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Errata Insert -

Abstract: page xiii, lst Para - additional sentence:
The c-Kit isoforms analysed throughout this thesis arise by differential splicing at 1 site in the
c-Kit gene resulting in the insertion/deletion of l2bp encoding the amino acids GNNK. These are
referred to as GNNK* and GNNK- throughout the thesis.

Chapter 1, Section 1.1.2, p5, para 2:
Replace "epinephrin: with "ephrin"

Chapter 3, Table Legend, Table 3.3:
Add "4, B, C represent separate pools of NIH3T3 infectants with different levels of surface
expression c-Kit."

Chapter 3, Section 3.2,p97r last sentence:
Change to "The findings of that study are discussed in this section."

Chapter 3, Figure 3.9
Replace "12-s+ PMAPK" with "GNNK-" and "12*sf PMAPK" with "GNNK+"
Replace "0","I5" and "30" with "0 min", "15 min", and "30 min" respectively

Chapter 4,Introduction, pl18, Para2 after l't sentence:
Insert "Previous studies by Ferrao et al. (Fenao et a1., 1997) had demonstrated that stimulation of
MIHC expressing c-Kit could differentiate in response to exogenous SCF."

Chapter 4,Introduction, p119, Para 1 after 1't sentence:
Insert at end "and is activated by SCF stimulation (Liang et a1.,2002*; Ueda et al., 2002**)."

Chapter 4, Section 4.1.5rp125, Para lr last sentence:
Replace "AMV" with "Myeloproliferative Sarcoma Virus (MPSV)"

Chapter 5, Section 5.4.2,last sentence, pL68:
Add "To confirm this, nuclear run on assays or Actinomycin D experiments to assess mRNA
stability are required."

Chapter 5, Section 5.5, l't para, 2nd sentence on p173:
Replace sentence \Mith "It has often been noted that c-Kit is down-modulated in mobilisation of
CD34 cells, however this did not appear to be at the level of mRNA transcription or stability,
although experimentation such as nuclear run on assays is required to confirm this."

x Liang, X., Wisniewski, D., Shife, 4., Shivakrupa, Clarkson, B. and Resh, M.D. (2002).Phosphatidylinositol 3-
kinase and Src family kinases are required for phosphorylation and membrane recruitment of Dok-l in c-Kit
signaling. J Biol Chem277 (16),13732-8
** Ueda, S., Mizuki, M. Ikeda, H., Tsujimura, T. Matsumura, L, Nakano, K., Daino, H., Honda, Z.Z.,Sonoyama,J.,
Shibayama, H., Sugahara, H., Machii, T., and Kanakura, Y. (2002) Critical roles of c-Kit tyrosine residues 567 and
719 n stem cell factor-induced chemotaxis: contribution of src family kinase and Pl3-kinase on calcium mobilization
and cell migration. Blood 99(9),3342-9
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Abstract

c-Kit is a member of the Receptor Tyrosine Kinase Type III family and has four

naturally occurring isoforms. The work presented in chapter 3 utilised fullJength

human or murine c-Kit oDNA expressed in murine cells. Over-expression of normal

c-Kit was capable of contributing to oncogenic transformation' The analysis of

human c-Kit isoforms demonstrated dissociation of various indicators of

transformation (anchorage independence, loss of contact inhibition, tumourigenicity)

in the NIH3T3 cell model.

Biochemical analysis of the c-Kit signalling revealed qualitative and quantitative

differences between the GNNK+ and GNNK- c-Kit isoforms. The GNNK- isoform

was hlperphosphorylated more extensively and rapidly, and was also more efficiently

ubiquitinated and degraded than the GNNK+ counterpart. PI3-K was recruited and

activated equally by both isoforms. Phosphorylation of MAPK paralleled that of the

c-Kit isoform' s PhosPhorylation.

In Chapter 4, a new model was developed using a chimaeric human extracellular

c-Kit/murine transmembrane * intracellular c-Kit. This new molecule' in conjunction

with a murine Myb Immortalised Haemopoietic Cell (MIHC) line was used to

investigate a number of biological outcomes stimulated by scF simultaneously' A

MIHC line lacking Lyn was also analysed'

Chimaeric c-Kit displayed the same signalling characteristics exhibited by its' full-

length human counterpart. The model showed that the GNNK- isoform was superior

xlll



in its survival stimulus to GNNK+, but both were equivalent in promoting

proliferation. The absence of Lyn reduced the ability of both isoforms to promote

survival.

The aim of work in Chapter 5 was to elucidate the expression patterns of the c-Kit

isoforms in subsets of normal human haemopoietic cells. Methodology was

developed to detect GNNK+/- c-Kit mRNA from rare subsets of cells from bone

marrow. As c-Kit is known to be down-modulated in mobilised peripheral blood stem

cells, mobilised CD34+ cells were also investigated. In all haemopoietic cells

analysed, there was no significant difference in expression patterns of the c-Kit

isoforms, with all samples expressing approximately 90o/o of total c-Kit transcripts as

the GNNK- isoform. c-Kit downmodulation observed in mobilisation of CD34+ cells

was not influenced at the level of transcription, but at the protein level'
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I lntroduction

1.1. c-Kit - a member of the Growth Factor Receptor
Tyrosine Kinase FamilY

1.1.1. The Growth Factor Receptor Tyrosine Kinases

Receptor Tyrosine Kinases (RTKs) ate a large family of growth factor receptors

(Blume-Jensen et al., 2001). All growth factor receptors in this family possess a

glycosylated extracellular ligand binding domain, a hydrophobic transmembrane

domain, and acytoplasmic domain that contains a tyrosine kinase catalytic domain'

Based on sequence and structural similarities, there are now twenty classes (or types)

of receptor tyrosine kinases (reviewed in (Blume-Jensen et al., 2001; Hanks et al.,

1988; Heldin, 1995; Schlessinger,2000; Ullrich eta1.,1990; Yarden et a1', 1988)'

The extracellular domain of each RTK enables specific ligand binding and there is

minimal sequence conservation in this domain between classes' The transmembrane

domain is highly hydrophobic and of conserved length but not conserved sequence

(even within a class of RTK). The juxtamembrane region is approximately 50 amino

acids and is usually conserved within a class of RTK (Ullrich et al., 1990). The

tyrosine kinase domain is highly conserved in all RTKs (Yarden et a1.,1988). The

carboxy terminal tail is most divergent, being highly variable in length and sequence

(Yarden et a1.,1988).

Figure 1 . t has been reproduced from Blume-Jensen and Hunter , 2001 , to illustrate the

structural variation between RTK classes. It is clear from this figure that the different

classes of RTKs have employed highly variant structures to engage their ligand, yet

I
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still possess the same overall organisation and function. These structures are all

required to engage with a ligand, transmitting a signal, via the intracellular tyrosine

kinase domains, to initiate a signalling cascade. The different classes also employ a

variety of mechanisms for regulation of the signalling response. Summarised below

are some notable differences between the first few classes of RTKs

RTK type I includes the epidermal growth factor receptor (EGFR encoded by

c-erbBt) and its close relatives HER-2/neu, HER-3 and HER-4 (encoded by c-erbB2,

3 and 4, rèspectively). RTK type I receptors possess two cysteine-rich repeat

sequences within the extracellular domain (Blume-Jensen et a1., 2001)

In contrast, the RTK type II receptors, which include the insulin and insulin-like

growth factor receptors, function as heterotetrameric structures involving two c¿ and

two Þ subunits. The cr subunits bind the ligand and are disulphide-linked to the B

subunits, which traverse the membrane and possess the tyrosine kinase domains. A

cysteine-rich repeat sequence is found on each a subunit'

RTK type III includes the CSF-IR (encoded by c-fms), a and P PDGFR, flt3/flk2 and

c-Kit. The human c-Kit gDNA sequence predicts that the protein possesses a 23

amino acid (aa) signal peptide, 497 aa extracellular domain, 23 aa transmembrane

domain and 433 aa intracellular domain (Yarden et al.,1987a).

RTK IIIs do not have a cysteine-rich repeat sequence but instead possess 10

distinctively positioned cysteine residues which contribute to the formation of five

immunoglobulin (Ig)-like domains within the extracellular region (Blume-Jensen et

2



al., 2001). RTK IIIs also differ in their intracellular region compared to other classes.

The protein tyrosine kinase catalytic domain is intemrpted by a poorly conserved'

non-catalytic hydrophilic insertion sequence of varying length (70-100 residues) (77

aa for c-Kit). This region has been referred to as the kinase insert (KI) or interkinase

domain (Blume-Jensen et a1., 2001).

RTK type IV is structurally similar to RTK III also containing a KI domain, but only

possesses two to three Ig-like loops in its extracellular domain. Fibroblast growth

factor receptors (FGFR) are examples of this group'

Another subclass that also resembles RTK III but has 7 Ig-like loops in the

extracellular domain includes flk1, flt1 and fl14, and members of the vascular

endothelial growth factor (VEGF) receptor family. Additional RTK families also exist

and new members are constantly being discovered (reviewed (Blume-Jensen et a1.,

2001; Heldin, 1995; Lemmon et al',1994).

1.1.2. Signalling through RTKs

When ligand binds to the extracellular domain of the RTK, cross-linking of receptors

by ligand andlor conformational changes occur, resulting in dimerisation (Ullrich et

al., 1990). Dimerisation enables the cytoplasmic portions of the receptor subunits to

come into close proximity in a stabilised fashion. Dimerisation initiates

autophosphorylation of the receptors on tyrosine residues (Schlessinger et a1., 1992)

as well as catallic activation (Schlessinger et al., 1995)' In addition, dimerisation

facilitates transphosphorylation of a Tyrosine in the activation loop of the kinase

catalytic domain which leads to increased activity and the phosphorylation of other
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tyrosine residues on the receptor, creating high-affrnity binding sites for downstream

components of the receptor's signalling pathways (Heldin, 1995; Hubbard et a1.,

2000).

Studies on crystallised insulin receptor, fibroblast growth factor receptor 1 and

vascular endothelial growth factor receptor 2 have shed much light on the

mechanisms of catalytic activation. Figure 1.2 illustrates the postulated mechanism'

In the resting receptor, the activation loop of the catalytic domain blocks access of

ATP and substrate (Hubbard et a1., 2000; Mohammadi et al., 199s). The loop is quite

mobile and is in equilibrium with the 'active state' allowing access of ATP and

substrate (Blume-Jensen et a1., 2001; Hubbard et a1., 2000; Mohammadi et a1'' 1998;

Schlessinger et al., 2000). Ligand induced dimerisation stabilises the "active state"

long enough to facilitate transphosphorylation of the Tyrosine residue in the activation

loop. Dimerisation alone is inadequate, indicating that other ligand induced

conformation changes are necessary for this to happen (reviewed (Blume-Jensen et

a1.,2001;Huse et a1.,2002)). However, recent analysis of the crystal structure of the

active conformation of c-Kit cytoplasmic domains has revealed that the Y823 in the

activation loop of the kinase domain is the last tyrosine to be phosphorylated in the

trans-phosphorylation steps involved in c-Kit activation (Mol et al', 2003)' and

perhaps not required for activation of the kinase, unlike most other kinases. The first

tyrosines to be phosphorylated were Y568 and Y570 in the juxtamembrane region'

Mutations clustered near these residues confer constitutive activation of c-Kit,

disregulating the receptor leading to cancerous lesions including GIST (Hirota et al',

199g; Nishida et al., 1998). This analysis also suggests that the activation loop is very

close to an active configuration in the normal, monomeric, unphosphorylated c-Kit
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Dimeric SCF Possible
involvement of
Domain 4 in
dimerisation

Y823

TK +
Extracellular
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Figure 1.2

RTK Activation Mechanism

Left:
RTK kinase activity is tightly repressed in the resting state. The activation and

catalytic loops of the kinase domain exist in an equilibrium between substrate

"p.rõl.dirrg" (blue) and substrate "accessible" (gteen). In addition, the

Juxtamembrane region (orange) and c-terminal (red) may interfere with the N-

terminal kinase lobe [N) and or substrate access,

Right:
Liland induced receptor dimerisation and tyrosine autophosphorylation result in relief

of-the inhibitory constraints exerted by the activation loop, juxtamembrane domain

and c-terminal tail.

Adaptedfrom Blume-Jensen and Hunter, 2001



receptor, and suggests that the limiting factor may, in fact, be dimerisation (Mol et a1',

2003). Of note, it was demonstrated that small molecule inhibitors for c-Kit such as

STI-571 cannot fit into the catalytic domain of the receptor when in the active state,

providing a mechanism for constitutively active c-Kit mutants to be highly resistant to

the drug (Mol et al.,2004Mol et a1.,2003)'

In addition to this, the juxtamembrane domain has also been reported to have

autoinhibitory functions (Blume-Jensen et al., 2001). In the epinephrin receptor

EphB2, analysis of the crystal structure of an unphosphorylated, autoinhibited

receptor (uxtamembrane and kinase domain only) revealed that the juxtamembrane

region adopts a conformation that distorts the kinase domain, blocking the activation

segment of the kinase domain from adopting an active conformation'

Phosphorylation of tyrosines within the juxtamembrane region were postulated to

disturb this association with the kinase domain, releasing the kinase domain to adopt

an active conformation, and also presenting phosphotyrosine sites for interaction with

SH2 domain containing proteins that interact with the receptor (V/ybenga-Groot et al',

2001).

The carboxy tail may also act, in some cases' to obstruct the catallic site' and can be

a target for phosphorylatiorldocking of Src homology 2 (SH2) and protein tyrosine

binding (pTB) containing proteins (downstream signalling effectors) (Blume-Jensen

et al.,2001).
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1,1.3. c-Kt in Cancer

c-Kit, as well as being a crucial component of haemopoietic stem cell development,

plays a critical role in mast cell and interstitial cells of Cajal (ICC) development and

function. This is demonstrated by the depletion of these cell types where "loss of

function" mutants of c-Kit are present (Fox et a1.,2002; Hirota et a1', 2000; Kitamura

et a1., 2001). In contrast, c-Kit "gain of function" mutations often result in

oncogenesis in these cell lineages The locations of these mutations lead to

constitutive activation, but by different means'

Gain of function mutations in the cytoplasmic juxtamembrane region of c-Kit achieve

activation by constitutive dimerisation (Kitamura et al., 2001) and de-repression of the

kinase catalytic site (chan et a1.,2003). Such mutations are linked to GISTs and

some mastocytosis cases (Casteran et al', 2003; Heinrich et al', 2002; Hirota et a1''

2000;Yasuoka et al., 2003), as well as myogenic and neurogenic tumours (Yasuoka et

a1.,2003). As discussed in section 1.1.2 above, inactive c-Kit kinase domains are

very close to their active conformation, and proximity of a binding partner (for

dimerisation) is postulated to be the limiting step in the activation process, with

dimerisation facilitated by the binding of SCF in normal c-Kit (Mol et al', 2003)' The

juxtamembrane region is also responsible for autoinhibition of c-Kit. It interacts with

the ATP binding lobe of the kinase domain as demonstrated using peptides of the

juxtamembrane domain. These peptides have been validated and shown to fold

appropriately, mimicking the juxtamembrane domain structure of full length c-Kit'

Mutations of these peptides corresponding to known juxtamembrane gain of function
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mutations of c-Kit disrupted the structure of the domain and interfered with its

association with the kinase domain (Chan et a1', 2003)'

Mutations in the kinase domain are often dimerisation independent in maintaining an

active conformation of the catalytic domain (Kitamura eI al',2001)' Mutation of

Aspartate g16 in c-Kit's kinase domain leads to constitutive activation of c-Kit and

mastocytosis (casteran et al., 2003; Longley et al., 1999)' This mutation has also

been identified in a subset of patients with Chronic Myeloid Leukaemia (Pardanani et

a1.,2003), in germinal cell tumours and seminomas (Sakuma et al', 2003), as well as

testicular germ cell tumours (Looijenga et a1.,2003; sakuma et al., 2003).

c-Kit has been implicated in other lesions including small-cell Lung Carcinoma

(SCLC). Recent findings suggest that whilst c-Kit was detectable on 40o/o of cases

studied, very few of these expressed activating mutations, and the presence or absence

of c-Kit had little impact on patient survival (Boldrini et al', 2004)' Another

retrospective SCLC study showed that lack of c-Kit expression was associated with

shorter median survival (Rohr et a1., 2004)'

A subset of angiosarcomas have also been demonstrated to express c-Kit, but in all of

these cases, the c-Kit was not mutated and the abnormal expression was attributed to

reversion of the affected cells to a phenot¡pe of foetal endothelial cells that normally

express c-Kit (Miettinen et al., 2000). A truncated form of c-Kit (containing the

kinase domain through to the carboxy terminus) has also been identified in a subset of

prostatic cancefs, and in this subset, there is evidence of elevated Src family kinase

activity (Paronetto eI al-,2004).
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1.2. HISTORY of c'Kit

1.2.1. - The discovery of the c'Kit proto'oncogene

Infectious filtrate obtained from a primary feline fibrosarcoma ìwas shown by Besmer

et al (Besmer et a1., 1986) to transform feline embryo fibroblasts and mink cells' A

feline leukaemia virus (FeLV) belonging to the Hardy-ztckerman 4 strain (HZ4-

F.SV) was identified as the transforming infectious agent. The transformed mink cells

were unable to produce infectious HZ4-FoSV, but the retrovirus could be rescued by

superinfection with a helper virus (the amphotropic murine leukaemia virus (MuLV)'

Therefore the HZ -FgSV was replication-defective, suggesting that this transforming

retrovirus may be harbouring an oncogene which was disrupting viral-replication'

Analysis of the HZ4-FeSV provirus, obtained from mink infected cells, revealed a

non-viral sequence specific to the HZ4-FeSV, which was designated v-Kit' Protein

analysis using antisera specific for the gag protein , P27 , of FeSV, immunoprecipitated

an 80 kD protein, p80, suggesting that the gag and v-Kit products form a fusion

protein. The structure of the HZ4-FeSV provirus was shown to contain a v-Kit insert

of 1.1 KB in size, encoding a protein of 370 amino acids. In order to determine

whether it was derived from a cellular gene, v-Kit sequence was used to probe cat,

human and mouse DNA, and homologous sequences were found to be present in all

species, the transcript ranging from 5 - 5.5 kb (Qiu et al., 1988; Yarden et al',1987a)'

cloning of the cellular counter-part of v-Kit from both mouse and human cDNA

libraries, obtained from brain and placenta respectively, revealed that structural

differences existed between the v-Kit and c-Kit gene products. v-Kit had been

truncated at both the NH2 and cooH termini during transduction' This results in a
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product which lacks the entire extracellular domain, the transmembrane domain, the

first 17 amino acid residues of the intracellular domain, as well as the cooH-terminal

49-50 amino acid residues which were replaced with 5 unrelated amino acids' other

differences also existed between murine c-Kit and v-Kit involving 20 amino acids

(Qiu et al., 1988; Yarden et aI., 1987a), All but three of these differences have been

attributed to divergence between the species (Herbst et a1', I995a)' The remaining

three alterations have been shown to contribute to the oncogenicity of v-Kit.

Human c-Kit gDNA encodes a 976 amino acid polypeptide with a molecular weight

of 145 kD (fully glycosylated; immature form : 125 kD) (Yarden et a1', 1987a) and

was therefore designated, p145c-Kit. p145c-Kit (throughout this thesis it will be

referred to as c-Kit) shares major structural features with the macrophage colony-

stimulating factor-1 receptor (csF-lR), cr and p platelet derived growth factor

receptors (PDGFR) (Qiu et a1., 1988; Yarden et a1., 1987a) and flt3/flk2 receptor

(Matthews et al., I99l; Rosnet et al., 1991) which are all growth factor receptors

belonging to the receptor tyrosine kinase type III (RTK III) family' This family

shares sequence homology within their catalytic kinase domain with c-src' Despite

their structural similarities, the non-catalytic sequences of the three proteins (ie CSF-

lR, PDGFR and c-Kit) display sequence heterogeneity that is highest in the ligand

binding domain and the kinase insert. These regions define the functional specificity

of each receptor. Figure 1.3 shows a schematic representation of c-Kit'

concurrent with the discovery of c-Kit gene in human species, the human c-Kit

protein was identified in 1985 by Gadd and Ashman (Gadd et al',19S5)' The protein

was identified originally as an Acute Myeloid Leukaemia associated surface antigen
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by Monoclonal Antibody (Mab) YB5.B8. Patients with blast cells expressing high

levels of this surface antigen demonstrated very poor prognosis (Ashman et al'' 1988)'

The protein was later identified as c-Kit (Ashman et a1', I99I; Lerner et al'' 1991)'

1.2.2. Association of c-Kt with the W locus

using somatic cell hybrid and in situ hybridisation techniques, c-Kit was mapped to

the human long arm of chromosome 4 between 4ql1'-q2l and murine c-Kit to mouse

chromosome 5 (Yarden et al., 1987a). The location of murine c-Kit on chromosome 5

led to the hlpothesis that c-Kit may be linked to the w locus also found on this

chromosome. Mutant mice carrying defects at the W loci (V/19H and V/44) were

analysed for alterations in c-Kit and, in the case of W44, a reafrangement confined to

the c-Kit gene was found linking c-Kit to the w locus (Chabot et a1., 1988; Geissler et

al., 1988). The existence of spontaneous w mutant mice provided an insight into the

function of c-Kit. Many W mutant mice have been described thus far and display

defects in gametogenesis (affecting fertility), melanogenesis (resulting in lack of hair

pigmentation or ,,white-spotting"), defects in haemopoiesis (resulting in macrocytic

anaemíaand mast cell deficiencies) (reviewed (Kitamura et al',1978; Russell' 1979;

Sarvella eI a1.,1956)). DNA and protein analysis of c-Kit from mast cells obtained

from various'W mutant mice have revealed structural alterations within the c-Kit gene

which range from genomic rearrangements and partial deletions to single point

mutations (Geissler et al., 1988; Nocka et a1., 1990b; Reith et al', 1990)' Kinase

activity associated with the c-Kit gene product was also affected in mast cells

obtained from'w mutant mice (Nocka et al., 1989; Reith et aI',1990)' Demonstration

that c-Kit was oxpressed by the lineages affected in the w mutant mice, such as foetal

and adult erythropoietic tissues, mast cells and neural-crest-derived melanocytes
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(Nocka et a1., 1989), as well as the data described above provided sufficient evidence

that the c-Kit gene and the murine white spotting locus (w) were allelic (Keshet et al',

1991; Lammie et al., 1,994; Manova et a1., 1,991; Nocka et a1., 1989; Ogawa et al''

l99l; Ratajczak et a1.,1992).

Mutations at the W locus represented the first examples of germ-line mutations in a

mammalian proto-oncogene (chabot et al., 1938). The w mutant mice vary in the

severity of their defects which parallels with the severity of the mutation within c-Kit

and whether the mice were homozygous or heterozygous for the c-Kit alleles. For the

original w mutation, mice carrying one w allele (wl+¡ have a relatively mild

phenotype displaying a ventral white spot, pigment free feet and tail tip, but their

blood parameters and fertility are nonnal. Mice carrying both W alleles (WW) die

neonatally or in utero of severe macrocytic anaemia'

Many of the w mutations involve conserved amino acids within the tyrosine kinase

domain of c-Kit resulting in the disruption of the biochemical activity of the receptor

(see table 1.1 adapted from Bernstein et al,I99I (Bernstein et a1', 1991)' Mutations

that abolish kinase activity due to deletion (w and w19H) (chabot et al', 1988;

Hayashi et a1.,1991) or point mutation (w37 and w42) that result in loss-oÊfunction

or ,,nu11" mutations (Nocka et al., 1990b; Reith et al., 1990) were lethal in the

homozygous state. [n contrast, mutations which have residual kinase activity (wv and

w41) were viable as homozygotes (Nocka et a1.,1990b; Reith et a1', 1990)' certain

mutations that cause severe effects in the heterozygous state exhibit strong "dominant

negative" effects (Herskowitz, 1937). For example Wv, W41' and W42' which

comprise mutations at distinct sites in the region encoding the kinase domain of the
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Phenotype

w
Mutation

Heterorygote Homorygote c-Kit
Kinase
Activity

Molecular
Lesion

w" V/hite spot, mild
anaemia

White, anaemia,
sterile

Low to Met

wot White spot, mild
anaemia

Mostly white,
anaemic, fertile

Good ValÜrt to Met

woo White spot Mostly white,
reduced fertility

Low Insertion in
non-coding

region

w" White spot V/hite patches,

mildly anaemic,
fertile

Low Regulatory

w'' Mostlywhite Late lethal Nil G toL
w42 White, anaemic,

reduced fertili
Late lethal Nil Asp790 to Asn

w White Late lethal Nil Small deletion

19H White spot Early lethal _ Nil Large deletion

Table 1.L

Summary of W mutants

Adaptedfrom Bernstein et al, l99l



c-Kit gene, result in the production of impaired receptors with reduced or no intrinsic

kinase activity but are nevertheless expressed on the cell surface (Reith et al',1990)'

In heterozygotes, dimerisation between wild type and mutant c-Kit can occur' The

mutant receptor therefore impairs the function of the wild tlpe receptor by preventing

transduction of the normal ligand-induced signal, in most cases preventing

transphosphorylation of the wild type receptor within the dimer complex' Those

mutations that result in lack of (w) or reduced levels (w37) of protein being

expressed at the surface have less severe defects in heterozygotes (Nocka et a1',

1990b). Typically this results in a 50% reduction in the number of functional

receptors expressed at the surface in heterozygotes'

There are several aspects of the function of c-Kit that might be affected by w

mutations, including ligand binding, tyrosine kinase activity, receptor

autophosphorylation, association of c-Kit with certain downstream signalling

molecules, ligand induced internalisation, and receptor downregulation' The different

c-Kit mutations were shown to differentially affect coat colour, anaemia, mast cell

deficiency and fertility with different severities, demonstrating the different

biochemical events influenced by the activation of c-Kit. The level of receptor

expression has also been shown to be of importance in determining the biological

outcome of a cell (ie. Does the cell differentiate or proliferate in response to ligand?)

and this may also explain the phenotypes seen in those mice with reduced levels of

functional protein in the heterozygous state (eg v//+ mice).

In humans a similar phenotype to that displayed by W mutant mice is also seen in

patients with the autosomal dominant genetic disorder of piebaldism. The phenotlpe

12



of these patients is characterised by patches of hair and skin which lack pigmentation

due to the absence of melanocles in these areas' In contrast to the mutant mice'

fertility and anaemia do not appear to be associated with the piebald trait (Fleischman

et a1.,l99l;Giebel et aI.,I99l;Ward et a191995). The defect seen in these patients is

also due to deletions or point mutations located within the c-Kit gene on the long arm

of chromosome 4, demonstrating piebaldism as the human condition equivalent to the

dominant white spotting of the mouse (Ezoe et a1', 1995; Fleischman et a1', l99l;

Giebel et a1.,1991).

1.3. The ligand to c-Kit: The Link between W and Sl mutant

mice

Around the same time as the discovery of c-Kit, the c-Kit ligand was identified in

several laboratories in murine , tat andhuman systems. It has several names including

Mast Cell Growth Factor (MGF) (Anderson et a1.,1990; V/illiams et al., 1990), Steel

Factor (sLF) (williams et al., lg92), Kit Ligand (KL) (Flanagan et a1.,1990; Huang

et a1., 1990; Nocka et al,1990a) and Stem cell Factor (SCF) (Zsebo et al', 1990)'

Throughout this thesis, the c-Kit ligand will be referred to as SCF'

SCF is a 24g amino acid transmembrane protein with a 36 amino acid cytoplasmic

domain, 23 amino acid transmembrane domain and 189 amino acid extracellular

domain (Ashman, I999a; Broudy, 1997; Flanagan et al', 1990)' Alternate splicing

generates two mRNA species that include or exclude exon 6' The protein products,

SCF220 and SCF2a8 are both membrane associated but SCF2a8 has an additional 28

amino acids (encoded by exon 6) in the extracellular juxtamembrane region (Ashman,

1999a; Broudy, 1997; Flanagan et a1., 1990). See Figure 1.4 for a schematic

representation of SCF isoforms.
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williams et al (wllliams et a1., 1990) identifred a soluble form of scF in murine

stromal cell culture supernatants' This form is produced by proteolytic cleavage of

the longer isoform of SCF. This is due to the presence, in exon 6, of sequence

encoding a serine protease cleavage site at amino acid 165 (Longley et al'' 1997)'

There is also a chymase cleavage site at position 159 (also within exon 6 coding

region) which is targeted by mast cell derived chymotrypsin like protease, producing a

slightly smaller soluble scF. Murine scF has an extra cleavage site encoded in exon

T,Ieadingto the formation of soluble SCF inespective of which isoform is produced'

Soluble and transmembrane SCF are both biologically active (Anderson et a].,1990)'

Soluble SCF exists as both a non-covalent homodimer and a monomer (which is

predominant) (Hsu et a1., lggT). zhang et al (zhang et a1.,2000) confirmed the

dimeric structure by ascertaining the crystal structure of the soluble dimer'

Dimerisation of SCF appears critical for biological activity - dimerisation defective

SCF has very low activity (Hsu et a1.,1997). However, confusion exists as artificially

dimerised (disulphide bridged) scF demonstrated higher activity than monomeric

scF in one study (Hsu et al, 1997) and no activity in another (zhang et al, 2000)'

Membrane bound scF is predominantly dimerised (Tajima et al', 199S)' Deletion of

the cytoplasmic domain affected dimerisation only slightly, but replacement with

irrelevant amino acids decreased dimerisation substantially (Tajima et a1', 1998)' This

suggests that subtle conformation changes of scF effect its ability to dimerise' and

the variation in activity of different scF dimers (mutant/artifrcial) may reflect

changes in conformation of the SCF dimer itself and its ability, therefore' to interact

productively with its receptor, c-Kit'
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Interestingly, steel (s1) mice, which have defects associated with the sl locus

localised on murine chromosome 10 (Sarvella et al., 1956), displayed a similar

phenotype to the W mutant mice. Early experiments involving the analysis of the

defects within the haemopoietic compartment revealed that the 
'w mutant mice had a

defect that was intrinsic to their stem cells now attributed to mutations within c-Kit. ln

contrast, the Sl mutant mice had a defect within the microenvironment required to

support growth of primitive stem cells (Russell,1979). These conclusions were drawn

from transplantation experiments in which the injection of normal (+/+) bone marrow'

as a source of stem cells, into unirradiated wwv mice resulted in the cure of their

macrocytic anaemia and the production of spleen colony forming cells (CFU-S)

(McCulloch et al., 1964;Russell, 1979;Russell et a1., 1963) and mast cells (Kitamura

et a1., 1973). The injection of -|/* bone maffow cells into SVSId mice could not cure

their anaemia or produce CFU-S, suggesting that the stem cells within these mice

were noÍnal and that the microenvironment supporting the stem cells was impaired.

As SCF mapped to chromosome 10 (copeland et al., 1990; Zsebo et a1', 1990)' scF

was eventually shown to be allelic with the Sl locus'

Sld (Steel - Dickie) mice demonstrated the importance of the transmembrane region

of SCF. The Sld mutation deletes the transmembrane and cytoplasmic domains'

producing only soluble SCF which is fully capable of stimulating proliferation

(Flanagan et à1., 1991). These mice still have defects in haemopoietic cell

development, melanocytes and germ cells, although less severe, highlighting the role

of transmembrane SCF in these systems'
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The S117H mutant (Tajima et a1.,1998) has a mutated cytoplasmic domain' It has the

cytoplasmic domain substituted wíth 27 irrelevant amino acids and is surface

expressed, but displays altered stability and dimerisation properties (Tajima et al''

1993). Mice expressing this mutant have decreased peritoneal mast cells' white

spotting and males are sterile. Tajima et at (Tajima et aI,1993) also showed that the

transmembrane form of SCF was important in adhesion of cells to bone manow

stroma and homing of transplanted haemopoietic cells to the spleen (shown in

irradiated SlrTH mice).

Biochemical analys¡s of c-Kit - Ligand Binding Domain1.4.

c-Kit has been demonstrated to show some cross species reactivity for the ligand,

stem cell Factor. Murine or rat scF is able to bind to both murine and human c-Kit'

whereas the binding of human SCF to murine c-Kit is almost non-existent (Lev et a1''

1993; Martin et a1., 1990). This property has been exploited in experiments

performed in this thesis.

The extracellular region of c-Kit consists of five distinct IgJike domains' In order to

determine the ligand binding domain of c-Kit, Lev et al (Lev et al., 1993) exploited its

species specificity by producing chimaeric c-Kit consisting of murine and human

c-Kit domains. using the mouse receptor as the backbone and substituting human

domains into it, the binding site of human SCF was localised' As well as the

chimaeric receptor model, epitope mapping, using a number of Mab to the

extracellular domain of c-Kit, combined with analysis of their abilities to block ligand

binding, was used to localise the scF binding site. Soluble ectodomains of c-Kit
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were also employed to determine the minimal requirements of the extracellular

domain for ligand binding (Blechman et al', 1993a; Blechman et al,1993b) '

The ligand binding domain was confined to the three N-terminal Ig-like domains, with

the second domain conferring high-affinity binding of human SCF (Lev et al'' 1993)'

Domains I and III assisted domain II in its binding of ligand and a soluble protein

possessing only the first two domains showed reduced affinity of SCF binding

compared to one comprised of all three domains. High-affinity binding, involving the

three N-terminal domains, may be attributed to domain III folding over the binding

cleft in domain II and thereby inhibiting ligand dissociation. The ability of non-

contiguous domains to stabilise ligand binding is also seen with the EGFR and insulin

receptors (Schumacher et a1., 1991) . Ligand competitive c-Kit Mabs (K44 and K57;

(Blechman et a1., 1993a) were also found to bind to domain II, confirming that this

domain contains the binding site for human scF. similarly the binding of PDGF-AA

to crpDGFR was to the second domain of PDGFRcT (Heidaran et a1., 1992). Matous ¿/

a/ (Matous et al., 1996) confirmed SCF binding mapped to three distinct regions of

scF. This was later confirmed by the crystal structure of SCF showing three non-

contiguous regions being juxtaposed on the surface of SCF (Jiang et al',2000)'

Similar studies were performed to determine the ligand binding site of rodent SCF to

the murine c-Kit, using the human receptor as the backbone and substituting in murine

c-Kit domains. The scF binding site of the murine receptor lies mainly in domain III

with some contribution from domain II. Therefore the binding domains of human and

rodent SCF appear to be distinct but overlapping'
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1.5. Ligand lnduced Receptor Dimerisation

Ligand binding to the extracellular domain of RTK has been shown to trigger an

intermolecular mechanism involving oligomerisation of the receptor molecules,

resulting in the activation of their intrinsic protein tyrosine kinase and

autophosphorylation (Bishayee et a1.,1989; Honegger et al., 1990; Li et a1', l99I;

Yarden et al., 19S7b) and reviewed in (Heldin, 1995; Ullrich et aI', 1990)' The

mechanism of ligand induced dimerisation is still under investigation and many

models have been proposed. For the EGFR, where the ligand is a monomer' it has

been proposed that ligand binding induces conformational changes within the ligand

bound receptors bringing them together to form a dimeric complex (Greenfield et al''

1939) However, it has been demonstrated that EGF is multivalent and can

simultaneously bind by distinct sites to two EGFR molecules (Lemmon et aI'' 1994) '

The ligands of the type III RTK, including scF, exist as dimers, and it is still

controversial whether the dimeric ligand brings about dimerisation of neighbouring

receptors as a result of each ligand subunit binding a single receptor or whether the

ligand binds to one receptor and then induces conformational changes leading to

receptor dimerisation. Dimerisation of growth factor receptors enhances ligand

binding affinity, activates protein tyrosine kinase activity and autophosphorylation of

the receptor (Ben-Levy et a1., 1992; Bishayee et al., 1989; Boni-Schnetzlq el al',

1987;Heldin et a1.,1989; Lemmon et al., 1994; Schlessinger,1995; Spivak-Kroizman

el al.,:992;Vassbotn et aI.,L993;Williams, 1989; Yarden et al., 1987b) '

In the case of c-Kit, Blume-Jenseî et a/, (Blume-Jensen et a1., 1991) demonstrated

that the dimeric scF molecule was responsible for inducing dimerisation of
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neighbouring receptors. This was concluded from results demonstrating that, at excess

concentrations, SCF binds monovalently resulting in a decrease in dimeric c-Kit'

Similar findings were made with the PDGFR (Heldin et al',1989)' However, Lev et

al (Lev et aI., 1992b; Lev et al, 1992c) provided evidence that this model of ligand

induced dimerisation may not be correct. This study failed to demonstrate inhibition

of c-Kit dimer formation in the presence of excess ligand. Furthermore incubating

purified human (deletion mutant lacking COOH-terminal 42 aa) and murine c-Kit in

the presence of human SCF (which is species-selective) was able to induce cross-

species receptor heterodimerisation (Lev et al., 1992b)' These results implied that

monovalent binding of human SCF was sufficient to induce c-Kit dimerisation and

activate the recePtor comPlex.

A putative dimerisation site of c-Kit has been localised to domain IV of the

extracellular domain using deletion mutants and a Mab capable of inhibiting

dimerisation (Blechman et a1., 1995) . These data show that the extracellular domain

of c-Kit is sufficient to induce dimerisation which is in contrast with the EGFR

(Gunther et a1.,1990) and the HER-2/neu receptor (weiner et al., 1989). In the latter

case dimerisation is attributed to the transmembrane domain (although the

extracellular domain stabilises dimerisation) as an oncogenic form of the HER-2/neu

receptor which has a single point mutation Val664 - Glu664 within this domain is

constitutively dimeric and has tyrosine kinase activity (Bargmann et a1.,1988; Qian et

al., 1995;Weiner et a1.,1989). The localisation of c-Kit dimerisation site to domain

rv coincides with several activating mutations within this domain of the csF-l

receptor, which result in receptor dimerisation (Carlberg et a1', 1994; van Daalen

Wetters et a|,1992) .
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1.6. Ligand lnduced Receptor Signalling

Signal transduction is a complex cascade of phosphorylatiorVdephosphorylation

events on proteins and lipids, imparting incredibly fined tuned biological responses by

the cell to external stimuli. For RTKs, dimerisation is the triggering event, leading to

stabilisation of the kinase domain in the active state, which in turn, leads to trans and

autophosphorylation of multiple target sites'

The signal transduction machinery of the cell has been described as a modular system

(Pawson, 1995;Pawson, 2002). There are a series of modular domains present in all

molecules involved in signal transduction, and the combinations of these modules'

together with surrounding sequences, dictate the specificity and function of each

component in the transduction pathways. Brief summaries of some of the most

coÍrmon consensus sequences or domains follow:

1.6.1. sH2

The first domains identified were found within Src kinase and were called Src

Homology 2 (SH2) and src Homology 3 (SH3) domains (Pawson, 1995)' Proteins

containing SH2 domains are involved in control of biochemical pathways, tyrosine

phosphorylation/dephosphorylation, protein trafficking and cytoskeletal protein

arrangement/function (Pawson, 1995). SH2 domains are approximately 100 amino

acids in length and recognise specific phosphopeptides (Pawson et al', 1'993)' SH2

domains binding to optimal phosphopeptides do so with high affinity (Kd 10-100nM),

and, in contrast, have no affinity at all for the same sequence when unphosphorylated'

This wide disparity in affrnity between phosphorylated and unphosphorylated
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substrate creates a virtual "s\¡r'itch" mechanism for the association/activation of an

SH2 containing protein with its upstream target'

Surrounding sequences impart additional specificity and contribute to the affinity over

and above that imparted by the core recognition consensus sequence, and these

surrounding sequences vary between proteins. This provides a means to impart the

unique substrate specificity of each protein using such domains. Binding of SH2

containing proteins to, as an example, an RTK, will have consequences for the protein

including phosphorylation (eg PLC-Y1 (Pawson et al., 1993)), or translocation to the

membrane and activation of enzymic activity (eg. PI3-K (Pawson et al', 1993)'

1.6.2, sH3

sH3 domains afe also found in many proteins involved in tyrosine kinase signalling,

as well as proteins with involvement in cytoskeletal arrangement' SH3 domains are

approximately 50 amino acids in length and recognise a consensus sequence X-P-X-

X-P (Pawson, 1995; Smithgall, 1995). The affinity of SH3 domains for the proline

rich target (Kd 5-100pM) is much lower than that of SH2 domains for their

phosphorylated substrates (10-100nM) (Pawson, 1995)' This domain has no reliance

on phosphorylation for binding, but is more involved in protein-protein interactions,

playrng a role in holding proteins together in appropriate subcellular localisations

(scaffolding function) (Pawson, t995;Pawson et al., 1993; Smithgall, 1995)'

Surrounding sequences again influence specificity of the domain for its target' and

lower affinity for its substrate makes the domain more sensitive to conformational
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changes within the interacting proteins. Some SH3 binding domains have conserved

sequences for proline directed kinases such as MAP kinase (Pawson, 1995)'

1.6.3. PH

Pleckstrin Homology (PH) domains have been found in many proteins including

kinases, kinase substrates and cytoskeletal proteins (Pawson, 1995)' It was unclear

for some time as to what the true nature of the target "ligand" for a PH domain is'

phospholipids were implicated (Harlan et a1., lg94), although X-Ray crystallography

studies by Ferguson et al (Ferguson et al',1994) and Timm et al (Tímm et al', 1994)

suggested this was not possible, as their was not a suitable hydrophobic cavity

available to adequately accommodate the large lipid side chains' More recently'

associations with phosphoinositides have been demonstrated (vanhaesebroeck et al',

2000) and PH domains appear to play roles in phospholipid (eg PI3-K (Martin,

1998)), G protein coupled receptor signals and some PKC isoforms signalling

processes (Lemmon et a1.,1998; Pawson, 1995). The PH domain of human PKBiAkt

(p isoform) has high specificity for the PI3K 2nd messengers PtIns(3,4,5)P3 and

ptlns(3,4)P(2). The PH domain is responsible for the recruitment of PKB/Akt to the

plasma membrane for its activation and contribution to the PI3-K signalling cascade

(Milburn et al., 2003). Binding of the PH domain to the Ptlns messengers also

induces a conformational change in PKB/Akt, which converts it into a substrate for

activation by phopho-inositide dependent kinase I (PDKl). This conformational

change of PKB/Akt in response to its PH domain engagement of Ptlns is unique for

PH domains studied by crystallography (Milburn et a1.,2003)' The PKB/Akt PH

domain demonstrated intrinsic flexibility in the 3 variable loops (present in all PH

domains) responsible for association with Ptlns moieties (Auguin et a1., 2004)' All
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pH domain containing proteins are cloplasmic and recruitable to the plasma

membrane and the pH domain is believed to be responsible for this localisation

(Pawson, 1995).

1.6.4. PTB

Phosphotyrosine binding (PTB) domains bind phosphorylated tyrosines in the context

of a consensus target sequence of N-P-X-pY (Pawson, 1995) in an analogous fashion

to the SH2 domains. More recently, however, non N-P-X-pY target sequences have

been identified, broadening the specificity range of the PTB domain. whilst the

consensus recognition sequence is less stringent than for other modules (SH2, SH3,

PH domains), the secondary and tertiary structural arrangements of this module are

well conserved whilst generating a broad raîge of ligand specificities (Yan et al',

2002).

1.6.5. Modular Generation of Diversity

The four domain/module tlpes described above are all defined on the basis of

consensus recognition sites or structure. Surrounding Sequences always contribute to

fine tuning of the specificity/affinity of the module/domain for its target

sequence/protein. These limited numbers of consensus regions have been used in the

generation of the incredibly complex and interwoven signalling cascades of the cell'

Diversity has been imparted by both the variation of local surrounding sequences of a

protein, as well as the arrangement of multiple modules/domains within a protein'

The combinations serve to fine tune interactions in each signalling cascade to the level

necessary to adequately control responses to the many stimuli encountered by the cell
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and elicit the appropriate range of responses using very limited numbers of basic

molecular interactions

1.7. Signalling through c'Kit

As discussed in the preceding sections, dimerisation is a prerequisite for the activation

of wild type RTKs and the subsequent recruitment of cytoplasmic molecules involved

in signal transduction results in a cellular response. Following dimerisation' the

receptors become phosphorylated on selected tyrosine residues within the cytoplasmic

domain. This process is achieved by one receptor trans-phosphosphorylating the other

within the dimer (reviewed in (Heldin, 1995; Ullrich et a1., 1990)' The PDGFRp

phosphotyrosines have been mapped and the receptor contains 9 phosphorylated

tyrosine residues (Claesson-Welsh, lg94). Of these, only one is in the tyrosine kinase

domain. This residue is conserved between RTKs (Y857 of the human PDGFRP

(claesson-Welsh, 1994);Y807, Y809 of the murine and human csF-lR, respectively

(reviewed in (van der Geer et a1., 1993); Y821, Y823 in murine and human c-Kit'

respectively (Serve et a1.,1995). Specifically,Y823 of human c-Kit is located in the

activation loop of the kinase domain (Mol et a1., 2003)). Substitution of Y821 in

murine c-Kit by a phenylalanine residue impaired, but did not abolish, scF-induced

proliferation and survival of bone marrow derived mast cells (BMMC)' The

downstream events affected by this mutation at present are unclear but were

independent of PI3-K, p2lras and mitogen-activated protein kinase (MAPK)

activation and did not affect induction of the early response gene c-fos and c-jun

(Serve et a1.,1995). Similar mutations of the homologous residues in the csF-lR and

pDGFRp impair mitogenic signalling (reviewed in (claesson-We1sh, 1994; van der

Geer et a1.,1993). In arecent studybyueda et al (lJedaet a1', 2002),22 individual

24



cytoplasmic tyrosine mutations of murine c-Kit were generated to identify key

tyrosines responsible for Ca** mobilisation and migration in BaF3 cells. Y567,Y569

(uxtamembrane region) andYTIg (interkinase PI3K binding site) all affected these

cellular responses. Y567F reduced Lyn, p38 MAPK andErkll2 activation whereas

yTlgKabolished pI3-K recruitment to c-Kit. The contributions of these 2 pathways

to cell migration and ca** mobilisation were synergistic' Y900 has been

demonstrated to be a substrate for Src family kinases recruited to Y568 and Y570'

This tyrosine is also located in the kinase domain, and is responsible for the

recruitment of crkll (Lennartsson et a1., 2003). Figure 1.5, adapted from Scheijen and

Griffin, 2002 (Scheijen et a1.,2002), summarises some of the key interactions known

with c-Kit which are further elucidated in the following sections.

1.7.1. Pl3-Knase

Many groups have shown that the scF-induced phosphorylation of c-Kit results in the

binding of the p85 subunit of PI3-K in a number of different cell tpes (Blume-Jensen

et al., 1994; Lev et al., l99l; Lev et al., 1992a; Reith et al., l99I; Rottapel et a1',

l99l;Serve et al.,1994; Shearman et a1., 1993). PI3-K is a heterodimer composed of

an 85 kD sH2-containing regulatory and a 110 kD catalytic subunit; binding of p85 to

phosphorylated tyrosine activates PI3-K activity. using mutants lacking part of the

c-Kit interkinase domain Lev et al (Lev et al., 1992a) localised this as the binding

region for p85 andYTlg of murine c-Kit was shown to be the critical tyrosine residue

involved (serve et al., Igg4). The corresponding residue in the human receptor is

Y72l (Shearman et aL,I9g3). The phosphorylated tyrosine residues associated with

the binding of p85 to the human BPDGFR (Y740 and Y751) (Claesson-we1sh, 1994)

and GSF-IR (Y721) (Reedijk et al., l9g2) were determined from mutagenesis and
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phosphopeptide competition studies and are homologous to Y7I9N72l

(murine/human) of c-Kit.

Stimulation of c-Kit results in recruitment and phosphorylation of the p85 subunit of

PI3-K (Blume-Jensen et al., 1994). Mutation of Y719 in murine c-Kit abolished

pI3-K activation and diminished c-fos and c-jun induction, which correlated with the

impairment of BMMC to adhere to fibronectin in the presence of SCF' However' the

mutation had a minimal affect on cell proliferation and survival (Serve et al',1995)' In

contrast, deletion of the interkinase domain of the related CSF-IR demonstrated that

autocrine induced anchorage-independent growth of NIH3T3 cells was independent of

PI3-K association (Taylor et a1.,19S9). The mutation of the two tyrosines involved in

p85 binding to the PDGFRp did not affect mitogenic signalling nor ligand-mediated

transformation, but p85 binding to PDGFRp was required for chemotactic responses

(Heidaran et al., 1991). These data demonstrate that PI3-K is involved in the

regulation of varied cellular responses depending on the RTK (Kapeller et al'' 1994)'

In addition, PI3-K downstream signalling triggered by the same RTK can vary

depending on the cellular context. Stimulation of c-Kit expressed on SCF dependent

haemopoietic stem cell like lines activated Raf and Erk' as well as PKB/Akt in a

pI3-K dependent manner. In mature mast cells stimulated with SCF, activation of Raf

and Erk were independent of the PI3-K pathway, with PKB/Akt activation remaining

PI3-K dependent (Wandzioch et al', 2004)'

1.7.2. PhosPholiPaseC-Y1

c-Kit has also been shown to associate and weakly phosphorylate phospholipase c-yl

(plc-y1) (Blume-Jensen et a1., 1994; Lev et al., l99I; Rottapel et al', 1991)'
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Although Rottapel et al (Rottapel et a1., 1991) showed Plc-yl association with c-Kit

in murine mast cells, Koike et al, (Kolke et al., 1993) demonstrated phospholipase D

(pLD) rather than PLC-y1 association in rat mast cells. Unlike PI3-K' which was

found to associate with all members of the type III RTKs, PLC-y1 was unable to

associate with csF-lR (Downing et al., 1989a). It has been reported that PI3-K p85

subunit and PLC-y1 compete for association to their binding sites on c-Kit with the

former exhibiting higher affinity, however these proteins bind simultaneously to the

PDGFRB (Herbst et al., 1995b).

1.7.3. RAS.MAPK

The Ras MAPK pathway is activated by c-Kit and increased phosphorylation of ERK

has been shown to be correlated with c-Kit activity (Funasaka et al'' t992;Miyazawa

et a1., 1991). Grb2 is first to associate with c-Kit atY703 and Y936 and GrbT binds

Yg36 (Thommes et a1., 1999). Grb2 recruits SoS (a guanine nucleotide exchange

factor) (Bnzziet al., l9g6)which activates Ras (Duronio et al', 1992)' Activated Ras

recruits Raf (MAP Kinase Kinase Kinase) to the membrane leading to its increased

serine phosphorylation (Blume-Jensen et al.,1994, Okuda, 1992 #186; Hallek et al''

1992; Lev et al., 1991). This leads to the continuing cascade of activation of MAP

Kinase Kinase (or MEK) (Dent et al., 1998) and MAP Kinase (or ERK) (Dent et al''

1998; Funasaka et al., 1992; Garrington et al., 1999; Hallek et a1', 1992; 
'Welham et

a1.,1992). Activated ERK phosphorylates nuclear (Avruch et al', 1994; Davis' 1993;

vojtek et al., 1998) and cytoplasmic (Davis, 1993;Hazzalin et al', 1997; Sanchez et

aL,1994;Vojtek et al., 1998) proteins'
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The Ras GTPase-activating protein (GAP) (a negative regulator of the RAS MAPK

pathway) is also recruited to activated c-Kit (Duronio et al',1992; Herbst et al'' 1991)'

This weak association of GAP has been demonstrated in human embryonic kidney

fibroblast cells, 293T (Herbst et al., lggl), and haemopoietic cells (Duronio et al',

lgg2) but no association was found in mast cells (Rottapel et al', I99l)' weak

association/phosphorylation with GAP was also shown to occur with the f1k2 and

csF-l receptors (Dosil et à1., 1993; Reedijk et à1., 1992) whereas GAP

association/phosphorylation with the PDGFR was very strong (Kaplan et al'' 1990) '

1.7.4. Protein Kinase C

Serine phosphorylation is also induced by SCF stimulation of c-Kit' In contrast to

tyrosine phosphorylation, which increases the kinase activity of the receptor' serine

phosphorylation induced by protein kinase c (PKC) acts as a negative regulator of

tyrosine autophosphorylation but does not affect ligand binding affinity (Blume-

Jensen et al., lgg4). s741 and 5746 (located in the interkinase domain), S821 (close

to the major autophosphorylation site - Y823) and 5959 (in the carboxyl terminus)

have been identified as serine phosphorylation sites in human c-Kit (Blume-Jensen et

a1., 1995). PKC activation by c-Kit was shown to be required for SCF induced cell

motility (chemotaxis/migration) but not proliferation (Blume-Jensen et al',1993)' The

EGFR is also negatively regulated by PKC induced phosphorylation of serine and

threonine residues inhibiting both kinase activity and ligand binding affinity (Lin et

al., 1986).
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1.7.5. Src FamilY Kinases

src family kinases Lyn and Fyn have been shown to associate with Y568 and Y570 of

human c-Kit (Y567 andY569 in murine c-Kit) (Linnekin et a1', 1997; Timokhina et

al., 1998). These investigators have shown that the src family kinases are essential

for SCF mediated proliferation. Inhibition of Src family kinases is effected by

phosphorylation of their c-terminal tyrosine (Avraham et aI., 1995) by c-terminal src

Kinase Homologous Kinase (cHK) or Megakaryocyte-associated Tyrosine Kinase

(MATK) (Jhun et a1., 1995). cHK interacts through Y568 and Y570 as well' This

poses the question as to which molecule binds c-Kit directly - cHK or Lyn/Fyn? one

or other may be performing an "adaptor" function or be acting as a scaffold (Jhun et

a1.,1995; Price et al,1997a)'

1.7.6. Other

SCF induces phosphorylation of a number of other substrates in a variety of cell

backgrounds. These include: Tec kinase in M07e cells (Tang et al', 1994), p95vav in

M07e and TF-l cells (Alai et al., lgg2), Grb2iSem-5 (Blume-Jensen et a1', I994)',

phosphotyrosine phosphatase in melanocytes (Funasaka et ã1., 1992) and the

haemopoietic phosphatase (HCP) in haemopoietic cells (Yi et a1.,1993). Stimulation

of c-Kit also transiently associates with and activates Jak2 (a Janus kinase) and also

activates Statl (Deberry et a1.,1997; Linnekin, 1999)'

The diversity of pathways recruited to c-Kit in part explains the diversity of biological

responses generated from c-Kit including: cell survival (Bendall et a1.,1998; Colucci
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et al., 2000; Ricotti et al., 1998); proliferation (colucci et al., 2000; Ikeda et al'' 1993;

Tsai et a1., 1991b); differentiation (Ferrao et al., 1997;Ricotti et a1', 1998; Tsai et a1''

l99la);adhesion (Kinashi et al.,1994; Levesque et al-,1995; Simmons et al', 1994b"

Yuan et al., 1997); and chemotaxis (Blume-Jensen et al., 1993; Meininger et al''

re92).

It is clear that c-Kit demonstrates a broad range of signalling partners, some of which

have been outlined in the previous sections. The responses induced by c-Kit upon

SCF stimulation may potentially be influenced by any number of the following: a)

the set of signalling molecules present or absent within a particular cellular

background; b) the degree of stimulation by varying SCF concentrations or tlpe

(membrane vs soluble); c) the level of the receptor expressed at the cell surface; d) the

duration of activation of certain signal molecules or; e) the combination of other

receptors present in the cell which may synergise or antagonise pathways triggered by

c-Kit signalling. It is interesting to note that since SCF exists as both a soluble and

membrane-bound ligand, the binding of c-Kit to membrane-bound scF may prevent

c-Kit/SCF internalisation. This was shown to be the case by Miyazawa et al'

Membrane-bound scF was able to prolong the life span of c-Kit and induce more

persistent tyrosine kinase activation in comparison to soluble scF (Miyazawa et al,

l9g4),which may explain the biological differences seen between the SCF forms'

Downmodulation of c-Kit expression/activation1.8.

There are numerous mechanisms employed to ensure tight control/down modulation

of c-Kit signalling. Following ligand binding it has been shown that the receptor-

ligand complexes are endocytosed via clathrin coated pits. The receptor is then either
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recycled to the cell surface, targeted to lysosomes where it is degraded' or degraded

by proteosome dependent pathways following polyubiquitination. Internalisation of

the receptor-ligand complex can be seen as a \ilay of reducing the life span of the

receptor and thereby downmodulating ligand-induced activation of the receptor'

Downmodulation of c-Kit induced by SCF stimulation has been reported by several

groups and has been found to be the result of number of different, but not mutually

exclusive, mechanisms described below'

1.8.1. PKC

The binding of soluble scF to c-Kit has been shown to induce c-Kit/scF complex

internalisation in mast cells and the megakaryocytic cell line, M07e (Adachi et a1',

1995;Miyazawaet al., 1994;Yee et a1., 1993) resulting in reduced levels of c-Kit on

the cell surface. Internalisation could also be induced by phorbol 12-myristate 13-

acetate (PMA), a PKC activator, with a concomitant decrease in c-Kit RNA

expression (Adachi et a1.,I99l;Ogawa et al., 1995). Asano et al, (Asano et a1'' 1993)

demonstrated that decreased c-Kit mRNA expression in a human erythroleukaemía

cell line, HEL, upon 12-0-tetradecanoylphorbal-13-acetate (TPA) stimulation' was a

result of post-transcriptional mechanisms involving induction of a RNA destabilising

protein. PKC has also been shown to downregulate the SCF-induced activation of

c-Kit by inhibiting tyrosine autophosphorylation and the phosphorylation of the

associated PI3-K subunit p85 (Blume-Jensen et aI.,L994;Blume-Jensen et al'' 1993)'
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1.8.2. Extracellulardomainshedding

c-Kit can also be downmodulated by the shedding of the extracellular domain (100

kD) from the cell surface. This latter mechanism is induced by PKC dependent and

independent pathways (Adachi et al., I995;Bnzzi et al', 1994; Yee et al', 1993) and it

is independent of kinase activity which is in agteement with results obtained with

csF-lR (Downing et a1.,1989b; Yee et al! 1994a). Src family kinases are also

implicated in c-Kit internalisation as PPl (an inhibitor or src) prevented Src induced

c-Kit internalisation (Broudy et a1.,1999). It should be noted, however, that PPl has

since been shown to directly inhibit c-Kit and Bcr-Abl (Tatton et a1', 2003), casting

doubt on these findings'

1.8.3. Ubiquitination

Internalisation and degradation of the c-Kit/SCF complex has been shown to be

reduced in kinase defective c-Kit and receptor ubiquitination was shown to be

dependent on kinase activity (Miyazawa et aI., 1994; Yee et al', 1994a)' Similar

observations have been made with the csF-l and PDGF receptors (carlberg et al''

I99l;Mori et a1.,I992;Mori et a1.,1993)' For c-Kit to be internalised and degraded'

the receptor is first ubiquitinated on Lysine residues' Ubiquitin (Ub) is a commonly

used 'tag' to identify proteins for destruction by the proteosome or lysosomal

pathways (Hicke, lggg). upon SCF stimulation, c-Kit is rapidly ubiquitinated' as

seen by increased molecular weight on SDS-Poly Acrylamide Electrophoresis (sDs-

PAGE) analysis and this is dependent on a functional kinase domain in c-Kit

(Miyazawaet al., Ig94). One potential candidate ub ligase for c-Kit is c-cbl' upon

32



stimulation of c-Kit with scF, c-cbl is phosphorylated and associated with c-Kit

(Bnzziet a1., 1996). c-Cbl is an E3 Ub protein ligase (capable of conjugating IJb to

targetproteins) (de Melker et a1., 2001; Ettenberg et a1.,2001; Sanjay et al',2001)'

The adaptor protein APS recruits c-cbl to the Insulin Receptor, PDGF Receptor p'

Epo Receptor and Y568 of c-Kit (wollberg et a1., 2003). c-cbl is also responsible

for the downregulation via polyubiquitination of the RTK Ron, the receptor for

macrophage stimulating protein (Penengo et a1', 2003)'

The mode of ubiquitination, until recent times, was presumed to be polyubiquitination

(addition of polyubiquitin chains to the target protein), and this mode is known to

target the tagged protein for degradation by the proteosome (Katz et al'' 2002;

Mosesson et a1.,2003). In a recent study of EGF receptor, monoubiquitination of

EGFR, mediated by c-cbl, led to receptor endocytosis and lysosomal degradation in a

mechanism distinct from the proteosome dependent polyubiquitination process

(Mosesson et al., 2003). The importance of this mechanism of down regulation of

RTKs was evident when Y1045 of EGFR (docking site of c-Cbl) was mutated'

resulting in an enhanced mitogenic response. ubiquitination of this mutant EGFR

was still possible via indirect recruitment of c-Cbl by Grb2 (Waterman et al'' 2002)'

The c-cbl molecule could be evaluated for its role in c-Kit regulation using the model

system developed in this thesis in Chapter 4'

1.8.4. PhosPhatases

Phosphatases also have an obvious role in downmodulation of c-Kit function'

removing phosphates from target proteins that have been added by the activated

kinases in the signalling cascade, as well as phosphotyrosines on the activated
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receptor itself. Phosphatase activity is regulated in an analogous fashion to kinases

(Hunter, 1995). For example, SHP-I (a phosphatase highly expressed in

haemopoietic cells) associates with c-Kit upon scF stimulation (Yi et a1', 1993)'

Mutation of Y569 (murine c-Kit) abolishes the association of sHP-1, and results in

hlperproliferation in response to SCF (Kozlowski et al'' 1993)' Studies by Lotenz et

al in the murine system clearly showed a cell type specific modulation of c-Kit by

sHP-l. In this study, mice heterozygous for a kinase defective c-I1t (Wvl*) were

crossed with mice heterczygous for a null allele of motheaten (SHPI) - (mel+)'

These 2 mutations were shown to complement each other and reverse the phenotypes

of the parent strains for haemopoietic progenitor cells, but not mature mast cells

(Lorenz et aL,1996). These findings were confirmed in the studies of Paulson e/ a/

(Paulson et a1., 1996). Another phosphotyrosine phosphatase, S1p, also associates

with activated c-Kit and may play a role in the downstream signalling cascade

initiated by c-Kit (Tauchi et a1', 1994)'

1.8.5. Others

Downregulation of c-Kit mRNA can also be induced by several cytokines such as IL-

3 and GM-CSF in murine bone marrow derived mast cells (Welham et a1'' l99l)'IL-4

in the human mast cell line, HMC-1, and AML cells (Sillaber et al., 1991),

transforming growth factor-B (TGF-Þ) in cD34+ cells (Sansilvestri et al',1995) and

erythroid differentiation factor/activin A in murine erythroleukaemia cells (Hino et

al.,1995)
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1.9. Mechanisms inducing signalling diversity by the RTK

1.9.1. c'Kit lsoforms

Human c-Kit exists in 4 isoforms, produced by differential splicing at two sites in the

human c-Kit gene. The first site is an alternate splice sequence at the 3' end of exon 9

(encoding the extracellular domain adjacent to the membrane) (Giebel et al'' 1992;

Hayashi et a1., 1991.; Vandenbark et al., Igg2). This altemate splice results in the

presence/absence of 12bp in the mRNA encoding glycine-asparagine-asparagine-

lysine (GNNK). These will be referred to throughout the thesis as GNNK+ and

GNNK-. The second site of alternate splicing is atthe 3' end of exon 15 (Crosier et

a|., |993), resulting in the presence/absence of 3 bp (encoding a serine in the

interkinase domain). This will be referred to as S* and s- throughout the thesis' In

murine c-Kit, the alternate acceptor site does not exist (Qiu et a1', 1988)' and all

mRNA encode the s- form (crosier et al., 1993). Figure 1.6 indicates the location of

the2 altemate splice sites in human c-Kit'

These isoforms are co-expressed in many tissues, but limited quantitative analysis as

to the actual distribution of each isoform has been performed' In bone malrow'

melanocles and haemopoietic tumour cell lines, GNNK- appears to dominate

(crosier et a1., 1993; Giebel et al., 1992; Piao et al., 1994). S+ also appears to be

predominant (crosier et a1., 1993). Murine placenta and mast cells also appear to

express more of the GNNK- isoform (Reith et a1', 1991)'

Differential cellular responses of the isoforms of c-Kit have been previously evaluated

(caruana et al., ßgg). In this study, c-Kit isofonns ìwere introduced into NIH3T3
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cells. GNNK-S+ c-Kit was potently transforming and induced focus formation'

anchorage independent growth (colony formation) and tumourigenicity in nude mice

- all the conventional hallmarks of transformation in the NIH3T3 model' GNNK+S+

was very poor at induction of focus formation and tumourigenicity' but induced

anchorage independent growth. GNNK+S- could only induce focus formation' These

observations demonstrated that the classical readouts for transforming potential were

not uniform indicators. These anomalies required detailed biochemical analysis of

c-Kit isoform signalling in order to correlate various components of the signal

transduction pathway with the phenomena described' This was a primary aim of the

studies for this PhD Thesis.

1.9.2. Heterodimerisation

Heterodimerisation of mutant receptors or ligand subunits has provided evidence of

how RTK function to transmit their signal. The heterodimerisation of kinase-defective

receptor subunits with wild type receptor molecules have disptayed dominant-

negative effects similar to the underlying mechanism of mutant c-Kit in the

heterozygous w mutant mice (chabot et al., 1988; Reith et al', 1990)' This shows the

importance of dimerisation as a prerequisite for the induction of transphosphorylation

and subsequent association and activation of signalling molecules' The PDGF ligands'

like other ligands binding to type III RTK, exists as a dimer' Heterodimerisation of a

mutant and wild type PDGF ligand substantially reduced the affînity of the

heterodimer for its receptor, supporting the theory that the bivalency of the ligand is

important for stable dimerisation of the receptor and to produce high affinity ligand

binding (Vassbotn et al', 1993)'
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Heterodimerisation can also increase the repertoire of signalling pathways a receptor

complex can activate. Heterodimerisation between two different ligand isoform

monomer subunits (for example PDGF-A and B) or two functional receptors

belonging to the same family (for example members of the ErbB family) can occur'

resulting in an increase in signal diversity. PDGF exists as three different isoforms'

which are made up of disulphide bonded homo- and heterodimers, composed of A and

B polypepride chains (PDGF-AA, PDGF-AB and PDGF-BB). The PDGF isoforms

exert their biorogicar effects by binding with different affinities to two distinct cell

surface receptors. PDGFRa binds all three isoforms with high affinity whereas the

pDGFRp only binds PDGF-BB with high affinity and PDGF-AB with lower affinity'

PDGFRcT and p are able to activate unique and common signalling pathways' The

subsequent biological outcome depends on the combination and level of expression of

the different PDGF isoforms atdlor PDGFR expressed within the cell (reviewed by

Betsholtz (Betsholtz et al., 2001). This can explain how one receptor is able to

provide a diverse range of functions within different cell types (claesson-welsh'

1994;Heldin, 1995; Lemmon et al',1994)'

The increase in recruitment of signa[ing molecures that can associate with receptor

complexes has also been shown through the ErbB family (RTK I), in which different

receptors belonging to this group are able to heterodimerise. In addition, their ligands

display the ability to cross-bind with other receptors belonging to this family' overall

providing a model of trans-regulation. The ErbB family consists of ErbBl (EGFR),

ErbB2 (HER-2/nÐ, ErbB3 (HER-3) and ErbB4 (HER-4) (Lemmon et a1'' 1994)'

EGFR was able to bind several ligands including EGF, TGF-c, amphiregulin,
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heparin-binding EGF and betacellulin. The ligand for ErbB3 and 4 was neu

differentiation factor (NDF) or the human equivalent, heregulin, which has 10

isoforms produced by alternative splicing that bind with different affinities to their

receptors (wen et a1., I9g4).It was shown that the ErbBl is able to heterodimerise

with the ErbB}receptor and that this was induced by EGF binding to ErbBl as EGF

does not bind to ErbB2receptor. This heterodimerisation induces phosphorylation of

the ErbB2 receptor by transphosphorylation (Goldman et a1'' 1990; Wada et a1''

1990). Heterodimerisation has also been shown to occur between ErbBl or ErbB2

with ErbB3 or ErbB4 due to the binding of NDF to the latter two receptors, since it

does not bind to ErbBl or ErbB2 (Heldin, 1995; Lemmon et al., 1994). The binding

affinity of EGF to a NDF occupied heterodimer is reduced therefore

heterodimerisation can favour the binding of one ligand over another and this may

avoid excessive or even opposing growth regulatory signals'

If both receptor molecules within the heterodimer are able to associate with different

SH2 signalling molecules, this will increase the diversity of the response' This is

indeed the case with the PDGFRa and B, which not only associate and activate both

coÍtmon and unique molecules as homodimers but upon heterodimerisation

autophosphorylate different tyrosine residues within the receptor complex enabling

the association with a another set of SH2 containing proteins (Heldin,1995; Lemmon

et al., lgg4). similarly the EGFR is able to associate with other SH2 containing

proteins when complexed with other members of the RTK I family' The ErbB3

receptor introduces another peculiarity as it has an impaired tyrosine kinase activity

but nevertheless possesses several putative consensus sequences for the binding of the

p85 subunit of PI3-K, unlike the other three members of this family'
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Heterodimerisation of ErbB3 with other members of the RTK I receptor would then

enable coupling to PI3-K (Carraway et al,1995)'

Several isoforms of c-Kit also exist, however it has not yet been shown whether these

isoforms are able to heterodimerise. It is possible that heterodimerisation may be able

to alter the biochemical events achieved upon c-Kit activation or trans-regulate SCF-

dependent andlor -independent responses in a similar fashion to those achieved by

other RTK described in this section'

1.9.3. RecePtor levels

Receptor densities have been shown to determine the biological response of a cell by

influencing the signalling events that follow ligand-stimulation. EGF stimulation of

several carcinoma and transfectant cell lines expressing high levels of the EGFR

results in the inhibition of proliferation, in contrast to cells expressing lower receptor

levels (Kawamoto et a1., 1984; Lupu et a1.,1990; Riedel et al',1987)' Inhibition of

proliferation was associated with an increase in tyrosine kinase activity of the EGFR

(Kawamoto et al., 1934). This phenomenon may be explained by data demonstrating

that overexpression of the EGF or insulin receptors in the phaeochromocytoma PClz

cells results in sustained activation of MAPK, which is associated with the

differentiation of the cells. Low receptor levels on the other hand result in transient

activation of MAPK leading to a proliferative cellular response (Dikic et a1', 1994;

Marshall, 1995; Traverse et a1., lg94). These studies also revealed that EGF

stimulation of cells overexpressing EGFR inhibited proliferation analogous to the

results of Kawam oto et al (Kawamoto et al., 1984) described above'
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The amplitude or duration of the signal generated as a consequence of receptor

density may also result in the activation/association of other signalling molecules that

interact with the receptor with low affinity' For example the association of the EGFR

with PLC-TI required the presence of high receptor levels (Margolis et al'' 1989;

wahl et a1.,198S). This may result in a different cellular response due to the induction

of new signalling pathways. The strength of the signal generated may also be the

underlying mechanism involved in the induction of transformation by many RTK

when expressed at high levels. It is possible that different cellular responses generated

from the same receptor can also be achieved by variation in the concentration of

ligand available for binding (Kawamoto et al., 1984). Thus, variations in receptor

and/or ligand concentrations may alter the duration or strength of the signal andlor

induce the interaction with different signalling molecules. It has been demonstrated

that higher concentrations of SCF are required for the proliferation of mast cells than

for maintaining their survival (Yee et a1., 1994b) and that lower levels are required for

cell adhesion than for proliferation (Kinashi et a1.,1994).

The level of surface expression of c-Kit is regulated during haemopoiesis' It is

possible that similar mechanisms to those described above may determìne the

biological response (for example cell survival, proliferation, chemotaxis' adhesion or

differentiation) upon SCF stimulation. w mutations resulting in reduced levels of

functional c-Kit (eg. '#*, 'W04, Ws7 and W¿; have aheady implied that c-Kit densities

may differentially affect certain attributes of these mutant mice'

It has been shown in several systems (as referenced in this section) that the level of

receptor expression influences the ability of that receptor to transform target cells' In
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NIH3T3 murine fibroblast cells, overexpression of the normal c-Kit or EGF receptor

transforms the cells. At physiological levels these receptors are not transforming,

supporting the hypothesis that the biological outcomes of receptor signalling changes

as the "level" of signal changes. This is likely explained by the fact that these

receptors interact with a variety of downstream effectors, all with different affinities

and therefore different thresholds of activation. Changing the intensity or duration of

a stimulus will most likely modify which cascades are triggered and for how long (as

demonstrated in the Pclzmodel of differentiation (Dikic et a1., t994; Traverse et al',

ree4).

1.10. Aims

The aim of this project was to investigate the signalling initiated through the RTK

c-Kit, and to correlate the results with the biological outcomes (proliferation/

differentiatior/ survival/ transformation). Firstly, two distinct isoforms of the receptor

(GNNK+S* and GNNK-S+) were chosen for analysis and both qualitative and

quantitative differences between the isoforms were to be determined' Care was taken

at all times to control the level of c-Kit expressed in the cell lines to eliminate

variations in biological responses attributable to receptor levels as discussed in 1'9'3'

A second aim was to develop a more sophisticated murine haemopoietic cell model

for the expression/analysis of c-Kit' To control c-Kit expression' a chimaeric c-Kit

was constructed containing the human extracellular domain and murine

transmembrane and intracellular domains. It was hypothesised that the background,

ligand-independent signalling observed in previous studies using human c-Kit in
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murine cells could be due to a loss of control of c-Kit by the host cell as a result of

subtle sequence differences between the species. Use of this chimaeric receptor

places the "correct" species receptor in the host cell, and also allows stimulation of the

chimaeric c-Kit without interference from any endogenous murine c-Kit' as only the

chimaeric molecule can be stimulated with exogenous human scF - refer section l'4'

Il1 addition to generating chimaeric c-Kit, a murine factor dependent early

haemopoietic cell line model was modified and developed to allow the introduction

and functional analysis of the chimaeric c-Kit in a physiologically relevant cell line'

This model allowed investigation of several biological outcomes in the same cell

(survival, proliferation and differentiation), and lends itself to exploiting gene

knockout technology, creating new lines identical to WT but missing one component

of the sigUalling cascade. In particular, the Src family kinase Lyr was investigated'

A third aim of the work was to elucidate the expression patterns of these GNNK+/-

isoforms of c-Kit in various subsets of haemopoietic cells. Subsets of CD34 positive

haemopoietic cells were analysed to determine the relative expression levels of each

isoform. This will serve to further the understanding of the relevance of the various

c-Kit isoforms in haemopoiesis. In addition, a series of peripheral blood stem cell

apheresis specimens from poor vs good mobilisation groups were analysed' c-Kit

downmodulation is commonly observed in mobilised stem cells (To et al, 2003) and

it was of value to determine if isoform expression pattems played a role in the

mobilisation phenomena. This was measufed at the mRNA and protein levels to help

determinehowc-Kitisdownregulatedinmobilisation.
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2 Materials and Methods

2.1. Tissue Gulture

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 fuither purified by passing through two beds of ion exchange resins' a carbon

filter and an organic filter using a Milli-Q system (Millipore corporation)'

2.1.1. IÍssue Culture Media and Solutions

Dulbecco's Modified Eagle's Medium (DMEM) rwas prepared by mixing one sachet

of DMEM powder (GibcoBRL, Rockville, MD, Cat. No. 12800-017) and 3'7 g

NaHCO¡ (BDH, USA, Cat. No. 10247) in 900 ml of Milli-Q water' To the solution',

N-2-Hydroxyethylpip erazíne N'-2-ethanesulphonic acid (HEPES) pH 7 '2

(Boehringer-Mannheim, Australia, cat. No. 737151) was added from sterile stock

solutions to a final concentration of 15 mM. Likewise, penicillin (Sigma' St Louis'

MO, Cat. No. P3032) and streptomycin sulphate (sigma, cat. No' 59137) was added

to final concentrations of 50IU/ml and 50 ¡tglmlrespectively. The pH of the solution

was adjust edto 7 by the addition of 4 ml 1 M hydrochloric acid (Hcl) and the volume

adjusted to 1 L with Milli-Q water. The medium was filter sterilised using an

AcrocaprM 0.22 ¡tmfilter unit (Gelman Sciences, Ann Arbor, MI, Cat' No' 4480) and

a Millipore pump with a frlling bell (Millipore, cat. No. SVGB1010) and stored at

40c. Prior to use, media was supplemented with 10-200/o loetal calf serum (FCS)

(CSL, Parkville, Victoria, Australia) which had previously been heat inactivated at
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56'C 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 mM' As an alternative'

DMEM with pyruvate and high glucose, but without glutamine (JRH Biosciences'

Lenexa, KS, Cat. No. 45042301) was supplemented with 15 mM HEPES (JRH

Biosciences, Cat. No. 44811901), 50 U/ml penicillin, 50 pglml streptomycin sulphate

(JRH Biosciences, cat. No. 05081901) and 200 mM glutamine (JRH Biosciences', KS'

Cat. No. 44831901).

Iscove,s Modified Dulbecco's Medium (IMDM) was prepared by adding one sachet

of IMDM powder (GibcoBRL, Cat. No. 12200-036) and2 g of NaHCO¡ in 900 ml of

Milli-Q water. As with DMEM, sterile stock solutions of HEPES, penicillin and

streptomycin sulphate were added as above and filter sterilised as previously

indicated. The pH was adjust ed to I '4 with 2'5 ml of 1 M HCI and the volume made

to 1L.

RPMI 1640 medium was prepared the same way as for IMDM using RPMI 1640

powder (GibcoBRL, 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 penicillin, streptomycin sulphate, DEAE-Dextran

(Pharmacia, Sweden, cat. No. 17-0350-01) were added to give a final concentrations

of 100 IU/ml, 100 pglml and 0.19 mg/ml respectively. 5.9 ¡r1 p-mercaptoethanol was

also added. Medium was filter sterilised and stored up to 6 months at 4"C'
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Hank,s balanced salt solution (HBSS) contained 0.14 M NaCl, 5 mM KCl, 0'3 mM

Na2HPo4, 0.4 mM KHzPo¿, 4.2 mMNaHCo¡, 5.5 mM glucose, 1% Phenol Red (in

0.1 M NaOH) in Milli-Q water, with a final pH or7.4. The solution was sterilised by

autoclaving at l2l"c for 20 minutes and stored aL 4"c' An alternative HBSS without

calcium, magnesium, with phenol red (JRH Biosciences, cat' No' 55021-500M) was

also used.

Tissue culture grade phosphate buffered saline (TC-PBS) contained 0'14 M NaCl, 3

mM KCl, 8 mM NazHPO¿ and 1 mM KH2PO¿ in sterile tissue culture grade Milli-Q

,ù/ater, with a final pH or 7.4. solution was sterilised by autoclaving and stored at

4"C. A sterile 10x stock of PBS without calcium and magnesium (JRH Biosciences'

cat. No. 45312301) diluted in Milli-Q water, sterilised by autoclaving and stored at

4oC was also used.

A solution used for removing adherent cells from the base of tissue culture flasks and

dishes consisted oT 0.0540/owv trypsin and 0.54 mM ethylenediaminetetra-acetic acid

(EDTA) in HBSS. once dissolved, the solution was filtered through a low protein

binding 0.22 ¡tmfrlter (Millipore, cat. No. SLGVO25LS). To prevent inactivation of

the trypsin, the solution was stored at _20oC. Also used was 0'5% trlpsin with 0'02o/o

EDTA (JRH Biosciences, Cat' No' 44732301)'

semi-solid medium containing methylcellulose was used for colony growth' To

sterilise methylcellulose, 8.1 g of A4M premium grade 400 centipose powder (DOW

chemical company, Midland, MI), was added to a 500 ml bottle with a tissue culture

flea and autoclaved at 12I"C for 15 minutes' when cool,270 ml 0f sterile single
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strength IMDM 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 dissolving}} g BSA (Sigma' cat'

No. 2153) in 88.4 ml Milli-Q water in a conical flask at 4oc overnight. Duolite mixed

resin beads (BDH, cat. No. 55057) were used to deionise the BSA solution al 4"C'

This involved the addition of 4 gof beads to the BSA solution, with mixing every 15

minutes for about 2 hrs or until beads became yellow. The solution was decanted into

a fresh conical flask to remove expired beads. The process was repeated twice or

until the beads did not change to yellow after incubation for 2 hrs' The BSA solution

was decanted and an equal volume of double-strength IMDM was added' and the

solution filter sterilised. Aliquots were stored at -20oC if not used immediately, with

a small aliquot collected to check for sterility. To the dissolved methylcellulose, 60

ml of the BSA solution and 1g0 ml 0f FCS was added and left to stir for a further 4

hrs. 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 were defined such that 50 units results in 50Yo of the maximal number

of colonies in soft agar cultures containing 5x10a murine bone marrow cells' Purified

recombinant human SCF (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 sourced from Dr A Hapel' John Curtin

School of Medicine, ANU. Recombinant murine interleukin-3 (muIL-3) (7'5x105
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u/ml) synthesised by insect cells infected with a recombinant baculovirus vector from

Dr A Hapel. Recombinant murine colony stimulating factor -1 (CSF-l) (5000 u/ml)

synthesised by insect cells infected with a recombinant baculovirus vector was

provided by Elizabeth MacMillan (IMVS). The culture supernatant for all cytokines

produced by baculovirus \ilere extensively dialysed into senrm free DMEM'

conditioned medium containing either recombinant human GM-CSF or IL-3 was

obtained from cultured cHo cells transfected with the respective expression plasmids'

kindly provided by Professor Angel Lopez (IMVS)'

2.2, Gulture Maintenance of Gells

Tissue culture work was performed in class II Biosafety cabinets, using reagents

prewarmed to 37"c in a water bath. cell cultures were incubated in a humidified

atmosphere containing 5% co2 in air at 37"C. Cell density and viability was

determined using a haemoclometer with an aliquot diluted I:2 in 0'8o/o wlv trypan

blue (in saline). cell cultures were maintained for approximately three to six weeks

beforeinitiatingnewculturesfromcryopreservedstocks.

2.2.1. Psi 2 cell líne maintenance

The murine ecotropic retrovirus packaging cell line Psi 2 (Mann et al', 1983) was

obtained from professor Tom Gonda (IMVS) and was used for production of

ecotropic retrovirus for transduction of murine target cells' Cells were maintained as

sub-confluent monolayers in DMEM containing 10% FCS. Cultures that were

approximat ely 70o/o 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 trlpsin diluted Il2 inHBSS. After incubation, cells were dislodged by
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repeated aspiration, and trypsin activity was stopped by the addition FCS diluted in

DMEM to l0o/o. Cells were then seeded into new flasks at appropriate densities'

2.2.2. FDC-P1 cell line maintenance

The non-adherent factor dependent cell line FDC-PI (Dexter et al'' 1980)' also

obtained from Professor Tom Gonda (IMVS) was maintained in DMEM containing

10% FCS supplemented with 62.5 tJlmlbaculovirus derived muGM-CSF' Cells were

maintained at densities between 5x104/ml to 1x106/m1 and were sub-cultured every 2-

3 days.

2.2.3. N[H3T3 cell line maintenance

Low passage NIH3T3 cells obtained from ATCC were maintained identically to Psi2

cells as described in section 2.2.1 . Passage numbers were fecorded at all stages. For

NIH3T3 cells expressing human c-Kit constructs, multiple ampoules of a working

stock culture were cryopreserved, and fresh cultures were initiated from this stock for

each experiment to eliminate genetic drift and replicate the non transformed

phenotype of the low passage NIH3T3 clones at the commencement of each

experiment.

2.2.4. MaintenanceofMybtmmortatisedHaemopoieticCell

(MIHC) lines

Non-adherent murine MIHC were created by transducing day 14 foetal livers with

pRIJF containing an actívate-d form of cMyb cDNA (pRUF CT3-Myb) (Gonda et al''

19S9b). MIHC were selected for long term muGM-CSF/muIL-3 dependent growth'

These cells were cultured in DMEM supplemented with 20o/o roeâl calf serum with
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250 lJlmlbaculovirus derived muGM-CSF alone or further supplemented with 50

U/ml muIL-3. Cells were maintained at densities between 1x105/ml to 1x106/ml and

were sub-cultured every 2-3 daYs'

2.2.5. Maintenance of MOTe

The factor dependent human megakaryocytic leukaemic cell line, MOTe (Avanzi et

a1., 1988; Miniero et a1.,1937) was obtained from Dr. P' Ctoziet (Department of

Molecular Medicine, school of Medicine, IJniversity of Auckland, Auckland' New

Zealatd). Cells were maintained between 1x105/ml to 1x106/ml in DMEM with 10%

FCS supplemented with conditioned medium from cHo cells transfected with either

human GM-CSF or human IL-3 oDNA'

2.2.6. CryoPreseruation of Cells

Cells were cryopreserved in the presence of 10% dimethylsulphoxide (DMSO) as

cryoprotectant to prevent fracturing of the cellular membrane. Cells in mid-log phase

were passaged as above and resuspended in the appropriate growth medium to

approximately 1x107/m1. Immediately prior ß freezing, an equal volume of "freezing

mix,, (30o/o FCS, 20% analytical grade DMSO (BDH, Cat. No. 10323) and 50o/o

RPMI-1640) was added dropwise to the cells. 1 ml aliquots of the cell suspension

was dispensed into cryotubes (Nunc, Denmark, cat. No. 3-66656) which were frozen

at a controlled rate in an ultracold rreezet (-70'c) ovemight (wrapped ampoules in

cotton wool). The next day, vials were hansferred to liquid nitrogen storage vessels (-

196"C).
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2.2.7. Thawing of Cryopreserued Cells

cryotubes removed from liquid nitrogen were snap thawed in a37"C water bath' The

contents were transferred to a 10ml centrifuge tube and 4ml growth medium was

added dropwise while shaking the tube. The tube was left for 3 minutes and 3ml

medium was added dropwise prior to centrifugin g (200 g for 5 minutes at 25'C)' The

supernatant was removed and cells were seeded into the appropriate growth medium'

2.2.8. Cytotogy, Cytochemistry and Histology

cytocentrifuge smears containing 5x10a cells were prepared from cultured cells'

Cells were harvested, centrifuged at 200 g and resuspended in 100% filtered FCS'

Aliquots of 75 ¡rl were cytocentrifuged aI28 gat room temperature for 5 minutes onto

ethanol cleaned glass microscope slides in a cytospin 3 (shandon scientific'

Cheshire, England). Cell smears were allowed to air dry before being stored at 4oC in

air tight slide boxes containing dessicant (silica gel (Ajax chemicals, Australia, cat'

No.3681).

2.2.g. Morphotogicalcharacterisationofcells

To observe general cellular morphology, cytocentrifuge smears were stained with

Wright-Giemsa through the automated system of the Division of Clinical Pathology'

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 (see 2'9'1)
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2.2.10. Phenotypic characterisation of celts - esferase staining

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 chloroacetate esterase' The method

used to detect these lineage specific enzymes was adapted from a technique described

by (Yam et al (Yamet a1., l97I). Cytocentrifuged cell smears were fixed in ice cold

esterase fixative (see 2.9.1) for 30 seconds upright 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 2.9'1). The slides were washed as above and stained

for t hour at room temperature in a freshly made 'chloroacetate' esterase substrate

solution (see 2.9.1). slides were washed as above and counterstained in DakorM

methyl gfeen solution (Dako, carpinteria, cA' Cat. No. s1962) in 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 (see

2.g.D. Cells expressing 'non-specific' (a-naphthyl acetate) esterase were detected by

a red-brown colouring and those expressing 'chloroacetate' (naphthol-AS-D-

chloroacetate) esterase by a blue colouring'
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2.3. lmmunoassays

2.3.1. Antibodies

Name Tvpe Source Reference

1DC3 IgGl Mab Human c-Kit Prof LK Ashman, IMVS (Aylett et al.,
1

185 IgGl Mab Giardia (neg control) Prof G Mayrhofer, DePt of
Molecular Biosciences,
University of Adelaide,

Australia.

ACK2 Rat Mab Murine c-Kit GibcoBRL (Ogawa et al.,
1e91)

F4l80 RatMab Mature murine
macrophages

Dr A Hapel, John Curtin
School of Medical

Research, Canberra,
Australia

(Austyn et a1.,

1e81)

biotinylated
RB6 8C5

Rat Mab GR-l to detect mature
neutroPhils

Dr. I. Bertoncello, Peter

MacCallum Institute,
Melbourne

(Conlan et al.,
tee4)

M1/70 Rat Mab MAC-I to detect
monocYtes

Dr. l. Bertoncello, Peter

MacCallum Institute,
Melbourne

(Springer et al.,
r979)

30H12 RatMab Thyl from Dr. I. Kotlarski,
University of Adelaide,

Australia

(Ledbetter et al.,
te7e)

Anti-
mMCP-5

Rabbit Ab mwine mast cell
protease-5 (mMCP-5)

Dr. Patrick McNeil,
University of New South

w

(McNeil et al.,
t9e2)

Anti
Phospho
MAPK

Rabbit Ab Phospho MAPK (Erk 1

and2)
New England Biolabs

Anti
MAPK

Rabbit Ab MAPK (Erk I and 2) New England Biolabs

Anti
Phospho

AKT

Rabbit Ab Phospho AKT (Thr 308) New England Biolabs

AntAkt Rabbit Ab AKT New Biolabs

1C1 Murine
Mab

Human c-Kit Dr H-J Buhring,
Univeristy of Tubingen,

(Butuing et al.,
19es)

AntiUb Murine
Mab

IJbiquitin Zymed Laboratories Cat

No. 13-1600

4Gl0 Murine
Mab

Phosphotyrosine Upstate BiotechnologY Cat

No.05-321X

PY20 Murine
Mab

Phosphotyrosine Transduction Laboratories

Anti PI3-K
p85

RabbitAb P85 subunit of PI3-K Upstate BiotechnologY Cat

No.06-195

Kit4 Murine
Mab

Human c-Kit Ashman Laboratory

52



Antibody was diluted in 10% normal human serum in PBS containing 1% BSA

(Sigma, St Louis, MO, Cat. No. A-7906) and o.IYo wlv sodium azide (Sigma, St

Louis, Mo, A-7906) as follows: ACI<2,1pg/ml; F4l80, undiluted, RB6 8C5, 11160;

]Mll70, 11320 and 30H12 , 11160 prior to a Il2 dilution into cells in the indirect

immunofluorescence assay. The rabbit polyclonal antibody raised mMCP-5 was used

at Il50 inl}%normal goat serum to detect murine mast cells.

Murine monoclonal antibodies 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-phycoerfhrin (PE) - labelled

goat F(ab')2 anti-mouse Ig (Southern Biotechnology Associates, Inc' Birmingham'

AL, Cat. No. 1030-09) both diluted 1/50 in 10% normal rabbit serum' Rat

monoclonal antibodies were detected with goat anti-rat IgG-R-PE (Southern

Biotechnology Associates, cat. No. 3030-09) diluted 1/100 in 10% normal human

serum. Biotinylated antibodies were detected with 1/50 dilution of streptavidin-R-PE

(caltag Laboratories, cat. No. sA 1001-4) in1.0o/o normal human serum'

2.9.2. lmmunofluorescence AssaY

Indirect

Target cells were harvested and washed twice in 2 mI ice cold PBS/BSA/Az by

centrifugin g at 200 g for 5 minutes at 4"C' Cells were then resuspended at

approximately 1x107 cells/ml in PBS/BSA/AZ supplemented with l0% heat

inactivated normal rabbit serum (NRS) or lT%onormal human serum in order to block

antibodies binding to surface Fc receptors. Aliquots of 50 ¡r1 were dispensed into

round-bottomed plastic tubes and placed on ice. Saturating levels of purified antibody
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or culture supematant (50 pl) were added to cell suspensions, mixed and then

incubated on ice for 60 minutes. cells were washed twice in 2 mI PBS/BSA/ Az, after

the final wash, the supernatant was removed leaving about 50 ¡r1 in the tube' Tubes

were mixed prior to the addition of 50 pl of secondary fluorescent tagged antibody

diluted in PBS/BS NAz supplemented with 10% NRS or l0o/o normal human serum'

cell suspensions were mixed 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 lo/o paruformaldehyde in PBS. The samples were stored for up to three

weeks at 40cin the dark. (Note: Where cells were to remain viable and be sorted by

Fluorescence Activated Cell Sorting (FACS), PBS/BSA/Az was replaced with ice

cold HBSS supplemented with 5% FBS, and sorted cells were caught in this media as

well. cells were not fixed.) samples were analysed by flow cytometry using either a

Profile II or EPICS XL-MCS flow cytometer (Coulter, Hialeah, FL)'

Direct

Where antibodies were directly conjugated to a fluorescent marker' the assay was

performed exactly as described above, with the omission of the steps to wash and then

incubate with secondary fluorescent reagents'

2.g.3. Alkatine Phosphatase Anti-Alkaline Phosphatase

Technique

The Alkaline Phosphatase Anti-Alkaline Phosphatase (APAAP) technique was used

to detect the expression of both intracellular and surface expressed antigens and was a

derivation of that described by cordell et at (cotdell et a1., 1984)'
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Slides \Mefe prepared as detailed in section 2.2'8. 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 APAAP

fixative (see 2.9.1) then immediately washed by agitation in Tris buffered saline

(TBS) (see 2.9.1) with 3 changes over a 5 minute duration. To avoid high background

staining, cell smears were not allowed to dry out from this point on' Excess TBS was

removed with a paper towel and 50 pl of hybridoma supernatant diluted Il2 in l0%

NRS in PBA was added within 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, Cat no'

z2sg)diluted 1/50 in 10% NRS in PBS/BS NAzwas added and incubated for t hour

at room temperature. slides were washed as above then incubated with 30p1 of

APAAP complex (murine anti-alkaline phosphatase Mab conjugated to alkaline

phosphatase) (Dakopatts, cat no. D0651) diluted 1/100 in l0o/o NRS in PBs/BSA/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 alkaline phosphatase chromogenic

substrate (see 2.9.1) lor 20 minutes and then rinsed with distilled water' slides were

either dried or counterstained immediately'

For counter staining, pre-wet slides were immersed in DakorM Mayer's Haematoxylin

(Lillie's Modification) (Dako, 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
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acid water (0.5%HCl in distilled water). Slides were again rinsed in a large volume

of distilled water prior to immersion in scott's gentle alkaline solution (see 2'9'1) for

2 minutes. Slides were rinsed in water, mounted with glycerol-glycine (see 2.9.1) and

stored at room temperature. Cells exhibiting antibody binding appeared reddish pink

with the Haematoxylin stained nucleus appearing purple'

For murine mast cell protease 5 staining, cells were fixed as above and incubated

with anti-mMCP-5 diluted 1/50 in I0o/o normal goat serum in PBS/BSNAz artd

incubated-for t hour in a humidified chamber at room temperature. Slides were

washed as above and incubated with biotinylated goat anti-rabbit (chemicon, Aust'

cat no. AP124B) diluted 11250 in 10% normal goat serum for 2 hours at room

temperature. washed slides were then incubated with streptavidin alkaline

phosphatase (Dako, cat No. K0391) and incubated with APAAP substrate (see 2'9'1)

for 2lminutes. Slides were counterstained with haematoxylin as above and mounted

in glycerol/glYcine (see 2.9.1)'

2.3.4'Quantitativeconfocalmicroscopyfordeterminationof

endogenous muSC F levels

NIH3T3 transfectants were plated onto glass Chamber slides (Nunc) at a density of 3

x 10a per well and incubated at 37oC for 24hrs in DMEM 10% FCS. The medium

was then aspirated and cells fixed for 30 sec on ice with 47 5% Acetone' 47 5%

Methanol, 5% Formaldehyde. Chambers were immediately rinsed three times with

ice-cold pBs pH 7.4. Rabbit anti-mu-scF (Genzyme, cambridge, MA), lO¡rg/ml in

10olo normal human serum (l'tHs) in PBs was then added and incubated on ice for 1

hr. chambers were again rinsed three times in ice cold PBS' A I% solution of
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biotinylated donkey anti-rabbit Ig (Amersham, cat no. RPN 1004) in PBS 107oNHS

was then added and incubated on ice for a further hour. chambers were then rinsed

three times in ice cold PBS, and then incubated for thr in a 1/500 dilution of

streptavidin-Tricolor (Caltag Laboratories, cat No. 541006) in PBS 10% NHS'

Chambers were again rinsed three times, and the cells fixed in ice cold I%

paraformaldehyde in PBS for 15 mins on ice. The chamber wells were then removed

and the slides analysed with a MRC-600 confocal microscope (Bio-Rad, Hercules

CA) using an excitation wavelength of 488nm and a 600nm long pass filter' A

minimum of 50 cells were analysed for total fluorescence for each cell population and

treatment.

2.g.5. confocal Microscopy - visualisation of receptor

internalisation

Analysis of cell surface and intracellular antigen distribution was performed by

confocal microscopy. In all cases, the NIH3T3 cells were plated into Lab-TekrM

Chamber Slides (Nunc) aT 2 x 104 /chamber in DMEM with 10% FCS and cultured

overnight. The cells were starved of serum for 2 hours, then pulsed with 100ng/ml

SCF at 37o forthe times indicated. Cells were fixed for 30 seconds in permeabilising

fixative (47.5% methanol, 47.5% acetone, 5Yo formaldehyde) or for 15 minutes in

non-peÍneabilising fixative (lo/o patalormaldehyde in PBS) at 4"C' Cells were then

rinsed 5 times in ice cold PBS, and murine primary antibodies, diluted in l0o/o normal

rabbit serum 0TRS), were added and incubated at 4oc ror 2 hours' cells were again

rinsed 4 times in ice cold pBS and sheep anti-mouse Ig - FITC (Chemicon) secondary

antibody was added (in 10% NRS) for t hour at 4"C. Slides were rinsed 3 times,
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fixed for 15 min \nlYo paraformaldehyde and analysed on a MRC 600 confocal

microscope (Bio-Rad) using 488nm excitation and a 520nm Band Pass Filter'

2.4. Analysis of cell surv¡val, proliferation and growth by

PKH assay

The technique and data analysis was essentially carried out as described by Ashley e/

ø/ (Ashley et a1.,1993). 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 it has undergone' A

standard number of fluorescently labelled beads is mixed into each sample prior to

analysis by flow cytometry and they are used to calculate the total number of cells

present in the sample. This cell count together with the Mean Fluorescence Intensity

(MFI) is used to calculate the cell survival based on the yield of fluorescence

remaining in the viable cell gate within the population'

ceils were rabe[ed using the pKH26 Red Fruorescent cel Linker kit (Sigma' cat No.

PKH26-GL) as per manufacturers instructions. cells were harvested from culture at

equivalent densities and washed three times in serum free DMEM and then

resuspende d to 2xl¡z/ml in Diluent C (supplied in kit). The staining procedure was

optimised for each celr line to maximise staining whilst maintaining viable cell yields

from the procedure. For FDC-P1 cells, an equal volume of 2x10-5 M PKH 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 1x10-s M

pK<f126 dye diluted in diluent c was added to the cells and incubated at room

temperature for 3 minutes with gentle mixing every 30 seconds'
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To stop dye incorporation, an equal volume of 100% FCS was added and incubated

for 1 minute followed by the addition of an equal volume of 10 to 20%o FCS in

DMEM with a further incubation of 1 minute. The volume was then made to 10 ml

and viability and number of cells were determined using a haemocytometer and

trypan blue exclusion. cells were centrifuged at200 g and resuspended to 4x105/ml

in appropriate growth medium and incubated ovemight to stabilise the cells before

commencing analYsis.

Cells were harvested about 15 hours post staining and washed three times 1n serum

free DMEM and then factor deprived by resuspension to 1x106/ml in serum free

DMEM for 2 hours at 37oC. Cells were counted and resuspended to 2x105/ml in

appropriate medium and 100 prl aliquoted in triplicate into 96 well tissue culture trays

already containing factors to give a final volume oî 200 pl and a final density of

1x105/ml. At appropriate time points the wells were harvested (200 ¡rl) and 400 pl

lYo Pararormaldehyde in PBS was added. samples were vortexed before storage at

4'C in the dark.

On the day of analysis, 2.5x103 Standard-BriterM calibration beads (Coulter, Cat' No'

pN 660414) diluted in PBS/BS NAz were added to each tube immediately prior to

analysis. The cell count, bead count and the mean fluorescence intensity (MFI) for

each sample\ilas analysed on a flow cytometer' The total cell number was calculated

using the formula: cell Density (cells/ml): (viable cell count lbead 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
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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 atthat

day )) I log (2). The survival or maintenance as the percentage retention of

fluorescence relative to day 0 was calculated by the formula: Cell maintenance :

(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. saturation Binding Analys¡s (scatchard Analysis)

Recombinant human SCF (Amgen) and murine SCF (Immunex corp', seattle' wA)

were iodinated using the iodine monochloride method (contreras et al',19S3)' 4pg of

recombinant protein was processed in the reactions, and the iodinated proteins were

separated from free iodide ions on a Sephadex G-25 PD-10 column (Pharmacia) and

eluted with PBS containing 0.02%Tween 20 andstored for up to three weeks at 4"C'

Binding assays were done on the NIH3T3 transfectants grown to 80% confluency in

24 welltissue culture plates over a concentration range of 6pM to 3nM t25l-labelled

scF in binding medium (RPMI-1640 supplemented with 0'5% Bovine Serum

Albumin (BsA) and 0.lo/o Sodium Azide) with non-specific binding determined at

each concentration with excess unlabelled scF (10nM)' After incubation at 4"C rot 4

hours, radioligand was removed and the wells washed twice in cold binding medium

(RPMI 1640,0.5% BSA,0.lo/osodium Azide). Specific counts were determined after

lysis of the cell monolayer (Lysis buffer 1% NP40 10mM Tris, 150mM NaCl) with
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subsequent transfer to tubes for counting on a y-counter (Cobra Auto Gamma,

Packard Instruments Co', Meridien, CT)'

Where binding assays were performed on non adherent cells (FDC-PI transfectants,

MO7e, HEL), 50,000 cells were added to borosilicate tubes in 50pl of binding media,

and binding assays performed in a total volume of 100¡rl. These tubes were incubated

at 4oC on an orbital shaking platform, and then centrifuged through neat FCS to

separate cell bound SCF from free SCF. The tubes were cut off and the segment

containing the ce1l pellet was transferred to counting tubes for analysis on a y-counter'

Dissociation constants and copy number were determined by Scatchard analysis'

2.6. Protein AnalYsis

2.6.1. Preparation of cellular lysates

Cells grown in log phase were harvested and starved in DMEM without serum at

1x106/ml for 2 hours at37"C. After serum deprivation, cells were resuspended to l-2

xl07/ml in serum free DMEM. Cells were stimulated with 100 nglml huSCF at 37oC

and pelleted immediately in a microfuge by centrifugation at 14000 gfot 2-5 seconds'

Tubes were immediately placed on ice, the supernatant aspirated and cells lysed in I

ml of 1% NP40 lysis buffer (see 2.9.2) with thorough mixing' Lysed cells were

incubated on ice for 30 minutes with vortexing every 5 minutes to ensure complete

lysis. Lysates ìwere then centrifuged at 14000 g for 30 minutes at 4"C to pellet nuclei'

The lysate was transferred to a fresh tube and a small portion rù/as removed and stored

at -20oC for protein determination. The remainder was immunoprecipitated (see

2.6.2).
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2.6.2. lmmunoPreciPitation

Immunoprecipitation of lml lysates was performed with 5 ¡rg of primary antibody

mixed with 25 pl of a 50% slurry of Protein A Sepharose in PBS with 0.1% azide at

4oC on a rotating platform for 2 hours. Immunoprecipitates were washed five times

in the lysis buffer (including protease inhibitor cocktails - see 2'9'2) 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 2.9.2). samples were boiled for 2 minutes and then processed by sDS

Polyacrylamide Gel Electrophoresis (SDS PAGE)'

2.6.g. Determination of the amount of protein within lysafes

protein determination was carried out on whole cell lysates using Micro BCA Protein

Assay Reagent Kit (Pierce, Rockford, IL, 23235) according to manufacturer's

instructions. In the presence of peptides and. aa side chains, a purple reaction product

is obtained absorbing at 562 nm. BSA (supplied \r/ith kit) was serially diluted in PBS

with concentrations ranging from L56 p"glmI to 200 þglml. Protein determination

was performed on frozenlysates after centrifugation for 15 minutes at 14000 g at 4oC'

Samples were dilut ed ll20 or 1/30 in PBS. For the correction of background

absorbance, blanks consisting of PBs only or 1% NP-40 diluted Il20 ot 1/30 dilution

in PBS were used. Standards, lysates and blanks (75 pl) were loaded in triplicate into

wells of 96 well tissue culture treated trays. All standards and blanks were replicated

on all trays used. To the wells, 75 pl of BCA reagent (50% reagent }i'[A,48o/o reagent

MB, and 2Yo reagent MC) was added and trays incubated at 37"C for 2 hours in a

humidified box. Microtitre plates were read on a Bio-Rad microtitre plate reader

(Bio-Rad, model3550) at absorbance 570nm'
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2.6.4. Size determination of proteins - SDS PAGE

The size of proteins was estimated by comparison of their relative mobilities with

commercially available molecular weight markers. Two different sets of markers

were deployed, both prestained for monitoring progression of electrophoresis' These

v/ere SDS-PAGE Standards, High Range (Bio-Rad, cat. No. 161-0309) and

SeeBluerM Pre-stained standard (Invitrogen, cat. No. LC5625). The estimated sizes

of these molecular weight markers in kDa are as follows:

prestained SDS-PAGE Standards, High Range: 204; I23;80;48

SeeBluerM Pre-Stained Standard: 250;98; 64; 50;36; 30; 16; 6; 4

Immunoprecipitates as described in section2.6.2 above were size fractionated under

reducing conditions on 8% polyacrylamide gels (see 2'9'2) overlayed with a stacking

gel (see 2.g.2). Gels were assembled in mini vertical gel tanks, according to

manufacturer,s instruction, and immersed in protein electrophoresis buffer (see 2'9'2)'

Boiled immunoprecipitates (including sepharose) were loaded onto gels and

electrophoresed at 15 mA/gel through the stacking gel and 20 mMgel through the

resolving gel. whole cell lysates diluted ll2 in double strength reduced loading

buffer were size fractionated under reducing conditions on 1.0%o polyacrylamide gels

(see 2.9.2) overlayed with a stacking gel (see 2.9.2). Samples were boiled for 2

minutes prior to loading and were electrophoresed at 15 mA/gel through the stacking

gel and 20 mNgelthrough the resolving gel'
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2.6.5. Transfer of proteins to PVDF

proteins size fractionated on 8%o ot l0%o gels by SDS-PAGE were electroblotted to

polyvinylidene difluoride (PVDF) Hybond membrane (Amersham, cat' No' RPN

303F) prewetted in 100% methanol (chosen for its low fluorescence) using a fully

submerged electrophoretic transfer in Tris/Glycine/I\4ethanol transfer buffer (see

2.g.2)with2}yomethanol for PVDF. Proteins were transferred at 30 mA overnight or

250 mA for 2 hours

2.6.6. Visualisation of blots

Membranes to be probed were washed twice in 1x TBS (see 2'9'2) with 0'1%

Tween20 for 10 minutes. To prevent non-specific antibody binding, the membranes

were incubated on a rocker in 2.5o/o membrane blocking solution (Amersham'

NIFS33) in TBS for I hour at room temperature. The membrane was washed in TBS

with 0.1% Tween20 (2 quick rinses followed by a 15 minute incubation and two 5

minute incubations) on a fast rocking platform at room temperature' The membrane

was then incubated with primary antibody diluted in 2'5o/o membrane blocking

solution for at least 2 hours in a covered container (to prevent evaporation) on a slow

rocking platform at room temperature. After washing as above, the membrane was

incubated with secondary antibody conjugated to alkaline phosphatase for at least 1

hour in a covered container on a slow rocking platform at room temperature'

Membranes were then washed 5 times as above followed by two rinses of 5 minutes

in TBS alone. The membrane was incubated protein side down with 1 ml/mini gel of

enhanced chemifluorescence substrate (ECF) (Amersham, Cat' No. RPN 5785) for 30

seconds to 1 minute then placed protein side down on the glass plate of the
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Fluorlmager5g5 (Amersham) and scanned immediately using a 488nm excitation and

570nm band Pass emission filter.

2.6.7. Quantitation of protein bands

Digital images produced by the Fluorlmager were quantitated using ImageQuantrM

software (Amersham). 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'

21. ManiPulation of DNA

2.7.1. Restriction EndonucleaseDigestion

plasmid DNA was digested with restriction endonuclease(s) in a final volume of 10 -

40 pl. Digests were performed for 1 - 3 hours in lX digestion buffer (supplied with

eîzivrrre 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. 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 had compatible buffer conditions' If not'

the DNA was purified by phenol chloroform extraction (see section 2.7.4) aftet

digestion with the first enz¡rme and before digestion with the subsequent enzpe'

2.7.2. EtectroPhoresis of DNA

DNA was separated by electrophoresis on agalose gels made in 1X TAE (see 2'9'3)

with the percentage of the gel dependent on the size of the DNA products to be

detected. Gel loading buffer (see 2.9.3) was added to the DNA and the samples loaded

65



on horizontal gels immersed in a submarine electrophoresis tank containing 1X TAE

(see 2.9.3). Gels were electrophoresed at 80 - 100 v until the bromophenol blue dye

had migrated three quarters the length of the gels. Gels were then removed, stained

with ethidium bromide solution (2 pglml in water) for 5 minutes and destained in

water for 5 minutes. DNA bands were visualised using Fluorlmager 595 (Amersham)

using a 488nm excitation and a 610 long pass filter'

2.7.g. size determination and quantitation of DNA fragments

Calculation of the size of DNA fragments was by a comparison of their relative

mobilities by electrophoresis with DNA of known size. The commercially available

molecular weight markers used were Bacillus subtilis bacteriophage SPP1 DNA

digested with EcoRI (GeneWorks, Australi a, cat. No' DMW-SI) and plasmid puc19

DNA digested with HpaII (Genelù/orks, cat No. DMW-P1). The estimated sizes of

these molecular weight markers in kilobases are as follows:

EcoRI digested SPPl: 8.51; 7.35; 6.||;4,84:3.59;2'81;1.95; 1.86; 1.51; 1.39; 1.16;

0.98;0.72;0.48; 0.36

HpaII digested pucl9 DNA: 0.501; 0.489; 0.404;0.331; 0.242;0.190; 0'147;0'111;

0. 1 10; 0.067 ; 0.034; 0.026

The concentration of DNA in solution was determined by spectrophotometry with

absorbance at 260nm (OD of 1 : 50ng/Pl DNA)' Alternatively, DNA was

electrophoresed and the intensity of the ethidium bromide stained bands was

compared to those with known molecular weight markers using a Fluorlmager'
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2.7.4. 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 purifyng DNA after restriction enzyme digests'

GENECLEAN
TM

For purification of target DNA from contaminating DNA fragments after restriction

endonuclease digestion, samples were electrophoresed and stained with ethidium

bromide as in sectio n 2.7 .2. The gel was then scanned on the Fluorlmager 595 and a

rc},/; scaled printout of the gel was produced. 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 the entire band had been excised' This

eliminates any exposure of the DNA to LrV (from a transilluminator), enhancing the

quality of DNA for subsequent ligation into vectors - 488nm light will not induce

nicks in the nucleic acid).

This method was used to purify DNA between 0.5 and 3 KB from molten agarose and

was a modification of the manufacturer's instructions (BIO 101, La Jolla' CA' Cat'

No. 3105). The excised gel slice containing the DNA fragment was placed into a

microfuge tube and weighed (assuming 1 mg is equivalent to 1 ml)' To this, 2'5-3

volumes of sodium iodide (NaI) solution (supplied by manufacturer) were added and

the agarose melted at 55'C. To the molten agarose' 5 pl of glassmilk suspension

(supplied by manufacturer) (for 5 pg or less of DNA) was added and the sample

mixed on a rotato r at 4"C for 15 to 30 minutes. DNA bound to the silica matrix was

pelleted in a microcentrifuge for 5 seconds (14000 g) and the NaI supematant was
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removed. The pellet was resuspended and washed 3 times with 'NEW WASH'

(NaCl/Ethanovwater; as supplied by the manufacturer) and resuspended in 10 - 20 p"l

Milli-Q water by heating the tube at 55oC for 10 minutes' The glassmilk was pelleted

and the supernatant containing the DNA was transferred to a fresh tube'

Phenol extraction

The DNA to be purified was made up to a minimum volume of 100 pl' To this, 2 pl

of glycoge n (2 m/ml) (Roche, Mannheim, Germany, Cat' No. 901393) was added as

a carrier to aid in visualisation of the purified DNA when pelleted. An equal volume

of phenol/chloroform (50% phenol, 50% 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 14000 g for 5 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) and2.5 volumes of 100% ethanol were added and incubated

on ice for 20 minutes prior to centrifuging at 14000 g rot 20 minutes at 4"C' The

precipitated DNA was washed once with 500 ¡tl o170% ethanol and allowed to air dry

or dry under vacuum and then resuspended in water or TE (see 2'9.3).

2.7.5. DePhosPhorylation of DNA

Dephosphorylation of vector DNA was performed to prevent vector religation' This

procedure used calf intestinal alkaline phosphatase (CIP) (Amersham, Cat No'

82250Y) which removed the 5' phosphates of DNA' Phosphatase treatment was

performed in 10 prl reaction comprising DNA, 1X OnePhorAll buffer (Amersham ,

cat No.. 27 -0901-02) and 1 u of cIP per 1 pg of DNA. Phosphatase reactions for

,sticky ends, were carried out at 37"c for 30 minutes and then inactivated by the
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addition of EDTA (pH S) to a final concentration of 5 mM and incubation at 75"C for

10 minutes. DNA was purified using the GENECIþd¡ru method.

2.7.6. Ligation

Ligation of DNA was performed using T4 DNA T igase (Amersham, cat No'

E70005y). Ligation reactions were carried out with a I - 3 fold molar excess of insert

DNA to vector DNA in the presence of 10 mM dATP, 66 mM Tris Hcl (ç,H 7.6)' 6'6

mM MgClz, 10 mM 1,4-Dithiothreitol (DTT), 150 mM NaCl, and 6 u of T4 ligase to

a final volume of 10 ¡rl and incubated at 4"C ovemight. To terminate the reaction, it

was heated at 65oc for 10 minutes and then DNA was purified using phenol

chloroform procedure (see 2.7.4) and resuspended to 10pl in sterile water'

2.7.7. Production of chemical competent bacterial cells

A single colony orE. coli DHlOcr was cultured in y broth (see 2.9'3) and cultured

ovemight at 37"C with shaking. This was subcultured into 100m1 pre warmed r'¡r

broth and grown with shaking to an oDooo of 0.5 - 0.6. The culture was then chilled

on ice 15 minutes before centrifugation at 5500 g at 4"C for 5 minutes' The pellet

was resuspended in 40ml ice cold Tfb I (see 2.9.3) and incubated for 5 minutes on ice'

cells were agaín centrifuged at 5500 g for 5 minutes at 4oc and the pellet

resuspendedin4ml ice cold Tfb II (see 2.9.3). Cells were incubated 15 minutes on

ice, and dispensed into 1.5m1 reaction tubes embedded in dry ice to snap freeze

chemical competent cells. These \Mere stored at -70"c for future use'
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2.7.8. Transformation of chemical competent cells

Chemical competent bacteria were slowly thawed on ice and incubated a further 10

minutes on ice. 0.1 - 0.5pg of purified DNA (or the total ligation mix as prepared in

section 2.7.6) for transformation was added to the cells, mixed and incubated 30

seconds on ice. Cells were then heat shocked at 42oC for 90 seconds, and retumed to

ice for a further 2 minutes. To this mix was added 200p1 of SOC media (see 2.9.3)

and the cells were cultured for 45 minutes at 37"C to establish expression of

selectable marker. The cells were then plated onto LB Agar plates (see 2.9.3) with

appropriate selection media and incubated overnight at37"c.

2.7.9. ExPansion of Plasmid DNA

Small scale plasmid PreParation

Single colonies were plucked asceptically from agar plates and grown overnight in 10

ml centrifuge tubes containing 3 ml of luria broth (see 2.9'3) with 100 pglml

ampicillin unless otherwise indicated. Cultures were chilled on ice for 5 minutes and

100 ¡rl of culture transferred to a microfuge tube and stored at 4"c. The remaining

cells were centrifuged at 2000 g for 10 minutes at 4oc. The supernatant was removed

and pellet resuspended in 250 ¡rl of fresh lysis buffer (50mM Tris HCl, pH 7'5;

62.5nMEDTA, pH 8; 0.4%oTnton Xl00; 2.5MLiC1), vortexed, transferred to 1'5 ml

microfuge tubes and incubated on ice for 5 minutes. To this, 20 ¡i of lysozyme (10

mglml) 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 14000 g for 20 minutes at 4oc. The supematant
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containing the plasmid DNA was transferred to a fresh tube and precipitated with 2

volumes of 100% ethanol with 1/1Oth volume 3M Sodium Acetate. The plasmid DNA

was pelleted at 14000 g for 15 minutes at 4"C. The pellet was washed with 1 ml of

70o/o ethanol, dried and resuspended in 30 pl of Milli-Q water'

Midiprep DNA PreParation

Midiprep DNA preparation was carried out using a QIAGEN Midi Kit (QIAGEN,

Germany, cat. No. 12143) according to manufacturers instructions' A 100 ml 2x YT

bacterial culture (see 2.9.3) containing 100 ¡rglml ampicillin was innoculated 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 1800 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 31000 g for 30 minutes aI 4"C' The supernatant was

transferred to a fresh tube and re-centrifuged at 31000 g for 10 minutes at 4"C' This

supernatant was then applied to a QIAGEN-tip that had been pre-equilibrated with 10

ml of Buffer QBT. The column was washed twice with 10 ml of Buffer 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 14000 g in a

JL425.500 rotor for 30 minutes at 4"C. The supernatant was removed and the DNA

pellet air dried briefly. The pellet was then resuspended in 400 ¡'rl of TE and

transferred to a microfuge tube. The DNA was then re-precipitated with the addition
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of 40 pl 3 M sodium acetate and 1 ml of 100% ethanol and centrifuged at 14000 g for

30minutes at4oC. ThepelletwaswashedinT}o/oethanol,centrifugedforl0minutes

at 14000 g at 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 1800 g for 10 minutes at 4oc and supernatant removed. The pellet was

resuspended in 1 ml of 20Yo glycetol in LB and transferred to a 1ml cryotube for

storage at -20oC.

2.7.10. Polymerase Chain Reaction

All reagents were aliquoted using aerosol barrier tips in order to reduce

contamination. Reactions were prepared in 0.5 ml dome cap microcentrifuge tubes to

a final volume of 50 pl for use in heated lid thermal cyclers' For amplif,rcation of

plasmid DNA, reactions containing 0.1 to I ng DNA, 100 ng each of forward and

reverse primers, 0.2 mM each of dATP, dTTP, dCTP and dGTP (Pharmacia, Cat' No'

27-20(5-8)0-02), 50 mM KCl, 10 mM Tris HCl (pH 8.3), 1.5 mM MgClz and2'5U or

AmpliTaq DNA Polymerase (Perkin Elmer, Boston, Massachuesetts, Cat' No' N801-

0060) made to a final volume with sterile Milli-Q water were set up. Different DNA

polymerases were used at times and are detailed in the following sections'

DNA was amplified using Hot Lid Thermal cyclers with an initial 7 minute

denaturation step at 94"C followed by 30 rounds of denaturation, primer annealing

and elongation, finishing with a ftnal extension at 72"C for 7 minutes. completed

reactions were stored at4"C.
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The temperature selected for the annealing of primers was 1-5"C lower than the

averagemelting temperature for the two oligonucleotide primers and was optimised

for each set of primers. The melting temperature was calculated using the formula:

Melting Temperature ("C) : 2(A+T)+4(C+G)

2.7.11. Generation of anti-sense murine SCF

A 630bp fragment incorporating the 5' 420 bases of the coding region of murine SCF

(Anderson et a1.,1990) was excised from pBSSKMGFI0'1 (lmmunex) by restriction

endonuclease treatment with EcoR1. This fragment was gel purified using

GENECLEANTM (see Section 2.7.4) and ligated into the EcoRl site of the pcxN2

expression vector (Niwa et aL,1991).

Insert orientation was determined using restriction endonuclease Pstl. This enz)rme

cut the insert at position 60, and cut pcXN2 535 bp downstream of the EcoRl ligation

site. Several clones were isolated' and the two selected for the experiment were

(sense) pCXNCS and (anti-sense) pCXNC12'

In order to select cells expressing these new sense and antisense SCF constructs, the

NIH(mu-Kit) cells were cotransfected with excess (10pg) pcxNCs or pcxNCl2 and

1pg pRIIFpuro per dish of cells containing 50000 cells using calcium phosphate co-

precipitation (See Section 2.7.17)' Cotransfectants were selected using 2¡tglml

Puromycin over two weeks in culture. Selection was then removed and cells

subjected to anchorage independence assay. The assay was set up in quadruplicate,
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and the new NIH mu-Kit pools expressing sense and anti sense mu-SCF were

evaluated for colony formation in the presence or absence of mu-SCF.

To verify expression of anti-sense SCF transcript, the Puromycin-resistant pools of

pcNXCl2 and pcXNC8 expressing cells were plated into 10cm dishes. upon

reaching confluence, RNA was prepared in situ using TRIzol (See Section 2'8'1)'

Yields of RNA from respective pools of cells was:

WT NIH3T3 160¡tg

WT NIH3T3 + PCXNC8 (sense) 164¡t"g

WT NIH3T3 + pCXNCl2 (antisense) 164¡tg

NIH3T3 mu-Kit 44Pe

NIH3T3 mu-Kit + pCXNC8 (sense) 170¡tg

NIH3T3 mu-Kit + pCXNCl2 (antisense) 184¡tg

Each preparation was analysed for OD 280:OD 260, and this exceeded2:I indicating

high quality RNA. 15pg of each RNA as well as 10ng pBSSKMGFIO'1 vector DNA

cut with EcoRl (as a positive control) was loaded onto the gel for the Northern Blot

analysis and this was electrophoresed and blotted as per section 2.8.

2.7.12. Chimaeric c-Kit Generation - sfep 1 PCR conditions

The basic strategy for generation of chi-c-Kit is illustrated in Figures 2'I and 2'2' A

pcR based strategy was chosen and Figure 2.1 shows a schematic layout of the

template DNAs.
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Figure 2.1

Strategy for Chimaeric c-Kit generation - schematic representations of cDNA
and primers used.

Schematic representations of Human and Murine c-Kit cDNA domain structure,
indicating location of GNNK sequence. Primers Al,81, A2,82 shown schematically
to indicate their orientation and the placement of engineered restriction sites. Refer to
2.7.12 for a detailed explanation of the strategy employed. Colour coded arrows
alongside each primer are for reference toFigure2.2.



Template cDNAs for Chimaeric c-Kit generation

Human c-Kit

1 2 3 4 5 TJ K IK K C

Primers for Chimaeric c-Kit generation

Al - BCXHUKITFwD 39mer

CGC GCT ACC GCG A]'C AGA GGC

l(ozitc St¡l't

B1 - HUKTTASI 35mer

AG CAG CGG CGT GAA CAG CCT CTC CCC ATC CAl'TTC
Murine TM seq llttrnarr

Murine c-Kit

Legend
1-5 - Extracellular Ig Like Domains

T - Transmembrane Domain
J - Juxtamembrane Domain
K - Kinase
IK - Interkinase Domain
C - c Terminal

GNNK+/-

A2 - xNIXMUKITRV 4lmer

CTAG AGTCAGGCATCTTCGTGCAC
Stop

B2 - MUKITSI 35mer

AA A]-C CAT CCC CAC ACC CTG TTC ACG CCG CTG CTC

I-l urnan Murine TM seq



Step 1

A1- Human c-Kit

Chi c-Kit

B1

I

A2

B2

I

+<-

Step 2b
Al .>>

^2

Step 3

Primer ends then digested for ligation into target vectors



The human c-Kit templates were GNNK+ cDNA in the vector pRIIFneo, originally

generated by Gina caruana (caruana, 1996). Primers A1 and 81 were designed to

amplify the human extracellular domains from these templates' The murine c-Kit

template was a GNNK- murine c-Kit in psP72 which was also sourced from Gina

Caruana(Caruana, 1996). Primers A2 and B2 were designed to amplify the murine

transmembrane and intracellular domains'

As depicted in Figure 2.\, pnmet A1 incorporates 3 restriction enziø¡'e sites with a 5'

cGC to facilitate cutting of the Bam H1 site for linear double stranded PcR cDNA

product. Also included was the minimalKozac sequence' the c-Kit start codon and

6bp of coding region.

The Bl primer is comprised of the last 6 codons of human sequence prior to the

human transmembrane domain, and 17bp of murine transmembrane sequence' This is

to create an overlap in the PcR product to allow fusion of this product with the

murine transmemb runelíntracellular domain cDNA generated by primers A2 andB2'

The A2 primer also incorporates 3 restrictioî enzivrfrle sites with a 5' CTAG to

facilitate cutting of the Xba 1 site for linear double stranded PcR oDNA product'

Also included was the stop codon and the last 5 codons of murine intracellular domain

coding sequence.

Primer B2 is comprised of the last 17 bases of human sequence prior to the human

transmembrane domain, and 18 bases of murine transmembrane sequence' This is to
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create an overlap in the PCR product to allow fusion of this product with the human

extracellular domain oDNA generated by primers Al and B1'

The restriction enzymes were chosen based on the fact that none of them will cut the

new chimaeric c-Kit cDNA coding regions, and their placement was such that this

would facilitate easy directional cloning into the final retroviral vector used to

transduce tar gethaemopoietic cells for analysis'

Figure 2.2lllustrates the 3 steps to generate chimaeric c-Kit' In step 1, Primers A1

and B1 are used to generate double strand cDNA of the human c-Kit extracellular

domain. The template oDNA is either GNNK + or GNNK - human c-Kit in

pRUFneo. At the same time, primers A2 and 82 were used on the murine c-Kit

oDNA in pSP72 to generate murine transmembrane and cytoplasmic domain coding

cDNA

For these reactions, it was critical to have a proof reading polymerase, and PFU

polymerase was employed in the reactions. The reaction mix was as follows:

Template oDNA (lng/pl in water) 5pl

2mM dNTPs 5Pl

Primer 1 (0.1¡rM) 3'2P'l

Primer 2 (0.1¡rM) 3'2P'l

10 x PFU Buffer 5Pl

Water 27 '6¡ú

This reaction mixes were transferred to a thermal cycler and denatured at 94oC for 5

mins. 1pl PFU polymerase (Stratagene, La Jolla, CA, Cat No. 600135) was then
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added (ie HOTSTART). Following addition of PFU polymerase, amplification

proceeded with 35 cycles oî 94" C for 45 secs, followed by 55' c for 45 secs,

followed by 72. C for 7 mins. A final extension of 72"c for 10 min concluded the

reaction.

pcR product was cleaned through Bresaspin columns as per manufacturer's direction

and the approx 1.5kb products were gel purified as described in section 2'7 '4'

2.7.1g. Chimaeric c'Kt Generation - Súeps 2 and 3

step 2 in the generation for the GNNK+ chi-c-Kit generation was also a PcR reaction'

Due to the engineered overlaps of the human extracellular domain products (primed

by A1/B1) with the murine transmembranelintracellular domain products (primed by

A2lB2), these fragments will anneal in the Transmembrane domain and prime the

polymerase to complete double stranded full length chimaeric oDNA as shown in

Figure 2.2, step 2a. The reaction also includes primers A1 and 42, which will then

amplify the full length chimaeric cDNA as illustrated in step 2b' The reaction

conditions used in all reactions for step 2 are detailed below. There arc 2 ÃllBI

products, one using GNNK+ template , 1 using GNNK - template'

10x PFU buffer 5Pl

2niNIdNTPs 5Pl

A1 primer (.075PM) 2.3¡Ã

A2 primer (.075PM) 2.3P'l

A1/Bl product 1Pl

A2lB2 product lPl

Water 32.4¡ú
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This reaction mix was transferred to a thermal cycler and denatur ed at 94"C for 5 min'

1¡rl PFU polymerase (Stratagene) was then added (ie HoTSTART)' Following

addition of PFU polymerase, amplification proceeded with 35 cycles of 94" C for 45

secs, followed by 60o C for 45 secs, followed by 72o C for 7 mins' A final extension

of 72"C for 10 mins concluded the reaction'

PCR product was cleaned through Bresaspin columns as per manufacturer's direction

and the approx 3kb products were gel purified as described in section 2'7 '4'

As indicated in step 3 of Figure 2.2, chímaeric c-Kit (GNNK + or GNNK -) had been

generated with short restriction site sequences at either end (Bam Hl - cla 1 - Xho 1

5" andXho 1 - Not 1 - Xba - I 3'). These sites would facilitate ligation of the

cDNA into vectors pBluescript SK and pRuFpuro (Figure 2.3). pBS-SK was selected

as it is a relatively small vector with restriction sites suitable for easy ligation of the

chimaeric c-Kit .DNA. The cDNA is easily sequenced off this vector (using T3 and

T7 primers as well as several internal oDNA primers), and the substantial polylinker

provides more flexibility in excising the cDNA to shuttle it to other vectors, including

pRUFpuro. pRUFpuro was selected as it is a retroviral vector suitable for

transduction of the haemopoietic target cells, and has Puromycin resistance as a

selectable marker. This selection was necessary as the mouse knockout cells were

G418 resistant, as gene disruption was carried out using a Neomycin resistance

selectable targettng sequence

The full length products from Step 2 (Figure 2'2) were digested with Bam Hl and

Xba 1 to facilitate cloning into pBS-KS. The digestion reaction mix was precipitated
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Figure 2.3

Plasmid maps.

Maps including Multþle Cloning Site region details for tho 2 vectors used to
propagate chimaeric c-Kit oDNA þBluescript II SK (+)) and transduce Myb
Immortalised Haemopietic Cells with chimaeric c-Kit (pRuffuro).
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using 3M Sodium Acetate and Ethanol precipitated (Section 2't '4), and resuspended

to 10¡.r1. Approximately equimolar amounts of Bam Hl/Xba 1 digested pBS-KS and

GNNK+ or GNNK- chimaeric c-Kit oDNA insert were ligated using T4 DNA Ligase

(Section 2.7.6) overnight at ambient temperature. The ligation was heat inactivated

650C for 20 minutes, and 1/3rd of the ligation was used to transform chemically

competent XL-10 Gold E' coli (Section2'7 '8)'

2.7.14. PCR SiÚe Directed Mutagenesls of chimaeric c'Kt âDNA

The chimaeric c-Kit generation described in the preceding section led to the

derivation of a single GNNK+ clone (chi 12+ 10 c-Kit) and a single GNNK- clone

(chi 12- 3 c-Kit). These clones were fully sequenced as shown in Figure 2'4 and a

number of point mutations were identified (Figure 2.5 (A))' The strategy chosen to

resolve these mutations is outlined in Figure 2.5 (B). Clone Chi 12+ 10 was chosen as

the source cDNA to generate correct GNNK+ and GNNK- chimaeric c-Kit cDNA'

using PcR site directed mutagenesis, this clone would have the cytoplasmic mutation

GGC corrected to GCG. A second round of site directed mutagenesis would be used

to correct the extracellular deletion at 1350. This would create a complete and correct

GNNK + chimaeric c-Kit cDNA. This would then be subjected to a third round of

PCR site directed mutagenesis to remove GNNK (12bp) from this clone to create a

complete GNNK- chimaeric c-Kit'

As already stated, chi 12+ (10) was chosen for PcR site directed mutagenesis of

GGCbacktoGCG.Theapproachusedwastocreatelargesenseandanti-sense

primers to the same sequence (4Omers) with the targeted base for change in the centre

of each primer. The PCR would then completely replicate the entire oDNA and
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A 387:
B 3 SSHUSENSE :

C TSTHUSENSE:
D 7652
E ]-742 |

F I71 3MUSENSE:
G 2L57 MUSENSE:

H 2524MUSENSE:

ATG
GAC

CAT
AGT
CTA
GGA

TAT
AGC

AGA
AAC
CAC

GAA
GTG

AAG
ATG
TGC

GGC

GAC

GGT

CTT
GTT
ACA
GAC

GTG

GCT

ACG

GAC

CAT
CAG

TTG
ATG
TAC

CGC

CTG

TTC
CTA
AGT
GGA

AAG
ACA

GGC

\Jru
AAT
ACG

TCT
GCT

CCT

TTT

GNNK+/-

Figure 2.4

Primers used in sequencing of chimaeric c-Kit cDNA

Chi c-Kit
_>

H

_>

G

_>

F

--+ ->
DE

+
C

->
B

--+

A

Detailed sequences of primers used for Big Dye rM sequencing reactions to verify full

coding regiòn ,rq,r.nó. of all chimaeric c-Kit clones generated' Also shown is a

schematic-representation of the spatial positioning of each primer. In all sequencing

reactions, sufficient sequence wãs obtained to overlap the next sequence initiation

site.



Figure 2.5

Errors in chimaeric c-Kit constructs and strategy for repair

A. Schematic representation of mutations generated in process of generating
chimaeric c-Kit cDNAs (GNNKi).

B. Schematic representation of strategy to remove introduced mutations by site
directed PCR mutagenesis as described in section 2.7.I4.
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vector (6Kb), with all product having the corrected sequence' This is depicted

schematically in Figur e 2.6. The primers used for all steps in the correction process

are also shown in this figure. Reaction mixes were set up as follows:

10x PFU buffer

10mM dNTPs

sense primer (l25ng)

üsense primer (125ng)

5pl

1pl

0.3pl

0.3¡rl

1plTemplate (mutant cDNA)5 Ong

Water 4I.4p,l

PFU Turbo (Stratagene) 1pl

This reaction mix was transferred to a thermal cycler and denatured at 95oC for 30

secs. Amplification proceeded with 18 cycles of 95" C for 30 secs, followed by 55o C

for 60 secs, followed by 68o C lor 20 mins. A final extension of 68oC for 20 mins

concluded the reaction.

PCR product was cleaned through Bresaspin columns, and approx 1/3 used to

transform E. coli (Section 2.7.8). A number of clones (both GNNK+ and GNNK)

were selected for analysis and all showed full length chi c-Kit inserts by restriction

eîzrime analysis. These clones were then sequenced with primerc It42 (verify

GNNK status) and,2157 (check cytoplasmic domain for correction of mutation)' one

clone of each isoform of chimaeric c-Kit was then selected (clones chi 12+ Fl and chi

12- Fl) and these were verified as correct by sequencing the fulI length of the oDNA

insert in pBS SK+.
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Anti-sense Primer

Sense Primer

Step 1 Primers

GA SCNSC C TCC TAC CAG GTG GCC AAG GCG ATG GCG TTC CTC GCC TCC

GA ANtiSCNSC GGA GGC GAG GAA CGC CAT CGC CTT GGC CAC CTG GTA GGA G

Step 2 Primers

ECDELSense

ECDELAntisense

GGAACTGAGCAGAGATGCTCTGCTTCTGTACTGCCAGTG

CAcTGGCAGTACAGAAGCAGAGCATCTCTGCTCAGTTCC

Step 3 Primers

GNNK SENSC GCC TAT TTT AAC TTT GCA TTT CAA ATC CAT CCC CAC

GNNK ANtiSCNSE GTG GGG ATG GAT TTG C T AAA TGC AAA GTT AAA ATA GGC

Site of removal of GNNK sequence (GGT AAC AAC AAA)

Figure 2.6

Site directed PcR mutagenesis - schematic representation of strategy employed

and primers used.

Step 1 - primers repair cytoplasmic domain mutation in cDNA

Step 2 - pri*"tr repair point deletion in extracellular domain of cDNA

stó ¡ - pri-"r, are foiexcision of .TNK coding sequence to generate GNNK-

cDNA



The restriction enzymes Bam Hl and Not 1 were used to excise the GNNK+ and

GNNK- chimaeric c-Kit cDNAs from pBS-SK for ligation into pRUFpuro.

pRUFpuro was digested with Bam H1 and Hpa 1 to create a directional ligation target'

The chimaeric cDNAs in pBS-SK were digested with Notl, end filled with Klenow

fragment to create a blunt end, and then digested with BamHl' The 3Kb insert was

then ligated into pRUFpuro, and 2 clones were selected from each ligation after

several diagnostic restriction en4lme digests. pRUFpuro chi 12+1 and pRUFpuro chi

12- 1 were both fully sequenced and verified as correct chimaeric c-Kit cDNAs'

2.7.15. Q-PCR

The ABI Prism 7700 Sequence Detection System (Perkin Elmer) uses fluorogenlc

probes to quantitate specific sequences using real time quantitative PCR. Target cells

are lysed, RNA isolated using TRIzol (see 2.8.1), oDNA generated by reverse

transcription, and quantitative real time PCR performed using primers flanking the

targetsequence in conjunction with specific fluorogenic probes to the target sequence'

Cells were sorted on the FACStaTPLUS (Becton Dickinson) using monoclonal

antibodies as indicated in the relevant sections of Chapter 5. RNA from sorted cells

was extracted as detailed in Section 2'8'l'

RT-PCR to generate oDNA was performed using Superscript II Rnase H- Reverse

Transcriptase (Invitrogen cat no. 18064-014) and random hexamer primers

(Geneworks - Cat no. CS-104). Up to 1pg of RNA in 1lpt DEPC treated water was

placed into 1.5m1reaction tubes together with lp'l250nglml random hexamer primers

and heated to 70"c for 10 minutes, and then placed on ice to chill rapidly' To each
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sample was added 4p1 of 5X First Strand Buffer, 2pl 0.1M DTT, lpl 10mM dNTPs

mix and 1 pl Super Script II reverse transcriptase. This mix was incubated at room

temperature for 10 minutes, 42"C fot 50 minutes, and 70oC for 10 minutes' cDNA

was then stored at -20"C until required for use'

To perform the quantitative PCR, the following reagents and master mix was

prepared.

Two common primers were used in all QPCR reactions:

Forward Primer: CAA CGA TGT GGG CAA GAC TTC

ReversePrimer:CATCATGCCAGCTACGATTACG

The isoform specific probes used were 6-FAM labelled probes with a minor groove

binder motif, used to increase the Tm of the very short probes:

GNNK- C-KitPTObE: 6FAM-CATTTfuL{GAGCfuL\TCC_MGBNFQ

GNNK+ C-Kit PTObE: 6FAT4-TAAAGGTAACAACAAAGAGCA_

MGBNFQ

Universal Master Mix l2.5p"l (Applied Biosystems, CA, Cat no' 4305719)

Forward Primer 0.2pM

Reverse Primer 0.2pM

TaqMan MGB Probe 0' 1PM

added to 22.5¡t"l finalWater
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22.5¡úof the above master mix was dispensed into reaction tubes and 2.5¡rl of target

.DNA was then added. To generate standard curves, two specific target cDNAs were

used. These were human c-Kit GNNK+ S+ or GNNK- S+ cDNAs in pRUFneo'

These were diluted to have 10, 102, 103, 104, 105 and 106 copies per 2.5¡rl in water and

were incorporated in every quantitative real time PCR run'

The reaction mixes were then loaded into the ABI 7700 thermal cycler and run under

the following conditions:

50oC 2 minutes

95oC 10 minutes

then 40 cycles of

95oC 15 seconds

60'C 60 seconds

To create a standard curve, an amplification threshold of 10x SD of baseline

fluorescence is set and the cycle number to cross this threshold is recorded in order to

generate a standard curve. The cycle number for unknown samples is then used to

determine copy number for that sample of the |atge| sequence.

2.7.16. Sequencing of DNA

The ABIpRISM Dye Terminator Cycle Sequencing Reaction Kit (Perkin Elmer) was

used to sequence DNA purified using the QIAGEN midi kit' For a sequencing

reaction, 8 ¡rl of Terminator Ready Reaction Mix (4, G, C, T-Dye Terminator, dGTP,

dATP, dCTP, dTTP, Tris-HCl, pH 9; MgC12, thermostable pyrophosphatase

AmpliTaq polymerase) was added to 2 ¡tg of template DNA and 3'2 pmol of
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sequencing primer. The volume was made up to 20 ¡rl with water' The reaction was

performed in a thermal cycler programmed for 96"c for 10 secs, 50oc for 5 secs,

60oC for 4 mins (25 cycles), followed by a 4"C hold step. Following cycle

sequencing the DNA was precipitated with 2 pl 3M sodium acetate (pH 4.6) and 50 pl

\}}%ethanol and incubated on ice for 10 minutes. The DNA was pelleted at 14000 g

for 30 minutes at 4"C, washed with 250 ¡i 70% ethanol and air dried. The sequence

was then determined using a Perkin Elmer automated sequencer.

2.7.17. Catcium phosphate transfection into NIH3T3 cells

One day prior to transfection, 6 cm dishes were each seeded with 5x104 cells in

DMEM supplemented with 10% FCS. ln a 10 ml polystyrene tube, a 0.5 ml solution

containing 20 pgDNA and 250 mM CaClz was prepared. A second solution of equal

volume was made in a20 ml conical polystyrene tube and consisted of 250 mM NaCl,

1.5 mM NaPO¿ pH 7 and 50 mM HEPES 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 were incubated at 37"C. After 24

hours, medium was removed from dishes and 1 ml of l5Yo 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 10% FCS and geneticin or

puromycin as required. Medium was changed twice weekly' Selection was

maintained in the culture medium until all mock transfected cells died.
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2.7.18. Retrovirat infection of suspension cells by co'cultivation

pRIIF (neo or puro) retroviral vectors contain a Multiple Cloning Site and rearranged

gag-pol sequences from the M3Neo(myb) provirus (Rayner et al., 1994), but lack the

gag, eny and, pol genes (critical for production of functional retrovirus particles) . ln

their place, oDNA of interest, together with a selectable marker þuromycin or

neomycin resistance) are inserted. These genes are found between the two Long

Terminal Repeats (LTRs) which are responsible for integrating the viral nucleic acid

between them into the host cell genome. In order to produce infectious virus

particles, the retroviral gDNA constructs must be transfected into a packaging cell line

capable of supplying the missing viral components. Genetically modified cell lines

such as psi2 (Mann et al., 1983), when transfected with retroviral constructs including

pRUFneo and pRUFpuro, will secrete retroviral particles into the culture supernatant

capable of infecting murine target cells and integrating their "cargo" cDNA between

the LTRs stably into the target cell genome. Using other packaging cell lines will

alter the specificity of the retroviral particles for target cell type and/ot species.

In the systems used in this thesis, semi-confluent monolayers of Psi2 transfectants

carrying pRUFpuro c-Kit or pRUF CT3-Myb cDNAs were irradiated at 30 Grays (to

block any further proliferation of the cells), harvested and seeded at 1x106 in25cm2

flasks. These cells adhere to the plastic, but do not proliferate' Non-adherent target

cells to be transduced were added to these cultures at various densities depending on

the cell line in a final volume of 5 ml. A separate "mock transduction" was set up at

the same time (no Psi2 cells added). After 2 days co-cultivation, non-adherent cells

were collected, washed and cultured in 5 ml DMEM with FCS, mu-GM-CSF and
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lmg/ml geneticin or 2p"glml puromycin (depending on retroviral construct used)'

Medium was changed twice weekly until all "mock" transduced cells had died.

2.8. ManiPulation of RNA

For RNA procedures, materials were maintained RNase free, and gloves were always

worn. Plasticware and autoclaved glassware were pretreated with 0.5 M NaOH to

destroy any RNase contamination. All Milli-Q water used was treated with 0.1% v/v

diethylpyrocarbonate (DEPC) (Sigma, cat. No. D-5758) at 37"C overnight and

autoclaved at !2I"c to inactivate the DEPC. All other solutions used were prepared

in ,RNase-free' plasticware or glassware. Aerosol barrier tips were used to prevent

contamination

2.8.1. Total RNA Extraction

Total RNA extraction was performed using TRIzol according to the manufacturer's

instructions (GibcoBRL , Cat. No. 15596 -026). Cells were harvested and washed in

pBS. The supernatant was removed and 1 ml TRIzol reagent for up to 1.5 x 107 cells

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 frozen at -70"c. For small cell numbers (<106), 200¡rl TRIzol was added

irrespective of cell number.

To TRIzol samples that had been thawed to room temperature, Il5 volume of

chloroform 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
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upper colourless aqueous phase containing RNA. The aqueous phase (approximately

5}o/o of volume of TRIzol) was transferred to a fresh tube and the RNA was

precipitated with an equal volume of isopropyl alcohol by incubation at room

temperature for 10 minutes. The samples were centrifuged at 12000 g for 10 minutes

at 4oC. The supernatant was removed and the pellet washed with I ml75Yo ethanol'

Samples were incub ated 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

to the desired volume'

2.8.2. Quantitation of RNA

Quantitation of RNA was performed using a spectrophotometer to measure

absorbance at A26s. The concentration was determined on the assumption that an

absorbance at260nm of 1 is equivalent to 40 ¡tglml (1 cm light path) of RNA'

2.8.g. Random otigonucteotide Priming - probe generation

Double strand DNA probes were labelled using the GIGAprime DNA Labelling Kit

(Bresatec, Australia, cat. No. GPK-I) according to the manufacturer's instructions'

50 - 100 ng of template DNA was made to 7 ¡tlwith sterile Milli-Q water and heated

at 95"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 pl of nucleotide/buffer cocktail, 50 ¡rCi

of a32p-dATp (specific activity 3000 Ci/mM) (Bresatec, Cat. No. ADA-2) and 1 ¡rl (5

U) of Klenow DNA polymerase. The solution was mixed and flicked down in a

microfuge before incubation aL37"C for 15 minutes' The reaction was terminated by

the addition of 1 ¡r1 of 0.5 M EDTA and the volume adjusted to 50 pl with sterile

Milli-Q water. The probe was purified from the label using Microbio-spin 6

87



chromatography columns (Bio-Rad, Cat. No. 732-6221)' 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 the purified labelled probe. The counts

per minute of the DNA probe was determined by diluting 1 pl of the probe in 100 pl

Milli-Q water and placing into a Bioscan QC-2000'

2.8.4. Northern Blot Transfer

RNA samples (10 pg) were dried in a heated speedvac and then resuspended in 12 pl

of sample buffer (see 2.9.3) with 0.2 mglml ethidium bromide and mixed. RNA was

denatured at 650c for 5 minutes and then 1 prl of l0ading buffer (see 2'9.3) was added

to the tubes. Samples were electrophoresed in a lo/o agarose gel in formaldehyde

running buffer (see 2.9.3). 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 Fluorlmager5g5 at an excitation wavelength of 488nm, using a 610

nm long pass filter for detection. This was performed to determine the quality of the

RNA. The gel was then blotted onto Hybond N+ filters (Amersham, cat' No'

RPN303B) and the RNA transferred by capillary action in 10x sSC (see 2'9'3)

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 to IJV light (0'a Jlcm2 in a Hybaid

UV crosslinker).

Nylon membranes were placed in 2x SSC, rolled and placed in glass hybaid bottles'

prior to hybridisation with radiolabelled probes, filters were incub ated at 68oc for 30
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minutes in 10 ml of pre waffned Express Hyb solution (Clontech, Palo Alto' CA'

s015-1) Probes of 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 t hour at 68oC whilst rotating'

Filters were washed twice with 2x SSC containing 0.05% SDS with the final wash

incubated for 30 minutes at room temperature, whilst rocking. Filters were then

washed once in a more stringent solution (0.1x SSC with 0.1% SDS) at 50oc for 30

minutes while shaking. Filters were dried and wrapped in plastic wrap' Hybridisation

signals were detected on phosphor storage screens' which were exposed overnight and

analysed using a Molecular Dynamics Phosphorlmager with ImageQuantrM software

(Molecular Dynamics, Sunnyvale, CA). Hybridisation signals were quantified using

the GAPDH signals as a loading control'

2.9. Reagents

2.g'1. lmmunocytochemistry, lmmunohistochemistry and

I m m u n ofl u oresce nce Reagenfs

0.066 M PhosPhate Buffer' PH 6.3

3.5gKH2PO¿and1.1gNa2HPo¿wasaddedto500mlofdistilledwatergradually

while stirring. The solution was stored at 4"C'

0.066 M PhosPhate Buffer,PIJ7.4:

0.087 g KHzPO¿ and 3.84 g Na2HPO4 wâs added to 500 ml of distilled water

gradually while stirring. The solution was stored at 4"C'

APAAP substrate:
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Prepared immediately before use. For 100m1: Z}mgnapthol AS-MX phosphate free

acid (sigma, st Louis,Mo, cat. No. N4875) was diluted to l0 mglml in dimethyl

formamide. This solution along with 100 ¡rl 1 M levamisole (sigma, cat. No. L-9756

diluted in water was added to 100m1 0.lM Tris - Hcl pH8.2. 100mg of Fast Red TR

salt (Sigma, Cat. No. F-l500) was added to solution and filtered with 3 M Whatman.

'Chloroacetate' esterase substrate solution:

5 mg naphthol-AS-D-chloroacetate (sigma, cat. No. N-0758) was diluted 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, cat. No. F-0250)'

Solution was immediately filtered with 3 M 'Whatman'

Esterase Fixative:

100 mg NazHPO¿, 500 mg KHzPO¿, 225 ml acetone and 125 ml formalin (40%

formaldehyde in water) were added to 150 ml distilled water. The solution was stored

at 4oC.

Facs Fix:

20/owlv D-glucose, lo/ovlv 37 - 40% formaldehyde and 0'02% sodium azide in PBS

and stored at 4"C.

Glycerol-glycine mountant:

L4 g glycine dissolved in water and adjusted pH to 8'6 with NaOH' To 30 ml glycine

buffer, added 70 ml glYcerol.

'Non-specific' esterase substrate solution:

0.3 ml of pararosanaline solution was mixed with 0.3 ml of 4%o sodium 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 I ml of 10 mg/ml o-naphthyl acetate
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(Sigma, Cat. No. N-8505) in acetone. The final pH was adjusted to 6'1 with 5 M

NaOH.

Pararosanaline:

0.2 gpararcsanaline hydrochloride (Sigma, P-3750) was added to 10 ml of 20o/o vlv

HCI in water and incubated at 56'C for 30 minutes in the dark. The solution was

filtered (0.a5pm) and stored in the dark at room temperature for no greater than I

month.

Standard APAAP Fixative:

Acetone: methanol: formaldehyde (47 .5:47.5:5 v/v). Solution was stored at 4oC'

Scott's gentle alkaline solution:

3.5 g NaHCO¡ and 20 g MgSO ¿,.7HzO was dissolved in I L water.

TBS (for APAAP):

1.5 M NaCl solution was buffered to pH 7.6 with 0.5 M Tris-HCl.

2.9.2. ReagenÚs For Protein Analysis

0.5 M Activated Sodium Orthovanadate:

0.5 M solution made in Milli-Q water and the pH of the solution adjusted to 11.1 with

0.5 M HCl. Solution was heated, cooled to room temperature and adjusted to the

original volume with Milli-Q water three times. The pH of the solution was then

adjusted to 10.05, filtered (0.a5 pm) and stored in aliquots al-20oC.

1% NP40 in TSE:

50 mM Tris, 150 mM NaCl, 1 mM EDTA was dissolved in water and solution

adjusted to a pH of 8. NP40 was added (lYo vlv final) and solution filtered (0.45 pm)

and stored at 4"C.

10x TBS (for westerns):
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199 mM Tris, 1.5 M NaCl dissolved in water, pH adjusted to 7.5 with 10 M Hcl. For

use, this stock was diluted to lx in Milli-Q water'

Double Strength Reduced Loading Buffer:

125 mM Tris-HCl, pH6.8; 20Vo glycerol;4Yo SDS; 10% p-mercaptoethanol; 0.0025%

bromophenol blue.

SDS PAGE electroPhoresis buffer:

25 mM Tris, 192 mM glycine, 0.1% SDS, should be pH 8'3 without further

adjustment.

Lysis Buffer:

lo/o vlv Np40 with 5 mM sodium fluoride, 5 mM tetrasodium pyrophosphate, 5mM

sodium vanadate, 1 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mM phenylmethyl

sulphonyl fluoride (PMSF) and Complete Protease Inhibitor Cocktail (Roche' Cat.

No. 1836145)

Resolving Gel:

o/o geI 8 10

Acrylamide-bis (37.5:1) 8% 10%

Tris - HCI pH 8.8 0'4 M 0'4 M

SDS (in water) 0'l% 0'f/'

Ammonium persulphate (in water) 0'l% 0J%

TEMED 0.0006% 0.0004%

Made in water

Stacking Gel:

Acrylamide-bis (37.5:1) 5%

Tris - HCI pH 6.8 125 mM

SDS (in water) 01%
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Ammonium persulphate (in water) 01%

TEMED 0.001%

Made in water

Tris/Glycine/Methanol Transfer Buffer :

25 mM Tris, 192 mM glycine with 20o/omethanol in water

2.9.3. Molecular Biology ReagenÚs

ry broth

2o/owlv Bacto-trlptone (Difco, Sparks, MD), 0.5o/owlv Bacto-yeast extract (Difco)'

0.5%owlv MgSOa, P}{7.6 inwater.

2x YT:

2%owlv Bacto-tr¡ptone (Difco),Io/oBacto-yeast extract (Difco), 1% NaCl in water'

50x TAE:

100 ml 0.5 M EDTA, pH 8 was mixed with 57.1 glacial acetic acid and made to 1 L

with water, to which 242 gTris was added and dissolved. Stock solution was diluted

as required.

100x TE:

1 M Tris, 100 mM EDTA with pH of solution adjusted to 7 .5 prior to the addition of

EDTA.

Gel Loading Buffer:

o.zs%bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol in water.

Luria Agar plates:

l.SyowlvBacto-agar in Luria Broth was autoclaved. Agar was cooled to - 55oC prior

to the addition of 100 ¡rg/ml ampicillin and then poured onto petri dishes' Plates were

allowed to set and stored at 4"C.

Luria Broth medium:
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lYoBacto-tryptone, 0.5% Bacto-yeast extract , 1% NaCl in water and pH adjusted to 7

- 7.2 and autoclaved.

RNA agarose gels (containing formaldehyde)

10 x MoPs Buffer
200mM MOPS

10mM EDTA

50mM NaAc

made in DEPC water

** store at RT in the dark

1 x Running Buffer
1 x Mops Buffer

2.2M FormaldehY de l8o/o v I v

made in DEPC water

** store at RT

Sample Buffer
1 x Mops Buffer

50% Formamide

2.2M FormaldehYd e l8o/o v I v

made in DEPC water

l"/o agarose gel with formaldehyde
Agarose (RNase free)

1 x Mops Buffer

made in DEPC water to 82%o final volume

Heat to dissolve agarose, allow to cool to I 60'c then add formaldehyde

2.2M Formaldeh Y de l8o/o v I v
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SOC medium:

2o/oBacto-trlptone, 0.5% Bacto-yeast extract, 10 mM NaCl and2'5 mM KCI in water

were autoclaved. When cool, l0mM MgC12, Mg SO+ and20 mM glucose \Mere added

and the medium filter sterilised through a0.22 pm filter unit.

20x SSC Buffer

NaCl 3M

NaCitrate 0.3M

Final pH 7.0 (using lM HCl)

TfbI buffer

KOAc 3OmM

KCl 100mM

CaClz 1OmM

MnClz 5OmM

Glycerol |So/o,vlv

Final pH 5.8 (using 0.2M Acetic Acid) and sterile filtered (0.22pm)

TfbII

MOPS 1OmM

CaClz 75mM

KCI 1OmM

Glycerol llYovlv

FinalpH6.5(using0.5MKoH)andsterilefiltered(0.22pm)

95



3 Transforming Potential of c-Kit - Effects of copy
Number and lsoform

INTRODUCTION

3.1. c-Kit recePtor levels

As outlined in Chapter 1, binding of ligand to the extracellular domain of receptor

tyrosine kinases induces their dimerisation resulting in activation of the intrinsic

tyrosine kinase activity and transphosphorylation of the receptor subunits'

Subsequent phosphorylation and association of downstream signalling molecules

occurs leading to a biological response (Heldin, 1995; ullrich et al',1990; Yarden et

al., 1988). Mutation and transduction of the genes encoding several RTKs by

retroviruses has resulted in constitutive activation of the receptors and oncogenesis'

An example discussed in chapter 1 is v-kit in the Hardy-zuckerman-4 strain of feline

sarcoma virus (FeSV), which induced fibrosarcomas in cats (Besmer et a1'' 1986) as a

result of several alterations compared with its normal cellular counterpart, c-Kit

(Herbst et a1.,1995a). Like c-Kit, genes encoding other RTKs, eg. c-frns and c-erbB

which encode csF-1R and the Epidermal Growth Factor receptors respectively

(Type I RTKs), have counterparts in retroviral oncogenes (Yarden et a1', I987a)'

Activating mutations of cellular genes encoding RTKs is not the only path leading to

oncogenicity. Elevated expression levels of several "wild Type" RTK have been

implicated in the progression of human malignancies. There are several examples of

the EGF receptor family being expressed at elevated levels in carcinomas (Kern et al''

1990; Liu et al.,1992;Paik et al., 1990; Slamon et a1.,1987; Slamon et al',1989), and

overexpression of the HER-2 lneu receptor in breast and ovarian cancers is associated

with poor prognosis (Slamon et a1., 1987 Slamon et al', 1989)'
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The potential role of overexpression of the lHER-Zlneu and the EGF receptors in

carcinogenesis was demonstrated by their ability to induce transformation of NIH3T3

cells. Cells expressing low receptor levels did not display transformed behaviour, in

contrast to those expressing high levels, which were also tumourigenic in nude mice

(DiFioreetal.,1987;Hudziaketal.,1987;Veluetal',1987)'

Similar results have been obtained with c-Kit, which is expressed on very early

progenitor cells within the bone malrow' During haemopoiesis, the c-Kit receptor is

lost as progenitor cells differentiate into more mature lineage committed cells with the

exception of mast cells which retain very high levels of c-Kit expression (Galli et a1',

1994; kani et al., 1992; Mayrhofer et al', 1987). Patients with acute myeloid

leukaemia (AML) accumulate blast cells within their bone malro\M' which have been

blocked in the differentiation process, frequently at a stage still retaining c-Kit

expression. A sub-group of 25-30% of adult AML patients displayed high levels of

surface c-Kit protein on their blast cells at presentation, as detected by the monoclonal

antibody (Mab), YB5.B8. This high level c-Kit expression was correlated with

resistance of the disease to chemotherapy and poor prognosis (Ashman et al'' 1988)'

3.2. Ectopic expression of c-Kit in the N|H3T3 model:

Previous findings in this laboratory

Previous studies in this laboratory investigated the effects of murine c-Kit expression

levels (GNNK - isoform) on its transforming potential in NIH3T3 and its

tumourigenicity in nude mice (Caruana, 1996)' The findings of that study are in this

section.
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3.2.1. OverexPression of c'Kit

Ectopic expression of murine c-Kit in NIH3T3 cells transformed them in anchorage

independent assays. In the absence of ligand, cells expressing mu c-Kit displayed a

plating efficiency or 27Yo, which increased to 40o/o with saturating doses of ligand

(muSCF) (Caruana et a1.,1993). These data clearly demonstrated the transforming

potential of c-Kit when overexpressed in NIH3T3 cells. Addition of a ligand blocking

Ab to mu c-Kit (ACK2) or Ab to muSCF (rabbit polyclonal Ab) significantly reduced

exogenous muSCF induced colony formation but not "factor independent" colony

formation (caruana et al., 1998), suggesting that this activity is truly ligand

independent activation of the receptor, as opposed to endogenous (autocrine) SCF

stimulation. Experiments described later in this chapter demonstrate that factor

indep endent transformation was indeed occurrin g'

g.2.2. Transformation potentiat of Human c'Kit isoforms

In the experimental work described above, much of the focus v/as on c-Kit expression

levels, and the effects this had on transformation and tumourigenesis in the NIH3T3

model. Caruana extended this work using human c-Kit in the NIH3T3 model' this

time evaluating the contributions made to transformation by each of the naturally

occurring isoforms of c-Kit. Given the effects of receptor density demonstrated above

for mu c-Kit, and also for human c-Kit (Caruana et al', 1998), extreme care was taken

in the studies to control the receptor expression levels. The effects of c-Kit receptor

density on NIH3T3 transformation was investigated using a series of clones

expressing increasing levels of c-Kit mRNA and surface protein' These were

analysed for their ability to induce anchorage independent growth in the presence of

muSCF. Clones expressing less than 2.5xl0a receptors/cell were generally unable to
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form colonies under these conditions. Intermediate levels of c-Kit expression resulted

in colony growth which was generally enhanced as the surface expression increased

up to about 8x10a copies/cell, and a positive correlation existed between the level of

c-Kit protein in these clones and colony number in the presence of muSCF (RS :

0.58; p<0.01 (caruana et aI.,1993). clones expressing the highest levels of c-Kit

mRNA and among the highest levels of c-Kit protein in this study produced few

colonies even in the presence of muSCF. This phenomenon is discussed later.

Two specific isoforms of human c-Kit (GNNK+S+ and GNNK-S+) were examined'

These pools were generated by caruana as described below: cDNAs for GNNK+S+

and GNNK-S+ c-Kit were subcloned into the retroviral vector pRufMClneo (Rayner

et al.,Igg|),packaged in Psi2 cells, and viral supernatants were used to infect early

passage NIH3T3 cells. G418-selected cells were screened for expression of c-Kit by

indirect immunofluorescence using monoclonal antibody (Mab) 1DC3 (data not

shown). Analysis of 6RNA showed similar levels of transcript of the predicted sizes

(Figure 3.3 A). That the correct isoforms were expressed was confirmed in each case

by PCR analysis (Figure 3.3 B). Despite numerous attempts, Caruanawas never able

to obtain surface expression of the GNNK.S- isoform of c-Kit in any cell model

system even though mRNA expression was demonstrated (Figure 3'3 A)' Therefore,

the GNNK isoforms were compared on the S+ background'

Caruana generated pools of cells comprising the top l\yo, 5o/o and 2Yo of each

population of infectants by sequential fluorescence activated cell sorting (FACS)'

These pools were expanded and, after checking their expression of c-Kit, were

cryopreserved. All experiments performed by Caruana or for this thesis were
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performed on cells expanded for no more than two weeks from these ftozen stocks'

ensuring the oligoclonality and consistency of the cell populations.

The c-Kit-expressing cell populations described above were assayed for their ability

to grow in an anchorage-independent fashion (colony formation in soft agat)' and for

the loss of contact inhibition (focus formation) in the presence/absence of saturating

doses of scF. Early passage NIH3T3 cells expressing murine GNNK- c-Kit (as

previously described (Caruana et al., 1998) were included for comparison'

Anchorage independent growth was observed in cells expressing both isoforms, and

the yield of colonies was lower at high levels of expression' This supported the data

generated using inducible vectors expressing human c-Kit described earlier (caruana

et al., 1998).

When cell populations were assayed for a loss of contact inhibition' the GNNK-

isoform was much more efficient at induction of focus formation. This formation was

substantially SCF-dependent at lower receptor levels. In contrast to the results of the

colony assay, increasing focus formation was observed with increasing receptor levels

for both isoforms. Consistent with the loss of contact inhibition, cells expressing

GNNK- or, to a lesser extent, GNNK+ c-Kit grew to a higher density than cells

infected with empty vector (Caruana et a1', 1998)'

In summary, caruana had successfully generated a series of cell lines expresstng

murine and human c-Kit, and had characterised some of the cellular responses to scF'

In this thesis, the cellular responses in these cell lines were further characterised, and

the processes involved were studied at the biochemical level.
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RESULTS

3.3. Ectopic expression of Murine c-Kit in NIH3T3 Model

g.g.1. Quantitation of mu c-Kt surtace expression

In experiments investigating the effect of receptor levels on transformation of

NIH3T3 cells, caruana (caruan a, 1996) characterised relative c-Kit expression based

on Mab binding and flow cytometry. To determine the absolute surface expression of

mu c-Kit, a saturation binding assay was performed. The average number of mu SCF

receptors per cell, as determined by Scatchard Analysis of the saturation binding data

(see section 2.5), was 2.3 x 10a receptors per cell with a binding affinity of 1'43 x 10-

eM 
lFigure 3.1). This analysis was used to assign copy number to all cl0nes and pools

analysed in this study, comparing relative Mean Fluorescence Intensity of tested pools

and clones with the standard pool analysed here'

3.3.2. Autocrine stimulation

A possible mechanism for factor independent colony formation as seen by Caruana

was autocrine stimulation of the ectopically expressed mu c-Kit' To address this

question, caruana expressed mu c-Kit ín st/st -3T3 cells (Fujita et a1., 1989) (murine

fibroblasts lacking any functional mu SCF genes)' However, the parental cells proved

resistant to transformation by mu c-Kit, even in excess mu scF (data not shown)

(Caruana, t996).

To address this question, anti-sense mu SCF constructs were generated and introduced

into the mu c-Kit NIH3T3 pools as described in section2.7.ll. Briefly, a 630bp
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Figure 3.1

Saturation Binding Analysis of Il2s labelled muSCF on NIH3T3 pool cells

expressing mu c-Kit.

Saturation binding studies and Scatchard analyses were performed as described in

section 2.5. Binding affinity (Kd) of muscF for mu c-Kit on this standard pool was

determined from the slope of the illustrated line to be 1430pM. copy no' was

determined from the B-u* of 1.94 x 10-11 M, which represents 23400 copies per ce1l

in this analysis.

This pool of cells was used as a reference in indirect immunofluorescence analysis

to assìgn copy number for mu c-Kit to the various other pools analysed the study.



fragment incorporating the 5' 420 bases of the coding region of murine SCF

(Anderson et a1., 1990) was ligated into the pCXN2 expression vector (Niwa et a1''

1991). Several clones were isolated, and the two selected for these experiments wefe

(sense) pcXNC8 and (anti-sense) pcxNCl}. Inorder to select cells expressing these

new sense and antisense SCF constructs, the NIH(muKit) cells were cotransfected

with excess pCXNC8 or pCXNC 12 and limiting pRIIFpuro and cotransfectants were

selected for Puromycin resistance'

The two resultant NIH muKit pools expressing sense and anti sense muSCF were

evaluated for colony formation in the presence or absence of muSCF' Results from a

representative experiment are shown in Table 3.1, and clearly demonstrate that

removal of endogenous muSCF had no effect on muSCF independent colony

formation.

It was important to verify expression of anti-sense SCF transcript' To do this'

northern blot analysis was performed as described in Section 2.8 on the Puromycin-

resistant pools of pCNXC 12 andpCXNCS expressing cells' The probe chosen for the

Northern Blot was the same 630bp scF fragment used to generate the sense and anti-

sense constructs. Figure 3.2 clearly shows very weak, but detectable endogenous

muSCF transcript in all pools of cells. The approx 420bp transcript of the

sense/antisense constructs is clearly visible in the each pool expressing the sense or

antisense constructs, confirming the successful transcription of these constructs in the

target cell pools.
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Table 3.1: Effects of anti-sense mscF on colonv formation

cell line SCF none
construct

SCF a-sense SCF sense

colony no./10" cells

NIII(zeo) g.g + 0.0

0.0 f 0.0

20.5 + 8.1

753 + l5

1.9 + 0.5

3.0 + 1.0

130 r l0
964 t294

0.5 r 0.3

0.8 r 0.6

46+22
1404 !33

+

NIII(mu/cÍf) Pool

NIH muKit pools of cells expressing pcxNC8 (sense muSC_! g p9INC1.2

(anti sense muSCF) were generated as described in Section 2'7 'll' 10' cells

pUtrA in 0.33% roft ug* in the absence or prosence of 100ng/ml mSCF and

colonies scored on day 14. Colony number presented as the mean + S'E'M'

of quadruplicate cultures.

+



NIH3T3 pools expressing:

H

Figure 3.2

Northern Btot Anatysis to verify expression of sense and antisense muscF

constructs in NIH3i3 cells expressing mu c-Kit or vector only (pZenNeo)'

15¡rg of each RNA together with 10ng pBSSKMGF10.1 vector DNA cut with

ncoñ.t (as a positive coãtrol) was loaded r nto the gel for the Northern Blot analysis

and this was electrophoresed and blotted as per section 2.9.

(a) indicates endogenous muSCF transcript detected in NIH3T3 cells' A second

transcript (b) was detected only in cells transfected with sense or anti sense

constructs. The 630bp EcoRl fragment from pBSSKMGF10.1 is clearly detectable

in the right hand lane.

The probe was the same 630bp fragment from pBSSKMGF1O.1 labelled as detailed

in Section 2.8.3
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To evaluate the efficacy of the anti-sense construct in reducing endogenous muSCF

levels, NIH muKit pools cells expressing sense and anti sense muSCF were analysed

by quantitative confocal microscopy. Due to the extremely low levels of muSCF

expression in these cells (as evidenced by the low abundance of mRNA demonstrated

in Figure 3.2 above) extremely high gains were needed to visualise the signals from

the anti-muscF antibody, generating very high background fluorescence values when

scoring pixels for each cell. Despite this, as seen in Table 3'2, endogenous SCF could

be visualised and quantitated, and this was reduced to background levels (equivalent

fluorescence to negative control Ab) when the antisense construct was expressed in

the cells. Clearly, antisense muscF, in this series of experiments was successful in

substantially eliminating endogenous muSCF expression. It did not, however'

eliminate exogenous ligand independent colony formation.

3.3.3. Human c-Kit Isoforms

As discussed in Chapter 1, different isoforms of c-Kit exist as a result of altemate

mRNA splicing events. In the murine system, two isoforms are known and differ

only in the inclusion/exclusion of four amino acids, GNNK, in the juxtamembrane

region of the extracellular domain (Hayashi et a1., l99I; Reith et a1., 1991)' These

variants arise due to the use of alternative 5' splice donor sites at the exorVintron

junction of exon 9 (Hayashi et a1., 1991) and they appear to be co-expressed in a

variety of tissues (Reith et a1., 1991). The GNNK+/- variants also exist in human

c-Kit with the GNNK- form being more abundant (crosier et al., 1993). A second site

of alternate splicing is at the 3' end of exon 15 (Crosier et al',7993), resulting in the

presence/absence of 3 bp (encoding a serine in the interkinase domain)' These
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Table 3.2: Effects of anti-sense mscF on scF expression

construct
SCF a-sense SCF sensecell line none

fluorescence units/cell

NIH (mu/cÍl) poot

$ 3 x 10a cells cultured on chamber slides were fixed, permeabilised and stained with

either Rabbit ü-SCF or NRS. Bound Rabbit Ig was detected with biotinylated donkey

a-Rabbit IgiStreptavidin-Tricolor. Immunofluorescence was visualised and quantitated

by Confocal micioscopy. Total Fluorescence Intensity of individual cells (n:50) f SEM

is shown. NIH (mukit) pool cells and pool cells expressing o-sense scF were not

significantly different *hrn stained with control antiserum (NRS) in background

flior"sc"nc" (p:0.14 - one tailed Students t-Test), but were significantly different when

stained with a-muscF (P< 0.0001). The pool expressing ü-sense SCF showed an 85%

reduction in levels of sòp compared to the parent pool after correction for background

fluorescence. pool cells expressing ü,-sense SCF also differed significantly from pool

cells expressing sense SCF (P< 0.0001)'

NRS

cr-muSCF

22.05t0.06

25.52+0.17

22.15+0.08

22.65+0.10

22.50t0.07

24.15=0.11



isoforms were confirmed in other studies (Furitsu et al', 1993; Piao et al'' 1994; Zhu

et a1., 1994)

Little was known about whether functional differences exist between the isoforms'

when transiently expressed in coS cells, GNNK-, but not GNNK+, murine c-Kit

displayed some constitutive tyrosine phosphorylation and association with PI3-K

(Reith et al., 1991). However these isoforms had similar ability to restore survival,

proliferation and adhesion responses muSCF in V/sft mast cells (Serve et a1', 1995)'

In this section of the study, all NIH3T3 pools used were generated previously by

Caruana (see section 3'2.2)'

S.g.4.Estabtishmentofc-Kitcopynumberoncellpoo's

It was critical to establish a reliable copy number for human c-Kit in these studies'

Indirect immunofluorescence analysis on 4 standard pools of cells showed low levels

of surface expression for all isoforms except GNNK-S- (see Figure 3'3C)' The

GNNK+S+ and GNNK-$+ pools were subjected to saturation binding and Scatchard

Analysis using t2sl- h.,SCF (see section 2.5). Copy number for all pools analysed

were derived from these standard pools of cells by direct comparison of mean

fluorescence intensity using indirect immunofluorescence using the same Mab' Mean

copy numbers for the different populations of pools are included in Table 3'3 and

were in the range 6.8 - 46 x 1O3/cell'
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Figure 3.3

A and B:
Expression of c-Kit isoforms in NIH3T3 pools.

A:
poly A+ c-Kit mRNA was extracted from pools of NIH3T3 cells expressing each of
the 4 isoforms of human c-Kit. 2pg was loaded onto each track and subjected to

agarose gel electrophoresis and Northem blotting with full-length GNNK+S+
cDNA probe and a 780bp GAPDH probe. The 6.3 and 5.1 kb fragments are the

predicted size for transcripts generated from the vector pRUFMClneo containing c-

Kit cDNA (3kb).

This data was generated by Gina Caruana and is presented to illustrate the

successful expression of each isoform's cDNA cloned in pRUFMClneo in NIH3T3
pools.

B:
Confirmation of the GNNKT status of each pool was done by reverse transcription
from 200 ng of poly A+ selected mRNA used above in A) using the protocol

described by the manufacturers of the First-Strand cDNA Synthesis Kit
(Pharmacia). 2nd strand cDNA products were generated by PCR using primers

flanking the l2bp region (GNNK) in the juxtamembrane region of c-Kit. These

products were run on a 4o/o agarose gel and visualised with Ethidium Bromide.

These data were generated by Caruana, 1996.

* pools used in subsequent experimentation

C:
Indirect Immunofluorescence on NIH3T3 cells for human c-Kit

NIH3T3 cells expressing each isoform of c-Kit were analysed by indirect
immunofluorescence with Mab 1DC3 (anti c-Kit) *Â'!+."¡cd or isotype matched

negative control \d¿þ- to assess relative surface expression ofeach isoform of
c-Kit. Fixed cells were analysed on a Coulter Profile II Flow Cytometer.



A

C-KIT
6.3 kb-
s.1kb-

B

**
+rrqq,hòoggúú_ËzzzzF
66ó6É^

sgtgsZZZZTTzzzzÞ(J99(Jú

93bo -81bþ -
GAPDH

a

Ê

0o 100

0

b

200

C

NIH(GNNK+S+)

0.1 I 10 100 1000

relative fl uorescence intensiÇ

NIH(GNNK*S+)

NrH(GNNK+S-)

r 10 100 1000

relative fluorescence inúensitY

NrH(GNNK.sI

c

200
200

tr
=I roo

0

d

200

tr

8 too

0.1

c
5
oo 100

I 10 100 1000

relative fluorescence intensitY

I 10 100

relative fluorescence inûensitY

t)'4t 

-

0

0.1

0

0.1 1000



Table 3.3: properties of the NIH3T3 cell lines expressing the c-KlT isoforms

NIH3T3
infectant

receptor
no. x

103.

Foci/ 5x104 cells
plated*

no. of
tumours/

no. of
injections**

Colonies/ per 104 cells
plated*

-SLF +SLF .SLF +SLF

RUFMClneo <1 7.25 t 1.8 6.75 Ll.5 00 016

016

nd
nd

nd
416

nd

016

5/6$

7

nd
49

(GNNK+) -A
(GNNK+) -B
(GNNK+) -C

(GNNK-) -A
(GNNK-) -B
(GNNK-) -C

Zen(neo)
Zen(mukit)

82.00 + 5.7

40.50 + 2.9
t7.25 t2.9

57.70 + 3.8

t3.25 t2.3
7.gg + 1.2

0.00 r 0.0

12.75 t 1.9

97.75 t6.3
49.75 t2.2
35.75 X 5.4

77.50 t7.2
17.75 L r.9
36.00 r 4.0

0.00 r 0.0
204.30 + 25.2

0
dense

monolayer

r0.7
23.0
38.1

6.8

9.2

45.8

0.0$

23.0$

t7
15

ll5

144
r37

>200

0
nd
7

0

0

$

$ Data from Caruana et al, 1998

Data as published in Caruana et al, 1999

Tumourigenesis data completed by Tony Cambareri'
*
*{<

Shaded aÍea- data of Caruana,1996



g.9.5. Affinity of isoforms of human c'Kt for SCF

Saturation binding of l2sI-SCF and Scatchard anaþsis was also used to determine the

relative affrnity of the 2 isoforms of c-Kit for SCF. Results of 5-7 separate

experiments on each isoform, carried out using NIH3T3 cells (n:2) ,PClz cells (n:2-

4) and FDCP1 cells (n:1) are summarised in Figure 3.4, and show that there was no

significant difference in dissociation constant (Kd:57+13 pM and 87+26 pM for the

GNNK+ and GNNK- isoforms respectively) for SCF. This clearly demonstrates that

any differences in signal output from these isoforms is not as a result of variations in

affinity for ligand.

3.3.6. Transformation of NIH3T3 cells expressing c-Kt

isoforms

As already summarised in 3.2.2, Caruana demonstrated differences between the

isoforms in terms of anchorage independent growth and contact inhibition. To further

the analysis, NIH3T3 cells expressing comparable levels of human c-Kit protein for

each isoform were tested for their ability to give rise to tumours in nude mice' To

assess this, 8 x 106 low passage cells were injected subcutaneously into the hind flank

of nude mice. only cells expressing the GNNK- isoform were tumourigenic in vivo

with a latency period of approximately 42 days (Table 3.3). As previously reported

(Caruana et al., 1998), NIH3T3 cells expressing murine GNNK- c-Kit also induced

tumours, in this case with an average latency of 50 days'
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Figure 3.4

Saturation binding analysis of the affinity of GNNKT c-Kit isoforms

Representative Scatchard plots for both GNNK+ and GNNK- c-Kit expressed in
NIH3T3 pools are shown in the top 2 panels. Analysis was performed on NIH3T3
pools (n:2),PClz pools (n:2-4) (PClz analyses were done collaboratively with
Sonia Young), and FDCPI pools (n : 1) as detailed in Section 2.5. A summary of
the affinity (Kd) of c-Kit isoforms for SCF is shown in the bottom panel bar graph

as the mean * s.e.m.

GNNK+ c-Kit has a Kd of 57 + 13pM and GNNK- c-Kit has a Kd of 87 + 26pM.
There was no significant difference in the affinity of the 2 isoforms (two-tailed t-
test, P > 0.1).
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Template cDNAs for Chimaeric c-Kit generation

Human c-Kit

1 2 3 4 5 TJ K IK K C

Primers for Chimaeric c-Kit generation

A1 - BCxHUKITFV/D 39mer

CGC GCT ACC GCG A]-G AGA GGC
liozac Stalt

B1 - HUKITASI 35mer

AG CAG CGG CGT GAA CAG CCl'CTC CCC A]-C CAT'ITC
Murine TM seq llttn.tztrr

Murine c-Kit

Legend
1-5 - Extracellular Ig Like Domains

T - Transmembrane Domain
J - Juxtamembrane Domain
K - Kinase
IK - Interkinase Domain
C - c Terminal

GNNK+/-

A2 - x¡{xMUKITRV 41mer

CTA AGTCAGGCATCTTCGTGCAC
StoP

B2 - MUKITSI 35mer

AA ATC C]AT CCC] CAC ACC CTG TTC ACG CCG CTG CTC

llurran Murine TM seq



3.4. Biochemical analysis of human c-Kit isoforms
signalling

3.4.1. Kinetics of activation of c-Kt isoforms, recruitment of

p85 subunit of PI3-K

To begin to address the biochemical basis for the distinct transforming effects of c-Kit

isoforms, the kinetics of receptor tyrosine phosphorylation and down-regulation in

response to SCF were closely examined. Since the different isoforms were shown to

have similar affinity for scF, a single, saturating dose of 100 nglml SCF was used in

these experiments. Cells expressing comparable levels (approximately 104

copies/cell) of each isoform were cultured to approximately 70o/o confluence' then

starved of serum for three hours prior to pulsing with saturating levels of SCF' After

the indicated times, cells were chilled on ice and lysed in situ with ice-cold lysis

solution as described in Section 2.6. Lysates containing comparable amounts of

protein were subjected to immunoprecipitation with the anti-c-Kit Mab, KIT4

(IgGZa), followed by polyacrylamide gel electrophoresis (PAGE) under reducing

conditions and western blotting. Parallel blots v/ere probed with Mab to

phosphotyrosine (4G10 and PY20) or c-Kit (1c1), and quantitative analysis of blots

was performed using Enhanced Chemifluorescence substrate and a Fluorlmager595 as

described in Section 2.6.

Co-immunoprecipitation of PI3-K, which is the dominant downstream effector

molecule that associates with c-Kit (Herbst et a1., 1995b; Lev et al.,l99I; Reith et al',

1991), was detected by probing western blots of c-Kit immunoprecipitations with

antibody to the p85 subunit. To standardise quantitation of immunoblots, enabling

comparison of data from different experiments, standard aliquots of NP40 lysates of

106



starved and SCF-pulsed MOTe cells were subjected to immunoprecipitation and

analysis in parallel with NIH3T3 infectants. Results of typical blots and data derived

by quantitation using ImageQuantrM software are shown in Figure 3.5.

Under the conditions used in this study, a very low level of receptor phosphorylation,

and some association with p85, was seen in the absence of SCF' The presence or

absence of GNNK had a substantial effect on the kinetics and extent of receptor

phosphorylation, with the GNNK+ isoform displaying lower, but more sustained

levels of tyrosine phosphorylation. In five independent experiments, the mean ratio of

the phosphotyrosine to c-Kit signals at the peak response was 5'7+Iß for the GNNK-

isoform compared with 0.82+0.44 for GNNK+. Furthermore, receptor

phosphorylation peaked earlier for the GNNK- isoform (median 2.5 min; runge 2-3

min post stimulation) than the GNNK+ isoform (median 7.5 min; range 2.5-10 min)'

In contrast, the maximum level of p85 recruitment to the two isoforms \ilas similar

(Figure 3.5). probing blots for c-Kit protein indicated that the GNNK- isoform was

more rapidly down-regulated, accounting for the loss of associated p85 and

phosphotyrosine at later time points.

3.4.2. lnternalisatíon of c-KitfotlowingscFsfimulation

The apparent down-regulation of GNNK- c-Kit protein shown in Figure 3.5 could

arise from degradation (for example cleavage of the extracellular domain (Btizzi et

al., 1994; Yee et a1., 1993)) or from internalisation, cytoskeletal association and

incomplete solubilisation in NP40 detergent' Confocal microscopy was used on

permeabilised and non-permeabilised cell monolayers to monitor scF-induced

t0'7



Figure 3.5

Time course analysis of SCF stimulated NIH3T3 cells expressing GNNK+ and
GNNK- c-Kit - c-Kit tyrosine phosphorylation and PI3K p85 subunit
recruitment.

Cells serum starved for 2 hours were stimulated with 100ng/ml SCF for the times
indicated and lysed in situ as per Section 2.6. Lysates containing equivalent
amounts of protein were immunoprecipitated with Mab Kit4 (anti c-Kit (IgG2a))
and Protein-A Sepharose. Sepharose pellets were loaded onto SDS-PAGE under
reducing conditions, electrophoretically transferred to PVDF membrane and
immunoblotted for Phosphotyrosine (4G10 and PY20), c-Kit (1C1) or anti PI3-K
p85 (See Section 2.6). Blots were visualised using alkaline phosphatase conjugated
secondary antibodies followed by development with ECF (enhanced

chemifluorescence) substrate (Amersham) and scanned on a Fluorimager595
(Amersham).

On all gels, a standard c-Kit immunoprecipitate of MOTe cells stimulated for 2

minutes with SCF (M+) was loaded and used as the reference point for comparison
analysis across gels. All bands were quantitated using ImageQuantrM software
(Amersham) and displayed as relative percent of MOTe control. This information is
displayed in the bottom panel of graphs.

Legend:
GNNK- c-Kit
GNNK+ c-Kit
c-Kit Tyrosine phosphorylation
c-Kit protein immunoprecipitated from cells in lysates
PI3-K p85 subunit co-immunopreciptation

n
I
A
B
C
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internalisation of the receptor. As illustrated in Figure 3'6, GNNK- c-Kit was

completely lost from the cell surface within 10 min of SCF stimulation, while the

GNNK+ isoform was still evident at 20 min. Experiments on pefmeabilised cells

indicated that loss of the receptor from the surface was substantially due to

endocytosis. Some intracellular c-Kit, possibly newly s¡mthesised, was seen in

unstimulated cells expressing both isoforms, although there was a hint of GNNK-

c-Kit in endocytic vesicles as indicated by punctate staining' Following SCF

stimulation, substantial internalisation of GNNK- isoform could be seen as early as 3

minutes, whereas a comparable level endocytosis of GNNK+ required at least 10 min

(Figure 3.7).

g.4.g. Downstream signalling from c'Kit isoforms

As shown in Figure 3.5, PI3-K was recruited to a similar extent to both receptor

isoforms. As a measure of PI3-K activation, phosphorylation of a known major

target, c-Akt in NP40 lysates was examined by western blotting with antibodies

specific for the phosphorylated form. Both c-Kit isoforms were capable of activating

c-Akt phosphorylation to a similar extent following scF stimulation (Figure 3'8)' As

a measure of activation of the Ras-MAP kinase (MAPK) pathway, phospho-MAPK

levels were also examined. The GNNK- isoform brought about 4-fold stronger

phosphorylation of MAPK than GNNK+ c-Kit, although activation appeared transient

(Figure 3.8). Similar results were obtained in three independent experiments' This

transience may have been due in part to translocation to the nucleus as observed by

Traverse et al (Traverse et a1.,1992) as nuclear phospho-MAPK was observed at 30

min post scF stimulation by confocal microscopy. However no appreciable
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Figure 3.6

Loss of c-Kit Surface expression by confocal microscopy

Subconfluent cultures of NIH3T3 cells expressing GNNK+ or GNNK - c-Kit in
chamber slides were serum starved for 2 hours and then pulsed for the times

indicated with 100ng/ml SCF, immediately followed by fixation with a non-

permeabilising fixative (l% paraformaldehyde). Cells were then immunostained in
situ with anti c-Kit Mab (1DC3 - see section 2.3.I), followed by FITC conjugated

sheep anti-mouse Ig (Silenus Laboratories) and analysed by confocal microscopy
(BioRad MRC600). Surface expression was quantitated by pixel counting using

Confocal AssistantrM software analysing 5 random low power fields per timepoint.
Data are presented as the mean average pixel value (immunofluorescence units)

(expressed as a percentage of unstimulated cells) I s.e.m.
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Figure 3.7

Endocytosis of c-Kit following SCF stimulation analysed by Confocal
Microscopy.

Subconfluent cultures of NIH3T3 cells expressing GNNK+ or GNNK - c-Kit in
chamber slides were serum starved for 2 hours and then pulsed for the times

indicated with 1O0ng/ml SCF, immediately followed by fixation with a

permeabilising fixative (ice-cold 47.5% Methanol, 47.5% Acetone, 5%

formaldehyde). Cells were then immunostai¡ed in situwith anti c-Kit Mab (lDC3),
followed by FITC conjugated sheep anti-mouse Ig (Silenus Laboratories) and

analysed by confocal microscopy (BioRad MRC600).
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Figure 3.8

Time course analysis of SCF stimulated NIH3T3 cells expressing GNNK+ and
GNNK- c-Kit - MAPK and Akt phosphorylation.

Cells serum starved for 2 hours were stimulated with 100ng/ml SCF for the times

indicated and lysed in situ as per Materials and Methods. Lysates containing
equivalent amounts of protein were loaded onto SDS-PAGE under reducing

conditions, electrophoretically transferred to PVDF membrane and immunoblotted
for phosphorylated MAPK (Erkl and 2), total MAPK (Erk I and 2) or
phosphorylated Akt (see Section 2.3.1). Blots were visualised using alkaline
phosphatase conjugated secondary antibodies followed by development with ECF
(enhanced chemifluorescence) substrate (Amersham) and scanned on a

Fluorimager5 95 (Amersham).

On all gels, a standard lysate of MOTe cells stimulated for 2 minutes with SCF was

loaded and used as the reference point for comparison analysis across gels. All
bands were quantitated using ImageQuantrM software (Amersham) and displayed as

relative percent of MOTe control. This information is displayed in the bottom panel

ofgraphs.
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difference in the extent of nuclear translocation between cells expressing the different

isoforms was apparent (Figure 3.9)'

3.5. Discussion

3.5.1. c-Kit receqtor levels

ln this analysis, it was demonstrated that ectopic expression of the unaltered murine

c-Kit receptor in NIH(muKit) pools of infectants was able to induce a full range of

transformed characteristics (ie. morphological changes, growth in low levels of

serum, focus formation, anchorage independent gfowth in soft agat, and tumours in

nude mice) in a substantially factor-dependent manner'

Clones expressing less than about 2.5xI0a receptors/cell were generally unable to

form colonies under these conditions. Intermediate levels of c-Kit expression resulted

in colony growth which was generally enhanced as the level increased up to about

gxloa copies/cell , and apositive correlation existed between the level of c-Kit protein

in these clones and colony number in the presence of muSCF' These levels can be

compared with an average of 2xl0a copies/cell in CD34+ human haemopoietic

progenitor cells (cole et al., 1996); therefore expression of c-Kit at levels only

moderately higher than physiological were required to induce anchorage independent

growth of the NIH(muKit) cells. Clones which expressed the highest levels of c-Kit

mRNA and among the highest levels of c-Kit protein in this study, produced few

colonies even in the presence of muSCF (Caruana et a1., 199S). Inhibition of colony

formation at high receptor levels was also seen with NIH3T3 cell lines expressing

human c-Kit up to 1.5x10s per cell (Caruana et a1., 1998). In these, optimum colony

formation occurred at 5x10a receptors per cell which is near the upper end of the
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Figure 3.9

MAPK translocation to nucleus analysed by Confocal Microscopy.

Subconfluent cultures of NIH3T3 cells expressing GNNK+ or GNNK - c-Kit in
chamber slides were serum starved for 2 hours and then pulsed for the times
indicated with l00ng/ml SCF, immediately followed by fixation with a

permeabilising fixative (ice-cold 47.5% Methanol, 47.5% Acetone, 5%
formaldehyde). Cells were then immunostained in situ with anti phospho-MAPK
(Erkl and 2) polyclonal antisera (see Section 2.3.1), followed by FITC conjugated
sheep anti-rabbit Ig (Silenus Laboratories) and analysed by confocal microscopy
(BioRad MRC600).
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range observed in the mu c-Kit studies summarised here (caruana et a1., 1998)' These

results indicate that there is an optimum level of c-Kit expression that is necessary for

the production of anchorage-independent growth of NIH3T3 cells.

The mechanism for receptor overexpression resulting in transformation of indicator

cell lines is not known, but may be the result of activation of a contmon signalling

pathway. These receptors all activate the Ras/Raf/mitogen-activated protein kinase

(MAPK) pathway, many components of which are known proto-oncogenes

(Schlessinger et a1., l9g4). As discussed in Chapter 1, the strength and duration of

signal generated by RTKs as a consequence of the variation in receptor density on

PCIL cells changes the biological response. (Dikic et al', 1994; Marshall' 1995;

Traverse et al., lgg4). Decreases in proliferation seen upon stimulation of cells

overexpressing the EGF or HER-2/neu receptors were associated with high levels of

tyrosine kinase activity, while an enhanced proliferative response was produced when

these cells were stimulated with lower ligand concentrations, or by cells expressing

lower receptor levels (Kawamoto et a1., 1984; Lupu et al., 1990; Riedel et a1', 1987),

however the receptor copy number at which this was determined was much higher

than in our exPeriments'

Inhibition of anchorage-independent growth was observed at high levels of receptor

expression in two series of experiments (one series using mu c-Kit, one using hu

c-Kit) by Gina Caruana (Caruana et al., 1998)' This may also reflect a 'strength of

signal, phenomenon. Although NIH3T3 cells do not undergo differentiation' other

data indicate that an optimum level of stimulation of the Ras/IVIAPK pathway is

required for transformation. while moderate Raf kinase activity was associated with
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proliferation and transformation in these cells, high constitutive activity led to

p2lCipl induction and cell cycle arrest (Woods et a1., 1997). Similarly, there appears

to be an optimum level of signalling through c-Kit for transformation'

A significant level of apparently factor-independent colony formation was observed

with pools and clones of NIH3T3 cells expressing relatively high levels of c-Kit. This

could have been due to autocrine scF (Jozaki et a1., 1991). Firstly, the effects of an

antagonistic anti-c-Kit Mab and a partially neutralising anti-muSCF antibody on

colony production by the NIH(muKit) pools in the absence of exogenous SCF were

examined. Both antibodies inhibited the response to exogenous muSCF but did not

influence ,factor-independent' colony yield. This is inconclusive, as antibodies vary

in their ability to functionally block receptor/ligand interactions depending on their

affinity for the antigenic epitope, and the epitope's position relative to the interaction

sites of the ligand/receptor. As the "factor independent" activity is quite low' it is

likely that any deficiency in blocking of the antibodies used may allow sufficient

interaction to produce a survival/proliferation signal to the cells. Therefore, to

confirm this result, a retroviral anti-sense SCF cDNA construct was generated to

block autocrine SCF production. No inhibition of 'factor-independent' colony growth

was observed, indicating a low level of ligand independent c-Kit activation in these

cells.

In conclusion, the data presented here indicate that ectopic expression of normal c-Kit

is capable of contributing to oncogenic transformation. c-Kit is ectopically expressed

in some human solid tumours as discussed in Section 1.1.3, and is highly expressed in

some AMLs where it is associated with poor prognosis (Ashm an et aI',19SS)' How it
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contributes to the development of these cancers is not known, but analysis of the

signalling pathways in the model system described here should provide valuable

information on the molecular relationship between receptor density, ligand-

dependence and transformation.

3.5.2. Hu-c'Kt isoforms

As previously stated, alternative splicing of mRNA encoding human c-Kit occurs rn

an apparently tissue non-specific fashion (crosier et al', 1993) and its significance is

unknown. To investigate the function of the different isoforms, a retroviral vector

was used to introduce cDNAs encoding different isoforms of human c-Kit into

NIH3T3 fibroblasts, which do not express endogenous (murine) c-Kit' As already

shown, stable expression of human or murine c-Kit in these cells induces several

characteristics of transformation (Caruana et al., 1993) (see Table 3'3)' Thus' the

resulting infectants could be used to compare cellular responses elicited by binding of

SCF to the different receptor isoforms. Any differences could then be explored at the

level of signal transduction.

The GNNK- c-Kit \ilas more strongly transforming than the GNNK+ isoform when

expressed at similar levels (approximately 10a copies/ce11). Interestingly, dissociation

of the different correlates of transformation was observed' While the GNNK+

isoform was at least as effective as GNNK- in inducing anchorage-independent

growth (colony formation in soft agar) it was relatively poor at overcoming contact

inhibition (focus-formation assay), and was non-tumourigenic in nude mice'
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3.5.3. Biochemical analYsis

In order to gain some insight into the biochemical basis for these different cellular

responses, receptor activation in response to SCF was examined' Saturation binding

analysis indicated that both isoforms have similar affinity for SCF. Therefore

subsequent experiments were performed with a single saturating level of scF (100

ndml). The presence or absence of the GNNK tetrapeptide had a profound effect on

the kinetics and extent of receptor phosphorylation, being extremely rapid for GNNK-

(peaking at 2-3 min) followed by downregulation which involved internalisation of

the receptor. In contrast, the GNNK+ isoform displayed later peak tyrosine

phosphorylation (aroun d, 7.5 min) and showed little dephosphorylation or down-

regulation by 20 min. A marked difference was observed in the relative level of

phosphorylation, which was 7-fo1d, higher for the GNNK- isoform' whether this

reflects a lower efficiency of phosphorylation overall, or the lack of phosphorylation

of specific sites is not known'

Despite the low level of phosphorylation of GNNK+ c-Kit, PI3-K was recruited

similarly to both forms of the receptor and similarly activated based on

phosphorylation of its major down-stream effector c-Akt. Recruitment of PI3-K to

another type 3 RTK, the platelet-derived growth factor receptor (PDGFR), was

previously reported to have the least requirement of several substrates for receptor

phosphorylation (Rankin et a1., lg94). In contrast, phosphorylation of MAPK

paralleled that of c-Kit and was much stronger with the GNNK- isoform'
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The relationship between hyperphosphorylation of GNNK- c-Kit and its more rapid

endocytosis is unclear. Experiments with endocytosis-defective cells indicated that

maximal phosphorylation of the EGF receptor requires internalisation' Furthermore'

efficient MAPK phosphorylation and activation required receptor endocytosis while

activation of phospholipase cy was more efficient in endocytosis-defective cells

(vieira et al., 1996). Thus the different rates of internalisation of the c-Kit isoforms

may contribute to their altered specificity of signalling'

The results presented here differ from those of Reith et al (Reith et a1', 1991) with

murineGNNr+andGNNK-isoformstransientlyexpressedinCoscells.These

workers observed some constitutive tyrosine phosphorylation of the GNNK- isoform'

but not GNNK+, in the absence of ligand. In contrast, receptor phosphorylation in the

absence of SCF was very low for both isoforms in this study. One possible

explanation is that the levels of receptor expression, which were not determined by

Reith et al, wereprobably somewhat higher than in our study' However, a significant

level of factor-independent receptor activation can occur for both the GNNK+ and

GNNK- isoforms of human c-Kit, as is evident from the results of the colony assays

described here (Table 3.3) where relatively high frequencies of factor-independent

colonies were observed. Based on studies of factor independent mu c-Kit activation

(Caruana et al., 1998) and results presented in Section 3'3'z,these are unlikely to arise

as a result of autocrine stimulation by murine SCF produced by NIH3T3 cells,

especially since muSCF is less active than huSCF on human c-Kit (Lev et a1'' 1993)'

strong stimulation of certain signalling pathways may be inhibitory to NIH3T3

proliferation through induction of p21Cip1 (sewing et al', 1997 Woods et a1'' 1997)'
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In contrast to the colony assay, NIH3T3 infectants groìwn attached to the dish in the

assay for focus formation showed much less evidence of factor-independent c-Kit

activation. The conditions in this assay are comparable to those under which the

biochemical assays were performed. Furthermore, inhibition at higher receptor levels

was not observed in this assay (Table 3.3). These results indicate a complex interplay

between signals via c-Kit and adhesion molecules' It has been reported that

proliferation of fibroblasts induced by Ras required Rho activation to prevent

p21Cip1 induction (olson et al., 1993). Since Rho is also involved in cell adhesion

processes, it may be that this pathway is operative in the focus formation assay, but

that repression of pllcipl is defective in contact-deprived cells, ie' in the colony

assay

The differences between the isoforms in their transforming ability could be correlated

with differences in signalling. The GNNK- isoform, which induced anchorage-

independence, loss of contact inhibition and tumourigenicity, displayed stronger

receptor phosphorylation, more rapid internalisation, and stronger activation of the

MAPK pathway following SCF stimulation than the GNNK+ isoform' In contrast' the

GNNK+ isoform induced anchorage-independent growth with similar efficiency to

GNNK- c-Kit, but was much less effective in inducing other attributes of

transformation. The fact that scF binding to the GNNK+ isoform effrciently

recruited and activated PI3-K suggests that this pathway is particularly important in

preventing death of cells deprived of contact with extracellular matrix ("anoikis"

(Ruoslahti et al., 1994)).
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Indeed PI3-K induced activation of c-Akt has been demonstrated to be a major

mechanism of promoting cell survival in response to growth factors (Kennedy et al',

lggT) and cell adhesion (Khwaja eI al., 1997). There are strong parallels between

GNNK+ c-Kit and R-Ras in both signalling and their ability to induce different

attributes of transform ation in vitro. Activated R-Ras '\¡/as as effective as H-Ras in

promoting growth of NIH3T3 cells in soft agar, but was much less effective in

inducing focus formation (cox et al.,1994). Furthermore, activated R-Ras stimulates

the PI3-K pathway but, in contrast to other Ras proteins, has little effect on the

MAPK pathway in fibroblasts (Marte et al',1997)'

The molecular mechanisms by which these relatively minor sequence differences

between the c-Kit isoforms lead to such remarkably different activation characteristics

and biological behaviour are unknown. For example, it is unclear how the GNNK+/-

variation in the juxtamembrane region of the extracellular domain influences the rate

of receptor phosphorylation and internalisation' but it seems likely that it must

modulate interactions with other membrane proteins. Since the isoforms have similar

affinity for ligand, it seems improbable that the tetrapeptide has an appreciable effect

on receptor homodimerisation. The data presented here imply major differences

between the isoforms in their interaction with signal transducing molecules. It will be

important to investigate their interactions with phosphatases such as SHP-I which is

associated with c-Kit (Yi et a1., 1993) and a range of proteins including shc

(Matsuguchi et a1., lgg4), Lyn (Linnekin et al., 1997), PLCyI (Herbst et al" 1995b;

Rottapel et al., 1991), p120CBL (Wisniewski et a1', 1996), and others that are known

to be recruited or activated on SCF binding to c-Kit'

tt6



With reference to Shc and Lyn mentioned above, a recent study by Yoytyuk et al

(voytyuk et a1.,2003), demonstrated that src family kinases were differentially

activated by two c-Kit isoforms (GNNK+S+ and GNNK-S+). The GNNK- isoform

lead to 3 fold higher phosphorylation of Shc (downstream of Src family kinases) than

that stimulated by the GNNK+ isoform. This analysis also confirmed activation of

Erk was higher by the GNNK- isoform of c-Kit (as already shown in this thesis) in a

Src family kinase dependent manner (this was inhibitable with the specific Src kinase

inhibitor SU6656).

3.5.4. Future exqeriments

These experiments highlighted a need to develop an alternative model system to more

closely examine cellular responses to c-Kit as the NIH3T3 model can only provide

information on the transformation potential of the receptor and is a cell type that does

not normally express the receptor. This may, in fact, be the cause of the ligand

independent behaviour of c-Kit in this model, simply due to an inappropriate

repertoire of downstream signalling moieties - down modulation/negative regulation

of the receptor may not be as tight as in haemopoietic or other cells that normally

express c-Kit. This model also fails to measure many of the normal cellular responses

to SCF. In Chapter 4, an improved model is developed to redress some of these

shortfalls. This model is derived from cells of haemopoietic origin, and has the

potential to measure proliferation, differentiation and survival in response to SCF

stimulation of c-Kit.
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4 Development of chimaeric c-Kit isoforms for
expression in new Myb lmmortalised Haemopoietic
Cell (MIHC) Lines

INTRODUCTIOI\

In this chapter, a novel cell line model was adapted from a model established in the

IMVS previously by Professor T Gonda and Dr P Ferrao, where an oncogenic form of

c-Myb was used to immortalise murine foetal liver cells. This model was intended to

generate immortalised murine immature haemopoietic cells with the express purpose

of studying cellular responses to exogenously added SCF. The cell lines would be

engineered to express the GNNK+ and GNNK - isoforms of newly created chimaeric

(murine/human molecule) c-Kit responsive to human scF. Importantly' aîy

endogenous c-Kit in these cells will not be stimulated by the exogenous human SCF

used in experimentation'

It was hypothesised that these lines would be capable of differentiation, proliferation,

and survival responses, and the lines could be used to measure these parameters in

response to exogenously added human SCF. Once these cellular fesponses were

evaluated in normal cells, similar lines could be generated from knockout mice

missing one downstream effector of the c-Kit signalling pathways' This was to be a

systematic approach to analysing critical downstream effector molecules in the c-Kit

signalling pathway and assigning cellular responses to distinct pathways of the c-Kit

signalling cascades. The knockout strain chosen to evaluate this approach lacked src

family tyrosine kinase member Lyn, a known downstream component of c-Kit
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signalling pathways. comparisons between v/T and Lyn -l- cell lines would

potentially show the cellular responses to exogenous scF that are affected by Lyn'

4.1. Myb-immortalisation of haemopoietic cells

4.1.1. MYb gene familY

The Myb gene was first discovered as the transforming oncogene of the Avian

myeloblastosis retrovirus (AMV) first isolated by Hall et al in 1941 (Hall et a1', 1941)'

AZ"d virus was identified later and namedÐ26. E26 induced erythroid and myeloid

leukaemias in Quails (Reviewed Ohet al (Ohetal',1999)'

AMV was later shown to result from a recombination between the myeloblastosis-

associated virus type I (MAV-1) and chicken c-Myb oDNA sequences' AMV v-Myb

was a 45kD product (Baluda et al., lgg4) compared to c-Myb (75kD). 826 produced

a viral gag-Myb-Ets-1 fusion protein of 135kD (Leprince et al',1983a; Leprince et a1',

1983b; Nunn et a1.,1983)'

The discovery of these two v-Myb genes led to the cloning and isolation of the normal

cellular counterpart, c-Myb. This gene is highly conserved through all species

(Lipsick, 1996). The gene product (viral and cellular Myb) is localised in the nucleus

and has specific DNA binding activity. Its function is as a transcription regulator'

There are 3 members of the Myb gene family - A-Myb, B-Myb and c-Myb (Ness,

2003). These genes have high sequence homology, but have quite different tissue

expression patterns. A-Myb is strongly expressed in male germ cells and breast

epithelial cells (Mettus et al., 1994; Toscani et al., 1997). B-Myb is ubiquitously
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expressed and has been shown to play a role in inhibiting collagen gene expresslon ln

vascular smooth muscle cell (Hofrnann et a1.,2004) and fibroblasts (Cicchillitti et al',

2l} ;Luchetti et al., 2003). In addition, B-Myb activity is regulated by cyclinA/cdk2

(stimulator) and cyclinDl (inhibitor) (Joaquin et a1., 2003a; Joaquin et a1', 2003b;

schubert et al., 2004), and a significant gene target of B-Myb is the c-Myc gene

(Tashiro et a1.,2004)'

c-Myb is largely restricted to immature haemopoietic cells (Gonda et al', 1982:

Westin et a1., lg82) and has also been shown to regulate collagen gene expression

(Luchetti et a1.,2003). Its role in regulation of growth and differentiation is accepted'

but how c-Myb is itself regulated is still poorly understood' Recent studies have

demonstrated that c-Myb is sumoylated, increasing its activity, and that it associates

with promyelocytic leukemia (PML) protein localised in PML nuclear bodies'

overexpression of PML IV was shown to increase c-Myb activity (Dahle et a1', 2004)'

As with B-Myb, c-Myb has been shown to target the c-Myc gene promoter' where

c-Myb is overexpressed, granulocytic differentiation was blocked, and there was a

concomitant increase in the level of c-Myc expression and activity' Of interest'

overexpression of c-Myc alone was unable to block differentiation, yet the

differentiation block was dependent on c-Myc as demonstrated by the reversal of this

c-Myb induced block by addition of a dominant negative c-Myc (Kumar et a1., 2003)'

4.1.2. c-MYb structure

The gene product of c-Myb is a 636 amino acid (75kD) protein localised to the

nucleus, and it is expressed in most haemopoietic tissues (Gonda et al.,1982; Westin

et a1., 1982). An alternative splice product of 89kD (expressed in avian, murine and
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human haemopoietic cells) was later identified (Dasgupta et al', 1989; Dudek et al''

1989a; Dudek et a1.,1989b). The alternate splice adds 369bp to the mRNA between

exons 9 and 10. It is also nuclear localised (Dudek et a1., I989a; Dudek et al'' 1989b)

and functional as a transcription regulator (Sakura et al., 1989; Weston et al', 1989)'

A schematic representation of the 4 known translated gene products is shown in

Figure 4.1 (adapted from Oh et al (Oh et a1', 1999)'

All Myb proteins have an N-terminal domain (DNA Binding Domain) that is

conserved and consists of 3 tandem 50 amino acid repeats (R1, R2, R3) (Saikumar et

a1., 1990; sakura et al., 1939). Deletion analysis showed that R2 and R3 were

essential for DNA binding (Howe ef al',7991; Saikumar et al',1990) and Tanikawa er

al (Tanikawa et al., 1gg3) later demonstrated that Rl played a role in stabilisation of

DNA binding interaction. The DNA Binding Domain has a sequence specificity of

PyAACG/TG (Biedenkapp et a1., 1988), and this sequence is found in target promoter

regions (Nakagoshi et a1.,1990; Ness et a1., 1989). Surrounding sequences influence

the specificity of each Myb family member (oh et a1., 1999)'

A transactivation domain of 52 aais present in c-Myb and A-Myb , and there is some

conservation between the 2 proteins in this region. A-Myb transactivation is believed

to be more potent than c-Myb (Golay et al., lgg4). B-Myb also has a transactivation

domain, but has little homology to the other two family members, and is not

functionally equivalent (Oh et al.,1999; Watson et a1'' 1993)'

The c terminal regulatory domain is missing in v-Myb, which led to the suggestions

that it was a negative regulatory domain' Sakura et al (Sakwa et al', 1989) and
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Figure 4.1

Structural comparison of Myb gene family products'

I Represents Leucine Zipper domains in c-Myb. The values shown below A- and

B-Myb are percent homology to c-Myb.

DNAb: DNA binding domain.

TA: trans activation domain.

NRD: negative regulatorY domain.

RD : regulatory domain'

AdaPtedfrom Oh et al, 1998
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weston et al (weston et a1., 1939) both demonstrated this by deleting the domain and

demonstrating marked increases in transactivational activity. Increased

transformation potential was also demonstrated for these deletion mutants (Gonda et

al., 1989a; Grasser et al., I99I; Hu et a1., 1991). Within this domain is a leucine

zippt region which is believed to function in homo- andlor heterodimer formation

(Biedenkapp et a1., 19SS). This leucine zippet region is disrupted in the 89kD splice

variant form of c-Myb, and this form demonstrates higher transactivational activity

compared to the normal 75kD c-Myb (woo et al., 1998). This domain is highly

conserved within the Myb family across species (Katzenet al', 1985; Sleeman' 1993)

and its deletion has the same effects in A-Myb as it does in c-Myb (Oh et al,1997;

Takahashi et al., 1995). In contrast, deletion of this domain in B-Myb reduced its

transactivation activity (Oh et a1., 1998)'

ser 528 in the c-Myb regulatory domain is the target of a proline directed kinase and

its phosphorylation negatively regulates c-Myb activity. ERK1 can mimic this kinase

in vitro, but is unlikely to be the kinase in vivo (Aziz et al., 1995; Taylor et al', 1996)'

This serine is within a PEST sequence postulated to target c-Myb for ubiquitination

and degradation. when c-Myb is truncated to remove the regulatory domain, its half-

life is substantially increased, supporting this postulate (Bies et al', 7997)' c-Myb'

with the regulatory domain removed (termed cT3Myb in this thesis), was utilised for

the work performed in this chapter, as it has superior activity when overexpressed

compared to fulllength c-Myb and had been used successfully in this laboratory

previously (Ferrao et al', 1997)'
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4.1.3. Cetlutar targets of c'MYb

A number of gene targets for c-Myb have been identified over the past 10-15 years'

These include mim-l, which has 3 Myb binding sites within its promoter. This gene

is highly expressed in promyelocytes and poorly expressed in macrophages (Ness et

a1., 1989; Tomita et a1., 1998). Nicolaides e/ a/ (Nicolaides et a1., 1991) demonstrated

that Myb transactivated the c-Myb gene promoter itself (which has 3 Myb binding

sites). lr contrast to this finding, Guerra et al (Guena et aI.,1995) demonstrated a

negative regulation of the c-Myb gene promoter. overexpressing c-Myb in T cells

lead to increased expression of c-Myc. This had no effect, however, on cell cycle

rates or factor dependence of T cells (Evans et a1', 1990)' Some other demonstrated

targetgenes for c-Myb are cD4 (Nakayama et a1., 1993; Siu et a1.,1992), CD34 (He

et a1., 1992; Melotti et al., 1994a; Melotti et aI., lggfib), p34cdc2 (Furukawa et a1',

1990), DNA polymerase aþha (venturelli et al., 1990a; venturelli et aI.,1990b), and

GATA-I and EPoR (Lin et al.,1996)'

4.1.4. c-Myb regutation of protiferation and differentiation

Original studies of colony formation from human bone marrow mononuclear cells

(soft agar assays) demonstrated an absolute requirement for c-Myb to enable

proliferation of the cells. Inclusion of antisense c-Myb reduced colony size (ie cell

number) but had no effect on the differentiation progression of progeny within the

colony (Gewirtz et a1., 19S8). Similarly, mitogen stimulation of T cells was blocked

with antisense c-Myb (Gewirtz et a1.,1989). There have been doubts cast over the

oligonucleotides used in these experiments, with suggestions the effects were a non-

specific inhibition of cell cycle. However, Jarvis et al (Jawis et a1', 1996) used
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ribozyrnes targetted to c-Myb RNA to demonstrate cell cycle arrest. Added to this'

c-Myb knockout mice developed normally in utero to day 13, but were dead by day

15 suffering severe anaemia. It was shown that embryonic haemopoiesis from the

yolk sac ìwas nofinal, but that long term erythropoiesis, which first appears in the

foetal liver, is extremely dependant on c-Myb (Mucenski et a1.,1991).

c-Myb is highly expressed in immature haemopoietic cells (Gonda et a1', 1984), and

expression is cell cycle dependent, peaking atlate Gl to S phase (Catron et a1'' 1992;

Thompson et al., 1936). It, together with B-Myb, plays a crucial role in the cell cycle

progression from Gl to S phase (Oh et al',1999)'

c-Myb expression, whilst high in immature haemopoietic cells, is down regulated

during terminal differentiation (Gonda et a1., 1934). Cytokine or artificial stimulation

of differentiation also down regulates c-Myb (Gonda et a1.,1984; Kuehl et al'' 1988;

Ramsay et a1.,1986). Neuroblastoma cell lines capable of differentiation in response

to Retinoic Acid also down regulate c-Myb, and overexpression of c-Myb in these

lines blocked the differentiation response (Clarke et aI',1988; Todokoro et al'' 1988)'

Not only is c-Myb expression down regulated, but also its transactivation activity is

reduced. Retinoic acid treatment inhibited transactivation of a Myb responsive

reporter gene, despite Myb retaining the same DNA binding activity (smarda et a1''

1995). Overexpression of c-Myb in 32Dc13 cells induced with G-csF blocked the

normal growth arrest and differentiation response of these cells (Bies et al',1995)'
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4.l.S.Activatedc.Mybimmortalisationofprimitive

haemoPoietic cells

As has already been discussed, c-Myb has roles in growth and differentiation of

haemopoietic cells (reviewed (Gonda, 1991)). Activated forms of c-Myb have the

ability to immortalise murine myeloid cells, enabling continuous factor-dependent

growth (reviewed (Gonda, 1991). The most potent form of Myb in this system is

different in two aspects to wT c-Myb. Firstly it is constitutively expressed (usually

from the long terminal repeats of a retrovirus such as AMV) and, secondly, it is

truncated to remove the regulatory domain'

Murine Foetal Liver cells (FLC) were shown to be immortalised by truncated

overexpressed c-Myb giving rise to long term cell lines were established that were

factor dependent (Gonda et a1., 1989a; Hu et al., 1991)' These cell lines retain an

immature myelomonocytic phenotype, suggesting that c-Myb exerts a differentiation

blocking effect as well as its role in proliferation'

4.2. Lyn - a member of the Src Family of Tyrosine Kinases

Src family tyrosine kinases are involved in many signal transduction pathways' These

cytoplasmic proteins operate downstream of various surface receptors, facilitating the

process of cellular responses to external stimuli. These are associated with various

transmembrane receptors such as hormone receptors, cytokine receptors and cell

adhesion molecules (Tatosyan et a1', 2000)'

The first identified Src family member was Src itself, and this was identified as the

activated v-src in the Rous Sarcoma virus (Jove et a1., 1987)' other members of the
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src family include Fyn and Yes (expressed widely in the body) and Fgr, Lyn' Hck,

Lck, Blk and Yrc (which have more restricted expression profiles)' Lyn, which is the

subject of investigations in this chapter, is predominantly expressed in haemopoietic

cells (Hibbs et al., I9g7) and was first identified in 1987 (Yamanashi et al'' 1987)'

4.2.1. Src Family Kinase Structure

Figure 4.2 shows a schematic structure for Src. This organisation is conserved for all

Src family members (reviewed (Tatosyan et al',2000)'

The SH4 domain (Il-llaa) is located at the N terminal of the protein, and contains a

myristylation site facilitating membrane association, however all protein is not

membrane associated (Tatosyan et al',2000) '

The unique domain (approx 66aa) is divergent amongst all family members and is

believed to be responsible for the tatgel specificity of the kinase (Tatosyan et a1''

2000; Thomas et a1., 1997).

The sH3 domain (approximately 55aa) is required for interactions with proline rich

regions of target proteins. It also provides intramolecular binding sites necessary to

downregulate kinase activity (Pawson, 1995)'

The SH2 domain (approx l20aa) is also required for interactions with various tatget

proteins, recognising a short peptide sequence containing a phosphorylated tyrosine

(songyang et al., 2001). This module adds specificity to that already imposed by the
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unique and SH3 domains, restricting further the number of potential target proteins a

particular Src family kinase may interact with'

The Kinase domain (approx 250aa) is responsible for the activity of the molecule and

imposes the last level of specificity for target substrates. within this site is a

conserved Tyrosine (Tyr a16 in src), which is an autophosphorylation target of the

kinase. Phosphorylation of this tyrosine is required for full activation of the kinase,

achieved by causing a conformation change in the activation loop (Tatosyan et a1''

2000).

The c-Terminal region (approx 2}aa)has a conserved peptide sequence surrounding a

Tyrosine residue (Tyr 527 in Src) which is highly conserved and critical for negative

regulation of the kinase activity. 'when this residue is phosphorylated, kinase activity

is inhibited 98olo, inespective of the phosphorylation status of Tyr416 (in Src) in the

catalytic domain (van Hoek et al., rg97). It is this region that is substituted or missing

in v-src (Dorai et al.,l99l;Reynolds et al.,1987; Yaciuk et a1.,1986).

Tyr 527 is phosphorylated by the cytoplasmic kinase csk (okada et al',1991), and it

is believed that the phosphorylated Tyr 527 interucts with the SH2 domain of the

kinase to generate a "closed" conformation incapable of catalysis (Xu et al', 1999)

(See Figur e 4.3). The SH3 domain makes an independent association with the c-

Terminal region further stabilising the closed conformation (Xu et al'' 1999)' This

form of regulation will also block the SH2 and SH3 domains from interacting with

targetproteins, adding a further level of control to Src kinase function (Tatosyan et

al., 2000). Activation is believed to be triggered by interactions between target
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proteins and the SH2/SH3 domains, together with dephosphorylation of the c terminal

Tyrosine. Full activation follows with autophosphorylation of the catalytic domain

Tyrosine (Tatosyan et a1.,2000) (Figure 4'3)

4.3. Lyn and c-K¡t

The juxtamembrane region of c-Kit has two Tyrosine residues (568 and 570), which

bind to Src family kinases Lyn and Fyn (Linnekin et al., 1997; Price et al., 1997b)'

csk homologous kinase (cHK) and the adaptor shc also bind to these two sites, as do

the phosphatases sHPl (Tyr-570) and sHP2 (Tyr 563) (Kozlowski et al', 1998)' A

number of kinases and phosphatases have all been clearly linked to this very small

section of c-Kit, and it is unclear as to precisely how these molecules interact with

each other and c-Kit. Lyn is also shown to associate with Tec and p62Dok1 in a

PI3-K dependent manner (van Dijk et al., 2000). Hypothetical interactions between

Kit and downstream molecules are illustrated in Figure 4.4 (Scheijen et a1.,2002))'

This figure illustrates the main regions for association of downstream signalling in

c-Kit - namely the juxtamembrane region and the interkinase domain (Gtb 2' PI3-K

and PLCy associations). Mutants in the juxtamembrane region of c-Kit (Frost et al''

2lI2;Kitayama et a1., 1995;Lasota et a1.,2003a; Lasota et al', 2003b; Nakahara et al!

1998) can be transforming, highlighting the importance of this region in normal signal

transduction. It is possible that sHPl and SHP2 behave as a scaffold structure for the

association of Shc, cHK and L¡m, and that Tec and Dok associate via Lyn (van Dijk

et a1.,2000). Given Lyn is centrally placed with downstream signalling components

from this region of c-Kit, its putative action in c-Kit downregulation (Broudy et a1',

lggg),and our access to Lyn knockout mice (a kind gift from Dr M Hibbs and Dr A

Dunn), it was decided that signalling of c-Kit would be investigated in a background

devoid of Lyn.
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4,3.1. Lyn knockout mice

Lyn is predominantly expressed in haemopoietic cells as already mentioned' It is

associated with many haemopoietic cell receptors including the B cell Antigen

Receptor (Burkhardt et al., l99l;Yamanashi et a1., l99la Yamanashi et a1'' 1991b)'

cD40 (Ren et aI., 1994), the LPS receptor (Stefanova et al., 1993), FceRl complex

(Eiseman et al., lgg2), G-CSF receptor (corey et al., 1994), Erythropoietin receptor

(Tilbrook et al., IggT) and c-Kit (Linnekin et al', 1997; Price et al',7997a)'

Hibbs et al (Hibbs et a1., 1995) generated homozygous Lyn null mice to investigate B

cell receptor signalling. This was achieved by disruption of the Lyn gene promoter

using a PGKneo cassette. RT-PCR was utilised to verify the abrogation of any Lyn

transcription in the homozygous knockout mice. It was demonstrated that B

lymphocyte lineages were abnormal in these mice, as was mast cell function' There

were decreased numbers of circulating B cells, yet the mice were IgM

hlperglobulinaemic. The mice fail to raise an allergic response to IgE receptor

crosslinking, and had circulating autoantibodies. Many of the mice developed severe

glomerulonephritis caused by IgG immune complex deposition in the kidney,

demonstrating Lyn's crucial roles in immunoglobulin mediated signalling and

induction of B cell tolerance. This has recently been shown to be dependent on IL-5

signalling. Lyn deficient mice v/ere crossed with IL-5 Receptor cr deficient mice'

The double knockout progeny had significantly lower 81 cell numbers and

splenomegaly (Moon et a1.,2004)'

The role of Lyn in mast cell function was attributed solely to FceRl (Hibbs et al''

1995). With the more recent knowledge of Lyn's association with c-Kit, which is

r29



highly expressed in mast cells (Mayrhofer et al., 1987), the possibility of additional

down modulation of mast cell function through c-Kit signalling (in Lyn -l- mice) is

plausible. To this end, o'Laughlin-Bunner et al (o'Laughlin-Bunner et al',2001)'

demonstrate impairment of scF-induced responses in Lyn-deficient mast cells and

progenitor cells. Lyn deficient mast cells are, however, less prone to apoptosis in

response to cytokine withdrawal (Hernandez-Hansen et a1., 2004), and this has been

attributed to Lyn involvement in mediating cell cycle arrest via the JNK pathway in

Lyn deficient fibroblasts (Shangary et al', 2003)'

Lyn deficient mice also demonstrate platelet defects, due to a loss of negative

regulation of alpha(Ilb)beta(3) integrin . This was related to the recruitment of the

phosphatase sHP-l (Cho et a1.,2002;Maxwell et a1., 2004)' similarly, Lyn deficient

neutrophils were demonstrated to be hlper-responsive to integrin engagement' and

Lyn was shown to be essential for recruitment of sHP-l to modulate the response

(Pereira et a1.,2003).

RESULTS

4.4. Generation of Human/Mouse Ghimaeric c'Kit

To analyse c-Kit in the MIHC model system, it was imperative to have c-Kit

appropriately expressed and controlled in the murine cell lines that were being

generated. It had akeadybeen demonstrated in chapter 3 that full length human c-Kit

expressed in murine cells displayed some ligand independent activity, possibly

indicating inadequate control of the human molecule in murine cell lines' In addition

to this, it was expected that the cell lines to be generated, being of immature

haemopoietic phenotlpe, would express endogenous murine c-Kit' The use of
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ectopically expressed human extracellular domain c-Kit together with human SCF'

which is inactive on murine c-Kit, enabled us to study different isoforms of c-Kit (eg'

GNNK+ and GNNK-) without interference from the endogenous receptor'

To achieve this, a chimaeric c-Kit was generated' The human extracellular domain

was fused to the murine c-Kit transmembrane and intracellular domains' This created

a chimaeric c-Kit receptor, which will be referred to as chi-c-Kit' chi-c-Kit was

postulated to be responsive to exogenously added human scF and to appropriately

interact with the murine intracellular signalling machinery. It was also hypothesised

that chi-c-Kit should be appropriately controlled in the absence of exogenous ligand'

Endogenous murine c-Kit is not responsive to human SCF (Lev et a1', 1993)'

4.4.1. StrategY

The approach used to generate chimaeric GNNK+ and GNNK- c-Kit is fully detailed

in sections 2.7.I2-I3. Briefly, the human c-Kit templates for generation of the

human extracellular domain of chi-c-Kit were GNNKT c-Kit cDNA in the vector

pRIJFneo, originally generated by Gina caruana (caruana, 1996)' The murine c-Kit

template was a GNNK- murine c-Kit in psP72, which was also sourced from Gina

Caruana

primers A1 and B1 (see section 2.7.L2)were used to generate double strand cDNA of

the human c-Kit extracellular domain. The primers introduce restriction sites

upstream of the start codon and Kozac sequence' and also incorporate the l't 17bp of

the murine transmembrane sequence in the PCR product' Primers A2 and 82 (see

Section 2.7.12) were used to generate double strand cDNA of murine c-Kit
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transmembrane and cytoplasmic domains. These primers introduce restriction sites at

the 3, end of the cDNA, and the 5' primer contains al7bp segment of the last 17bp of

human extracellular domain.

step 2 in the generation for the GNNKT chi-c-Kit generation was also a PCR reaction'

Due to the engineered overlaps of the human extracellular domain products with the

murine transmemb ranelintracellular domain products described above, the two PCR

products anneal in the TM region and prime the polynerase to complete double

stranded full length chimaeric cDNA (see section2.T'I3). The PcR reaction also

included primers A1 and 42, which will then amplify the full-length chimaeric

oDNA.

Step 3 of generating chimaeric c-Kit (GNNK + or GNNK -) utilised the introduced

restriction sites at either end of the new chi-c-Kit cDNAs to facilitate ligation of the

cDNAs into vectors pBluescript SK and pRUFpuro (see Section 2'7 'I3)' pBS-SK

was selected as it is a relatively small vector with restriction sites suitable for easy

ligation of the chimaeric c-Kit oDNA. The oDNA is easily sequenced off this vector

(using T3 and T7 primers as well as several internal oDNA primers)' and the

substantial polylinker will provide more flexibility in excising the oDNA to shuttle it

to other vectors, including pRuFPuro. pRUFpuro was selected as it is a retroviral

vector suitable for transduction of the haemopoietic tatget cells, and has puromycin

resistance as a selectable marker. Traditionally, pRIJFneo would be used in this

laboratory, but conventionally, mouse knockout cells are likely to be G4l8 resistant'

as gene disruption is typically carried out using a Neomycin resistance selectable

targetmg sequence.
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4.4.2. Ctoning chi'c'Kit GNNK t into pBS-SK

The full-length products from step 2 were digested with Bam H1 and Xba 1 to

facilitate ligation into pBS-KS. Efficiencies of successful full-length ligation of chi-

c-Kit (GNNKÍ) into pBS-SK were very low - only 1 in 24-30 clones had complete

3Kb inserts that satisfied a series of diagnostic restriction enzyme digestions verifying

that they were full-length and in the correct orientation' Two clones were finally

selected chi 12+ (10) and chi 12- (3a). Due to the poor efficiencies it was decided to

seqìrence the full length of each oDNA to verify the correct isoform (GNNK+) and

check for any mutations. The sequencing primers chosen are detailed in Section

2.7 .l{,Figxe 2.4'

Clone chi 12+ (10) had 3 mutations introduced into the wild tlpe sequence' These are

depicted in figure 2.5 (A) (see section2.7.I4). Firstly, in the human extracellular

domain 5, a point deletion at 1350 created a frameshift TCT to CT' A second silent

mutation was detected in the murine transmembrane domain at 1603 - GTC to GTT

(val to Val). A third mutation was detected at2334 - GCG to GGC (Ala to Gly) (See

Figure 2.5, section 2.7.I4).

clone chi12- (3a) also had 3 mutations - 2 identical to chi 12+ (10)' The unique

mutation was at 1564 ítthe mouse transmembrane domain - TTC - TC, creating a

different frameshift to chi 12+ (10). It also had the silent mutation at 1591 (1603 in

chi 12+ (10)) and the GCG to GGC mutation at 2322 (2324 for chi 12+ (10)) (see

Figure 2.5).
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This pattern indicates that the murine fragment of the chimaera generated by primers

B2 and A2 must have generated the silent mutation in the TM domain and the

substitution in the cytoplasmic domain. The unique mutations (TM deletion for chi

12- (3a) and EC domain deletion for chi 12+ (10)) were a result of the PcR joining

the original 2 products primed with A1 and. A2. It was decided to tolerate the

common silent mutation, as codon usage charts did not suggest a preference to

translate this codon compared to the published sequence codon.

4,4.3. Mutation corrections

PCR site directed mutagenesis was the approach chosen to resolve these mutations as

described in Section 2.7.14. Briefly, the cytoplasmic mutation GGC in clone chi

12+(10) vras coffected to GCG in the first round of site directed mutagenesis' A

second round of site directed mutagenesis corrected the extracellular deletion at 1350'

This created a complete and correct GNNK + chimaeric c-Kit oDNA þRUFpuro chi

l2+l). This was then subjected to a third round of PCR site directed mutagenesis to

remove GNNK (12bp) from this clone to create a complete GNNK - chimaeric c-Kit

(pRUFpuro chi 12- 1).

4.4'4.GenerationofMtHccSTandLynJ-(useofmlL-3)

The strategy for generation of Myb Immortalised Haemopoietic cells (MIHC) is

outlined in Figure 4.5. In essence, the truncated constitutively activated c-Myb

(cT3Myb) was introduced into targetmurine primitive haemopoietic cells (D14 foetal

liver cells) by means of co-culture of Psi2 cells (ecotropic retrovirus packaging cell

line) stably transfected with the defective retroviral construct pRUF(CT3Myb) as
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described in Section 2.7.18. The Psi2 pRUF(CT3Myb) cell line was kindly provided

by Professor Tom Gonda (IMVS)

The target foetal liver cells were harvested from timed mated Lyn -l- þrovided by Dr

Margaret Hibbs, Ludwig Institute, Melbourne) or C57BL|6 mice (as a wild type

control population) day 14 pregnant mice. C57 mice were chosen as the control, as

the homozygous Lyn null mice had been extensively backcrossed (6 back crosses)

onto the c57BLl6 background (Dr M Hibbs, personal communication), and this was

believed to be the closest genotype to the knockout mouse foetal liver cells.

After two days co-culture with the retroviral packaging cells, foetal liver cells were

harvested and resultant MIHC were selected for long term factor dependent growth in

culture (in these experiments, all MIHC were maintained in a mixture of 400 u/ml

mGM-CSF and 100 ,/ml mIL-3). Within 2-4 weeks of co-culture, successfully

transduced immature, factor dependent haemopoietic cells grow out in the cultures'

These cells t1pically grow in clumps and are small, spherical in shape and grow in

suspension. As soon as culture conditions deteriorate (typically through factor

exhaustion), the cells adhere to the culture vessel, differentiate and eventually die'

Typical culture micrograph images are shown in Figure 4'6'

The MIHC model was originally set up in Professor Gonda's laboratory with cells

maintained in recombinant mGM-CSF alone, and the mGM-CSF was of yeast origin'

The supply of factor for these experiments r'vas actually derived from a Baculovirus

source (due to the superior yields of factor from this system and the very high rate of

usage of factor for these cell lines). In retrospect, it was found that the quality of the
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Figure 4.6

Phase contrast micrographs of C57 MIHC - comparison of growth in yeast and
baculovirus derived mGM-CSF

40X magnification phase contrast micrographs of 6-week-old cultures of C57 derived
MIHC cultured continuously in either Yeast or Baculovirus derived mGM-CSF. Both
factor preparations \ryere titrated for activity on the factor dependent line FDC-PI, and
equivalent doses of each factor (a00úml) were added. The top image is
representative of yeast derived factor stimulated cultures - continuous rapid growth
and typically small spherical cells growing freely and in large aggregates. The lower
image is representative of a culture stimulated in Baculovirus derived mGM-CSF for
6 weeks - cells lose their proliferative potential and the small, spherical, clumpy cell
phenotype. They progressively differentiate and adhere to the plastic.
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mGM-CSF from Baculovirus for these culture systems was inferior, and the cultures

often differentiated and ceased to proliferate, despite being used at the same levels of

activity as Yeast derived factor (as determined by titration against the factor

dependent line FDC-Pl). Four separate MIHC derivations using Baculovirus mGM-

cSF as sole growth factor failed to generate stable MIHC pools capable of sustained

growth beyond 2 months in cultures. An example of this is shown in the 4X phase

contrast micrographs in Figure 4.6. Inthe Baculovirus GM-CSF panel, the clusters of

small spherical suspension cells after 3 weeks in culture have diminished (size of

clusters and number of clusters), and adherent cells are evident'

This problem v/as circumvented by supplementation of Baculovirus mGM-CSF

curtures Bacurovirus derived mIL-3. This restored the growth characteristics of the

cultures to a level similar to the original Yeast derived mGM-CSF, with cultures

capable of sustained continual growth with minimal differentiation for periods up to 6

months.

It was not clear in the development of these MIHC cell lines, whether or not the

cultures were clonal. To exclude clonal variation as an explanation for any

differences observed, three separately derived MIHC lines were developed from both

Lyn -l- and c57 day 14 foetal liver cells. All subsequent analysis rwas performed on

all lines generated, and all lines responded to stimuli in the same manner'

Representative data are presented in this chapter'
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4.4.5, Morphology of MIHC lines

As stated in the introduction to this chapter, the reason for development of these cell

lines was to have a model capable of differentiation, proliferation and survival in

response to exogenous factor (human SCF in this case)'

It was important to have an indication of the current level of differentiation in these

cells, prior to the introduction of chimaeric c-Kit and exogenous human SCF. To

evaluate this, cytocentrifuge slides were prepared and stained with Giemsa'

Histochemistry to detect the levels of Non-specific esterase (NSE - brown staining in

these experiments) or chloro- acetate esterase (CAE - blue staining in these

experiments) were also performed, as was immunohistochemistry to detect murine

mast cell protease 5 (mMCP-5). All methodology is described in Sections 2,2.8-10'

Giemsa staining provided overall morphology information on the cells, NSE would be

indicative of cells differentiating into monocytes, CAE would indicate cells

differentiating into the neutrophil lineage, and mMCP-5 was used to confirm that the

cultures were not murine mast cell lines, as it is possible for these to develop when

culturing primary primitive murine haemopoietic cells with mIL-3 present in the

system (Kawanishi et a1., 1986).

Figure 4.7 shows a representative series of micrographs of aC57 MIHC line and Lyn

-/- MIHC line after approximately 3 months in culture. As can be seen in the c57

Giemsa panel, there was evidence of some differentiation in these cultures, but there

was also a pool of approxim ately 35%o undifferentiated cells (range 30 - 42yo, n : 9),

which presumably were the source of progeny for the continuing culture. 25o/o of Ihe
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Figure 4.7

Histochemical and immunohistochemical comparisons of C57 MIHC and Lyn J-
MIHC.

100X micrographs of cytocentrifuge preparations of representative parental MIHC
pools stained with May-Grunwald Giemsa (Giemsa). The second panels (Esterase)

are the same cells stained for Non-specific (red-brown) and Chloro-acetate (blue)
Esterases (monocfle and neutrophil specific respectively). The 3'd panel is
immunostained with mMCP5 (anti mast cell granule). Refer to 4.4.5 for detail. The
positive control panel demonstrates the strong red staining of granules in murine bone
maffoÌw IL-3 derived mast cells (kindly provided by Dr R Wilkinson, IMVS).
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cells appeared to be expressing NSE (range 20-45yo, n : 9), and l5o/o weakly

expressed cAE (range 5 - 25o/o, n: 9), suggesting that the cells were more mature

than desirable and were proceeding predominantly down the monocyte differentiation

pathway. mMCP5 was negative (when compared to the positive control panel

demonstrating the typical granular staining pattern for this marker), confirming that

the culture was not a mast cell line. The Lyn -/- MIHC line also shows evidence of

differentiation (30% undifferentiated (range 27 - 4Oo/o, n: 8)' In this series of

micrographs, approximately 25o/o express NSE (range 18 - 40o/o, n: 8) and 10%

express CAE (range 5 - 30%). Again, no mMCP-5 positive granule staining was

evident in cells from these Pools'

The evidence suggested that the lines are definitely immortalised - the cultures

continue to grow exponentially well past 3 months in continuous culture, with a

doubling time of approximately 18 hours (quite rapid), and in fact did not slow in rate

for the duration of experimentation in continuous culture. It is also evident' however,

that the culture has a higher than desirable proportion of cells maturing and

differentiating, and in fact the composition of the mature cell pool varies with time

(cAE and NSE percentages vary - data not shown). This diminished the value of

these cell lines for the evaluation of differentiation responses of Kit-transduced cells

to exogenous SCF.

4.5. Introduction of chi c-Kit GNNK+/' into Lyn '/' and C57

MIHC

The constructs þRUFpuro chi 12+ 1 and pRUFpuro chi 12- 1) were stably

transfected into the Psi2 packaging cell line (See section 2.7 '17)' stable transfectants

were selected by culture with Puromycin selection (2p'glml) over 14 days' These Psi2
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transfectants were then co-cultured with each of the C57 and Lyn -l- MIHC lines'

Nonadherent MIHCs were harvested from the co-cultures and subjected to indirect

immunofluorescence staining with Mab 1DC3 (anti Human c-Kit) as described in

Section 2.3.2. These stained cells were sorted on a FACStaTPLUS (Becton Dickinson)

and sorted pools cultured for 30 days prior to cryopreservation oflarge stocks for use

in experimentation (to minimise genetic drift and maximise oligoclonality)' Again, it

is reiterated that experiments ìwere performed on MIHC from three independent

cT3Myb immortalisations to eliminate clonal variation from the analyses.

As has already been discussed in chapter 3, it was important to select pools of MIHcs

expressing comparable levels of chimaeric c-Kit to eliminate quantitative variations in

the strength of signal emanating from the chimaeric c-Kit, which may change the

cellular responses seen. Figure 4.8 shows the relative levels of surface expression of

chimaeric c-Kit (GNNK +) on c57 andLyn -l- MIHC. This analysis was performed

at 1 month post selection for chi-c-Kit expression by FACS sorting after labelling by

indirect immunofluorescence using Mab 1DC3. As can be seen, relative fluorescence

intensities for the 4 pools shown are very similar. Data from these pools is presented

in the remaining figures and are representative of all MIHC derivations'

It was important to determine the differentiation status of the newly derived chi-c-Kit

expressing MIHCs. Figure 4.gA and 4.98 shows the morphology of these

populations one month after selection for chi-c-Kit expression. It can be seen, as in

Figure 4.7, thatthere were various states of differentiation within the populations, but

all remain within the ranges stated above for the parental cell lines (4-4'5), indicating

that introduction of chi-c-Kit did not alter the phenotlpe of the cells in the absence of

t39



Figure 4.8

Surface expression of chimaeric c-Kit on C57 and Lyn -/- MIHC

C57 MIHC and Lyn -/- MIHC expressing chimaeric c-Kit (GNNKt) were stained

with Mab 1DC3 (anti human c-Kit) by indirect immunofluorescence, using a Sheep

anti-mouse Ig - FITC (Silenus) secondary reagent. Cells were analysed on an EPICS
XL flow cytometer. The forward scatter (FS) vs side scatter (SS) dot plot illustrates
the live cell gate used for analysis, and each cell line is depicted in a single parameter

histogram showing relative fluorescence intensity.
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Figure 4.9

Histochemical and immunohistochemical comparisons of C57 MIHC and Lyn -/-
MIHC expressing chimaeric c-Kit (GNNK+).

l00X micrographs of cytocentrifuge preparations of representative MIHC pools

stained with May-Grunwald Giemsa (Giemsa). The second panels (Esterase) are the

same cells stained for Non-specific (red brown) and Chloro-acetate (blue) Esterases

(monocyte and neutrophil specific respectively). The 3'd panel is immunostained with
mMCP5 (anti mast cell granule). Refer to 4.5 for detail. The positive control panel

demonstrates the strong red staining of granules in murine bone marrow IL-3 derived

mast cells (kindly provided by Dr R Wilkinson, IMVS).

4.9A-C57 andLyn-l- MIHC expressing chimaeric c-Kit GNNK-

4.98 - C57 andLyn -l- MIHC expressing chimaeric c-Kit GNNK +
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human scF. Furthermore, these lines were still negative for mMcP-5 in the

continued presence of mIL-3

The variability observed in NSE (non specific esterase - monocyte) and CAE (chloro-

acetate esterase - neutrophil) staining is most likely attributed to culture condition

variance. As has already been observed, factor levels, when inadequate, caused rapid

degeneration of the early MIHC lines generated through differentiation and later

death. As these cultures grow vefy rapidly (turnover rate of l8hrs), it is possible that

the cultures periodically undergo factor deprivation to varying degrees, despite the

very high levels of factor used in the system and the frequent (two to three day)

subculture. This may generate waves of differentiation to monocytes and neutrophils'

Monocytes will persist in culture for several days to weeks, but neutrophils will

persist only very short times in culture. These phenomena may explain the variation

observed in the proportions of NSE and CAE positive cells in these long-term

cultures. The consequence, though, of this high and variable background of mature

cells was that it was impractical to use this model to assess differentiation responses

to exogenous human scF as it was impossible to define a baseline state of

differentiation of the pool under analysis' A possible solution to this may be to

culture cells in a system permitting constant perfusion of fresh media and factors, but

this was not investigated further in the analyses presented here.

ln addition to histochemical/immunohistochemical morphology, the 4 pools analysed

in Figure 4.9 were phenotyped by indirect immunofluorescence as shown in Figures

4.10A - D. As a second verification of the mast cell status of these cultures, Mab

ACK2 (anti Murine c-Kit highly expressed on murine mast cells) was examined' It

140



Figure 4.10

Phenotyping (by surface expression analysis) of C57 and Lyn -l- MIHC
expressing chimaeric c-Kit (GNNK*)

C57 MIHC and Lyn -/- MIHC expressing chimaeric c-Kit (GNNKT) were stained
with Abs ACK2 (anti murine c-Kit), F4l80 (mature murine macrophage marker),
}ldll7} (murine monocyte marker), Thy-l (murine haemopoietic progenitor cell
marker) and GR-l (murine granulocyte marker).

The forward scatter (FS) vs side scatter (SS) dot plot illustrates the live cell gate used
for analysis, and results for each Ab are depicted in single parameter histograms
showing relative fluorescence intensity.

-

Isotype/species matched negative control Ab

Ab as indicated

4.104 - Lyn -/- MIHC expressìng chimaeric c-Kit GNNK-
4.108 - Lyn -/- MIHC expressing chimaeric c-Kit GNNK+
4.10C - C57 MIHC expressing chimaeric c-Kit GNNK-
4.10D - C57 MIHC expressing chimaeric c-Kit GNNK+
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Lyn -/- MIHC
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C57 MIHC
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4.10D

C57 MIHC
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was expected that immature haemopoietic cells would express a low level of surface

staining for murine c-Kit, which was indeed the case for all 4 pools of cells (MFI

range from 1 to 5.5, mean 3.1, n : 16). F4l80 (mature murine macrophage marker)

and M1/70 (murine monocfe marker) are markers for monocytic differentiation. It is

evident in all 4 pools that they are all at least partially differentiated along the

monocyte/macrophage differentiation pathway. Interestingly, all pools were negative

for Gr-l (murine granulocyte marker), although neutrophils, as already mentioned' are

short lived in culture, and the process of indirect immunofluorescence staining may

have removed them from the analysis, giving a false impression for the lack of

presence of mature granulocytes. Of interest, Thy-l (murine progenitor marker) was

variably expressed in all 4 pools. In the c57 MIHC chí 12- c-Kit pool, Thy-1

appeared to delineate 2 subpopulations. This was not a consistent observation with

other equivalent pools, and this supports the concept of the cyclical conditions of the

Baculovirus derived mGM-CSF lmIL-3 supported cultures. These data show only a

snap-shot of the culture composition at any point in time'

Due to the substandard culture conditions imposed on the MIHCs by using

Baculovirus derived growth factors, this model was unreliable for assessing

differentiation in response to SCF. It was still a very useful tool, however, to evaluate

short term proliferation and survival responses to human SCF, and also useful to use

for basic biochemical analysis of c-Kit signalling, comparing pools expressing or

lacking Lyn. These are now addressed'
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4.6. Response of Ghimaeric c-Kit to human sGF in G57

and Lyn J- MIHCs

4.6.1. Chimaeric c-Kt lnternalisation in response fo human

scF

Human GNNK - c-Kit was rapidly internalised upon stimulation with SCF. GNNK+

c-Kit was also intemalised at a slower rate (Figure 3.9). In Figure 3.9, human c-Kit

was expressed in the murine fibroblast line NIH3T3. Being adherent, confocal

microscopy was used to perform the analysis of surface versus internalised protein.

This approach, however, is not feasible with the MIHC pools in use here, which grow

m suspenslon.

To analyse chimaeric c-Kit internalisation, an adaptation of standard indirect

immunofluorescence staining using Mab 1DC3 was employed' In briet cells were

stimulated for varying periods of time at37"C in media with 100ng/ml human SCF or

1gng/ml 6GM-CSF (saturating doses). At the set time points, the sample was rapidly

cooled to 4oC on ice, and 3 volumes of ice cold PBS wíth0.4o/o Sodium Azide added

and mixed to effectively stop any membrane transport mechanisms, blocking further

capping or internalisation of c-Kit. These cells were then fixed with a non

permeabilising fixative and subjected to standard indirect immunofluorescence to

evaluate surface chimaeric c-Kit remaining (see section 2.3.2).

As can be seen in Figure 4.11, c57 MIHC expressing GNNK- chimaeric c-Kit very

rapidly internalised most of the surface c-Kit. As was seen in Figure 3.9, the GNNK+

chimaeric c-Kit also internalised, but did so at a slower rate, and to a lesser extent

over the course of the experiment (approx 70o/o intemalisation compared to 90% with
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Figure 4.11

Comparison of Lyn -/- and C57 MIHC surface expressed chimaeric c-Kit
(GNNICI) internalisation in response to Human SCF.

C57 MIHC and Lyn -/- MIHC expressing chimaeric c-Kit (GNNKt) were stained by
indirect immunofluorescence with Mab IDC3 (anti human c-Kit) after stimulation of
cells for varying times with 100ng/ml human SCF or lOng/ml mGM-CSF (saturating

doses) as indicated. Cells were rapidly chilled and sodium azíde added at each time
point to immediately block completion of membrane internalisation/capping
mechanisms.

Data are presented relative to unstimulated cells stained immediately with Mab lDC3.
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GNNK-). In the Lyn -l- MIHC expressing GNNK- chimaeric c-Kit, there was again

very rapid internalisation of 90o/o of surface expressed chimaeric c-Kit. There was no

apparent alteration in the kinetics of this internalisation. Similarly, GNNK+

chimaeric c-Kit in Lyn -l- MIHC was more slowly and less completely internalised

than GNNK- chimaeric c-Kit in Lyn -l- MIHC. In addition, the GNNK+ isoform was

not internalised to the same extent in Lyn -/- MIHC as in C57 MIHC. In all cases,

treating the cells with mGM-CSF instead of Human SCF had no effect at all on

surface chimaeric c-Kit expression as expected. This experiment demonstrated that

the chimaeric c-Kit molecules were responsive to exogenously added human SCF,

and that the isoforms behaved in a similar manner to the human c-Kit previously

expressed in NIH3T3 cells. There was an indication that in Lyn -l- MIHC,

internalisation of the chimaeric c-Kit receptors was less than the WT C57 MIHC

counterparts. This is supported by the recent findings of Voytyuk et al using Stc

kinase inhibitors (Voytyuk et al', 2003)'

4.6.2. Proliferation and suruivat in response fo Human SCF

In order to evaluate the proliferative responsiveness of the Lyn-l- and C57 MIHCs

expressing chimaeric c-Kit to Human scF, a flow cytometric analysis for

proliferation and survival utilising the lipophilic dye PKH26 was employed. This

analysis is described in Section2.5. This analysis allows quantification of the number

of divisions of cells during the experiment, as well as net survival, as it is able to

quantify total dye retained in viable cells (dead cells and associated debris are

excluded in the analysis, and dye from dead cells and debris is not available for re-

incorporation into the viable culture (Ashley et al., 1993))'
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In these experiments, all cells were harvested from mGM-CSF/mIL-3 cultures'

labelled with pKH26, and then re cultured overnight in mGM-CSF/mIL-3 cultures to

stabilise the dye loaded into the cells. Cells were then extensively washed to remove

all exogenous factor, and replated into either the original mGM-CSFInIL-3

conditions, 100ng/ml human SCF alone of no factor. Triplicate cultures were

harvested and analysed at days 1,2 and 3. All data are plotted as the mean value t

SEM of the triplicate cultures. These times were chosen to ensure factor deprivation

did not skew the analysis. Figure 4.12A shows the growth curve data for each

isoform of chi-c-Kit in c57 and Lyn -/- MIHC. It is quite clear form these data that

irrespective of the presence or absence of L¡m, GNNK- chi-c-Kit elicits superior

growth of the MIHCs in response to human SCF. It is also evident that, in the

absence of Lyr, the growth curves are inferior to wT (c57 MIHC). As can be seen in

figure 4.L28, withdrawal of factor resulted in completion of the cells' current cell

cycle and by Day I the viable cells in the system had undergone 1 cell division. Data

were unavailable for "no factor" cells after day l, as the cultures rùrere no longer

viable, verifying the factor dependent nature of the MIHCs. It is clear that human

scF had the same proliferative stimulus potential as mGM-CSF/mIL-3 in both

isoforms of chimaeric c-Kit irrespective of the presence or absence of Lyn in the

MIHCs. This suggests that firstly, the proliferative signal from c-Kit is the same

irrespective of isoform (GNNKt) and secondly, Lyn plays no active role in the

proliferative response of c-Kit to exogenously added SCF'

Figure 4.I2C shows the survival analysis on the same samples. A number of

differences became apparent. The mGM-CSF/mIL-3 culture conditions, over 3 days,

demonstrated 100% maintenance of the MIHCs irrespective the isoform of chimaeric
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Figure 4.12

PKH26 flow cytometric analysis - proliferation and survival response to human SCF of C57
and Lyn -/- MIHC expressing chimaeric c-Kit (GNNKt)

MIHC were stained with lipophilic dye PKH26 24 hrs prior to experiments. Cells were then
harvested, washed and set up in triplicate cultures in 96 well plates in either mGM-CSFInIL-3,
100ng/ml human SCF or no factor and harvested for analysis as described in Section 2.4 on an

EPICS XL flow cytometer at Days 0,1,2 and 3. Data are presented as mean t SEM (n: 3).

4.12A- Total Cell Yield Data

4.128 - Cell Division Data of same sample

4.12C - Cell Survival Data of same sample



41)^
Total Cell Yield

+¡Å-
-l-o
U
--q)

U

c57 Mltlc
chlmaef lc c-lct Gl{,11G

250000

200000

150000

100000

50000

0

-{- l{o Factor

+Gf\,tCSFand L-3

---x- SCF

Day 0 Day I Èv2 Þv3

Lyn -/- MllG
Chlmaorlc c-Kt GNNK.

500000

400000

300000

200000

100000

0

Dây 0 Day 1 Èy2 Þv3

c57 Mltc
Chlmaerlc c-K¡t GNM+

350000

300000

250000

200000

150000

'100000

50000

0
Èyo Þv1 Èv2 Day 3

Lyn l- Mlt€
Chlmaer¡c c-K¡t GNM+

60000

20000

80000

40000

U

Day 0 Day 1 DEv2 Þy3



4J28

Cell Divisions
c57 MÉE

Chlmeorlc c-l{t Glü{(-

6

5

4

3
--{- l.lo Faclor

--+- GlvlCSF and lL-3

--*-SCF2

1

0

-1
Bvo Þvl Èv2 Þv3

Lyn l- MltG
Chlmaor¡c c-l{t GiütG

6

5

4

3

1

n

-1
Þyo Þv1 bv2 Þv3

cs7 Mlllc
Chlmaortc c-]{t Gtll'¡K+

5

4

3

2

1

n

-1
Þyo Þy'l Èv2 ùv3

Lyn J- MllG
Chlmaerlc c-Kt Gl,0,lK+

5

4

,|

0

-,1

IÞy 0 bvl bv2 Þv3



4.tzc

Cell Survival

c57 Mtlc
Chimaorlc c-Kt GI'NK+

12oYo

1000¿

80vo

60%

40%

20%

ovo

Day 0 Dey 1 bv2 Þy3

LYn -,- Mltc
Chlmaorlc c-Kt GNM+

120Vo

'100./"

ño/o

60%

4OYo

20%

o%
Þvo Day 'l bv2 Þv3

--- ['lo Factor

--*-scF
Gi CSFandlL-3

'l2olo

100%

80%

60%

40o/o

20vo

oo/o

Day 3bv2Day 0 Þv1

c57 Mlllc
Chlmaorlc c-Kt Gìl{K'

Lyn -r- MllG
Chlmaorlc c-Kt GNNK-

120%

1000/6

800/6

600/o

4ïo/o

2ïo/o

0%
Þv3Day 0 Day 1 hy2



c-Kit expressed or the presence/absence of Lyn as expected. When cultured in human

SCF, the GNNK- isoform ín C57 MIHC is capable of maintainhg 70-80Yo viability

over 3 days, in contrast to GNNK+ in c57 MIHC (only 40Yo viabllity at day 3). In

the absence of Lyn (LVn -Ê MIHC), survival of cells expressing either isoform of

chimaeric c-Kit was reduced compared to the c57 MIHC counterparts. This lead to

the conclusion that the survival signal emanating from the 2 isoforms of c-Kit is

qualitatively different and that the presence of Lyn may contribute to this survival

response, as both isoforms performed less effectively in maintaining survival in the

Lyn -l- MIHCs.

4.7. Ghimaeric c-Kit Downstream Signalling Analysis- Lyn-

/- vs G57 MIHGs

To further understand the signalling kinetics/alterations resulting from the two

isoforms of chimaeric c-Kit in the presence/absence of Lyn, a latge series of

biochemical analyses were performed on the MIHC pools. These analyses were the

same range of treatments and immunoblots performed in chapter 3 on NIH3T3 cells

expressing the human GNNKÈ c-Kit isoforms. Briefly, cells were starvedfot 2 hours,

then stimulated with a saturating dose of human SCF (1O0ng/ml) for various times up

to 20 minutes. cells were then lysed, immunoprecipitated (as required) with KIT-4

Mab, separated on 8% SDS-PAGE, electro-blotted onto PVDF membrane and probed

as indicated. The immunoprecipitates or lysates were split over 4 replicate gels to

allow simultaneous immunoblotting and eliminate the need for stripping membranes

to reprobe with new primary antibodies. The methodology is described in full in

section 2.6.
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Total c-Kit levels for Lyn J- MIHCs expressing either isoform of chimaeric c-Kit

were indistinguishable and approximately the same level as that of the control MOTe

c-Kit immunoprecipitate used in this series of experiments. This can be seen in panel

(i) of Figures 4.13 A and B. The C57 MIHCs expressing either isoform of chimaeric

c-Kit had chi-c-Kit levels 3-4 fold higher than the control sample þanel (i) in Figures

4.13 C and D. This is higher than was expected, given the surface expression data

shown in Figure 4.8, and is suggestive of a larger intracellular pool of c-Kit in these

cells.

In all cases, upon SCF stimulation, chimaeric c-Kit protein smeared to higher

molecular weight irrespective of the presence/absence of Lyn at approx 1-2.5 minutes

(GNNK- chimaeric c-Kit - 4.13 A and 4.13 c) and 5 - l0 minutes (GNNK +

chimaeric c-Kit - 4.13 B and 4.13 D). This is attributed to ubiquitination, shown in

panel (iii) of figures 4.13 A-D, which shows identical kinetics and molecular weight

to c-Kit protein. These data support the previous kinetic information for human c-Kit

in NIH3T3 cells shown in chapter 3, Figure 3'8.

There was no difference evident in the rate of degradation of the chimaeric c-Kit

isoforms when comparing Lyn MIHCs to C57 MIHCs. Lyn -l- MIHCs have degraded

chimaeric c-Kit (50% for GNNK- and25%o for GNNK+) after 20 minutes stimulation

with human scF (4.13 A(i) and 4.13 B(Ð). Approximately 50o/o of the chimaeric

c-Kit (either isoform) in C57 MIHCs was degraded at 20 minutes (Figures 4.13 C(Ð

and 4.I3 D(Ð). This parallels data shown for surface internalisation in Figure 4'11.
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Figure 4.13

Biochemical analyses of signallÍng induced by Hu SCF on C57 and Lyn J- MIHC
expressing chimaeric c-KÍt (GNNKÍ).

Cells were serum/factor deprived for 2 hrs prior to stimulation with lO0ng/ml human

SCF for the times indicated. At each time interval, an equivalent number of cells
(protein levels were validated to be equivalent using the Micro BCA assay for protein

estimation - see Section2.6.3) were lysed inlo/o NP40 with protease and phosphatase

inhibitors, and c-Kit immunoprecipitated with Mab Kit4 (anti-human c-Kit, IgG2a).

Immunoprecipitates were separated on reducing SDS-PAGE and western blotted for:
i) c-Kit
iÐ Phosphotyrosine
iiÐ Ubiquitin
iv) P85 subunit of PI3K

Western blots were developed using Alkaline Phosphatase coupled secondary

reagents (anti Mouse or rabbit Ig (Silenus)) and ECF Substrate (Amersham), then

visualised on a Fluorimager 595 (Amersham). Blots were quantitated using

ImageQuant Software.

In all experiments, an aliquot of "reference control" was included (MO7e stimulated

for 2 mins with Human SCF and c-Kit immunoprecipitated with Kit-4 MAb). This

serves as an internal reference control for individual blots, permitting direct

comparisons of quantitative data derived from each blot. All data is expressed as a

percentage of this reference control.

4.134 - Lyn -/- MIHC expressing chimaeric c-Kit GNNK-
4.138 - Lyn -/- MIHC expressing chimaeric c-Kit GNNK+
4.13C - C57 MIHC expressing chimaeric c-Kit GNNK-
4.13D - C57 MIHC expressing chimaeric c-Kit GNNK+
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Total phosphorylated chimaeric c-Kit is illustrated in figures 4.13 A-D in panel (ii).

Lyn -l- MIHC chi-c-Kit GNNK- displayed peak phosphorylation at 1 minute at

approx 60Yo of control levels (4.13 A (iÐ). Lyn -l- MIHC chi-c-Kit GNNK+

displayed peak (very weaÐ phosphorylation at 2.5 minutes at 20-25o/o control levels

(4.13 B (iÐ). In V/T C57 MIHC chi-c-Kit GNNK-, Kit phosphorylation also peaked

at 1 minute (approx I80% control levels - Figure 4.13 c (ii)) and c57 MIHC chi-

c-Kit GNNK+ again at2.5 minutes (55% control levels - Figure 4.13 D (iÐ).

The 3 fold difference in levels of chi-c-Kit between Lyn and C57 ate comparable to

the levels of c-Kit in these cells (as already demonstrated). These data shows kinetics

slightly faster than that previously shown for the 2 isoforms of human c-Kit in

NIH3T3 cells (figure 3.8), but confirms that GNNK- c-Kit is more rapidly and more

extensively phosphorylated than GNNK+ in the presence or absence of Lyn. This

faster kinetics may simply be due to more efficient signalling being possible in this

system - the chimaeric c-Kit has an appropriate murine c-Kit sequence in the

cytoplasm of cells which would be expected to have c-Kit expressed and functional

(ie immature murine haemopoietic cells), as distinct from the system used in chapter 3

where human c-Kit was expressed in a murine fibroblast cell type that would not

normally express c-Kit and therefore not necessarily have in place all the appropriate

downstream si gnalling components in appropriate concentrations.

The ability to recruit the p85 subunit of PI3-K was also assessed in Figures 4.13 A-D,

panel iv. Lyn -/- MIHC chi-c-Kit GNNK- \Mas very efficient at recruiting p85 (approx

60Yo of control at 1 minute Fig 4.I3A (iv)), when compared to Lyn -/- MIHC chi-

c-KitGNNK+(approx|5-20%ofcontrolat2.5minutes-Fig4.13B(iv)).C57
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MIHC chi-c-Kit GNNK- was higher, recruiting I00% of reference control p85 at 1

minure (Figure 4.13 c (iv)) and c57 MIHC chi-c-Kit GNNK+ recruited 75o/o of

control p85 at 2.5 minutes (Figure a.13 D (iv)). It is quite clear that there is direct

correlation between the level and kinetics of phosphorylation achieved of the

chimaeric c-Kit and the level of p85 subunit recruited. The presence or absence of

Lyn had no influence on p85 recruitment as expected, given these two molecules

associate at distant sites on the cytoplasmic domain of c-Kit (Figure 4'4), and any

indirect effects of the presence/absence of Lyn are unlikely to be seen in the short

time course of these exPeriments.

MApK and phosphorylated MAPK levels were also investigated in this series of

experiments. As shown in Figures 4.14 A-D panel i, total MAPK levels in all cell

types (Lyn -l- or c57 MIHCs expressing either isoform of chimaeric c-Kit) were

similar (4-7 times control levels) as expected. Lyn -l- MIHC chi-c-Kit GNNK-

efficiently elicited phosphorylation of MAPK Gt42 andp44) at l- 2.5 minutes (approx

300% control Figure 4.14 A (iÐ). Lyn -l- MIHC chi-c-Kit GNNK+ was approx 1/3

the efficiency at2.5 minutes (100% of control Figure 4.14 B (iÐ). c57 MIHC chi-

c-Kit GNNK- elicited peak phosphorylation of MAPK at 1 minute (1000% control

Figure 4.14 C (ii)) and c57 MIHC chi-c-Kit GNNK+ approx 500% of control at 2.5

minutes Figure 4.14D (ii)). The difference in levels of activation can be attributed to

the c-Kit levels and extent of phosphorylation of c-Kit. This infers that the presence

or absence of Lyn has had no effect on the ability of the chimaeric c-Kit to stimulate

MAPK activation, and the only determining factor is the GNNKT isoform status'

This is supported in the previous study using human c-Kit in NIH3T3s shown in

Figure 3.8.
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Figure 4.14

Biochemical analyses of signalling induced by Hu SCF on C57 and Lyn -/- MIHC
expressing chimaeric c-Kit (GNNK+).

Cells were serum/factor deprived for 2 hrs prior to stimulation with 100ng/ml human
SCF for the times indicated. At each time interval, an 4 x 10s cells (equivalent protein
levels validated by Micro BCA assay - see section2.6.3) were lysed in lo/o NP40 with
protease and phosphatase inhibitors. Lysates were separated on reducing SDS-PAGE
and westem blotted for:

i) P42lP44 MAPK
iÐ PhosphorylatedP42lP44 MAPK
iiÐ Phosphorylated AKT
irr) AKT

'Western blots were developed using Alkaline Phosphatase coupled secondary
reagents (anti Mouse or rabbit Ig (Silenus)) and ECF Substrate (Amersham), and
visualised on a Fluorimager 595 (Amersham). Blots were quantitated using
ImageQuant Software.

In all experiments, an aliquot of "standard" was included (MO7e stimulated for 2

mins with Hu SCF and lysed in l%o NP40). This serves as an internal reference
control for every blot, permitting direct comparisons of quantitative data derived from
each blot. All data is expressed as a percentage of this reference control.

4.14^- Lyn -/- MIHC expressing chimaeric c-Kit GNNK-
4.148 - Lyn -/- MIHC expressing chimaeric c-Kit GNNK+
4.14C - C57 MIHC expressing chimaeric c-Kit GNNK-
4.14D - C57 MIHC expressing chimaeric c-Kit Gl.Il.ü<+
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AKT and phosphorylated AKT levels were similarly analysed. AKT was analysed as

a surrogate marker for PI3K activation, lying downstream of activated PI3K in the

signalling cascade for c-Kit. Figures 4.14 A-D iv show similar levels of AKT in both

cell types expressing either isoform of chimaeric c-Kit as expected (approx 2-3 fold

reference control sample). Lyn -l- MIHC chi-c-Kit GNNK- stimulated AKT

phosphorylation to approximately 100% of control at 1 minute (Figure 4.14 A (iii)), as

compared to 600/o for Lyn -/- MIHC chi-c-Kit GNNK+ at2.5 minutes (Figure 4.148

(iii)). This compared to AKT phosphorylation of 300% of control for C57 MIHC chi-

c-Kir GNNK- at l-2.5 minutes (Figure 4.14 C (iii)) and 100% for C57 MIHC chi-

c-Kit GNNK+ at2.5 minutes (Figure 4.14D (iii)). Again, these levels correlate with

the kinetics and level of c-Kit phosphorylation, suggesting that the only influence was

by the isoform status of c-Kit (GNNKt). The presence or absence of Lyn played no

major role in this. The three fold difference observed between Lyn-l- and 
'WT 

C57

MIHCs would appear to be attributable to higher c-Kit levels in C57 MIHC.

However, Lyn -l- MIHC activation of AKT appeared to downregulate faster than the

C57 MIHC counterparts. Given the role of PI3-IIAKT in cell survival discussed

previously, this may present a mechanism to explain the deficient survival response

observed in figure 4.12 forLyn-l- MIHC.

4.8. Discussion

The aim of the work presented in this chapter ìù/as to use a novel model system to

further characterise and study c-Kit triggered cellular responses including

proliferation, survival and differentiation in a cell type that normally expresses c-Kit.

This system was also used to biochemically analyse signalling differences between
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the GNNK + and GNNK - isoforms, in backgrounds differing only in the presence or

absence of a single c-Kit downstream effector, Lyn'

The MIHC cell line model was successfully established for both V/T (C57) and Lyn -

/- genotypes. This removed the ambiguity caused by analysis of expression of c-Kit

in non-haemopoietic cells. The system proved extremely useful for evaluating

proliferation and survival responses to SCF stimulated c-Kit, but was unreliable for

analysis of differentiation responses. Added to this, the chimaeric c-Kit molecule

functioned in a tightly controlled, human ligand inducible manner. Subtle differences

were noted between c-Kit isoforms in the presence/absence of Lyn, demonstrating the

potential value of this approach in evaluating the role played by other downstream

components in the c-Kit signal cascades.

4.8.1. MIHC Generation

The generation of MIHC was successful with some qualification. It was unclear at the

start of this work whether or not D14 Foetal Liver cells harvested from various

strains of mice would immortalise equally well to the model established by Professor

Tom Gonda and Dr Petranel Ferrao where CBA mice were used' MIHC were

successfully produced from C57BLl6 andLyn -l- foetal livers, although the state of

differentiation of the resultant immortalised cells was higher than desirable as shown

in figures 4.6, 4.7, 4.8 and 4.9. This is most likely due to the use of Baculovirus

derived murine growth factors. As shown in Figure 4.6,the yeast derived mGM-CSF

used previously by Professor Gonda and Dr Ferrao was a superior stimulant of growth

without differentiation, even though both sources of factor were equivalent with

respect to their potency in stimulating growth of the factor dependent cell line FDC-
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pl (which was used to titrate and normalise all batches of cytokine throughout these

experiments).

Despite this technical limitation, a question-mark will remain for the MIHC model as

to whether it will ever be useful to evaluate differentiation due to the constitutive

overexpression in these cells of activated c-Myb, which is known to have anti-

differerentiative effects as outlined earlier in this chapter. It is possible, with

overexpression of receptors such as c-Kit, that a strong differentiation signal may

over-ride the Myb effects, but the system may become too contrived to confidently

interpret differentiation responses at all'

The other positive feature of the MIHC model is the ability to generate a series of

different MIHC lines potentially only differing in the presence or absence of one

protein, taking advantage of the many knockout mouse strains now available. The

principle has been demonstrated clearly in this study using Lyn knockout mice,

although refinements are necessary. Firstly, the C57BL|6 and Lyn -/- MIHC used in

this study were not strictly identical except for the presence/absence of Lyn' The Lyn

-l- mice were extensively backcrossed onto aC57 strain to bring them as close as

possible to the c57 genotype. However, this will never generate a pure c57 mouse

strain lacking Lyn. As a minimum, genes physically linked to Lyn will be of

knockout strain origin, making the backcrossed mice chimaeric' In future,

development of MIHC from identical mice strains (one with atargeted gene, the other

"wild type") will eliminate this variability.
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A second limitation in the approach of using knockout mice as a source of cells for

MIHC generation is the problem encountered by knockout technology itself -

redundancy .Lyn -l- mice have relatively normal haemopoiesis and are viable despite

lacking a downstream component of c-Kit signalling which would be presumed

necessary for some aspect of haemopoietic development. This implies that, in the

absence of this Src family kinase member, another has stepped in and adequately

replaced most functional aspects of Lyn with respect to c-Kit function. This will

mask the true effects of removal of a protein to assign functions to it. Therefore,

identifying possible redundancies will be important. It may be possible to cross

knockout strains to generate double knockouts. Even if these mice are not viable, if

homozygous double knockout progeny can reach day 14 of gestation, MIHC could be

developed for re-analysis in the system.

4.8.2. Cetlutar responses to exogenous Human SCF

In the analysis done here, differences between GNNK + and GNNK - were

investigated in the presence or absence of Lyn. A number of cellular responses were

analysed including surface receptor internalisation, survival, and proliferation

(differentiation investigations were not performed for the reasons discussed

previously in the chaPter).

It was shown in Figure 4.ll that both isoforms of chi-c-Kit were internalised in

response to human SCF to similar levels, with Lyn -/- MIHC expressing chi-c-Kit

GNNK+ showing a small reduction in internalisation compared to the C57 MIHC

counterpart. Irrespective of the presence/absence of L¡m, GNNK- isoform

intemalised more rapidly and extensively than the GNNK+ isoform. The kinetics and
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extent of internalisation was dictated by the isoform, supporting the work done

previously with murine fibroblasts and human c-Kit shown in Figure 3'9. This was

also supported by the biochemical analyses in Figure 4.13, where ubiquitination of the

isoforms is shown to be slightly slower for GNNK+ c-Kit compared to GNNK-, and

also lower lor Lyn-l- MIHC compared to c57 MIHC. Voytyuk et al have also

demonstrated a small level of downmodulation c-Kit internalisation with the addition

of the Src kinase inhibitor SU6656. Direct measurement of c-Kit ubiquitination was

not determined in this study. ln the related RTK III, PDGFRa, it has been shown that

c-Cbl mediated polyubiquitination for degradation was also Src family kinase

dependent (Voytyuk et a1.,2003).

The ability of all MIHCs (Lyn-l- and C57 expressing either isoform of c-Kit) to

proliferate in response to Human SCF was potent and identical to that elicited by

mGM-CSF lmIL-3 (Figure 4.128). The doubling time v/as very rapid in these cells,

achieving 5 divisions in only 3 days. These analyses also demonstrated the continued

factor dependence of the MIHCs, as deprivation of factor led to only 1 cycle of cell

division þresumably completion of the currently committed cycle whilst growing in

mGM-CSF lmIL-3 before factor deprivation) before culture death. The normal

proliferation response to SCF of Lyn -/- MIHC, expressing either isoform of c-Kit'

suggests no role for Lyn in the proliferative response. This contrasts to the findings of

O'Laughlin-Bunner in murine mast cells (O'Laughlin-Bunner et a1.,2001). The data

also demonstrate that the proliferation signal from GNNK+ and GNNK- c-Kit is

identical, despite the large differences in kinetics of phosphorylation of c-Kit itself,

MApK and AKT (all of which are substantially higher in GNNK- compared to

GNNK+ c-Kit (Figures 4.13 and 4.14).
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These same cells were simultaneously analysed for survival' Figure 4'l2C

demonstrated that GNNK- chi-c-Kit was superior to GNNK + chi-c-Kit in promoting

survival in response to human SCF over the 3 days of the experiment (in the presence

or absence of Lyn). However, these experiments also showed that c57 MIHC had

better survival percentages than their Lyn-/- MIHC counterparts' The presence of Lyn

may contribute to this survival response as roles for Lyn in anti-apoptotic responses

have been demonstrated in a variety of cell types (Adachi et aI., 1999;Pazdrak et a1.,

1998; Wei et al.,1996).

In summary, very few cellular responses were influenced by the presence/absence of

Lyn in the MIHC model using chimaeric c-fit (GtUrrf+ and GNNK- isoforms). The

model did provide valuable information on differences in cellular responses between

isoforms of c-Kit, and has demonstrated the potential of this model, with refinements,

to carefully analyse cellular responses to haemopoietic growth factors. where major

differences can be seen between parental and knockout MIHCs, verification of the

need for the ..knocked out" protein is possible by re-introduction of the protein (knock

in) to demonstrate rescue of the phenotype'

4.8.3. Further exqeriments

It is important to re-visit this model system using optimal growth factor conditions'

Where MIHC can be grown in yeast derived mGM-CSF alone (or an equivalent), and

maintain a much more undifferentiated status, it may become possible to evaluate

differentiation in response to SCF stimulation. Also, MIHC generated from the

original knockout and parental mice strains to eliminate genetic background variation
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introduced by backcrossing to C57BL!6) needs addressing. The technical feasibility

for this, however, is unknown'

Given the published association of Tec kinase and Dokl with Lyn (Figure 4.4), it

would also be valuable to analyse the activation of these 2 molecules in the model

used here. It would be expected that these molecules remain unaltered in the Lyn -l-

MIHC upon SCF stimulation. If, however, they are stimulated early (ie directly by

SCF activation of c-Kit), it would be indicative of another Src family kinase replacing

Lyn in the knockout MIHCs, confirming redundancy in the system. Another

approach may be to use specific src Family kinase inhibitors as employed in the

studies of Voytyuk et at (Yoytyuk et a1.,2003) to tease out the contribution of this

family of kinases.
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5 Analysis of c-Kit isoform expression in primitive
human haemoPoietic cells

INTRODUCTION

It is clear from the data presented in chapters 3 and 4 that the GNNK+ and GNNK -

isoforms of c-Kit differ with respect to intracellular signalling and cellular responses.

Given the diverse range of cellular responses attributed to c-Kit signalling, it was

postulated that differential expression of the c-Kit isoforms in different subsets of

cells may be a possible mechanism for this'

5.1. Expression of c'Kit isoforms in primitive
haemoPoietic cells

c-Kit has been demonstrated to be expressed on the cell surface of primitive

haemopoietic stem cells (Ashman,I999b; Ashman et a1., 1999; Ashman et a1', 2000;

Buhring et al.,1999;Escribano et a1.,1998; Oertel et al',1996; Ratajczak et a1', 1998;

Simmons et al., 1994a). It has varying roles within the haemopoietic system

depending on the cell tlrpe in question, and this is suggestive that the cellular

environment plays a role in determining the cellular responses to stimulation by SCF'

A major influence in generation of such diversity from a common trigger will be the

repertoire of downstream effectors within different subsets of cells, which will define

the cellular response of any given cell type to one stimulus (SCF)' In addition, the

presence or absence of other signalling receptors can reinforce or negate a specific

signalling pathway's influence. Further to tliis, differential expression of the naturally

occurring isoforms of c-Kit may add a 3'd means of generating diversity in cellular

responsiveness in the one receptor/ligand signalling system' This aspect will be

investigated in more detail in the work that follows'
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To investigate this in primitive haemopoietic cells (one of the major cell t1'pes in

which c-Kit is expressed), human bone marrov/ mononuclear cells were subdivided on

the basis of their expression of the primitive stem cell marker CD34 (Baum et a1',

1992; Craig et al., 1993; Murray et al., 1994; Peault et al., 1993) together with

markers associated with commitment of progenitor cells to B cells (CD19), T cells

(CD7), megakaryocytes (CD61), erythrocytes (Glycophorin A), myeloid committed

progenitors (CD33) as well as a subset of the most immature stem cells (CD38

negative). More information on these markers is given in Appendix 1 at the end of

this chapter.

5.2. G-CSF mediated Stem Gell Mobilisation - involvement
of c-Kit

Several studies have noted a role for c-Kit in mobilisation of haemopoietic stem cells

into the peripheral blood using G-CSF or a combination of G-CSF and SCF (To et al.,

2003). c-Kit protein was down regulated on mobilised cells, and it was not known if

this occurred at the 6RNA |evel. The investigations detailed in this chapter will

address this point.

It is also well documented that individuals vary significantly in their ability to

mobilise peripheral blood stem cells (CD34 positive) in response to these regimes (To

et a1.,2003). Given the poorly understood role of c-Kit in this process, analysis of

expression of c-Kit isoforms in mobilised CD34+ stem cells was also investigated.

This would determine the contribution, if any, of c-Kit isoform expression patterns, to

differing abilities to release stem cells from the bone marrow into peripheral

circulation. It was hypothesised that c-Kit may be differentially expressed in different
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groups of patients and that this may play a role in the variability in mobilisation

efficiencies observed.

G-CSF, which mediates its effects through the G-CSF Receptor, is a pivotal cytokine

for induction of proliferation and differentiation of normal bone marrow granulocytic

precursors. G-CSF receptors are expressed on extremely early progenitor

populations, preceding commitment to myeloid lineages, and its expression increases

with maturation. CD34+CD33- cells express the least, followed by CD34+CD33+,

then CD34-CD33+ (Shinjo et a1.,1997).

G-CSF alone, or in combination with chemotherapy, has long been used to mobilise

haemopoietic stem cells from the bone marïo'\¡i/ to facilitate the harvesting of high

numbers of CD34 positive haemopoietic stem cells for use in autologous and

allogeneic stem cell transplantation (Juttner et al., 1990; Martinez et a1., 1996;

Sheridanetal., I992;Toet aI.,2003;Toet a1.,1997;Toeta1., 1990). Apersistent

problem in the field of stem cell mobilisation is yield of CD34+ cells, which is

regarded as an accurate predictor of successful engraftment (Pecora, 1999; Siena et

a1.,2000, Cottler-Fox,2003 #517)). To achieve the optimal stem cell dose, multiple

harvests are often required. It has been demonstrated that SCF increases the yield of

CD34+ CD33- cells which leads to earlier sustained haemopoietic recovery (Pecora,

reee).

As stated earlier, the mechanism of this mobilisation is poorly understood, and

patients undergoing treatment for G-CSF mobilisation vary in their ability to mobilise

sufficient CD34+ cells for therapeutic use. G-CSF has been shown to stimulate an
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accumulation of ganulocyte precursors in the bone marrow, and that there is an

accumulation of active neutrophil proteases as a consequence' This accumulation of

serine proteases was believed to be responsible for the observed cleavage of the

chemokine receptor CXCR4, as well as its ligand, stromal-cell derived factor 1 (SDF-

1). This chemokine/receptor combination is responsible for homing and retention of

CD34+ cells in the bone mafrow (Cottler-Fox et a1., 2003; Levesque et aI', 2003a)'

Matrix metalloproteinase-9 (MMP-g), produced by activated neutrophils, has also

been postulated to play arole in cD34+ cell mobilisation by G-csF (Levesque et a1',

2004) or IL-8 (Cottler-Fox et a1., 2003; Lapidot et a1., 2002). These proteases are

suspected of cleaving various cytokines and their receptors, as well as integrins

(Lapidot et al., 2002). The model by which mobilisation is achieved, however' is far

more complex, as studies in mice lacking MMP-9 and neutrophil serine proteases still

mobilised CD34+ cells normally in response to G-CSF, indicating that protease

dependent and independent mechanisms exist (Levesque et a1', 2004)' The role of

SCF and c-Kit also appears central to the mechanism of CD34+ cell mobilisation

(Duarte et a1., 2002). As already stated, c-Kit levels are reduced on G-CSF mobilised

CD34+ cells, and one mechanism shown to be involved is proteolytic cleavage of the

receptor (Levesque et aL.,2003b).

In a recent study by To et al (To et al., 2003), a cohort or 44 patients who failed to

adequately mobilise cD34 * stem cells on G-CSF or a combination of G-GSF and

chemotherapy were subsequently remobilised with either a combination of G-csF

and SCF or a combination of G-CSF, chemotherapy and SCF. For both groups'

mobilisation of cD34+ cells was improved, three and two fold respectively. of note,

this study revealed that the group of patients who did mobilise successfully on G-CSF
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or a combination of G-CSF and chemotherapy downmodulated surface c-Kit levels on

CD34 + cells. This observation confirmed those of several other studies (Roberts et

a1.,1999; Simmons et al.,l994c; To et al.,1994)' Human SCF alone is incapable of

mobilising CD34+ cells, yet is often a potent co-mobiliser with G-CSF or with a

combination of G-CSF and chemotherapy (Basser et al., 1998; Moskowitz et a1.,

1997; Shpall et a1., 1999; Stiff et aL,2000; To et a1.,2003; Weaver et a1.,1998). In

the study of To and colleagues, approx 50% of the previously poor mobilising patients

yielded sufficient CD34+ cells on subsequent mobilisations with SCF included (To et

aL,2003).

It was of interest, therefore, to investigate if there was any difference in c-Kit isoform

expression patterns between the various types of patients from the study of To and

colleagues (To et a1.,2003), given the findings already presented in Chapters 3 and 4

which show that the GNNK- isoform was more rapidly and completely downregulated

in response to SCF stimulation. It was hlpothesised that this isoform is predominant

in the good mobilisers of CD34+ cells, given these patients demonstrate

downmodulation of surface c-Kit. In addition, those patients that successfully

mobilise with the addition of SCF on subsequent mobilisations may have a different

expression profile to those who continue to fail to mobilise. These phenomena will be

investigated in the sections to follow.

RESULTS

5.3. Analysis of GNNK+/- express¡on in Normal Bone
Marrow Mononucleär Gells (MNGs)

In order to evaluate the relative expression of the GNNK+ and GNNK- isoforms of

c-Kit in any given subpopulation of cells, a highly specific and sensitive methodology
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was required. The difference between isoforms is subtle, and no known Mabs

differentiate between these isoforms, eliminating the ability to use indirect

immunofluorescence or immunoprecipitation and immunoblotting to evaluate the

differential expression. These types of analyses also require large numbers of cells'

leading to practical limitations of applying such techniques to small subpopulations of

cells.

It was necessary, therefore, to utilise techniques to measure relative mRNA levels of

the two species of c-Kit. Northern blotting, whilst quantitative, was unlikely to be

sufficiently sensitive, particularly when required to use short probes to achieve

specificity for the t2 bp difference between the isoforms' The approach chosen was

Quantitative Real Time PCR (QPCR) analysis of reverse transcribed RNA isolated

from FACS sorted haemopoietic cells.

s,3.1. Design and vatidation of "minor groove binder" (MGB)'

TaqMan probes

To achieve specific identification of the two isoforms of c-Kit, one of two strategies

could be used to satisfy the criteria. Firstly, specific primer sets that produce a

productive reaction only on one of the two potential target sequences in conjunction

with a common fluorescent probe can be used. Alternatively, a common set of

primers can be used that flank the variable sequence, and isoform specific probes are

employed. These strategies are shown diagrammatically in Figure 5.1.
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Figure 5.L

Strategies to identify the GNNK+/- isoforms of human c-Kit

A. A common fluorescently tagged probe is used in conjunction with 2 sets
of primers which produce similar size products. In the diagram, primer set 1I is
only capable of producing a product when bound to the GNNK+ isoform. The primer
is designed to reduce non-specific binding to GNNK- isoform due to its lack of the
l2bp GGTAACAACfuAA will lead to failure of this primer to anneal.

Primer set 2 anneals to flanking sequence of the 12bp insert, and can only bind
in the absence of GGTAACfu\CfuAA.

B. Unique fluorescent labelled probes that are specific for the insertion/deletion of
GGTAACAACfuAA are designed. Primer set 3 is used with either probe
Specificity of the probe is dictated by the inclusion/exclusion of GGTAACfu\CfuAA.

The method chosen depends on the ability to meet the requirements of Tm values and
differences as described in 5.3.1.
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The latter strategy was employed in this series of experiments. It was not feasible to

design two sets of primers that met all cntena, however it was possible to generate

coÍrmon primers and2 isoform specific probes that were suitable for QPCR. The key

sequences and alignments are shown in Figure 5.2. It was also an advantage to use

identical primers in 2 different reactions, as this removed any variability in the

efficiency of different primer sets to initiate product formation. This is important

when dealing with low yields of target sequence'

The QPCR system chosen for these analyses used MGB TaqMan probes produced by

Applied Biosystems. The MGB at the 3' end of the probe increases the Tm of probes,

allowing the use of shorter probes (Afonina et aI., 1997; Kutyavin et aI',1997)' This

was critical to generate discrimination for the 12bp difference encoding GNNK in

c-Kit. To ensure the technology was maximally sensitive and linear, and number of

empirically derived criteria were stipulated by Applied Biosystems for the primers

and probes to "guarantee" successful linear quantitation of target cDNA. These are

summarised here:

Primer length 20-30bp with Tm 58-60'C, optimum 59oC

Probe Length 20-40bpwith Tm 68-70oC, optimum 69oC

Probe Tm to be 10"C higher than primers

Product length to be <100bP

Probe preferably not to start with a G

To enable accurate quantitation of target oDNA sequences' it was necessary to

generate standards for both isoforms of c-Kit oDNA. Fresh preparations of

GNNK+S+ and GNNK-S-| human c-Kit in pRUFneo were prepared as described in

162



Figure 5.2

Specific primers and probes used for detection of GNNK+/- human c-Kit

Method B of figure 5.1 was chosen for these experiments. Two 6-FAM labelled
MGB probes specific for the insertion/deletion of GGTAACAACAJ{A were
designed, both with identical Tm values of 69oC. Both primers have a calculated Tm
of 59oC, and the product length for both isoforms of c-Kit is less than 100bp.



GNNK+ c-Kit specific reaction probe and primers

GGCTT ACAAAGAT GT GGG CAAGACTT CT GCCTATTTT

Common Fonir¡ard Primer

AACTTTGCATT AATCC
GGTAACAACAAA(GNNK)

GNNi{+ s¡recific 6-[-ÀM lat¡ellecl MfJË] prol:e

AT CCCCACACCCT GTT CACT CCTTT GCT GATT GGTTT

CGT AAT CGTAGCT GGCAT GAT G

Common Reverse Primer

GNNK- c-Kit specific reaction probe and primers

CAAAGAT GT GGGCAAGACTT CT GCCT ATTT TAACTTT

Common Fotward Primer

G ATCCCCACACCCTGTTCA
GNNK- specific 6-FAM labelled MGB probe

CT CCTTT GCT GATT GGTT T CGTAAT CGTAGCT GGCAT GAT G

Common Reverse Primer



Section 2.7.9 and from these preparations, a set of standards were produced (Figure

5.3)

5.3.2. Isolation of Normat Bone Marrow CD34+ subpopulations

Direct immunofluorescence (see 2.3.2) was used to identify subsets of CD34 positive

immature haemopoietic cells from normal bone maro\¡/ MNCs co-expressing or

lacking CD7, CD19, CD33, CD38, CD61 and Glycophorin A'

Cell fractions were identified and isolated on a FACSta/LUt flrrotescence activated

cell sorter. The cell yields for each normal bone marrow MNC fraction are shown in

table 5.1. The relative percentages of each marker within the CD34 positive fraction

of cells varied between donors, as did the percentage of cD34 positive cells, but all

specimens fell within the expected ranges for normal donors (Civin et a1', 1984; Fina

et al., 1990; Lansdorp et al., 1990; Watt et al., 1937). Scatter plots from a

representative sample are shown in Figure 5'4'

RNA rù/as prepared from each subpopulation using TRIzol (as described in Materials

and Methods - see 2.S.1) and .DNA generated using Superscript IIrM reverse

transcription (as described in Materials and Methods - See 2'7 'I5)' To maximise

yields of oDNA for analysis in the QPCR, reverse transcription of RNA was

performed using random hexamers rather than oligo dT primers' This, in theory'

maximises the yield of cDNA containing the GNNK region of sequence, which is

approximately 1.5 KB upstream of the polyA tail on c-Kit mRNA, making oligo dT

priming less efficient for this purpose.

163



M1234
I

I;l||||ffi#

Band6 >H

Figure 5.3

Establishment of GNNK+Ê human c-Kit standards for use in QPCR

Fresh midi-preps of each isoform of c-Kit cDNA cloned in pRufNeo were prepared

and diluted- 1110 in water for analysis on a lo/o agarose gel stained with ethidium

bromide and imaged for quantitation using a Tlphoon fluorimager as described in

2.7.2 and2.7.3.

Track M 1¡.rl standard markers (SPP1 DNA digested with EcoRl) (band 6 will
therefore contain 25.6ng DNA)

Track | 5ltl GNNK+ oDNA diluted 1/10

Track2 5¡r.1 GNNK- cDNA diluted 1/10

Track 3 lt+l GNNK+ cDNA diluted 1/10

Track4 1¡rl GNNK- oDNA diluted 1/10

Band 6, tracks 1 and 2 were quantitated and the total DNA content of Track 1

(GNNK+ cDNA) was 95ng or 189ng/pl, and for Track 2 (GNNK- oDNA) was l01ng

òr 1S9ng/pl. Taking info account the molecular weight of c-Kit oDNA in pRufNeo

lappro*?kU ,3.96 * tOu Daltons), these oDNA preparations were both 0.05¡^r.M' This

stock was used to generate standard preparations for QPCR.



CD34 Positive
Cells lvtau HPcA-2 -
BD 348053 and 348057)

Normal BM
MNC 1

Normal BM
MNC 2

Normal BM
MNC 3

Marker Mab o/o of
MNCs

Sort
Yield

"/o of
MNCs

Sort
Yield

"/" oI
MNCs

Sort
Yield

CD61+ BD
Cat 348093

2.00 1s409 0.61 5500 1.33 25000

CD61. BD
Cat 348093

1.31 t2417 2.68 39000 5.14 117000

CD33+ Leu-M9 BD
Ca;t347787

1.98 6491 1.00 tl4t5 3.85 55700

CD33. Leu-M9 BD
Ca;t347787

1.93 7250 1.32 18400 2.43 34250

CD7+ Leu 9 BI)
Cat 7483

0.27 2093 0.20 6200 0.41 10000

CD7. Leu 9 BD
C¡t 7483

2.42 29sl6 2.15 55000 6.20 188000

CD38+ Leu l7 BD
Ca.347687

2.46 21320 2.69 38400 4.65 136600

CD38- Leu 17 BD
C¡t347687

0.24 2300 0.12 2640 0.40 12500

Gty A+ Coulter
CstlM.22l2

0.22 2500 0.34 7000 0.44 r0000

Gly A- Coulter
Cs¡lM22l2

2.44 26s00 2.71 45000 5.97 113000

CDl9+ Coulter
Cat IMl285

0.34 2s00 0.19 4100 0.48 13600

cDl9- Coulter
Cat IMl285

2.27 24500 1.80 23000 5.19 136000

Table 5.1

Statistics for sorting of CD34 positive cells in normal bone marrow MNCs by

FACS

Cryopreserved normal bone marrow mononuclear cells were sorted after 2 colour

dirêct immunofluorescence staining with antibodies to specific antigens as indicated

using methodology described in section 2.3.2. Sorted cells were gated on Forward vs

Side3catter in addition to dual colour fluorescence gates as shown in a representative

series in Figure 5.4. The percentage of total mononuclear cells for each subfraction is

shown for ihe 3 independent bone malrow samplos, as is the actual cell yield from the

sorter for each subfrãction. Sorted cells were subsequently processed for preparation

of RNA.



Figure 5.4

Sorting parameters used for isolation of subsets of Normat BM MNCs expressing
lineage associated markers

Normal bone marrow MNCs were labelled with directly conjugated anti-CD34 Mab
in conjunction with Mabs against either CD33, CD38, Cd19, CD7, CD61 or
Glycophorin A. CD34 positive cells were fractionated into positive and negative
subsets and RNA prepared as described in Section2.8.

A representative Normal BM scatter gate (A), and sort gates used for selection of
CD34 positive CD6l+l- (B), CD33 +l- (C), CD7 +l- (D),
CD38 +/- (E), Glycophorin A +/- (F) and CDlg +L (G) is shown.
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5.3.3. QPCR analysis of Normal Bone Marrow subsefs

oDNA samples from each sorted subpopulation of cells were subjected to QPCR

analysis. Primers and probes used are shown in Figure 5.2 and the settings used for

the analysis are given in section 2.7.15.

To validate the probes and primers against the standard reagents prepared as described

in Figure 5.3, reactions were set up for the GNNK+ specific probe using no template

or a range from 10 to 106 copies of GNNK+ human c-Kit oDNA standards. Likewise'

reactions for GNNK- specific probe were set up using no template and a range from

10 to 106 copies of GNNK- c-Kit cDNA standards. As can be seen in Figure 5.54

and B, linearity across the range of 101 to 106 copies of .DNA (GNNK+ and GNNK-

human c-Kit in pRUFneo) with the appropriate probe was achieved, with standard

curve x^2 values always exceeding 0'999.

To confirm the specificity of each probe, GNNK+ probe was also included in

reactions with GNNK- gDNA standards, andvica versa. As can be seen inTable 5.2,

the GNNK+ probe displayed complete specificity for GNNK+ cDNA, producing no

product when reacted in the presence of GNNK- oDNA at any level. However, the

GNNK- probe was shown to weakly cross react with GNNK+ oDNA at levels of 104

copies or more of GNNK+ oDNA. At lower levels of the GNNK+ c-Kit oDNA, no

product was detectable, and the level of "false" signal generated at high levels was

approx 0.02-0.2% (average 0.1%).

Given the minute level of cross reactivity at high levels of GNNK+ cDNA, all

GNNK- oDNA copy calculations were adjusted to take into account the value
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Figure 5.5

Amplification Plots and Standard Curves for GNNK+ and GNNK- probes using
GNNK+/- c-Kit cDNA standard reagents

Standard amounts (10 to 106 copies per reaction) of GNNK+/- oDNA were run
against 6-FAM tagged MGB probes specific for GNNK +/- oDNA in every
experiment. A representative set of standards is shown here for GNNK+ specific
probe with GNNK+ c-Kit cDNA standards (A) and GNNK- specific probe with
GNNK- c-Kit cDNA standards (B). In this and all reactions, the R2 value for the
standard curves derived using the Ct values (cycle number to reach threshold
amplification* which is indicated by green line in amplification plot), was always
greater than 0.999.

*The threshold is calculated from 10 times the standard deviation of the baseline
fluorescence values.

Note: Rn is the reporter signal normalised to the Passive Reference for a given
reaction. The Delta Rn value is the Rn value minus the Rn value for the No Template
Control. This calculates the magnitude of the signal generated by the given set of PCR
conditions.
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Target
Sequence

No of
copies

QPCR reaction 1 (BMl) QPCR reaction I (BM2 & 3)

GNNK
t Probe

GNNK-
Probe

Cross
reaction
value *

GNNK
t Probe

GNNK.
Probe

Cross
reaction
value #

0 0 0 0 0

GNNK- l0t 0 10t 0 10'

GNNK- 102 0 l0' 0 102

GNNK- 10j 0 10j 0 l0'
GNNK- 104 0 100 0 10*

GNNK- 10) 0 10) 0 10'

GNNK- 10Ó 0 100 0 l0Ó

GNNK+ 10' 10' 0 10' 0

GNNK+ l0t 10' 0 TO, 0

GNNK+ 10' 10' 0 10' 2 0.20%

GNNK+ 104 10* 4 0.04% 10* 20 0.20%

GNNK+ 10t 10' 20 0.02% 10' 168 0.t7%

GNNK+ 100 100 104 0.0t% 100 1,297 0.13%

(*) mean coffection value applied for GNNK- reactions in this QPCR run was 0.02%

of GNNK+ result subtracted from GNNK- result

(#)mean correction value applied for GNNK- reactions in this QPCR run \¡/as 0.17%

of GNNK+ result subtracted from GNNK- result

Table 5.2

Summary of standard curve data for QPCR runs used in analysis of fractionated

CD34 positive cells from normal bone marrow MNCs.

In each analytical QPCR run, a set of common standards was incorporated to calibrate

the reactions and enabled quantitation of target sequences in test samples. Known

amounts of GNNK+/- c-Kit gDNA were tested in each run against their specific probe

and a standard curve generated for quantitation of each species of cDNA in the

samples as shown in Figure 5.6. In addition, known numbers of the incorrect target

."q.,er.e were tested against the same probe to validate specificity of the probes. The

GlÑf+ c-Kit probe in all reactions (n: 5) exhibited complete fidelity with GNNK+

c-Kit gDNA. The GNNK- probe, however, consistently showed weak cross reaction

with the GNNK+ c-Kit çDNA at levels above 1000 copies. The level of cross

reaction in relevant representative QPCR runs is shown and the mean correction

applied to all GNNK- r-Kit data as indicated for normal bone marrow MNC analysis.



attributable to cross reaction with the GNNK+ cDNA in each sample (ie'

compensated). This was possible, as in all tests, identical quantities of test cDNA are

loaded for each probe, and the values derived from the GNNK+ probe are

unequivocal. The correction factor used in all data presented is shown in Table 5.2.

The results from 3 independent normal bone marrow specimens are shown in Figure

5.6A. It was clear that the dominant isoform in all subsets of CD34 cells was the

GNNK- isoform, comprising approximately 90% of all transcripts detected and there

was no significant difference in the expression pattern of c-Kit isoforms in any of the

subpopulations tested. This was consistent with the findings of crosier and

colleagues who, using RNAse protection assays, also identified the GNNK- isoform

as the dominant isoform of c-Kit in normal human bone marrow, normal melanocytes,

several tumour cell lines, and the blasts patients with acute myeloid leukemia (Crosier

et a1., 1993).

It was also possible to relate the copy number for c-Kit RNA back to "copies/ce1l"

using the assumption that all sorted populations were subjected to identical treatment

and would have identical percentage yields of material at each step. These data are

presented graphically in Figure 5.68. It should be noted that the values calculated

will not represent the true copy number per cell, as the high number of manipulations

involved to produce the target oDNA for quantitation in the QPCR will all result in

quantitative losses. However, these are assumed to be consistent, and the relative

values are therefore meaningful. c-Kit expression was extremely low in subsets

committed to lyrnphoid lineages (cD7+ and cD19+) as well as late erythroid

progenitor subsets (Glycophorin A+¡. Megakaryo cyticlearly erythroid progenitor cells
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Figure 5.6

QPCR analysis of fractionated CD34 positive cells in normal bone marrow
MNCs

A. cDNAs synthesised by revorse transcription of RNA isolated from 3

independent normal bone marrow mononuclear cell subpopulations were analysed by
QPCR to quantitate the levels of GNNK+/- c-Kit oDNA. All cell fractions were
collected using a FACStaTPLUS cell sorter, selecting for CD34 positive cells
expressing/lacking a lineage associated marker as indicated. Data are expressed as

the percentage of total c-Kit oDNA that is GNNK- c-Kit oDNA (mean +SEM, n:3).

B. The no. of copies determined in each QPCR reaction analysed in (A) has been
used to determine of the relative abundance of c-Kit message in the various
subpopulations of CD34 positive cells. It is assumed that this value will
underestimate the true copy number per cell, as the extensive manipulation of the
material to produce oDNA for analysis results in quantitative losses at each step of the
target material.
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(cD61+), and myeloid committed progenitors (cD33+) expressed c-Kit RNA at

similar levels. Of note, the most immature stem cells analysed (CD38-) appeared to

express lower levels of c-Kit than the average level of total CD34 cells. This subset

of cells has been reported to co-express other growth factor receptors such as Flt3,

which was lost as c-Kit and cD38 levels rose (Xiao et a1.,1999). This is consistent

with observations that CD133+ CD34- c-Kit- CD38- cells appear to be the most

immature subset known in the haemopoietic compartment (Buhrin g et al', 1999). It is

plausible that c-Kit expression lags behind that of cD34, and increases with the

acquisition of CD38.

5.4. Anatysis of GNNK+/- expression in mobilised GD34+

cells

The objective of this series of experiments was to see if c-Kit isoform expression

differences occurred on mobilisation, or were correlated with the variable

responsiveness of individuals to mobilisation treatments.

5.4.1. Isotation of Peripheral Blood cD34 positive sÍem cells

Direct immunofluorescence (see section 2.3.2) was used to identify immature CD34+

haemopoietic cells from the mobilised peripheral blood. Total CD34 positive

fractions were isolated on a FACStarPtut fluorescence activated cell sorter. Sort

histograms are shown in Figure 5.7' RNA was prepared from each subpopulation

using TRIzol (see section 2.8.1) and .DNA generated using Superscript IIrM reverse

transcription (see section 2'7 .15)'
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sorting parameters for the isolation of cD34 positive mobilised PB MNCs

Mobilised peripheral blood MNCs were labelled with directly conjugated anti CD34

Mab. CD34 pôsitive cells were sorted on a FACSTAIIPLUS cell sorter and RNA

prepared as described in 2.8.1.

Representative histograms and sort gates (G) of samples from a good and poor

mobiliser of CD34+ item cells are shown. The sort gate (G) was set at the brightest

1% of cells stained with the IgG control Mab for collection of cD34+ cells.

Poor Mobiliser
Sample #6

G

o

Good Mobiliser
Sample #1

G

Poor Mobiliser
Sample #6



5.4.2. QPCR anatysis of Peripheral Blood cD34 positive cells

G-CSF or a combination of G-CSF and SCF mobilisation protocols have shown much

variability in their effrcacy to promote the release of cD34 positive stem cells from

the marrow into the peripheral blood (To et al., 2003). The source of specimens for

this series of experiments is detailed in Table 5.3. Four classes of mobilised

peripheral blood apheresis specimens were analysed in these experiments -

1: G-CSF mobilised - "good" (t 10u CD34 cells/kg apheresed) (n:6)

2: G-CSF mobilised - "poor" ('10u CD34 cellslkg apheresed) (n:5)

3: G-CSF + SCF mobilised - "good" (> lOu CD34 cells/kg apheresed) (n:7)

4: G-CSF + SCF mobilised - "poor" (< 10u CD34 cells/kg apheresed) (n:4)

Specimens collected from patients of group 2 werc all remobilised with a combination

of G-CSF and SCF, and the resultant apheresis specimens fell into either class 3 or 4

as defined above. These matched specimens are colour coded in Table 5.3, together

with the mobilisation protocols and resultant harvest data on each specimen'

Additional specimens only ever treated with a combination of G-GSF and SCF were

also analysed.

oDNA from these samples was subjected to QPCR analysis using primers and probes

as shown in Figure 5.2 andsettings given in section 2.7.15. The correction value used

to determine true GNNK- oDNA quantitation rwas subtraction of 0'04o/o of GNNK+

cDNA value from the GNNK- oDNA value in these experiments.
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Table 5.3

Analysis of apheresis products from mobilised patients.

4 classes of mobilisers are defined as:

1: G-CSF mobilised - "good" (t 10u CD34 cells/kg apheresed) (n:6)
2: G-CSF mobilised -'þoor" (<106 CD34 ) (n:5)
3: G-CSF and SCF mobilised - "good" (> apheresed) (n:7)
4: G-CSF and SCF mobilised -'þoor" (< apheresed) (n:4)

All patients in class 2 were all re-mobilised with a combination of G-CSF and SCF$$

and these apheresis specimens were classified as either good or poor as indicated
(class 3 or 4). These matched specimens are colour coded. CD34+ yieldslkg were
determined by the Transplant Unit, Division of Haematology at the time of apheresis
using flow cytometry. The CD34* percentage when cryopreserved material was
sorted is also shown. In addition, the calculated percentage of total c-Kit cDNA that
is GNNK- c-Kit from each CD34 sorted specimen and copy no. of total c-Kit is also
shown.

Mobilisation protocols :** G-CSF l0¡t"g&gÆay -7 days [Horsfall,2000 #513; To, 2003 #359]
## G-CSF s-l0¡t"glkglday + SCF l0¡r,g/kglday - 7 days fHorsfall, 2000 #513]
$$ G-CSF l}¡tgt<gßay (days 3-10) + SCF zÙ¡t"glday - 10 days (for colour coded

patients who failed on G-CSF alone mobilisations [To, 2003 #359]
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1 1
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Donor

2 1
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Donor

4 1
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10 1
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Donor
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Donor
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0.2093.2%0.43%Non
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92.9% 0.110.14%0.472"-15

90.2% 0.130.70%3.70Breast
Cancer

7
##a

J

90.1% 0.05r.34%8.10Breast
Cancer

8 3*o

94.0% 0.10r.90%8.67Breast
Cancer

13
¡##J

92.7% 0.t42.t0%s.64Breast
Cancer
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92.8% 0.070.50%r.l7Multiple
Myeloma

16
¡##J

0.050J0% 9r.6%0.79Multþle
Myeloma

6 4nn

0.060.29%L2 4sü

95.2% 0.2t0.80%0.79Non
Hodgkins

Lymphoma
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As can be seen in Table 5.3, there was a clear predominance in all specimens' of the

GNNK- c-Kit isoform (range 86-96%). The different classes of mobilisers were

clustered and analysed for both the percentages of GNNK- c-Kit oDNA and total

c-Kit copy no. as previously described for normal BM MNC subsets' As can be seen

from Figure 5.8, there was no significant difference between any of the groups in

terms of either isoform expression or copy number'

These data clearly indicate that whilst many differences in signalling are attributable

to the inclusion/exclusion of the GNNK motif in c-Kit (refer to Chapters 3 and 4),

there was no evidence of differential expression of these isoforms in different cell

subsets, nor was there any significant difference in expression of total c-Kit at the

level mRNA as influenced by either transcription or mRNA stability.

5.4.3. ceil surtace c-Kt levels in mobilised cD34 sfetn cells

A number of reports suggest that c-Kit surface expression is down-modulated during

the process of mobilisation (Bellucci et al., 1999; To et a1., 2003). Cell surface c-Kit

expression was analysed by flow cytometry on cD34 positive mobilised stem cells

using direct 2-colour immunofluorescence as described in section 2'3'2'

A sample of apheresis specimen was stained for cD34 and c-Kit. Analysis of c-Kit

surface expression on cD34 positive cells revealed weak expression of c-Kit in all

samples tested. Staining for c-Kit resulted in a subtle but complete peak shifts. This

infers the majority of CD34 positive cells express c-Kit as expected' The same

classes of apheresis specimens (defined by the mobilisation with G-CSF alone vs G-

CSF + SCF, good v poor) were analysed and the increase in mean fluorescence
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Figure 5.8

QPCR analysis of CD34 positive cells in apheresis products of mobilised patients

A. cDNAs isolated by reverse transcription of RNA isolated from22 independent
apheresis specimens were analysed by QPCR to quantitate the levels of GNNK+/- c-
Kit oDNA. All CD34+ cell fractions were collected using a FACStaTPLUS cell sorter.
Specimens were grouped according to the mobilisation treatment received by the
patient (G-CSF alone (G) or G-CSF and SCF (GFS)) and also the efficiency of the
mobilisation ("good" : apheresis yields of > 106 CD34+ cells/kg, "poor" : apheresis
yields < 106 CD34+ cells/kg). Data are expressed as the percentage of total c-Kit
oDNA that is GNNK- c-Kit cDNA (mean + SEM, n:6 for "G Good", n:5 for "G
Poor", n: 4 for "G and S Poor", and n :7 for "G and S good".).

B. The no. of copies determined in each QPCR reaction analysed for (A) has

been used to give an indication of the relative abundance of c-Kit message in the
various samples of CD34 positive cells. It is assumed that this value will
underestimate the true copy number per cell, as the extensive manipulation of the
material to produce cDNA for analysis results in quantitative losses at each step of the
target material.
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intensity recorded for c-Kit staining over an isotype matched negative control (mean

+/- SEM) (Figure 5.9).

As previously demonstrated in the same samples investigated in the study of To et al

(To et a1.,2003),there was a clear and significant decrease in surface expression of

c-Kit on successful mobilisers treated with G-CSF + SCF compared with good or

poor responders to mobilisation with G-csF alone þ < 0.05, 2 talled student T test)'

The decrease in poor combination G-cSF + SCF treated mobilisers compared with

samples from good or poor G-CSF alone mobilisations was not significant (p:0'22

and0.23respectively,2tal\edstudent's T Test)' There was no significant difference

between good and poor mobilisers treated with G-CSF alone (p : 0'7, 2 tailed

student,s T test) or between good and poor mobilisers treated with combination G-

CSF and SCF (p: 0.06,2 tailed Student's T Test)'

It is clear that addition of scF into the mobilisation regimen triggered a

downmodulation of c-Kit from the surface of CD34+ cells, and the better mobilisers

from this treatment downmodulate c-Kit no more extensively than specimens from

people who respond poorly to this treatment. Quite clearly, addition of scF to the

mobilisation protocol has an effect in a subgroup of patients' This exogenous SCF

appears to be responsible for the c-Kit down modulation, but other factors yet to be

determined must also contribute to the total efficiency of cD34+ cell mobilisation' It

would be informative to know what level of c-Kit is expressed on these cD34+ cells

prior to mobilisation, but this presents technical difficulties as the cells are not readily

accessible within the marrow environment'
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Figure 5.9

Analysis of cell surface c-Kit expression by cD34 + mobilised stem cells

Apheresis samples from patients l-22 as detailed in Table 5.3 were stained with anti

Cb¡¿-ftfC (see Table S.t; anA anti CDll7-PE (Coulter IM1360) as detailed in

Section 2.3.2. CD34 positive cells were gated and analysed for their expression of c-

Kit on a coulter EPICS-MCL flow cytometer. Data are presented as the mean 1-l-

SEM of delta Mean Fluorescence Intensity (MFI) of the CD34 positive cells within

each class of mobiliser (n:6 for G Good, fl: 5 for G Poor, w 7 for GfS Good and n :
4 for Gr S Poor).
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5.5. Discussion

In this chapter, the hypothesis was that differential expression of the c-Kit isoforms in

different cell subsets was a mechanism utilised by cells to elicit the observed broad

range of cellular responses to SCF engagement of c-Kit. To investigate this, c-Kit

isoform expression (GNNK+/-) was examined in a number of human haematopoietic

subsets

Methodology was developed for the sensitive detection of GNNK+ l- c-Kit RNA using

reverse transcription and QPCR analysis from rare subsets of cells from normal bone

m¿rffow MNCs and mobilised peripheral blood stem cells. The QPCR methodology

demonstrated high sensitivity and specificity for the 12 bp variance between the 2

isoform sequences (Figure 5.5).

Normal bone marrow MNCs were sorted on the basis of CD34 expression to identify

the immature stem celvprogenitor cell compartment. This compartment was further

fractionated using Mabs to cD7 (to identify early T cell committed progenitors

CD7+CD34+), CD19 (to identify early B cell committed progenitors CD19+CD34+),

cD33 (to identify the majority of myeloid committed cells CD33+CD34+), CD38 (to

identify the most immature compartment of cD34 cells GD38-CD34+), CD61 (to

identify megakaryo cytelearly erythroid committed progenitors GD61+CD34+) and

Glycophorin A (to identify late erythroid committed progenitors GlyA+ CD34+). In

all subsets analysed, there was no significant difference in expression patterns of the

c-Kit isoforms, with all samples exhibiting approximately 90o/o of total c-Kit

transcripts as the GNNK- isoform. It was clear that in the normal bone marrow, c-Kit

170



isoforms (GNNK+/-) are not differentially expressed in any of the subsets analysed in

this study (Figure 5.74).

A value for copy number was also determined for total c-Kit RNA in each sample and

was presented in Figure 5.7B. This number was an underestimation, as there were

quantitative losses of target material at each stage in the processes leading to QPCR

(in particular at the stage of RNA production and oDNA synthesis). The data show

that c-Kit expression was lowest in lymphoid committed subsets and also in the most

immature CD34 subset (CD3S-). This subset of cells is known to co-express other

growth factor receptors such as F1t3 which was lost as c-Kit and CD38 levels rise

(Xiao et al., lggg). Recent analysis of CDl33+ primitive cells that are CD34-, c-Kit -

, and CD38- (Buhring et al., lggg) lead to the suggestion that, if this cell was truly the

most primitive haemopoietic stem cell, c-Kit expression is induced at or near the

induction of CD34 expression. Other receptors such as Flt3 may play the role of

promoting proliferation and survival in early, c-Kit- stem cells. c-Kit may take over

from such receptors during the early stages of development and commitment before

being downregulated on maturation in all cell lineages except mast cells'

It was also of value to assess the contribution, if any, of differential c-Kit isoform

expression in mobilised peripheral blood CD34+ cells from patients who demonstrate

different efficiencies for mobilisation of CD34+ cells. A series of patients were

studied who failed to mobilise successfully when treated with G-CSF or G-CSF in

combination with chemother apy, andsubsequently remobilised with a combination of

G-CSF and SCF. A proportion of these patients now mobilised adequate cells for

clinical application, whilst the remainder continued to mobilise poorly. Recent
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studies suggest that c-Kit was significantly downmodulated on CD34+ cells when

successfully mobilised with a combination of G-CSF and SCF, compared to CD34+

cells mobilised in the same patient with G-GSF alone or G-CSF in combination with

chemotherapy (To et a1,2003). A number of these samples from the 2003 study (To

et à1., 2003) were obtained, together with additional samples of successful

mobilisations in response to G-SCF alone or a combination of G-CSF and SCF' RNA

was isolated from CD34+ cells isolated from these samples, and the resultant cDNA

analysed by epCR for their expression of the GNNK+ and GNNK- isoforms of c-Kit'

As for normal bone marrow CD34 subsets, no differences in the expression patterns

were observed in the classes of mobilised samples analysed, nor \Mas there any

significant variation in levels of transcript of c-Kit (Figure 5.8).

cell surface c-Kit expression on mobilised cD34+ cells was also analysed by flow

cytometry. The majority of CD34 positive cells within every sample expressed c-Kit'

As previously demonstrated in the study of To et al (To et al',2003), there was a clear

and significant decrease in surface expression of c-Kit on specimens mobilising > 106

cD34+ cells/kg with a combination of G-GSF and SCF compared with any samples

mobilised with G-CSF alone. However, the decrease in "poor" combination G-CSF

and SCF treated mobilisers (<1O6lkg CD34+ cells) compared to any samples

mobilised with G-CSF alone was not significant. It was clear that treatment of

patients with scF had triggered a down-modulation of c-Kit from the surface of

cD34+ cells, but given this effect was not different between good and poor mobilisers

in response to a combination of G-CSF and scF, it was not a useful predictor of

mobili s ation effrciencY.
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This series of experiments indicated that, at the mRNA level, that there was no

differential expression of c-Kit isoforms or total c-Kit expression levels in any subset

of cells analysed. It has often been noted that c-Kit is down-modulated in

mobilisation of CD34 cells, and it was clear from the above experiments that this was

not influenced at the level of transcription or mRNA stability. The downmodulation of

cell surface c-Kit, when it occurs, would appear to be controlled at the protein level,

potentially in response to ligand, as demonstrated in previous chapters'

These data do not support the hypothesis that the haemopoietic system uses

differential expression of c-Kit isoforms as a mechanism to generate signalling

diversity from c-Kit, despite the potential of c-Kit isoforms to mediate signal diversity

as has been clearly demonstrated in Chapters 3 and 4'
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5.6. Appendix I

5.6.1. cD34

Antibodies to CD34 allow identification of the immature compartment of stem cells

within normal human bone maffow mononuclear cells and peripheral blood

(mobilised) stem cells, as well as sub-populations of blast cells from various acute

leukaemia specimens (vaughan et a1.,1988). The cD34 antigen is a monomeric cell

surface glycoprotein of molecular weight 100-120 kDa (watt et al., 1987). It belongs

to the mucin-like family of adhesion molecules (He et al., 1992; Imai et al.' 1993)

now called sialomucins (Latza et a1.,2001). Most antibodies to cD34 are directed

against glycan epitopes (Sutherland et al., 1983) and both the function and ligand for

this molecule expressed on haemopoietic cells has yet to be fully elucidated (Lanza et

a1., 2001). The function of CD34 expressed on human endothelial venules is known,

however, where it acts as a ligand for L-selectin (Baumheter et a1.,1993;Lanza et al',

2001).

positive selection for CD34 expressing cells is widely used in clinical autologous and

allogeneic haemopoietic transplantation (Civin et a1., 1995) and is regarded the best

method for predicting engraftment success. cD34 is also extensively used in the

diagnosis of leukaemias and myelodysplastic syndromes (Lanz a et al., 200 I )'

CD34 is extensively used as a first marker in selection of primitive haemopoietic stem

cells, and dual labelling of cells with Mabs to HLA-DR (to identify HLA-DR -

subsets) (Lu et a1., l9S7) or Thy-1 (to identify Thy 1 + subsets) allows the
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identification of the most immature CD34 cells in early studies (Baum et al., 1992;

craig et al., 1993;Murray et a1., I995;Murray et al., 1994; Peault et al., 1993).

In more recent studies, immature stem cells have been identifred based on the

phenotype cD34 positive, c-Kit positive, rhodamine I23 (dull) (Ratajczak et a1',

199S). This subset constitutes 0.01-0.05o/o of the total mononuclear cells in normal

bone marrow. These cells have also been shown to lack expression of cD33, CD38,

cD20 and Glycophorin A. Functionally, this subset of cells have been shown to have

high engraftment capacity in a SCID mouse model (Ratajczak et aI.' 1998)'

More recently, studies suggest that CD34 positive cells that also express CD133

represent the most immature myeloid stem cell phenotlpe within the haemopoietic

system (Goussetis et a1., 2000). The cD133 antigen is a 120kDa S-transmembrane

glycoprotein (Miragli a et al.,1997;Yin et a1.,1997)' CD34+ CD133+ cells represent

a potent subset of cells capable of long term engraftment in NOD/SCID mice' This

subset has also been shown to contain dendritic cell precursors (de W¡mter et al.,

1993). CD34+,CD133+ cells are also cD164+, CD135+, c-Kit+, cD38 low, CD33+

and CD71 low. There was an additional subset of CD133+ cells that were CD34-'

c-Kit-, CDTI-, CD38 low, CD135+, CD45+ and HLA-DR+, but the lineage

potentiality of these cells was not defined (Buhring et a1.,1999)' This subset has been

demonstrated to have the ability to engraft in NoD/scID mice (Kuci et al', 2003)'

cD34, c-Kit and cD133 antigens are co-expressed on most haemopoietic stem cells

and progenitors, but CD133 is down-regulated earlier in the maturation pathways than

CD34 and c-Kit (Majka et a1,2000)'
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CD34 was used as the marker for immature stem and progenitor cells in this study

5.6.2. cD33

The Mab My9 was first described by Griffin et al (Gnffin et al., 1984) and shown to

bind a 671Ðacell surface glycoprotein later identified as CD33 (Peiper et al., 1988)'

CD33 is a member of the Ig like superfamily and, in particular, the sialic acid

dependent adhesion molecules of the sialoadhesin family (Freeman et al', 1995; Kelm

et a1., 1,996) that is constitutively expressed on many myeloid progenitor cell lines

(Simmons et a1.,19S8). The sialoadhesins are a family of l{ype lectins that bind to

sialic acids on the cell surface (Kelm et a1., 1993). CD33 has long been used as a

marker for myeloid differentiation (eg. (van der Schoot et a1.,1987)), yet there v/as no

clear function attributable to the glycoprotein. However, recent studies show that

CD33 associates with the protein tyrosine phosphatases SHP-I and SHP-2 via two

immunoreceptor tyrosine-based inhibition motifs (ITIMs) present in its cytoplasmic

domain. Phosphorylation of these ITIMs (necessary to recruit sHP-1 and sHP-2), is

mediated by Src family tyrosine kinases and appears to modulate its ligand binding

activity (Paul et al., 2000; Taylor eI al., lg99). This also may regulate FcyRl signal

transduction (Ulyanov a et al., ßgg) and CD64 induced calcium mobilisation (Paul et

al., 2000). More recently, CD33 has been implicated in the regulation of proliferation

and survival of primitive myeloid cells induced by SCF and GM-CSF (Mingari et al.,

2001). In addition to tyrosine phosphorylation targets on CD33, Protein Kinase C has

been shown to phosphorylate 2 serine targets on the molecule, modulating lectin

binding activity of CD33 (Grobe et al., 2002)'
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CD33 was used in this study to identify CD34 positive cells committed to myeloid

differentiation p athwaYs'

5.6.3. cD38

whilst antibodies to cD34 allow positive selection of stem cells capable of

reconstituting the haemopoietic system, utilisation of antibodies to the cD38 marker

together with anti CD34Mabs permits a further 10 - 100 fold enrichment of the most

primitive stem cells. (Civin et a1.,1995; Olweus et a1', 1994)' CD38 is a 45kDa Type

II transmembrane glycoprotein whose expression is not restricted to the haemopoietic

system (Funaro et a1., 1999). Functions of CD38 identified include enzymic activity to

synthesise and hydrolyse cyclic ADP-ribose (involved in Calcium mobilisation)

(Mehta et al., 1996), and also activity on the substrate nicotinamide adenine

dinucleotide (NAD) (Funaro et a1.,1999). Ligation of CD38 on haemopoietic cells

with agonistic antibodies can stimulate growth, block apoptosis, induce clokine

production and activate cellular kinase activity (Mehta et a1', 1996)' Finally' this

unique protein also plays a role in adhesion, and is a counter-receptor to a variety of

ligands including hyaluronan (Funaro et al', 1999)'

F1t3 antigen (CD135), expressed on very primitive haemopoietic stem cells and

required for growth and survival of primitive cells, is co-expressed on the subset of

CD34 cells that do not express CD38. As these stem cells differentiate and acquire

cD38 surface expression, F1t3 expression declines (Xiao et a1., 1999).

In this study, CD38 negativity was used as criteria to identify one of the most

immature stem cell subsets in normal bone marrow MNCs'
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5.6.4. cDl9

CD19 is a member of the Ig superfamily and is a 95kDa cell surface transmembrane

glycoprotein (Stamenkovic et al., 1988; Tedder et al.' 1939). CD19 is part of the B

cell receptor complex and regulates mature B cell responses to ligation of the B cell

antigen receptor (Fujimoto et a1., 1998; Pesando eta1.,1989; Sato et a1., 1995) and is

itself phosphorylated on tyrosine residues (Roifrnan et al., 1993)' It transduces signals

via activation of src family kinases (Fujimoto et a1., 1993) including Lyn (Roifrnan et

al., 1993).

In normal haemopoietic cells, CD19 is expressed on most cell types within the B cell

lineage (PeznÍto et a1.,1937). Surface expression of CD19 commences when the

primitive progenitor cell first commits to the B cell lineage, and remains expressed

throughout the maturation process to the mature B cell, and is only downregulated at

the stage of plasma cell development (Fluckiger et al., 1998; Scheuermann et al''

1995; Stapleton et a1.,1995). Cells co-expressing CD34 and CD19 are believed to be

B cell progenitors (Fritsch et a1.,1995). Like CD7 (see 5.6.6), CD19 is also expressed

on a subset of acute myeloid leukaemias (Scheuermann et a1., 1995).

CD19 promotes the proliferation and survival of mature B cells, but also plays

important roles in the maturation of early pre B cells (de Rie et a1., 1989; Otero et al',

2003) and was used in this study to identify the subset of progenitor cells committed

to the B cell lineage.

178



5.6.5. cD61

CD61 is a cell surface marker associated with the megakaryoclic lineage and cells

co-expressing CD34 and CD61 are considered to be megakaryocyte progenitor cells

(Bojko et a1.,1998; Thoma et a1., lg94).It is the platelet membrane glycoprotein

GpIIb IIIa heterodimer that functions as a receptor for adhesive proteins on stimulated

platelets (Duperray et al., 1939). ln extremely immature but committed

megakaryocyte progenitors, CD61 is only expressed intracellularly (Kafer et al''

lggg). In addition, myeloid and erythroid progenitor cells are believed to be in this

fraction of cD34 cells (Rasko et a1., lg97). CD34 + CD61 + cells express the stromal

cell-derived factor I (SDF-I) chemokine receptor cxcR4 and megakaryocyte

progenitors expressing this receptor can be induced to migrate in response to SDF-1

(Wang et a1., 1998). CD61 is co-expressed on CD34+ Mpl-ReceptoÉ progenitors

(Mp1-receptor: haematopoietin receptor superfamily member restricted to

megakaryocytes) (Debili et al., 1995). This subset of cells also co-expfesses c-Kit'

scF, together with megakaryocyte growth and development factor (MGDF,

thrombopoietin, mpl-ligand) represents a potent stimulus for both proliferation and

survival of this subset of progenitor cells (Rasko et al., 1997)- Studies by Lazzan and

colleagues have demonstrated that IL-6 and IL-l1 in addition to Mpl-Ligand and SCF

play arole in the expansion of megakaryocyte precursors (Lazzan et aI',2000)'

In this study CD61 was used as a marker for megakaryocyte progenitors' but it will

also detect the less mature, bipotential erythroid/megakaryocytic progenitors'
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5.6.6. cD7

CD7 is a 40 kDa single domain member of the Ig superfamily that is expressed by

early stage T, B and myeloid cells and mature Natural Killer (NK) cells and T Cells

(Palker et a1.,1986; Sempowski et a1., 1999; 
'Ware et al., 1939). One of the first Mabs

to identify this Ag, 4H9, was originally used to identify blasts in childhood T-ALL

and T-NHL diseases (Link et al., 19S3). A ligand for CD7 has not been identified, but

studies examining CD7 defrcient mice have shown a role for CD7 in regulation of

mature T and NK cell cytokine production (Sempowski et al., 1999) and also

intrath¡rmic T cell development (Lee et al., 1993). CD7 is expressed on some acute

myeloid leukaemic cells and CD34+ CD7+ cells have been identified in human foetal

liver. These cells, when cultured with phorbol ester, rapidly lose CD7 expression and

retain myeloid cell characteristics suggesting that the CD7 molecule is only

transiently expressed in myeloid lineages (Tien et aI',1996).

There is also evidence for a more immature subset of cells expressing CD7 which are

thought to represent a common lymphoid/myeloid progenitor (Tien et a1.,1998)' In

support of this, CD7 is expressed on a higher proportion of CD34 positive cells from

philadelphia Chromosome positive Chronic Myeloid Leukaemia (CML) patients

compared to normal CD34 positive cells (Normann et a1., 2003)' These CML cells,

representing a clonal expansion of an immature phenotype progenitor, may serve as a

useful prognostic indicator in the future (Normann et al',2003)'

CD7 is a useful marker for very early T cell lineage commitment, as CD7 expression

precedes T cell receptor beta-chain gene reanangements. Many lymphoblastic
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neoplasms already have this rearrangement (Pittaluga et a1.,1986), implying that CD7

is expressed very early in the commitment to T cell differentiation'

5.6.7. Glycophorin A

Glycophorin A is the major sialoglycoprotein of the erythrocyte membrane. It is

organised into 3 domains (2 hydrophilic segments separated by a region of nonpolar

amino acids) (Furthmayr, 1977) and exists predominantly as a dimer (Lemmon et al.,

lg92; Treutlein et al., 1gg2). Glycophorin A occurs in two allelic forms, M and N,

and it forms the antigens of the MN blood group (DuPont et a1.,1995). Glycophorin

A has been shown to be the receptor for a variety of agents including Plasmodium

falciparum (Breuer et aI.,1983; Pasvol et al., 1982; Perkins, 1984), influenza virus

(Baron et al., 1983), Escherichia coli alpha-hemolysin (Cortajatena et al., 2001), and

sendai virus (Wybenga et a1.,1996).

Glycophorin A has been shown to be surface expressed early in commitment to

erythropoiesis and to increase with maturation (Daniels et al., 2000; Debili et al.,

1996; Inada et al., 1997; Nakahata et al., 1994). Erythroid colony forming cells

(ECFC) were shown to be dependent on SCF for survival, as they rapidly apoptose in

the absence of SCF (Endo et al',2001).

In this analysis, Glycophorin A was used to identify committed late erythroid

progenitor cells.
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6 General Discussion

The aim of this project was to investigate the signalling pathways initiated through the

receptor tyrosine kinase c-Kit, and to correlate these results with the wide range of

cellular responses (proliferation/ differentiation/ survival/ transformation) elicited by

the ligand, scF. Several naturally occurring isoforms of c-Kit had been identified

(Crosier et a1., I9g3) and analysis of these isoforms by Caruana in a murine fibroblast

model system demonstrated differences in their transformation potential in response

to SCF (Caruana, 1996). Two of these isoforms (GNNK+S+ and GNNK-S+) were

chosen for detailed analysis and both qualitative and quantitative differences between

them were observed. To eliminate variations in biological responses attributable to

receptor levels and therefore "strength of signal", care was taken at all times to

control the level of c-Kit expressed in the model systems. The initial studies utilised

murine cells in which fuIl-length human c-Kit oDNA was expressed'

In addition to this, a second aim was to develop a more sophisticated murine

haemopoietic cell model for the expressiorVanalysis of c-Kit function. To more

appropriately control c-Kit function, a chimaeric c-Kit was constructed containing the

human extracellular domain and murine transmembrane and intracellular domains. It

was hypothesised that the background (SCF independent) signalling observed in

previous studies (shown in Chapter 3) using c-Kit in murine fibroblastoid cells, could

be due to a loss of control of c-Kit by the host cell as a result of differences between

the human and murine systems andlor an inappropnate host cell type' Use of this

chimaeric receptor placed the correct species cytoplasmic domain in the host cell, and
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allowed specific stimulation of the chimaeric c-Kit without interference from any

endogenous murine c-Kit by use of human SCF, which is inactive on murine c-Kit.

In addition to generating chimaeric c-Kit, a murine factor dependent cell line model

was developed to allow the introduction of the chimaeric receptor into a cell line that

was representative of immature haemopoietic cells (an appropriate host cell type).

This model was chosen to facilitate the investigation of several biological outcomes in

the same cell (survival, proliferation and differentiation), and was postulated to enable

exploitation of gene knockout technology, creating new lines missing specific

components of the signalling cascade. In particular, the Src family kinase L¡m was

investigated in this manner.

Having identified qualitative and quantitative differences between GNNK+ and

GNNK- c-Kit isoforms in a number of model systems, the third aim of this work was

to elucidate the expression patterns of two of these isoforms (GNNK+ and GNNK-

c-Kit) in various subsets of normal human haemopoietic cells. Given the substantially

different signalling properties of the isoforms, it was of value to investigate whether

or not differential expression of these isoforms occurred at different stages of human

haemopoietic cell differentiation, or influenced cytokine-induced mobilisation of

stem/progenitor cells to the peripheral blood.

6.1. Murine c-Kit receptor levels

In Chapter 3, the analysis demonstrated that ectopic expression of the unaltered

murine c-Kit receptor in NlH(mukit) pools of infectants induced transformed
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characteristics in NIH3T3 cells (ie. morphological changes, growth in low levels of

serum, focus formation, anchorage independent growth in soft agat, and

tumourigenicity in nude mice) in a factor-dependent maníì,er.

A threshold number of receptors (2.5x104 lcell) was needed to induce anchorage

independent growth (colony formation) under these conditions. Intermediate levels of

c-Kit expression resulted in enhanced colony growth and a positive correlation was

identified between the level of c-Kit protein in these clones and colony number in the

presence of muSCF. These levels ìwere comparable to the average of 2x104

copies/cell found on CD34+ human haemopoietic progenitor cells (Cole et al.' 1996)

suggesting that expression of c-Kit at levels only moderately higher than

physiological was required to induce anchorage independent growth of the

NlH(mukit) ce1ls. Clones expressing the highest levels of c-Kit, however, produced

few colonies even in the presence of muSCF. Similar results were observed when

human c-Kit was expressed in NIH3T3 cell lines. In these, optimum colony

formation occurred at 5x10a receptors per cell, with inhibition at higher levels. These

results indicate that there is an optimal level of c-Kit expression that was necessary

for the production of anchorage-independent growth of NIH3T3 cells.

How receptor overexpression results in transformation of indicator cell lines is still

not clearly understood, however this may be due to the activation of common

signalling pathways. c-Kit activates the RaslRaf/mitogen-activated protein kinase

(MAPK) pathway, many components of which are known proto-oncogenes

(Schlessinger et a1., lgg4). It is clear that the strength and duration of signal

generated by RTKs as a consequence of the variation in receptor density on PC12
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cells can alter the biological response (Dikic et al, 1994; Marshall, 1995; Traverse et

al., 1994). Overexpression, most likely will trigger sustained high level signalling,

leading to activation of pathways not normally stimulated to "activation thresholds"

when normal physiological expression levels of the receptor are in place'

Inhibition of anchorage-independent growth was observed at high levels of receptor

expression in two series of experiments (one series using murine c-Kit, one using

human c-Kit). This too, may reflect strength of signal phenomena. Although

NIH3T3 cells do not undergo differentiation, there was evidence that an optimal level

of stimulation of the Ras/IVIAPK pathway is required for transformation. While

moderate Raf kinase activity was associated with proliferation and transformation in

these cells, high constitutive activity was shown to lead to p21Cip1 induction and cell

cycle arrest (Woods et a1., lggT). Similarly, there appeared to be an optimum level of

signalling through c-Kit for transformation.

A significant level of factor-independent colony formation was observed with pools

and clones of NIH3T3 cells expressing relatively high levels of c-Kit. Whilst this

may have been due to autocrine SCF (Jozaki et al., l99l), studies using an

antagonistic anti-c-Kit Mab, or a partially neutralising anti-muSCF antibody, failed to

influence the 'factor-independent' colony yield. This was confirmed using a

retroviral anti-sense SCF oDNA construct that blocked autocrine SCF production and

also failed to inhibit factor-independent colony growth'

In conclusion, the data presented in chapter 3 suggest that over-expression of normal

c-Kit was capable of contributing to oncogenic transformation.
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6.2. Hu-c-Kit isoforms

Alternative splicing of mRNA encoding human c-Kit occurs in several tissues

(crosier et al., 1gg3) and its significance was unknown. To investigate the function

of the different isoforms, a retroviral vector was used to introduce different isoforms

of human c-Kit into NIH3T3 fibroblasts, which do not expfess endogenous murine

c-Kit. The resulting infectants were used to compare cellular responses elicited by

human SCF through the different receptor isoforms and any differences were then

explored biochemically to elucidate signalling pathways'

The GNNK- c-Kit was more strongly transforming than the GNNK+ isoform when

expressed at similar levels (approximately 104 copies/ce11). In addition, dissociation

of the different indicators of transformation in the NIH3T3 model was observed'

Whilst the GNNK+ isoform was at least as effective as GNNK- in inducing

anchorage-independent growth (colony formation in soft agat), it was poor at

overcoming contact inhibition (focus-formation assay), and was non-tumourigenic in

nude mice.

6.2.1. Biochemical analYsis

To gain some insight into the biochemical basis for these different cellular responses

in NIH3T3 cells, receptor activation in response to scF was examined. Given that

saturation binding analysis (Chapter 3) indicated that both isoforms have similar

affinity for SCF, subsequent experiments were performed with a single saturating

level of SCF (100 nglml). The presence or absence of the GNNK tetrapeptide had a

profound effect on the kinetics and extent of receptor phosphorylation, being
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extremely rapid for GNNK- followed by downregulation which involved

internalisation of the receptor. In contrast, the GNNK+ isoform displayed a later peak

tyrosine phosphorylation and showed little dephosphorylation or down-regulation

during the period of analysis. A marked difference was observed in the relative level

of phosphorylation, with GNNK- c-Kit phosphorylated up to 7 fold higher than

GNNK+ c-Kit. It remains unknown whether this is a reflection of lower efficiency of

phosphorylation overall, or the lack of phosphorylation of specific sites. Support for

specific tyrosine phosphorylation pattern differences between isoforms was shown in

a recent study by yoytyuk et at. This study demonstrated that specific tyrosines of

the GNNK+/- c-Kit were differentially phosphorylated (both kinetics and level of

phosphorylation) when stimulated with SCF. Y568 (uxtamembrane region - Src

family kinase association site) displayed rapid, transient phosphorylation in GNNK-

c-Kit, whereas GNNK+ c-Kit was constantly phosphorylated at a low level, even in

the absence of SCF. Y823 in the activation loop was identical to total tyrosine

phosphorylation patterns (strong, rapid and transient phosphorylation for GNNK-

c-Kit, and weak, slower phosphorylation for GNNK+ c-Kit). Y72I (PI3-K

association site), was phosphorylated to the same level in either isoform, with kinetics

for GNNK- c-Kit being faster than for GNNK+ c-Kit. Y936 (Grb2 and GrbT

association site) was strongly and rapidly phosphorylated in the GNNK- c-Kit' but

even more strongly phosphorylated for longer in GNNK+ c-Kit (voytyuk et a1''

2003).

Despite the low level of phosphorylation of GNNK+ c-Kit, studies presented in

Chapter 3 suggest that PI3-K was recruited similarly to both forms of the receptor and

was similarly activated based on phosphorylation of its major down-stream effector,
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c-Akt. In contrast, phosphorylation of MAPK paralleled that of c-Kit and was much

stronger with the GNNK- isoform.

The relationship between hyperphosphorylation of GNNK- c-Kit and its more rapid

endocytosis is unclear. Experiments with endocytosis-defective cells indicated that

maximal phosphorylation of the EGF receptor requires internalisation. Furtherrnore,

efficient MAPK phosphorylation and activation required receptor endocytosis while

activation of phospholipase Cy was more efficient in endocytosis-defective cells

(Vieira et al., 1996). Thus the different rates of internalisation of the c-Kit isoforms

may contribute to the variable signalling kinetics and cellular responses. Voytyuk e/

ø/ demonstrated that Src family kinases were directly involved in the phosphorylation

of c-Cbl (which leads to polyubiquitination of c-Kit) in response to SCF stimulation

(Voytyuk et aL,2003). Given that Y568 (the recruitment site for Src family kinases

on c-Kit) was more strongly phosphorylated on the GNNK- c-Kit (see above), this

could be a mechanism contributing to the rapid SCF induced endocytosis and

degradation of activated GNNK- c-Kit.

The results presented here differ from those of Reith et al (Pteith et al., 1991) with

murine GNNK+ and GNNK- isoforms transiently expressed in COS cells. These

workers observed constitutive tyrosine phosphorylation of the GNNK- isoform, but

not GNNK+, in the absence of ligand. In contrast, receptor phosphorylation in the

absence of SCF was very low for both isoforms in this study. One possible

explanation for these observations was that the levels of receptor expression, which

were not determined by Reith et al,were probably somewhat higher than in this study

due to the use of the transient expression system. However, a significant level of
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factor-independent receptor activation can occur for both the GNNK+ and GNNK-

isoforms of human c-Kit, as is evidenced from the results of the colony assays

described here (Table 3.3) where relatively high frequencies of factor-independent

colonies were observed'

Strong stimulation of certain signalling pathways may be inhibitory to NIH3T3

proliferation through induction of p21Cip1 (Sewing et a1., 1997; Woods et al.,1997)'

In contrast to the findings of the colony assay, NIH3T3 infectants grown in plastic

adherent conditions in the focus formation assay showed much less evidence of

factor-independent c-Kit activation. The conditions in this assay were comparable to

those under which the biochemical assays were performed. Furthermore, inhibition at

higher receptor levels was not observed in this assay. These results suggest a

complex interplay between signals via c-Kit and adhesion molecules'

The differences between the isoforms in their transforming ability could be correlated

with differences in signalling. The GNNK- isoform, which induced anchorage-

independence, loss of contact inhibition and tumorigenicity, displayed stronger

receptor phosphorylation, more rapid internalisation, and stronger activation of the

MApK pathway following SCF stimulation than the GNNK+ isoform. In contrast'

the GNNK+ isoform induced anchorage-independent growth with similar efficiency

to GNNK- c-Kit, but was much less effective in inducing other attributes of

transformation. The fact that SCF binding to the GNNK+ isoform efficiently

recruited and activated PI3-K suggests that this pathway is particularly important in

preventing death of cells deprived of contact with extracellular matrix (a process

termed anoikis) (Ruoslahti et a1., 1994)'
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There are strong parallels between GNNK+ c-Kit and R-Ras in both signalling and

their ability to induce different attributes of transformation in vitro' Activated R-Ras

was as effective as H-Ras in promoting growth of NIH3T3 cells in soft agar, but was

much less effective in inducing focus formation (Cox et al., 1994). Furthermore,

activated R-Ras stimulates the PI3-K pathway but, in contrast to other Ras proteins,

has little effect on the MAPK pathway in fibroblasts (Marte et al., 1997, Berrier, 2000

#626). A further difference was observed in studies on bone marrow derived mast

cells, where H-Ras and R-Ras potently stimulated adhesion and ligand binding

activity of VLA-5 to fibronectin. H-Ras did this in a PI3-K dependent fashion'

whereas R-Ras activity was independent of PI3-K (Kinashi et a1., 2000; Oertli et al.,

2000).

6.3. Development of a new model to test c-Kit cellular
responses

6.9.1. Myb tmmortalised Haemopoietic Cell (MIHC)

development

The studies of Chapter 3 highlighted the need to develop an alternative model system

to more closely examine cellular responses to c-Kit as the NIH3T3 model can only

provide information on the transformation potential of the receptor' Furthermore,

NIH3T3 cells are fibroblastoid, a cell type that does not normally express the

receptor. This may lead to ligand-independent behaviour of c-Kit and erroneous

signalling due to an inappropriate repertoire of downstream signalling proteins. The

NIH3T3 model also failed to measure many of the normal cellular responses to SCF'

In Chapter 4, an improved model was developed to redress some of these shortfalls.
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This model was derived from cells of haemopoietic origin, and had the potential to

measure proliferation, differentiation and survival in response to SCF stimulation of

c-Kit.

The perceived strengths of this model included use of a physiologically relevant cell

type, species matching of signalling components of the c-Kit molecule, consistent

surface c-Kit expression, and careful elimination of clonal derived artefacts. This

system was also used to biochemically analyse signalling of c-Kit isoforms in

backgrounds differing only in the presence or absence of a single c-Kit downstream

effector, L¡m.

The Myb Immortalised Haemopoietic Cell line model was successfully established for

both wT (c57BLl6) and Lyn -/- genotlpes. The system was factor dependent'

requiring either murine GM-CSF or murine IL-3, and proved useful for evaluating

proliferation and survival responses to SCF stimulated c-Kit upon withdrawal of

murine factors. Disappointingly, it proved pnsuitable for analysis of differentiation

responses. In MIHC, the chimaeric c-Kit molecule successfully functioned in a

tightly controlled, human ligand inducible manner. Subtle differences were noted

between c-Kit isoforms in the presence/absence of Lyn, demonstrating the potential

value of this approach in evaluating the role played by other downstream components

in the c-Kit signalling cascades.

Whilst the generation of MIHC was in large part successful, a number of limitations

were evident. The state of differentiation of the resultant immortalised cells was

higher than desirable as shown in Figures 4.6,4.7,4.8 and 4'9' While the mouse
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strain used could have been a contributing factor, this was most likely due to the use

of Baculovirus derived murine growth factors. A yeast-derived mGM-CSF was

subsequently demonstrated by Dr Ferrao to be a superior stimulant of growth without

differentiation (personal communication). This was despite the fact that yeast and

baculovirus derived factors were equivalent with respect to their potency in

stimulating growth of the factor dependent cell line FDC-PI. The use of purified

recombinant mGM-CSF could overcome this problem in future studies'

A more serious limitation of the MIHC model is whether or not it will ever be useful

to evaluate differentiation due to the constitutive over-expression of activated c-Myb

in these cells, which is known to have anti-differentiative effects. It is possible, with

overexpression of receptors such as c-Kit, that a strong differentiation signal may

over-ride the Myb effects (Ferrao et al., 1997), but the system may become too

contrived to confidently interpret differentiation responses at all'

Another positive feature of the MIHC model was the ability to generate a series of

different MIHC lines potentially only differing in the presence or absence of one

protein, taking advantage of the many knockout mouse strains now available. The

potential to do this was demonstrated clearly in this study using Lyn knockout mice,

although refinements are necessary. Firstly, the C57 and Lyn -/- MIHC used in this

study were not strictly identical except for the presence/absence of Lyn' The Lyn -/-

mice were extensively backcrossed (six times) onto a C57BL|6 strain to bring them

close possible to the c57P,Ll6 genotype. However, this would not have generated a

pure C57 mouse strain lacking Lyn. In future, development of MIHC from identical

strains (one with a targeted gene, the other "wild type") will eliminate this variability.
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A second limitation in the approach of using knockout mouse cells as a source of cells

for MIHC is the problem of redundancy encountered in knockout technology'Lyn -l-

mice have relatively normal haemopoiesis and are viable despite lacking a

downstream component of c-Kit signalling which would be presumed necessary for

some aspects of haemopoietic development. This will limit the use of removal of a

protein to assign functions to it, making it important to identify possible redundancies.

It is feasible to cross knockout strains to generate double or trþle knockouts to

circumvent such redundancy. Even if progeny of such crosses are not viable, it is

possible, if homozygous double knockout progeny can reach day 14 of gestation, to

generate MIHC for analysis in this system.

6'9'2.CettutarresponsestoexogenousHumanSCFby

chimaeric c'Kt in MIHC

A number of cellular responses were analysed including surface receptor

internalisation, survival, and proliferation (differentiation investigations were not

performed for the reasons discussed previously)'

Both isoforms of chimaeric-c-Kit were internalised in response to Human SCF to

similar levels with subtle differences noted in the presence/absence of Lyn. GNNK-

chi-c-Kit isoform intemalised more rapidly and extensively than the GNNK+ isoform.

The kinetics and extent of internalisation was dictated by the isoform, supporting the

work done previously with murine fibroblasts and human c-Kit in chapter 3. This

was also supported by the biochemical analyses, where ubiquitination of the isoforms

was shown to be sl0wer for GNNK+ c-Kit than GNNK- c-Kit. The extent of
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ubiquitination in the presence or absence of Lyn was also subtly different. The

reduction observed was supported by the findings of Voytyuk et al (Yoytvuk et a1.,

2003), where Src specific inhibitors affected c-Kit internalisation and degradation.

Given the weak effects noted in Lyn -/- MIHC in Chapter 4, it is likely that

redundancy between Src family kinases has masked the full effect of the Lyn

deficiency in these MIHC.

The ability of all MIHCs (Lyn-l- and C57 expressing either isoform of c-Kit) to

proliferate in response to Human SCF was potent and identical to that elicited by

mGM-CSF lmIL-3. The responsiveness of Lyn -L MIHC expressing either isoform of

c-Kit suggests no role of Lyn in the proliferative response in these cells in contrast to

the findings of O'Laughlin-Bunner in murine mast cells (O'Laughlin-Bunner et al.,

2001). The data also demonstrated that the proliferation signal from GNNK+ and

GNNK- c-Kit is identical, despite the large differences in kinetics of phosphorylation

of c-Kit itself, MAPK and AKT (all of which are substantially higher in GNNK-

compared to GNNK+ c-Kit).

Chimaeric GNNK- c-Kit was, however, superior to GNNK * in promoting survival in

response to Human SCF over 3 days in the presence or absence of Lyn. In addition,

these experiments showed that C57 MIHC had superior survival percentages to the

Lyn-l- MIHC counterparts. The presence of Lyn may contribute to this survival

response as roles for Lyn in anti-apoptotic responses have been demonstrated in a

variety of cell types (Adachi et al.,1999;Pazdtak et al., 1998; Wei et a1.,1996)'
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An alternative explanation for these phenomena may lie in the argument of strength of

signal. Whilst every effort was made to match the surface expression of the chimaeric

c-Kit isoforns on each MIHC tlpe, the Lyn -l- MIHCs, on average,had 2-4 fold less

c-Kit than C57 MIHCs in the signalling analyses. It is unclear as to where this

consistent discrepancy arose, as the MIHC used were all passaged minimally from a

common set of stocks after surface expression had been assessed. This may have

been adequate to achieve a differential in the strength of signal arising from c-Kit to

elicit the survival response. Irrespective of the presence/absence of Lyn, GNNK-

c-Kit always induced a more rapid and extensive phosphorylation of c-Kit. Linked to

the more extensive phosphorylation was increased recruitment of PI3K (p85 co-

immunoprecipitation) and AKT phosphorylation. PI3-K plays a major role in survival

responses (Benini et a1.,2004; Scanga et al., 2000; Xu et a1.,2003), and the level of

recruitment (and subsequent activation) is dependent on phosphorylation levels and

therefore is directly affected by the isoform of c-Kit. Given the lower levels of c-Kit

retrievable from Lyn -/- MIHC, a lower gross level of c-Kit phosphorylation was

reached in response to SCF, leading to a lower gross recruitment of PI3-K resulting in

a reduced survival response. In addition, as shown in figure 4'14, Lyn -/- MIHC

activation of AKT was not as sustained as the C57 MIHC counterparts. It is of

interest to note that the chimaeric c-Kit isoforms differed with respect to PI3-K

recruitment and activation compared to hu c-Kit in murine fibroblasts (Chapter 3 and

voytyuk et al (voytyuk et a1., 2003). In NIH3T3 cells expressing human c-Kit

isoforms, the receptor recruited and activated PI3-K equally well, suggesting that

species mismatching of the receptor and host cell may have lead to altered kinetics

and properties of this signalling pathway.
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6.3.3. Future directions for MIHC model

It is important to re-visit this model system using optimal growth factor conditions.

'Where MIHC can be grown in yeast derived mGM-CSF alone (or an equivalent), and

maintain a much more undifferentiated status, it may become possible to evaluate the

usefulness of this model in assessment of differentiation responses to SCF

stimulation. Also, MIHC generated from the original knockout and parental mice

strains to eliminate genetic background variation introduced by backcrossing to

C57BL16 is required. The technical feasibility for this, however, is unknown.

Given the association of Tec kinase and Dok lwith L¡m, it would also be valuable to

analyse the activation of these 2 molecules in the model used here. It is hypothesised

that these molecules should remain unaltered in the Lyn -l- MIHC upon SCF

stimulation. If, however, they are stimulated early (ie directly by SCF activation of

c-Kit), it would be indicative of Src family kinase redundancy. The use of specific

Src family kinase inhibitors (Btake et a1., 2000) may be of value in resolving these

questions.

6.4. Isoformexpress¡on

It is quite clear from the work of Chapters 3 and 4, that substantive differences in

cellular responses are elicited by the GNNK+/- isoforms of c-Kit. Given the diverse

raîge of cellular responses to c-Kit signalling, it was postulated that differential

expression of the isoforms may be a mechanism used by cells to modulate the

responsos to SCF. To this end, c-Kit isoform expression (GNNK+/-) was investigated
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in a number of human haemopoietic subsets. Methodology was developed for the

sensitive detection of GNNK+/- c-Kit mRNA using reverse transcription and QPCR

analysis from rare subsets of CD34+ cells from normal bone marrow MNCs and

mobilised peripheral blood stem cells.

Normal bone marrow MNCs were sorted on the basis of CD34 expression to identify

the immature stem cell/progenitor cell compartment. This compartment was further

fractionated using Mabs to CD7 (to identify early T cell committed progenitors

CD7+CD34+), CDlg (to identify early B cell committed progenitors CD19+CD34+),

cD33 (to identify the majority of myeloid committed cells CD33+CD34+), CD38 (to

identify the most immature compartment of CD34 cells CD38-CD34+), CD61 (to

identify megakaryo cytelearly erythroid committed progenitors CD61+CD34+) and

Glycophorin A (to identify late erythroid committed progenitors GlyA+ CD34+)' No

significant difference in expression patterns of the c-Kit isofoÍns was observed in any

subsets, with all samples expressing approximately 90o/o of total c-Kit transcripts as

the GNNK- isoform.

It was also of value to assess the contribution, if any, of differential c-Kit isoform

expression in mobilised CD34+ cells from patients who exhibit different efficiencies

for mobilisation of CD34+ cells. A series of patients who failed to mobilise

successfully when treated with G-CSF or G-CSF in combination with chemotherapy,

then subsequently remobilised with a combination of G-CSF and SCF, were

investigated. A proportion of this group then mobilised adequate CD34+ cells for

clinical applications, whilst others in the group still failed to mobilise adequately.
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A number of samples from a 2003 study of To et al (To et a1., 2003) were obtained,

together with additional samples that were successful mobilisations in response to G-

SCF alone or combined G-CSF and SCF. In the analysis of isoform expression in

these samples, no differences in the expression pattems were observed in any "class"

of mobilised apheresis products, nor was there any significant variation in levels of

transcript of c-Kit.

Cell surface c-Kit expression on mobilised CD34+ cells was also analysed by flow

cytometry. As previously demonstratedin the study of To et al (To et a1.,2003), there

was a clear and significant decrease in surface expression of c-Kit on good mobilisers

treated with combined G-CSF and SCF compared to good or poor responders to

mobilisation with G-CSF alone. The decrease in surface c-Kit expression for poor

combined G-CSF and SCF treated mobilisers compared to samples from good or poor

G-CSF alone mobilisations was not significant. No siguificant difference was evident

between good and poor mobilisers treated with G-CSF alone, or between good and

poor mobilisers treated with combined G-CSF and SCF. From this analysis, it was

clear that treatment of patients with SCF had triggered a downmodulation of c-Kit

from the surface of CD34+ cells. However, given this effect was not different

between good and poor mobilisers in response to combined G-CSF and SCF, it was

not a useful predictor of mobilisation efficiency and provided no clues as to the

mechanism involved in stem cell mobilisation.

It has often been noted that c-Kit is downmodulated in mobilisation of CD34 cells,

and it was clear from the above experiments that this was not influenced at the level

of transcription or mRNA stability. The downmodulation of c-Kit, when it occurs'
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would appear to be controlled at the protein level, perhaps in response to ligand. It

could also be indirectly downmodulated by proteases such as MMP-9 (Heissig et a1.,

2002; Lapidot et al., 2002).

These data disprove the hypothesis that differential expression of c-Kit isoforms plays

a major role in the process of normal haemopoietic differentiation or stem cell

mobilisation into the peripheral blood, despite the potential of c-Kit isoforms to

mediate signal diversity as has been clearly demonstrated in Chapters 3 and 4.

6.5. Glosing comments

At the initiation of this study, dissociation of several classical indicators of

transformation in the NIH3T3 model were identified. The molecular mechanisms by

which relatively minor sequence differences between the c-Kit isoforms lead to such

remarkably different activation characteristics and biological behaviour were

unknown. Clear differences in biochemical analysis of the c-Kit signalling pathways

were identifred in these cells. The signalling systems were then re-analysed in

haemopoietic cells using a chimaeric receptor in order to remove ambiguities in

analysis that arose using inappropriate cells for hu c-Kit ( murine fibroblastoid cells).

These studies have now been extended by voytyuk et al (Yoyl.yuk et a1', 2003). It

was unclear how the GNNK+/- variation in the juxtamembrane region of the

extracellular domain influences the rate of receptor phosphorylation and

internalisation, but it seems likely that it must modulate interactions with other

membrane proteins, or alter the configuration of cytoplasmic domains to alter affinity

or accessibility of different downstream effectors. Since the isoforms have similar
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affinity for ligand, it seems improbable that the tetrapeptide has an appreciable effect

on receptor homodimerisation.

very few cellular responses were influenced by the presence/absence of Lyn in the

MIHC model using chimaeric c-Kit (GNNK+ and GNNK- isoforms). The model did

provide valuable information on differences in cellular responses between isoforms of

c-Kit, and demonstrated the potential of this model, with refinements, to carefully

analyse cellular responses to haemopoietic growth factors. 'where major differences

can be seen between parental and knockout MIHCs, verification of the need for the

..knocked out" protein is possible by re-introduction of the protein (knock in) to

demonstrate roscue of the phenotype.

Finally, whilst the c-Kit isoforms do demonstrate vastly different signalling kinetics

and properties, differential expression of them was not evident in one of the major

groups of cells expressing c-Kit - the haemopoietic stem cells and progenitor cells'

,,Gain of function" mutations of c-Kit have demonstrated that the receptor plays a role in

oncogenesis in many tissues and organs as discussed in Section 1.1.3. It is clear from the studies

in Seitions 3-5 that the GNNK- isoform of c-Kit elicits an increased range of cellular responses

compared to the GNNK+ isoform, yet in haemopoietic progenitor cells, differential expression of

the isofonns is unlikely to be involved in the diverse cellular responses elicited by c-Kit.

It would be of value, however, to extend this analysis to non-haemopoietic tissues and, in

parlicular, compare normal and tumour derived samples looking for evidence of differential

èxpression. In addition, analysis of gain of function mutations of c-Kit in both isofonns of c-Kit

rray demonstrate differences in the typ" ot magnitude of cellular responses' and the information

coliectively may lead to development of novel targetted therapies.

At another level, the phenomenon observed of differential signalling by these two isofonns of

c-Kit provide an oppórtunity to further study the basic biochemistry of the signalling process'

How does the deletion of four amino acids in the extracellular domain elicit the changes in

kinetics and magnitude of c-Kit signalling? Understanding the effects of conformatiorVorientation

changes driven by the sequen". .trutrg. could provide information toward the development of

novel treatments for altered receptors in disease states'
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. Replace"Blume-Jensenetal.,200l"with"Blume-JensenandHunter,200l"ppl-5, sectionsl.l.ltol.l.2andp18,sectionl'5

. Replace "Carlberg et al., 1994" with "Carlberg and Rohrschneider, 1994" pl9, section 1.5

. Replace"Civinetal., 1995"ì/vith"Civinandsmall, 1995"p174, section5.6.laldp177,section5.6.3

. Replace"Coluccietal.,2000"with"ColucciandDiSanto,2000"p29-30' section1.76

. Replace "Conlan eTa1.,1994" with "Conlan and North, 1994" p52, section 2.3 1

. Replace "Daniels et al , 2000" with "Daniels and Green, 1 981" pp1 81, section 5.6 7

o Replace"Dasguptaetal., lg8g"with"DasguptaandReddy, 1989"p121, section4l2
. Replace "Duarte eta1.,2002" with "Duarte and Franf, 2002" p159, section 5.2

. Replace "Dudeketal., lgSga" with "Dudekand Reddy, 1989a"pi21, section 4.l 2

. Replace"Dudeketal., lgSgb"with"Dudekand Reddy, 1989b"p121' section4.l.2

. Replace "Eiseman et a1.,1992" with "Eiseman and Bolen, 1992" p129' section 4.3 1

. Replace "Flanagan et al., l990" with "Flanagan and Leder, 1990" p13, section 1.3

. Replace "Funaro et al., 1999" with "Funaro and Malavasi, 1999" pl77, section 5'6 3

. Replace "Gadd et al., 1985" with "Gadd and Ashman, 1985" p9, section 1.2.1

. Replace ,,Garrington et al., 1999" with "Ganington and Johnson, 1999" p27, section 1.7.3

. Replace "Gewirtz et al., l988" with "Gewirtz and Calabretta, 1988" p176, section 5.6.2

. Replace "Giebel et al., l99l" with "Giebel and Spritz, 1991"p13, section 1'2.2

o Replace "Gonda et al., 1984" with "Gonda and Metcalf, 2002" pl24' section 4.1 .4

. Replace "Grobe et a]..,2002" with "Grobe and Powell, 1981"p52, section 2 3'1

. Replace "Hibbs et a1.,1997" with "Hibbs and Dunn, 1997" p126' section 4.2

o Replace "Howe et al., 1991" with "Howe and Watson, 1991" p121' section 4.1'2
o Replace "Hubbard et al., 2000" with "Hubbard and Till, 2000" p4' section I '1.2
. Replace "Huse et a1.,2002" with "Huse and Kuriyan, 2002" p4' section 1.1.2

o Replace"Joaquineta1.,2003a"with"JoaquinandWatson,2003a"p120, section4'1 1

. Replace "Jove et al., 1987" with "Jove and Hanafusa, 1987" p125, section 4.2

¡ Replace "Kapeller er. al., 1994" with "Kapeller and Cantley, 1994" p26' section 1 7' l
o Replace"Kinashi eTal.,1994" with"Kinashi andspringer, 1994"p30, section 1.7.6alldp40'section 1.9.3

. Replace"l-apidoteTal.,2002"with"tapidotandPetit,2002"pl59, section5.2andpl99,section6.4

. Replace .,Ledbetter et al.,1979" with "Ledbetter and Herzenberg,1979" p52, section 2.3.1

. Replace "læmmon et al., 1998" with "Lemmon and Ferguson, 1998" p22' section I .6 3

. Replace "Lemmon et al., 1994" with "Lemmon and Schlessinger,1994"p3, section 1.1 l; p18, section 1.5;p37-8, section 1.9 2

o Replace"Lietal., 199l"with"Li andStanley, 1991"pl8' section 1.5

. Replace"Manovaetal., 1991"with"ManovaandBacharova, l991"pll, sectionl'22
o Replace "Melotti et al., l994a" with "Melotti and Calabretta, 1994a" p123, section 4'1 3

. Replace,,Nakahataetal., 1994"wìth"l\lakahataandokumura, 1994"p181, section5.6.7

. Replace "Oh et al., 1997" with "Oh and Reddy, 1997" p122, section 4.1.3

o Replace "Oh et al., 1998" with "Oh and Reddy' 1998" p122, section 4.1.3

. Replace"Oheral., lggg"with"OhandReddy, 1999"p119, section4.l.1;pl2l,,section4.1.2;p124,section4.l.4
o Replace "Pawson et a'1., 1993" with "Pawson and Schlessinger,1993" p20-21, sections I 6'1-2

o Replace "Rayner etal.,1994" with "Raynerand Gonda, 1994"p85, section 2.7.18 andp99, sec|ion3.22

. Replace "Roifman eta1.,1993" with "Roifman and Ke, 1993" p178, section 5,6 4

r Replace "Ruoslahti etal.,1994" with "Ruoslahti and Reed, 1994" pll5, section 3.5.3 and p189, section 6.2.1

. Replace"Russel etal., l968"with"Russel andBemstein, 1968"pl5' sectionl'3

. Replace"sarvellaetal., lg56"with"SarvellaandRussell, 1956"p10, sectionl.2.2andp15,sectionl.3

. Replace "scheijen eT at.,2002" with "scheijen and Griffin, 2002" p25, section I .7 and p 128, section 4.3

o Replace"scheuermannetal.,lgg5"with"scheuermannandRacila,1995"p52p178 section5.6.4

o Replace"schlessingeretal., lgg4"with"schlessingerandBar-Sagi, 1994"p110, section3.5.1 ardp184,section6.1

. Replace "schlessinger et al., 1992" with "schlessinger and ullrich, 1992" p3, section I.1.2

o Replace "simmons et a'1., 1988" with "simmons and Seep, 1988" pl76, section 5 6'2

. Replace "songyang et al., 2001" with "songyang and Liu, 2001" p126, section 4'2'1

. Replace "stamenkovic et al., 1988" with "stamenkovic and Seed, 1988" p178' section 5.6.4

. Replace "Tatosyan et al., 2000" with "Tatosyan and Mizenina, 2000" p125-8, sections 4'2-4'2'1

o Replace "Tedderetal., lg8g"with "Tedderand Isaacs, 1989"p178' section 5 64
. Replâce "Thomas et a1., 1997" with "Thomas and Brugge, 1997" p126' section 4'2'1

¡ Replace "Tien et al., 1998" with "Tien and Wang, 1998" p180, section 5.6.6

. Replace..Ullrichetal., lgg0"with"UllrichandSchlessinger, 1990"pl,sectionl.l.1;p18,section15;p24,sectionl6andp96,section3l

. Replace ,.van der Geer et al., 1993" with "van der Geer and Hunter, l9%" p24, section I .7

o Replace "Vanhaesebroeck et a1.,2000" with "Vanhaesebtoeck and Alessi, 2000" p22, section 1.6.3

. Replace "Vojtek et al., l998" with "Vojtek and Der, 1998" p27' section I 7.3

¡ Replace "Welham et al., 1991" with "Welham and Schrader, 1991" p34' section 1 8'5

. Replace "Welham et al., 1992" with "Welham and Schrader, 1992" p27 ' section I '7'3

¡ Replace "Weston et al., I989" with "Weston and Bishop, 1989" pl21-2' section 4''l 2

o Replace"Yardenetal., 1988"with"Yarden and Ullrich, 1988"p1, section 1.l l andp96,section3.1
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