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Abstract

Normal tissue homeostasis and appropriate responses to injury awctomfare
dependent on cellular communication mediated by cell surfacptoesehat respond to
extrinsic stimuli. The GM-CSF receptor was the major fodughis project. This
receptor shares a common signalling subjtwith the IL-3 and IL-5 receptors. The
unique GM-CSF receptax-subunit (GMRx) confers ligand binding specificity to the
complex and is essential for GM-CSF receptor signalling, althdwegfutl complement
of signalling events mediated by GMRemains elusive. Through cloning of candidate
interacting proteins, expression and co-immunoprecipitation studies, have
confirmed interactions for two proteins previously reported taactewith the GMR,
p85 and IKK3. Additionally, we identified the Src family kinase, Lyn,asovel direct
interacting partner of GM&® and provide insights into possible roles of this kinase in
initiating signalling from the GM-CSF receptor. In addition ttdMEo associated
events we aimed to further characterise the role of the corfgwubunit in GM-CSF
mediated signalling. We utilised two classes of consitytivaitive 3. mutants
(extracellular or transmembrane) which transform the bi-paienmtyeloid FDB1 cell
line to either factor-independent growth and survival, or granulcogigrophage
differentiation, respectively. Here we report a comprehensigchemical analysis of
signalling by these two classes of mutants in this cell libe two activated GMR
mutants displayed distinct and non-overlapping signalling capacity.palrticular,
expression of a mutant with a substitution in the transmembrane rdivié49E)
selectively activated JAK/STATS5 and MAPK pathways resdltin a high level of

sensitivity to JAK and MEK inhibitors. In contrast, expressiora ehutant with a 37

VI



amino acid duplication in its extracellular domain XFlIselectively activates the
PISK/AKT and IKKB/NFkB pathways. Cells responding to this mutant display a
relative high level of sensitivity to two independent PI3K infoits and relative
resistance to inhibition of MEK and JAK2. The non-overlapping natussgoflling

by these two activated mutants suggests that there areatite modes of receptor
activation that differentially dependent on JAK2 and that goermgistically in the
mature liganded cytokine receptor complex. Further detailed @alythese mutants
will facilitate the dissection of the signalling pathwaysolved in the GM-CSF

response that mediate proliferation, survival and differeotiat

Vil
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Chapter 1 — Introduction

1.1 Haemopoiesis

Haemopoiesis is the process whereby multipotent haemopoieticcstés give rise to
committed progenitors which in turn differentiate to produce functiondiNyerse
mature blood cellsHigure 1.1) (Metcalf and Nicola 1995; Evans 1997; Passegue,
Jamieson et al. 2003). Haemopoietic stem cells are capabddf-o€newal, the ability
to produce a daughter cell identical to the parent cell, andrétasing the same
developmental potential. Secondly, haemopoietic stem celts the potential to give
rise to all cells of both lymphoid and myeloid compartments and #wuseronstitute

all cells in the blood system in a transplantation setting.

Haemopoiesis involves the replacement of old or damaged seliscansequence of
normal ‘steady-state’ cell turnover as well as generatiolargie numbers of specific
cell types. Haemopoiesis therefore maintains homeostasis gnthtes immune
defences against pathogens (Barreda, Hanington et al. 2004). Tkespabcsteady-
state haemopoiesis is tightly governed by signal transductioregzes that are
mediated by cytokines and their cognate receptors. Cytokines pnoaliggle effects
dependent on the cell type and stage of differentiation (Kishimoto 19943ociated
with this pleiotropic nature is an ability to activate aiety of signalling pathways
which have overlapping outcomes. The transmission of sigmaistfre cell surface to
the nucleus through complex signal transduction processes results rigeshto
biological outcomes including motility, adhesion, survival, growtld differentiation
(Kishimoto 1994; Taniguchi 1995). In addition, co-ordination of these cytokine

induced signalling events with the activity of lineage djedranscription factors
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results in changes to proliferation and differentiation programsaamglification of

particular lineages.

It is notable that as stem cells differentiate their feadtive potential is reduced until
they become mature blood cell types at which point they havdinetgd proliferative
or self renewal ability (Reddy, Korapati et al. 2000). Haemamie therefore often
thought of as a balance between differentiation and proliferaéitbivenewal capability,
both of which can be modulated by cytokines signalling through their tggeptors.
Disruption of this balance can result in pathologies charaatelygean overproduction
of progenitor cells and/or a lack of differentiation into matiet lineages. Importantly
it has been demonstrated in mouse models that a combination of rendiéfeéon
suppression signal along with a growth factor, proliferation/satvsignal, can
reconstitute leukaemia (Deguchi and Gilliland 2002). This rement for cooperating
lesions is a reflection of the multi-step process that isacharistic of leukaemia and

many other cancers.

A great deal of research has been performed on the individual conpafieeceptor
complexes and signal transduction pathways. However, linking recppigimal
signalling events with specific biological outcomes has beelfeaying given the high
degree of pleiotropy displayed by cytokines and the complexity and redyndanc
associated with signal transduction pathways (Bagley, Woodcatk¥397; Ozaki and
Leonard 2002). It is essential to study this process further tostaddrand identify
key signalling components and to establish how deregulation caroleadariety of
blood and immune disorders including leukaemia. In doing this neetsafor therapy

will be identified.



Chapter 1 — Introduction

£
E
—E
2
Dendritic Cel
\ |~ -
b Er.)smopﬂir'= é
(=3

Myeloid Baso
oo

L3
\ ww csF_ -

Basophll

Figure 1.1 Schematic representation of haemopoiegsdapted from Nabel 2002). Key myeloid and
stem-cell cytokines are shown.

1.2 Growth Factors and their Receptors in Haemopoiesis

1.2.1 Receptor Tyrosine Kinases I nvolved in Haemopoiesis

Receptor tyrosine kinases (RTKSs), represent a distinct faofileceptors that play
important roles in regulating cell proliferation, differentatiand survival signalling
(Reilly 2003). Multiple receptor tyrosine kinases includingitd€d FLT3 are crucial
regulators of steady-state haemopoiesis and co-operate withytkdyne receptors to

modulate these process&sgire 1.1) (Scheijen and Griffin 2002). FLT3 and c-Kit are
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both members of the type Ill receptor tyrosine kinase subfarfiither members of this
family include the receptors for colony-sitmulating factor E€lJ, and platelet derived
growth factor (PDGF). Unlike cytokine receptors, receptoosiyre kinases have
intrinsic tyrosine kinase domains. They therefore lack motdisiding Box 1 and Box

2 which are important for association with cytoplasmic tyreginases.

FLT3 is expressed in pre-B, monocytic and myeloid cell lineaqd®, Escobar et al.
1995; Meierhoff, Dehmel et al. 1995; Naoe and Kiyoi 2004). The Fige®dl, FL, has
been demonstrated to enhance the colony stimulating activithhaeimopoietic

progenitor cells in synergy with G-CSF, GM-CSF, M-CSF, IU-3%, IL-11, IL-12 or

Kit ligand (KL) (Scheijen and Griffin 2002). c-Kit is expredsen haemopoietic stem
cells as well as myeloid, erythroid, megakaryocytic and denprogenitors, pro-B and
pro-T cells, and mature mast cells (Reviewed by (Ashman 18g8)ré 1.1). In early

myeloid cells c-Kit influences survival and proliferation resgsnthrough phosphatidyl
inositol-3 kinase (PI3K) activation (Young, Cambareri et al. 2006)e receptor for
CSF-1 is encoded by the c-fms proto-oncogene. CSF-1 is predomiegptgssed on

cells of the macrophage lineage at late stages of diffatiem (Sweet and Hume 2003).

In addition to their roles in regulating steady-state haemopprasistions in receptor
tyrosine kinases are common in haematological malignancies\ewiin Reilly 2003).
Increased expression of FLT3 is detected on most leukaemic saofieute myeloid
leukaemia (AML) and acute lymphoblastic leukaemia (B-ALL), lhubw levels in T-
ALL (Birg, Courcoul et al. 1992; Carow, Levenstein et al. 199&jlditionally, FLT3
internal tandem duplication (ITD) and tyrosine kinase domain (TkKjtations

represent the most common mutations in AML with approximately 30% ML A
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patients expressing a FLT3 mutation (Kottaridis, Gale et al. 200hese mutations
result in constitutive activation of signal transducer andvaiti of transcription
(STATS5) and mitogen activated protein kinase (MAPK) pathwaysaaadassociated
with increased phosphorylation of AKT (Scheijen and Griffin 2002). Nariatof c-
Kit are also associated with haematological malignanci@stivating point mutations
in c-Kit have been identified in patients with mastocytodlagata, Worobec et al.
1995; Longley, Tyrrell et al. 1996; Longley 1999). Another commontaikitation
substituting aspartic acid at codon 816 to valine (D816V) has beerfigtbimi patients
with myeloproliferative disorders (Beghini, Peterlongo et al. 2009g, Li et al. 2001),
AML (Ikeda, Kanakura et al. 1991; Cole, Aylett et al. 1996), nwt tumours
(Butterfield, Weiler et al. 1988), breast cancer (Hinet &t al. 1999) and germ cell
tumours (Tian, Frierson et al. 1999). More recently, ITD narathave also been

identified in c-Kit (Cairoli, Beghini et al. 2006).

1.2.2 Cytokine Receptor Structure and Classification

Cytokines are regulatory proteins secreted by white blood aellsaavariety of other
cells in the body; the pleiotropic actions of cytokines include aroos effects on
primitive haemopoietic cells and other cells of the immuneesysind modulation of
inflammatory responses (Vilcek 1998; Ozaki and Leonard 2002). Cytokires
polypeptides or glycoproteins that bind to specific high-affinity seiface receptors.
The interaction between a cytokine and its receptor ultimatslylts in an altered gene
expression pattern in the target cells, resulting in modulationprofiferation,

differentiation state, and cell survival (Vilcek 1998). Individegtokines act on

multiple cell types, but at least some actions of each cwoldre directed at

haemopoietic cells. Structurally dissimilar cytokines cariggm similar actions (Arai,
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Lee et al. 1990; Nicola 1994). Additionally, individual cytokines cemildt numerous
actions on different cell types and tissues. There is algufisamt redundancy

associated with the signal transduction pathways activatedrious cytokines.

The activity of cytokines depends on their interaction with $ige@ceptors. Class |
cytokine receptors represent the largest subgroup of the cyt@daptor superfamily
and are of particular relevance to this project. Clasedpt®rs include interleukins (IL)
-2, -4, -6, -12, granulocyte-macrophage colony-stimulatingtofaq GM-CSF),

granulocyte colony-stimulating factor (G-CSF), erythropoietin (Egodwth hormone
(GH) and prolactin (Bazan 1989; Kishimoto 1994; Taga and Kishimoto TR&8¥ 1).

Many cytokine receptors share a common signalling subfinitr §) and are further
classified into subfamilies based on this shared sublaiil¢ 1) (Taga and Kishimoto

1995).

Table 1. Classification of Cytokines and their Regptors. "IL-13 uses IL-4Rt noty, Leptin™ and IL-
12* do not share gp130, but their receptors am@edl *"NNT-11/BSF-3 binds IL-1ZR (modified from
Vilcek 1998).

Cytokine receptor Cytokines

Class | Cytokine receptors

Cytokine receptors that share y, IL-2, IL-4, IL-7, IL-9, IL-13*, IL-15, IL-21,

Cytokine receptors that share (3, IL-3, IL-5, GM-CSF

Cytokine receptors that share gp130 IL-6, IL-11, IL-12*, IL-23, LIF, Oncostatin M,
CNTF,CT-1, G-CSF, Leptin™, "NNT-
1/BSF-3

Cytokine receptors that are comprised | GH, EPO, PRL, TPO
of a single chain only

Class Il Cytokine Receptors

Cytokine receptors utilising two or IFN-y, IFN-as/B/w/Limitin, IL-10, IL-19, IL-
more distinct subunits 20, IL-22, mda-7/IL-24, AK155/IL -26, FISP
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Class Il cytokine receptors are structurally relatedl&s €1 receptors (Bazan 1990) and
include the heterodimeric receptors for interfeor{IFNa), IFNB, and IFN (Bach,
Tanner et al. 1996; Domanski and Colamonici 1996; Pestka, Kotenko et al.alf@b7)

IL-10 (Ho, Liu et al. 1993)Table 1).

Some common structural features characterise members ofagg |Cytokine receptor
superfamily. Class | Cytokine receptors are charactehigegh extracellular cytokine
receptor module (CRM) which contains cytokine receptor domains csingpseveral
beta strands. Within this region lies a membrane proximal, c@b&V/SXWS motif
which has been shown to be critical for folding of the receptor tafmlisation of its
structure Figure 1.2) (Bazan 1990; Quelle, Quelle et al. 1992; Bagley, Woodcock et al.

1997) .

Similarities in cytokine responses can in part be explained bghhgng of receptor
subunits (Kishimoto 1994), (Ihle, Witthuhn et al. 1995). In additiorhéoshared
signalling subunit, many cytokine receptor complexes are hetegmlimcluding a
ligand specifica subunit. The exception to this is the EpoR subfamily of recefitats
form functional homodimersF{gure 1.2. Ligand binding to thex subunit of the
receptor occurs with low affinity, and binding to the signalling subcmitverts this
complex to a high affinity state as exemplified by the IL-BIGM-CSF family of
receptors (Hayashida, Kitamura et al. 1990; Kitamura, Sab #991; Watowich, Wu

et al. 1996; Bagley, Woodcock et al. 1997).

Other cytoplasmic motifs, such as the Box 1 and Box 2 motifs (lhle T9@Ze, Alzari

et al. 1996) and the SH3 binding site PROX-like (SBP) motif (di&a, Sadlon et al.
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2004) may also be present in these cytokine receptors, howeveryangdetween the

family members and will be discussed separately in &edti2.3 Figure 1.2).

—— — wsxws —— —

sePmm g0y
___|Box2

Y Bidentatei
S

Motif ;

- a B, i a BB a YB «a
EpoR IL-3R IL-6R IL-2R
GHR IL-5R IL-11R IL-4R
PR-R i  GM-CSFR i  CNTFR IL-7R
TPOR LIFR IL-9R
G-CSFR OMR IL-13R

; : IL-15R

Figure 1.2 Schematic of the Class | Cytokine Rectps. Members of the Class | cytokine receptor
family have been divided into subfamilies on theisaf their shared subunits. The IL-3/IL-5/GM-CSF
family of receptors is highlighted and conserved XM&, Box1 (Tanner, Chen et al. 1995), Box2
(Tanner, Chen et al. 1995), SBP (D'Andrea, Sadtoal.e2004) and Y577/S585 bidentate (Guthridge,
Powell et al. 2006) motifs are indicated. Otherergtor subfamilies indicated may also contain Box1,
Box2 and WSXWS motifs (labels have been omittedsimplicity). In addition, a hybrid Box1/SBP
motif has been identified in some cytokine receabunits, however these have not been highlighted
(D'Andrea, Sadlon et al. 2004). The mature GM-C8&¢eptor is most likely a higher order complex
(McClure, Woodcock et al. 2001), however, for siitipy this receptor has been represented as/gBn
heterodimer. This picture was adapted from (Ihlé&thhn et al. 1994).
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1.2.3 Cytokine Receptor Motifs Important in Receptor Signalling

The ability of signalling molecules to alter cell actiyiiy response to cytokine, is
dependent on their ability to associate specifically with atetdvaytokine receptors and
other molecules to form active complexes. There are variougmedsdomains that
are present in the intracellular portions of cytokine receptofsesd domains direct
interactions and formation of signalling complexes following stitta of the
receptor. Some of the key domains involved in cytokine receptor langntiat are

relevant to this study are discussed below.

Box1 motifs have been extensively characterised and are knowndiatenbinding to
the FERM (Four-point-one, Ezrin, Radixin, Moesin) domain of Januss&irfdAK)
family members (reviewed in Haan, Kreis et al. 2006). Tinasif is highly conserved
among cytokine receptors, and is usually contained within the llangnaubunit of

heterodimeric receptorgrigure 1.2).

The alignment irFigure 1.3 highlights two common proline rich motifs found in the
membrane proximal regions of cytokine receptors (D'Andrea, Sadkin2004). This
includes the canonical Box1 motif, essential for JAK activatitancgawith a distinct
SBP motif. The configuration of these motifs suggest that ttomperate to fully
activate the ligand bound receptor (D'Andrea, Sadlon et al. 20B43ome cases these
motifs overlap, while in other receptor complexes the two maiits provided by
heterologous receptor subuniisdure 1.3 (D'Andrea, Sadlon et al. 2004). The SBP
motif bears structural similarity to the ‘PROX’ domainyywhich is critical for JAK3
activation and for generating JAK3-independent signals including JA#&pendent

activation of JAK1 (Ellery and Nicholls 2002). The consensus sequehthe SBP
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motif is  @XX(K/N)(I/L)(F/IW)Pp(I/V)PXgkXX @X(D/E); where ¢ represents a
hydrophobic residue. The core of this motif bears similaoitthe Class | SH3 domain
binding site (R/K)XpPX@P (Mayer and Gupta 1998Figure 1.3. Given the sequence
similarity between the SBP motif and the Class | SH3 binditeg it is likely that the
SBP motif may bind SH3-domain containing substrates including Srityf&imases
(SFKs). Identification of interacting partners of the GM-Q®8Eeptor alpha subunit
(GMRa), which are mediated by the SBP motif, formed a major dathis project

(discussed further in Chapter 3).

Kr-f _-d -I_PDP-k_ ‘Box 1'motif

IL-21R REWKKIWA UPSPERFFMPL
IL7R K| KRIKPIVWPSLPDHKKTL
ILOR V| KRIFYQWPSPAMFFQPLIN o SBP Motif
IL4Ra || KKEWDQP NP/RSRLVAI
IL2Rb L| KKVLKCNPEPSKFFSQL

hbc L RRKWIEKIP NPSKSHLF
G-CSFR |R KNFLMPSVPCPAHLGS!
LIFR | KETFYPLCIP NPENCKAL

EPOR KCKIWPCIP SPESEF-EG
GP130 || KEHWPNVPCPEKSHIAQ
miL13a I} Kil EEPPIP BPCKIF KEM
MPL L] RHAMPSEPDLFRVL.GQY
GH | KMIUL PFVPVPKI KGIDP
PRL MpIC | FPEVPCGPKI KGFDAI
IL-5a LWI  KLFPPIP APKSN KDLF

SBP/Box1 Hybrid Motif

IL2g WILEE RTNPFIP TEKN-LEDLV

PXXP motif RLEPPI _P-IK -K®D
KIW V LR E

Class| RX _ ®PXer
SH3BS K

Figure 1.3 Overlapping motifs in the membrane-proimal region of cytokine receptors(adapted
from D'Andrea, Sadlon et al. 2004). The receptarined in blue do not contain an SBP motif but
dimerise with receptor subunits that do containS&P motif (red outline). The receptors outlined in
black exhibit a hybrid of both Box1 and SBP motfsd can signal independently of the SBP containing
subunits.
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1.3 Intracellular Signalling by Cytokine Receptors

Class | cytokine receptors lack intrinsic kinase activity dredinitial activation event
following ligand binding is thought to involve non-receptor protein tyrogimases
such as members of the JAK, Src, Fps/Fes, Tec/Btk and Sy families (reviewed
in Rane and Reddy 2002). These kinases serve to phosphorylate tyessilues on
the receptor and other targets and subsequently phosphorylate aateatdivnstream
signalling molecules. Ultimately the signal is transducethéonucleus where gene
transcription profiles are altered. The characteristicspaoderties of key signalling

proteins involved in cytokine receptor responses are discuslkesd be

1.3.1 JanusKinase Structure and Function

JAKs are fundamental regulators of cytokine receptor activatiodnaae essential for
multiple cytokine responses (Nosaka, van Deursen et al. 1995; IsguBaimano et al.
1998; Parganas, Wang et al. 1998; Rodig, Meraz et al. 1998; Kams et al. 2006).
The JAK family consists of JAK1, JAK2, JAK3 and Tyk2 (revexvin (lhle,
Stravapodis et al. 1998; Ward, Touw et al. 2000; Valentino and R2ieé&). JAK1/2
and Tyk2 are ubiquitously expressed. JAK3 is predominantly expressed in
haemopoietic cells and is associated with the ILy2Rhere it is involved in IL-2, 4, 7,
9 and 15 signalling (Nelson, Lord et al. 1996; Suzuki, Nakajima @08D). Knockout
mice of all four JAKs exist and display immune or haemopoietiog@iypes associated
with multiple cytokine signalling deficiencies (Nosaka, van Benret al. 1995; Park,
Saijo et al. 1995; Thomis, Lee et al. 1997; Neubauer, Cumario E998; Parganas,
Wang et al. 1998; Rodig, Meraz et al. 1998; Karaghiosoff, Neubaual. 2000;

Shimoda, Kato et al. 2000).

11
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JAKs are approximately 130kDa, comprise a carboxyl kinase domain and a
pseudokinase domain, and lack Src homology (SH-), SH2 and SH3, doirigmns (

1.4). JAKs have 7 JAK homology domains, JH1-JH7, of which JH1 and #d2 b
structural homology to tyrosine kinase domains (Giordanetto and Kro26(2;
Giordanetto and Kroemer 2002). It appears, however, that JH& @nty domain that

has kinase activity. JH2 lacks certain critical amino atid¢ are required for this
activity (Giordanetto and Kroemer 2002; Khwaja 2006) and is refetweds a

pseudokinase domain.

FERM SH2-like Pseudokinasdyrosine kinase
I I I 1T 1
we | 0 el [ e O (T
V617 Y1307

Figure 1.4 Schematic domain structure of JAK kinas (adapted from Valentino and Pierre 2006) The
JAK2 mutation (V617F) found in myeloproliferativésdrders and the key regulatory phosphorylation
site (Y1007) are shown.

The JH2 pseudokinase domain, although not implicated as a fundiiorgihe kinase,
plays a regulatory role in JAK2 catalytic activity andnigportant for STAT5 activation

by JAK2 (Luo 1997; Liu, Itoh et al. 1999; Saharinen 2000; Rane and Reddy ZI{R)

JH2 domain has a role in regulating the JH1 domain and deletions JiiEthdomain

have been associated with increased JAK2 and JAK3 basabya(Baiharinen 2000).

For example, deletions or phosphorylation of the tyrosine in the JH2iddi570),

can abolish the JAK2 response to cytokine (Saharinen and Silvennoinen 2002;
Saharinen, Vihinen et al. 2003; Feener, Rosario et al. 2004)t Stikengly a mutation

in the JH2 domain of JAK2 (V617F) comprising a single amino afteration from

12
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valine to phenylalanine has been identified in greater than &0Pelycythemia vera
patients. The role of JAKs in haematological malignan@ediscussed further in

Section 1.3.3.

The JH3-JH7 domains, comprising the N-terminal region of JAKs,irer@ved in
interactions with cytokine receptors (Zhao, Wagner et al. 1995n,CDkeng et al.
1997; Kohlhuber, Rogers et al. 1997; Richter, Dumenil et al. 1998jabacaMigone et
al. 1999; Yeh, Dondi et al. 2000). In particular the FERM domkiigute 1.4) of
JAKs, has been shown to be pivotal for binding to cytokine receptvge\red in
Haan, Kreis et al. 2006). JAKSs bind to highly conserved Box1l and Bwitffs on
receptor subunits (Ihle, Stravapodis et al. 1998; Ward, Touw 20@0; Valentino and
Pierre 2006). The proline-rich Box1 motif has approximately 8 amiras abat are
required for the interaction with the FERM domain of JAKs I@Rgini and Dusanter-
Fourt 1997; Haan, Is'harc et al. 2001; Haan, Heinrich et al. 2008;hega 2002;
Khwaja 2006). The role of the Box2 motif is still not clear, hosveit has been shown
that this motif facilitates the interaction between JAKs dedBox1 region on cytokine

receptors (Usacheva 2002).

Although JAK activation is a critical first step in cytokirezeptor signalling, the nature
of the trigger that activates JAKs remain unclear. Theeatirdogma suggests that
JAKs are constitutively associated (Ilhle 2001) with the receqtbunits and receptor
oligomerisation induces the close proximity of receptor assocl#t&d enabling their
transphosphorylation and activation. Evidence that this is alwsscessary or
sufficient is lacking (O'Shea 1997; Rane and Reddy 2002; Khwaja 289&jence for

constitutive association of JAKs with cytokine receptorsuispsrted by localisation

13
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studies that show JAKs predominantly localise to the plasma raemtand share a
near identical half life to their respective cytokineeqgors (Behrmann, Smyczek et al.
2004). Thus, JAK-cytokine receptor complexes may behave as aaretgpisine

kinase (reviewed in Haan, Kreis et al. 2006).

The site of transphosphorylation of JAK2, is tyrosine 1007 (Y1007) idiiedomain
(Figure 1.4), which is essential for JAK2 regulation and function (Feng,Aufith et al.
1997). As a result of JAK activation, cytokine receptors are phogplext on tyrosine
residues allowing the recruitment of proteins with SH2 or phosphatgrdsinding
(PTB) domains (Nosaka and Kitamura 2000). This initiates a $imppnabscade which

includes the activation of STATs, MAPK, AKT and othegrsilling pathways.

1.3.2 Signal Transducers and Activators of Transcription

The STAT family of proteins, are transcription factors tleest,their name suggests,
transduce cytokine-initiated signals from the plasma membratie toucleus. There
are 7 members of the STAT family that have been identifiedammalian cells since
their original discovery in the early 1990s, these include; STRT3, 4, 5A, 5B, and 6
(Benekli, Baer et al. 2003; Wittig and Groner 2005; Khwaja 2006). TSTahd STAT5
are the most common STATS involved in control of myelopoiesisféGdfoenderman

et al. 2000; Smithgall, Briggs et al. 2000; Benekli, Baet.2G03).

A critical role for STAT3 in myeloid differentiation has beeentified using dominant
negative mutants of STAT3 (Minami, Inoue et al. 1996; NakajiMamnanaka et al.
1996; Shimozaki, Nakajima et al. 1997). Specifically, STAT3 has beplicated in

G-CSF-induced myeloid differentiation of M1 cells, where exgpoes of dominant

14
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negative STAT3 mutants results in maturation arrest (ShimoXakijima et al. 1997,

Ward, Hermans et al. 1999; Benekli, Baer et al. 2003).

STATS has also been implicated in myeloid growth and diffeagati induced by the
IL-3, G-CSF and GM-CSF receptors (llaria, Hawley et al. 198%aka, Kawashima et
al. 1999; Kieslinger, Woldman et al. 2000). Dominant negativasasf STATS have
enabled dissection of STAT5 functions. Specifically, a C-teatftyitruncated form of
STATS leads to inhibition of G-CSF-induced granulocytic differemtimiof myeloid
32D cells (llaria, Hawley et al. 1999). Unlike STAT3, STAR&s also been implicated
in cell proliferation, where C-terminally truncated STATS5 intsbcell growth in
response to IL-3 in factor-dependent cell lines without inducing apsepttaria,
Hawley et al. 1999). STATS is also implicated in self-remewand in survival

(discussed further in Chapter 4) (Wittig and Groner 2005; Kh2G(s5).

Given that STATSs play an important role in signal transductiom fcytokine receptors,
it is not surprising that they have been implicated in the deveopwwf malignant
transformations. Constitutive STAT activation (STAT1, STAaBd STAT5) has been
detected in numerous primary tumours including, breast cancercamggr, prostate
cancer, head and neck tumours, brain tumours, multiple myelten&aemias,
lymphomas, renal cell carcinoma, melanoma, and ovarian caneeiewed in
(Bowman, Garcia et al. 2000; Bromberg 2002; Benekli, Baerl.eR@03). The
mechanisms leading to de-regulated STAT activation most commimglve
generation of the C-terminally truncated molecule or actwawnf the full-length
molecule by various oncoproteins including v-Src (Bromberg 2002; Beneldr, & al.

2003). STAT isoforms lacking C-terminal domains, act as domimegutives of STAT

15
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activity/function (Caldenhoven, van Dijk et al. 1996; Chakraborty, &vettal. 1996;

Wang, Stravopodis et al. 1996).

1.3.2.1 JAK2/STATS Signalling

Upon ligand binding, conformational changes in the receptor complexitperm
transphosphorylation of JAK2 molecules resulting in tyrosine phosphaonylafi the
cytoplasmic portions of the receptor. Consistent with thishamr@iem of activation,
several unbound receptors have been reported to form dimers withincatiéms that
prevent JAK association. For example EpoR complex in its unbound rsaate
cytoplasmic domains that are predicted to be separated by 24oamg$bivnah, Stura

et al. 1999). STAT5 monomers then interact with the phosphotyrcesidues on the
receptor through their SH2 domainBigure 1.5. This brings them into close
proximity with the activated JAK2 which then phosphorylates tyrosasédues in the
cytoplasmic domain of STATS5 resulting in its activation (Reaxgd in Benekli, Baer et

al. 2003; Valentino and Pierre 2006). Once STAT molecules have been
phosphorylated, they dissociate from the receptor and form cytdpldssmo- or
heterodimers which translocate to the nucleus. (Aaronson andthi@®82; Benekli,
Baer et al. 2003)Higure 1.5. In the nucleus STAT proteins regulate multiple genes
that control cellular responses including proliferation, diffeation, cell
survival/apoptosis, and a variety of immune responses (for revsew (Wittig and

Groner 2005; Khwaja 2006).
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Figure 1.5 The JAK/STAT signal transduction pathwg. Adapted from (Benekli, Baer et al. 2003).

Of particular interest to this study is the activation of IA&K2/STAT5 signalling
pathway downstream of the GM-CSF receptor. This pathway &reliffially regulated
by constitutively activated mutants of the comnfieiof this receptor and is discussed in

detail in Chapter 4.

1.3.2.2 Negative Regulators of JAK/STAT Signalling

The regulation of tyrosine phosphorylation and signalling is crifica controlling
biological responses like survival, proliferation and differéimm The level of
tyrosine phosphorylation is controlled by a balance of positive aratinegignals. In
many cases signal termination is mediated by protein tyrosine @tasph (PTPases)

which act to dephosphorylate kinases and other signalling proteindantorregulate
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their activation (Fischer, Charbonneau et al. 1991; Ostmarhdiiglet al. 2006; Tonks
2006). Thus many phosphatases function as anti-oncogenes or growth suppressiv
genes. However, some dephosphorylation events are required factihation of
proteins, especially those involved in cell cycle regulation (To2686). Many
cytoplasmic protein tyrosine phosphatases contain SH2 domains, glltveim to be
recruited to phosphorylated tyrosine residues and initiate dephosphaergapooteins

in a signalling complex marking the termination of signalliNgel, Gu et al. 2003).

In most systems the phosphorylation/activation of JAKs and STATgansient,
consistent with key activation events being regulated by PTPakaai 2000; Ostman,
Hellberg et al. 2006). The SH2-containing cytosolic protein tyropimesphatases,
SHP1/2, are examples of PTPases that remove phosphate guapshbsphorylated
JAK to effect its downregulation (Ostman, Hellberg et al. 20@Biven the pivotal role
of PTPases in regulating cytokine receptor signalling, it is swnfprising that
perturbation of PTPase function is associated with tumorigeiresiarious human
cancers (reviewed in Ostman, Hellberg et al. 2006). Dwmgualation of SHP1 by
hypermethylation of its promoter or SHP1 deficiency has been asstavith hyper-
responsiveness to cytokines including GM-CSF and IL-3 and hyperphos pioory&
JAK2 (Zhang, Somani et al. 2000; Zhang, Raghunath et al. 2000). SHP1
hypermethylation has been demonstrated in a number of haematologiicglameies
including myeloma, anaplastic lymphoma, mantle cell and follicijlmphomas, and
acute leukemias (Zhang, Somani et al. 2000; Oka, Ouchida 20G&#; Chim, Fung et
al. 2004; Chim, Wong et al. 2004; Khoury, Rassidakis et al. 2004; JBbamn et al.

2005).

18



Chapter 1 — Introduction

Recently another PTPase, CD45, has been identified, \wdyciates antigen receptor
signalling in B and T cells (Irie-Sasaki, Sasaki eR@D1). CDA45 is a membrane-

bound PTPase which binds and dephosphorylates JAKs and in doing so negatively
regulates IL-3 mediated proliferation and erythropoietin dependemdyoiesis (Irie-
Sasaki, Sasaki et al. 2001). In addition to JAKs, Srcs haeebalsn implicated as

targets of CD45 (Irie-Sasaki, Sasaki et al. 2003).

In addition to the tumour suppressor function displayed by some PTPasests,
including SHP2, can positively regulate cytokine receptor sigigaéind can therefore
have oncogenic potential (Feng 1999; Neel, Gu et al. 2003). Consigthnthis,
activating SHP2 mutations have also been identified in AMLL Aand Juvenile

myelomonocytic leukaemia (JMML) (reviewed in Ostman, Hetlet al. 2006).

JAK2 is also negatively regulated by the ubiquitin-proteasome pathiarough the
suppressor of cytokine signalling, SOCS1 (Ungureanu, Saharirmn2€02). Inactive
JAK2 is mono-ubiquitinated and stimulation of cells with cytokine3lbr Interferon
gamma (IFN), stimulates activation of SOCS1 transcription via STAdllofved by
recruitment of a SOCS1/E3 ubiquitin ligase complex to JAK2. Th®&ults in
polyubiquitination of JAK2 and subsequent targeting to the proteasomeoteplgtic
degradation (Kamizono, Hanada et al. 2001; Ungureanu, Saharinah 2002).
SOCS1 association, as well as proteolysis of JAK2, is depengsont tyrosine
phosphorylation of residue Y1007 in JAK2, which occurs during factor strool of
cells (Quelle, Sato et al. 1994). This represents a céssegative feedback loop for

regulation of JAK activity. SOCS proteins also bind to dpececeptor phospho-
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tyrosine residues and block STAT binding (Kamura, Sato et al. 1B&#htsve,

Schwaller et al. 2001).

STAT proteins are also regulated directly through the protein torsbof activated
STATs (PIAS) (Chung, Liao et al. 1997; Liu, Liao et al. 1998; $[2080). These
inhibitors bind directly to STATS, inhibiting STAT-DNA binding adty and
subsequently blocking STAT-mediated gene transcription (Chung, Lalo¥97; Liu,

Liao et al. 1998).

1.3.3 JAKsin Haematological Malignancies

JAKs clearly play an important role at the apex of cytokine nedlissignal
transduction. It is therefore not surprising that they have béen implicated in
multiple haematological malignancies (reviewed in Kaushansky 2005aj§h2006).
Importantly, a JAK2 mutation at residue Val61Figure 1.4) in the JH2 domain has
recently been shown to be a key event involved in myeloproliferaiseases. This
mutation is present in greater than 90% of Polycythemia wases and also with
varying frequency in other Philadelphia chromosome-negative myelaatiife
disorders (Baxter, Scott et al. 2005; James, Ugo et al. 20@Evics, Passamonti et al.
2005; Levine, Wadleigh et al. 2005; Zhao, Xing et al. 2005). A Ga%e pair
substitution at position 1443 results in the valine to phenylalaamimeo acid change
and leads to hyper-responsiveness to cytokine signalling (Baxtett, &cal. 2005;
James, Ugo et al. 2005; Kralovics, Passamonti et al. 200%nd,eWadleigh et al.
2005; Zhao, Xing et al. 2005; Kaushansky 2006; Staerk, Kallin et al. 200&ge
screens have also revealed this V617F substitution in low frequencygther

haematological disorders, for example in JIMML (Tono, Xu €2@05).
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JAK2 fusion proteins have also been associated with various haegiecabl
malignancies including; ALL, T-ALL, chronic myelogenous leukaef@IL), AML

and T lymphoblastic leukaemia (TLL) (Lacronique, Boureux et al. 1¥%&ters,
Raynaud et al. 1997; Griesinger, Hennig et al. 2005). Genetlaflyfusion proteins
result in constitutively activated kinase as a result offtiseon with oligomerisation
motifs (Khwaja 2006). A number of fusion proteins that resultdnstitutive JAK2
activation have been reported, including TEL/JAK2 (Lacroniqueyr8ux et al. 1997,
Peeters, Raynaud et al. 1997), breakpoint cluster region (BCR)/J&Kesinger,
Hennig et al. 2005) and pericentriolar material (PCM1)-JAK2 (Boets Quelen et al.
2005; Murati, Gelsi-Boyer et al. 2005; Reiter, Walz et al. 2@Gtelaide, Perot et al.

2006). These fusions are quite rare and involve different lazeag

1.3.4 RasSignalling

Ras proteins are members of the superfamily of small GERdskai, Sasaki et al.
2001). There are four ubiquitously expressed members of the Rég éncoded by
N-Ras, K-Ras (two isoforms), and H-Ras genes (Spandidos, Bosiet al. 2002). Ras
is a proto-oncogene that is an important regulator of cell sirvproliferation and
differentiation and lies at the apex of multiple signalling caedss including
Raf/MEK/ERK, Ral/Rac/Rho, and PI3K/AKT. Activating mtitmns of Ras have been
linked to numerous human malignancies (Spandidos and Anderson 1990; Zachos and
Spandidos 1997). Activation of Ras occurs following the recruitnoénadaptor
molecules to phosphorylated tyrosine residues on the receptorad&gyor molecules
in this process include Grb2, SHP2, and the Grb2 associated bindieqrqGabl)
(Shi, Yu et al. 2000; Yart, Laffargue et al. 2001; Cai, Nishedal. 2002). Grb2

associates with an activated receptor through its SH2 domain andtdities guanine
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nucleotide exchange factor (GEF) son of sevenless (SOS) thitsu@H3 domain
(Reviewed in Nishida and Hirano 2003). The Grb2/SOS complex actsgaanine
nucleotide exchange complex for Ras converting the GDP-foriRasfto the activated
GTP-form figure 1.6). Once activated, Ras is able to associate with multiple
downstream effectors including Raf and Ral/Cdc42, initiating plaltibiological
effects Figure 1.6) (Adjei 2001; Nishida and Hirano 2003). Activation of the
Ral/Rac/Rho pathway by Ras results in altered biological respamsleiding changes
in the actin cytoskeleton (Adjei 2001). Importantly, Ras is alde to activate the
PI3K pathway through an adaptor molecule, Gab, that is phosphorgladedctivated
upon recruiting to an activated cytokine receptor. Activated s<esequently recruits
the regulatory subunit of PI3K, p85, and CrkL which mediates dictivaof anti-
apoptotic proteins including, Bcl-XL, and subsequently promotes eelival (Figure
1.6).

Cytokine Receptor

Cell survival, proliferation, differentiation

Figure 1.6 Ras Signalling Cascad@dapted from Adjei 2001; Nishida and Hirano 2003gb and Grb2
are both associated with the cytoplasmic domaith@fcytokine receptor following cytokine bindingdan
receptor activation. Phosphorylation of Gab byeptor associated tyrosine kinase activity leadthéo
recruitment and activation of p85 PI3K, SHP2 and#lLCr Ras driven Raf/MEK/ERK activation and
Ral/Rac/Rho activation are also shown. MAPK ca&o &le activated independently of Ras (see text).

22



Chapter 1 — Introduction

The roles of these Ras-associated pathways have not beantetised in full for all
cytokine receptors. Of relevance to this study, and perhaps shddseribed pathway
mediated by Ras, is the activation of MAPK family memligblishida and Gotoh 1993;
Lewis, Shapiro et al. 1998; Chang and Karin 2001; Pearson, Robinsb2@d1; Torii,
Nakayama et al. 2004). There are four members of the MARKlyfancluding,
extracellular-signal-regulated-kinase 1/2 (p44/42 MAPK or ERK1£2Jjun-amino-
terminal kinase (JNK), p38 and ERKS5 (Sturgill and Wu 1991; NishithGotoh 1993;
Robinson and Cobb 1997; Davis 2000; Kyriakis and Avruch 2001; Wang and Tournier
2006). Activation of the ERK1/2 pathway occurs through the associatiantiohted
Ras with the serine/threonine kinase, Raf. Raf subsequanihates MEK and finally
ERK (Figure 1.6. Once activated, ERK dissociates from MEK allowintpitnter the
nucleus and phosphorylate several transcription factors includingaBtk-Myc and
protein kinases such as ribosomal S6 kinase (RSK) (Nishimoto ahdl&NR006). As a
result, immediate early genes like c-Fos and c-Jun are inddegtdmoto and Nishida
2006). The Ras/Raf/MAPK pathway is therefore an important ibatdr to cellular
processes like proliferation and survival (Lewis, Shapiro e1238). In addition to
providing proliferative and survival signals activation of theARK pathway has
recently been demonstrated to have an important role in suppressargrdiation in
AML (Radomska, Basseres et al. 2006). The kinetics ofain of this pathways is
also clearly important and it has been demonstrated recentlgustained activation of
this pathway leads to the down-regulation of multiple growth-agesés (Yamamoto,

Ebisuya et al. 2006).
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1.3.5 ThePI3K/AKT Pathway

The PI3K/AKT signalling pathway, activation of which is inigdt by

phosphatidylinositol lipid phosphorylation at the cell membrane, coordirmatget of
events leading to cell survival, cell cycle entry, erlgration and vesicle trafficking,
and is activated in response to stimulation with multiple groattofs (Cantley 2002;

Djordjevic and Driscoll 2002; Guthridge, Barry et al. 2004; Emg®, Luo et al. 2006).

PI3Ks are grouped into three classes (I-1ll) according to #exjuence homology and
substrate specificities (reviewed in Engelman, Luo et2@06). Different classes
display different functional roles in signal transduction. Rivithe Class | PI3Ks there
are two subgroups; 1) those that are activated by cytokine rexegtdr receptor
tyrosine kinases (Class 1A) and 2) PI3Ks that are activateds4pyotein-coupled
receptors (Class IB) (Katso, Okkenhaug et al. 2001; Wymann, Bjoeklal. 2003).
Members of the Class IA PI3Ks consist of a p85 regulagobunit and a p110 catalytic
subunit Figure 1.7). Members of Class IB comprise a heterodimer of a pl01
regulatory subunit and a pl6atalytic subunit (Engelman, Luo et al. 2006). Class Il
PI3Ks consist of only a pl10-like subunit (Gaidarov, Smith et al. 26@&iso,
Okkenhaug et al. 2001) and Class lll consists of only one membe34\(pacuolar
protein-sorting defective 34) (Odorizzi, Babst et al. 2000; ByfidMurray et al. 2005;
Nobukuni, Joaquin et al. 2005). The Class IA PI3Ks are of particelevance to this
work due to their importance in signalling from receptor tyrosinades and cytokine

receptors.
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l P BH B p110 binding I Regulatory (p850/p550/p50a, p85p3, p55Yy)

O p85 binding =]  RasBinding PIK [ Catalytic Domain |3 Catalytic (p110a/p1108,p1103)

Figure 1.7 Class IA PI3K domain structure(adapted from Engelman, Luo et al. 2006) The Classl
PI3K consists of a p85 regulatory subunit and aOpdatalytic subunit. The class IA p85 regulatory
isoforms have a common core structure consisting gf110-binding domain flanked by two Src-
homology 2 (SH2) domains. The other p85 isofortes aontain an N-terminal SH3 domain and BCR
homology (BH) domain flanked by two proline-rich)(lPegions. The pl10N-terminal p85-binding
domain that interacts with the p85 regulatory suthua Ras-binding domain (RBD) that mediates
activation by the small GTPase Ras, a C2 domaamasphatidylinositol kinase homology (PIK) domain
and a C-terminal catalytic domain.

Class | PI3K activity is generally regulated by p85 binding to phogpdsihe residues
on activated growth factor receptors or adaptor proteinsnesphosphorylation offfa
has also been shown to recruit the adaptor protein 14-3-3 to thmorewdiich then
binds to and activates PI3K (Guthridge, Stomski et al. 2000; @gthriBarry et al.
2004). PI3K activity is further stimulated by direct binding of pll@dtivated Ras
protein (Cantley 2002). In quiescent cells, p110 is maintained omv activity state
(Cantley 2002). Activated PI3K converts phosphatidyl-4,5-bisphospRE&E5)R)] to
phosphatidylinositol-3,4,5-trisphosphate [PI(3,4gp)Br PIR. The lipid product of
PI3K, PIR, subsequently recruits to the plasma membrane, a varietygmédligig
molecules, with pleckstrin homology (PH) domains including; proteimes¢hreonine
kinases (AKT and PDK1), protein tyrosine kinases (Tec famélgyl exchange factors
for GTP-binding proteins (Grpl and Rac exchange factors) (CaB08g). This
recruitment to the membrane is a critical activatiop,stiowing these molecules to be

phosphorylated by other receptor-associated kinases.
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The serine/threonine kinase, AKT, is a principle target 18§ FFranke, Kaplan et al.
1997; Klippel, Kavanaugh et al. 1997). AKT is recruited to the brane, through
association with PIP3, and is subsequently phosphorylated by mTOR (@iamm
target of rapamycin) and by PDK1 (3-phosphoinositide-dependent kina3ée
activated AKT then phosphorylates many target proteins regulatragge of cellular
responses including; cell survival (Vivanco and Sawyers 2002);cydk entry
(Vivanco and Sawyers 2002; Burgering and Medema 2003), and protein synthesis
(Richardson, Schalm et al. 2004). Specifically, memberd@ffarkhead (FOXO)
family of transcription factors are important targets of AKAKT phosphorylation of
FOXO proteins results in their inactivation, through cytoplassequestration by
binding to the phospho-serine binding proteins comprising the 14-3-3 familyl¢Zant
2002). One mechanism of AKT survival signalling involvesaighosphorylation of
the pro-apototic regulator, BAD, resulting in 14-3-3 binding and BABusstration

into the cytoplasm (Guthridge, Stomski et al. 2000).

Dephosphorylation of PiHs an important means of terminating PI3K/AKT signalling.
This dephosphorylation can be mediated by SH2 domain-containing inositol
phosphatases such as SHIP1 and SHIP2, which act by dephosphorylaiimgsitod

ring to produce PIP(Cantley 2002). PTEN (phosphatase and tensin homologue) a
tumour suppressor gene that converts RIFPIR) is also a PTPase that regulates PI3K
activity by dephosphorylating the inositol ring (although at a posdistinct from that

of SHIP1/2 (Lynch and Silberg 2002). In many human cancers the geoeimy
PTEN is mutated and inactivated resulting in constitutive Pé8Kvity (Maehama
1999; Vanhaesebroeck and Waterfield 1999; Djordjevic and Driscoll 2002)e

importance of PI3K signalling in inflammation and cancer remderan important
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therapeutic target and there is great interest in the devetdpaf isozyme-specific
inhibitors that might enable inhibition of specific PI3K sidimg pathways (Djordjevic
and Driscoll 2002). There are currently also numerous PI3K iohsbihat are useful
for analysing the role of this pathway. Wortmannin and LY294002, incp&atj are
cell-permeable, low-molecular-weight compounds used extensit@ly research

applications (Stein 2001).

1.3.6 NF&4B Signalling

The transcription factor Nuclear Factor kappa-B KR} plays important biological
roles in the regulation of cell survival, proliferation, immuesponse, and development
(Ghosh, May et al. 1998; Silverman and Maniatis 2001; Ghosh and Raff;
Guthridge, Barry et al. 2004). KB comprises a collection of transcription factors
including members of the Rel family including; RelA, RelBRel, NFkB1/p50 and
NFkB2/p52 (Xiao, Rabson et al. 2006). A defining structural property contaneach

of the family members is the 300-amino-acid Rel homology domaiD}Rihich is
required for DNA binding, dimerisation and nuclear translocatiiaq, Rabson et al.
2006). NKB dimers are maintained in the cytoplasm through sequestratiofalyilg

of ankyrin repeat domain (ARD)-containing proteins termel (inhibitor of kappa-B).
The KB proteins interact with NEB members through the RHD. The canonicakBIF
signalling pathway is based on phosphorylation kB Imolecules by IKKs #B
kinases) which allows kB dissociation from NkB proteins and subsequent
translocation of NkB into the nucleus to effect gene expression (reviewed by Xiao,
Rabson et al. 2006). Recently, AKT has been shown to regulat® Ma&nscriptional

activity through direct phosphorylation of IKKs resulting in aation of NkB and
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regulation of genes involved in cell survival including-2, bcl-x. andAl/bftl (Barkett
and Gilmore 1999; Lee, Dadgostar et al. 1999; Grossmann, O'Reilgl. 2000;
Guthridge, Barry et al. 2004). One mechanism by which AKT reggildkB
signalling in response to GM-CSF is through a binary switchithaives a tyrosine
(Y577) and a serine (S585) residue, fan(discussed in Section 1.4.2.Bidure 1.2).
These residues control alternative receptor responses to GM@&®Biridge, Barry et
al. 2004). Deregulated function of K& has been widely reported in AML (Karin,
Cao et al. 2002; Birkenkamp, Geugien et al. 2004) and has also beenstiated to
contribute to the development of other human diseases including irmelated

diseases and cancers (Rayet and Gelinas 1999; Baldwin 200IncSXiaa 2003).

1.3.7 Src Family Kinases

Src Family Kinases (SFKs) are cytoplasmic/non-receptassiye kinases. They are
regulated by a variety of receptors including cytokine receptors dhds@an and
antigen receptors (Thomas and Brugge 1997). The 9 members of tlaen8y include

Src, Lyn, Lck, Hck, Fyn, BIk, Fgr, Yes and Yrk. There iemsive redundancy
associated with the actions of SFKs and this is reflected irsttinetural similarity
observed between the family members. All SFKs containasityg kinase domain in
addition to the prototype SH2 and SH3 domains which are found in many isignall
proteins Figure 1.8 (Boggon and Eck 2004). The SH3 domain of SFKs mediates
binding to proline rich sequences with the core consensus PKig&r¢ 1.9) (Boggon

and Eck 2004). Additionally, the SH2 domain mediates binding to phosphotyrosine
containing motifs (particularly YEEI) (Tatosyan and Mizenina 200l family
members also contain an N-terminal membrane-targeting regdimm is myristoylated

and sometimes palmitoylated (Koegl, Zlatkine et al. 1994; Resh 198%Ks also
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contain a ‘unique’ domain, of 50-70 residues, which is not conserved afaonly
members and is likely to mediate protein interactions withiBpesubstratesKigure
1.8). The Tec family of non-receptor tyrosine kinases share gignif sequence
homology with Src kinases particularly, in the SH2 and SH3 domaionEdowever,
these families are structurally distinct in the carboxy- andn@sterminal regions

(Reviewed by Mano 1999; Brazin, Fulton et al. 2000).

PXXP type Il Phosphotyrosine Tyrosine
helix recognition Recognition phosphorylation
[ [ [ | [ 1
N-term Unique SH3 SH2 Kinase é
Myristoylation site SH2-kinase linker Tyra16 Tyr527

Figure 1.8 Schematic domain structure of Src kinas The key regulatory phosphorylation sites
Tyr416 and Tyr527 are shown. Conserved SH3 an8 &btnains are indicated in addition to the N-
terminal myristoylation site and the unique domatrich is not conserved amoung SFKs (Adapted from

Boggon and Eck 2004).

1.3.7.1 Src-homology Domains

SH2 and SH3 domains were originally identified as conserved donmaiSsc and
multiple other signalling molecules. These domains have besiopsly shown to be
involved in mediating protein-protein interactions important for ipleltintracellular
signalling pathways. These interactions mediate interactibrsceptors with adaptor
proteins, recruitment of substrates to enzymes, localisationotéips to subcellular

compartments and the regulation of the catalytic actofityarious proteins.
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SH2 domains are composed of approximately 100aa and were firsfiigdb@s a
conserved sequence region present in the oncoproteins Src and Fps k§&ttows et

al. 1986). SH2 domains were later characterised in many oeal-fransducing
molecules and over 100 SH2-domain containing proteins are now listate
PROSITE database (www.expasy.org/prosite) (Russell, Breedl.efi992). SH2
domains interact with high affinity to phosphotyrosine-containing tgsgptides in a
sequence-specific and strictly phosphorylation-dependent manner (Ma/&altimore

1993; Pawson and Schlessingert 1993; Marengere, Songyang et al. 199d4n Paws
1995). Conventional SH2 domains have a conserved pocket that recognises
phosphotyrosine (pY), and a more variable pocket that binds 3-6 reidigzminal to

the pY and confers specificity.

SH3 domains are 60aa modules and were first identified as a cahsemueence in the
non-catalytic region of cytoplasmic tyrosine kinases including &, and Lck
(Mayer, Hamaguchi et al. 1988). SH3 domains are possibly the noestpread of all
protein recognition motifs (Murohashi, Tohda et al. 1989; Pawson and Gish 1992;
Mayer and Baltimore 1993; Pawson and Schlessingert 1993; Cesaneni, éPaal.
2002) and are contained within approximately 200 proteins to date IRRRSITE
database (www.expasy.org/prosite). These SH3 modules lareserved fold arising
from the organisation of two three-strangegheets. One side of this fold is relatively
hydrophobic and constitutes the ligand-binding region of the structusar@e, Panni
et al. 2002). It is well established that SH3 domains seédgtbind to sequences that
are rich in proline, however, there are many combinations of prathesequences that
the various SH3 domains bind to preferentially, leading to fudfassification of these

motifs into sub-classe&igure 1.9. The most common class of motif is Class 1 which
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the consensus RxXLPP#P and bind in a NH2-COOH orientation (where #mnallyoa
hydrophobic residue) (Cesareni, Panni et al. 2002). Alternati@éhgs 1l peptides are
characterised by the consensus Px#PxR and bind in the opposite orief@&i0H-
NH2) (Rickles, Botfield et al. 1995; Cesareni, Panni et al. 200R)merous SFKs have
Class 1 SH3 domains, including Yes, Src, Hck, Lyn and Fyn (€eisd?anni et al.
2002). The PI3K p85 subunit is also a member of this classss @l family members

include p53 binding protein-2 (p53BP2) and Grb2 (Cesareni, Panni2éi0gl).

Although the polyproline core motif contributes to binding specifiaither residues
distal to this motif have also been identified as contributinghteo specificity of
interactions. Moreover, studies using biased phage displayié&réound that flanking
sequences not only increase the binding affinity of SH3 domains, dubeprimary

determinants for specificity (Rickles, Botfield et al. 19B%nch, Minor et al. 1999).

Yes
PI3Kp85
Src
x L|P|P x|P SH3 Class IR Heck
Lyn
Fyn

x x| P SH3 Class IK T cre
Sho1
Abl

X R SH3Class Il T arb2-c

K p53BP2
Ygri36

X<
|

<70

B
X
X
0

Figure 1.9 Classification of SH3 recognition spefitity (Adapted from Cesareni, Panni et al. 2002).

Conserved proline residues are outlined in red.

Interactions with both the SH2 and SH3 domain of SFKs are impodaniddulating
activity.  Conformational regulation of SFKs occurs through icteya of the

phosphorylated tyrosine residue (Y527) in the C-terminal tail an@it#e domain of
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Src, which inhibits kinase activity. Inhibitory interactionsaainvolve the SH3 domain
and direct contact with a proline-rich sequence in the N-terméggbn of Src Figure

1.8) (Brabek, Mojzita et al. 2002). Activation of SFKs occurisew either of these
interactions are perturbed. This can involve dephosphorylation ofCitezminal
tyrosine by Csk (Matsuoka, Nada et al. 2004) or competition with @ifedine-rich
sequences as occurs in activation of Hck by the Nef protein of rhuma
immunodeficiency virus 1 (HIV-1), which binds to the Hck-SH3 domaiading to
constitutive Hck kinase activation (Briggs, Sharkey et al. 18grefi, LaFevre-Bernt

et al. 1997; Lerner, Trible et al. 2005).

1.3.7.2 Signalling by Src Family Kinases

SFKs are activated in response to a variety of cytokines imgu@tCSF, GM-CSF,
stem cell factor (SCF), IL-3, and Epo, demonstrating their npi@leimportance in
cytokine mediated signal transduction. Of particular intece#tis study is the role of
SFK signalling in IL-3, IL-5 and GM-CSF responses. The exald of SFKs in
signalling from these receptors remains unclear, how@vehosphorylation by SFKs
has been reported and suggests the possibility that SFKs caiusaibist JAKs in
some instances. One study demonstrated direct binding of Lyn tf. ttteough
multiple interactions (Dahl, Arai et al. 2000). Lyn is predominasettpressed in the
myeloid cell compartment and is likely to be an important reguzftsignalling from
IL-3, IL-5 and GM-CSF receptors. Furthermore, it has been steghézat Lyn may
directly mediate. phosphorylation (Dahl, Arai et al. 2000). The interaction between
Lyn and thep is constitutive (Rao 1995), however, it has been recently shiomin t

following factor stimulation, an increased proportion of the Lyn posd@ates with the
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Bc (Li 1995; Dahl, Arai et al. 2000). Hck and Fyn binding to fihef the IL-3 receptor

has also been demonstrated (Burton 1997).

Functionally, a strong connection has been made between SFKgtakmhe induced
proliferation, differentiation, and suppression of apoptosis. Spaltyfi Lyn binding to
the GM-CSF receptor is required for the delay, or inhibition pbptosis, in
polymorphonuclear leukocytes, although the mechanism of action remaahsar
(Sheng 1996). Additionally, it has been shown that Lyn is requirettiéanduction of
DNA synthesis in response to G-CSF (Corey, Dombrosky-Ferlah £098). Studies
conducted with the Src kinase specific inhibitor PP1, indicatettiea¢ is a PP1 dose-
dependent decrease in DNA synthesis and total abrogation of p@tidifer(while
maintaining viability) in Ba/F3 cells in response to GM-CSFH{D Arai et al. 2000),

suggesting a critical role for SFKs in GM-CSF-induced praliien.

Involvement of SFKs in signalling in the Ras/Raf/MAPK, PIBKT and STAT3
pathways has been documented, however, the contributions of eadsefptithways
to survival and proliferation is still being resolved. Regeitthas become evident that
SFKs can activate signalling pathways in response to cytokine,eindeptly of JAKs.
Specifically, it has been demonstrated that Src kinasesnediate phosphorylation of
STATs independent of JAKs in response to IL-3 (Reddy 2000). The impertaf
these JAK-independent, Src-dependent pathways is highlighted by aneploer in
which Src was able to initiate signalling events from the grolormone receptor
activating p44/42 MAPK signalling, irrespective of JAK2 (Zhund.iet al. 2002)
Additionally, activation of c-Src by Prolactin independently olK2Ahas also been

reported (Fresno Vara 2000). Other reports of JAK-independentlsigmaediated by
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SFKs include; SFK mediated AKT (PKB) activation by G-CSF (@and Larner 2000)
and IL-3 stimulation of STAT3 which is thought to occur through dinetraction of
STAT3 with Src (Chaturvedi, Reddy et al. 1998). These studiesefusihpport the
suggestion that it may be the combined efforts of JAKs and SBK®ying cytokine
receptor stimulation, that lead to full receptor activaieresno Vara 2000). The role of
SFKs in mediating JAK-independent pathways in GM-CSF signalsngiscussed
further in Section 4.3.1. It will be important to define thpedfic roles of SFKs in
cytokine receptor activation and to address directly the preelatonship between

SFKs and JAKs to gain a better insight into signal trangmhuct

1.4 GM-CSF and its Receptor

141 GM-CSF Biology

GM-CSF, IL-3 and IL-5 are key regulators of the myeloid limeagThey have
overlapping, pleiotropic effects on myeloid cells, including neutropleitsinophils,
monocytes and early progenitor cells that include mitogenesis, fwotefrom
apoptosis, differentiation and functional activation (de Groot, €Coéit al. 1998;
Martinez-Moczygemba and Huston 2003). Although there are redundantlisggna
pathways activated by these receptors, due to the sharingoofiraan 3. subunit, the
expression profiles of the specific alpha subunits differ siamfly contributing to
their specificity. GM-CSF receptors are expressed in pieltell lineages including
the majority of myeloid progenitors, mature monocytes, neutrophisjnophils,
basophils and dendritic cells (Nicola 1994). IL-3 receptors are ssqueon early
haemopoietic progenitor cells, on some committed myeloid progendossnophils,

and basophils (Nicola 1994). Interestingly, the expression of tHe réceptor is
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limited to eosinophils, reflected by its biological activity iggiessentially confined to
this cell lineage (Nicola 1994)Table 2 highlights the biological activities of each of
these key cytokines. For the purpose of this study we have foousdbd GM-CSF

receptor and its structure, function and activation.

Table 2. Heterogenous Biological Activities of IL5, IL-3 and GM-CSF. Adapted from (Martinez-
Moczygemba and Huston 2003).

Cytokine | Effect on Haemopoiesis Biological Activigs

IL-5 Differentiation, activation, Allergic inflammation; asthma and airway

and survival of eosinophils | remodelling, parasite immunity

IL-3 Growth, differentiation and | Allergic inflammation; parasite immunity: growth
survival of progenitor cells | of myeloid, monocytic and lymphocytic

malignancies

GM-CSF | Growth and differentiation of| Allergic inflammation, growth of myeloid and
dendritic cells, monocytic malignancies, surfactant metabolism,

myelomonocyte progenitors | anti-GM-CSF autoantibodies cause alveolar

and granulocytes proteinosis

GM-CSF was originally identified as a growth factor capaiblgenerating granulocyte
and macrophage colonies from precursor cells in mouse bone marroveg8lagd
Metcalf 1980). It has since been shown to have a broad raneait ®n mature cells
of the myeloid lineage (Handman and Burgess 1979; Hamilton, Stahlaly 1980;
Simon, Yousefi et al. 1997). Knockout mice have failed to idemtimajor role for
GM-CSF in steady-state myelopoiesis as these mice show no olpgdusbation in
myeloid cell production and show only a small deficit in dendriticrmethber (Vremec,
Lieschke et al. 1997). From these vivo studies, the most obvious phenotype is
alveolar proteinosis and lymphoid hyperplasia associated with lmwgys and blood

vessels (Stanley, Lieschke et al. 1994; Robb, Drinkwatdr £095). Null animals also
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display compromised antigen-specific and lipopolysaccharide (liR&jced T-cell
responses and IRNoroduction which may be dendritic cell-mediated (Wada, Noguchi
et al. 1997; Noguchi, Wada et al. 1998). Additionally, these tmaee some defects in
macrophage function (Basu, Dunn et al. 1997; Scott, Hughes &9@8; Enzler,
Gillessen et al. 2003), and are susceptible to various infectigents (Zhan, Lieschke
et al. 1998; LeVine, Reed et al. 1999; Paine, Preston et al. 200@se findings
suggest that GM-CSF may perform a role that is redundantotligr haemopoietic

growth factors, but nevertheless is still an important regute myelopoiesis.

GM-CSF and its receptor have been implicated in various leukatisorders, such as
JMML/JCML, AML and ALL (Faderl, Harris et al. 2003). liak been shown that
JMML cells are hypersensitive to very low concentrations of G8F and form
excessive numbers of colony-forming unit granulocyte macrophaged)-G\F)
colonies in methylcellulose assays when compared to their nocoaterparts
(Emanuel, Bates et al. 1991). Transduced bone marrow, overengrédd-CSF and
transplanted into syngeneic mice, induces an acute myekodddr similar to JMML
(Johnson, Gonda et al. 1989). Interestingly, autocrine production o€&Mis also
implicated in JCML and ALL as well as AML (Gualtieri, Emeel et al. 1989;
Freedman, Grunberger et al. 1993). To date, no activating ongaii 3. have been
identified in AML however, only small numbers of leukaemias Hasen screened for

these mutations (Freeburn, Gale et al. 1996; Freeburn, GAld.298).

In light of its ability to activate macrophages and influedeadritic cell development,
GM-CSF displays adjuvant activity (Armitage 1998). GM-CSE been demonstrated

to increase the immunogenicity of tumours in animal models,Fasépproach has also
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been tested with considerable efficacy in humans (Armitage 1988pb 2002; Jager,
Jager et al. 2003). Additionally, antigen/GM-CSF fusion proteange been used in
immunisations and GM-CSF has also been successfully used apiamnad human

vaccine studies (Tao and Levy 1993; Tarr, Lin et al. 1996).

142 GM-CSF Receptor Structure and Function

The receptors for GM-CSF, IL-3 and IL-5 comprise a comrdiasubunit, . and a
ligand specifica subunit (Woodcock, McClure et al. 1997). Thesubunit of the
receptor complex is a low affinity ligand docking site and canfbe ligand binding
specificity. The. subunit is the major signalling subunit and does not direct ligand
binding. GM-CSF, IL-3 and IL-5 bind to their respectivesubunits with low affinity
and further binding to th@. subunit results in conversion of the complex to a high
affinity state (Hayashida, Kitamura et al. 1990; KitamuratoSet al. 1991; Bagley,
Woodcock et al. 1997; Guthridge, Stomski et al. 1998). It has beesnd#ated that a
1:1:1 ratio of GM-CSF:GMR:f3; represents a high affinity state, however, it is less
clear what the stoichiometry of the active complex is. Ssubave suggested that a
2:2:2 complex may exist as the activated complex (Guthridge, sBtceh al. 1998).
Specifically, it has been demonstrated tha$ dimerisation is required for
transphosphorylation and activation [&f associated JAK2 (Lia, Rajotte et al. 1996;

Stomski, Sun et al. 1996).

1.4.2.1 The GMRa Subunit

The o subunit of the GM-CSF receptor is 400aa in length of which 54a& mala

short cytoplasmic domain. In contrast, fhecytoplasmic domain is 430aa in length of
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a total 88laa. As eaadh subunit is specific for a different ligand, tlechain is
responsible for conferring specificity of ligand binding to theokite receptor
complex. In addition to being required for ligand binding, ¢thesubunit plays an
essential signalling role. Specifically, tlhechain cytoplasmic domain is absolutely
required for a ligand response and a 29aa internal deletion of thbrareproximal
cytoplasmic domain abolishes the proliferation response even though bofdihg
receptor to the ligand remains unaffected (Polotskaya, Zhaol98). There is some
evidence that sequences in GWIRcontribute to specificity of GMR function.
Specifically, mutation of the KLN tripeptide in GMRwith the equivalent PIG
tripeptide in IL-3Rx generates a receptor that signals for maintenance of ithiiye
cell phenotype, more like IL-3 than GM-CSF and similarly matatf IL-3Ra (PIG -

KLN) signals for maturation of FDCP-mix cells (Evans, Anfet al. 2002).

Although the GM-CSF receptor mediates a variety of phosphorylatiemsin factor-
dependent cells, little is known about the role ofdrmibunit in signalling. Very few
proteins have been identified that bind directly todhehain of the GM-CSF receptor
(Table 3). The GV-CSF leceptora subunit-asociated_gtein (GRAP), has been
shown to associate with GMR however, this protein contains no known signalling
motifs (Tu, Karasavvas et al. 2000). GRAP binds to the intudeedomain of GMRx
and has been implicated in glucose transport (Tu, Karasavva0@). It is a highly
conserved protein, with homologues in yeast, and is likely to bther functions in

addition to its GM-CSF-associated role.
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Table 3. Known interactors of the GM-CSF receptoralpha subunit.

Name of GMRa Experiment Type Direct/ Reference
Interactor Indirect
GRAP In vivo; Yeast 2 Hybrid| Direct (Tu, Karasavvas et al. 2000)
p85 In vitro; IP ? (Dhar-Mascareno, Chen et al. 2003)
IKK In vivo; Yeast 2 Hybrid| Direct (Ebner, Bandion et al. 2003)
c-Kit In vitro; IP Direct (Chen, Carcamo et al. 2006)
Laminin Receptor In vitro; IP Direct (Chen, Carcamo et al. 2003)

With regard to known signalling pathways it has been reportedtitiearegulatory
subunit of PI3K, p85, binds to the cytoplasmic domain of the GNBhar-Mascareno,
Chen et al. 2003). It is possible that the integral rolel®Kn signalling from the
GM-CSF receptor is partly initiated via an interactiorwiaetn p85 and GM&® It is
also interesting to note that the interaction demonstrated betp&® and GMR is
dependent upon the proline-rich domain in the membrane-proximal regitive of
chain (Dhar-Mascareno, Chen et al. 2003). This proline rich seguemtained within
the SBP motif is of primary interest to us as it is indispelestor GM-CSF receptor
signalling and may form a major docking site in many cytokineptece Whether the
SH3 domain of p85 interacts directly with the SBP motif is unclddnis nature of this
interaction has been investigated further as part of this studlys discussed in Chapter

3.

Additionally, IkB kinase beta (IKIR) has been recently shown to directly interact with
the GMRu, affecting NKB activation (Ebner, Bandion et al. 2003). IBKs a
signalling kinase that activates KB and in this particular study it was shown that GM-

CSF triggers IKK3 activation contributing to NEB activation and subsequently the
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generation of cell survival and proliferation signals (EbnemdBan et al. 2003;

Guthridge, Barry et al. 2004).

Interestingly, a recent study has identified a functionaradtion between c-Kit and
and GMRx (Chen, Carcamo et al. 2006). The interaction was found to beiteeédiy

the cytoplasmic domains of both receptors and specifically invalvedoroline-rich

SBP motif of GMRx (Chen, Carcamo et al. 2006). The consequence of this interaction
is negative regulation of c-Kit signalling through inhibition of it-Kauto-
phosphorylation normally induced by stem cell factor binding (Chen, Carearab

2006). The role of this interactiam vivois still unclear.

In addition to c-Kit, GMRI has been demonstrated to interact with the nonintegrin
matrix protein, laminin receptor (Chen, Carcamo et al. 2003)is ihteraction was
found to involve the cytoplasmic portions of both receptors and was dgpendent
upon the proline rich region of GMR(Chen, Carcamo et al. 2003). Interestingly, the
laminin receptor also interacts wifla (Chen, Carcamo et al. 2003). The interaction
between laminin receptor and GMRrevents complex formation between the GMR

and[3; subunits and therefore inhibits GM-CSF signalling.

An open question with regard to GMR signalling relates to thecag®on of JAK
kinases with the membrane-proximal region of dé&ubunits for GM-CSF, IL-3 and
IL-5. One study indicated an interaction betweendtlohain of the IL-5 receptor and
JAK2 (Ogata, Kouro et al. 1998), however, no such interaction hais t@ported

between JAK2 and the GMR Moreover, a separate study reported a lack of

association of GMR and JAK2 (Quelle, Sato et al. 1994).

40



Chapter 1 — Introduction

It is clear from these studies that the GiMBytoplasmic domain and the SBP maotif in
particular are important in mediating binding of GMR to variogsaling molecules.
Characterisation of these interactions and identification of noWRe& interactors

formed a major part of this project and is discussed ap@in 3.

1.4.2.2 The ; Subunit of GMR

The commonB-subunit, B, is an obligatory requirement for signalling. JAK2 is the
major kinase thought to activate receptor signalling by binding thiréc (3. and
phosphorylating tyrosine residues on the receptor and other signalling uieslec
(Quelle, Sato et al. 1994). In addition to JAK2, SFKs have hé&sn shown to
phosphorylate. (Chaturvedi, Reddy et al. 1998). Phosphorylation of#hés an
important part of the signalling response and the phosphorylated esiciueess docking
sites for phosphotyrosine-binding signalling proteins. There are tyigisine residues
on thef., of which six are conserved between mouse and human (Gésenderman
et al. 2001). Mutation of all eight tyrosine residues to phemyiaé is able to support
survival of Ba/F3 cells in response to GM-CSF, suggesting teresurvival signals
that cannot be accounted for by receptor tyrosine phosphorylation (Okuitla,eSml.
1997; Guthridge, Stomski et al. 1998; Itoh, Liu et al. 1998). Rolesdveral of these
tyrosines have been defined revealing a great deal of redundssmyicded with the
recruitment of signalling molecules {&. All 6 conserved cytoplasmic tyrosine
residues have been associated with STAT5 recruitment andtext. The mechanism
of this activation remains unclear, however, the STAT5 SH2 donsathought to
interact with_YXXXLP motifs found in Y612, Y750, Y806, and Y866 (Itoh, Liu et al.

1998). Interaction of STAT5 with the other tyrosine residueikasdylto occur through
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recruitment of other adaptor molecules (Itoh, Liu et al. 1998)other cases, tyrosine
residues can be specific for a particular signalling mideas with Y577, which binds
to the PTB domain of Shc, and Y612 which interacts with SHP2 (Ol&méh et al.
1997; Itoh, Liu et al. 1998; Dijkers, van Dijk et al. 1999). Extemsnutational
characterisation of tyrosine residues in fhehas been carried out and has helped to
define specific roles for these residues in signalling and biologitaomes (Okuda,

Smith et al. 1997; Itoh, Liu et al. 1998; Brown, Peters €1G04).

In addition to specific signalling roles for tyrosine residues in ffge Ser585
phosphorylation has also been implicated in mediating binding to 14-3-3 aretthdi
to p85 resulting in AKT phosphorylation (Guthridge, Barry et al. 2008KT
subsequently phosphorylates and activates Kisulting in NKB activation and
survival (Guthridge, Stomski et al. 2000). Ser585 is alsogbartbidentate motif in the
GM-CSF receptof3; comprising the Shc binding site, Y577, and Ser585 (Guthridge,
Powell et al. 2006). Phosphorylation of these residues is muemdlysive and they
act in concert as a binary switch to activate distinct signggiathways associated with
either survival or proliferation and survival (Guthridge, Bagtyal. 2004; Guthridge,
Powell et al. 2006). Ser585 is selectively phosphorylated ponsg to low levels of
GM-CSF (<10pM). At high GM-CSF concentrations (>10pM), Y577 is phosjdted
resulting in Shc recruitment and activation of cell survipabliferation and activation
pathways (Guthridge, Barry et al. 2004; Guthridge, Powell &0f16). Importantly, in
a number of AML samples, constitutive phosphorylation of Ser585 is waasend

maintained at high GM-CSF concentrations (Guthridge, Powall 2006).
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Mutation studies have also helped characterise the various ooffi, and their role
in signalling. A variety of activating mutants Bf have been identified that result in
constitutive activity of the receptoFigure 1.10 (D'Andrea, Barry et al. 1996). These
mutants were isolated by virtue of their ability to confetdaindependent growth on
the murine myeloid leukaemia cell line, FDC-P1 (McCormack and Gaf@éd@). The
activating mutants display differential oncogenic potemtialivo and allow continuous
factor-independent proliferation in factor-dependent haemopoietit bees
(McCormack and Gonda 1997; Jenkins, Blake et al. 1998\ aRtl 1374N mutants
result from a 37aa duplication and an isoleucine-to-asparagine tstifastiin the
extracellular domain respectivelFigure 1.10. V449E results in a valine-to-glutamic
acid substitution in the transmembrane domain (Jenkins 1995; McCormack 2000)
(Figure 1.10. In our laboratory a number of these extracellular (1374M,) Rind
transmembrane (V449E) mutants have been utilised to anflysevolvement in
cytokine receptor signaling and to investigate pathways cangoll
granulocyte/macrophage growth and differentiation. These mutamsbeen proposed
to mimic the dimerisation and signalling events that occur duidngnation of the
mature ligand-receptor complex (Gonda and D'Andrea 1997). The dxiegrcEIA
mutant receptor importantly, requires dimerisation with the @MRbunit for activity.
Conversely, the V449E mutant is likely to form actfeehomodimers (D'Andrea and

Gonda 2000) .

Consistent with these activated receptors forming alteeatoonfigurations,
biochemical studies performed to date indicate that the extraceinutants produce
distinct signals when compared to the transmembrane mutant (didcfisther in

Chapter 4). Furthermore, extracellular and transmembrane sptamtote differential

43



Chapter 1 — Introduction

4
4 4 4
— ) — —
3 3 3 3
L 1374N
- ) - - .
2 2 2 W358N
- i L . = Q375P
1 1 1 1 . 1 Yaren
wsx WSXWS WSXW WSXWS 3 W383R
Cell Membrane| N D
— \
V449E
A459D
L445Q
RA61C
widType  Fia AGA AQP AH Point

Mutations

Figure 1.10 I activating mutations (adapted from D'Andrea, Barry et al. 1996).

biological responses in the bi-potential FDB1 cell lineA FAInd 1374N promote
differentiation while V449E elicits a proliferative response (domack 2000).
Extensive mutational analysis of these mutants has enabled idissd#dhe regions and
specific residues offla critical for viability, proliferation and differentiation outc@s
and is summarised migure 1. 11(Brown, Peters et al. 2004). Investigating the nature

of this differential signalling formed a major part of the kvdescribed in Chapter 4.

1.4.3 GM-CSF Receptor Signalling Overview

The primary focus of this work is signalling events assotiat¢éh the GM-CSF
receptor. Figure 1.12 shows a schematic summarising key signalling events and
pathways described to date. Briefly, a number of eventsraary rapidly following
GM-CSF treatment of factor-dependent cell lines and printafis Eigure 1.12.
Upon stimulation with GM-CSF, JAK2 (associated with the Box1l motif3;) is
phosphorylated and phosphorylates tyrosine residues on the intracegitar of the

receptor (Quelle, Sato et al. 1994). Src kinases appéaritvolved in activating
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Figure 1. 11 Summary of the effects on FDB1 celtd§ V449E and FIA mutational analysis (Brown,
Peters et al. 2004).

signalling from the receptor at this early stage, howeveir trole is perhaps less
defined than that of JAK2 (Chaturvedi, Reddy et al. 1998). The phosateutyl
tyrosine residues on the receptor serve as docking sites fod&Hain or PTB domain
containing proteins resulting in their phosphorylation and activattogule 1.12

(Pawson and Gish 1992). Interactions of signalling molecules thihtyrosine

phosphorylated receptor serve to couple the receptor to a number oftrdawns
signalling pathways, ultimately resulting in the control of gpecellular functions

(Guthridge, Stomski et al. 1998). The GM-CSF receptor aesvatimerous signalling
cascades including JAK2/STAT5, Ras/Raf/MAPK and PI3K/AKT patysv(discussed
in detail in Sections 1.3.2.1, 1.3.4 and 1.3Biggre 1.12. The recent study by

Guthridgeet al emphasises the differences in signalling that occur ardift levels of
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GM-CSF stimulation as well as the role of serine phosphorylatianediating GM-

CSF survival signals (Guthridge, Powell et al. 2006).

A number of other tyrosine kinases have been reported to inteithicf including
Lyn, Btk, Tec, Fyn and Hck (Li 1995; Burton 1997; Geijsen, Koenderehah 2001).
The role of these kinases fa signalling is unclear. It is possible that the restricted

expression of these proteins in different cell types may pravideeans of attaining

alternative3; signalling responses (Geijsen, Koenderman et al. 2001).

cn
Transcription
Nucleus @ @ |

! { IUJ’U:Z/U/ )/ Y4 4’ { / 4

Cytoplasm

Figure 1.12 Summary of GMR signalling events Binding of Shc to a membrane distal tyrosine residu
is shown. Shc is also able to interact with Y53@ated membrane proximally from Ser585. These two
residues represent a binary switch that is reguilatethe dose of GM-CSF. Shc binding to this resid
has been omitted for simplicity. Although sigradjipathways are represented separately, there emay b

significant overlap between these pathways.
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1.5 Project Aims

The identification and characterisation of signalling evassociated with the GM-CSF
receptor requires further characterisation of the cytoplasnigractions for both
receptor subunits and an understanding of the contribution of partiewtants to
activation of specific pathways and downstream cellular respon3dne linking of
individual signalling events and pathways to myeloid cell suryviratogenesis, self-
renewal, differentiation and leukaemic induction has been hinderdatebgxtensive
redundancy and cross-talk associated with signalling. Integagértners of the GMiR
were studied in detail to define better understanding of theafotlis subunit in
initiation of signalling from the GM-CSF receptor and to provitiees as to which
pathways are associated with specific responses involviagstiiunit. Additionally,
we studied signalling associated with constitutive mutanth@fcommonf3; which
represent alternative receptor configurations and deliver only sbthe proliferative,
survival and differentiation signals activated by the normalnlitgd receptor comples.
The non-redundant signalling capacity and capacity to induce alternmasponses
facilitated the delineation of key events associated witlivalrduring these two

alternative responses.

The specific aims of this study were:

Aim 1: To characterise known and novel interaction partners of GNBection
1.4.2.1) with a view to further characterising the rofetlos subunit in GM-CSF

receptor signalling and function.
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Aim 2: To dissect the contribution of particular receptor-induced siggadivents to
survival responses. We made extensive use of a well-chasact bi-potential myeloid

cell-line model, FDB1 and the activated GM-CSF receptor msitéSection 1.4.2.2).
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2.1 Materials

Supplier

Reagent/Kit

Ajax Univar — Australia

Potassium dihydrogen orthophosphate
Tris base (Tris-hydroxymethylmethylamin
Sodium Chloride
Dimethyl Sulphoxide (DMSO)

Methanol

Sodium Hydroxide

(D

Auspep Ltd - Australia

mGM&fluoroscein peptide

BDH AnalaR — Australia

Ethanol
Glycine
Glycerol
Glacial Acetic Acid

BD Biosciences - USA

Anti-human c-Myc monoclonal antibody

Biomol - USA

AG-490 JAK inhibitor

Bio-Rad Laboratories — USA

40% Acrylamide/Bis-Acrylamide
Sodium dodecyl sulphate (SDS)
Bio-Rad gel drying solution
Bio-Rad DC Protein Assay
Ponceau S stain

Biosource International — USA

JARRPYIO0TO08 1y clonal antibody
Cat# 44-426G

Boehringer Mannheim — Germany

Ampicillin

Calbiochem- Germany

MEK Inhibitor Set
(PD98059/U0124/U0126)

Cayman Chemical - USA

LY294002 — PI3K inhibitor

CSL - Australia

Fetal Bovine Serum
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Cell Signalling Technology Inc - p44/42 MAP kinase antibody Cat# 9102
USA phospho-p44/42 MAPK (TR Tyr?%%
antibody Cat# 9101

AKT antibody Cat# 9272

Phospho-AKT (Sér%) (193H12) Rabbit mAb
Cat# 9271

Phospho+#Ba (Sef?®9 antibody Cat# 9246
IkBo. antibody Cat# 9242

Phospho-JAK2 (TyF°°% antibody Cat#
3771

Lyn antibody Cat# 2732

STATS5 antibody Cat# 9352

Wortmannin

GE Healthcare Life Sciences — USA Protein A sepharosdECL-
Coomassi&” Brilliant Blue
Glutatione sepharose

Reduced Glutathione

JRH Biosciences Inc — USA Dulbecco’s Modified Eagle Med{DIEM)
Iscove’s Modified Eagle Medium (IMDM)
Phosphate Buffered Saline (PBS)

Invitrogen - Australia 1 Kb Plus DNA ladder (E-GEIDNA markers)
BenchMark' prestained protein ladder
Lipofectaminé“ 2000

Platimum Pfx DNA Polymerase

Iscove’s Modified Dulbecco’s Medium
(IMDM) - Gibco"

Dulbecco’s Modified Eagle Medium (DMEM
- Gibcd’

Phosphate Buffered Saline (PBS) - Gihco

New England Biolabs — Australia Restriction Endonucleases
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Pierce SuperSignal WestPico substrate
SuperSignal WestDura substrate
ImmunoPure Goat Anti-Mouse IgG HRP
ImmunoPure Goat Anti-Rabbit IgG HRP

B-PER’ Il bacterial protein extraction reagent

Progen Industries Ltd - Australia Isopropylf3-D-1-thiogalactopyranoside (IPTG)
T4 DNA ligase
Agarose

QIAGEN Pty Ltd QIAquick gel extraction kit
HiSpeed Plasmid Purification kit

Omniscript

Roche Germany Glycogen
Pefabloc"
Completé" protease inhibitor cocktall

AmpliTag” DNA polymerase FS

Sigma Chemical Company - USA TEMED

Ammonium Persulphate

Lennox L Agar

Lennox L Broth

Puromycin

EDTA (ethylenediamine-tetraacetic acid)
Isoamyl alcohol

EGTA (ethyleneglycol-bis-tetraacetic acid)
Ethidium Bromide

Monoclonal anti-FLAG M2 antibody
7-Aminoactinomycin D (7-AAD)

Stratagene QuikChange Site-Directed Mutagenesis kit
Upstate Cell Signalling Solutions - | Phospho-STAT5A/B antibody (TY1'°°) Cat#
USA 05-495

Anti-PI3 kinase p85 antibody
Phospho-STAT3 antibody(T{P)
Anti-JAK2 antibody Cat# 06-255
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2.1.1 Oligonucleotide PCR Primers

Gene Upstream Primer Downstream Primer Product
(5 to 3) (5" to 3) Size (bp)
hGMRa- | CGGCTGTTGGCGCCAGTTGC| CTTTGATCTGTGCAACAACT 1841
APVA ACAGATCAAAG GGCGCGAACAGCCG
hUnc119 | CCGGGATCCACCATGAAGGT| CGGGAATTCTCACTACAAGT 722
GAAGAAGG CTTCTTCAGAAATGAGTTTTT
GTTCCGTGGGATCAGGGTGT
mUncl19 | CCGGGATCCACCATGAAGGT| CGGGAATTCTCACTACAAGT 722
GAAGAAAGGCGG CTTCTTCAGAAATGAGTTTTT
GTTCGGGTGTCCCACTGTAG
mLynSH3 | CCGGAATTCACCATGGAACA | CGGGGATCCTCAGGTGTTGA 168
AGGTGACATTGTGTGGC CCTTGGCCACG
mSrcSH3 | CCGGAATTCACCATGGGTGG| CGCGGATCCTCAGGAGTCGG 171
GGTGACCACCTTTGTG AGGGCGCCAC
mp85SH3 | CCGGAATTCACCATGGCAGA| CGGGGATCCTCACCTTCCAA 216
GGGCTACCAGTACAG TGTATTCAACGTAAG

2.2 Bacterial Techniques

2.2.1 Media and Solutions

All bacterial cell culture media and glassware was aweddrior to use and aseptic
techniques were used to prevent contamination. Liquid bactesilalcalture was
carried out in Luria broth (LB), supplemented withu§Onl ampicillin to select for
transformed populations. Bacterial cultivation was carriedioun orbital shaker
(Paton Industries, Australia) at €7 overnight. Solid culture was carried out on LB

agar plates supplemented withugdml ampicillin.
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Luria Broth (LB): 10g Bacto-tryptone, 5g Bacto-yeast extract and 5g NaCl vade m
up to 1L with Milli-Q water. The pH was adjusted to 7.6 wit@] and subsequently

autoclaved.

LB Agar: 9.1g tryptone, 4.6g yeast extract, 4.6g NaCl and 13.7g agamade up to
1L with Milli-Q water. The pH was adjusted to 7.6 with H&hd subsequently

autoclaved. Plates were poured whilst the agar wasvatith.

Psi Broth: 2% Bacto-tryptone (w/v), 0.5% Bacto-yeast extract (w/v), 20mM

MgSQ,.7H,0, 10mM NaCl, adjusted to pH 7.6 with KOH and sterilisedbtpclaving.

Transformation Buffer | (Tfbl): 30mM KAc, 100mM RbCI, 10mM CagPH,0,
50mM MnCL.4H,0 and 15% glycerol, adjusted to pH 5.8 with acetic acid andistelri

through a 0.gM filter.

Transformation Buffer Il (Tfbll):  10mM MOPS, 10mM RbCI, 75mM Ca2H,0,

15% glycerol (v/v), adjusted to pH 6.5 with KOH and isitexd through a 042M filter.

2.2.2 Preparation of Chemically Competent E. coli

Escherichia coli(E. col)) strain DH® cells were made chemically competent for
transformation using a method described by Sambeball (Sambrook, Fritsch et al.
1989). 2@l of a DH%x glycerol stock was inoculated in #0of LB and aseptically
streaked onto an LB agar plate. The plate was incubated@ta®@rnight. A colony
was picked and inoculated in 50ml Psi broth and incubated°&t &til it reached an

optical density of 0.4 at 550nm. The culture was transfeaéck for 15 minutes and
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centrifuged for 5 minutes at 5000g &C4 The bacterial cell pellet was resuspended in
80ul of buffer Tfbl and incubated on ice for 15 minutes. The cellewentrifuged at
50009 for 5 minute at°€. 8ml of buffer Tfbll was then used to resuspend the cell
pellet followed by a 15 minute incubation on ice. Aliquots of conmetells were

snap frozen in liquid nitrogen and stored at’@0

2.2.3 Midi-prep Plasmid Purification

Plasmid purifications were carried out using the QIAfiltersRial Midi Kit from

QIAGEN. This method was used for the purification of DNAb® used in transient
transfections, retroviral transductions, and subcloning technidtmsthis we followed
manufacturers instructions and all DNA obtained was analysedagayose gel
electrophoresis. Concentrations were determined using a DNArggestometer

(OD 269).

2.24  Mini-prep Plasmid Purification

This mini-prep method utilises the buffers supplied with the QXfi Plasmid
Maxi/Midi Kit as described in Section 2.2.3. 2ml of overnighlture was pelleted and
the cell pellet resuspended in 30®f Buffer P1 (QIAGEN). 300l of Buffer P2
(QIAGEN) was then added and the tubes were inverted 5 timew/éal by a 5 minute
incubation at room temperature. p00f Buffer P3 (QIAGEN) was then added to the
mixture and inverted 5 times. The mixture was subsequently fogetli at 13000rpm
for 5 minutes and the supernatant transferred to a new tubgu @d6opropanol was
added to precipitate the DNA and the mixture was centrifuged at I800f@ar 15

minutes. The pellet was subsequently washed in 70% etharmal,afria 55C heating
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block and resuspended in B®f Milli-Q water. This method was used to purify DNA

for screening clones and restriction digests.

2.25 Transformation

Transformations were carried out using chemically competentoDd¢lis prepared as
described in Section 2.2.2. The entire ligation was added ta 20@ompetent cells
and incubated on ice for 30 minutes followed by a heat shock stepg@tfdi7 90

seconds. The transformation mixture was then transferred foriagurther 5 minutes.
500ul of LB was added to the mix and incubated at@7or 30 minutes. The cells
were then plated on an LB agar plate containingug0@l ampicillin and incubated

overnight at 37C.

2.3 Recombinant DNA Techniques

2.3.1 Restriction Digest and DNA ligation

Restriction endonucleases and buffers were obtained from NewariEhdiolabs
(NEB). Specifically, 1-1.Ag plasmid DNA was digested for 1-3hrs at°G7using

buffers supplied by NEB and 2 units NEB restriction endonuclease.

DNA ligations were carried out using T4 DNA ligase (Invieoy according to
manufacturers instructions. Specifically, 50ng of vector DE/8-fold molar ratio of
insert DNA, 1 X T4 DNA ligase buffer and 0.1 units of T4 DNgase were used in
each ligation. Reactions were incubated overnight &.1&ontrol ligations were also
set up lacking DNA insert, to determine the level of backgrouanh funcut or re-

ligated vector.
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2.3.2 PCR Amplification

Specific PCR primers are outlined in Section 2.1.1. ForP&R amplification
reactions, Platinum Pfx DNA Polymerase (Invitrogen) was used according to
manufacturers conditions. Specifically, PCR reactions comtal@®®ng of genomic
DNA template, 1X PCR buffer, 1 of 20mM dNTPs, ful of 50mM MgSQ, 1.5ul of
each 1M primer and fil of Platinum’ Pfx DNA Polymerase in a total volume of
50ul. Thermal cycling was carried out at°@for 15 seconds and 30 cycles of 1G4

for 15 seconds, 5& for 30 seconds and 1 minute per kb &8

2.3.3 Site Directed Mutagenesis

Targeted mutations were introduced using the QuikChaBie-Directed Mutagenesis
Kit (Stratagene). The following considerations were made wdesigning mutagenic
primers; primer length between 25-40 bases, both mutagenic priomesncthe desired
mutation and bind to the same sequence on opposite strands, and a minGhum G
content of 40% with the primer sequence ending in a G or C. fgppdmers for
hGMRa-APVA are described in Section 2.1.1. All components and conditivere
used according to manufacturers instructions. Thermal cyclingcaraied out for 18
cycles (for multiple base changes) of {@5for 30 seconds, 8& for 1 minute and 1
minute per kb at 6&]. Following mutagenesis,ullof the Dpn | restriction enzyme
(10U/ml) was added directly to each amplification reaction aodbated at 3T for 1
hour to digest the parental (ie. methylated) DNA. Correcatiut was confirmed by

DNA sequencing.
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2.34 Sequencing

DNA sequencing was conducted by the IMVS (Institute of Medical "eterinary
Science, Adelaide, Aust) Molecular Pathology Sequencing Centspecifically,
sequencing reactions were set up using 1500ng of DWAo6BigDye terminator
reaction mix (dye-labelled dedeoxynucleotides, deoxynucleotides, AagpliDNA
Polymerase FS, thermostable pyrophosphatase, Tris-HCI pH 9.0l)Vag@ 2ul of
10uM primer made up to a total volume of 20 Thermal cycling was carried out for
25 cycles of [96C for 10 seconds, 8C for 10 seconds and 8D for 4 minutes]. 8al

of 75% isopropanol was added to the reaction which was then tedub& room
temperature for 15 minutes. Following the incubation, the mixuiare centrifuged at
10000g for 20 minutes and the supernatant was discarded. The remadifngelet
was washed with 75% isopropanol and the tube was re-centrifugk@0@0g for 5
minutes. The DNA pellet was dried on a i0theating block for 1 minute. The dried

pellet was then sent to the, IMVS for DNA sequencing.

2.4 Tissue Culture

24.1 Media and Cytokines

Tissue Culture Media

All Gibco" tissue culture media was obtained from Invitrogen, Adatralscove’s
Modified Dulbecco’s Medium (IMDM) was used to culture FDB1 £e@lhd Dulbecco’s
Modified Eagle Medium (DMEM) was used to culture HEK293T celBhosphate
Buffered Saline (PBS) was used for washing cells. All licees were maintained in a
Hotpack CQ incubator (Philadelphia, USA). Cell manipulation was carriediroan

Oliphant Laminar Flow cabinet in a PC2, OGTR approved fgcilit
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Haemopoietic Cytokines

Recombinant murine IL-3 (mIL-3) was produced from baculoviegdters supplied by
Dr Andrew Hapel (John Curtin School of Medical Research, Cambgdelaide).
Recombinant murine GM-CSF (mGM-CSF), was producedEschericia coliand
purified by anion exchange and reverse phase high-performance liqomdatbgraphy
and was a kind gift from Professor Angel Lopez, Hanson Instidde)aide, South

Australia.

2.4.2 Cdl Linesand Maintenance

The murine factor-dependent cell line, FDB1 (McCormack and Gonda 2089)
cultured in IMDM supplemented with 10% heat-inactivated fetal rEvserum,
100units/ml penicillin, 10@g/ml streptomycin, and 500 bone-marrow units (BMU)
mIL-3 (1 BM unit is the amount that gives 50% maximal colony fdrom, CFU-GM,
using bone marrow cells (Metcalf 1984)). Media was supplementtd yug/ml

Puromycin to select for infected populations of cells expresem&ac gene.

The human embryonic kidney cell line, HEK293T cells was cultured MEM
supplemented with 10% fetal bovine serum, 100units/ml penicillin angugl®0

streptomycin.

2.4.3 Transent Transfection of HEK293T Cedlls

HEK293T cells were grown to 70% confluence in a T25 flask. PRoidransfection,

media was removed and replaced with 5ml fresh supplemented DEMeMiding
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antibiotics. Lipofectamiri® 2000 was used as a method of DNA transfer following
manufacturers instructions. Briefly, 500o0f DMEM was mixed with 20l of
Lipofectaminé“ 2000 reagent. In a second tube, |3aff DMEM was mixed with 8g

of DNA of interest. The two tubes were incubated at room tegiyer for 5 minutes to
allow formation of liposomes. Following this incubation, the contémis the two
tubes were mixed and incubated for a further 30 minutes at rooneratume before
being transferred to the HEK293T cells and incubated & 33r a further 48 hours.
Transiently transfected HEK293T cells were analysed by figaneetry for expression

of the desired construct.

2.4.4 Retroviral Transduction

DNA was stably introduced into murine FDB1 cells using theovetl expression
vector pRUFpuro Appendix A). Retroviral constructs were co-transfected into
HEK293T cells with the pEQ packaging plasmid (Persons, Mehaffegl. 1998) to
produce viral supernatant. Specificallygdof the gene of interest/pRUFpuro andy4
of pEQ was transfected (refer Section 2.4.3) into a 60% conflli2bt flask of
HEK293T cells. Viral supernatant was collected at 24 hours and 48 posts
transfection. For infection of FDB1 cells, this viral supeanatvas added neat to 1 X
10° cells for 6 hours. This media was then replaced with fresh emepled IMDM.
Appropriate retroviral markers were used to select infecé#ld and cell sorting was
used to isolate a population of cells expressing a retrovirddeméeg. GFP). All stable
cell lines were maintained in media supplemented wjidyrhl puromycin to maintain

expression.

59



Chapter 2 — Materials and Methods

2.5 Cell Viability Assays

Trypan Blue Exclusion

Trypan blue exclusion was used to measure cell viability. dijeeis taken up by dead
or dying cells that have reduced cell membrane integritglls @vere diluted 1:1 with
trypan blue and placed in one chamber of a Neubauer hemacytoriggter #n
inverted microscope was used to manually count the viable andiatde-cells using

the hemacytometer grid. Viability was expressed as % viiie

7-Aminoactinomycin D (7-AAD) Viability Staining

7-AAD staining (Rabinovitch, Torres et al. 1986) was used to measaioility of cells

following treatment with pharmacological inhibitors. 7-AAD asnon-permeant dye
that does not enter cells with an intact cell membrane oreacéll metabolism. The
dye enters cells with damaged plasma membranes and binasatellular structures

producing fluorescent adducts which identify “non-viable” cells.

Following 24 hour inhibitor treatment, 1 X %6ells were diluted in 1ml of DMEM (not
supplemented) in a FACS (fluorescence activated cell sottibg) 1 of 7-AAD dye
was added to each FACS tube and incubated for 15 minutes at room tenepanal
subsequently analysed by flow cytometry on a Beckman-Coultes Htiie ESP Flow

Cytometer/Cell Sorter.
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2.6 Differentiation Assay

Differentiation assays were used to examine morphological eiffiation of cells
following inhibitor treatments. 3 X £@ells of each cell type were washed 3 times with
30ml IMDM (not supplemented), and subsequently seeded at a density >of
10°cells/ml in 6-well dishes with triplicate wells for eactildype. One of these wells
was left without factor and to the other two wells either 1000BMhikf-3 or mGM-
CSF was added. Trypan blue exclusion was used to assessyvalihy 2 and day 5.
Cytocentrifugation was carried out using a Shandon Cytdspi€ytocentrifuge. On
day 5, 5 X 16cells were centrifuged onto microscope slides at 500rpm fom&ites.
These slides were stained with May-Grunwald-Giemsa and \dsdalunder a

microscope for morphology assessment.

2.7 Immunoprecipitation and Western Blotting

2.7.1 Solutions and Buffers

Modified RIPA Lysis Buffer (MRLB): 50mM Tris-HCI (pH 7.4); 1% NP-40; 0.25%
Na-deoxycholate; 150mM NaCl; 1mM EDTA; 2mM Pefabtgc1X Completé&

protease inhibitor cocktail; 1ImM MO, 2mM NaF.

5X SDS Load Buffer: 0.5M Tris-HCI (pH7.4); 0.8ml glycerol; 1.6ml 10% sodium
dodecyl sulfate (SDS); 0.43kmercaptoethanol; 0.2ml 0.5% (w/v) bromophenol blue;

Aml Milli-Q water.

61



Chapter 2 — Materials and Methods

Resolving Gel (8%): 2.7ml 30% Acrylamide/bis-acrylamide; 2.5ml 1.5M Tris
(pH8.8); 0.1ml 10% SDS; 0.1ml 10% ammonium persulfate (APE)NGN,N’,N’-

Tetramethylethylenediamine (TEMED); 4.6ml Milli-Q water.

Stacking Gel (5%): 0.83ml 30% Acrylamide/bis-acrylamide; 0.63ml 1.5M Tris

(pH6.8); 5@l 10% SDS; 101 10% APS; il TEMED; 3.4ml Milli-Q water.

10X SDS-PAGE Running Buffer: 30.2g Tris base; 1449 glycine; 10g SDS; 1L Milli-

Q water.

10X Towbin Buffer: 25mM Tris base; 192mM glycine; 10% methanol

Immunoprecipitation Wash Buffer: 50mM Tris base (pH8.0); 120mM KCI; 1mM

EDTA, 0.5% Triton-X-100

Phosphate Buffered Saline (PBS)16mM NaHPQ,; 4mM NaHPQ; to 1L with Milli-

Q water.

Phosphate Buffered Saline Tween (PBST)PBS, 0.1% Tween-20

2.7.2 |solation of Protein from Cell Lines

FDB1 cell lines, at a density of 1 X %@ells/ml, were starved of factor by washing
three times in 30ml IMDM (no supplements). Inhibitors were addettie following
concentrations unless otherwise indicated: uyNBOAG490, 5M PD98059, 2fM

u0126, 2M U0124, 2%M LY294002, and 0.6M Wortmannin. These inhibitors
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were incubated with the cells for 16 hours, or the length of grdadtor starvation,
unless otherwise indicated. Additionally, where indicatetls overe pulsed at 3T
with 1000U mGM-CSF or 1000U mIL-3 for 5 min, which was determinetiedhe
optimal time for activation of downstream signalling molecul€glls were then lysed
in 10Qul of cold MRLB (1 X 1Gcells/10Qul buffer), incubated on ice for 30 minutes
and centrifuged at 13000rpm for 5 minutes 4C.4 Protein concentration was
determined using the BioRad DC Protein Assay according to the factumer’s
instructions and 5X SDS load buffer was added (except wheredysate to be used in

immunoprecipitations), 1:4 (v/v), to each sample and boiled°& &% 5 minutes.

2.7.3 Immunoprecipitation

Immunoprecipitations (IPs) were performed usingudOwhole cell lysate from
HEK293T cells (as described in Section 2.7.2)g dbf antibody and 54 of protein A
sepharose CL 4B (50% slurry). Lysates were initially pred for 2 hr at°€, with
50ul of protein A sepharose (50% slurry). The precleared lysate imeubated with
1lug of anti-hGMRx antibody, 4H1, 50l of a 50% slurry of protein-A-sepharose, and
200ul of 1 X PBS. The IPs were rotated &€ 4or 4 hours. Following binding, the
sepharose was washed three times in IP wash buffer (Sectidi). 2.Equivalent
concentrations of cell lysate and immunoprecipitation samples wereom a 8%
acrylamide gel and were detected by western immunoblot amadgsidescribed in

Section 2.7.4.
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274 SDSPAGE Gel and Western Blotting

Acrylamide SDS page gels (8%) were made according to thgeret Section 2.7.1.
Gels were poured between two glass, 1.5mm thick, spaces MieiPROTEAN’ 3
System Plates, Bio-Rad Laboratories, Hercules, CA). eOpaclymerised, a 5%
acrylamide stacking gel was made and poured above the resgblirapnd a 10-well
comb was inserted. Once the stacking gel was polymetised;omb was removed
and Bug protein extracts or immunoprecipitations were boiled in SDS lodie rbatf
95°C for 5 minutes. The samples were then loaded and electroph@teaeconstant
voltage of 100V (Bio-Rad power supply, model 200/2.0, Bio-Rad Laborajorie

Hercules, CA).

Samples were subsequently transferred to PROTRAMtrocellulose transfer
membrane (Schleicher & Schuelle, USA) using BioRad wet tramgfparatus at 75
volts for 45 minutes. The membranes were blocked for 1 hour attesoperature in 1
X PBS, 5% non-fat dry milk, and 0.1% Tween-20. The membranes there
incubated overnight at°@ with the recommended dilutions of primary antibodies,
according to manufacturers instructions, in PBST with 5% non-fatndky Three, 10
minute washes in PBST were then performed and the membrareswagbated with
the recommended concentrations of HRP-conjugated secondary aegibodPBST
with 5% non-fat dry milk for 1 hour at room temperature. Followihrge washes with
PBST, immunolabeling was detected using SuperSignal West PRuperSignal West
Dura detection substrates. Westerns were developed on AGFARue HC-S Plus

film using a CP1000 AGFA Developer (AGFA, Germany).

64



Chapter 2 — Materials and Methods

2.8 GST Pull-down

2.8.1 GST Fusion Protein Preparation

Murine Lyn-SH3, Src-SH3 and p85-SH3 domains were amplified usingriheers
described in Section 2.1.1. These products were cloned into the pGE&Etor which
contains aac promoter for chemically inducible, high-level expressidpgendix B).
The vector also contains a thrombin cleavage site to enableegupifoteins to be
dissociated from GST using thrombin cleavage. Following cloningstogacts were
transformed into a protease-deficiéntcoli cell type, BL-21. 50ml overnight cultures
were set up in LB. The overnight culture was then inoculat@d500ml Terrific Broth
(TB) and incubated for 1.5 hours or until the &fvas approximately 0.5. 5QDof
IPTG was subsequently added to each culture and incubatedCGaf@7a further 2.5
hours for induction of the protein of interest. Bacteria ween tlysed in 10ml B-
PER’Il (Bacterial Protein Extraction Reagent) at room tempeeafor 10 minutes
followed by centrifugation at 12000rpm for 15 minutes “@.4 1ml of a 50% slurry of
glutathione sepharose was added to each lysate and rotaté@ &r430 minutes.
Samples were then spun at 2000rpm for 3 minutes and the pelletevasired 4 times
with 1 X PBS + 0.1% Triton-X-100 and finally resuspended in 1ml ofAB§ + 2mM
dithiothreitol (DTT) + 10% glycerol. To elute the fusion proteimsf the sepharose, 1
ml glutathione elution buffer was added to the sepharose and droddtegoom
temperature for 30 minutes. The sepharose was centrifugéd agd the supernatant
was retained. 10 of each eluate was run on an SDS PAGE gel and fusion proteins
were visualised by Coomassie Blue staining and protein coatiens were estimated
by comparison to BSA standards loaded on the same gel. Theselgtethen stored

at -20C for later use.
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2.8.2  GST Pull-down

GST pull-down assays (Einarson 2004) were used to assess bindingofgimivhole
cell lysates with a protein of interest tagged with GST anmdabilised on a glutathione
sepharose support. GST pull-downs were set up using 80whole cell lysate, 30
glutathione sepharose (50% slurry)ugsof purified GST fusion protein and 2d0of

IP wash buffer. The pull-down was rotated AT 4vernight followed by 3, 10minute
washes with IP wash buffer to ensure the removal of any proteosd non-
specifically to the sepharose. The sepharose was subsedaiettyin 3Qul SDS load
buffer (see recipe in Section 2.7.1) for 2 minutes 4€C95 The entire sample was then

run on an SDS-PAGE gel and subjected to western immunoblot anasiegsspecific

antibodies to detect proteins of interest bound to the immobiB&ed fusion protein.

2.9 Fluorescence Polarisation

Fluorescence polarisation was used to measure direct inesadietween the SH3
domains of murine Lyn, Src and p85 with a fluoroscein labelled mGgeptide. GST
fusion proteins were prepared as outlined in Section 2.8.1 for mL$n; and mp85
SH3 domains. Additionally, the mGMRfluorescent peptide outlined in Section 2.11

was utilised in these experiments.

A black 96-well plate was blocked with casein (@0@er well) for 1 hour at 3.
Each sample was set up in triplicate wells as follows: 1) 106MBMRa-fluoroscein
peptide; 2) 100nM hGM&-fluoroscein peptide and A GST; 3) 100nM mGMR-

fluoroscein peptide and R§ GST-mp85-SH3; 4) 100nM mGMRfluoroscein
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peptide and 259 GST-mLyn-SH3; 5) 100nM mGMRfluoroscein peptide and g§
of GST-mSrc-SH3. Each well was made up to auil®@lume with 1 X TBS pH 7.4
(6.05g Tris base; 8.86g NacCl, in 1L Milli-Q water). The ggdate was incubated for 5
minutes at room temperature prior to reading on the FLUOstar NI (BMG
Labtechnologies) fluorescence plate reader at an excitatioslevath of 520nm. Data
was analysed using FLUOstar Galaxy software and polarisagioes of the controls,
were subtracted from the other sample values to obtain thtivee change in

polarisation (ieAmP value) for the test samples.

2.10 Intracellular Flow Cytometry

Cells were fixed using a final concentration of 1.6% fodahyde in 6-well flat bottom
tissue culture dishes at ¥ for 15 minutes. Following fixation, cells were
permeabilised with 1ml ice cold methanol on ice for 30 minutesh@gmet was added
whilst vortexing). Three PBS washes were then carried ouhancktls were incubated
with the Hug/ul primary antibody (unless otherwise stated) for 30 minutes on ice.
Following a single wash in PBS, a 1:100 dilution of the corresponding-Ebhjugated
secondary antibodies were added to the samples and incubatesi fon 30 minutes.
Approximately 20,000 ungated events were collected for each samplé&pitcs Elite
ESP Flow Cytometer/Cell Sorter (Beckman Coulter, Fullert@d, USA) and

Expo™32 Version 1.2 software was used for the analysis ciatiples.
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2.11 SH3 Membrane Domain Array

The SH3 Domain Il (Panomics) is a membrane domain arrayctmeists of 34 SH3-
domains of various proteins spotted onto a nitrocellulose membrahis. array was
used to screen for potential interactors of the m@MRA short mGMRx peptide
containing the SBP motif and 5 flanking residues was synthesisedawiattached C-
terminal fluoroscein group. The membrane was blocked for 1 hooomit temperature

in 1 X PBS + 0.1% tween 20 + 2% skim milk. A solution of 1Imgim8MRa peptide

in 1 X PBS was incubated on the membrane for 2 hours at room teumperalthe
membrane was then rinsed in 1 X PBS and scanned using a fluari(iggaoori*
Fluorlmager, Molecular Dynamics).  Spot quantitation was performed using
ImageQuarit' software taking into account the local background surrounding each spot

and comparing binding affinities to GST alone as a measubackground.

2.12 Statistical Analysis and Presentation of Data

Error bars represent the standard error of the mean. Propadmd statistical
significance were analysed using the two-tailed stutiedt with a confidence interval
of either 95% (p<0.05) or 99% (p<0.01). Experiments werédaout a minimum

of three times (n=3) unless otherwise stated.
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3.1 Introduction

The cytokines; IL-3, IL-5 and GM-CSF display overlapping rolesgiowth and
differentiation of myeloid cell types such as eosinophils, neutropdnild monocytes.
Although these receptors share a common beta sulignitie ligand specific alpha
subunits confer the ligand binding specificity to the complex and therebgt dhe
activation of multiple signalling pathways which result in sfedibiological outcomes
(Geijsen, Koenderman et al. 2001). In this chapter we aim@w/éstigate the role of
GMRa in signalling from the GM-CSF receptor complex through the ideatibn and

characterisation of interacting partners.

The cytoplasmic domain of the GMRsubunit is essential for GM-CSF receptor
signalling (Geijsen, Koenderman et al. 2001). Several sthdis shown that deletion
of the short cytoplasmic domains of the ligand-specific alpha sshainalishes ligand-
induced signalling with no affect on ligand binding (Polotskaya, Zhaal.e1994;
Takaki, Kanazawa et al. 1994; Ronco, Doyle et al. 1995; MatsugZicho et al. 1997,
Doyle and Gasson 1998). Additionally, sequential deletions from then@rus of
GMRa have defined the membrane-proximal 29 amino acids as es$ensajnalling
(Takaki, Kanazawa et al. 1994; Doyle and Gasson 1998). Targetetianubf
conserved proline residues (Polotskaya, Zhao et al. 1994; DhaaMas, Chen et al.
2003) within this region is also consistent with a critical rade the membrane-
proximal SBP motif (refer Section 1.4.2.1). In particulas tmotif has been shown to
be essential for critical signalling events such as GM-D8&eed activation of JAK2

(Doyle and Gasson 1998).
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Identifying specific interaction partners of GMRwill give an indication of its role in
triggering receptor signalling and reveal which pathways atidlarefunctions are
coupled to GMR. Comparisons with other-subunits is also likely to provide clues
regarding the specificity conferred by these subunits. Domaagdbognise proline-
rich motifs are some of the most common modular recognition doniRirsn, Yandell

et al. 2000; Zarrinpar and Lim 2000; Zarrinpar, Bhattacharygh €003). We focused
on the potential SH3 recognition sequence, contained within the SBP ohdtie
GMRa cytoplasmic domain as this is likely to mediate at leastesof the interactions
that occur between the GMRand other signalling proteins. We aimed to screen a
number of candidate proteins to identify novel interactors with GMR well as

characterise some known interactors that have been ingglicaGMR signalling.

To date, few interactions between signalling molecules and &idie been identified.
Dhar-Mascarenet alidentified an interaction with the regulatory subunit of PI3K, p85,
as being important for regulating glucose uptake (Dhar-Mascaimen et al. 2003).
This interaction is postulated to occur through the SH3 domain of p&3he SBP
motif of GMRa as the interaction is dependent upon an intact PXXP motif (Dhar-
Mascareno, Chen et al. 2003). Additionally, IEKKas been shown to interact with
GMRa in a yeast-2-hybrid screen, however, the nature and role of thedtion
between these two molecules is poorly characterised (Ebner,0Bagidal. 2003). It is
unlikely that the interaction with IKE occurs directly with the proline-rich sequence in
GMRa as IKKB does not contain any proline-rich recognition motifs such as SH3 or

WW domains.
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Another potential candidate for binding to GMRs the SFK activator, Unc119.
Uncl19 is reported to associate with the ILe58nd is a potent activator of multiple
SFKs (Cen, Gorska et al. 2003; Gorska, Stafford et al. 2004)soWght to determine if
Uncl19 is an interactor with GMRgiven the high sequence similarity between ILa5R
and GMRx and the crucial role for SFK activation in GMR signalling f@ReSection

1.4.2.1).

As part of this study, we sought to confirm the interactionskéf@ and p85 with
GMRa and further characterise their contribution to GM-CSF inducextpter
signalling. Several different techniques were used to orifiese interactions. In
addition we also aimed to identify novel interactors of GMRmmunoprecipitation
and affinity pull-down assays were combined with direct peptiddifg to an SH3
domain membrane array and to GST-SH3 fusion protein for fluoresceraxésatibn

assays.

3.2 Results — Characterisation of GMRx Interactions

3.21 Identification of Lyn and Src as I nteracting Partners of GMRa

Initially we wished to identify novel interactions of candidpteteins with GMR. We
used an SH3 domain array and fluorescence polarisation techniqadgsascreen of
candidate proteins and confirmed interactions wusing GST-pulldowns and

immunoprecipitations.
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3.2.1.1 Identification of Novel Interactors of GMRda

To assess direct binding of candidate SH3 domains to &W& utilised a commercial
SH3 Domain Il protein array which contained recombinant SH3 donfeans 34
known proteins fused to GST and immobilised onto a nitrocellulose meenliman
duplicate spots (Panomics). A short mGMPBeptide containing the SBP motif and 5
flanking residues was synthesised with an attached C-terrflimaioscein group
(Figure 3.1A). In designing this peptide we used the guidelines determinedtinlya s

by Kay et al which emphasised the importance of flanking sequences in conferring
target specificity in a similar binding assay (Kay, Witlison et al. 2000). We did not
use a control peptide for screening normalisation because thisgeaptay was not
designed to be reused. This is a clear limitation of thisnigae and as such it was

used as a primary screen only.

The lyophilised peptide was solubilised in water to a finateatration of 1mg/ml and
incubated for 4 hours with the SH3 Domain Ill protein array. Foligvihree washes
in PBS, binding was determined by scanning on a fluorimager. Bindi@®GST alone
was used as a measure of background fluorescence for ImageQuanttitation and
the intensity of each spot was compared to this background control. reShks
generated from this experiment indicated binding of multiple SH3adwmnto the
GMRa peptide, including SH3 domains derived from Lyn, Src, CRK-D2 anki2N
(Figure 3.1B and Q. The graph ifFigure 3.1D shows the quantitation for the spots of
interest. Lyn, CRK-D2 and Nck2 all have volume report values {spentsity) greater
than 2 fold higher than GST alone. We observed a very stromglsigth Lyn

consistent with a direct interaction. The volume report fov@&s not significantly
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Figure 31 SH3 Domain Ill membrane array. A. Design of a terminal
fluoroscein-tagged peptide derived from the SBP motif of h@MB. Layout of

the SH3 Domain IIl membrane array (Panomics) with SH3 domaiogesl in
duplicate. D1 and D2 refer to alternative SH3 domains withiisahge proteinC.
Fluorimager scan showing binding of the fluorescent peptide to spotthe
membrane. D. Graph indicating spot intensity calculations (quantitated using
ImageQuant software) where an increased intensity suggegsisr lonfidence in
the interaction. * represents statistical significance P<@ddlduplicate spots

where n=1.
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higher than GST alone, however, other studies have suggested #orrdkc in

signalling from GMR and we therefore chose to further charaetehis candidate
along with Lyn. Due to the volume of work required to charactatiSateractions, we
did not persue any of the other interactions identified by thiabmane and this will be

considered future work.

3.2.1.2 Fluorescence Polarisation Confirms Binding of Lyn ad Src SH3

Domains to mGMRa

An alternative method for measuring direct interactions betweemproteins of interest
in a controlled environment is Fluorescence Polarisation ((F&k and Raines 2004).
FP measures the polarisation of light caused by moleculesgpiatsolution (Park and
Raines 2004). As larger molecules/complexes spin at a slatertmian smaller
molecules in liquid the rate of spin is a function of the siflea fluorescent-tagged
molecule finds and binds a second molecule, the complex spins atea sid&vand its
polarisation value therefore increases. FP is used to meagen&ctions between a
tagged molecule and a target molecule in solution. Milli-patidas (mP) units are

used to measure the changen) in the rotation of a molecule in solution.

SH3 domains of murine (m) Src and Lyn were amplified from FDBNA using PCR
and primers engineered to contaiBa&mH| and BEcoRI restriction sites for cloning
into the pGEX2T vectorAppendix B). The resultant pGEX2T construct contains the
glutathione-S-transferase (GST) coding sequence upstream obitesl $GH3 domain
allowing production of GST fusion proteins. Sequence verified clonese
transformed into a protease-deficigescherichia. colistrain, BL-21, and clones that

showed induction of proteins of the predicted sizes were seldéotethrge scale
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purification. Lysates were prepared and proteins were imreetilon glutathione
sepharose. Fusion proteins were released from the sepharoseduitd glutathione,
passed through a PD-10 desalting column and concentrated by size exclusion
chromatography. The purified proteins were then rebound to glutateaptearose,
separated on an SDS-PAGE gel alongside BSA (bovine serum albstariiolards and

their concentrations estimated using Coomassie Blue staifiggire 3.2A shows pig

of the purified GST, GST-LynSH3 and GST-SrcSH3 fusion proteind asanput for

subsequent GST fluorescence polarisation and pull-down assays.

To measure interactions with mGMRve used the previously described fluorescein
tagged peptide encompassing the PPVP motif and 5 flanking ressflue§SMRa
(Section 2.11). The peptide was incubated with GST-SH3 domain $usionLyn and
mSrc (Section 2.8.1). FLUOstar Gal&@kysoftware was used to determine thaP
values of the molecules in solutioRidure 3.2B). The Amp value for the mGMR
fluorescent peptide alone was used to measure background fluoreandneas set at

0. TheAmP value for GST + mGM&peptide was used as baseline fluorescence
polarisation. Any specific binding was assumed to havé\mP value above this

baseline value.

The data presented Figure 3.2Cis consistent with direct binding of the SH3 domains
of mLyn and mSrc to the mGMRpeptide containing the proline-rich motif. Binding
of both mLyn and mSrc SH3 domains was at least two fold higher titlar 8T alone
which was statistically significant (Section 2.12), suggesé specific interaction with

the mGMRx peptide Figure 3.20).
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Figure 3.2 Fluorescence polarisation assay identifiecGMRa interactors. A. GST-SH3 fusion
proteins purified and bound to glutathione sephamesre separated by SDS-PAGE and stained with
Coomassie BlueB. Table ofAmP values calculated for GST alone and mLyn- and r&S8T fusions
complexed with mGMR peptide.AmP values were calculated by subtracting the meRvatue of
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therefore set at 0C. Graph ofAmP values where the specific binding threshold setsat theAmP
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represents statistical significance P<0.05 follitdte samples where n=1.
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3.2.1.3 GST pull-down confirms interaction of Lyn and Src SH3 domains to

full-length hGMR a

We next wished to confirm interactions of hGiRvith the SH3 domain-containing
proteins using GST pull-down assays (Einarson 2004). We utilised $fef@ion
proteins shown irFigure 3.2A as bait for pull-down experiments with lysates from

HEK293T cells overexpressing hGMR

For expression of hGMiR in HEK293T cells we introduced the full length hGMR
cDNA using a retroviral vector, pRUFpurdgpendix A), by transient transfection
using Lipofectamine 2000 (Section 2.4.3). The expression of thefddied HEK293T
cells was determined by flow cytometry using the anti-human GMRtibody, 4H1
(Figure 3.3A). This antibody was also used to detect the expression oftisfeicted
HEK293T cells by western blot analysiiqure 3.3B). As the proline residues in the
membrane proximal region of hGMRare essential for GM-CSF-induced signalling we
also used site-directed mutagenesis to construct a W Fpuro construct where
two critical prolines in the SBP motif were substituted toiala (PPVP — APVA)
(Section 2.3.3). Mutation of these two outer prolines has beetopsty shown to

render this protein inactive (Matsuguchi, Zhao et al. 1997).

GST pull-down experiments were performed usingd26f HEK293T lysate expressing
hGMRa or hGMRx-APVA, and %ug of purified GST-SH3 domain fusion protein.
Western blot analysis was carried out using the anti-h@MRtibody, 4H1, to detect

pull-down of hGMRu.
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Figure 3.3 GST pull-down assays confirm interactionsof Src- and Lyn-SH3 domains with
hGMRa. A. Expression profiles of HEK293T cells transientlypexssing hGMR and hGMRi-
APVA. Expression was determined 48 hours aftersfiestion by staining with the anti-hGMR
antibody, 4H1. B. Western analysis of cell lysates using 4H1 antibtalydetect hGMR and
hGMRa-APVA protein.C. GST pull-down assays using SH3 domain fusions aisadSrc and Lyn
as bait to pull down hGM& or hGMRa-APVA from whole cell lysates (WCL). Complexes were
separated on an SDS-PAGE gel and anti-hGMRH1 antibody was used to detect
immunoprecipitated hGM&
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As shown inFigure 3.3C we observed association of GST-mSrcSH3 and GST-
mLynSH3 with hGMRx. These interactions were specific to the SH3 domains as GST
alone did not pull-down either wild-type or mutated hG#RBoth interactions were
abrogated by mutation of the two outer prolines of h@MRonsistent with the
interactions with mLyn and mSrc being mediated through an intachenitih SBP
motif. Whilst the interactions in these GST pulldown assayshe mediated through
other proteins in the HEK293T cell lystate, the data obtainechéyFP analysis in

Section 2.9 is also consistent with these interactioimg lwBrect.

3.2.1.4 Immunoprecipitations confirm the interaction between full-length

Lyn and hGMRa

We next aimed to confirm the interaction between Lyn and hGMR
immunoprecipitated complexes from HEK293T whole cell lysatdsGMRa was
readily detected in whole cell lysates, following transtecof HEK293T cells, and in
immunoprecipitations using the anti-hGMR antibody, 4H1 Figure 3.4A).
Endogenous Lyn could be detected in HEK293T cell lysates using & pahalonal
anti-Lyn antibody Figure 3.4B). To measure co-immunopreciptiation we used the 4H1
antibody to capture hGMR from transiently transfected HEK293T-hGMRcell
lysates and bound Lyn was detected using the anti-Lyn antibody. As shéigure
3.4B Lyn is detected in complexes precipitated from cells expre$gBMRa but not
from untransfected cells or cells expressing the APVA mutant farhGMRx. Co-
immunoprecipitation of Src to hGMRwas also investigated, however, endogenous Src

protein levels in HEK293T cells were insufficient to measto-immunoprecipitation.
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Figure 3.4 hGMRa interacts with full-length Lyn. A. hGMRa immunoprecipitation was
performed using the 4H1 antibody and whole celhigs (WCL) from untransfected HEK293T cells,
or cells transfected with pRUFpuro-hGMR Co-immunoprecipitation of Lyn with hGMR was
determined using an anti-hLyn antibodB. Abrogation of Lyn binding to hGM& by mutation of
the proline-rich sequence (PPVP - APVA). Co-preeiigtl proteins were detected with anti-hLyn
antibodies by western blot analysis after immunoipitation with anti-hGMR 4H1 antibody.
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3.2.2 Confirming Interactions of p85 and IKKS with hGMRa

As previously mentioned, recent reports have demonstrated both p85 Kfdal
interaction partners of GMIR(Dhar-Mascareno, Chen et al. 2003; Ebner, Bandion et al.
2003). We wished to confirm these interactions and further chasactbeir role in

GMR signalling.

3.2.2.1 Immunoprecipitations confirm interactions between edogenous p85

and IKK B with hGMR a

Levels of endogenous human p85 and KiK HEK293T cells were sufficient to allow
detection following immunoprecipitation of GMRas described above. Consistent
with the study by Dhar-Mascaremt al (Dhar-Mascareno, Chen et al. 2003), we were
able to co-immunoprecipitate p85 with hGMRFigure 3.5A). The interaction
appeared to be dependent on the two prolines in the SBP motif astaddimaan
inability of p85 to co-immunoprecipitate with the hGBRPVA mutant Figure

3.5B).

Endogenous levels of IKK were readily detected in HEK293T cells using western
immunoblot analysis with a rabbit polyclonal anti-I8Kantibody Figure 3.5A).
Consistent with Ebnest al (Ebner, Bandion et al. 2003), we were able to demonstrate
co-immunoprecipitation of IKR with hGMRa (Figure 3.5A). The role of IKK3 and

the NKB signalling pathway has been characterised further in Chapkewgver the
nature of the interaction between IRKand hGMRx was not characterised any further

as part of this study.
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Figure 3.5 hGMRa interacts with p85 and IKKB. A. hGMRa immunoprecipitation was performed
using the 4H1 antibody and whole cell lysates (W@&bm untransfected HEK293T cells or cells
transfected with pRUFpuro-hGMR Co-immunoprecipitation of p85 and IKKwith hGMRa was
determined using specific antibodies (see Methods82B. Abrogation of p85 binding to hGMIRR

by mutation of the proline-rich sequence (PPVP - APWithin the SBP motif. Immunoprecipitation
was performed as above and co-immunoprecipitategtipeowere detected with anti-p85 antibodies

by western blot analysis.
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3.2.2.2 Nature of the interaction between p85 and hGMR

To investigate the nature of the interaction between p85 and ocGMR assess its
dependence on the SH3 domain of p85, we performed GST pull-down assaysa
GST fusion protein containing the SH3 domain of mouse p85 (Mp8%y. obGST-
mp85SH3 was incubated with cell lysates from transfected HEK2883 transiently
expressing hGMR or hGMRx-APVA. The fusion proteins were prepared as
previously described and bound to glutathione sepharose (Section Bigute (3.6A).
Immobilised GST-mp85SH3 was incubated with lysates from HEK292Tls c
transfected with hGM& or hGMRa-APVA and pull-down assessed using western
immunoblot analysis with the anti-hGMR4H1, antibody. Using this assay we were
unable to detect binding of mp85SH3 to hGiviBr hGMRa-APVA (Figure 3.6B).

Lyn was used as a positive control for the pull-down adsgyie 3.6B).

We also performed a fluorescence polarisation assay (Sec#dn23.to address direct
interaction between mp85 and a hGiReptide. We did not detect a significant
increase iNAmP upon addition of GST-mp85SH3 when compared to GST alone
(Figure 3.6C and D. In the same experiment we were able to detect binding ghmL
to the hGMRx peptide. Taken together these experiments suggest thas p&#ei to
associate with hGMR indirectly, presumably as a consequence of binding another

molecule that interacts with the hGMFSBP motif.
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Figure 3.6 p85 does not interact with GMRx through its SH3 domain. A. GST and GST-
p85SH3 fusion proteins purified and bound to ghitate sepharose were separated by SDS-PAGE
and stained with Coomassie BluB. Pull-down of hGMRx using GST-mp85SH3 as bait. The Lyn-
SH3 interaction with hGMR was included as a control. Complexes were sepatpte8DS-PAGE
and hGMRx pull-down was detected using anti-hGBRH1 antibody. Binding to Lyn was used as a
positive control.C. Fluorescence polarisation assay. TablAmf values calculated for GST, mp85-
, mLyn- and mSrc-GST fusions incubated with mGMBeptide.AmP values were calculated by
subtracting the mean mP value of the mGipeptide from all other samples. ThenP value for
the mGMRx peptide alone was therefore set at 0. GraphroP values where the specific binding
threshold was set at tidenP value of the mMGMR peptide + GST, representing non-specific binding
of the peptide to GST. * represents statisticahificance, P<0.05 for triplicate samples where n=1.
Lyn and Src samples were included as controlshisrexperiment.
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3.2.3 The SFK Activator Uncl119

A potential mechanism for activation of the SFKs associatdtt aisubunits is
suggested by the recent report demonstrating binding of the SFktactiWncl119 to
IL5Ra (Cen, Gorska et al. 2003; Gorska, Stafford et al. 2004). Unc119adagier
protein found in relatively few tissues. It contains an SH2 dormaiaddition to a
proline rich SH3 recognition motif (Cen, Gorska et al. 2003; GorSkafford et al.
2004). In both of these studies, Unc119 was shown to be an activateKe®ndmely
Lck, Src, Hck and Lyn and a direct interaction was identified/éen Lyn and Unc119
(Cen, Gorska et al. 2003; Gorska, Stafford et al. 2004). Uncll8asdhe catalytic
activity of these SFKs through interaction with SH2 and SH3 domaihsch is
increased upon IL-5 binding to its receptor (Cen, Gorska et al. 20B8)en these
findings we postulated that Uncl119 may act as an adaptor moleadi@gito Lyn
and/or the GMIR and play a role in the activation of Lyn in response to GM-CS§-.
IL5Ra and GMRy both contain potential SH3-binding motifs, and Lyn is able to bind to

IL5Ra and GMRx (Refer Section 3.2.1) (Adachi, Pazdrak et al. 1999; Adacdhifosd

et al. 1999), we wished to determine if Unc119 was able egaictt with GMR.

3.2.3.1 Unc119 expression in myeloid cells

Uncl19has been shown previously to be preferentially expressed ia fetigashide
and Inana 1999). However, its expression in hematopoietic cells, @aedspecifically
myeloid cells, has only recently been studied (Cen, Gorska 20@B). We initially
aimed to confirm the expression tihcll9in the myeloid/haemopoietic lineages.
Human and mouse primers were designed to amplify full-led$t€119 and Unc119

from a panel of human cell line cDNAs and a panel of mouse andrhtissue cDNAS.
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(Section 2.3.2). We performed PCR f{6Actin as a control for cDNA quality and
quantity. Initially we examined the expression of hurd&C119in a panel of human
haemopoietic cell lines and confirmed expression in severdbmypaocytic cell lines
consistent with a role in myelopoiesiEdure 3.7A). HumanUNC119was detected in
the B cell lymphoma line L428 mRNA but not in any of the other B- @elldine
cDNAs testedKigure 3.7A). We also measured the expressiotJn€119in various
human and mouse tissue cDNABigure 3.7B shows expression @Inc119in mouse
thymus and fetal liver and in human fetal liver cDNAgure 3.7B). Uncl19was also
clearly expressed in the FDB1 myeloid cell line and other omyehocytic cell line
including HL-60 and KG1-A cDNAs. We were unable to det#§C1190r Unc119in

total human or mouse bone marrow cDNA samples.

3.2.3.2Unc119 Interactions

The expression pattern of Uncll9 above is consistent with expression
myelomonocytic cells which also express G#R We next aimed to investigate
whether Unc119 interacts with GMR We examined this initially using the GST-pull-

down approach described previously (Section 2.8). For this we adplifie coding

region of hUncl119 from human thymus cDNA and cloned this into the pGEX2T

expression vector resulting in production of GST-hUnc119 fusion protein.fieduri

GST-hUnc119 fusion protein was prepared as discussed in Meffigdse(3.8A). As

shown inFigure 3.8B pull-down assays confirmed the reported interaction between

Uncll19 and Lyn, however, we were unable to demonstrate an interaetiween

Uncl19 and the hGMiR(Figure 3.8B). Given that GMR is not able to bind the Lyn

86



Chapter 3 — Role of the GMRn GM-CSF Induced Signalling

g
>
% g
’ s
E s =] o
oy o Myelocytic & g0
£ B Cells @ T Cells Cells = =
5 e < -
b A = < S
§ 3358 - LA - O
< < < < &) o o
2 ZmA = ¥ 0D s
«—humarJNC119
<«— humang-Actin
B. MouseUnc119  HumanUNC119

Water Control
FDBI1 Cells
Bone Marrow
Thymus

Fetal Liver
(Water Control
Bone Marrow
Fetal Liver

<«—Uncll9

Figure 3.7 Uncll19 Expression Profile. A. PCR amplification of humarUNC119 and the
housekeeping gene humgrActin from a human cell line cDNA panel (kindly providegi Hamish
Scott, Walter and Eliza Hall. Institute). Produatere separated by agarose gel electrophoresis and
the gel was scanned on a fluorimagBr PCR amplification ofUNC1190r Unc119from murine
FDB1 cells and various human and mouse tissue cDNAs
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hUnc119 as bait and lysates from HEK293T, HEK293T™#a or HEK293T-hGMRx-APVA cells.
Anti-hLyn and anti-hGMR 4H1 antibodies were used to detect hLyn or hGMBspectively.
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pulled-down by Unc119, we would suggest that the interaction betweenahg

GMRa and that between Unc119 and Lyn are mutually exclusive.

3.3 Discussion

All available evidence suggests that triggering of tyroginases associated with the
cytoplasmic portions of the cytokine receptor subunits is a drificst step in
signalling. Of particular relevance is the JAK familykaiases (Rawlings, Rosler et al.
2004) which interact with the membrane proximal Box 1 motif of cytokeaeeptor
signalling subunits. However, there is an accumulation ofeece that is consistent
with JAK-independent signalling contributing to important outcomes foytokine
receptors including theffa(Avalos, Parker et al. 1997; Dorsch, Fan et al. 1997; Nelson,
Mclintosh et al. 1997; Corey and Anderson 1999; Tsujino, Miyazaki £088; Reddy,
Korapati et al. 2000; Tsujino, Di Santo et al. 2000). This sug@esimportant role for
other tyrosine kinases. Cytokine receptors have been shown toatesseith SFKs,
including Lck, Fyn, Hck and Lyn (for review see Corey and Andefi89; Reddy,
Korapati et al. 2000) and a substantial body of evidence impliteeSFKs in cytokine
receptor signalling including signalling from GMR/IL3R/IL5R (Cgrdeguinoa et al.
1993; Linnekin, Howard et al. 1994; Burton, Hunter et al. 1997; ChatiyriReddy et
al. 1998; Adachi, Pazdrak et al. 1999; Adachi, Stafford et al. X®&@&y and Anderson
1999; Dahl, Arai et al. 2000; Reddy, Korapati et al. 2000; IrielsaSasaki et al.
2001; Suh, Kim et al. 2005). The SFK, Lyn, has been implicate@maléng from
IL3R/IL5R/GM-CSF receptors and Lyn is activated by IL3, Ilila&GM-CSF (Corey,
Eguinoa et al. 1993; Rao and Mufson 1995; Burton 1997; Adachi, PazdrakL899]

Adachi, Stafford et al. 1999; Cen, Gorska et al. 2003; Suh, Kiah @005). Lyn can
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also physically associate with theg3:hsubunit and tyrosine residues irchare
phosphorylated by Lym vitro (Dahl, Arai et al. 2000). In spite of this the precise role
of the SFKs has been difficult to clearly establish gith@dominant role of the JAK

kinase signal.

Cytokine receptor alpha subunits confer ligand-binding specificity ytokime
receptors. The alpha subunit of the GM-CSF receptor contributesiderable
signalling specificity to the complex and recent literature atestrates a crucial role in
signalling (Dhar-Mascareno, Chen et al. 2003; Ebner, Bandion €0@B; Dhar-
Mascareno, Pedraza et al. 2005; Chen, Carcamo et al. 2006¢. poStulated that
characterisation of GM® associated events will provide important information with

regard to the mechanisms mediating the receptor response.

To better define the role of GMRIn signalling we have characterised interactions of
GMRa with known signalling proteins and screened a number of SH3 domains for
interaction with the proline-rich region of GMR We focussed on the SBP motif as
described by D’Andreat al (D'Andrea, Sadlon et al. 2004) as this is known to be
critical for signalling in response to GM-CSF and has been showa tmportant for
signalling in a number of other receptors in the family (D'AadiSadlon et al. 2004).
This proline rich sequence shows also strong homology to an SH3 recogmtiband

was therefore a likely target of binding to SH3 domain containingeiptsuch as

SFKs (D'Andrea, Sadlon et al. 2004).

This is the first report of a direct interaction between Lyn@nRa. We substantiated

the interaction using a number of different approaches including fluoresc
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polarisation, immunoprecipitation and GST pull-downs, which measuredivettt and
indirect binding. A role for Lyn in GM-CSF signalling is costeint with a substantial
body of evidence implicating SFKs in cytokine receptor signalling.addition to the
direct interaction with the GM&Rreported here, there are several other lines of evidence
that implicate a role for SFKs in GM-CSF signalling. Unpuidi data from our
laboratory has shown that GM-CSF induced growth and survival of antimena
myeloid cell line, FDB1 is sensitive to the SFK inhibitors PRid é&8U66556.
Additionally, signalling via a constitutively activated mutaft., FIA, which requires
GMRa for activity (Jenkins, Le et al. 1999) is also highly sensitiv these inhibitors .
While, another activate@. mutant, V449E, which signals independently of GMR

does not display sensitivity to the SFK inhibitors (unpublished data).

These findings are also consistent with current literature hvbiggests a functional
role for Lyn in GM-CSF signalling. As discussed above Lynb®en implicated in
signal transduction from the GM-CSF receptor, but is also knowitsf@rctivation of
inhibitory molecules that attenuate receptor signalling predontyndomough activation
of SHP-1 and SHIP-1 (Harder, Quilici et al. 2004; Hibbs and H&066). A positive
signalling role in GM-CSF responses is consistent with eviddrateLyn participates
with JAK2 to mediate EPOR responses (Ingley, McCarthy e2G05). However, in
macrophages, Lyn deficiency leads to enhanced sensitivityleCGF and M-CSF,
impaired inhibitory signalling, enhanced AKT activation and suiiarder, Parsons
et al. 2001; Baran, Tridandapani et al. 2003) suggesting that laynbe& a negative
regulator of macrophage responses to some haematopoietic growvets.fattyn -/-
mice exhibit an age-dependent myeloproliferative defect chassle by an

accumulation of myeloid and erythroid progenitor cells (Harder,i®@ut al. 2004)
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consistent with dysregulated receptor signalling. These atstedevelop macrophage
tumours with a long latency consistent with the demonstratedyadsilLyn to regulate
a number of inhibitory signalling molecules (SHP-1, SHP-2, SHIPRI-B and
SIRRx) in bone marrow derived macrophages (Harder, Parsons et al. 2D@%pite
this tumour-suppressor activity in macrophages Lyn is frequectilyaged in leukaemic
blasts from AML patients (Enzler, Gillessen et al. 2003) arichiicated in Bcr-Abl
induction of CML (zZhan 1999). Thus Lyn is likely to be involved inesal receptor
responses in myeloid cells generating both positive and negagmalss with the
outcome varying depending on receptor, cell type, stimulus and cttagaturation. It
will be important to characterise the role of the Lyn-GiMRteraction further using

primary cell populations, including cells from Lyn-/- mice &B#t, Harder et al. 2005).

We also studied the previously reported interaction between théat@y subunit of
PI3K, p85, and GMR using indirect and direct binding techniques. Dhar-Mascatno
al described this interaction and related it to a functional increaggucose uptake
demonstrating these binding events are functionally important {hacareno, Chen
et al. 2003; Dhar-Mascareno, Pedraza et al. 2005). Although we a@e to
successfully co-immunoprecipitate p85 with GMRnd showed that the interaction is
dependent upon an intact proline recognition site, we were unable tnsleate a
direct interaction between this molecule and GMIing fluorescence polarisation and
GST pull-down assays. A separate study reported an interactivedmep85 and Cbl
and showed evidence that p85 is able to associate with Lyn itginga this
association (Dombrosky-Ferlan and Corey 1997). This interaction couldtiptiye
provide a mechanism whereby p85 may associate with GW#Rjure 3.9. A role for

Cbl in GM-CSF signalling is suggested by a study that found GM-tigtulated Cbl
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tyrosine phosphorylation and association with the SH3 domain of Grb2 @&sdaiki et

al. 1995).

The p85 interaction with GM& is likely to be important for activation of the PI3K
pathway. The p85 regulatory subunit, has been strongly implicategniallsng from
the GM-CSF and IL-3 receptors and has also been shown to assoitiatien.
through the scaffolding protein 14-3-3 following serine phosphorylation afetteptor
(Guthridge, Powell et al. 2006). This provides one mechanismcfivation of the
downstream kinase AKT which in turn phosphorylates BAD, a pro-apopbaii2
homologue (Guthridge, Powell et al. 2006). In the mod€igare 3.9we propose that
the indirect interaction between p85 and the GMRrough Lyn and Cbl provides an
alternative mechanism for activation of the PI3K/AKT pathwg. Further
characterisation of these interactions and pathways areeaddairdentify specific roles

in signalling outcomes from GMR.

Ebneret al also demonstrated a direct interaction betweenfliiiid GMRx which we
were able to reproduce using immunoprecipitations with lysate fhdBMRa
transfected HEK293T celléEbner, Bandion et al. 2003). Ebrer al showed this
interaction to be direct resulting in activation of ®~through phosphorylation and
degradation of the inhibitory moleculeB (Ebner, Bandion et al. 2003). Furthermore,
there is evidence of cross-talk between the PI3K anédBNpathways as PDK1 (a
downstream kinase of AKT) has been reported to activakBNRka IKK[(3 (Tanaka,
Fujita et al. 2005). We have investigated the role of the p85-Aid IKKB-NFkB

pathways in GM-CSF receptor signalling in the following chapte
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Figure 3.9 Schematic model for GMR associated signalling and key downstream events.
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Finally, we studied the role of a SFK activator, Uncll9 ignsilling from GMR. This
protein has been implicated in signalling from the IL-5R througéctinteraction with
IL-5Ra (Cen, Gorska et al. 2003). IL-BRand GMRx are structurally similar and both
contain the SBP motif which is critical for receptor acti\ifyAndrea, Sadlon et al.
2004). We postulated that Unc119 may play a role in GMR signahogigh binding
to GMRa. Although we were able to demonstrate expressiodN€119/Unc119n
the haemopoietic compartment, and specifically in the mydiloeéage, we were unable
to demonstrate interaction between this protein and GMRing GST pull-down
assays. We did however demonstrate an interaction between Uanfi1Byn, as
previously reported (Cen, Gorska et al. 2003). Further studiesquired to establish
the role of Unc119 in GMR signalling, however its associatioh Wyn and its role as

a SFK activator suggest it may play a pivotal role.

There are both benefits and limitations to looking at binding to GMRisolation as
we have done in this study. We have identified proteins that tieev potential to
interact with GMRX, however, it will be necessary to characterise theseRGM
interactions in cells containing both GMRnd 3. subunits, such as the TF-1 cell line,
and to determine if the interactions are dependent upon ligan@adtber with the

receptor.
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4.1 Introduction

Many biological systems rely on the signalling cascadesiedi by ligand-mediated
receptor activation that in turn modulate multiple cellular resggnBo understand this
fundamental biological process one must examine how cell suréamsptors are
activated, how these receptors generate multiple intrazelgignals and how these

signals are integrated to affect cell behaviour.

As with most cytokine and growth factor receptors, multiple sligalevents are
activated by the receptor complexes for GM-CSF, IL-3 and IA€fvation of the Ras-
Raf-MAPK, JAK-STAT, PI3K-AKT pathways have been well cheterised (for review
see de Groot, Coffer et al. 1998). More recently it has becewdent that these
receptor complexes also activate KB-which has been coupled to activation of PI3K
and STAT5A/B (Nakamura, Ouchida et al. 2002; Guthridge, Barigl.e2004). All
available evidence suggests that triggering of tyrosineskmaassociated with the
cytoplasmic portions of the cytokine receptor subunits is a drificst step in
signalling. Of particular relevance is the JAK familykaiases (Rawlings, Rosler et al.
2004) which interact with Box1 on cytokine receptor signalling subunitewekder,
there is an accumulation of evidence that is consistent wKhiddependent signalling
contributing to important outcomes from cytokine receptors includipg(Avalos,
Parker et al. 1997; Dorsch, Fan et al. 1997; Nelson, Mcintosh &€9@r; Corey and
Anderson 1999; Tsujino, Miyazaki et al. 1999; Reddy, Korapati et al.; 280ino, Di
Santo et al. 2000), suggesting important roles for other tyrosineekiivaguding SFKs.
A substantial body of evidence implicates SFKs in cytokine receggoalling from

GMR/IL-3R/IL-5R (Corey, Eguinoa et al. 1993; Linnekin, Howard at 1994;
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Appleby, Kerner et al. 1995; Burton, Hunter et al. 1997; ChaturiRsidy et al. 1998;
Adachi, Pazdrak et al. 1999; Adachi, Stafford et al. 1999; CardyAsderson 1999;
Dahl, Arai et al. 2000; Reddy, Korapati et al. 2000; Irie-Sasgdsaki et al. 2001; Suh,
Kim et al. 2005), however the role of SFKs has been difficuksiablish given the

dominant role of the JAK signal.

While much is known about the signalling events activated kgkire receptor
complexes the redundancy of signalling has made it difficulbtoifidividual pathways
to specific outcomes such as cell survival, proliferation anéréifitiation. Activation
of one pathway often feeds into another resulting in a networked signa@sponse the
final outcome of which is influenced by the cell context (for epancell type, stage of
differentiation, transformation and microenvironment) (Blakenkihs et al. 2002;
Ishihara and Hirano 2002; Guthridge, Powell et al. 2006). It iar dleat many
signalling pathways converge on the same effector molecui@éssame biological
effects can be mediated by multiple effectors. Thus, the extersgnalling

redundancy and cross-talk is problematic with regard to dissettngontribution of
signalling events to various cellular outcomes (survival, ifpration and

differentiation).

We have made extensive use of a unique myeloid cell line [meD81 (see Section
4.2.1) (McCormack and Gonda 2000), that is able to undergo mitogenic or
differentiation responses and is amenable to generation of adeouaeers of
synchronously behaving cells for biochemical and molecular analyis have also
utilised a panel of constitutively activddhmutants that display a reduced range of

signalling events to address the issue of redundancy in signaitingthe GM-CSF
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receptor specifically (Gonda and D'Andrea 1997; D'Andrea and Gonda. 200@se
mutants fall into two classes that display differentvivo properties and leukaemic
activity depending on the site of the mutation (extracelle@lgr,F\, or transmembrane

domain, eg V449E) (Brown, Peters et al. 2004).

In this chapter we characterise the differential sigmgidisplayed by the two classes of
activated mutants allowing us to associate signalling ewvdttishe alternative cellular
outcomes generated by these mutantsivo. In doing so we identify pathways that
contribute to the leukaemogenic phenotype exhibited by the V449E mutationsand al
link specific signalling events to the granulocyte-macrophagerdiitiation induced by
the FA mutation. We make use of pharmacological inhibitors targetinmgus
pathways to further assess the involvement of these spegifiallsxg events in the
control of distinct cellular processes. Bearing in mind thging specificities of small
molecule inhibitors we utilised two inhibitors for each targetcmant for potential off
target effects. Table 4 summarises the inhibitors used in this study and their relative

specificities for their intended targets.
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Table 4. Specificity and mechanism of action of seencommonly used inhibitors

l.

1

—

Inhibitor Name Specificity Mechanism of Action Refeences

AG490 JAK2, JAK1, Protein tyrosine kinase (Dadi, Ke et al. 1994; Sharfe, Dadi et 3
JAK3 Inhibitor 1995; Meydan, Grunberger et al. 1996

JAK2 Inhibitor JAK2 Inhibits JAK2 (Sandberg, Ma et al. 2005)

Il autophosphorylation

uU0126 MEK1, MEK2, Binds to MEK1 and (DeSilva, Jones et al. 1998; Kamakurg
MEKS5, ERK1, uppresses its activation Moriguchi et al. 1999; Davies, Reddy ¢
ERK2, ERK5 through dephosphorylation | al. 2000)

PD98059 MEK1, MEKS5, Binds to MEK1 preventing | (Kamakura, Moriguchi et al. 1999;
ERK1, ERK2 and | its activation Davies, Reddy et al. 2000)
ERK5

Wortmannin PI3K, smooth Selective non-competitive | (Nakanishi, Kakita et al. 1992; Davies,
muscle myosin PI3K inhibitor Reddy et al. 2000)
light chain kinase
(SmMLCK)

LY294002 PI3K, Casein Selective non-competitive | (Vlahos, Matter et al. 1994; Davies,
Kinase Il (CK2) PI3K inhibitor Reddy et al. 2000)

4.2 Results

4,21 Validation of the FDB1 Cell-Line Model

Our laboratory has previously characterised an immature myelsi line, FDB1

(McCormack and Gonda 2000; Brown, Peters et al. 2004). This cellidi strictly

factor-dependent for survival, and will proliferate continuouslhegresence of miL-3
with a minimal amount of spontaneous differentiation. In the presehenGM-CSF,
FDB1 cells undergo limited proliferation and terminally differat® to generate
neutrophils and monocytes. There are a number of key advawffatles cell line over
other myeloid cell lines and primary cells for dissecting #wents involved in
proliferation and differentiation; firstly, in contrast tormpary progenitors, proliferation
and differentiation are uncoupled in FDB1 cells greatly fatiigadiscrimination of

signalling events involved in each process. Secondly, FDB1 isuiaidenia derived,; it
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has a normal karyotype and has not acquired the many co-operators lassociated
with disease progression and is therefore more likely to septenormal receptor

signalling (McCormack and Gonda 2000).

Constitutively activated mutants oBhare able to recapitulate the effects of GM-CSF
and IL-3 on FDBL1 cells (McCormack and Gonda 2000). There is good ponadsnce
between the outcomes of signalling by these activated GMBmsuin FDB1 cells and
the properties associated with these mutanteivo (McCormack and Gonda 2000).
For example, the transmembrane mutation V449E induces a myeloieneaka vivo
and can support the generation of immature myeloid cell im@&ro consistent with

its ability to drive cytokine-independent proliferation and mamtéie block in
differentiation of the FDB1 cell line even in the presencen®M-CSF (McCormack
and Gonda 1999). The 37 amino acid duplication in the extracellular dambf:
termed FA, induces cytokine-independent colony formation and leads to a
myeloproliferative diseas# vivo (McCormack and Gonda 1999). This is consistent
with the ability of this mutant to provide constitutive signals sujopgrsurvival and

differentiation of FDB1 cells.

Prior to commencing extensive biochemical analyses of thelF&# populations
expressing B mutants, we characterised the properties of the cell pagmsat The
expression of the 3 mutants in the FDB1 cells was maintained throughout
experimentation using puromycin antibiotic selection and was monitored fisimg
cytometry with an anti-FLA®" M2 antibody that recognises the FLAG epitope on the

C-terminus of the mutanf3g constructs.Figure 4.1A shows representative histograms
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measuring expression of the mutant receptors. In all the imgmes to follow,
expression of the mutant receptors was monitored by flow cytometryraintained

above 85% in puromycin.

The morphology of the FDB1 cells cultured in mIL-3 or mGM-CSF determined by
cytocentrifugation of cells onto microscope slides followed by J@aynwald-Giemsa
staining. Figure 4.1B demonstrates the promyelocyte morphology of the FDB1 cells
when maintained in mIL-3. Differentiation to mature granulocytied macrophages
occurs over a 5 day period in cultures supplemented with GM-Eigfaré 4.1B).
Analysis of the V449E cell population confirmed the ability of tmatant to induce
factor-independent survival and proliferation and to block differeotiatFDB1 V449E
cells displayed promyelocyte characteristics with a high nscte cytoplasm ratio
(Figure 4.1B). The morphology of these cells is similar to that of the paréiidB1
cells cultured in mIL-3. As previously reported, mGM-CSF was$ able to induce
FDB1 V449E cells to differentiate (data not shown) (McCormawct Gonda 2000).
Conversely, analysis of the FDB1 cell population expressing xtracellular FI
mutant confirmed that this mutant induces the factor-independeetedifiation of
FDB1 cells as previously reported. The morphology of thefecElls at day 5 is
similar to that of the parental FDB1 cells cultured in mGBFCwith approximately
equal numbers of mature granulocytes and macroph&igsé 4.1B) (McCormack

and Gonda 2000).
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Figure 4.1 Characterisation of FDB1 Cell Populatios. A.Expression of thef}, mutants FA and
V449E was measured by flow cytometry in FDB1 caltained with anti-FLAG" M2 antibody
directly conjugated to FITC. Grey histograms repreésparental FDB1 cells stained with M2 and
open histograms show staining of cells expressfgriutants. B. FDB1 cells cultured in mIL-3 and
mGM-CSF and FDB1 B and FDB1 V449E populations grown without factor frdays were

cytocentrifuged and stained with May-Grunwald-Giems& and M represent granulocytes and
macrophages respectively.
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4.2.2 Differential Signalling Capacity of Constitutive FIA4 and V449E
Mutantsin FDB1 Cells

JAK2 is activated in response to GM-CSF, IL-3 and IL-5 bindingstoeceptor and is
thought to be the primary initiating event resulting in receptdivamon and

phosphorylation (Sakamaki, Miyajima et al. 1992; Watanabe, Itcl. €996). The
JAK2-STATS signalling cascade has been studied extensivelyriousasystems and
results in altered transcription of a variety of genes inclydiing-1, Oncostatin-M Id-

1, Bcl2 andBcly, involved in the cell cycle, survival, proliferation and diffetiation

(Mui, Wakao et al. 1996; Guthridge, Stomski et al. 1998). p44/42 K&Panother
key kinase which is a member of the Ras-Raf-MAPK signaltagcade and its
activation occurs downstream of JAK2 leading to survival and pratibn (Jenkins,
Blake et al. 1998; Dijkers, van Dijk et al. 1999). To chara&gesignalling events

induced by the B. mutants in FDBL1 cells we investigated whether JAK2, STAT5 and

p44/42 MAPK activation are integral to the properties offldeand V449E mutants.

We first assessed the phosphorylation of JAK2, STAT5A/B and p44/APKMin
parental FDB1 cells, and cells expressing the constitutivetiysded FA or V449E
mutations. FDBL1 cell populations were starved of mIL-3 for 16 htureduce the
level of signalling via murine receptors, and a fractioneath population was
stimulated with a 5 minute pulse of mIL-3 or mGM-CSF as a ipesiiontrol. Western
immunoblot analysis was carried out on the stimulated and unstadyapulations to
determine the phosphorylation status of JAK2 and its downstreanioef&EATSA/B

as well as p44/42 MAPKHjgure 4.2A).
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Figure 4.2 Signalling properties of the B, mutants, FIA and V449E. A.Murine FDB1 cells
expressing thefy mutants, FA or V449E, and parental cells were starved for 46t subsequently
stimulated for 5 min with either mIL-3 or mGM-CSRCells were then lysed, separated by SDS-
PAGE, and probed with phospho-specific JAK2, STATBANd p44/42 MAPK antibodies. p44/42
MAPK was used as a loading contrBl. Following starvation and stimulation cells wereefikwith
formaldehyde, permeabilised in methanol, then sthimith phospho-specific STAT5A/B and p44/42
MAPK antibodies, followed by a secondary stain vatRITC conjugated antibody. Phosphorylation
was measured in each cell population by analydiegintensity of FITC fluorescence using flow
cytometry. Grey histograms represent isotype malcaetibody controls and open histograms
represent phospho-specific antibody staining.
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Following overnight starvation the parental FDB1 cells dismlage reduction in
phosphorylation of JAK2 and STAT5A/Brigure 4.2A). Following stimulation with
mIL-3 and mGM-CSF, FDBL1 cells showed a rapid increase in Jai®2 STAT5A/B
phosphorylation, consistent with signalling through murine IL-3 and GM+@8&éptors
(Figure 4.2A). In the absence of growth factor, expression of the V449E mutant
resulted in constitutive JAK2 and STATS5A/B activation as meabuby their
phosphorylation using phospho-specific antibodiégure 4.2A). FDB1 V449E cells

also displayed constitutive activation p44/42 MAPK.

Surprisingly, FDB1 cells expressing theARhutation did not display phosphorylation
of either JAK2 or STAT5A/B in the absence of growth factoisimg the possibility
that the survival and differentiation response of this mutantAls2dndependent
(Figure 4.2A). Phosphorylation of JAK2 and STAT5A/B was observed in FDBA FI
cells stimulated with mIL-3 or mGM-CSF similar to the pdaag cells. Activation of a
JAK2-independent pathway by this mutant is consistent with ourghdualianalysis of
serial truncations of this mutant which indicate that primagpalling is generated
distal to the Box 1 region which is thought to mediate binding of JAKtheé 3.
(Brown, Peters et al. 2004). However we cannot rule out that cayssre not
sensitive enough to detect low levels of JAK2 activity or thAtrRhy activate another
JAK family member. Although JAK2 is the predominant JAK aattv by GMR, JAK1

and TYK2 can be activated under some circumstances (de Guftdy et al. 1998).

In multiple experiments we also did not observe constitutive phosptiorylof p44/42

MAPK in FDB1 FIA cells Figure 4.2A). Once again, stimulation with mIL-3 and
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MGM-CSF resulted in phosphorylation of p44/42 MAPK in these daitaigh murine

receptor signallingKigure 4.2A).

Levels of phosphorylation of STAT5A/B and p44/42 MAPK were also assassing a
more sensitive intracellular single cell phospho-profiling apprdqichtzik and Nolan
2003; Irish, Hovland et al. 2004) to validate the immunoblot analysesab8uch
single cell data provides additional information enabling us tormi@ie whether the
increase/decrease in phosphorylation reflects increased phosgborget cell or an

increase in the number of cells responding.

Following stimulation, cells were fixed in formaldehyde, methgeymeabilised and
stained with phospho-p44/42 MAPK and/or phospho-STAT5A/B antibodies.
Appropriate FITC conjugated secondary antibody was used for detéeigume 4.2B).
STAT5A/B phosphorylation in these experiments was used as an tndieasure of
JAK2 phosphorylation as there were no commercially available phakika-
antibodies suitable for use in flow cytometry. Constitupr®sphorylation of both
STAT5A/B and p44/42 MAPK was once again readily observed by teithad in
factor-starved FDB1 V449E cells consistent with immunoblot analfsgare 4.2B).

We did not detect constitutive phosphorylation of either STAT5A/B43/42 MAPK

in FIA, or parental FDB1 cells, upon removal of factor also in agreewmi¢h previous
biochemical analyse$igure 4.1B). All FDB1 populations displayed phosphorylation
of STAT5A/B and p44/42 MAPK following 5 minute stimulation with eitmei_-3 or
MmGM-CSF. However, distinct cell populations are presenbwatlg stimulation of
parental FDB1 and FDBL1 Elcells, suggesting that there is a heterogeneous response to

the cytokine stimulus. The flow cytometry also indicates that weak GM-CSF
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response of FDB1 and FDB1/Ftells (seen ifrigure 4.2A) is associated with a small
sub-population of the cells responding to this cytokine. It is pes#ial there is a lag
in the response to stimulation with GM-CSF and a longer stimulati@may increase
the proportion of cells responding to GM-CSF. Additionally, the V448pgressing
population did not display this heterogeneous response, consistenheavitbrtstitutive
activation of p44/42 MAPK and STAT5A/B. Mean fluorescence inten@ityl)
values from this analysis were also tabulated from threepémtient experiments

(Appendix C).

Thus, while the V449E mutant clearly induces activation of JAKR its downstream
pathways via STAT5 and p44/42 MAPK we could not detect JAK2, STABS5#Y/
p44/42 MAPK activation from thef mutant, FA. The identification of a mutant
which signals predominantly through JAK2-independent mechanisms, providesua
non-redundant system in which to delineate signalling and biologicaloroatc

associated with JAK2-independent pathways from cytokine rexsept

4.2.3 FlAConstitutively Activates AKT and NF xB Pathways

Given that we could not detect JAK2, STAT5A/B or p44/42 MAPK ation in cells
responding to the Bl mutant we next wished to identify specific signalling pathways,
associated with signalling from this mutant, that may coutei to its ability to drive
factor-independent survival and differentiation ARlas been shown previously to have
an absolute requirement for the GMRor function (Jenkins, Le et al. 1999). We
therefore predicted that a GMRassociated signalling event may be responsible for the

survival signals generated by this mutant. Association with GM&s been reported
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for the regulatory subunit of PI3K, p85, and for IBKuggesting that the GMRFIA
complex may induce signalling via the PI3K-AKT and/eBiNFkB pathways. We
also confirmed these associations in our system (Chepter Reference source not
found.). We therefore assessed\Rind V449E induced phosphorylation of AKT, a
downstream effector of p85; angB, a signalling molecule involved in activation of

NFkB survival pathways.

Whole cell lysates, starved and stimulated with miL-3 or MAGSF were
immunoblotted with phospho-AKT and phosphd@lantibodies to detect signalling via
AKT and NKB pathways.Figure 4.3 shows that, in the absence of growth factofy Fl
induces robust phosphorylation of AKT andBl contrasting with the V449E mutant
which leads to much lower levekB phosphorylation and no detectable AKT
phosphorylation. Both of these pathways were activated imga&ifeDB1 cells and in
cells expressing either of the two mutants following stimulatwith mIL-3 or mGM-

CSF.

4.2.4 JAK2 and MAPK Activity are Required for V449E Survival Signals

while F14 Survival is Mediated by AKT/PI 3K
To link the biochemical analyses above to biological responseBi1 Eells and to
identify the relative contribution of signalling pathways to daghdependent cell

survival, we performed viability assays with varying conadigns of the PI3K

inhibitors, Wortmannin and LY294002; MEK inhibitors, U0126 and PD98059; and the
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IKKPB (load control)

phospho-AKT

AKT (load control)

Figure 4.3 FIA constitutively activates KB and AKT. A. Murine FDB1 cells expressing th@h
mutants, FA or V449E, or parental FDB1 cells were starved féh And subsequently stimulated for
5 min with either mIL-3 or mGM-CSF. Cells lysatesne separated by SDS PAGE and probed with
phospho-specifickB and AKT antibodies. KR and AKT were used as a loading control.
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JAK inhibitors, AG490 and JAK2 Inhibitor Il. A 24 hour time point wdsgen as
parental FDB1 cells undergo rapid apoptosis following growth faetooval. miL-3
or mGM-CSF stimulation was also used as a positive conttbleasansient activation
of endogenous murine receptors with cytokines allows a rapid inductiomukiple
signalling pathways allowing easy detection of phosphorylation eventwesyern

immunoblot analysis.

4.2.4.1 Inhibition of JAK2 using Pharmacological Inhibitors

To investigate further the requirement for JAK2 in signallirayf the FA mutant we
used two pharmacological inhibitors targeting JAK2, AG490 and JAKZbikohill
(Refer toTable 4 for inhibitor specificity information). We first examinelkt effect of
the AG490 on the survival of FDB1 cells expressing tiedfid V449E mutations. An
AG490 dose response was carried out using concentrations betweédrah@ SQM.
Concentrations over B were toxic to the FDB1 cell lineF{gure 4.4). At 25uM,
AG490 resulted in significant reduction in the levels of phospho-JAK2paodpho-
STATS5A/B, in parental FDB1 cells in mIL-3, as detected by tes®s immunoblot
analysis Appendix D). Cells were treated with increasing concentrations of AG&90
24hrs and viable cells scored by trypan blue exclusion. Parentd EEIB displayed
limited sensitivity to AG490 at low doses and showed a signifieuction in viability
at the highest dose, g®l (Figure 4.4). FIA cells showed limited sensitivity to
AG490, only showing a significant decrease in viability at liflghest concentration,
50uM,. consistent with A utilising JAK2-independent pathways for viability (Figure
4.4B). In contrast, viability of FDB1 V449E cells was significgnteduced upon

treatment with AG490 at all concentrations, in line with coutstié JAK2 activation,
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suggesting the factor-independent survival signal from thisamius predominantly
attributed to the JAK2 signalling cascade (n=3, p< 0.01) (Fig4i€)4. At least one
pathway downstream of JAK2 which mediates survival signallsigthe MAPK
pathway. The role of this pathway in survival is dicussed fuith&ection 4.3. The
effect of AG490 on survival of all cells in mIL-3 was minimekcept at the highest
dose where off target effects may be occurring. This is densisith generation of
multiple redundant survival signals in the FDB1 cells in respoosgrdwth factor

(Figure 4.4).

To confirm the reduced dependence of\ Fbr JAK2 we used a recently described
specific JAK2 inhibitor, JAK2 Inhibitor 1l Table 4) (Sandberg, Ma et al. 2005). Cell
viability was determined by 7AAD staining. FDB1 cells in r8Ldisplayed some
sensitivity to this inhibitor at all concentrations, with a maaii reduction (25%) in
viability at the highest concentration, 8@ (Figure 4.5A). In the absence of growth
factor the FA cells displayed a dose-dependent decrease in viability and 50éte
viable at 3@M JAK2 Inhibitor Il at 24hrs Figure 4.5B). However, the viability of
FDB1 V449E cells dropped much more dramatically to approximately 13f& asame
concentration Kigure 4.5C). As predicted the viability of all cells in mIL-3 showed
limited sensitivity to treatment with JAK2 inhibitor Il consistewith additional
overlapping signals generated by the murine receptagure 4.5. Interestingly,
FDB1 V449E cells cultured in mIL-3 were more sensitive to JAiRbitor Il than the
other cell populations suggesting that the presence of the V449E nwutifecting
survival signalling by the murine IL-3 complex. The mechari$itnis downregulation

remains unclear.
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Figure 4.4 Sensitivity of FDB1 V449E to the JAK Inhbitor AG490. FDB1 parental (A), i (B)

and V449E (C) cells were starved of factor and wayyconcentrations of AG490 were added for
24hrs. DMSO was used as a vehicle control foreghesperiments. Percentage viability was
determined using trypan blue exclusion. Error baepresent SEM. * represents statistical

significance compared to DMSO where p<0.01 (n=3).
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Figure 4.5. Sensitivity of FDB1 V449E to the JAK2 Ihibitor JAK2 Inhibitor Il. Parental FDB1
cells (A), or cells expressing &I (B) and V449E (C), were starved of factor and wvagyi
concentrations of JAK2 Inhibitor 1l were added ®thrs. DMSO was used as a control for these
experiments. Percentage viability was determinsthgu 7AAD staining and flow cytometric
analysis. Error bars represent SEM. * represettisstal significance compared to DMSO where
P<0.01 (n=3).
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Thus, V449E cells display higher sensitivity to two independent JiKbitors when
compared to cells expressing theARhutant. The differing sensitivities of thgch
mutants to the JAK2 Inhibitor 1l and AG490 are consistent with preakmbisurvival
signalling being mediated by JAK2-dependent pathways in V449E and Wa-JA
independent signalling in Bl The fact that A displays some sensitivity to JAK2
Inhibitor Il suggests that JAK2 contributes to survival despite liserece of detectable
phosphorylation in . This analysis confirms that the/Hmnutant will be a useful tool

for dissecting the role of JAK-independent pathways in survival.

4.2.4.2 Inhibition of MAPK Signalling Using MEK Inhibitors

We next wished to establish the relative contribution of the p44/ARKWpathway to
survival of FDBL1 cells expressing theAbr V449E activated mutants. The V449E
mutant constitutively activates the p44/42 MAPK pathway as mgied by
constitutive phosphorylation of p44/42 MAPK in FDB1 cellglre 4.2. MEK
kinases lie upstream of MAPK (Platanias 2003) and inhibition of ME&SLIts in
attenuation of p44/42 MAPK activity (Kamakura, Moriguchi et H99). Western
immunoblot analysis was carried out on parental FDB1 cells edltim varying
concentrations of the MEK inhibitors, U0126 (or control U0124) or PD98059 (or
DMSO control) to determine the appropriate concentration for Jabaissays
(Appendix D). U0124 is an inactive analogue of U0126 (DeSilva, Jones &92R)
and was used as a negative control for these experimentgsheFaability assays we
chose concentrations of 28 U0126 and 5QM PD98059 to ensure complete

inhibition of p44/42 MAPK activity.

114



Chapter 4 — Activatefl, Mutants Link Signalling Pathways to Myeloid Celr8ival

To determine the relative sensitivity to these inhibitoes measured the viability of
parental FDB1, FDB1 A and FDB1 V449E cells following 24hr incubation with
25uM U0126 and 50M PD98059. MEK inhibition did not affect the viability of the
parental FDB1 cells in IL-3Rigure 4.6A). Additionally, the viability of FDB1 FA cell
populations remained unaffected with both MEK inhibitors at 24hrs witlactdr and

in mIL-3 (Figure 4.6B). There was a significant decrease in viability for V449E
expressing cells upon treatment with both U0126 and PD98059 in the absésxerof
(Figure 4.60Q. The control inhibitor U0124 did not effect the viability of any of the
cell populations Kigure 4.6. These experiments demonstrate a clear differential
sensitivity of the mutants to the two independent MEK inhibitmssistent with the

differential activation of p44/42 MAPK observed in Section 4.2.2

These results are consistent with a central role for p44/42 Me\galling, in addition
to JAK2, in the survival of the FDB1 cells in response to the V4dRiEant. Both
STATS and p44/42 MAPK are downstream of JAK2 and have been shown tibetantr
to haemopoietic cell survival (discussed further in Section 3/&bility of all FDB1
cell populations in mIL-3 is unaffected by the MEK inhibitors, coesiswith mIL-3

activating multiple redundant survival pathways.

4.2.4.3 Inhibition of MAPK Instructs Differentiation of FDB 1 V449E Cells

We next wished to investigate whether inhibitory phosphorylation of itreade-
specific transcription factor, C/EBR by p44/42 MAPK is important in the block in
differentiation in FDB1 cells expressing the V449E mutant. Restedies have shown

that MAPK-mediated phosphorylation of C/E@8 important for the differentiation
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Figure 4.6 Sensitivity of FDB1 Cell Populations to MEK Inhibitors U0126 and PD98059.
Parental FDB1 cells (A), or cells expressing FIA (B) and V449E (C) were starved of factor
and MEK inhibitors U0126, PD98059 and the control, U0124 were added for 24hrs.
Percentage viability was determined using trypan blue exclusion. Error bars represent SEM.
* represents statistical significance compared to U0124 where P<0.01 (n=3).
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block in some AML leukaemic cell lines (Radomska, Bassered. é2006). Recent
findings by Radomskeet al identified a p44/42 MAPK phosphorylation site in
C/EBRu (Ser21), the phosphorylation of which inhibits C/EBRinction (Radomska,
Basseres et al. 2006). Furthermore, inhibition of MEK or FLeB3ared morphological
granulocytic differentiation of a leukaemic cell line, which eams an activated FLT3-

ITD receptor.

We assessed phosphorylation of C/EB&ownstream of the V449E mutant which
constititutively activates p44/42 MAPK. Parental FDB1 celisd FDB1 cells
expressing V449E were cultured without factor, or in mIL-3, and phosiattiory of
C/EBRx Ser21 was detected in whole cell lysates using the Ser21 phosplf@spec
antibody (Cell Signalling Technology). As shown kigure 4.7A, we observed
phosphorylation of C/EB# Ser21 in parental FDB1 cells cultured in mIL-3 and also in
FDB1 V449E cells cultured without factor or in miL-Bigure 4.7A). To assess
whether the p44/42 MAPK pathway contributes to the differentiation kploc
characteristic of the V449E mutant, we monitored the morphologeltd following
incubation for 48 hrs with the MEK inhibitor U0126, or control U0124. FDBiscel
cultured in mIL-3 in the presence of M U0126 underwent morphological
differentiation at 48 hrs whereas the same cells culturedliM23124 maintained the
characteristic FDB1 cell morphology. As reported previously (Mo@ak and Gonda
1999) FDB1 V449E cells did not differentiate in mIL-3, mGM-CSF,rothie absence
of factor when incubated with the control inhibitor, U0124. Howevethé presence
of U0126 we observed morphological differentiation associated witlhedsed

cytoplasm and lobulated nuclei, consistent with granulocytiemifftiation Figure
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4.7B). We also assessed the surface expression of the graruloeyker, GR-1, by
flow cytometry. The histogram overlays #Rigure 4.7C show increased GR-1
expression in all of the cell populations treated with U0126, consisteit
granulocytic differentiation.  These data suggest that in tBB1F cell line,
phosphorylation of p44/42 MAPK, through IL-3 or V449E induced receptor activat
contributes to the differentiation block, most likely via phosphanmabf C/EBRx

Ser21.

4.2.4.4 Inhibition of AKT Signalling using PI3K Inhibitors

Activation of the PI3K/AKT signalling pathway is important urvival in response to
GM-CSF and IL-3 (de Groot, Coffer et al. 1998). We again eamnd determine the
relative contribution of this pathway to signalling/survival frahe two activated
mutants. To assess the role of this pathway in FDB1 tbelisviability was measured
following 24hr treatment with the PI3K inhibitors, Wortmannin and LY294082
DMSO as a negative control. We performed immunoblot analysisgess inhibition
of AKT phosphorylation in the presence of these inhibitors. Concentraifob@, 25
and 5M of LY294002, or 0.2-10M Wortmannin were sufficient to prevent
phosphorylation of AKT Appendix E). For viability assays, 2M LY294002 and

0.5uM Wortmannin were used and DMSO was the negative control.

PI3K inhibition did not significantly affect the viability of thgarental FDB1 cells in
IL-3 (Figure 4.8A). In the absence of growth factor FDBXARlells were sensitive to
both inhibitors and showed a significant decrease in cell viabiligy a 24 hour period

(42% and 28% for LY294002 and Wortmannin respectiviéilgure 4.8B). This is
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Figure 4.7 FDB1 V449E cell differentiation induced  MEK inhibition and C/EBP a serine
phosphorylation. A. Serine phosphorylation of C/EBRn FDB1 and FDB1 V449E cells, starved
of factor or cultured in mIL-3, was determined yniunoblot analysis using a phospho-C/EBP
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granulocytes and macrophages respectiv@lyCells fromB. were stained with the GR-1 and anti-
mouse FITC secondary antibodies and GR-1 surfapeesgion was determined by flow cytometry.
MFI values are indicated for each peak.
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consistent with the PIBK/AKT pathway playing an important rolE@B1 cell survival

in response to A signalling. In contrast, neither inhibitor affected the suilvifa
FDB1 V449E cells, consistent with the lack of constitutiveTAghosphorylation by
this mutant Figure 4.80). All cells grown in mIL-3 maintained good viability
irrespective of inhibitor treatment once again emphasising theléigl of redundant
signalling in this systemF{gure 4.8). Differentiation status and proliferation rates of
all cell populations remained unaltered in the presence of botiesé inhibitors as

measured by cell cytocentrifugation and proliferation as@sta not shown).

4.3 Discussion

In this chapter we performed biochemical and inhibitor armlydi FDB1 cells
expressing activated GM-CSF receptor mutantd, &id V449E. This analysis has
demonstrated the reduced redundancy of signalling associated weahh&mnts when
compared with IL-3. We show activation of JAK2, STAT5, and p44/42PKl in
parental FDB1 cells responding to GM-CSF or IL-3, and in FDBIs atpressing
V449E in the absence of added cytokine. In contrast a comprehensoresrical
analysis of signalling using Western blotting and intracellfitav cytometry (Krutzik
and Nolan 2003) has been unable to detect JAK2, STAT5, and p44/42 MAPK
activation during the B-induced factor-independent response in FDB1 celld\ ifFl
contrast induces robust phosphorylation of AKT aki8.| Additionally, we could not
detect activation of AKT or NkB pathways in V449E expressing FDB1 populations.

Thus these two mutants display non-overlapping patterns of signall
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Figure 4.8. Sensitivity of GMR FIA to the PI3K Inhibitors LY294002 and Wortmannin. Parental
FDB1 cells(A), and cells expressing &I(B) and V449E(C) were starved of factor and PI3K
inhibitors LY294002 and Wortmannin were added fohi4 DMSO was used as a vehicle control
for these experiments. Percentage viability waterd@ned using trypan blue exclusion and
haemocytometer counting. Error bars represent SERpresents statistical significance compared to

DMSO where P<0.01 (n=3).
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4.3.1 JAK-Independent Activation of Signalling from the F1A Mutant?

The inability to detect JAK2 phosphorylation using multiple methodsesathe
possibility that signalling by the Blmutant occurs in a JAK2-independent fashion.
This is supported by several other lines of evidence. JAK2-indepesimalling is
consistent with our previous analysis of serial truncationkisfrhutant which indicate
that primary survival signalling is generated distal to Ble1l region responsible for
JAK2 association (Brown, Peters et al. 2004). The viab#igian in FAA (from amino
acid 545 to 626) includes Y577 and Ser585 which are associated withtiaatiof
known survival pathways mediated by MAPK and AKT (Brown, Pegtral. 2004).
We suggest that this JAK2-independent pathway is utilised bjigheded GM-CSF
receptor complex, although there may be extensive redundancy tebodith JAK2
activated pathwaysln vivo studies suggest that JAK2- independent signalling frBg h
will support only limited responses. While myeloid progenitors ftbenfoetal liver of
JAK2-deficient mice show a lack of growth responsiveness t8 Hnd GM-CSF
(Parganas, Wang et al. 1998), survival responses of JAK2 knockoggngtors in
response to these growth factors have not been studied in det¢gitioD of the Box1
region of the B prevents all signalling from the GM-CSF receptor (Matsugudhy

et al. 1998). Finally, mutation of all tyrosine residues inHfgecytoplasmic domain
results in an inability to activate STAT5A/B or the MARIascade. However, this
mutant is still capable of maintaining cell survival andv@ak proliferative response
(Okuda, Smith et al. 1997), consistent with an impornat role for é&ihases in these

responses.
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4.3.2 Key Survival Signalsin Fl4Include PI3K and NF xB?

Inhibitor studies suggest that theAF$urvival response is mediated predominantly by
PISK/AKT and IKKB/IkKB/NFKB pathways consistent with the observed constitutive
AKT and kB phosphorylationKigure 4.8). We observed robust activation of both of
these pathways and, given the lack of JAK2 activation, we prébditthis is mediated
via molecules associated with the GiRubunit. GMR is critical for FAA activity
(Jenkins, Le et al. 1999) and in Chapter 3 we confirmed associat®MB with the
regulatory subunit of PI3K, p85, and with IBK consistent with previous reports
(Dhar-Mascareno, Chen et al. 2003; Ebner, Bandion et al. 2003ddiion we
describe association of the GMRsubunit with the SFK, Lyn. Mutation of the SBP
motif in GMRa showed that both the Lyn and p85 association dependent on this
proline-rich motif Figure 3.4, Figure 3.5. IKK[ is a key component of the&B
kinase signalosome which acts to phosphorykie (Inhibitor of NFB) leading to its
ubiquitination and degradation, and the consequent activation B N#rget genes.
Association of IKK3 with GMRa is consistent with our observed activation of this
pathway by FA (Figure 4.3) and with several reports of MB activation by GM-CSF
and IL-3 (Denk, Wirth et al. 2000; Cruz, Duarte et al. 2001; Guthridarry et al.
2004). NKB activation also plays an important role in modulating survivahyeloid
cells (Jordan, Upchurch et al. 2000; Cruz, Duarte et al. 2001;nNakaOuchida et al.
2002; Ebner, Bandion et al. 2003). Experiments witikBlkhibitors are now needed
to confirm the contribution of this pathway to survival. Such expartcould be

performed with small molecule or peptide inhibitors that are cernially available

(Pierce, Schoenleber et al. 1997; Watanabe, Dewan et al. 2005).

123



Chapter 4 — Activatefl, Mutants Link Signalling Pathways to Myeloid Celr8ival

JAK2-independent activation of the PI3K/AKT pathway is also isbeist with the
observation that this pathway is not activated in Ba/F3 cellsessimg a3/JAK2
chimera (Liu, Fan et al. 1999). The exact mechanism by whaK/A&KT is activated
is not yet clear. We propose that Lyn or other SFKs play aimoiritiating JAK-
independent signalling downstream of the GM-CSF receptor (discuss&tapter 3).
A role for SFKs in generating JAK-independent survival signatsbleen demonstrated
previously for a number of receptors (Fresno Vara 2000; Reddy, Koetmilti 2000;

Zhu, Ling et al. 2002).

It is possible that in the absence of JAK2-mediated tyrosine phgdginan of the
receptor, Ser585 phosphorylation may initiate signal transduction hyitieg 14-3-3
and p85 to the receptor mediating their activation (GuthridgeryRet al. 2004). It has
been previously shown that tH{&Ser585Gly mutation results in defects in AKT
phosphorylation, NKB activation, Bcl2 induction and subsequently survival
(Guthridge, Barry et al. 2004). Interestingly, mutation of TyrS&Rich has been
shown to contribute to survival signals in our cell system (Brdveters et al. 2004),
leads defects in Shc, Ras and p44/42 MAPK activation but such atrstifasupports
survival in response to GM-CSF (Durstin, Inhorn et al. 1996; Guthriflgey et al.
2004). These observations together suggest thapfeiduces a signal, independent of
JAK2 activation and tyrosine phosphorylation, that is potentiallyiaied by
phosphorylation of Ser585 and subsequent activation of pro-survival génesl be
important to mutate Ser585 and assess the phosphorylation statissreksitdue in the
activated receptor mutants to determine the role of thiduesn the responses shown

here.
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4.3.3 Survival Signalsin V449E

The results from this chapter suggest that the V449E mutanttatiwely activates a
limited subset of signalling molecules including JAK2, STATS5AiR p44/42 MAPK.
Consistent with the activation of these signalling molecules survival of FDB1 cells
expressing the V449E was markedly reduced by JAK2 and, to a tedeet, p44/42
MAPK inhibitors. The survival signals generated by the V449Eantunh FDB1 cells
are therefore likely to be JAK2 mediated. In particutar, data suggests that JAK2
mediated p44/42 MAPK is a key pathway in the survival of FDBIs expressing the
V449E mutant. Consistent with our data, MAPK signalling has beemiqusly
implicated in survival of myeloid cells (Nishida and Gotoh 1993yike Shapiro et al.
1998; Chang and Karin 2001; Pearson, Robinson et al. 2001; Torii, Nak@&yaaha
2004). Additionally, JAK2-dependent activation of STAT5A/B mégoacontribute to
FDB1 V449E cell survival. STATS5A/B have also been previously icagd in
regulating myeloid cell survival (Wittig and Groner 2005; Khwaj®&0 Further
clarification of the relative roles of these pathwaysthe survival of FDB1 cells
mediated by the GM-CSF receptor mutant, V449E may requirastaeof a dominant
negative form of STATS5 (eg STATB3I49 which lacks the COOH-terminal

transactivtaion domain) (Galsgaard, Friedrichsen et al. 2001).

434 Summary

The properties of the twoph activated mutants, determined from these biochemical
studies and previous molecular analysis are summarisaguia 4.9 These properties
are consistent with the previously proposed model that the tvaseslaof mutant

represent alternative complexes, possibly intermediates irafimmnof the mature GM-
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complex (D'Andrea and Gonda 2000). Each complex initiates diffepemary
signalling events resulting in activation of complementatiways and non-redundant
signalling. We suggest that the nature of signalling fronFtAemutant will facilitate a
study of AKT and NKB activation in the absence of other signals, providing us with a
novel tool for analysing further the role of these pathways in eiyejrowth and

differentiation.
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Cell proliferation, differentiation and survival are procesbas are tightly governed by
soluble growth factors via their membrane bound receptors. Exgestsigty of growth
factor receptor signalling has revealed overlapping activafieignalling pathways for
many haemopoietic growth factors and extensive signalling redund@maki and
Leonard 2002). This signalling redundancy is problematic with regatidgecting the
contribution of signalling events to various cellular outcomesviiglr proliferation,
differentiation). It is important to develop approaches thatanme these difficulties
as these will allow the identification of potential therapetargets for the treatment of
leukaemia and other blood disorders. Further dissection of signallamgs that alter

cell behaviours is therefore warranted.

The findings described in this thesis provide new insights into tieeplayed by the
specific GM-CSF receptor subunit (GMR which is an essential component of the
functional GM-CSF receptor complex, providing a better undedsignof the
signalling pathways that contribute to GM-CSF-induced myeloid saivival. A
number of alternative approaches were used to identify novehdtiten partners of
GMRa and further characterise interactions that were previousported in the
literature. In addition, a panel of constitutively activaBdd-CSF receptor mutants that
have been characterised previously, was also utilised, teefutefine the role of the
signalling 3¢ subunit in mediating GM-CSF mediated biological outcomes. Tark,w
and other published studies (McCormack and Gonda 1997; Jenkins, Bldké358
McCormack and Gonda 1999; Brown, Peters et al. 2004) show that diftéasses of
these mutants deliver a subset of proliferative, survival differentiative signals.
Importantly, the more limited nature of the signalling respdinem these mutants

overcomes the redundancy issues associated with dissectingypaldreceptor
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function. We also made use of the unique myeloid cell line, IFDich displays a
switch between growth and granulocyte-macrophage differentidépending on the
nature of the receptor signalling (McCormack and Gonda 2000). Thised a
detailed exporation of the signalling associated with altemateceptor responses
driving survival and continuous proliferation or survival and granulosydaerophage
differentiation. In doing so, this study also revealed altemamechanisms with

differential dependence on JAK activity.

Below we discuss the key findings from these studies and how teke¢e to other
studies looking at GM-CSF receptor signalling and function. Approachdsirther

investigation of our findings are also discussed.

4.4 GMRa-Associated Signalling Events

Previous studies have indicated a key role of the membrane-praxigiah of GMRx

in signalling from the GM-CSF receptor (Jenkins, Le et al. 1€9jsen, Uings et al.
2001). In Chapter 3, we confirmed the previously reported asswc@tp85 and IKI3

with the GMRx. Multiple direct binding assays (eg. fluorescence polaoisativere
unable to demonstrate a direct interaction between p85 anduGMRe confirmed that
the p85-GMRu interaction is dependent upon an intact SBP motif as reported oy Dha
Mascarencet al (Dhar-Mascareno, Chen et al. 2003) and we suggest that trectits
occurs via other adaptor proteins in an indirect fashion. A caedatiaptor protein
that may couple p85 to GMR is the SFK, Lyn. Lyn has been shown to interact with

p85 via association with Cbl (Dombrosky-Ferlan and Corey 1997). tiaddily, we
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identified a novel and direct interaction between Lyn and @Me&bnsistent with a
potential role for Lyn in coupling p85 to the GMR In contrast to the indirect
interaction observed with p85, our data indicate that the interamtioveen IKK3 and

GMRa is direct, consistent with its isolation in a yeast-two-lgtstreen using the

GMRa cytoplasmic tail as bait (Ebner, Bandion et al. 2003).

In addition to investigating these previously identified interactiome wished to
identify other interaction partners of GMRn order to further define the signalling role
of this subunit. Using multiple techniques we were able to igeatnovel and direct
interaction between Lyn and GMRwhich was dependent on the proline-rich motif in
the membrane proximal region of GMR Specifically, the direct nature of the
interaction between the SH3 domain of Lyn and the proline-rich S&® ai GMRa
was established by fluorescence polarisation. Additionallywex able to confirm
association of Lyn and GMRin whole cell lysates using immunoprecipitation and
GST pull-down approaches. Mutation of the proline sequence (SBB ofocEMRa
prevented the association with Lyn, further suggesting afooliis motif in mediating
the interaction. The association of Lyn with GMHRs consistent with studies
demonstrating an important but complex role of Lyn in GM-CSF #iggain the
myeloid lineage (see section 1.3.7) (Li 1995; Sheng 1996; WeitLal. 1996; Dahl,
Arai et al. 2000; Harder, Parsons et al. 2001; Hibbs and Harder 2096)has also
been previously shown to interact with the ILebEStafford, Lowell et al. 2002),
further indicating that Lyn may be important in mediatiogsubunit associated
signalling events. It will be important to further study tbée of Lyn in GM-CSF

mediated signalling responses, however, this is associatediffitulties due to the
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complex role of Lyn in signalling from multiple receptors and iriedlént cell lineages
(Corey, Eguinoa et al. 1993; Rao and Mufson 1995; Burton 1997; Tilbrodkylagal.
1997; Adachi, Pazdrak et al. 1999; Adachi, Stafford et al. 1999; Gerska et al.
2003; Suh, Kim et al. 2005). A role for Lyn in GM-CSF and IL-3alling is evident
for some cell types; in particular, published studies suggestieafor Lyn in the
response to GM-CSF in macrophages and dendritic cells (Bedsittler et al. 2005;
Chu and Lowell 2005). Macrophages from the bone marrow of Lynieke are hyper-
responsive to M-CSF and there are suggestions that this igraésdor GM-CSF
(Baran, Tridandapani et al. 2003). Lyn -/- mast cells shdwper-responsiveness to
IL-3 (Hernandez-Hansen, Mackay et al. 2004). Lyn may also glaggative role in
regulating the activity of other SFKs in some cell types, amdé¢éhe observed hyper-
responsiveness could relate to constitutive activation of othes 8Fihe absence of
Lyn (Odom, Gomez et al. 2004). Additionally, GM-CSF is repopiag a critical role
in dendritic cell growth and maturation as dendritic cells ass imature in Lyn -/-

animals (Witmer-Pack, Olivier et al. 1987; Beauvitt, Harelieal. 2005).

To define the Lyn-GMR interaction in more detail it will be important to confirhret
interaction in complexes with thg. in the presence and absence of ligand. For
example; Lyn may be constitutively associated with GM&hd activated on ligand
binding potentially through interactions with the SFK activator, 118¢ which we and
others have shown to interact with Lyn (Cen, Gorska et al. 20@8)r results suggest
that Lyn is able to bind GM&in the absence of ligand, consistent with the suggestion
that it is constitutively associated with the receptor aratiwated on ligand binding.

In addition, the use of Lyn knockout haemopoietic cells (HardespRa et al. 2001) in
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conjunction with the activated3h mutants will further assess the role of this kinase in
specific signalling pathways activated by GM-CSF. Theyaisof signalling from
activatedf; mutants (Chapter 4) also indirectly supports a role for SFKsMRGSF

receptor signalling (discussed below).

4.5 B.-Associated Signalling Events

In chapter 4 we characterised signalling events associatle@hérnative constitutively
activated B. mutants, FA and V449E. This has demonstrated non-overlapping

signalling profiles between these two mutants, whictsanemarised below.

We demonstrate that &lsignals in the absence of detectible JAK2, STAT5A/B and
p44/42 MAPK phosphorylation. Interestingly, although we were unable ¢otdelh-
induced JAK2 phosphorylation, this mutant displayed limited sensitivithe JAK2
inhibitor (JAK2 Inhibitor I1). In this study, we assessed the phogyéaaon of JAK2,
and we could therefore not rule out a low level of JAK2 activityher involvement
another JAK family member. For example JAK1 and Tyk2 have beplicated in
signalling from the GM-CSF receptor (de Groot, Coffer efifB8). Consistent with a
key role for JAK-independent pathwaysAFRdlso showed limited sensitivity to a second
JAK inhibitor, AG490. Given the limitations associated with thee usf
pharmacological inhibitors, it is important to test further thquirement for JAK2
activation in FA signalling. A number of approaches to this are possible. dBaséhe
analysis outlined in this study, we predict that mutation of Boaill not impair the

function of FA and this could be tested by targeted mutagenesis of this region.
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Truncation studies suggest that the survival signal &fi$-lgenerated distal to the Box

1 region consistent with a JAK-independent survival pathway (Bré¥eters et al.
2004). Knockdown of JAK2 using siRNA has also been used effec{ietyes, Ugo

et al. 2005) and could be used as an alternative to inhibitors torfasisess the
requirement of JAK2 for A mediated signalling. Another approach used to test the

role of JAK signalling is over-expression of SOCS proteinsNlgtze et al. 2004).

In light of the reduced JAK dependence we raise the possibilitylteeSFKs, and Lyn
in particular, may be critical, in addition to JAK2, for sigrmadlifrom GMR. Taken
together with the high degree of sensitivity that thé& FRiutant displays to SFK
inhibitors (unpublished data) and the strict requirement that rthusant has for
GMRa (Jenkins, Le et al. 1999), it is likely that SFKs are ketiataors of GM-CSF

survival signalling.

In Chapter 4 we also describe constitutive activation kB/NFKB and PISK/AKT
pathways by FA and sensitivity to multiple inhibitors of these pathways. Nghlight

that the association of p85 with GMRnay be of functional importance for the activity

of this receptor. Recent studies have also shown that p85 @adsdowithf3. via the
adaptor molecule 14-3-3 (Guthridge, Stomski et al. 2000). This congibatAKT
activation of downstream survival pathways including those involviRgB\Nand Bcl2
induction (Guthridge, Barry et al. 2004). The relative rolethese events for the
survival response of the &AImutant is unclear and second site mutagenesis of the 14-3-

3 binding site, (Ser585Gly) in the Flmutant will help establish the specific events
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required for activation of this pathway. This will in turn letdinsights into the

survival signalling pathways associated with the mdigemded GM-CSF receptor.

The V449E mutant was shown, in this study, to activate JAK2, STpA4/42 MAPK
pathways consistent with its proposed stoichiometry gshomodimer (D'Andrea and
Gonda 2000). We showed that the V449E mutant activates distinellsig pathways
to FIA and were unable to detect AKT or kB phosphorylation events associated with
activation. Consistent with these observations, V449E-induced alwas relatively
sensitive to JAK2 and MEK inhibitors but did not display sensititaty?I3K inhibitors,
with respect to survival. Unpublished data from our group has atsensthat the
V449E mutant is relatviely insensitive to SFK inhibitors (unpublisti@t) indicating
that this mutant generates predominantly SFK-independent alsignals probably
mediated by JAK2. Treatment with MEK inhibitors dramaticalhyl selectively affects
survival of V449E-expressing FDB1 cells implicating the MAPKhpaty in survival
signalling.  This is consistent with the ability of this lpady to generate survival
signals in other systems (Nishida and Gotoh 1993; Lewis, Shapito198; Chang

and Karin 2001; Pearson, Robinson et al. 2001; Torii, Nakayana?€04).

We believe that the signalling exhibited byARInd V449E mutants represent a subset
of the signalling events induced from the mature liganded GM-@&¢&ptor complex
(D'Andrea and Gonda 2000). These mutants are therefore usefufatoatidressing
signalling complexity and redundancy issues. While these twadlisictivated mutants
utilise predominantly different pathways for survival it ikely that both JAK- and
SFK-dependent survival pathways are contributing to survival inmteire GM-CSF

receptor complex. These pathways may be activated concomgitantis alternate
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states controlled by varying levels of GM-CSF receptorattin by ligand (Guthridge,
Barry et al. 2004). Such a model is consistent with the meibl these mutants
representing alternative configurations or intermediates irfcitmeation of the mature

GMR complex (D'Andrea and Gonda 2000).

In summary, the findings in this thesis are in agreemetit thie current body of
evidence that suggests the speaifisubunits of the GM-CSF receptor are important
mediators of signalling in addition to conferring ligand binding spetifito the
complex. Further characterisation of the signalling role of GiRa is therefore
warranted. This thesis also describes the use of adilatmutants in characterising
signalling pathways important in achieving specific biologicatomtes. We identified
signalling differences between two classes of activatethmtss which suggest that
JAK-dependent and JAK-independent signalling mechanisms are tikkbly important
in survival signalling from the mature liganded GM-CSF ptgecomplex. The non-
redundant nature of signalling from the activated mutants vaktty facilitate further
dissection of these events and is likely to define new pathivesplved in GM-CSF
signalling. A more comprehensive understanding of how GM-CS¥atesi its cognate
cell surface receptor and, in turn how the resultant intracelsidgmals impact upon
transcriptional programs, is likely to reveal additional é#sgfor therapeutic

intervention in diseases of myelopoiesis and in myeloid leulkae
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Schematic of retroviral vector pRUFpuro. Features of the retroviral expression vector, pRUW&p
include a polylinker, an origin of replication (ORkn ampicillin resistance gene (AR viral gag
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Appendix B
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Plasmid map of the glutathione S-transferase fusiomector, pGEX2T. Reading frames and main
features are indicated (Adapted from GST Gene Rudendbook, Amersham Biosciences).
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Appendix C
FDBL1 Cells Condition Mean % Mean MFI Mean % Mean MFI
P-STAT5A/B P-STAT5A/B P-p44/42 MAPK| P-p44/42 MAPK

FDB1 No Factor 1.81+0.78 4.43+0.83 1.22+1.50 3.570.53
miL-3 62.1+7.44 10.2£0.8 39.2£11.9 6.90+1.8
mGM-CSF 34.0£5.65 7.40:0.9 14.7+8.65 4.90+1.32

FlA No Factor 9.78:12.4 5.43t1.01 2.13t2.13 3.89£0.61
miL-3 64.2£6.53 10.3t1.11 30.4£2.61 5.83t0.52
mGM-CSF 38.7£17.6 8.27+1.40 13.9£9.22 5.23+1.05

VA449E No Factor 48.9£9.45 8.87+0.45 8.073.87 4.87£0.50
miL-3 75.8£9.62 13.1+1.65 43.3£12.8 7.57£1.75
mGMCSF 69.7£7.37 11.1#1.25 13.9£6.69 5.73:1.00

Flow cytometric analysis of FDB1 and FDB1 V449E cl

Cell populations were fixed,

permeabilised and stained with phospho-STAT5A/B mitospho-p44/42 MAPK antibodies.
Expression of the phosphorylated proteins was tedeby flow cytometry. Mean MFI (mean
fluorescence intensity) and mean % positive cebsrapresented. n=3, £ SD.
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Validation of AG490, JAK2 Inhibitor Il, PD98059 and U0126 Inhibitors. FDBL1 cells were
withdrawn from miIL-3 and varying concentrationsA$490 (1), JAK2 Inhibitor 11 (2), PD980593)
and U0126(3) were added to the cultures for 16 hours. The obmhibitor U0124 (50mM) was
used for comparison with U0126 and PD98059 inhibitoCells were then stimulated with mIL-3
where indicated. Phosphorylated JAK2, STAT5A/B add/42 MAPK were detected in total cell
lysates following immunoblot with phospho-specifittibodies.
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<«— AKT (load control)

miL-3

Validation of LY294002 and Wortmannin Inhibitors. FDB1 cells were withdrawn from miIL-3
and varying concentrations of LY2940QR) or Wortmannin(2) were added to the cultures for 16
hours. Cells were then stimulated with mIL-3 whendicated Phosphorylated AKT was detected in
total cell lysates following immunoblot with phosphpecific antibodies.
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