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ABSTRACT

The receptor for the human Granulocyte-Macrophage Colony Stimulating Factor 
(GM-CSF R) is composed of two subunits, an unique a  chain which binds GM-CSF 

with low affinity and a (3 chain, common to the interleukin-3 (IL-3) and IL-5 
receptors, which does not bind GM-CSF on its own, but when associated with the a  

chain confers higher affinity binding. Scatchard analysis of prim ary human 

haemopoietic cells suggests that there are low, intermediate and high affinity classes 
of the GM-CSF R. To investigate the molecular basis of this, transfected NIH3T3 
cells constitLitively expressing the human GM-CSF R (3 chain and inducibly 
expressing the human GM-CSF R a  chain were generated. When cells were partially 

induced to express the a  chain, the a : (3 ratio was approximately 1:1 and Scatchard 

analysis revealed a single class of intermediate affinity receptors (Kd = 614 ± 88 pM). 
In cells with fully induced a  chain expression, the a :p  ratio was approximately 3:1 

and there was a switch to a dual high and low affinity receptor with Kd s of 67 ± 32 

pM and 1.7 ± 0.56 nM respectively. This change was not associated with changes in 
a :p  stoichiometry as detected by cross-linking studies. Both the high and 

intermediate affinity receptors were able to activate the STAT 5 and the MAP kinase 
pathways, although there was a difference in the ligand dose response curves which 
was compatible with the different affinities. GM-CSF has different functional effects 
on immature and mature myeloid cells. In order to investigate these diverse effects 
and whether the early signalling events induced by GM-CSF are differentiation 
dependent, GM-CSF R expression and GM-CSF mediated activation of the JAK 2- 
STAT 5 and MAP kinase pathways were investigated using: HL60 cells induced to 
differentiate with dimethyl sulfoxide or retinoic acid, and purified CD34+ cells 
induced to proliferate and differentiate with a combination of cytokines. GM-CSF 
stimulated MAP kinase activation in both the undifferentiated and differentiated 

HL60 cells. The maximum levels of activation occurred at 5 minutes and were 
broadly similar in both cell types. There was however a marked difference in the 
kinetics of activation, with the response being transient in the undifferentiated cells 

and disappearing by 15 minutes, whereas it persisted for at least 60 minutes in 

differentiated cells. GM-CSF mediated activation of STAT 5 was markedly 

upregulated (15-20 fold) by differentiation in HL60 cells but the kinetics of activation 
did not change. This was not due to a change in total cellular expression of STAT 5 
but correlated with increased JAK 2 protein levels. Freshly purified CD34-I- cells 

expressed 3 6 + 1  high affinity GM-CSF R per cell and the level of expression rose 5- 

10 fold by day 8 in culture. The day 0 CD34+ cells were hyporesponsive to GM-CSF 

but by day 3, the cells were starting to proliferate and maximal JAK 2-STAT 5 and 

MAP kinase activation was induced. Further culture of the CD34-K cells was however
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associated with prolongation of MAP kinase but not JAK 2-STAT 5 activation. These 

data indicate that differentiation modulates the activation of signalling molecules 
downstream from the GM-CSF R.
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1.1 HAEMOPOIESIS

In adult life all circulating blood cells are derived from a small population of self- 
renewing multipotential haemopoietic stem cells, located in the bone marrow. The 
earlier progenitor cells are multipotent but, as division and differentiation proceed, 

later progenitors are formed which are lineage committed and give rise to the eight 

main types of mature effector cells present in the circulation. Mature blood cells have 

limited life-spans which can vary from days to years depending on the cell type, and 
the average turnover of cells has been estimated to be close to 1 trillion per day in 
humans. This remarkable level of cell production is achieved by a precisely 

controlled process which has both the ability to maintain the level of each individual 

cell type at a steady state, and to rapidly alter the rate of production in response to 
infection or blood loss.

Haemopoiesis is regulated by both cellular and humoral events which interact to 
control cell production. The bone marrow provides the correct environment for stem 
cell growth and development. It consists of stromal cells (macrophages, fibroblasts, 
endothelial cells, fat cells and reticular cells) embedded in an extracellular matrix of 
collagen containing adhesive proteins (laminin, haemonectin and fibronectin) and 
proteoglycans. The stem cells are immobilised in the extracellular matrix by their cell 
surface adhesion molecules (CAMs) and receptors for the attachment peptide 
arginine-glycine-aspartic acid (RGD) expressed on the adhesive proteins. As the cells 

differentiate they lose some of these CAMs and receptors for RGD; these changes 
may be important in allowing the cells to leave the marrow and enter the circulation. 
This local stromal control appears to maintain stem cell numbers and the production 
of progenitor cells by the stem cells. The stromal cells also produce locally acting 
growth factors which bind to the extracellular matrix proteoglycans and are presented 
to the immobilised stem cells. Self-renewal of stem cells and progenitors appear to be 
stochastic processes, with haemopoietic growth factors or cytokines playing crucial 

roles in regulating survival, proliferation, and differentiation of haem opoietic 

progenitor cells as well as the functional activities of mature cells.

1 8



1.2 HAEMOPOIETIC STEM CELLS

The search for the haemopoietic stem cell began in the 1960s following the discovery 
that bone marrow transplantation could be used to rescue irradiated mice (Ford et al., 
1956). The existence of multipotent stem cells was demonstrated experimentally by 
Till & McCulloch in 1961. Their experiments showed that the haemopoietic tissue 
and spleens of lethally irradiated mice, transplanted with syngeneic bone marrow 

contained colonies of multilineage haemopoietic cells derived from the transplanted 

donor marrow. From this work the first assay for primitive murine progenitor cells, 
called the spleen colony or CFU-S assay was developed (Till & McCulloch, 1961). 

Later work using chromosomal markers provided definite evidence for the clonal 

nature of the colonies and demonstrated that the different lineages could be produced 
by a single pluripotential stem cell which retains the ability to self renew (Becker et 
a l ,  1967). The work of Till and McCulloch was later repeated using the retroviral 

molecular marker Neo, which demonstrated that lymphoid as well as myeloid cells 
arise from a common stem cell origin (Joyner et al., 1983; Dick et al., 1985).
Current evidence suggests that haemopoiesis is maintained throughout life by the 
continuous recruitment into the cell cycle from a pool of primitive, largely quiescent 
Go stem cells. In order for life long maintenance of the haemopoietic tissue, stem 
cells must have the ability to both self renew and also to generate differentiated 
progeny to replace the exhausted peripheral blood cells. It has been proposed that 
during embryogenesis a small population of stem cells develop which then undergo 
self renewal to produce daughter cells which fully retain the developmental potential 
of the parental cells. The ability to self-renew at the single cell level is thought to be a 
random process, consequently, it is not possible to predict whether an individual stem 
cell will self-renew or differentiate, but in order to maintain the stem cell population 
at a constant level there must be a balance between stem cell production by cell 

division and stem cell loss by differentiation which means that the probability of self

renewal must be 0.5.

1 9



1.3 IMMUNOPHENOTYPE OF PROGENITOR CELLS

Approximately 1-3% of bone marrow cells express the CD34 antigen (Sutherland et 
al., 1993). The CD34 antigen is a single chain transmembrane glycoprotein 

consisting of a core protein of 30kDa which undergoes heavy 0-linked glycosylation 
resulting in a glycoprotein of 105-120kDa. The gene coding for the protein is located 

on the long arm of chromosome 1 (lq32). The exact function of this glycoprotein is 
not clearly understood, but it has been suggested that it may be involved in 
intercellular adhesion (Pina et al., 1990) and signal transduction (Sutherland et al., 
1993). The cytoplasm ic portion of the molecule contains several potential 

phosphorylation sites for different protein kinases (Sutherland et al., 1993), including 

two sites for protein kinase C phosphorylation and one site for tyrosine 

phosphorylation (Simmons et al., 1992) suggesting that the CD34 antigen participates 

in signal transduction pathways within the cell.
Morphologically, CD34 positive cells appear as a mixture of small lymphocyte-like 
cells and blast cells showing some evidence of differentiation; functionally they 
include virtually all the myeloid and lymphoid precursor cells and these progenitors 
have the ability to form colonies when grown in in vitro cultures (Katz et a l,  1985; 
Tindle et al., 1985; Andrews et al., 1986; Civin et al., 1990). The purified CD34+ 
cells are very heterogeneous with respect to their differentiation stages and 
proliferative activities and can be further characterised using the presence or absence 

of other early and more mature cell surface antigens. One such antigen is CD38 
which is acquired by haemopoietic progenitors at the point of lineage commitment 
and is absent on the most primitive multipotential progenitors (Terstappen et al., 
1991). Another early marker is the Thy-1 antigen (Baum et al., 1992) with 
approximately 25% of CD34+ cells expressing Thy-1. Another useful marker is 
CD71, the transferrin receptor, a 180kDa disulphide-linked homodimer with two 

transferrin binding sites (Lansdorp et al., 1990). Transferrin receptors are expressed 

at varying densities on progenitors, with committed myeloid progenitors showing 
strong positivity and 'early' multipotential stem cells exhibiting only weak positivity. 

All cells of haemopoietic origin have been shown to express the CD45 antigen. 

Several high molecular weight isoforms of this antigen have been identified, termed 

CD45RA, CD45RB, CD45RC and CD45RO with molecular weights of 180, 190, 

205, 220 kDa, respectively (Lansdorp et a i ,  1990). These isoforms arise from a 
single gene via alternative mRNA splicing and expression of the isoforms can be 

mapped using specific monoclonal antibodies. All CD34+ cells have been shown to 
express either the CD45RA or the CD45RO antigen, with more primitive cells 

expressing CD45RO (Lansdorp et al., 1990; Fritsch et al., 1993). Another useful 
measure for cell maturation is the uptake of rhodamine-123 (rh-123) with very early

2 0



progenitors only weakly incorporating this dye (Lansdorp et al., 1990). The 
expression of class II histocompatability antigen HLA-DR can also be used as a 
marker since CD34+ cells from adult human bone marrow that lack HLA-DR contain 
the primitive long-term culture initiating cells.
Characterisation of cells using these markers show that CD34 positive cells which 
express high levels of antigen (CD34* '̂‘'§'''̂ ) are more primitive than the CD34^^^' cells 

(Sutherland et a i ,  1993) and has resulted in a consensus stem cell phenotype which is 
CD34bright, Thy-1+, CD38", Lin", CD45RO+, rh-123duH, CD71>o'^ and H LA-DR'. 

This subset comprises less than 10% of the total CD34 positive cells and contains the 
cells that initiate and maintain stromal cell-supported long-term cultures. More recent 

evidence suggests that within this subset of stem cells are a small num ber of 

immunophenotypically similar cells which are CD34 negative cells (0.022+0.005% in 
mice bone marrow) and (0.01-0.05% in rhesus monkey bone marrow). These cells 

have the ability to regenerate irradiated mice, produce multi-lineage colonies in 
culture, and when cultured on irradiated bone marrow stroma actually develop into 

CD34+ cells suggesting that they are the more primitive cells and may be the 
progenitor of the CD344- multipotent haemopoietic cells (Morel et al., 1996; Johnson 
et al., 1996). Nonetheless, it is expression of the CD34 marker antigen that has 
dominated attempts to isolate, purify and characterise human haemopoietic stem cells. 
Much of this work has involved using the fluorescence-activated cell sorter (FACS) 
but, recently, several companies have developed equipment for cell purification using 
antibody-coated magnetic beads, avidin-coated beads or antibody bound to tissue 
culture plastic plates, reviewed by (Holyoake and Alcorn, 1994).

2 1



1.4 MODEL SYSTEMS OF PROLIFERATION AND DIFFERENTIATION OF 
HAEMOPOIETIC CELLS

Primitive haemopoietic cells expressing the CD34 antigen can be mobilised out of the 
bone marrow and into the circulation of patients using a combination of chemotherapy 
and growth factors particularly granulocyte colony-stimulating factor (G-CSF)

(Gianni et al., 1989; Sheridan et a i ,  1992; Schmitz et a i ,  1996) The mononuclear 

cell fraction can be collected using a cell separator and the CD34-I- cells purified using 
a biotinylated monoclonal antibody to the CD34 antigen and an immunoaffinity 

column (C eprate^^) (Watts et a i ,  1995). These primitive cells have blast cell 

morphology, no respiratory burst activity, and their cell cycle profiles indicate that the 

majority of cells are quiescent with less than <1% of the total population actively 
cycling (Jordon et al., 1996). It is possible to induce these quiescent cells to 

proliferate by incubating them with the appropriate cytokine combination. Using a 

combination of interleukin (IL) 3, IL-6 and stem cell factor (SCF) these cells start to 

proliferate after 48-72 hours (Brugger et al., 1993) and after several days in culture 
show signs of differentiation along the myeloid lineage. After 8 days in culture the 
cells are morphologically recognisable neutrophil and monocyte precursors with some 
of the cells exhibiting inducible respiratory burst activity when stimulated with the 
phorbol ester, 12-0-tetradecanoyl-phorbol-13-acetate (TPA) (Williams et al., 1997).
In many cases of human leukaemia, transformation-related mutations result in the 
arrest of differentiation of precursor cells at an immature stage, thereby preventing 

these cells from terminal differentiation (Sachs, 1978). The establishm ent and 
characterisation of several permanent cell lines from different forms of leukaemic 
cells has provided the means for studying the control of cell growth, differentiation 

and functional maturation of haemopoietic cells. In this thesis two leukaemic cell V
lines have been employed; the HL-60 cell line derived from the malignant cells of a 

patient with acute promyelocytic leukaemia (APL) (Collins et al., 1977) and the TF-1 

cell line established from a patient with erythroleukaemia (Kitamura et al., 1989).

HL-60 cells were initially cultured using conditioned medium from human embryonic 

lung culture, but then continued to grow and differentiate in the absence of exogenous 

growth factor (Collins et al., 1977). Under normal suspension culture conditions HL- 

60 cells continuously proliferate with a doubling time of 36-48 hours. HL-60 cells 
express surface receptors for transferrin and insulin and can proliferate in serum-free 
nutrient media provided that it is supplemented with transferrin and insulin. HL-60 

cells predominantly have the morphological characteristics of promyelocytes, with 
few blastoid cells (10%) and some spontaneous maturation into more mature 

granulocytes and monocyte like cells (4%).
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The addition of various specific inducing agents to the cultures cause HL-60 cells to 
differentiate. The seco-steroid 1,25 dihydroxy vitamin D3 (Vitamin D) results in the 

HL-60 cells acquiring many features of monocytes and macrophages. The cells 

adhere to the flask, form pseudopodia, are able to phagocytose yeast or latex beads, 
and stain positively for non-specific esterase and acid phosphatase (Tanaka et al., 
1982; M angelsdorf et al., 1984). Agents such as polar-planar compounds like 
dimethyl sulphoxide (DMSO) (Collins et al., 1978) or other agents such as all-trans 

retinoic acid (RA) (Breitman et al., 1980) cause most cells to acquire the 

morphological, functional, enzymatic and surface membrane antigen characteristics of 

mature granulocytes. Most granulocyte-induced cultures are somewhat incomplete 

consisting predominantly of metamyelocytes and banded neutrophils which lack the 
secondary granule proteins that characterise mature neutrophils. HL-60 cells induced 

to differentiate exhibit various activities characteristic of mature phagocytes, namely 
chemotaxis, phagocytosis and microbicidal activity associated with enhancement of 
metabolic activity (Collins et al., 1978; Newburger et al., 1979).

The study by Breitman et al., (1980), indicated that both DMSO and RA induced 
approximately the same number of HL-60 cells to differentiate (>90%), but RA 
resulted in more complete maturation than DMSO, with less myelocyte cells (46% 
compared to 63%) and more metamyelocytes (18% compared to 14%), banded 
neutrophils (13% compared to 10%) and segmented neutrophils (17% compared to 
9%).
Nitoblue tétrazolium (NBT) a water-soluble dye, is reduced to insoluble intracellular 
blue-black formazan by phagocytosing or membrane-stim ulated granulocytes 
(Baehner et al., 1976). Morphologically mature HL-60 cells, but not the immature 

promyelocytes, reduce NBT when stimulated with TPA due to the acquisition of a 
functional NADPH oxidase characteristic of mature phagocytes (Collins et al., 1979; 
Newberger et al., 1979; Roberts et al., 1991). The NBT reaction provides a sensitive 
and easily quantitated HL-60 differentiation marker which is more accurate than 
morphological assessment alone.

The TF-1 cell line is a growth factor dependent cell-line derived from the bone 
marrow of a patient with erythroleukaemia. Proliferation of TF-1 cells can be 

supported by a variety of haemopoietic growth factors including IL-3, and 

granulocyte-macrophage colony-stimulating factor (GM-CSF). TF-1 cells can be 

induced to differentiate along two different pathways in the presence of specific 

inducers; hemin and delta-aminolevulinic acid induces erythroid differentiation with 
accom panying haemoglobin synthesis and TPA induces differentiation into 
macrophage-like cells (Kitamura et al., 1989).
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1.5 THE CYTOKINE SUPER FAMILY

The first evidence to suggest the existence of factors that regulated haemopoiesis 

occurred in the 1960s when semisolid culture techniques were developed. These 

showed the addition of various tissue extracts or media conditioned by such tissues to 
the culture could support the growth of several types of haemopoietic colonies from 
normal bone marrow cells (Pluznik and Sachs, 1965; Bradley and Metcalf, 1966; 
Ichikawa et a l ,  1966). These bioassays were invaluable for the detection and 
characterisation of several of the colony stimulating factors (CSFs). By the 1970s 

CSFs were being successfully purified from natural tissue sources but due to the low 

concentrations of CSFs present it proved to be technically difficult and only minute 

quantities were obtained. Although valuable cell biology was possible using these 
purified CSFs, the amounts produced were too low to enable testing in vivo. The 
1980s proved to be the turning point in the characterisation of these regulators, with 
the development and application of recombinant DNA technology enabling the 
cloning and subsequent large scale production of the various CSFs. Between 1984 
and 1986, cDNAs encoding Epo, GM-CSF, G-CSF, macrophage colony stimulating 
factor (M-CSF) and lL-3 were isolated and active recombinant factors mass produced 
(Kawasaki et al., 1985; Yokota et al., 1986; Gough et al., 1986; Souza et al., 1986; 
Nagata et al., 1986; and Jacobs et al., 1985). These recombinant factors were 
administered to animals and shown to selectively stimulate the production of specific 
haemopoietic cells which corresponded to the data obtained from the culture studies 
(Metcalf, 1991).
The cytokine family is now known to consist of a diverse group o f acidic 
glycoproteins with polypeptide molecular masses ranging from 14-39 kDa. There 

appears to be little amino acid sequence homology between the group but analyses of 
three-dimensional molecular structure indicate that many exhibit similar structural 
conformations consisting of four a-helical bundles, in which two helices combine to 

produce the active binding domain (Bazan, 1990). To date over 20 cytokines have 

been identified and characterised and extensive research has enabled some of their 

roles in haemopoiesis to be unravelled. Figure 1.5.1 shows a schematic diagram of 

haem opoiesis, indicating the different cytokines involved at each stage of 

development of the various lineages. This is an oversimplification of haemopoiesis, 

studies with recombinant molecules and their antibodies have revealed that a 
characteristic feature of cytokines is their functional pleiotropy and redundancy. It 

was originally thought that each cytokine exerts a specific effect on its particular 

target cell. However, this is not the case, in fact, most cytokines exhibit a wide range 

of biological effects on various tissues and cells and different cytokines can act on the
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same cell type to mediate similar effects, and synergistic effects of two or more 
cytokines also occurs.

The cytokines which affect the different stages of haemopoiesis can be divided into 
three main groups:

1) Factors which affect the kinetics of cell cycle dormant primitive progenitors.

2) Intermediate-acting lineage non-specific factors.

3) Late-acting lineage specific factors.

Studies have shown that haemopoietic stem cells survive for prolonged periods in a 

quiescent state and this survival in the Gq phase of the cell cycle is maintained by 

growth factors. In the case of murine progenitors, IL-3 and SCF have been shown to 

independently support this survival in Gq (Katayama et al., 1993), whereas IL-3, and 

GM-CSF have been shown to be essential for the survival of human haemopoietic 
stem cells (Leary et a i ,  1992).
Mapping studies of blast cell colony formation indicate that multiple factors acting 
synergistically can trigger active cycling of these dormant primitive progenitors. IL-6 
(Ikebuchi et a i ,  1987), G-CSF (Ikebuchi et a i ,  1988), IL-11 (Musashi et al., 1991), 
IL -12 (Tsuji et al., 1991), SCF (Tsuji et a l, 1991 and Tsuji et al., 1992), and the 
recently identified FLT-3 ligand (Muench et al., 1995) act synergistically with IL-3 in 
the support of colony formation from dormant progenitors. Leukaemia inhibitory 
factor (LIF) (Hirayama et a l ,  1993), has also been shown to augment proliferation of 

primitive human progenitors. These factors enabling the cells to exit Gq and begin 
active cell proliferation.
Once the cells start to proliferate other intermediate-acting cytokines including IL-3 

(Messner et al., 1987; Leary et a i ,  1988 and Sonoda et al., 1988), GM-CSF (Tsuji et 
al., 1992) and IL-4 (Rennick et a l ,  1989 and Musashi et a i ,  1991) are involved in the 

regulation of proliferation of the multipotential progenitors

The direction in which stem and progenitor cells differentiate depends largely on the 

spectrum of growth factors to which they are exposed. The proliferation and 

maturation of committed progenitors is controlled by late-acting lineage-specific 

factors such as Epo, M-CSF, G-CSF, and IL-5 as shown in figure 1.5.1.
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1.6 THE CYTOKINE RECEPTOR FAMILY

Cytokines exert their biological functions through specific receptors expressed on the 

cell surface of target cells. Cloning of the individual receptors have revealed their 
multicomponent nature and shown that different receptors share individual receptor 
components, providing a potential explanation for some of the remarkable functional 

pleiotropy and redundancy observed among several of the cytokines.

The cytokine receptors can be divided into three main groups;

The protein tvrosine kinase receptor familv

Several of the haemopoietic growth factors bind to receptors belonging to this family, 
including M-CSF, SCF and hepatocyte growth factor. M-CSF and SCF are dimeric 

molecules which simultaneously bind to two receptor chains forming stable receptor 
dimers. Ligand binding results in activation of the catalytic domains of the receptor 
tyrosine kinase and the subsequent activation of signalling pathways through protein 

tyrosine phosphorylations.

Cvtokine receptor superfamilv or Class I cvtokine receptors
The majority of the haemopoietic cytokine receptors belong to this family. These 
receptors can be characterised by shared structural motifs in the extracellular ligand 
binding domain. This region contains either one or two copies of a conserved 
sequence of about 200 amino acids, which comprises two fibronectin type Ill-like 
motifs (Patthy, 1990). This extracellular domain also contains four conserved 
cysteine residues in the amino-terminal half of this region and a Trp-Ser-X-Trp-Ser 
motif (where X is a non conserved amino acid) at its carboxyl-terminal end.

The Class II receptor family
Included in this family are the receptors for interferon (IFN) a , IFN-y and XL-10. The 

receptors share overall structural features with the class I receptors, but are more 

divergent, containing an additional conserved cysteine pair, and several conserved 

prolines and tyrosines.

A nther sim ilarity between the class I and II families of receptors is their 

multicomponent nature, enabling further characterisation by the number of receptor 

subunits and/or use of common signalling subunits;
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Class I and II cytokine receptors

a. Cytokines utilising receptors consisting of a single chain:

Epo, G-CSF, thrombopoietin (Tpo), prolactin hormone (PH), growth hormone
(GH)

b. Cytokines utilising gpl30 or gpl30-related signalling subunits:
IL-6, leukaemia inhibitory factor (LIF), oncostatin M (OSM), IL-11, IL-12, 

ciliary neurotrophic factor (CNTF).

c. Cytokines utilising a shared gpl35 (3c subunit and a ligand-specific a  subunit: 

IL-3, GM-CSF, IL-5.

d. Cytokines utilising a shared yc subunit and ligand-specific a  and/or p

subunits:

IL-2, IL-4, IL-7, IL-9, IL-15.

e. Cytokines utilising two or more other distinct subunits:
IFN-a/p, IFNy.
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1.7 GRANULOCYTE-MACROPHAGE COLONY-STIMULATING FACTOR  
(GM-CSF)

The gene for human GM-CSF is located on human chromosome 5 within the cytokine 
cluster, which includes the genes for IL-3, IL-4, IL-5 and the M-CSF receptor (Yang 

et al., 1988; Van Leeuwe et a i ,  1989) and has been mapped to position 5q21-q32 
(Huebner et a i ,  1985). The gene encodes a 127 amino acid polypeptide with a 

predicted molecular weight of 14kDa. Native GM-CSF consists of several molecular 
weight species, ranging from 14.5-34kDa (Clark et a i ,  1987), due to heavy 

glycosylation of the molecule resulting in two N-linked and several O-linked 

polysaccharide chains. These are not essential for biological activity because the 

more heavily glycosylated species have a lower affinity for the GM-CSF receptor and 
a reduced specific biological activity relative to the non-glycosylated molecules 

(Cebon et a i ,  1990).
GM-CSF is produced locally in the bone marrow and at sites of inflammation by a 

variety of cells including macrophages (Rich, 1986), endothelial cells, fibroblasts 

(Broudy et al., 1986) and T cells (Burgess et al., 1980). Steady state expression of 
GM-CSF is low, with GM-CSF being secreted mainly in response to immunological 
and inflammatory stimuli. Regulation of GM-CSF production at the cellular level 

involves a combination of both transcriptional and post-transcriptional mechanisms. 
Transcriptional control occurs through constitutive and inducible elements present in 
the 5' untranslated region of the GM-CSF gene upstream of the TATA box, several of 
which have been determined, including a GC box, a recognition site for the 
transcriptional factor NF-kB, a CATTA/T sequence and the CK-I and CK-2 domains 
(Nimer et al., 1990; Fraser et a l ,  1994; Tsuboi et a l ,  1991). Post-transcriptional 
control is mediated through regulation of the mRNA half-life via AUUUA sequences 
in the 3' untranslated region of the gene (Shaw et a l, 1986; Malter et a l ,  1990). 

GM-CSF has many roles in haemopoiesis, it prevents apoptosis of haemopoietic stem 
cells and progenitors, and acts synergistically with early, intermediate and late acting 
factors to induce growth and differentiation of both multilineage haemopoietic 

progenitor cells and committed progenitor cells of the granulocyte/macrophage 

lineage. Low concentrations of GM-CSF act on multilineage progenitors to 

preferentially produce monocyte colonies and higher concentrations lead to the 

development of increased numbers of neutrophil colonies (Metcalf, 1985)

GM -CSF also enhances the function of mature neutrophils, eosinophils and 

monocytes/macrophages (Gasson et a l ,  1984). In vitro studies using phagocytic cells 

stimulated with GM-CSF resulted in the following effects of GM-CSF being 
observed:- extended cell survival (Lopez et a i ,  1986); up regulation of the cell 

adhesion molecules C D llb , CD18, and the receptor for the chemotactic factor
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formyl-methionyl-leucyl-phenylalanine and down regulation of LAM -1 cell adhesion 

molecules (Weisbart et al., 1986); increased adhesion (Arnaout et a l ,  1986; Gamble 
et al., 1989), inhibition of cell migration (Gasson et al., 1984); priming of the 

respiratory burst and superoxide generation (Weisbart et a i ,  1985; Coleman et al., 
1988; Roberts et al., 1990); enhanced direct and antibody dependent cytotoxicity 

(Vadas et a i ,  1983); increased uptake and killing of micro-organisms (Fleischmann et 
al., 1986; Villalta et a l ,  1986; Silberstein et a l,  1986; Weiser et a l ,  1987; Weisbart et 
al., 1988); secretion of primary and secondary granules (Lopez et a l ,  1986; Kaufman 
et al., 1989; Devereux et a l ,  1990); enhanced cytokine secretion (Lindemann et al., 
1989; Oster et a i ,  1989; Wing et a i ,  1989); enhanced antigen presentation (Witmer et 
a i,  1987; Hqufier et a i ,  1988).
The clinical administration of recombinant GM-CSF results in a transient fall in 
phagocyte numbers followed by a marked increase in neutrophil, eosinophil and 

monocyte numbers over a period of several days (Groopman et a i ,  1987; Ganser et 
a l ,  1989; Devereux et al., 1989). There is also an increase in myeloid and erythroid 

progenitor cells circulating in the peripheral blood (Socinski et a l ,  1988).
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1.8 GM-CSF RECEPTOR

Some of the cytokines can be grouped into subfamilies that share receptor 
components. IL-3, IL-5 and GM-CSF make up a subfamily of cytokines displaying a 
variety of overlapping actions during haemopoiesis. In humans, these three 
haemopoietic growth factors bind to distinct specificity-determining a  receptor 
components, but share a common signal-transducing (3 receptor component (Miyajima 

et al., 1992, Nicola and Metcalf, 1991); the unique distributions of the individual a  

subunits determine which haemopoietic cells are capable of responding to each of the 
factors.

In 1989, Gearing et a l ,  isolated a cDNA encoding the SOkDa GM-CSF receptor from 

a placenta cDNA library by expression cloning. The cDNA encodes a protein of 400 

amino acids and has the common motif of the cytokine receptor superfamily in the 
extracellular domain. The cloned hGM-CSF receptor binds hGM-CSF with only low 

affinity when expressed in Cos-7 cells (Gearing et a l,  1989).
The p common chain of the human IL-3, IL-5 and GM-CSF receptor was cloned 
using the mouse P il -3 cDNA as a probe (Hayashida et at., 1990). The cloned cDNA, 
named KH97, shares about 56% identity with the mouse AIC2 proteins (murine P 

chains) and encodes an 881 amino acid glycoprotein with two repeats of the 
conserved motif of the cytokine receptor family in its extracellular domain. These 
results led Hayashida et at., 1990, to test the possibility that a high affinity hGM-CSF 
receptor consists of the cloned low-affinity hGM-CSF receptor and KH97. This was 
in fact the case and co-expression of the 80kDa hGM-CSF receptor with KH97 
formed a high affinity hGM-CSF receptor. Cross-linking experiments showed that 
although the KH97 protein by itself has no binding capacity for hGM-CSF, formation 
of the high affinity receptor by coexpression KH97 with the low affinity receptor, 

results in cross-linking of KH97 with GM-CSF. Thus the 80kDa GM-CSF receptor 
and the 120kDa KH97 are now referred to as the a  subunit and the P subunit of the 

GM-CSF receptor (Hayashida et a l ,  1990). The GM-CSF R a  chain is located on the 

pseudoautosomal region of the human X and Y chromosome (Gough et a i ,  1990). 
The GM-CSF R P chain is on human chromosome 22q 12.3-13.1 (Shen et a l ,  1992).
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1.9 BINDING OF GM-CSF TO ITS RECEPTOR

X-ray crystallography of recombinant GM-CSF produced in Escherichia coli, 
indicated that the tertiary structure is similar to other cytokines (Diederichs et al., 
1991; Walter et a l ,  1992), being composed of a two-stranded anti parallel p sheet and 

a bundle of four a  helices that form an open barrel (Diederichs et al., 1991) (Figure 

1.9.1). Analysis of the GH-GH R complex revealed that one molecule of ligand binds 
to two molecules of the receptor and each of the first and fourth helices of the ligand 

is a binding site for each of two receptors (De Vos et al., 1992). Results consistent 
with these observation were obtained from mutation analyses of hGM-CSF, in which 
the first and third helices were shown to bind to the p subunit, with Glu21 being 
critical and residues in the fourth helix, particularly Asp 112, binding to the a  subunit 

(Hercus et al., 1994). The conserved structural motifs present in the extracellular 
domain of the a  and P subunits were necessary for this interaction. These conserved 
sequences contain the two fibronectin type II motifs which consist of seven P-strands 

that are folded in an anti parallel fashion and form a barrel-like structure with the Trp- 
Ser-X-Ser-Trp motif located within the hinge region connecting these two barrel-like 
structures (Bazan, 1990). This hinge region has been shown to contain the ligand 
binding site and site-directed mutagenesis in this region, including the Trp-Ser-X-Trp- 
Ser motif, abolishes or greatly reduces the binding capability of the ligand to its 
receptor (Yawata et al., 1993).
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Figure 1.9.1
Tertiary structure of GM-CSF

GM-CSF as well as other cytokines, has four a 
helices, which are numbered from the N-terminal.
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1.10 GM-CSF BINDING AFFINITY ON HAEMOPOIETIC CELLS

The biological effects of GM-CSF are mediated through its specific receptor 

expressed on the surface of target cells (Gasson et al., 1986; Walker and Burgess, 
1985). The original studies carried out using murine and human CSFs detected only a 

single class of high affinity receptors, but recent studies indicate that CSF receptors 
exist in both high-affinity (Kd = lO-lOOpM) and low-affinity (Kd = 1-lOnM) forms. 
Expression of the cloned a  and (3 chains of the GM-CSF receptor in cell systems 
show that the a  chain is the ligand binding chain. The P chain, although unable to 

bind GM-CSF on its own, converts the low affinity binding to high affinity binding 
when coexpressed with the a  chain, figure 1.10.1. Studies carried out by Nicola and 

Cary show that the high and low affinity receptors have identical rates of ligand 

association and differ only in their dissociation rates, i.e. the 'on-rates' are the same 
but the 'off-rate' of the ligand is reduced (Nicola, 1991). This is consistent with a 

conversion mechanism involving ligand 'clamping' as has been described for the 
interleukin-2 receptor (Smith, 1988; Hatakeyama et a l ,  1989).
Several groups have performed Scatchard analysis on primary haemopoietic cells and 
cell lines to characterise their binding affinity and the number of GM-CSF receptors 
expressed, this data is summarised in Table 1.10.1. There is considerable variation in 
the figures obtained, in part reflecting technical differences in the way in which the 
binding studies were performed and the type of GM-CSF used. Recombinant GM- 
CSF produced in E. coli is less heavily glycosylated than GM-CSF produced in yeast 
or mammalian cells and has a higher affinity for the GM-CSF receptor than more 
heavily glycosylated species (Cebon et al., 1990). Analysis of this data shows there is 
general agreement that cells such as monocytes, many acute myeloid leukaemia 
(AML) blasts, HL-60 and TF-1 cell lines express both high affinity and low affinity 

receptors whereas neutrophils express a single class of receptor, usually referred to as 
high affinity. The data from this table show the receptor affinity on neutrophils to be 

at least three times lower than the high affinity receptor found on cells expressing the 
dual high and low affinity receptors. Similar intermediate affinity receptors have been 

reported in some cases of AML blasts differentiated in vitro (DiPersio et al., 1988; 

Cannistra et al., 1990; Chiba et a i ,  1990; Onetto-Pothier et al., 1990; Budel et al.,
1993). The range of receptor numbers found on human haemopoietic cells also varied 
greatly, with neutrophils expressing approximately 2,000 receptors per cell, TF-1 

leukaemia cells and monocytes approximately 10,000 per cell and leukaemic myeloid 

blast cells expressing between several hundred and several thousand receptors 

(Cannistra et a i ,  1990; Chiba et al., 1990; Onetto-Pothier et a i ,  1990; Budel et al.,

1993).
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Studies on primitive myeloid progenitor cells suggest that these cells possess fewer 
GM-CSF receptors relative to more mature neutrophil and monocytic cells. Most 
studies have utilised flow cytometric techniques with either fluorochrome labelled 
GM-CSF (Wognum et a l ,  1994; Wagner et a l ,  1995) or antibodies to the a  and pc 

chains of the GM-CSF receptor (Jubinsky et al., 1994; Kurata et al., 1995). In the 
study by Kurata et a i ,  pc expression was barely detectable on the CD34+ cells and 

was not significantly upregulated by 48 hours in culture with IL-3 or SCF. Few 

studies have attempted more quantitative binding assays with Scatchard analysis 
because of the large number of purified cells required. Testa et al., (1993) carried out 

binding studies on semi purified CD34+ cells from normal (non-mobilised) adult 
blood, and then estimated the receptor numbers on the CD34-I- cells by making 
allowances for the expression on the contaminating cells. They calculated that such 
CD34+ cells expressed 300 high affinity receptors per cell with a dissociation 

constant of 130 pM.

35



Figure 1.10,1
Binding of GM-CSF to its receptor
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GROUP SOURCE OF 
GM-CSF

CELL TYPE BINDING AFFINITY 
Kd

RECEPTOR 
NUMBER 

PER CELL

Park et al, (1986) Y east derived GM-CSF, Neutrophils 400pM 260
J. Exp. Med. 164, Bolton-Hunler labelled HL-60 cells 270pM 167
251-262

DiPersio et al. E. coli derived GM- Neutrophils 51pM 542
(1988) J. Biol. CSF, Bollon-Hunter (12-100pM,n=22) (293-982)
Chem. 263, 1843- labelled Eosinophils 23 pM 772
1841 (15-50pM, n=6) (207-1007)

Monocytes 37pM 450
(30-44pM, n=3) (250-650)

AML blasts 9pM 39
(0-40pM, n=8) (10-68)

HL-60 33pM 322
(22-6 IpM, n=7) (114-369)

HL-60 28pM 41
(Eosinophilic clone) (18-38pM, n=3) (28-54)
HL-60 30pM 34
(Neutrophilic clone) (20-42pM, n=3) (22-95)

Kcllchcr, et al. CHO cells derived GM- Neutrophils 50pM 1800
(1988) Leukemia 4, CSF, CHO cell GM-CSF
211-215 labelled their own AML blasts (freshly 17-287pM 44-1074

isolated)
AML blasts (48 hr 141-986pM 44-2657
culture)
AML blasts (week of 170-296pM 463-2772
culture)
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GROUP SOURCE OF 
GM-CSF

CELL TYPE BINDING AFFINITY 
Kd

RECEPTOR 
NUMBER 

PER CELL

Elliot et a/, (1989) COS cell derived GM- Monocytes 4.7pM 35
Blœd 74, 2349- CSF, labelled their own Inm 657
2359 Neutrophils 172pM 580

Murohashi el al. CHO cell derived GM- AML 8-150pM (mean 38-177
(1989) Leukemia Res. CSF, labelled their own blasts 70pM) (mean 83)
13, 599-604 0.5-2.7nM (mean 121-806

1.3nM) (mean 356)

Onetto-Pothier et al. CHO cell derived GM- AML blasts 5-lOpM 35-166
(1990) Leukemia 4, CSF or 1-lOnM 200-3000
329-336 DuPont GM-CSF Neutrophils 100-166pM 910-2210 •
Onetto-Pothier et al.
(1990) Blood 75,59-
66

Cannistra et al. DuPont GM-CSF Neutrophils 90±9pM 555±34 ^
(1990) J. Biol. n=16
Chcm. 265, 12656- Monocytes 24±3pM 148±32
12663 n=8

AML myeloblasts 34±15pM 75±32
n=10

Chiba et al, (1990) CHO derived GM-CSF, Monocytes 12±2pM 319±60
Leukemia 4, 29-36 labelled their own 1.7±0.5nM 10120±161

TF-1 18±15pM 1462±1076
l±.002nM 7931±1357

Neutrophils 99±21pM 2304±953 ‘
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GROUP SOURCE OF 
GM-CSF

CELL TYPE BINDING AFFINITY 
Kd

RECEPTOR 
NUMBER  

PER CELL

Budcl et al, (1993) E. coli derived GM- Neutrophils 410pM 2100
J. Biol. Chem. 268, CSF, Amersham AML blasts 50pM 60
10154-10159 (freshly isolated) 20nM 1900

AML blasts 350pM 2700
(8-20 days culture)
HL-60 cells 200-370pM 380-470
HL-60 cells 250-450pM 530-1230
(differentiated RA 5-6
days)

Khwaja (M.D. E. coli derived GM- AML blasts 44-75pM 66-160
Thesis 1993) CSF, Amersham 1.7-13nM 947-5695

Neutrophils 50±15pM 1100±200 n=4
TF-1 15±5pM 2000±450 n=3

1.8±0.3nM 8600±1150
HL-60 cells 56pM 95

1.4nM 300
HL-60 cells 28pM 180
(differentiated with 1.4nM 440
DMSG 6 days)

(JN
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1.11 ROLE OF GM-CSF R DIMERIZATION IN SIGNAL TRANSDUCTION

Activation of the class I cytokine receptors occurs through the formation of receptor 
complexes following ligand binding. Binding of the ligand induces dimerization or 
oligomerization of the receptor chains, and this allows the interaction and activation 

of cytoplasmic protein-tyrosine kinases associated with the intracellular domain of the 
receptors. Activation by this group of cytokines can be mediated by the formation of 
homodimers, heterodimers or hetero-oligomers of the receptor chains. Cytokine 
receptors which are activated by homodimerization include the receptors for GH, Epo, 

prolactin and G-CSF. Heterodimerization or hetero-oligomerization is a common 
feature of cytokine subfamilies which share signalling molecules. IL-6, LIF, OSM, 
IL-11 and CNTF share a common signal transducer, gp l30 (Taga et a l ,  1989) and 

signalling is triggered by the formation of homo- or heterodimers of gpl30. IL-6 
binds to the IL-6 a  receptor and induces a complex containing a homodimer of gpl30  

(Murakami et al., 1993). The CNTF receptor-CNTF complex signals via formation of 
a heterodimeric complex of gpl30 and the LIF receptor (Davis et at., 1993). LIF and 
OSM signal via binding directly to a heterodimeric complex of gp l30  and the LIF 

receptor (Gearing et a i ,  1992). IL-11 is dependent on gpl30 but not the LIF receptor 
for signalling (Hilton et a l ,  1994).
Signalling by the IL-2, IL-4, IL-7 and IL-9 cytokine group involves the formation of 
heterodimeric receptor complexes between specific (3 subunits and a common y  
subunit (Kawahara et a i ,  1994). In the case of the IL-2 R heterodimers of the (3 and y  
chains result in an intermediate affinity receptor whereas heterotrimers of the a , (3, 
and y  chains result in a high affinity receptor (Nakamura et al., 1994; Nelson et al.,

1994).
IL-3, IL-5 and GM-CSF bind to specific a  chain receptors and the a  chains all 
interact with a common (3 chain that is required for high affinity binding and signal 

transduction. This interaction was originally thought to consist of heterodimers of the 

two subunits but recent studies using tagged receptor subunits and chemical cross- 
linking indicate that in the absence of ligand the (3 chain exist as preform ed 

homodimers (Muto et al., 1996; Freeburn et al., 1996) and in the presence of ligand 
the a  chains also form homodimers (Lia et a i ,  1996). A study by Hercus et al., (1994) 
which used a mutated a  chain and a mutated GM-CSF molecule suggests that 

preformed a -|3  chain heterodimeric complexes also exist. Their experiments showed 

that when the mutated a  chain was expressed alone it was unable to bind GM-CSF 

and likewise the mutated GM-CSF molecule was unable to bind to the wild type a  

chain alone, but both could form high affinity complexes when co-expressed with the 
(3 chain (Hercus et al, 1994). The study by Muto et al., (1996) using a tagged 
cytoplasmic deleted |3 chain indicated that the interaction by the [3 chains was non-
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covalent and dim erization was probably mediated by extracellu lar and/or 
transmembrane domains. However, homodimerization of the (3 subunits was not 

sufficient for activation of the receptor and further interaction with the cytoplasmic 
domain of the a  subunit was required for signalling to occur (Muto et a i ,  1996). 

Although the mechanism for (3 subunit activation is unclear, the proline rich motif 

conserved in the cytoplasmic domains of the GM-CSF R, IL-3 R and IL-5 R a  chains 

seems to be important for signalling through the common (3 subunit (Weiss et al., 

1993; Takaki et a i ,  1994).
This is in accord with the current opinion that (3 chain dimérisation is necessary for 

signal transduction (Muto et a i ,  1995; Jenkins et al., 1995), and suggests the GM- 
CSF-GM-CSF R complex consists of a hexamer of two GM-CSF molecules, two 
GM-CSF R a  chains and two GM-CSF R (3 chains. A similar hexameric structure has 

already been shown to exist for the IL-6 receptor (Paonessa et a i ,  1995).
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CYTOKINE SIGNAL TRANSDUCTION PATHWAYS

1.12 THE JAK-STAT PATHWAY 

The Janus kinase (.TAK) familv

The JAKs were initially identified by the polymerase chain reaction (PCR) and low 
stringency hybridization methods to identify novel kinases. To date four JAK 

members have been identified; JAK 1, JAK 2, Tyk 2 and JAK 3 (Firmbach-Kraft et 
al., 1990; Wilks et al., 1989, 1991; Cance et al., 1993). In humans the genes for the 
JAK family members have been mapped to chromosome bands lp31.3 for JAK 1 

(Pritchard er fl/., 1992), 10p23-p24 for JAK 2 (Pritchard et al., 1992), 19pl3.2 for Tyk 
2 and 19pl3 for JAK 3 (Firmbach-Kraft et a i ,  1990). The JAK proteins vary in 
m olecular weight from 120-140 kDa (JAK 1, 135kDa, JAK 2, 135kDa, Tyk 2, 
140kDa and JAK 3, 120kDa). JAK 1, JAK 2 and Tyk 2 are present in all cells 

examined to date whereas JAK 3 is restricted to myeloid cells, natural killer cells and 
activated T-lymphocytes (Rane et al., 1994; Johnston et al., 1994).

The JAK family of proteins are structurally unique, as they do not contain any src 
homology 2 (SH2) or 3 (SH3) domains which characterise the SRC family tyrosine 
kinases and have been shown to be essential for their function. The JAKs do share 
two regions of homology with other kinases and these contain the characteristic amino 
acid sequences found in kinase catalytic domains. The JAK family members contain 
seven regions of structural homology, termed JH l-7 (Figure 1.12.1), with the more 
carboxyl kinase domain, JH l, containing all the motifs associated with protein 
tyrosine kinases (Hanks et a i,  1988) and therefore this region is thought to contain the 
catalytic activity. The second domain, JH2, contains kinase motifs but some of these 
lack essential residues necessary for catalytic activity, and this region has therefore 

been named the pseudokinase domain. The JH3 and JH4 regions contain long 
stretches of identity among family members whereas the JH5, 6 and 7 regions are less 
strikingly similar. The significance of these homology domains is not fully 
understood but they may be important in determining the protein/protein interactions 
governing the function of JAKs in the different cytokine signal transduction 

pathways.

The involvem ent of JAKs in cytokine signalling was initially established by 

examining the ability of cytokines to induce the tyrosine phosphorylation of specific 

JAKs and to activate their catalytic activity. Phosphorylation has been shown to 

occur at multiple sites but includes the tryptic peptide containing the sequence KDYY 

(JAK 3) or KEYY (JAK 1, JAK 2, Tyk 2) which is in the catalytic core and is often 
associated with increasing catalytic activity (Hanks et al., 1988). Mutation of either
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of these tyrosine residues eliminates catalytic activity indicating that phosphorylation 

of these tyrosines plays a critical role in activation of the JAKs (Witthuhn and Ihle, 

unpublished data). To date, all the known cytokines that utilize receptors of the 
cytokine receptor superfamily have been shown to induce the phosphorylation and 

activation of one or more JAKs. Only JAK 2 is activated as a homodimer, but the 

precise basis for this is not clearly understood. The possibility exists that JAK 2 is 
uniquely able to "autophosphorylate" and activate kinase activity, whereas the other 

JAKs rely on cross-phosphorylation for activation. Table 1.12.1 summarises the 
different JAKs involved in signalling by individual cytokines.
Experiments using truncated receptors and intracytoplasmic deletions indicated that 
the JAKs become activated through association with the cytokine receptor chains, and 
the region essential for this association is the membrane proximal region of the 

cytoplasmic domain containing the boxl/box2 motifs. The domains of the JAKs 

involved in this association are not known, and experiments with various JAK 

mutants have failed to define a simple domain that associates with the receptor 
(Tanner et a l ,  1995) suggesting that multiple, perhaps non-linear, regions are 
involved. The possibility also exists that other receptor components are required for 

the assembly of a functional receptor complex.
JAK 2 associates with the membrane proximal region of the Epo (Witthuhn et al.,
1993), prolactin (DaSilva et al., 1994), growth hormone (Goujon et al., 1994; 
VanderKuur et al., 1994; Tanner et al., 1995), G-CSF and gpl30 (Tanner et al., 1995) 
receptors. In the case of IL-3/IL-5 and GM-CSF receptors, JAK 2 and to a lesser 
extent JAK 1 associate to the membrane proximal region of the shared p chain 

(Quelle et a i ,  1994). The use of chimeric receptors has demonstrated that ligand 
induced aggregation of the p cytoplasmic domains is sufficient for a mitogenic 
response (Eder et a i ,  1994), whereas aggregation of the a  cytoplasmic domains does 
not initiate a mitogenic response. It is hypothesised that on ligand binding the a  
chains associate with the preformed p chain dimers and this ligand-induced 

aggregation causes conformational changes which result in JAK 2 activation.
The family of cytokines which share the gpl30 or the related LIER p chain as a signal 

transducing receptor subunit, include IL-6, LIF, OSM, CNTF, and IL-11. Studies 
have demonstrated that in the case of the IL-6/IL-6 R complex, gpl30 associates with 
JAK 1, JAK 2, and Tyk 2, (Narazaki et a l ,  1994; Lutticken et al., 1994; Stahl et al.,

1994) and using a series of cell lines which lack either JAK 1, JAK 2 or Tyk 2 the 
absence of one JAK does not appear to affect the ability of IL-6 to induce the tyrosine 
phosphorylation and activation of the remaining JAKs (Gushin et al., 1995). 

However downstream signalling events only occur when JAK 1 is activated, 

indicating that the activated JAKs are not functionally equivalent. Experiments using 

a dominant-negative JAK 2 suppressed the activation of both JAK 1 and Tyk 2,
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indicating that either JAK 2 or Tyk 2 is required in the receptor complex to activate 

JAK 1 which is then uniquely capable of initiating the downstream signalling events. 

The JAK family members have been implicated as the common mediators of signal 
transduction events in cytokine-mediated signal transduction both in immature and 
mature cells, playing essential roles in the activation of the signalling cascades 

resulting in both mitogenesis and differentiation of cells. JAK 3 has been shown to be 
preferentially induced during the terminal differentiation in some myeloid, erythroid 

and lymphoid cell lines, suggesting that JAK 3 might mediate some of the specific 

signalling events that are associated with the terminal differentiation of haemopoietic 

cells (Rane et a l ,  1994).
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Figure 1,12.1
Structure of JAK 1. JAK 2. JAK 3 and Tvk 2

JH7 JH 6 JH 5 JH4 JH3 JH2 JH 1

pseudokinase kinase

Kinase Size Identity
Chromosomal

Position Expression

Tyk 2 140 kDa 36% 19pl3.2 Ubiquitous

JAK 1 135 kDa 36% lp31.3 Ubiquitous

JAK 2 BOkDa 47% 10p23-p24 Ubiquitous

JAK 3 120kDa 19pl3 Myeloid/
Lymphoid
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Table 1.12.1 JAKs in Cvtokine Signalling

CYTOKINE JA K  ACTIVATED REFEREN CE

IL-2/IL-4/IL-7/IL-9 JAK 1, JA K 3 Witthuhn et al., (1994) 

Johnston etal.,  (1994) 

Zen g etal.,  (1994) 

Tanaka etal., (1994) 

Kirken et al., (1994)

IL-13/IL-15
Epo

JAK 2 Witthuhn et al., (1993) 

He etal., (1994)

Miura eta l ,  (1994)

Tpo JAK 2 Drachman e ta l . , { \995) 

Tortolani etal ,  (1995)

IL-3/IL-5/GM-CSF JAK 1, JAK2 Silvennoinen et al., (1993) 

Quelle et al., (1994)

IL-6/CNTF/LIF/OSM JAK 1, JAK 2, Tyk 2 Lutticken etal ,  (1994) 

Stahl et al., (1994) 

Narazaki et al ,  (1994)

IL-12 JAK 2, Tyk 2 Bacon et al., (1995)

Growth hormone JAK 2 Artgetsingeref al., (1993)

Prolactin JAK 2 Campbell etal.,  (1994)

Rui eta l ,  (1994) 

Dusanter-Fourt et al., 

( 1994)

DaSilva eta l ,  (1994)

G-CSF JAK L J A K 2 Nicholson et al ,  (1994) 

Shimoda ef fz/., (1994)

IL-10 JAK 2, Tyk 2 J. Ihle Unpublished data

IFN-a/p JAK l , T y k 2 Muller et al ,  (1993) 

Velazquez et al ,  (1992)

IFN-y JAK I, JAK 2 Muller et al ,  (1993) 

Watling et al ,  ( 1993)
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Signal Transducers and Activators of Transcription (STATs)
The STATs are a novel family of transcription factors which were first identified in 

interferon signalling (Fu, 1992; Schindler et al., 1992; Fu et al., 1992; Shuai et al.,
1992). The first family members were identified as part of the transcription complex, 

termed ISGF3 which binds to the interferon regulatory response element and activates 
transcription following IFN-a/p stimulation. This complex was shown to consist of a 

48kDa DNA-binding component, a protein of 91/84 kDa and a protein of 113 kDa. 

The p84 and p91 proteins are alternatively spliced forms of the same gene and have 
been named STAT l a  and ST AT ip , while the p i 13 protein is ST AT 2 (Schindler et 

al., 1992). The formation of the complex and its migration to the nucleus requires the 

tyrosine phosphorylation of the STAT 1 and STAT 2 proteins. Stimulation of cells 
with IFN 7  results in the tyrosine phosphorylation of STAT 1 (a  and p) but not of 

STAT 2 (Shuai et a l ,  1992, 1993). STAT 1 is rapidly translocated to the nucleus and 
binds independently of STAT 2 and p48 to the y-activation sequence (GAS) which is 
associated with genes that are transcriptionally activated by IFN y.

To date six family members have been cloned, the more recent members have been 
termed STAT 3 (Zhong et al., 1994; Akira et al., 1994), STAT 4 (Zhong et al., 1994; 
Yamamoto et al., 1994), STAT 5 (Wakao et al., 1994; Mui et al., 1995; Azam et al.,
1995) and STAT 6 (Hou et al., 1994; Quelle et al., 1995). The general structure of 
the STAT proteins is shown in figure 1.12.2. Their sizes vary from 734 to 851 amino 
acids with the principle differences occurring at the carboxyl terminus. The most 
highly conserved region is the SH2 domain located in the carboxyl half of the protein, 
within which is a central conserved sequence, GTFLLRFS(E/D)S, present in all the 
known STAT proteins and is virtually identical to the core SH2 domain of src. SH2 
domains are involved in the binding of phosphotyrosine residues and the Arg residue 
which lies in the floor of the "SH2 pocket" has been shown to directly bind 
phosphotyrosine (Waksman et al., 1993).
In addition to the SH2 domain there is a region that has some similarity with the SH3 
domain of src, which may play a role in binding proline rich motifs (Koch et al., 
1991; Cichetti et al., 1992). The STATs lack a readily identifiable DNA binding 

motif, however there are four other highly conserved blocks of homology present in 
the amino terminal region of the proteins, one or more of which is thought to be 

involved in DNA binding and specificity of the STATs, since all the known STATs 

bind similar DNA sequences. The conserved region immediately amino terminal of 
the SH3-like domain contains the sequence VTEE which is completely conserved 

among the STATs. Experiments using chimeric STATs indicate that this sequence 

contributes to DNA binding (Horvath et al., 1995).

The highly divergent carboxy-term inal domain of the STATs is involved in 
transcriptional activation. In the case of STAT 1, the splice variant STAT Ip which
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lacks the carboxyl 38 amino acids acts as a naturally occurring dominant negative. 
STAT Ip is recruited to the receptor complex, becomes phosphorylated and binds 

DNA, but does not activate gene transcription. Similar variants have been identified 
for STAT 3 and STAT 5. Two STAT 3 molecules, STAT 3 a  and STAT 3p have 
been identified in mice, both proteins are encoded by the same gene, the STAT 3P 

variant contains a 50 nucleotide deletion near the 3' end of the open reading frame 
which results in a truncation of the C-terminal 55 amino acids of STAT 3 a  and the 

addition of 7 new amino acids (Schaefer et al., 1995). A human,homologue of STAT 
3p named STAT G has been identified in normal human myeloid cells, which has 
similar properties to STAT 3a  but is not recognised by antibodies directed against the 
C-terminal end of STAT 3 a  and has distinct transcriptional activity (Tian et at., 1994; 

Tweardy et at., 1995). The study by Chakraborty et al, 1996, showed that myeloid 
cells which proliferate in response to G-CSF only activated STAT 3a, whereas cells 
which differentiated in response to G-CSF only activated STAT 3p, suggesting that 

the balance of the two STAT 3 isoforms in myeloid cells may influence the cellular 
pattern of gene activation and consequently the ability of these cells to differentiate in 

response to G-CSF.
In the case of STAT 5 several isoforms have been identified. Two variants occur in 
mice, which arise from distinct genes (Mui et al., 1995; Azam et at., 1995). These 
closely related isoforms of STAT 5, termed STAT 5a and STAT 5b have been shown 
to be highly homologous (>90% identical) at the protein level, varying mainly in their 
carboxyl regions. Both molecules are ubiquitously expressed at comparable levels in 
all tissues examined and upon phosphorylation STAT 5a and STAT 5b can either 
homo or heterodimerize thus acquiring the ability to bind to specific DNA sequences 
(Azam et at., 1995; Mui et al., 1995). The study by Azam et al., (1995), showed that 
IL-3 stimulation in immature and mature myeloid cells resulted in the activation of 
multiple STAT 5 isoforms. In the immature cell lines (DA-3 [Epol], 32D and FDC- 
P l)  stimulation with IL-3 resulted in the activation of two STAT 5 isoforms which 
were smaller in size than the STAT 5 isoforms activated in more mature cell lines 

(32Dcl [Epo], U937 and MOLT4). Analysis of these proteins indicated that the 94 
and 96kDa proteins present in the more mature cells represented the full length 

products of the 77 and SOkDa proteins and the 77 and SOkDa proteins were actually 

shorter gene products of the same genes. The 94 and 96kDa products have since been 

shown to be STAT 5a and STAT 5b. Another transcription factor designated 

differentiation-induced factor (DIF), which is related to, but not identical to the 

known STAT 5 isoforms has recently been characterised (Barahmand-Pour et al.,
1995). Purification of DIF revealed a 112kDa protein with sequence homology to 

STAT 5 at its N-terminus but not its C-terminus. DIF activation occurs in 

haemopoietic precursors cells induced to differentiate, but not in mature cells. It is
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activated in response to stimuli which result in monocytic differentiation of U937 and 

HL-60 cells and to a lesser extent in response to stimuli which result in granulocytic 
differentiation of HL-60 cells. DIF also displays a binding preference for GAS 

sequences, distinct from those of STAT 5 and, therefore, probably activates a different 

set of target genes to STAT 5. These results suggest that DIF may be a necessary 
component for the alteration of differentiation stage-specific gene expression during 

maturation of myeloid cells. Activation of both JAK and MAP kinase appears to be 

required for full DIF activation. In BAC1.2F5 cells which express the v-ra/oncogene 
and the phosphatase MKP-1, stimulation with CSF-1 results in normal JAK activation 
but the ability to activate MAP kinase is lost and DIF activation is markedly reduced 
(Barahmand-Pour et al., 1996).

The carboxyl region is likely to determine gene expression since the STATs all bind 
very similar DNA sequences but affect individual gene expression in unique ways. 

Thus it is possible that unique transcriptional activation domains provide the 
specificity for function within the context of specific transcriptional complexes.
The STATs are activated by protein tyrosine phosphorylation and dimerization. 
Dimer formation occurs through the phosphorylation site of one molecule and the 
SH2 domain of the second. Mutations within either the SH2 domain or the tyrosine 
phosphorylation site inhibits dimerization and prevents DNA binding activity 
suggesting that dimerization is required for translocation to the nucleus. Recent 
studies indicate that maximal transcriptional activity of STAT 1 and STAT 3 requires 
the phosphorylation on a single serine at residue 727. This serine is part of the 
sequence -Pro-M et-Ser-Pro-, which resembles the consensus sequence for the 
mitogen-activated protein (MAP) kinase substrate -Pro-X-Ser- (Thr)-Pro- (Alvarez et 
al., 1991), and is present in the conserved region in the COOH-terminus of STAT 1, 
STAT 3 and STAT 4. Thus it is possible that the JAK-STAT pathway may be 
functionally coupled to and modulated by the MAP kinase pathway (Zhang et al., 
1995; Wen et al., 1995). The high degree of similarity of many of the family 

members enables heterodimerization to occur. Specific sequences within the STAT 
proteins such as YLKT for STAT 3 and YIKT for STAT l a  have been implicated in 

mediating homo- or heterodimerization (Shuai et al., 1994)
Studies in which insect cells were coinfected with a construct for STAT I and either 

JAK 1, JAK 2 or Tyk 2 indicate that each of the JAKs is able to phosphorylate STAT 

1 and this phosphorylation occurs on a single tryptic fragment that contains Y701 and 

is required for DNA binding (Quelle et al., 1995). Importantly these results suggest 
that the specificity of the STAT phosphorylation which occurs in cytokine responses 

is not due to the specificity of JAK activation, but is more likely that the receptor 

complex determines which of the STAT proteins will be accessible. Support for this 

has been obtained for some but not all of the receptor systems examined. A study
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looking at IFN a  and IFN y signalling in U3A cells which lack ST AT 1 and U6A cells 
which lack ST AT 2 show that the specificity for activation at the IFN y receptor 

resides in the ST AT 1 SH2 group, whereas the IFN a  receptor will accept molecules 

with either SH2 group (Heim et al., 1995)
Specific sequences present in the intracytoplasmic region of the receptor chains have 
also been shown to be necessary for determining ST AT specificity. Previous studies 

have indicated that the conserved box 3 regions present in both the gpl30  and the G- 
CSF receptor are involved in acute-phase gene induction (Baumann et a l ,  1994). 

Analysis of the box 3 regions revealed a common motif, YXXQ which is also present 
in the LIF R and is essential for STAT 3 activation (Stahl et al., 1995). Truncation of 
receptor chains indicate that the tyrosines at position Y2 for gpl30 and Y3 for LIFR 

are necessary for STAT 3 activation, although other tyrosines further down the 
receptor chains have been shown to contain the consensus sequence for STAT 3 and 
will activate STAT 3 if the more membrane proximal tyrosines are mutated to 
phenylalanine (Stahl et al., 1995). The YDKPH motif present in the IFN y receptor is 

required for STAT 1 activation (Greenlund et al., 1994). Experiments using the IL-3 
dependent cell line 32D transfected with the Epo R indicate that stimulation with 
either IL-3 or Epo results in tyrosine phosphorylation of the IL-3 R P chain and Epo R 

respectively and induces STAT 5 binding. The binding of STAT 5 to these cytokine 
receptors was shown to be rapid and transient, occurring within 1 minute of 
stimulation of cells and significantly decreasing after 5 minutes of cell treatment. The 
similarity in these time courses, strongly suggests that the IL-3 p chain and the Epo R 

may have similar STAT 5 docking sites. In vivo binding studies in Cos-7 cells 
showed that binding of STAT 5 to the Epo R was mediated through the STAT 5 SH2 

domain (Chin et al., 1996). Analysis of the Epo R has indicated that two tyrosines 
residues 343 and 401 are independently necessary for Epo mediated STAT 5 
activation. The amino acid sequences surrounding these two tyrosine residues are 
very similar with the sequence YXXL, probably constituting the docking site for the 
STAT 5 SH2 domain (Damen et al., 1995; Klingmuller et al., 1996; Gobert et al.,

1996). 

Genes regulated bv STAT proteins in haemopoietic cells
The STAT proteins were initially identified as the transcription factors responsible for 

inducing a variety of genes in response to IFNs which are thought to contribute to the 
antiviral state and growth restraint induced by the IFNs. Following I F N - a  

stimulation, the resulting ISGF3 complex binds to the ISRE (interferon-stimulated 

response element). This element is a highly conserved region of 12-15 base pairs, 

with the consensus sequence AGTTTCNNTTTCNC/T and is found within 200 bp of 

the transcriptional start site of the following genes; ISG54 (IFN-stimulated gene
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encoding 54kDa), ISG15, 6-16, 9-27, OAS (oligo A synthetase), GBP (guanylate 
binding protein). IFN-y also causes immediate transcriptional activation of the gene 

encoding GBP and several other genes including Ly-6E, FcyRl (high affinity 

im m unoglobulin y Fc receptor), MIG (monokine induced by IFN-y), ICSBP (IFN 

consensus sequence binding protein), these genes have been shown to contain an 
immediate response element, the GAS with a consensus sequence TTNCNNNAA 
(Darnell et al., 1994). The identification of the other STAT family members has 

increased the number and types of genes that are regulated through similar sequences. 

More than 10 variants of the ISRE and GAS elements fitting the consensus sequences 
have been identified as control elements in the promoters of different cytokine 
response genes. Different STAT homo- and heterodimers show very different 

affinities for these individual elements in band shift assays, with the different STATs 
forming high affinity complexes with different elements, suggesting that the 
neighbouring sequences also influence binding. It is likely that these differences, 
together with cell type-specific differences in STAT expression and activation, play a 

role in determining the specificity of the response to various cytokines.
STAT 5 activation has been shown to result in the induction of several genes, 
including c-fos (Mui et al., 1996; Watanabe et al., 1996). The study by Mui et al., 
(1996) showed that IL-3 stimulation of Ba/F3 cells induced to express a dominant 
negative STAT 5 construct (dnSTAT 5) resulted in a significant reduction in the 
expression of c is ,p im -l,  OSM, Id-1 and c-fos, suggesting that these five genes are 
regulated by STAT 5-dependent pathways. Importantly, overexpression of wild-type 
STAT 5 restored the gene induction pattern to that of control cells. The sensitivity of 
cis,p im-l,  OSM, and Id-1 to dnSTAT 5 expression is consistent with studies which 
mapped the region of the IL-3/GM-CSF receptor (3 chain responsible for their 

induction (Sato et al., 1993; Yoshimura et a l ,  1995) to the same membrane proximal 
domain required for JAK 2 (Quelle et al., 1994) and STAT 5 (Mui et al., 1995) 
activation. Elements conforming to the STAT 5 GAS consensus were found in the 

promoters for c-fos, cis and OSM, but none could be found in the published murine 
pim-1 5'-flanking sequence, although a canonical GAS motif occurs in the human 

pim-1 promoter (Yip-Schneider et al., 1995).
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Figure 1.12,2
Structure and consensus DNA binding sequences of STATs

m m m im SH3 Tr y C

STAT CONSENSUS BINDING SITE

STAT 1 TTCC(G>C)GGAA
STAT 2 None Definable
STATS TTCC(G=C)GGAA
STAT 4 TTCC(G>C)GGAA
STAT 5 TTCC(A>T)GGAA
STAT 6 TTCC(A>T,N)GGAA

dSTAT TTCC(C=G)GGAA
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Table 1.12.2 STATs in Cytokine Signalling

CYTOKINE STAT ACTIVATED REFEREN CE

IL-4 STAT 6 Schindler etal., (1995) 

Kotanides  and Reich

IL-2 STAT 5 Quelle et al., (1995)

Epo STAT 5 VVakao e t al . , { \994)

IL-3/IL-5/GM-CSF STAT 5a, STAT 5b, 
STAT 6

Quelle et al., (1995) 

Mui etaf.,  (1995) 

Azam etal.,  (1995)

IL-6 STAT 1, STAT 3 Akira (1994) 

Zhong e ta l ,  (1994)

OSM STAT 5 Yoshimura e ta l ,  (1996)

IL-12 STAT 4, STAT 3 Jacobson et at., (1995)

Growth hormone STAT 5 Wood e ta l ,  (1995)

Prolactin STAT 5 Wakao et «/; (1994) 

DaSilva etal ,  (1994)

G-CSF STAT 3 Tian e ta l ,  (1994)

IFN-a/p STAT 1, STAT 2 Darnell etal.,  (1994)

IFN-y STAT 1 Darnell el al., (1994)
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1.13 THE Ras/Raf/MEK/ERK PATHWAY

The Ras/Raf/MEK/ERK pathway is one example of what are generically termed 

"MAPK" pathways. MAP kinase pathways have as their "core" a three-component 
protein kinase cascade consisting of a serine/threonine protein kinase (MAPKKK), 
which phosphorylates and activates a dual-specificity protein kinase (MAPKK), 

which in turn phosphorylates and activates another serine/threonine protein kinase 
(MAPK). In the Ras/Raf/MEK/ERK pathway, Raf corresponds to MAPKKK, MEK 

corresponds to MAPKK and ERK corresponds to MAPK. These pathways serve to 

link signals from the cell surface to cytoplasmic and nuclear events. Cytokine binding 

results in tyrosine phosphorylation of the receptor and the recruitment of the Shc- 

Grb2-Sos complex. The exchange factor Sos activates Ras through the promotion of 
guanine nucleotide exchange on Ras leading to activation of Raf, MEK and ERK 
(reviewed by Marshall, 1994).
Although the components of the Ras/Raf/M EK/ERK pathway are now well 

established, the role of each individual signalling molecule is still unclear. Ras and 

Raf are known to be involved in proliferation, as shown by their existence as 
oncogenes, the roles of MEK and ERK are not fully understood. Cytokine mediated 
activation of the Ras/Raf/MEK/ERK pathway can result in either proliferation or 
differentiation signals, raising the question of how specificity is attained.

SH2-containing sequence (She)
The She gene was isolated by screening cDNA libraries with SH2-consensus DNA 
probes (Pelicci et al., 1992). The She locus is highly conserved throughout evolution 
and codes for three overlapping proteins of 46, 52 and 66kDa which are found in a 
wide variety of mammalian cells. They all contain a common C-terminal SH2 

domain, flanked by a glycine/proline-rich region of approximately 145 amino acids 
with regions of homology to a  1-collagen, and a N-terminal phosphotyrosine-binding 

(PTB) domain (Pelicci et at., 1992). The unique amino-terminal portion of She p66 
contains an additional collagen homologous region. These collagen homologous 

regions may be putative SH3 binding sites (Lotti et al., 1996). The She proteins are 
localised intracellularly either scattered throughout the cytoplasm or associated with 
the cytosolic side of rough endoplasmic reticulum and growth factor stimulation 

results in their re-distribution to the cell periphery (Lotti et al., 1996). She has been 

shown to bind to specific phosphorylated tyrosine residues of activated receptor 

chains following the stimulation of cells with a wide range of cytokines. This 

interaction is mediated through the PTB and/or the SH2 domains. The SH2 domain 

predominantly interacts with specific residues carboxyl-terminal of phosphotyrosine 

whereas the PTB domain has high specificity for residues amino terminal of
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phosphotyrosine and preferentially  binds to the sequence A sn-Pro-X aa- 

Phosphotyrosine (Kavanaugh et al., 1994; Blaikie et al., 1994; Van-der-Geer et al.,
1995). Once bound, She becomes phosphorylated on tyrosine residue Y317 enabling 

the SH2 domain of Grb2 to bind (Pelicci et al., 1992; Rozakis-Adcock et al., 1992; 
Pronk et a i ,  1993).

Adapter protein pl40 / SHIP (inositol 5* phosphatase)
In TF-1 cells stimulated with GM-CSF, She and Grb2 have been shown to associate 
with a novel 140kDa protein which is phosphorylated on tyrosine (Jucker and 

Feldman et al., 1996). This protein has since been cloned and shown to be the 

inositol 5' phosphatase, SHIP (Ware et al., 1996). The relevant interactions between 
She, Grb2 and SHIP were characterised by expressing the different domains of She 

and Grb2 as bacterial fusion proteins. The N-terminus of She, which contains the 
PTB domain, specifically interacted with SHIP suggesting that SHIP contains a 
NPXY motif. Analysis of Grb2 indicated that SHIP interacted with the C-terminal 
and to a lesser extent the N-terminal SH3 domains, thus SHIP may have proline-rich 
sequences that serve to anchor SHIP to the SH3 dom ains o f Grb2. 
Immunoprécipitation studies also showed the presence of She and SHIP in Src/Yes 
precipitates suggesting that the Src kinases may play a role in phosphorylation of 
proteins in the SHIP/Grb2/Shc complex. Thus SHIP appears to be a multi-functional 
adapter protein which can interacts with both Src kinases and upstream components of 
the MAP kinase signalling pathway (Lanfrancone et al., 1995; Jucker and Feldman,
1996).

Growth factor receptor-bound protein 2 (Grb2)
Grb2 was cloned whilst searching for proteins that bound to phosphorylated EGF 
receptors. Tyrosine phosphorylated C-terminal EGF R fragment was used to probe a 
bacterial cDNA expression library (Lowenstein et a i ,  1992). The Grb2 protein 

consists of three protein binding motifs, with a central SH2 domain flanked by two 
SH3 domains, and has no intrinsic catalytic activity. It thus appears to function as an 
adapter protein, linking other signalling molecules together. In most cell types the 

association between Gfb2 and Sos is constitutive and in vitro binding studies have 
revealed that the SH3 domains of Grb2 bind to the proline-rich sequences towards the 
Sos carboxyl-terminus (Egan et a i ,  1993). The Grb2 SH3 N-terminal domain appears 

to have greater binding potential for Sos than the SH3 C-terminal domain, although 

both have been shown to bind Sos (Lanfrancone et al., 1995). Upon growth factor 

stimulation, the Grb2-Sos complex can either bind directly to the activated receptor 

(in the case of the tyrosine kinase receptor family) or to the intermediate protein She, 

through the SH2 domain of Grb2 (in the case of the class I cytokine receptor family).
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Son of sevenless (Sos)
Sos was first identified in Drosophila melanogaster as a downstream signalling 

component from the transmembrane tyrosine kinase receptor sevenless and the 
Drosophila epidermal growth factor (EGF) receptor (Rubin et al., 1991; Rogge et al., 
1991; Simon et al., 1991). Mammalian cells contain two related but distinct Sos 

proteins designated Sos 1 and Sos 2 (Bowtell et a i ,  1992; Chardin et al., 1993). Both 

Sos 1 and Sos 2 are widely expressed during development and in adult tissues. The 

two human Sos proteins share a high degree of similarity with the most highly 
conserved portion being the central region of 410 amino acids. Kinetic studies using 
bacterially expressed proteins have shown that this region catalyses the exchange of 
GDP bound to Ras for free GTP more efficiently than the exchange of bound GTP for 
GDP (Liu et a i ,  1993). In addition to this central catalytic domain there is a 
pleckstrin homology m otif within the N-terminal region which may m ediate 

interactions with small GTP-binding proteins. However at their C-terminal region the 

homology between Sos 1 and Sos 2 is scattered and the conserved regions are mostly 
restricted to short proline-rich motifs. Both Sos proteins interact with the SH3 

domains of Grb2 via their proline-rich C-terminal domains, with the apparent binding 
affinity of Sos 2 being significantly higher relative to that of Sos 1 both in vitro and in 
vivo. The region conferring this higher binding affinity has been mapped to residues 
1126-1242 of the Sos 2 COOH-terminal domain, and represents the most divergent 
region between the two Sos proteins. These results suggest that Sos 1 and Sos 2 may 
differentially contribute to receptor-mediated Ras activation (Yang et al., 1995). 
Growth factor stimulation does not measurably affect the guanine nucleotide 
exchange activity of Sos (Buday et al., 1993; Gale et al., 1993). Thus it has been 
postulated that stimulation of the receptor serves to translocate the Grb2-Sos complex 
into the proximity of its target, membrane-bound Ras. In support of this mechanism 
is the observation that the targeting of Sos 1 to the plasma membrane is sufficient for 
the activation of the Ras signalling pathway (Quilliam et al., 1994; Aronheim et al.,
1994). An increase in the apparent molecular weight of Sos has been reported to 

occur after several minutes of receptor stimulation due to phosphorylation of Sos by 

mitogen-activated protein (MAP) kinases. This modification of Sos does not alter its 
ability to bind Grb2, but prevents the Sos/Grb2 complex binding tyrosine 

phosphorylated sequences and acts as a negative feedback mechanism (Buday et al.,

1995).
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Ras

The Ras genes were first identified as the transforming agents of the Harvey and 
Kirsten murine sarcoma viruses (Harvey, 1964, Kirsten and Mayer, 1967). The 

isolated viruses were shown to contain viral Ras oncogenes (v-Ras) derived from the 

cellular genes H-Ras-1 and K-Ras-2 (DeFeo et al., 1981; Ellis et al., 1982). These 

oncogenes encode 21kDa products, with the ability to transform fibroblasts in cell 

culture and induce sarcomas and erythroleukaemias in susceptible mice. Mammalian 
cells contain three functional Ras genes, c-H-Ras-1, c-K-Ras-2 and N-Ras which are 
located on different chromosomes and all encode 21kDa products. Their structures 
are remarkably similar with approximately 90% homology in the first 164 amino 
acids but little homology in the C-terminal region, between amino acids 165-185, 

apart from a CAAX box and a positively charged region at the C-terminus which 

includes six lysine residues (the polybasic domain) which are necessary for membrane 
attachment (Hancock et al., 1990). All three Ras proteins are plasma membrane- 
associated, possess an intrinsic GTPase activity and bind the nucleotides guanosine 
diphosphate (GDP) and guanosine triphosphate (GTP) (Gibbs et a l,  1984; McGrath et 
al., 1984; Sweet et al., 1984; Manne et al., 1985; Bourne et al., 1990, 1991). Ras 
proteins are biologically active in the GTP-bound form and inactive when bound to 
GDP. M utational analysis and X-ray crystallography of the three dimensional 

structure of Ras has defined several sequences that are required for guanine nucleotide 
binding. The first two sequence motifs also appear in other purine nucleotide-binding 
proteins (Bourne et al., 1991; Valencia et al., 1991), one of which is the 
GXXGXGKS motif, spanning residues 10-17 and binds the a  and (3 and y phosphates. 

The second sequence, DXXG, at residues 57-60, the aspartate binds to magnesium 
ions and the glycine interacts with the y phosphate of GTP. Another motif NKXD, 

found at residue 116-119 is involved in binding to the guanine ring. Residues 144- 
146 also interact with the guanine nucleotide. Residues 32-40 have been designated 

the effector site which is essential for the transforming ability of Ras, it is assumed 

that this region of Ras interacts with its cellular target molecules, this region is also 
conserved in Rap-1, another member of the Ras superfamily which antagonises Ras 

function, residues flanking this region lying between positions 26 and 45 have also 
been implicated in Ras effector function (Zhang et al., 1990; Marshall et al., 1991; 
Nur-E-Kamel etal., 1992).
Mutations in Ras that increase the proportion of Ras in the GTP-bound state relative 
to the Ras-GDP state activate the biological functions of Ras. The cycling between 

active and inactive states is accelerated by Ras-interacting proteins. In mammalian 

cells, two proteins, p i 20-GAP and neurofibromin (NF-1), stimulate the weak intrinsic 

GTPase activity of Ras and, thereby, negatively regulate Ras function (Trahey and 

McCormick, 1987; Xu et al., 1990; Buchberg et al., 1990). Guanine nucleotide
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exchange proteins (or guanine nucleotide release factors), such as Sos and Ras-GRF, 

accelerate the exchange of GDP for GTP and, hence, activate Ras (Reviewed by Feig, 
1993). The protein Vav which is expressed exclusively in haemopoietic cells was 

initially shown to be involved in Ras activation by the T cell receptor and to be a GRF 
specific for Ras (Gulbins et a l ,  1993). Recent studies have indicated that Vav is 
actually an exchange factor for the the Rho family of proteins (Overbeck et al., 1995; 

Crespo et a i ,  1996).
Ras-dependent signalling mechanisms play an important role in promoting the growth 
of both normal and leukaemic haemopoietic progenitors. Expression of oncogenic 

Ras has been detected in around 30% of cases of AML, myelodysplasia (MDS) and 

juvenile chronic myeloid leukaemia (CML) (Bos et al., 1989; Specchia et al., 1992; 
Miyauchi et al., 1994; Maher et al., 1996). Activation of Ras also occurs in a high 
proportion of leukaemias as a result of autocrine production of one or more growth 
factors known to activate the Ras pathway (Russell et al., 1992; Pietsch et al., 1992,

1993).

Raf-1
Raf-1 is the product of the c-raf-1 gene, the cellular counterpart of the oncogene v-raf, 
which is the transforming element in the murine sarcoma virus 3611 (Rapp et al.,
1988). Raf-1 is a ubiquitously expressed cytoplasmic phosphoprotein of 70 to 75 kDa 
with an intrinsic kinase activity for serine and threonine residues. Sequence analysis 
revealed that the kinase domain makes up the carboxy-terminal half of Raf-1 and a 
putative regulatory domain occupies the remaining N-terminal portion. Two closely 
related members of the Raf family expressed in a tissue-specific manner designated 

A-raf and B-raf also exist (Rapp et al., 1988). Sequence comparisons show that these 
Raf proteins share three highly conserved regions: CRl and CR2 fall within the 
regulatory domain and CR3 corresponds to the kinase domain. The C R l and CR2 
domains are regulatory and mutations, insertions or deletions within these regions 
activate the Raf-1 transforming and transactivating activities (Stanton et al., 1989; 

Heidecker et al., 1990). The CRl domain contains a cysteine finger m otif whose 
integrity is crucial for normal regulation of Raf-1 function, and for the ability of the 

amino-terminal domain (amino acids 1-257) to act as a dominant inhibitor of ras 

effects (Bruder et al., 1992). Raf interacts directly with Ras and is dependent on Ras 
being in its active GTP-bound state. This interaction occurs through the Ras effector 

domain and the Raf N-terminal CRl domain (Van Aelst et al., 1993; Vojtek et al., 
1993; Warne et al., 1993; Zhang et al., 1993). However it does not appear that Raf is 

activated allosterically by direct interaction with Ras, and the role of Ras is to recruit 

Raf to the plasma membrane where it is activated by an unidentified mechanism 
(Traverse et al., 1993; Leevers et al., 1994; Stokoe et al., 1994). Phosphorylation of
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Raf-1 occurs on both serine and tyrosine residues. The major sites for serine 

phosphorylation being, Ser-43, Ser-259, and Ser-621. The Ser-259 site is located in 

the serine/threonine-rich CR2 region and mutation of this residue results in a Raf-1 

protein that is hyper activated. In contrast, mutation of Ser-621 located in the CR3 
domain inactivates Raf-1 (Morrison et al., 1993). The major sites of tyrosine 

phosphorylation which result in activation of the catalytic activity of Raf-1 have been 

identified as Tyr-340 and Tyr-341 (Fabian et at., 1993). MAP Kinase a downstream 
component of this pathway has been shown to phosphorylate Raf-1 and it has been 
suggested that this may play a regulatory role, however no direct evidence to support 

this has been obtained (Anderson et a i ,  1991; Lee et a i,  1992; Matsuda et at., 1994).

MEK
Raf-1 activates MEK also known as MAPKK or MKK by dual phosphorylation of 
serine residues at positions 217 and 221, (Alessi et al., 1994), which are present 
within the L \2 loop (Zhang et al., 1994) between the protein kinase sub-domains VII 
and VIII, this region has been implicated in the activation of many protein kinases 
including MAPK (Marshall et al., 1994). The activation of MEK by Raf-1 was 
demonstrated by three groups who reported that when MEK preparations are 
inactivated by treatment with a serine/threonine phosphatase, the MEK activity can be 
restored by either oncogenic Raf or cellular Raf proteins from stimulated mammalian 
cells (Dent et al., 1992; Howe et al., 1992; Kyriakis et al., 1992). M APK the 
downstream target of MEK is able to retrophosphorylate its own activator, M EK on 
two threonine residues Thr-292 and Thr-386 which reduces MEKs kinase activity, 
contributing to the negative feedback control of the cascade (Brudet et al., 1994).

Extracellular-signal-regulated kinases (ERK) or MAPK
MEK activates MAPK by phosphorylation on both threonine 183 and tyrosine 185 
residues within a conserved MAPK sequence motif Thr-Glu-Tyr (Payne et al., 1991). 
Growth factor stimulation of cells results in the translocation of p44 and p42 MAPK 
to the nucleus approximately 15 minutes after stimulation and growth factor removal 

rapidly reverses the process of nuclearization and abolishes its activation (Lenormand 
et al., 1993). An immediate early gene product has been identified which encodes for 

a protein-tyrosine phosphatase, CL 100 (Keyse et al., 1992; Charles et al., 1992; 
Alessi et al., 1993). This phosphatase is controlled at the transcriptional level by 

growth factors, stimulation and stress and specifically inactivates MAPK in vivo.
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ERK substrates
ERKs are proline-directed protein kinases that phosphorylate the consensus sequence 
Pro-Xaan-Ser/Thr-Pro, where Xaa is any amino acid and n=l or 2. The two best- 

characterised ERK substrates are cytoplasmic phospholipase A] (cPLA]) and the 
transcription factor Elk-1, also called the ternary complex factor (TCP). 

Phosphorylation of cPLA] by ERKs at Ser 505 causes an increase in the enzymatic 

activity of cPLA?, resulting in increased arachidonic acid release and formation of 

lysophospholipids from the membrane phospholipids (Lin et a l ,  1993). ERKs can 
therefore trigger the formation of multiple secondary signalling molecules. The 

transcription factor TCP is also a direct target of the ERK signal transduction 
pathway. TCP is phosphorylated by ERKs and binds together with serum response 
factor, to the serum response element present in the promoters of many genes causing 
increased transcriptional activity (Marais et al., 1993). Other ERK substrates include 
the protein kinases S6 kinases rsk\  and rskl  (p90"^'), (Sturgill et a l ,  1988) and 
MAPKAP kinase-2 (Stokoe et a l ,  1992). Activated p90'^^ phosphorylates the 160- 

kDa glycogen binding (G) subunit of protein phosphatase I (PP-I), increasing the 
binding of the catalytic subunit of PP-I to the glycogen-bound G subunit, resulting in 
increased glycogen synthase phosphatase activity (Dent et a l ,  1990). MAPKAP 
kinase-2 phosphorylates glycogen synthase at Ser-7 and may also account for the 
mitogen-stimulated phosphorylation of the small heat shock proteins hsp25 and hsp27 
(Stokoe et a l ,  1992). ERKs have also been shown to phosphorylate the transcription 
factors c-myc at Ser-62 (Alvarez et a l ,  1991; Seth et a l ,  1992; Gupta et a l,  1993) and 
NF-IL6 a member of the basic-leucine zipper family of transcription factors at Thr- 
235 (Nakajima et a l ,  1993), resulting in enhanced transactivation of gene expression. 
Erks also phosphorylate ATF-2 which is necessary for its DNA binding ability to the 
cAMP response element (Abdel-Hafiz et a l ,  1992). The transcription factor c-jun is 
known to be regulated by multi-site phosphorylation (Lin et a l ,  1992), with 
phosphorylation at Ser-63 and Ser-73 within the NH2-terminal domain causing 
increased transactivation of gene expression (Smeal et a l ,  1991; Pulverer et a l ,
1991). Whereas, phosphorylation at a cluster of sites within the COOH-terminal 
domain causes an inhibition of DNA binding activity (Boyle et a l ,  1991; Lin et a l ,  

1992; Chou et a l ,  1992). ERKs have been shown to phosphorylate c-jun in vitro, but 
the sites of phosphorylation are controversial. One group has identified sites of 
phosphorylation within the NH2-terminal domain (Pulverer et a l ,  1991). Other 

investigators have found that ERKs phosphorylate a site within the COOH-terminal 

domain (Alvarez et a l ,  1991; Chou et a l ,  1992; Smeal et a l ,  1992; Baker et a l ,

1992).
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1.14 OTHER PATHWAYS INVOLVED IN CYTOKINE SIGNALLING

1) Phospatidvlinositol 3-kinase
Phosphatidylinositol 3-kinase (PI3-kinase) exists as a complex of two proteins 
consisting of a 85kDa (p85) regulatory subunit which contains an SH2 and SH3 

domain, and a llOkDa (pi 10) catalytic subunit. PI3-kinase phosphorylates 

phosphoinositides at the D-3 position of the inositol ring and cells activated by growth 
factors contain elevated levels of PI-(3,4)-P2 and PI-(3,4,5)-P3, two of the products 
resulting from PI3-kinase metabolism of PI (Parker et al., 1992; Hu et at., 1993). 

Studies in which P13-kinase is inactivated either by site directed mutagenesis or the 

use of blocking antibodies and inhibitors indicate that P13-kinase plays important 
roles in DNA synthesis and cell proliferation in response to growth factors and serum 

(Fantl et al., 1993; Roche et al., 1994; Vemuri et a i ,  1994) and the prevention of 
apoptosis (Scheid et al., 1995; Minshall et a l ,  1996). The precise mechanism of P13- 
kinase signalling is not known but recent studies indicate that P13-kinase is linked to 
several pathways. P13-kinase is involved in the activation of the serine/threonine 
kinase p70^^^ which is important for mitogenic signals leading to serum-induced 
protein synthesis, c-fos induction, and entry into the S phase of the cell cycle (Lane et 
al., 1993; Weng et al., 1995). The catalytic subunit p i 10 of P13-kinase has been 
shown to interact with GTP-bound Ras (p21 Ras) resulting in stimulation of the lipid 
kinase activity and the protection of cells from apoptosis (Kodak! et al., 1994; 
Rodriguez-Viciana etal., 1994; Rodriguez-Viciana o/., 1996). The proline-rich 
motifs present in the regulatory subunit p85 of P13-kinase also interacts with the SH3 
domain of Grb2 (Wang et al., 1995) suggesting an alternative route for activating the 
MAP kinase pathway following cytokine stimulation. Other studies indicate a link 
between P13-kinase and actin polymerisation and depolymerisation in vivo (Eberle et 
al., 1990; Severinsson et al., 1990) and more recently between P13-kinase and the 

small GTP binding proteins Rac and Rho, suggesting the enzyme may also play a role 

in regulating cell shape (Zhang et al., 1993; Zheng et al., 1993; Nobes et al., 1995). 
GM-CSF induces the association of the p85 subunit of P13-kinase with tyrosine- 
phosphorylated proteins present in the activated receptor complex, but binding of p85 
to the P chain is indirect since the receptor does not have the optimal consensus 

sequence for p85 binding (Fantl et al., 1992). An adapter protein p80 has recently 

been discovered, which becomes phosphorylated following GM-CSF stimulation and 
associates with both the p85 subunit of P13 kinase and the p chain, and is thought to 

connect the activated receptor to the P13-kinase pathway. Immunopreciptation studies 

also show the presence of the Src family members, Lyn, Src and Yes in the p80/p85 
complex. The SH3 domain of the Src kinases bind directly to a proline-rich region 

present in the p85 subunit of P13-kinase, and Src/Yes are present before GM-CSF
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stimulation, indicating Src/Yes as potential candidates for phosphorylation of p80 

(Jucker and Feldman, 1996).

2) The proto-oncogene Vav
Vav is a 95kDa protein with structural features of both a transcription factor and a 

signal transduction molecule, it is selectively and universally expressed in 

haemopoietic cells (Katzav et a i ,  1989; Bustelo et a i ,  1992). Vav has been shown to 

be expressed at an early point in the development of embryonic stem cells in vitro and 
inhibition of Vav synthesis by constitutive expression of an antisense Vav transcript 

inhibits haemopoietic differentiation (W ulf et al., 1993). A recent study by 
Matsuguchi et at., (1995) shows that in the factor-dependent M 07e cell line, Vav is 

rapidly phosphorylated on tyrosine residues in a dose- and time-dependent manner by 
GM-CSF, IL-3 and SCF. Vav was also shown to co-immunoprecipitate with JAK-2 
in M 07e cells stimulated with GM-CSF but not in unstimulated cells. Using a series 
of GST-fusion proteins they show that this interaction between JAK-2 and Vav is 
mediated by the SH2 domain of Vav and Vav is able to interact with other members 
of the JAK family. This study suggests that Vav activation is potentially directly 
regulated by JAK kinases.

3) The protein tyrosine kinase c- fps/fes

C-fps/fes is a non-receptor protein tyrosine kinase found in haemopoietic cells, which 
has been shown to be induced by IL-3 and GM-CSF. This 92kDa product also co- 
immunoprecipitates with the (3 chain of the IL-3 and GM-CSF R following IL-3 or 

GM-CSF stimulation indicating that binding of ligand results in the physical 
association between c-fes and the (3 chain. Although the biological function of c- 

fps/fes in haemopoietic cells still remains unclear several lines of evidence have 

indicated the involvement of c-fps/fes in the signal transduction of myeloid cells 
undergoing differentiation (Hanazono e t a l ,  1993). First, expression of c-fps/fes 

occurs at much higher levels in haemopoietic cell lineages of granulocyte-macrophage 
progenitor cells and erythroleukaemic cell lines which retain the capacity to 
differentiate into erythroid or m acrophage-like cells (Feldman et al., 1985; 

M acDonald et a l ,  1985), and the distribution of the c-fps/fes expression is very 
similar to that of the GM-CSF R. Second, chicken myeloid stem cells infected with 

retroviruses carrying the v-fps oncogene do not require exogenous growth factors for 
in vitro differentiation (Carmier and Samarut 1986). Third, the expression of c- 

fps/fes, its tyrosine kinase activity and the binding of GM-CSF are co-ordinately 

increased in HL-60 cells when they are induced by DMSG to undergo granulocytic 

differentiation (Smithgall et a l ,  1988). Finally, human erythroleukeamia K562 cells, 

which do not express the c-fps/fes gene and also do not respond to GM-CSF, acquire
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the ability to undergo myeloid differentiation when transfected with the human c- 
fps/fes gene (Yu et a l,  1989).

4) Phospholipase C (PLC) and protein kinase C (PKC)
Activation of PLC results in the cleavage of PI-4,5 P] to produce inositol triphosphate 
(IP3) and diacylglycerol (DAG). IP3 binds to its receptor and initiates a rise in 
intracellular calcium and in conjunction with DAG activates many of the PKC family 

members. Activation of PLC and PKC has been shown to be important for mitogenic 
signals and growth regulation. GM-CSF stimulation has been shown to cause an 

increase in intracellular DAG resulting in the translocation of PKC to the cell 

membrane in several immature cell lines including U937, HL-60, and M 07e 

(Adunyah et a l ,  1991; Rajotte et a l ,  1992; Nishimura et a l ,  1992) but not in 
neutrophils (Sullivan et a l ,  1987; Mege et a l ,  1989). The study by Khwaja et a l ,  
(1990), showed that pre-incubation of neutrophils with PKC inhibitors caused a 
significant enhancement of GM-CSF-stimulated responses and markedly reduced the 
rate and degree of GM-CSF receptor internalisation. These results suggest that PKC 
plays a role in the down-regulation of neutrophil responses to GM-CSF. PKC has 

also been implicated in the MAP kinase pathway. In fibroblasts the introduction of 
oncogenic Ras causes PKC activation which is necessary for DNA synthesis but not 
morphological transformation by oncogenic Ras (Lloyd et a l ,  1989; Morris et a l ,
1989). PKC activation also results in Raf phosphorylation both in vitro and in 
stimulated NIH3T3 cells (Kolch et a l ,  1993; Sozeri et a l ,  1992). These results 
indicate that PKC acts downstream of Ras, and may act in co-ordination with Ras to 

activate Raf. However in some systems, such as T cells, PKC isoenzymes have been 
shown to act upstream of Ras causing its activation (Downward et a l ,  1990). The 
precise role of PKC in cytokine-mediated activation of the MAP kinase pathway still 

remains to be defined.
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1.15 IMMEDIATE EARLY GENES AND TRANSCRIPTION FACTORS 

Immediate early genes

Cytokine inducible SH2-containing protein (cis)
Cis is induced by a subset of cytokines including IL-2, IL-3, GM-CSF and Epo. Cis 

induction was initially mapped to the membrane-proximal region of the IL-3/IL- 
5/GM-CSF p chain and the Epo receptor and recent data indicates it is regulated by 

the JAK/STAT pathway (Yoshimura, unpublished results; Mui et a i ,  1996). The cis 

message encodes a polypeptide of 257 amino acids that contains a SH2 domain of 96 
amino acids in the middle. The cis protein can stably associate with the tyrosine- 
phosphorylated p chain as well as the tyrosine phosphorylated EPO receptor. 

Overexpression of cis in haemopoietic and non-haemopoietic cells results in growth 
suppression suggesting that cis acts as a negative regulator of cytokine signalling for 

growth (Yoshimura et a i,  1995).

Pim-1 protein kinase
The pim-1 gene was originally identified as a frequent locus for retroviral insertion in 
a murine T-cell lymphoma model (Selten et al., 1986). The pim-1  gene encodes a 
33kDa cytoplasmic kinase whose expression is largely restricted to haemopoietic cells 
(Meeker et a l ,  1987). GM-CSF, IL-3, IL-6 and G-CSF stimulation induces pim-1 
protein expression in several immature myeloid cell lines, but not in neutrophils or 
monocytic cells. These results suggest that pim-1 expression is associated with 
proliferation of primitive myeloid cells and constitutive expression of pim-1 has been 
observed in one third of fresh acute myeloid leukaemia blasts suggesting activation of 

the signal cascades utilised by myeloid growth factors (Amson et al., 1989; Lilly et 
a/., 1992).

Oncostatin M (OSM)
OSM is a cytokine related to LIF, IL-6, IL-11, ciliary neurotropic factor (CNTF) and 
cardiotrophin (Pennica et al., 1995) and is produced by activated monocytes and T- 

lymphocyte cell lines (Malik et al., 1989; Bruce, 1992). OSM inhibits proliferation 

and changes cellular morphology of a number of tumour cell lines derived from a 
wide variety of tissues (Horn et al., 1990). It also leads to differentiation of M l 
monocytic leukaemic cells, but suppresses that of embryonic stem cells (Bruce et al.,
1992). The promoter region of OSM contains a GAS-like motif which is recognised 

by STAT 5 and OSM has been shown to be induced by cytokines which activate the 

JAK-STAT 5 pathway (Yoshimura et al., 1996).
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Transcription factors 

Id
Two Id  genes have been identified in humans, Id-lW  and 7<r/-2H, encoding 154 and 

135kDa proteins, respectively. The Id proteins contain a helix-loop-helix (HLH) 

motif but lack the region of basic amino acids adjacent to the HLH domain, necessary 
for DNA binding activity. Id has been shown to be a negative regulatory transcription 

factor, forming heterodimer complexes with other basic helix-loop-helix (bHLH) 

transcription factors such as MyoD, E12 and E47, and thus inhibiting their DNA 
binding ability (Benezra et al., 1990). The Id  genes are thought to be involved in cell 

cycle progression and proliferation, since in cell lines which undergo terminal 
differentiation. Id  gene expression decreases shortly after the induction of 
differentiation. Studies using human fibroblasts show transient induction of both Id 

genes during the Gq to S phase transition, with antisense oligomers almost completely 
inhibiting S phase progression, suggesting that the Id  proteins prevent the 
transcriptional activity of one or more growth-suppressive bHLH transcription factors 
present in quiescent cells (Christy et al., 1991; Hara et al, 1994).

c-mvc
The c-myc gene was originally identified as a cellular homologue of the v-myc gene, 
an oncogene responsible for chicken leukaemia (Sheiness and Bishop, 1982). The c- 
myc  transcription factor is a 62kDa protein containing two regions which are 
necessary for its biological activity, an N-terminal domain with transcription 
activation properties (Kato et al., 1990) and a C-terminal domain encoding the basic 
HLH and leucine zipper motifs which are responsible for sequence-specific DNA 

binding and dimerization (Murre et a l ,  1989; Dang et al., 1989; Blackwell et a l ,
1990). C-myc dimerizes with another protein. Max (Blackwood et al., 1991), and this 
complex translocates to the nucleus and binds to a specific DNA sequence which is 
part of the E-box consensus and activates transcription (Blackwell et al., 1990). 

Knowledge of the target gene(s) of c-myc is limited, more attention having been 
directed to understanding the role of the c-myc protein in regulating proliferation, 

differentiation or cell death (Spencer and Groudine, 1991). Expression of c-myc 
mRNA has been shown to dramatically increase following mitogenic signals (Cole, 

1986) whereas, it is down regulated in some cells induced to differentiate and in 

quiescent cells (Kelly et al., 1983; Rabbitts et a l ,  1985; Roberts et al., 1989). C-myc 
has been shown to be consitutively expressed throughout the cell cycle in proliferating 
cells, and recent data suggests that the E 2 F family of proteins controls c-myc 

expression (Watanabe et a l,  1995). The human c-myc promoter contains two putative 
E 2 F-binding sites mycl and mycll and disruption of these sites abolishes expression
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of the c-myc gene, but only mycll has been shown to bind purified E 2 F protein 

(Hiebert et al., 1989). In the study by Watanabe et al., (1995), Ba/F3 cells were 
transfected with the human GM-CSF R a  and (3 chains, stimulated with either mIL-3 

or hOM-CSF and the resulting E2 F complexes analysed by electrophoretic mobility 
shift assays using a mycll probe. Their results indicate that pl07/E2F complex, the 

negative regulator of E 2 F decreased and free E2 F increased following cytokine 

stimulation suggesting that mIL-3 or hOM-CSF regulates the c-myc promoter by 
altering the composition of the E 2 F complexes at E 2 F binding sites.

c-jun
The ju n  family of proto-oncogene consists of three members, c-jun  which is a 
component of the nuclear complex AP-1 (Bohmann et al., 1987; Angel et al., 1988), 

jun-B  and jun-D  (Chiu et al., 1988; Zerial et al., 1989; Busch et al., 1990). The 
proteins all have extensive amino acid sequence similarities including their DNA 
binding domain, the leucine repeats required for dimer formation and the acidic 

sequence thought to be involved in gene activation (Ryder et al., 1988; Nakabeppu et 
al., 1988). All three form nuclear complexes with c-fos o r / 0 5 -related proteins and 
have been shown to be involved in cellular differentiation. The study by Mollinedo 
and Naranjo, (1991), showed that TPA-induced macrophage differentiation of U937 
and HL-60 cell lines is accompanied by the expression of all three ju n  genes. 
However the induction of jun-B  mRNA was rapid (30 minutes), whereas jun-D  
occurred after 6 hours and c-jun was elevated maximally only after 24 hours of 
induction. Interestingly, only a weak induction of jun-B  and jun-D  mRNA levels, but 

no induction of the c-jun  mRNA level, was detected during DM SO-induced 
granulocytic differentiation of HL-60 cells. These results indicate that the three jun  
family members are expressed distinctly at different stages of cellular differentiation 
(Mollinedo and Naranjo, 1991). Studies of the mammalian jun  transcription factor led 
to the identification of the JNK/SAPKs (for jun  N-terminal/stress-activated protein 
kinases) which are members of the MAPK family. Extracellular signals such as UV 

irradiation and environmental stresses activate the JNK/SAPKs which then 
phosphorylate the two Ser/Thr-Pro motifs of jun  resulting in its transcriptional 
activation (Hibi etal., 1993; Derijard r//., 1994; Kyriakis et al., 1994; Davis, 1994).

Qifos
The proto-oncogene c-fos encodes a 55 kDa protein (Curran et a l,  1983) which was 
identified as the cellular homologue of v-fos, the transforming gene of FBI the murine 
osteosarcoma virus, responsible for inducing bone tumours in mice (Finkel et al., 

1966). A number of studies have investigated the role of c-fos in cell proliferation 
and differentiation. Stimulation of cells with growth factors indicates that
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transcriptional activation of c-fos occurs within 5 minutes, but this activation is 
temporary, leading to a transient accumulation of c-fos RNA and protein (Greenberg 

and Ziff, 1984; Ki'uijer et al., 1984; Muller et al., 1984; Greenberg et a l ,  1985). GM- 

CSF stimulation of HL-60 cells resulted in no detectable induction of c-fos, whereas 

in mature DMSO-induced HL-60 cells a rapid but transient induction occurred, 
implying that c-fos may play an important role in mature phagocytic cells (Roberts et 
al., 1994). The c-fos gene has also been shown to induce cellular transformation 

when transduced by retroviruses (Finkel et al., 1966, 1975) or when sequences at its 3' 

end are disrupted (Miller et al., 1984; Meijlink et al., 1985). These and other studies 
strongly suggest that the c-fos protein is intimately involved with normal cellular 

growth and differentiation (reviewed by Verma, 1986).
The c-fos promoter has been studied extensively and provides a useful model for other 
growth-factor regulated promoters. Its upstream region contains several regulatory 
sequences (demonstrated in figure 1.15.1), which include the serum response element 
(SRE) (Treisman, 1990), and the sis-inducible element (SIE), (Hayes et a i ,  1987; 
W agner et al., 1990). At the SRE a ternary complex forms which contains serum 
response factor (SRE) (Norman et al., 1988) and an Ets domain protein called the 
ternary complex factor (TCF), which can only bind the SRE via interaction with SRE 
(Shaw et al., 1989; Hipskind et al., 1991; Dalton and Treisman, 1992). The TCF, 
binds to an Ets motif, CAGGAT, adjoining the SRE binding site, and is regulated by 
MAP kinase phosphorylation in response to extracellular signals (Treisman, 1994). 

Several cDNAs have been isolated that encode Ets domain proteins with DNA- 
binding properties identical to TCF, including SAP-1 (Dalton and Treisman, 1992), 
SAP-2 (Price et al., 1995) and NET (Wasylyk et al., 1993). Only TCF and SAP-1 can 
access the c-fos SRE in vivo (Dalton and Treisman, 1992; Treisman, 1994), and are 

thought to play a role in modifying the signals at the SRE.
The SIE has been shown to bind cytokine and growth-factor regulated transcription 

factors of the STAT family (Fu and Zhang, 1993; Sadowski et a l ,  1993; Zhong et a l ,
1994), but not STAT 5 which probably binds to the potential STAT 5 binding site, 5'- 

TGCactGAA-3', located upstream of the SIE (Mui et al., 1996). Adjoining the SIE is 
a binding site for an uncharacterised API/ATE family member (Coding et al., 1987; 
Piette and Yaniv 1987; Shaw et al., 1989). Additional factors, some of which are also 

responsive to extracellular signalling pathways, also bind to sequences in the vicinity 
of the TATA box but there role in the transcriptional regulation of c-fos is still 

undefined (Sassone-Corsi et al., 1988; Ginty et al., 1994).

The control of c-fos expression is a complex process, with a number of different 

factors and extracellular stimuli affecting its induction. Although serum stimulation 

has been shown to be capable of inducing c-fos transcription independently of the SIE 
(Treisman, 1985; Treisman, 1986), recent data indicates that maximal expression of c-
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fo s  requires transcriptional activation of both the SIE/STAT binding site and the SRE 
(Itoh et a i,  1996; Mui et al., 1996; Watanabe et a i,  1996).
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1.16 TRANSIENT VS PROLONGED ACTIVATION OF SIGNALLING  

PATHWAYS

The rat phaeochromocytoma cell line PC I2 has been used extensively as a model to 

study signal transduction due to its ability to either proliferate or differentiate in 
response to different growth factors. Treatment of PC 12 cells with fibroblast growth 
factor (FGF) or nerve growth factor (NGF) results in outgrowth of neurites and 

eventual termination of cell division (Greene and Tischler, 1976), whereas treatment 

with EGF leads to proliferation (Huff et al., 1981). Analysis of the signal 

transduction pathways resulting in either proliferation or differentiation indicated that 

many of the signal transduction events seemed to be shared (Chao, 1992). There were 
however notable quantitative differences between the differentiation and proliferative 
signals. NGF stimulation resulted in a persistent elevation of RasGTP, M EK and 
sustained MAP kinase (ERK) activation lasting for several hours whereas EGF 
produced only a short-lived rise in RasGTP (Muroya et at., 1992), MEK and transient 
MAP kinase activation (Heasley and Johnson, 1992; Traverse et a l ,  1992; Nguyen et 
al., 1993). Stimulation with NGF also caused a striking translocation of MAPK from 
the cytosol to the nucleus after 30 minutes, but no nuclear translocation of MAPK was 
observed after EGF stimulation. These results suggest that sustained activation of 
MAPK cascade may be required for MAPK to enter the nucleus, where it may initiate 
the gene transcription events required for neuronal differentiation of PC 12 cells 
(Traverse etal., 1992).
Experiments were performed to try and determine whether differentiation resulted 
from a receptor-specific pathway or simply from sustained activation of MAP kinase. 
Studies in which the EGF receptor was overexpressed in the PC 12 cells showed that 

stimulation with EGF led to differentiation and sustained activation of MAP kinase 
(Traverse et al., 1994). The EGF receptor is known to be more rapidly down- 

regulated than the NGF receptor through internalisation and phosphorylation 
(Countaway et al., 1992). Similarly a clone of PC 12 cells was selected which 
proliferated but did not differentiate in response to NGF. Measurements of TrkA- 
NGF receptor expression indicated a much lower number of receptors per cell, leading 
to a transient activation of MAP kinase in response to NGF with the cells proliferating 

instead of differentiating (Schlessinger and Bar-Sagi, 1995). These results suggest 

that the number of active cell surface receptors may determine whether MAP kinase 

activation is sustained and differentiation results.
Studies in which interfering and activating MEK mutants were used also suggest that 
MAP kinase activation is the key event in neuronal differentiation of PC 12 cells and 

mitogenic stimulation and transformation of NIH3T3 cells. The interfering mutants 
blocked ligand mediated activation of MAP kinase in both cell types, preventing
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DNA synthesis and transformation in the NIH3T3 cells and differentiation of the 
PC 12 cells, whereas the activating mutants in the absence of growth factors were able 
to induce mitogenesis and transformation of the NIH3T3 cells and neurite outgrowth 

in the P C I2 cells. This study demonstrates that two very different cellular responses 

that involve MAPK activation can both be produced by expression of a constitutively 

active MEK mutant (Cowley et a l ,  1994).
Analysis of the signal transduction pathways activated in response to cytokines 

indicate that both immature and mature cells signal via similar pathways, namely the 
JAK-STAT and Ras-MAP kinase pathways. The above model shows that cells can 
use transient and sustained activation of the MAP kinase pathway to determine 
different responses. The idea of sustained versus transient MAP kinase activation 

being critical for changes in gene expression can be readily extended to the threshold 
effects observed in development, in which small changes in ligand concentration 

resulting from concentration gradients produce qualitative differences in gene 
expression (Green et a l ,  1992). Small differences in ligand concentration could lead 
to sustained versus transient MAP kinase activation and thereby could lead to nuclear 
translocation to alter gene expression (Dikic et a l,  1994; Traverse et al., 1994).
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Figure 1.16.1
Signalling pathways to the c~fos promoter
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1.17 OVERVIEW OF GM-CSF SIGNAL TRANSDUCTION

Previous studies indicate that the GM-CSF R consists of a ligand binding a  chain and 
a p chain which is not only required for high-affinity binding but is crucial for signal 

transduction (Kitamura and Miyajima, 1992; Sakamaki et a i,  1992). The a  chain has 

also been shown to be involved in signalling. Analysis of the a  chain shows that it 

consists of a very short intracytoplasmic region of 54 amino acid residues containing 
one region of homology, a proline-rich motif, shared with the a  chains of the IL-3 R 

and IL-5 R, this region seems to be important for signalling through the common p 
subunit (Weiss et al., 1993; Takaki et a i ,  1994). The p chain has a large cytoplasmic 

domain consisting of 432 amino acid residues (all numbering does not include the 
signal peptide), containing eight tyrosine residues at position 450, 452, 577, 612, 695, 

750, 806, 856, which are potential sites for phosphorylation, as well as two highly 
conserved regions located in the membrane proximal region of the receptor (Sakamaki 
et al., 1992). These regions of homology are present in other signalling receptors 
including the murine A1C2A and A1C2B chains (Sakamaki et al., 1992), Epo R (He 
et al., 1994), gpl30 (Murakami et al., 1991) and G-CSF R (Fukunaga et al., 1990; 
Dong et al., 1993) and are referred to as the box 1 and box 2 motifs or the proline-rich 
motifs (Murakami et al., 1991; O'Neal et al., 1993). The consensus sequence for the 
box 1 m otif is; Al-Ar-Pro-X-Al-Pro-X-Pro or Ar-X-X-X-Al-Pro-X-Pro, where 
Al=aliphatic, Ar-aromatic, and X is any amino acid. This motif occurs within the first 
20 amino acids of the cytoplasmic domain. The box 2 sequence begins with a cluster 
of hydrophobic amino acids and ends with one or two positively charged amino acids. 
More significant similarities have been observed among individual receptors, with 
both Epo R and IL-2 R P chain containing the sequence Leu-Glu-Val-Leu in the box 2 

region and a positionally conserved Trp residue between the box 1 and box 2 motifs. 
Mutation of any of these conserved sequences results in the inactivation of the 

receptors (Ihle, 1995).
The intracytoplasmic domains of the GM-CSF R a  and p chains have no homology to 

signalling molecules such as kinases, phosphatases, nucleotide binding proteins or src 
homology (SH) domains. Nevertheless, it is well established that GM-CSF binding 
induces the rapid and reversible tyrosine phosphorylation of a number of cellular 
proteins, including the p subunits of the receptor (Duronio et al., 1992). Since the 

GM-CSF R lacks any intrinsic tyrosine kinase activity itself, these events must be 

mediated by other cellular tyrosine kinases. Various studies using cell lines stably 

transfected with the GM-CSF R (either the full length or cytoplasmic deletions of the 
intracytoplasmic tail of the a  and p chains) have been performed to identify the 

critical domains responsible for signal transduction. An initial study carried out by 
Sakamaki et al., (1992) identified two regions of the p chain, a membrane-proximal
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domain of 32 amino acids between Arg 456 and Phe 487 necessary for hGM-CSF 
mediated proliferation and a second domain between amino acids Val 518 and Asp 
544 which was important but not essential for growth signal transduction. These 

regions contain the conserved box 1 and box 2 domains. Mutants containing deletion 
of the a  chain intracytoplasmic region proliferated in the presence of GM-CSF, but 
there was a significant lag-phase before growth occurred suggesting that the a  chain 

is involved in GM-CSF mediated signal transduction, but is not essential. The GM- 
CSF R a  chain when expressed in Xenopus oocytes binds GM-CSF with low affinity 

and results in the activation of hexose transportation but not of M AP kinase, 
indicating that the a  chain is important for glucose transportation but not for the 

activation of protein kinase cascades (Ding et a l ,  1994).
Further work using cytoplasmic deletion mutants identified other regions of the (3 

chain essential for signal transduction (Sato et al., 1993). The region between Arg 

455 and Glu 517 was responsible for the induction of c-myc and pim-1 and the region 
between Leu 626 and Ser 763 was responsible for the activation of p70 S6 kinase, 
increased phosphatidylinositol 3-kinase (PI3-kinase) activity, phosphorylation of She 
leading to the activation of the MAP kinase pathway, and the induction of c-fos and c- 
jiin.
The discovery of a new family of cytoplasmic protein tyrosine kinases the JAKs and 

their targets, a novel family of transcription factors, termed STATs and their roles in 
cytokine signalling has enabled a much clearer picture of GM-CSF signalling events 
to emerge. GM-CSF binding is thought to cause the receptor chains to aggregate 

enabling the associated JAK 2 tyrosine kinases (Silvennoinen et al., 1993) to become 
activated by transphosphorylation of their conserved tyrosine residues at position 
1007 (Feng et at., 1996). JAK 2 binds to the conserved box 1 motif of the membrane 
proximal region of the p chain (Quelle et al., 1994; Zhao et al., 1995), and deletion of 

the 8 amino acids of the box 1 region results in complete loss of GM-CSF induced 
JAK 2 phosphorylation whereas deletion of the box 2 region has no effects on JAK 2 
activation (Watanabe et al., 1996). For maximal binding of JAK 2 to the p chain the 

box 1 region plus the 14 amino acids immediately C-terminal are required (Zhao et 
al., 1995). This interaction occurs via the amino terminal portion of JAK 2 between 

amino acids 1-294 (Zhao et al., 1995). Once activated, JAK 2 in turn phosphorylates 
the p chains as well as STAT 5 (Mui et al., 1995), also referred to as Mammary Gland 

Factor (MGF) (Wakoa et al., 1994), which are recruited to the activated receptor 
complex (Chin et al., 1996). The STAT 5 proteins then dim erize via the 

phosphorylated tyrosine at position 694 (Gouilleux et al., 1995) of one STAT 5 and 
the SH2 domain of the other STAT 5, forming active signal transducing factors. The 

dimers translocate to the nucleus, bind to DNA and initiate transcription of genes.
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including early response genes (Ihle and Kerr, 1995). Recent studies using a mutant 

JAK 2 which lacks the kinase domain at the C terminus, suggest that JAK 2 is the 
initiating tyrosine kinase in GM-CSF signal transduction (Watanabe et a l ,  1996). 
This dominant-negative form of JAK 2 prevented GM-CSF mediated (3 chain 

phosphorylation, STAT 5, She and PTPD l/SHP-2 activation, c-myc and c - fo s  

induction and mitogenesis when expressed in BA/F3 cells expressing the GM-CSF R. 

Similar studies using a dominant negative STAT 5 construct indicate that STAT 5 is 

involved in the induction of pim-1  and c-fos  but not c-myc (Mui et a l ,  1996), 

implying that the JAK 2/c-myc pathway is distinct and independent of STAT 5 (Mui 

et a l ,  1996, Watanabe et a l ,  1996). STAT 5 was also shown to play a role in 
proliferation with cells expressing the dominant-negative STAT 5 proliferating at a 
slower rate with a 40% reduction in cell number, (Mui et a l ,  1996). JAK 2 has also 
been shown to induce a novel transcription factor, DUB-1 which plays an important 
role in cell proliferation. Using dominant-negative constructs the induction of DUB-1 
was shown to be JAK 2 and Raf-1 dependent but STAT 5 independent (Jaster et a l ,  

1996).
GM-CSF signalling in polymorphonuclear leukocytes has also been shown to result in 
the activation of STAT 1 p91, STAT 3 p92 and the myeloid specific p93fes (Brizzi et 
a l,  1996). Their experiments show that upon GM-CSF stimulation these proteins co- 
immunoprecipitate with anti-JAK 2 and anti-p chain antibodies and the p91 and p92 

proteins form a heterodimeric complex which binds DNA. This activation occurs via 
JAK 2 with no evidence of STAT 5 activation suggesting a novel signalling pathway 

for mature cells.
The membrane distal region of the P chain (Sakamaki et a l ,  1992; Watanabe et a l ,  

1993; Sato et a l ,  1993) is essential for activating the Ras-MAP kinase pathway. 
Tyrosine phosphorylation of the membrane distal region of the p chain enables the 

adapter protein She to bind via its phosphotyrosine interaction domain (Pelicci et a l ,  
1992; B laikie et a l ,  1994; Kavanaugh et a l ,  1994), She then becomes 
phosphorylated, binds to Grb2 (Cutler et a l ,  1994), which in turn recruits the Ras- 
guanine nucleotide exchange factor Sos (Lowenstein et a l ,  1992; Pawson et a l ,
1993), giving rise to an increase in GTP-bound Ras and the subsequent activation of 

Raf-1 leading to MAP kinase phosphorylation and activation (Carroll et a l ,  1990; 

Satoh et a l ,  1991; Okuda et a l ,  1992). This region is also essential for the activation 

of the nuclear proto-oncogenes c-fos and c-jun. Experiments by Itoh et a l ,  (1996) 
indicate that a point mutation within the p chain that changes tyrosine 577 to 

phenylalanine abolished GM-CSF induced phosphorylation of She and the association 

of She with Grb2. This point mutation still allowed some c-fos induction, indicating 
the involvement of She independent pathways. Their results also show that 

PTPlD/SHP-2 was activated in response to GM-CSF stimulation. PTPID  is a
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cellular tyrosine phosphatase which associates with Grb2 and can also induce the 
activation of Ras and the MAP kinase pathway (Bennett et al., 1994; Li et al., 1994). 

FTP ID is thought to be activated by tyrosine 612 but activation can also be mediated 
by tyrosine 577 of the (3 chain (Itoh et a i,  1996).

The optimal induction of c-fos appears to require signals from several pathways 
involving both the membrane-proximal and the membrane-distal domains of the (3 

chain. The c-fos promoter has multiple regulatory elements; of these, the SRE 

(Treisman et a i ,  1985) contains the DNA binding sites for the Ras- dependent 

pathways. Located upstream of the SRE are regulatory regions including the SIE 
(Wagner et a i ,  1990) which contain DNA sequences for ST AT binding (Sadowski et 
a i ,  1993; Gouilleux et a i ,  1995). (See section 1.21 Transcription Factor Regulation). 

GM-CSF signal transduction is thus a complex process with long-term proliferation of 
cells requiring signals from both the membrane-proximal and the distal region (Okuda 
et al., 1994; Kinoshita et a i ,  1995). Signalling through the membrane proximal 
region induces DNA synthesis and can maintain short-term proliferation under normal 
growth conditions containing serum, whereas the distal region is necessary for 
activation of the MAP kinase pathway required for the anti-apoptopic function of 
GM-CSF under serum-free conditions.
Negative regulation of GM-CSF signalling appears to occur via specific phosphatases 
which bind and inactivate the signalling proteins which associate with the P chain. 
SH-PTPl is a tyrosine phosphatase which has been reported to associate with the p 

chain (Yi et al., 1993). Mutations of the SH-PTPl gene result in the moth-eaten 
phenotype in mice and gives rise to a number of haemopoietic abnormalities, 
indicating a central role for SH-PTPl in the regulation of haemopoiesis (Shultz et a i ,  
1993; Tsui et al., 1993). Studies on the Epo R indicate that SH-PTPl binds to the 
distal part of the EPO R and expression of a mutant with a deletion in the SH-PTPl 

binding site results in increased sensitivity to Epo and constitutive activation of JAK 
2. SH-PTPl was shown to cause the rapid dephosphorylation of JAK 2 (Klingmuller 

et a i ,  1995). Another phosphatase involved in negative regulation is the SH2- 
containing 145kDa phosphatidylinositol-3,4,5-triphosphate 5 phosphatase (SHIP), 

which becomes tyrosine phosphorylated and associates with She following cytokine 

stimulation. SHIP inactivates She by binding via its SH2 domain and a proline rich 
region NPXPY with tyrosine 317 and the phosphotyrosine-binding domain (PTB) of 
She respectively (Liu et al., 1996). This has two effects, not only does it prevent 
Grb2 from interacting with She via its SH2 domain but also prevents She from 
binding to the |3 chain via its PTB (Pratt et a i ,  1996). The immediate early gene cis 

which is induced following cytokine binding has also been shown to be involved in 
negative regulation. Signalling through the membrane proximal regions of the p
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chain and the Epo R results in the expression of this protein implying that induction 
may be regulated by the JAK/STAT pathway. Cis has been shown to bind to the 
phosphorylated p chain and Epo R via its SH2 domain, and to regulate signalling 

either by acting as a negative feedback regulator, or by down-modulation of the 

receptor mediated signalling following ligand binding. Overexpression of cis reduced 

the level of cytokine-mediated tyrosine phosphorylation of several cellular proteins 
including activation of MAP kinase (p42) and results in decreased proliferation 

(Yoshimura et oL, 1995).
Analysis of the p chain of the GM-CSF R has indicated that the two tyrosines Tyr806 

and Tyr866 located in the C-terminal region play a role in negative regulation of the 
receptor signals. Single mutations in either of these tyrosines resulted in augmented 

activation of the c-fos promoter and prolonged phosphorylation of JAK2 by hOM- 
CSF stimulation. BA/F3 cells expressing either of these mutant P subunits proliferate 

in response to lower concentrations of hOM-CSF than cells expressing the wild-type 
receptor. These tyrosines could be potential sites for the interaction of tyrosine 

phosphatases such as SH-PTPl (Itoh et al., 1996). CTLL-2 cells co-transfected the 
hOM-CSFR pc receptors or truncated mutants with the hOM-CSFR a , confirm that 

the region between amino acids 766 and the C-terminus is important for negative 
regulation, since cells expressing p chains truncated in this region exhibit an 

approximately 10 fold increase in responsiveness to hOM-CSF induced cell survival 
and proliferation when compared to the full length p chain (Smith et a l,  1997).

In this recent study by Smith et a i ,  (1997), they also mapped the regions of the 
human GM-CSFR pc receptor required to induce myeloid differentiation and clonal 
suppression. In their experiments they co-transfected the hGM-CSF Pc receptor or 
truncated mutants with the hGM-CSF a  receptor into two different murine myeloid 

leukaemic cell lines. M l and WFHI-3B D+ which can be induced to macrophage 
differentiation by specific cytokines. The M l cells undergo m acrophage 

differentiation with profound clonal suppression when stimulated by LIF and IL-6 and 
the WFHI-3B D-f cells when induced by G-CSF or IL-6. The WFHI-3B D+ cells 

express endogenous GM-CSF R and are weakly induced to differentiate by murine 
GM-CSF. Several different aspects of cellular differentiation were measured: the 

capacity to migrate through agar; the induction of the macrophage surface markers 
Fey, Mac-1, c-fms, F4/80 and the granulocyte marker Gr-1; clonal suppression of 

proliferative capacity; morphological differentiation and the adherence to plastic. 
Their results indicate that the truncated mutant P524 which contains the box 1 and 

box 2 region of the p chain was sufficient, to induce clonal suppression and the 

expression of differentiation markers in the WFHI-3B D-t- cells but similar results 
were only obtained with the p609 mutant in M l cells. Macrophage migratory activity 
was induced by the P609 mutant in both cell types with downstream sequences
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enhancing these effects indicating that additional C-terminal sequences of the (3 chain 
are important for full differentiation induction. The (3c mutants ((3609 or longer) 

which mediated GM-CSF induced differentiation in M l cells also showed tyrosine 
phosphorylation of ST AT 5 whereas the mutant (3524 which was able to activate JAK 

2 but unable to activate ST AT 5 did not induce differentiation, suggesting that ST AT 

5 is involved in GM-CSF induced differentiation. This study indicates that the amino 

acid sequence between 524 and 609 is required for STAT 5 activation, in agreement 
with recent results from Mui et a i ,  (1995) who defined a similar region between 

amino acids 516 and 543 that was required for STAT 5 phosphorylation (Mui et al.,
1995). This study indicated that multiple different signalling pathways were involved 

in differentiation and clonal suppression, with initiation occurring from distinct 
regions of the (3c chain (Smith et a i ,  1997).

The above overview of GM-CSF-GM-CSF R signal transduction covers the well 
defined pathways and is demonstrated in figure 1.17.1, there is also evidence to 
suggest that GM-CSF activates other intracellular signalling molecules whose precise 
role and function in cell proliferation and differentiation are not clearly defined, but 
some of which interact with the signalling molecules involved in the JAK-STAT and 

Ras-MAP kinase pathways.
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Fignre 1.17,1
GM-CSF Receptor Signal Transduction Pathways
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1.18 AIMS OF STUDY

The aim of this thesis was to investigate the expression of the GM-CSF R and GM- 
CSF mediated down-stream signalling events during myeloid differentiation of 

haemopoietic cells. In Chapters 3 and 4 the molecular basis for the intermediate and 

dual high and low affinity GM-CSF R and their ability to initiate down-stream 

signalling events following GM-CSF stimulation was determined. In Chapters 5 and 

6 differentiation-dependent changes in GM-CSF R expression and signal transduction 

via the JAK-STAT and MAP kinase pathways were evaluated using two cell systems; 
undifferentiated and differentiated HL-60 cells and primary haemopoietic progenitor 

cells.
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CHAPTER 2 

GENERAL MATERIALS AND METHODS
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2.1 Cell culture

Materials

• Dulbecco's phosphate buffered saline (PBS") (Gibco BRL, Paisley, UK)
• PBS containing 0.9 mM calcium and 0.5 mM magnesium (PBS+) (Gibco BRL)
• Recombinant human GM-CSF (rh GM-CSF) was produced in E. coli and donated 

by Behringwerke, Marburg, Germany.
• RPMI 1640 containing L glutamine (Gibco BRL)
• Dulbecco's Minimal Essential Medium (DMEM) (Gibco BRL)

• Foetal calf serum (FCS) (Gibco BRL), heat inactivated at 55^C for 30 minutes.
• 10 X Trypsin EDTA solution (Gibco BRL)

Cell lines
The following established cell lines were used:

HL-60 derived from a patient with acute promyelocytic leukaemia (Collins et
a l,  1977, obtained from Dr Gallo, National Cancer Institute)

TF-1 derived from a patient with erythroleukaemia (Kitamura et al., 1989,
obtained from the National Institute for Biological Standards Control) 

NIH3T3 Mouse fibroblasts (Jainchill et a l ,  1969, obtained from the Cell
Production Unit, Imperial Cancer Research Fund)

Method
All cell culture studies were performed either in sterile plastic tissue culture flasks or 
flat bottomed culture plates (Becton Dickinson Ltd, Cowley, Oxford). HL-60 cells 
were maintained in suspension culture in RPMI 1640 supplemented with 10% 
(vol/vol) FCS in a humidified atmosphere containing 5% CO] at 37^0. Cells were 

supplied with fresh nutrients twice a week. TF-1 cells were maintained in the same 

conditions plus 5 ng/ml GM-CSF with refeeding three times a week. NIH3T3 cells 

are an adherent cell line and were cultured in DMEM supplemented with 10% 

(vol/vol) FCS, cells were supplied with fresh nutrients three times a week after 

removal with 1 x trypsin/EDTA in PBS. Antibiotics were not routinely added to cell 

cultures.
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2.2 Purification of Neutrophils and Monocytes from whole blood

Materials

Ficoll-Paque (density 1.077 g/ml) (Pharmacia Biotech, Uppsala, Sweden)
Dextran (10% dextran in 0.9 M NaCl) (Pharmacia Biotech)
0.1 M EDTA in distilled water

RPMI 1640 containing L glutamine (Gibco BRL, Paisley, UK)

FCS (Gibco BRL)

PBS (Gibco BRL)

Trypan blue (Sigma, Dorset, Poole)

Method

Normal peripheral blood granulocytes and monocytes were obtained from the blood 

of healthy subjects using the method described by Roberts et al. (1990). Venous 
blood was collected into EDTA (2.5 mM final concentration) and processed 
immediately. Dextran (1% vol/vol final concentration) was added and the samples 
allowed to stand for 15-30 minutes at room temperature until the erythrocytes had 
sedimented. The leucocyte-rich supernatant was then layered onto Ficoll-paque and 
centrifuged at 800 x g for 20 minutes to separate neutrophils from the mononuclear 
cells. The neutrophil containing pellet was washed three times in PBS" + 5 mM 
glucose and any residual erythrocytes were lysed by hypotonic lysis: The cell pellet 
was resuspended in 2 ml PBS" and 5 ml ice cold distilled water was added for 30 
seconds, followed by 2 ml 3.5% (wt/vol) sodium chloride. The cells were then 

washed twice with PBS"*" and resuspended in PBS"*" containing 5 mM glucose. 
Neutrophils isolated by this method were shown to be >95% pure by Romanowsky 
staining and 99% viable by trypan blue exclusion. Cells in the mononuclear layer 
were washed three times in RPMI containing 10% FCS to remove platelets and then 

layered onto sterile plastic tissue culture dishes (Sterilin, Feltham, England) at 2 x 

10  ̂ cells/ml and incubated for 1 hour at 37^C. The supernatant, containing 
lymphocytes was discarded. The adherent monocyte layer was washed twice with 

RPMI + 10% FCS and then gently scraped off with a sterile cell scraper (Greiner 

Labortechnik, Dursley, UK).
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2.3 Molecular Cloning Techniques

Materials

• T4 DNA ligase (Promega, WI, USA)
• MAX Efficiency DH5a Competent cells (Gibco BRL, Paisley, UK)

• Bacto agar (Difco Laboratories, Michigan, USA)
• Ampicillin (Sigma)
• Agarose (Sigma)
• DNA size standards-1 Kb markers (Gibco BRL)

• Ethidium bromide:- 10 mg/ml in distilled water (Biorad Ltd, Hemel 

Hempstead, Herts, UK).

• Stock loading buffer:- 0.25% (vol/vol) bromophenol blue, 40% (wt/vol) 

sucrose in distilled water.

• LB medium:- 2% (wt/vol) bacto tryptone, 0.5% (wt/vol) bacto yeast 
extract in 20 mM NaCl (Difco Laboratories)

• SOC:- 2% (wt/vol) bacto tryptone, 0.5% (wt/vol) bacto yeast extract, 10 
mM NaCl, 2.5 mM KCl, 10 mM M gCl], 10 mM MgSO^, 20 mM 
glucose

• lOx Tris Borate EDTA (TBE) buffer, pH 8.35:- 108.9 g/L Tris, 55.7 
g/L boric acid, 7.4 g/L disodium EDTA.

• Solution 1:- 50 mM glucose, 25 mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0.
• Solution 2:- 0.2 M NaOH, 1% (wt/vol) sodium dodecyl sulphate (SDS).
• Solution 3:- 3 M potassium acetate, 5 M glacial acetic acid.
• Tris EDTA (TE) buffer :- 10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0

Methods

2.3.1 Transformation of bacteria by heat shock

LB agar plates were prepared as follows: 15 g of bacto agar was added to 1 litre of 

LB medium and autoclaved. The medium was cooled to 55^C and 50 mg/L 
ampicillin added, 20 ml of melted LB agar was then poured into sterile petri dishes. 

Once the plates had set and dried they were stored at 4^C until needed.
Ligations were set up overnight at 18^C using 10 u of T4 DNA ligase and 100 ng 
of DNA containing the following ratios of plasmidiinsert, 1:1, 1:4, 1:8 and plasmid 

on its own to check the efficiency of self-ligation. The ligated DNA was 
precipitated using 2 pi of 3 M sodium acetate pH 5.2, 20 pg of tRNA as a carrier 

and 40 pi of 100% ice cold ethanol, for 1 hour at -20^C. Samples were spun at
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12000 X g for 15 minutes at 4^C and the pellets washed in 70% ethanol, dried and 
resuspended in 10 p.1 of sterile distilled water.

Bacteria were thawed on ice and 50 pi aliquots transferred to 15 ml polypropylene 
tubes. Bacteria were mixed with either 2 pi of control DNA (pUC19) or 3 pi of the 

ligation mixtures and incubated on ice for 30 minutes, before heat shocking at 

42^C for 45 seconds. After a further 2 minutes on ice, 0.9 ml of ice cold SOC was 

added and the bacteria incubated at 3?0C for 1 hour with continuous agitation. 
Twenty-five to 100 pi of transformed bacteria were then spread onto the LB agar 

plates and incubated overnight at 37^C.

Small scale broth cultures of E. coli were prepared in 5 ml LB medium containing 
50 mg/L ampicillin, following inoculation with a single colony isolated from the 

agar plates. Large scale broth cultures were carried out in 500 ml of LB/ampicillin 
medium. All broth cultures were incubated overnight at 37^C in a rotary shaker 

incubator at 225 rpm.

2.3.2 Preparation of plasmid DNA 

Small-scale preparation using alkaline lysis
Following overnight culture as described above, 1.5 ml of the bacteria suspension 
was pelleted in Eppendorf tubes at 12000 x g for 30 seconds at 4^0 in a microfuge 
and the bacteria resuspended in 100 pi of ice-cold Solution 1 by vigorous 
vortexing. Freshly prepared Solution 2 (200 pi) was added and the tubes were 

gently inverted several times until the lysate cleared. Tubes were then placed on 
ice and 150 pi of Solution 3 added. Tubes were vortexed in an inverted position to 

ensure Solution 3 was dispersed throughout the viscous bacterial lysate and the 
supernatants were collected by centrifugation at 12000 x g for 5 minutes at 4^C. 
An equal volume of phenohchloroform was added, vortexed, and spun at 12000 x 
g for 5 minutes at 4^C. The supernatant was transferred to fresh Eppendorf tubes. 

The double-stranded plasmid DNA was precipitated with 2 volumes of ethanol, 
pelleted, washed in 70% ethanol, dried and redissolved in 50 p i of TE pH 8.0 

containing 20 pg/ml DNAase free RNAase and stored at -20^C.

The DNA was analysed by cleavage with restriction enzymes by digesting 1 pi of 

DNA with 10 units of restriction enzyme and 1 x restriction buffer for 1-2 hours at 
the appropriate temperature. Loading buffer (2 pi) was added and the DNA 

fragments were resolved by electrophoresis on 1% agarose, 1 x TBE mini gels, run 
for 1 hour at 100 V in 1 x TBE running buffer containing 1 pg/m l ethidium 

bromide. The size and orientation of the fragments were determ ined by 
comparison to the 1 Kb DNA marker.
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Large-Scale plasmid preparations
Large-scale preparations were performed using 500 ml of bacteria culture and the 
Wizard Maxi-Prep plasmid DNA purification kit (Promega).

2.4 GM-CSF Equilibrium binding studies and Scatchard analysis

Materials

• Binding buffer (RPMI 1640 containing 25 mM HEPES (Gibco BRL, Paisley. 

UK) and 2% (vol/vol) FCS
• GM-CSF either (rh GM-CSF produced in E. coli ) with specific activity 

2.2-4.4 MBq/mmol (Amersham International, UK) or [^^^I]-Bolton Hunter 
labelled rh GM-CSF with specific activity 2.6-4.4 M Bq/pg (DuPont, 

Stevenage, Hertfordshire, UK).

Methods

Equilibrium binding assays were carried out using a single concentration of [^^^I] 
GM-CSF, (0.2 nM), or increasing concentrations of [^^^I] GM-CSF (1 pM to 2 nM) 
for Scatchard analysis. Cells were incubated with ['25l] GM-CSF in binding buffer 
for 90 minutes at room temperature. These conditions have previously been shown 
to give maximum binding (Khwaja et al., 1990). Non-specific binding was 
measured by incubation in the presence of a greater than 100-fold molar excess of 
unlabelled GM-CSF. Cell suspensions were layered onto a cushion of chilled FCS 
in small microfuge tubes, centrifuged at 12000 x g in a microcentrifuge for 60 
seconds, frozen at -80°C and the cell pellets and supernatants collected and 
counted. The specific I] GM-CSF bound was calculated by subtracting the 

non-specific cpm bound from the total cpm bound. Scatchard binding data was 
analysed by the FBDA and LIGAND programs (Biosoft, Cambridge, UK).

2.5 Immunoprécipitation

Materials

Nonidet-40 (NP-40) (Sigma, Poole, Dorset)
Phenylmethylsulfonylfluoride (PMSF) (Sigma)

Aprotinin (Sigma)
Leupeptin (Sigma)

Pepstatin (Sigma)
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• Protein A sepharose (Sigma)

• Lysis buffer;- 137 mM NaCl, 20 mM Tris HCl, pH 8.0, 1 mM M gCl2 , 1 mM 
CaCl2 , 1% NP-40, 10% glycerol, 1 mM Na orthovanadate, 1 mM P 

glycerophosphate, 1 mM NaF, 5 mM pyrophosphate, 2 mM EDTA.
• Protease inhibitors:- 1 mM PMSF, 10 pg/ml aprotinin, 10 pg/ml leupeptin 

and 10 pg/ml pepstatin.

• Laemmli's SDS sample buffer (reducing):- 60 mM Tris-HCL, pH 6.8, 2% 
SDS, 10% glycerol, 100 mM dithiotreitol (DTT), 0.001% bromophenol blue.

All steps were carried out in a cold room at 4^C on ice. Cells were centrifuged at 

1200 rpm for 5 minutes and the pellets solubilised by incubating for 30-60 minutes 

in 1 ml of ice cold lysis buffer (with protease inhibitors). Samples were 
centrifuged at 12000 x g for 10 minutes and the supernatants transferred to fresh 
polypropylene microfuge tubes containing 2 pg of the relevant anti-serum. After 

incubation overnight, 50 pi of 50% protein A agarose (in lysis buffer) was added 

and incubated end-over-end for 2 hours. The agarose was pelleted by 
centrifugation and washed four times with 1 ml of lysis buffer per wash. After the 
final wash the pellets were resuspended in 60 pi 2x concentrated Laemmli's sample 

buffer and heated at 95^C for 10 minutes. Samples were either processed 
immediately or stored at -20^C.

2.6 SDS-polyacrvlamide gel electrophoresis (PAGE) and western blotting

Materials

• Acrylam ide/N 'N '-bis-m ethylene (bis) -acrylamide ratio of 37.5:1 (30% 
monomer and 2.67% cross-linking monomer concentration) (Boehringer, 
Mannheim, Germany)

N'N'N'N'-Tetra-methylethylenediamine (TEMED) (BioRad, CA, USA) 

Ammonium persulphate (Sigma)

Prestained m olecular weight markers. Rainbow markers (Am ersham  

International, Amersham, UK)
Nitrocellulose membrane, Hybond-C Extra (Amersham International)

5% non-fat dried milk (Marvel)

Peroxidase conjugated antisera (Dako Ltd., High Wycombe, Bucks, UK) 
Enhanced chemiluminescence kit (Amersham International)
Tris buffered saline (TBS):- (10 mM Tris HCL, pH 8.0, 150 mM NaCl) with 
0.05% Tween 20 (Sigma) (TBST)
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• Electrode running buffer, pH 8.3:- 25 mM Tris, 200 mM glycine, 0.1% 
(w/v) SDS

• Western transfer buffer:- 25 mMTris, 200 mM glycine, 20% (vol/vol) 
methanol

• Separating gel (7%) preparation:- 5 ml Distilled water, 2.5 ml 1.5M Tris- 
HCl, pH 8.8, 100 pi 10% (wt/vol) SDS, 2.35 ml acrylamide/bis 30%, 75 pi 
10% (wt/vol) ammonium persulphate, 7.5 pi TEMED.

• Stacking gel (4%) preparation:- 6.1 ml distilled water, 2.5 ml 0.5M Tris-HCl, 
pH 6.8, 100 pi 10% SDS, 1.3 ml Acrylamide/Bis 30%, 75 pi 10% (wt/vol) 
ammonium persulphate, 15 pi TEMED.

Method

The separating gel was prepared and poured into a minigel apparatus (Mini-Protean 
II, BioRad, CA, USA or Mighty Small, Hoefer, Pharmacia Biotech, Uppsala 
Sweden), and overlayed with water-saturated butanol. After 30 minutes at room 
temperature the butanol was removed and the top of the gel gently washed with 
distilled water. The stacking gel was poured on top of the separating gel, a 10 well 
comb was inserted and the gel allowed to polymerise for 20 minutes. The wells 
were rinsed with electrode running buffer to remove unpolymerised acrylamide. 
Typically 10-20 pi of sample was loaded per lane and electrophoresis carried out at 

a constant 120 V for 1-2 hours. Proteins were then transferred onto a nitrocellulose 
membrane using a constant current of 0.4 Amps for 45 minutes in western blotting 
buffer. Non-specific binding sites were blocked by an overnight incubation at 4^C 
in TBST/5% non-fat dried milk. The blot was then probed with the relevant 
antiserum (in TBST/5% non-fat dried milk) for the protein under investigation for 

4 hours at room temperature, washed 4 times in TBST and incubated with a 1:2500 
dilution (in TBST/5% non-fat dried milk) of peroxidase conjugated goat anti
mouse or -rabbit immunoglobulin (depending on the primary layer) for 1 hour at 

room temperature. After 3 further washes in TBST and 1 in TBS, the blot was 
developed by enhanced chemiluminescence and analysed by auto radiography.

2.7 Analysis of samples bv electrophoretic mobility shift assays (EMSA)

Materials
• Diisopropyl fluorophosphate (DIFP) (Sigma)
• [y-32p] ATP (Amersham International)

• T4 polynucleotide kinase and buffer (Promega)
• Acrylamide/Bis 30:0.8 30% (Boehringer, Mannheim)
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Trichloroacetic acid (TCA) (Sigma)
Protein assay concentrate (BioRad, CA, USA)

Oligonucleotides MGF, IRF-1 (Oswel DNA Service, Edinburgh, UK), Oct 1 
(Santa Cruz Biotechnology, Inc. CA, USA)
lOx Tris Borate EDTA (TBE) buffer, pH 8.35:- 108.9 g/L Tris, 55.7 g/L boric 
acid, 7.4 g/L disodium EDTA. Diluted 1:40 in distilled water for use.

Loading marker:- 80% (vol/vol) formamide, 0.1% (vol/vol) xylene cyanol, 0.1% 
(vol/vol) bromophenol blue, in 2 mM EDTA

Whole cell extract (WCE) buffer:- 20 mM HEPES pH 7.9, 450 mM NaCl, 25% 

glycerol, 0.2 mM EDTA.

Nuclear extract (NE) buffer 1:- 10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM 
EDTA, 0.1 mM EGTA.

NE buffer 2:- 20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA. 
Inhibitors:- 1 mM DTT, 50 mM Na ortho vanadate, 1 mM p glycerophosphate, 1 

mM PMSF, 10 pg/ml aprotinin, 10 pg/ml leupeptin and 10 pg/ml pepstatin 

Buffer A:- 10 mM Tris HCl, pH 7.5, 50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 

5% (vol/vol) glycerol, 0.1% (vol/vol) NP-40, 1 mg/ml BSA 
Buffer B:- 20 mM HEPES, pH 7.9, 50 mM KCl, 0.5 mM DTT, 1 mM EDTA, 8% 
(wt/vol) Ficoll
Non-denaturing 4% polyacrylamide gel:- 125 ml distilled water, 20 ml 
acrylamide, 3.75 ml 10 x TBE, 1 ml 10% APS, 200 pi TEMED.

Methods

2.7.1 Preparation of Whole Cell and Nuclear Extracts

Cells were washed and resuspended in binding buffer at a concentration of 2x10^ 
cells/ml. 1x10^ cells were stimulated with or without GM-CSF, for 5 minute at 

37^C. The subsequent steps were carried out at 4^C. Cells were washed twice in 

PBS and incubated for 30 minutes with 1 mM DIFP in PBS. Cells were pelleted and 

whole cell or nuclear extracts were prepared. WCE were prepared using a method 
described by Scholer et al., (1989), cells were resuspended in 100 pi of WCE buffer 

containing inhibitors and snap frozen in ethanol/dry ice followed by rapid thawing in 

a 37®C water bath. After 3 cycles of freeze/thawing cell debris was removed by 

centrifugation at 12000 x g for 10 minutes at 4^C. Supernatants were then aliquoted, 
snap frozen and stored at -80^C. For NE a method described by Schrieber et a i ,  
(1989) was used. All steps were performed at 4^C in the cold room. Cells were 
resuspended in 400 pi of NE buffer 1, plus inhibitors and incubated for 15 minutes, 
15 pi of 10% NP-40 was added and the cells briefly vortexed. Nuclei were pelleted
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by centrifugation at 12 000 x g for 5 minutes and the supernatants discarded. The 
nuclear pellets were resuspended in 50 pi of NE buffer 2 and rotated end-over-end 

for 20 minutes. Samples were then centrifuged for 5 minutes and the supernatants 
aliquoted, snap frozen and stored at -80^C.

2.7.2 Estimation of Protein Concentration

The protein concentration of each sample was measured in duplicate using the 

technique developed by Bradford, (1976). The protein assay concentrate was diluted 
1:5 (vol/vol) with distilled water and 1 pi of sample was mixed with 1 ml of diluted 

dye and allowed to stand for 5 minutes. The absorbance were measured using a 

spectrophotometer at 595 nM and the samples calibrated against a standard curve 
using bovine serum albumin ( 0, 1, 2, 5, 10, 15 pg/ml) standards.

2.7.3 Annealing and end-labelling oligonucleotide probes

Single stranded oligonucleotide probes, corresponding to the mammary gland factor 
(M G F) b in d in g  sequence from  the bov ine  P case in  gene 5'- 

AGATTTCTAGGAATTCAATCC-3', 3'-TCTAAAGATCCTTAAGTTAGG^' and 
the IR F-1 (In te rfe ro n  R esponse F ac to r) b in d in g  seq u en ce  5’- 

GATCCATTTCCCCGAAATGA-3’, 3'-CTAGGTAAAGGGGCTTTACT-5' were 
annealed by heating to 95^C for 5 minutes followed by slow cooling to room 
temperature.
The double stranded probes corresponding to the MGF binding sequence and to the 
octamer binding motif 5 -TGTCGAATGCAAATCACTAGAA-3' from the H 2 B 
prom oter, were end-labelled by phosphorylation with [y-32P] ATP and T4 

polynucleotide kinase (PNK). 25 ng of oligonucleotide was incubated for 30 
minutes at 37^0 with 30 pCi of [y-^^P] ATP and 10 units of T4 PNK in PNK buffer. 
The reaction was stopped using 2 pi of 0.5M FDTA and 88 pi of distilled water. 

Any unincorporated radioactivity was removed by centrifugation at 1100 x g for 6 
minutes through a G25 sephadex column. The activity of the labelled probe was 
measured by trichloroacetic acid (TCA) precipitation. 2 pi of labelled probe was 
mixed with 800 pi distilled water, 10 pi FCS and 200 pi TCA and incubated at 4^C 

for 1 hour. The sample was then filtered onto 3mm Whatmann paper and washed 

twice with 5% TCA followed by 70% ethanol. The filter paper was dried at 37^C for 

10 minutes, placed into a scintillation vial with 4 ml of scintillation fluid and counted 
using a (3 counter.
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2.7.4 EMSA

For binding reactions, 10 p.g of WCE or 5 |ig of NE were mixed with either buffer A 
for p casein and IRF-1 binding or buffer B for Oct binding and the following were 

added; 1 |Lig salmon sperm DNA, 0.5 pg Poly (dl-dC), 0.5 pM  PMSF, 2 pg/ml 

aprotinin, 1 pg/ml pepstatin A, 1 pg/ml leupeptin in a final volume of 30 pi. The 

binding reaction mixture was incubated at 4^0 for 20 minutes before adding 250 pg 
of the relevant labelled probe, the reaction was allowed to continue for a further 15 

minutes at room temperature. The DNA-protein complexes were separated by 

electrophoresis on a non-denaturing 4% polyacrylamide 0.25 x TBE gel (20 cm x 20 
cm X 0.3 cm spacers) using a large gel apparatus (Protean II, BioRad, UK) The gels 

were pre-run at 4^C for 1 hour at a constant 150 V, before loading the samples and 

electrophoresing for a further 3 hours. A loading marker containing bromophenol 

blue was run in the final lane to estimate the distance the samples had travelled since 
the free probe runs at a similar speed to the bromophenol blue. The gels were dried 
onto Whatman 3 mm paper and visualised by auto radiography.

2.8 Analysis of phosphorylated proteins

Materials
n-ethyl maleimide (NEM) (Sigma, Dorset, UK)
Immobulin P (Millipore Corporation, Bedford, MA)
STAT 5b C-17 antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA)
Erk-2 C-14 antibody (Santa Cruz Biotechnology Inc.)
Goat-anti-rabbit antisera (Dako Ltd., High Wycombe, Bucks, UK)
JAK 2 antibody (Upstate Biotechnology Incorporated, Lake Placid, New York) 

PY20 (Santa Cruz Biotechnology Inc.)

Methods

2.8.1 Preparation of cell lysates

The cells were washed once in PBS and resuspended at 1 x 10^/ml in PBS/5 mM 

glucose. Cells were prewarmed for 5 minutes at 37^C before the addion of 10 ng/ml 
GM-CSF or PBS. For phosphorylation studies, 100 pi samples were taken at timed 

intervals and the reactions were stopped with 2 mM NEM. Cells were pelleted by 
centrifugation and lysed in 50 pi of lysis buffer containing protease inhibitors as 

described in section 2.5. 50 pi of 2 x concentrated Laemmli’s sample buffer-was
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added and the samples boiled for 10 minutes. Samples were either analysed 

immediately or stored at -20^0.

2.8.2 Gel retardation assays (GRA)

Proteins equivalent to 0.5 x 10  ̂ cells per lane were separated by SDS-PAGE (as 
described in 2.5), large (20 cm x 20 cm x 0.75 mm spacers) polyacrylamide gels were 

used to enable maximum separation of the phosphorylated from the unphosphorylated 

bands. For STAT 5 analysis samples were resolved on SDS/6% PAGE, the gels were 

run at 150 V for 8 hours at room temperature before transferring to Hybond C 

nitrocellulose membranes. For MAP kinase analysis SDS/12% PAGE were used, 

samples were electrophoresed at 150 V for 15 hours at room temperature before 
transferring to Immobulin P (PVDF) membranes. Rainbow markers were used as 

molecular weight markers. Membranes were blocked overnight in TBST containing 
5% non-fat dried milk, and incubated for 4 hours at room temperature with the 
relevant antisera diluted to 0.5 pg/ml STAT 5b C-17 or 0.2 pg/ml Erk-2 C-14 in 5% 

non-fat dried milk/TBST. Membranes were washed 4 times in TBST and incubated 
with a 1:2500 dilution of peroxidase conjugated goat-anti-rabbit antisera for 1 hour at 
room temperature. After 4 further washes in TBST and one wash in TBS the blots 
were developed by enhanced chemiluminescence and analysed by auto radiography

2.8.3 Analysis of JAK 2 Activation

Cells were incubated with 10 ng/ml GM-CSF for 5 minutes at 37^C and reactions 
stopped with 2 mM NEM. 5x10^ cells were centrifuged at 10000 x g for 1 minute and 
pellets solubilized by incubating with 250 pi of lysis buffer plus inhibitors (as listed in 

section 2.5.) for 60 minutes at 4^C. Supernatants were collected by centrifugation and 
the solubilized proteins were immunoprecipitated overnight at 4^C, with 2 pg of the 

rabbit-anti-mouse JAK 2 antibody, as described in section 2.5. After incubation, 50 
pi of 50% protein A agarose (in lysis buffer) was added and incubated end-over-end 

for 2 hours. The agarose was pelleted by centrifugation at 10000 x g for 5 minutes 

and washed four times with 1 ml of lysis buffer per wash. The final pellets were 
resuspended in 30 pi of 2x concentrated Laemmli's sample buffer and boiled for 10 

minutes. Samples were run on SDS/7% polyacrylamide gels and analysed by western 

blotting as described in section 2.6 using either an antiphosphotyrosine antibody, 

PY20 or anti-JAK 2 antibody.
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CHAPTER 3

THE MOLECULAR BASIS OF THE INTERMEDIATE AND 
HIGH AFFINITY GM-CSF RECEPTORS

92



3.1 INTRODUCTION

The receptor for GM-CSF is composed of two subunits, a unique a  chain (Gearing 
et al., 1989) and a P chain (Hayashida et al., 1990) which is shared with the IL-3 

and IL-5 receptors (Kitamura et al., 1991; Tavernier et al., 1991). The GM-CSF R 
a  chain has been shown to bind GM-CSF specifically but with low affinity, whereas 
the P chain does not bind GM-CSF on its own, but when associated with the a  chain 

confers high affinity binding (Kitamura et al., 1991). Considerable variations in the 

binding affinity of GM-CSF to its receptor have been reported in the literature, in 
part reflecting technical differences in the way in which the binding studies have 

been performed Table 1.10.1 summarises this data. There is general agreement that 

cells such as monocytes, many AML blasts, and the TF-1 cell line express both high 

affinity and low affinity receptors, whereas neutrophils, and some AML blasts 
differentiated in vitro possess a single class of high affinity receptors (Budel et al., 
1993; Cannistra et al., 1990; Chiba et al., 1990; DiPersio et al., 1988; Onetto- 
Pothier et al., 1990).
Both low affinity and high affinity binding can be reconstituted in Cos-7 cells by 
transfection with expression vectors containing the GM-CSF R a  and p cDNAs. 
For low affinity binding only the a  chain is required, whereas expression of both the 
a  and p chains are necessary for high affinity binding. Experiments using transient 

Cos-7 cell transfectants in which one chain of the GM-CSF R was expressed at a 
constant level, whilst the expression of the other chain was varied, suggested that 
the binding affinity can be changed from a dual high and low affinity to 
intermediate affinity simply by varying the ratio of a  to p chains (Budel et al., 

1993). However transient transfection into Cos-7 cells can result in a very high 
level of receptor expression in just a few cells and it is conceivable that the 
complexes produced are not within the normal physiological range found in 
haemopoietic cells.

To examine these differences in the binding affinity of GM-CSF to its receptor the 
human GM-CSF R has been reconstituted in NIH3T3 cells using a system based on 
the bacterial lac operon which enables gene transcription to be controlled (Miller 

and Reznikoff, 1980; Hu and Davidson, 1987; Figge et al., 1988; W yborski and 

Short, 1991; Fieck et al., 1992). This system is shown in figure 3.1.1. Vectors 
encoding the lac repressor, a GM-CSF R a  construct, linked to a RSV promoter and 

a lac operon, and the GM-CSF R P subunit driven by a constitutive CMV promoter 

were stably transfected into NIH3T3 cells. The lac repressor vector encodes a 

repressor protein which binds as a homotetramer to the lac operator sites present on 
the lac operon vector, thus blocking transcription. The lactose analogue IPTG can 

be used to induce transcription. IPTG binds to the repressor protein causing a
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conformational change, which decreases its binding affinity to the operator site. 
The repressor is therefore removed enabling transcription and gene expression to 
proceed. In this system only the GM-CSF R a  chain expression is inducible, 

whereas the P chain is expressed at a constant level.
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Figure 3.1.1 
Schematic diagram of the lac switch repressor-operator system

I Lac Repressor

The lac repressor protein binds to the 
lac operator preventing RNA 
polymerase from binding and therefore 
transcription of the a  chain

Promoter OperatorE[
RNA polymerase

No Transcription

Induction of transcription by 
the lactose analogue IPTG

IPTG

IPTG

IPTG binds to the repressor 
which decreases its binding 
affinity for the operator

Transcription

The repressor is removed allowing RNA 
polymerase to bind and transcription of 
the a  chain to proceed
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3.2 MATERIALS AND METHODS

Materials

• pRSVOPiCAT and p3'SS (Eukaryotic Lac-Repressor-Expression Vector 
(LacSwitch TM Inducible Mammalian Expression System, Stratagene)
IPTG (Sigma)

T4 DNA polymerase (Promega, WI, USA) 

dNTP Nucleotides (Promega)

Shrimp alkaline phosphatase (Promega)

Low-melting point agarose (Sigma, Dorset, UK)
T4 DNA ligase (Promega)
MAX Efficiency DH5a Competent cells (Gibco BRL, Paisley, UK)

Neomycin (Gibco BRL)
Hygromycin B (Boehringer Mannheim, Germany)
GM-CSF R a  S20 (Santa Cruz Biotechnology, CA, USA)
GM-CSF R a  chain antibody (S-50) (Santa Cruz Biotechnology)
GM-CSF R p chain antibody (S-16) (Santa Cruz Biotechnology)

Mouse IgG2a (Becton Dickinson, UK)
GM-CSF antibody (LP714) (Genzyme Corporation, Boston, USA) 
[^^^xj-Labelled F(ab ' ) 2  fragment anti-mouse antibody (Amersham International, 
Amersham, UK)
Disuccinimidyl suberate (DSS) (Boehringer Mannheim)
Binding buffer:- RPMI, 25 mM HEPES, 2% (vol/vol) FCS pH 7.4.
Quenching buffer:- 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 150 mM NaCI

• 50x Tris Acetate EDTA (TAE) buffer, pH 8.0:- 2M Tris, IM glacial acetic 

acid, 0.05M EDTA. The buffer was diluted 1 in 50 in distilled water before 
use.

Methods

3.2.1 Construction of the expression vector pRSVOPiGM-CSF R a

GM-CSF R a  cDNA was synthesised from total TF-1 RNA by RT-PCR and was 

subcloned into the vector pSVL (Pharmacia) (provided by Dr S. Devereux, of this 
department). The GM-CSF R a  cDNA fragment was purified from the pSYL GM- 

CSF R a  construct by digesting with the restriction enzymes Bam HI  and Xba 1, 
producing a pSVL fragment of 4889 bp and a GM-CSF R a  fragment of 1400 bp. 

The vector pRSVOPjCAT was digested with the restriction enzyme Not 1 , to
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remove the CAT fragment of 773 bp and purify the pRSVOP] fragments of 5467 
bp.

All the fragments were then treated with the enzyme T4 DNA polymerase with 2 

mM of each nucleotide (dNTP), incubated at 15^0 for 15 minutes to fill in the 

cohesive ends. The enzyme was heat inactivated 75^C for 10 minutes. The 
pRSVOPi vector was incubated for 1 hour at 37^0 with shrimp alkaline 
phosphatase to prevent self-ligation.

Samples were then electrophoresed through 1% low-melting point agarose, 1 x TAE 
gels for 3 hours at 0.04 Amps. The 1400 bp GM-CSF R a  and 5467 bp pRSVOP] 

fragments were cut out, melted at 70^C and purified using PCR magic wizard 

miniprep columns (Promega). These fragments were then ligated overnight at 18^C 
using T4 DNA ligase and transformed into E. coli (DH5 a) by heat shock as 

described in 2.3.1. Plasmid DNA was isolated using the method by Maniatis, 
described in 2.3.2., and the presence and orientation of the insert determined by 
digestion of the plasmid with Eco-Rl, Pst 1 and Pvu 11 restriction enzymes.
The GM-CSF R (3 cDNA from KH97 (Hayashida et a l ,  1990) was subcloned into 

the multiple cloning site of the vector pCMVNeo (Invitrogen) by blunt end ligation 
(provided by Dr S. Devereux).

3.2.2 Transfection of NIH3T3 cells and selection of drug-resistant clones

Mouse fibroblast NIH3T3 cells were grown to semi-confluence. 4x10^ cells were 
resuspended in 0.4 ml ice-cold PBS and transferred to 0.4 cm electroporation 
cuvettes. The cells were incubated on ice for 15 minutes with 10 p,g of each of the 
following linearized plasmid DNA's; pRSVOP]GM-CSF R a  construct (digested 
with Sac 11), pCMVNeoGM-CSF R P construct (digested with Eco R1 ) and p3'SS 
(digested with Xmnl). The cells were electroporated at 250 |iF  and 300 V, using a 

gene puiser (BioRad, CA, USA) and kept on ice for 15 minutes before transferring 
to a 175 cm2 tissue culture flask supplemented with 50 ml complete medium 

(DMEM containing 10% FCS) as defined in section 2.1. After 48 hours culture the 
cells were selected in complete medium containing 500 ftg/ml neomycin and 100 

p.g/ml hygromycin B. After culturing for 3 weeks individual clones were picked 

using sterile glass pasteur pipettes and grown to confluence in 24 well costar plates. 

The remaining cells were trypsinized and cloned by seeding at a density of 0.3 

cells/well in 96 well costar plates. Figure 3.2.1 summarises the transfection 
protocol.
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3.2.3 Antibody binding assay to determine a  and (3 chain expression

Pre-chilled cells were incubated for 1 hour on ice with 50 \i\ of the following 
antibodies; anti GM-CSF R a  S20, anti GM-CSF R (3 S 16 or the control antibody 
Mouse IgG2a, all diluted at 5 pg/ml in binding buffer. After incubation the cells 

were washed three times in ice-cold binding buffer and pelleted between washes by 

centrifugation at 1200 rpm for 3 minutes in a prechilled centrifuge. Cells were 
resuspended in 50 pi of [̂ 5̂ i]-labelled F(ab ' ) 2  fragment anti-mouse antibody diluted 

to 0.3 pg/ml in binding buffer and incubated for 1 hour on ice. Cell suspensions 

were then layered onto a cushion of chilled FCS, pelleted by centrifugation at 12000 
X g in a microcentrifuge, frozen at -80°C and the cell pellets collected and counted.

3.2.4 Induction of a  chain expression

Transfected NIH3T3 clones were grown to semi-confluence in 175 cm^ tissue 

culture flasks and induced for 48 hours with or without 5 mM IPTG. Equilibrium 
binding studies were performed in duplicate using 1x10^ cells incubated with 0.2 
nM ^^^I-labelled GM-CSF as described in section 2.4.

3.2.5 Effects of increasing concentrations of IPTG on a  chain expression

Transfected NIH3T3 clone a(3]5 was grown to semi-confluence and induced for 48 

hours with increasing concentrations of the lactose analogue IPTG (0, 500 pM, 50 
nM, 5 pM  and 5 mM). Equilibrium binding studies were performed in duplicate 

using 1 X 10^ cells incubated with 0.2 nM ^̂ 5 l-labelled GM-CSF as described in 

section 2.4. The specific binding data was plotted against the concentration of IPTG 
and the concentration of IPTG necessary for partial and full induction of GM-CSF R 
a  subunit expression estimated.

3.2.6 Analysis of a  and (3 chain expression by western blotting

The transfected clone a(3i5 was induced with 0, 500 nM or 5 mM IPTG for 48 

hours. Cells were removed from the flask by scraping, washed in 50 ml of 

prechilled PBS by centrifugation at 1200 rpm for 5 minutes at d^C. Cell pellets 
were solubilized by incubating with 250 pi of lysis buffer with protease inhibitors 

for 60 minutes at 4^C. Supernatants were collected by centrifugation and the 
solubilized proteins immunoprecipitated (as described in section 2.5) using 2 pg of 

either the anti GM-CSF R a  chain antibody (S-20), or the anti GM-CSF R (3 chain

98



antibody (DC9). Samples were run on a SDS/7% polyacrylamide gel and analysed 
by western blotting (as described in section 2.6). One blot was probed using the anti 
GM-CSF R a  chain serum, S-20, and the other using the anti GM-CSF R p chain 

serum, DC9, (provided by Dr J. Tavernier, Gent, Belgium).

3.2.7 Scatchard analysis of transfected NIH3T3 clone ap  is, partially and fully 

induced with IPTG

The transfected NIH3T3 clone a p ] 5 was grown to semi-confluence and induced for 

48 hours with either 500 nM IPTG (partial induction), or 5 mM IPTG (full 

induction). Equilibrium binding assays were carried out for Scatchard analysis. 

Binding was performed in duplicate using 2.5 x 10  ̂ cells per point, incubated with 
varying concentrations of [*^51] GM-CSF in binding buffer (as described in section 

2.3).
Antibody binding assays were performed in parallel to determine the ratio of a  to p 
chain expression on clone a p i 5 after partial and full induction with IPTG.

3.2.8 Chemical cross-linking experiments

Transfected NIH3T3 cells were either fully induced or partially induced with IPTG 
for 48 hours. Cells were removed from the flask by scraping and resuspended in 
binding buffer at a concentration of 9 x 10^/150 pi and chilled on ice for 30 minutes. 

Cells were incubated at 4^C for 4 hours in the presence of 2 mM [^^5j j GM-CSF 

with or without a 100-fold excess of unlabelled GM-CSF. Cells were then 
centrifuged and resuspended in 200 pi ice-cold PBS containing 1 mM 

disuccinimidyl suberate in DMSO and incubated for 30 minutes at 4®C. The cross- 
linking reaction was stopped by adding 200 pi of ice-cold quenching buffer. Cells 
were centrifuged and the pellets solubilized by incubating with 250 pi of lysis buffer 

with protease inhibitors for 30 minutes at 4^C. Supernatants were collected by 
centrifugation and solubilized proteins immunoprecipitated (as described in 2.5) 
using 2 pg of each of the following antibodies: anti GM-CSF antibody (LP714), anti 
GM-CSF R a  chain antibody (S-50) and anti GM-CSF R P chain antibody (S-16). 

Samples were analysed on SDS/6% polyacylamide gels. Gels were dried for 1 hour 

at 850c and exposed against X-OMAT film for auto radiography for 1-2 weeks at 
-80^C with an intensifying screen.
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Figure 3.2.1 
Transfection of NIH3T3 cells and the selection of drug- 
resistant clones
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3.3 RESULTS

3.3.1 Construction of expression vector pRSVOPiGM-CSF R a

Plasmid DNA was isolated from recombinants and digested with the restriction 

enzymes Eco-Rl, Pst 1 and Pvii I I ,  until the presence and correct orientation of the 
GM-CSF R a  chain could be shown, (Figure 3.3.1).

3.3.2 Transfection of NIH3T3 cells and screening of drug-resistant clones

Out of 4xlQ6 NIH3T3 cells triply transfected with the vectors encoding the a  and p 

subunits of the GM-CSF R and the lac repressor gene, 19 clones resistant to both 

hygromycin and neomycin were isolated. These clones were induced with 5 mM 
IPTG and [̂ 5̂ jj g M-CSF equilibrium point binding studies were carried out in 

duplicate, 8 clones bound GM-CSF, (Table 3.3.1).

3.3.3 Antibody binding assay to determine a  and P chain expression

The a  chain expression in these clones was induced with 5 mM IPTG and the cells 
were then screened for surface expression of the a  and p chains using specific 

mouse anti-serum, followed by a [^^^I]-labelled anti-mouse secondary layer. Two 
clones, a p 9 and a p ] 5 , bound more radioactivity than the controls with both the a  
chain antibody, 11,500 cpm and 9,413 cpm, respectively, and the p chain antibody 

1,833 cpm and 3,252 cpm, respectively, indicating the expression of both chains of 
the GM-CSF R.

3.3.4 Induction of a  chain expression

['251] GM-CSF equilibrium binding studies were then carried out on clones (Xpg and 

ocpi5 with and without IPTG induction. Negligible binding was observed in the 

uninduced state of both clones but binding occurred after induction with IPTG. 
Clone a p 9 gave specific binding of 1,004 cpm/10^ cells and clone « P is  gave 

specific binding of 1,500 cpm/10^ cells. These results indicate that the lac repressor 
system is operational and the transcription of the GM-CSF R a  chain is under the 

control of the lac repressor protein and can be induced by the addition of IPTG. In 
view of the fact that clone ap is  exhibited a higher level of p chain expression and 
greater binding of gM -CSF than clone a P 9 , clone a P is  was used in all

subsequent experiments.
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3.3.5 Expression of the a  chain in response to increasing concentrations of 

IPTG

Binding of 0.2 nM [’ 5̂ i] GM-CSF was measured after incubating clone ocpi5 in the 

presence of increasing concentrations of IPTG. Data shown represents duplicate 
values (± the range) from a single experiment representative of two that were 
performed. The specific binding increased concomitantly with the concentration of 
IPTG used. This indicates that the level of a  chain expression can be controlled by 

the concentration of IPTG added to the growth medium, (Figure 3.3.2). Full 
induction of a  chain expression occurred with approximately 5 mM IPTG and 

partial induction with approximately 500 nM IPTG.

3.3.6 Analysis of a  and p chain expression by western blotting

To further confirm the inducibility of the a  chain and constant expression of the p 

chain, clone aP is was incubated in the presence of 0, 500 nM and 5 mM IPTG and 
the level of a  and p chain expression was analysed by immunoprécipitation and 

western blotting. On the blot probed with the a  chain antibody a major band of 85 
kDa was apparent, which corresponds to the predicted size of the GM-CSF R a  

chain (Figure 3.3.3.1). The intensity of this band increased with the higher 
concentration of IPTG used for induction. On the blot probed with the P chain 

antibody a major band of 135 kDa was demonstrated, corresponding to the predicted 
size of the GM-CSF R p chain (Figure 3.3.3.2). This band is present in every lane 
indicating that the p chain is constitutively expressed under all three conditions.

This system enables reproducible control of surface a  chain expression by using 
different concentrations of IPTG. In the absence of IPTG the level of a  chain 

expression was below the limits of detection by either antibody binding or 

radioactive ligand binding, providing that the cells were maintained under optimal 

conditions. If cells were allowed to become overgrown, the system became 'leaky' 
and low level a  subunit expression occurred in the absence of IPTG.

3.3.7 Scatchard analysis of clone ap is after partial and full induction with 

IPTG.

Scatchard analysis of clone a p i 5 which had been partially induced with 500 nM 

IPTG resulted in linear plots, which represent a single class of binding sites of 
intermediate affinity with dissociation constants greater than 364 pM, (Figure
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3.3.4.1). Full induction of clone with 5 mM IPTG resulted in biphasic 

curvilinear plots, which represents two classes of binding sites. These correspond to 
the dual high and low affinity receptors, with dissociation constants in the pM range 
for the high affinity receptors and in the nM range for the low affinity receptors, 
(Figure 3.3.4.2).

Figure 3.3.5 and Table 3.3.2 summarises the data from a series of experiments 
carried out on clone ap is  after partial and full induction of the a  chain. In partially 

induced cells the a:p ratio determined by antibody binding was 0.9+ 0.2:1 (n=4) and 

Scatchard analysis reveals a single class of intermediate affinity receptors with a 
mean dissociation constant of 614±88 pM (n=4). In fully induced cells the a:p ratio 

was 3.1+ 0.2:1 (n=4) and Scatchard analysis resulted in biphasic curvilinear plots 
with mean dissociation constants of 67+32 pM and 1.7+0.6 nM (m=4).
The ratio of a:P  chain expression obtained for clone aP is  is broadly in accord with 

the values found for primary haemopoietic cells. Neutrophils which express a 

single affinity-class of receptors gave a ratio of 1.9+0.1:1 {n=3), whereas TF-1 cells 
and monocytes which express dual high and low affinity receptors gave ratios of 
2.4:1 and 2.5:1 {n=2) and 3.2:1 («=1), respectively. These results indicate that the 
ratios of a :p  chain expression determined by surface antibody binding on the 

transfected NIH3T3 cells are within the range of that found in primary haemopoietic 
cells.

3.5.8 Chemical cross-linking experiments

1251 GM-CSF was cross-linked to receptors expressed on the cell surface of fully 
and partially induced clone a P i 5 and the resulting complexes were analysed. Figure

3.3.6 shows the presence of a number of bands. Indicated on the gel are bands 
which correspond in size to free a  and P chains complexed to GM-CSF and also a 
band which could represent 1:1 a :p  dimers complexed to ligand. Above these are 
higher molecular weight bands suggesting that the a  and p chains form complexes 

with different ratios of the constituent chains. Importantly both the partially and 

fully induced cells appear to form the same complexes, although in the partially 

induced samples the bands are less intense, which probably reflects the lower 
binding affinity for GM-CSF. The similar size and proportion of the higher 

molecular weight complexes was seen in a series of experiments using a range of 

different detergents and was confirmed by densitometry. Figure 3.3.7 shows the 
resulting densitometry traces for both the intermediate and the dual high and low 

affinity complexes. The relative proportion of each band was expressed as a 
percentage of the total signal, are shown in Table 3.3.3.
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Figure 3.3.1 
Construction of the expression vector pRSVOPiGM-CSF R a
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Table 3.3.1
GM-CSF equilibrium point binding study to screen 

transfected NIH3T3 cells for GM-CSF receptor expression»

Clone
Number

I] GM -CSF bound (cpm)

Total counts 
bound

Non-specific 
counts bound

Specific counts 
bound

1 3319 2627 692

2 1602 1038 564

6 3565 2858 707

7 1439 998 441

9 3153 2186 967

11 1900 1520 380

15 4309 2119 2190

16 1433 1018 415

Equilibrium point binding was carried out in duplicate, using 2 x 10^ cells / 
sample, incubated with a single concentration of 0.2 nM GM-CSF, and 
non-specific binding was measured by incubation in the presence of a greater 
than 100-fold molar excess of unlabelled GM-CSF. The cpm bound represents 
the mean of the two samples.
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Figure 3.3.2
E xp ression  o f the a  chain in resp on se to in creasin g  
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Figure 3.3.3
Analysis of the a  and P chain expression in transfected 
NIH3T3 cells bv western blotting following induction with 
IPTG
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F igure 3 3 . 4 . 2
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Figure 33 .4 .1
Scatchard analysis of transfected NIH3T3 cells after partial 
induction of the a  chain
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Figure 3.3.5 and Table 3.3.2

Summarises the Scatchard binding data from a series of experiments 
carried out on clone after partial and full induction of the a  chain. 
These results show that changing the a  chain expression relative to the 
(3 chain expression results in the production of different GM-CSF 
binding affinities
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Figure 3.3.6
Chemical cross-linking of f 11 GM-CSF to its receptor
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Figure 3.3.7
Densitometry traces of the intermediate and dual high and 
low affinity complexes cross-linked to II GM-CSF

Partial induction 
(500 nM IPTG)

Full induction 
(5 mM IPTG)

Table 3.3.3
Summarises the data from the densitometr)’ traces. The proportion 
of each band was calculated as a percentage of the total signal.

Peak
number

Partial induction 
(500nM IPTG)

Full induction 
(5mM IPTG)

Possible composition 
of the complex

1 35.6% 31.7% G M- CSF + G M - C S F R a

2 6.5% 6.3%

3 35.4% 29.3% G M- CSF + GM- CSF  R f

4 11.1% 14.1%

5 11.4% 18.6% Fligh molecular weight complexes
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3.4 DISCUSSION

A previous study using transiently transfected Cos-7 cells suggested that when 
expression of the GM-CSF R (3 chain was low relative to the a  chain, the cells 

showed dual high and low affinity receptors which were converted to a single class 
of intermediate affinity receptors when expression of the (3 chains was increased 

(Budel et a l ,  1993). The significance of this data was difficult to ascertain however 

as only a small proportion of Cos-7 cells transiently transfected by CaPO^ 

precipitation express the transfected genes and in such individual cells the level of 
expression may be far in excess of that found in primary cells. In addition 

measurement of the levels of expression of the individual GM-CSF R chains was 

not determined. To overcome these problems, we stably transfected NIH3T3 cells 
with GM-CSF R chain cDNAs and selected a clone expressing both the a  and [3 

chains to similar levels as those found in human haemopoietic cells. NIH3T3 
mouse fibroblast cells were used as they do not express components of the mouse 
GM-CSF R which can interact with transfected human GM-CSF R chains 

(Kitamura et a i ,  1991). They are also able to bring about rapid GM-CSF induced 

changes in phosphorylation when expressing the transfected human GM-CSF R 
(Watanabe et a i ,  1992; Eder et a i ,  1993). The NIH3T3 cells were stably transfected 
using a lac-operon system which enabled the level of a  subunit expression to be 
varied whilst the |3 chain expression remained constant. This allowed for 
reproducible control of a  chain expression by using different concentrations of 
IPTG. In the absence of IPTG the level of a  chain expression was below the limits 

of detection by either antibody binding or radioactive ligand binding, providing the 
cells were maintained under optimal conditions. In the presence of high levels of 
IPTG the total number of low and high affinity receptors detected by ligand binding, 
each containing at least one a  chain, varied between 1,500 and 9,200 per cell. 

These values are within the range of receptor numbers found in human 
haemopoietic cells with neutrophils expressing approximately 2,000 receptors per 

cell, TF-1 leukaemia cells and monocytes approximately 10,000 per cell. 

Leukaemic myeloid blast cells have been variously reported as having between 

several hundred and several thousand receptors (Cannistra et a i ,  1990; Chiba et al., 
1990; Onetto-Pothier et a i ,  1990; Budel et al., 1993). Measurements of surface 
expression of the a  and (3 chains using antibody binding also indicates that the ratio 

of a: (3 chain expressed on the transfected NIH3T3 cells were similar to those found 

for haemopoietic cells.

Scatchard analysis of the binding of radiolabelled GM-CSF to transfected NIH3T3 
cells, partially induced to express a  chains with 500 nM IPTG, showed receptors 
which were of single intermediate affinity (Kd =614+88.4 pM). However, when a
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chain expression was fully induced with 5 mM IPTG, there was conversion to both 
high and low affinity binding with Kd's of 67±31.5 pM and 1.7±0.56 nM, 
respectively, indicating that three different classes of binding affinity exist in the 
physiological range of a  and (3 chain expression. An important issue is whether 

three classes of receptor exist in primary cells. Considerable variation in receptor 
affinity has been reported, in part reflecting technical differences in the way in 
which the binding studies have been performed. There is general agreement that 

cells such as monocytes, many AML blasts, HL-60 and TF-1 cell lines express both 
high affinity and low affinity receptors whereas neutrophils express a single class of 

receptor, usually referred to as having a high affinity. However, at least 6 groups 
including our own, have reported comparative affinities of the GM-CSF R on 

different cell types, and have found the receptor affinity on neutrophils to be at least 

three times lower than the high affinity receptor found on cells expressing the dual 
high and low affinity receptors. Similar intermediate affinity receptors have been 

reported in some cases of AML blasts differentiated in vitro (DiPersio et a i ,  1988; 
Cannistra et al., 1990; Chiba et a i ,  1990; Onetto-Pothier et al., 1990; Budel et a i ,  

1993).
Three affinity-classes of receptor have been reported for another member of the 
haemopoietic receptor family, the lL-2 receptor (Smith, 1988). The IL-2 R was 
originally thought to consist of two chains a  and (3, but an additional y chain was 

later cloned (Takeshita et al., 1992). The low affinity receptor (Kd =100 nM) is 
composed of a single a  chain and the intermediate affinity receptor (Kd =10 nM) is 
composed of heterodimers of the (3 and y chains. The high affinity receptor (Kd 
= 100 pM) contains heterotrimers of the a , (3, and y chains. In the case of the GM- 

CSF R all three classes of receptor have been reconstituted in both monkey Cos-7 
cells and mouse N1H3T3 cells, by transfection of just two component chains. If 
there is an additional component of the GM-CSF R, then this component would 
have to be both widely expressed in diverse tissue types and have considerable 

cross-species homology. If such a molecule was involved in only the high affinity 
class of receptors, its interaction with the a  and (3 chains would have to be 

dependent on the level of a  chain expression.

Another hypothesis to account for three affinity classes of receptors being generated 

from two chains is that the affinity switch merely represents a change in the 
stoichiometry of a  and |3 chain complexes. There is data which indicates that there 

are at least 2 a  and 2(3 chains in the high affinity receptor complex (Jenkins et al., 

1995; Mu to et al., 1995; Muto et al., 1996; Lia et al., 1996). These higher order 

oligomers presumably account for the higher molecular weight bands which 1 

observed in the cross-linking studies and which correspond closely to those reported 
by Lia et a i,  (1996). It is therefore conceivable that the ratio of a  to (3 chains in
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these higher order oligomers might change as the expression of the a  chain is 

increased and thus modulate the receptor affinity. If this is the case than the 
simplest hypothesis would have the intermediate receptor consisting of (a:p)n and 

the high affinity receptor consisting of (2a:P)n and the low affinity receptor 

consisting of uncoupled a  chains. Alternatively the intermediate affinity receptor 
might consist of (a:2P)n whilst the high affinity receptor might be (a:p)n. The 

value n would need to be at least 2 in both the intermediate and high affinity 
receptors if they were to be functional because of the need for p chain dimérisation 

(Jenkins et a i ,  1995; Muto et a i ,  1995). This is in accord with data pertaining to 
the structure of the IL-6 receptor which is thought to consist of a hexamer of two IL- 
6 molecules, two IL-6 a  chains and two G pl30 chains (Paonessa et a i ,  1995). 

However such a change in stoichiometry is not supported by the cross-linking data 
presented here which demonstrates identical high molecular weight complexes for 

both the high and intermediate affinity receptors. Therefore a more likely 
explanation for this apparent change in receptor affinity induced by excess a  chains, 
is that the free a  chains, which have both a high "on-rate" and high "off-rate" for 

GM-CSF binding (Nicola, 1991), serve to concentrate GM-CSF locally at the cell 
surface in the proximity of the a  P complexes and thus give rise to an apparent 

increase in affinity. This would represent a novel way for regulating the response of 
a cell to low levels of ligand.
In conclusion these studies have confirmed that variable expression within the 
physiological range of the two currently described GM-CSF R subunits gives rise to 
three affinity classes of receptor which are able to bind GM-CSF with low, 
intermediate or high affinity.
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CHAPTER 4

GRANULOCYTE-MACROPHAGE COLONY STIMULATING 
EACTOR RECEPTOR a  AND (3 CHAIN COMPLEXES CAN 

FORM BOTH HIGH AND INTERMEDIATE AFFINITY 
FUNCTIONAL RECEPTORS
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4.1 INTRODUCTION

The signal transduction pathways activated by GM-CSF have recently been 

characterised with signalling occurring through two major pathways, namely the JAK 
2-STAT 5 pathway and the Ras-MAP kinase pathway. Occupation of the GM-CSF R 

by ligand, results in the activation of the tyrosine kinase JAK2, which is thought to 
initiate signalling events, since neither the a  or (3 subunits possess any intrinsic 

tyrosine kinase activity themselves. JAK 2 activation results in the rapid tyrosine 
phosphorylation of the (3 chain (Duronio et al., 1992) and of the signal transducer and 

activator of transcription ST AT 5 (Wakoa et at., 1994). On activation the ST AT 5 
proteins dimerize, forming active signal transducing factors which translocate to the 
nucleus, bind to DNA and initiate transcription of early response genes (Ihle, 1995), 
(see section 1.12). Tyrosine phosphorylation of the membrane distal region of the [3 

chain enables She to bind and the subsequent association of Grb2 and Sos resulting in 
an increase in GTP-bound Ras and the activation of Raf-1 and MAP kinase (Satoh et 
a l,  1991; Marshall, 1994), (see section 1.13).
Previous studies using murine NIH3T3 cells have demonstrated that these cells, when 
expressing the transfected human GM-CSF R a  and (3 chains, possess the biochemical 

pathways to bring about signalling events in response to human GM-CSF. GM-CSF 
binding has been shown to result in the following events: the rapid tyrosine 
phosphorylation of several cellular proteins with estimated molecular weights of 42, 
44, 47, 52-54, 58-60, 120 and 140 kDa, which include the [3 chain of the GM-CSF R 

and MAP kinase p42/p44; the activation of endogenous immediate early response 
genes such as c-fos, c-jim and c-myc\ the induction of DNA synthesis and also the 
maintenance of long term growth in the presence of low serum concentration 
(Watanabe et a l ,  1992; Arec es et a i ,  1993; Sasaki et a i ,  1993; Eder et al., 1993). 
These results indicate that the high affinity receptor composed of a  and [3 chains is 

sufficient and that no other molecule specific to haemopoietic cells is required to 

transduce signals in these murine fibroblasts.
In the previous chapter, NIF13T3 cells were stably transfected using a system based on 
the bacterial lac operon to generate a clone in which the human GM-CSF R (3 chain 

was constitutively expressed and the human GM-CSF R a  chain was inducibly 

expressed. Using this system it was possible to successfully reconstituted the low, 
intermediate and high affinity classes of the GM-CSF R by varying the level of a  

chain expression. In this chapter the ability of the high and intermediate receptors to 

transmit signals in response to different concentrations of GM-CSF has been 

compared.
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4.2 MATERIALS AND METHODS

Materials
• Polyvinylidene difluoride (PVDF) membrane (Immobilon, Millipore Ltd, UK)

• Phospho Plus ™  MAPK Antibody Kit (New England BioLabs, UK, Ltd.).

Methods

4.2.1 Analysis of ST AT 5 activation

Clone a p i 5 was either partially (500 nm IPTG) or fully (5 mM IPTG) induced for 48 

hours and surface antibody binding assay performed (as described in Chapter 3) to 
ensure that the cells were properly induced. The remaining cells were removed from 

the flask by scraping and resuspended in binding buffer (as defined in section 2.4) at a 
concentration of 2 x 10^ cells/ml and 1 x 10”̂ cells were stimulated with or without 

GM-CSF (0, 0.1, 1, and 10 ng/ml), for 5 minutes at 37°C. The subsequent steps were 
carried out at 4^C. Cells were washed twice in PBS and incubated for 30 minutes 

with 1 mM DIFP in PBS. Cells were pelleted and whole cell extracts were prepared 

(as described in 2.7.1). Samples were then analysed by electrophoretic mobility shift 
assays (as described in 2.7.4).

4.2.2 Analysis of MAP kinase phosphorylation

Clone a P i 5 was grown to semi-confluence in either 6 well plates or 175cm^ tissue 

culture flasks. Cells were then washed twice in PBS and cultured for 24 hours in 
DMEM supplemented with 0.5% ECS and either 500 nM or 5 mM IPTG. After 24 

hours the medium was changed and fresh DMEM containing 0.5% ECS and either 
500 nM or 5 mM IPTG was added, the cells were cultured for a further 2 hours. 
Surface antibody binding was assayed (as described in Chapter 3) to ensure that 
receptor expression was properly induced and that the level of a  and p chain 

expression was not affected by growing the cells in a low concentration of ECS. The 
remaining cells were then stimulated with or without GM-CSF (0, 0.1, 1, or 10 ng/ml) 

or 20% ECS, for 5 minutes at 37^C. The medium was aspirated and the cells were 
washed once in PBS. Cells were lysed at 4^C in 50 pi of lysis buffer containing 

protease inhibitors and 50 pi of 2 x concentrated Laemmli's sample buffer, transferred 

to Eppendorf tubes and boiled for 10 minutes. Samples were loaded onto SDS/12% 

polyacrylamide gels, electrotransferred to PVDF membranes and analysed by western 

blotting (as described in 2.6) using the Phospho Plus MAPK antibody kit. One
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blot was probed using the phospho-specific MAPK antibody and one blot using the 

p44/42 MAPK antibody.
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4.3 RESULTS

4.3.1 Activation of ST AT 5

Clone aPi5 was either partially or fully induced with IPTG and the level of a  chain 

expression measured using a surface antibody binding assay as described in Chapter 
3. The partially induced cells gave an a :p  chain ratio of 1.3:1 and the fully induced 

cells 2.9:1, indicating that the cells were optimally induced to express the intermediate 
and the dual high and low affinity receptors respectively. Electrophoretic mobility 

shift assays were then carried out on the partially and fully induced cells using 

different concentrations of GM-CSF, to see if the reconstituted receptor transmits a 
signal and induces the activation of ST AT 5. Oct 1 was used as a loading control in 

this experiment as it is equally expressed in all cells and is not affected by IPTG- 
treatment or GM-CSF stimulation. Figure 4.3.1.1 shows that 10 ng/ml GM-CSF 
induces ST AT 5 DNA binding activity to approximately the same levels in both 
partially and fully induced cells but at a lower concentration of 1 ng/ml GM-CSF 
there is greater activity in the fully induced cells expressing the dual high and low 
affinity receptors. Figure 4.3.1.2 represents an Oct 1 electrophoretic mobility shift 
assay, this gel indicates that an equivalent amount of protein was loaded in all the 

lanes.

4.3.2 MAP kinase phosphorylation

Clone a P i 5 was both partially and fully induced and the level of a  chain expression 

was measured using a surface antibody binding assay as previously described, the 
partially induced cells gave an a :p  chain ratio of 1.4:1 and the fully induced cells 

3.8:1, indicating optimal induction for the intermediate and the dual high and low 
affinity receptors. The partially and fully induced cells were then either stimulated 

with increasing concentrations of GM-CSF or 20% FCS. Samples were then analysed 
by western blotting to look at the phosphorylation state of MAP kinase p44/42. 

F igure 4.3.2.1. & 4.3.2.2., show that there is approxim ately equivalent 
phosphorylation of MAP kinase in both the partially and fully induced a(315 cells 

activated by 10 ng/ml GM-CSF and 20% FCS, but the fully induced clone a p i 5 

expressing the dual high and low GM-CSF R gave a stronger phospho MAP kinase 

signal when stimulated with the lower concentration of 1 ng/ml GM-CSF. Figure 

4.3.2.3. & 4.3.2.4. indicate that the total amount of cellular p42 and p44 MAP kinase 

were similar in all the samples. It is interesting to note that the levels of expression of 

the p42 and p44 forms of MAP kinasewere not equal in mouse fibroblast cells, with 

p42 expression being higher than p44 MAP kinase.
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Figure 4.3.1
EMSAs of STAT 5 and Oct 1 following stimulation of partially 
and fully induced done with GM-CSF

Figure 4.3.1.1.

[IPTGl 500 uM 5 mM

GM-CSF (ng/ml) 0 0.1 1 10 0 0.1 1 10

STATS

Figure 4.31.2.

Lane number 2 3 4 5 6 7 8

Oct 1
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Figure 4,3.2
Analysis of GM-CSF mediated MAP kinase phosphorylation by western blotting in partially 
and fully induced clone

Partial induction, 500 nM IPTG
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4.4 DISCUSSION

In this study the signalling events following GM-CSF binding to the reconstituted 
intermediate and high affinity GM-CSF receptors expressed on mouse NIH3T3 

fibroblasts has been examined. GM-CSF occupation of the high affinity receptor 
enables the receptor chains and the associated JAK 2 tyrosine kinases to aggregate. 

The JAKs become activated by transphosphorylation, resulting in the phosphorylation 
of the p chains. JAK 2 activation results in the subsequent downstream activation of 

STAT 5 proteins, which associate and form active signal transducing factors. JAK 2 

activation has been shown to be essential for mitogenesis (He et al., 1994; Zhuang et 
al., 1994; Klingmuller et aï., 1995; Watanabe et al., 1996), whereas recent data 
suggests that STAT activation plays a more complex role in functional responses to 
cytokines (Ihle, 1995; Mui et al., 1996). It is demonstrated here that both the high and 
intermediate affinity forms of the receptor activate STAT 5 with equal effect when 
saturated by high GM -CSF concentrations (10 ng/ml). At lower GM-CSF 

concentrations (1 ng/ml), there is greater STAT 5 activation by the high affinity 
receptors which is in accord with the difference in receptor occupancies occurring at 
this GM-CSF concentration and does not imply a difference in signalling efficiency of 

the two receptor types. Similar data was obtained for phosphorylation of MAP kinase 
by the two receptor affinity forms. It has been shown that phosphorylation of MAP 
kinase by GM-CSF is dependent on the "ras pathway" with She binding to a 
membrane-distal portion of the intra-cytoplasmic domain of the p chain (Carroll et al., 

1990; Okuda et al., 1992; Cutler et al., 1994). This would imply that both the high 
and intermediate affinity GM-CSF receptors can equally initiate signalling from two 
different regions of the p chain. Ideally function should be assessed in terms of 

proliferation and differentiation as has been shown for studies of the G-CSF receptor 
(Fukunaga et al., 1993). Transfected NIH3T3 cells grow sporadically in media 
containing low serum concentrations and dem onstration of ligand specific 
proliferation has not been possible. The murine pro-B cell line BaF/3 has been used 
to study GM-CSF dependent proliferation, but the presence of the murine GM-CSF 
receptor P chain complicates the subtle analyses required to dissect the functions of 

high and intermediate receptors.
At the time of doing these studies no successful model had been described for looking 

at the role of GM-CSF receptor function with regard to myeloid differentiation. 
Recently a study carried out by Smith et al., (1997), used two murine myeloid 

leukaemic cell lines. M l and WEHI-3BD-t- transfected with the hGM-CSF R to look 

at proliferation and differentiation in response to GM-CSF. Using cytoplasmic 
deletion mutants of the P chain of the GM-CSF R they were able to map the receptor 

domains that mediate these processes in leukaemic cells. It would be interesting to
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use such a model to study the effects of the intermediate and high affinity GM-CSF R 
on myeloid proliferation and differentiation.

In conclusion we have confirmed that variable expression within the physiological 

range of the two currently described GM-CSF R subunits give rise to three affinity 

classes of receptor which are able to bind GM-CSF with low, intermediate or high 

affinity. No qualitative difference in STAT 5 or MAP kinase signalling through the 

intermediate and high affinity receptor complexes has been found when a saturating 
concentration of GM-CSF was used. However, the concentration of GM-CSF which 
initiated a response did vary in keeping with the change in receptor affinity. This is in 

accord with the model where the difference in the affinity between the intermediate 
and high receptors is due to the close proximity of free a  chains making GM-CSF 

available to the a p  complex rather than any changes in the a p  complex itself. The 

biological significance of the existence of intermediate and high affinity states of the 
GM-CSF receptor remains unclear but the differentiation linked switch to an 
intermediate affinity receptor in the neutrophil lineage might be a mechanism for 
reducing the responsiveness of the fully differentiated target cells. Thus, for example, 
neutrophils may be less sensitive to the low concentrations of GM-CSF which activate 
primitive bone marrow myeloid cells, whilst still retaining the ability to respond to the 
higher concentrations of GM-CSF as found at sites of inflammation in local tissues 

(Massey et al., 1993; Bratton et a l,  1995).
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CHAPTER 5

DIFFERENTIATION-LINKED CHANGES IN GM-CSF 
RECEPTOR MEDIATED SIGNALLING IN THE HL-60 

PROMYELOCYTIC LEUKAEMIA CELL LINE
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5.1 INTRODUCTION

GM-CSF has pleiotropic effects on myeloid cells, it induces both proliferation and 
commitment to differentiation in immature precursor cells as well as priming cell 
function in mature phagocytic cells (Gasson et a i ,  1991). Studies have indicated that 

GM-CSF-mediated signalling appears to occur via the same signal transduction 
pathways for both immature and mature haemopoietic cells. It is therefore still 

unclear how the GM-CSF receptor can transduce signals resulting in such a variety of 

cellular responses.
The human HL-60 promyelocytic cell line (Collins et al., 1977) has been used as a 

model to study GM-CSF mediated signal transduction because of its ability to 

differentiate into functionally mature phagocytes (Lubbert and Koeffler, 1988) in the 
presence of specific inducers such as dimethyl sulfoxide (DMSO), ylFN or retinoic 

acid (RA).
Previous studies on undifferentiated and differentiated HL-60 cells have shown that 
both cell types express dual high and low affinity GM-CSF receptors with 
neutrophilic maturation resulting in an approximately two fold increase in the receptor 
number (Roberts et a i,  1994). GM-CSF stimulation of the HL-60 cells resulted in the 
tyrosine phosphorylation of a broadly similar range of proteins, in both the 
undifferentiated and differentiated cells, but the kinetics and m agnitude of 
phosphorylation were different. In the immature cells, the phosphorylation of some of 
the undefined proteins was rapid, transient and weak, whereas the response in the 
mature cells was more prolonged and of greater intensity (Roberts et al., 1994). 
Prolonged phosphorylation was observed in the differentiated cells even in the 
presence of non-saturating GM-CSF concentrations indicating that these differences 
were maturation-induced and were not due to the increase in receptor number causing 

a change in absolute receptor occupancy. Immature and mature HL-60 cells have also 

been shown to have no constitutive expression of c-fos  mRNA but on GM-CSF 

stimulation a rapid upregulation of c-fos mRNA was induced in the differentiated 

cells whereas there was no detectable response in the immature precursor cells 

(Roberts et al., 1994). Recent studies using a dominant negative STAT 5 construct 

indicate that ST AT 5 is involved in the induction of c-fos (Mui et a i ,  1996) and both 

MAP kinase and ST AT 5 activation are necessary for optimal induction of c-fos.
In the present study the HL-60 cell line has been used to examine the changes in GM- 

CSF mediated signal transduction as HL-60 cells progress from proliferating 
immature cells to functionally mature phagocytes. The kinetics and magnitude of 
activation of JAK 2, ST AT 5 and MAP kinase (Erk 2) have been examined and the 

results indicate that the JAK 2/ ST AT 5 and MAP kinase pathways are independently 

regulated during myeloid differentiation of HL-60 cells.
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5.2 MATERIALS AND METHODS

Materials

DMSO (Sigma)

RA (Sigma)
Interferon-y (Biogen)

Nitroblue tétrazolium (NET) (Sigma)

12-0-tetradecanoylphorboI 13-acetate (TPA) (Sigma)

Methods

5.2.1 Cell purification and culture methods

The HL-60 promyelocytic leukaem ia cell line was cultured in RPMI 1640 

supplemented with 10% PCS as described in section 2.1. HL-60 cells were
differentiated for 5 days in the presence of either 1.25% (vol/vol) DMSO, 1 pM RA 
or 200 u/ml IFN-y. Functional maturation was assessed by an adaptation of the 

nitroblue tétrazolium reduction (NET) test (Park et a i ,  1968). Cells were incubated at 
37^0 for 30 minutes in 0.05% (wt/vol) NET in RPMI medium containing 1 pg/ml 

phorbol ester TPA to stimulate the respiratory burst. Control samples were incubated 
without TPA to measure the resting level of NET reduction. Positive cells containing 
black deposits of formazan were identified by light microscopy. The percentage of 

positive cells was calculated from a total of 300 cells in each sample. Cell viability 
was assessed by trypan blue exclusion. The leukaemic cell line TF-1 (Kitamura et a l ,  
1989) was maintained in RPMI 1640 supplemented with 10% PCS and 5 ng/ml rh 

GM-CSF as described in section 2.1, cells were starved of GM-CSF for 18 hours prior 

to the experiments. Neutrophils were purified from the blood of healthy subjects by 
dextran sedimentation and ficoll-isopaque centrifugation, as previously described in 

section 2.2.

5.2.2 Analysis of JAK 2 activation

Cells (lOxlO^/sample were incubated with and without 10 ng/ml GM-CSF at 37^C for 

5 minutes and reactions stopped with 2 mM NEM. Cells were solubilized and JAK 2 
immunoprecipitated as described in section 2.8.3. Samples were analysed by western 
blotting as described in section 2.6.
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5.2.3 Analysis of STAT 5 activation

Cells (1x10^ cells/sample) were resuspended in PBS/5 mM glucose and stimulated 

with and without 10 ng/ml GM-CSF at SV^C for timed intervals up to 1 hour, the 
reactions were stopped with NEM. Cells were pelleted and whole cell extracts 
(WCE) or nuclear extracts (NE) were prepared as described in section 2.7.1. Protein 

concentrations were measured using the Bradford Assay as described in section 2.7.2. 
Activated STAT 5 levels were measured by EMSA as described in section 2.7.6. The 

specificity of the binding reaction was assessed by incubation with a 10 fold molar 
excess of unlabelled double stranded oligonulcleotide probe, either p casein or IRF-1. 

Total cellular levels of STAT 5 were assessed by GRA as described in 2.8.2.

5.2.4 Analysis of MAP kinase (Erk 2/p42) activation

Activated MAP kinase levels were measured by GRA as described in section 2.8.2.
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5.3 RESULTS

GM-CSF stimulation of the JAK 2/STAT 5 pathway 

5.3.1 Total cellular levels of JAK 2

Total cellular levels of JAK2 were analysed in undifferentiated HL-60 cells, and HL- 
60 cells differentiated with either RA or ylFN for 5 days. Figure 5.3.1 shows a JAK 2 

western blot after immunoprécipitation with a JAK 2 antibody. Lanes 1 & 2 represent 

undifferentiated cells, lanes 3 & 4 cells differentiated with RA and lanes 5 & 6 cells 
differentiated with ylFN. Much higher levels of JAK 2 expression were observed in 

the differentiated cells compared to the undifferentiated cells. Interestingly, the level 
of JAK 2 expression correlated to the degree of differentiation, with the HL-60 ylFN 

cells (44% NET positive) expressing a lower level than HL-60 RA cells (74% NET 

positive).

5.3.2 Kinetics of JAK 2 phosphorylation

Undifferentiated HL-60 cells, and HL-60 cells differentiated with RA for 5 days 
(NET=78% positive) were stimulated with a saturating concentration of GM-CSF for 
timed intervals up to 1 hour. Cells were then lysed and immunoprecipitated with an 
antiserum to JAK 2 for detection of total cellular and tyrosine phosphorylated JAK 2. 
The amount of cellular JAK 2 was markedly higher in the differentiated cells (Figure 
5.3.2b) than the undifferentiated cells (Figure 5.3.2a) which may account for the 
inability to detect any phosphorylated JAK 2 in the undifferentiated HL-60 cells 
(Figure 5.3.2c). GM-CSF-induced tyrosine-phosphorylation of JAK 2 was rapid and 

prolonged in the differentiated cells, with maximum activation occurring within 5 
minutes and still detectable after 30 minutes of stimulation with GM-CSF (Figures 

5.3.2d).

5.3.3 Activated STAT 5 levels in undifferentiated and differentiated HL-60 cells

Figure 5.3.3.1 and 5.3.3.2 show representative STAT 5 mobility shifts of 

undifferentiated and differentiated HL-60 cells (NET=72% positive), after stimulation 

with and without GM-CSF. A much higher level of activated STAT 5 was observed 

in the differentiated cells when compared to the undifferentiated cells for both WCE 
and NE samples. A simultaneous band shift using the transcription factor Oct 1, 

which is equally expressed in undifferentiated and differentiated cells, confirms that 
equivalent protein levels were loaded. M easurem ent of the bands on the
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phosphoimager indicated that relative to Oct-1, GM-CSF induced 10 - 20 fold higher 
levels of STAT 5 activation in the differentiated cells com pared to the 
undifferentiated cells. The values for STAT 5 were 5.6% (WCE) and 6.1% (NE) 

respectively, for the undifferentiated HL-60 cells and 107.2% (WCE) and 96.3% (NE) 

respectively, for the differentiated HL-60 cells.
Assessment of total STAT 5 protein by western blotting showed no difference 

between undifferentiated and differentiated cells (Figure 5.3.3.3), to account for the 
differences in the levels of GM-CSF activated STAT 5. Exposure of HL-60 cells to 

GM-CSF results in phosphorylation of STAT 5 which causes retardation of the STAT 
5 band on the western blot, and it can be seen in Figure 5.3.3 that the levels of 

phosphorylated STAT 5 correspond with the levels of activated STAT 5 detected in 
the EMSA, and are higher in the differentiated cells.

STAT 5 binds to the DNA consensus sequence TTCC(A/T)GGAA which is present in 
the promoter regions of several genes including the P casein and IRF-1 genes. The 

specificity of STAT 5 binding was assessed by competition reactions using a 10 fold 
molar excess of the unlabelled probes, p casein and IRF-1. Figure 5.3.3.4 
demonstrates that excess unlabelled P casein and IRF-1 probe compete for STAT 5 

binding, preventing a signal being detected by EMSA, and both probes cross-compete 
for STAT 5 binding.

5.3.4 Effects of different GM-CSF concentrations on STAT 5 activation

It is known that differentiation of HL-60 cells is associated with a small increase in 
GM-CSF receptor numbers (Roberts et a l ,  1994), and to exclude the possibility that 
the differentiation associated changes in STAT 5 activation merely represented a 
change in the number of GM-CSF receptors occupied by ligand, a GM-CSF dose 
response curve was established. Figure 5.3.4 shows a STAT 5 EM SA of 
undifferentiated and differentiated HL-60 cells (RA 84% NET positive, or DMSO 

48% NET positive) after stimulation using limiting and saturating GM-CSF 

concentrations. In all three cases activation was first observed after stimulation with 1 

ng/ml GM-CSF, with the maximal level of stimulation occurring with 10 ng/ml GM- 
CSF. These results suggest that this rise in STAT 5 activation is not due to the change 

in receptor number.

5.3.5 Kinetics of STAT 5 activation in undifferentiated and differentiated HL-60 

cells

Undifferentiated HL-60 cells, and HL-60 cells differentiated with RA for 5 days (80% 
NET positive) were stimulated with a saturating concentration of GM-CSF and WCE
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prepared at timed intervals for up to 1 hour of stimulation. The kinetics of STAT 5 

activation are demonstrated by EMSA in Figure 5.3.5. GM-CSF mediated STAT 5 
activation was maximal within 5 minutes for both the undifferentiated and 
differentiated HL-60 cells and was still detectable 1 hour after stimulation with GM- 
CSF. These results indicate that there was no difference in the kinetics of STAT 5 
activation in the two cell types.

5.3.6 Kinetics of STAT 5 activation in TF-1 cells and neutrophils

The kinetics of STAT 5 activation are also shown for TF-1 cells (by FMSA) and 

neutrophils (by GRA), demonstrated in Figures 5.3.6.1 and 5.3.6.2, respectively. The 

time courses of GM-CSF stimulation for both the TF-1 cells and neutrophils show 
similar results to the undifferentiated and differentiated HL-60 cells, with activation 

being maximal at 5-10 minutes but still detectable after 1 hour of GM-CSF 

stimulation.

GMl-CSF activation of the MAP kinase pathway 

5.3.7 Kinetics of MAP kinase (Erk 2/p42) activation

The relative amounts of activated and total cellular MAP kinase were measured in 
undifferentiated and differentiated HL-60 cells (RA 72% NET positive) before and 
after GM-CSF stimulation. Activated MAP kinase was measured using a gel 
retardation assay, since migration of phosphorylated MAP kinase is slower than 
unphosphorylated MAP kinase thus enabling the two to be separated. MAP kinase 
activation was rapid in both undifferentiated and differentiated cells being maximal at 

approximately 5 minutes. The amount of activated MAP kinase was not grossly 
different in the two cell-types but the kinetics of activation differed as shown in 
Figures 5.3.7. In the undifferentiated cells phosphorylation of MAP kinase was 

transient and disappeared within 15 minutes, whereas in the differentiated HL-60 cells 
the phosphorylated MAP kinase band could still be detected at 1 hour.

5.3.8 Effects of different GM-CSF concentrations on the kinetics of MAP kinase 

(Erk 2/p42) activation

Time courses of GM-CSF mediated MAP kinase activation were performed for 
undifferentiated and differentiated HL-60 cells (RA 81% NET positive) using either 
0.1 ng/ml, 1 ng/ml or 10 ng/ml GM-CSF (Figure 5.3.8). In the undifferentiated cells, 
the maximal response (46% of total cell Frk 2 phosphorylated) was seen at a GM-CSF

131



concentration of 10 ng/mL (700 pM), a concentration that gives 90% saturation of 
high affinity receptors which equates to approximately 270 occupied high affinity 
receptors per cell (Khwaja et al., 1993). At a concentration of 1 ng/ml (70 pM) which 

gives a calculated receptor occupancy of approximately 60%, the amount of 
phosphorylated Erk 2 was lower (16% of the total Erk 2 protein). Stimulation with 

the lower dose of GM-CSF did not alter the kinetics of MAP kinase activation in the 

undifferentiated cells. In the differentiated cells the maximal response was again seen 
at 10 ng/mL (54% phosphorylated Erk 2), and at a concentration of 1 ng/ml the 
response was lower (42% phosphorylated Erk 2) but still prolonged (30-60 minutes) 
as at the higher concentration. This concentration of GM-CSF is calculated to give 

approximately 60% occupancy of high affinity receptors equating to 388 occupied 

receptors per cell. At 0.1 ng/mL of GM-CSF (estimated to occupy 15% of the high 
affinity receptors) no phosphorylation of Erk 2 was observed. These results suggest 
that the number of GM-CSF receptors may play a role in the level of activation but 

not the kinetics of activation.

5.3.9 Kinetics of MAP kinase (Erk 2/p42) activation in TF-1 cells and neutrophils

The kinetics of MAP kinase activation are also shown for TF-1 cells and neutrophils 
(Figures 5.3.9.1 and 5.3.9.2). TF-1 cells are immature myeloid leukaemic cells and 
the kinetics of activation were similar to the undifferentiated HF-60 cells with no 
phosphorylated MAP kinase detectable at 30 minutes whereas activation was still 
observed at this time point in the neutrophils.
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Figure 5.3.1
Total cellular JAK 2 levels in undifferentiated
and differentiated HL-60 cells

JAK 2

Lane 1 and 2 Undifferentiated HL-60 cells 

Lane 3 and 4 HL-60 cells differentiated with RA 

Lane 5 and 6 HL-60 cells differentiated with ylFN
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Figure 5.3.2
Kinetics of JAK 2 activation in undifferentiated and
differentiated HL-60 ceils
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Figure 5.3.3
Activated STAT 5 levels in undifferentiated and differentiated
HL-60 cells
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Figure 5.3.3.4
EMSA showing the specificity of STAT 5 binding
in HL-60 cells
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Figure 5.3.4
Effects of different GM-CSF concentrations on STAT 5 
activation in undifferentiated and differentiated HL-60 cells
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Figure 5.3.5
The kinetics of STAT 5 activation in 
undifferentiated and differentiated HL-60 cells
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Figure 5.3.6
The kinetics of STAT 5 activation in TF-1 ceils and neutrophils
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Figure 5.3.7
Kinetics of MAP kinase activation in undifferentiated
and differentiated HL-60 cells
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Figure 5.3.8
The effects of different GM-CSF concentrations on the 
kinetics of MAP kinase activation in undifferentiated 
and differentiated HL-60 cells
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Figure 5.3.9
The kinetics of MAP kinase activation in TF-1 cells and neutrophils

5.3.9.1 GRA of MAP kinase activation in TF-1 cells
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5.4 DISCUSSION

The HL-60 cell line has been extensively used as a model to examine the expression 

and function of the GM-CSF receptor during myeloid differentiation. In this study 
undifferentiated and differentiated HL-60 cells were stimulation with GM-CSF and 

the down-stream signalling events from the GM-CSF R examined. GM-CSF 

stimulation of immature HL-60 cells resulted in both STAT 5 and MAP kinase 
activation, but no detectable JAK 2 phosphorylation.
The level of STAT 5 activation in the undifferentiated HL-60 cells was much lower 

than in the differentiated HL-60 cells, but similar kinetics of activation were observed 

for both cell types, with activation being rapid and persisting for up to 1 hour 
following GM-CSF stimulation. Analysis of total cellular JAK 2 protein levels 

revealed a much lower level of JAK 2 expression in the undifferentiated cells than the 
differentiated cells, which might account for the inability to detect any tyrosine 

phosphorylation of JAK 2 and also the low levels of activated STAT 5 in the 

undifferentiated cells.
It is possible that these differentiation linked changes in GM-CSF signal transduction 
observed in HL-60 cells may be related to the higher level of GM-CSF receptor 
expression in the more differentiated cells. HL-60 cells have been shown to display a 
differentiation-linked increase in GM-CSF receptors. In a previous study we found 
that the number of low and high affinity receptors per cell on undifferentiated cells 
was 1231±398 and 299±98 respectively, rising to 23661788 and 647+249 respectively 
after 6 days culture in DMSO (Roberts et al., 1994 ). A similar increase in GM-CSF 
receptor number has been reported after 5 days culture in RA (Budel et al., 1993). 
Stimulation of undifferentiated and differentiated HL-60 cells with saturating and 

non-saturating GM-CSF concentrations indicate that activation of STAT 5 and MAP 
kinase first occurs in both cell types with 1 ng/ml GM-CSF, a concentration 

calculated to occupy 60% of the receptors. Interestingly there was a difference in the 
magnitude of activation at this concentration, with only 28% of maximal STAT 5 

activation and 16% of total Erk 2 protein phosphorylation occurring in the 
undifferentiated HL-60 cells, whereas in the differentiated cells 68% of maximal 

STAT 5 activation and 42% of total Erk 2 protein phosphorylation occurred, which 

may reflect the greater number of high affinity receptors occupied at this 
concentration. However in the differentiated HL-60 cells, this sub-optimal 

concentrations of GM-CSF, still resulted in sustained MAP kinase activation, but this 

increase in GM-CSF R occurring with differentiation did not lead to a change in the 

kinetics of STAT 5 activation indicating that these pathways are separately regulated. 

This prolongation of MAP kinase activation seen with differentiation in the HL-60 

cells could have important downstream effects. In the phaeochromocytoma PC 12 cell
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line, epidermal growth factor (EGF) results in transient MAP kinase (Erk 2) activation 

and is associated with cellular proliferation whereas nerve growth factor results in 
prolonged activation, translocation of MAP kinase to the nucleus and differentiation 

(Marshall et al., 1995). This difference in the kinetics of MAP kinase activation 
could reflect the different signal transduction pathways leading to Ras activation that 

are activated by the different receptors, but when the EGF R is overexpressed there is 

sustained MAP kinase activation and differentiation ensues. It is thus possible that 

the change in kinetics of GM-CSF mediated MAP kinase activation associated with 
differentiation that was observed, is at least in part due to the change in high affinity 

receptor expression. However in the differentiated HL-60 cells, sub-optimal 
concentrations of GM-CSF, calculated to occupy a broadly similar number of high 

affinity receptors as optimal (10 ng/ml) levels of GM-CSF in the undifferentiated 
cells, still resulted in sustained MAP kinase activation. This is in accord with 
previous data on GM-CSF-mediated phosphorylation patterns in differentiated HL-60 

cells (Roberts et al., 1994) and suggests that differentiation-linked changes other than 

up-regulation of GM-CSF receptors may also partake in the modulation of the kinetics 
of the MAP kinase response.
The kinetics of MAP kinase activation was also investigated for TF-1 cells and 
neutrophils. TF-1 cells are immature myeloid leukaemic cells and the kinetics of 
activation were similar to the undifferentiated HL-60-cells with no phosphorylated 
MAP kinase detectable after 15 minutes whereas activation was still observed at 30 
minutes in the neutrophils.
These data indicate that the differentiation status of a cell can influence both the 
kinetics and magnitude of activation of a given pathway, and that the JAK 2 / STAT 5 
pathway and the Ras / MAP kinase pathway are independently regulated.
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CHAPTER 6

DIFFERENTIATION-DEPENDENT CHANGES IN SIGNAL 
TRANSDUCTION DOWNSTREAM FROM THE GM-CSF 

RECEPTOR IN PERIPHERAL BLOOD STEM CELLS
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6.1 INTRODUCTION

Until recently, the examination of expression and function of the GM-CSF receptor 
during differentiation has been restricted to human haemopoietic cell lines such as the 

promyelocytic HL-60 cell line. These studies have provided vital insight into the 
downstream signalling events occurring from the GM-CSF receptor, but no study has 

directly compared the HL-60 cell model with purified haemopoietic progenitors cells. 
This is partly due to the technical difficulties involved in obtaining sufficient cell 

numbers.
Previous studies have used monoclonal antibodies to purify primitive primary 
haemopoietic cells from normal blood or bone marrow which has enabled some 
analysis of biochemical events (Beverley et al., 1980; Civin et a i ,  1984), but these are 
rare cells, and only small numbers can be obtained using this technique, which limits 

their use. In recent years, however the use of cytotoxic chemotherapy and growth 

factors to mobilise large numbers of primitive haemopoietic cells into the circulation 
and the development of clinical scale purification devices, based on the expression of 

the CD34 antigen by the primitive cells (Civin et al., 1984; Berenson et at., 1991), 
means that large numbers of progenitor cells can now be obtained.
These primitive cells can be induced to proliferate and then differentiate in vitro using 
a range of cytokine combinations (Brugger et a!., 1993; Williams et al., 1997). An 
extensive study by Brugger et ai, (1993), examined the effects of IL -lp , IL-3, IL-6, 
GM-CSF, G-CSF, M-CSF, SCF, Epo, LIF and IFNy as well as thirty-six combinations 

of these factors on PBSCs. They identified five haemopoietic growth factors, which 
included SCF, Epo, IL-1, IL-3 and IL-6, as the optimal combination for maximal 
expansion of PBSCs. A combination of 3 or 4 of these growth factors also resulted in 
effective expansion but the overall cell number was lower than when all 5 were used. 
In this study the expression of the GM-CSF receptor and GM-CSF mediated 
downstream signalling events have been evaluated in undifferentiated CD34-f cells 

and in such cells induced to differentiate in vitro.
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6.2 MATERIALS AND METHODS

Materials

• SCF (Biosource International, Camarillo, CA),

• IL-3 and IL-6 (kindly donated by Sandoz, Basel, Switzerland)

12.8 mouse-anti-human CD34 antibody (IgM Class I) and matched irrelevant

control (kindly donated by CellPro Inc., Bothell, WA)
• glutamine (Gibco BRL)
• I'25i]-Bolton Hunter labelled rh GM-CSF (specific activity 2.6-4.4 MBq/mg),

(DuPont, Stevenage, Hertfordshire, UK)

Methods

6.2.1 Cell purification and culture methods

Mononuclear cells were harvested from patients following mobilisation of peripheral 
blood stem cells (PBSC) with chemotherapy and G-CSF after obtaining informed 
consent (Gianni et a i ,  1989; Schmitz et a i ,  1996; Watts et a i ,  1997), and the CD34-I- 
cells were separated using the CEPRATE ™  column as previously described (Watts 
et a i ,  1995). CD34-H cells were used for experimentation when the number obtained 
exceeded that required for rapid and sustained haematological engraftment (Watts et 
al., 1997). The patients selected had no disease involvement in their bone marrow. 
Cell purity was assessed by immunophenotyping using flow cytometry and alkaline 
phosphatase-anti-alkaline phosphatase staining using a mouse-anti-human CD34 
antibody. The purity of the samples used for experiments were >75% CD34+ cells 
and <2% recognisable neutrophil precursors. The major cell contaminants were 

lymphocytes and monocytes and the latter were removed by plastic adherence. PBSC 
were cultured in Iscove's minimal essential medium supplemented with 20% 
myoclone super plus ECS and 2 mM glutamine. Cells were either cultured overnight 

in the absence of growth factors (day 0) or cultured for 3, 4, 8 and 9 days in the 
presence of 10 ng/ml rh SCF, IL-3 and IL-6 followed by incubation without growth 

factors for 16 hours prior to the experiments.

6.2.2 Ligand binding studies

Equilibrium binding assays for Scatchard analysis were carried out using increasing 

concentrations of [^-^I] GM-CSF (1 pM to 2 nM) as described in section 2.4.
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Scatchard analysis of the binding data was carried out using the EBDA and LIGAND 
programs (Biosoft, Cambridge, UK).

6.2.3 Analysis of JAK 2 activation

Cells (10 X lO^/sample) were incubated with and without 10 ng/ml GM-CSF at 37^C 

for 5 min and reactions stopped with 2 mM NEM. Cells were solubilized and JAK 2 
immunoprecipitated as described in section 2.8.3. Samples were analysed by western 

blotting as described in section 2.6 using either an antiphosphotyrosine antibody, 

PY20, or an anti-JAK 2 antibody.

6.2.4 Analysis of STAT 5 activation

Cells (1x10^ cells/sample) were resuspended in PBS/5 mM glucose and stimulated 

with and without 10 ng/ml GM-CSF at 37^C for timed intervals up to 1 hour, the 
reactions were stopped with NEM. Cells were pelleted and whole cell extracts 
(WCE) or nuclear extracts (NE) were prepared as described in section 2.7.1. Protein 
concentrations were measured using the Bradford assay as described in section 2.7.2. 
Activated STAT 5 levels were measured by EMSA as described in section 2.7.4. or 
GRA as described in section 2.8.2.

6.2.5 Activation status of the cells following purification using the CD34 antibody

The effects on signal transduction of binding the CD34 antibody to cells was 
investigated by incubating TF-1 cells with the anti-CD34 antibody for 25 minutes at 
room temperature. TF-1 cells were cultured overnight without GM-CSF and 10 x 10  ̂
cells/sample were resuspended in 200 pi of PBS without Ca^+ or Mg^+. Cells were 

either stimulated with and without 10 ng/ml GM-CSF for 5 minutes at 37^C, or 
incubated with the anti-CD34 antibody or its matched irrelevant control (40 pg/ml) 

for 25 minutes at room temperature. WCE were then prepared as described in section
2.7.2 and the activation status of STAT 5 analysed by EMSA as described in section

2.7.6

6.2.6 Analysis of MAP kinase (Erk 2/p42) levels

Activated MAP kinase levels were measured by GRA as described in section 2.8.2.
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6.3 RESULTS

6.3.1 Characterisation of peripheral blood stem cells

Freshly purified primitive haemopoietic cells expressing the CD34 antigen which 

have been mobilised into the circulation by chemotherapy and G-CSF (day 0 cells), 

have a blast cell morphology, no respiratory burst activity, and their cell cycle profiles 

indicate that less than 1% of the total population is actively cycling (Mahe et al., 
1996; Jordan et al., 1996). Following 48-72 hours incubation with IL-3, IL-6 and 
SCF the cells start proliferating (approximately 40% in S and G2 M at 72 hours) 

(Jordan et al., 1996; Williams et a l ,  1997) and subsequently show signs of 
differentiation. By 8 days in culture the CD34 antigen is lost from the majority of 
cells and the cells are morphologically recognisable neutrophil and monocyte 
precursors (day 8 cells). Figure 6.3.1, although differentiation is incomplete as only 
12% ± 1% (mean ± SE, n=6) of cells have TPA inducible respiratory burst activity at 

this time, as determined by the NET test.

6.3.2 Assessment of GM-CSF binding to CD34+ cells and their progeny

Sufficient purified CD34+ cells (70-100 x 10 )̂ were available from 4 individuals to 
undertake radioligand binding studies using iodinated GM-CSF before and after 
culture with cytokines for various periods of time. Prior to the binding studies, cells 
were incubated for 18 hours without growth factors to allow full expression of 
receptors down-regulated by the cytokine cocktail. Scatchard analysis of GM-CSF 
binding to the cells following purification revealed relatively few high affinity 
receptors (36 ± 1 receptors per cell, n=3) with a dissociation constant (K^) of 39 ± 28 

pM (Figure 6.3.2), and in two experiments the number of low affinity receptors was 
534 and 835, with K^s of 4.5 and 3.6 nM, respectively. In the third experiment the 

low affinity component of binding could not be accurately quantified. After 3 days in 
culture, at which stage proliferation had commenced but no visible differentiation had 

occurred, the number of high affinity receptors had not significantly changed (65 ± 33 

per cell, n=3). In two experiments where Scatchard analysis was performed on both 

day 0 and day 3, the number of high affinity receptors was 36 and 34 on day 0, and 23 

and 42 on day 3, respectively. Ligand binding studies performed after 8 days in 

culture showed that the number of high affinity receptors was 5-10 times greater than 

in the day 0 cells (192 and 315 receptors per cell). In contrast there was no overall 
sustained increase in the expression of low affinity receptors during the culture period. 

In two experiments the number of low affinity receptors at day 3 was 1,509 and 2,936 
per cell, and at day 8 was 608 and 1,224 per cell.
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6.3.3 GM-CSF stimulation of JAK 2

JAK 2 was immunoprecipitated from day 0, 3 and 8 cells after stimulation with and 

without a saturating concentration of GM-CSF. Total cellular and tyrosine 

phosphorylated JAK 2 were evaluated by western blotting. Figure 6.3.3 demonstrates 
that the amount of JAK 2 protein was similar at all time points but the tyrosine 
phosphorylation patterns differed markedly, with day 0 stimulated cells showing little 

phosphorylation (detected at a low level in only one out of four samples analysed), 

whereas by day 3 phosphorylation was maximal with no difference being observed 

between cells cultured for 3/4 and 8/9 days (n=3).

6.3.4 Activated STAT 5 levels in PBSC

The kinetics of STAT 5 activation in response to GM-CSF was measured using a 
GRA since activated (phosphorylated) STAT 5 migrates more slowly than 
unphosphorylated STAT 5 during PAGE, and fewer cells are required than for the 
EMSA. Day 0 cells (Figure 6.3.4.1) and cells cultured for 3 days (Figure 6.3.4.2), and 
8 days (Figure 6.3.4.3) showed no difference in the amount of total cellular STAT 5 
or the kinetics of STAT 5 activation. In all cases activation was maximal within 5-10 
minutes, but was still detectable 1 hour after stimulation. Greater activation of STAT 
5 was observed in the day 3/4 cells than day 0 cells and densitometry measurements 
indicated that when the activated STAT 5 level was expressed as a percentage of total 
cellular STAT 5, there was an approximately 5 fold increase after culture (Figure 
6.3.5). There was no further increase in STAT 5 activation after 8/9 days in culture 
when partial differentiation had occurred.

Undifferentiated primitive cells (day 0) and cells grown in the presence of growth 
factors for 3/4 and 8/9 days were stimulated with a saturating concentration of GM- 

CSF, and activated STAT 5 was measured in whole cell extracts with EMSA (Figure 

6.3.6.1). Although GM-CSF stimulation resulted in STAT 5 activation in the day 0 
cells, the extent of activation was less than that observed for cultured cells. Within 
3/4 days the level of STAT 5 activation appeared to be maximal with equivalent 
activation being observed in the day 8/9 samples (n=2). In accord with the GRA 

results, greater activation of STAT 5 was observed in the day 3/4 and day 8/9 than 

day 0 cells.

The day 0 CD34+ cells showed low level STAT 5 activation in the resting state prior 
to GM-CSF stimulation. To determine whether this activation was due to the
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purification process, TF-1 cells an immature erythroleukaemic cell line which express 
the CD34 antigen were incubated with the CD34 antibody and the activation status of 
STAT 5 analysed by EMSA. Figure 6.3.6.2 clearly demonstrates that binding of the 

CD34 antibody to cells does not result in STAT 5 activation. This low level 

activation is probably due to the G-CSF administered to the patients as part of the 

PBSC mobilisation regime.

6.3.5 GM-CSF activation of MAP kinase (Erk 2/p42)

Phosphorylated and total cellular MAP kinase levels were estimated in day 0 and 
cultured cells stimulated with and without GM-CSF, using a gel retardation assay. 
The amount of total cellular MAP kinase was similar in all the cell-types but the 
kinetics of activation differed markedly. Primitive day 0 cells showed no MAP kinase 

activation in response to GM-CSF (Figure 6.3.7a) whereas day 3 samples showed 
rapid but transient responses with maximum activation occurring within 5 minutes 
and disappearing by 10 minutes (Figure 6.3.7b), and by day 9 samples showed rapid 
but more prolonged responses with maximum activation occurring within 5 minutes 
and still detectable 30 minutes after stimulation (Figure 6.3.7c) .
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Figure 6.3.1
May Grunwald Giemsa staining of normal primitive 
haemopoietic cells and their differentiated progeny
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Figure 6.3.3
Analysis of total cellular JAK 2 levels and GM-CSF mediated 
activation of JAK 2 in PBSC
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Figure 6.3.4
STAT 5 Gel Retardation Assavs of PBSC
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Figure 6.3.5
Densitometry analysis of STAT 5 activation in PBSC
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Figure 6.3.6
Analysis of STAT 5 activation bv EMSA
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Figure 6.3.7
Kinetics of MAP kinase activation in PBSC
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6.4 DISCUSSION

In this study the expression and downstream signalling events from the GM-CSF 

receptor were analysed using undifferentiated and differentiated primitive progenitor 

cells. Previous studies have suggested that primitive myeloid progenitor cells possess 
few GM-CSF receptors relative to more mature neutrophil and monocytic cells 
(Wognum et al., 1994; Wagner et al., 1995; Jubinsky et al., 1994; Kurata et a l ,  1995; 

Testa et al., 1993). Most studies have utilised flow cytometric techniques with either 

fluorochrome labelled GM-CSF (Wognum et a i ,  1994; Wagner et al., 1995) or 
antibodies to the a  and (3c chains of the GM-CSF receptor (Jubinsky et al., 1994; 

Kurata et al., 1995). In the study by Kurata et al., (1995) [3c expression was barely 

detectable on the CD34-I- cells and was not significantly upregulated within 48 hours 
in culture with IL-3 or SCF, in accord with the data shown here. Few studies have 
attempted more quantitative binding assays with Scatchard analysis because of the 

large number of purified cells required.
The study by McKinstry et al., (1997) used fluorescence activated cell sorting of 
murine bone marrow (BM) cells to obtain haemopoietic stem and progenitor cell 

populations. Cells were sorted into three populations; rhodamine-123’° lineage' 
Ly6A/E+ c-kit+ (primitive stem cells highly enriched for long-term BM repopulating 

activity), rhodamine-123"^^ /̂ '̂ lineage“Ly6A/E+ c-kit+ (mature stem cells highly 
enriched for short-term BM repopulating activity and day 13 spleen colony-forming 
activity), and lineage“Ly6A/E“ c-kit+ (committed progenitor cells enriched for in vitro 

colony-forming cells). Insufficient cells were obtained to permit Scatchard analysis, 
therefore iodinated ligand was bound to the cells and the expression of high affinity 
cytokine receptors was measured by auto radiography. Parallel Scatchard analysis 
and auto radiography on unfractionated normal adult murine BM was also carried out 

which enabled a correlation to be established between receptor number and the 
number of silver grains observed for the haemopoietic stem and progenitor cell 

populations. The primitive haemopoietic stem cells showed no detectable GM-CSF 
binding, whereas on the more mature haemopoietic stem cells and the committed 

progenitor cells, there was approximately 190 and 560 high affinity GM-CSF 
receptors per cell, respectively.
Testa et al., (1993) carried out binding studies on semi purified CD34-f- cells from 

normal (non-mobilised) adult blood, and then estimated the receptor numbers on the 

CD34-H cells by making allowances for the expression on the contaminating cells 

which were the majority cell population. They calculated that such CD34-I- cells 

expressed 300 high affinity receptors per cell, which is markedly higher than in this 

study, where high purity CD34 preparations were used with few contaminating 
myeloid cells. The major contaminants in the experiments reported here were small
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lymphocytes which do not express GM-CSF receptors. The experimental conditions 
used by Testa et al., (1993) and McKinstry et a l ,  (1997) did not allow identification 
of low affinity receptors whereas the data presented here indicates that the low affinity 

receptors greatly out number the high affinity receptors on CD34+ cells confirming 

the impression gained from immunophenotype studies (Kurata et al., 1995),

The amount of JAK 2 protein did not change significantly with differentiation in the 

cultured CD34+ cells which is in contrast to the situation in the HL-60 cells where 
JAK 2 levels are very low in the undifferentiated state. Whether the JAK 2 

expression in the leukaemic cell line is 'abberrant' is not known and further studies of 
normal myeloid cells at the promyelocyte-metamyelocyte stage would be of interest. /
GM-CSF mediated JAK 2 phosphorylation was markedly upregulated after 3/4 days 

in culture and this upregulation was not associated with a change in high affinity GM- 
CSF receptors nor with visible signs of differentiation although the CD34-t- cells had 

by this stage moved from Gq into the cell cycle. The upregulation of GM-CSF 
mediated JAK 2 phosphorylation in culture was mirrored by upregulation of STAT 5 
phosphorylation and activation, although low level GM-CSF mediated STAT 5 
activation could be seen in the Day 0 cells, presumably indicating that the assays of 
STAT 5 activation were more sensitive than those for JAK 2 phosphorylation. 
Subsequent to Day 3/4 there was morphological differentiation with no further 
increase in JAK 2 phosphorylation or STAT 5 activation. The day 0 cells also 
showed pre activation of STAT 5 prior to GM-CSF stimulation which was not down 
regulated by culturing the cells overnight in the absence of growth factors. This 
residual pre activation does not appear to be due to the purification process. It is more 

likely that the G-CSF administered to the patient as part of the mobilisation protocol 
resulted in activation of the cells, since recent data indicates that G-CSF is able to 
activate not only the JAK 1 / STAT 1 / STAT 3 pathway but also to a lesser extent the 
JAK 2 / STAT 5 pathway in murine and human cell lines and also in murine primary 
bone marrow cells (Tian et al., 1996).

GM-CSF mediated activation of MAP kinase was undetectable in freshly isolated 
CD34-I- cells which accords with the low levels of JAK 2 phosphorylation and STAT 

5 activation in these cells. Similarly to the JAK 2 / STAT 5 pathway, full activation 

was observed by day 3 before obvious signs of differentiation or changes in high 
affinity receptor number. There was however a change in the kinetics of MAP kinase 
activation between Day 3/4 and 8/9 with activation becoming more prolonged in the 

differentiated cells. A similar prolongation of MAP kinase activation was also seen 
with differentiation in the HL-60 cells. In the case of the HL-60 cells, this could have 
been due to the differentiation associated increase in JAK 2 protein levels but in the 

CD34-f- cells this was not the explanation. It can not be ruled out that the change in
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kinetics is due to the rise in high affinity GM-CSF receptor levels, but other 
mechanisms are possible, such as changes in phosphatase activity.

It is of considerable interest that the day 0 CD34+ cells are so hypo responsive to 

GM-CSF in terms of rapid signal transduction events and yet these cells respond well 

to GM-CSF in terms of survival and proliferation. A number of explanations are 
possible. First, the activation of downstream pathways may be related to the cell 

cycle status of the CD34+ cells with only minor activation in the quiescent CD34-I- 

cells which is none the less sufficient to initiate proliferation. Second, the apparent 

hypo responsiveness could be caused by the transient cell trauma associated with the 

CD34+ cell collection and purification and third it might relate to the use of G-CSF to 

mobilise these cells into the circulation. GM-CSF activates JAK 2 whereas G-CSF 
mainly activates JAK 1, (Nicholson et a i ,  1995) although G-CSF can also activate 
JAK 2 and TYK 2 (Avalos et al., 1996). It is possible that the administration of G- 
CSF in vivo causes chronic JAK 2 activation and a relative refractory period to 
subsequent growth factors whose effect are mediated via JAK 2. The mechanism of 
any such down regulation of response is not clear and the JAK 2 levels are similar in 
the hypo responsive day 0 cells and in the fully responsive day 3 cells.
In conclusion, freshly isolated G-CSF mobilised CD34+ cells are quiescent and hypo 
responsive to GM-CSF. Responsiveness is obtained coincident with the cells entering 
the cell cycle and before the number of high affinity GM-CSF receptor is upregulated. 
Subsequent differentiation results in upregulation of the high affinity GM-CSF 
receptor, but this increase is not associated with a change in the magnitude of 
activation of JAK 2, STAT 5 and MAP kinase. Although differentiation does not 
result in a change in the kinetics of STAT 5 activation, there is a differentiation-linked 
change in the kinetics of MAP kinase activation, which may be related to the higher 

level of GM-CSF R expression in more differentiated cells. These data indicate that 

the signalling events occurring downstream of the GM-CSF R are differentiation- 
stage dependent. The differentiation status of a cell may effect both the magnitude of 
the activation of a given pathway, or the kinetics of that activation. This study 
confirms that the JAK 2 / STAT 5 pathway and the Ras / MAP kinase pathway are 

independently regulated, and goes some way towards explaining how a single 

cytokine may have different effects at different stages of cell maturation.
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CHAPTER 7

GENERAL DISCUSSION
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GM-CSF is a multifunctional growth factor with many roles in haemopoiesis, some of 
which include; preventing apoptosis of haemopoietic stem cells and progenitors, 
acting synergistically with early, intermediate and late acting factors to induce 

proliferation and differentiation of both multilineage haemopoietic progenitors and 
committed progenitor cells of the granulocyte/macrophage lineage, enhancing the 

oxidative burst in neutrophils and increasing the phagocytic activity of monocytes and 
macrophages.
The question of how a single cytokine can have such diverse effects on both immature 
and mature haemopoietic cells is of great interest. There are several mechanisms by 

which a cell can control its response to a single cytokine, these include; receptor 
expression, rate of receptor-ligand internalisation, degradation and re-expression, 

level of expression of down-stream signalling molecules, and the kinetics and 

magnitude of activation of a given signalling pathway. In this thesis I have analysed 
some of these mechanisms in an attempt to clarify how such diverse effects are 

mediated.
The effects of GM-CSF are mediated via its specific receptor expressed on target 
cells, and gene cloning has shown that the receptor consists of two chains, a  and p. 

Analysis of haemopoietic cells by Scatchard analysis revealed that GM-CSF binds to 
cells with three different affinities, high, intermediate and low. There is general 
agreement that monocytes, many AML blasts and the TF-1 and HL-60 cell lines 
express both high and low affinity receptors, whereas neutrophils, and some AML 
blasts differentiated in vitro possess a single class of intermediate affinity receptors.
In Chapter 3 the molecular basis for the different binding affinity of GM-CSF to its 
receptor was investigated. A previous study using transient transfection of Cos-7 
cells indicated that altering the ratio of a;p chain expression could result in the 

different binding affinities. I therefore produced a clone of stably transfected NIH3T3 
cells which constitutively expressed the p chain and inducibly expressed the a  chain 

within the normal range for haemopoietic cells. Using this system it was possible to 
show that by altering the expression of the a  chain relative to the p chain the 

intermediate and dual high and low affinity receptors could be reconstituted in 

NIH3T3 cells. This system indicates that the intermediate and high affinity GM-CSF 
receptors are composed of the two receptor chains and it is unlikely that a third 

unidentified chain is involved. Cross-linking techniques showed that the intermediate 

and dual high and low affinity receptors formed the same high molecular weight 

complexes, implying that the difference in binding affinity is unlikely to be due to a 

change in receptor stoichiometry. It is therefore proposed that the switch from an 
intermediate to high affinity receptor is due to the availability of free a  chains 

presenting ligand to the a  P chain complexes at the cell surface. A previous study by 
Chopra, (1996), which analysed the relative amounts of a  and P chain mRNAs in
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neutrophils and HL-60 cells, indicated a lower GM-CSF R a  to (3 mRNA ratio in 

neutrophils compared to HL-60 cells, which accords with the expression of a  and (3 

chain proteins as shown in this study.
It was difficult to analyse the ratio of a : (3 chains in the high molecular weight 

complexes, due to their instability. The use of milder conditions to prevent 

disaggregation did not stabilise the receptor complexes and analysis by western 
blotting using specific monoclonal antibodies was even less sensitive than the cross- 
linking studies, with only the single a  and p chains cross-linked to GM-CSF being 

detected. A more sophisticated study by Lia et a i ,  (1996) showed the same cross- 

linking pattern as presented in this thesis. In their study they also used a dominant 
negative truncated a  chain which enabled some of the bands to be identified. It would 

be of great interest to identify the components of the high molecular weight 

complexes and to determine whether the GM-CSF / GM-CSF R complex is composed 
of a hexamer of two a  chains, two p chains and two GM-CSF molecules as has been 

described for the IL-6 / IL-6 R complex (Paonessa et al., 1995).
Chapter 4 indicates that the high and intermediate affinity receptors can equally 
initiate signalling from two different regions of the P chain. No qualitative difference 

in STAT 5 or MAP kinase signalling was observed, although there was a difference in 
the ligand dose response curves which was compatible with the different affinities of 
the receptors. This differentiation switch to an intermediate affinity receptor which 
occurs in the neutrophil lineage might be a mechanism for reducing the 
responsiveness of fully differentiated neutrophils, ensuring that they only become 
activated when exposed to high concentrations of GM-CSF, such as those found at 

sites of inflammation.
Alternative expression of the a  and p chains is therefore one possible control 

mechanism for GM-CSF specificity. In Chapter 6 Scatchard analysis of primitive 
haemopoietic stem cells and their more differentiated progeny indicate that they all 
expressed the dual high and low affinity receptors, implying that the intermediate 
affinity receptor only occurs in mature neutrophils. It would be of interest to use this 
inducible system in a cell line with the ability to differentiate, and to analysis whether 
the intermediate and dual high and low affinity receptors can equally initiate GM-CSF 

mediated differentiation.

Another control mechanism would be the rate at which the GM-CSF / GM-CSF R 

complexes become internalised and degraded, and how quickly receptor re-expression 

occurs. The study by Chopra, (1996) also showed that the expression of the GM-CSF 

Rs is highly regulated following both ligand-induced down-regulation of receptors 

and during differentiation but the mechanism of regulation appears to differ. DMSO 
induced differentiation of HL-60 cells results in an increase in GM-CSF R protein 
expression which was associated with co-ordinate changes in mRNA levels. Whereas
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rapid changes in receptor expression induced by transient exposure of TF-1 cells to 

GM-CSF did not involve any change in the mRNA levels and was shown to be at the 

level of translation. In the case of GM-CSF binding to neutrophils there was rapid 
down-regulation of the receptor, with no rapid receptor up regulation occurring 
despite the presence of a  and |3 chain mRNA which suggests that the GM-CSF 

receptor expression is translationaly controlled in neutrophils (Khwaja et al., 1993). 
These studies suggest that both the a  and (3 chains are degraded on internalisation of 

the receptor complex and receptor recycling does not make a significant contribution 
to GM-CSF R expression. It would be interesting to look at the rates of 

internalisation and re-expression of GM-CSF Rs in undifferentiated and differentiated 

haemopoietic stem cells. The study by McKinstry et a!., (1997) which looked at GM- 

CSF R expression in murine haemopoietic stem and progenitor cells, indicates that the 
observed differentiation-induced increase in receptors is associated with an increase in 
the a  and (3 chain mRNAs and is, therefore, controlled at the transcriptional level. 

This is analogous to the situation observed in the HL-60 cells.
In the past few years there have been numerous studies on GM-CSF mediated signal 
transduction. The majority of these studies have used truncated mutants of the [3 
chain in an attempt to determine the regions of the (3 chain which are necessary for 

association and activation of the different signalling molecules. This has enabled the 
major signalling pathways to be determined, but the role of each pathway in 
proliferation and differentiation still needs to be clarified. The most comprehensive 
study to date is the study by Smith et al., (1997), in their experiments they co
transfected the hGM-CSF |3c receptors or truncated mutants with the hGM-CSF a  

receptor into two different murine myeloid leukaemic cell lines. Ml and WEHI-3B 
D-t- which can be induced to macrophage differentiation by specific cytokines. Their 

results supports a model where multiple different signalling pathways are initiated 
from distinct regions of the [3 chain. They showed that the region to amino acid 534 

was sufficient to signal clonal suppression and the induction of differentiation 

markers in WEHI-3B D + but not M l cells. The region between 465 and 576 was 

sufficient to initiate short-term proliferation as has been previously shown in Ba/F3 
and CTLL-2 cells (Sakamaki et al., 1992; Sato et al., 1993) while the region between 
542 and 609 appears to be required for cell survival and sustained proliferation 
(Kinoshita et al., 1995; Smith et al., 1997). A negative regulatory element for the 

proliferative response, presumably involving tyrosine phosphatases, is sited between 

amino acids 766 and 880. The region to 609 was required to induce macrophage 

migratory activity in the cell lines and this was enhanced by the region between 609 

and 766. A previous study has shown that the region between 625 and 761 is required 

for induction of the Shc-Ras-Raf-MAP kinase and PI-3 kinase pathways (Sato et al., 
1993). Other studies have used dominant negative signalling molecules such as JAK
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2 and STAT 5 to determine their roles in cell proliferation and differentiation (Mui et 
al., 1996; Watanabe et a!., 1996). These studies indicate that GM-CSF mediated 
signal transduction is a complicated process, not only do immature and mature cells 
appear to signal via the same signal transduction pathways, but these various 
pathways also appear to contribute to more than one function and interact with each 

other to give rise to similar effects.

In Chapters 5 and 6 differentiation-dependent changes in the JAK 2 / STAT 5 and 
MAP kinase signalling pathways were evaluated using two cell systems; 

undifferentiated and differentiated HL-60 cells and primary haemopoietic progenitor 
cells. The results presented in this thesis indicate that both immature and mature cells 
activate the same signalling pathways. However, differentiation did result in an 
increase in the number of high affinity GM-CSF R, and an increase in the kinetics of 

activation of MAP kinase. There was also a differentiation-linked increase in the 
magnitude of activation of the JAK 2 / STAT 5 pathway in HL-60 cells, which did not 

occur in primary haemopoietic cells. Studies using different GM-CSF concentrations 

indicate that this increase in receptor number may account for the differences in the 
magnitude but not the kinetics of activation of the downstream signalling molecules. 
These results helps to explain how a single cytokine may have different effects in both 
immature and mature cells. Although primitive CD34+ cells express high affinity 
GM-CSF R they were hypo responsive to GM-CSF with only low level STAT 5 
activation being observed. The low level GM-CSF mediated activation observed in 
the primitive cells may be sufficient for cell survival, whereas once the cells enter the 
cell cycle activation may result in proliferation and/or differentiation.
Although JAK 2, which is thought to be the initiating kinase in GM-CSF mediated 
signalling, becomes up-regulated during HL-60 differentiation, it is still unclear how 
the differentiation-dependent increase in GM-CSF signalling observed in 
haemopoietic progenitor cells occurs. It would be interesting to look at secondary 
signalling events initiated by GM-CSF such as the levels of induction of some of the 

transcription factors and immediate early genes. A recent study by Rajotte et al., 
(1996) indicates the importance of c-fos and related AP-1 activity in GM-CSF 

signalling. They showed that there is a tight correlation between GM-CSF-dependent 

activation of the c-fos promoter and cell proliferation by demonstrating the inhibitory 

effect of a trans-dominant c-fos mutant on cell growth. Their results indicate that 
GM-CSF can induce activation of STAT 3 and STAT 5 in TF-1 cells, with activated 

STAT 3 binding to the SIE of the c-fos promoter. In serum-free medium, activation 

of both MAP kinase and STAT 3 was shown to be essential to c-fos promoter 

activation by GM-CSF with no response to GM-CSF being observed when both the 

SRE and SIE sites were mutated. Expression of a dominant negative MAP kinase 

mutant, ERK 192A, resulted in a decrease of both SRE and SIE dependent activation
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of c-fos promoter by GM-CSF, suggesting that STAT 3 was regulated not only by 

tyrosine kinases, but also partially by MAP kinase. Other studies by Mui et a i ,  
(1996) and Watanabe et a l,  (1996) also indicate a role for STAT 5 in c-fos induction. 
It would also be interesting to look at some of the negative regulators of signalling, 

such as the phosphatase SHPTP-1 which has been shown to inactivate JAK 2, the 

SH2-containing inositol phosphatase (SHIP) which prevents She and Grb2 from 
interacting and thus activation of MAP kinase and also the immediate early gene cis 
which is expressed following cytokine activation and plays a negative feedback role 

by reducing the phosphorylation of several cellular proteins including MAP kinase. 

SHIP is an unique protein, which contains multiple protein-protein interaction 
domains. It has been shown to form a high affinity SHIP/S he complex in vivo, via the 
direct interaction between the SH2 domain and the NPXpY motif of SHIP with the 

pY^^^ motif and the PTB domain of She, respectively. The SH2 domain of SHIP is 
essential for tyrosine phosphorylation of SHIP itself. Which suggests that SHIPs SH2 

domain may play a role either in SHIP's binding to a tyrosine kinase (directly or 
through its interaction with She) or in its translocation to a tyrosine kinase. SHIP also 
has 5-ptase activity and selectively hydrolyses PI (3,4,5)P3- (the primary in vivo 
product of PI3-K) and Ins (l,3,4,5)Pq.-, two inositol polyphosphates recently 

implicated in growth factor-mediated signalling. These in turn could modulate the 
activity of PKB/Akt, various isoforms of PKC, the entry of extracellular calcium, and 
PI3-K mediated membrane trafficking. In addition, because SHIP can potentially 
compete with Grb2 for binding to the activated form of She, it could modulate the Ras 
/ MAP kinase pathway.
Overexpression of SHIP in cell lines has been shown to result in an increased rate of 
apoptosis. Mechanistically, this SHIP-induced loss of viability could occur through 
s h ip 's  ability to compete with Grb2 for She and thus, potentially, reduce Ras 
activation. This is consistent with a recent report by Kinoshita et a i ,  (1995) in which 

they showed that the Ras pathway plays an important role in preventing apoptosis in 

IL-3 stimulated cells. There is also evidence indicating that PI3-K activity prevents 
apoptosis in certain cell types and overexpression of SHIP may inhibit this process as 

well. SHIP, therefore, appears to play an important role in the down modulation of 
intracellular signalling events following cytokine stimulation (Ware et al., 1996; Liu 
et al., 1997). For future studies it would be of interest to look at the level of SHIP 

expression during myeloid differentiation. A decrease in SHIP expression could be a 
potential mechanism to explain the differentiation-linked increase in the kinetics of 

MAP kinase activation observed in this study.
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Figure 7.1.1
Schematic representation of the control mechanism of GM-CSF signalling
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