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ABSTRACT

Stimulation of haemopoietic cells with granulocyte-macrophage colony stimulating 

factor (GM-CSF) or interleukin 3 (IL-3) activates Src, JAK and STAT kinases and 

the MAPK and PI-3K pathways resulting in survival, proliferation and differentiation. 

The role of Src kinases in signalling pathways initiated by stimulation with the related 

cytokines GM-CSF and IL-3 and by stem cell factor (SCF), and the subsequent 

biological effects were examined using the inhibitor PPl, which was originally 

described as a selective inhibitor of Src tyrosine kinase family members.

In this study, Src was shown to play a critical role in GM-CSF and IL-3 induced PI- 

3K signalling and activation of it target proteins, Akt and p70 S6K, and in GM-CSF 

induced proliferation of myeloid derived cell lines and primary haemopoietic cells. 

There was no evidence to suggest that Src kinases are required for GM-CSF or IL-3 

activation of MAPK or STAT5, or for protection from apoptosis due to cytokine 

withdrawal. In neutrophils, cell surface expression of the adhesion molecules CDl lb 

and CD621 is altered in response to GM-CSF stimulation, resulting in increased 

tethering to, and migration through the endothelium. The GM-CSF induced increase 

of CDl lb and decrease of CD621 on the surface of neutrophils was unaffected by 

incubation with P P l.

PPI has been extensively used to demonstrate a requirement for Src kinases in SCF 

signalling. However, it was shown that PPl is also a potent inhibitor of the SCF



receptor c-Kit, as it blocked SCF induced MAPK and Akt phosphorylation, and c-Kit 

autophosphorylation as well as c-Kit mediated proliferation and survival. These 

effects were observed in cells expressing wild type and constitutively active mutant c- 

Kit.

These results demonstrate that Src kinases play a significant role in GM-CSF/IL-3 

cell signalling, and may be beneficial in the treatment of malignant diseases 

associated with dysregulated c-Kit tyrosine kinase activity.
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CHAPTER 1: INTRODUCTION

1.1 Haemopoiesis

Pluripotent stem cells (PPSC) have the capability for self-renewal as well as the 

ability to differentiate into a variety of mature cells, and haemopoiesis is the 

development and maturation of haemopoietic SC (HSC) to terminally differentiated 

blood cells. Haemopoiesis (figure 1.1) occurs primarily in the bone marrow, and is 

controlled by the balance of a number of key transcription factors such as GATAI 

and PU.l [1,2]. Within HSC, many transcription factors are required for self

renewal, including Aml-1, Scl/Tal-2, LMO-2/Rbtn-2, Mil and Tel. However, there is 

an increase in lineage specific transcription factors with increased differentiation, and 

a suppression of differentiation towards other lineages. For example, co-expression 

of PU.l and GATAI transcription factors leads to differentiation of haemopoietic 

stem cells along the lymphoid lineage, and PU.l expression in the absence of GATAI 

expression leads to myeloid precursor cells [1,3]. The expression of these 

transcription factors results in positive feedback as well as negative control of other 

potential differentiation pathways. This is achieved by direct interaction between 

PU.l and GATAI. PU.l blocks GATAI by binding of its amino-terminal to the 

carboxy-terminal zinc finger of GATAI. This protein-protein interaction is 

additional to the transcriptional activity of the protein. Within the myeloid lineage, 

the ratio o f these two transcription factors also affects the fate of differentiating cells.
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as PU.l expression results in granulocytic and monocytic differentiation and GATAI 

expression is essential for erythroid and megakaryocytic lineages [1,3].

The presence of various haemopoietic growth factors (HGF), which interact with 

specific receptors on the cell surface alters the expression of transcription factors, and 

influences many biological functions of the cell. These include proliferation, survival 

and differentiation of precursor cells, and activation of effector functions of mature 

blood cells. There is much debate as to the role of HGFs in determining cell fate [2]. 

The instructive model suggests that HGFs control the decisions made between HSC 

self renewal and differentiation, whereas the permissive model suggests that external 

factors simply allow the survival and proliferation of committed cells [2]. HGFs can 

be matrix bound, expressed on the cell surface or soluble and are produced by 

haemopoietic, stromal and epithelial cells [ ]̂. Granulocyte-macrophage colony 

stimulating factor (GM-CSF) and interleukin-3 (IL-3) for example, are both soluble, 

whereas macrophage colony stimulating factor (M-CSF) is soluble, but can also occur 

as a membrane bound form due to alternative splicing. Expression of the IL-3 and 

GM-CSF receptors is very low on immature cells, but progressively increases with 

myelomonocytic differentiation [4]. Expression of the SCF receptor c-Kit is high on 

very immature CD34^ cells and declines during myelomonocytic and B-lymphoid 

differentiation, but increases to maximal levels during the early stages of 

erythropoiesis [4]. These growth factors are discussed in more detail in sections 1.2.1 

and 1.2.2.
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Terminally differentiated haemopoietic cells are irreversibly committed and can be 

grouped according to cell type/lineage. The initial stage of haemopoietic 

differentiation results in progeny of either the lymphoid or myeloid lineages. The 

lymphoid stem cell can give rise to T and B cells whilst the myeloid stem cell can 

then differentiate into one of many cells: erythroid, megakaryocyte, basophil or 

granulocyte-macrophage cells, depending on the presence of HGFs. A schematic 

diagram of haemopoiesis is shown in figure 1.1. Self-renewal in combination with 

differentiation of daughter cells results in a constant population of primitive stem 

cells and in differentiation of lineage specific cell types to replenish the dying 

population of mature circulating blood cells.
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1.2 Receptor families

Growth factor stimulation affects cellular functions such as survival, proliferation and 

differentiation. Cytokines bind to specific receptors on the cell surface, many of 

which are evolutionarily conserved and related members can be categorised into one 

of a few groups according to structural similarity, such as the cytokine (class I and II) 

receptor superfamily (which contains no intrinsic kinase activity), receptor tyrosine 

kinases (RTK), receptor serine/threonine kinases, TNF receptors and G-protein 

coupled receptors (reviewed by Rane, [5]), figure 1.2 shows some of these families. 

The receptor families that will be discussed here are the cytokine class I (in particular 

the GM-CSF and IL-3 receptors) and the RTK (focussing on the SCF receptor c-Kit) 

families.
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Figure 1.2 Receptor Superfamily. Receptor tyrosine kinases such as the SCF receptor c-Kit have intrinsic kinase 
domains, whilst members o f the class I cytokine superfamily such as the receptors for GM-CSF or IL-3 do not and 
therefore rely on intracellular kinases that associate with the receptor for initiation o f the signalling cascades.



1.2.1 Cytokine class I family of receptors

GM-CSF, IL-3 and thrombopoietin (Tpo) bind to and activate members of the 

cytokine class I family of transmembrane receptors. This family of receptors plays a 

crucial role in signalling in the immune and haemopoietic systems and is a large 

family of structurally related integral membrane proteins [5]. They contain a 

conserved extracellular domain of around 200 amino acids involved in cytokine 

binding within which can be found four positionally conserved cysteine residues in 

the amino-terminal half, and a WSXWS motif in the carboxy-terminal end. These are 

important in maintaining the tertiary structure of the protein. Two or three short 

conserved motifs in the intracellular region are important for binding to intracellular 

signalling molecules (see section 1.3).

Signalling via these receptors involves the homo- (e.g. Tpo) or hetero-dimerisation 

(e.g. GM-CSF and IL-3) of family members. Tpo signals via the receptor c-Mpl, 

which is unique to Tpo, and Tpo binding induces homodimerisation of this receptor 

[6,7]. In the case of heterodimer receptor complexes, one subunit of the receptor is 

specific to the cytokine and is termed the a  subunit, whilst the other is generally one 

of three common signal-transducing (3 subunits: (3c (which is shared by three 

cytokines - GM-CSF, IL-3 and IL-5), gpl30 (e.g. IL-6, IL-11 and LIF) and yc (shared 

by IL-2, 4, 7, 9 and 15) ([5], figure 1.2). The a  subunit has a very short 

intracytoplasmic domain but this is essential as its truncation leads to loss of 

responsiveness to that particular cytokine. Doyle et al [8] showed that truncation of
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the a  chain of the GM-CSF receptor led to reduced JAK2 phosphorylation and 

proliferation. GM-CSF, IL-3 and IL-5 all signal via the same heterodimer receptor 

family, and the common p subunit binds to the specific a  subunit, but not to the 

cytokine. These three cytokines have slightly different effects on haemopoietic 

progenitor cells and this has been shown to be due to interactions with the specific a  

chain of the receptor f] .  Using transfections of mutant or wild type (wt) human GM- 

CSF or IL-3 receptors into the murine multi-potent cell line FDCP-mix, Evans et al 

showed that activation of the wt IL-3 receptor led to self renewal, whilst activation of 

the wt GM-CSF receptor led to myeloid differentiation. They further showed that a 

sequence of three amino acids adjacent to a conserved pro line rich domain in both 

GM-CSF a  and IL-3 a  receptor chains is crucial to these unique responses. Mutant 

forms of the receptors, where these three amino acids had been exchanged, also 

switched the response to cytokine: i.e. stimulation of mutant GM-CSFa led to self 

renewal, and of mutant IL-3a to myeloid differentiation.

Members of the class I cytokine family of receptors have no intrinsic tyrosine kinase 

activity, but do become phosphorylated on tyrosine residues after cytokine binding. 

This is achieved by JAK2 kinase (see section 1.3.3), which is permanently associated 

with the receptor, and receptor dimérisation brings JAK2 proteins together. This 

leads to trans-phosphorylation of JAK2, and phosphorylation of the receptor, creating 

phosphotyrosine sites recognised by other proteins resulting in the initiation of the 

signal transduction cascade (reviewed in ['^]). JAK kinases bind to membrane 

proximal regions of the |3c chain, termed Boxl and Box2. These Box motifs are
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involved in GM-CSF/IL-3 induced proliferation, but do not result in long-term 

survival on their own ([ '’], and reviewed by Guthridge et al [’̂ ], see figure 1.3). See 

section 1.5.3 for abnormal signalling of the pc receptor.
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Boxl
Box2

Y577

Y612

Y695

Y750

Y806
Y866

Figure 1.3 Dimérisation of the unique a  and the common P chain 
leads to activation of intracellular signalling pathways. The a  chain 
is unique to GM-CSF, IL-3 or IL-5, and the P chain is shared by all. 
After ligand binding to the a  chain, several tyrosine residues (Y) in the 
P chain become phosphorylated and are bound by SH2 domain 
containing proteins. The Boxl and Box2 motifs are crucial in 
mediating the proliferative signal fi-om these cytokines.
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1.2.2 Receptor tyrosine kinases

Other receptors have intrinsic kinase activity and do not have to rely on the 

recruitment of intracellular kinases for phosphorylation and therefore creation of 

binding sites. These can be tyrosine kinase, or rarely serine/threonine kinase 

receptors. The receptor tyrosine kinase (RTK) superfamily consists of more than 50 

transmembrane protein members, which are further split into 14 subgroups based on 

their structural organisation. Stem cell factor (SCF) is the ligand for c-Kit, which is a 

member of the RTK family. c-Kit is expressed on haemopoietic progenitors, mast 

cells and germ cells Many growth factors, including SCF are comprised of

homodimers, and can therefore bind two receptors at a time resulting in the stable 

homodimerisation of the receptor. This in turn promotes trans-autophosphorylation 

on tyrosine residues, which can lead to the creation of docking sites for downstream 

elements in the signalling pathways involved.

1.3 Common intracellular signalling molecules and pathways

Stimulation of haemopoietic cells with GM-CSF or IL-3 leads to activation of the 

tyrosine kinases such as JAK2 and the Src family member Lyn. These kinases 

subsequently phosphorylate (activate) proteins such as STATS (signal transducer and 

activator of transcription) kinases as well as activating the MAPK (mitogen-activated 

protein kinase) and P1-3K (phosphoinositide 3-kinase) pathways. The role of
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phosphorylation of tyrosine (by e.g. JAK and Src), threonine and serine (by e.g. 

MAPK) residues is to create docking sites involved in the binding of target proteins, 

and/or to cause a conformational change which exposes the catalytic domain of the 

target protein. This results in the transduction of the signal from the cell surface to 

the nucleus and ultimately gene transcription of specific target sequences, as well as 

post-translational modification of a number of proteins (such as the Bcl-2 family 

member Bad). These combined events lead to the biological effects seen such as 

survival, proliferation, differentiation and migration.

1.3.1 Common structural motifs of signalling molecules

Non-transmembrane protein tyrosine kinases are categorised into a number of 

families such as the Abl, JAK, Zap and Src families, based on conserved motifs. 

These proteins consist of multiple domains, some of which are unique, some are 

common to groups of proteins, and some, such as those required for protein-protein 

interactions can be found in a multitude of intracellular proteins.

Many proteins act as kinases i.e. they add a phosphate group to a substrate molecule. 

Others are phosphatases and remove a phosphate group, whilst others still are adaptor 

proteins, purely involved in binding to other proteins thereby assisting in protein 

location and activation. Some of these shared structural motifs were first identified in 

Src kinases, and have therefore been termed Src homology (SH) domains (reviewed
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in SHI is the kinase domain, consisting of a catalytic domain (within which is

an Mg-ATP binding site), a specific substrate recognition site, and an activation loop. 

Phosphorylation of a tyrosine residue within the activation loop of Src kinase alters 

its conformation, resulting in the exposure of the catalytic pocket to substrates.

Two domains found outside of the SHI domain in Src kinase are important for 

protein-protein interactions but not for enzyme activity. These were termed SH2 and 

SH3 domains. Some non-tyrosine kinases also share these structural motifs, as do 

some proteins that contain these domains only, and possess no intrinsic kinase 

activity. Proteins without intrinsic kinase activity (i.e. no SHI domain) appear to act 

as scaffolding for other proteins and passively assist in the transduction of the 

cytokine-induced signal.

The first of these binding domains, SH2 was identified as a sequence of 100 amino 

acids amino-terminal of the catalytic (SHI) domain of Src kinase. SH2 domains bind 

to sequences containing a phosphorylated, but not unphosphorylated, tyrosine residue 

and the three amino acids carboxy-terminal of the tyrosine play a role in substrate 

specificity. The target sequence of the c-Src kinase SH2 domain is pYEEI, and for 

the PI-3K SH2 domain is pYMXM, (where pY is the phosphotyrosine residue, E is 

glutamate, I is isoleucine, M is methionine and X is any other amino acid, see 

appendix 1 for single letter codes of the amino acids). The sequence within the SH2 

domain involved in recognition o f this target is GSFLVRES. The core FLVR is 

conserved in all SH2 domains and is essential for phospho-tyrosine recognition, and
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the surrounding sequence is slightly variable for recognition of the three amino acids 

carboxy-terminal of the phosphotyrosine, and correlates with varying peptide 

specificity. These interactions can be intra- (e.g. Src) or inter-molecular (e.g.SH2 

domains of Src and STAT5 bind to phosphotyrosine residues of the (3c receptor, see 

section 1.2.1). Substrate specificity of the SH2 domains plays a role in signal 

transduction. For example, inactive STATS is unphosphorylated and contains an SH2 

domain that recognises phosphotyrosine residues both in the (3c chain of the GM-CSF 

receptor and within itself. After activation (phosphorylation) by JAK2, STATS 

homodimers form as the STATS SH2 domain has a higher affinity for the sequence 

surrounding the phosphotyrosine residue within itself than for that on the (3c chain. 

STATS homodimers then translocate to the nucleus and operate as transcription 

factors (reviewed in [’®]). See section 1.3.3 for more details concerning the 

JAK/STAT pathway.

SFI3 domains consist of a sequence of 60 amino acids that form two anti-parallel p- 

sheets, and recognise short sequences of 8-10 residues that are rich in proline (P) 

residues. The core recognition of this is PXXP, and residues surrounding this 

sequence play a role in specificity. The orientation of SH3 binding can either depend 

on the amino acid sequence amino (class 1) or carboxyl (class II) to the core PXXP 

sequence. This directional ambivalence is unique to SH3 domains .

Other common structural motifs include the pleckstrin homology domain (PH), which 

can bind to lipids and the protein tyrosine-binding domain (PTB) that differs to SH2
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domains in that it recognises the target sequence amino to the phosphotyrosine 

residue: NPXpY (where N is asparagine).

1.3.2 The Src family of tyrosine kinases

Members of the Src family of tyrosine kinases are key signalling molecules involved 

in signal transduction from cytokine receptors, resulting in biological effects such as 

proliferation. Viral Src kinase (v-Src) from the genome of Rous sarcoma virus was 

the first Src kinase to be identified. v-Src was found to cause sarcoma, but as there 

are also cellular Src proteins, its role in normal cellular behaviour was investigated. It 

was shown that cellular Src functions to transduce signals such as those for survival 

and proliferation, and that slight alterations or mutations in the protein lead to 

constitutive activation and a phenotype similar to that seen in cells expressing v-Src. 

v-Src is oncogenic, whilst c-Src has the ability to become oncogenic, and is therefore 

a proto-oncogene. Src kinases are between 52 and 62kDa in size, are able to 

phosphorylate tyrosine residues, and are themselves phosphorylated on a tyrosine 

residue after cytokine stimulation. This tyrosine is at position 416 of c-Src, in the 

activation loop of the catalytic domain, and is autophosphorylated. Studies 

performed on the differences between the viral and cellular forms of Src to discover 

how v-Src is transforming, whereas c-Src is not, show that there is a negative 

regulatory role of the c-term tail of c-Src, which is not present in v-Src. The residue in 

the c-term tail that is important for the inactive state of c-Src is a tyrosine at position
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527: the phosphorylation of this by Csk (c-term Src kinase) renders the protein 

inactive.

Src kinases are evolutionarily conserved over many species, and some members of 

the Src family of tyrosine kinases are specific to certain cell types whilst others are 

ubiquitously expressed (see table 1.1). This leads to redundancy as more than one Src 

family member can be found in most cells and at least one family member of Src 

kinases is found in every cell type in complex animals. This redundancy leads to 

complexity when studying the role of Src kinases. In gene knock-out studies of one 

family member, another Src kinase that is present may still be fully functional and 

therefore mask the effect of removing one Src family member. Also, the use of Src 

kinase inhibitors which block all family members means that it is impossible at 

present to distinguish which Src kinase is responsible for the biological effects being 

measured.

Src Ubiquitous; two neuron-specific isoforms
Fyn Ubiquitous; T cell-specific isoform (FynT)
Yes Ubiquitous
Lyn Brain, B-cells, myeloid cells; two alternatively spliced forms
Hck Myeloid cells (two different translational starts)
Fgr Myeloid cells, B-cells
Blk B-cells
Lck T-cells, NK cells, brain

Frk subfamily Primarily epithelial cells

Frk/Rak
lyk/Bsk

Table 1.1 Expression of Src family kinases. Adapted from Thomas and Brugge
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Section 1.3.1 mentions some common structural motifs which were initially identified 

in Src kinases and which are involved in protein-protein interactions. The full 

structure of Src kinases is comprised of six distinct functional domains; these are 

SHI, SH2, SH3, SH4, a negative regulatory site and a region unique to each Src 

family member [’̂ ]. Figure 1.4 shows the crystal structure of c-Src and a linear 

representation of these domains ['^’*̂ ]. Starting from the amino-terminal end of c-Src, 

there is the SH4 domain of approximately 17 amino acids, which contains a 

myristoylation site on glycine at residue position 2. Myristoylation at this site helps 

to anchor Src kinases to the plasma membrane. This is further assisted by reversible 

palmitoylation of the myristoylated glycine residue. The unique domain spans 

residues 18 to 84 in c-Src, is specific to each family member and is responsible for 

interactions with receptors or proteins which are specific to that family member (such 

as Lck with CD4 and CD8 T cell surface molecules). This is followed by an SH3 

domain (residues 85-140) and an SH2 domain (residues 141-260, see section 1.3.1 for 

a description of SH2 and SH3 domains), both of which are involved in negative 

regulation of the kinase by intramolecular binding resulting in an inaccessible kinase 

domain, as well as protein localisation and association with substrate proteins. The 

SH3 domain binds intramolecularly to the linker region between the SH2 and 

catalytic domains, and the SH2 domain binds to a phosphotyrosine residue at the 

carboxy-terminal tail (see figure 1.4b). The SHI kinase domain (from residues 265 to 

516) is involved in the transfer of a phosphate group from ATP to the target substrate. 

Kinase domains also display substrate specificity, and the preferred target sequence of
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Src kinase is EEEIY^/eEFD. Within the kinase domain of c-Src, there is the C-helix 

backbone starting at position 310, the catalytic pocket around 382 and the activation 

loop from position 404 to 432. The amino acids from 517 to -536 play an important 

part in the negative regulation of Src kinase activity. In c-Src the tyrosine at position 

527, and the surrounding residues are important for recognition by Csk, which 

phosphorylates this tyrosine residue rendering the Src kinase in an inactive 

conformation as it is then recognised by its own SH2 domain. Full activation of Src 

kinase requires the dephosphorylation of Y527 and autophosphorylation of Y416 in 

the activation loop. Many models have shown inactive Src kinases with the SH2 

domain in front of the kinase domain, thereby blocking access to the catalytic pocket 

(e.g. reviewed by [^ ]̂). More recently, it has been shown that both the SH2 and SH3 

domain are situated behind the catalytic pocket This conformation is still not

conducive to substrate binding as the interaction of the SH2 domain with the 

phospho-tyrosine residue at position 527 prevents the autophosphorylation of Y416 

by steric hindrance. Interaction of the SFI3 domain with the linker region between 

SH2 and kinase domain further stabilises the kinase in an inactive conformation. 

Loss of, or dephosphorylation of Y527 (by over-activation of PPIA or inactivation of 

Csk) is sufficient to render the kinase active. Figure 1.4b shows the domains of c-Src 

kinase, and the residues mentioned above.
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Figure 1.4 Crystal structure of human c-Src and its domains.
Crystal structure is shown in (a) (using Rasmol, see section 2.9, 
adapted from Schindler et al) and the domain structure is shown in (b) 
(adapted from Xu et al). The SH3 domain is shown in red, SH2 in 
green and SHI (kinase domain) in blue. The linker region between 
the SH2 and kinase domain, and the carboxyl terminal negative 
regulatory region are shown in black. The crystal structure doesn’t 
include the unique and SH4 domains.. G2 is involved with membrane 
localisation, the proline rich linker region (shown as P) is recognised 
by the SH3 domain and phosphorylated Y527 (by Csk) is recognised 
by the SH2 domain, both o f which render the kinase inactive. Y4I6 
in the kinase domain is autophosphorylated in active Src.
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Src kinases have been shown to be involved in a number of signalling pathways 

activated by cytokines. A role for Src in the activation of the STAT family as

well as in the MAPK and PI-3K pathways resulting in survival or

proliferation has been suggested. These pathways are discussed in more detail in the 

following sections.

The presence of more than one Src family member in most cell types leads to 

functional redundancy, therefore double knock out mutants often display a more 

severe phenotype. Studies using Src knock-out (KO) mice have shown that 

disruption of Src results in osteopetrosis, with the hck/src double KO displaying a 

more severe phenotype [̂ ]̂. Over-expression of FynT enhances TCR responses in 

thymocytes, whilst an inactive form of FynT, or Lck disrupts normal TCR responses 

such as proliferation, but does not affect thymocyte maturation. Double KO’s of both 

Fyn and Lck (fyn^'/lck'^') results in a more severe phenotype in T-cells, with complete 

abrogation of T-cell differentiation at the CD47CD8‘ stage of development

1.3.3 The JAK-STAT pathway

There is a critical role for the JAK family of tyrosine kinases in cytokine induced 

signal transduction as JAK kinases have a crucial role in receptor phosphorylation. 

Especially well understood is the JAK/STAT model of signal transduction from 

cytokine induced receptor activation to gene transcription. This model of cytokine
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induced gene transcription is simple and direct. There are four known JAK family 

members -  JAKl, JAK2, JAK3 and TYK2. In the case of signalling via the pc 

receptor family members, JAK2 is constitutively associated with the inactive pc 

chain, and it is thought that binding of cytokine (e.g. GM-CSF or IL-3) increases the 

local concentration of JAK2 kinases. These then trans-phosphorylate each other, and 

also phosphorylate the pc chain of the receptor on tyrosine residues, creating docking 

sites for many cellular proteins containing SH2 domains, such as STAT5. Docking of 

inactive STATS to the pc chain localises the STATS protein in close proximity to 

JAK2 kinase, which also phosphorylates STATS. STATS SH2 domains have a 

higher affinity for the motif surrounding its own phosphotyrosine residue than for the 

receptor phosphotyrosine, and therefore STATS molecules are released form the 

membrane, and form stable homodimers, which rapidly translocate to the nucleus and 

can bind to target promoter sequences (such as GAS) within the DNA (reviewed in

Parganas et al and Neubauer et al showed that JAK2 is essential for viability, 

as the jak2''' genotype leads to embryonic lethality in mice around day 12.S. They 

also showed that day ITS fetal livers from this knock out lacked definitive 

erythropoiesis, and had a similar phenotype to mice lacking either Epo or the Epo 

receptor. Parganas et al further stated that these mice failed to fully respond to many 

cytokines, and concluded that JAK2 is critical in GM-CSF, IL3, IL5 and Tpo 

signalling.
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This direct activation of transcription factors by association with the receptor is not 

often the case, and it is common to find the signalling pathways involved are more 

complex and include the recruitment of myriad signal transduction proteins, such as 

those discussed below.

1.3.4 The Ras-MAPK pathway

The Ras-MAPK pathway involves signalling via many different types of proteins 

including GTP-bound (guanine triphosphate) Ras, the adaptor protein Grb2 and the 

serine/threonine kinase MAPK. The MAPK (mitogen-activated protein kinase) 

family of serine/threonine kinases consists of MAPK 1 and 2, also called extracellular 

regulated kinase 1 and 2 (ERKl/2), SAPK/p38 (stress activated protein kinase) and 

JNK (c-Jun N-terminal kinase).

Ras is a membrane bound protein and is associated with guanine diphosphate (GDP) 

in its inactive state. It becomes activated by guanine nucleotide exchange factors 

(GNEF) such as SOS and Ras-GRF, resulting in Ras-GTP, and is inactivated by GAP 

(GTPase activating protein) family members including pl20 GAP and NF-1. NF-1 is 

a key GAP protein in myeloid cells and loss of NF-1 leads to hypersensitivity to GM- 

CSF induced proliferation. SOS is bound to the SH2/SH3 containing adaptor protein 

Grb2 in the cytoplasm via binding of the SH3 domain of Grb2 to the proline rich 

carboxy-terminal region of SOS Receptor activation leads to binding of Grb2 via
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its SH2 domain (see section 1.3.1) to the receptor, which brings SOS into close 

proximity with the membrane associated Ras-GDP, converting it to Ras-GTP. Ras- 

GTP binds Rafl (MEK-kinase) via a region overlapping the zinc finger motif in Rafl 

at the amino-terminal, which leads to a redistribution to the plasma membrane and 

activation of Rafl. Rafl then forms a stable complex with MEK (MAP-kinase- 

kinase) and phosphorylates MEK on two serine residues. MEK is a kinase with dual 

specificity, which phosphorylates the MAPK proteins ERKl/2 on both threonine and 

tyrosine residues, both of which are needed for full catalytic activity. Activation of 

the serine/threonine kinase ERKl/2 activates Rsk (ribosomal S6  kinase), which then 

translocates, as does ERK itself, to the nucleus, resulting in activation of transcription 

factors, such as c-Myc and c-Fos and transcription of target sequences [̂ ]̂.

The MAPK pathway has been implicated in cell cycle progression and in cell 

survival. Terada et al found that constitutively active MEK resulted in an 

increase in expression of the cell cycle protein cyclin D l, whilst dominant negative 

MEK (S222A) resulted in inhibition of cyclin Dl expression. There is an important 

role for ERK in cell cycle progression from Go to G], and MAPK activity has also 

been shown to be required for progression through the cell cycle in NIH-3T3 cells at 

the G2 phase as well as G1 [̂ ]̂.

GM-CSF induced survival can also occur due to signalling via MEK -  ERK -  Rsk. 

Activated Rsk results in post-translational modification (and therefore inhibition) of 

the pro-apoptotic Bcl-2 family member Bad, and in activation of the transcription
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factor CREB, which results in transcription of the anti-apoptotic Bcl-2 family 

member Bcl-2 [̂ ]̂. Phosphorylation of Bad by Rsk results in binding to the 

cytoplasmic protein 14-3-3, which then sequesters it in the cytoplasm, preventing it 

from acting on (inhibiting) the anti-apoptotic B c 1 -X l at the mitochondria. Bad is also 

phosphorylated by Akt, which is in the PI-3K pathway, illustrating how different 

pathways can co-operate within the cell (see section 1.3.5).

1.3.5 The PI-3K pathway

The phosphoinositide 3-kinase (PI-3K) family consists of three distinct classes based 

on structural similarity and substrate specificity, the first of which is further 

subdivided into two categories. Class I consists of four domains, a Ras binding 

domain (RBD), a C2 domain, a helical domain and a catalytic domain, class II has an 

additional C2 domain at the carboxy-terminal, and class III has no RBD Class

I comprises heterodimer complexes, and class la is activated by cytokines, whilst 

class Ib is activated by G-protein p/y subunits. Class la is the only member of the PI- 

3K family that is activated by cytokine stimulated receptor activation and is therefore 

further discussed below.

The first subunit is 85 kDa in size (p85 subunit) and has no catalytic activity but does 

contain SH2 and SH3 domains. p85 is therefore an adaptor molecule whose major 

function is to associate the second, catalytic domain containing subunit of 11 OkDa

41



(pi 10 subunit) to upstream regulators and downstream effectors. In the case of 

RTKs, cytokine-receptor binding results in phosphorylation of tyrosine residues in the 

intracytoplasmic domain of the receptor, creating SH2 recognition sites for p85 which 

in turn results in localisation of pi 1 0  to the receptor complex.

The p85 subunit contains two SH2 domains whose recognition sequence is pYMXM, 

an SH3 domain, and two proline rich sequences surrounding a Bcr (break point 

cluster region) homologous region. It is predicted that the region between the two 

SH2 domains of the p85 subunit binds to the carboxy-terminal tail of the pi 10 

subunit, pi 10  has a catalytic domain at the carboxy-terminal, and is similar to other 

kinases in that it has certain motifs such as DFG for ATP binding, but also has unique 

regions specific to lipid kinases. It phosphorylates inositols as well as the p85 subunit 

at S608. Many proteins activate PI-3K. These include Ras-GTP (by direct binding to 

pi 10), Fak (which is rich in proline residues and is bound by the SH3 domain of the 

p85 subunit) and Src (which binds to the first proline rich sequence of p85 via its 

SH3, and to phosphotyrosine via its SH2). PI-3K phosphorylates the 3’ hydroxyl 

group on the inositol ring of phosphatidyl inositol (Ptdlns), Ptdlns 4-phosphate 

(PI(4)P) or Ptdlns 4,5-bisphosphate (PI(4 ,5 )P2). The generation of 3’- 

phosphoinositides results in activation of a number of targets such as Rac, PKC 

isoforms, Akt and p70-S6K (discussed in more depth in section 3.3.1). Signalling via 

PI-3K results in DNA synthesis, cell survival, membrane ruffling and cell chemotaxis 

amongst other biological effects.
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1.4 Inhibitors of intracellular signalling pathways

There are many methods used to study the role of intracellular proteins, the most 

common of which are the transfections of mutant forms to block the endogenous 

form, and the use of small inhibitory compounds.

Transfection of dominant inhibitory mutants is used due to the assumed specific 

nature of the proteins involved (i.e. that you are inhibiting the function of one protein, 

and not any others). However there have been reports that this may not always be the 

case. For example, Feig [^’], stated that the mutant Ras S17N is a dominant 

inhibitory mutant, which prevents binding of magnesium, and binds more tightly to 

Ras GEFs than endogenous Ras, as it has a reduced affinity for nucleotides (i.e. 

OTP). The disadvantage of this is that the inhibition seen is not of Ras itself, but of 

the catalytic domain of Ras GEFs, reducing the availability of Ras GEFs to exchange 

GDP for GTP on endogenous Ras, and also on other proteins (e.g. the GEF SOS also 

activates TC21, which has similar biological activities to Ras, and Ras-GRF 1 which 

also activates R-Ras). In addition, failure to observe an alteration in a biological 

effect does not necessarily mean that Ras is not involved -  as, for example, nitric 

oxide can induce nucleotide exchange on Ras independent of the need for GEFs. The 

level of mutant Ras must be at least three fold higher than that of endogenous Ras (as 

this is the approximate increase of affinity of endogenous Ras over Ras S17N for 

GEFs), which varies between cell types.
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Further problems with transfection of putative dominant-negative mutant proteins 

have been highlighted by Rena et al using the transcription factor FKHR

(forkhead in rhabdomyosarcoma), which is a target of Akt. They showed that the 

mutant form is not merely an inhibitor of the endogenous form of FKHR, but is also a 

dominant negative inhibitor of Akt, and prevents phosphorylation of other Akt 

substrates (FKHRLl and GSK-3a). Therefore, biological effects attributed to this 

DN mutant may be FKHR independent, but Akt dependent.

The potential advantage of using small, cell permeable compounds, is that there is no 

need for exogenous over-expression, and the signalling pathways have little time to 

develop new mechanisms to circumvent the action of the drug The disadvantage 

is that they are not necessarily specific One of the most common methods of

inhibiting protein kinase signalling is by using ATP analogues, which compete with 

ATP for binding to the catalytic pocket of the kinase. They involve no genetic 

manipulation, no introduction of foreign proteins that may interfere with other 

proteins, and can be used in primary cells as there is no need for transfection. These 

small molecules compete with ATP for binding to the kinase catalytic pocket 

rendering the kinase unable to phosphorylate downstream substrates. An illustration 

of this is provided by the Abl kinase inhibitor: STI571. This is highly effective at 

blocking the effects of Abl and Bcr-Abl, both in vitro and in patients with CML ['̂ ]̂. 

However, it also inhibits other tyrosine kinases such as c-Kit and the PDGF-R^^.
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The efficiency of an inhibitor to block the activity of an enzyme can be calculated as 

the concentration at which it reduces the function being measured to half of that seen 

in uninhibited controls. This is termed the IC50 value (concentration at which 50% 

inhibition occurs).

Potentially useful compounds in investigating the signalling pathways discussed in 

section 1.3 include the Src inhibitors PPl and PP2 (section 1.4.1), the JAK2 inhibitor 

AG490 and GÔ6976 which is also a potent inhibitor of JAK2 (section 1.4.2), the PI- 

3K inhibitor LY294002 (section 1.4.3) and the MEK inhibitor U0126 (section 1.4.4). 

Table 1.2 shows the chemical structure and reported I C 5 0 S for these compounds.
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(a) Src kinase inhibitors

PPl
^16^19^5 
IC50S
Lck 
Lyn 
c-Src 
Hck

5nM
6 nM
170nM
20nM

PP2
^15^16^^5

Lck 4nM 
Fyn^ 5nM 
Hck 5nM 
EOF R 480nM 
JAK2 >50^iM 
Zap70 >100|iM

PP3

EOF R 2.7pM

Cl

Table 1.2 Selective inhibitors of intracellular signalling 
pathways, (a) Src, (b) JAK, (c) PI-3K and (d) MEK showing the 
chemical structure and formula and the reported IC^gS.
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(b) JAK kinase inhibitors

AG490
C„
IC,
C 1 7 H 1 4 N 2 0 3

JAK2 < l|iM

GÔ6976
C 1 7 H 1 4 N 2 O 3

PKCa 
PKCP 
PKC|i 
JAK2

H

2.3nM
6.2nM
20nM
*

CH3 pH2)2CN

(c) PI-3K inhibitor

LY294002
C 1 9 H 1 7 N O 3

PI-3K L4pM

(d) MEK inhibitor

U0126
^ 18^ 16̂ 6^2

MEKl 72nM 
MEK2 58nM

aNH2

CN

NH
NC

S

N

* Currently under investigation, Gô6976 inhibited GM-CSF and IL-3 
induced survival with an IC^q ~100nM.
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1.4.1 Src kinase inhibitors

PPl and the related compound PP2 were first described by Hanke et al as 

selective inhibitors of the Src family of tyrosine kinases (see section 1.3.2). Hanke et 

al showed that these compounds inhibited the Src kinases Lck and Fyn (T-cell 

isoform) with IC50S no more than 6 nM, but had little effect on JAK2 or Zap70 (with 

IC50S greater than 50pM and lOOpM respectively), whilst PP3 is an inactive analogue 

(see table 1.2). Hanke et al showed that they also have a significant effect on 

epidermal growth factor receptor (EGF-R) with IC50S of 250nM and 480nM for PPl 

and PP2 respectively. PPl is a reversible, ATP-competitive pyrazolo-pyrimidine 

compound. It has been extensively used to demonstrate a role for Src kinases in 

signalling pathways initiated by stimulation with growth factors such as platelet 

derived growth factor (PDGF, in lymphoid derived cells such as the Ba/F3 cell line), 

GM-CSF/IL3 (in the myeloid 32D cell line) and SCF (in the megakaryocytic M07e 

cell line). Analysis of PPl inhibition of Src kinases showed that the threonine at 

position 338 of c-Src is crucial in this interaction PPl and PP2 are active 

inhibitors of Src kinases, whilst PP3 and PP4 are inactive analogues [̂ ]̂. Figure 1.5 

shows a crystal structure of the Src family member Hck in complex with PPl 

(adapted from Schindler et al ['*]). This is discussed in more detail in chapter 5.
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Figure 1.5 Crystal structure of the Src family member Hck in 
complex with PPl. Hck is shown in grey ribbon and PPl is shown 
in yellow space-fill. Published by Schindler et al 1999.
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1.4.2 JAK2 kinase inhibitors

The cyano-group containing tyrphostin compound: AG490 has been described as a 

selective inhibitor of JAK2 (IC50 <lpM , table 1.2). The presence of the cyano-group 

colours the compound and can therefore interfere with some colorimetric assays such 

as MTS (see section 2.5). The concentration at which AG490 inhibits JAK2 is also 

sufficient to inhibit other intracellular kinases, such as Cdk2 (inhibition of which 

results in cell cycle arrest at G]/S, [^ ]̂). Therefore, although AG490 is a useful tool in 

investigating the involvement of JAK kinases in the activation of specific targets, it 

cannot be used to elucidate the role of JAK kinases in cell cycle/proliferation.

The indolocarbozole compound GÔ6976 is a potent ATP competitive inhibitor of 

calcium dependent (classical) isoforms of PKC and PKCp, but has also been found to 

potently inhibit JAK2, with complete inhibition of GM-CSF induced phosphorylation 

of both STAT5 and Akt seen with 5pM GÔ6976 (Grandage and Khwaja, personal 

communication).

1.4.3 Inhibition of the MAPK pathway

U0126 is a potent and highly specific inhibitor of MEKl (with an IC 5 0  of 72nM) and 

MEK2 (with an IC 5 0  o f  58nM). This compound is non-competitive with ATP and the 

MEK substrates ERKl/2 (MAPK 1/2), and prevents the association of Rafl with
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MEK (and therefore Rafl activation of MEK), but doesn’t inhibit already activated 

MEK [43],

1.4.4 Inhibition of the PI-3K pathway

LY294002 is routinely used to investigate P1-3K activation, the activation of 

downstream pathways and the functional effects of blocking PI-3K. It is a synthetic, 

ATP competitive, reversible inhibitor of the pi 10 subunit of P1-3K.

1.5 Biological events following cytokine stimulation

The stimulation of cells with cytokines such as GM-CSF, and the subsequent 

transduction of the signal via the phosphorylation (and therefore activation) of the 

molecules mentioned in sections 1.3 results in biological effects including survival, 

proliferation and migration of haemopoietic cells. The biological response to a 

cytokine can vary from cell type to cell type and various diseases can occur when 

these signals go awry. It is therefore of great interest to study the effects of blocking 

specific signalling molecules using selective inhibitors on the signalling and 

biological responses to these cytokines.
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1.5.1 GM-CSF and IL 3 induced proliferation and cell cycle progression

JAK2 kinases bind to the conserved domain of the pc receptor termed Boxl, which is 

located close to the membrane on the cytoplasmic section of the receptor. Deletions 

of this site show that JAK2 activation is necessary and sufficient for proliferation and 

GM-CSF stimulated activation of JAK2 leads to activation of c-Myc and 

subsequently cell proliferation. The nearby Box2 motif enhances this proliferative 

signal, but is not necessary for either JAK2 activation or proliferation. This 

proliferation is not dependent on any of the eight phosphotyrosine residues in the 

cytoplasmic region of the pc receptor [’̂ ]. However Dijkers et al showed that 

phosphotyrosine residues 577 and 612 of the pc chain are necessary for optimal 

proliferation and are essential for activation of both Akt and ERKl/2.

Src kinases are required for cell cycle progression through S phase in PDGF, EGF 

and M-CSF stimulated fibroblasts [̂ ]̂. Whilst during mitosis, the cell cycle protein 

Cdc2 phosphorylates Src kinases, which then activate the 6 8 kDa protein p6 8 Sam (Src 

associated at mitosis). p6 8 Sam contains an RNA binding motif, is phosphorylated on 

tyrosine residues by Src kinases and is also phosphorylated on threonine residues by 

Cdc2

1.5.2 GM-CSF and IL-3 induced survival
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Apoptosis is the process of programmed cell death, and includes mechanisms of 

controlled cellular breakdown such as membrane blebbing, mitochondrial release of 

cytochrome-C and DNA fragmentation. Apoptosis occurs in response to stresses 

such as DNA damage, ultraviolet irradiation and osmotic stress, and external cues 

include cytokine or serum withdrawal, matrix detachment and direct cytokine 

mediated killing by the tumour necrosis factor (TNF) family of cytokines (reviewed 

in [^ ]̂). There are two core death pathways that are interlinked: these are the caspase 

and the mitochondrial (or Bcl-2) pathway. Caspases are cysteine proteases that 

cleave target molecules at aspartate residues within a tetrapeptide motif. This family 

of proteins can be divided into initiator caspases, and effector caspases, where the 

initiator caspases cleave and activate the effector caspases, which then cleave their 

targets and activate other degradation enzymes. The Bcl-2 family of proteins can also 

be split into two: those members that are pro-apoptotic (e.g. Bax, Bak and Bad), and 

those that are anti-apoptotic (e.g. Bcl-2, B c 1 -X l and Bcl-W). Pro-apoptotic Bcl-2 

family members translocate to the mitochondrial membrane and alter the permeability 

of the membrane by directly forming channels or altering the activity of existing 

channels. This results in the release of cytochrome-C, which can activate the caspase 

pathways [̂ ]̂. Activation of caspases 8 and 9 (initiator caspases) leads to cleavage 

and activation of caspases 3 and 7 (effector caspases) [̂ ]̂.

Truncations of the cytoplasmic section of the pc chain that preserve Boxl and Box2 

result in apoptosis, showing that GM-CSF induced survival is distinct from 

proliferation [*']. A survival domain, which spans two truncation mutants of the pc
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receptor for GM-CSF (encompassing amino acids 518-763) has been identified by 

Inborn et al [̂ ]̂, where 518-626 is survival domain 1 and 626-763 is survival domain 

2. In the absence of serum, this entire domain was required for cell viability. 

However, in the presence of serum, amino acids 518-626 were sufficient for GM-CSF 

to promote cell survival. This suggests that there are GM-CSF mediated survival 

signals that can, at least in part, be substituted by the presence of serum, and that 

Ba/F3 cells require a specific GM-CSF mediated survival signal that cannot be 

substituted by serum that is mediated by amino acids 518-626. Within the first 

survival domain described by Inborn et al, amino acids 570-626 have been termed 

Box3 ['^], and this is where She and Grb2 bind (pY577). This residue, along with 

pY612 is critical for both Akt and ERX activation ([ ''], figure 1.3). It has been 

shown in Ba/F3 cells that lL-3 induced activation of PI-3K and therefore Akt, leads to 

survival by control of the location of pro-apoptotic Bad. Akt-phosphorylated Bad is 

sequestered in the cytoplasm by 14-3-3, and cannot therefore translocate to the 

mitochondria where it would complex with (and thereby inhibit the effects of) the 

anti-apoptotic Bcl-2 family member B c 1 -X l. The Ras/MAPK pathway has also been 

shown to play an important role in cell viability by activation of anti-apoptotic Bcl-2 

and Bcl-X in IL-3 stimulated survival of 32D cells [^°].
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1.5.3 Abnormal signalling of the (3c receptor

Transfection of the pc receptor containing activating mutations in the extracellular or 

transmembrane domains confer factor independent proliferation to the myeloid cell 

line FDCP-1 but not to the T-cell line CTLL-2 (reviewed by Gonda and D’Andrea 

[^']). Gonda and D'Andrea propose three models that could account for this 

difference. The first involves the heterodimerisation of the mutant pc receptor with a 

membrane spanning subunit that is only expressed in myeloid cells. The second 

model is a threshold limit of activation that is higher in lymphoid cells than in 

myeloid cells. The third involves a membrane spanning inhibitory molecule that is 

present in lymphoid cells but not myeloid cells. Expression of activating mutants of 

the pc receptor results in malignancies, such as myeloproliferative disorders and 

myeloid leukaemias in mice Signalling via the pc receptor is also involved in 

inflammatory responses, and uncontrolled signalling from the pc receptor can lead to 

an increase in mobilisation of progenitor cells from the bone marrow, culminating in 

high levels of myeloid cells in the spleen.

1.6 Aims

The aim of the following research was to investigate the role of Src kinases in 

myeloid cells using Src selective inhibitors. The potential involvement of Src kinases 

in signalling from the GM-CSF, IL-3 and SCF receptors was investigated and
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attempts were made to establish the contribution of Src kinases to the activation of 

other established pathways such as the MAPK and PI-3K pathways. To further 

clarify the role of Src kinases in cytokine stimulation of myeloid cells, the effects of 

Src kinases on cellular functions such as proliferation and survival were also 

explored.
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CHAPTER 2: METHODS AND MATERIALS

2.1 General cell culture

2.1.1 Reagents

Cell culture media

The following were obtained from Gibco™, Invitrogen Life Technologies, Paisley, 

UK:

RPMI 1640 media (21875-034)

MEM-Earles media (11095-015)

DMEM media (31885-023)

Fetal calf serum (PCS), (10106-169) heat inactivated at 56°C for 30 minutes 

Dulbecco’s phosphate buffered saline (PBS) (14190-094) and containing Ca^^ and 

Mg^^ (14040-091)

Tissue culture plastics
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Flasks (25cm^, 75cm^, and 175cm^) dishes (3cm, 6 cm and 10cm) and plates (6 -, 12-, 

24, 96- well) were all supplied by Scientific laboratory supplies Ltd (Nottingham, 

UK). 5ml polystyrene round-bottomed tubes were used for flow cytometry analysis 

(Falcon, BD Biosciences, San Jose, CA, USA).

2.1.2 Growth factors

Human stem cell factor (hSCF), human thrombopoietin (Tpo) and murine interleukin- 

3 (mIL-3) were from PeproTech EC LTD, London, UK. E.coli derived recombinant 

human granulocyte-macrophage colony stimulating factor (rhGM-CSF) was from 

Behringwerke-Hoechst, Marburg, Germany. Human IL-3 (hIL-3) was from Sandoz, 

Frimley Park , UK and human granulocyte colony stimulating factor (hG-CSF) was 

from Chugai Pharma UK Ltd, London, UK.

2.1.3 Cell culture

The cell lines TF-1, 32D, WEHI 3-B and M 07e were all maintained in RPMI-1640 

with 10% (v/v) FCS. TF-1 cells were supplemented with 20ng/ml rhGM-CSF, 32D 

cells were supplemented with 10% (v/v) mIL-3-conditioned WEHI serum and M07e 

cells were supplemented with 20ng/ml rhGM-CSF and 20ng/ml hIL-3. The RBL- 

2H3 cell line (kindly supplied by S. Cockcroft, Dept of Physiology, University
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College London) was maintained in MEM-Earles media supplemented with 10% 

(v/v) FCS.

2.1.4 Inhibitors

Inhibitor Stock Supplied by

concentration 

(mM)

PPl 20

PP2 20

PP3 20

(inactive) 

LY294002 50

U0126 10

Go6976 5

AG490 100

Affmiti, Exeter, UK

Calbiochem-Novabiochem biosciences, Nottingham, UK 

Calbiochem

Biomol Research Laboratories Inc., Plymouth Meeting,

USA

Biomol

Calbiochem

Biomol

All inhibitors were dissolved in DMSO and stored at -20°C, or -80°C for prolonged 

storage.
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2.2 SDS-PAGE and immunoblotting

2.2.1 Reagents

Pefabloc (Boehringer-Mannheim, Germany)

Aprotinin (Sigma, Poole, UK)

Leupeptin (Sigma)

Pepstatin A (Sigma)

Microcystin LR (Sigma) 

dl-Dithiotreitol (DTT) (Sigma)

Acrylamide/N'N'-bis-methyiene (30%;0.8%) (National diagnostics, Hull, UK) 

Ammonium persulphate (APS) (BDH, UK)

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

Prestained molecular weight markers (Gibco. 10748-010)

Nitrocellulose membrane, Hybond-C-Extra (Amersham Life Sciences, Little 

Chalfont, Bucks, UK)

Non-fat dried milk (Marvel)

Peroxidase-conjugated antisera (Dako Ltd., High Wycombe, Bucks, UK)

Enhanced chemiluminescence kits (ECL and ECL+) (Amersham Life Sciences) 

Hyperfilm'^^ MP (High Performance Autoradiography film) (Amersham Life 

Sciences)
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2.2.2 Buffers and gels

Lysis buffer (made in ddH2 0)

50mM Hepes pH7.5

lOOmM Sodium chloride

1% Triton X-100

2mM EDTA

20mM Sodium fluoride

ImM Sodium orthovanadate

lOpg/ml Aprotinin

lOpg/ml Pepstatin A

lOpg/ml Leupeptin

ImM Pefabloc

5pM Microcystin

} added to lysis buffer immediately

} prior to use.

Sample buffer (Laemmli) (4xSB made in ddH20)

320mM Tris-HCl pH6 .8

400pl/ml Glycerol

80mg/ml Sodium dodecyl sulphate (SDS)
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1 mg/ml bromophenol blue

46.3mg/ml dl-Dithiotreitol (DTT)

Running buffer (made in ddH20) Transfer buffer (made in ddH20)

3.03mg/ml Tris 

14.42mg/ml Glycerol 

Img/ml SDS

3.03mg/ml Tris 

14.42mg/ml Glycerol

7.J% Separating gel (10ml) 10% Separating gel (10ml) Stacking gel (5ml)

3.66ml H2O 2.86ml H2O 3.49ml H2O

3.74ml IM Tris (pH8 .8 ) 3.74ml IM Tris (pH8 .8 ) 625pl IM Tris (pH6 .8 )

2.54ml acrylamide/bis 3.34ml acryl ami de/bis 835pl acrylamide/bis

(30%:0.8%) (30%:0.8%)

lOOplSDS lOOplSDS

75pl 10% (v/v) APS 75pl 10% APS

(ammonium persulphate)

9pl TEMED 9pl TEMED

(30%:0.8%)

50pl SDS 

37.5pl 10% APS

7.5pl TEMED
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2.2.3 Antibodies

Polyclonal antibodies raised against Lyn (sc-15), c-Kit (sc-1493), ERK2 (sc-154), and 

STAT5b (sc-835) were from Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA. 

Activated proteins were detected using phospho-specific primary antibodies. 

Polyclonal antibodies raised against phosphorylated (active) ERK1&2 (T202/Y204) 

(9101), Akt (S473) (9271) and (T308) (9275), p70 S6  kinase (T389) (9205), p38 

(T180/Y182) (9211) and STAT5 (Y694) (9351) were from Cell Signaling 

Technology, (formerly New England Biolabs Inc.) Beverly, MA, USA, as were the 

Akt (9272), p38 (9212) and p70 S6  kinase (9202) antibodies. The monoclonal anti- 

phosphotyrosine antibody 4G10 was from Upstate Biotechnology Inc., Lake Placid, 

NY, USA. Peroxidase conjugated secondary antibodies were from Amersham- 

Pharmacia, Little Chalfont, UK.

2.2.4 Denaturing polyacrylamide gel preparation

Gels were prepared on day of use. The separating gel was prepared (see section

2.2.2) and poured into a Mighty-Small Hoefer gel caster (Hoefer Scientific 

Instruments, San Francisco, USA), isobutanol was layered on top and the gel was 

allowed to polymerise for 30 minutes at room temperature. The isobutanol layer was 

removed and the gel washed three times with ddH2 0 . The stacking gel (see section

2 .2 .2 ) was then layered on top, a 10  well comb was inserted into place and the gel
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was allowed to polymerise for 20 minutes and once set, the comb was removed. The 

set gel was then transferred to the running apparatus and wells were washed once 

with running buffer to remove unpolymerised acryl ami de.

2.2.5 Cell lysate preparation

The factor dependent cell lines TF-1, 32D or M 07e were washed free from growth 

factors and serum three times by centrifugation at 1200rpm for 5 minutes at room 

temperature in PBS, and allowed to quiesce overnight by incubation in factor free 

media (RPMI with 1%FCS). Samples prepared from the factor independent cell line 

RBL-2H3 were taken from continuously culturing cells. Cells were resuspended at 

IxlO^/ml in PBS (with Ca^^ and Mĝ "̂ ), the indicated concentrations of inhibitor were 

added and cells incubated for 60 minutes at 37°C. Cells were then stimulated with 

20ng/ml GM-CSF (TF-1 cells), 20ng/ml IL-3 (32D cells), or 20ng/ml SCF (M07e 

cells) or not stimulated (RBL-2H3), and incubated at 37°C for the indicated time. 

Samples were pelleted by centrifugation at 2000rpm for 2 min at 4°C and lysed in 

lOOpl lysis buffer (LB, at lOxlO^/ml) (containing protease and phosphatase 

inhibitors, see section 2.2.1) for 10 minutes at 4°C. Lysates were clarified of nuclear 

debris (centrifuged at 14000 rpm for 5 minutes at 4°C), added to 37pl boiling sample 

buffer and boiled for 5 minutes. Samples were then either immediately loaded onto 

an SDS-PAGE gel, or stored at -20°C for future use.
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2.2.6 Denaturing polyacrylamide gel electrophoresis and immunoblotting

Acrylamide gels were prepared and allowed to polymerize as described in section 

2.2.4. Pre-stained molecular weight markers and equal volumes of sample were 

loaded onto 10% or 7.5% SDS-PAGE gels and run using Mighty-Small Hoefer gel 

apparatus at 150 volts until adequate separation had occurred (approximately 2 

hours). Protein samples were transferred on to a nitrocellulose membrane using a 

semi-dry transfer apparatus (Enprotech, MA, USA) at a constant current of 0.45 

Amps for 45 minutes. The nitrocellulose membrane was incubated in blocking buffer 

(5% (w/v) milk, 0.1% Tween-20, PBS) for one hour to block non-specific binding 

sites, and washed three times using 0.1% Tween-20/PBS for 5 minutes per wash. 

Membranes were then incubated in primary antibody at the concentration 

recommended by the manufacturer, diluted in either blocking buffer, or 5% (v/v) 

BSA/PBS-Tween- 2 0  for phospho-specific antibodies for either one hour for most 

primary antibodies, or over night for phospho-specific antibodies. Primary antibody 

was removed by washing the membrane as before, and the membrane was incubated 

in horseradish peroxidase (HRP)-anti-mouse or -rabbit (as appropriate) secondary 

antibody for one hour at room temperature at a dilution of 1:10,000 in 5% (w/v) 

milk/PBS-Tween-20. The membrane was then washed four times as before and 

detection of the protein bands was carried out by using the enhanced 

chemiluminescence method (ECL or ECL+ for phospho-specific antibodies) 

according to the manufacturers instructions, and exposure of nitrocellulose membrane
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to autoradiography film. The density of total protein bands and phosphorylated 

protein bands was quantified using NIH imaging software (NIH, Bethesda, 

Maryland).

2.3 Lyn and c-Kit kinase assays

2.3.1 Lyn and c-Kit kinase buffers

Lyn kinase buffer c-Kit kinase buffer

25mM Hepes (pH7.5) 

lOmM MnCb

20mM Hepes (pH7.4) 

20mM Pipes (pH7.4) 

lOmM MnClz

Lyn kinase reaction c-Kit kinase reaction

lOOpM ATP

lO^Ci /^P-ATP

lOOpMATP

lOnCi y“ P-ATP
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Coomassie Blue stain Coomassie Blue destain

500ml/l methanol 

400ml/l ddHzO 

1 OOmi/1 acetic acid 

2.5g/l Coomassie R-250

250mi/l methanol 

680ml/l ddHzO 

70ml/l acetic acid

2.3.2 Lyn kinase assay

TF-1 cells were allowed to quiesce overnight as described in section 2.2.5. Cells 

were resuspended in PBS (with Ca^^ and Mg^^), stimulated with 20ng/ml GM-CSF 

for 5 minutes at 37°C and lysed at 20xl0^/ml as in section 2.2.5. Samples were 

clarified of nuclear debris and supernatant was added to microfuge tubes with and 

without 4pg/ml polyclonal anti-Lyn antibody and incubated at 4°C overnight with 

rotation. 25pl of 50% protein A-agarose slurry (made in lysis buffer) was then added 

to all samples, and incubated for a further 2 hours at 4°C on a mixer wheel. The 

samples were rapidly washed three times with ice cold PBS containing 0.1% triton X- 

100 and 2mM EDTA, and twice in Lyn kinase buffer by centrifugation at 4°C for 20 

seconds at 14000rpm for each wash. Wash buffer was removed using a 23-gauge 

needle to leave minimal residual buffer, and samples resuspended in 30pl kinase 

buffer containing ATP mix and incubated at 30°C for 10 minutes. The kinase 

reaction was terminated by the addition of lOpl of 4x Laemmli SB and boiled for 5
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minutes. Samples were then separated immediately using SDS-PAGE, or stored at -  

20°C, and the gel was stained for total protein using Coomassie blue staining for 10 

minutes followed by four washes with Coomassie destain for 10-30 minutes each 

wash. The gel was dried on a Bio-Rad gel dryer (Bio-Rad, Hemel Hempstead 

Hertfordshire, UK) and phosphorylation detected by exposure of dried gel to 

autoradiography film at -20°C overnight and quantified using NIH Image software.

2.3.3 c-Kit kinase assay

M07e or RBL-2H3 cells taken from culture were lysed at 40x1 OVml as described in 

section 2.2.5, and c-Kit was immunoprecipitated by incubation overnight at 4°C with 

2|ig/ml polyclonal antibody. c-Kit receptor-antibody complexes were captured using 

25pl of 50% protein-G agarose slurry (incubated at 4°C for 2 hours) and 

immunoprecipitates washed at 4°C three times in PBS/0.1%Triton X-100/2mM 

EDTA and twice in c-Kit kinase buffer before resuspension in 25pl kinase buffer 

containing varying concentrations of PPl. After 30 minutes incubation at 37°C a 

further 25pl kinase buffer (in which PPl concentrations were maintained) containing 

adenosine triphosphate (ATP) and [ y-^^P]-ATP (lOOpM, and lOpCi respectively) 

was added and samples incubated for 10 minutes at 30°C. Reactions were terminated 

by the addition of 1ml kinase buffer at 4°C and washed rapidly. c-Kit was eluted with 

the addition of sample buffer and samples resolved by SDS-PAGE (see section 2.2.4 

for acrylamide gel preparation, and section 2.2.6 for gel electrophoresis). Gels were
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stained with Coomassie blue stain and destain and dried as described in section 2.3.2. 

Autophosphorylation of c-Kit was detected using autoradiography and quantified 

using NIH Image software.

2.4 Cell cycle analysis

2.4.1 Reagents

Staining solution

PBS (containing Ca^^ and Mg^^)

25pg/ml propidium iodide (PI) 

125pg/ml RNAase A solution

2.4.2 Method

M 07e cells were allowed to quiesce for 24 hours as described in section 2.2.5. Cells 

were resuspended at 2xl0^/ml in 1% FCS/RPMl, plated at 3ml/well in 12 well plates, 

and incubated with or without 20pM PP1 for 60 minutes prior to addition of 20ng/ml 

GM-CSF, and samples were incubated at 37°C with 5% CO2 for 0, 24 or 48 hours. 

To analyse the cell cycle profile, samples were pelleted at SOOrpm at 4°C for 2
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minutes, resuspended in 1 ml of -20°C 70% methanol (v/v in ddH2 0 ) and stored at -  

20°C overnight. Samples were repelleted as before to remove methanol and washed 

once with PBS (with Ca^^ and Mĝ "̂ ) then resuspended in 1ml of staining solution 

(see section 2.4.1) and incubated at 37°C for 30 minutes. Samples were kept on ice 

until they were interrogated for PI uptake using flow cytometry (Epics Elite, 

Beckman Coulter, High Wycombe, UK).

2.5 Cell proliferation assay

After overnight growth factor withdrawal in RPMI-1640 with 1% FCS (see section 

2.2.5), M 07e cells were plated at 3xlOVml in 12 well plates and inhibitors added. 

Optimal concentrations of the JAK2 inhibitor GÔ6976 and the MEK inhibitor U0126 

were used (O.SpM and lOpM respectively), LY294002 (the PI-3K inhibitor) was used 

at 5jaM and 25pM and a dose response for PPl ranging from IpM to 20pM was used. 

After 60 minutes incubation growth factors were added (20ng/ml GM-CSF, 20ng/ml 

SCF or 45ng/ml Tpo). Cells were then incubated at 37°C, 5% CO2. Readings were 

taken at 24, 48 and 72 hours after factor re-addition. Cell proliferation was measured 

using an MTS assay (CellTiter 96 from Promega, Madison, USA). The assay was 

performed according to manufacturers instructions. Briefly, at specified time points, 

lOpl of sample was added to 2pi of the MTS reagent in a 96-well plate, and incubated 

at 37°C for 2 hours. Absorbance at 490nm was measured using a 96-well plate reader. 

All measurements were performed in triplicate.
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2.6 BFU-E and CFU-GM colony formation of prim ary cells

2.6.1 Reagents

Complete growth factor mix

Methylcellulose (Methocult 0430 from StemCell Technologies, UK)

20% (v/v) Iscoves modified dulbecco medium (IMDM)

lOng/ml SCF

25ng/ml GM-CSF

25ng/ml G-CSF

30ng/ml IL-3

3u/ml Epo

GM-CSF only methocult mix G-CSF only methocult mix

Methocult

20% IMDM

50ng/ml GM-CSF

Methocult

20% IMDM

lOOng/ml G-CSF

74



2.6.2 Methods

CD34^ cells were mobilised in normal donors using 263|ig G-CSF (lenograstim from 

Chugai Pharma UK Ltd, London, UK) daily, and leukapheresis product taken on day 

5. Fresh apheresis product was diluted at 1:100 in RPMI containing 10% FCS and 

lOu/ml heparin, so the cells are at an approximate concentration of 5xl0Vml. Cells 

were counted and added to 2.5ml methocult containing either single growth factors or 

complete growth factor mix at a final concentration of 2.5x10"  ̂ white cells/ml and 

resuspended thoroughly. Cells were plated in quadruplicate at 500pl/well 

(comprising on average 1% CD34^ cells) in a 24-well plate and incubated for 14 days 

at 37°C with 5% CO2. Granulocyte-macrophage colony forming units (CFU-GM) 

and erythroid burst forming units (BFU-E) from the CD34^ cells were then counted 

using a Zeiss dissection microscope (at an approximate magnification of x3.5).

2.7 Annexin-V binding/Propidium iodide uptake

2.7.1 Reagents

FITC-conjugated Annexin-V (Roche Biochemicals, Lewes, UK) 

Propidium iodide (Sigma)
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Annexin-V binding buffer

lOmM Hepes pH7.4 

140mM NaCl2 

5mM CaCb

2.7.2 Methods

Annexin-V binding in suspension cells

After six hours of growth factor and serum withdrawal (as described in section 2.2.5), 

the TF-1 and 32D cell lines were resuspended at 2xl0Vml in RPMI with 1% FCS and 

incubated in 6 -well plates at 37°C, 5% CO2 for 60 minutes with the indicated 

concentrations of inhibitor. The cells were then cultured with or without 20ng/ml 

GM-CSF (TF-1 cells) or 20ng/ml IL-3 (32D cells). Apoptosis was measured at zero, 

24 and 48 hours after factor re-addition using Annexin-V binding, following 

manufacturers instructions; briefly, cells were pelleted by centrifugation, washed with 

1ml PBS (with Ca^^ and Mg^^) and incubated at room temperature for 5 minutes in 

lOOpl Annexin-V binding buffer with Ipl/ml Annexin-V-FITC. A further 200pl
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Annexin-V binding buffer containing 2)ag/ml propidium iodide (PI) was added and 

samples were placed on ice and immediately analysed for Annexin-V binding and PI 

uptake by flow cytometry (Epics Elite, Beckman Coulter, High Wycombe, UK).

Annexin-V binding in adherent cells

RBL-2H3 cells taken from continuous culture were plated at IxloVml in 6  well plates 

in MEM-Earles with 10% FCS, and allowed to adhere before addition of inhibitors. 

Subsequently, cells were removed from wells at 24 hour time periods using 

Trypsin/EDTA (5 minutes at 37°C, 5% CO2) and pelleted by centrifugation. FITC- 

conjugated Annexin-V was used according to manufacturers instructions and as 

described in section 2.7.2 and samples were immediately analysed for Annexin-V 

binding and PI uptake.

2.8 Detection of adhesion molecules

2.8.1 Reagents

APC (allophycocyanin) conjugated anti-CD l ib  antibody (Pharmingen, BD 

biosciences, San Jose, CA, USA)
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PE (phycoerythrin) conjugated anti-CD621 antibody (Beckman-Coulter, High 

Wycombe, Bucks, UK)

Immunoprep reagent system (Beckman-Coulter)

2.8.2 Methods

Whole blood was taken from normal donors, into syringes containing the anti

coagulant heparin (lOu/ml). 1ml of whole blood was transferred to microfuge tubes 

containing the inhibitors LY294002 (25pM), U0126 (lOpM), Go6976 (O.SpM) or 

PPl (5pM, lOpM, 20pM and 50pM) and incubated for 45 minutes at 37°C. Each 

sample was then split into two and incubated with or without 50ng/ml GM-CSF for 

30 minutes. 50pl of the samples was then transferred to 5ml round bottomed falcon 

tubes containing 5pi of anti-CD 11 b-APC and 5pl anti-CD621-PE antibodies and 

incubated for 30 minutes on ice. Red cell lysis was performed using the immunoprep 

reagent system following manufacturers instructions, briefly, cells were incubated 

with 300pl reagent A for 15 seconds whilst mixing vigorously, followed by addition 

o f 137.5pl reagent B for 10 seconds whilst mixing and then 50pl reagent C. Samples 

were immediately placed on ice until analysed for CD 11b and CD621 expression 

using flow cytometry. All measurements were taken in duplicate and the increase or 

decrease (of levels of C D llb  or CD621 expression respectively) for each sample 

relative to its own unstimulated control was calculated, and normalised to the change 

seen in cells incubated with GM-CSF (which was taken to be a 100% change).

78



2.9 Computer programs

Protein band intensity was quantified using NIH image (NIH, Bethesda, Maryland, 

US). Analysis of flow cytometric data was performed using Summit (version 3.1) 

from Cytomation, Fort Collins, Co, USA. Crystal structures were obtained from the 

Brookhaven database, and adapted using the Rasmol programme (version 2.7, from 

University of Massachusetts, Amherst, MA, USA). Protein sequence alignments 

were performed using Clustal W (1.7) multiple alignment program made available by 

the Human Genome Mapping Project (HGMP resource centre, Cambridge, UK).
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C H A P T E R  3: T H E  R O L E  O F  SR C  K IN A S E S  IN  G M -C S F  A N D

IL -3 IN D U C E D  SIG N A L L IN G

3.1 Introduction

Stimulation of haemopoietic cells with granulocyte-macrophage colony stimulating 

factor (GM-CSF) or interleukin 3 (IL-3) aetivates Src, JAK and STAT kinases as well 

as the MAPK and PI-3K pathways resulting in survival, proliferation and 

differentiation. In this chapter the role of Src kinases in mediating the aetivation of 

these pathways was investigated using the Src selective inhibitor PPl. It has been 

reported that Src kinases ean act upstream of the PI-3K pathway and other 

published data had suggested a role for c-Src kinase as a scaffolding protein involved 

in JAK mediated activation of STAT as c-Src can bind JAKl and can activate STAT3 

in vitro Therefore we also studied the activation of these proteins after inhibition 

with the JAK2 selective inhibitor AG490 to investigate the potential link between 

JAK and Sre kinases. See figure 3.1 for a schematic diagram of these signalling 

pathways.

82



GM-CSF/IL-3
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Figure 3.1 Schematic representation of signalling pathways 
activated by binding of GM-CSF or IL-3 to the Pc receptor 
family. It is known that stimulation with these growth factors leads 
to activation of the P1-3K and MAPK pathways as well as JAK2 and 
Src kinases. However the potential role of Src kinases in the 
activation of these other proteins is not fully understood. The 
potential role of Src kinases (represented by ?) was investigated in 
this chapter.
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3.2 The role of Src kinases in GM-CSF stimulated TF-1 cells and IL-3 stimulated 

32D cells

3.2.1 GM-CSF stimulation of TF-1 cells activates Lyn

To assess the affects of GM-CSF stimulation of the Src family kinase Lyn, the human 

erythroid cell line TF-1 was stimulated for 5 minutes with 20ng/ml GM-CSF. TF-1 

cells were then lysed and the Lyn was immunoprecipitated out using anti-Lyn 

antibodies (methods section 2.3.2). An in vitro kinase assay was then performed on 

the immunoprecipitates to detect Lyn autophosphorylation, shown in figure 3.2. In 

the control lanes containing either no GM-CSF stimulation or stimulation with GM- 

CSF, in which no Lyn antibody was added, no Lyn autophosphorylation was seen. In 

the immunoprecipitate from unstimulated cells there was a minimal degree of 

phosphorylation of Lyn kinase. This however increased eight-fold (as measured by 

densitometry (section 2.9) in the presence of GM-CSF. Data shown in figure 3.2 is 

representative of two independent experiments.
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Figure 3.2 Lyn kinase assay. TF-1 ceils were incubated in the 
presence or absence of 20ng/ml GM-CSF for 5 minutes prior to 
lysis and immunoprécipitation o f Lyn kinase. Immunoprecipitates 
were then incubated in kinase assay buffer (see section 2.3.2) and 
separated using SDS-PAGE.
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3.2.2 PPl inhibits the activation of Akt but not ERK in GM-CSF stimulated TF- 

1 cells

To study the potential involvement of Src kinases in the MAP-kinase and PI-3 kinase 

signalling pathways, the phosphorylation of residues T202/Y204 of ERK 1/2 (MAP 

kinase pathway, see section 1.3.4), and S473 of Akt (downstream of PI-3 kinase) was 

examined using phospho-specific antibodies to these proteins in western blotting 

analysis (see methods section 2 .2 ).

Addition of 20ng/ml GM-CSF to TF-1 cells for ten minutes induced phosphorylation 

of Akt on S473 and ERK 1/2 on residues T202/Y204 (see figure 3.3). Pre-incubation 

for 60 minutes with increasing concentrations of the Src inhibitor PPl (section 1.4.1) 

followed by stimulation with GM-CSF resulted in a corresponding decrease in the 

phosphorylation of Akt on the serine residue at position 473. It can be seen that the 

IC50 for inhibition of GM-SCF induced Akt S473 phosphorylation by PPl is 

approximately lOpM (See fig 3.3a and fig 3.3b). PPl at concentrations up to 50pM 

had no effect on the GM-CSF induced phosphorylation of ERK 1/2. In the experiment 

shown in figure 3.3a, pre-incubation with 25pM LY294002 (a PI-3 kinase inhibitor, 

section 1.4.4) for 60 minutes prior to addition of GM-CSF resulted in complete 

abrogation of GM-CSF induced phosphorylation at S473 on Akt, but had no effect on 

the phosphorylation of either ERKl or ERK2. These results indicate that GM-CSF 

stimulated activation of Akt is dependent on Src and PI-3K and that neither pathway 

are involved in activation of ERK.
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Figure 3.3 PPl inhibits Akt phosphorylation with an ~10pM, 
but has no effect on ERKl/2 phosphorylation, (a) Factor withdrawn 
TF-1 cells were pre-incubated for 60 minutes with the indicated 
concentrations of either PPl or LY294002 prior to stimulation with 
20ng/ml GM-CSF for 10 minutes. Lysates were prepared and 
separated using SDS-PAGE (see section 2.2). Samples were probed 
for phosphorylated (activated) Akt (S473) and ERXl/2 (T202/Y204) 
using phospho-specific antibodies. Total Akt was probed for as a 
protein loading control, (b) Phosphorylated Akt was quantified using 
NIH image and plotted as a percentage of that seen in cells incubated 
with GM-CSF alone. Results shown are representative o f three 
independent experiments.
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3.2.3 JAK2, but not Src activity, is required for GM-CSF induced activation of 

ERKl/2 and STATS. Both are critical for GM-CSF induced activation of Akt

The IC50 for the inhibition of GM-CSF induced phosphorylation of S473 Akt in TF-1 

cells by PPl was calculated to be around lOpM PPl, and near maximal at 20pM 

(section 3.2.2). To avoid non-specific inhibition of other kinases by using higher 

concentrations, 20p,M PPl was used to compare the roles of Src kinases with Janus 

kinase family members. AG490 is a specific and potent inhibitor of JAK2 (section

1.4.2). Previous experiments had shown that AG490 used at concentrations between 

100-200pM effectively abolishes GM-CSF induced activation of both Akt and 

STAT5 in TF-1 cells (Khwaja and Grandage, personal communication). Therefore 

200pM AG490 was used in the following experiments. TF-1 cells were pre- 

incubated with or without 20pM PPl or 200pM AG490 for 60 minutes followed by 

stimulation with 20ng/ml GM-CSF for up to 30 minutes (section 2.2). The potential 

role of both JAK kinases and Src kinases in GM-CSF induced STATS as well as Akt 

and ERKl/2 phosphorylation was examined.

In the experiment shown in figure 3.4, STATS was unphosphorylated on Y694 in 

starved TF-1 cells and was then phosphorylated after GM-CSF stimulation, with 

maximal activation seen at ten minutes. Activation of PI-3 kinase/Akt S473 was 

maximal at S minutes after GM-CSF stimulation and fell back to the basal rate after 

30 minutes. Phosphorylation of ERKl/2 peaked at ten minutes following GM-CSF 

addition and decreased to just above the basal phosphorylation after 30 minutes.
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Pre-incubation with the JAK2 inhibitor AG490 led to the complete abrogation of 

GM-CSF induced phosphorylation of STAT5 and Akt and near-complete loss of 

ERKl/2 phosphorylation (see figure 3.4a).

In figure 3.4b however, no discernable decrease in phosphorylation of STATS was 

detected when TF-1 cells were pre-incubated with 20 |liM  PPl prior to GM-CSF 

stimulation. Also, as shown in section 3.2.2, inhibition with PPl blocks GM-CSF 

induced Akt phosphorylation, as no S473 Akt phosphorylation could be seen at any of 

the time points. In contrast, addition of PPl resulted in a slight reduction in 

phosphorylation of ERKl/2 at five minutes only.

As PPl is a selective inhibitor of Src family kinases, and AG490 is a selective JAK2 

inhibitor, these results imply that JAK2 is required for GM-CSF induced activation of 

all the proteins examined, whilst Src is only required for Akt activation. This 

indicates that Src kinases are either downstream of JAK2 for activation of Akt, or that 

there is a co-operative requirement for both JAK2 and Src in Akt activation.
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Figure 3.4 The effects of inhibiting either Src or JAK2 on GM- 
CSF induced protein phosphorylation. Serum and growth factor 
deprived TF-1 cells were incubated with or without 200pM AG490 
(a) or 20pM PPl (b) for 60 minutes prior to stimulation with 
20ng/ml GM-CSF for the indicated time. Samples were lysed, 
separated using SDS-PAGE and probed for phosphorylated 
(activated) forms of STATS, Akt and ERKl/2 using phospho- 
specific antibodies. Samples were then probed for total ERK2 as a 
protein loading control.
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3.2.4 GM-CSF stimulation leads to biphasic activation of PI-3K target proteins, 

VKhich is also blocked by PPl

Data from a number of investigations have shown that the duration of signalling 

pathways is at least as important as the magnitude of their activation An

extended time course of GM-CSF stimulation of TF-1 cells was examined to 

investigate the effects of GM-CSF on signalling pathways over the first 24 hours of 

factor addition, and to examine the role of Src kinases over this time period using 

PPl. In section 3.2.3 it was shown that the activation of Akt over the first 30 minutes 

of GM-CSF stimulation is inhibited by PPl. In this section the effects of PPl on 

GM-CSF induced Akt activation over 24 hours were examined. To further 

investigate the role of Src kinases in the PI-3 kinase pathway, the effect of PPl on 

GM-CSF induced activation of the PI-3 kinase target p70 S6 K was also studied. In a 

similar manner to Akt and ERKl/2 activation, p70 S6 K is activated by 

phosphorylation at the T389 residue, which can be detected using phospho-specific 

antibodies. This was performed to help establish whether Src acts upstream of PI-3K 

and hence both Akt and p70 S6 K, or is downstream of PI-3K and is just required for 

Akt activation.

Section 3.2.3 showed GM-CSF activation of Akt S473 peaked at five minutes and 

then rapidly decreased to basal levels within 60 minutes. When looking at later time 

points of GM-CSF stimulation, a marked second increase of Akt S473 

phosphorylation could be seen at four to eight hours following factor addition, which
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was about a quarter of the maximal phosphorylation (see figure 3.5a). Inhibition of 

Src kinases with 20pM PPl notably inhibited the early peak and obliterated the 

second rise in 8473 Akt phosphorylation seen between four and eight hours. See 

figure 3.5a for a graph showing the biphasic activation seen and the effects of PPl on 

the phosphorylation kinetics of S473 Akt.

The phosphorylation of p70 S6 K after factor addition increased in two separate 

phases as shown in figure 3.5d. Phosphorylation of p70 S6 K was near maximal at 30 

minutes GM-CSF stimulation, then decreased to basal level at two hours and was 

maximal at four hours. This then dropped back to the basal level by eight hours post 

factor addition. Pre-incubation of TF-1 cells with 2 0 |liM  PPl reduced this 

phosphorylation pattern. Phosphorylation seen at 30 minutes was reduced by two 

thirds and the second increase seen was completely abrogated in p70 S6 K.

In comparison to the kinetics of Akt and p70 S6 K activation, the phosphorylation of 

ERK was maximal at ten minutes, and remained significant but gradually declined 

over 24 hours (see figure 3.5b). No discernable effect of PPl on the phosphorylation 

of ERKl/2 could be seen. STAT5 phosphorylation also increased with a second peak 

seen at four hours, which was unaffected by PPl as depicted in figure 3.5c.
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Fig 3.5(a/b) Effects of PPl on 
GM-CSF induced protein 
activation over 24 hours.
Factor deprived TF-1 cells were 
incubated with/without 20uM 
PPl then stimulated with 
20ng/ml GM-CSF for the 
indicated times. Samples were 
lysed, separated using SDS- 
PAGE and probed for 
phosphorylated (a) Akt (b) 
ERKl/2 To control for protein 
loading, total Akt (for a and b) 
was also probed for. Graphs 
show phosphorylation at each 
time point with/without PPl as a 
percentage o f the maximal 
phosphorylation seen for each 
protein.
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3.2.5 Activation of Src kinases is necessary for Akt, but not ERKl/2 or STATS 

activation in IL-3 induced signalling

The receptor for GM-CSF consists of an a  subunit and a p subunit. The a  subunit is 

unique to each of the growth factors GM-CSF, IL-3 or IL-5, but the p subunit is a 

common chain (pc), utilised by all (see section 1.2.1 for more detail). Having 

previously investigated the role of Src kinases in GM-CSF induced activation of 

intracellular proteins in TF-1 cells (sections 3.2.1 -  3.2.4); IL-3 stimulated protein 

activation was examined in this section. This was to establish if the results found 

earlier could be replicated for another growth factor that also initiates intracellular 

signalling cascades via the pc receptor. The IL-3 dependent myeloid progenitor cell 

line 32D was used and cells were pre-incubated for 60 minutes in the presence or 

absence of 20pM PPl prior to stimulation with 20ng/ml IL-3.

As in the previous sections (3.2.2 - 3.2.4), the phosphorylation of S473 Akt was 

investigated to analyse the role of Src in the PI-3 kinase pathway, and of T202/Y204 

ERKl/2 for the MAPK pathway. STAT5 phosphorylation was also examined to 

study if Src kinases are involved in IL-3 induced activation of STATS in 32D cells.

Results shown in fig 3.6 are very similar to those obtained for GM-CSF induced 

signalling in TF-1 cells in that stimulation of 32D cells with IL-3 led to maximal 

phosphorylation of S473 Akt and ERKl/2 at ten minutes after growth factor addition. 

Pre-incubation with PPl significantly reduced S473 Akt phosphorylation (by two
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thirds compared to IL-3 control as measured using NIH imaging software) and no 

detectable effect on ERKl/2 phosphorylation could be seen. STATS is also activated, 

with maximal phosphorylation seen at ten minutes, which is not affected by pre

incubation with PPl.
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Figure 3.6 PPl reduces IL-3 induced activation of Akt, but not 
ERKl/2 or STATS. Factor withdrawn 32D cells were pre- 
incubated for 60 minutes with/without 20pM PPl prior to 
stimulation with 20ng/ml IL-3 for the indicated time (see section 
2.2.5). Lysates were made and resolved using SDS-PAGE and 
samples probed for activated STATS, Akt and ERKl/2. Samples 
were probed for total ERK2 as a protein loading control.
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3.3 Discussion

The aim of this chapter was to investigate the involvement of Src kinases in GM-CSF 

or IL-3 induced activation of the PI-3K, MAPK or JAK signalling pathways.

The growth factors GM-CSF, IL-3 and IL-5 all bind to a heterodimeric receptor 

which consists of an a  chain which is unique to that cytokine, and a common p chain 

(Pc) which is shared by all three (see section 1.2.1, [̂ ®]). It has previously been 

reported that Src kinases are activated by stimulation with GM-CSF and that the Src 

kinase Lyn binds to the membrane proximal region of the pc chain (aa457-465) of the 

GM-CSF/IL-3/IL-5 receptors [̂ ]̂. GM-CSF and IL-3 induced signal transduction in 

TF-1 and 32D cells (respectively) were examined. GM-CSF stimulation of TF-1 cells 

resulted in activation of the Src family member Lyn (section 3.2.1). Which signalling 

pathways downstream of either GM-CSF or IL-3 stimulation require Src kinases for 

their activation was then investigated by examining the effect of the Src selective 

inhibitor PPl on the activation of STATS, MAPK (ERKl/2) and PI-3K. The effects 

of adding the JAK2 inhibitor AG490 on activation of these proteins was also studied, 

as JAK2 is known to be a key kinase in GM-CSF signalling. The purpose of this was 

to establish whether JAK2 and Src kinases interact, or operate in parallel to activate 

the pathways downstream of GM-CSF/IL-3.
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3.3.1 The role of Src kinases in the PI-3K pathway

It is well established that Akt is downstream of P1-3K (reviewed in [^ ]̂), and that full 

Akt activation requires phosphorylation of residues T308 and S473. Experimental 

evidence based on blocking of P1-3K activity by wortmannin results in complete 

block of Akt activation [̂ ]̂. However, Akt is not directly phosphorylated by P1-3K, 

but by an intermediary step involving PIP3, PDK-1 and PDK-2. IGF induced 

activation of PDK-1 by P1-3K also results in activation of the ribosomal protein p70 

S6 K (reviewed in [^']) and a reduction in PDK-1 levels results in a reduction of p70 

S6 K activity in human glioblastoma cells [̂ ]̂.

Nijhuis et al showed that inhibition of Src kinases with PPl significantly reduced 

GM-CSF induced Akt phosphorylation in human neutrophils. In section 3.2.2, 

inhibition of Src kinases with PPl resulted in abrogation of the phosphorylation of 

S473 Akt with an IC50 o f-lO pM  in GM-CSF stimulated TF-1 cells. A similar effect 

could be seen in lL-3 stimulated 32D cells (section 3.2.5). When looking at the 

activation of Akt over an extended time period, it could be seen that this inhibitory 

effect lasted for at least 24 hours (section 3.2.4). Chen et al found that tyrosine 

phosphorylation of Akt may be essential for its function and that this was abrogated 

by PP2. They demonstrated that elevated Akt activity in v-Src transformed N1H3T3 

cells was accompanied by an increase in tyrosine phosphorylation of Akt, and that 

Akt activity in SYF cells lacking Src, Yes and Fyn was significantly reduced but 

could be restored by adding c-Src but not kinase dead Src.

99



The role of Src kinases in GM-CSF induced phosphorylation of the PI-3K target p70 

S6 K (at T389) was also examined in TF-1 cells. PPl reduced GM-CSF stimulated 

activation of the p70 S6 K isoform at ten minutes, and the second phase of 

phosphorylation was completely abrogated by PPl. As with GM-CSF induced 

activation of Akt in TF-1 cells, the inhibitory effects of PPl on p70 S6 K 

phosphorylation lasted for at least 24 hours (section 3.2.4). Published data has 

demonstrated that insulin and IGF-1 induced activation of p70 S6 K was inhibited 

by PPl, and that this was overcome by co-expression of PDK-1, indicating that Src 

kinases are responsible for activation of p70 S6 K via PDK-1.

In figure 3.5d it can be seen that PPl did not completely abolish phosphorylation of 

p70 S6 K in response to GM-CSF stimulation. This may be because multiple 

signalling pathways are responsible for full GM-CSF induced activation of p70 S6 K. 

Lehman et al showed that the MAPK inhibitor PD98059 partially prevented 

activation of p70 S6 K in neutrophils after incubation with GM-CSF and that p70 S6 K 

and MAPK could be co-immunoprecipitated. Zhang et al reported that in mouse 

epidermal cells, UVA induced activation of p70 S6 K could be blocked by the MAPK 

inhibitor PD98059 and by expression of dominant negative (DN) ERK2. This could 

explain why in section 3.3.4, PPl reduced but did not completely inhibit the initial 

phase of p70 S6 K phosphorylation. This combined with our data suggests that Src 

kinases are involved in GM-CSF and IL-3 induced PI-3K signalling prior to PI-3K 

activation of PDK-1 and the subsequent activation of Akt and p70 S6 K.
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Al-Shami et al reported that GM-CSF induced p85 PI-3K phosphorylation in 

neutrophils was blocked by incubation with the JAK2 inhibitor AG490, and Dijkers 

et al also showed that over-expression of JAK2 in Rati cells activated Akt. In 

section 3.2.3 it could be seen that JAK2 is required for activation of Akt as incubation 

with AG490 led to complete inhibition of GM-CSF induced Akt phosphorylation.

Corey et al reported that the p85 subunit of PI-3K would co-immunoprecipitate 

with Lyn and Yes in human myeloid derived cells (neutrophils and U937 cells). 

Stimulation with GM-CSF leads to Lyn autophosphorylation, phosphorylation of the 

pc chain, and a novel adaptor protein by Lyn [̂ ]̂. This in turn leads to binding of p85 

(and therefore pi 1 0) to the pc chain via the adaptor protein, resulting in the 

conversion of PIP2 to PIP3. Gab2 (related to Gabl pi 10-116 and DOS) is reported to 

be the adaptor protein for binding of p85 PI-3K to the pc receptor subunit [̂ ]̂. 

Several papers have shown that there is tyrosine phosphorylation [^'] and association 

of the Gab family of proteins with PI-3K after stimulation with IL-3 and Epo 

It has been suggested by Zhang et al that Gab 1/2 mediate downstream 

activation of SHP2 and PI-3K after Flt3 stimulation. However other researchers 

report that Gabl is downstream of Src and PI-3K as both PPl and LY294002 block 

tyrosine phosphorylation of Gabl induced by endothelin-1 [̂ ]̂, and Onishi- 

Haraikawa et al suggest that PI-3K is a docking protein for Gabl after stimulation 

with EGF, NGF or HGF.
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3.3.2 The MAPK pathway is not activated by Src in GM-CSF/IL-3 stimulation

Although it has been shown that JAK is upstream of both Akt and ERK in GM-CSF 

treated Ba/F3 cells [̂ ]̂, the role of Src kinases in MAPK activation is less clear. 

Pazdrak et al suggest a role for Lyn in MAPK activation after IL-5 stimulation in 

eosinophils and Shah et al showed that inhibition of Src kinases with PPl in L6  

skeletal myoblasts and CHO-IR cells impeded the activation of ERK 1/2 after 

stimulation with insulin, IGF-1 and sodium orthovanadate. However, there are no 

published data on the role of Src kinases in GM-CSF induced activation of ERK 1/2 in 

the MAPK pathway.

Inhibition of Src kinases with the selective inhibitor PPl had no effect on the GM- 

CSF or IL-3 induced activation (phosphorylation) of ERKl/2 in TF-1 and 32D cells 

respectively (sections 3.2.2-5) under conditions where Akt activation was completely 

blocked, and inhibition of PI-3K with 25pM LY294002 completely abrogated GM- 

CSF induced Akt activation but did not reduce ERK 1/2 activation (section 3.2.2). 

This implies that in this system, activation of ERK 1/2 is independent of Src and PI- 

3K. Although these results differ from the evidence Pazdrak et al and Shah et al 

reported, this could be due to different stimulus or cell types being used.

As mentioned in section 1.3.5 and 3.3.1, p70 S6 K is activated by PI-3K, but can also 

be activated by MAPK [̂ ]̂. A reduction in p70 S6 K activation was detected when
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Src kinases were inhibited with PPl at 30 minutes GM-CSF incubation, and a 

complete abrogation at later time points. ERK 1/2 may be another route by which 

GM-CSF activates this kinase initially, and the Src - PI-3K route may be partly 

responsible for the initial activation and wholly responsible for the second peak seen 

at four-eight hours.

3.3.3 GM-CSF/IL-3 induced STATS activation requires JAK but not Src

It is well established that in most cytokine induced signalling, including GM-CSF, 

JAK kinases are activated and that this leads to activation of one or more of the STAT 

family of transcription factors (section 1.3.3, [^ ]̂). After stimulation and ligand 

binding to its receptor, JAK kinases are activated and there is rapid tyrosine 

phosphorylation of the cytoplasmic domains of the receptor and recruitment of 

signalling proteins.

The involvement of Src in GM-CSF or IL-3 induced STAT5 activation is not so well 

understood. Published data has suggested a role for Src kinases in the activation of 

STAT3 after stimulation with lL-3 in 32D cells (Chaturvedi et al [̂ ]̂). They 

demonstrate that addition of a dominant negative Src inhibited activation of STAT3 

but had no effect on the activation of JAK2. This suggests that IL-3 induced STAT3 

activation requires activation of Src kinases. Reddy et al report that IL-3 induced 

activation of JAK leads to phosphorylation of Pc, which results in the creation of
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docking sites for both Src and STAT SH2 domains, and subsequently, Src 

phosphorylation of STAT proteins. Zhang et al also suggest that JAKl acts as a 

scaffold protein for the Src -  STATS interaction in Src transformed fibroblasts. This 

suggests that Src kinases are involved in some instances of STAT activation and that 

the STAT family member that is activated depends on the stimulus and cell type.

The published data suggests that Src kinases are not responsible for activation of JAK 

kinases, but that Src kinases are involved in some instances of activation of STAT 

family members. The potential role of Src kinases in GM-CSF induced activation of 

STAT5 was investigated, and it was found that the Src inhibitor PPl had no 

discernible effect whereas inhibition of JAK kinases with AG490 completely 

abrogated the activation of this transcription factor (see sections 3.2.3 and 3.2.4). 

Section 3.2.5 also demonstrates that PPl did not affect the phosphorylation pattern of 

STAT5 after stimulation with IL-3 in 32D cells. These data indicate that Src kinases 

do not activate STATS after stimulation with GM-CSF of TF-1 cells or IL-3 

stimulation of 32D cells, and suggests that GM-CSF/IL-3 induced STATS activation 

is dependent on JAK kinases but not Src kinases.

3.3.4 Conclusions

The data presented here confirm that JAK2 is critical in GM-CSF and IL-3 induced 

activation of STATS, ERK 1/2 and Akt. It was found that the Src family member Lyn
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is activated by GM-CSF stimulation in TF-1 cells and that Src kinases are key 

proteins involved in GM-CSF induced activation of the PI-3K targets Akt and p70 

S6 K and in IL-3 induced Akt activation. These results tie in with the suggestion that 

Src is upstream of PDK-1, and may form a complex at the receptor with p85 PI-3K 

and Gab2. There was no evidence to suggest that Src activity is required for the 

activation of ERK 1/2 or STATS by either GM-CSF or IL-3 stimulation, and it was 

also shown that PI-3K is not involved in ERK 1/2 activation after GM-CSF 

stimulation, as both PPl and LY294002 have no effect on ERK 1/2 phosphorylation. 

JAK2 is necessary for GM-CSF induced activation of all the pathways examined, but 

Src is only necessary for activation of proteins in the PI-3K pathway. This would 

indicate that Src is downstream of JAK2, or that there is a co-operative requirement 

for both JAK2 and Src for the activation of the PI-3K pathway. See fig 3.7 for 

schematic diagram of the requirement of Src kinases in mediating signalling events 

downstream of the GM-CSF and IL-3 receptors.
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C H A P T E R  4: T H E  R O L E  O F  SR C  K IN A S E S  IN  G M -C S F  A N D

IL -3 IN D U C E D  B IO L O G IC A L  F U N C T IO N S

4.1 Introduction

It was shown in chapter 3 that GM-CSF and IL-3 stimulation of the myeloid cell lines 

TF-I and 32D induced activation of Src kinases, and that this was necessary for PI- 

3K induced activation of Akt and p70 S6K, but not for the activation of either STATS 

or the MAPK pathway. Incubation of myeloid cells with GM-CSF leads to biological 

functions such as proliferation, survival and cell adhesion. To investigate the role of 

Src kinases in mediating these responses in M07e, TF-1 and 32D cell lines, and in 

primary CD34^ cells and peripheral blood neutrophils, cells were incubated with the 

Src family selective inhibitors PPl and PP2 prior to cytokine stimulation. The role of 

the JAK/STAT, PI-3K and MAPK pathways in cytokine induced cell proliferation 

and survival was also examined, using the selective inhibitors GÔ6976, LY294002 

and U0126 (respectively).
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4.2 Results

4.2.1 The effects of the Src selective inhibitor PPl on the proliferation of the 

M 07e cell line and on primary cells

4.2.1.1 The role o f  Src kinases in the proliferation o f  M 07e cells

M07e are a human myeloid cell line, which proliferate in response to GM-CSF and 

thrombopoietin (Tpo). These cells become quiescent without undergoing significant 

apoptosis upon factor withdrawal for up to 72 hours, and so are ideal for looking at 

proliferation. Figure 4,1 shows the cell cycle profile of factor deprived M07e cells 

over 72 hours as measured by PI staining (as described in section 2.4). The 

involvement of Src kinases in the proliferation of M 07e cells was investigated, and 

proliferation was measured using an MTS assay (which is an MTT-type assay system, 

see section 2.5).
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M07e cells were starved of growth factor overnight in RPMI containing 10% FCS 

prior to plating out in 24 well plates at IxlO^/ml. Inhibitors were added to the cells at 

the concentrations mentioned below for 60 minutes prior to incubation with or 

without 20ng/ml GM-CSF. Readings were taken at 24, 48 and 72 hours after factor 

re-addition. The affects of adding optimal concentrations of the JAK2 inhibitor 

066976 and the MEK inhibitor U0126 (0.5pM and lOpM respectively, see section

1.4.2 and 1.4.3), LY294002 (the PI-3K inhibitor) at 5pM and 25pM and a dose 

response for PPl ranging from IpM to 50pM on proliferation were assessed.

After 48 hours of stimulation with GM-CSF, M 07e cells are in the exponential phase 

of growth, and proliferation was maximal with over a four-fold increase in cell 

number compared to cells cultured without growth factors, as illustrated in figure 4.2. 

This proliferation was reduced by 28% ±17.5 when cells were pre-incubated with 

IpM PPl, and 61% ±12.3 with 20pM PPl. The IC50 for PPl inhibiting GM-CSF 

induced proliferation of M07e cells at 48 hours was ~12pM (see fig 4.2a for 

proliferation at all time points). M 07e cells that were inhibited with 0.5pM G66976 

underwent virtually no proliferation (a reduction of 94% ±2.2), whilst 25p,M 

LY294002 resulted in an 88% ±4.8 inhibition of GM-CSF induced proliferation. Pre

incubation of M07e cells with lOpM U0126 resulted in 50% ±16.2 inhibition of GM- 

CSF induced proliferation after 48 hours (see fig 4.2b). Data shown is a mean of 

three experiments.
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Figure 4.2 Graph showing the percentage of proliferation of 
M 07e cells in response to GM-CSF. Cells were factor 
deprived overnight then pre-incubated with either (a) the 
indicated concentrations o f PPl or (b) lOpM U0126, 0.5pM 
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20ng/ml GM-CSF. At 24-hour intervals proliferation was 
measured using an MTS assay. Percentage o f proliferation was 
then plotted taking the unstimulated population o f cells as the 
baseline. Data shown is a mean o f three independent 
experiments.

113



Illustrated in figure 4.3 is a subsequent set of experiments, in which the role of Src 

kinases in the proliferative response of M 07e cells to Tpo was investigated. M07e 

cells were factor starved overnight (see section 2.5), and 0.5pM or 5pM PPl were 

added prior to stimulation with 45ng/ml Tpo. It can be seen in figure 4.3 that addition 

of Tpo alone resulted in a four-fold increase in proliferation seen at 48 hours when 

compared to unstimulated cells. When cells were pre-incubated with PPl, this 

proliferation was inhibited, with 5pM PPl resulting in a 33% ±11 decrease in this 

proliferation (see fig 4.3). Data shown is a mean of three independent experiments.
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the indicated concentrations of PPl prior to stimulation with 
45ng/ml Tpo. Proliferation was measured at 24-hour intervals 
using an MTS assay, and the increase in cell number above 
unstimulated cells was plotted. Data shown is a mean of three 
independent experiments.
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4.2.1.2 The role o f  Src kinases in the formation o f CFU-GM colonies from CD34^ 

cells

Fresh apheresis product taken from mobilised blood was incubated at 2.5x10"  ̂white 

cells/ml with 500pl/well (comprising on average 1% CD34^ cells) in methylcellulose 

medium (Methocult from Stemcell Technologies) containing 20% Iscove’s modified 

Dulbecco medium (IMDM) and complete growth factor mix (25ng/ml G-CSF, 

25ng/ml GM-CSF, 30ng/ml IL-3, lOng/ml SCF and 3 units/ml Epo) or either 50ng/ml 

GM-CSF or lOOng/ml G-CSF for 14 days with 5% CO2 (see methods section 2.6.2). 

Each condition was set up in quadruplicate. Granulocyte-macrophage colony 

forming units (CFU-GM) from the CD34^ cells were then recorded. High 

concentrations of GM-CSF (50ng/ml) and G-CSF (lOOng/ml) were used when 

examining CFU-GM colony formation induced by individual growth factors, to 

ensure maximal stimulation.

CD34^ cells incubated in complete medium resulted in 30 ±4 CFU-GM colonies after 

14 days incubation, whereas those cells that were incubated in GM-CSF alone 

resulted in 27 ±5 and G-CSF alone resulted in 26 ±5 CFU-GM colonies. These 

colonies were of a comparable size and morphology to those that were incubated in 

the complete growth factor mix (appendix 2). This indicates that incubation of 

CD34^ cells in 50ng/ml GM-CSF or lOOng/ml G-CSF resulted in near optimal CFU- 

GM colony formation (n=5). Culturing CD34^ cells in both GM-CSF and G-CSF for
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14 days did not confer an additive effect seen for colony numbers (28 ±6) (appendix 

2).

To investigate the role of Src kinases specifically in GM-CSF it was decided to look 

at the effects PPl has on the colony formation resulting from stimulation by this 

cytokine. A PPl dose response for cells incubated in complete growth factor mix was 

performed (see appendix 3), and it could be seen that lOpM was optimal, therefore 

this concentration of PPl was used when examining the role of Src kinases in GM- 

CSF induced CFU-GM formation. After incubating CD34^ cells for 14 days with 

50ng/ml GM-CSF, lOpM PPl reduced the number of CFU-GM to 56% ±8 when 

compared with the control (n=5). A paired t-test showed that 10p,M PPl significantly 

reduced CFU-GM colony formation after stimulation with GM-CSF (p=0.030) (see 

fig 4.4a). The related Src kinase inhibitor, PP2 had a similar effect on GM-CSF 

stimulated CFU-GM formation from CD34^ cells. lOpM PP2 reduced CFU-GM 

formation to 71% ±12 of the control samples incubated with 50ng/ml GM-CSF alone, 

which was shown to be highly significant when a paired t-test was performed 

(p=0.003, see fig4.4b).

Similar results were obtained when examining the effects of both PPl and PP2 on G- 

CSF stimulated colony formation. That is, lOpM PPl reduced CFU-GM colony 

formation resulting from incubation withlOOng/ml G-CSF to 46% ±6 of the control 

(p=0.026) and lOpM PP2 reduced it to 61% ±6 (p=0.029) (see fig 4.4c and 4.4d 

respectively). Using both of these growth factors in combination did not confer any
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additional protection from either PPl or PP2, and addition of either inhibitor did not 

alter either the size or morphology of the CFU-GM colonies (data not shown).
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Figure 4.4 The Src inhibitors PPl and PP2 reduce the number 
of G-CSF and GM-CSF induced CFU-GM colonies. Samples 
were incubated in methocult for 14 days containing either 50ng/ml 
GM-CSF (a and b) or lOOng/ml G-CSF (c and d) and either lOpM 
PPl (a and c) or 10 pM PP2 (b and d).
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4.2.2 The effects of the Src selective inhibitor P P l on cell survival

The human erythroid cell line TF-1, which is dependent on GM-CSF (or IL-3) for 

survival and the murine myeloid cell line 32D, which is dependent on IL-3 for 

survival were used to assess the role of Src kinases in cell survival.

4.2.2.1 The effects o f  varying concentrations o f  PPl on the survival o f  TF-1 cells

After six hours of growth factor and serum withdrawal, TF-1 cells were incubated for 

60 minutes with the indicated concentrations of inhibitor. The cells were then 

cultured with or without 20ng/ml hOM-CSF and apoptosis measured at zero, 24 and 

48 hours after factor re-addition. Cells were incubated with Annexin-V-FITC and 

analysed for fluorescence using a flow cytometer (section 2.7). The results shown 

using TF-1 cells are a mean of three experiments.

In TF-1 cells, after 24 hours in the presence of 20ng/ml GM-CSF, 79% ± 6  (mean 

±s.e.) of cells were viable, compared with cells cultured without growth factors, 

where only 43% ± 8  of cells were viable, shown in figure 4.5. A range of PPl 

concentrations from IpM to 20pM were added prior to factor re-addition (see figure 

4.5a). No significant reduction in viability was seen in samples up to and including 

20pM PPl (67% ±14) when compared with the samples incubated in GM-CSF alone. 

To compare the role of Src kinases in apoptosis with other kinases, inhibitors of the
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MAPK and PI-3K pathways (lOpM U0126 and 25pM LY294002 respectively) and 

of JAK2 tyrosine kinase (0.5pM GÔ6976) were used (see figure 4.5b). Each of these 

inhibitors triggered apoptosis in TF-1 cells, with the blocking of both JAK2 kinase 

and the PI-3K pathway resulting in a significant reduction in GM-CSF induced 

survival (59% ± 6  when cells were pre-incubated with GÔ6976 and 56% ±17 for cells 

incubated with LY294002). Inhibition of TF-1 cells with U0126 only slightly 

reduced viability to 6 8 % ±10. Values shown refer to readings taken at 24 hours.
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Figure 4.5 Inhibition of Src kinases has no effect on GM-CSF 
induced TF-1 cell survival, whilst inhibition of JAK2, PI-3K or 
MEK decrease cell viability in TF-1 cells. TF-1 cells were 
growth factor starved for six hours prior to incubation with either 
various concentrations o f PPl (a) or with O.SpM Go6976, 25pM 
LY294002 or lOpM U0126 (b) for 60 minutes, followed by 
stimulation with 20ng/ml GM-CSF. Apoptosis was measured at 
24-hour intervals using annexin-V binding analysis on a coulter 
elite flow cytometer (see methods section 2.7.2).
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4.2.2.2 The effects o f  P P l on the survival o f  3 2D cells

Apoptosis was also examined after stimulation with IL-3 using 32D cells, and these 

cells were treated as outlined in section 2.7. After overnight withdrawal of serum and 

growth factor, 32D cells were incubated for 60 minutes with the indicated 

concentrations of inhibitor. As with the TF-1 cells, the inhibitors used were PPl 

(IpM  - 20pM), LY294002 (5pM and 25pM), U0126 (lOpM) and GÔ6976 (O.SpM). 

Cells were then incubated with or without 20ng/ml IL-3, and apoptosis was recorded 

at zero, 24 and 48 hours after factor re-addition. The results shown are a mean of six 

independent experiments.

20ng/ml IL-3 is optimal for 32D cell survival (data not shown) therefore this 

concentration of IL-3 was used when investigating the effects of various inhibitors on 

IL-3 induced survival of 32D cells. 32D cells cultured in 20ng/ml mIL-3 for 48 hours 

were 72% ±7 viable where as only 27% ± 8  of 32D cells without growth factors for 48 

hours remained viable (see figure 4.6). A PPl dose response using concentrations 

between 1 pM and 20pM showed that none of the concentrations of PP1 used had a 

significant effect on the survival signal conferred by IL-3 (48 hours incubation with 

20pM PPl resulted in 62% ±7 of cells remaining viable) (see fig 4.6a). After 48 

hours incubation, addition of the JAK2 inhibitor Go6976 (at O.SpM) completely 

abrogated the survival response of 32D cells to IL-3 (21% ±1), whilst the P1-3K 

inhibitor (25pM LY294002) reduced viability to 46% ±9, and the MEK inhibitor
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U0126 (at lOjaM) had no effect on IL-3 induced survival of 32D cells (72% ±12), 

(see fig 4.6b).
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Figure 4.6 IL-3 induced 32D cell survival is unaffected by 
inhibition of Src kinases or the MEK pathway but is reduced 
by inhibition of either the PI-3K pathway or JAK2. 32D cells 
were factor deprived for six hours then pre-incubated with the 
indicated concentrations o f PPl (a) or Go6976, LY294002 or 
U0126 (b) prior to stimulation with 20ng/ml IL-3. Apoptosis was 
measured at 24-hour intervals (see section 2.7).
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4.2.3 Src kinases are not involved in the GM-CSF induced changes of C D llb  or 

CD621 expression levels

The role that Src kinases play in the up-regulation of CDl lb and the down regulation 

of CD621 in polymorphonucleocytes (PMN) from peripheral blood after stimulation 

with 50ng/ml GM-CSF was examined, by using the Src family kinase inhibitor PPl. 

Preliminary experiments in purified neutrophils showed only a minor response of 

altered CD 11 b expression levels to GM-CSF, probably due to increased basal 

expression of CD 11 b caused by activation during the cell separation procedure. 

Therefore the expression of C D llb  and CD621 on PMN was examined in whole 

blood. The concentration range of PPl used was from 5pM to 50pM. In experiments 

looking at proliferation and survival, the highest concentration used has been 2 0 pM 

(sections 4.2 -  4.3). As this procedure requires the inhibitor to be added to whole 

blood, there was the concern that the red blood cells may absorb/bind the inhibitor; 

therefore the maximum concentration used was increased to 50pM. Higher 

concentrations than 50pM PPl were not used as non-specific effects on other kinases 

may occur (section 5.3 and 6.5).

Experiments to assess the effect of adding the diluent used for the inhibitor, DMSO 

(at 1:1000) on the level of expression of CDl lb and CD621 in PMN were performed. 

When comparing samples incubated in the presence of DMSO with those incubated 

in its absence, there was no difference seen in the expression of either protein, in both
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stimulated and unstimulated cells (data not shown). DMSO at this dilution was used 

in the control samples. Samples were incubated with and without 50ng/ml GM-CSF.

Cell surface expression of both C D llb  and CD621 was measured using a flow 

assisted cell sorter (FACS) machine. The samples were incubated with fluorescently 

tagged antibodies raised against either of these molecules (CDllb-PE and CD621- 

APC) and mean cell fluorescence (mcf) was measured. The increase or decrease (of 

levels of CD 11b or CD621 expression respectively) for each sample relative to its 

own control was calculated, and normalised to the change seen in cells incubated with 

GM-CSF (which was taken to be a 100% change, see figure 4.7). Addition of PPl 

did not significantly affect the GM-CSF induced up-regulation of C D llb  with 50pM 

PPl giving a response of 8 6 % ± 6  compared to GM-CSF alone (100%) (figure 4.7). 

PPl had no effect on the down-regulation of CD621 caused by the addition of GM- 

CSF as pre-incubation with 50pM PPl resulted in 79% ±2 of the down-regulation 

seen when compared with the GM-CSF control (see fig 4.7). Likewise, when looking 

at the GM-CSF induced up-regulation of CDl lb  or the down regulation of CD621 in 

monocytes 50pM PPl had no significant effect (data not shown).
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Figure 4.7 The Src kinase inhibitor PPl has no effect on GM- 
CSF induced up-regulation of C D llb  or down-regulation of 
CD621 in PMN. Whole blood was pre-incubated with the 
indicated concentrations o f PPl prior to stimulation with 50ng/ml 
GM-CSF. Hypertonic lysis was performed to remove erythrocytes, 
and samples were incubated with anti-CD 1 lb-APC and anti- 
CD621-PE antibodies, and analysed for cell surface expression of 
these molecules using a Coulter Elite flow cytometer.
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4.3 Discussion

The aim of this chapter was to investigate the role of Src kinases in mediating the 

biological effects seen after cytokine stimulation of myeloid cells, predominantly 

using GM-CSF.

Blk, Hck and Lck are exclusively, and Fyn and Lyn are predominantly found in 

haemopoietic cells [^']. In chapter 3, it was demonstrated that GM-CSF or IL-3 

induced stimulation of myeloid derived cell lines resulted in activation of the Src 

family kinase Lyn, and that Src kinases are key proteins involved in GM-CSF 

induced activation of the PI-3K targets Akt and p70 S6K and in IL-3 induced Akt 

activation, but is not required for GM-CSF or IL-3 induced activation of STATS or 

ERKl/2. It was therefore of relevance to study the potential involvement of Src 

family kinases, as well as JAK2, PI-3K and MAPK in the proliferation, survival and 

regulation of cell adhesion molecules resulting from stimulation with either GM-CSF 

or IL-3.

4.3.1 Src kinases are required for maximal proliferation of GM-CSF induced 

M 07e and primary cells

In this section, the role of Src tyrosine kinases, and of JAK2, PI-3K and MAPK in the 

transduction of GM-CSF induced proliferation of M 07e, and GM-CSF or G-CSF
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induced proliferation/differentiation of primary cells was examined. M 07e cells are 

ideal to study proliferation as they become quiescent without undergoing significant 

apoptosis after factor withdrawal (figure 4.1), and assessment of colony formation 

from CD34^ cells allows proliferation of primary cells to be studied. Research done 

in various laboratories has pointed to a role of Src kinases in the proliferative signal 

initiated by many cytokines in a variety of cell types

Studies using the lymphoid cell line Ba/F3 have investigated the role of JAK2 in 

cytokine-induced proliferation. Studies have shown that dominant negative (DN) 

JAK2 lacking the kinase domain suppressed IL-3 and GM-CSF stimulated 

proliferation in Ba/F3 cells [^ ]̂, and Walker et al suggested that EOF stimulated 

Ba/F3 cells require JAK2 and P1-3K for proliferation. However, Chaturvedi et al 

found that JAK2 kinases are not required for IL-3 stimulated proliferation of the 

myeloid derived cell line 32D. In section 4.2.1.1, JAK2 was found to be essential for 

GM-CSF induced proliferation of the myeloid M07e cell line, as pre-incubation with 

0.5pM GÔ6976 resulted in complete abrogation of the proliferative signal (figure 

4.2b).

Src kinases have been shown to be involved at the Gi stage of the cell cycle in 

fibroblast cell division and that this is mediated by STATS in Ba/F3 cells but not 

in 32D cells [̂ ]̂. This indicates that there are different requirements for the STAT 

family of kinases depending on the cell type used (lymphoid or myeloid), and is 

substantiated by the findings shown in chapter 3 as inhibition of Src kinases with PPl

130



had no effect on the activation of STAT5 in GM-CSF stimulation of TF-1 cells 

(figures 3.4b and 3.5c) or IL-3 stimulation of 32D cells (figure 3.6). The role of Src 

kinases in GM-CSF induced proliferation of myeloid cells is less clear, but has been 

recently shown to be involved in GM-CSF and IL-3 stimulated DNA-synthesis in 

Ba/F3 cells expressing GM-CSF and IL-3 receptors [̂ ]̂. In section 4.2.1.1, pre

incubation of M 07e cells with the Src inhibitor PPl resulted in a notable reduction of 

proliferation, with an IC50 of approximately 12pM (figure 4.2a). To further 

investigate the role of Src kinases in M 07e proliferation, stimulation with Tpo was 

also examined and it was found that 5pM PPl also inhibited Tpo induced M07e 

proliferation (fig 4.3). Cytokine induced proliferation could be by direct activation of 

cell cycle proteins by Src kinases (for example, PDGF stimulated mitogenesis in 

fibroblasts has been shown to be mediated by Src kinase activation of the cell cycle 

proteins c-Myc and p6 8 Sam [̂ ’̂̂ ]̂), or by activation of other pathways such as 

the PI-3K pathway shown to be activated by Src kinases in chapter 3.

The effect of inhibiting the PI-3K and MAPK pathways on proliferation was also 

investigated. Dijkers et al showed that phosphorylation of the (3c receptor at 

Y577 and Y612 (possibly by JAK2) activates both the MAPK and PI-3K pathways, 

and are necessary for optimal cell proliferation. A requirement for MAPK and PI-3K 

at different stages of the cell cycle has been reported in PDGF stimulation of NIH 

3T3 cells Prolonged incubation with PDGF resulted in full progression through 

the cell cycle, and this could be substituted by two short bursts of exposure to PDGF, 

the first of which is responsible for exiting Go and requires MAPK and c-Myc, whilst
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the second is necessary for full progression from late Gi into S phase, and requires RI

SK.

A role for PI-3K in SCF induced proliferation of mast cells, which is dependent on 

convergent signalling from Src kinase and the PI-3K pathway has been suggested 

In section 4.2.1.1, it was found that the PI-3K pathway is necessary for GM- 

CSF induced proliferation, as proliferation is significantly reduced, but not 

completely abolished when M 07e cells are pre-incubated with 25pM LY294002.

There is a requirement for MAPK in the proliferative response to GM-CSF and IL-3 

in macrophages, as well as to M-CSF, LPS, and TPA as pre-incubation with the MEK 

inhibitor PD98059 blocked ERKl/2 activation and proliferation in response to these 

growth factors [̂ ]̂. It was shown in chapter 3 that Src kinases did not activate the 

MAPK pathway, and this is confirmed by investigations into IL-2 stimulation of 

human T cells. Brockdorff et al, showed that pre-incubation with PPl blocked 

the proliferative response but not the anti-apoptotic effect of IL-2, and had no effect 

on IL-2 induced MAPK activation. When investigating the role of MAPK in the 

GM-CSF induced proliferation of M07e cells in section 4.2.1, in was shown in figure 

4.2b that the MAPK pathway transduced some of the proliferative signal, but was not 

essential as pre-incubation with the MEK inhibitor U0I26 (lOpM) reduced but did 

not abolish GM-CSF induced proliferation.
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Inhibition of Src kinases with PPl in primary cells cultured in complete growth factor 

mix (see section 2.6.1) resulted in lower colony formation of both CFU-GM and 

BFU-E (appendix 3). This could be due to non-specific effects of the Src inhibitor 

PPl as it was found that PPl also inhibited c-Kit activity (see chapter 5, 

Therefore colony formation (CFU-GM only) induced by either GM-CSF or G-CSF 

alone was examined. Whilst Willman et al state that the Src kinases Fgr and

Hck were involved in commitment and differentiation events in separate myeloid 

lineages, Ohta et al and Boettiger et al both found that Src kinases were

more important in self renewal of stem cells than in differentiation to specific 

myeloid lineages. Figure 4.4 shows that when Src kinases were inhibited with either 

PPl or PP2, there was a highly significant reduction in colony formation induced by 

either GM-CSF or G-CSF, whilst the size and morphology of the colonies remained 

unchanged. Although incubation of CD34^ cells with single growth factors resulted 

in near optimal growth of CFU-GM when compared to cells cultured in the complete 

growth factor mix, there was no additive effect of culturing primary cells in both 

these cytokines together.

These data taken in combination would imply that JAK2 is essential for GM-CSF 

induced proliferation of M07e cells, and that most of this proliferative signal depends 

on activation of P1-3K, but also suggests an important but less significant role for 

both the MAPK pathway and Src kinases. It was seen in chapter 3 that GM-CSF 

induced activation of Akt requires Src kinases, but here it can be seen that inhibition 

of P1-3K blocks proliferation, whilst inhibition of Src only reduces it. This could be
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due to the involvement of both Src kinase-dependent, and Src kinase-independent 

mechanisms in GM-CSF induced activation of PI-3K. This potential Src kinase- 

independent activation of PI-3K was undetectable by western blotting analysis of 

activated Akt (chapter 3), but still resulted in a proliferative signal (section 4.2.1).

4.3.2 Inactivation of Src kinases has no effect on GM-CSF induced survival

The involvement of common signalling pathways in the anti-apoptotic effect of GM- 

CSF stimulation was investigated with the use of selective inhibitors in the myeloid 

cell lines TF-1 and 32D. Chaturvedi et al [*̂ ], reported that in IL-3 stimulation of 

32D cells, JAK2 and MAPK are necessary for survival but not for proliferation, and 

Walker et al suggested that Src kinase dependent activation of the MAPK 

pathway is responsible for survival of EGF stimulated Ba/F3 cells. However research 

into GM-CSF induced survival demonstrated that neither ERKl/2 nor PI-3K are 

required for survival of cells expressing hGM-CSF pc receptor and that JAK2 is 

essential, but ERKl/2 and PI-3K are not required for GM-CSF stimulated survival in 

eosinophils

Inhibition of JAK2 significantly reduced viability in GM-CSF stimulated TF-1 cells 

or IL-3 stimulated 32D cells to levels which were comparable to unstimulated cells, 

consistent with reports that JAK2 kinase is a significant mediator of this signal [’̂ ]̂. 

Investigations using human peripheral blood eosinophils transfected with GM-CSF
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mRNA also demonstrated an absolute requirement for JAK2 as there was a four-fold 

increase in survival of these cells compared with control eosinophils, which was 

completely inhibited by the JAK2 inhibitor AG490

Various papers have reported a role for Src kinases in cellular survival. Johnson et al, 

showed that v-Src signalling via PI-3K resulted survival, Pazdrak et al, 

demonstrated that IL-5 signalling in eosinophils activated Lyn and resulted in cell 

survival and Walker et al suggested that in EGF stimulated Ba/F3 cells, activation 

of Sre was required for survival. Inhibition of Src kinases had no significant effect on 

viability of GM-CSF induced TF-1 cells or IL-3 induced 32D cells. Consistent with 

this finding, Wilson et al, also found that the related inhibitor PP2 had no effect 

on GM-CSF induced TF-1 cell survival. These findings are contrary to those reported 

by Johnson et al and Pazdrak et al, but could be explained by different cell types 

being used. Significantly, in 2000, Dahl et al found that GM-CSF or IL-3 

stimulation leads to activation of two independent survival signals from the pc chain 

of the receptor leading to redundancy of signalling. One of these requires Src 

kinases, but as the other does not, they found that inhibition of Src kinases did not 

result in inhibition of GM-CSF induced cell survival.

Songyang et al showed that IL-3 stimulation of 32D cells required functional 

Akt for survival as DN Akt accelerated, whilst over-expression of Akt protected cells 

from IL-3 withdrawal induced apoptosis. Section 4.2.2.1 and 4.2.2.2 showed that 

pre-incubation with the PI-3K inhibitor LY294002 significantly reduced the survival
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response of TF-1 cells to GM-CSF, and of 32D cells to IL-3 in keeping with research 

performed by Zheng et al who showed that IL-3 stimulated survival of basophils 

was blocked by the inhibition of PI-3K by LY294002. A role for PI-3K activation in 

GM-CSF induced cell survival has also been demonstrated in human monocytes [̂ ]̂. 

GM-CSF induced the serine and threonine phosphorylation of Akt, and suppression 

of activation of pro-apoptotic caspase 3 was inhibited by the PI 3-kinase inhibitor 

LY294002. Studies using IL-3 stimulation of TF-1 and Ba/F3 cells showed that 

transcription of Mcl-l is involved in this survival response. Mcl-l transcription is 

under the control of the SIE and CRE-2 promoter elements, the second of which is 

activated by a complex containing CREB, and which is activated by the PI-3K 

pathway ['^^]. PI-3K dependent phosphorylation (inactivation) of the pro-apoptotic 

Bcl-2 family member Bad has been proposed as a further mechanism by which GM- 

CSF activation of the PI-3K pathway mediates cell survival of myeloid cells, shown 

in studies using human neutrophils

Whilst no role for the MAPK pathway in GM-CSF or IL-3 stimulated survival of 

either TF-1 or 32D cells (respectively) could be seen in figures 4.5 and 4.6, as 

inhibition of MEK with U0126 had no significant effect on cell viability, published 

literature have reported a requirement for both MAPK and PI-3K in GM-CSF 

stimulated survival. Klein et al reported that GM-CSF delayed neutrophil 

apoptosis was inhibited by both LY294002 and PD98059, and that these do not have 

an additive effect. This could be due to the control of Mcl-l expression as Schubert 

et al showed that GM-CSF induced Mcl-l expression in TF-1 cells is controlled
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by MAPK at the level of mRNA transcription and PI-3K for translation of Mcl-l 

protein.

4.3.3 GM-CSF induced alterations in expression of C D llb  and CD621 is 

unaffected by PPl

CD621 is expressed on the cell surface of leukocytes such as neutrophils and is 

required for tethering to the endothelium. CD621 is shed by activation of leukocytes, 

which allows for migration through the endothelium to sites of inflammation. CDl lb 

in complex with CD 18, mediate adhesion to, and migration through the endothelium 

Expression of C D llb  on the cell surface of leukocytes is increased (or up- 

regulated) in response to stimuli such as GM-CSF. In 1992, Yong et al 

demonstrated that stimulation with GM-CSF caused up-regulation of C D llb  

expression on the cell surface of neutrophils, and that adhesion of neutrophils to 

endothelial cells was increased in vitro. It was also shown by van Pelt et al that 

GM-CSF administered to healthy volunteers resulted in up-regulation of C D llb  

expression in neutrophils and monocytes, and down-regulation of CD621 expression 

in neutrophils. As stimulation with GM-CSF also results in activation of Src kinases 

in human myeloid derived cells ([^*], chapter 3.2.1) it was of interest to investigate 

the potential role of Src kinases in GM-CSF induced regulation of CDl lb and CD621 

expression on human neutrophils. It has been shown by Lynch et al that
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incubation of eosinophils with PPl inhibited adhesion and C D llb  mediated 

superoxide anion generation. It could be seen that inhibition of Src with PPl had no 

effect on GM-CSF modulation of either C D llb  or CD621 expression in either 

neutrophils or monocytes. This data, combined with data from Lynch et al 

would indicate that Src kinases are not involved in CDl lb up-regulation, but may be 

involved in signalling downstream of C D llb . Recent reports have suggested a role 

for Src kinases, not in activation of C D llb  or CD621 but downstream of 

these molecules after activation by integrin stimulation or cell shrinkage respectively. 

It has been suggested that Src kinase activity is not required to mediate this 

signalling, more that it serves as an adaptor molecule for other protein tyrosine 

kinases ['^^]. However, it has also been shown that antibodies to CD621 can activate 

Lck and tyrosine phosphorylation of MAPK

4.3.4 Conclusions

Whilst it can be seen that Src kinases play a role in GM-CSF induced proliferation of 

M 07e cells, it did not appear to be involved in the survival response to either GM- 

CSF in TF-1 cells or IL-3 in 32D cells. Both of these cytokines signal via a receptor 

consisting of an unique a  chain and a common p chain. It has been found that 

signalling downstream of the pc chain leads to a survival response, and that this is 

mediated by two independent pathways, only one of which involved Src kinases, 

which results in redundancy of this pathway A  requirement for Src kinases in
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CFU-GM formation from CD34^ cells after stimulation with either GM-CSF or G- 

CSF was also demonstrated, indicating a role for Src kinases in myeloid 

differentiation/proliferation from CD34^ cells. It was also confirmed that no 

involvement of Src kinases could be found in GM-CSF induced CDl lb up-regulation 

or CD621 down-regulation in either neutrophils or monocytes.

Inhibition of JAK2 with GÔ6976 resulted in complete abrogation of, and blocking the 

activation of the MAPK pathway with the MEK inhibitor U0126 had only a slight 

effect, on both survival and proliferation, whilst PI-3K has been reported to be 

involved in both proliferation and survival, and incubation with LY294002 confirms 

this. This would suggest that a threshold effect is being observed, whereby the small 

amount of PI-3K activation that occurs via Src-independent means is sufficient to 

mediate the full cytokine induced survival signal, but is insufficient for the maximal 

proliferative response to be seen. See figure 4.8 for a diagrammatic representation of 

this hypothesis. As it has been shown that Src kinases activate both c-Myc and 

p68Sam, which are involved in the cell cycle process, as well as PI-3K, there maybe a 

co-operative requirement for Src kinase and PI-3K in the activation of these cell cycle 

proteins.
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Figure 4.8 Schematic diagram representing the signalling 
pathways involved in GM-CSF and IL-3 induced proliferation 
and survival of myeloid cells. Proliferation was examined in 
M 07e cells, whilst TF-1 and 32D cells were used for analysis of 
apoptosis (see sections 4.2.1 and 4.2.2). Cells were preincubated 
with inhibitors of JAK2, MEK, PI-3K and Src kinase prior 
stimulation with either GM-CSF (M 07e and TF-1 cells) or IL-3 
(32D cells).

140



141



CHAPTER 5: THE SRC SELECTIVE KINASE INHIBITOR P P l ALSO

INHIBITS C-KIT TYROSINE KINASE..................................................................143

5.1 Introduction........................................................................................................ 143

5.2 Results...................................................................................................................145

5.2.1 The Src selective inhibitor PPl abolishes SCF-stimulated proliferation. 145

5.2.2 PPl inhibits SCF induced phosphorylation of MAP kinase and A kt...... 148

5.2.3 PPl inhibits SCF-induced autophosphorylation of c-Kit in intact cells and 

c-Kit tyrosine kinase activity in vitro .................................................................... 150

5.2.4 PPl inhibits the constitutive autophosphorylation of c-Kit, and 

phosphorylation of ERKl/2 and Akt in RBL-2H3 basophilic leukaemia cells. 152

5.2.5 PPl induces apoptosis in cells which express a constitutively active 

mutant c-Kit..............................................................................................................154

5.2.6 PPl inhibits the autophosphorylation of mutant c-Kit in an in vitro kinase 

assay.......................................................................................................................... 156

5.3 Discussion.............................................................................................................158

5.3.1 The Src-selective kinase inhibitor PPl also inhibits c-Kit tyrosine kinase 

 160

5.3.2 PPl is a more effective inhibitor of c-Kit than other commonly used 

compounds................................................................................................................162

5.3.3 Structural basis of PPl inhibition of c-Kit and other kinases................... 164

5.3.4 Conclusions................................................................................................... 167

142



C H A P T E R  5: T H E  S R C -S E L E C T IV E  K IN A S E  IN H IB IT O R  P P l

A L SO  IN H IB IT S  C -K IT  T Y R O S IN E  K IN A SE

5.1 Introduction

The pyrazolo-pyrimidine kinase inhibitor PPl has been used in a number of studies to 

evaluate the role of Src tyrosine kinases in cellular function [48,68,125-128^̂ This 

compound was shown to inhibit Src family members with high potency and acts as a 

competitive inhibitor of ATP binding to Src kinases. PPl does not affect the activity 

of other haemopoietic non-receptor tyrosine kinases such as JAK2 and Zap-70 

In addition to non-receptor tyrosine kinases, a number of haemopoietic growth factor 

receptors have intrinsic tyrosine kinase activity These include c-fms, Flt-3 and c-Kit, 

which are the receptors for M-CSF, Flt-3 ligand and stem cell factor (SCF) 

respectively. c-Kit is expressed on haemopoietic progenitors, mast cells and germ 

cells (for reviews see Loss of either c-Kit or its ligand in mice results in

impaired haemopoiesis (in particular anaemia), abnormalities of mast cell 

development and impaired melanogenesis and gametogenesis c-Kit has been

implicated in tumour cell development including mast cell disorders acute 

myeloid leukaemia, gastrointestinal stromal tumours (GIST) Ewing’s sarcoma, 

peripheral neuro-ectodermal tumours, malignant melanoma and cancers of lung, 

ovary and breast [’ 4̂-i36j some instances this is due to activating mutations in c- 

Kit, for example in mastocytosis, AML and GIST in others the receptor is wild-
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type but there is associated autocrine production of SCF The development of

inhibitors of c-Kit tyrosine kinase would be useful to investigate the role of c-Kit in 

maintaining these tumours and could provide a potential therapeutic agent. In this 

chapter, the effects of PPl on c-Kit activation, as well as c-Kit mediated activation of 

signalling molecules, and biological effects such as proliferation and survival were 

investigated.
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5.2 Results

5.2.1 The Src selective inhibitor P P l abolishes SCF-stimulated proliferation

SCF as well as GM-CSF, Tpo and IL-3 stimulate proliferation of the human myeloid 

factor-dependent cell line M07e. It has previously been shown that of the Src family 

of tyrosine kinases, Lyn is present in M 07e cells and that activation of this kinase can 

be detected after SCF stimulation To investigate the potential role of Src

family kinases in the SCF-induced proliferation of M 07e cells, a selective inhibitor 

of Src kinases; PPl was used.

M07e cells become quiescent without undergoing apoptosis after 24 hours of factor 

withdrawal and remain so for up to 48-72 hours in growth-factor free conditions (see 

chapter 4, figure 4.1). Proliferation was measured using the colorimetric MTS assay 

over a 72-hour period after factor re-addition. Cells were incubated in various 

concentrations of PPl, the structurally related inhibitor PP2 and the inactive analogue 

PP3 in the presence of SCF and the MTS assay was performed at 24-hour intervals. 

Figure 5.1a shows that PPl inhibited SCF induced proliferation in a dose dependent 

manner (IC50 0.5-1 pM), while 2.5pM PPl completely prevented SCF induced 

proliferation. PP2 had a similar effect (IC50 ~lpM ) while PP3 had no significant 

effect on proliferation (fig 5.1b).
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In contrast, PPl had only a small effect on Tpo induced proliferation of M 07e cells 

(fig 5.1c) indicating that the effects of PPl on SCF-stimulated proliferation were not 

due to non-specific toxicity.
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Figure 5.1 PPl blocks SCF but 
not Tpo induced proliferation.
M 07e cells were incubated with 
the indicated concentrations of 
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for 60 minutes prior to 
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5.2.2 P P l inhibits SCF induced phosphorylation of MAP kinase and Akt

To examine the role of Src family kinases in the signalling pathways initiated by 

SCF, the effect of PPl on SCF induced activation of MAP kinase and the PI-3K 

target Akt (or protein kinase B) was investigated. Cells were pre-incubated with PPl 

before stimulation with SCF and cell extracts were analysed by immunoblotting with 

antibodies specific for the phosphorylated (and therefore activated) forms of 

ERK1&2 and Akt. After SCF stimulation of M 07e for 10 minutes, both ERXl and 

ERK2 were phosphorylated (fig 5.2a). However pre-incubation with PPl inhibited 

ERK phosphorylation, with complete abrogation of response at 2.5pM. Similar 

results were seen for the phosphorylation of Akt. In contrast, PPl at 2 0 |liM  did not 

affect the tyrosine phosphorylation of STATS in response to GM-CSF, in keeping 

with its reported lack of activity against JAK family kinases (fig 5.2b).
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Figure 5.2 SCF induced activation of MAPK and PI3K pathways but 
not GM-CSF induced activation of STAT5 is blocked by PPl in M 07c  
cells, (a) Growth factor deprived cells were incubated with PPl for 60 
minutes prior to stimulation with 20ng/ml SCF for 10 minutes. Whole eell 
lysates were immunoblotted for activated (phosphorylated) forms of Akt 
and ERK1&2, and total ERK2 to demonstrate equal protein loading. 
2.5pM PPl completely bloeked the phosphorylation of both Akt and 
ERK1&2. (b) Cells were incubated with 20pM PPl for 60 minutes and 
stimulated with 20ng/ml GM-CSF for the indicated times. Lysates were 
probed for aetivated STATS and tubulin to demonstrate equal protein 
content. PPl had no effect on GM-CSF stimulated STATS activation. 
Results shown are representative of four independent experiments.
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5.2.3 PPl inhibits SCF-induced autophosphorylation of c-Kit in intact cells and 

c-Kit tyrosine kinase activity in vitro

These effects of PPl indicated a very significant role for Src family kinases in SCF 

induced biological responses and in the activation of the Ras/Raf/MAPK and Pl- 

3K/Akt pathways by SCF. However these results could potentially result from the 

direct inhibition of c-Kit by PPl and not exclusively from inhibition of Src kinases. 

To investigate this possibility M 07e were incubated with or without PPl, stimulated 

with SCF and cell extracts assessed by immunoblotting with an anti-phosphotyrosine 

antibody. Figure 5.3a shows that c-Kit autophosphorylation was inhibited in a dose- 

dependent manner by PPl and completely blocked at a concentration of 1 pM P P l.

These results suggested that PPl could be inhibiting c-Kit kinase activity. To 

examine this further, unstimulated M07e were lysed, c-Kit immunoprecipitated and 

in vitro autophosphorylation kinase assays performed in the absence or presence of 

different PPl concentrations (see methods section 2.3.3). Figure 5.3b shows that PPl 

directly inhibits c-Kit kinase activity in vitro in a dose-dependent manner (IC50 

-lOnM).
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Figure 5.3 PPl inhibits c-Kit autophosphorylation in intact cells
and in vitro kinase assays, (a) Growth factor deprived M 07e cells 
were incubated with PPl for 60 minutes prior to stimulation with 
20ng/ml SCF for 10 minutes. Lysates were immunoblotted with an 
anti-phosphotyrosine antibody, and for total c-Kit. Phosphorylated c- 
Kit is indicated. IpM  PPl completely abrogated c-Kit 
autophosphorylation. (b) c-Kit was immunoprecipitated from 
unstimulated M 07e lysates and an in vitro kinase assay performed. 
PPl directly inhibited in vitro c-kit activity (IC^q ~ lOnM). Results 
shown are representative o f four independent experiments.
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5.2.4 PPl inhibits the constitutive autophosphorylation of e-Kit, and 

phosphorylation of ERKl/2 and Akt in RBL-2H3 basophilic leukaemia cells

These results show that PPl can inhibit the tyrosine kinase activity of structurally 

normal c-Kit. Point mutations in c-Kit that lead to constitutive activation are found in 

several diseases and the effect of PPl on mutant c-Kit activity was therefore assessed. 

RBL-2H3 cells are a factor independent, rat basophilic leukaemia cell line with a 

point mutation in c-Kit (D817Y), which renders it constitutively active. Figure 5.4 

shows that PP1 inhibited the constitutive autophosphorylation of c-Kit in this cell line 

in a dose-dependent manner (ICso ~2.5pM, figure 5.4a) and blocked the constitutive 

activation of ERKl/2 and Akt (figure 5.4b).
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Figure 5.4 PPl inhibits constitutive autophosphorylation of 
mutant c-Kit, and activation of the MAPK and PI3K pathways.
Unstimulated RBL-2H3 cells were incubated with the indicated 
concentrations of PPl for 60 minutes, lysed and immunoblotted for (a) 
phosphotyrosine and (b) phosphorylated forms of Akt and ERK1&2. 
PPl blocked autophosphorylation of c-Kit and activation of Akt and 
ERK1&2 (IC5Q -2 .5 pM) Results shown are representative of three 
experiments.
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5.2.5 PPl induces apoptosis in cells which express a constitutively active mutant 

c-Kit

RBL-2H3 cells are factor independent, and this is due to the constitutive activation of 

the mutant c-Kit. The effects of addition of PPl on cell survival of these cells were 

investigated. RBL-2H3 cells in complete medium were incubated with increasing 

concentrations of PPl and apoptosis was measured by annexin-V-FITC binding using 

flow cytometry. Incubation with PPl triggered apoptosis (measured at 24 and 48 

hours) with an IC50 of ~5pM (fig 5.5a). PP2 had similar effects whereas the inactive 

analogue PP3 did not have any effect on cell viability (figure 5.5b).
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Figure 5.5 PPl causes apoptosis in RBL-2H3 cells. Unstimulated 
RBL-2H3 cells were incubated with the indicated concentrations of 
PPl (a), the related inhibitor PP2 or the inactive analogue PP3 (b), and 
apoptosis measured by analysis o f annexin-V binding after 24 and 48 
hours (mean of three experiments).
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5.2.6 PPl inhibits the autophosphorylation of mutant c-Kit in an in vitro kinase 

assay

To confirm that reduction of cell viability by PPl was due to direct inhibition of c- 

Kit, an in vitro kinase assay was performed on mutant c-Kit from RBL-2H3 cells. 

Unstimulated cells were lysed and c-Kit was immunoprecipitated out. Samples were 

incubated with the indicated concentrations of PPl for 30 minutes at 37°C prior to 

incubation with lOpCi y32P-ATP and lOOpM ATP for 10 minutes at 30°C. The in 

vitro kinase assay on immunoprecipitated c-Kit from RBL-2H3 cells confirmed the 

direct inhibitory effects of PPl (figure 5.6a), with an IC50 of approximately 50nM for 

inhibition of the autophosphorylation of mutant c-Kit by PPl (figure 5.6b).
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Figure 5.6 PPl blocks mutant c-Kit autophosphorylation in 
vitro with an of ~350nM. RBL-2H3 cells, which express the 
D817Y mutation in c-Kit, were incubated with the indicated 
concentrations o f PPl and lysates made, (a) An in vitro kinase 
assay was then performed on c-Kit, in which the concentrations of 
PPl were maintained, (b) The IC50 for PPl inhibition of 
constitutive autpophosphorylation of mutant c-Kit is approximately 
50nM.
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5.3 Discussion

The previous chapters have shown that Src kinases play a pivotal role in some, but 

not all GM-CSF and IL-3 stimulated signalling and biological functions. In this 

chapter, the effects of addition of the Src selective inhibitor PPl in SCF induced 

signalling, proliferation and apoptosis were investigated.

The pyrazolo-pyrimidine inhibitors of Src kinases: PPl and PP2 were originally 

described by Hanke et al as selective, ATP-competitive inhibitors of the Src 

family of tyrosine kinases. In vitro kinase assays carried out by Hanke and

colleagues showed that Src family kinases were inhibited at low nanomolar

concentrations (IC50S between 4-6nM) and that zap-70 and JAK2 were not inhibited 

at concentrations up to and over 50pM. They also demonstrated that PPl and PP2 

inhibited the tyrosine kinase activity of the EGF receptor with IC50S of 250nM and 

480nM respectively.

The discovery of the pyrazolo-pyrimidine family of inhibitors led to the rapid 

publication of a plethora of data claiming a role for Src kinases in a variety of cellular 

contexts and signal transduction pathways based on the observed inhibitory effects of 

PPl or PP2, prior to a comprehensive understanding of how these molecules act. 

These have included work done on the role of Src kinases acting downstream of the 

EGF receptor, Bcr-Abl, and the SCF receptor. Bokemeyer et al showed that

EGF signalling was blocked by PPl and although Hanke et al had shown that PPl

158



could directly inhibit the EGF receptor, Bokemeyer et al postulated that Src 

dependent phosphorylation of the EGF receptor could occur independently of ligand 

binding. Kassenbrock et al also reported a role for Src kinases in signalling 

downstream of the EGF receptor, as EGF induced activation of the PI-3K pathway 

was bloeked by PPl. Wilson et al demonstrated an important role for Src 

kinases in Bcr-Abl induced growth and survival of K-562 and Meg-01 cells using 

PP2. They suggested that although PP2 inhibited Bcr-Abl phosphorylation at higher 

concentrations than that seen for inhibition of Src activity and of cell growth and 

survival, this is likely to be due to the phosphorylation of Bcr-Abl by Src.

Several researchers have used PPl or PP2 to demonstrate a role for Src kinases in 

signalling via the c-Kit receptor [47>i40,i4ij has been shown by Krystal et al 

that the Src kinase Lck physically associates with the c-Kit receptor in H526 cells, 

and that stimulation with SCF leads to a considerable increase in Src kinase activity. 

It was reported by Linnekin et al that Lyn associates with c-Kit and is activated 

by SCF in M 07e cells. They stated that Lyn is crucial in SCF induced proliferation 

as inhibition with PPl blocked it. Broudy et al states that as PPl inhibits the 

SCF induced internalisation of c-Kit in M07e cells, this is dependent on Src kinase 

activity. They also showed that in the D33-3 lymphoid cell line, c-Kit internalisation 

is diminished when Lyn kinase expression was disrupted. This demonstrated that Src 

kinases are involved to some extent, but as the effects seen were more dramatic with 

PPl than with disruption of Lyn expression (using anti-sense oligonucleotides), this 

could be due to non-specific interactions of PPl. Krystal et al showed that PPl
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completely abrogated SCF mediated cell growth and inhibition of apoptosis, and this 

was attributed to a critical need for Src kinases in signalling via the c-Kit receptor. 

Mou and Linnekin showed that in M 07e cells, Lyn is crucial in the progression 

from G] to S phase and associates with the cell cycle protein CDK2. The reported 

role of Src kinases in SCF signalling has not always been confirmed by methods that 

do not rely on inhibition by PPl, and many experiments were performed prior to the 

full understanding of the mechanisms of inhibition specificity of PPL

Having previously shown a role for Src kinases in GM-CSF and IL-3 induced 

signalling in chapters 3 and 4, and due to the reported role of Src kinases in mediating 

c-Kit stimulated effects, in this chapter the role of Src in SCF signalling was 

investigated using PPl, in the human megakaryocytic cell line, M07e.

5.3.1 The Src-selective kinase inhibitor PPl also inhibits e-Kit tyrosine kinase

In this study the effect of PPl on signalling via the SCF receptor c-Kit was 

investigated. It was found that PPl abrogated the proliferative effects of SCF on 

M07e cells (section 5.2.1, IC50 < IpM). This was in contrast to the inhibition of 

GM-CSF induced proliferation of M 07e cells with the higher IC50 of 12pM PPl seen 

in section 4.2.1.1. The effects of PPl on Tpo stimulated proliferation were similar to 

those seen in GM-CSF stimulation of M 07e cells (section 5.2.1). Addition of PPl 

prior to stimulation of M07e cells with SCF also led to blockade of downstream
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signalling pathways including MAP kinase and Akt with complete abolition seen at 

2.5p.M (section 5.2.2). In comparison, PPl inhibited GM-CSF stimulated activation 

of Akt (IC so -lO p M ), but concentrations up to 50pM had no effect on ERKl/2 in TF- 

1 cells (section 3.2.2).

The requirement for a lower concentration of PPl to inhibit SCF induced proliferation 

and activation of signalling molecules compared to that seen after GM-CSF 

stimulation led to investigations into the possibility that PPl was directly inhibiting 

the c-Kit receptor. It was seen in section 5.2.3 that c-Kit autophosphorylation in 

intact M07e cells was blocked with an IC50 of approximately lOOnM PPl, and in 

vitro kinase assays performed with immunoprecipitated wild type c-Kit incubated 

with PPl gave an IC50 of -lOnM for inhibition of c-Kit auto-kinase activity (section 

5.2.3). This indicates that PPl is a direct inhibitor of c-Kit.

Investigations into the effects of PPl on other receptor tyrosine kinases have also 

demonstrated that PPl has a direct inhibitory effect on some of these kinases. 

Waltenberger and colleagues have shown that PPl can also directly inhibit the 

PDGF-p receptor tyrosine kinase with an in vitro IC50 o f 0.1 pM and an IC50 in intact 

cells of 0.6pM. Carlomango et al showed that PPl also inhibited the kinase 

activity of the receptor tyrosine kinase RET. 5pM PPl completely abolished 

autophosphorylation of RET immunoprecipitated from NIH-RET cells, and in vitro 

phosphorylation of RET substrate was inhibited with an IC50 of 80nM PPl. They 

also showed that 500nM PPl significantly reduced the kinase activity of wild type
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and mutant RET (MEN2A (mutations in one of the five conserved cysteine residues 

in the extracellular domain, causing formation of intermolecular disulphide bonds) 

and MEN2B (M918T which leads to altered substrate specificity)). Bondzi et al 

showed that SCF induced activation of Lck in small cell lung cancer cells (H526 

cells) activates the MAPK pathway but that this is not responsible for proliferation. 

They also showed that MAPK activation is blocked by PPl (due to the role of the Src 

family member Lck) as is c-Kit activation, but to a lesser extent. Bondzi and 

colleagues showed that PPl directly inhibited c-Kit in an in vitro kinase assay, only if 

added to lysate, but not if added to cells prior to lysis, and suggest that PPl may also 

inhibit other members of the class III family of receptor tyrosine kinases.

5.3.2 PPl is a more effective inhibitor of e-Kit than other commonly used 

compounds

Having established that PPl directly inhibited wild type (wt) c-Kit, the effects of PPl 

on constitutively active c-Kit were also examined. RBL-2H3 cells express mutant c- 

Kit that has an amino acid substitution in the kinase domain (814 in murine, 816 in 

human and 817 in rat numbering). Compounds, such as the Abl-selective tyrosine 

kinase inhibitor STI571 can inhibit wt c-Kit with an IC50 around 0.1 pM but has 

been reported not to inhibit the activity of 814/816 mutant c-Kit at concentrations up 

to lOpM Indolinones, reported to inhibit wt c-Kit activity have also been shown 

to have little or no effect on mutant c-Kit, with only SU6577 effective at the high
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concentration of 40pM recently three SU compounds have been shown

to inhibit mutant c-Kit (juxta-membrane (JM) and kinase domain (KD)) in the 

nanomolar range. Liao et al showed that STI571 blocks wt c-Kit and JM mutant 

c-Kit, but not the KD mutants. The early indolinones block wt and JM mutants, and 

also KD mutants at a concentration of over lOpM. The three indolinones reported by 

Liao et al, (SU 11652, SU 11654, SU 11655) block wt, JM and KD mutant forms of c- 

Kit.

However sections 5.2.4 -  5.2.6 showed that PPl inhibited mutant e-Kit in the 

nanomolar range. It was demonstrated that although PPl was less active against 

mutant c-Kit compared with wild type, it inhibited constitutive autophosphorylation 

of D817Y c-Kit in intact RBL-2H3 cells at a concentration of 5pM (section 5.2.4), an 

IC50 of ~50nM in in vitro kinase assays (section 5.2.6), and triggered apoptosis 

(section 5.2.5) in mast cell leukaemia cells expressing this c-Kit mutation.

Further research performed in this laboratory (by G. Morley and A. Khwaja) has 

shown that blocking of c-Kit autophosphorylation and phosphorylation of ERKl/2 

and Akt by PPl is not due to the inhibition of Src kinases, as incubation of M07e 

cells with the Src kinase inhibitor SU6656 did not replieate these results. It was 

shown in the human cell line 293T expressing murine wild type (wt), or mutant c-Kit 

(D814V and D814Y in murine c-Kit) that the SCF induced autophosphorylation of wt 

c-Kit, and the constitutive autophosphorylation of mutant c-Kit was bloeked by PPl 

at concentrations of 0.2pM, IpM and 0.2pM respectively. The inhibitory effect of
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PPl was not limited to c-Kit, as p21 OBcr-Abl expressed in FDCP-1 cells was 

similarly inhibited with an IC50 of IpM in vitro, and a corresponding increase in 

apoptosis

5.3.3 Structural basis of PPl inhibition of c-Kit and other kinases

Rasmol (version 2.7, see methods 2.9) was used to display the molecular structure of 

the Src family member Hck in complex with PPl as described by Schindler et al ['^]. 

Manipulations of the protein structure using Rasmol were performed to determine 

which amino acids in Hck were in close proximity to PPl (figure 5.7). It was found 

that 16 amino acids are within 6 Â (±2 due to the limits of Rasmol) distance of PPl, 

and could therefore be important in interacting with the inhibitor. In the original 

paper published by Hanke et al it was shown that PPl inhibits Src kinases with a 

high affinity and had a moderate inhibitory effect on the EGF receptor (EGF-R, IC50 

< 1 |liM ) whilst having little effect on Zap-70, or Jak2, whilst Waltenberger et al 

showed that PPl could also inhibit the PDGF receptor (PDGF-R). Using the clustal 

sequence alignment program made available by the human genome-mapping project 

to compare c-Src with c-Kit, as well as PDGF-R, Zap-70, EGF-R and JAK2 it can be 

seen that of the 16 amino acids within 6 Â of PPl in Hck, seven residues are the same 

in the corresponding position in all the proteins examined (fig 5.8). The remaining 

nine may play a critical role in the selective interaction of PPl with some, but not all 

of the proteins analysed.
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4Â Gly274 Phe340 Met341 Gly344
5Â Leu273 Ala293 Lys295 Ser345 Ala403 Asp404
6Â Val281 Val294 Ile336 Thr338 Glu339 Ala342

Figure 5.7 Crystal structure of the Src kinase Hck in complex with
PPl. (a) PPl is shown in yellow space fill and Hck is shown as a grey 
ribbon backbone with residues within 6Â of PPl shown in blue, within 5Â 
shown in green, and within 4Â shown in red. (b) Table listing the amino 
acid residues o f Hck that are within 4Â, 5Â and 6Â of PPl.
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fig 5.8 Sequence alignment of c-Src kinase with PDGF receptor, c-Kit, Zap-70, 

EGF receptor and JAK2. c-Src is shown in red, and the amino acids that 

correspond to the 16 amino acids in Hck that are within 6Â of PPl are shown 

highlighted -  blue represents identical residues in all proteins, whilst yellow 

represents those that differ between the proteins.
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Recent papers have shed some light as to the structural basis of PPl inhibition of Src 

kinases. A single residue, corresponding to T338 in c-Src largely controls the ability 

of PPl to inhibit protein kinases with high potency Mutation of this residue to, 

or the natural occurrence of, a larger amino acid (e.g. methionine, phenylalanine) is 

sufficient to confer resistance to PPl. The corresponding residue in the PPl-sensitive 

kinases EGF-R, PDGF-R and c-Kit is a threonine but is a methionine in both JAK2 

and Zap-70, which have both been shown to be resistant to PPl.

5.3.4 Conclusions

In conclusion it can be seen that, at concentrations routinely used by investigators to 

study the role of Src kinases in cell function, the Src-selective inhibitor PPl is also a 

potent inhibitor of c-Kit tyrosine kinase. These results have implications for the use 

of PPl for the investigation of intracellular signalling pathways and biological 

function and also indicate a potential role for compounds related to PPl (not PPl 

itself due to the broad spectrum of kinases which it inhibits) in the treatment of 

human disease.
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CHAPTER 6: CONCLUSIONS

The aims of this research were to establish the contribution of Src kinases to the 

activation of ST AT, MAPK and PI-3K intracellular signalling pathways, and the 

subsequent biological events that occur after stimulation with GM-CSF or IL-3 in 

myeloid cells.

6.1 The role of Src kinases in GM-CSF and IL-3 induced signal transduction

lL-3 and GM-CSF stimulated activation of JAK2 leads to tyrosine phosphorylation of 

the pc receptor and binding of Src kinases via SH2 domains, and their subsequent 

activation (reviewed in [̂ ’̂̂ ']). GM-CSF induced Lyn activation in TF-1 cells led to 

an eight-fold increase of kinase activity in an in vitro assay (section 3.2.1). In 

keeping with other research [^ ]̂, sections 3.2.2-3 show that GM-CSF and IL-3 

induced tyrosine phosphorylation of STAT5 in TF-1 cells requires functionally active 

JAK2. It has been suggested that IL-3 induced activation of Src kinases is 

responsible for the activation of STAT3 however sections 3.2.3-5 show that

inhibition of Src kinases with PPl had no effect on GM-CSF (TF-1 cells) or IL-3 

(32D cells) stimulated phosphorylation of STATS over a 24 hour period. To confirm 

the findings of Chaturvedi et al similar experiments to those performed in section
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3.2, with inhibition of Src kinases using either PPl or SU6656, and examining the 

phosphorylation of STATS would be valuable.

It has been shown that activation of MAPK in eosinophils requires the Src family 

member Lyn after stimulation with IL-5 [̂ ]̂, but there are no published data 

demonstrating a role for Src kinases in GM-CSF induced MAPK activation. Section

3.2.4 showed that GM-CSF stimulated ERKl/2 phosphorylation in TF-1 cells peaks 

at 10 minutes and gradually declines over 24 hours, and this initial peak of 

phosphorylation was inhibited by blocking JAK2 (section 3.2.3), but was not affected 

when either Src kinases or the PI-3K pathway were blocked (sections 3.2.2 - 4). 

These differences could be due to cell type specificity, or due to subtle differences in 

signalling from the IL-5 and GM-CSF receptor a  subunits.

GM-CSF induced activation of Akt is maximal at 5-10 minutes, and this is 

completely abrogated by inhibition of either JAK2 or Src kinases (section 3.2.3). 

Data published by Nijhuis et al and Chen et al [^ ]̂, further corroborates this role 

for Src kinases in the PI-3K pathway. The inhibition of GM-CSF stimulated Akt 

phosphorylation by PPl persisted over a 24-hour period, but a different pattern was 

seen when examining another PI-3K target p70 S6K.

PI-3K activation of PDK-1 leads to Akt and p70 S6K activation. Shah showed 

that PPl inhibited activation of p70 S6K, and that this could be overcome by over

expression of PDK-1, suggesting that Src kinases act in this pathway prior to PI-3K
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dependent activation of PDK-1. GM-CSF stimulation of TF-1 cells resulted in an 

increase in p70 S6K phosphorylation at 30 minutes, followed by a decrease to basal 

level at 2 hours and was maximal at 4 hours post-stimulation. PPl also inhibited 

GM-CSF stimulated activation of p70 S6K over a 24-hour period (section 3.2.4), with 

a significant reduction of p70 S6K phosphorylation seen at 30 minutes and complete 

abrogation of the second phase of activation seen at 4 hours. However, PPl did not 

completely abolish p70 S6K phosphorylation.

Lehman et al and Zhang et al showed that GM-CSF and UVA induced 

activation of p70 S6K could be blocked by the MAPK inhibitor PD98059 or DN ERK 

and this could be an alternative route for p70 S6K activation. This, combined with 

the data presented here, would suggest that dual pathways for activation of p70 S6K 

might exist, one via Src dependent activation of the PI-3K pathway, and the other via 

Src independent MAPK pathway activation. This could be confirmed by looking at 

p70 S6K activation in cells incubated with both U0126 and PPl or U0126 and 

LY294002. Jones et al reported that PDGF induced progression through the cell 

cycle occurs in two discrete stages. The first stage is the exit of Go and requires 

functional MAPK, whilst the second stage is for progression from G] to S phase, and 

requires P1-3K. It is of interest to note the similarity between these findings and the 

suggestion that the biphasic activation of p70 S6K also requires MAPK for the initial 

phase, and PI-3K for the second phase of activation.
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GM-CSF induced activation of the PI-3K pathway requires functional JAK2 in both 

myeloid and lymphoid cells It has been reported by Jucker et al that GM-

CSF induced activation of Lyn leads to phosphorylation of a novel adaptor protein, 

which is suggested to be Gab2 that binds to p85, thereby assisting in membrane 

localisation of the pi 10 subunit of PI-3K. There are data to suggest that association 

of Gab family members with PI-3K occurs after stimulation with IL-3 or Epo 

and, in contrast to Corey et al, that PI-3K is responsible for activation of Gab family 

members[^^’̂ ]̂. It appears that JAK2 phosphorylation of the pc subunit of the GM- 

CSF receptor creates docking sites for Src kinases and the p85 subunit of PI-3K. This 

brings the p i 10 catalytic subunit of PI-3K to the membrane where it converts PIP2 to 

PIP3, which can then be bound to by Gab2 via its PH domain. Src kinases then 

phosphorylate Gab2, creating more docking sites for P1-3K, and the generation of 

more PIP3. This leads to the recruitment of Akt, and PDK-1, via binding of their PH 

domains to PIP3, and activation of Akt by PDK-1 See figure 6.1 for schematic 

diagram of the putative role of Src kinases in GM-CSF stimulated PI-3K activation.

6.2 The role of Src kinases in GM-CSF or IL-3 induced proliferation and 

survival

Whilst Watanabe et al reported that IL-3 and GM-CSF induced proliferation 

requires JAK2 activation of the PI-3K pathway, showed that JAK2 is

essential for GM-CSF or IL-3 induced survival. Results shown in section 4.2.2.1-2,
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using GM-CSF stimulation of TF-1 cells and IL-3 stimulation of 32D cells, are 

consistent with these findings, and demonstrate that JAK2 is essential for both 

survival and proliferation after stimulation with GM-CSF or IL-3. These biological 

functions were examined using the inhibitor GÔ6976, which also inhibits classical 

PKC isoforms. Other PKC inhibitors that block the same PKC members, but not 

JAK2, do not have this effect, indicating that the effects seen with incubation with 

GÔ6976 are due to its inhibition of JAK2. It would be pertinent to confirm these 

results using the expression of DN JAK2, or alternative, JAK2 selective, inhibitors. 

With full understanding of the interactions of GÔ6976 with JAK2 and PKC kinases, it 

would also be of interest to see if constitutively active JAK2 or PKC forms, which are 

resistant to GÔ6976, can rescue cells from Go6976 induced cell cycle arrest and 

apoptosis.

Proliferation has been shown to be via MAPK in GM-CSF and lL-3 stimulated 

macrophages but not in IL-3 stimulated 32D cells [*̂ ]. GM-CSF induced

proliferation of M07e cells was reduced but not completely blocked by inhibition of 

the MAPK pathway (section 4.2.1.1). This would indicate that this pathway is 

important but not essential for GM induced proliferation. A role for Src kinases in 

proliferation has been reported in PDGF stimulated fibroblasts in SCF

stimulated mast cells and in GM-CSF and IL-3 stimulated Ba/F3 cells [̂ ]̂. In 

keeping with these data, PPl inhibited GM-CSF induced proliferation of M 07e cells 

with an IC50 ~12pM (section 4.2.1.1). Growth of CFU-GM differentiated from 

CD34^ cells with either GM-CSF or G-CSF also showed a reduction in the number of
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colonies formed when incubated with PPL This is supported by data demonstrating a 

role for Fgr and Hck in commitment and differentiation of CD34^ cells but not 

by Ohta et al and Boettiger et al who both state that Src kinases are required

for self-renewal, but not differentiation of stem cells.

The PI-3K pathway is crucial in mediating a proliferative response in most cells 

[40’52’iooj yja regulation of expression of cell cycle proteins: FKHR, D cyclins and p21 

among others. This was confirmed in section 4.2.1.1, as GM-CSF stimulated 

proliferation of M07e cells was significantly reduced by incubation with 25pM 

LY294002. The role of PI-3K in GM-CSF stimulated survival is less clear. There 

are some data that show that there is no requirement for P1-3K for cell survival 

whilst many researchers have demonstrated a crucial role for PI-3K in 

survival of a variety of haemopoietic cell types [70,i09,iii,ii2j 4.2.2.1-2 shows

that PI-3K is required for GM-CSF or lL-3 stimulated survival of TF-1 or 32D cells 

(respectively).

In chapter 3 it was seen that inhibition of Src kinases completely abrogated Akt 

phosphorylation, yet in chapter 4, whilst PI-3K was critical in GM-CSF stimulated 

proliferation and survival, Src kinases were less crucial. This could be due to Src 

independent PI-3K activation, which exceeds a threshold limit for PI-3K dependent 

proliferation and survival, but which is not reached for Akt activation. This could be 

further investigated by examining the phosphorylation of other PI-3K targets (such as 

FKHR) after PPl inhibition.
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Klein et al showed that both the MAPK and PI-3K pathways were involved in 

GM-CSF induced survival of neutrophils. This is corroborated by Schubert et al 

who showed that Mcl-l expression is required for GM-CSF induced survival of TF-1 

cells and that MAPK is required for Mcl-l mRNA transcription, and PI-3K is 

required for Mcl-l protein translation. However, Dijkers et al showed that the 

MAPK pathway was not involved in GM-CSF induced survival, and, in section 4.2.2, 

no significant role for MAPK or Src kinases was found in GM-CSF or IL-3 induced 

survival of TF-1 or 32D cells (respectively), which is supported by data presented by 

Wilson et al [^’̂ ]. Other researchers have shown that Src kinases are involved in 

survival induced by other stimuli, such as EGF and lL-5 More recently Dahl

et al stated that GM-CSF stimulation induces two survival pathways, one of 

which is dependent on Src kinases, the other is not. Therefore inhibition of Src 

kinases will not have a significant effect on GM-CSF induced survival, as the 

inhibitory affects will be masked by the Src independent pathway. This redundancy 

means that a role for MAPK in GM-CSF or IL-3 induced survival cannot be ruled 

out. Inhibition of either Src kinases or the MAPK pathway resulted in a modest 

increase of apoptosis (section 4.2.2), which means that they may each play a role in 

different survival signals from the GM-CSF receptor. Incubation of cells with 

inhibitors of both of these kinases would assist in clarifying the possibility that GM- 

CSF stimulation initiates two independent survival pathways, where Src kinases are 

involved in one, and MAPK is involved in the other. If this were the case, the 

expected observation would be one of a synergistic effect of these two inhibitors.
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6.3 Inhibitor specificity

Many studies rely heavily or solely on inhibitor data to demonstrate the role of a 

particular enzyme in a specific signalling pathway or biological event. These small, 

cell permeable compounds have several advantages over the expression of dominant 

inhibitory molecules. Their use does not involve any genetic manipulation, or the 

introduction of foreign proteins to the cell, and can therefore be used to investigate 

signalling and functions within primary cells, as signalling control of survival and 

proliferation is cell type specific and conclusions drawn from experiments using cell 

lines may not hold true in primary cells.

However, a number of problems are associated with these compounds, which include 

inhibitor specificity and concentration, as too high a concentration could result in 

non-specific inhibition, whilst too low a concentration could lead to ineffective 

blocking of the enzyme of interest. Even in the case where protein inhibition is 

specific it is possible no alteration in phenotype may be observed as dual pathways 

may be activated leading to functional redundancy of a pathway, however this can 

also be said of using dominant negative proteins. Thus care must be taken when 

drawing conclusions from inhibitor studies. See table 6.1 for examples of non

specific inhibition by the Src kinase inhibitors PPl and PP2 the PI-3K inhibitor 

LY294002 and the MEK inhibitor U0126.
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IC50 (pM) PPl (Src) PP2 (Src) PP3
(inactive)

LY294002
(P1-3K)

IC50 (pM)

Lck 0.05 0.06 PI-3K 10

Csk 0.52 0.73 CK2 7
p38 0.64 1.4
CK1Ô 1 1.3 9.9

Table 6.1 Non-specific interactions of inhibitors (adapted from Bain e t  a l  2003, 
and Davies e t  a l  2000).

The selectivity o f  an inhibitor can be investigated once the mode o f  interaction with 

the target enzyme is known. The sequence within the target protein that the inhibitor 

interacts with can then be compared to other known sequences, so further enzymes 

can be investigated for interaction with the inhibitor. Also, as oncogenic forms o f  a 

protein are due to mutations o f  the cellular form, these mutations could also affect 

inhibitor binding e.g. the substitution o f  threonine at position 338 o f  c-Src for 

isoleucine in v-Src renders v-Src insensitive to the Src selective inhibitors PPl and 

PP2 (see section 1.4.1, [^ ]̂).

The original paper using PPl by Hanke e t  a l  [ *̂], also stated that the EGF-R was 

inhibited, but at concentrations 100-fold greater than that for inhibition o f  Src family 

members. PPl doesn’t inhibit other non-receptor tyrosine kinases such as JAK2 or 

Zap70, but does inhibit Cdk2 and several RTK, which also interact with Src kinases. 

PPl has been shown to also inhibit the PDGF-R with an IC50 o f  lOOnM, as well 

as Csk, p38 and C K lô (IC50S o f  520nM, 640nM and IpM  respectively see table 

6.1). Similar IC50S were obtained for the inhibition o f  these proteins by PP2. 

Comparisons o f  sequences aligned at this site, reveals Csk, PDGF, p38 as well as Abl 

and Btk to be putative targets o f  PPl and PP2.

179



This is corroborated by data presented in chapter 5. It was seen that the inhibitory 

effects of PPl in SCF stimulated M 07e cells were greater than that seen after GM- 

CSF stimulation of M07e, TF-1 cells and lL-3 stimulation of 32D cells. Broudy et al 

also found that the effects of PPl inhibition were greater than those seen using 

Lyn anti-sense oligonucleotides in SCF stimulated M 07e cells. PPl completely 

blocked SCF and GM-CSF stimulated proliferation of M07e cells, but at different 

concentrations (IC50S of IpM and 12pM respectively). Furthermore, 2.5pM PPl 

abrogated SCF induced phosphorylation of both ERK1&2 and Akt in M07e cells, but 

in GM-CSF stimulated TF-1 cells, PPl inhibited phosphorylation of Akt 

(ICso-lO pM ) and had no effect on ERKl/2 at concentrations upto 50pM. It was seen 

that at concentrations less than 5pM, PPl abrogated SCF stimulated c-Kit 

autophosphorylation and the constitutive phosphorylation of mutant c-Kit in RBL- 

2H3 (D817Y), and 293T (D814V and D814Y) cells. This resulted in a concomitant 

increase in apoptosis, which was not replicated by SU6656 inhibition, which 

demonstrated that PPl was also directly inhibiting wt and mutant c-Kit.

There are also several problems inherent in using transfections of mutant forms of 

proteins to investigate their role in intracellular signal transduction section

1.4). Therefore caution must be taken with all data, and confirmation of results, using 

alternative methods is preferable. An example of this would be to use both inhibition, 

using cell-permeable molecular compounds, and transfections of DN enzymes, or to 

use further inhibitors that exert their effects in different ways. The ATP competitive
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inhibitor SU6656 also inhibits Src kinases, but is unrelated to the pyrazolo-pyrimidine 

inhibitors and can therefore be used to confirm the data presented here using PP1 and 

PP2 The development of compounds that are structurally related to PPl may

prove to be of value in investigations into members of the receptor tyrosine kinase 

family, and may also have a therapeutic use in the treatment of patients with c-Kit 

abnormalities.
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APPENDICES

Appendix 1 Amino acid abbreviations

A ala alanine M met methionine

C cys cysteine N asn asparagine

D asp aspartate P pro proline

E glu glutamate Q gin glutamine

F phe phenylalanine R arg arginine

G giy glycine S ser serine

H his histidine T thr threonine

I lie isoleucine V val valine

K lys lysine w trp typtophan

L leu leucine Y tyr tyrosine

183



Appendix 2 CFU-GM formation from CD34+ cells. CD34+ cells 
were incubated in methocult for 14 days with complete growth 
factor mix (CGFM comprising 25ng/ml G-CSF, 25ng/ml GM-CSF, 
30ng/ml IL-3, lOng/ml SCF and 3 units/ml Epo), lOOng/ml G-CSF, 
50ng/ml GM-CSF or lOOng/ml G-CSF and 50ng/ml GM-CSF. The 
number o f colonies present were then counted using a Ziess 
microscope. Results shown are a mean o f five independent 
experiments.

4 0 -
□  CFU-GM

3 0 -

S
9
Du,U
<+-.
o
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I 2 0 -

Z

1 0 -
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Appendix 3 PPl inhibition of BFU-E and CFU-GM formation 
from CD34+ cells. CD34+ cells were incubated in methocult for 14 
days with complete growth factor mix (25ng/ml G-CSF, 25ng/ml 
GM-CSF, 30ng/ml IL-3, lOng/ml SCF and 3 units/ml Epo) and the 
indicated concentrations o f PPl. The number o f colonies present 
were then counted using a Ziess microscope. Results shown are a 
mean of five independent experiments.
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