levels at 20 minutes were comparable

to that observed in resting cells. The increased degradation of the GNNK- isoform relative to

the GNNK+ isoform followed the same pattern in NIH-3T3 cells (Caruana et al., 1999)

although in this instance the difference was not statistically significant (p = 0.1).

3.4.3. Ubiquitination of c-KIT

The upward smearing observed in the c-KIT blots (Figure 3.10) was thought to be due

to ubiquitination, therefore Western blotting with anti-ubiquitin antibody was carried out after

stimulation of cells with huSCF. Results indicated that both isoforms of c-KIT were

ubiquitinated (Figure 3.11). Ubiquitination of GNNK- and GNNK+ c-KIT was present aftet 2.5

and 5 minutes respectively. Quantitative comparisons of c-KlT ubiquitination were not

performed because the intensity detected was too low for quantitation and further it was not

present in all MOTe samples.

3.5. HuSCF Imucnn INTBnN¡,LISATIoN oF c-KIT

Due to the different kinetics observed in phosphorylation and degradation of the c-KlT

isoforms, it was of interest to analyse the rate of internalisation induced by huSCF and this

was done by flow cytometry. Cells starved of serum and factor were stimulated with either

huSCF or muGM-CSF at 37oC for an indicated duration. Reactions were terrninated by

incubation on ice and the addition of an equal volume of ice cold PBS/BSA with 0.27o Az.

Samples were labelled for c-KIT using indirect immunofluorescence and analysed by flow
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Figure 3.11: Ljbiquitination of c-KlT in response to huSCF.

FDC-PI clones were treated and immunoprecipitated as described in Figure 3.9. Membranes

were blotted using a mouse monoclonal antibody raised against ubiquitin that was detected

with anti-mouse alkaline phosphatase. Alkaline phosphatase activity was visualised using

ECF and Fluorlmager analysis. A: Data from a representative GNNK- clone, GNNK-2. B:

Data from a representative GNNK+ clone, GNNK+2.



A

B

IP:
Blot:

MOTe GNNK.2

0 1 2.5 5 10 20 hUSCF (minutes)

<- l45kDa c-KlT

+

c-KlT
Ubiquitin

MOTe GNNK+Z

0 1 2.5 5 10 20 huSCF (minutes)

<- 145kDa c-KlT

+

IP:
Blot:

c-KlT
Ubiquitin



cytometry. Antibodies used were 1DC3, an antibody to c-KIT and the isotype matched

negative control, 185.

To determine the inhibition in antibody binding (1DC3) due to the presence of huSCF,

a portion of cells were incubated on ice in DMEM wtth O.l7o Az prior to the addition of

huSCF or muGM-CSF. The reaction was allowed to proceed for 5 or 30 minutes and then

terminated by the addition of an equal volume of ice cold PBS/BSA/Az. This was performed

in triplicate at both time points. The inhibition in antibody binding due to the presence of

huSCF was calculated by expressing c-KIT levels in the presence of huSCF as a fraction of

that in muGM-CSF. The duration in huSCF did not affect the inhibition in antibody binding.

Averaging the results from the triplicate experiments at both time points for the three clones

indicated that huSCF inhibited binding of 1DC3 by about 207o. The inhibition was not

isoform specific with residual binding for GNNK- and GNNK+ at 82.97o t 5.4 and 807o t 4.4

respectively. This decrease in 1DC3 binding in the presence of huSCF supports existing data

(Aylett et a1.,1995) and is not surprising since huSCF binds to domain 1 - 3 of c-KIT and

1DC3 binds to domain 1.

Data from the indirect immunofluorescence assay are presented in Figure 3.I2^ and B

for a representative GNNK+ and GNNK- clone and shows that increased duration in hUSCF

resulted in decreased c-KIT surface expression. The GNNK- isoform appeared to internalise

to a greater extent as compared to GNNK+ c-KlT expressing cells. To enable comparisons,

results were expressed as a percentage of c-KIT remaining on the surface (Figure 3.12C). ln

the absence of huSCF, the mean fluorescence intensity after correction for background was

taken as l0o7o. For huSCF stimulated time points, the inhibition in antibody binding was

taken into account, therefore, values were expressed as a fraction of c-KIT surface expression

when cells were incubated with huSCF on ice in the presence of Az. HuSCF induced rapid

internalisation of GNNK- as compared to GNNK+ c-KIT with half-maximal internalisation

occurring at 2.5 and 10 minutes respectively (Figure 3.12C). The GNNK- isoform was
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Figure 3.122 lnternalisation of c-KIT isoforms in response to huSCF.

Cells starved of serum and factor for 2 hours were stimulated with huSCF at37oC. Reactions

were terminated at various time points by incubation on ice and the addition of an equal

volume of ice cold PBSIBSA with 0.2Vo Az. Samples were labelled for c-KlT using indirect

immunofluorescence and analysed by flow cytometry. A: Primary data from a representative

GNNK- clone, GNNK-2 showing the amount of surface c-KIT after huSCF stimulation. B:

Primary data from a representative GNNK+ clone, GNNK+2 showing the amount of surface

c-KIT after huSCF stimulation. C: Changes in c-KIT surface expression in the presence of

huSCF or muGM-CSF. Average t SEM of three clones after correction for decreased

antibody binding in the presence of huSCF and muGM-CSF. Results are expressed as a

percentage of c-KIT remaining on the surface after various times of huSCF and muGM-CSF

stimulation. In the Figure, SCF represents huSCF while GM represents muGM-CSF.

Statistical significance (o < 0.05) between GNNK- and GNNK+ c-KIT expressing cells in the

presence of huSCF is shown by a *.
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internalised to a gteatü extent as compared to the GNNK+ isoform with statistical

significance at each time point of huSCF stimulation (p < 0.011). The addition of

muGM-CSF to the cells did not induce internalisation of c-KIT (Figure 3.LzC) indicating this

was huSCF specific. Therefore huSCF induced more rapid and extensive internalisation of

the GNNK- isoform as compared to the GNNK+ isoform as was previously shown in

NIH-3T3 fibroblasts (Caruana et al.,1999; Voytyuk et a1.,2003)

The parameters of degradation and internalisation in response to huSCF were

compared. As might be expected, internalisation preceded degradation for both isoforms of

c-KIT (Figure 3.13)

3.6. AcrrvnuoN OF SUNSTruTES DOWNSTREAM OF C.KIT

3.6.1. Association of PI 3-K to c-KIT

PI3-K rapidly associates to c-KlT upon stimulation with huSCF as detected by its

presence in c-KIT immunoprecipitates (Caruana et aI., 1999; Shearman et al., 1993). Its

association has been localised in the kinase inseft to residues Yl19 andYl2l of murine and

human c-KIT respectively (Serve et aI., 1994). To examine the association kinetics of PI3-K

with c-KIT isoforms after huSCF stimulation, c-KlT immunoprecipitates were resolved by

SDS-PAGE under reducing conditions, transferred to membrane and probed with an antibody

against the p85 adaptor subunit of PI3-K. Examples of results from representative GNNK-

and GNNK+ clones are shown in Figure 3.I4A and B respectively. The presence of p85 in

c-KIT immunoprecipitates was detected in all clones after huSCF stimulation however, in its

absence, only negligible amounts of p85 were associated.

To standardise results, p85 was expressed as a fraction of the level of c-KIT

immunoprecipitated and an average from the three clones was calculated (Figure 3.14C).

Upon huSCF stimulation, p85 was rapidly recruited to the GNNK- c-KIT isoform, with levels
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Figure 3.13: Comparison of internalisation and degradation in response to hUSCF

stimulation.

Quantitation of results from the degradation of c-KIT as detected by Western blot analysis

(Figure 3.10) was compared to levels of c-KIT remaining on the surface after hUSCF

stimulation (Figure 3.I2). In each case, results are expressed as a percentage of the initial

value. A: Mean + SEM for three GNNK- clones analysed. B: Mean + SEM for three

GNNK+ clones analysed.
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Figure 3.L4: Association of p85 to c-KIT in response to huSCF.

FDC-PI clones were treated as described in Figure 3.9. Membranes were blotted using a

rabbit polyclonal antibody raised against the p85 subunit of PI 3-K. Primary antibody was

detected with sheep anti-rabbit immunoglobulin alkaline phosphatase conjugate. Proteins

were visualised by ECF and Fluorlmager analysis. A: Data from a representative GNNK-

clone, GNNK-2. B: Data from a representative GNNK+ clone, GNNK+2. C: Quantitation

of p85 associated to c-KIT. Results from three clones for each isoform were quantitated

using ImageQuantTM software. These were standardised against the MOTe controls loaded

onto the gel and then further standardised to the amount of c-KIT present (Figure 3.10).

Results are expressed as mean + SEM. Statistical significance (c < 0.05) in peak association

of p85 to GNNK- and GNNK+ c-KIT is shown by a *.
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peaking between I to 2 minutes (Figure 3.14C). This association was transient with a 507o

decrease in associated p85 observed after 5 minutes stimulation and this new level was

maintained throughout the remaining time course. The association of p85 with the GNNK+

isoform was also huSCF specific (Figure 3.14C). In response to huSCF, p85 associated to

GNNK+ c-KIT reaching peak levels at 2.5 minutes and this was maintained throughout the

remainder of the time course. At peak time points, significantly higher amounts of p85 were

associated to the GNNK- isoform as compared to GNNK+ (p = 0.046). Similarly to c-KlT

phosphorylation, the level of association observed at the 20 minute time point was comparable

for both isoforms. Therefore both isoforms of c-KIT rapidly associated to p85 on activation

and the intensity and rate reflected the phosphorylation of c-KIT.

3.6.2. Akt, a Major Effector of PI 3-K

A well known effector of PI3-K, Akt, is recruited to the plasma membrane via

interaction of its PH domain with 3' phosphoinositides (Rameh and Cantley, 1999). This

results in its phosphorylation at T308 and 5473, preceding its activation (Leevers et a|.,1999;

Vanhaesebroeck and Alessi, 2000). By the use of a phospho-specific antibody, raised against

a peptide containing phosphorylated 5473, the activation state of Akt was indirectly assessed

in cellular lysates

Whole cell lysates from cells stimulated with huSCF were resolved on l07o

polyacrylamide gels under reducing conditions and the proteins transferred to membrane

Membranes \ryere immunoblotted with phospho-specific antibody raised against

phosphorylated 5473 or antibody detecting total Akt protein. As with the immunoprecipitates,

a standard of MOTe in the presence or absence of huSCF was included on each gel to enable

comparison. Examples of representative blots probed for both total Akt and phosphorylated

Akt is shown in Figure 3.154 to D. Phosphorylation of Akt was shown to be dependent on

the presence of huSCF (Figure 3.15C and D)
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Figure 3.15: Activation of Akt in response to huSCF.

FDC-PI clones expressing GNNK+/- isoforms were starved of serum and factor for 2 hours,

stimulated with 100 nglml huSCF at a density of 1x107/ml and then lysed. Clarified lysates

(15 pl) were resolved by SDS-PAGE under reducing conditions, transferred to membranes

and probed with either Akt (4, B) or phosphorylated Akt (C, D). Primary antibody was

detected with a secondary antibody conjugated to alkaline phosphatase activity. Alkaline

phosphatase activity was visualised using ECF and Fluorlmager analysis. Included on the

gels was an aliquot of MOTo clarified lysate treated with or without 100 nglml hUSCF for 2.5

minutes. A, C: Data from representative GNNK- clone, GNNK-2. B, D: Data from a

representative GNNK+ clone, GNNK+2. E: Quantitation of Akt phosphorylation. Results

from three clones for each isoform were quantitated using ImageQuantTM software and

standardised against the MOTe loading control. Phosphorylated Akt was expressed as a ratio

of the total amount of Akt present and plotted as mean + SEM.
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To analyse Akt phosphorylation further, results from three clones for each isoform

were standardised in regard to MOTe controls and then expressed as a ratio of total Akt

present (Figure 3.15E). Akt was phosphorylated to a greater extent in clones expressing the

GNNK- isoform and this occurred more rapidly, peaking 2.5 minutes after stimulation as

compared to 5 minutes for the GNNK+ isoform. At peak phosphorylation, clones expressing

the GNNK+ isoform, had 5O7o the amount of phosphorylated Akt as compared to those

expressing GNNK- however this difference was not statistically significant (p > 0.1). The

attrition in Akt phosphorylation appeared more rapid for the GNNK- isoform where a six fold

decrease was observed after 20 minutes stimulation compared to only a four fold decrease for

the GNNK+ isoform. There appeared more variance in the phosphorylation of Akt as

compared to the phosphorylation of c-KlT, however the extent of Akt phosphorylation in the

clones was not correlated with the level of c-KIT surface expression. These results indicated

that the GNNK- isoform induced transient Akt activation while that from the GNNK+ isoform

was more sustained.

3.6.3. Activation of ERK Isoforms

Phosphorylation and activation of ERK has been shown to occur in response to growth

factor stimulation (Funasaka et aI., 1992; Miyazawa et al., 1991). Two isoforms of ERK

exist, p42 and p44 (ERK2 and ERK1 respectively) and both are phosphorylated at T202 and

Y204 (Dent et al., 1998; Weng et aI., 1999). To examine the phosphorylation status of ERKI

and ERK2 in response to the activation of GNNK- and GNNK+ c-KIT, cells were starved of

serum for 2 hours, stimulated with huSCF and lysed. Aliquots of lysates were resolved by

SDS-PAGE, transferred to membrane and probed for either total ERK (p42 and p44) or dually

phosphorylated ERK using phospho-specific antibody. Representative blots for the isoforms

are shown in Figure 3.16A to D). No basal phosphorylation in the absence of factor was

observed in any of the clones analysed. In response to huSCF stimulation, ERK1 and ERK2
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Figure 3.16: Activation of ERK I and 2 in response to huSCF.

FDC-PI clones expressing GNNK+/- isoforms were starved of serum and factor for 2 hours,

stimulated with 100 nglml huSCF for varying duration at a density of 1x107/ml and then

lysed. Clarified lysates were resolved by SDS-PAGE under reducing conditions, transferred

to membranes and probed with antibodies to ERK 1 and ERK 2 ( , B) or phosphorylated

ERK (C, D). Primary antibody was detected with a secondary antibody conjugated to

alkaline phosphatase. Alkaline phosphatase activity was visualised using ECF and

Fluorlmager analysis. Included on the gels was an aliquot of MOTe clarified lysate treated

with or without 100 ng/ml huSCF for 2.5 minutes. A, C: Data from representative GNNK-

clone, GNNK-2. B, I): Data from a representative GNNK+ clone, GNNK+2. E:

Quantitation of ERK phosphorylation. Results from three clones for each isoform were

quantitated using ImageQuantTM software and standardised against the MOTe loading

control. Phosphorylated ERK Ìwas expressed as a ratio of the total amount of ERK present

and plotted as mean + SEM.
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became phosphorylated with ERK2 phosphorylation being dominant (Figure 3.16C and D).

Averages of three clones after standardisation of phosphorylated ERK to total ERK are

presented in Figure 3.168. Peak phosphorylation was observed at 2.5 and 5 minutes for the

GNNK- and GNNK+ isoforms respectively (Figure 3.16E). At their peak, the GNNK-

isoform resulted in 0.5 fold more phosphorylated ERK as compared to the GNNK+ isoform

however this was not significant (p = 0.2). Although there was substantial variation in ERK

phosphorylation between the clones, this was not correlated with the level of surface c-KIT.

The phosphorylation of ERK by both isoforms was transient with substantially decreased

levels observed after 10 minutes huSCF stimulation. This is in contrast to p85 and Akt

phosphorylation, which appeared to be more sustained (Figure 3.14 and 3.15). Levels of ERK

phosphorylation at l0 and 2O minutes were equivalent for both isoforms of c-KIT. This

indicated that in these cells both isoforms were capable of phosphorylating ERK I and 2 with

minimal differences in efficiency.

3.7. Cnln¡,crERrsarroN oF MIHC FoR ANnr.vsrs oF BIor.ocIcnr.

RnspoNsns

The myeloid FDC-PI cell line was useful to analyse proliferative and survival

responses induced by huSCF. To evaluate if c-KIT isoforms differed in their ability to induce

differentiation in response to huSCF and also to confirm the growth responses observed in

FDC-P1, the MIHC model which has previously been studied in our laboratory (Fenao et al.,

1997) was used. Parental MIHC derived from day 14 murine foetal livers were infected with

a truncated constitutively active version of the transcription factor, myb (CT3-myb) and

selected for long term growth in the presence of muGM-CSF. MIHC remain undifferentiated

when maintained in muGM-CSF, while a propofion of cells infected with GNNK+ c-KIT

grown in the presence of huSCF differentiated along the monocyte and granulocyte lineages to

form macrophages and neutrophils respectively (Ferrao et aL.,1997).
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The study by Ferrao et aI., (1991) grew MIHC in muGM-CSF derived from yeast,

however this source was exhausted, therefore lines were maintained tn 250 U/ml muGM-CSF

derived from baculovirus infected insect cells. Growth in baculovirus derived muGM-CSF

resulted in increased numbers of adherent cells in comparison to maintenance in yeast derived

muGM-CSF. Further, the non-adherent cells did not tend to grow in clusters as they did when

maintained in yeast derived muGM-CSF. To alleviate this problem, 46.9 Ulml muIL-3

derived from baculovirus was added to the culture. This resulted in less adherent cells and

more clustering however the population still looked distinct from cells maintained in yeast

muGM-CSF. Also affecting the growth of MIHC was FCS, therefore various batches were

compared and the one giving optimal growth was used. Since growth conditions of MIHC

had changed, the morphology and phenotype of the parental population was examined by the

expression of cell surface markers, the expression of macrophage and neutrophil specific

esterases, colony morphology in semi-solid medium and Wright-Giemsa staining.

To analyse the phenotype by indirect immunofluorescence, a panel of antibodies

specific to murine haemopoietic cell surface proteins at different stages of differentiation were

used (see section 2.3.1). The 'early'markerThy-l present on progenitorcells was expressed

as shown by a peak shift from the negative control (Figure 3.I71'), suggesting that cells were

immature. Also expressed was MAC-I, a marker found on cells dedicated to the

monocyte/macrophage lineage (Figure 3.178). Heterogeneous expression of F4l80, a marker

for mature macrophages was observed with some cells expressing it while others did not

(Figure 3.17C). Minimal expression of the neutrophil marker GR-l was detected (Figure

3.t7D).

Because IL-3 induces mast cell formation, it was important to determine that the

muIL-3 used to supplement the medium did not induce the outgrowth of mast cells, since the

objective was to study haemopoietic progenitor cells capable of differentiating along

monocyte/granulocyte lineages. Mast cells express high levels of murine c-Kit, therefore an
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Figure 3.L7: Analysis of MIHC morphology and phenotype.

A - E: Fluorescence histograms show the expression of cell surface antigens on the parental

MIHC population. Indirect immunofluorescence with monoclonal antibodies was used to

detect Thy-l (A), MAC-I (B), F4l80 (C), GR-l (D) and murine c-Kit (E). Primary

antibodies were detected with anti-rat IgG PE or streptavidin IgG PE for biotinylated RB6

8C5 detecting GRl. The negative control in each panel represents cells labelled with the

relevant secondary antibody and is representative of background. F: Esterase expression of

MIHC maintained in muGM-CSF and muIL-3. Brown staining indicates the expression of

cr-naphthyl acetate esterase while the presence of naphthol-AS-D-chloroacetate esterase is

shown by blue staining with methyl green as the counterstain. Photograph is at 20x

magnification G: Morphology of MIHC maintained in muGM-CSF and muIL-3 as detected

by Wright-Giemsa staining. Photograph is at 20x magnification
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indirect immunofluorescence assay was performed to determine the level expressed on

parental MIHC. Parental MIHC incubated with ACK-2, an antlbody specific to murine c-Kit,

showed low level surface staining suggesting that mast cells were not present (Figure 3.I18)

To confirm this observation, the presence of the murine mast cell protease, mMCP-5, was

determined by immunohistochemistry (refer to section 23.4 for details). No red staining

above background was evident indicating the absence of mMCP-5 (data not shown)

Therefore, the addition of muIL-3 to the medium did not give rise to mast cells in culture and

'was a suitable supplement to enhance cell growth

To investigate the differentiation status further, lineage specific esterase staining was

performed on cytocentrifuged smears (section 2.2.2), where mature macrophages containing

cr-naphthyl acetate esterase were stained brown while neutrophils containing naphthol-AS-D-

chloroacetate esterase were stained blue (Figure 3.11F). The esterase expression (Figure

3.17F) as well as the morphology as assessed by Wright-Giemsa staining (Figure 3.17G)

highlighted that a large proportion of cells were monocyte/macrophage with few blast cells

This confirmed observations from the expression of differentiation markers. An

independently derived MIHC population, maintained in baculovirus derived muGM-CSF and

muIL-3 was of similar maturity confirming these results. Therefore, parental MIHC were

composed of a heterogeneous mix of cells undifferentiated and partially differentiated along

the myeloid lineage.

In semi-solid media, MIHC form three morphologically distinct types of colonies

dependent on their differentiation status. Highly proliferative cells form compact colonies,

paftially differentiated immature cells form mixed colonies, while differentiated cells form

diffuse colonies (Figure 3.18). Two independent colony assays, performed in triplicate on

parental MIHC, indicated that cells mainly formed compact colonies (617o) with about 247o

forming mixed colonies and only 87o forming diffuse colonies. The level of compact colonies
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Figure 3.18: Morphology of colonies formed in semi-solid medium.

Examples of MIHC colonies formed in methylcellulose after culture for one week. Colonies

were defined as 'compact' consisting of rounded cells in close contact (A); 'mixed' consisting

of diffuse type colonies with a compact centre (B) and 'diffuse' consisting of spread colonies

with minimal cell contact (C). Photographs were at an initial magnification of 10x
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was lower than that observed in yeast muGM-CSF where 797o of cells were of compact

morphology (Ferrao et al., 1997) suggesting that the cells were at a more differentiated state.

In summary these results tend to suggest that the parental population maintained in

muGM-CSF and muIL-3 derived from baculovirus was composed of cells partially

differentiated along the monocyte/macrophage lineage. These were more differentiated than

the cells maintained in yeast derived muGM-CSF that had been studied previously (Fenao et

al., 1997).

3.8. ExpnnssloN oF c-KIT IsonoRvts IN MIHC

Parental MIHC maintained in muGM-CSF and muIL-3 were super-infected with c-KIT

constructs contained in pRtlFMClneo by co-cultivation with psi2 virus packaging cells.

Based on the surface expression of c-KlT as detected by monoclonal antibody 1DC3,

individual cells were sorted into 96 well tissue culture trays using the automated cell

deposition facility of the fluorescence activated cell sorter. Clones were amplified and a

portion was used for indirect immunofluorescence and flow cytometry while the remaining

cells were cryopreserved. Of the derived clones, five for each isoform were selected and their

surface expression analysed in duplicate (Figure 3.19). These cells were maintained in

medium supplemented with nuGM-CSF and muIL-3. To determine the approximate receptor

level expressed by MIHC, FDC-PI populations previously used to determine the copy number

of surface c-KIT were included in the immunofluorescence assay. The surface expression of

c-KIT in MIHC clones was at a much lower level than the FDC-PI standards. Therefore, the

copy number could not be reliably determined because it required major extrapolation from

the FDC-PI standards. The range of surface c-KlT copy number for the clones was estimated

to be 7.3x103 to l.2x10a molecules per cell.

Expression of c-KIT was also examined by APAAP (see section 2.3.4 for method).

Uninfected or cells incubated with a control antibody remained unstained (Figure 3.198),
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Figure 3.19: Expression of c-KIT in MIHC clones.

MIHC infected with GNNK- and GNNK+ c-KIT and maintained in muGM-CSF and muIL-3

were sorted into clones based on the surface expression of c-KIT. A: After expansion,

surface expression of c-KIT was determined for each clone by indirect immunofluorescence

using monoclonal antibody 1DC3 (anti-c-KlT) and an isotype matched negative control 185

(anti-giardia). The histogram shows the relative surface expression of GNNK- and GNNK+

c-KIT in MIHC clones after correction for background levels (where AMFI represents the

change in mean fluorescence intensity). Results are mean * SD from a duplicate experiment.

In the Figure, Par represents parental MIHC. B to D: Expression of c-KIT as determined by

immunohistochemistry. Cells cytocentrifuged onto glass slides \ilere fixed and incubated

with anti-c-KlT antibody (1DC3) or an isotype matched negative control (185). Detection of

1DC3 or 1B5 was performed using a bridging rabbit anti-mouse antibody, followed by

APAAP complex. Cells were incubated with substrate causing c-KIT positive cells to be

stained red. A haematoxylin counterstain stained the nucleus purple. Cells were visualised

on an Olympus microscope and photographed with a 20x objective lens. B: Parental cells

stained with 1DC3. C: MIHC GNNK-3 clones stained with 1DC3. D: MIHC GNNK+2

clone stained with 1DC3.
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while faint red staining indicative of the presence of c-KlT was present in all cells infected

with c-KIT constructs (representative GNNK- and GNNK+ clones are shown in Figure 3.19C

and D). A high proportion of c-KlT staining appeared to be intracellular.

3.9. PnnNorvPING MIHC CloNns

The parental population infected with c-KIT was partially differentiated along the

monocyte/macrophage lineage. Clones expressing c-KIT were selected from a heterogeneous

population, therefore they were all phenotyped and their morphology assessed. Analysis of

the expression of cell surface markers by indirect immunofluorescence indicated that MAC-I

detecting monocyte/macrophages was highly expressed in all clonal populations, as was

F4l80, a marker for mature macrophages (Table 3.1). A peak shift was observed in most

cases for immature and mature macrophages. There was low expression of Thy-l and barely

detectable levels of neutrophils (Table 3.1). Supporting the results from the parental line, low

expression of murine c-Kit was detected \ryith ACK2 antibody (Table 3.1), an antibody which

may also bind human c-KIT to some extent. The absence of mast cells was confirmed by the

analysis of mMCP-5 expression in two clones (data not shown). Results from esterase and

Giemsa staining revealed heterogeneity between the clones with a high proportion of cells

partially differentiated along the monocyte/macrophage lineage (data not shown). This

supported results regarding the expression of surface marker antigens.

The final method employed to investigate the background differentiation state of the

clones was by investigation of colony morphology in semi-solid medium (see section 3.7 for

more detail). In most cases the majority of colonies were compact (Figure 3.20) with the

minority being diffuse. An exception was in two of the GNNK+ clones where less than half

the colonies were of the compact type. By this criterion, most of the colonies consisted of

mainly undifferentiated cells. In summary, the above techniques suggested that there was
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Table 3.1: Expression of cell surface marker antigens on MIHC clones.

Expression of cell surface antigens on parental MIHC, GNNK+ and GNNK- c-KIT

expressing clones as determined by indirect immunofluorescence. Values are mean

fluorescence intensity after correction for background levels. Indirect immunofluorescence

with monoclonal antibodies was used to detect Thy-l, MAC-I, F4180, GR-l and murine c-

Kit (ACK2). Primary antibodies were detected with anti-rat IgGPE or streptavidin PE for

biotinylated RB6 8C5 detecting GRl. The negative control used to conect for background

levels consisted of cells labelled with the relevant secondary antibody.



Clone c-Kit F4l80 MAC.1 THY-I GR-1

Parent 0.2 5.59 4.78 1.68 0.21

GNNK. 2 -0.34 0.97 4.61 1.47 0.15

3 0.57 3.07 10.46 2.01 -0.24

4 0.76 2.98 6.24 1.92 -0.1

GNNK+ 2 0.21 3.96 6.46 1.82 0.12

4 0.57 2.98 2.57 1.36 -0.1

5 0.13 2.89 3.88 1.44 -0.01



Figure 3.20: Percentage of compact colonies formed in muGM-CSF and muIL-3.

MIHC clones were seeded at 5x103/ml in methylcellulose and after one week colonies of

greater than 50 cells were scored as either'compact', 'mixed' and'diffuse'. Results are mean *

SEM from an experiment performed in triplicate.
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substantial clonal variation in the level of background differentiation. These factors would be

expected to make it difficult to assess differentiation induced by huSCF

3.10. Bror-ocrcAr, RESPONSES MNII¡.IBD BY C.KIT ISONONUS IN MIHC

3.10.1. Growth in huSCF

To determine if c-KIT expressing MIHC were capable of growth in huSCF, clones

were seeded. at 2.5xI}o/-l in either no factor, saturating huSCF (100 nglml) or muGM-CSF

and muIL-3. Growth was analysed in the various factors after 2,4 and 6 days using an MTT

assay (see section 2.5.2). No growth was observed in the absence of factor confirming that

cells remained factor dependent (Figure 3.21^ and B). All MIHC clones were capable of

growth in huSCF to varying extents (Figure 3.21C and D). Unlike FDC-PI, there was

minimal difference in the surface expression of c-KlT between the clones, therefore

investigating an association of surface expression with growth rate was not feasible.

Interestingly, growth in huSCF for the GNNK- clones at days 4 and 6 was significantly higher

than that for GNNK+ clones (p = 0.02). Growth in muGM-CSF and muIL3 was also quite

heterogeneous indicating clonal variation (Figure 3218 and F), however no significant

difference was observed between the isoforms when analysed after 4 days culture (p = 0.9).

At optimal conditions in muGM-CSF and muIL-3 the intrinsic growth of the clones was

different which could possibly reflect their ability to differentiate. This would affect the

growth results in huSCF. To exclude this possibility, the growth of clones in huSCF was

standardised relative to growth in muGM-CSF and muIL-3. Results confirmed the above

showing a statistically significant increase in growth for the GNNK- isoform as compared to

GNNK+ (p = 0.02). These results showed that the MIHC clones were capable of growth in

huSCF with cells expressing the GNNK- isoform exhibiting better growth rates as compared

to the GNNK+ isoform. This supported the previous results in FDC-PI where the GNNK-
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Figure 3.21: Cellular growth in the absence or in the presence of huSCF or muGM-CSF

and muIL-3.

Uninfected MIHC or MIHC clones expressing c-KIT isoforms were seeded at a density of

2.5xl04lml and assessed for total number of cells by absorbance after 0, 2, 4 and 6 days of

culture in the absence of factor (4, B), in the presence of 100ng/ml huSCF (C, D) or in the

presence of muGM-CSF and muIL-3 (E, F). Growth was analysed by absorbance at 490 nm.

Data are presented as mean + SEM of a triplicate determination. Due to overgrowth, time

points for cultures in muGM-CSF and muIL-3 at day 6 have been omitted. Statistical

significance (o < 0.05) when comparing MIHC expressing GNNK- to GNNK+ c-KIT is

shown by a *.
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isofom required lower levels of surface c-KIT as compared to the GNNK+ isoform for an

equivalent groÌvth rate.

3.10.2. Examination of Proliferation and Survival in Limiting Concentrations of

huSCF

An alternate technique to investigate growth of MIHC clones in huSCF was by PKH

assay as described in section 3.3.1. This determined the contributions of proliferation and

survival to the overall cell yield. In addition, the dose dependence of huSCF for clones

expressing the two isoforms was investigated. Cells stained with PI<ÍI-26 were washed three

times in serum free medium and then seeded at 2x100/ml ittto wells containing various

concentrations of huSCF. After 24 hours, a half-medium change \üas performed to maintain

limiting huSCF concentrations and after 48 hours, cells were harvested, fixed and analysed by

flow cytometry. Three clones for each isoform were analysed based on their expression of

c-KIT (GNNK-2, 3,4 and GNNK+ 2,4,5). Calculations of total cell yield, proliferation and

survival were made for each clone and since they all expressed similar levels of c-KlT, results

were averaged and are presentedinFrgtxe 3.22.

Decreased levels of huSCF resulted in reduced cell yield with a half-maximal yield at

5 and 7.5 nglml huSCF for GNNK- and GNNK+ expressing cells respectively. Similar to

results in FDC-PI, survival appeared to be more dependent on the concentration of huSCF

than proliferation. For example, at 5 nglml huSCF, the number of divisions undergone by

viable cells was near maximal, whereas, survival was approximately half the maximal

response.

Although comparison between the isoforms at 10 and 100 ng/ml huSCF revealed a

statistically significant increase in cell yield for GNNK- relative to GNNK+ (p = 0.011 and

0.024 respectively) (Figure 3.22A), neither the proliferation rate or survival were significantly
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Figure 3.222 E;ffect of huSCF titration on total cell yield, proliferation and survival.

MIHC clones expressing GNNK- and GNNK+ c-KIT were seeded at a density of 2xI04lml

and assessed for cell yield, proliferation and survival in sub-optimal levels of huSCF. Cells

were harvested after 48 hours culture with a medium change performed after 24 hours to

ensure the maintenance of sub-optimal concentrations of huSCF. Data from a triplicate

experiment is expressed as mean + SEM with results obtained from 3 clones for each

isoform. Statistical significance (o( < 0.05) when comparing MIHC expressing GNNK- to

GNNK+ c-KIT is shown by a *. A: The number of viable cells present. B: The average

number of cell divisions of the viable population. C: The percentage of fluorescence yield in

the viable population (survival).



5

4

3

2

1

0

A *

I
¡1.

T

ð

It
o
x

!!
oo
(ú
{¿ot-

I

200 40

+_GNNK+
---a--- GNNK-

60 80 100

80 100

c
.9
.!2
.¿
o
rÈ
o
ott
E
ãz

4

3

2

1

0

B

c100

80

60

40

20

0

200 40 60

40 60

{
s
aú

t-

Ø

0 20

hUSGF (ng/ml)

80 100



different at either concentration (p > 0.09 and 0.07 respectively) (Figure 3.228 and C). This

may suggest that both parameters contributed to the difference in cell yield.

3.10.3. Morphology in huSCF

MIHC were chosen for study since they have been shown to serve as a useful model to

analyse the effect of huSCF on differentiation (Ferrao et al., 1991), however the substantial

level of background differentiation observed in cells gro'wn in muGM-CSF and muIL-3 made

it difficult to examine. Nonetheless, differentiation was assessed in semi-solid medium.

Cells were seeded in methylcellulose and colonies formed were counted after one

week and scored as compact, mixed or diffuse. As mentioned previously, the proportions of

each type of colony formed in muGM-CSF and muIL-3 were quite variable between the

clones, although the majority were compact (Figure 3.23A). All three clones expressing

GNNK- c-KIT appeared to contain less compact colonies in the presence of huSCF as

compared to muGM-CSF and muIL-3 (Figure 3.23A). Two of the four GNNK+ c-KIT

expressing clones examined had increased levels of diffuse and mixed colonies in huSCF as

compared to muGM-CSF and muIL-3, while another two remained unchanged (Figure

323A). These results suggested that huSCF induced differentiation to some extent in most of

the clones analysed.

MIHC tend to differentiate when placed under stress. To confirm that the increased

differentiation was due to the effect of huSCF and not due to a change in factor, several other

factor combinations were examined. To ensure that removal of muGM-CSF was not the

cause of the differentiation, colony analysis in muIL-3 and muCSF-l, another cytokine

allowing MIHC growth was used. Similarly, to confirm that it was not due to the removal of

muIL-3, clones were grown in muGM-CSF alone. Two clones were analysed and results

indicated that there was no difference in the proportion of compact, mixed and diffuse

colonies in these factor combinations as compared to muGM-CSF and muIL-3 (Figure 3.238).
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Figure 3.23: Colonies formed in semi-solid medium from MIHC clones expressing

c-KIT isoforms.

Harvested MIHC (5x103) uninfected or infected with c-KIT constructs were seeded in

triplicate 1 ml methylcellulose cultures with indicated factors. After one week, the number of

colonies greater than 50 cells were scored as either 'compact', 'mixed' or 'diffuse'. A:

Percentage of compact colonies formed in 100 n{ml huSCF or 25O U/ml muGM-CSF and

46.9 IJlml muIL-3. Results are expressed as mean t SEM. B: Distribution of compact,

mixed and diffuse colony types formed by two MIHC clones, GNNK+3 and GNNK-3 in

indicated factor combinations. Results are expressed as mean + SEM from a triplicate

experiment. Factor combinations were 100 nglml huSCF (SCF), 250 U/ml muGM-CSF and

46.9 rJlml muIL-3 (G/I), 25O lJlml muGM-CSF (GM) and 10 U/ml muCSF-l and 46.9 Ulml

muIL-3 (C/D.
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Therefore, the increased differentiation in huSCF was not due to removal of muGM-CSF or

muIL-3 and was probably due to the activation of c-KIT.

3.L1. Drscussrou

Previous work in our laboratory has revealed both qualitative and quantitative

differences between two c-KIT isoforms in mediating biological responses and signal

transduction in response to huSCF in fibroblasts (Caruana et al., 1999). Based on these

observations it was of interest to evaluate this in cells in which c-KIT is usually expressed,

namely haemopoietic progenitor cells. Comparison of the isoforms in both FDC-PI and

MIHC revealed that cells expressing the GNNK- isoform displayed increased growth as

compared to GNNK+ (Figures 3.6,3.21,3.22). FDC-PI clones expressed araîge of surface

c-KIT (Figure 3.1) with similar growth rates in huSCF between the isoforms being observed at

low expression levels. (Figure 3.6). However, at high levels, stimulation of cells expressing

the GNNK- isoform resulted in increased huSCF growth as compared to the GNNK+ isoform.

A significant difference in the slope coefficient by linear regression analysis was observed

suggesting that growth effects due to changes in surface expression of the two isoforms maybe

mediated by different means. Therefore the surface expression level of RTKs needs to be

taken into account when comparisons are made otherwise an intrinsic difference may not be

noted. These differences support the observations in NIH-3T3 fibroblasts in that the GNNK-

isoform was more transforming as compared to GNNK+ c-KlT in the presence of huSCF.

Results further confirmed that huSCF stimulation of the GNNK- isoform induced

more rapid activation kinetics than the GNNK+ isoform. Specifically, the GNNK- isoform

was rapidly phosphorylated, peaking2.5 minutes after the addition of huSCF, in comparison

to the 5 minutes required for GNNK+ c-KIT (Figure 3.9). Associated with this was rapid

ubiquitination, internalisation and degradation (Figures 3.10, 3.1I,3,12). These responses

were comparable with those in NIH-3T3 fibroblasts (Caruana et aI., 1999; Voytyuk et al.,
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2003). Not only were the activation kinetics of the isoforms similar between the two cellular

systems, but also the intensity of these responses. In FDC-PI, the GNNK- isoform was

phosphoryl ated 6 fold more intensely at peak levels as compared to the GNNK+ isoform

(Figure 3.9). This is in comparison to the 7 fold difference observed in NIH-3T3 fibroblasts

(Caruana et al., lggg). The amount of c-KIT internalised for the isoforms was also similar in

both studies, suggesting that the observations in NIH-3T3 were not influenced by

inappropriate regulation of c-KIT due to the lack of cell specific key proteins possibly

involved. Examples of these may be the SHP-I phosphatase mainly expressed in

haemopoietic cells (Yi et al., L993), cell specific Src family kinases (for example the

dominant haemopoietic Src kinase is Lyn; Linnekin et aL, 1991) and also Vav which is a

protein specifically expressed by haemopoietic cells (Arudchandran et a\.,2000). Therefore

the result was not attributable to the cellular background but due to an intrinsic functional

difference between the two c-KIT isoforms.

The activation kinetics of Akt and ERK corresponded to phosphorylation of c-KIT

where GNNK- induced rapid and transient phosphorylation, peaking at 2.5 minutes in

comparison to GNNK+, which peaked at 5 minutes (Figures 3.15 and 3.16). Phosphorylation

kinetics of both proteins were similar to those observed in the NIH-3T3 studies, however the

intensity of ERK activation appeared different between the cell lines (Caruana et al-, 1999i'

Voyryuk et al., ZOO3). In NIH-3T3 fibroblasts, phosphorylation of ERK by the GNNK-

isoform was of a higher magnitude as compared to the GNNK+ isoform (Caruana et al.,1999;

Voytyuk et aL,2003) whereas it was similar in FDC-P1 cells. This difference between FDC-

p1 and NIH-3T3 could be dependent on the cellular make up. For example, NIH-3T3

fibroblasts are adherent unlike FDC-PI. Activation of integrins in conjunction with growth

factors such as PDGF, EGF and basic FGF results in synergistic activation of ERK (Miyamoto

et al.,1996; Schneller et al., 1997). RTKs also localise to focal adhesion complexes (Plopper

et aI., lgg5) and can interact with integrins (Schneller et al., 1997). Therefore potential
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integrin engagement in NIH-3T3 fibroblasts may contribute to the different responses. The

composition of the cells is likely to be different as well, therefore the specific proteins

involved in signal transduction may be limiting in one of the cellular systems as compared to

the other.

This study confirmed that expression of the GNNK- isoform induced greater cell

growth and also higher intensity phosphorylation of c-KIT after activation by huSCF.

Surprisingly, the difference in the intensity of Akt and ERK phosphorylation was not

significantly different between the isoforms. Therefore, the activation of signal transduction

pathways downstream of c-KIT did not correlate with biological response and receptor

phosphorylation. Presumably, other pathways must be involved and one recently discovered

protein involved in c-KIT signal transduction in NIH-3T3 cells was Src (Voytyuk et al.,

2003). It would be interesting to look at the activation of Src in the FDC-PI model.

While FDC-P1 cells provided a suitable model to study proliferation and survival, they

do not differentiate. To study this aspect of c-KIT function, MIHC were used. However, it

was difficult to analyse differentiation in response to huSCF because the parental MIHC

population used in this study, unlike that used previously (Ferrao et a1.,1997) had a high basal

differentiation level (Figure 3.17). Results from lineage surface marker expression, esterase

expression and morphology indicated that the parental population was composed of a high

proportion of cells partially differentiated along the monocyte/macrophage lineage, with few

neutrophils present. This was potentially due to the use of an alternate source of muGM-CSF

creating sub-optimal growth conditions. Previous studies used muGM-CSF derived from

yeast, however the current studies used muGM-CSF from baculovirus since the original

source was exhausted. The concentration used of baculovirus derived muGM-CSF may have

been sub-optimal since it was titrated on FDC-PI cells rather than MIHC. Further, yeast

derived muGM-CSF was unpurified, therefore it was possible that it contained other

components supplementing the growth of MIHC which were absent in the dialysis purified
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baculovirus derived muGM-CSF. Still, muGM-CSF derived from baculovirus was not

extensively purified and may have contained growth inhibitory molecules. Batches of FCS

also appeared to make a difference in the growth of MIHC. Therefore, conclusions regarding

the role of c-KIT isoforms in huSCF mediated differentiation were not made even though the

experiments were attemPted.

In conclusion, expression of naturally occurring human c-KIT isoforms in

haemopoietic cells resulted in profound differences in the kinetics and intensity of signal

transduction and biological responses. Results observed correlated with a previous study

investigating the role of c-KIT isoforms in NIH-3T3 fibroblasts. It is of interest to deduce the

mechanism by which the insertion or deletion of 4 amino acids in the extracellular domain

leads to such divergent responses.
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4. ROLE OF DIRECT PI 3.K RECRUITMENT IN

BIOLOGICAL RESPONSES AND SIGNAL TRANSDUCTION

MEDIATED BY C.KIT

4.'/.,. I¡unolucrloN

pI3-K is a key protein with varied roles in cellular function including survival,

proliferation, differentiation, adhesion and glycolysis regulation (reviewed by Vanhaesebroeck

et al., 1996). Recruitment of PI3-K to the membrane and its subsequent activation is by

interaction of the SH2 domain of the p85 subunit with phosphorylated tyrosines of RTKs

(pawson and Schlessinger, 1993). This results in the generation of Ptdlns-3,4-Pz and Ptdlns-

3,4,5-p3 (Vanhaesebroeck et a\.,1991) which act as second messengers involved in activating

proteins with PH domains such as Akt (Toker and Cantley,1997)'

Analysis into the role of PI3-K in cellular responses has been made feasible by using

mutant versions of RTKs lacking the consensus binding site for PI3-K or by the use of

inhibitors, wortmannin and LY294OO2. The site of association for PI3-K has been localised

to the kinase insert of c-KIT at residue Y12l and Y719 in humans and mice respectively

(Herbst et al., 1995b; Serve et aI., 1994). Using mutant c-KIT expressed in bone marrow

derived mast cells, PI3-K was shown to be involved in degranulation, adhesion, membrane

ruffling and actin assembly (Vosseller et al., l99l). A partial defect in survival and DNA

synthesis has also been observed in bone marrow derived mast cells (Serve et al., 1995;

Timokhina et a1.,1998), while in spermatogonia, a role of PI3-K and Akt in proliferation has

been reported (Feng et aL.,2000)'

The majority of work investigating the role of signal transduction pathways activated

by c-KIT has been done in mast cells (Serve et al., 1994; Serve et a\.,1995; Vosseller et al.,

lggi), however c-KIT is also expressed in haemopoietic progenitor cells. Therefore the aim

115



of this section was to investigate the role direct PI3-K recruitment had in haemopoietic

progenitor cell growth, proliferation and survival. The activation of PI3-K and Akt has been

implicated in inhibiting apoptosis (Eves et a1.,1998; Kennedy et al., 1997; Philpott et al',

l99i;Ueno et al.,lggl) therefore it was hypothesised that expression of c-KIT lacking PI 3-K

recruitment would result in reduced growth and survival. It was also of interest to investigate

the role direct PI3-K recruitment had on the activation of signal transduction downstream of

c-KIT.

4.2. Cnn¡.uNc AND SnQunNcrNc oF C-KIT CoNr¡l¡uNç rHE Y72lF

Mur¡,rroN

Mutation of c-KIT resulting in the substitution of phenylalanine for tyrosine at residue

72L has been shown to prevent PI3-K recruitment upon huSCF stimulation (Herbst et al.,

1995b). Human c-KIT cDNA (3 kb coding region and 2 kb 3' untranslated sequence)

harbouring an 42813T mutation resulting in the substitution of tyrosine to phenylalanine at

residue 721 was obtained in the pcDNA3 vector from Dr. L. Ronnstrand (Ludwig Institute for

Cancer Research, Uppsala, Sweden). Digestion of this vector DNA with restriction

endonucleases AccIII and Apalresulted in the generation of a 666 base pair fragment (residues

Z0l5 - 268I). This fragment was purified by gel electrophoresis. GNNK+S+ isoform termed

WT c-KIT previously cloned into the HpaI site of the retroviral expression vector

pRUFMCl neo (Caruana et al., 1999) (see chapter 3) was digested with AccItr and ApaI, and

the complementary fragment separated by gel electrophoresis and purified. The 666 base pair

fragment was directionally subcloned into the GNNK+S+ WT c-KIT cDNA in pRUFMClneo.

To ensure the presence of the 42813T mutation, diagnostic restriction enzyme

digestion was performed. DNA samples purified from bacterial cultures were screened for the

mutation by PCR using oligonucleotide primers 44'7 and 1004 (see section 2.9.10) and

digestion with RsaI. Mutation of c-KIT at A28l3T resulted in the loss of a RsaI site
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generatingafragment of 129 basepairsinsteadof 119basepairs. Thisshift,visibleinFigure

4.14 revealed that one of the manipulated clones contained the 42813T mutation. To

confirm the presence of the 42813T mutation and the lack of additional mutations in this

clone, the manipulated region was sequenced using primers 1003, SRC-03 and SRC-05 (see

section 2.9.10 for details). Sequencing from the SRC-03 primer is shown in Figure 4.lB with

an arrow indicating the 42813T mutation.

All plasmids used for transfection were expanded and purified as outlined in section

2.9.9.2. The virus packaging cell line, psi2, was transfected using calcium phosphate

technique (for method, see section 2.10.2) with pRUFMCIneo constructs encoding 'WT or

Y72lF g-KIT on a GNNK+ background. Transfectants were selected with 400 pglml

geneticin until untransfected control cells died, which required about a week of treatment.

Drug-resistant cells were further selected for c-KIT expression by fluorescence activated cell

sorting using monoclonal antibody, 1DC3. Collected cells were expanded and stocks frozen.

4.3. ExpnnssloN oF c-KIT IN FDC-PI

Lack of direct PI3-K recruitment upon c-KIT stimulation results in reduced growth in

mast cells in response to SCF (Serve et al., L995). To investigate this further, and also to

examine the types of signal transduction pathways that are activated, the murine factor

dependent haemopoietic progenitor cell line, FDC-PI was chosen. The low level of murine

c-Kit expressed by these cells does not interfere with biological responses since huSCF has

negligible affinity for murine c-Kit (Martin et al., l99O; Zsebo et aL.,1990a).

MuGM-CSF dependent FDC-PI cells were infected by co-cultivation with psi2 cells

expressing either WT or Y72lF human c-KIT retrovirus (see section 2.10.3). Cells infected

with retrovirus containing the various constructs were selected with 1 mg/ml geneticin until

uninfected cells died, which required about a week of treatment. For indirect

immunofluorescence labelling, 1DC3, an IgGl antibody specific for the first extracellular
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Figure 4.1: Confirmation of the presence of Y72lF mutation in c-KIT in

pRUFMClneo.

The presence of the 42183T mutation in pRUFMClneo (Y72lF I-KIT) was confirmed

through the lack of a RsaI restriction endonuclease site (A) and through sequencing across the

manipulated region (B). A: Y72lF c-KIT cDNA was PCR amplified with primers 447 and

1004 to generate a 794 base pah fragment. PCR fragments were digested and

electrophoresed on a 4Yo low melting point Sea Plaque gel, stained with ethidium bromide

and scanned using the Fluorlmager at 610 nm. As an indication of size Hpan digested

pUCl9 DNA was run in parallel to the samples and are indicated. Digestion of WT c-KIT

gDNA, resulted in bands corresponding to 487,178, 119 and 10 base pairs (indicated by

arrows). Mutation of A to T at residue 2813 inYT2lF I-KIT resulted in the loss of a RsaI

site, generating bands at 487,178 and 129 bp (indicated by arrows). Lane 1 shows digestion

of WT c-KITPCRproduct and lane 2 shows digestion of Y72lF c-KIT PCR product. The 10

bp fragment was not visible on the gel. B: Sequence from the anti-sense primer SRC-03

(2470-2487) corresponding to 2177 - 2196 bp in c-KIT. The point mutation of A to T at

residue 2183 (indicated by an arrow) resulted in a codon change at 721 of TAC encoding

tyrosine to TTC encoding phenylalanine.
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domain of c-KIT and 185, an isotype matched negative control antibody were used.

Immunofluorescence labelling and fluorescence activated cell sorting was used to create a

series of clones to ensure results were not due to clonal artefacts of the infected population.

These clones, were then expanded and characterised in regard to their surface expression. A

range of c-KIT expression levels were identified in each of the clonal series. Four clones with

varying levels of c-KlT, but paired between the infectants expressing WT or mutant receptor

were selected (Figure 4.2ê^).

Saturation binding analysis previously performed on FDC-P1 cells infected with c-KIT

constructs gave an estimate of the number of receptors expressed per cell (Caruana et al.,

1999). As described in section3.2.l, these cells were analysed in parallel to the indirect

immunofluorescence assay on the FDC-PI clones to give an indication of the number of

receptors expressed (Figure 3.18). Based on the linear equation generated from Figure 3.18,

the copy number for each of the clones was determined to be in the range of 1 - 6x104

receptors per cell which is comparable to 2xlOareceptor per cell on CD34+ cells from human

bone marrow (Cole et a\.,1996).

The expression of c-KIT was further identified by immunohistochemistry using the

APAAP technique (see section 2.3.4). This technique permeabilised the cellular membrane

allowing detection of surface and intracellular c-KIT. In Figure 4.3, faint red staining

indicates the expression of c-KIT, while the purple counterstain identifies the nucleus.

Parental FDC-PI cells did not express human c-KIT (Figure 4.3A). Faint red staining was

observed in all FDC-PI clones when an antibody directed against c-KIT was used as

compared to the negative control antibody (compare Figure 4.38 with C and D).

A further technique to detect c-KIT was by western blot analysis. Lysed FDC-Pl cells

were immunoprecipitated with purified antibody to c-KlT. Immunoprecipitates were

resuspended in an equal volume of double strength reduced loading buffer and

electrophoresed by SDS-PAGE, transferred to PVDF and the membrane probed with a rabbit
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Figure 4.2: Surface expression of c-KIT with and without the PI 3-K binding site.

Surface expression of o-KIT was determined by indirect immunofluorescence using

monoclonal antibody 1DC3 (anti-c-KlT) and an isotype matched negative control 1B5 (anti-

giardia). Histogram of mean + SD from a duplicate experiment shows the relative surface

expression profiles of c-KIT with (WT) and without (Y72lF) the PI 3-K binding site in FDC-

P1 clones after correction for background levels.
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Figure 4.3: Immunohistochemical analysis of c-KIT on representative FDC-PI clones.

Cells cytocentrifuged onto glass slides were fixed and incubated with an anti-c-KIT antibody

(1DC3) or an isotype matched control (185; anti-giardia). Antibody bound to cells was

detected using a bridging rabbit anti-mouse antibody, followed by APAAP complex. Cells

were incubated with substrate resulting in c-KIT positive cells staining red and with

haematoxylin counterstain staining the nucleus purple. Cells were visualised using an

Olympus microscope and photographed with a 20x objective lens. A: Uninfected parental

FDC-PI stained with lDC3. B: FDC-PI Y72lF3 clone stained with isotype matched

negative control. C: FDC-PI V/T4 clone stained with 1DC3. D: FDC-PI Y72lF3 clone

stained with 1DC3
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polyclonal antibody specific to the carboxy terminal tail of human c-KIT. Results show that

all clones expressed detectable levels of c-KIT, appearing as a band at 145 kDa, absent in

uninfected FDC-PI (Figure 4.4A). A band appearing at 125 kDa represented the immature

form of c-KIT. Therefore, YlzlF c-KIT was of the expected size and normally glycosylated.

The band intensity did not correlate with the cell surface levels as detected by

immunofluorescence (Figure 4.48), possibly due to the degradation problem identified in

section 3.2.3.

4.4. Assocr¡.rroN wrru c-KIT AND AcrIvArIoN oF PI 3-K AntER HUSCF

Srwrul.nrloN

Mutation of tyrosine at position 721 in c-KIT to phenylalanine has been shown to

result in loss of PI3-K association to the c-KIT complex (Kozawa et al., 1997). To confirm

this was the case, cells were lysed after stimulation with huSCF, resolved on polyacrylamide

gels and transferred to membrane and probed with an antibody to the p85 subunit of PI3-K.

In response to huSCF, p85 was recruited to WT c-KlT (Figure 4.5A). A trace of residual

association was observed for allYT2IF c-KIT expressing clones especially at later time points

(Figure 4.58). Results for p85 association were standardised to the level of c-KIT and an

average from the three clones plotted (Figure 4.5C). This enabled conclusions to be drawn

about changes in the association that were independent of the actual c-KlT levels. In cells

expressing WT c-KIT, there was a rapid recruitment of PI3-K to c-KlT, as was observed in

chapter 3. Levels of PI3-K associated to \ü/T c-KlT only decreased marginally, over the time

course wtth 907o of peak association remaining after 2O minutes of huSCF stimulation. The

Y72IF mutation decreased p85 recruitment to c-KlT by atleast957o.

The activation of PI3-K in response to huSCF in c-KIT immunoprecipitates was also

investigated. Cells starved for 2 hours were lysed after stimulation with huSCF, and c-KIT

was immunoprecipitated. Immunoprecipitates were washed and a kinase reaction with
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Figure 4.4: Expression of c-KIT in FDC-PI clones.

A: Detection of o-KIT by Western blot analysis. Cells starved of serum and factor for 2

hours were resuspended to 1x107/ml and lysed in 1 ml of 1% NP40 in the presence of

protease and phosphatase inhibitors. o-KIT was immunoprecipitated with 5 ¡lg KIT4.G12

antibody and 25 ¡rl Protein A Sepharose. Immunoprecipitates were resolved by reduced

SDS-PAGE and proteins transferred to PVDF and probed for o-KIT using a commercial

rabbit polyclonal antibody against the carboxy terminal tail. Primary antibody was detected

with sheep anti-rabbit alkaline phosphatase and enzyme activity was visualised using ECF on

the Fluorlmager. In the figure, par represents parental FDC-PI. B: Comparison of c-KIT

detection techniques. Results from A were quantitated using ImageQuantTM software and

expressed as a ratio of the number of cells present in the lysate. o-KIT levels detected by

Westem blot analysis and standardised to the number of cells lysed (bar graph) were

compared to the change in mean fluorescence intensity after correction for background

(AMFI) obtained from Figure 4.2 (line graph). Relative fluorescence units is represented by

rfu.
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Figure 4.5: Association of p85 to c-KIT in response to huSCF.

FDC-Pl clones expressing c-KIT with (WT) or without(Y72lF)the PI3-K binding site were

starved of serum and factor for 2 hours, stimulated with 100 nglml of huSCF for varying

duration at a density of 1x107/m1 and lysed. Clarified lysates were immunoprecipitated with

5 pglml KIT4.GL} antibody with 25 pl of Protein A Sepharose for 2 hours. Washed

immunoprecipitates were loaded onto 8olo gels, electrophoresed, transferred to membrane and

probed with a rabbit poþlonal antibody raised against the p85 subunit of PI 3-K. Primary

antibody was detected with sheep anti-rabbit immunoglobulin alkaline phosphatase

conjugate. Proteins were visualised by ECF and Fluorlmager analysis. A: Data from a

representative WT clone, V/T4. B: Data from a representativeYT2lF clone, Y72lF3. C:

Quantitation of p85 associated to o-KIT. Results were quantitated using ImageQuantTM

software. These were standardised against the MOTe controls loaded onto the gel and then

further standardised to the amount of c-KIT present. Results are expressed as mean + SEM

for the three clones.
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3tP-ATP and the PI3-K substrate Ptdlns, was performed (see section 2.8.4). The reaction was

terminated after 2O minutes incubation at room temperature and the lipid purified and

separated by thin layer chromatography and autoradiographed. The presence of PI3-K

activity was shown by phosphorylation of lipid Ptdlns to produce PtdIns-3-P, which appeared

as a spot above the origin. PI3-K activity was present in c-KlT immunoprecipitates from WT

c-KIT expressing cells in response to huSCF (Figure 4.6^). The lipid phosphorylation was

blocked by wortmannin confirming that it was due to PI3-K activity. In comparison, only

trace levels of PI3-K activity were present in immunoprecipitates from YlzlF c-KIT (Figure

4.6A). Average results from two clones of each c-KIT construct were quantitated (Figure

4.68) confirming results from the representative clones in Figure 4.6A. Similar levels of

c-KIT were immunoprecipitated in each case indicating that the lack of PI3-K activity was

due to lack of association and not due to ineffective immunoprecipitation (Figure 4.6C).

Although only trace PI3-K activity was detected in c-KIT immunoprecipitates from Y721F

expressing cells, PI3-K was still active as determined from a p85 immunoprecipitate (Figure

4.6D). This huSCF independent activity was abolished by wortmannin. These results

confirmed that the Y121F mutation in c-KIT removed detergent resistant PI3-K recruitment

in response to huSCF.

4.5. Gnowrn oF FDC-PL CLoNES IN RBspoNsE To HUSCF

Mutation of the PI3-K binding site in c-KlT has been reported to decrease SCF

mediated growth (Timokhina et al., 1998), therefore it was important to determine whether

the Y72lF c-KIT expressing clones were capable of growth in saturating huSCF. FDC-PI

clones were seeded at 5x104/ml in either saturating huSCF (100 ng/ml), muGM-CSF or in the

absence of factor and their growth assessed over three days in a colourimetric absorbance

assay (MTT assay) which measures the total number of viable cells in the culture (see section

2.5.2). Results confirmed that FDC-Pl clones expressing c-KIT remained factor dependent
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Figure 4.6: Association and activation of PI 3-K by c-KIT.

A: Detection of PI3-K activity in o-KIT immunoprecipitates. FDC-PI clones were

stimulated with (+) or without (-) huSCF and lysed at 1x107/ml. Clarified lysates were

immunoprecipitated with 5 ¡rg KIT4.GI2 and 25 ¡i Protein A Sepharose for 2 hours. A

kinase reaction with (+) or without G) 70 nM wortmannin (V/m) with Ptdlns as the substrate

was performed which was terminated after 20 minutes and extracted lipids were resolved by

thin layer chromatography. Phosphorimaging screens were exposed to the chromatogram and

scanned using a phosphorimager. Two representative clones, WT4 and Y72lF3 ate

displayed. B: Quantitation of PI3-K activity in FDC-PI clones. Data from A, of 2 clones

each of V/T and Y72lF o-KIT expressing FDC-PI cells were quantitated using

ImageQuantTM software and are presented as an average + SD. C: Presence of c-KIT and

p85 in immunoprecipitates. FDC-P1 clones were treated in parallel to A and

immunoprecipitates were resolved by reduced SDS-PAGE, transferred to membrane and

immunoblotted for c-KIT and p85. Primary antibody was detected with sheep anti rabbit

immunoglobulin conjugated to alkaline phosphatase and visualised by ECF using the

Fluorlmager. D: PI3-K activity in p85 immunoprecipitates. As in A, however p85 was

immunoprecipitated from lysates. Data from two representative clones (WT4 andY72lF3)

are presented.
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since no growth in the absence of factor was observed (Figure 4.'7 A. and B). The addition of

huSCF enabled growth of WT c-KIT expressing FDC-PI (Figure 4.7C). 'While 
huSCF did

not cause any obvious cellular growth for Yl2lF c-KIT expressing FDC-PI (Figure 4.1D)

viable cells were present after the three day incubation period unlike cells in the absence of

factor. Even though differences in growth rate in huSCF were observed, all clones gre\il at an

equivalent rate in muGM-CSF (Figure 4.7E and F). These results suggested that direct

recruitment of PI3-K was important but not solely responsible for maintenance of cells in

huSCF.

The varying extents of growth in huSCF was due to differing levels of surface c-KIT

expressed in FDC-Pl clones, with linear regression analysis revealing a strong relationship

(r2 =0.99 and 0.83 for WT andYT2IF c-KIT respectively) (Figure 4.SA). At low levels of

c-KIT expression, both c-KlT constructs conferred similar rates of growth, however at higher

receptor levels, the lack of direct PI3-K recruitment decreased huSCF mediated growth.

Using an approximate t-statistic with adjusted expression for degrees of freedom, the slope

coefficient was found to be significantly higher for WT as compared to YTZIF c-KIT

expressing cells (p = 0.006). Therefore, the results suggested that lack of PI3-K recruitment

affected the relationship of huSCF growth to c-KlT surface expression. As was determined in

chapter 3, the surface expression of c-KIT did not affect growth in muGM-CSF (Figure 4.88).

Differences in the growth assay could be due to cell survival, proliferation or both. To

determine the involvement of these parameters in the response, a PKH assay was performed as

described in section 3.3.I. Cells were seeded at lxl0s/ml in either saturating huSCF or

muGM-CSF and cultured for 2 days. No difference in huSCF mediated proliferation was

observed between the c-KlT constructs (Figure 4.9A) however survival was reduced when the

PI 3-K binding site was mutated and also appeared to be more dependent on the level of c-KIT

expressed 1r2 > 0.8¡ (Figure 4.98). These results ale a genelal trend though since no statistical
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Figure 4.7: Cellular growth in the presence of huSCF.

Uninfected FDC-PI or FDC-PI clones expressing c-KIT with (V/T) or without (Y721F) the

PI 3-K recruitment site were seeded at a density of 5x104/ml and were assessed for total

number of cells by MTT assay after 0, l, 2 and 3 days of culture in the absence of factor

(4, B), in the presence of 100ng/ml huSCF (C, D) or in the presence of muGM-CSF (8, Ð.

Growth analysed by absorbance at 490 nm from triplicate experiments is presented as mean t

SEM. Due to overgrowth, data for muGM-CSF cultures at day 3 have been omitted.
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Figure 4.8: Comparison of cellular growth in huSCF or muGM-CSF to surface

expression.

Cellular growth data (4490) from Figure 4.7 plotted against surface expression of c-KlT

(change in mean fluorescence intensity, 
^MFI) 

(Figure 4.2.). Cells were cultured in 100

nglml huSCF (A) or muGM-CSF (B) for three days. Points plotted were mean + SEM for

cellular growth and SD for surface expression. Solid line (WT c-KIT) and hashed line

(Y72lF o-KIT) shown in A were determined by regression analysis. Statistical significance

(cr < 0.05) is shown by a *.
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Figure 4.9: Comparison of proliferation and survival in huSCF and muGM-CSF to

surface expression.

Proliferation (4, C) or survival (8, D) in either 100 ng/ml huSCF (A' B) or muGM-CSF

(C, D) as determined by PKH assay after 2 days culture was plotted against surface

expression (AMFI - change in mean fluorescence intensity) (Figure 4.2). Points plotted were

mean t SEM for proliferation and survival and mean + SD for surface expression.
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difference was observed in this assay. Proliferation and survival in muGM-CSF was not

affected by the level of c-KIT expressed (Figure 4'9C and D)

4.5.1,. Examination of Proliferation and Survival in Various Concentrations of

huSCF

The experiments in section 4.5 used saturating levels of huSCF. To determine if

Y7zIF c-KIT required higher doses of huSCF for maximal cell yield, proliferation or survival,

a PKH assay in sub-saturating levels of huSCF was performed. Cultures were seeded at

lxlgs/ml and harvested after 48 hours with a half-medium change at 24 hows to maintain

sub-saturating levels. Three clones paired for surface expression of WT and Y72lF c-KIT

were analysed and used in all subsequent experiments (WT1 paired with Y721FL,WT2 paired

with yi2LF2 and WT4 paired with Y12IF3). Results in Figure 4.10 indicated a substantial

variation particularly in total cell yield and survival of FDC-PI clones dependent on the

surface expression of c-KIT. A decrease in the concentration of huSCF resulted in a decrease

in survival and total cells, while the number of divisions of surviving cells remained relatively

constant at all factor concentrations for both sets of clones (Figure 4.10). This was also

observed for the isoforms of c-KIT (see section 3.3.2). These results suggested that survival

was more dependent on the concentration of huSCF than proliferation as was shown in section

3.3.2. The concentration required for half-maximal cell yield was not altered by the receptor

level or the absence of the PI3-K binding site (average values for WT and Y721F c-KIT

expressing clones were 12.5 + 2.4 and 13.2 * 1.5 respectively, where p = 0.4). A limitation

with this experiment however, was that at low levels of huSCF, the concentrations could not

always be maintained even though a half-medium change was performed. Therefore lack of

PI3-K recruitment did not appear to affect proliferation although it had an effect on survival.

4.5.2. Analysis of the Role of PI 3-K in Survival and Proliferation by the Use of a

PI 3-K Inhibitor, LY 294002

r22



Figure 4.10: Effect of huSCF titration on proliferation, survival and total cell yield.

FDC-PI cells infected with c-KIT constructs were seeded at a density of 1x10s/m1 and

assessed for proliferation, survival and total cell yield as described in section 2.5.3 in various

levels of huSCF. Cells were harvested after 48 hours culture with a half-medium change

performed after 24 hours to aid in the maintenance of huSCF concentrations. Data from

triplicate experiments are represented as mean + SEM. Data points for the number of

divisions where less than 1000 viable cells remained were considered unrealistic and have

been omitted. A: The total number of viable cells present. B: The average number of cell

divisions of viable cells. C: The percentage of fluorescence yield in the viable population

(survival).
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Direct recruitment of PI 3-K was shown to have a role in huSCF mediated growth (see

section 4.5). To investigate this further, a PI3-K inhibitor, LY294002, was used. LY294OO2

has been shown to be a specific inhibitor by binding competitively with ATP to PI3-K in a

reversible manner (Vlahos et al., 1994). This inhibitor would block not only direct

recruitment, but also any indirect activation of PI 3-K by c-KIT. It has shown to be specific at

concentrations as high as 50 pM, exerting little effect on PI4-K or MAPK activity (Vlahos er

al., 1994). The surface membranes of cells were stained with PKH to enable survival and

proliferation calculations and were seededinLY294O02for t hour prior to the addition of

huSCF or muGM-CSF. Cells were harvested after 2 days and samples analysed by flow

cytometry. Results presented in Figure 4.11 have been expressed as a fraction of each

parameter in the absence of LY294002. FDC-P1 cells in huSCF appeared to be very sensitive

to the presence of the inhibitor with no survival being observed above 5 pM LY294002

(Figure 4.114 and C). Even at the lowest concentration of LY294002 (2 pM), survival in

huSCF was decreased four fold for both WT and YIZIF expressing FDC-PI, while

proliferation at this dose was only slightly affected (Figure 4.118 and C). The results

suggested that survival in huSCF was highly dependent on functional PI3-K. Growth in

muGM-CSF also appeared to be dependent on PI3-K activation however it was due more to

an effect on proliferation than survival (Figure 4.1 lD and F).

4.6. Knwrrcs oF c-KIT AcuvauoN IN RnspoNsn ro HUSCF

Lack of direct PI3-K recruitment altered c-KIT mediated cell survival in response to

huSCF. It was of interest to relate these biological responses with the biochemical events

occurring upon huSCF binding, therefore receptor phosphorylation, internalisation,

ubiquitination and degradation was assessed on c-KlT with or without the PI3-K binding site.

As described in section 3.4, serum starved FDC-PI clones were stimulated with 100 ng

huSCF, lysed and c-KIT was immunoprecipitated with KI'14.G12, a purified monoclonal
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Figure 4.11: Effect of LY294002 on huSCF mediated cell yield, proliferation and

survival.

FDC-PI stained with PKH were seededata density of 1x105/m1 and assessed fortotal cell

yield (4, D), number of cell divisions of the viable population (8, E) and survival (C' F) in

huSCF (4, B, C) and muGM-CSF (D, E, F.) with varying concentrations of LY294002. Cells

were harvested after 48 hours and analysed by flow cytometry. Data (mean + SEM) from

triplicate cultures has been expressed as a ratio of values inLY294002 compared to controls

without LY294002. Data points for the number of divisions have been omitted where less

than 1000 viable cells remained as it was considered unrealistic'
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antibody against the extracellular region of c-KIT. Immunoprecipitates were resolved on

polyacrylamide gels, transferred to PVDF and probed for phosphotyrosine, ubiquitin, c-KlT.

As described in section3.4, c-KIT immunoprecipitates from MOTe were included on the blots

to control for variation in transfer and detection.

4.6.1. Phosphorylation of c-KIT in Response to huSCF

The kinetics of c-KIT phosphorylation in response to huSCF were examined on three

FDC-PI clones for each construct with a representative clone of each shown in Figure 4.124

and B. The antibody against phosphotyrosine detected a band at 145 kDa corresponding to

c-KIT (Figure 4]2A and B), however no extra bands were identified (data not shown).

Mutation of the PI3-K binding site did not alter the dependence of c-KlT on huSCF for

phosphorylation. Results for each clone were standardised to the level of c-KIT present and

an average of the clones for each construct is shown in Figure 4.I2C. Mutation of the PI3-K

binding site did not alter the time taken to reach peak phosphorylation (about 5 minutes). A

5O7o deqease in the average peak phosphorylation intensity for three clones was observed

when the PI3-K binding site was mutated, however this was not significant (p = 0.07). The

rate of attrition for phosphorylation was quicker when the PI3-K binding site 'was present.

The inference from these results was that the Y12I site became phosphorylated rapidly and

transiently after huSCF stimulation since the levels of phosphorylation were almost equivalent

after stimulation for 2O minutes.

4.6.2. Ubiquitination and Degradation of c-KIT After Stimulation with SCF

Phosphorylation of c-KIT occurred as an upward smear therefore the ubiquitination of

c-KIT was assessed. Low levels of ubiquitination of c-KlT was detected in most clones (as

shown in section 3.4.3; Figure 3.11) however the signal obtained was too weak to enable

accurate quantitation.
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Figure 4.122 Phosphorylation of c-KIT in response to hUSCF stimulation.

FDC-PI clones were treated as described for Figure 4.5. Membranes were probed with two

antibodies to phosphotyrosine (see Table 2.2). Primary antibody was detected with sheep

anti-mouse conjugated to alkaline phosphatase. Alkaline phosphatase activity was visualised

using ECF and Fluorlmager analysis. Included on the gels was an aliquot of c-KIT

immunoprecipitate from MOTe that had been treated with (+¡ or without (-) 100 nglml

huSCF for 2.5 minutes. A: Data from a representative WT clone, V/T4. B: Data from a

representative Y72lF clone, Y72lF3. C: Quantitation of c-KIT phosphorylation. Results

for each of the clones were quantitated using ImageQuant. These were standardised against

the MOTe controls loaded onto the gel and then further standardised to the amount of c-KlT

present (Figure 4.13). Results are expressed as an average of the three clones analysed for

each isoform, shown as mean + SEM.
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To determine the levels of c-KIT detected in the immunoprecipitates, membranes were

blotted with a c-KIT specific antibody (see Figure 4.13A and B for results from two

representative clones). The antibody used was shown not to detect degraded c-KIT (see

section 3.2.3). Analysis was performed on three clones expressing WT andYl2lF c-KlT and

results were standardised to the internal MOTe control and then expressed as a ratio of the

level of c-KIT in the untreated samples to correct for differences in expression levels (Figure

4.13C). Little difference in the level of c-KIT was observed throughout the time course,

therefore it was not possible to determine if the mutation of Y72lF in c-KIT affected

degradation of c-KIT. The kinetics observed here for degradation of c-KIT were as expected

since it was on the GNNK+ background of c-KIT (see section 3.4.2). It can be concluded that

a lack of PI3-K did not upregulate degradation however it remains unknown from this study

if it was required.

4.7. INTnnNELISATIoN oF C-KIT Anrnn Srwrur.¡.rloN BY HUSCF

previous experiments in the DA-l murine lymphoma cell line have shown that PI3-K

is involved in SCF mediated internalisation of c-KIT (Gommerman et al., 1997)' It is not

solely required though since the lack of direct PI3-K recruitment must be coupled with a lack

of calcium flux to prevent endocytosis (Gommerman et al., 1997). To analyse the role of

pI3-K in c-KIT internalisation in early myeloid cells, FDC-PI cells were starved of serum

and factor for 2 hours and stimulated with either huSCF or muGM-CSF at 3'7"C' Reactions

were terminated by the addition of an equal volume of ice cold PBS/BSA with 0.27o Az and

incubation on ice. Samples were labelled for c-KIT using indirect immunofluorescence and

analysed by flow cytometry. Antibodies used were 1DC3, an antibody to c-KlT, and the

isotype matched negative control, lB5.

The inhibition of antibody binding (1DC3) due to the presence of huSCF, was

determined as described in section 3.5. Mutation of the PI3-K binding site did not affect the
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Figure 4.13: Degradation of c-KIT in response to hUSCF stimulation.

FDC-PI clones were treated as described for Figure 4.5. Membranes were probed using an

antibody against the carboxy terminal tail of c-KIT and detected with sheep anti-rabbit

alkaline phosphatase conjugate. Alkaline phosphatase activity was visualised using ECF and

Fluorlmager analysis. A: Data from a representative WT clone, WT4. B: Data from a

representatíveY72lF clone, Y72lF3. C: Quantitation of c-KIT in FDC-P1 clones. Results

for each of the clones were quantitated using ImageQuantTM software. These were

standardised against the MOTe control loaded onto the gel and further standardised to the

level of g-KIT in the absence of huSCF. Results are expressed as an average of three clones

for each isoform, shown as mean t SEM.
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inhibition due to the presence of huSCF with values for WT and Yl2lF c-KIT expressing

cells being 8O + 4.47o and 85 + 0.77o of the control respectively.

'With increasing huSCF stimulation, a decrease in surface expression of c-KIT was

observed (Figure 4.I4A and B). This was due to internalisation of c-KIT and not degradation

since degradation was not observed over the time course studied (Figure 4.I3C). Cells

expressing both WT and YIZIF c-KlT constructs internalised with similar kinetics with no

significant decrease in internalisation being observed after 20 and 30 minutes of hUSCF

treatment (p > 0.05). Incubation with muGM-CSF did not result in c-KlT internalisation

(Figure 4.14) confirming that the internalisation was due to an effect of huSCF on c-KIT.

In chapter 3, it was shown that the GNNK- isoform internalised more rapidly as

compared to the GNNK+ isoform (Figure 3.12). Therefore it was possible that any reduction

in ligand dependent internalisation as a result of the Y72lF mutation in c-KIT was masked

through the use of the GNNK+ isoform. To examine this further, a construct of GNNK-

o-KIT with a YlzlF mutation was created. The region of c-KIT containing the Y7ZLF

mutation was excised with restriction enzymes Accfr and ApaI and ligated into

pRUFMClneo containing GNNK- c-KIT that had been similarly treated. Psi2 cells were

transfected with the GNNK-Y72lF construct and factor dependent FDC-PI cells were

infected with the retrovirus. Cells were sorted based on c-KlT expression and the amount of

c-KIT internalised was analysed on a pooled population of cells expressing GNNK- or

GNNK-Y72lF c-KIT. Results were analysed after l0 minutes huSCF stimulation since this

was the minimal time required for maximal internalisation of the GNNK- isoform. Again,

huSCF induced internalisation of the wild type (GNNK-) c-KIT and the isoform matched

Ylzlþ mutant to similar extents with no statistical significance being observed (p = 0.13)

(Figure 4.15). This suggested that internalisation of both c-KIT isoforms is substantially

independent of direct PI3-K recruitment.
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Figure 4.14: lnternalisation of c-KIT in response to huSCF.

Cells starved of serum and factor for 2 hours were stimulated with huSCF at 37"C. Reactions

were terminated at various time points by incubation on ice and the addition of an equal

volume of ice cold PBS/BSA with 0.2Yo Az. Samples were labelled for c-KIT using indirect

immunofluorescence and analysed by flow cytometry. A: Primary data from a representative

'WT clone, WTz, showing the amount of surface c-KIT after huSCF stimulation. B: Primary

data from a representative Y72lF clone, Y72lF2, showing amount of surface c-KIT after

huSCF stimulation. C: Changes in surface expression in the presence of huSCF or

muGM-CSF. Average + SEM of three clones after correction for decreased antibodybinding

in the presence of huSCF. Results are expressed as a percentage of c-KIT remaining on the

surface after various times of huSCF and muGM-CSF stimulation.
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Figure 4.15: Role of Y72lF in the internalisation of GNNK- isoform of c-KIT.

Pooled populations of FDC-PI cells expressing GNNK-S+ isoform of o-KIT with (GNNK)

or without (GNNK-Y72IF) the PI 3-K binding site were staryed of serum and factor for 2

hours and stimulated with huSCF or muGM-CSF for l0 minutes at 37"C. Reactions were

terminated by the addition of an equal volume of PBS/BSA with 0.2YoAz and incubation on

ice and labelled for c-KIT by indirect immunofluorescence using 1DC3. The percent of

c-KIT remaining on the surface is shown as mean t SD from a duplicate experiment after

correction for background fluorescence (185) and inhibition of antibody binding due to the

presence ofhuSCF.
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4.8. SrcNu Tn¡.NsnucrroN Pnrnw¡.vs Acrrv¿.rnn DowNSTREAM oF

C.KIT

The activity of several protein kinases downstream of RTKs can be detected based on

their phosphorylation, which is required for their activation. To assess the activation state of

Akt and ERK1 and ERK2, antibodies raised against phosphorylated peptides \ryere used as

described in section 3.6.2 and 3.6.3. Briefly, whole cell lysates prepared in parallel to

immunoprecipitates described in section 4.6 were resolved by SDS-PAGE, transferred to

membrane and immunoblotted with phospho-specific antibody as well as an antibody

detecting the total levels of the protein present. As with the immunoprecipitates, standard

lysates from the human megakaryocytic cell line MO7e, stimulated with and without huSCF,

were electrophoresed in parallel to the FDC-PI lysates to control for transfer and

immunoblotting differences to enable comparison between blots.

4.8.1. HuSCF Mediated Activation of Akt

Akt is a major downstream effector of PI3-K which becomes phosphorylated and

activated in response to c-KIT stimulation (Caruana et al., 1999). To investigate the

requirement of the PI3-K binding site for the activation of Akt in FDC-PI cells, the

phosphorylation of 5473 was assessed with phospho-specific antibodies. It was expected that

the lack of direct PI3-K recruitment to c-KlT would impair Akt activation. Results from

representative clones showed that even though YlzlF c-KIT was incapable of recruiting

PI 3-K, it could still lead to huSCF dependent phosphorylation of Akt (Figure 4.16^ and B).

Similar amounts of total Akt were present in each track (Figure 4.I6C and D). Quantitation of

the results from three clones revealed that the amount of Akt activated by Y72lF c-KIT was

reduced by about 5O7o as compared to WT c-KIT but this difference was not statistically

significant (p = 0.14). After 20 minutes huSCF stimulation, the levels of Akt phosphorylation
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Figure 4.16: Activation of Akt in response to huSCF.

FDC-PI clones expressing WT and Y72lF c-KIT were starved of serum and factor for 2

hours, stimulated with 100 ngiml huSCF at a density of 1x107/ml and then lysed. Clarified

lysates (15 ¡rl) were loaded onto 10% gels, transferred to membranes and probed for either

phosphorylated Akt (4, B) or total Akt (C, D). Primary antibody was detected with a

secondary antibody conjugated to alkaline phosphatase activity. Alkaline phosphatase

activity was visualised using ECF and Fluorlmager analysis. Included on the gels was an

aliquot of MOTe clarified lysate treated with or without 100 nglml huSCF fot 2.5 minutes.

A, C: Data from representative WT clone, WT4. B, D: Data from a representativeYT2lF

clone, Y72lF3. E: Quantitation of Akt phosphorylation. Results from three clones for each

constn¡qt were quantitated using ImageQuant and standardised against the MOTe loading

control. Phosphorylated Akt was expressed as a ratio of the total amount of Akt present and

plotted as mean + SEM.
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\ /ere similar. Thus, alternative mechanisms were capable of mediating huSCF dependent Akt

activation in the absence of direct PI 3-K recruitment to the Y72l site of c-KIT.

4.8.2. HuSCF Mediated Activation of ERK

Both ERKI and ERK2 are known to be activated by c-KIT (Funasaka et al., 1992;

Mryazawa et aI., Iggl). To determine if mutation of the PI3-K binding site altered the

activation of ERKI and ERK2, the phosphorylation status of both isoforms was assessed.

phosphorylation of ERK1 and ERK2 was detected with a phospho-specific antibody raised

against a peptide phosphorylated on T202 and Y204 with results from a representative

Western blot presented in Figure 4.17 A and B. Blots shown in Figure 4.17C and D show the

total amount of ERK| and ERK2 detected in representative'WT and Y72lF c-KIT expressing

clones. Three clones for each construct were analysed by'Western blotting and results were

standardised against the MOTo control and then phosphorylated ERK was expressed as a ratio

to the total amount of ERK present (Figure 4.118). Results showed that mutation of the

pI3-K binding site did not alter the kinetics of ERK phosphorylation since both peaked

approximately five minutes post huSCF stimulation. Levels of ERK phosphorylation were 1.7

fold lower in Y72lF c-KIT expressing cells as compared to WT however this was not

sratistically significant 1p = 0.1). After 20 minutes huSCF stimulation the amount of

phosphorylated ERK had returned to near basal levels in all cases. Therefore direct

recruitment of PI3-K to c-KIT may have had some role in the initial activation of ERK

isoforms.

4.9. DnRrvnuoN oF c-KIT ExpnnsslNc MIHC

Proliferation and survival responses due to huSCF stimulation were analysed in

FDC-P1 cells, however other parameters of biological response, such as differentiation could

not be studied. It was anticipated that the MIHC model, capable of differentiating into
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Figure 4.17: Activation of ERIí and ERK2 in response to huSCF.

FDC-PI clones expressing c-KIT constructs were starved of serum and factor for 2 hours,

stimulated with 100 nglml huSCF at a density of 1x107/ml and then lysed. Clarified lysates

were loaded onto 10olo gels, transferred to membranes and probed with antibodies to

phosphorylated ERKI and ERK2 (4, B) or ERK1 and ERK2 (C, D). Primary antibody was

detected with a secondary antibody conjugated to alkaline phosphatase activity. Alkaline

phosphatase activity was visualised using ECF and Fluorlmager analysis. Included on the

gels was an aliquot of MOTe clarified lysate treated with or without 100 nglml huSCF for 2.5

minutes. A, C: Data from a representative V/T c-KIT expressing clone, V/T4. B, D: Data

from a representative Y72lF c-KIT expressing clone, Y72IF3. E: Quantitation of ERK

phosphorylation. Results from three clones for each construct were quantitated using

ImageQuant and standardised against the MOTe loading control. Phosphorylated ERK was

expressed as a ratio of the total amount of ERK present and plotted as mean t SEM.
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granulocytes and monocytes (Ferrao et al., 1991) could be used to analyse the effect PI3-K

recruitment had on differentiation. Based on data presented in chapter 3 concerning the

background differentiation of the parental MIHC and clones expressing c-KIT the model was

shown to be unsuitable. Therefore, the MIHC model was used instead to confirm

proliferation and survival responses observed in FDC-P1'

MIHC derived from day 14 murine foetal livers infected with a truncated version of

myb were selected for long term growth in muGM-CSF. Cells were superinfected with

GNNK+ c-KIT constructs with or without the PI3-K binding site by co-cultivation with

transfected virus packaging psi2 cells. Infected cells expressing surface c-KIT were sorted

into populations based on the binding of monoclonal antibody 1DC3 and fluorescence

activated cell sorting. Clonal populations were obtained using the automated cell deposition

facility of the fluorescence activated cell sorter. Clones were amplified and compared in

regard to their surface expression of c-KIT. A narrow range of c-KIT was present in all clonal

isolates, as opposed to FDC-PI clones, which expressed a broad range of c-KIT. Five clones

each of WT c-KIT and Yl2lF c-KIT expressing MIHC were chosen for further analysis.

Surface expression of these clones was analysed in duplicate and is shown in Figure 4.184.

Expression of c-KIT on MIHC was also examined by immunohistochemistry (APAAP), a

staining technique that allows detection of both surface and intracellular c-KIT.

Cytocentrifuge smears of cells were fixed and incubated with an antibody to c-KlT (lDC3) or

an isotype matched negative control, 185. The presence of c-KIT was denoted by red

staining, while the nucleus was stained purple by haematoxylin counterstain (Figure 4.188

and D). Parental MIHC remained unstained with antibody to c-KIT (Figure 4.188). Similarly

no staining was observed with the negative control antibody for any of the clones (data not

shown). Faint red staining was observed in all clones treated with antibody to c-KIT

indicating a low level of c-KIT expression (Figure 4.18C and D). A representative clone for

each construct is shown is Figure 4.18C and D. Selected clones were maintained in
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Figure 4.18: Expression of c-KlT in MIHC clones.

MIHC infected with WT andYT2IF c-KIT and maintained in muGM-CSF and muIL-3 were

sorted into clones based on the surface expression of c-KIT. A: Surface expression of c-KIT

in MIHC clones. After expansion, surface expression of c-KIT was determined for each

clone by indirect immunofluorescence using monoclonal antibody 1DC3 (anti-c-KlT) and an

isotype matched negative control 185 (anti-giardia). The histogram shows the relative

surface expression of WT andYT2lF o-KIT in MIHC clones after correction for background

levels (where AMFI represents the change in mean fluorescence intensity). Results are mean

t SD from a duplicate experiment. In the figure, par represents parental MIHC. B-D:

Expression of c-KIT as determined by immunohistochemistry. Cells cytocentrifuged onto

glass slides were fixed and incubated with anti-c-KlT antibody (lDC3) or an isotype matched

negative control (185). Detection of 1DC3 or 185 was performed using a bridging rabbit

anti-mouse antibody, followed by APAAP complex. Cells were incubated with substrate

causing c-KIT positive cells to be stained red. A haematoxylin counterstain stained the

nucleus purple. Cells were visualised on an Olympus microscope and photographed with a

20x objective lens. B: Parental cells stained with 1DC3, C: MIHC WT2 clones stained with

1DC3, D: MIHC Y72lF3 clone stained with 1DC3.
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muGM-CSF and muIL-3 for about three weeks after which fresh cells were thawed from

cryopreserved stocks

4.1.0. ROIN OF PI 3.K IN C.KIT MNNTNTND BIOLOGICAL RNSPOT'{SES IN

MIHC

4.10.1,. Growth in the Presence of huSCF

To investigate whether the expression of c-KIT lacking the PI3-K binding site could

promote huSCF dependent growth, a MTT assay was performed (see section 2.5.2). Cells

were cultured in no factor, saturating huSCF or muGM-CSF and muIL-3 for up to 6 days. In

the absence of factor, growth was not observed, confirming that these cells were factor

dependent (Figure 4.Ig^ and B). Growth was observed for both 
.WT 

and Y72lF c-KIT

expressing cells in huSCF confirming that the c-KIT expressed was functional (Figure 4.19C

and D). There was no statistical significance between the growth observed in huSCF for WT

or Yj2lF c-KIT expressing cells after culture for either 4 ot 6 days (p > 0.07 and 0.14

respectively) suggesting that lack of direct PI3-K recruitment did not affect growth in this

case. Similarly, there was no statistical difference in muGM-CSF and muIL-3 mediated

growth of WT and Y72IF c-KIT expressing clones (p > 0.44 after 4 days culture) (Figure

4.Ig¡- and F). The range of growth observed in muGM-CSF and muIL-3 possibly reflected

the intrinsic ability of each clone to differentiate. This differing ability to grow and

differentiate would affect results in huSCF. To examine this, the growth in huSCF after 4

days was expressed as a ratio of that in muGM-CSF and muIL-3. Results confirmed the

above showing no significant difference between the growth of Y72lF and WT c-KIT

expressing cells in huSCF (p = 0.06).
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Figure 4.19: Cellular growth in the absence or in the presence of hUSCF or muGM-CSF

and muIL-3.

Uninfected MIHC or MIHC clones expressing c-KIT with or without the PI 3-K binding site

were seede d at a density of 2.5xl04lml and assessed for total number of cells by absorbance

after 0, 2,4 and 6 days culture in the absence of factor (4, B), in the presence of 100 nglml

huSCF (C, D) or in the presence of muGM-CSF and muIL-3 (8, Ð. Growth was analysed by

absorbance at 490 nm. Data is presented as mean + SEM of triplicate determinations. Due to

overgrowth, time points for cultures in muGM-CSF at day 6 have been omitted.
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4.10.2. The Effect of Limiting huSCF on Proliferation and Survival

An alternate technique used to look at the effect huSCF had on cellular growth was by

PKH assay. As performed in section 4.5.1, huSCF was titrated to determine if proliferation

and survival for WT and Y72IF c-KlT was concentration dependent. Cells for this

experiment stained with PKH-26 were washed three times in serum free DMEM and seeded at

2xl}4lml in wells containing various concentrations of huSCF, muGM-CSF and muIL-3 or no

factor. After 24 hours incubation, a half-medium change was performed to maintain limiting

concentrations of huSCF and cells were harvested after 48 hours. Harvested cells were

analysed by flow cytometry with only viable cells gated. Three clones were analysed for each

construct (GNNK+2,4, and 5 and Y7zlFl,2 and 3) and since they all expressed similar

levels of c-KlT, results were averaged (Figure 4.20). No difference was observed in the

concentration required for half-maximal cell yield, which was approximately 7 .5 nglml and 5

nglml for WT and Yl2lF c-KIT expressing cells respectively. Titration of huSCF affected

survival but had little effect on the number of divisions undergone by surviving cells. That is,

for these cells, as for FDC-PI cells, the requirement of huSCF for survival appeared to be

limiting.

Comparisons between clones expressing Y"l2lF and WT c-KIT in saturating huSCF

revealed a statistically significant decrease in the total cell yield (p = 0.046) and survival

(p = 0.017) when the PI3-K binding site was mutated, however the proliferation rate

remained unaffected (p > 0.3). The statistically significant difference in cell yield was in

contrast to the results from the MTT assay. To investigate this further, results in huSCF were

standardised to those in muGM-CSF and muIL-3, which were performed in parallel. Results

confirmed the above showing that there was a statistically significant decrease in survival (p =

0.047) with mutation of the PI3-K recruitment site, while proliferation remained unaffected

(p > 0.4).
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Figure 4.20: Effect of huSCF titration on proliferation, survival and total cell yield.

MIHC clones expressing c-KIT with (WT) or without (Y72lF) the PI 3-K binding site were

seeded at a density of 2xl}alml and assessed for proliferation, survival and total cells in

sub-optimal levels of huSCF. Cells were harvested after 48 hours culture with a medium

change performed after 24 hours to ensure the maintenance of the sub-optimal huSCF

concentrations. Data from a triplicate experiment is expressed as mean t SEM of results

obtained from three clones for each c-KIT construct. Data points for the number of divisions

where less than 1000 viable cells remained were considered unrealistic and have been

omitted. A: The total number of viable cells present. B: The average number of cell

divisions of the viable population. C: The percent fluorescence yield in the viable

population (survival). Statistical significance (a < 0.05) is represented by a *.
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At limiting concentrations of huSCF (l0ng/ml) the clones appeared to behave

similarly as compared to in saturating huSCF. Again, a statistically significant decrease in

survival was observed for cells expressing Y721F c-KIT (p = 0'017)' while proliferation was

unaffected (p > 0.15). Therefore mutation of the PI3-K binding site results in decreased

survival without affecting proliferation'

4.10.3. Effect of a PI3-K Inhibitor on Proliferation and Survival in the Presence

of huSCF

A role of direct recruitment for PI3-K in survival and total cell yield was observed in

section 4.10.2. To further determine the role of PI3-K in huSCF mediated survival and

growth, an inhibitor,LY2940O2 was used in a PKH assay as used in section 4.5.2. Cells were

stained with PKH a day prior to seeding in LY294002 and either huSCF (100ng/ml) or

saturating muGM-CSF and muIL-3. Cells were harvested after 2 days and analysed by flow

cytometry. Total cell yield, proliferation and survival were calculated and results were

standardised to observations in the absence of LY294002. Since all MIHC clones expressed

similar levels of surface c-KlT, results of the three clones were averaged and are presented in

Figure 4.2L In huSCF, total cells obtained for WT andYlZlF c-KlT expressing cells were

inhibited to a similar extent by the addition of LY294002. This inhibition was partly due to

reduced proliferation but more dependent on survival. Effects of LY294002 were also seen

for cells grown in muGM-CSF and muIL-3 suggesting that this was dependent on PI3-K

activity to a certain extent. The growth of MIHC clones in huSCF did not appear to be as

sensitive to LYZ}4O02 as compared to FDC-PI since even at l0 pM approximately 307o

survival was observed whereas there was no survival of FDC-PI cells at 5 pM LY294002'

Both cell lines were equally susceptible to LY294002 when maintained in muGM-CSF (and

muIL-3 for MIHC). This suggested that LY294002 was active to the same extent in both
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Figure 4.21: Effect of LY294002 on hUSCF mediated cell yield, proliferation and

survival in MIHC.

MIHC clones stained with PKH were seeded at a density of 1x10s/ml and assessed for total

cell yield (4, D), number of cell divisions of the viable populations (8, E) and survival (C, Ð

in huSCF (4, B, C) and muGM-CSF and muIL-3 (D, E, F.) with varying concentrations of

LY294002. Cells were harvested after 48 hours and analysed by flow cytometry. Data (mean

+ SEM) from triplicate determinations is expressed as a ratio of values in LY294002

compared to controls without LY294002.
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experiments and possibly indicated that huSCF mediated growth of FDC-PI was more

dependent on the activation of PI 3-K'

4.1L. DIscussIoN

Activation of PI3-K by c-KIT in bone marrow derived mast cells has been shown to

be involved in degranulation, adhesion, membrane ruffling, cytoskeletal rearrangement and

actin assembly with partial effects on cellular growth (Serve et al., 1995; Vosseller et al.,

ßgl). Based on these results, it was of interest to evaluate the role of PI3-K in eliciting

biological responses in haemopoietic progenitor cells, another cell population containing

endogenous c-KIT. A further interest was to address the signal transduction mechanisms

requiring functional PI3-K. Results indicated that direct recruitment of PI3-K is involved in

c-KIT mediated growth and survival in factor dependent haemopoietic cells.

To investigate the function of PI3-K in biological responses, a construct of c-KIT

containing a mutation at the PI3-K binding site was created and expressed in two factor

dependent haemopoietic progenitor cell lines. In response to huSCF, cells expressing Y721F

c-KIT were unable to recruit or activate PI3-K (Figures 4.5, 4.6). Stimulation of YlZlF

c-KIT in comparison to WT c-KIT with huSCF resulted in reduced growth, in both FDC-PI

(Figure 4.8) and MIHC (Figure 4.20). This supported observations in bone marrow derived

mast cells and haemopoietic 32D cells (Gommerman et al.,2OO0; Kissel et a1.,2000; Serve ¿r

al., 1995; Timokhina et al., 1998). It contradicts results obtained in a subline of murine

myelomonocytic FDC-PI cells which unlike FDC-PI cells used here, can differentiate

(Kubota et al., 1998). This contradiction was surprising since cells of similar background

were used and the difference may therefore be due to the level of receptor expressed since

differences between WT and YlzlF c-KlT were only seen at higher c-KIT surface expression

levels. Kubota et al. (1993) instead reported that ligand mediated differentiation was
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abolished when Y72I was mutated in c-KIT (Kubota et a\.,1998), however this was unable to

be addressed here (see chapter 3).

Most of the studies to date have measured cellular growth by investigating DNA

synthesis through tritiated thymidine and bromodeoxyuridine incorporation (Feng et aL.,2000;

Gommerman et al., 20OO; Kissel et a1.,2000; Serve et al., 1995; Timokhina et al., 1998).

These techniques are incapable of distinguishing between effects on survival or proliferation.

By staining the cells with a fluorescent lipophilic dye and calculating the number of divisions

undergone by surviving cells and determination of the yield of dye in the viable population, it

was possible to separate the two variables. Results in FDC-PI and MIHC showed that

mutation of the Yl2lF binding site reduced survival in response to huSCF while having

minimal effects on proliferation (Figures 4.10 and 4.20). Interestingly, two naturally

occurring isoforms of ErbB4 exist, one with and the other without the PI3-K binding domain

(Kainulainen et aI., 2000). Stimulation of both isoforms with ligand enabled proliferation to

an equivalent extent as measured by cell counts in the absence of death, while only the

isoform activating PI3-K was capable of rescuing cells from starvation-induced cell death in

the presence of ligand (Kainulainen et a1.,2000). Therefore the direct recruitment of PI3-K

was similarly involved in survival but had little effect on proliferation. The mechanism by

which PI 3-K activation mediates survival by RTKs is possibly through activation of Akt and

phosphorylation of Bad at S136 resulting in its inactivation (Blume-Jensen et al., 1998).

Alternatively, Akt could be involved in the phosphorylation and inactivation of Caspase-9

(Kelley et aI., 1999) or an upstream effector of p38, a stress activated member of MAPK

family of proteins (Gratton et a|.,2001).

PI3-K appears to have a role in proliferation in spermatogonia since it upregulates

cyclin D3 expression and Retinoblastoma protein phosphorylation (Feng et a|.,2000). A role

of PI3-K in proliferation may have been masked in this study due to the survival response

being rate limiting. In the IL-3 receptor system, activation of PI3-K was required more for
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proliferation than survival (Craddock et al., 1999). This was also observed for MIHC clones

maintained in muGM-CSF and muIL-3 in the presence of LY294002 (Figure 4.21). Therefore

the function of PI 3-K may vary depending on the growth factor stimulation.

Stimulation of Y72IF c-KIT with huSCF, resulted in phosphorylation although this

was weaker than in WT, supporting previous data (Kissel et al., 2000; Timokhina et al',

1998). A decrease in the peak level of c-KIT phosphorylation was observed, however by

about 20 minutes, similar phosphorylation levels were observed (Figure 4.12). This, in

conjunction with the association of p85 peaking prior to c-KlT phosphorylation suggested that

Y12l was one of the initial sites to become phosphorylated. Indeed observations using site

specific phospho-antibodies indicated that this was the case (Voytyuk et a\.,2003).

Akt was phosphorylated in the absence of direct PI3-K recruitment to activated c-KIT.

Some other studies have also observed phosphorylation of Akt when c-KIT lacks direct

PI 3-K binding capabilities (Blume-Jensen et a1.,1998; Kissel et aI.,2000). This activation of

Akt was either independent of PI 3-K (Kruszynska et al., 2002; Moule et al., l99l; Yano et

al., 1998) or due to alternative activation of PI 3-K. This could be resolved by investigating

the effect LY294002 had on Akt phosphorylation.

In this study, no effect on internalisation or degradation due to the lack of direct

recruitment of PI3-K was observed (Figures 4.13 and 4.14). The internalisation result is in

support of other experiments with c-KIT (Gommerman et a\.,1991; Jahn et al.,2O02a;Yee et

al.,1994), PDGF receptor (Joly et a\.,1995) and flt3/flk2 (Beslu et a\.,1996). In conjunction

with other pathways such as those involving calcium flux, PI3-K recruitment was found to be

required (Gommerman et al., 1991). Activation of PI3-K is involved in the degradation of

RTKs because the vesicles containing the internalised receptor remain near the surface and are

unable to proceed along the endocytic pathway (Joly et a|.,1995; Murray et a1.,2000). This

role in degradation is potentially due to PI3-K mediated activation of Rab5, a GTPase

involved in early endosome fusion (Li et al., 1995). In this study, an effect of Y72IF
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substitution on c-KIT degradation \ilas not seen possibly because the time course examined

was not long enough.

In conclusion, mutation of the PI3-K binding site of c-KIT in factor dependent

haemopoietic progenitor cells resulted in decreased growth in response to huSCF. This was

primarily due to an effect on cellular survival rather than proliferation. The residual growth in

huSCF was due to indirect activation of PI 3-K in FDC-PI, while in MIHC, other mechanisms

were also required.
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CHAPTER 5:

ROLE OF PI 3-K IN ONCOGENIC

c.KIT SIGNALLING



5. ROLB OF PI 3.K IN ONCOGENIC C.KIT SIGNALLING

5.1. INrRotucrIoN

Oncogenic forms of c-KIT arising from deletions and point mutations have been

identified in certain leukaemias and solid tumours. Substitution of valine for aspartate 816

(D816V) in the phosphotransferase domain of c-KIT was identified in HMC-I, a human mast

cell line derived from a patient with mast cell leukaemia (Furitsu et a|.,1993; Kanakura et al.,

lgg4). Subsequent research has revealed an involvement of this mutation in systemic

mastocytosis ('Worobec et aI., 1998) and occasional cases of AML (Ashman et al., 2000;

Beghini et a|.,1998).

The mutation of D816 in c-KIT has biological implications since its expression

induces factor independent growth of mast cells and early myeloid cells in vitro and tumour

formation in mice (Ferrao et al., 1991; Hashimoto et al., 1996; Kitayama et al-, 1995;

Tsujimura et a|.,1994). Associated with this is the constitutive phosphorylation of c-KlT

(Furitsu et a|.,1993; Kanakura et a1.,1994). Little is known about the mechanism inducing

this constitutive activation. It is believed that the mutation mediates its constitutive activity

through a ligand independent dimerisation mechanism involving intracellular interactions

(Lam et al., 1999; Longley et al., 2001). Further, a phosphatase, SÉIP-I, important in

dephosphorylating c-KIT is degraded in the presence of D816V c-KlT (Piao et al., 1996).

Another possibility is the involvement of PI3-K since D816V c-KlT constitutively associates

withthepS5subunit(Furitsu etal.,l993;Kanakura etal., 1994). Theroleof PI3-Kinthe

oncogenic potential of D816V c-KIT was unknown. To address this, a construct lacking the

pI3-K binding site, Y721F along with the D816V c-KIT mutant was created and expressed in

MIHC. Expression of D816V c-KIT in this cellular model has previously conferred factor

independent growth and tumour formation in mice (Ferrao et al.,1997).
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5.2. GnNnn¡.uoN oF CoNsrnucrs AND AN¡.l,vsIs or ExpRESSIoN

All constructs were created on the background of the GNNK+S+ isoform of human

c-KIT. Human WT GNNK+S+ c-KIT cDNA in pRUFMCIneo vector was created as

described in chapter 3. cDNA encoding human WT c-KIT containing a substitution of valine

for aspartate at 816 (DS16V) in the tyrosine kinase domain had been previously subcloned

into pRUFMClneo (Ferrao et al., l99l). Briefly, RNA from HMC-1 cells was obtained and

reverse transcribed for PCR. The PCR product was digested with EspI (Celtr) to generate a

360 base pair fragment (residues 2330 - 2690) and the fragment cloned into 'WT c-KIT in

pRUFMC1 neo thaf had also been digested with EspI. The mutation was selected by screening

for the loss of a BsmAI site due to the A to T mutation at2468.

The pRUFMClneo construct encoding Y121F c-KIT was generated as indicated in

chapter 4. The Y72lFlD816V c-KIT double mutant cDNA was created by inserting a

sequence encoding the D816V mutation into Yl2lF c-KIT cDNA in pRUFMCIneo.

pRUFMC1 neo DBI6Y c-KIT was digested with EspI to generate a 360 base pair fragment

(residues 2330 - 2690) which was gel purified. WT c-KIT cDNA containing the mutation

encoding Y72lF in pRUFMClneo was also digested with EspI and the 8.2 kb fragment gel

purified and dephosphorylated. The 360 base pair insert was ligated into this

dephosphorylated vector. Orientation of the insert was determined by PCR using primers 447

and SRC-10 (see Table 2.5 for PCR conditions). The primer 447 (1506 - 1524) annealed

outside the inserted sequence while SRC-10 (2642 - 2660) annealed within the insert (Figure

5.14). Therefore, PCR products were only present if the insert \¡/as correctly orientated

allowing SRC-10 to prime in the correct direction. The presence of the D816V mutation was

confirmed by the lack of a BsmAI endonuclease site caused by the A to T substitution at2468.

DNA preparations from bacterial clones were screened by PCR amplification (primers SRC-

09 and SRC-10) and digestion with BsmAI. The newly created Y72|F/D816V construct was

138



Figure 5.1: Insertion of D816V into Y721F c-KIT in pRUFMClneo-

A: Schematic diagram of Y72LF/D816V c-KIT in pRUFMClneo. A fragment of D816V

c-KIT in pRUFMClneo digested with EspI was inserted into the complementary site in

Y72lF c-KIT in pRUFMClneo. To determine orientation of the fragment, the construct was

PCR amplified with primers 447 (1506-1524) and SRC-10 (2642-2660). No product 'was

obtained when the fragment was in the incorrect orientation. B: Sequence from the sense

primer SRC-09 (2400-2418) corresponding to 2456 to 2480 base pairs in c-KIT. The point

mutation of A to T at residue 2468 resulted in a codon change at 816 of GAC encoding

aspartic acid to GTC encoding valine.
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sequenced across the insert region using primers 1002, SRC-05, SRC-09 and SRC-10 to

confirm the presence of the A2468T mutation encoding the D816V substitution and the

absence of any further mutations (Figure 5.18).

All plasmids used for transfection were expanded and purified as outlined in sections

2.9.9. The ecotropic retrovirus packaging cell line, psi2, was transfected using the calcium

phosphate technique (see section 2.10.2 for details) with pRUFMClneo constructs encoding

WT,YT2IF, D816V orYl2lF/D8l6V all on the GNNK+S+ isoform of c-KIT. Transfectants

were selected with 400 pglml geneticin until untransfected cells died. Drug-resistant cells

were further selected for c-KIT expression by fluorescence activated cell sorting using a c-KIT

specific monoclonal antibody, lDC3.

5.3. ExpnnssloN oF c-KIT

MIHC were infected with c-KIT expression constructs by co-cultivation with

irradiated psi2 transfectants (see section 2.10.3). Infected cells were selected with 1 mg/ml

geneticin until uninfected control cells died. Once selected, cells were amplified in standard

medium supplemented with muGM-CSF and stocks cryopreserved. Cells were cultured for a

maximum of three weeks before thawing a fresh ampoule in order to minimise genetic drift.

In order to determine the role of PI3-K in D816V factor independent growth, D816V and

Yl2IFlD8l6V c-KIT expressing cells were maintained in muGM-CSF and were not selected

for factor independent growth as other studies have done (Ferrao et a1.,1991). To serve as a

control, cells expressing D816V c-KIT that had been selected and maintained in the absence

of factor (Ferrao et aI., 1991) were used.

The surface expression of c-KlT on each of the infectants was determined by indirect

immunofluorescence using monoclonal IgGl antibody, lDC3 or an isotype matched negative

control, 185. No fluorescence above background was observed for parental MIHC, whereas
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infection with retrovirus encoding either WT or YlzlF c-KIT resulted in heterogeneous levels

of expression (Figure 5.2A).

Based on the constitutive activity of D816V c-KIT (Moriyama et al., 1996) and

previous results in MIHC (Ferrao et al., 1991), it was expected to be present on the cell

surface at low levels compared to WT c-KlT, as was observed (Figure 5.18). Expression of

D816V c-KIT containing a muration at the PI3-K binding site (Y721FID816V) resulted in

similar low level surface expression (Figure 5.18). InY72lFlD816V c-KIT expressing cells,

it was possible to see subtly higher expression compared to D816V c-KlT suggesting that the

lack of direct PI3-K recruitment may have affected the internalisation or degradation of

c-KIT. Factor independent selection of D816V transduced cells slightly increased c-KIT

surface expression relative to those maintained in muGM-CSF. These factor independent

D816V c-KIT cells were used as a positive control for subsequent studies.

Protein expression of D816V c-KIT on cells is low due to its continual activation and

degradation (Moriyama et a\.,1996). To compare the level of c-KIT RNA present, Northern

blot analysis was performed (refer to section 2.ll for details). Total RNA was extracted from

cells and the levels of c-KIT and a control marker (GAPDH) were investigated using 32P

labelled probes (refer to section 2.ll for details). Human c-KIT was absent in the uninfected

parental population of MIHC, however it was detected in all infected lines (Figure 5.34). The

membrane was stripped and reprobed for GAPDH (Figure 5.38). The Northern blots were

analysed on a phosphorimager and quantitated using ImageQuantTM software. The amount

of c-KIT present was standardised to the GAPDH loading control (Figure 5.3C). Similar

levels of RNA expression were obtained for WT and D8l6V c-KIT both with and without the

YlzlF mutation. Cells expressing D816V c-KIT that had been maintained in the absence of

factor expressed higher levels of c-KIT mRNA. In conclusion, despite low surface levels of

D816V c-KlT, the expression of RNA was equivalent to non-oncogenic versions of c-KIT.

Fufther, factor independent selection resulted in an increase in c-KIT RNA expression.
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Figure 5.2: Surface expression of c-KIT constructs by indirect immunofluorescence

assay.

Surface expression of c-KIT \ryas determined by indirect immunofluorescence using

monoclonal antibody 1DC3 (anti-c-KlT) and an isotype matched negative control 1B5 (anti-

giardia). The histograms show the relative surface expression profiles of the negative

control, parent, WT,Y72IF c-KIT expressing MIHC (A) and parent, Y72nfO8l6V, D816V

and factor independent D816V (D816V(FI)) c-KIT expressing MIHC (B).
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Figure 5.3: Expression of I-KIT mRNA by Northern analysis.

Total RNA (10pg) was harvested from MIHC parent (1), and MIHC infected with V/T c-KIT

(2),Y72lF c-KIT (3),Y72IFID816V c-KIT (4), D816V c-KIT (5) and D816V c-KIT selected

for factor independent growth (6) and was analysed by agarose gel electrophoresis and

Northern blot hybridisation. The membrane was initially probed with a 700 base pair

fragment of c-KIT DNA (A) and then stripped and reprobed with a 780 base pair GAPDH

fragment (see section 2.II.3) (B). Signal was detected using Molecular Dynamics

Phosphorlmager. Hy.bridisation signals were quantitated with ImageQuantTM software and

the ratios of c-KIT signal to the assay loading control (GAPDH) are shown in (C) where Par

represents MIHC parent, and D816V(FI) represents D816V c-KIT cells selected for factor

independent growth.
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5.4. AcrrvnuoN oF OxcocnNtc c-KIT nm Assocu.TloN ro PI 3-K

An alternate method to detect c-KIT was by Western blot analysis. Cells were lysed in

l7o Triton xl00 with protease and phosphatase inhibitors and c-KIT was immunoprecipitated.

Immunoprecipitates from 4x107 cells were electrophoresed under reducing conditions by

SDS-PAGE, transferred to membrane and probed for c-KlT using a rabbit polyclonal antibody

against the carboxy terminus (see section 2.7). This was developed with sheep anti-rabbit

antibody conjugated to alkaline phosphatase followed by ECF substrate. To serve as a control

for immunoprecipitation, an isotype matched antibody (1D4.5) was used. High levels of 145

kDa ç-KIT was detected in WT c-KIT expressing cells that had been maintained in 100 nglml

huSCF (Figure 5.44). Also detected was the 125 kDa immature form of c-KIT. A low level

of D816V g-KIT was detected in factor independent MIHC appearing as an "upward smear"

(Figure 5.44) suggesting that it was constitutively active and ubiquitinated. A low level of

c-KIT above that seen in the control immunoprecipitate was detectedinYT2lF/D816V c-KlT

expressing cells. The immature form of c-KIT was also detected in Y72IF|D816V c-KIT

cells as a band at 125 kDa. UnlikeYl2lFID8l6V c-KIT expressing cells, D816V c-KIT was

not detected in cells after multiple attempts. The absence of detection is likely due to the low

protein expression as shown by indirect immunofluorescence since it was below that for

Y72lFlD816V c-KIT expressing MIHC maintained in muGM-CSF and D816V c-KlT

maintained in the absence of factor.

To investigate the activation of the c-KIT mutants, their phosphorylation status was

assessed. c-KIT immunoprecipitates from cells starved of growth factors and FCS for 2 hours

prior to lysis were electrophoresed under reducing conditions and transferred to membrane.

Membranes were probed with a cocktail of phosphotyrosine specific antibodies (see Table

2.2). Considerable huSCF specific phosphorylation was observed for WT c-KIT expressing

MIHC (Figure 5.48). D816V c-KIT immunoprecipitated from cells selected for factor
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Figure 5.4: Expression and activation of c-KIT and its association to PI 3-K.

MIHC WT,Y72lFlD816V (FV), D816V (V) or factor independent D816V (V(FI)) c-KIT

expressing cells were starved of serum and factor for 2 hours, stimulated with huSCF for 5

minutes (+) or unstimulated (-) and then lysed at 2xI01 cells/ml. Clarified lysates were

immunoprecipitated with 5 pg KIT4.G12 antibody (K) or 5 ¡rg of an isotype matched

negative control antibody, 1D4.5 (C) and Protein A Sepharose for 2 hours. Pooled

immunoprecipitates from 4x107 cells were electrophoresed on \Vo gels, transferred to

membrane and immunoblotted for c-KIT (A), phosphotyrosine (B), and the p85 subunit of

PI3-K (C). Bound antibody was detected with alkaline phosphatase conjugated secondary

antibody and alkaline phosphatase activity was visualised using ECF and Fluorlmager

analysis.
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independent growth was phosphorylated in the absence of huSCF (Figure 5.48). The intensity

of phosphorylation was substantially decreased relative to \ilT c-KIT stimulated with huSCF.

No phosphotyrosine bands corresponding to Yl2lFlD8l6V or D816V c-KlT were detected in

multiple attempts (Figure 5.48) probably due to the low levels of protein expression.

The association of p85 with c-KIT is induced by huSCF (chapter 4) and is constitutive

in D816V c-KIT expressing cells (Furitsu et al., 1993; Kanakura et al., 1994). Analysis of

this association in WT c-KIT immunoprecipitates by immunoblot with antibody to p85

confirmed that it was induced by the presence of huSCF (Figure 5.4C). As predicted, in the

absence of factor, p85 co-precipitated with D816V c-KIT from cells selected for factor

independent growth (Figure 5.4C). It was difficult to quantitate the level of association in

Y12lFlD816V and D8l6V c-KIT expressing cells, due to a non-specific band in the 1D4.5

immunoprecipitates. Multiple attempts were made to investigate p85 association with D816V

and Yl2lFlD8l6V c-KIT mutants but the levels of expression were too low to enable

definitive results to be obtained.

To investigate the role of PI 3-K further, its activity in c-KlT immunoprecipitates was

assessed. Cellular lysates immunoprecipitated with antibody to c-KlT or a control antibody

were used in an in vitro Yinase assay with Ptdlns as a substrate (see section 2.8.4). Inducible

activation of PI3-K was observed in WT c-KlT immunoprecipitates after stimulation with

huSCF as shown by the formation of PtdIns-3-P (Figure 5.54 and B). c-KIT

immunoprecipitates from D816V c-KIT expressing cells selected for factor independent

growth contained PI3-K activity which was absent in the presence of 70 nM wortmannin or a

control immunoprecipitate (Figure 5.5A and B). Only background levels of PI3-K activity

were observed in immunoprecipitates fromYT2lF/D8l6V and D816V c-KIT expressing cells

(Figure 5.54 and B). As a further control, the activity in p85 immunoprecipitates was

assessed. All p85 immunoprecipitated samples exhibited PI3-K activity, which was inhibited

by 70 nM wortmannin (Figure 5.5C). Thus, cells expressing WT c-KIT stimulated with
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Figure 5.5: Activation of PI3-K by D816V c-KlT.

An in vitro l<tnase assay detecting PI 3-K activity was performed as described in the materials

and methods (section 2.8) and the signal was detected and visualised using the Molecular

Dynamics Phosphorlmager. WT represents WT c-KIT, FV represents Y721F/D816V c-KIT,

V represents D816V c-KlT, and V(FI) represents D816V c-KIT selected for factor

independent growth. Wm indicates the addition of 70 nM Wortmannin to the kinase reaction

A: PI3-K activity detected in c-KIT (K) and control (C) immunoprecipitates in the presence

(+) or absence (-) of huSCF or Wortmannin (Wm). B: Signals observed in A were

quantitated using ImageQuantTM software and expressed in relative units. C: PI 3-K

activity detected in p85 immunoprecipitates in the presence (+) or absence (-) of hUSCF and

'Wortmannin (Wm)
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huSCF or expressing D816V c-KIT and selected for factor independent growth exhibited

.-KIT associated pI3-K activity. Consistent with the low amount of c-KlT protein present in

D816V c-KIT and Yl2lF/D816V c-KIT expressing cells (Figure 5.44) no PI3-K activity

could be co-immunoprecipitated with c-KlT.

5.5. Fncron ImnpBNIENT GRoWTH OF D816V C.KIT EXPNNSSING CELLS

The D816V mutation in c-KIT confers an ability to grow in the absence of factor in

various cells, including the factor dependent MIHC model (Ferrao et aL.,1991; Hashimoto ¿r

al., 1996; Kitayama et al., 1995; Tsujimura et al., 1994). The mechanism by which this

occurred was largely unknown. Since, PI3-K was found to be constitutively associated with

and activated by D816V c-KlT, it was thought that this \/as responsible for the factor

independent growth. To determine if this was the case, MIHC expressing c-KIT constructs

including D816V c-KIT and D816V lacking the core PI3-K binding residue, YJ2I, were

assessed for factor-independent growth in semi-solid medium (clonogenic potential) and in

liquid culture.

In semi-solid medium, the numbers of colonies formed from 5x103 cells were scored

at one week. Results show that expression of various constructs of c-KlT in MIHC did not

alter the number of colonies formed in muGM-CSF (Figure 5.6). As expected, MIHC

expressing D816V c-KIT were capable of forming colonies in the absence of factor, unlike

parental MIHC or those infected with WT or Yl2tF C-KIT. Mutation of the PI3-K binding

sife, yi2l in D816V c-KlT, still allowed colony formation in the absence of factor' The

number of colonies was significantly reduced when compared to cells expressing D8l6V

g-KIT (p < 0.00001), even though there was no difference in the ability to form colonies in

muGM-CSF (p > 0.1). This indicated that mutation of the PI3-K binding site in D816V

c-KIT reduced but did not abolish colony formation in the absence of factor, suggesting that

additional mechanisms are involved in factor independent growth induced by D816V c-KIT.
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Figure 5.6: Colony formation in the presence or absence of muGM-CSF.

MIHC (5x103) transduced with c-KIT constructs as indicated were seeded in triplicate in

methylcellulose with or without muGM-CSF. After one week, the numbers of colonies

containing greater than 50 cells were scored, with the data shown as mean + SEM.
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Growth in liquid culture of MIHC expressing the various c-KlT constructs was

determined in the presence or absence of muGM-CSF by MTT assay for total cells (see

methods section 2.5.2). In the presence of muGM-CSF, similar growth tates were observed

for each of the cell lines (Figure 5.74). Cells expressing D816V c-KIT were capable of

growth in the absence of factor (Figure 5.78), which was decreased but not abolished with

loss of rhe pI3-K binding site (Yl2lFlD816V c-KIT), thus supporting the colony assay

observations.

Previous observations have shown that D816V c-KIT when expressed in the MIHC

model, confers a growth advantage over the parental line or cells expressing WT c-KlT

(Ferrao et al., IggT). Expression of D816V c-KIT does not affect the proliferative capacity of

MIHC, but instead promotes survival close to lOO7o, which is significantly higher than MIHC

expressing WT c-KIT grown in huSCF, or parental MIHC in muGM-CSF (Fenao et al.,

tgg1.). Since PI3-K has been implicated in survival responses (Kennedy et a|.,1997; Philpott

et al., 1997; Ueno et al., lggT), it was hypothesised that the constitutive association of p85

with D816V c-KIT was mediating this effect. To determine if this was the case, proliferation

and survival of cells expressing D816V c-KIT andYl2IFlD8l6V c-KIT was compared using

the pKH assay (see section 2.5.3). Growth in the absence of factor was observed for D816V

ç-KIT maintained in the presence or absence of muGM-CSF (Figure 5.84, B and C). D816V

c-KIT lacking the PI3-K binding site was also capable of growth in the absence of factor

however this was at a much reduced rate (Figure 5.84, B and C). The decreased number of

cells obtainedinyl2lF/D816V c-KIT cells was totally attributable to reduced survival as the

proliferation rate was equivalent for Yl2IFlD8l6V and D816V c-KIT cells (Figure 5'84 to

C). Confirming previous observations (Ferrao et al., 1997), D816V c-KlT expressing cells

that had been selected for factor independent growth exhibited minimal cellular attrition over

the time course studied (Figure 5.8C). In the absence of factor, some cellular attrition was

seen for D816V c-KIT expressing cells that had not been selected for factor independence,
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Figure 5.7: Growth in Iiquid culture in the presence or absence of muGM-CSF.

MIHC uninfected or infected with c-KIT constructs were seeded in triplicate at a density of

5x104/ml and were assessed for total number of cells at days 0,2, 4 and 6 in the presence (A)

and absence (B) of muGM-CSF by absorbance at 570 nm (MTT assay). Data are represented

as mean + SEM. Due to overgrowth, several points at day 6 in A and B have been omitted.
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Figure 5.8: Survival and proliferation of MIHC in liquid culture.

MIHC uninfected or infected with c-KIT constructs seeded in triplicate at a density of

5xlgacellsiml were assessed for proliferation, survival and total cell yield as described in

section 2.5.3 in the absence (4, B, C) or the presence (D, E, F) of muGM-CSF. Data shown

are mean t SEM. A and D show the total number of viable cells present, B and E show the

average number of divisions undergone by viable cells while C and F show the percent of

fluorescence yield in the viable population (survival). Data points for number of divisions

where less than 1000 viable cells remained were considered unrealistic and have been

omitted.
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and this was responsible for the decreased total yield of cells (Figure 5.84 and C). In

muGM-CSF, equivalent numbers of cells were obtained with D816V c-KIT expressing cells

irrespective of whether or not they had been selected for factor independence (Figure 5.8F).

The yield of cells was much higher than the parental population or cells expressing the double

mutant, again due to an effect on cellular attrition rather than the rate of proliferation (Figure

5.8D, E and F). This suggests that the activation of PI3-K by oncogenic c-KIT may be

involved in synergy with muGM-CSF. Therefore mutation of the PI3-K binding site had an

effect on survival but not on proliferation.

5.6. Enrncr oF THE PI 3-K luHrnrron, LY294002 oN PnolmnRArIoN AND

SunvrvNl OF D81.6V C.KIT EXPNNSSING CELLS

The results above indicated that direct recruitment of PI3-K was involved in the

increased survival exhibited by D816V c-KlT, however other mechanisms were also

employed. To confirm this result and to determine if alternate activation of PI3-K had a role,

growth in the presence of a PI3-K inhibitor,LY294002 was examined. Cells were seeded at

5x104/ml in various concentrations of LY294002 in either the presence or absence of

muGM-CSF and proliferation, survival and cell number were determined after two days

incubation (see section2.5.3). Data standardised to the values in the absence of LY294002

are shown in Figure 5.9. In muGM-CSF, growth of each cell line (total cell yield) was

affected similarly by titrated levels of LY294002 (Figure 5.9D). This appeared to be

predominantly due to an effect on proliferation (Figure 5.9E), therefore, PI3-K activity

enhanced muGM-CSF induced proliferation. In the absence of factor, the predominant effect

of LY294002 was on survival (Figure 5.94, B and C). Cells expressing the D816V c-KIT

mutant lacking direct PI 3-K recruitment were more sensitive to LY294002 possibly because

the survival response was more reliant on the alternate activation of PI3-K which rapidly

became limiting. At 10 ¡t"Jll4LY294002, no survival was observedinYT2LF/D816V c-KIT
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Figure 5.9 Cellular growth in the presence of LY294002.

MIHC uninfected or infected with c-KIT constructs seeded in triplicate at a density of

5x104/ml were assessed for proliferation, survival and total cell yield as described in section

2.5.3 in the presence of the PI 3-K inhibitor LY29400Z with (D, E, F) or without (4, B' C)

muGM-CSF. Data are represented as mean + SEM and have been standardised to the

parameters in the absence of LY294002. 
^ 

and D show the relative viable cell yield, B and E

show the relative number of divisions undergone by viable cells and C and F indicate the

percent of fluorescence yield in the viable population (survival). Data points for number of

divisions where less than 1000 viable cells remained were considered unrealistic and have

been omitted.
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expressing cells in the absence of factor. Overall, factor independent growth was more

sensitive toLY294OO2 than growth in muGM-CSF. These results suggest that PI3-K activity

is necessary for factor independent growth of cells expressing mutant c-KIT.

5.7. TUvTOUnIGENIC POTBNUAL OF D816V C.KIT

Subcutaneous injection of MIHC expressing D816V c-KIT into syngeneic mice

induces tumour formation (Ferrao et al., 1991). These tumours exhibit characteristics of

malignant histiocytes with many of the cells undergoing mitosis. To determine the

involvement of direct PI3-K recruitment in D816V c-KIT mediated tumourigenicity, the

capacity of cells expressing Y72IF|D816V c-KIT to form tumours in mice was assessed.

Aliquots of 2xl}6 cells of either parental MIHC or those infected with either WT, Y721F,

Y12lFlD816V or D816V c-KIT were injected subcutaneously into syngeneic (CBA) mice.

As a positive control, factor independent D816V c-KIT expressing cells as studied previously

(Fenao et aI., 1991) were also injected. Mice were monitored for the development of tumours

for up to 24 weeks. Injection of mice with factor independent D816V c-KIT cells resulted in

tumour formation after 2 weeks (Figure 5.104), confirming results from a previous study

(Ferrao et al., 1991). Mice injected with MIHC expressing D816V c-KIT that had been

maintained in muGM-CSF developed tumours after 5 to'7 weeks. Thus an increased latency

period was observed for non-factor independent selected cells (Figure 5.104). Cells derived

from these tumours rwere capable of factor independent growth in vitro (data not shown).

After 2l weeks, a tumour arising from cells expressing WT c-KIT was identified. No tumours

were identified in mice injected with Y12lFlD816V c-KIT expressing cells over the duration

of the experiment (Figure 5.104). Mice injected with Yl2lFlD9l6V c-KIT expressing cells

sacrificed at 24 weeks did not differ in weight from those injected with parental or WT c-KIT

cells. Upon dissection, no tumours at the site of injection were visible. Dissection of the fat

deposits above and at the injection site were also found to be normal in each case. These
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Figure 5.L0: Tumour formation by MIHC expressing c-KIT constructs.

Female syngeneic (CBA) mice were injected subcutaneously in the hind flank with 2xl}6

MIHC expressing WT c-KIT (n=6), D816V c-KIT (n=7), Yl2lFlD8l6V c-KIT (n=7) and

D816V c-KIT selected for factor independence (D816V(FI)) (n=2). Parental MIHC (n=6)

and YT2IF c-KIT expressing MIHC (n=6) were also included in the experiment but no

tumours were observed (data not shown). Mice were monitored for tumour formation over

24 weeks, with the proportion remaining tumour free plotted in A. Formalin fixed paraffin

embedded tumour sections were stained with haematoxylin and eosin to identify tumour

morphology. A representative section of a tumour from D816V c-KIT cells that had been

maintained in muGM-CSF prior to injection (40x initial magnification) (B). Tumour

invading surrounding fat (C), blood and lymph (D) and muscle tissue (E) is shown at 20x

magnification.
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results demonstrated that although Y12lFlD816V c-KIT conferred some factor independent

growth in vitro, MIHCs expressing this mutant were not able to form tumours in vivo.

All tumours obtained from mice were molphologically examined to determine the

types of cells within the tumour. Formalin fixed, paraffin embedded tumour sections stained

with haematoxylin and eosin (see section 2.2.1) showed that the cells from all tumours were

malignant histiocytes with many in various stages of mitosis (Figure 5.10B). All tumours

showed vascularisation and invasion of fat and muscle tissue with some exhibiting

lymphocyte infiltration (Figure 5.10C, D and E). The differentiation status of the tumours \ruas

assessed on fresh frozen sections by esterase staining. Tumours derived from D816V c-KIT

expressing cells showed patchy staining for macrophage and neutrophil esterases (Figure

5.114 and B), while tumour cells from the mouse injected with WT c-KlT expressing cells

had more general macrophage and neutrophil staining (Figure 5'1lC).

5.8. SICN¡r, TN¡.NISNUCTION ACTTVNTED BY D816V C.KIT

To begin to address the mechanism for the factor independent growth of D816V c-KIT

expressing cells and to determine the role direct PI3-K recruitment had in this response, the

activation of downstream signal transduction pathways involving the protein kinases Akt,

MAPK and JNK were investigated. Cells starved of growth factor and FCS for 2 hours were

lysed at 2xIOT lml (see section 2.7) and whole cell lysates were electrophoresed and transferred

to membrane. Activated kinases were detected with antibodies specific for the

phosphorylated versions of the proteins. Duplicate blots were probed for total Akt, MAPK

and JNK.

It was of interest to investigate the phosphorylation status of Akt as it is activated

downstream of PI3-K. Since D816V c-KIT constitutively associates with and activates

PI 3-K, it may be expected that Akt would be phosphorylated in the absence of factor and this

would decrease with the Y72lF mutation. Stimulation of WT c-KIT expressing cells with
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Figure 5.L1: Esterase staining of MIHC derived from tumours.

Fresh frozen sections from tumours were stained for the presence of lineage specific esterases

(see section 2.2.2). Brown staining indicates the expression of cr-naphthyl acetate esterase

(macrophage specific) while the presence of naphthol-AS-D-chloroacetate esterase

(neutrophil specific) is shown by blue staining with methyl green used as a counterstain.

Representative sections were photographed from a tumour derived from D8l6V c-KIT MIHC

selected for factor independent growth (A), D816V c-KIT MIHC that had been maintained in

muGM-CSF (B) and'WT c-KIT MIHC (C). All are at 20x magnification.





huSCF for 5 minutes resulted in inducible phosphorylation of Akt (Figure 5.12^).

Surprisingly, D816V c-KIT cells maintained in the absence of factor did not show constitutive

phosphorylation of Akt, even though total Akt was detected in the lysate (Figure 5.124 and

B). Y72IF||8I6V and D816V c-KIT expressing cells that had been maintained in

muGM-CSF prior to the 2 hour starve showed phosphorylation of Akt to similar levels as WT

c-KIT expressing cells stimulated with huSCF (Figure 5.I2^). This was unexpected

considering results from the factor independent D816V c-KlT expressing cells and was

deduced to be due to the parental background of the line. Y12tFlO816V and D816V c-KIT

expressing cells were created on a different MIHC pedigree and maintained in baculovirus

derived muGM-CSF in comparison to WT c-KIT maintained in huSCF and factor

independent D816V c-KIT. Therefore, even though D816V c-KIT activated PI3-K in the

absence of factor, it did not induce detectable phosphorylation of Akt.

A downstream protein activated strongly by WT c-KIT is ERK. Results showed that

WT c-KIT stimulated the phosphorylation of both p42 and p44 isoforms of ERK in response

to huSCF (Figure 5.12C). Surprisingly, factor independent D816V c-KIT expressing cells did

not constitutively activate ERK even though similar levels of total protein were present on the

Western blots (Figure 5.IZC and D). In the absence of stimulation, parental MIHC as well as

Y72lFlD816V and D816V c-KIT expressing cells had low basal phosphorylation of ERK

isoforms. This suggested that neither Y12lFtD816V nor D816V c-KIT constitutively

activated ERK since levels were equivalent to background.

A protein belonging to the MAPK family known to be involved in stress responses is

JNK (Cohen, 1997) and can be activated by RTKs (Foltz and Schrader, 1997). In response to

stimulation, this protein is phosphorylated on T183 and Y185, resulting in its activation'

Phosphorylation of this protein could not be detected by Western blotting in response to

huSCF stimulation of WT c-KIT or D816V c-KIT expressing cells (data not shown). Two

different antibodies were used to detect phosphorylated JNK (see Table 2.2) and both were
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Figure 5.12: Activation of downstream signal transduction proteins by WT and

oncogenic c-KIT.

WT, yTZlFlD816V (FV), D816V (V), D816V c-KIT expressing cells selected for factor

independence (V(FI)) or parental MIHC (par) were starved of serum and factor for 2 hours,

stimulated without (-) or with huSCF for 5 minutes (+) and then lysed at 2xl01lml. Clarified

lysates (15 pl) were resolved by SDS-PAGE, transferred to membrane and immunoblotted

wirh antisera specific for phosphorylated Akt (A), total Akt (B), phosphorylated ERK1 and

ERK2 (C) and total ERKI and ERK2 (D). Alkaline phosphatase activity was visualised

using an ECF substrate and Fluorlmager analysts.
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active based on the positive control supplied with the sample (293 cell extracts treated with or

without ultraviolet light; Cell Signalling, Beverly, MA, Cat. No. 9253). These results appear

to rule out the involvement of JNK in D816V c-KIT signal transduction, however our

collaborators have detected constitutive JNK phosphorylation in factor independent D816V

c-KIT expressing MIHC (Chian et a1.,2001).

5.9. Drscussro¡t

The D816V c-KIT mutation has been proposed to have a role in various malignancies

including mastocytosis and AML (Ashman et a\.,2000; Buchdunget et a1.,2000 Ching et al.,

20Ol; Longley et al., 1999; Worobec et a\.,1998). In vitro studies have shown that D816V

c-KIT confers the ability of cells to gro\ü in the absence of factor and produce tumours in mice

(Ferrao et al., IggT). The mechanism inducing this response was largely undefined. This

study has shown that the constitutive recruitment of PI3-K to D816V c-KlT is involved in

factor independent growth and tumour formation.

To investigate the role of PI3-K in mediating factor independent growth and tumour

formation, the PI3-K binding site was mutated (Y721F). This mutation has been shown to

remove recruitment of PI3-K to c-KIT (Figure 4.5). This could not be directly examined in

the D816V c-KIT mutant as the protein expression levels were too low (Figures 5.2 and 5.4).

Muration of the PI 3-K binding site decreased but did not abolish the ability of cells to grow in

the absence of factor (Figures 5.6,5.7, and 5.8). Another study using the murine version of

the double mutant, Y719F/D814V reporled that the expression of this construct in Ba./F3 cells

abolished factor independent growth (Jahn et aI.,2002b). This group used a MTT assay to

monitor factor independent growth of Y719F/D814V c-KIT expressing cells which was the

least sensitive of the three techniques performed here-

Even though Y72IFID816V c-KIT expressing MIHC were capable of some factor

independent growth in vitro (Figures 5.6, 5.7 and 5.8), the cells were incapable of producing
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tumours in vivo (Figure 5.10). Similarly, expression of D816V c-KIT with dominant negative

STAT3 resulted in reduced factor independent growth in vitro and abolished tumour

formation in vivo (Ning et al.,200la; Ning er al.,20}lb). This may suggest that less activity

is required by oncogenic receptors for factor independent growth and survival as compared to

tumour formation. Therefore, simply analysing the effect of oncogenes by factor independent

growth may not be adequate in assessing tumourigenicity and an in vivo model is also

required.

In the presence of muGM-CSF, substantial cellular attrition was observed for parental

MIHC. This was absent for D816V c-KIT expressing cells maintained in the absence of

factor (Ferrao et al., 1991). These results were confirmed in this study (Figure 5.8),

suggesting that D816V c-KIT delivers a survival advantage to cells. Direct recruitment of

PI3-K was important in cellular survival, yet it had no detectable role in the proliferation of

cells in the absence of factor (Figure 5.8). This is similar to results obtained with the YlzlF

mutation in WT c-KIT presented in chapter 4, where proliferation was minimally affected

(Figure 4.20). The survival response would be presumably due to PI3-K mediated inhibition

of proteins involved in apoptosis (Blume-Jensen et a|.,1998; Datta et a\.,1997; Kimura et al.,

1994; Martin et a\.,2001). Besides the effect on survival observed here, the D816V c-KIT

substitution has also been demonstrated to enhance chemotaxis to huSCF (Taylor et al.,

2001).

To try and dissect the signalling requirements of D816V c-KIT further, activation of

several downstream components v/as investigated. Akt, a protein implicated in PI3-K

mediated survival (Kelley et al., 1999; Kulik and Webber, 1998) was surprisingly not

activared by D816V c-KIT (Figure 5.I2A and B). The antibody used in this study only

detected Akt phosphorylated on 5473, however phosphorylation at both 5473 and T308 is

required for its activation (Vanhaesebroeck et aI., 1991). This result is in contrast to other

studies where Akt was constitutively active in D816V c-KIT expressing cells (Jahn et al.,
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2002b; Ning e/ al.,ZOOla). In one of these studies c-KIT containing a mutation at D816 was

expressed in MO7e, a human megakaryoblastic cell line, already expressing high levels of WT

c-KlT, and interaction between these two forms of c-KlT may have induced Akt

phosphorylation (Ning et al.,20OIa). In the other study, Akt was overexpressed which may

augment the response and/or aid in identification of its phosphorylation status (Jahn et al.,

2002b). Our results suggest that PI3-K activates altemate pathways to lead to a survival

response as has previously been observed (Craddock et aI., 1999). Alternatively, D816V

c-KfI, which is continually active may only result in a low level of phosphorylation of Akt

which is sufficient for the response because it is of a constitutive nature and not transient as in

stimulation of WT c-KIT with huSCF.

The MAPK family members were not constitutively active in D816V MIHC (Figure

5.12C and D). This is consistent with other studies (Ning et al.,2}0la) and suggests that the

Ras-MAPK pathway is not important in oncogenesis by D816V c-KlT. Interestingly,

investigation of the oncogenic potential of two other receptors capable of activating PI3-K,

namely TGFcr and heregulin/NDF, revealed only weak activation of ERK (Amundadottir and

Leder, 1998). This is in contrast to neu, which caused strong phosphorylation of ERK but

only weak induction of PI 3-K activity (Amundadottir and Leder, 1998). Therefore, receptors

activate a different subset of specific signal transduction pathways required for their

oncogenicity. Other proteins potentially involved in signal transduction downstream of

D8l6V c-KIT include STAT1 and STAT3 (Ning et al.,200la; Ning e/ al.,200lb)'

Expression levels of Yl2lFlD8l6V and D816V c-KIT in MIHC, when maintained in

muGM-CSF, were barely detectable by flow cytometry (Figure 5.2) or Vy'estern blot analysis

(Figure 5.44) even though the cells expressed equivalent amounts of c-KIT transcripts as

compared to WT (Figure 5.3). Detection of D816V c-KIT was possible in cells maintained in

the absence of factor, which showed high levels of c-KIT mRNA. In this case, D816V c-KIT

appeared as an upward smear on SDS-PAGE suggesting that it was continually ubiquitinated
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and turned over as has also been shown by Moriyama et al. (1996). Constitutive turnover of

the pre-T cell receptor is dependent on Cbl mediated ubiquitination as activated by Src

(Panigada et al.,2OOZ). This process may also be involved in the regulation of D816V c-KIT

levels.

In conclusion, D816V c-KIT mediates factor independent growth in vitro

predominantly through a survival response, which is partially dependent on the direct

recruitment of PI 3-K. Furthernore, direct PI 3-K recruitment was essential for D816V c-KIT

mediated tumour formation in vivo. The mechanism responsible for the residual factor

independent growth of Y12lFtD816V c-KIT is unknown, however it is possible that either the

involvement of indirect PI3-K activation or the activation of other signalling intermediates

such as STAT3 are responsible.
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6. GENERAL DISCUSSION

To understand cancer and to develop new, targeted therapies, it is necessary to

investigate the activation and function of signal transduction pathways. The research

presented here analysed the biological responses and activation of signal transduction

pathways by c-KIT; a RTK involved in normal and malignant haemopoiesis. The objectives

of this study were fulfilled in three ways. Firstly, the function of two naturally occurring

isoforms of c-KIT were compared. The remaining two sections rwere involved in elucidating

the role of an important downstream effector of c-KIT, PI3-K, in both normal and oncogenic

c-KlT signalling.

To analyse the role of c-KIT in huSCF mediated growth in factor dependent early

myeloid cells, murine FDC-PI cells were retrovirally transduced with c-KIT cDNA and clones

expressing physiological levels of c-KIT protein were selected. Interestingly, a positive

relationship was observed between the level of cell surface c-KlT and huSCF mediated

growth. A positive correlation has previously been shown between huSCF mediated

anchorage independent colony formation and c-KIT protein and mRNA expression levels in

NIH-3T3 fibroblasts (Caruana et al., 1998). Caruana et al., (1998) showed that maximal

growth was observed at about 5x104 receptors per cell which was approximately the highest

level observed in this study. Surprisingly, NIH-3T3 fibroblasts expressing higher levels of

ç-KIT displayed poor colony formation in huSCF (Caruana et a\.,1998). This was possibly

due to a Gl specific cell cycle growth arrest mediated by strong Raf activation leading to the

induction of p2lclPl expression, an inhibitor of cyclin dependent kinases (Sewing et al.,1997;

Woods et al., lggl). FDC-PI clones expressing c-KIT at levels greater than 5x104 receptors

per cell were not generated, suggesting that expression of c-KIT at high levels had a

detrimental effect on cell growth even in the absence of huSCF'
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The growth of a cell population, defined as the total cell yield, is dependent on the rate

of cell death as well as the number of divisions undergone by viable cells. To examine each

parameter, a PKH assay (section 2.5.3), measuring the number of divisions and total

fluorescence yield of the viable population was petformed. Titration of huSCF in both c-KlT

expressing FDC-Pl and MIHC cultures highlighted that maximal proliferation required less

huSCF than survival. Similarly, the varied growth rate exhibited by FDC-PI clones was

predominantly due to the rate of cellular attrition rather than proliferation. Higher expression

of Bcr-Abl is required for protection of myeloid and lymphoid cell lines from apoptotic

stimuli as compared to factor independent growth (Cambier et a\.,1998). Therefore, survival

appears to be the rate limiting process, indicating that if little stimulation is received, these

factor dependent early haemopoietic cells are not maintained for an extended period of time in

G0, instead they die, possibly through apoptosis. In this regard, immofialised cell lines differ

from normal haemopoietic progenitor cells, in that the latter can undergo prolonged periods of

qulescence.

The activation kinetics of two naturally occurring isoforms of c-KIT expressed in

FDC-PI cells differed greatly in their responses to huSCF. The rate of turnover for the

GNNK- isoform was more rapid as compared to the GNNK+ isoform of c-KIT as previously

demonstrated using NIH-3T3 fibroblasts (Caruana et al., 1999; Voytyuk et al., 2003). As

shown here, and in previous studies in a murine lymphoma cell line and bone marrow derived

mast cells, lack of PI3-K activation did not affect internalisation of c-KIT (Gommerman er

at.,1991;Yee et a\.,1994). However, PI3-K has been shown to have a role in internalisation

if calcium flux is also inhibited (GommerTnan et aI., L997). The interaction of Src family

kinases with c-KIT at Y568 and Y570 is also necessary for internalisation (Broudy et al',

lggg). Src was shown to be involved through the use of PPl, a Src inhibitor, however PPl

also inhibits c-KIT function (Tatton et al.,2OO2). Subsequent studies have confirmed a role

of Src in internalisation through mutation of the tyrosine recruitment sites (Jahn et a\.,2002a)
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or by the use of another Src inhibitor, SU6656 (Voytyuk et al.,2OO3). Src may mediate its

effects on receptor internalisation through the phosphorylation of dynamin (Ahn e/ a\.,2002;

Miller et a1.,2000), a GTPase involved in cleavage of endocytic vesicles from the plasma

membrane. Additionally, Src has been shown to phosphorylate clathrin (Wilde et a|.,1999), a

protein also involved in endocytosis. Interestingly, differential recruitment and activation of

Src by the ç-KIT isoforms is capable of explaining the difference in phosphorylation and

internalisation in NIH-3T3 fibroblasts (Voytyuk et a\.,2003). The GNNK- isoform of c-KIT

associates strongly with Src while only associating weakly to the GNNK+ isoform (Voytyuk

et a1.,2003). Inhibition of Src with SU6656 decreased the rate of internalisation for the

GNNK- c-KIT isoform causing it to exhibit similar kinetics to the GNNK+ isoform (Voytyuk

et al.,2OO3). These observations are potentially due to differences in the phosphorylation of

the Src recruitment site since this was rapid and transient for the GNNK- isoform while the

GNNK+ isoform exhibited a constant low level of phosphorylation (Voytyuk et a|.,2003). In

NIH-3T3 fibroblasts, the intensity of ERK activation was higher in cells expressing the

GNNK- isoform and this was dependent on Src activity (Voytyuk et a\.,2003). This result on

ERK activity is in contrast to results reported here with FDC-PI cells, which exhibited

minimal difference between the isoforms. Therefore, it would be interesting to address the

role of Src in huSCF mediated activation kinetics in FDC-PI cells. Antibodies directed

against specific phospho-tyrosine residues could be used, as done in the NIH-3T3 study, to

determine if similar mechanisms operate. Additionally, the expression of kinase inactive

forms of Src such as a dominant negative form of Lyn could be used to elucidate its role in

these responses and to determine downstream components.

Degradation of c-KIT isoforms expressed in FDC-PI cells differed with GNNK- being

degraded at a more rapid rate as compared to GNNK+. This was also observed in NIH-3T3

cells (Caruaîa et a1.,1999; Voytyuk et al.,2OO3) and may be due to the differential activation

of c-Cbl, a ubiquitin protein ligase (Voytyuk et a|.,2003). A similar process involving Src
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activation may also be involved for D816V c-KIT degradation since constitutive turnover of

another receptor, the pre-T cell receptor is dependent on c-Cbl mediated ubiquitination

activared by Src (Panigada et al.,2OOZ). The role of c-Cbl in huSCF mediated degradation of

c-KIT could be addressed by the use of c-Cbl containing a mutation in the RING finger

domain, which abolishes its ability to promote receptor ubiquitination (Thien et a|.,2001).

It is surprising that the insertion or deletion of 12 base pairs in the extracellular

juxtamembrane region can lead to profound effects on the behaviour of the isoforms and

hence regulate the biological outcome. Interestingly, ligand activation of two isoforms of the

insulin receptor differing by 12 amino acids in the extracellular cr subunit (Leibiger et al.,

2001) resulted in the activation of different classes of PI3-K and different downstream

effectors (Leibiger et a1.,2001). Similarly, the activation of different signal transduction

pathways is associated with two isoforms of the RTK, Ret (Alberti et aL.,1998)' Therefore,

alternate splicing to create different isoforms may be a general mechanism cells utilise to

increase the repertoire of functional receptors, each with slightly different capacities in

activating signal transduction pathways. In contrast to results in NIH-3T3 cells (Caruana et

al., !999; Voytyuk et al.,2OO3), the activation of the downstream signalling protein ERK in

FDC-PI did not differ between the two isoforms of c-KIT even though the intensity of c-KIT

phosphorylation was significantly different. The activation of other potentially important

pathways, notably Src kinases, wefe not investigated, therefore, downstream differences in the

function of the c-KIT isoforms may have been missed in this study.

Recent studies have highlighted the importance of the juxtamembrane and

transmembrane regions in the kinase activity and signal transduction by receptor kinases (Bell

et al.,2O0O; Leibiger et al.,20Ol; Moriki et a\.,2001; Remy et al., 1999; Zhu and Sizeland,

Iggg). In the case of c-KIT, mutations in the intracellular juxtamembrane region leading to

constitutive kinase activity result in gastrointestinal stromal tumours (Moskaluk et al., 1999;

Taniguchi et al.,l99g) suggesting that this region must have important functions in regulating

156



activity. The study by Bell and co-workers (2000) investigated the function of the cr-helical

transmembrane region by inserting a dimerisation motif obtained from an oncogenic version

of neu into 'WT neu and PDGF receptor. Movement of this motif across the transmembrane

domain rotated the kinase domain 103' per amino acid. Measurement of receptor

phosphorylation and transformation showed that peak activity occurred when the two kinase

domains were specifically orientated with respect to each other (Bell et a1.,2000)' Similar

observations were made with the receptor for TGFP and EGF receptor when the

juxtamembrane and transmembrane regions were manipulated (Moriki et a1.,200I:' Zhu and

Sizeland, lggg). Therefore, juxtamembrane and transmembrane regions are important in

regulating kinase activity by structurally orientating the kinase domain so it is accessible in the

dimer configuration. The insertion or deletion of GNNK in the extracellular juxtamembrane

region of c-KIT would be expected to alter the relative orientation of the extracellular domain

and the transmembrane domain, in the SCF cross linked active dimer. This could be

translated to the intracellular region, where it would affect the orientation of monomers in the

dimer and hence kinase activity. Based on preliminary studies, using the structural prediction

program of Rost and Sander (1993), it was found that the GNNK stretch of amino acids in the

juxtamembrane region was located between two B-sheets (Rowan Koina and Sonia Young;

data not shown). Deletion of these four amino acids in the GNNK- isoform altered the

predicted location of the second B-sheet and also affected the positioning of the

transmembrane domain (Rowan Koina and Sonia Young; data not shown). It would be

interesting to investigate this further with modelling studies since alteration of kinase activity

by changes in the juxtamembrane and transmembrane domains appears to be a common

mechanism employed by receptor kinases.

Phosphorylation of the GNNK- isoform of c-KIT decreased substantially following

peak phosphorylation at 2.5 minutes and this preceded degradation. Dephosphorylation

occurred after half-maximal internalisation suggesting that a large proporlion of
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dephosphorylation occurs in the endosome. This may potentially be performed by PTPIB, a

prototypical non-transmembrane phosphatase anchored to the cytoplasmic surface of the

endoplasmic reticulum via a hydrophobic carboxy terminal anchor sequence (Haj et a1.,2002).

This phosphatase has been shown to be involved in the dephosphorylation of EGF and PDGF

receptors by fluorescent resonance energy transfer (FRET) (Haj et a\.,2002). Supporting this,

little or no dephosphorylation of GNNK+ c-KlT, which is internalised at a slower rate was

observed. This does not rule out the function of other phosphatases, since it is kno\^/n that

SFIP1 is important in c-KIT downregulation (Paulson ¿f a\.,1996), however it does suggest an

additional mechanism.

Analysis of the role of PI3-K in the activation of signal transduction pathways by

huSCF stimulated c-KIT was performed on the GNNK+ isoform of c-KIT. Although this

isoform is generally expressed in lower abundance than GNNK- (Crosier et al., 1993; Giebel

et al., 1992;Ptao et al., 1994), it corresponds to the original published sequence (Yarden et

al., 1987) and has been used in most studies of human c-KlT. Phosphorylation of Akt, a

well-known downstream effector of PI3-K reached peak levels after 5 minutes of huSCF

stimulation and was substantially reduced by 20 minutes even though the level of PI3-K

associated with the receptor remained constant. This decrease in Akt phosphorylation could

be through the activation of PTEN, a phosphatase hydrolysing the 3' phosphoinositide

products of PI 3-K (Maehama and Dixon, 1998) resulting in the loss of membrane recruitment

of Akt. It could also be due to the translocation of phosphorylated Akt to the nucleus (Meier

et al., ßgl) from where it maybe poorly extracted by the solubilisation process. In addition,

endocytosis results in the termination of further Akt activation since endocytic vesicles do not

contain lipid substrates or products of PI 3-K (Haugh and Meyer, 2002). Thus, even though

PI3-K is shown to enter the endocytic pathway associated to RTKs (Kapeller et al., 1993),

this may have little relevance to Akt activation and suggests that the location of the eîzyme
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dictates its function. Interestingly, this may explain why Akt is poorly activated by an

oncogenic form of c-KlT, D8l6V c-KIT, which is continually internalised and degraded.

Internalisation of c-KIT appeared to be a key process regulating receptor function.

This was shown by the dephosphorylation of c-KIT and Akt after internalisation as mentioned

above. Modification of receptor location, for example through endocytosis, appears to alter

the activation of signal transduction pathways and biological responses. This has also been

shown for activation of TrkA by NGF where intemalisation-competent cells underwent

neuronal differentiation, while cells expressing mutant dynamin exhibited increased survival

responses (Zhang et a\.,2000a). This result was explained by the activation of different signal

transduction pathways after internalisation (Zhang et a1.,2000a). Similar results have also

been obtained with the EGF receptor using mutant dynamin (Vieira et aI., 1996), however

results performed later by Johannessen and co-workers contradicted this (Johannessen et al.,

2000). Investigation of the difference in signalling between EGF and insulin receptors

suggested that the differential activation of signal transduction pathways was due to the rates

of receptor endocytosis (Di Guglielmo et al.,1994). Compartmentalisation of active receptors

to patches of cellular membrane termed 'lipid rafts' also appears important since inhibition of

their formation by cholesterol depletion with methyl-B-cyclodextrin results in altered receptor

phosphorylation and activation of downstream pathways (Pike and Casey, 2002). Therefore,

receptor trafficking to the endocytic pathways appears to be important in attenuating the

activation of signal transduction pathways and ensuing biological responses.

Mutation of the PI3-K recruitment site, Y12l on GNNK+ and D8l6V c-KIT allowed

growth of early myeloid cells in the presence of huSCF or no factor respectively, albeit at a

reduced rate. Knock-in mice expressing Y7IgF, exhibited no haemopoietic defects as judged

by haematocrit, red blood cell, white blood cell, granulocyte and platelet numbers (Kissel er

al., 2OOO), instead the phenotype was restricted mainly to reproductive lineages (Blume-

Jensen et a1.,2000; Kissel et a1.,2000). Together with results presented here this suggests
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that PI3-K is involved in haemopoiesis however, compensatory mechanisms absent in

gametogenesis must exist, since the defect is not observed in steady state haemopoiesis. The

residual response obtained may be due to the cooperation of other pathways with PI3-K to

exert the full mitogenic response. Lack of Src recruitment through mutation of Y567, the

murine equivalent of Y568 in humans to phenylalanine, in conjunction with Y719F (site

required for PI 3-K recruitment in murine c-Kit), resulted in an abrogation of DNA synthesis

in mast cells (Timokhina et al., 1998). Each mutation on its own only had a slight effect

(Timokhin a et a\.,1998). PI 3-K also cooperates with PLCy in 32D myelomonocytic cells to

mediate huSCF dependent mitogenesis (Gommerman et al-,2000).

Alternative PI3-K activation mechanisms may be important in the residual growth

response since the YlzlF mutation only removed direct recruitment of PI3-K to that site.

Other recruitment mechanisms appeared to have a role as shown through the inhibition

observed with the use of the reversible ATP competitive PI3-K inhibitor, LY294002.

Further, the activation of Akt by Yl2lF c-KIT suggested that other mechanisms were

employed to activate PI3-K. Localisation of PI3-K at the membrane in close proximity to its

substrates could be by indirect activation of PI3-K or the use of additional recruitment sites

on c-KlT. Indirect activation of PI3-K could occur through Ras since it is involved in Ras

mediated transformation (Rodriguez-Viciana et al., 1997). Other mechanisms to activate

PI 3-K include c-Cbl which binds the p85 subunit (Kassenbrock et a1.,2002) and is dependent

on the activation of Src. Otherwise, Shc maybe involved since it mediates PI3-K activation

by the oncogenic form of the RTK, Ret (Segouffin-Cariou and Billaud, 2000). In response to

tr--3, Gab2 was shown to activate PI3-K via its association to Shc and Grb2 (Gt et a1.,2000).

Similarly, Gabl activated PI3-K in response to EGF or FGF stimulation (Ong et al',2001;

Zhang et a\.,2002). Therefore, indirect activation could potentially occur through various

intermediates, however alternate recruitment of PI3-K to c-KIT may also be involved. The

consensus sequence for the p85 SH2 domain binding phosphorylated tyrosines has been
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identified as pY-X-X-M where a methionine or valine at the first X site increases the p85

binding affinity (Fruman et al., 1998). The sequence sutrounding the tyrosine af 721 is

py-M-D-M, corïesponding to a high affinity site for p85. In the intracellular domain of

c-KlT, two other sites, Y870 and Y900 also have the critical methionine as the third amino

acid which may make them candidates for PI3-K recruitment. It is unknown whether these

sites are phosphorylated in response to ligand stimulation. Undoubtedly, Y72l is the major

recruitment site for PI3-K, however the use of one or both of the alternate sites can not be

excluded and may potentially explain the trace association of p85 with Y721F c-KlT in

response to huSCF.

In summary, studies with c-KIT isoforms indicate that internalisation and degradation

are important factors governing biological responses and the attenuation of signal transduction

by c-KIT. Although activation of PI3-K was important for cellular growth, in particular

survival, mediated by both GNNK+ and oncogenic c-KIT, it was not absolutely essential

indicating that other mechanisms can to some extent compensate for the absence of direct

recruitment of this enzyme. Nevertheless, direct PI3-K recruitment was shown to be

important in transformation of early myeloid cells by oncogenic D816V c-KIT and was

essential for tumourigenicitY.
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CHAPTER 8:

REAGBNTS



8. REAGENTS

All reagents in individual categories are listed in alphabetical order.

8.L. IvTvTUNOCvTOCHEMISTRY, IvTvTUNOHISTOCHEMISTRY AND

IvrvruNoFLUoREs cENCE Rn¡.cn¡ns

0.066 M Phosphate Buffer, pH 6.3: 3.5 g KH2PO¿ and 1.1 g Na2IIPO¿ was added to

500 ml of distilled water gradually while stirring. The solution \ilas stored at 4"C.

0.066 M Phosphate Buffer,pIJ7.4z 0.087 g KHzPO¿ and 3.84 g Na2IIPO¿ rüâS

added to 500 ml of distilled water gradually while stirring. The solution \ilas stored at 4"C.

APAAP Substrate: Prepared immediately before use. For 100m1 (which is sufficient

for 3 Coplin jars): 2}mgnapthol AS-MX phosphate free acid (Sigma, St Louis, MO, Cat. No.

N4875) was dissolved in 2 ml of dimethyl formamide. This solution along with 100 ¡tl I M

levamisole (Sigma, St Louis, MO, Cat. No. L-9756) diluted in water was added to 100m1 0.1

M Tris (pHS.2). 100mg of Fast Red TR salt (Sigma, St Louis, MO, Cat. No. F-1500) was

added to the solution and filtered with Whatman paper directly into Coplin jars.

'Chloroacetate' Esterase Substrate Solution: 5 mg naphthol-AS-D-chloroacetate

(Sigma, St Louis, MO, Cat. No. N-0758) was dissolved in 2.5 ml N-N dimethylformamide

and then added to a fresh solution of 38 ml 0.066 M phosphate buffer pH 7.4 containing 20

mg Fast Blue (Sigma, St Louis, MO, Cat. No. F-0250). The solution was immediately filtered

with Whatman paper.

Esterase Fixative: 100 mg Na2IIPOa, 500 mg KHzPO¿, 225 ml acetone and 125 ml

formalin (4O7o formaldehyde in water) were added to 150 ml distilled water. The solution

was stored at 4"C.

FacsFix: 27o wlv D-glucose, lVo vlv 37 - 4OVo formaldehyde and 0.027o Az dissolved

in PBS and stored at 4"C.
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Glycerol-glycine Mountantz 1.4 g glycine was dissolved in 100 ml water and pH

adjusted to 8.6 with NaOH. To 30 ml glycine buffer, 70 ml glycerol was added and stored at

room temperature.

'Non-specific' Esterase Substrate Solution: 0.3 ml of pararosanaline solution \ryas

mixed with 0.3 ml of 47o sodilm nitrite solution and allowed to stand for 1 minute. This was

added to a freshly made solution of 30 ml 0.066 M phosphate buffer pH 6.3 containing 1 ml

of 10 mglml cr-naphthyl acetate (Sigma, St Louis, MO Cat. No. N-8505) in acetone. The final

pH was adjusted to 6.1 with 5 M NaOH-

Pararosanaline: 0.2 gpararosanaline hydrochloride (Sigma, St Louis, MO, P-3750)

was added to 10 ml of 207o v/v HCI in water and incubated at 56" for 30 minutes in the dark.

The solution vr'as filtered (0.a5 pm) and stored in the dark at room temperature for no greater

than 1 month.

Standard Fixative: Acetone: methanol: formaldehyde (47.5:47.5:5 vlv). Solution

was stored at 4"C.

Scott's Gentle Alkaline Solution: 3.5 g NaHCO¡ and 2O g MgSOa.THzO was

dissolved in I L water. Solution was stored at room temperature.

TBS (for APAAP): 50 mM Tris (pH 7.6),120 mM NaCl in water.

8.2. Rn¡,cnxrs FoR Pnorux ANlr.vsrs

0.5 M Activated Sodium Orthovanadate: This solution was activated by altering the

pH and temperature as follows. 0.5 M solution made in Milli-Q water. The pH of the

solution adjusted to 11 with 0.5 M HCl, which was then heated, cooled to room temperature

and adjusted to the original volume with Milli-Q water. This step was repeated three times

The pH of the solurion was then adjusted to 10, filtered (0.a5 pm) and stored in aliquots at -

20"c.
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17o Nonidet P 40 (NP40) in Tris-sodium chloride-EDTA (TSE): 50 mM Tris, 150

mM NaCl, 1 mM EDTA was dissolved in water and the solution adjusted to a pH of 8. NP40

was added (l7o vlv final) and solution filtered (0.45 pm) and stored at 4"C.

l7o TritonxL00 in TSE: 10 mM Tris, 50 mM NaCl, 5 mM EDTA was dissolved in

water and the solution adjusted to a pH of 7.6. Triton x100 was added (lVo vlv final) and

solution filtered (0.a5 ¡rm) and stored at 4"C.

10x TBS (for Western Blots)z 0.2 M Tris, 1.5 M NaCl dissolved in water, pH

adjusted to7.5 with 10 M HCl. For use, this stock was diluted to lx in Milli-Q \¡/ater.

Double Strength Reduced Loading Buffer: 125 mM Tris (pH6.8),207o glycerol,

47o SDS, IOTo þ-mercaptoethanol, 0.00257o bromophenol blue. Aliquots were stored at

-20"c.

Electrophoresis Buffer: 25 mM Tris, 192 mM glycine,0.I7o SDS, should be pH 8.3

without further adjustment.

Lysis Buffer: Either l7o NP40 or l7o Triton in TSE with 5 mM sodium fluoride, 5

mM tetrasodium pyrophosphate, 5mM sodium vanadate, I mg/ml leupeptin, I mg/ml

aprotinin, I mM PMSF and Complete Protease Inhibitor Cocktail (Roche Diagnostics,

Mannheim, Germany, Cat. No. 1836145)

Resolving Gel:

Vo gel 87o l07o

Acrylamide-bis (37.5 : 1) \Vo ftnal l07o final

1.5 M Tris (pH 8.8) 257o 25Vo

SDS 0.lTo wlv 0.17o wlv

Ammonium persulphate 0.17o wlv O.l7o wlv

TEMED 0.0006Vo vlv O.OO047o vlv

Made in water
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57o ftnalAcrylamide-bis (37.5: 1)

257o vlv0.5 M Tris (pH 6.8)

O.I7o wlvSDS

O.l7o wlvAmmonium persulphate

0.O0l7o vlvTEMED

Made in water

Stacking Gel:

Transfer Buffer: 25 mM Tns, I92 mM glycine with 2OVo vlv or IOTo v/v methanol

in water for PVDF or nitrocellulose respectively.

8.3. PI 3-K Ass¡.Y Rnacnxrs

Lx Kinase Buffer: 20 mM Hepes (pH 7.5), 5 mM MgCl2, I mM EGTA in water

Lipid Resuspension Buffer: 29 mM Hepes (pH 7.5), 1 mM MgCl2, 1 mM EGTA in

water

Potassium Oxalate Solution: 5O7o vlv ethanol, 2 mM EDTA, l7o wlv potassium

oxalate in water.

Tris Saline: 20 mM Tris (pH 7.4), 150 mM NaCl in water

8.4. DNA MnNrpur.ATIoN Rn¡.cBNrs

2x YT: 2Vo Bacto-tryptone, l%o Bacto-yeast extract, 17o NaCl in water and

autoclaved.

lx TAE: 0.04 M Tris-Acetate, 0.001 M EDTA, pH 8.

100x TE: 1 M Tris (pH 7.5), 100 mM EDTA'
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Ya Agar Plates: 5 gil, Bacto-yeast extract (Difco, Sparks, MD, Cat. No. 012-01-7),

20 glL Bacto-tryptone (Difco, Sparks, MD, Cat. No. 0127-01-7), 5 g/L MgSO¿ in water and

the pH adjusted to '7.6 with KOH. Prior to autoclaving, added 14 gL Bacto-agar (Difco,

Sparks, MD, Cat. No.0140-01).

Gel Loading Bufferz 0.257o bromophenol blue, O.25Vo xylene cyanol FF, 3O7o

glycerol in water. Solution was stored in aliquots at -20"C.

Luria Agar Plates: 1.57o wlv Bacto-agar in Luria broth was autoclaved. Agar was

cooled to - 55"C prior to the addition of 100 ¡r,g/ml ampicillin and then poured onto Petri

dishes. Plates were allowed to set and stored at 4"C.

Luria Broth: l7o Bacto-tryptone, O.5Vo Bacto-yeast extract, 17o NaCl in water and

pH adjusted to 7 - 1 .2 and autoclaved.

Lysis Buffer (for Bacteria): 50mM Tris HCl, pIJ7.5;62.5mM EDTA, pH 8;0.47o

Triton X100; 2.5M LiCl

SOC Medium: 27o Bacto-tryptone, 0.57o Bacto-yeast extract, 10 mM NaCl and 2.5

mM KCI in water were autoclaved. When cool, 10mM MgCl2, Mg SOa and 2O mM glucose

were added and the medium filter sterilised through a0.22 ¡rm filter unit'

Super Broth: 3.27o Bacfo-tryptone, 27o Bacto-yeast extract, O.5Vo NaCl in water and

autoclaved.

8.5. RNA Rn¡,cnxrs

l7o RNA agarose gel: 1 g molecular biology grade RNase-free agarose was

dissolved by heating in l2ml DEPC treated Milli-Q water and 10 ml 10x running buffer. The

solution was cooled to less than 60"C and 18 mI37 - 407o formaldehyde (2.2 M final) was

added.
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10x Running Bufferz 200 mM 3-[N-Morpholino]propane-sulfonic acid (MOPS), 10

mM EDTA (pH8), 50 mM sodium acetate, pH to 7 in DEPC and stored at room temperature

in the dark.

10x SSC: 43.8 gNaCl and 22.I g sodium citrate dissolved in DEPC and made to a

final volume of 500 ml.

Formaldehyde Running Buffer: 100 ml 10x running buffer, 180 ml 4O7o

formaldehyde to a final volume of 1 L with DEPC treated Milli-Q water. Solution stored at

room temperature.

Loading Buffer: 0.257o bromophenol blue, O.257o xylene cyanol FF, 207o Ficoll

(Type 400) in DEPC treated water.

Sample Buffer: lx running buffer, 507o formamide,2.2 M formaldehyde in DEPC

'water. Aliquots were stored at -20"C.
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c.Þ Chapter 9: Amendments to Thesis

1. Insert sentences at the end of the fifth paragraph in section 3.11 þage 114).

In order to investigate the role of the different c-KIT isoforms in regulating haemopoietic

cellular differentiation, MIHC generated and maintained in yeast derived muGM-CSF should

be used. Subsequent attempts using yeast derived muGM-CSF to derive and maintain MIHC

has resulted in a substantial decrease in the background differentiation status of parental

MIHC and those infected with c-KIT isoforms (S. Young; data not shown).

2. Question: In Chapter 3, estimates of receptor content by indirect immunofluorescence

and lP/Western blot disagree. Are the IPs quantitative (ie is it possible that the IPing Ab

is limiting)? Are similar results obtained in straight western blots of cell lysates?

The results for immunoprecipitation and Western blot disagree. This does not appear to be

due to a limiting amount of immunoprecipitating antibody since greater than five times the

amount of c-KIT was immunoprecipitated from MOTe immunoprecipitates that had been

loaded onto the blot to serye as a control. To answer the second question, o-KIT can not be

detected on Western blots from whole cell lysates since the expression is too low and

therefore was not investigated.
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3. Insert sentences at the end of the second paragraph in section 5.9 þage 149).

The biological responses observed when the tyrosine at72l had been mutated appear likely to

be due to a lack of PI 3-K association and activation. It is possible however that other

proteins are also recruited to that site and are partially responsible for the biological responses

elicited. For example, the tyrosine at 751 of the PDGF receptor is responsible for recruiting

p85 also associates to Nck (Nishimura et al., 1993).

Nishimura, R., Li,'W., Kashishian,4., Mondino, A.,Zhou, M., Cooper, J. and Schlessinger, J.

(1993). Two signaling molecules share a phosphotryosine-containing binding site in the

platelet-derived growth factor receptor. Mol. Cell. Biol. 13: 6889-6896.

4. Question: In relation to the biological properties of D8l6V c-KIT are there PI 3-K-

dependent survival pathways that do not involve Akt activation?

So far as I know, Akt is required for PI 3-K dependent survival pathways activated by RTKs.

It does appear however that HIV-I Nef associates and activates PI 3-K, resulting in Akt-

independent phosphorylation of Bad and survival through p2l activated kinase (PAK) (V/olf

et a1.,2001).

V/olt D., 'Witte, V., Laffert, 8., Blumo, K., Stromer, E., Trapp, S', d'Aloja, P., Schärmann,

4., Baur, A. S. (2001). HIV-I Nef associated PAK and Pl3-Kinase stimulate Akt-

independent Bad-phosphorylation to induce anti-apoptotic signals. Nature Med.7: l2l7-1224.
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. Comment: (Page 34) Bcl-2 and Bcl-Xr are not pro-apoptotic proteins.

Change sentence on page 34 beginning with'Phosphorylation of BAD at two sites ...'to:

Phosphorylation of BAD at two sites is important to induce an association with 14-3-3 which

leads to its sequestration in the cytosol, preventing its association to anti-apoptotic proteins

such as Bcl-Xr and Bcl-2 (Datta et al., 1997; Stambolic et al., 1999; Zha et al., 1996).

Question: Figure 5.8 legend - In this figure, survival of D8l6V and D8l6V/Y721F cells

in muGM-CSF is similar. Is this correct?

Yes.

. Comment: (Page 151) - TGFa and heregulin/\lDF are the ligands, not the receptors.

Change sentence to:

Interestingly, investigation of the oncogenic potential of two other receptors capable of

activating PI 3-K, namely the receptors for TGFo and heregulin^{DF, revealed only weak

activation of ERK (Amundadottir and Leder, 1998).

o Suggestion: Change the wording of sentence on page 155 line 7 beginning with 'The

GNNK- isoform ...' to:

Src strongly associates to the GNNK- isoform while it only associates weakly to the GNNK+

isoform (Voytyuk et aL.,2003).

Remaining amendments have been made throughout the thesis.a
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