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Summary

Human granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin (IL)-3 and

IL-5 are a group of cytokines that regulate the proliferation, differentiation and functional

activation of the various cell lineages that constitute the haemopoietic and immune systems.

These cytokines mediate their diverse biological activities by binding to specific receptors

expressed on the surface of target cells. The high-affinity receptors for human GM-CSF, IL-3

and IL-5 are heterodimeric complexes consisting of cytokine-specific cr subunits and a

common signal-transducing p subunit (hÞc).

The constitutive activation of this group of receptors has previously been demonstrated by

the identification of mutations in hBc, including two point mutations, able to confer factor

independence on the factor-dependent murine haemopoietic cell line, FDC-PI (Jenkins et al.,

1995). One of these point mutants is located in the extracellular, membtane-proximal domain

and resulted in the substitution of lle37a to Asn (I374N), whereas the other is located in the

transmembrane domain and resulted in the replacement of a Val residue with Glu at position

449 (V449E). Interestingly, only Y449E was able to confer factor independence on murine

factor-dependent BAF-803 cells, suggesting that I374N andY449E activate hBc by different

mechanisms.

Although the above study successfully isolated activating point mutations in hBc, the

screen for mutations was relatively insensitive and only covered about one third of hBc, thus

raising the possibility that other constitutive point mutations may be present in the remainder

of hBc. To address this issue, random mutagenesis was combined with a rapid retroviral

expression cloning strategy and a more sensitive screen to comprehensively screen the entire

hBc molecule. This led to the identification of additional constitutive point mutations, all of

which are clustered exclusively in a central region of hBc that encompasses the extracellular

membrane-proximal domain, transmembrane domain and membrane-proximal region of the

cytoplasmic domain. Although all of the hBc mutants confer factor independence on murine

FDC-P1 cells, most exhibited cell type-specific constitutive activity, with only two

transmembrane domain mutants also able to confer factor independence on murine BAF-803

cells. Examination of the biochemical properties of these mutants in FDC-PI cells indicated

that ERK MAP kinase and STAT signalling molecules were constitutively activated by all

mutants, In contrast, only some of the mutant B subunits were constitutively tyrosine



phosphorylated. Taken together, these results highlight key regions involved in hBc activation,

dissociate hBc tyrosine phosphorylation from MAP kinase and STAT activation, and suggest

the involvement of distinct mechanisms by which proliferative signals can be generated by

hÞ".

One of the questions raised by the isolation of the I374N mutation and the other

extracellular mutations is how they alter hpc structure and lead to receptor activation. To

address this question, site-directed mutagenesis was employed to explore predictions, based

on a structural model of hBc, suggesting the possibility of interactions between Ile37a and other

hydrophobic residues in its vicinity. Replacement of two such residues, Leu356 and Trp3s8,

with Asn resulted in constitutive activation of hBc. The prediction that these two residues are

in close proximity to Ile37a was further supported by the synergistic effect of combining

weakly activating hydrophobic substitutions at Leu3s6/Trp3s8 and l"t'+, since factor-

independent cells expressing these double mutants showed substantially higher growth rates

than the 'parental' single mutants. These results suggest that Ile37a normally interacts with

Leu3s6 and Trp358, and that disruption of these interactions results in a conformational change

in the extracellular membrane-proximal domain of hBc that leads to constitutive activity,

possibly by promoting interaction with another receptor subunit (see below).

The observation that I374N and most other hpc mutants confer factor independence on

FDC-PI cells, but not BAF-BO3 cells, implicates the involvement of cell type-specific

molecules in signalling by these mutants. Retroviral expression cloning was used to

demonstrate that introduction of the mouse (m) GMRcr subunit into BAF-803 cells expressing

the I374N mutant conferred factor independence on these cells. Most other hBc mutants also

required mGMRcr for constitutive activity in BAF-803 cells, and this corelated with the

ability of these mutants to constitutively associate with mGMRcr. The observation that

mGMRcr facilitated the constitutive activity of I374N in BAF-803 cells contrasted with the

failure of human (h) GMRo to perform this function. Importantly, expression of I374N in

human GM-CSF/IL-3ÆPO-dependent UT7 cells, which express endogenous hGMRcr, led to

factor-independent proliferation, and the expression of GMRcr on the surface of these cells

was significantly upregulated, Taken together, these observations suggest a species-specific

role for GMRcr in the constitutive activity of I374N, and this is most likely dependent upon

the species of origin in which the mutant is being tested.
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In contrast to its activity in human UT7 cells, I374N was unable to confer factor

independence on human GM-CSF/IL-3-dependent TF-1.8 cells, which also express hGMRcr:

this implied that in human cells, another cell type-specific molecule, in addition to hGMR0,

was required for the constitutive activity of I374N. Intriguingly, this molecule was identified

as'the human erythropoietin receptor (hEPOR), since co-expression of hEPOR with I374N in

TF-1.g cells conferred factor-independent proliferation. Furthermore, hEPOR and I374N were

constitutively tyrosine phosphorylated in factor-independent UT7 cells. Importantly, the bi-

directional cross-phosphorylation between hEPOR and hBc was also observed in 'uninfected'

UT7 cells stimulated with either GM-CSF or EPO. Notably, this is the first report whereby

activation of hBc, either by a constitutive mutation or GM-CSF-binding to the normal GMR,

leads to the cross-phosphorylation of EPOR. Although the biological significance of this

receptor ,cross-talk' is not yet known, it does imply that receptors can utilize other non-related

receptors, via tyrosine phosphorylation, as downstream docking molecules. Presumably, these

could then attract other signalling molecules to link the receptor to certain signalling

pathways, and in doing so, may provide receptors with a novel mechanism by which to

positively or negatively regulate the strength and/or duration of signal transduced.

In addition to furthering our understanding of both the oncogenic potential of GMR/IL-

3R/IL-5R and how they and, by implication, other cytokine receptors generate intracellular

signals, the above studies also provide a map of the location of activating point mutations in

hBc. As one of these mutations (I374N) confers factor independence on human haemopoietic

cell lines, such a map should provide a rational basis for screening human haemopoietic

disorders for alterations to hBc'
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Chapter 1

Introduction



L.L Cytokines - biologically diverse regulators

Cytokines are a large group of small, secreted regulatory glycoproteins that control the

proliferation, survival, differentiation and functional activation of a wide variety of cell

lineages (reviewed by Nicola, 1994). Some of the key features of cytokines that distinguishes

them from classical hormones are that they are produced from a diverse range of cells

dispersed throughout the body and rarely enter the circulatory system. Furthermore, individual

cytokines can exhibit a broad range of biological activities on different target cells. On the

other hand, many cytokines can exhibit overlapping biological activities on the same target

cell. Indeed, it is this functional pleiotropy and redundancy of cytokines that underlie their

diverse biological actions. Accordingly, it is not surprising that cytokines encompass families

of protein regulators involved in various biological processes such as responses to viral

infections (interferons), inflammatory and immune responses (lymphokines and monokines)

and haemopoiesis (haemopoietic growth factors).

L.2 Cytokines as haemopoietic growth factors

Haemopoiesis is a complex and highly co-ordinated process in which a small population of

self-renewing multipotential stem cells continuously generates the eight major lineages of

mature blood cells. The regulation of haemopoiesis is primarily performed by a subset of

cytokines, often loosely referred to as haemopoietic growth factors (HGFs; reviewed by

Metcalf, 1993; Metcalf, tggz). The continual development of improved culture systems able

to support the growth and differentiation of haemopoietic cells, together with technical

advances in protein chemistry and, more recently, molecular biology, has led to the

purification and cloning of over twenty of these HGFs. Despite the absence of significant

amino acid sequence similarity among HGFs, they are all predicted to adopt a similar tertiary

structure comprising a four cr-helical bundle (Nicola, 1994). Several of these HGFs belong to

a subgroup known as the colony-stimulating factors (CSFs; reviewed by Clark and Kamen,

1981; Metcalf, 1989), and these include granulocyte-macrophage (GM)-CSF, G-CSF, M-CSF

and interleukin (IL)-3. As their name suggests, the CSFs were discovered as a consequence of

their ability to stimulate the formation of granulocyte and/or macrophage colonies from bone

maffow in semisolid culture assays (reviewed by Clark and Kamen, 1987; Metcalf, 1989)' In

1



the active state, HGFs exist as either monomeric (e.g., GM-CSF, IL-3) or dimeric (e.g', IL-5)

glycoproteins.

I.2.1. Biological activities of IL-3, GM'CSF and IL-s in vitro

Among the HGFs, IL-3 exhibits biological activities on the broadest range of haemopoietic

cells and, accordingly, is also referred to as "multi-lineage colony-stimulating factor" (Multi-

CSF). From in vitro colony assays, IL-3 can stimulate the survival, proliferation and

differentiation of multipotential haemopoietic progenitor cells as well as lineage-committed

progenitors for granulocytes, macrophages, eosinophils, megakaryocytes and erythrocytes

(Kannourakis and Johnson, 1990; Metcalf et al., 1987). Furthermore,IL-3 also exhibits a

range of actions on mature cells including enhanced survival of macrophages, megakaryocytes

and eosinophils, as well as regulating the functions of mature effector cells involved in host

defence (Metcalf and Nicola,1995; see Table 1.15).

Several of the biological characteristics displayed by IL-3 are also shared with GM-CSF'

As suggested by its name, GM-CSF was initially characterized as a factor that strongly

stimulates the in vitro formation of granulocyte and macrophage colonies from bone marrow-

derived haemopoietic progenitor cells (Burgess et aL, 1911). Although subsequent studies

have demonstrated that GM-CSF also exhibits various biological activities on other

haemopoietic cell lineages (Haak-Frendscho et al., 1988; Silberstein et aI', 1986; ll;4stcalf et

aL, 1986), as well as on cells of non-haemopoietic origin (Inaba et al., 1992; Bussolino et al.,

1989), GM-CSF appears to primarily regulate the production of granulocytes, macrophages

and eosinophils from their progenitors, and stimulate the functional activities of the mature

cells (reviewed by Gasson, 1991).

In contrast to GM-CSF and IL-3, the biological actions of IL-5 are mainly restricted to the

eosinophil lineage. In vitro studies have shown that IL-5 alone can stimulate the production of

mature eosinophils from human bone marrow-derived progenitors, as well as trigger the

functional activation of the mature cells (reviewed by Sanderson, 1,992)' In addition, IL-5 has

also been reported to enhance the release of histamine from basophils (Bischoff et al', 1990).

Notably, the effector functions induced on eosinophils and basophils by IL-5 can also be

mediated by IL-3 and GM-CSF (Haak-Frendscho et aL, 1988; Silberstein et al., 1986), albeit

at greater doses, thereby emphasizing the biological redundancy exhibited by this group of

HGFs.
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!.2.2 In vivo actions of IL-3, GM-CSF and IL'5

Despite the many studies that have documented the biological activities of IL-3, GM-CSF and

n -5 in vitro, their physiological roles are not well defined. This issue has been most

extensively addressed in animal models by analyzing mice in which the genes for GM-CSF,

IL-3 and IL-5, or their receptors, have been inactivated by homologous recombination'

Surprisingl], mice deficient in either GM-CSF (Stanley et al., 1994; Dranoff et aI., 1994) or

IL-5 (Kopf et al., 1996) exhibited no developmental or steady-state haemopoietic defects'

Moreover, double-mutant mice lacking both the IL-3 gene and the gene for the common B

subunit of the GM-CSF/IL4Æ,-5 receptors, thereby abolishing all IL-3, IL-5 and GM-CSF

functions, similarly exhibited an apparently normal steady-state haemopoiesis (Nishinakamura

et al., 1996). However, the lung pathology of these mice, similar to that seen in the GM-CSF-

deficient mice (StanIey et al., 1994; Dranoff et al., 1994), resembled the human disease

pulmonary alveolar proteinosis (Wasserman and Mason, 1994). This is most likely caused by

a local defect in the GM-CsF-dependent activation of alveolar macrophages involved in

surfactant clearance and infection control. In a similar vein to the animal model, Dirksen et aI'

(Iggi) recently reported the identification of several human patients with pulmonary alveolar

proteinosis that was associated with a defect in the expression of the common B subunit (hBc)

of the GM-CSF/IL-3/tr--5 receptors. Significantly, these individuals also had no obvious

haemopoietic defects. At face value, these results suggest that IL-3, GM-CSF and IL-5 are not

important in regulating basal levels of white blood cell production.

Due to obvious restrictions in examining all aspects of responses to cytokines (e.g',

differentiation committment) in humans where analyses are restricted to blood and, to a lesser

degree, maffow samples, only a limited amount of in vivo information has been obtained for

their physiological roles. Nonetheless, clinical administration of IL-3 and GM-CSF elevates

the numbers of mature granulocytes, monocytes/macrophages and, to a lesser extent

eosinophils, as well as myeloid progenitors (Metcalf and Nicola, 1995; pages 188-204).

Furthermore, GM-CSF injections in humans enhance the functional activation of mature

granulocytes and monocytes/macrophages (Lindemann et aL, 1989; Wing et al-, 1989)'

Importantly, these in vivo studies confirm the observe d in vitro biological actions of GM-CSF

and IL-3 on the proliferation and functional activation of white blood cells.

Although these observations establish that GM-CSF and IL-3 can regulate the production

and functional activity of white blood cells in the human body, they do not address the

question of whether these factors are genuine regulators of steady-state haemopoiesis. Rather,
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the studies on mice and humans, together with the fact that GM-CSF, IL-3 and IL-5 are

predominantly produced by T lymphocytes activated in response to antigen stimulation,

implicates these HGFs as regulators in crisis situations such as immune responses to

infections and inflammation where rapid expansion of haemopoietic cells is essential. On the

other hand, it is conceivable that these HGFs do play a role in regulating steady-state

haemopoiesis, yet other regulators are also present which can compensate for their absence,

thereby again highlighting the extent of redundancy in the mechanisms controlling

haemopoiesis.

1.2.3 Role of IL-3' GM-CSF and IL'5 in disease

Considering the collective ability of these HGFs to stimulate the production and functional

activation of most blood cell lineages, it is not surprising that their overexpression has been

implicated in the development and progression of many disease states. Due to obvious

technical and ethical restrictions in performing detailed analyses on the effects of dysregulated

HGF production in humans, animal models have been extensively used to examine the effects

of overexpressing IL-3, GM-CSF and IL-5, either by the generation of transgenic mice (Dent

et al., 1990; Lang et al., 1987) or by reconstitution of mice with haemopoietic cells

constitutively expressing these factors (Vaux et al., 1990; Johnson et aL, 1989; Chang et al.,

1e8e).

t.2.3.1 rl--s

For IL-5, mice from both animal models are apparently healthy with the exception they

consistently developed life-long eosinophilia (Vaux, et al., 1990; Dent et aI', 1990). In

humans, there appears to be a striking correlation between elevated levels of IL-5 in serum or

IL-5 6RNA in tissues of several disease states associated with eosinophilia including parasite

infections, Hodgkin's disease and asthma (reviewed by Sanderson, 1992). These studies

demonstrate the central role of IL-5 in the regulation of eosinophilia and the pathological

consequences of dysregulated IL-5 production/eosinophil production.

1.2.3.2 GM-CSF and IL-3

Dysregulated GM-CSF or IL-3 production in mice results in a fatal but non-neoplastic

myeloproliferative disorder associated with extensive tissue damage due to tissue infiltration

by myeloid cells and, particularly for the GM-CSF mice, chronic inflammatory lesions
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(Johnson et a1.,1989; Chang et a1.,1989; Lang et aL, 1987). These are most likely the result

of the release of toxic products produced by the GM-CSF-induced macrophage infiltration of

tissues. By analogy, these results suggest that abnormal GM-CSF and IL-3 production could

play a role in inflammatory disease states associated with tissue damage in humans' Indeed, a

pro-inflammatory role for GM-CSF has been inferred by the recent emergence of several

studies reporting elevated mRNA and protein levels of GM-CSF in blood, serum and tissue

samples from patients with a range of inflammatory diseases including rheumatoid arthritis

and asthma (Gemou-Engesaeth et aL, 1991: Gattorno et aL, 1997;Feldmann et aI., 1996).

One notable feature of the myeloproliferative disorder observed in these mice was the

absence of a leukaemic phenotype. This is in contrast to related in vitro studies involving the

immortalized, murine IL-3lGM-CSF-dependent myeloid cell line, FDC-PI. Constitutive

production of either IL-3 or GM-CSF conferued factor independence on these cells and

resulted in their leukaemic transformation (Wong et al., 1987; Lang et al., 1985). This

difference is most likely explained by the fact that FDC-PI cells are immortalized (i.e., pre-

leukaemic), and the autocrine HGF production provides a secondary proliferative stimulus

that triggered their transformation.

It should be noted, however, that acquisition of autocrine HGF production by leukaemic

cells is not necessarily associated with factor independence. For example, despite the capacity

of many human myeloid leukaemic cells for autocrine factor (e.g., GM-CSF) production, most

types of myeloid leukaemic cells are absolutely dependent on exogenous HGFs such as GM-

CSF and IL-3 for their proliferation in vitro. Although the reasons for this observed

dependency of myeloid leukaemic cells on HGF stimulation are unknown, it suggests that

ÉIGFs may play a supportive role in the development and clonal expansion of some human

myeloid leukaemias, especially in situations where a cell has previously acquired a genetic

defect leading to a pre-leukaemic state. This is supported by the ability of antagonistic

antibodies or molecules coffesponding to IL-3 and GM-CSF to inhibit growth of leukaemic

cells (Smit, 1995; Iversen et al., 1991). In view of these observations, it is somewhat

surprising that extensive surveys of human myeloid leukaemias have detected GM-CSF gene

alterations in only a minority of cases (Schmetzer et rtl., I99J; Cheng et aI., 1988; Falcinelli et

aI., lggl) with no reports of IL-3 gene rearrangements, therefore suggesting that other

mechanisms must exist for the acquisition of autocrine HGF production by leukaemic cells.
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L.3 Structure of the receptors for cytokines

HGFs exert their biological effects by binding to and activating specific cell-surface

glycoprotein receptors. The emergence of expression cloning strategies over the last five years

has facilitated the identification of the receptors for this group of cytokines, all of which

belong to two general classes: (1) the receptor tyrosine kinases, and (2) the cytokine receptor

(CR) family. With the exception of the receptors for Flt-3 ligand (Flt-3; Rosnet et al., I99I),

stem cell factor (c-kit; Yarden et aL, 1987) and M-CSF (c-fms; Sher et aI', 1985), all HGF

receptors belong to the CR family. Unlike the receptor tyrosine kinases, the cytoplasmic

domains of CR family members do not possess any intrinsic enzymatic activities and,

furthermore, exhibit little sequence conservation. In contrast, the primary sequence data

obtained for the extracellular regions of CRs indicates that they are structurally related, albeit

to varying degrees, an observation which has led to their classification into several distinct

subgroups (Bazan, 1 990).

The receptors for many HGFs such as erythropoietin (EPO), thrombopoietin (TPO), G-

CSF, GM-CSF, IL-2, n -3, [,-4, n--5, l,-6, l--7, leukaemia inhibitory factor (LIF) and

oncostatin M (OSM), as well as receptors for other cytokines such as growth hormone (GH)

and prolactin (PRL), belong to the type I subgroup of the CR family (reviewed by Miyajima er

aI., lg92). The type II subgroup of the CR family is formed by the interferon receptors

(reviewed by Miyajima et al., 1992). Members of this family are characterized by an

extracellular cytokine receptor module (CRM) of about 200 amino acids containing several

conserved sequence elements, including two pairs of cysteine residues and the distinctive

WSXWS (Trp-Ser-Xaa-Trp-Ser) motif (Bazan,1990; Goodall et al., 1993). Elucidation of the

three-dimensional structure of the active human GH receptor complex (De Vos et al., 1992)

has revealed that the CRM is composed of two fibronectin type Itr-like subdomains (hereafter

termed cytokine receptor domains; CRDs) of approximately 100 amino acids, with each CRD

containing seven anti-parallel B-strands arranged into two B-sheets (see Fig' 1.1).

1.3.1 GM-CSF ,I.L'3 and IL-5 receptors

The high-affinity receptors for human GM-CSF (hGMR), IL-3 (hIL-3R) and IL-5 (hIL-5R) are

composed of two different subunits, an o subunit specific for each ligand (hGMRcr, hIL-3R0

andhIL-SRoc) and a B subunitcommonto allthreereceptors (hþc).As showninFig. 1'1, the

extracellular region of hBc contains two CRMs, whereas hGMRo, hIL-3Rcr and hIL-5Rcr each
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Figure 1.1. Schematic illustration of the ligand-bound GM-CSF/IL-3/IL-5

receptor complex

The receptors are composed of a cytokine-specific cr subunit (green) and a common B subunit

(blue). The extracellular regions of both cr and B subunits consist of a cytokine receptor

module (CRM), each of which consists of two fibronectin-type Itr domains, which in turn

contain seven anti-parallel p strands (dark-green aruows) aruanged into two B sheets. The p

subunit has two CRMs, whereas each cr subunit has one CRM and an additional N-terminal

domain (dark-green). Both cr and B subunits have transmembrane and cytoplasmic domains.

The four-helix bundle structure of the cytokine (GM-CSF, IL-3 or IL-5) is arbitrarily depicted

(orange).
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contain one CRM. Unlike other CR family members, the cr subunits also have an additional

N-terminal domain of about 100 amino acids that has been predicted to adopt a fibronectin

type III-like structure similar to that of the CRDs'

The cr subunits bind their cognate factors with low affinity, whereas hBc does not bind any

ligand by itself, but is required to confer high-affinity binding when co-expressed with the cr

subunits (Tavernier et aI., l99l; Kitamura et al., 1991b; Hayashida et al', 1990; Geaing et al.,

1989). Moreover, hpc is essential for signal transduction (Sakamaki et al., 1992; Kitamura

and Miyaj ima, 1992; Sato et al., 1993), and as a shared signal-transducing component,

provides a molecular explanation for the overlapping biological characteristics of GM-CSF'

IL-3 and IL-5.

1.4 Mechanisms of cytokine receptor activation

The mechanisms by which cytokine binding induces receptors to form active signal-

transducing complexes have not been fully elucidated, but there is increasing evidence to

indicate that ligand-induced dimerization of receptor subunits is an essential early step in

triggering CR activation. To date, the best characterized active CR complex is that of the

human GH receptor (hGHR), the tertiary structure of which has been elucidated by X-ray

crystallography (De Vos ¿/ at., 1992). The active hGHR complex exists as a homodimer in

which both hGHR subunits interact with each other and a single GH molecule. In a similar

vein, the active receptor complexes for PRL (Hooper et al., 1993), EPO (Watowich et al',

I992;Livnah et al., tgg6), TPO (Alexander et al., 1995) and G-CSF (Fukunaga et aI., 1990;

Fukunaga et a1.,1991) also appear to be homodimeric, with each receptor subunit exhibiting

both ligand-binding and signalling functions. As will be discussed below (see section 1.6),

some of the evidence for this has arisen from the isolation and characterization of

constitutively active receptor mutants.

The receptors for a number of other cytokines are more complex and are comprised of two

or more distinct subunits, one of which is primarily involved in ligand-binding, and the

other(s) in affinity conversion and signal transduction. For example, the active IL-6 receptor

complex consists of two IL-6 molecules associated with two Il-6-specific u subunits and a

dimer of the common signalling subunit, gp130 (Ward et al., 1994; Murakami et al., 1993).

The complexity of active CR structures is further epitomized by the n--2 teceptor, in which
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IL-2 induces association of a ligand-binding ø subunit and two distinct signalling subunits' B

and 1(Taniguchi and Minami,1993)'

L,4.1 GM-CSF, IL-3 and IL-5 receptors

In the absence of crystal structures for the hGMR, hIL-3R and hIL-5R complexes, it has

become clear that the formation of active hGMR and hIL-3R complexes involves ligand-

induced cr and p subunit heterodimeúzation (Bagley et al., t991; Stomski et al., I996;Eder et

at., 1994). However, Woodcock et aL (7997) recently reported that the o and B subunits of the

hGMR, unlike the hIL-3R, also associate in the absence of ligand, suggesting that there are

fundamental differences in the mechanism of hGMR and hIL-3R activation.

Despite these observations, the precise stoichiometry of subunits in the active receptor

complexes remains unresolved. Chimaeric receptors containing the hBc cytoplasmic domain

fused to the extracellular domains of hGMRu or hIL-5Rcr have been reported to confer

cytokine-dependent growth on haemopoietic cells, suggesting that dimerization of the hpc

cytoplasmic domain is sufficient for cellular proliferation (Muto et al., 1995; Takaki et al.,

1994;p;der et at., 1994). Furthermore, an activating mutation in the transmembrane domain of

hBc (V449E) has been proposed to act by inducing homodimeÅzation of hBc (Jenkins et al.,

1995). Consistent with a role for B subunit dimerization in receptor activation, it has been

shown that B subunit homodimers are found in active hGMR complexes (Muto et aI', 1996)'

More recently, it was observed that the functional hGMR complex may contain at least two O¿

subunits (Lia et al., 1996).In the context of receptor stoichiometry, these results suggest that

the cr and B subunits of these receptors may form higher order complexes (BagIey et al', 1997',

Lia et aL, t996).

1.5 Signalting by GM-CSF, IL-3 and IL-S receptors

Over the last few years an intense effort has gone into elucidating the signal transduction

pathways that are activated by CRs, including the GMR, IL-3R and IL-5R. From these studies,

it has become apparent that the mechanisms by which primary signals are generated from CRs

are essentially similar, and this process is epitomized by the GMR/IL-3R/IL-5R system.
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1.5.L Tyrosine phosphorylation and signalling pathways

Despite the absence of intrinsic tyrosine kinase activity in the cytoplasmic domains of the cr

and B subunits of the hGMR, hIL-3R and hIL-SR, cytokine binding to these receptors results

in the induction of several cellular responses, such as tyrosine phosphorylation of intracellular

substrates, including the p subunit itself (Quelle et al., 1994; Sakamaki et aL, 1992; Duronio

et al., lgg2). These phosphorylation events are primarily mediated by the cytoplasmic tyrosine

kinase JAK¿, a member of the Janus kinase family (reviewed by Ihle, 1995). Indeed,

activation of JAK molecules is believed to be the essential step for the activation of all other

signalling pathways. Ligand-induced receptor association leads to JAK2 tyrosine

phosphorylation and activation, most likely via transphosphorylation of B subunit-associated

JAI<Z molecules brought together upon P subunit dimerization. The activated JAKZ

molecules then phosphorylate tyrosines on several signalling molecules, including signal-

transducers and activators of transcription (STAT) family members (reviewed by Darnell, Jr.

Ig97), as well as on the B subunit (Watanabe et al., 1996), the latter providing docking sites

for hBc-associated signalling molecules via their Src homolgy 2 (SH2) and/or

phosphotyrosine-binding (PTB) domains. The culmination of these phosphorylation events is

the activation of several signalling cascades including the Ras-Raf-MAP kinase (Marshall,

1995) and STAT pathways (Darnell, Jt.1997).

The activation of other non-receptor tyrosine kinases, such as members of the Src family,

in response to various cytokines has also been reported (Anderson and Jorgensen, 1995;

Venkitaraman and Cowling, 1992; Kobayashi et al., 1993; Appleby et al', 1995). Although

the precise role of Src-like kinases in CR signalling has yet to be determined, evidence for the

involvement of these kinases in IL-3R signalling has come from a recent report demonstrating

the association of Src-like kinases with the B subunit of the IL-3R (Burton et al., 7997).

I.S.Z Role of cytoplasmic domains in transducing biochemical

signals

Considering the major role hBc plays in signal transduction, an extensive range of deletion

mutants has been used to define regions in the cytoplasmic domain of hpc that are associated

with the activation of particular signalling pathways. The membrane-proximal region,

comprising a relatively conserved sequence motif termed box 1 (Murakami et aL, 1991), is

essential for JAK2 association/activation (Gale et aL, 1998; Quelle et al', 1994;Watanabe et
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al., lgg6),as rwell as activation of STAT5 (Mui et al., 1995) and induction of c-myc (Sato er

at., 1993). A second region distal to box t has been shown to be essential for both the

activation of the Ras-Raf-MAP kinase pathway and induction of c-fos and c-jun (Sato et aI.,

1993).

other studies which have examined the role of the various tyrosine residues of hBc in

signalling have shown several of these tyrosines to be likely sites of phosphorylation, with

some serving as binding sites for the adapter molecule Shc (Pratt et al', 1996) and the

cytoplasmic tyrosine phosphatases SHP-1 and SHP-2 (Bone et al', 1997). More recent studies

have also indicated that there exists a degree of redundancy among the cytoplasmic tyrosines

in hpc, with several different tyrosines being able to activate the same signalling pathway

(Okuda et al., l99:.; Itoh et at., 1998). Consistent with the deletion analyses, the tyrosine

residues important for phosphorylation of Shc and SHP-2 are located within the region of hBc

implicated in activation of the Ras-Raf-MAP kinase pathway, and both of these molecules are

believed to provide receptors with a link to Ras signalling (Rozakis-Adcock et aI', 1992;

Bennett et al.,1994 McCormick, 1993)'

Although deletion studies have shown that the short cytoplasmic domains of GMRcr

(polotskaya et al., Igg3),IL-3Ro (Baruy et al., 1991) and IL-5Rcr (Takaki et al', 1993) ate

essential fbr receptor signalling, the critical regions within their cytoplasmic domains and

their exact role in the signal transduction process is unclear. From a limited number of studies,

it appears that the membrane-proximal region in their cytoplasmic domains, which contains a

proline-rich motif that is highly conserved among the cx subunits, plays a vital role in

mediating receptor signal transduction (Kouro et al., 1996; Matsuguchi et al., I99l;Takaki et

at., 1994). These studies also indicate that there are other, albeit poorly defined, sequence

elements distal to the proline-rich motif that contribute to this process. In view of these

observations, it is somewhat surprising that no signalling molecules have yet been detected

that associate'with the cr subunits'

1.5.3 Correlation of signalling pathways regulated by receptor

cytoplasmic domains with biological responses

Extensive work has elucidated the regions of hBc, and their associated signalling pathways,

that are involved in both proliferation and survival of haemopoietic cells. The membrane-

proximal region of hBc responsible for JAK2/STAT5 activation and c-myc induction is

sufficient for DNA synthesis, resulting in short-term proliferation (Kinoshita et aI., L995;
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Sakamaki et aL, 1992), and an adjacent region encompassing the loosely conserved box 2

motif (Murakami et al., 1991) enhances this proliferative response (Itoh et al., 1996;

Sakamaki et al., 1992). Activation of the Ras signalling pathway has been linked to the

prevention of apoptosis (Terada et al., 1995; Kinoshita et al., 1995), and long-term cell

survival and proliferation requires activation of both JAK2 and Ras signalling cascades (Sakai

and Kraft, 1997; Kinoshita et al., 1995).

Despite the mapping of survival and proliferative signalling pathways to specific regions of

the hBc cytoplasmic domain, there is limited information on the correlation of signalling

pathways with differentiation responses induced by GM-CSF, IL-3 and IL-5. A recent study

investigating various aspects of GM-CSF-induced macrophage differentiation (e.g., clonal

suppression of proliferation, macrophage morphology and induction of macrophage cell-

surface markers) of two murine leukaemic cell lines suggested that full differentiation

induction required the co-operation of signals eminating from both membrane-proximal and

distal regions of the hBc cytoplasmic domain, although there were clearly cell type-specific

differences in the requirement of certain regions for some aspects of differentiation (Smith er

aL, 1997). By analogy with other cellular differentiation systems, it is possible that the

observed cell type specificity reflects both qualitative and quantitative differences in

signalling molecules present in the two cell lines'

With respect to the cr subunits, various portions of the cytoplasmic domains, including the

membrane-proximal proline-rich motif, have been implicated as being essential for cell

proliferation and survival, and these responses correlate with activation of JAK2ISTAT5 and

Ras pathways (Matsuguchi et al., 1991 Takaki et al., 1994; Kouro et al., 1996). Data on the

role cr subunits play in differentiation is more limited, although a recent report indicated that

the pathways underlying differentiation differed from those for survival, and that

differentiation could occur in the absence of detectable JAK2 and Ras activation (Matsuguchi

et aL, 1991).

1.6 Constitutive activation of cytokine receptors

The general principle that alterations to growth factor receptors can result in the generation of

constitutive (i.e., ligand-independent) intracellular signals has been well established from the

large variety of activating mutations now identified in several of the protein tyrosine kinase
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receptors, including those for SCF and M-CSF (Kitayama et aL, 1995: Roussel et al., 1988;

'Woolford et aI., 1988). Considering that CRs must transduce proliferative signals, it is not

surprising that constitutively activating mutations have also been described for several

members of this familY.

The first reported activating mutation in a CR was for the murine EPO receptor (EPOR)'

and resulted from a point mutation in the extracellular domain (Yoshimura et al., 1990)'

Several other point mutations have since been shown to also activate this receptor (Watowich

et aI., lgg4), and notably, these all map to the same region in the extracellular domain (Fig'

l.ZA). The receptor for TPO, c-Mpl, also represents a target for activating mutations (Fig.

I.ZB). This receptor was originally isolated in a constitutively active form (v-Mpl) as part of a

fusion protein encoded by the murine myeloproliferative leukaemia virus (MPLV) in which

most of the extracellular domain had been deleted, thereby generating a truncated receptor

(Souyri et aL,1990). Subsequent studies have shown that the human version of c-Mpl can be

activated by point mutations in the transmembrane domain (Onishi et aL, 1996) and in a

region of the extracellular domain corresponding to that of the point mutations in the EPOR

(Alexander et a1.,1995). More recently, a partially activating point mutation was identified in

the receptor for leptin, a hormone-like cytokine that regulates mammalian body weight (White

et al., 1997).

With the exception of the leptin receptor, all these receptor mutants have been reported to

induce factor-independent survival and proliferation on factor-dependent haemopoietic cells.

Examination of the mechanism underlying the acquisition of this phenotype conferred by

these mutant receptors has highlighted the importance of dimerization of signalling subunits

in triggering receptor activation. This is evidenced by the activating point mutations in the

extracellular domains of the EPOR and c-Mpl, all of which result in cysteine substitutions that

form constitutive disulphide-linked homodimers (Watowich et al., 1994:'Watowich et al.,

1992: Alexander et aI., 1995). The exact signalling pathways needed for the proliferative

stimulus generated by the above mutant receptors requires further clarification, however,

preliminary evidence indicates that activation of JAK and Ras pathways may be important in

this process (Onishi et al., 1996). Significantly, these observations are consistent with those

pertaining to the mechanistic requirements for normal CR activation and proliferative

signalling.
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Figure 1.2. Schematic illustration showing the location of activating mutations in

members of the cytokine receptor family

The extracellular cytokine receptor domains (CRDs) are shaded in green and are numbered

from the N-terminus. Also shown are the transmembrane domains (red shading) and the

cytoplasmic domains (blue shading). For comparison, the wild-type receptor subunit is

depicted in each case.

(A) mouse erythropoietin receptor; shown are activating point mutations (R129C,

EI32C,E133C; thin red line) resulting in cysteine substitution of three

residues in the extracellular membrane-proximal CRD (domain 2).

(B) c-Mpl; shown is the activated v-Mpl fusion protein containing the MPLV env

region (light blue shading) and the remainder of mouse c-Mpl, minus the

three C-terminal residues. Also shown are activating point mutations (S368C,

S369C) in the extracellular membrane-proximal CRD (domain 4; thin red

line), resulting in cysteine substitutions, and in the transmembrane domain

(S498N; thin yellow line) of human c-Mpl.

(c) hBc; shown is the constitutive hBc mutant FIA bearing a37 amino acid

duplication (thick blue line) in the extracellular membrane-proximal CRD

(domain 4), as well as the extracellular truncations that activate the receptor.

Also shown are the two activating point mutations, one in the extracellular

domain 4 (I374N; thin red line), and the other in the transmembrane domain

(Y4498; thin yellow line).
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L.6.1 Constitutive activation of hBc

The ability of hpc to be constitutively activated was initially demonstrated by the isolation of

a spontaneously-derived variant (FIA) bearing a small duplication in the extracellular

membrane-proximal CRD that rendered haemopoietic cells factor-independent (D'Andrea et

al., 1994; see Fig. l.2C). Another study has shown that truncation of the extracellular domain

of hBc, similar to that encoded by the v-mpl oncogene, also results in constitutive activation

(D'Andrea et al., 1996; see Fig. 1.2C). Finally, hBc can be activated by more subtle mutations,

as demonstrated by the identification of two activating point mutations able to confer factor

independence on the mouse myeloid factor-dependent cell line, FDC-P1 (Jenkins et al., 1995).

One point mutant, Y4498, substitutes a valine residue with glutamic acid in the

transmembrane domain, while the other, I374N, results in the replacement of an isoleucine

residue with asparagine in the extracellular membrane-proximal CRD (see Fig. I.2C).

Although the mechanism of action of these activating mutations is unclear, it is most likely,

by analogy with other CRs, to involve receptor subunit dimerization, followed by the

activation of cytoplasmic tyrosine kinases (Gonda and D'Andrea,l99J; Jenkins et al., 1995)'

The notion of B subunit homodimeúzation in receptor activation is strongly inferred by the

Y44gE transmembrane domain mutation (Jenkins et aL, 1995) since it is analogous to the

activating mutation found in the NeuÆrbB-2 receptor tyrosine kinase that induces constitutive

receptor homodimerization ('Weiner et al., 1989; Bargmann et al., 1986). As discussed earlier,

such a scenario would be consistent with the emerging evidence that dimerization of p

subunits is involved in proliferative signalling by the normal receptors (Muto et al., 1995)

Takaki et aL, 1994; Muto et aL, I996).'With regard to the extracellular mutations, such as

I374N, the exact nature of the dimerization events leading to activation is somewhat more

clouded, and appears to involve association with cell type-specific signalling subunits (see

Chapters 5 and 6).

1.7 Involvement of cytokine receptors in disease

The majority of primary human leukaemias express normal levels of HGF receptors and

require HGFs for their proliferation in vitro, even though a proportion of leukaemic cells often

show independence from these factors. Independence from HGFs can be achieved by several

mechanisms: (i) autocrine synthesis of the factor (Young and Griffin, 1986; Fielder et al.,
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1990), (ii) by-passing the requirement for the factor by constitutive activation of post-receptor

signalling pathways (Lacronique et al., 1991 Chai et al., 1991) or (iii) constitutive activation

of the receptor (Ridge et al., 1990). Together, these observations raise the possibility that

alterations to the receptors for HGFs, either qualitative or quantitative, may contribute to

abnormal proliferation or transformation of haemopoietic cells in vivo.

The potential involvement of CRs in oncogenesis has been well established through the use

of animal models. In mice, erythroleukaemia is induced by an activating point mutation in the

EPOR (Longmore and Lodish,lggl), and a fatal myeloproliferative disorder associated with

the appearance of multi-lineage factor-independent progenitor cells results from infection with

the MPLV encoding the v-mpl oncogene (Wendling et aL, 1989a; Wendling et aI., 1989b).

The oncogenic capacity of mutant forms of both EPOR and c-Mpl has been further

demonstrated by their ability to confer tumourigenicity on normally non-tumourigenic murine

cell lines (Yoshimura et al., 1990 Alexander et aI', 1995).

Despite these observations, the role of c-Mpl in the onset and/or development of human

disease states is unclear, with there being no reports of gene amplifications or rearrangements

in leukaemic cell lines or primary leukaemias. As for the EPOR, gene amplifications and

rearrangements are present in several erythroleukaemic cell lines (Winkelmann et al., 1995;

Chretien et aL, 1994), although no such abnormalities have been detected in surveys of

patients with erythroleukaemia (Le Couedic et al., 1996). On the other hand, EPOR mutations

have been detected in several primary polycythemias characteÅzed by erythroid progenitors

displaying enhanced HGF responses (Sokol et al., 1995; de la Chapelle et aI., 1993: Kralovics

et al., t991).Interestingly, most of the EPOR lesions associated with these disorders result in

C-terminal truncations that remove the negative regulatory region of the receptor (D'Andrea er

aI., I99I).

1.7.1 GMR, IL-3R and IL-5R

Considering the subunits for these receptors, especially GMR and IL-3R, are expressed in

various haemopoeitic cell lineages and multipotential progenitors, as well as non-

haemopoeitic cells, it is not surprising that, like their cognate HGFs, genetic events affecting

their normal function or expression pattern have long been proposed as possible determinants

in the development of various diseases, in particular pre-neoplastic or neoplastic disorders. In

support of this notion, transgenic mice expressing the constitutively active FIA hpc mutant

exhibit multi-lineage hyperplasia associated with the presence of factor-independent myeloid
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progenitors in bone marrow and spleen (Gonda and D'Andrea, 1997). In another animal

model, mice reconstituted with haemopoietic cells constitutively expressing the FIA and

I374N extracellular hBc mutants develop a lethal myeloproliferative disorder characteized by

the hyperplasia of erythroid, megakaryocyte and myeloid lineages. With regard to the Y4498

transmembrane mutant, reconstituted mice develop an acute blast cell leukaemia that is

significantly delayed, suggesting that other genetic events contribute to the onset of this

disease (Matthew McCormack, Hanson Centre for Cancer Research, Adelaide, South

Australia; personal communication). Furthermore, overexpression of the IL-3R in factor-

dependent haemopoietic cell lines in sub-optimal concentrations of IL-3 enhanced the

frequency of spontaneous factor-independent transformants, suggesting that dysregulated

expression of these receptors may provide cells with a proliferative advantage under certain

physiological conditions (Steelman et aL, 1996). As might be expected, these observations are

in general agreement with those reported for the dysregulated expression of IL-3, GM-CSF or

IL-5 in mice (see section 1.2.3).

It should be noted that extensive surveys of human leukaemias have so far failed to detect

gross alterations to the genes forthe GMR cxor B subunit (Brown et al., 1993; Brown et al.,

1994; Bardy et aI., 1992 Freeburn et al., 1995). On the other hand, the overexpression of a

naturally occuring C-terminal truncated isoform of hBc was recently reported in a significant

number of patients with acute myeloid leukaemia (Gale et aL, 1998). Interestingly, this

modified hBc, although able to activate JAK? upon GM-CSF stimulation, was defective in

transducing mitogenic signals in haemopoietic cell lines, suggesting that it may act in a

dominant-negative manner and interfere with normal receptor signalling.

While these studies examine the role of these receptors in the pathogenesis of neoplastic

diseases, it should be noted that their cognate HGFs have also been assigned pro-

inflammatory actions and implicated in certain inflammatory diseases. Accordingly, it is

possible that certain activating mutations in hBc could stimulate the inappropriate production

and functional activation of inflammatory cells and thus play a role in the pathogenesis of

infl ammatory disorders.
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1.8 Aims of this thesis

In view of the above discussion, the overall aim of the work described in this thesis is to

generate and exploit activating point mutations in the common B subunit (hBc) of the human

GM-CSF, n 4 and IL-5 receptors in order to gain an insight into receptor function. The

strategies employed will involve novel retroviral expression cloning and random mutagenesis

technologies based on a previous approach that led to the identification of two activating point

mutations in hBc. The properties of these mutants has led to the hypothesis that there exist cell

type-specific molecule(s) that are involved in signalling by this group of receptors'

Specific goals are to:

1) generate and identify lchancterize additional activating point mutations in hBc

2) elucidate the mechansims by which the isolated mutations confer constitutive activity on

hÞ"

3) use retroviral expression cloning to identify the putative cell type-specific signalling

molecules

In addition to further our understanding of both the oncogenic potential of GMWIL-3R/IL-5R

and how they and, by implication, other CRs generate intracellular signals, this study will also

provide a map of the location of activating point mutations in hBc. As these mutations are

potentially oncogenic, such a map will provide a rational basis for screening human

haemopoietic malignancies for alterations to hBc and, by analogy, other related CR genes.
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Chapter 2

Materials and Methods



2.1 Abbreviations

A

Aruo

Auoo

APS

Icr-32p]dctp
bp, kb

C

cDNA

Ci

CIP

dATP

dCTP
OC

dGTP

DMEM

DMSO

DNA

dNTPs

DTE

DTT

dTTP

EDTA

EGTA

FCS

G

g, mg, pg, ng

HBS

Hepes

hr/min/sec

IPTG

kDa

adenine

optical density at260 nm

optical density at 600 nm

ammonium persulphate

alpha-labelled deoxycytosine triphosphate

base pairs, kilobase pairs

cytosine

deoxyribonucleic acid complementary to ribonucleic acid

Curies

calf intestinal phosphatase

2'-deoxyadenosine-5'-triphosphate

2'-deoxycytosine-5'-triphosphate

degrees Celsius

2' -deoxy guanosine-5' -triphosphate

Dulbecco's modified Eagle's medium

dimetþlsulphoxide

deoxyribonucleic acid

dATP, dCTP, dGTP, dTTP

dithioerythritol

dithiothreitol

2' -deoxythymidine-5' -triphosphate

ethylenediaminetetraacetic acid

etþleneglycol-bis-( B -amino etþl ether)N,N,N',N' -tetraacetic acid

foetal calf serum

guanine

gram(s), milligram(s), microgram(s), nanogram(s)

Hepes-buffered saline

N- [2-hydroxyethyl]piperazine-N' -2-ethanesulphonic acid

hour(s)/minute(s)/second(s)

isopropyl- B-o-thiogalactoside

kilodaltons
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L, ml, pl

M, mM, pM

MoAb

nt

PAGE

PCR

PBS

PÍu

PMSF

PVDF

RNase A

rpm

SDS

SSC

T

TAE

Taq

TBS

TBS-T

TEMED

Tris

Tween 20

UV

V

X-gal

7o (v/v)

7o (wlv)

litre(s), millilitre(s), microlitre(s)

moles per litre, millimoles per litre, micromoles per litre

monoclonal antibody

nucleotides

polyacrylamide gel electrophoresis

polymerase chain reaction

phosphate-buffered saline

Pyrococcus furiosus
phenylmethyl sulphonylfl uoride

Polyvinylidene difluoride

ribonuclease A

revolutions per minute

sodium dodecyl sulphate

saline sodium citrate

thymidine

tris/acetic acidÆDTA

Thermus aquaticus

tris-buffered saline

tris-buffered saline plus Tween 20

N,N,N',N' -tetramethylethylenediamine

Tris [hydroxymethyl] amino methane

polyoxyethylene(2O)sorbitan monolaurate

ultra-violet

Volts

5' -bromo-4-chloro-3 -indoyl- B-n- galactopyranoside

percent volume per volume

percent weight per volume

2.2 Chemicals, reagents and consumables

All chemicals used in this study were of either analytical grade or of the highest purity

available. Standard chemicals were obtained from Ajax Chemicals Pty Ltd (Auburn, NS'W,

Australia), BDH Laboratory Supplies (Poole, England) and Sigma Chemical Company (St
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Louis, MO, USA). The source of other important chemicals and reagents purchased is

indicated as follows:

B-mercaptoethanol: Ajax Chemicals Pty Ltd, Auburn, NSW, Australia.

DMSO, formamide, glycerol, phenol, Tween 20, lurea'. BDH Laboratory Supplies, Poole,

England.

Acrylamide, bis-acrylamide, SDS, TEMED: Bio-Rad Laboratories, Hercules, CA' USA.

CompleterM protease inhibitor cocktail, glycogen, PMSF, trypsin inhibitor: Boehringer'

Mannheim, Mannheim, GermanY.

Bacto-agar: Difco Laboratories, Detroit, MI, USA.

Agar, APS: Gibco BRL, Gaithersburg, MD, USA.

IPTG, X-gal: Promega Corporation, Madison, WI, USA.

dNTPs, protein A-sepharose: Pharmacia Biotech, Uppsala, Sweden.

Agarose, ampicillin, bromophenol blue, DTT, EDTA, EGTA, ethidium bromide, Ficoll,

Hepes, herring sperm DNA, iodoacetamide, mineral oil, Nonidet P40, sodium vanadate,

tetracycline, xylene cyanol: Sigma Chemical Company, St Louis, MO, USA.

2.3 Enzymes

All restriction endonucleases used in this study were obtained from New England Biolabs

(Beverly, MA, USA), Pharmacia Biotech (Uppsala, Sweden) and Amersham

(Buckinghamshire, England), The following enzymes were obtained from the sources

indicated:

CIP, proteinase K: Boehringer-Mannheim, Mannheim, Germany.

T4 DNA ligase, T4 polynucleotide kinase, T4 DNA polymerase: New England Biolabs,

Beverly, MA, USA.

Taq DNA polymerase: Perkin-Elmer Cetus, Norwalk, CT, USA.

P/u DNA polymerase: Stratagene, La Jolla, CA, USA.

RNase A: Pharmacia Biotech, Uppsala, Sweden.
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2.4 Radiochemicals

[cr-32p]dctP (4000 Ci/mmol) was purchased from Bresatec, Adelaide, South Australia.

2.5 Solutions and buffers

Milli-Q water was used throughout all preparations and solutions were sterilized by either

autoclaving or, in the case of heat-labile solutions, filter-sterilizing. All restriction

endonucleases and other enzymes were provided with incubation buffers. Solutions and other

buffers routinely used in this study were prepared as follows:

Buffer saturated phenol Phenol containing O.l7o (wlv) 8-

hydroxyquinoline, and mixed with an equal

volume of 50 mM Tris-HCl, pH 8.0.

10 x Ficoll loading buffer 0.25% (w/v) bromophenol blue,0.257o (w/v)

xylene cyanol, 257o (w/v) Ficoll.

Genomic DNA extraction buffer 0.1 M sodium chloride, 0.05 M Tris pH 8.0, 1

mM EDTA.

2 x HBS 0.25 M sodium chloride, 1'5 mM di-sodium

hydrogen orthophosphate, 50 mM Hepes, final

pH 7.1.

1 x PBS 130 mM sodium chloride, 10 mM di-sodium

hydrogen orthophosphate, 10 mM sodium

dihydrogen orthophosphate, adjusted to pH 7 .2.

2 x reducing SDS sample buffer 207o (v/v) glycerol, 4% (w/v) SDS, 125 mM Tris

pH 6.8, O.l2M p-mercaptoethanol, 0.057o (w/v)

bromophenol blue.

1 x SDS-PAGE running buffer 25 mM Tris base, 192 mM glycine, 0.I7o (w/v)

SDS.

1 x SSC 150 mM sodium chloride, 15 mM tri-sodium

citrate, adjusted to p}l7 .4.
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10 x Super Duper buffer

1 xTAE

IxTBS

1 x TBS-T

1 x Western transfer buffer

330 mM Tris acetate pH 7.8, 625 mM potassium

acetate,l00 mM magnesium acetate,4O mM

spermidine, 5 mM DTE.

40 mM Tris pH 8.2,20 mM sodium acetate, 1

mM EDTA.

50 mM Tris pH 1 .4,135 mM sodium chloride.

1 x TBS, O.l7o (v/v) Tween 20.

4.8 mM Tris base, 3.9 mM glycine, O.OO3157o

SDS, 207o (v/v) methanol.

2.6 Bacterial media

2.6.1 Liquid media

Liquid media was prepared in Milli-Q water and sterilized by autoclaving immediately after

preparation. The following media were used for the growth of all bacterial cultures within this

study:

L (Luria) medium I7o (w/v) bacto-tryptone,IVo (w/v) sodium chloride,

0.57o (w/v) bacto-yeast extract, pH adjusted to 7'5 with

sodium hydroxide.

SOC medium 2% (wlv) bacto-tryptone,0.57o (w/v) bacto-yeast extract,

10 mM sodium chloride, 2.5 mM potassium chloride, 20

mM magnesium chloride,2O mM glucose, pH adjusted

to 7.0 with sodium hYdroxide.

2.6.2 Solid media

L-agar

L-Amp

L medium containing l7o (wlv) bacto-agar.

L-agar supplemented with 100 pglml ampicillin.
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2.7 Molecular weight standards

2.7.I DNA

All DNA molecular weight markers were purchased from Bresatec (Adelaide, South

Australia, Australia) and used at a final concentration of 250 ng/¡l in 1 x Ficoll loading

buffer.

Hpatr-digested pUC19 DNA markers (low range); fragment sizes in bp are 501, 489,404,

331, 242, r90, r47, 1 1 1, 1 r0, 67, 34, 34, 26.

EcoRl-digested bacteriophage SPP1 DNA markers (high range); fragment sizes in kb are

9.51,7 .35, 6.11,4.84,3.59,2.81,1.95, 1.86, 1.5L, 1.39, 1.16, 0.98, O.'72,0.48, 0'36'

2.7.2 Protein

SeeBluerM pre-stained protein ladder was purchased from Novel Experimental Technology

(San Diego, CA, USA). Protein sizes in kDa are 250,98,64,50,36,30,16,6,4'

BenchMarkrM pre-stained protein ladder was purchased from Gibco BRL (Gaithersburg, MD,

USA). Protein sizes in kDa are 221,133,93,6J,56,42,28,23, t'7,I1'

2.8 cDNAs

The hBc gDNA (Hayashida et a\.,1990) used in this study was that described by Batry et aI'

(1ee4).

A full-length cDNA for human GMRtx (Gearing et aI., 1939) was kindly provided by Dr Nic

Nicola (Walter and EIiza Hall Institute, Melbourne, Victoria).

A full-length cDNA for human EPOR (Jones et al., 1990) was kindly provided by Dr Richard

D'Andrea (Hanson Centre for Cancer Research, Adelaide, South Australia).
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2.9 Construction of retroviral expression plasmids

The pRUFNeo retroviral vector (Fig. 2.1A) was modified from the version described by

Rayner and Gonda (1994) by removal of the NcoI restriction site from the multiple cloning

region.

The pRUFPuro retroviral expression vector (Fig. 2.lB) was constructed by replacing the

MClNeo cassette of pRUFNeo with an SV4O/puromycin resistance cassette from pBabePuro

(Morgenstern and Land, 1990).

A vector for expressing human GMRo was constructed by inserting the human GMRo¿ cDNA

into the XhoI site of pRUFPuro.

A vector for expressing human EPOR was constructed by inserting the human EPOR cDNA

into the EcoRI and SalI (blunt-ended) sites of pRUFPuro.

Mutant hBc cDNAs generated by site-directed mutagenesis were amplified by PCR using a

sense primer corresponding to the T7 promoter sequence and including a BamHI restriction

site, and an anti-sense primer corresponding to the SP6 promoter sequence. The cDNA

fragments were then directionally ligated between the BamHI and Hindltr restriction sites of

pRUFNeo.

2.L0 General methods

2.10.1 Ethanol precipitation of DNA

Genomic DNA, plasmid DNA and ligation mixtures were ethanol precipitated in the presence

of 0.3 M sodium acetate pH 5.5 or 0.4 M sodium chloride and2.5 volumes of 957o ethanol for

at least 30 min at -ZOoC, unless otherwise stated. Following centrifugation, DNA pellets were

washed in 70Vo ethanol before being dried briefly under vacuum and resuspended in a

minimal volume of Milli-Q water.

2.10.2 Restriction endonuclease digestion of DNA

Unless otherwise stated, restriction endonuclease digestions were carried out in 1 x Super

Duper buffer at the appropriate incubation temperature as specified by the manufacturer.
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Figure 2.1. Structure of the pRUF series of retroviral expression vectors

Both pRUFNeo (A) and pRUFPuro (B) retroviral vectors were generated by insertion of an

MCl/neomycin resistance (MClNeo) or an SV4O/puromycin resistance (SVPuro) cassette,

respectively, into a modified version of the parental pRUF vector, the construction of which

has been described previously (Rayner and Gonda, 1994), in which the NcoI site in the

polylinker was deleted. In addition to the neomycin and puromycin resistance genes, the major

features of these vectors include a multiple cloning region, 5' and 3' myeloproliferative

sarcoma virus long terminal repeats (LTRs) for proviral transcriptional initiation and

polyadenylation, and splice donor (SD) and splice acceptor (SA) sites used to generate

subgenomic transcripts corresponding to the inserted cDNAs.
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2.10.3 Agarose gel electrophoresis

Electrophoresis of DNA for analytical purposes was carried out in agarose gels made of 0'8 -

27o (wlv) agarose in 1 x TAE buffer. Samples were electrophoresed so as to sufficiently

separate DNA fragments of interest. DNA was visualised under UV light after staining of the

gel in 10 pg/ml ethidium bromide. A photograph was taken using positive land film, type 667

(Polaroid Ltd., Hertfordshire, England)'

2.10.4 Synthesis of DNA oligonucleotides

All oligonucleotides used in this study were purchased from Bresatec as crude preparations on

a 40 nmole scale. Except where referenced, all oligonucleotides were designed specifically for

this study, and their sequences are discussed within relevant sections of this thesis.

Oligonucleotide pellets were resuspended in Milli-Q water and the volume adjusted to give a

working concentration of 100 nglpl'

2.10.5 PCR of plasmid DNA

pCR cycling parameters were performed with varying times and temperatures for

denaturation, annealing and extension, depending on the product being amplified and the

primers used, as outlined in the appropriate sections of this thesis. Positive and negative

controls were performed in parallel with all experimental PCRs.

2.10"5.1 Standard PCR with Tøq DNA polymerase

Standard reactions were performed on 5 ng of plasmid DNA in a final reaction volume of 25

pl containing Taq DNA polymerase 1 x PCR buffer tr (Perkin-Elmer), an equimolar

concentration of dNTPs (0.2 mM), 1.5 mM magnesium chloride, 100 ng of each primer and

2.5 units ?aq DNA polymerase. All reactions were denatured for 5 min at 95oC prior to

cycling, and reactions were cycled in a MiniCycler (MJ Research, Watertown, MA, USA) for

30 cycles. Extension times of 1 min/kb of template amplified were routinely used.

2.10.5.2 Standard PCR with cloned P/u DNA polymerase

Standard reactions were performed on 5 ng of plasmid DNA in a final reaction volume of 25

pl containing cloned P/ø DNA polymerase 1 x reaction buffer (Stratagene), an equimolar

concentration of dNTPs (0.2 mM), 100 ng of each primer and 2.5 units Pfu DNA polymerase.
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All reactions were denatured for 5 min at 95oC prior to cycling, and reactions were cycled in a

MiniCycler (MJ Research) for 30 cycles. Extension times of 2 min/kb of template amplified

were routinely used.

2.10.5.3 Long range PCR with cloned P/¿ DNA polymerase

All PCRs were performed on 2O ng of plasmid DNA in a final reaction volume of 50 pl

containing cloned P/a DNA polymerase 1 x reaction buffer (Stratagene), an equimolar

concentration of dNTPs (0.2 mM), 100 ng of each primer and2.5 units Pfu DNA polymerase.

All reactions were denatured for 5 min at 95oC prior to cycling, and reactions were cycled in a

MiniCycler (MJ Research) for 15 cycles. Extension times of 2 min/kb of template amplified

were routinely used.

2.10.6 PCR mutagenesis

Mutagenic reactions (in a volume of 50 ¡rl) were performed on 5 ng of pRUFNeo-hBc plasmid

DNA using 100 ng of each primer, and were cycled in a MiniCycler (MJ Research) for 30

cycles of 94oC for 1 min, 68oC for 1 min and 72oC for 1 min. Reactions were denatured at

95oC for 5 min prior to cycling. Mutagenic reactions contained 0.2 mM dATP and dGTP, 1

mM dCTP and dTTP, 7 mM magnesium chloride, 5 units Zøq DNA polymerase and varying

concentrations of manganese chloride.

2.10.7 Isolation and purification of DNA fragments

DNA fragments were extracted from TAE-buffered agarose gels with the BRESA-CLEANTM

DNA extraction kit (Bresatec) using the solutions and protocols supplied by the manufacturer'

All DNA fragments were collected in Milli-Q water at a working concentration of 5-20 ngl¡tl'

2.10.8 Cloning into plasmid vectors

2.10.8.1 Preparation of plasmid vectors and inserts

Vector and insert DNAs for use in ligation reactions were digested with the appropriate

restriction endonuclease(s) and/or modification enzymes. Vector DNA digested with a single

eîzyme was treated with CIP according to the manufacturers instructions (Boehringer-

Mannheim) in order to prevent religation of the vector. Vector and insert fragments were size

fractionated by agarose gel electrophoresis and purified'
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2.10.8.2 Preparation of PCR generated inserts

pCR products to be cloned were phenol/chloroform extracted and ethanol precipitated.

Following resuspension in the appropriate volume of Milli-Q water, fragments were subjected

to the appropriate enzymatic modifications and agarose gel-purification.

2.10.8.3 Ligation reactions

Vector and insert DNAs to be ligated were mixed in an 10 pl reaction volume containing a

total of approximately 100 ng of DNA, with the insert DNA being in a 3-fold molar excess, 1

pl of 10 x T4 DNA ligase buffer and I ¡rl of T4 DNA ligase (1-3 units/pl), following which

ligation mixtures were incubated overnight at 14oC in a waterbath. Prior to transformations,

ligation reactions were ethanol precipitated and resuspended in 10 pl Milli-Q water'

2.10.8.4 Preparation and transformation of Escherichia coli (8. coli)

E. colicells were made electrocompetent using the following method. L medium (400 ml) was

inoculated with 2 ml of an overnight culture of E. coli cells grown from a single colony. The

inoculated culture was incubated at3loC on a shaking platform until the cells had grown to an

A6ss of 0.4 to 0.6. The cells were harvested at 5,000 rpm for 5 min at 4oC and resuspended in

30 ml of ice-cold lOTo (vlv) glycerol containing 1 mM Hepes pH 7.0. Cell suspensions were

transferred to Falcon polypropylene 50 ml conical tubes (Becton Dickinson, San Jose, CA,

USA) and cells pelleted at 3,500 rpm for 15 min at 4oC in a Beckman GPR benchtop

centrifuge (Beckman Instruments, Fullerton, CA, USA). The cells were again resuspended in

30 ml ice-cold resuspension buffer, harvested as before and the resultant pellet resuspended in

30 ml of ice-cold IOVo (v/v) glycerol. The cells were again harvested by centrifugation and

resuspended in 4 ml of ice-cold I07o (v/v) glycerol and snap frozen in 40 pl aliquots by

immersion in liquid nitrogen, Electrocompetent cells were stored at -70oC until required.

For transformation, competent cells were thawed on ice before the addition of 3 pl of the

ligation mixture. The cell/DNA mixtures were gently mixed and transferred to pre-chilled 0.2

cm E. coli electroporation cuvettes (Bio-Rad Laboratories), following which cells were

electroporated at 2,500 V and 25 ¡t"F in a Bio-Rad Gene Pulser. After electoporation, the cells

were returned to ice before the addition of I ml of SOC medium and incubation at3JoC for 30

min with shaking. Transformation mixes were plated onto L-amp plates and incubated at37oC

overnight.
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2.L0.9 Maintenance of E. coli

An E. coli strun, DH10B (F- mcr\, L(mrr-hsdRMS-rncrBC), @80d/acZLNll5,LIacXJ4,

deoq, recçl, endyl, araDl39, L(ara,Ieu)7697, galIJ, galK,X-, rpsL, nupG), was used during

the course of the work described in this thesis. Glycerol stocks of this strain and plasmid-

containing strains were prepared by mixing 500 pl of fresh overnight culture with 500 pl

lO\Vo (v/v) glycerol. These were then stored at -lOoC'

2.10.L0 Preparation of plasmid DNA

2.10.10.1 Mini scale plasmid preparations

Single, fresh colonies of E. coli harbouring the appropriate plasmid were inoculated into 2.5

ml L medium supplemented with 100 pg/ml ampicillin and incubated at 3loC overnight with

shaking. plasmid DNA mini-preps were performed on 1.5 ml of the overnight cultures with

the WizardR Plus Mini-preps DNA Purification System (Promega) using the solutions and

protocols supplied by the manufacturer.

2.10.10.2 Midi scale plasmid preparations

A single, fresh colony of E. colil'nrbouring the appropriate plasmid was inoculated into 50 ml

L medium supplemented with 100 pglml ampicillin and incubated at 3loC overnight with

shaking. Plasmid DNA midi-preps were performed on the overnight cultures with Plasmid

Midi Kits (QIAGEN, Chatsworth, CA, USA) using the solutions and protocols supplied by

the manufacturer. The DNA was quantified by measuring Aruo (assuming 1 absorbance unit =

50 pgirnl) on a DUR-64 Spectrophotometer (Beckman Instruments).

2.L0.ll Site-directed mutagenesis

The hBc gDNA was cloned into the EcoRI and XbaI restriction sites of the pALTER-1 vector'

Site-directed mutagenesis was carried out on alkali-denatured double-stranded DNA (200 ng)

with mutagenic oligonucleotides using the Altered SitesrM in vitro mutagenesis system

(Promega) in accordance with the manufacturers instructions.
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2.10.12 Genomic DNA isolation

Genomic DNA was isolated from haemopoietic cells using a proteinase IISDS/RNase A

procedure essentially as described by Hughes et aL (1979). Routinely, 10s - 107 cells were

pelleted by centrifugation at 1,200 rpm for 5 min in a Beckman GPR benchtop centrifuge,

washed once by centrifugation in 1 x PBS and resuspended in 1 ml of genomic DNA

extraction buffer. Cells were lysed by incubation for t hr at 3JoC in the presence of proteinase

K (500 pglml), SDS (0.57o v/v) and RNase A (100 pglml). Following addition of SDS to a

final concentration of I7o (v/v), DNA was phenol/chloroform extracted and ethanol

precipitated.

2.L0.L3 Southern blot analysis of genomic DNA

Southern blot analysis of genomic DNA was performed essentially as described by Rayner

and Gonda (1994). Briefly, 10 pg of genomic DNA was digested with either BamHI or SacI

restriction endonucleases and fractionated on a 0.8Vo agatose gel. The DNA was then

transferred to Hybond'"- N* nylon membranes (Amersham) as specified by the manufacturer,

and immob ilizedby UV cross-linking (UV Stratalinker 1800; Stratagene) at0.l2 Joules/cm2'

Prehybridizationof Southernblots was carried out at 42oCin a solution of 5 x SSC,50%

(v/v) formamide, 0.57o (w/v) Skim milk powder (Diploma), O.5Vo (w/v) SDS and 100 ¡rg/ml

denatured heming sperm DNA for at least 4 hr in a Hybaid oven. Heat-denatured 3'P-lub"ll"d

probe was added to the prehybridization solution and membranes were hybridized overnight at

42"C.

Hybridized membranes were initially rinsed twice in2 x SSC for 10 min, followed by two

washes of 30 min at 65oC in 0.1 x SSC, O.I7o (v/v) SDS. Washed filters were subjected to a

final rinse ín 2 x SSC, following which they were exposed to BioMax X-ray film (Kodak,

New Haven, CT, USA) at -70oC in the presence of tungsten intensifying screens to detect low

levels of radioactivity.

2.10.14 PCR of genomic DNA isolated from mammalian cells

2.LO.I .L Standard PCR

Reactions were performed on 5 ng of plasmid DNA with 100 ng of each primer in a final

reaction volume of 25 ¡tl under appropriate conditions for either 744 DNA polymerase or Pfu

DNA polymerase. All reactions were denatured for 5 min at 95oC prior to cycling, and
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reactions were cycled in a MiniCycler (MJ Research) for 35 cycles. PCR cycling parameters

were performed with varying times and temperatures for denaturation, annealing and

extension depending on the product being amplified and the primers used, as outlined in the

appropriate sections of this thesis. Appropriate positive and negative controls were performed

in parallel with all experimental PCRs. Extension times of 1 minute/kb (Taq) or 2 minute/kb

(Pfu) of template amplified were routinely used.

2.10.14.2 Long range PCR

pCR was performed on 100 ng of genomic DNA with an XL PCR kit (Perkin-Elmer) under

conditions recommended by the manufacturer. The primers used for amplification were RCF1

(Rayner and Gonda,Igg4), which coruesponds to the vector gdg sequence approximately 80

bp 5' of the polylinker, and RCR2 (5'-ATAGCCTCTCCACCCAAGCG-3'), which

corresponds to the MClNeo sequence approximately 364 bp 3' of the polylinker. Reactions

were performed in a DNA Thermal Cycler (Perkin-Elmer) for 35 cycles of 94oC for 1 min and

70oC for 10 min. Reactions were denatured at 94oC for 1 min prior to cycling, and a final 10

min extension at J2oCwas included after cycle 35.

2.10.15 DNA cycle sequencing

Cycle sequencing reactions were performed using an ABI Prism Dye Terminator Cycle

Sequencing Ready Reaction Kit with AmpliTaq DNA polymerase, FS (Perkin-Elmer).

Briefly, plasmid DNA (500 ng) or gel-purified PCR fragments (100 ng) were sequenced with

100 ng primer and 4 pl terminator ready reaction mix in a 20 ¡tI volume. Cycle sequencing

was performed on a DNA Thermal Cycler (Perkin-Elmer) for 25 cycles of 96oC for 30 sec,

50oC for 15 sec and 60oC for 4 min. Reactions were precipitated on ice for 10 min with 2 ¡tl3

M sodium acetate and 50 ¡tl95Vo ethanol. Following centrifugation, pellets were washed with

250 ¡tl 70%o ethanol and dried under vacuum. Sequence data was obtained by running

reactions on an ABI Prism 377 DNA Sequencer at The Institute of Medical and Veterinary

Science (Adelaide, South Australia) sequencing facility.
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2.LI Cell culture media and reagents

2.1.1..l Reagents

The following reagents wele purchased from the indicated suppliers:

Puromycin: Calbiochem, San Diego, CA' USA.

Geneticin (G418): GIBCO BRL, Gaithersburg, MD, USA.

FCS: Commonwealth Serum Laboratories Limited, Parkville, Victoria, Australia.

AmphoStatB (fungizone), trypsin: Trace Scientific, Clayton, Victoria, Australia.

2.11.2 Growth medium

Cells were grown in a humidified incubator at 3'7oC with 57o COz in DMEM (Media

Production Unit, Institute of Medical and Veterinary Science, Adelaide, South Australia)

supplemented with 0.27o (v/v) sodium bicarbonate,2 ntNl L-glutamine, 12 ¡tglml penicillin,

16 pglml gentamicin, 2.5 pglml fungizone and I07o (v/v) FCS. For factor-dependent

haemopoietic cells, growth medium was supplemented with the appropriate growth factor.

2.12 Growth factors

Mouse GM-CSF was produced by an engineered yeast strain and kindly supplied by Dr Tracy

Wils on (V/alter and F,liza Hall Institute, Melbourne, Australia).

Mouse IL-3 was produced from a baculovirus vector and kindly supplied by Dr Andrew Hapel

(John Curtin School of Medical Research, Canberra, Australia)'

Human GM-CSF was produced in E. coli (Hercus et al., 1994) and kindly supplied by

Professor Angel Lopez (Hanson Centre for Cancer Research, Adelaide, Australia)'

Human IL-3 was produced in E. coli (Barry et al., 1994) and kindly supplied by Dr Chris

Bagley (Hanson Centre for Cancer Research, Adelaide, Australia).
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2.13 Cell lines

Y2 (Mann et al., 1983), BING (Pear et at., 1993) and BOSC 23 (Pear et al., 1993) retroviral

packaging cell lines were maintained in growth medium. Y2 cells producing hIL-3Rcr

retrovirus (a gift from Dr Richard D'Andrea, Hanson Centre for Cancer Research, Adelaide,

South Australia) were maintained in growth medium containing puromycin at 1 pg/ml.

The mouse IL-3lGM-CSF-dependent myeloid cell line, FDC-PI (Dexter et al., 1980) and

the BAF-BQ3 subline (Hatakeyama et aL, 1989) of the mouse Il-3-dependent pro-B cell line,

BaJF3, were maintained in growth medium containing 80 units/ml mouse GM-CSF or 300

units/ml mouse IL-3, respectively.

The human TF-1.8 (Tavernier et al., 1995), UT7 (Komatsu et al., I99I) and M-07e

(Avanzi et a|.,1990) factor-dependent leukemic cell lines were maintained in growth medium

supplemented with 2 ng/ml human GM-CSF.

2.L4 Antibodies

2.I4.L Flow cytometry

The lC1, 4F3 and 3D7 anti-hBc MoAbs (Stomski et al., 1996), the 8G6 anti-hGMRo MoAb

(Woodcock et aL, 1994) and the 6H6 anti-hll-3Rcr MoAb (Sun ef al., 1996) were all kindly

provided by Qiyu Sun (Hanson Centre for Cancer Research, Adelaide, South Australia).

Tbe nfn2er/j.9.2 and mh2er 16.5.1 anti-human EPOR MoAbs (D'Andrea et al., 1993) were

generously provided by Dr Simon Jones (Genetics Institute, Cambridge, MA, USA)'

The M2 anti-FLAG MoAb was purchased from Kodak (New Haven, CT, USA).

The HSV-Tag MoAb was purchased from Novagen (Madison, WI' USA).

2.14"2 Immunoprecipitation and Western blotting

The lC1 (Stomski et aI., 1996) and 8E4 (Stomski et al., 1998) anti-hBc MoAbs, and the 4H1

and 8D10 anti-hGMRcr MoAbs (Stomski et al., 1998) were all kindly provided by Qiyu Sun

(Hanson Centre for Cancer Research, Adelaide, South Australia).
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'lhe mh2er/7.9.2 and mh2er 16.5.1 anti-human EPOR MoAbs (D'Andrea et aL, 1993) were

generously provided by Dr Simon Jones (Genetics Institute, Cambridge, MA, USA).

The BioM2 biotinylated anti-FLAG MoAb was purchased from Kodak (New Haven, CT,

usA).

The HSV-Tag MoAb was purchased from Novagen (Madison, WI, USA).

The horseradish peroxidase-conjugated anti-phosphotyrosine MoAb, RC20, was purchased

from Transduction Laboratories (Lexington, KY, USA)'

The antlphosphotyrosine MoAb, 6G9, was purchased from GIBCO BRL (Gaithersburg, MD,

usA).

z.LS Cell culture methods

2.15.1 Stable transfection of Y2 retroviral packaging cells by the

calcium phosPhate Procedure

5 x 10s Y2 cells were seeded onto 60 mm dishes containing 4 ml of medium and incubated

overnight. The following day, 4 ml of fresh medium was added to dishes. Plasmid DNA (10

pg) was made up to a final volume of 500 pl with sterile Milli-Q water and 62.5 pl 2 M

calcium chloride. The DNA/calcium chloride mix was added dropwise to 500 ¡tl of 2 x HBS

in a separate tube whilst air was bubbled through. Upon formation of a visible fine precipitate

(1-2 min), precipitates were added dropwise to dishes whilst rocking gently to evenly disperse

the precipitate throughout each dish. After overnight incubation, the medium was aspirated

and replaced with I ml157o (v/v) glycerol (in DMEM without FCS). Dishes were incubated at

room temperature for 4 min with gentle rocking, following which the glycerol was aspirated,

dishes washed with media and then replaced with 4 ml fresh media. The cells were then

incubated overnight, following which they were expanded into 75 cm2 cell culture flasks and

stable transfectants selected with either G418 (400 pglml) or puromycin (2 pglml) until all

mock transfectants had been killed. After selection, stable transfectants were maintained under

selection pressure in G418 (200 pglnìl) or puromycin (1 Ltg/rrìl).
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2.L5.2 Infection of murine FDC-PI and BAF-803 haemopoietic cells

Retroviral infection was performed using either stably-transfected Y2 packaging cells or

transiently-transfected BOSC 23 packaging cells as follows:

For stably-transfected Y2 packaging cells, infections were performed by co-cultivating 3 x

105 FDC-P1 orBAF-803 cells with 106 irradiated (30 Gy) Y2 producer cells for 48 ht in25

cm2 cell culture flasks containing 6 ml of growth medium supplemented with polybrene (4

pg/nìl). The FDC-PI or BAF-803 cells were harvested, washed and selected for growth in

liquid culture medium without growth factor or with growth factor and G418 at either 1

mg/ml (FDC-Pl) or 1.2 mg/ml (BAF-803). Cells infected with puromycin-selected

retroviruses were selected in growth medium containing puromycin af'Z pglml.

BOSC 23 cells were transfected by the calcium phosphate procedure essentially as

described by Jenkins et al. (1996). Briefly, 1.5-2 x 106 cells were plated onto 60 mm dishes

containing 4 ml of medium 18 hr prior to transfection. For transfections, 20 pg of retroviral

DNA was added to each dish containing fresh medium supplemented with 25 pM

chloroquine. At7 hr post-transfection, the medium was replaced with fresh medium without

chloroquine and the cells were incubated for a further 18 hr. Infections were performed by co-

cultivating 3 x 105 FDC-PI or BAF-803 cells with the BOSC 23 cells for 48 hr in the 60 mm

dishes containing 4 ml of growth medium supplemented with 4 ¡t"glfl'l polybrene. FDC-PI and

BAF-803 cells were harvested and selected as before.

2.15.3 Infection of human haemopoietic cells

Retroviral infections were performed using transiently-transfected BING packaging cells,

either by co-cultivation or with viral supernatants. BING cells were transfected with 10 pg of

retroviral DNA by the calcium phosphate procedure as described above for BOSC 23 cells'

For co-cultivation, infections were performed by incubating 2 x IO5 UT7, M-07e or TF-1'8

cells with the BING cells for 48 hr in the 60 mm dishes containing 4 ml of growth medium

supplemented with 4 pglml polybrene. Cells were harvested and selected in growth medium

containing either G418 at 1 mg/ml (M-07e) or 1.5 mg/ml (UT7 and TF-l.8), or puromycin at

2 pg/rnl.

For infections with viral supernatants, virus-containing medium from BING transfections

was collected 48 hr post-transfection, filtered and either used immediately or stored at -70oC.
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The day before infection, TF-1.8 cells were grown in phosphate-free DMEM (GIBCO BRL,

Gaithersburg, MD, USA) supplemented ,with 2 n!ñ human GM-CSF. The next day,2 X 10s

TF-1.8 cells were added to wells of a 6-well tray which had been previously coated with 25

Wglml fibronectin. Cells were incubated for t hr at 31oC/5Eo CO2 to allow attachment,

following which 1 ml of viral supernatant containing 2 ng/ml human GM-CSF and 4 pglrnl

polybrene was gently added. After overnight incubation, viral supernatant was gently removed

and replaced with 2 ml growth media. The TF-l.8 cells were incubated overnight, after which

they were harvested and selected in growth medium containing G418 or puromycin as

described above.

2.1,5.4 Freezing and thawing of mammalian cells

2.15.4.L Freezing mammalian cells in liquid nitrogen

Cells (2 - 5 x 106) were transfered to Corning polypropylene 15 ml centrifuge tubes (Corning

Incorporated, Corning, NY, USA) and pelleted by centrifugation in a Beckman GPR benchtop

centrifuge at 1,200 rpm for 5 min at 4oC, following which they were resuspended dropwise in

1 ml of cold freezing medium (FCS supplemented with l07o (v/v) DMSO). Cell suspensions

were then transferred to pre-chilled freezing vials on ice, and placed overnight on a freezing

rack in the vapour phase of a liquid nitrogen storage tank. After this time, the frozen cells

were placed in the liquid phase of a liquid nitrogen storage tank for long-term storage.

2.15.4.2 Thawing mammalian cells from liquid nitrogen

Cells were quickly thawed by placing freezing vials in a 37oC waterbath. The cell suspension

was then transferred to a Corning polypropylene 15 ml centrifuge tube, following which 10 ml

of medium (room temperature) was added. The cells were then centrifuged in a Beckman

GPR benchtop centrifuge at I,200 rpm for 5 min at room temperature, resuspended and

cultured in the preferred growth medium.

2.15.5 Cell sorting and analysis of receptor subunit expression by

flow cytometry

Selected cells expressing the receptor subunit of interest were collected by cell sorting on a

FACSIaTPLUS flow cytometer (Becton Dickinson, San Jose, CA, USA). Briefly, cells were

washed and resuspended in cold DMEM supplemented with 57o (v/v) FCS, following which
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they were incubated with the appropriate primary antibody for 30 min on ice, and washed. All

subsequent antibody incubations were performed for 30 min on ice. For standard indirect

immunofluorescence, cells were incubated with fluorescein isothiocyanate (FITC)-conjugated

anti-mouse IgG (Silenus, Hawthorn, Victoria, Australia), whereas high-sensitivity

immunofluorescence was performed by incubating cells with biotinylated anti-mouse IgG

(Vector Laboratories, Burlingame, CA, USA) and streptavidin-phycoerythrin (Caltag

Laboratories, San Francisco, CA, USA). After washing and resuspension in cold medium, the

cells were sorted, and the positive cell population collected in growth medium.

To analyse expression of receptor subunits on the surface of selected cells, staining was

performed by either standard indirect or high-sensitivity immunofluorescence, as described

above, with the appropriate primary antibody. After washing, samples were resuspended in

500 pl FACS-FX (l7o (v/v) formaldehyde,2To (w/v) glucose and 0.2Vo (v/v) azide in PBS)

and analysed by flow cytometry using an Epics-Profile II analyser (Coulter Electronics,

Hileah, Fl, USA).

2.1.5.6 Colony assays

Cell plating experiments in soft agar were performed essentially as described by Johnson

(1930); after harvesting, cells were washed and plated, in duplicate, in 35 mm tissue culture

dishes containing 1 ml DMEM supplemented with 257o FCS (v/v) and 0.37o (wlv) agar.

Growth factors and/or G418 was added as required.

2.L5.7 Cell proliferation assays

Infected FDC-PI or BAF-803 cells were washed twice in growth medium and triplicate

samples of equal cell number (103 or 5 x 103 in a total volume of 100 pl/well) were cultured

in 96-we11 microtiter plates with or without appropriate growth factor for 12 hr. Cell

proliferation was measured by the CellTiter 96 Non-Radioactive Cell Proliferation Assay

(Promega) in accordance with the manufacturers instructions.
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2.16 Immunoprecipitation

Cells (2 x 107; were washed with cold PBS containing 20 mM sodium vanadate and lysed on

ice in lysis buffer (50 mM Hepes pH 7 .5, 150 mM sodium chloride, lOTo glycerol, 100 mM

sodium fluoride, 17o Nonidet P-40, 2 mM sodium vanadate, 1 mM PMSF, 1 mM EDTA, 1

mM EGTA,2 mg/ml iodoacetamide,0.2 mg/ml trypsin inhibitor and CompleterM protease

inhibitor (1 tablet/5O ml lysis buffer)) for 15 min. Insoluble material was removed by

centrifugation at 10,000 rpm for 2min and samples taken forprotein estimation (Dc protein

assay kit, Bio-Rad Laboratories). Cell lysates were incubated with 50 pl protein A-sepharose

for 30 min at 4oC on a rotating wheel, and centrifuged as before. Supernatants were then

incubated with the indicated antibody for 4 hr at 4oC on a rotating wheel. Immune complexes

were precipitated with 75 pl of protein A-sepharose for t hr at 4oC and washed 3 times with 1

ml cold lysis buffer. Sepharose beads were resuspended in 2 x reducing SDS sample buffer

and boiled for 2 min.

In the case of total protein analysis, samples were lysed in buffer without glycerol, and

insoluble material removed and boiled for 2 min in2 x reducing SDS sample buffer.

2.L7 Western blot analysis

Proteins were separated by SDS-PAGE and electrophoretically transferred onto 0.2 lt
nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany) for enhanced

chemiluminescence (ECL) detection, or PolyScreenR PVDF membranes (NEN@ DuPont,

Boston, MA, USA) for enhanced chemifluorescence (ECF) detection. All antibody

incubations, as well as washes in TBS-T containing 57o (wlv) Skim milk powder, were

performed on an orbital shaker at room temperature for the indicated times. Non-specific

binding sites were blocked by immersing membranes in TBS-T containing 5% (w/v) Skim

milk powder for at least t hr. Membranes were incubated with the primary antibody for t hr

and washed 3 times for 10 min with fresh changes of washing solution. Membranes were

briefly rinsed in TBS-T, following which they were incubated with the appropriate secondary

antibodies coupled to either horseradish peroxidase (Pierce, Rockford, Illinois, USA) or

alkaline phosphatase (Amersham). Membranes was washed and rinsed as before and subjected

to either ECL detection with SuperSignalR Chemiluminescent Substrate (Pierce) or ECF
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detection with Vistra ECF substrate (Amersham) as per manufacturers instructions. For ECL,

membranes were exposed to HyperfilmrM autoradiography film (Amersham). For ECF,

membranes were scanned on a Fluorlmager (Molecular Dynamics, Sunnyvale, CA, USA)

using a 570 DF30 filter.

2.18 Stripping of membranes

Prior to reprobing with antibodies, membranes were stripped in 50 mM Tris pH 7 .4,2Vo (vlv)

SDS, 100 mM p-mercaptoethanol at 55oC for 2O min, washed three times in TBS-T and

blocked in TBS-T containing 5Vo (w/v) Skim milk powder for at least t hr.
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Chapter 3

Saturation mutagenesis of hBc reveals clustering of

constitutive mutations, activation of ERK MAP

kinase and STAT pathwâYS, and differential hÞc

tyrosine phoshorylation



3.1 Introduction

It has been well established that haemopoietic cells require HGFs for many cellular functions,

including survival and proliferation (reviewed by Metcalf , 1993; Metcalf, 1992). In some

situations, however, haemopoietic cells acquire independence from HGFs for these functions,

which invariably leads to hyperproliferation or transformation of these cells (Lang et aI',

1985; Johnson et aL, 1989; Chang et al., 1989). Independence from HGFs can occur via

several mechanisms including autocrine growth factor production (Lang et aI., 1985; Young

and Griffin, 1986; Fielder et al., 1990) or constitutive receptor activation, the latter of which

has been extensively demonstrated for the tyrosine kinase receptors c-kit and c-fms (Kitayama

et al., 1995; Roussel et al., 1988;Woolford et al., 1988).

Evidence has emerged over the last few years that CRs also represent a potential target for

constitutive activation. For example, constitutively activating point mutations in the receptors

for erythropoietin (EPOR) and thrombopoietin (c-Mpl) have been identified by virtue of their

ability to confer factor-independent proliferation on haemopoietic cell lines (Onishi et al',

1996; Alexander et aL, 1995; Yoshimura et aL, 1990; Watowich et al., 1994; see also Fig' 1.2

in Chapter 1). Accordingly, it is conceivable that these and other CRs may be the subject of

point mutations in vivo which contribute to the abnormal proliferation or transformation of

haemopoietic cells.

The isolation of constitutively active CR mutants has also provided a useful tool for

examining the normal activation process of some receptors, since these mutant receptors most

likely mimic the structure of the normal cytokine-activated receptors. For example,

constitutive point mutations that replace specific residues with cysteines in the extracellular

region of the EPOR (see Fig. 1.2 in Chapter 1) result in constitutive disulphide-linked receptor

homodimerization, suggesting that ligand-induced homodimerization is required for signalling

by the normal receptor (V/atowich et al., 1994;Watowichet al., 1992).Indeed, the recently

published crystal structure of an EPOR homodimer bound to a peptide agonist also provides

strong evidence for the involvement of homodimerization in EPOR activation (Livnah et al',

tee6).

With regard to the GMR/IL-3R/IL-5R system, we have previously combined PCR-based

random mutagenesis with retroviral expression cloning to screen for constitutive point

mutations within a membrane-spanning region of hBc, delimited by XhoI and Bgltr sites in the

hBc cDNA (see Fig. 3.1). This led to the identification of two mutations, one of which is
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located in the transmembrane domain of hBc (V4498) and is able to confer factor

independence on murine FDC-P1 and BAF-803 cells (Jenkins et aI., 1995). This mutation is

similar to a constitutive mutation in the neulc-erbB-2 oncogene (Weinet et al., 1989;

Bargmann et a1.,1936) and, by analogy, has been proposed to act by inducing constitutive hpc

homodimerization (Jenkins et aI., 1995). The other constitutive mutation lies in the

extracellular region of hBc (I374N) and confers factor independence on FDC-PI cells, but not

BAF-803 cells, suggesting that there are alternate mechanisms, possibly involving cell type-

specific signalling molecules, by which hBc can be activated (Gonda and D'Andrca, 1997;

Jenkins et al., 1995; see ChaPter 5).

The significance of these observations for a possible role of GMR/IL-3R/IL-5R genes in

human disorders should be considered. To date, extensive surveys of human leukaemias and

other malignancies have failed to detect gross alterations to the GMR o or B subunit genes

(Brown et aL, 1993; Brown et aI., 1994; Bardy et al., 1992). However, the techniques

employed in such surveys would not have detected point mutations, which may be a more

likely tatgetfor 'spontaneous' oncogenic alterations in humans. In this respect, another survey

of acute myeloid leukaemic patients failed to find any non-polymorphic point mutations in

hBc (Freeburî et al., 1995), although this survey only examined the cytoplasmic domain of

hBc and thus would have missed any constitutive point mutations in the extracellular (e.g.,

I374N) and transmembrane (e.g.,Y449E) domains. Thus, the identification of these two point

mutations is significant because it reveals two potential targets for oncogenic activation of hBc

by point mutation.

The likelyhood of the existence of other constitutive point mutations in hpc is raised by

several observations. First, the abovementioned screen for mutations only covered about one

third of hBc. Second, the retroviral library used in that study was of moderate size. Finally, the

selection for factor independence was relatively insensitive and particularly biased towards

'strongly-activating' mutations present in large pools of infected FDC-PI cells, suggesting

that other less frequent or 'weakly-activating' point mutations present in this region of hBc

may have been missed. To address this issue, I report in this chapter a comprehensive screen

of the entire hpc molecule for constitutive point mutations by combining random mutagenesis

with a simplified retroviral expression strategy and a more sensitive screen.
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3.2 Methods

3.2.L PCR mutagenesis and construction of point-mutated hBc cDNA

libraries

PCR mutagenesis was performed on the pRUFNeo-hBc plasmid in which a XhoI site was

silently introduced into wild-type hBc to facilitate cloning of PCR products (Fig. 3.1).

Random point mutations were introduced into the N-terminal 770 bp BamHVXhoI segment,

bases ! -710, and the C-terminal 1017 bp BglIVSalI segment, bases 1705 - 2122, of the hBc

gDNA (Hayashida et al., 1990; sequence accession number M38275) at a mutation frequency

of -0.3 7o (Il35O) under the mutagenic reaction conditions described by Jenkins et al. (1995).

The primers used for amplification of the N-terminal region were the RCF1 primer (Rayner

and Gonda, lg94), corresponding to the gag sequence in the pRUFNeo vector, and an internal

hBc primer (5'-AGCTGGCCACCTCCTTCCTCACCT-3', bases 839 - 816) defining a937 bp

fragment. The primers used for amplification of the C-terminal region were an internal hpc

primer (5'-CCCCAAGCATGTCTGTGATCCACC-3', bases 1651 - 1674) and the RCR1

primer (Rayner and Gonda,1994), corresponding to the MClN¿o sequence in the pRUFNeo

vector, defining a 1105 bp fragment. Following digestion with the appropriate restriction

enzymes, mutant fragments were agarose gel-purified and ligated directionally into pRUFNeo-

hpc from which the BamHI/XhoI or BglIVSalI segment of hpc had been excised. Following

transforrnation of E. coli, the resultant point-mutated hpc cDNA libraries of -3.5 x 104

(BamHI/XhoI) and -9.5 x 10a (BglIVSalI) independent plasmid clones were further amplified

as described previously (Rayner and Gonda,7994)'

The construction of the XhoVBgltr point-mutated hpc cDNA library has been described

previously (Jenkins et al., 1995).

3.2.2 Infection of FDC-PI cells \¡r/ith retroviruses expressing the

point-mutated hBc libraries

For the generation of retroviruses representing the three point-mutated hBc libraries, one 60-

mm dish (BamHVXhoI library), five 60-mm dishes (XhoVBglII library) and two 60-mm

dishes (BglIVSalI library) were each seeded with2 x 106 BOSC 23 cells and transfected with

20þgof theappropriateretroviralDNA. Infectionsof FDC-PI cellswereperformedbyco-
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Figure 3.L. Outline of the strategy used to generate and express hpc mutants.

Schematic illustration of hBc showing the signal sequence (black shading), the two cytokine

receptor modules (CRMs: Goodall et al., 1993) containing the conserved cysteine residues

(thin vertical lines) and the characteristic WSXWS motifs (thick vertical lines) [see Bazan

(1990) for description of these elementsl, and the transmembrane and cytoplasmic domains.

Also included is a schematic diagram of the pRUFNeo retroviral expression vector containing

the hpc cDNA. The positions in the hBc cDNA of the BamHI, XhoI, BgIII and SalI restriction

sites that define the regions subjected to random mutagenesis are shown underneath. The

affows above the cDNA represent the primers used for PCR amplification/mutagenesis of the

N-terminal and C-terminal hBc fragments; they lie just outside the restriction sites defining

the mutagenizedregions (see section 3.2.I).
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cultivation as describedpreviously (Jenkins et aI., 1996; see also section 2.15.2), with 2.5 x

10s FDC-pl cells added to each dish. FDC-PI cells from each dish were harvested, washed

and selected for factor-independent growth in 24-well multidishes (84 wells for BamHI/XhoI

library, 204 wells for XhoVBgltr library and lO2 wells for BglIVSalI library, each seeded with

2 x I1a cells) in liquid culture medium without mouse (m) GM-CSF. Factor-independent cells

were expanded in liquid culture to 25 cm2 flasks for further analysis.

3.2.3 Antibodies

The anti-ERKl/2 MAP kinase antibody was purchased from Zymed Laboratories (South San

Francisco, CA, USA), and the antibody specific for the active tyrosine phosphorylated form of

ERK1/2 MAP kinases was purchased from Promega (Madison, WI, USA). The horseradish

peroxidase-conjugated anti-phosphotyrosine antibody, RC20, was purchased from

Transduction Laboratories (Læxington, KY, USA). An anti-STAT5 antibody was generously

provided by Hiroshi Wakao (Institute for Molecular and Cellular Bioscience, University of

Tokyo, Japan).

3.2.4 Electrophoretic mobility shift assay (EMSA)

Cells washed and lysed (as described in section 2.16) had nuclei pelleted by centrifugation at

12,000 rpm for 2 min. Nuclei were resuspended in lysis buffer (without Nonidet P-40)

supplemented with 150 mM sodium chloride and lOTo (v/v) glycerol. Following incubation at

4oC for l5 min, insoluble material was removed by centrifugation at 12,000 rpm for 5 min and

samples were stored at -70oC. EMSAs were performed using a B-casein promoter probe that

contains a binding site for STAT1, STAT3 and STAT5 essentially as describedby Barry et al.

(teel).

3.3 Results

3.3.1 Isolation of factor-independent FDC-PI cells infected with the

membrane-spanning XhoI/BglII point-mutated hBc library

To investigate whether other sites for oncogenic activation by point mutation are present in

the XhoVBgltr region of the hBc cDNA, I employed a strategy, outlined in Fig. 3.1, that
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involved transient transfection of the XholBglII point-mutated hpc expression library

(Jenkins et aL, 1995) into BOSC 23 retroviral packaging cells to produce high-titre

retroviruses carrying the hBc point mutants. Following transfection, FDC-PI cells were

infected by co-cultivation with the mutant hpc, and as a control wild-type hBc, virus-

producing BOSC 23 cells. FDC-PI cells were then selected for factor-independent growth in

24-wellmultidishes, each well containing2 x 104 cells in medium without mGM-CSF. After

several weeks in culture in the absence of factor, 96/204 wells seeded with FDC-PI cells

infected with the mutant hBc retroviral library contained viable, proliferating cells, whereas no

such cells were present in control wells seeded with uninfected FDC-P1 cells or FDC-P1 cells

infected with wild-type hBc retrovirus.

Factor-independent FDC-P1 cell populations expressing the previously identified I374N

and Y449E constitutive hpc mutants were identified by recovery of mutagenized hBc

fragments by PCR from genomic DNA, followed by restriction enzyme digestions diagnostic

of the I374N (BstYI) and Y4498 (BglII) mutants (Fie. 3.2; see also Fig. 7 in Jenkins et al.,

1995). Of the 96 factor-independent FDC-PI cell cultures, 23 contained the extracellular

I374N mutant and 32 contained the transmembrane domain Y4498 mutant (data not shown).

Conditioned medium from the 41 factor-independent cell cultures containing unidentified

constitutive mutations failed to support the growth of uninfected FDC-P1 ceils, thus

eliminating the possibility of factor independence being due to autocrine growth factor

production (data not shown).

3.3.2 Identifïcation of novel constitutive hBc point mutations in the

factor-independent FDC-PI cell populations

Novel, potentially constitutive hpc point mutations in the 41 factor-independent FDC-P1 cell

populations were identified by PCR recovery of the mutated hpc region and sequencing.

Mutations of potential interest were selected for further analysis on the basis of (i) being the

only mutation in a factor-independent cell population, (ii) presence in more than one factor-

independent cell population or (iii) proximity to sequences implicated in receptor activation or

signalling. To test whether selected mutations (total of 17) could induce constitutive activity,

they were re-created independently by site-directed mutagenesis. Following insertion into the

pRUFNeo retroviral vector and transient transfection into the BOSC 23 retroviral packaging

cells, these mutants, as well as wild-type hBc, were introduced into FDC-PI cells and then

selected for either G4l8-resistance or for growth in factor-free medium. Of the hBc mutants

42



Figure 3.2. Restriction enzyme sites diagnostic of I374N and V4498 constitutive hpc

mutants

Shown is the nucleotide sequence surrounding the point mutations in the I374N and Y4498

mutants. For comparison, the corresponding sequence of wild-type hBc is also shown. The

codons affected by the point mutations are underlined, with the activating point mutations

highlighted in bold type.

(A) The BstYI restriction site, in wild-type hBc, that is destroyed by the T-+A point

mutation in the I374N mutant is boxed.

(B) The BgIII restiction site, in I/449F,, that is created by the T+A point mutation in the

Y4498 mutant is boxed.
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tested, 13 (Table 3.1 and Fig. 3.10) were able to confer factor-independent growth on FDC-PI

cells (Fig. 3.3A). Flow cytometric analysis of G418-resistant cell populations indicated that a

substantial proportion (8.57o to 427o) of infected cells expressed each constitutive hBc mutant

(Fig. 3.38), as well as each of the 4 mutants that did not confer factor independence (data not

shown), on the cell surface. Although the level of proliferation of cells in the absence of factor

was quite low compared to that seen with factor (Fig. 3.34), this was most likely due to the

fact that only a subset of each infected cell population expressed hBc (Fig. 3.3B).

Interestingly, several mutants contained different amino acid substitutions for the same wild-

type residue. Of these mutants, Tytttu was replaced with Ser, Asp and Asn, Alao'n with Asp and

Ser, and Atgoo' with Cys and His. Importantly, the factor independence exhibited by each of

the 41 FDC-PI cell populations could be attributed to at least one of these constitutive

mutatlons

Over several independent experiments, the proliferation rates of some infected factor-

independent cell populations were consistently different to each other, and to that of

uninfected FDC-PI cells grown in the presence of mGM-CSF (Fig. 3.4A).Interestingly, these

differences in factor-independent growth rates could not be attributed to corresponding

differences in cell-surface expression (Fig. 3.48). Furthermore, the proliferation rates of

factor-independent cell populations grown in the presence of mGM-CSF were similar to those

of uninfected FDC-P1 cells (Fig. 3.5), indicating that all factor-independent cell populations

retained a similar responsiveness to mGM-CSF-generated mitogenic signals. Taken together,

these data suggest that some constitutive hBc mutants may be more strongly activating than

others, as also seen with other constitutive mutants (see Chapter 4) .

3.3.3 Absence of constitutive mutations in the N-terminal BamHV

XhoI and C-terminal BglIVSalI point-mutated hBc libraries

Given the efficiency at which constitutive mutations in the XhoVBgttr point-mutated hpc

library were identified, the same retroviral expression cloning strategy was used to screen for

constitutively activating point mutations in the remainder of hBc. Two independent screens

were employed, one covering a77O bp BamHVXhoI segment of the hBc cDNA encoding the

first 239 amino acids that contains the N-terminal extracellular cytokine receptor module

(CRM), and the other a 1017 bp BglüSalI segment of the hpc cDNA encoding the C-terminal

337 amino acids of the cytoplasmic domain (Fig. 3.1), Point mutations were introduced into

both hpc regions at a rate of -0.3% (l in 350 bp), and libraries of -3.5 x 104 (BamHI/XhoI)
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Figure 3.3. Analysis of FDC-PI cells infected with novel constitutive hBc mutants.

(A) Proliferation of G4l8-selected FDC-P1 cells in the presence or absence of mGM-CSF.

Proliferation assays were carried out, as described in Chapter 2, with 5 x 103 cells plated in

triplicate. Error bars indicate the standard error of the mean of each triplicate.

(B) Flow cytometric analysis of mutant hBc expression on the FDC-PI cells depicted in (A).

Cells were stained by standard indirect immunofluorescence; dashed lines represent cells

stained with an irrelevant control antibody and solid lines indicate staining with the anti-hBc

monoclonal antibody 1C1. Cell number and fluorescence are in arbitrary units; the latter is

plotted on a logarithmic scale. Also shown are analyses of uninfected FDC-P1 cells (uninf)

and cells infected with wild-type hBc (wt). Note that data for only the constitutive hpc

mutants isolated are shown.
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Figure 3.4. Analysis of factor-independent FDC-P1 cells infected with novel

constitutive hBc mutants.

(A) Proliferation assay of FDC-PI cells, infected with the indicated hBc mutants, which had

been selected prior to assay for growth in the absence of factor. Also shown are uninfected

cells (uninf) that were washed and assayed in medium with (+) and without (-) mGM-CSF.

103 cells were plated in triplicate and cell proliferation was measured at 12 hr as described in

Chapter 2.The mean and standard eror of each triplicate is shown. Note that data for only the

novel constitutive mutants isolated in this study are shown.

(B) Flow cytometric analysis of constitutive hÞ" mutant expression on the factor-

independent FDC-PI cells depicted in (A). Cells were stained by standard indirect

immunofluorescence; dashed lines represent cells stained with an irrelevant control antibody

and solid lines indicate staining with the anti-hBc antibody 1C1. Cell number and fluorescence

are in arbitrary units; the latter is plotted on a logarithmic scale. Also shown are analyses of

uninfected FDC-Pl cells.
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Figure 3.5. Proliferation of factor-independent FDC-PL cells infected with novel

constitutive hBc mutants

Proliferation assay of FDC-PI cells expressing the indicated hBc mutants, which had been

selected prior to assay for growth in the absence of factor, in medium with (+) and without (-)

mGM-CSF. Also shown are analyses of uninfected cells (uninf) that were washed and assayed

in medium with (+) and without (-) mGM-CSF. 103 cells were plated in triplicate and cell

proliferation was measured at 12 hr as described in Chapter 2. The mean and standard error of

each triplicate is shown.
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^nd-9.5 
x 104 @glIVSalI) plasmid clones representing hÞc cDNAs bearing point mutations

in the targeted regions were generated (see section 3.2.1). Considering that sequence analysis

of amplified/mutated cDNAs indicated that there was no overwhelming mutational bias in

these procedures (data not shown), the libraries should adequately represent all of the possible

point mutations in both hBc segments.

In separate experiments, retroviruses generated by transient transfection of BOSC 23 cells

with the BamHIIXhoI and BglIVSalI point-mutated hpc libraries were used to infect FDC-PI

cells by co-cultivation with infection frequencies of 387o and 25Vo, respectively. Again,

parallel co-cultivations were performed in both experiments with untransfected BOSC 23 cells

and BOSC 23 cells producing wild{ype hpc retrovirus. After several weeks in liquid culture

in the absence of factor, only wells seeded with FDC-PI cells infected with the mutant hpc

retroviruses (2/84 for Bam/XhoI library and 31102 for BglIVSalI library) contained viable,

proliferating cells. Conditioned medium from these cultures again demonstrated that factor

independence was not due to autocrine growth factor production (data not shown). However,

re-testing of B subunits bearing mutations identified in hBc PCR fragments recovered from

these factor-independent cell populations in FDC-Pl cells failed to generate factor-

independent cells (data not shown). Sequencing of these PCR fragments revealed that the

factor-independent cell populations isolated from each screen contained identical, full-length

hBc integrants, suggesting that these populations may have originated from single infected

FDC-P1 cells that acquired factor independence without constitutive mutations in hBc.

3.3.4 Differential tyrosine phosphorylation of hBc mutants

Previous studies have demonstrated that one of the early biochemical events in response to

hGM-CSF stimulation is tyrosine phosphorylation of hBc (Sakamaki et aL, 1992; Duronio ¿/

al., 1992). To assess the tyrosine phosphorylation state of mutant B subunits expressed in the

factor-independent FDC-P1 cell populations, cell lysates were subjected to

immunoprecipitation with an anti-hpc antibody and immunoblotting with an anti-

phosphotyrosine antibody (performed by Tirn Blake, Hanson Centre for Cancer Research,

Adelaide, South Australia). As shown in Fig. 3.6A, only V4498, A459D and R461C mutants

were constitutively tyrosine phosphorylated in the absence of factor, despite the fact that

immunoblotting with an anti-hpc antibody (Fig. 3.68) indicated that all immunoprecipitates

contained readily detectable levels of B subunits. It was also determined whether B subunit

tyrosine phosphorylation could be detected in all cell lines by co-expressing the hGMRcr
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Figure 3.6. Tyrosine phosphorylation of constitutive hpc mutants in factor-independent

FDC-PI cells.

FDC-PI cells co-expressing hGMRcr and the indicated p subunits were incubated without (-)

or with (+) 50 nglml human (h) GM-CSF at 37oC for 10 min. For stimulation with hGM-CSF,

cells were initially starved for 12 hr in growth media without cytokine. Whole cell lysates

were immunoprecipitated with an anti-hBc antibody and immunoblotted using (A) an anti-

phosphotyrosine antibody and (B) an anti-hpc antibody. The position of hBc in each panel is

indicated by an arrow. Also included are analyses of FDC-Pl cells co-expressing hGMRcr and

the I374N, V4498 (Jenkins et al., 1995) and W358N (Jenkins et aI., 1996; see also Chapter 4)

mutants identified in other studies.

(Immunoprecipitation and immunoblotting performed by Tim Blake, Hanson Centre for

Cancer Research, Adelaide, South Australia)
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subunit with mutant B subunits (and wild-type, as a control) in each FDC-P1 cell population.

Only I374N, Q375P, Y376N, W383R (weakly),ly',4sQand, as expected, wild-type B subunits

demonstrated an increase in phosphorylation on tyrosine residues upon stimulation with

hGM-CSF (Fig. 3.64), despite the fact that hGMRø expression could be detected on the

surface of all cell lines (data not shown).

3.3.5 Constitutive activation of the Ras-Raf-MAP kinase and JAK2-

STAT5 signalling pathways by hBc mutants

One of the major signalling pathways activated in response to cytokines, including GM-CSF,

is the Ras-Raf-MAP kinase pathway (Durstin et al., 1996; Sato et al., 1993). Tyrosine

phosphorylation and activation of MAP kinase is dependent upon the sequential activation of

upstream Ras, Raf-l and MEK-I effector molecules (reviewed by Marshall, 1995). V/e

therefore examined the levels of tyrosine phosphorylation on ERKI and ERK2 MAP kinases

in factor-independent FDC-PI cells expressing the mutant B subunits (performed by Tim

Blake, Hanson Centre for Cancer Research, Adelaide, South Australia). Western blot analysis

of cell lysates with an antibody specific for activated (i.e., phosphorylated) ERK1/2 MAP

kinases showed that both proteins were similarly tyrosine phosphorylated in all cells in the

absence of factor (Fig. 3.74). Furthermore, the extent of phosphorylation was similar to that

seen in FDC-PI cells expressing hGMRcr and wild-type hBc (hGMR) in the presence of

hGM-CSF. In contrast, no MAP kinase phosphorylation was detected in cells expressing

hGMR in the absence of hGM-CSF. As shown in Fig. 3.78, the total levels of ERK1/2

proteins present in lysates from all cell populations were comparable'

Another major pathway that has been implicated in CR signalling is the recently identified

JAK-STAT pathway (reviewed by lhle, 1995). Indeed, several studies have shown that GM-

CSF induces tyrosine phosphorylation and activation of the JAK2 protein tyrosine kinase

(Watanabe et aI., 1996; Quelle et al., 1994; Brizzi et al., L996). Activation of this kinase

results in the subsequent phosphorylation and activation of STAT5 and in some cases, other

members of the STAT family of transcription factors (Gouilleux et al., 1994; Brizzi et al.,

1996; Quelle et al., 1995; Sakai and Kraft, 1991). Activation of STAT proteins is reflected in

their ability to dimerize and translocate to the nucleus where they stimulate gene transcription

by binding to specific DNA sequences. Accordingly, nuclear extracts from the factor-

independent FDC-PI cells were examined for the presence of STAT DNA-binding activity by

performing electromobility shift assays (performed by Tim Blake, Hanson Centre for Cancer
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Figure 3.7. Constitutive tyrosine phosphorylation of ERK MAP kinase in factor-

independent FDC-PI cells expressing constitutive hpc mutants.

V/hole cell lysates from factor-independent FDC-PI cells were analysed by immunoblotting

using (A) an anti-phoshotyrosine MAP kinase antibody and (B) an anti-MAP kinase antibody.

Also shown are analyses of factor-independent FDC-PI cells expressing the I374N, V4498

(Jenkins et aI., 1995) and W358N (Jenkins et aI., 1996; see also Chapter 4) mutants, as well

as analyses of FDC-PI cells expressing wild-type hGMR that were either starved of growth

factor overnight and incubated with (+GM) or without (-GM) 50 ng/ml hGM-CSF for 10 min,

or continuously cultured in 1 nglml hGM-CSF (cont. GM).

(Immunoblotting performed by Tim Blake, Hanson Centre for Cancer Research, Adelaide,

South Australia)
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Research, Adelaide, South Australia). All of these extracts contained a protein complex that

specifically bound to a p-casein oligonucleotide probe containing a DNA-binding motif for

STAT1, STAT3 and STAT5 (Fig. 3.8A). As expected, this DNA-binding activity was also

induced in cells expressing the wild-type hGMR that had been stimulated with hGM-CSF, but

was absent in unstimulated cells. Furthermore, the level of induction in hGM-CSF-stimulated

cells expressing the hGMR was similar to that seen in factor-independent cells expressing the

constitutively active mutants. To confirm that the DNA-binding complexes present in extracts

from the factor-independent cells contained STAT5 proteins, the complexes were tested for

reactivity with an anti-STAT5 antibody. As shown in Fig. 3.88, the DNA-binding complexes

in all extracts were supershifted by this antibody. A similar complex was also supershifted in

extracts from hGM-CSF-stimulated cells expressing wild-type hGMR by the anti-STAT5

antibody (lane 2) but not a control antibody (lane 1).

3.3.6 Biological activity of hBc mutants in BAF-803 cells

It has been previously shown that the extracellular I374N mutant, whilst constitutively active

in FDC-PI cells, is unable to confer factor independence on murine ll-3-dependent BAF-803

cells (Jenkins et al., 1995), whereas theY449E transmembrane domain mutant confers factor

independence on both cell types (Jenkins et al., 1995). To examine whether constitutive

activation of the extracellular, transmembrane and cytoplasmic domain mutants identified in

this chapter was also cell type-specific, retroviruses encoding the wild-type and mutant forms

of hpc were used to infect BAF-803 cells. For mutants containing multiple amino acid

substitutions at a given residue, the more 'strongly-activating' mutant, as determined by the

growth rates of factor-independent FDC-PI cells (see Fig. 3.44), was used. As shown in Fig.

3.9A, each mutant was expressed on the surface of infected BAF-803 cells. However, only

the transmembrane domain 4459D mutant could confer factor independence on BAF-803

cells, as shown by proliferation assays (Fig. 3.98) and prolonged monitoring of liquid cultures

without growth factor (data not shown). Conditioned medium from these cells again contained

no detectable autocrine growth factor (data not shown).

The I374N mutant, although not constitutively active in BAF-803 cells, is still able to form

a high-affinity receptor and deliver a proliferative signal, in the presence of hGM-CSF, when

co-expressed with the hGMRo¿ subunit in BAF-803 cells (Jenkins et al., 1996; see also

Chapter 4). In contrast, two other extracellular mutants, L356N and W358N which, whilst

also constitutively active in FDC-P1 cells, failed to form a high-affinity receptor complex with
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Figure 3.8. Constitutive STAT activation in factor-independent FDC-PL cells

expressing constitutive hBc mutants

(A) Nuclear extracts prepared from factor-independent FDC-PI cells were subjected to

EMSA using a p-casein probe. Also shown are FDC-P1 cells expressing wild-type hGMR that

were either continuously cultured in 1 ng/ml hGM-CSF (cont. GM), or starved of growth

factor overnight and incubated without (-GM) or with (+GM) 50 nglml hGM-CSF for 10 min.

The DNA-binding complexes are marked by an arrow.

(B) Nuclear extracts from factor-independent FDC-P1 cells were pre-incubated with an anti-

STAT5 antibody before addition of the B-casein probe. Also shown are FDC-PI cells

expressing wild-type hGMR that were stimulated with hGM-CSF (wt +GM) and pre-

incubated with a non-specific control antibody (lane 1) or an anti-STATs antibody (lane 2).

The lower arrow marks the position of the DNA-protein complexes observed in (A), and the

upper anow indicates the position of the STAT5 antibody supershifted DNA-protein

complexes. The middle arrow marks non-specific antibody binding to the B-casein probe that

is observed in the absence ofnuclear extract (lane 15).

(EMSA performed by Tim Blake, Hanson Centre for Cancer Research, Adelaide, South

Australia)
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Figure 3.9. Biological activity of hBc mutants in BAF-803 cells.

(A) Flow cytometric analysis of hBc and hGMRcr expression on infected BAF-BO3 cells.

BAF-803 cells infected with retroviruses encoding the B subunits indicated on each histogram

were superinfected with a retrovirus encoding the hGMRcx subunit and stained with an

irrelevant control antibody (dashed line), the anti-hpc antibody lCl (thin solid line) and the

anti-hGMRu antibody 8G6 (thick solid line) by standard indirect immunofluorescence. Cell

number and fluorescence are in arbitrary units; the latter is plotted on a logarithmic scale. The

asterisk by 4459D indicates that in this case, the cells were not superinfected with the

hGMRa retrovirus. 4459D(FI) represents a population of A459D-infected cells that were

selected for factor-independent growth prior to analysis. For comparison, analyses of

uninfected BAF-B03 cells and cells infected with the hGMRtx virus alone are shown.

(B) Proliferation assays of the BAF-803 cells depicted in (A) were camied out using

triplicates of 5 x 103 cells in the presence of mIL-3, hGM-CSF or in the absence of either

factor, as indicated.
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hGMRcr in BAF-803 cells (Jenkins et aL, 1996; see also Chapter 4). In order to examine the

ability of the novel hpc mutants to generate a proliferative signal as part of the hGMR

complex, BAF-803 cells expressing these mutants were superinfected with a retrovirus

canying the wild-type hGMRcr subunit. Following selection for puromycin-resistant hGMRcr

infectants, flow cytometric analysis indicated that infected cells efficiently co-expressed both

subunits (Fig. 3.9A). All mutants, except for the L356P mutant, were able to deliver a

proliferative signal in response to 1 ng/ml hGM-CSF, as shown by proliferation assays (Fig.

3.98), or prolonged monitoring of liquid cultures in 0.1 or I ng/ml hGM-CSF (data not

shown). The failure of L356P to allow hcM-CsF-dependent growth is probably due to an

inability to interact productively with hGM-CSF, since another mutant with a substitution at

the same site (L356N) neither responds to hGM-CSF nor forms a high-affinity receptor

complex (Jenkins et al., 1996; see also Chapter 4).

3.4 Discussion

3.4.1 Location of constitutive mutations in hBc

Sequence analysis indicated that the constitutive mutations are located exclusively in a central

region of hBc that spans the extracellular, transmembrane and cytoplasmic domains (Table 3.1

and Fig. 3.10). The extracellular point mutations reported here and in other studies (Jenkins e/

aL, 1996; Jenkins et aL, 1995; see also Chapter 4) arc all clustered in the membrane-proximal

CRD (domain 4) of hBc, with several resulting in amino acid substitutions at residues in the B

(L356P) and C (Q375P and Y376N,D,S) B-strands of domain 4, and two other mutations

affecting residues in the D (W383R) and E (L399P) B-strands (Table 3.1 and Fig.3.10).

Notably, sequence alignment of domain 4 of hBc with the coresponding domain of other CRs

indicates that the residues in hBc targetted for oncogenic activation are highly conserved (see

Fig. 4.18 in Chapter 4), suggesting that the homologous residues in other CRs may be targets

for constitutively activating point mutations. In view of the clustering of these extracellular

mutations in domain 4, it is worth noting that other activated forms of hBc, involving either

extracellular truncations or insertions which also affect domain 4 of hBc (see Fig. L2C),have

been reported (Gonda and D'Andrea,1997).
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Table 3.1. Summary of biological and biochemical activities conferred by constitutively active hBc mutants.

Tyrosine phosphorylation

of hpc2

alone alone

Proliferative activity rn

BAF-BO3 cellsLocation

Domain 4, p-strand B

Domain 4, B-strand B

Domain 4, p-strand C

Domain 4, B-strand C

Domain 4, B-strand C

Domain 4, p-strand D

Domain 4, p-strand E

Transmembrane Domain

Transmembrane Domain

Transmembrane Domain

Cytoplasmic Domain

Cytoplasmic Domain, Box 2

+ hGMRcr and

hGM-CSF

+ hGMRa and

hGM-CSF

MAP kinase
ô

actrvatron-

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

STAT5

activation2

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

Mutantl

L356P

w358N

1374N

Q37sP

Y376N

w383R

L399P

L44sQ

Y4498

A459D

R46lC

H544R

NO

NO

NO

NO

NO

NO

NO

NO

YES

YES

NO

NO

NO

NO

YES

YES

YES

YES

YES

YES

N/D

N/D

YES

YES

NO

NO

NO

NO

NO

NO

NO

NO

YES

YES

YES

NO

NO

NO

YES

YES

YES

YES

NO

YES

YES

YES

YES

NO

All mutants confer factor-independent proliferation on FDC-PI cells. Mutants isolated in other studies are underlined.
2 Signalling analyses were performed on factor-independent FDC-PI cells (see Figs 3.6, 3.'l and 3.8). N/D, not determined.



Figure 3.L0. Location of constitutive mutations in the extracellular domain 4,

transmembrane domain and cytoplasmic domain of hBc.

Determination of a molecular model of domain 4 of hpc has been described previously

(Jenkins et al., 1996 see also Chapter 4). The transmembrane sequence of hpc was joined

manually and an Indigo2 computer (Silicon Graphics) was used to run the molecular

modelling programs Insight tr and Discover (Molecular Simulations Incorporated). Manual

and automated methods were used to select an appropriate cr-helical conformation for the

transmembrane region, and the model was evaluated for stereochemical parameters. The

model of the hBc domain 4 and transmembrane domain is presented in cartoon form, using

Molscript (Kraulis, l99l) and Raster3D (Meruit and Murphy, 1994). B-strands are indicated

by arrowed ribbons and italicized letters. The cytoplasmic domain is depicted in an arbitrary

conformation and is shown only to illustrate the location of cytoplasmic mutations. c[-carbon

atoms of residues targeted for constitutive mutations are represented by CPK spheres.
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Within the remainder of hBc, two transmembrane domain residues, in addition to the

previously identified Yalaae residue (Y4498; Jenkins et aL, 1995), were identified as targets

for constitutive mutations. L,euaas was replaced by Gln (lA45Q), and Alaase by Asp or Ser

(4459D,S). Finally, mutations at two positions within the cytoplasmic domain of hpc, 1u1ou',

replaced by Cys and His (R461C,H), and Hissaa, replaced by Arg (H544R), also resulted in

constitutive activity. The locations of the cytoplasmic mutations are likely to indicate key

roles for the respective regions in receptor signalling, whereas the transmembrane mutants

may be somewhat more adventitious and reflect a role for receptor dimerization (see below).

3.4.2 Mechanisms of activation

3.4.2.1 Extracellular mutations

The observation that all extracellular mutants identified in this study, as well as other studies

(Gonda and D'Andrea,1997; Jenkins et aL, 1996; Jenkins et aL, 1995; see also Chapter 4), are

unable to confer factor independence on BAF-803 cells (Fig. 3.98) is consistent with a

common mechanism of activation by these extracellular mutations. Although this mechanism

is not clearly understood, it has previously been suggested that the constitutive activity of

extracellular hBc mutants may be dependent upon the presence of cell type-specific signalling

molecules (Gonda and D'Andrca,I99J; Jenkins et al., 1995; see also Chapter 5).

Notably, for each of the above extracellular point mutants, receptor activation resulted from

amino acid substitutions that are predicted to severely disrupt the normal p-sheet structure of

domain 4. Indeed, the study presented in the next chapter suggests that disruption of

interactions between B-strands B and C by constitutive mutations at positions 356, 358 (on

strand B) and 374 (on strand C) leads to receptor activation (see also Jenkins et aI., 1996). The

fact that such mutations at various locations within domain 4 all lead to receptor activation

may indicate that activation results from disruption or relaxation of a constrained

conformation of domain 4. This in turn may relieve an inhibitory intra- or intermolecular

interaction, and allow assembly of an active receptor complex. In agreement with such a

model, several studies have demonstrated that the extracellular membrane-proximal domains

of other CRs (equivalent to domain 4 of hpc) play a regulatory role in mediating interactions

between receptor subunits (Yawata et al., 1993; Grube and Cochrane, 1994; De Vos et aI.,

1992). Thus, it is possible that the conformational change induced in domain 4 of hBc by the

constitutive extracellular point mutations mimics the effect of ligand binding to the normal
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receptor. Indeed, crucial regions involved in ligand binding have been identified in domain 4

of hBc (reviewed by Bagley et aI., 1997)'

The notion that receptor activation involves a conformational switch in domain 4 of hBc is

also consistent with the interpretation of how extracellular insertions and truncations

constitutively activate hBc (Gonda and D'Andrea, 1991). Insertions in domain 4 were

proposed to directly alter the structure of this domain in such a way as to disrupt an inhibitory

conformation within this domain, the result of which unmasks a region able to associate with

other receptor components. As for the truncations, removal of domains 1 and 2 was

insufficient to activate hBc, whereas removal of domains I, 2 and 3, thereby leaving only

domain 4 intact, activated hpc. Furthermore, a truncation that left only 7 residues of domain 4

was inactive, thus providing further evidence that sequences within domain 4 are important

for receptor activation. Together, these observations suggest that domain 3 may normally

impose an inhibitory constraint on domain 4, the release of which, by removal of domain 3,

unmasks an interactive surface within domain 4 involved in receptor assembly.

3.4.2.2 Transmembrane mutations

A point mutation in the transmembrane domain of hpc (V449E) that confers factor

independence on FDC-PI and BAF-803 cells has previously been isolated (Jenkins et al',

1995). The V4498 mutation is similar to the constitutive mutation found in the

transmembrane domain of the Neu/c-erbB} rcceptor tyrosine kinase that stimulates receptor

homodimeization (Weiner et al., 1989; Bargmann et al., 1986). By analogy, it is likely that

Y44gE generates ligand-independent proliferative signals by inducing constitutive B subunit

homodimerization. The exact mechanism by which the mutation in Neu promotes receptor

dimerization is still unclear. It has been proposed that introduction of strongly polar or

hydrophilic residues within the hydrophobic transmembrane environment induces hydrogen

bonding between receptor subunits, thus enhancing receptor dimerization (Sternberg and

Gullick, 1989). Consistent with this, the residues substituted at Leuaas (Gln), Yalaae (Glu) and

Alaase (Asp and Ser) contain polar side-chains that could participate in subunit-subunit

hydrogen bonding. One might, therefore, expect the constitutive mutations at the Leuaas,

Yalaae and Alaase residues to act by a similar mechanism. However, the inability of the I-2145Q

mutant to confer factor independence on BAF-803 cells (Fig. 3.98) suggests that it is

activated by a different mechanism, possibly by inducing association with cell type-specific
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signalling molecules in a manner similar to that proposed for the extracellular mutants (Gonda

and D'Andrea,1997; Jenkins et aL, 1995; see also Chapter 5).

3.4.2.3 Cytoplasmic mutations

To our knowledge, this is the first report of mutations within the cytoplasmic domain of a CR

that result in constitutive activation. Accordingly, it is difficult at the moment to envisage how

the cytoplasmic mutations in hþ. - R461C,H and H544R - activate the receptor. The Atgout

residue was originally assigned to the transmembrane domain of hpc (Hayashida et al., 1990),

however, our own analysis of the hBc sequence with a transmembrane domain prediction

program (Tmpred; Hofmann and Stoffel, 1993) indicated that this residue lies outside of the

transmembrane domain of hpc and is predicted to be the first cytoplasmic residue.

Interestingly, the Cys and His residues substituted at this position are less hydrophilic than the

wild-type Arg, and therefore may only weakly anchor the transmembrane domain in its normal

position. In such a scenario, one might speculate that the increased flexibility or length of the

transmembrane domain may relieve an inhibitory constraint that exposos a structure within

hpc involved in inter-receptor subunit interactions'

The H544R mutation is located within the box 2 motif that is loosely conserved among

CRs (Murakami et aL, 1991). The exact role of this motif in mitogenesis is somewhat

controversial (Drachman and Kaushansky" 1997; Joneja and V/ojchowski, 1991; Goldsmith ¿r

al., 1994; DaSilva et al., 7994; Miura et aL, 1993), and possibly reflects the differential

requirement of this motif for proliferative signalling among CRs. Nonetheless, impaired

mitogenesis of several CRs which either lack or contain mutations in this motif correlates with

a loss in JAK association and activation (Nicholson et aL, 1995; DaStlva et al., 1994;

Drachman and Kaushansky, 1991), suggesting that this motif plays a role in JAK activation.

Given the general requirement of CRs for JAK association and activation (reviewed by lhle,

1995), the H544R mutation may alter the conformation of the membrane-proximal region and

enhance JAK2 association and/or activation. Alternatively, this mutation may trigger receptor

activation by facilitating dimerization of the cytoplasmic domains of B subunits in a manner

similar to a mutation (V559G) in the membrane-proximal cytoplasmic domain of the c-k¿r

receptor tyrosine kinase, which stimulates constitutive receptor homodimeization (Kitayama

et aI., 1995).
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3.4.3 Biochemical consequence of constitutive mutations in FDC-PI

cells

3.4.3.1 p subunit tyrosine phosphorylation

One of the early events indicative of hGMR activation in response to GM-CSF binding is

tyrosine phoshorylation of hpc (Sakamaki et aL, 1992; Duronio et al., 1992). Phosphorylation

of receptor tyrosine residues facilitates binding and activation of signalling molecules that link

the receptor to signalling pathways involved in various cellular responses, including survival

and proliferation. For example, mutation of a putative key site for hBc phosphorylation,

Tyttto, severely compromised both tyrosine phosphorylation of hpc and the survival of cells

expressing this mutant under low serum conditions (Inhorn et al., 1995). In a more recent

study, cells co-expressing hGMRcr and a tyrosine-deficient hBc mutant exhibited both

impaired survival and proliferation at low concentrations of hGM-CSF (in serum-free and

serum-containing cultures) compared to the wild{ype receptor (Okuda et aL, 1997). This

suggested that the cytoplasmic tyrosines of hBc are not necessary for these GM-CSF-induced

responses, but rather, are required to maximize biological responses'

The results reported in this chapter suggest that tyrosine phosphorylation of major sites in

hBc is not essential for either constitutive or GM-CSF-induced survival and proliferation, at

least in serum-containing cultures. None of the extracellular mutant B subunits, nor the L445Q

transmembrane mutant or the H544R cytoplasmic mutant, were constitutively phosphorylated

in the absence of hGM-CSF (Fig. 3.64). Moreover, only the I374N, Q375P, Y376N, W383R

and I-rt45Q mutants (and, as expected, wt hBc) displayed hGM-CSF-induced tyrosine

phosphorylation when co-expressed with hGMRcr. This is somewhat surprising, considering

that all of these mutants, with the exception of L356P and W358N, can confer hGM-CSF

growth responsiveness on BAF-803 cells when co-expressed with hGMRcr (Fig. 3.98; see

also Chapter 4). A plausible explanation for the lack of detectable constitutive tyrosine

phosphorylation on these mutants could be the involvement of a quantitative phenomenon

whereby the dimerization of receptor subunits believed to be induced by these mutations, and

therefore the subsequent activation of receptor-associated cytoplasmic tyrosine kinases (e.g.,

JAK2), is weaker than that of the other mutants and below a threshold required for receptor

phosphorylation. Alternatively, it is also conceivable that some of the tyrosine residues on

these mutants are phosphorylated, yet the anti-phosphotyrosine antibody used does not

recognize them. The lack of tyrosine phosphorylation on the L399P and H544R mutants in the
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presence of hGMRcr and hGM-CSF is more difficult to reconcile. The ability of these mutants

to generate a proliferative signal with hGMRcr and hGM-CSF in BAF-803 cells suggests that

these mutations still allow hBc to interact with both ligand and cr subunit. However, these

interactions may be sub-optimal and again result in the incomplete activation of receptor-

associated cytoplasmic tyrosine kinases responsible for p subunit phosphorylation. Both

V4498 and 4459D transmembrane domain mutants, and the R461C cytoplasmic mutant, were

constitutively phosphorylated. Interestingly, constitutive phosphorylation of the two

transmembrane mutants correlated with their ability to confer factor independence on BAF-

803 cells, thus providing further evidence for a similar mechanism of activation by these two

mutants.

3.4.3.2 ERK MAP kinase and STAT5 activation

In contrast to the differential tyrosine phosphorylation of the mutant B subunits, all factor-

independent FDC-PI cell lines exhibited a similar level of constitutive ERK1/2 MAP kinase

activation which resembled that induced by the wild-type hGMR in response to hGM-CSF

(Fig. 3.74). These results imply that B subunit phosphorylation at the major site(s) detected is

not essential for the activation of the Ras-Raf-MAP kinase pathway and that alternate

mechanisms exist for linkage to this pathway in the absence of hBc tyrosine phosphorylation.

These could be mediated by JAK2, which can link the receptor to this pathway indirectly

through its association with the SHP-2 phosphatase (Yin et aL, l99l) or directly through its

association with Raf-l (Xia et aL, 1996), thus by-passing the requirement for receptor

phosphotyrosines. Alternatively, it is conceivable that mutants which do not exhibit hBc

tyrosine phosphorylation activate this pathway via tyrosine phosphorylation of another CR in

a manner analogous to the SCF-induced cross-phosphorylation of the EPOR by c-KIT (Wu ¿r

aI., 1995). These receptor phosphotyrosines could then provide binding sites for components

of the Ras-Raf-MAP kinase pathway such as Shc or Grb2.It is tempting to speculate that the

endogenous mouse GMR/IL-3R B subunits might fulfil such a role. However, the ability of

the I374N mutant to confer factor independence on CTLL-? cells in the presence of the mouse

GMRcr subunit (F. Le and T.J. Gonda, unpublished observations; see also Chapter 5), renders

this less likely, because CTLL-Z cells do not express any components of the mouse

GMR/IL3R complex. Furthermore, the results presented here also suggest that activation of

MAP kinase may be important for these mutants to stimulate proliferation. Indeed,

preliminary data suggests that ERK1 /2 }l4.AP kinases are constitutively activated in BAF-803
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cells only by hBc mutants able to confer factor independence on these cells (T.J. Blake, B.J.

Jenkins, T.J. Gonda, unpublished observations). This is consistent with previous studies

which have observed constitutive activation of the Ras-Raf-MAP kinase pathway in

spontaneously derived factor-independent variants of human TF-l cells and factor-

independent BAF-803 cells expressing a constitutively active c-Mpl mutant (Chao et al.,

l99l; Onishi et al., 1996).

All factor-independent FDC-PI cells populations exhibited constitutive STAT DNA-

binding activity (Fig. 3.SA). However, only a proportion of each DNA-protein complex was

supershifted with an anti-STAT5 antibody, and the extent of these supershifts varied amongst

the cell populations. Therefore, it is possible that other STAT proteins may be present in these

constitutive DNA-binding complexes. Indeed, activation of STAT1, STAT3 as well as

STAT5 in response to GM-CSF stimulation has been reported in various haemopoietic cells

(van der Bruggen et al., 1995;ll{ui et aL, 1995 Brizzi et aI', 1996).

Several conflicting reports have emerged as to the role of STATs, in particular STAT5, in

cytokine-induced mitogenic signalling (Fujii et al., 1995; Chin et al., 1996: Iwatsuki et al.,

1997: Klingmuller et aL, 1996; Damen et al., 1995; Mui et al., 1996). STAT5 consists of two

homologues, STAT5A and STAT5B (Mui et al., 1995), both of which are recognized by the

anti-STAT5 antibody used in this study. The recent generation of mice deficient in STAT5A

(Liu et aI., 1997) has allowed for a more definite understanding of its ln vivo role in cytokine-

induced proliferation. The proliferation of bone maffow cells derived from STATsA-deficient

mice in response to GM-CSF was significantly impaired compared to that of wild-type mice,

and this correlated with a decrease in the transcription of genes known to be induced by GM-

CSF (Feldman et aL, 1991). Thus, these results implicate STAT5 in GM-CSF-induced

proliferation" The data presented in this chapter, together with the observed constitutive

activation of STAT5 in other factor-independent haemopoietic cell lines (Onishi et al., 1996),

is also consistent with a role for STAT5 activation in cell proliferation; on the other hand,

constitutive STAT5 activation may simply reflect constitutive JAK2 activation. In this

respect, the activation state of JAK2 in factor-independent FDC-PI cells expressing the

constitutive hpc mutants is currently under investigation.

53



Chapter 4

Interacting residues in the extracellular region of

hpc involved in constitutive activation



4.1 Introduction

Although the mechanisms by which cytokine binding induces receptors to form active signal-

transducing complexes have not been fully elucidated, it has become widely accepted that

ligand-induced dimerization of receptor subunits is an essential early step in receptor

activation. To date, the best charucteized active CR complex is that of the human GH

receptor (hGHR), the tertiary structure of which has been elucidated by X-ray crystallography

(De Vos et aI., 1992). The active hGHR complex exists as a homodimer in which both hGHR

subunits interact with each other and a single GH molecule. Examination of the active

receptor structure has led to the identification of residues within the membrane-proximal CRD

of hGHR involved in direct inter-subunit interactions that stabilize the hGHR homodimer.

The importance of these residues in mediating hGHR signal transduction has since been

confirmed by mutagensis studies involving charge complementation (Chen et al., 1997).

The identification of activating point mutations in some CRs has also provided a valuable

tool for examining regions involved in inter-subunit interactions upon receptor dimerization.

For example, cysteine substitutions in the extracellular, membrane-proximal CRDs of the

EPOR and c-Mpl constitutively activate these receptors, and in each case activation correlates

with the formation of disulphide-linked homodimers (\Watowich et aI., 1994; Watowich et al.,

1992; Alexander et aL,1995). Significantly, these substitutions are located in the same region

of both receptors that corresponds to the dimer interface region of the hGHR (De Vos et al.,

re92).

As for the hGMR, hIL-3R and hIL-5R, the precise composition and stoichiometry of the

active receptor complexes has yet to be determined, although it has become clear that the

formation of active hGMR and hIL-3R signal-transducing complexes involves ligand-induced

cr-B subunit heterodimerization (Stomski et al., 1996; Eder et al., 1994). More recently, it has

been shown that B subunit homodimers are found in active hGMR complexes (Muto et aL,

1996), thus implying that hBc homodimerization is also involved in receptor activation.

F{owever, there is currently no information on the regions in both the cr and B subunits that

play a role in inter-subunit interactions upon formation of the active receptor complexes.

One of the mechanisms by which ligand binding is believed to induce receptor subunit

dimerization involves conformational changes within the subunits (Gonda and D'Andrea,

1997 Mellado et aL, 1997), although the regions of the receptor that undergo such changes in

conformation are poorly understood. It could be assumed that such a process would involve
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the selective disruption of intramolecular interactions between specific residues within a

subunit that normally exist in the unbound state. However, the tertiary structure of the active

hGHR complex only provides information on interactions that exist between residues in the

active ligand-bound state. Accordingly, the identity of regions within the receptor subunits

that are the subject of ligand-induced conformational changes is unknown.

A previous study using random mutagenesis has identified two activating point mutations

in hBc (Jenkins et a1.,1995). One of these mutations, I374N, substitutes Asn for Ile37a in the

extracellular, membrane-proximal CRD (hereafter termed domain 4), whereas the other,

Y44gE, substitutes Glu for Yalaae in the transmembrane domain. Unlike Y4498, the

extracellular I374N mutant, and indeed other extracellular hBc mutants (see Chapter 3), could

not confer factor independence on the BAF-803 cell line, implying that the extracellular

mutations activate hpc by a different mechanism (Jenkins et al., 1995). These findings raise

two questions: (i) how do the I374N mutation and other extracellular mutations alter hBc

structure and lead to constitutive receptor activation, and (ii) what feature(s) of the activated

receptor complexes formed by the extracellular mutants is responsible for their cell type-

specific constitutive activity. In this chapter, I address the first of these questions. Initially, the

specific structural requirements for receptor activation at residue 374 were examined by

introducing a range of amino acid substitutions at this position and testing their ability to

confer factor independence on a factor-dependent haemopoietic cell line. In addition,

molecular modelling of domain 4 of hpc was employed to predict which residues might

interact with Ile37a. Together, these studies demonstrate that amino acid substitutions at some

of these residues result in constitutive activation of hBc, thus implicating them in receptor

activation and interaction with If"t'+, and lead to the proposal that interactions 'between

residues in the extracellular membrane-proximal CRD of hBc are involved in both normal and

constitutive receptor activation.
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4.2 Methods

4.2.L Molecular modelling of hBc

A model of domain 4 of hBc was developed (by Dr Chris Bagley, Hanson Centre for Cancer

Research, Adelaide, South Australia) based on the crystal structure coordinates of the human

growth hormone binding protein (GHbp; De Vos et al., 1992). The sequences of domain 4 of

hpc and the coresponding domain 2 of the GHbp (GHbptr) were aligned manually and an

Indigo2 computer (Silicon Graphics, Mountain View, CA, USA) was used to run the

molecular modelling programs Insight II, Homology and Discover (Molecular Simulations

Incorporated, San Diego, CA, USA). Coordinates for regions of hBc thought to be conserved

structurally, corresponding to the proposed B-strands, were assigned from the homologous

backbone coordinates of GHbptr and some side-chain coordinates. Additional loops were

assigned from coordinates from a library of protein structures. An inspection of the model

revealed a well-packed hydrophobic core with only moderate steric clashes between the

hydrophobic side-chains of adjacent strands. Manual and automated methods were used to

select appropriate conformations for the hydrophobic side-chains of residues proposed to be

buried in the core of the hBc molecule. The model was evaluated for stereochemical

parameters using Procheck (Laskowski et al., 1993) and is shown in Fig. 4.IA. The sequences

corresponding to the predicted B, C and F B-strands of hBc are shown in Fig. 4.18.

4.3 R.esults

4.gJ Biological activity of Ile37a hBc mutants expressed in FDC-PI

cells

It has been previously reported that substitution of asparagine for isoleucine at residue 374

(I374N) in domain 4 of hpc resulted in constitutive activation as shown by its ability to confer

factor-independent growth on the factor-dependent haemopoietic cell line, FDC-Pl (Jenkins er

aI., 1995). Structural predictions based on the three dimensional structure of soluble hGHR

(De Vos et aI., Igg2) suggest that the Ile37a residue lies on strand C and is buried within a

hydrophobic region in domain 4 of hBc (Fig. a.1A). Furthermore, sequence alignment of the
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Figure 4.L. Molecular modelling of domain 4 of hBc and sequence alignment with other

cytokine receptor subunits.

(A) Cartoon of Ile37a and proposed neighbours. The model of hBc is represented in cartoon

form, using Molscript (Kraulis, I99l) and Raster3D (Merrit and Murphy, 1994), viewed from

two orientations related by a 180" rotation about a vertical axis. B-strands are indicated by

arrowed ribbons anditalicized letters. Residue c[-carbon atoms and side-chains are represented

by CPK spheres with Ile374 being dark and other residues lightly shaded.

(B) Sequence alignment of regions encompassing the proposed B, C and F strands of hBc

with equivalent regions of other human cytokine receptor subunits. The predicted extent of

each of the indicated B-strands is delimited by the double-headed arrow at top. Conserved

hydrophobic residues are boxed and residues in hpc that were targeted for substitution are

numbered.

(Molecular modelling performed by Dr Chris Bagley, Hanson Centre for Cancer Research,

Adelaide, South Australia)
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extracellular region of hpc with hGHR and other members of the CR superfamily suggest that

the hydrophobic nature of the Ile37a residue in hBc is highly conserved at the corresponding

positions among members of this receptor family (Fig. a.1B). Based upon these observations,

it is likely that the hydrophilic substitution in I374N would severely distort the conformation

of this region.

To further examine the structural requirements for receptor activation, site-directed

mutagenesis was used to replace Ile37a with a series of different amino acids (alanine,

phenylalanine, glutamine, and aspartic acid) which were predicted to induce increasing

degrees of structural disruption. The [e374 hBc mutant cDNAs were inserted into the

pRUFNeo retroviral vector and introduced into FDC-PI cells, which were then selected for

G418 resistance. Flow cytometric analysis of G4l8-selected FDC-PI cells using standard

indirect immunofluorescence indicated that a significant proportion of infected cells expressed

eachlle37a hBc mutant on the cell surface (Fig. a.21\).

The ability of each mutant to constitutively generate a proliferative signal was determined

by analyzing the infected cells for factor-independent growth. All of the substitutions at

position 374, except alanine, were able to confer factor independence on the FDC-PI cells

Gig. a.zB). Although the level of proliferation of cells in the absence of factor was quite low

compared to that seen with factor, this was most likely due to the fact that only a subset of

each infected cell population expressed hpc (Fig. 4.2A).

To compare the efficiencies with which each mutant could activate hBc, G4l8-resistant

cells were selected for factor independence in liquid culture, following which the growth rates

of the factor-independent cell populations were compared in proliferation assays over 3 days.

Interestingly, in several independent experiments, the proliferation rate of factor-independent

cell populations infected with the I3l4F mutant was consistently slower than that of cells

infected with the I3'74D,I314Q and I374N mutants (Fig. a.3A), although surface expression

was similar in each case (Fig. 4.38).

These and subsequent experiments were carried out using polyclonal pools of retrovirally-

infected cells. It was reasoned that this should give a true indication of the properties of each

mutant, as cell-to-cell variation in expression level or responsiveness to mitogenic signals,

etc., would be "averaged out" over the cell population. To validate this approach, and to

confirm the specific observations on the Ile37a mutants, flow cytometric analysis was used to

identify factor-independent FDC-P1 clones (isolated as colonies in soft agar) that expressed

comparable levels of each mutant (Fig. a.aA). Comparison of these factor-independent FDC-
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Figure 4.2. Analysis of FDC-PL cells infected with retroviruses encoding lle37a hBc

mutants.

(A) Flow cytometric analysis of mutant hpc expression on G4l8-selected FDC-PI cells.

Cells were stained by standard indirect immunofluorescence; dashed lines represent cells

stained with an irrelevant control antibody and solid lines indicate staining with the anti-hBc

monoclonal antibody 1C1. Cell number and fluorescence are in arbitrary units; the latter is

plotted on a logarithmic scale. Also shown are analyses of uninfected FDC-PI cells (uninf)

and cells infected with wild-type hBc (wt).

(B) Proliferation of the FDC-PI cells depicted in (A) in the presence or absence of mouse

GM-CSF. Proliferation assays were carried out, as described in Chapter 2, with 5 x 103 cells

plated in triplicate. Error bars indicate the standard error of the mean of each triplicate.
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Figure 4.3. Analysis of factor-independent FDC-PL polyclonal cell pools expressing

constitutive Ile37a hPc mutants.

(A) Proliferation assay of factor-independent FDC-PI cells selected for growth in the

absence of factor. 103 cells were plated in triplicate and cell proliferation was measured at

each time point as described in Chapter 2. The mean and standard error of each triplicate is

shown.

(B) Flow cytometric analysis of constitutive I1e37a hBc mutant expression on the FDC-PI

cells used in (A). Cells were stained by standard indirect immunofluorescence; dashed lines

represent cells stained with an irrelevant control antibody and solid lines indicate staining with

the anti-hBc monoclonal antibody 1C1. Cell number and fluorescence are in arbitrary units;

the latter is plotted on a logarithmic scale.
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Figure 4.4. Analysis of factor-independent FDC-PI cell clones expressing similar levels

of constitutive lle37a hBc mutants.

(A) Flow cytometric analysis of constitutive Ile37a hBc mutant expression on FDC-PI cell

clones selected for growth in the absence of factor. Cells were stained by standard indirect

immunofluorescence; dashed lines represent cells stained with an irrelevant control antibody

and solid lines indicate staining with the anti-hpc monoclonal antibody 1Cl. Cell number and

fluorescence are in arbitrary units; the latter is plotted on a logarithmic scale.

(B) Proliferation assay of the factor-independent FDC-PI cell clones depicted in (A). 103

cells were plated in triplicate and cell proliferation was measured at each time point as

described in Chapter 2.The mean and standard error of each triplicate is shown.
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P1 clones indicated that clones expressing the I374F mutant also proliferated at a significantly

lower rate than those expressing the I3'l4D,I374Qand I374N mutants (Fig. a.aB).

4.3"2 Constitutive activation of wild-type hBc upon substitutions at

Leu3s6 or Trp3s8 residues

A molecular model of domain 4 of hBc (Fig. a.1A) was used to identify residues within this

domain of hpc most likely to interact with lle37a. Using this approach, four residues, Leu3s6,

Trp"t, yala|2 and Valala were predicted to interact with lle37a. The two Val residues are

located on the F strand in the same B-sheet as Ile37a (on strand C), whereas the Leu and Trp

residues are located on the B strand in the opposing, second p-sheet (Figs. 4.1A and B).

Interestingly, sequence alignment of the extracellular regions of hBc and other members of the

CR family indicate that the Trp"t residue is highly conserved amongst other CRs. These

alignments also indicate that the hydrophobicity of residues corresponding to the Leu3s6

position is conserved in other CRs, and that the Valal2 and Valala residues are part of a

conserved motif - "RVRVR" in hBc - typified by an Arg-Val-Arg sequence (Patthy, 1990)

(Fig.4.1B).

It was reasoned that if, as predicted, the residues at positions 356, 358, 412 and 414

normally participated in hydrophobic interactions with 1""0, then polar substitutions at some

or all of these positions might also disrupt these interactions and result in receptor activation.

Since strong activation occurred by replacing the hydrophobic Ile37a residue with asparagine, I

first tested the effect of this substitution at each of the potentially interacting positions to

generate the mutants L356N, V/358N, V412N and V414N. Retroviruses encoding these

mutants, as well as wild-type hBc, were used to infect FDC-PI cells which were then selected

for G418 resistance in liquid culture. During the early stages of this study it was observed that

cell-surface expression of some hBc mutants was only detectable by performing high-

sensitivity immunofluorescence ('3-layer staining') with the anti-hBc monoclonal antibody

lCl (Fig. 4.5); as a result, subsequent flow cytometric analyses were performed on cells

stained by this method (see section 2.15.5). Fig. 4.64 shows that all of these mutants (as well

as I374N, I3l4F and wild-type hBc) were expressed by the G418-resistant cell populations.

After several weeks' selection for factor independence in liquid culture, only cultures infected

with the Leu3s6, Trpttt and, as expected, the I1e37a mutants contained viable, proliferating cells

(data not shown). To test the effects of potentially less severe disruptions (akin to I374F),

other hydrophobic residues were introduced at positions 356 and 358 by substituting alanine
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Figure 4.5. Flow cytometric analysis of constitutive hpc mutant expression on factor-

independent FDC-PL cell pools stained with 4F3 and lCL anti-hpc

monoclonal antibodies.

Cells expressing the indicated hÊc mutants were stained by high-sensitivity

immunofluorescence as described in Chapter 2; dashed lines represent cells stained with an

irrelevant control antibody, thin solid lines indicate staining with the anti-hBc monoclonal

antibody 4F3 and thick solid lines indicate staining with the anti-hpc monoclonal antibody

1Cl. Also shown are analyses of uninfected FDC-PI cells. Cell number and fluorescence are

in arbitrary units; the latter is plotted on a logarithmic scale.
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Figure 4.6. Expression of, and factor-independent colony formation by, FDC-PI cells

infected with hpc mutants.

(A) Flow cytometric analysis of mutant hBc expression on G4l8-selected FDC-PI cells.

Cells were stained by high-sensitivity immunofluorescence; dashed lines represent cells

stained with an irrelevant control antibody and solid lines indicate staining with the anti-hBc

monoclonal antibody 1C1. Cell number and fluorescence are in arbitrary units; the latter is

plotted on a logarithmic scale. For comparison, analyses of uninfected cells and cells infected

with wild-type hpc are also shown.

(B) Frequency of factor independence of FDC-PI cells infected with hBc mutants. Cells

were washed and plated in agar-containing medium with or without mouse GM-CSF

immediately after co-cultivation with transiently-transfected BOSC 23 cells. Data are

presented as the average number of colonies present on duplicate agar plates seeded with 500

or 5000 cells. Percentage of factor independence is calculated as the percentage of infected,

i.e. G4l8-resistant (as determined from plates seeded with 500 cells), colonies that grew on

plates seeded with 5000 cells in the absence of mouse GM-CSF.
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for Leu3s6 (L3564) and phenylalanine for Trp3s8 (w35sF). Following introduction into FDC-

Pl cells, it was seen that these mutants were also expressed on the cell surface (Fig. 4.64);

subsequent culture in the absence of mouse (m) GM-CSF showed that both induced weak but

detectable factor-independent growth (see below).

To validate these observations, as well as eliminate the possibility that factor independence

was a result of secondary activating mutations, colony assays were performed on the infected

FDC-PI cells immediately after infection. As shown in Fig. 4.68, and in agreement with the

observations from liquid culture, only FDC-PI cells infected with viruses encoding I-eu3s6,

Trp"* or [e374 hBc mutants produced colonies that grew without mGM-CSF. Although the

frequency of factor independence for cells infected with each activated mutant was low, this

again is likely to be due to the fact that only a subset of G4l8-selected cells expressed the hBc

mutants on the cell surface (Fig. 4.64). Factor independence was not a result of low-level

autocrine growth factor production as conditioned medium from the factor-independent cell

pools did not support the growth of uninfected FDC-Pl cells (data not shown). Additionally,

the presence of the appropriate full-length hpc mutant cDNAs in the infected FDC-PI cells

was confirmed by recovery of the entire hpc fragment by PCR from genomic DNd, followed

by restriction enzyme digestions diagnostic of each mutant (data not shown).

The rate of factor-independent proliferation of cells expressing the L356N and W358N

mutants was considerably lower than that seen with I374N, as shown by proliferation assays

(Fig. 4.71\). Furthermore, the proliferation rates of factor-independent cell populations

infected with the L3564 and W358F mutants were several-fold lower even than those of cells

infected with the I-356N and W358N mutants, although surface expression was slightly higher

for the former two mutants (Fig. 4.78).Interestingly, the factor-independent colonies (as in

Fig. 4.68) that arose from FDC-P1 cells infected with the L3564 and V/358F mutants were

significantly smaller than those infected with the other activated mutants (data not shown)"

Together, these results suggest that the Leu3s6 and Trp3s8 mutants induced constitutive

activation less efficiently than the Ile37a mutants and that the asparagine substitutions at these

positions lead to higher activity than the more hydrophobic (alanine and phenylalanine)

substitutions.
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Figure 4.7. Proliferation of factor-independent FDC-P1 cells infected with constitutive

hpc mutants.

(A) Proliferation assay of FDC-PI cells, infected with the indicated hBc mutants, which had

been selected prior to assay for growth in the absence of factor. 103 cells were plated in

triplicate and cell proliferation was measured at each time point as described in Chapter 2.

The mean and standard error of each triplicate is shown. Also shown are uninfected cells that

were washed and assayed in medium without factor. The inset shows an enlargement of the

proliferation profiles of uninfected cells and cells expressing the L3564 and W358F mutants.

(B) Flow cytometric analysis of constitutive hÞ" mutant expression on the factor-

independent FDC-P1 cells depicted in (A). Cells were stained by high-sensitivity

immunofluorescence; dashed lines represent cells stained with an irrelevant control antibody

and solid lines indicate staining with the anti-hpc monoclonal antibody lC1. Cell number and

fluorescence are in arbitrary units; the latter is plotted on a logarithmic scale.
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4.3.3 Substitutions at positions 356 or 358 can synergistically

enhance activation of the 1374F mutant

An extension of the notion that disruption of interactions between lle37a and Leu3s6Ærp3s8

leads to constitutive activation is that weakly activating mutations at both of the interacting

positions might synergise in enhancing receptor activation. I therefore constructed four double

mutants by combining I374F with L356A, W358F, and also with glycine substitutions for

each of the two valine residues at positions 412 and 4I4. The two latter double mutants

(I374FN4L2G andI374FlV4l4G) were constructed to provide negative controls for synergy.

Glycine was chosen as a smaller, non-polar residue to replace valine, in a similar vein to

replacing leucine with alanine and tryptophan with phenylalanine in L3564 and W358F,

respectively; it was unlikely that these substitutions would be activating as even the disruptive

asparagine substitutions for Valal2 or Yalata did not result in activation (Fig. 4.68). All four

double mutants conferred factor independence upon FDC-P1 cells; however, the proliferation

rates of factor-independent cells infected with the I314F/I-3564 and I3T4FIW358F mutants

were consistently several-fold higher than those infected with the I374FN4I2G,

I3l4FlY4l4G or I314F mutants (Fig. 4.84). Indeed, the proliferation rates seen with the

I374Fll-3564 and I374F|W358F mutants were similar to that of the strongly-activated I374N

mutant. In contrast, the proliferation rates of cells expressing the l374FN4l2G and

I314FN4I4G mutants barely differed from that of cells expressing the "parental" I3'74F single

mutant. These differences in growth rates could not be attributed to corresponding differences

in the level of cell-surface expression of the various mutants (Fig. a.8B). Thus these data, and

the data of Figs. 4.6 and 4.7 , arc consistent with the notion that activation of hBc by the Ile37a,

Leu3s6 and Trp3ss mutants is due to disruption of the interactions between [e374 and the latter

two residues (discussed below in section 4.4).

4.3"4 Biological activity of L356N and \ry358N mutants in BAF-803

cells

It has been previously shown that the I374N mutant, whilst constitutively active in FDC-PI

cells, is unable to confer factor independence on mouse Il-3-dependent BAF-803 cells

(Jenkins et aI., 1995). In contrast, another previously identified hBc mutant,Y449E (Jenkins

et al., 1995), is constitutively active in both cell types. It was reasoned that if the L356N and

V/358N mutants are activated in FDC-PI cells by the same mechanism as I374N, then these
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Figure 4.8. Proliferation of factor-independent FDC-PI cells infected with double

mutants derived from 1374F.

(A) Proliferation assay of FDC-P1 cells infected with indicated single or double mutants

which had been selected prior to assay for growth in the absence of factor. 103 cells were

plated in triplicate and cell proliferation was measured at each time point as described in

Chapter 2. The mean and standard error of each triplicate is shown. For comparison, analyses

of uninfected FDC-PI cells, cells infected with the parental I314F and the strongly-activated

I374N mutants are also shown.

(B) Flow cytometric analysis of mutant hBc expression on the FDC-PI cells depicted in (A).

Cells were stained by high-sensitivity immunofluorescence; dashed lines represent cells

stained with an irrelevant control antibody and solid lines indicate staining with the anti-hBc

monoclonal antibody 1C1. Cell number and fluorescence are in arbitrary units; the latter is

plotted on a logarithmic scale.
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mutants would also be unable to confer factor independence on BAF-803 cells. Retroviruses

encoding the wild-type and mutant forms of hBc, including V4498 as a positive control for

factor independence, were therefore used to infect BAF-803 cells. As shown in Fig. 4.9^,

each mutant was efficiently expressed on the surface of infected cells. However, proliferation

assays showed that none of these mutants, except for, as expected Y4498, were able to confer

factor independence on BAF-803 cells in liquid culture (Fig. a.9B).

Atthough the I374N mutant is not constitutively active in BAF-803 cells, it is still capable

of forming a high-affinity receptor and delivering a proliferative signal, in the presence of

human GM-CSF, when co-expressed with the hGMRcr subunit (Jenkins et aL, 1995). I

therefore examined the ability of the L356N and W358N mutants to behave as wild-type p

subunits by super-infecting BAF-803 cells expressing these mutants with a retrovirus

encoding the hGMRcr subunit. Flow cytometric analysis indicated that the hGMRo subunit

was efficiently co-expressed with the wild-type and mutant B subunits on the surface of

infected cells (Fig. 4.104). However, only cells expressing the wild-type, and as expected

I374N mutant B subunits, were able to proliferate in 0.1 nglml of hGM-CSF, as shown by

proliferation assays (Fig. a.108) and prolonged monitoring of liquid cultures in the presence

of either 0.1 or 1 nglml of hGM-CSF.

To determine whether this lack of proliferation resulted from a loss of high-affinity binding

associated with the L356N and W358N mutants, saturation binding studies were performed

(by Dr Joanna Woodcock, Hanson Centre for Cancer Research, Adelaide, South Australia) on

cells with ¡"'I1-1abe11ed hGM-CSF expressing hGMRo alone, and hGMRcr with either the

I374N or V/358N mutant. As shown in Fig. 4.10C, cells co-expressing hGMRcr and I374N

exhibited both low-affinity (Ç = 2 nM) and high-affinity (4, = 78 pM) binding sites. These

binding affinities are consistent with those previously determined for cells co-expressing

wild-type hGMRcr and p subunits (Sakamaki et al., 1992; Woodcock et al., 1994).In contrast,

only low-affinity binding sites were detected on cells co-expressing hGMRcr and W358N (Ç

- 2.1 nM), or as expected, cells expressing hGMRcr alone (Ç = 1'6 nM).

I also examined the ability of BAF-803 cells co-expressing the L356N or V/358N mutants

with the hIL-3Rcr subunit to proliferate in response to hIL-3. Although flow cytometric

analysis indicated that the hIL-3Rcr subunit was efficiently cell-surface expressed with wild-

type and mutant B subunits, no proliferation was observed with the L356N and W358N

mutants; only cells expressing hIL-3Ro and wild-type or I374N mutant p subunits proliferated

in response to 1 ng/ml hIL-3 (Fig. a.11).

6t



Figure 4.9. Analysis of BAF-803 cells infected with retroviruses encoding hBc mutants.

(A) Flow cytometric analysis of hBc expression on infected BAF-803 cells. BAF-803 cells

infected with retroviruses encoding the hBc mutants indicated on each histogram were stained

with an irrelevant control antibody (dashed line) and the anti-hpc monoclonal antibody lCl
(solid line) by high-sensitivity immunofluorescence. For comparison, analyses of uninfected

BAF-803 cells and cells infected with the wild{ype hBc virus are also shown. Cell number

and fluorescence are in arbitrary units; the latter is plotted on a logarithmic scale.

(B) Proliferation assays of the BAF-803 cells depicted in (A) were carried out using

triplicates of 5 x 103 cells in the presence or absence of mouse IL-3, as indicated.

Proliferation of uninfected BAF-803 cells and cells infected only with the wild-type hBc virus

is shown for comparison.
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Figure 4.10. Biological activity and GM-CSF binding of I374N, L356N and W358N

mutants in BAF-803 cells.

(A) Flow cytometric analysis of hBc and hGMRcx expression on infected BAF-BO3 cells.

BAF-803 cells infected with retroviruses encoding the indicated hÞ" mutants were

superinfected with a retrovirus encoding the hGMRcr subunit and stained with an irrelevant

control antibody (dotted line), the anti-hpc monoclonal antibody lCl (thin solid line) and the

anti-hGMRcr monoclonal antibody 8G6 (thick solid line) by high-sensitivity

immunofluorescence. For comparison, analyses of uninfected BAF-803 cells, cells infected

with the hGMRcr virus and cells infected with the wild-type hBc virus are also shown. Cell

number and fluorescence are in arbitrary units; the latter is plotted on a logarithmic scale.

(B) Proliferation assays of the BAF-803 cells depicted in (A) were canied out using

triplicates of 5 x 103 cells in the presence of mIL-3, hGM-CSF (0.1 ng/ml) or in the absence

of either factor, as indicated. Proliferation of uninfected BAF-803 cells and cells infected only

with the hGMRcx virus is shown for comparison.

(C) Scatchard plots of r2sl-labelled hGM-CSF saturation binding analysis (performed by Dr

Joanna Woodcock, Hanson Centre for Cancer Research, Adelaide, South Australia) of BAF-

B03 cells expressing the hGMRcr subunit alone, or together with the I374N or W358N mutant

B subunits.
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Figure 4.L1. Analysis of BAF-803 cells co-expressing the hIL-3Rcr subunit with I374N,

L356N or W358N mutants.

(A) Flow cytometric analysis of hBc and hIL-3Rcr expression on infected BAF-803 cells.

BAF-803 cells infected with retroviruses encoding the hBc mutants indicated on each

histogram were superinfected with a retrovirus encoding the hIL-3Rcr subunit and stained with

an irrelevant control antibody (dotted line), the anti-hpc monoclonal antibody lCl (thin solid

line) and the anti-hll-3Rcx monoclonal antibody 6H6 (thick solid line) by high-sensitivity

immunofluorescence. For comparison, analyses of uninfected BAF-803 cells and cells

infected only with the hIL-3Rcr virus or the wild-type hpc virus are also shown. Cell number

and fluorescence are in arbitrary units; the latter is plotted on a logarithmic scale.

(B) Proliferation assays of the BAF-803 cells depicted in (A) were caried out using

triplicates of 5 x 103 cells in the presence of mIL-3, hIL-3 (1 nglml) or in the absence of either

factor, as indicated. Proliferation of uninfected BAF-B03 cells and cells infected only with the

hIL-3Rcr virus is shown for comparison.
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4.4 DiscussÍon

It has been previously reported that hBc can be rendered constitutively active by a point

mutation in the extracellular domain 4 which replaces a conserved isoleucine residue at

position 374 with asparagine (I374N; Jenkins et aL, 1995). As one way of exploring the

mechanism by which this mutation (and possibly other mutations in domain 4; see Chapter 3)

acts, a molecular model of domain 4 of hBc has been utilised to design further mutants. In

particular, the focus rwas on possible interactions between lle37a and other, neighbouring

residues in the predicted hBc structure.

One of the key observations in this work was that replacement by asparagine of I-eu3s6 or

Trp"t, which are predicted to participate in Van der Waals interactions with Ile374, also

resulted in activation. Potentially less disruptive mutants, in which these residues were

replaced with phenylalanine or alanine (in W358F and L356A, respectively), were very

weakly activating by themselves. However, these relatively mild changes greatly enhanced

factor-independent proliferation when combined with a relatively weak mutation (I374F) at

position 3T4.Theresults support the prediction that ile37a interacts with L.eu3s6 and Trp3s8, and

possibly suggest that (i) these interactions are normally involved in maintaining the

conformation of domain 4, and (ii) that disruption of these interactions leads to a

conformational change which results in receptor activation. While the implications of such a

model are discussed further below, several other observations that support this interpretation

of the results presented in this chapter should be considered. First, substitutions at position

374 other than the original asparagine resulted in activation, with those expected to be most

disruptive, i.e., other hydrophilic residues, resulting in maximal activation as judged by the

growth rates of factor-independent cells. Second, a similar pattern holds for substitutions at

positions 356 and 358 in that the asparagine substitutions induced far greater factor-

independent growth than the alanine (L356A) or phenylalanine (W358F) substitutions. Third,

the interacting residues I1e37a and Leu3s6Ærp"t are predicted to lie on B-strands C and B,

respectively, and so it could be generalised that other interactions between these two strands

may also be important in maintaining the normal structure of domain 4. Indeed, the data from

the hBc random mutagenesis presented in Chapter 3 demonstrated that two other residues,

Gln37s and Tyr376, in strand C are targets for constitutive mutations. The fact that these

residues lie adjacent to Ile37a in strand C suggests that they may also be involved in

interactions with the Leu3s6 and Trp3s8 residues on strand B. Finally, the fact that like I374N,
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neither the L356N nor the V/358N mutant could confer factor independence on BAF-803

cells is consistent with a coÍlmon mode of action.

One rather unexpected result of these studies was that neither the L356N or the W358N

mutant could form a high-affinity receptor on, or elicit hGM-CSF-dependent proliferation of,

BAF-803 cells expressing the hGMRcr subunit; this is in contrast to I374N which exhibits

wild-type function under these conditions. Two possible explanations are that the L356N and

W358N mutations prevent interaction with either hGM-CSF itself or with the hGMRcr

subunit. The first of these is consistent with the finding of Woodcock et aL (1994) that

residues adjacent to B-strand B of domain 4, in the B-C loop, were necessary for high-affinity

hGM-CSF binding. Similarly, the inability of the L356N and W358N mutants to induce

proliferation in response to hIL-3 in the presence of the hIL-3Rcr is consistent with the more

recent finding that polyalanine substitutions in the B-C loop interfere with hIL-3 binding (Dr

Joanna Woodcock, Flanson Centre for Cancer Research, Adelaide, South Australia; personal

communication). However, it is equally possible that these mutations, while altering the

structure of hBc to induce constitutive activity, also prevent functional interaction with human

receptor o subunits; the latter is consistent with the prediction that contacts between the Cr and

B subunits involve the adjacent A-B loop (Dr Chris Bagley, Hanson Centre for Cancer

Research, Adelaide, South Australia; personal communication ). The basis for the differing

abilities of the I374N mutant compared to the L356N and W358N mutants in forming high-

affinity receptor complexes is not clear. I{owever, it is noteworthy that the anti-hBc

monoclonal antibody 4F3 (Stomski ¿/ al., 1996) has a substantially lower binding affinity for

L356N and V/358N compared to I374N (see Fig. 4.5). This observation could reflect a

difference in conformation induced by the L356N and W358N mutations compared to the

I374N mutation which may not only disrupt the structural epitope recognized by this antibody,

but also the interaction site(s) of hBc with human receptor cr subunits or ligand.

trdeally, I would like to integrate these observations into a model that could explain how the

constitutive mutations achieve their effect and how this mechanism relates to normal receptor

function. Unfortunately, it is not yet known precisely how the GMR, IL-3R and IL-5R are

triggered by ligand binding, nor is the stoichiometry of the active receptor complexes known

(other than that they contain at least one o( subunit and one p subunit). Despite this, it is highly

likely that the active normal GMR, IL-3R and IL-5R complexes contain more than one

signalling subunit, as do the active forms of all other known CRs. Indeed, the presence of hpc

dimers in active hGMR (Muto et al., 1996) and hIL-3R (Bagley et al., 1991) complexes has
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recently been reported. Furthermore, it has been observed that the functional hGMR complex

may contain at least two cr subunits (Lia et aL, 1996).In the context of receptor stoichiometry,

these results suggest that the cr and B subunits of these receptors may form higher order

complexes. As for the constitutive hBc mutants, it has been previously suggested, based on a

comparison of the activities of extracellular mutants including I374N and the transmembrane

mutant Y4498, that the former may associate with a cell type-specific signalling subunit

(Jenkins et aI., 1995; see also Chapter 5). On the other hand, there is also the possibility that

I374N may signal through a receptor complex comprised of B subunit homodimers, as V4498

is believed to (Jenkins et al., 1995; S. Barry, R. D'Andrea, B.J. Jenkins and T.J. Gonda,

unpublished observations).

Structural modelling of the u-B-ligand complex (Bagley et aL, 1995;Lyne et al., 1995;C.J.

Bagley and A.F. Lopez, unpublished observations) indicates that domain 4 of hBc can be

viewed as two B-sheets, one comprised of strands A, B and E (B-sheet 1), and the second

comprised of strands D, C, F and G (p-sheet 2).The model, which is supported by extensive

studies on the interactions between GM-CSF (and IL-3) and both the o and B subunits (e.g.,

Bagley et aL, 1995), predicts that p-strand E and the A-B loop in p-sheet 1 contact the ø

subunit (see Figs.4.1A and 4.128). Thus, interactions with a second signalling subunit (for

simplicity, depicted here as another B subunit) would be predicted to take piace via the

opposite 'side' of domain 4 (i.e., B-sheet 2; see Fig. 4.128). In view of this and the results

presented in this chapter, the following model, illustrated in Fig. 4.12, is proposed for the role

of domain 4 in the activation of hBc. In both inactive and active forms of the wild-type

receptor, p-sheets 1 and 2, and specifically strands B and C interact via contacts including

those between Ile37a and Leu356Ærp's8 1Figr. 4.I2A and B). Association with the cr subunit

plus ligand induces a conformational change in p-sheet 1 or a rearrangement of the interface

between the two sheets, and this is transmitted via the B-C interaction to the second B-sheet

(Fig. 4.128). The ensuing conformational change (to which contacts between ligand and hBc

could also contribute) then promotes interaction of residues in this B-sheet with the second

signalling subunit, leading to dimerization and triggering of intracellular signalling pathways.

In the case of the activating mutations affecting l"t'+, Leu3s6 and Trp3s8, disruption of the B-

C interaction would lead to the second p-sheet assuming an activated conformation similar to

that seen after o¿ subunit/ligand binding in the normal receptor (Figs. 4.12C and D). Validation

or rejection of this model will ultimately require crystallographic determination of the subunit
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Figure 4.12. Model for the involvement of interactions between B-strands B and C of

domain 4 in receptor activation.

(A) In the inactive ie uncomplexed form, interactions (double arrow) between the two B-

sheets, comprising B-strands A, B and E (B-sheet 1) and B-strands C, D, F and G (B-sheet 2),

respectively, stabilize the inactive conformation of domain 4.

(B) Interaction with cr subunit plus ligand induces a conformational change in B-sheet 1 that

is transmitted via the B-C interaction to generate a conformational change in p-sheet 2; the

altered conformations are represented by increased curvature (compared to (A)). The altered

conformation of p-sheet 2 results in association with a second signalling subunit (possibly

another B subunit, B') and thus triggers receptor signalling. Note that for the sake of clarity,

the ligand itself is not depicted.

(C and D) Activating mutations in B-strands B or C (depicted by asterisks) disrupt

interactions between the two B-sheets and result in sheet 2 assuming an activated

conformation, which in turn allows interaction with the second signalling subunit (as in part

(B)).

(From Jenkins et al., 1996)
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composition of both wild-type and mutant GMR/IL-3R/IL-5R complexes, and identification

of all surfaces participating in inter-subunit interactions.

The identification of residues within hBc and, by analogy, other CRs, that are involved in

inter-subunit interactions (and therefore receptor activation) could provide a valuable tool for

designing agonistic or antagonistic molecules with therapeutic implications" For example, it

may be possible to mimic the proposed conformational switch in domain 4 of hpc during

receptor activation by using small molecules capable of binding to critical regions in domain 4

and inducing the same change in conformation. Alternatively, small molecules that bind to a

region involved in receptor subunit dimerization could interfere with receptor activation. In

this respect, it is worth noting that a neutralizing monoclonal antibody raised against domain 4

of hBc has recently been developed. This antibody inhibited the proliferative effects

stimulated by IL-3, GM-CSF and IL-5 on cells expressing their receptors, and this

coresponded with its ability to block high-affinity IL-3, GM-CSF and IL-5 receptor binding

(Professor Angel Lopez, Hanson Centre for Cancer Research, Adelaide, South Australia;

personal communication). While these observations suggest that this antibody recognizes a

ligand binding site on hpc common to IL-3, GM-CSF and IL-5, it has been subsequently

shown to also interfere with the factor-independent proliferation induced on haemopoietic

cells by the I374N and Y4498 mutants (Dr Richard D'Andrea, Hanson Centre for Cancer

Research, Adelaide, South Australia; personal communication), thus implying that this

antibody may rather rccognize a site(s) in domain 4 of hBc involved in inter-subunit

interactions.

Finally, the three interacting residues studied in this chapter, IJ"t'o, Leu3s6 and Ttp3s8, are

highly conserved within the CR family (see Fig. 4.18). Thus, the homologous residues in

other CRs may be targets for activating mutations. Furthermore, the overall structural

conservation in the extracellular domains of CRs (Bazan, 1990), together with the growing

evidence that the membrane-proximal CRD of at least some of these receptors plays a role in

mediating receptor dimerization (Watowich et al., 1994 Alexander et al., 19951,DeYos et al.,

1992), suggest that the model proposed here may also be applicable to other receptors.
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Chapter 5

Cetl type-specifïc constitutive point mutants of hpc

require the GM-CSF receptor cr subunit for
activation



5.1 Introduction

As mentioned earlier (see section 3.1), the isolation of constitutively active CR mutants has

provided a useful tool for examining the normal activation process of some receptors

(Alexander et al., 1995; Watowich et al., 1994; Watowich et aI., 1992) since these mutant

receptors most likely mimic the structure of the normal cytokine-activated receptors. With

regard to the GMR/IL-3R/IL-5R system, a range of constitutively activating point mutations

have been identified in the extracellular, transmembrane and cytoplasmic domains of hBc by

virtue of their ability to confer factor-independent proliferation on mouse factor-dependent

FDC-P1 cells (Jenkins et al., 1996; Jenkins et aI., 1995; see also Chapters 3 and4). Among

these mutants, only two transmembrane domain mutants were able to confer factor

independence on mouse factor-dependent BAF-803 cells (Jenkins et aI., 1995; see also

Chapter 3), suggesting that the other hBc mutants are constitutively activated in a cell type-

specific manner.

One possible explanation for the cell type specificity of these other mutants is that a

molecule, which is present in FDC-PI and other myeloid cells, but absent in BAF-803 cells,

is required for their constitutive activity. I report here the use of retroviral expression cloning

to identify the mouse (m) GMRcr subunit as this molecule, since introduction of the mGMRcr

subunit, but not the human (h) GMRcr subunit, into BAF-803 cells expressing one of these

mutants, I374N, conferred factor independence. Moreover, expression of I374N in human

factor-dependent UT7 cells led to factor-independent proliferation, and the expression of

endogenous hGMRo on the surface of these cells was significantly upregulated compared to

that of control cells. Taken together, these results suggest a species-specific role for GMRcr in

the constitutive activity of I374N, and further reinforce the possibility that such mutations in

hBc could contribute to human haemopoietic disorders.
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5.2 Methods

5.2.L Construction of the FDC-PI cDNA library

cDNA library construction was performed with Dr John Rayner (Hanson Centre for Cancer

Research, Adelaide, South Australia) essentially as described previously (Rayner and Gonda,

1994). Briefly, cDNA was synthesized from the mouse IL-3lGM-CSF-dependent myeloid cell

line FDC-PI (Dexter et aL, 1980) and size-selected for cDNA fragments greater than 500 bp.

Following digestion with BamHI and XhoI, the size-selected cDNA was ligated directionally

into the pRUFNeo retroviral expression vector. The ligated FDC-PI cDNA library was

amplified in E. coli by electroporation, and the resultant colonies were harvested and plasmid

DNA was prepared.

5.2.2 Infection of target cells with the FDC-PI cDNA library

Retroviral DNA was used to generate a library of retroviruses based on the method described

by Rayner and Gonda (1994). Briefly, amphotropic BING packaging cells were transiently-

transfected using the calcium phosphate procedure described for transfection of BOSC 23

cells (see section 2.15.2). At 48 hr post-transfection, virus-containing supernatants were

filtered and used to infect ecotropic Y2 packaging cells. Infected Y2 cells were harvested and

selected in medium containing G418 (400 pglml) to generate the stable G4l8-resistant Y2

retroviral library. The size of the library was estimated by counting the number of Giemsa-

stained G418-resistant colonies on dishes seeded 7 days previously with dilutions of harvested

Y2 cell suspensions. BAF-803 cells expressing the I374N mutant were infected with theY2

retroviral library by co-cultivating 3.75 x 10s BAF/I374N cells with 1.2 x 106 iradiated (30

Gy) Y2 cells for 48 hr in each of eight 25 cm2 culture flasks. The BAF/I374N cells were then

harvested, washed and selected for factor-independent growth in 24-welI multidishes (204

wells, each seeded with 10s cells) in I ml of liquid culture medium without mouse IL-3.

Factor-independent cell populations were expanded in liquid culture to 6-well multidishes for

further analysis.
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5.2.3 Receptor expression constructs

The pRUFNeo/mGMRu expression construct was generated by subcloning the full-length

mGMRcr cDNA recovered from factor-independent BAF/I374N infectants into the BamHI

and Hindltr restriction sites of pRUFNeo. The pRUFNeo/hGMRcr expression construct was

generated by inserting the cDNA for hGMRcr into the XhoI site of pRUFNeo. The

pcDNAlNeo/LAGhL-3Rcr expression construct was kindly provided by Dr Richard D'Andrea

(Hanson Centre for Cancer Research, Adelaide, South Australia).

To introduce the 8-amino acid DYKDDDDK FLAG polypeptide (Kodak, New Haven, CT,

USA) at the N-terminus of mGMRu (FmGMRcr), a 5' BamHVNaeI fragment encoding the

signal sequence and first 8 structural residues of mGMRcr was excised from

pRUFNeo/mGMRcr and replaced in-frame with a PCR-generated (see section 2.10.5.2)

BamHI/NaeI fragment from pcDNAlNeo/rAGhL-3Rcr encoding the hIL-3Ro¿ signal

sequence, FLAG octapeptide and first 6 structural residues of hIL-3Rcr. The sense primer

corresponded to the T7 promoter sequence and included a BamHI site, and the antisense

primer corresponded to codons 24 - 19 (as numbered by Kitamura et al., 199lb) of hIL-3Ro

and included a NaeI site. The pRUFPuro/FmGMRcr expression vector was constructed by

inserting the BamHI/EcoRI FmGMRcr oDNA from pRUFNeo/FmGMRcr into the BamHI and

EcoRI sites of the pRUFPuro retroviral expression vector (Jenkins et al., 1995).

The HSV-derived 11 amino acid QPELAPEDPED polypeptide (Novagen, Madison, 'WI,

USA) was inserted after the signal sequence of the wild-type and I374N mutant B subunits

(between residues Cy.tu and Trpl7 as numbered by Hayashida et al., 1990) by site-directed

mutagenesis (see section 2.10.1 1).

To create the pRUFNeo/hcrmcrl chimaera encoding the extracellular and transmembrane

domains of hGMRu (346 amino acids) and the cytoplasmic domain of mGMRcx (38 amino

acids), the pRUFNeo vector and cytoplasmic domain of mGMRcr in pRUFNeo/mGMRcr were

amplified by long range PCR (see section 2.10.5.3) using a sense primer corresponding to

codons 322-327 (as numbered by Park et aL, 1992) of mGMRo and including a NruI site, and

an antisense primer corresponding to 5'-noncoding sequence. Following digestion with

BamHI and NruI (digestion with NruI restores the first cytoplasmic residue, Arg32l;, the

fragment was directionally ligated in-frame to a BamHI/DraI fragment from

pRUFNeo/hGMRcr encoding the extracellular and transmembrane domains of hGMRa.
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To create the pRUFNeo/hama2 chimaera encoding the extracellular N-terminal domain of

hGMRcr (117 amino acids) and the extracellular CRM, transmembrane and cytoplasmic

domains of mGMRa (262 amino acids), the pRUFNeo vector and extracellular CRM,

transmembrane and cytoplasmic domains of mGMRa in pRUFNeo/mGMRo¿ were amplified

by long range PCR (see section 2.10.5.3) using a sense primer corresponding to codons 97-

lO2 of mGMRcr, and an antisense primer corresponding to 5'-noncoding sequence. The N-

terminal domain of hGMRcr was amplified by standard PCR (see section 2.10.5.2) from

pRUFNeo/hGMRcr using RCF1 as the sense primer and an antisense primer corresponding to

codons lIl-ll2 (as numbered by Gearing et al., 1989) of hGMRcr. Both fragments were

digested at the 5' end with BamHI and then directionally ligated together in-frame as

B amHVblunt-ended fragments.

To create the pRUFNeo/Fmcrhcrl chimaera encoding the extracellular and transmembrane

domains of FmGMRcr (335 amino acids) and the cytoplasmic domain of hGMRcr (54 amino

acids), the pRUFNeo vector and cytoplasmic domain of hGMRcr in pRUFNeo/hGMRcr were

amplified by long range PCR (see section 2.10.5.3) using a sense primer corresponding to

codons 341-352 of hGMRcr and an antisense primer corresponding to 5'-noncoding sequence.

The extracellular and transmembrane domains of FmGMRo( were amplified by standard PCR

(see section 2.10.5.2) from pRUFNeo/FmGMRo using RCF1 as the sense primer and an

antisense primer conesponding to codons 320-315 of mGMRo. Both fragments were digested

at the 5' end with BamHI and then directionally ligated together in-frame as BamHVblunt-

ended fragments.

To create the pRUFNeo/Fmcrhcr2 chimaera encoding the extracellular FlAG-tagged N-

terminal domain of FmGMRu (111 amino acids) and the extracellular CRM, transmembrane

and cytoplasmic domains of hGMRcr (283 amino acids), the pRUFNeo vector and the

extracellular CRM, transmembrane and cytoplasmic domains of hGMRcr in

pRUFNeo/hGMRcr were amplified by long range PCR (see section 2.10.5.3) using a sense

primer corresponding to codons Il8-123 of hGMRcr and an antisense primer corresponding to

5'-noncoding sequence. The extracellular N-terminal domain of FmGMRo( was amplified by

standard PCR (see section 2.10.5.2) from pRUFNeo/FmGMRcr using RCF1 as the sense

primer and an antisense primer corresponding to codons 96-91of mGMRo. Both fragments
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were digested at the 5' end with BamHI and then directionally ligated together in-frame as

BamHVblunt-ended fragments.

Extracellular truncations of mGMRcr were generated by standard PCR (see section

2.10.5.2) on the pRUFNeo/FmGMRo construct with primers designed to amplify the entire

construct except for the desired extracellular sequence to be removed while leaving the N-

terminal signal sequence and FLAG octapeptide intact. Each PCR was performed with

different sense primers corresponding to codons 398-403 (moDl), codons 694-699 (mcrD2)

and codons 906-911 (mcrWS), and the same antisense primer corresponding to codons l4-9 of

mGMRcr. The blunt-ends of each PCR fragment were then ligated together in-frpme.

Cytoplasmic truncation mutants of mGMRcr were generated by standard PCR (see section

2.10.5.2) on the pRUFNeo/FmGMRcr construct with RCFI as the sense primer and antisense

primers that contained sequences of the mGMRo cytoplasmic domain together with a Hindltr

restriction site and termination codon at the desired position. The PCR products were

subcloned into the BamHI and HindIII restriction sites of pRUFNeo.

5.3 Results

5.3.1 Isolation of factor-independent BAF/I374N cells infected with

an FDC-PI cDNA retroviral expression library

A constitutively activating point mutation in the extracellular region of hBc, I374N, has been

previously identified by virtue of its ability to confer factor-independent growth on FDC-PI

cells (Jenkins et aL, 1995). Surprisingly, this mutant was unable to confer factor independence

on mouse Il-3-dependent BAF-803 cells, suggesting that the cell type-specific activity of this

mutant may reflect the presence of a B subunit-associated signalling molecule in FDC-PI

cells, but not in BAF-803 cells, that is required by this mutant for constitutive activation.

Accordingly, it was reasoned that introduction of such a molecule, from FDC-PI cells, into

BAF-803 cells expressing the I374N mutant should lead to its constitutive activity, and thus

render these cells factor-independent.
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Using procedures described previously (Rayner and Gonda, 1994), an FDC-PI cDNA

library in the pRUFNeo retroviral expression vector of approximately 8.5 x 10s independent

plasmid clones was generated with Dr John Rayner (Hanson Centre for Cancer Research,

Adelaide, South Australia). Restriction analysis of 42 independent plasmid clones revealed

cDNAs ranging in size from 0.4 kb to 4.5 kb, with an average size of 1.1 kb (data not shown).

As described above in section 5.2.2, the plasmid DNA was used to generate a stable retroviral

library estimated to contain 3.5 x 106 independent viral producer clones. Importantly, the

complexity of this library of retroviruses is such that it should adequately represent all cDNA

species present in the plasmid library.

BAF-803 cells expressing I374N (BAF/I374N) were infected by co-cultivation with the

FDC-PI cDNA virus-producing Y2 cells at an infection frequency of 187o. As a control,

parallel infections were also performed on uninfected BAF-803 cells and BAF-B03 cells

expressing wild-type hpc. Cells were then selected for factor-independent growth in 24-well

multidishes, each well containing 10s cells in 1 ml of medium without growth factor. After

one week in culture in the absence of factor, 37/204 wells seeded with the infected

BAF/I374N cells contained viable, proliferating cells, while no such cells were present in

control cultures. Factor independence was not the result of autocrine growth factor production

as conditioned medium from the factor-independent cell cultures did not support the growth of

uninfected BAF-803 cells (data not shown). Based on the infection frequency, it was

estimated that the rate of factor independence was approximately 1 in 10s.

5.3.2 PCR recovery of mouse GMRa cDNA from factor-independent

BAF/I374N infectants

To identify the cDNA sequence camied by the provirus in the infected BAF/I374N cells that

renders these cells factor-independent, long-range PCR (see section 2.I0.14.2) was performed

with retroviral primers on genomic DNA samples from 17 of the 37 factor-independent cell

populations. Fractionation of the PCR fragments on l7o agarose gels revealed the presence of

a common fragment of approximately 2.3 kb that was amplified from all 17 genomic DNA

samples (data not shown). Considering the positions of the PCR primer sites relative to the

cDNA cloning sites in pRUFNeo (see section 2.10.14.2), the size of the cDNA insert was

estimated to be 1.9 kb. For 8/17 of the samples, the 2.3 kb fragment was the only PCR product

generated, suggesting that these factor-independent cell populations contained only one copy
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of this cDNA. Consistent with these observations, Southern blot analyses of genomic DNA

samples from several of these factor-independent cell populations revealed the presence of

only one provirus containing an insert of approximately 2 kb (Fig. 5.1).

Sequence analysis of the 1.9 kb cDNA fragment recovered from two of the factor-

independent cell populations revealed that it corresponded to the full-length cDNA for the

mouse GMRcr subunit. The nucleotide sequence of the coding region was identical to the

published sequence (Park et al., 1992), except for four nucleotide substitutions, three of which

led to the amino acid substitutions Argu' to Lys, Glytnt to Asp and Val270 to Ala (data not

shown).

5.3.3 Expression of mGMRa with I374N in BAF-803 cells results in

factor independence

To confirm that the mGMRcx subunit isolated from the FDC-PI cDNA library was required

for the constitutive activation of I374N in BAF-803 cells, this mGMRo subunit was

expressed with I374N in BAF-BO3 cells and these cells were then tested for factor

independence. In order to monitor cell-surface expression of mGMRc¡(, the 8 amino acid

FLAG epitope was inserted at the N-terminus of mGMRcr and the modified mGMRø cDNA

was cloned into the pRUFNeo retroviral expression vector. The FLAG epitope-tagged

mGMRcr (FmGMRa) was then introduced into puromycin-resistant BAF/I374N cells, as well

as uninfected BAF-B03 cells or BAF-BO3 cells expressing wild-type hBc, following which

infected cells were selected for G418 resistance. Flow cytometric analysis of G4l8-resistant

cells stained with a FlAG-specific monoclonal antibody indicated that the FmGMRcr subunit

was efficiently expressed on the surface of these cells (Fig. 5.2A). Upon selection for growth

in medium without factor, only BAF-803 cells co-expressing FmGMRu and I374N exhibited

factor-independent growth (Fig. 5.28). The ability of the FmGMRcr subunit to behave as wild-

type mGMRcr was demonstrated by the observation that all FmGMRcr-infected BAF-803 cells

proliferated in response to mGM-CSF (Fig. 5.2B-). Considering the proliferation assays were

performed over 3 days, the growth characteristics of cells in these, and all subsequent

proliferation assays, were confirmed by prolonged monitoring of liquid cultures under the

various growth conditions described.
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Figure 5.1. Southern blot analysis of factor-independent BAF/I374N cells infected

with the FDC-PI cDNA retroviral expression library

(A) Schematic diagram of the pRUFNeo retrovirus (see also Fig. 2.14) showing the position

of the BamHI and SacI restriction sites, and the distance between the two SacI sites in the

LTRs.

(B) Southern blot analysis, using a Neo cassette probe, of genomic DNA from several

factor-independent BAF/I374N cell populations carrying FDC-PI cDNA inserts after

digestion with BamHI and SacI. The position of the molecular weight markers (EcoRI-

digested SPPl DNA) are shown in between each panel (in kb).
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Figure 5.2. Co-expression of FmGMRcr with I374N confers factor independence on

BAF-803 cells

(A) Flow cytometric analysis of FmGMRcr and p subunit expression on G418-selected BAF-

803 cells. Uninfected BAF-803 cells (uninÐ, or cells expressing either wild-type (wt) or

I374N B subunits were infected with a retrovirus encoding the FmGMRcr subunit and stained

with an irrelevant control antibody (dashed line), the anti-hpc antibody lCl (thin solid line)

and the anti-FLAG antibody M2 (thick solid line) by high-sensitivity immunofluorescence.

Cell number and fluorescence are in arbitrary units; the latter is plotted on a logarithmic scale.

Also shown are analyses of cells not exposed to the FmGMRcr virus'

(B) Proliferation of the BAF-803 cells depicted in (A) in the presence of mIL-3 (300

units/ml), mGM-CSF (80 units/ml) or in the absence of either factor, as indicated.

Proliferation assays were carried out, as described in Chapter 2, with 5 x 103 cells plated in

triplicate. Error bars indicate the standard error of the mean of each triplicate.
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5.3.4 Thel374N mutation induces constitutive association of hBc

with mGMRcr in BAF-803 cells

To examine whether the requirement for mGMRo¿ by I374N corelated with its ability to

constitutively associate with mGMRcr, BAF-B03 cells co-expressing the FmGMRcr subunit

with the I374N mutant or, as a control, wild-type hpc were subjected to immunoprecipitation

with an anti-hBc antibody, followed by Western transfer and immunoblot analysis with an

anti-FLAG antibody. As shown in Fig. 5.34, a protein of 60,000 MW, consistent with the

predicted size of mGMRcr, was only detected in immunoprecipitates from cell lysates

expressing FmGMRu and the I374N mutant. Reprobing the immunoblot with an anti-hpc

antibody indicated that both wild+ype and I374N p subunits were immunoprecipitated from

the appropriate cell lysates (Fig. 5.38). Furthermore. Western transfer and immunoblot

analysis of whole cell lysates with an anti-FLAG antibody indicated that the total levels of
FmGMRcr protein present in lysates from all cell populations were comparable (Fig. 5.3C).

Importantly, the converse immunoprecipitation (with anti-FLAG antibody) and'Western blot

analysis (with anti-hBc antibody) confirmed the physical association between mGMRcr and

the I374N mutant (Fig. 5.a). Together, these observations indicate that the I374N mutation

acts by inducing constitutive association of hBc with mGMRcr.

5.3.5 Both the N-terminal and C-terminal regions of mGMRcr are

essential for activation of the I374N mutant

Previous studies have suggested that both ligand-induced and ligand-independent association

of CRs, such as the GHR, EPOR, c-Mpl and GMR ('Woodcock et aI., I99l; Watowich et aI.,

1994; Watowich et al., 1992; Alexander et al., 1995; De Vos ¿f al., 1992), is mediated via

interactions between the extracellular domains of the receptor subunits. Accordingly, it is
likely that the extracellular domain of mGMRo may play a key role in mediating the

association with the extracellular I374N mutant. To broadly define the regions of the mGMRo

extracellular domain that are required for the constitutive activation of I374N, three FLAG-

tagged extracellular truncation mutants were generated and tested for their ability to confer

factor independence upon introduction into BAF/I374N cells by retroviral infection. One of

these truncations, FmoD1, lacked residues Leuls-Alae6 which comprise the N-terminal

domain, another, FmcrD2, lacked residues læuls-Glulea which define the N-terminal domain

t3



Figure 5.3. Co-immunoprecipitation of rmGMRo¿ and I374N from BAF-803 cells

(A and B) Uninfected BAF-803 cells and cells expressing the indicated receptor subunits

were incubated in medium without factor and lysates were immunoprecipitated (IP) with an

anti-hBc antibody. Immunoprecipitated proteins were analyzed by 'Western transfer and

immunoblotting (IB) with (A) an anti-FLAG antibody or with (B) an anti-hpc antibody.

(C) Whole cell lysates from the indicated BAF-803 cells were subjected to Western transfer

and immunoblotted with an anti-FLAG antibody. N/4, not applicable.
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Figure 5.4. Co-immunoprecipitation of FmGMRoc and I374N from BAF-803 cells

(A and B) Uninfected BAF-B03 cells and cells expressing the indicated receptor subunits

were incubated in medium without factor and lysates were immunoprecipitated (IP) with an

anti-FLAG antibody. Immunoprecipitated proteins were analyzed by Western transfer and

immunoblotting (IB) with (A) an anti-hpc antibody or with (B) an anti-FLAG antibody.

(C) Whole cell lysates from the indicated BAF-803 cells were subjected to Western transfer

and immunoblotted with an anti-hBc antibody. N/4, not applicable.
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and domain 1 of the cytokine receptor module (CRM), whereas the other, Fmo¿WS, lacked the

entire extracellular domain except for the membrane-proximal 21 residues of domain 2 (Fig.

5.54). Flow cytometric analysis of G4l8-resistant BAF/I374N infectants indicated that these

truncation mutants, as well as fullJength FmGMRo(, were expressed on the cell surface (Fig.

5.58). Noticeably, the surface expression of the FmcrWS mutant was significantly lower than

the other mutants. Considering that the WSXWS motif of CRs has been proposed to play a

structural role in facilitating efficient receptor folding (Hilton et al., 1996), the large deletion

in the FmcrWS mutant may disrupt the structure of this motif which, in turn, affects the normal

folding of this mutant and its transport to the cell surface. As shown in Fig. 5.5C, none of

these mutants were able to confer factor independence on BAFiI374N cells, indicating that the

N-terminal domain of mGMRo is required for constitutive activation of I374N. Furthermore,

the inability of BAF/I374N cells expressing the mGMRcr mutant with smallest extracellular

truncation, FmcrDl, to proliferate in the presence of mGM-CSF suggests that the N-terminal

domain of mGMRcr is also important for normal mGMR function'

Considering that the cytoplasmic domain of GMRcr is essential for normal GM-CSF-

mediated cell growth (Polotskaya et aL, 1993), the requirement for the cytoplasmic domain of

mGMRcr to facilitate constitutive signalling by I374N was also investigated. BAF/I374N cells

were initially infected with a retrovirus encoding a mutant FmGMRo¿ which lacked the entire

38 amino acid cytoplasmic domain (motm; Fig. 5.64). Although a proportion of the infected

cells expressed this mutant on the cell surface, these cells did not grow in the absence of

factor (Fig. 5.68 and C), indicating that the cytoplasmic domain is essential for I374N-

mediated factor-independent growth in these BAF/I374N infectants. Furthermore, these cells

failed to grow in response to mGM-CSF (Fig. 5.6C), thus confirming that the cytoplasmic

domain of mGMRo is also required for normal mGM-CSF-mediated cell growth.

To further delineate which sequences of the mGMRcr cytoplasmic domain are required to

facilitate constitutive signalling by I374N, a series of cytoplasmic truncation mutants were

generated (Fig. 5.64) and introduced, along with the full-length FmGMRcr subunit, into

BAFII374N cells by retroviral infection. Although flow cytometric analysis of G418-resistant

infectants indicated that these mutant o¿ subunits were efficiently surface expressed (Fig.

5.68), these cells failed to grow in the absence of growth factor (Fig. 5.6C). Furthermore,

these cells also failed to grow in response to mGM-CSF, indicating that the C-terminal 14

14



Figure 5.5. Analysis of BAF/I374N cells expressing FmGMRo extracellular truncation

mutants

(A) Schematic illustration of FmGMRcr extracellular truncations showing the regions

deleted in each truncation mutant. For comparison, the full-length FmGMRcr consisting of the

extracellular FlAGtagged N-terminal domain and the two domains (D1 and D2) of the

cytokine receptor module (CRM), together with the transmembrane and cytoplasmic domains,

is also shown. The characteristic WSXWS motif (see (Bazan, 1990)) inD2 is depicted by the

thick vertical line. Asterisks represent the C-terminus of the depicted subunits.

(B) Flow cytometric analysis of BAF/I374N cells expressing the FmGMRcr extracellular

truncation mutants. Cells were stained with an irrelevant control antibody (dashed line), the

anti-hpc antibody lCl (thin solid line) and the anti-FLAG antibody M2 (thick solid line) by

high-sensitivity immunofluorescence. Cell number and fluorescence are in arbitrary units; the

latter is plotted on a logarithmic scale. Also shown are 'parental' BAF/I374N cells.

(C) Proliferation assay of the BAF-BO3 cells depicted in (B) in presence of mIL-3 (300

units/rnl), mGM-CSF (80 units/ml) or in the absence of either factor, as indicated.

Proliferation assays were carried out, as described in Chapter 2, with 5 x 103 cells plated in

triplicate. Error bars indicate the standard error of the mean of each triplicate.
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Figure 5.6. Analysis of BAF/I374N cells expressing FmGMRcr cytoplasmic truncation

mutants

(A) Schematic illustration of FmGMRø cytoplasmic truncation mutants showing the amino

acid sequences deleted in each mutant. For comparison, the full-length FmGMRcr consisting

of the extracellular FlAG-tagged N-terminal domain and the two domains (D1 andDZ) of the

cytokine receptor module (CRM), together with the transmembrane and cytoplasmic domains,

is also shown. Asterisks represent the C-terminus of the depicted subunits.

(B) Flow cytometric analysis of BAF/I374N cells expressing the FmGMRu cytoplasmic

truncation mutants. Cells were stained with an irrelevant control antibody (dashed line), the

anti-hBc antibody lCl (thin solid line) and the anti-FLAG antibody M2 (thick solid line) by

high-sensitivity immunofluorescence. Cell number and fluorescence are in arbitrary units; the

latter is plotted on a logarithmic scale. Also shown are 'parental' BAF/I374N cells.

(C) Proliferation assay of the BAF-803 cells depicted in (B) in presence of mIL-3 (300

units/ml), mGM-CSF (80 units/ml) or in the absence of either factor, as indicated.

Proliferation assays were carried out, as described in Chapter 2, with 5 x 103 cells plated in

triplicate. Error bars indicate the standard error of the mean of each triplicate.
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amino acids of mGMRcr is essential not only for mediating factor-independent growth

conferred by I374N, but also for normal mGM-CSF-mediated cell growth.

5.3.6 Both the N-terminal and C-terminal regions of mGMRo¿ are

essential for association with the I374N mutant

Considering that the association of mGMRcr with I374N was consistent with the ability of

mGMRcx to facilitate the activity of I374N (see Figs 5.2 and 5.3), I next examined whether the

inability of the extracellular and cytoplasmic truncation mGMRcr mutants to confer factor

independence on BAF/I374N cells was due to a failure to associate with I374N. I therefore

immunoprecipitated lysates from BAF/I374N cells expressing the FmcrDl extracellular

truncation and the Fmcrt3 cytoplasmic truncation with an anti-FLAG antibody, followed by

Western blot analysis with an anti-hpc antibody. As shown in Fig. 5.11^, the I374N mutant

was only precipitated in lysates when co-expressed with the full-length FmGMRcr, and not

with the truncated FmGMRo subunits. Reprobing with an anti-FLAG antibody demonstrated

that both full-length and truncated FmGMRct subunits were immunoprecipitated from lysates

(Fig. 5.78), and 'Western blot analysis of whole cell lysates with an anti-hpc antibody

confirmed that comparable levels of the I374N mutant were expressed in the cells (Fig. 5.7C).

Thus, these data demonstrate that both the N-terminal and C-terminal regions of mGMRcr are

essential for the association with I374N and, together with the data presented in Figs 5.5 and

5.6, that the constitutive activity of I374N is dependent upon this association.

5.3.7 The species-specific requirement of mGMRcr for constitutive

activation of 1374N lies in the extracellular and/or

transmembrane domains of GMRcr

In view of the requirement of the mGMRu subunit for constitutive activity of I374N in BAF-

803 cells, the observation that co-expression of the hGMRcr subunit with I374N in BAF-B03

cells does not render these cells factor-independent is somewhat surprising (Jenkins et al.,

1996; see also Chapter 4). This lack of activation is not due to an inability of I374N to interact

with hGMRcx, because their co-expression in BAF-803 cells results in the formation of a high-

affinity receptor and generation of a proliferative signal in response to human GM-CSF

(Jenkins et aL, 1996; see also Chapter 4). Furthermore, immunoprecipitation experiments
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Figure 5.7. Extracellular and cytoplasmic truncations of FmGMRcr abolish the co-

immunoprecipitation of FmGMRcr and I374N in BAF'803 cells

(A and B) BAF-803 cells expressing the indicated receptor subunits were incubated in

medium without factor and lysates were immunoprecipitated (IP) with an anti-FLAG

antibody. Immunoprecipitated proteins were analyzed by 'Western transfer and

immunoblotting (IB) with (A) an anti-hBc antibody or with (B) an anti-FLAG antibody. The

asterisk by Fmcr in (B) indicates that the small C-terminal deletion mutant Fmcrt3 ran the same

size as the full-length FmGMRo under the gel conditions employed.

(C) Whole cell lysates from the indicated BAF-803 cells were subjected to Western transfer

and immunoblotted with an anti-hBc antibody. N/4, not applicable.
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demonstrate that in BAF-803 cells, like the wild-type hBc (Woodcock et al., 1997),I374N is

associated with the hGMRcr subunit in the absence of ligand (Fig. 5.8). To broadly define

which region(s) of the GMRcr subunit govern this species specificity, a series of chimaeric

GMRcr subunits containing regions from both species were constructed (Fig. 5.94).

Retroviruses encoding these chimaeras, as well as the normal FmGMRcr and hGMRcr

subunits, were used to infect BAF/I374N cells. Flow cytometric analysis indicated that the

chimeric GMRcr subunits were co-expressed with the I374N mutant on the surface of infected

cells at levels comparable to those of the normal mouse and human GMRcr subunits (Fig.

5.98). The ability of these chimaeras to facilitate constitutive activation of I374N in BAF-803

cells was again determined by analyzing the proliferative potential of these cells in the

absence of growth factor. As shown in Fig. 5.9C, only cells co-expressing the Fmohol

chimaera or, as expected, the normal FmGMRcr subunit with the I374N mutant exhibited

factor-independent proliferation. Thus, the species specificity lies in the extracellular and/or

transmembrane domains of mGMRcr. Furthermore, since chimaeras containing only the

mouse N-terminal domain (Fmohu2) or the mouse extracellular CRM and transmembrane

domain (homcr2) were unable to confer factor independence on BAF-BO3 cells, it is most

likely that both of the mGMRcr regions present in these chimaeras are essential for the species

specific requirement of mGMRo for I374N constitutive activity.

5.3.S Most other hBc mutants require mGMRcr for constitutive

activity in BAF-803 cells

Both random mutagenesis and site-directed mutagenesis approaches have previously been

employed to identify several other constitutively activating mutations in hBc by virtue of their

ability to confer factor independence on FDC-PI cells (Jenkins et al., 1996; Jenkins et aL,

1995; see also Chapters 3 and 4). As for I374N, all of these mutants, with the exception of two

transmembrane domain mutants, were unable to confer factor-independent growth on BAF-

803 cells, thus raising the possibility that these mutants also require mGMRcr for constitutive

activation. I therefore super-infected G4l8-resistant BAF-803 cells expressing these hBc

mutants with a retrovirus encoding the FmGMRcr subunit and a puromycin resistance gene.

Flow cytometric analysis of puromycin-resistant cells indicated that the FmGMRcr subunit was

efficiently co-expressed on the cell surface with all mutant B subunits (Fig. 5.104). As shown
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Figure 5.8. Ligand-independent co-immunoprecipitation of wild-type and I374N

mutant p subunits with hGMRcr in BAF'803 cells

(A and B) Uninfected BAF-803 cells and cells expressing the indicated receptor subunits

were incubated in medium without factor and lysates were immunoprecipitated (IP) with an

anti-hBc antibody. Immunoprecipitated proteins were analyzed by Western transfer and

immunoblotting (IB) with (A) an anti-hGMRcr antibody or with (B) an anti-hBc antibody.

(C) Whole cell lysates from the indicated BAF-803 cells were subjected to Western transfer

and immunoblotted with an anti-hGMRcr antibody. N/4, not applicable.
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Figure 5.9. Analysis of BAF/I374N cells infected with retroviruses encoding chimaeric

mouse and human GMRcr subunits

(A) Schematic illustration of chimaeric GMRcr subunits. Regions from the mouse GMRcr

subunit are shown in white, whereas regions from the human GMRcr subunit are shown in

black. For comparison, the normal FmGMRcr and hGMRcr subunits are also shown.

(B) Flow cytometric analysis of BAF/I374N cells that were superinfected with retroviruses

encoding normal and chimaeric GMRcr subunits and stained with the anti-FLAG antibody M2

(dotted line), the anti-hGMRcr antibody 8G6 (thick solid line) and the anti-hBc antibody lCl
(thin solid line) by high-sensitivity immunofluorescence. Cell number and fluorescence are in

arbitrary units; the latter is plotted on a logarithmic scale. Also shown are 'parental'

BAF/I374N cells.

(C) Proliferation assay of the BAF/I374N cells depicted in (B) in the presence of mIL-3 (300

units/ml), mGM-CSF (80 units/ml), hGM-CSF (1 nglml) or in the absence of any factor, as

indicated. Proliferation assays were carried out, as described in Chapter 2, with 5 x 103 cells

plated in triplicate. Error bars indicate the standard error of the mean of each triplicate.
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Figure 5.L0. Constitutive activity of other hBc mutants when co-expressed with
FmGMRcr in BAF'803 cells

(A) Flow cytometric analysis of FmGMRcr and B subunit expression on G4l8-selected BAF-

803 cells. Uninfected BAF-803 cells (uninf) or cells expressing the indicated B subunits were

infected with a retrovirus encoding the FmGMRa subunit (depicted by asterisk) and stained

with an irrelevant control antibody (dashed line), the anti-hBc antibody lCl (thin solid line)

and the anti-FLAG antibody M2 (thick solid line) by high-sensitivity immunofluorescence.

Cell number and fluorescence are in arbitrary units; the latter is plotted on a logarithmic scale.

(B) Proliferation of the BAF-803 cells depicted in (A) in the presence of mIL-3 (300

units/ml), mGM-CSF (80 units/ml) or in the absence of either factor, as indicated.

Proliferation assays were carried out, as described in Chapter 2, with 5 x 103 cells plated in

triplicate. Error bars indicate the standard error of the mean of each triplicate.
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in Fig. 5.108, all cells, with the exception of those expressing the extracellular L399P and

cytoplasmic R461C and H544R mutants, were able to grow in the absence of factor. The lack

of growth shown by cells expressing these mutants was not due to a signalling defect in

FmGMRcr in these cells because they still grew in the presence of mGM-CSF. The low level

of cell proliferation seen in the absence of factor compared to that with either factor is most

likely due to both differences between the signal strengths generated by the mutants and the

endogenous normal mGMR or mIL-3R (Jenkins et al., 1996; see also sections 4.3.2 and

4.3.3), and the differing proportions of each infected cell population that express both subunits

(Fig.5.104).

Considering that the association of mGMRcr with I374N was consistent with the ability of

mGMRg to facilitate the activity of I374N (see Figs 5.2 and 5.3), I examined whether the

inability of two of the above mutants, L399P and H544R, to confer factor independence on

BAF-803 cells expressing FmGMRcr was due to a failure to associate with mGMRu. In

addition, I also examined whether the requirement for mGMRcr by the L356P and I-zt45Q

mutants correlated with their ability to associate with mGMRcr. I therefore

immunoprecipitated lysates from BAF-803 cells co-expressing these hBc mutants and

FmGMRg with an anti-FLAG antibody, followed by'Western blot analysis with an anti-hBc

antibody. As shown in Fig. 5.11A, the L356P and l,r145Q mutants and, as expected, the I374N

mutant, but not the L399P and H544R mutants, were precipitated in lysates when co-

expressed with FmGMRcr. Reprobing with an anti-FLAG antibody demonstrated that

FmGMRcr was immunoprecipitated from lysates (Fig. 5.118), and'Western blot analysis of

whole cell lysates with an anti-hBc antibody confirmed that comparable levels of each hBc

mutant was expressed in the cells (Fig. 5.11C). Taken together, the above data indicate that

among the hBc mutants not constitutively active when expressed alone in BAF-803 cells, all,

with the exception of L399P, R461C and H544R, require mGMRcr for constitutive activity in

BAF-803 cells. Furthermore, for those mutants that do require mGMRcr for constitutive

activity, this correlates with their association with mGMRcr.
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Figure 5.1L. The association of other mutant B subunits with FmGMRcr correlates with

their requirement for FmGMRcr for constitutive activity in BAF-803 cells

(A and B) BAF-803 cells co-expressing FmGMRcr with the indicated mutant p subunits were

incubated in medium without factor and lysates were immunoprecipitated (IP) with an anti-

FLAG antibody. Immunoprecipitated proteins were analyzed by Western transfer and

immunoblotting (IB) with (A) an anti-hpc antibody or with (B) an anti-FLAG antibody.

Asterisks denote mutant B subunits that are constitutively active in BAF-803 cells when co-

expressed with mGMRo (see Fig. 5.10).

(C) V/hole cell lysates from the indicated BAF-803 cells were subjected to Western transfer

and immunoblotted with an anti-hBc antibody. N/4, not applicable.



** "g*"ço .Ë

IBIP
$dA

hPc; ìú+ FLAG hÞ"

FLAG FLAG

hÞc

B

C

"mc¡¿ >

rt N/A



5.3.9 Thel374N mutant confers factor independence on human

UT7 cells; a possible role for hGMRcr in the constitutive

activity of I374N in human cells

Although the hGMRo subunit was unable to facilitate the constitutive activity of I374N in

mouse BAF-803 cells, it was conceivable that the I374N mutant might be constitutively

active in human cells expressing hGMRcr. Unfortunately, to the best of our knowledge, no

human factor-dependent haemopoietic cell lines, 'equivalent' to BAF-803 cells, in which

hGMRcr subunits could be introduced in the absence of endogenously expressed hGMRcx,

exist. Accordingly, the ability of this mutant to confer factor independence was tested on

human GM-CSF/IL-3ÆPO-dependent UT7 cells, since these cells express endogenous

hGMRo, In order to distinguish between the introduced p subunits and the endogenous B

subunits expressed by UT7 cells, an 11 amino acid HSV-derived epitope was inserted at the

N-terminus of the I374N mutant and, as a control, wild-type hpc. Cells were infected with

retroviruses encoding these modified B subunits and then selected for G4l8-resistance. The

cell-surface expression of the introduced subunits was confirmed by flow cytometric analysis

of infected cells stained with both anti-hBc and anti-HSV monoclonal antibodies (Fig. 5.124).

Upon selection for growth in liquid culture medium without factor, only UT7 cells that had

been infected with viruses encoding the I374N mutant exhibited factor-independent

proliferation (Fig. 5.128). Factor independence was not the result of low-level autocrine

growth factor production as conditioned medium from factor independent cell pools did not

support the growth of uninfected UT7 cells (data not shown). To eliminate the possibility that

factor independence was a result of secondary activating mutations, colony assays were

performed on the infected UT7 cells immediately after infection. As shown in Table 5.1, and

in agreement with the observations from liquid culture, only UT7 cells infected with the

I374N mutant produced colonies that grew without growth factor.

Strikingly, flow cytometric analysis with an anti-hGMRcr antibody revealed that the

expression of hGMRcr was significantly upregulated on the surface of factor-independent cells

expressing I374N (FI *I374N cells) compared to uninfected cells or G4l8-resistant cells

(expressing wild-type hpc or I374N) which were not selected for factor independence (Fig.

5.134). Importantly, the increase in hGMRcr expression specifically comelated with the factor

independence of l374N-expressing cells. To confirm that the increase in hGMRct expression
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Figure 5.12. Analysis of human UT7 cells infected with the I374N mutant

(A) Flow cytometric analysis of G4l8-resistant UT7 cells infected with retroviruses

encoding the HSV-tagged (as shown by asterisks) wild-type and I374N B subunits, except for

the panel labelled FI *I374N which shows staining of cells infected with the HSV{agged

I374N mutant and selected for factor-independent growth prior to analysis. Also shown are

analyses of uninfected UT7 cells. Cells were stained with an irrelevant control antibody

(dashed line), the anti-hBc antibody lCl (thin solid line) and the anti-HSV antibody (dotted

line) by high-sensitivity immunofluorescence. Cell number and fluorescence are in arbitrary

units; the latter is plotted on a logarithmic scale.

(B) Proliferation of the UT7 cells clepicted in (A) in the presence and absence of human

GM-CSF (2 nglml). Proliferation assays were caried out, as described in Chapter 2, with 5 x

103 cells plated in triplicate. Error bars indicate the standard error of the mean of each

triplicate.
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Table 5.L. Factor-independent colony formation of human UT7

cells following infection with thel374N mutantl

UT7 cells
infected

with:

Number of colonies per 5000 cells

hGM.CSF hGM.CSF
+ G418

No
factor

7o of
infection

Vo of factor
independence2

no vrrus

pRUFNeo

wt hpc

I374N

660

272

450

485

0

2l
22

27

0

7.7

4.9

5.6

0

0

0

18.5

0

0

0

5

t Cells were washed and plated in agar-containing medium with or without human GM-CSF

(2ng/n1) immediately after co-cultivation with transiently-transfected BING cells. Data are

presented as the average number of colonies present on duplicate agar plates seeded with 5000

cells.

2Percentage of factor independence is calculated as the percentage of infected, i.e. G418-

resistant, colonies that grew on plates seeded with 5000 cells in the absence of human GM-

CSF.



Figure 5.L3. Analysis of hGMRo surface expression on infected human UT7 cells

(A) Flow cytometric analysis of hGMRu expression on the surface of the indicated UT7

cells. Uninfected UT7 cells (uninf; dotted line), G4l8-resistant UT7 cells infected with a

retrovirus encoding the HSV-tagged wild-type hBc (*wt; dashed line), G4l8-resistant UT7

cells infected with a retrovirus encoding the HSV-tagged I374N mutant (*I374N; thin solid

line), and UT7 cells infected with the HSV-tagged I374N mutant that had been previously

selected for factor-independent growth (FI *I374N; thick solid line) were stained with the

anti-hGMRcr antibody 8G6 by high-sensitivity immunofluorescence. Cell number and

fluorescence are in arbitrary units; the latter is plotted on a logarithmic scale.

(B) Flow cytometric analysis of hGMRø expression on the surface of G418-resistant UT7

cells that were sorted for high expression of the HSV-tagged wild-type hBc subunit (*wt).

Sorted cells were stained with an irrelevant control antibody (dotted line), the anti-HSV

antibody (dashed line), the anti-hBc antibody lCl (thin solid line) and the anti-hGMRcr

antibody 8G6 (thick solid line) by high-sensitivity immunofluorescence. Cell number and

fluorescence are in arbitrary units; the latter is plotted on a logarithmic scale.
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was not just a function of high-level B subunit expression (see FI *I374N histogram in Fig.

5.I2A), UT7 cells that were sorted for a comparable high-level expression of HSV-tagged

wild-type hBc exhibited the same low level of hGMRo expression (Fig. 5.138) as that on the

unsorted cells (*wt).

5.4 Discussion

S.4.1 Thel374N mutation confers constitutive activity on hBc, in

mouse cells, by inducing association with mGMRcr

The constitutively active extracellular hpc point mutant, I374N, is able to confer factor

independence on mouse FDC-PI cells, but not BAF-803 or CTLL-Z cells (Jenkins et al.,

lgg5),thus raising the possibility of the involvement of cell type-specific signalling molecules

in the activation of this mutant. In this chapter, retroviral expression cloning has been

employed to demonstrate that introduction of the mouse (m) GMRcr subunit, from FDC-PI

cells, into BAF-803 cells expressing the I374N mutant conferred factor independence on

these cells. Significantly, the mGMRo subunit has also been shown to allow the constitutive

activity of I374N in CTLL-2 cells (F. Iæ and T.J. Gonda, Hanson Centre for Cancer Research,

Adelaide, South Australia; unpublished observations). Considering that CTLL-2 cells, unlike

BAF-803 cells and FDC-P1 cells, do not express the receptors for GM-CSF or IL-3 indicates

that the mechanism of activation of I374N does not require any other receptor components

(mIL-3Rcr, mBc or mBrl-:), apart from mGMRo, belonging to the mouse GMR or IL-3R.

By performing co-immunoprecipitation experiments, it was demonstrated that the I374N

hpc mutant, but not wild-type hBc, complexed with mGMRcr: thus, the I374N mutation acts,

at least in part, by inducing constitutive association of hBc with mGMRcr. Although it has

been previously shown that the hGMRcr subunit can form a signal-transducing receptor

complex with the mouse Bc subunit at high doses of hGM-CSF (Kitamura et aL, 1991a), to

our knowledge this is the first report of the converse association involving the human p

subunit and the mouse GMRo subunit. The constitutive association between these GMRo¿ and

p subunits is reminiscent of a recent report in which the wild-type hGMRo and hpc subunits

were co-immunoprecipitated from cell lines in the absence of GM-CSF (Woodcock et al.,
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lggT), thereby demonstrating that the normal GMR can exist as both a preformed and ligand-

inducible complex. On the other hand, heterodimerization of hIL-3Rcr and hIL-5Rcr subunits

with hpc appears to be completely dependent upon the presence of ligand (Bagley et aI', 1997;

Woodcock et aL, lggl). Collectively, these observations raise the question of what is the

functional significance of the activated mGMRu/I374N complex in relation to the wild-type

hGMR preformed complex, which of course does not confer growth in the absence of GM-

CSF.

5.4.2 Involvement of the extracellular regions of mGMRa and hBc

in mediating the constitutive activity of I374N

Examination of the crystal structure for the active GHR complex revealed a single GH

molecule bound to a GHR subunit homodimer that was stabilized by interactions between the

extracellular membrane-proximal domain of the CRM of each GHR subunit (De Yos et al.,

Ig92). The general importance of this domain in mediating dimerization events in the

activation of other CRs has been further emphasized by the isolation of activating mutations

in the equivalent domain of EPOR amd c-Mpl which induce constitutive receptor activation

through disulphide-linked homodimerization (Alexander et aL, 1995; Watowich et aI., 1994;

Watowich et aL, 1992).

The high degree of sequence conservation among the extracellular CRMs of CRs (Bazan,

1990) has facilitated extensive modelling on hGMRu and B subunits by homology with the

active GHR structure. These studies also propose that the analogous extracellular membrane-

proximal domain of hBc (domain 4) is likely to be involved in inter-subunit interactions with

hGMRcr (Bagley et al., 1995; Lyne et al., 1995). This is consistent with the location of the

I374N mutation, and also other extracellular activating mutations in hBc, all of which are

either located in or affect domain 4 and are likely to mimic the normal ligand-induced

assembly of receptor subunits (Gonda and D'Andrca, 1997; Jenkins et aL, 1996; see also

Chapters 3 and 4). Indeed, it has been previously proposed that the extracellular point

mutations, as well as insertions and truncations (Gonda and D'Andrea, I99l), induce a

conformational change within this domain that promotes interaction with another receptor

subunit (Jenkins et al., 1996", see also Chapter 4), which, in view of the findings presented in

this chapter, is most likely mGMRcr. In the context of the hGMR, however, considering that
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wild-type hBc and hGMRcr spontaneously associate in the absence of ligand (Woodcock er

al., 1997), it is possible that the I374N mutation, and indeed the other domain 4 mutations,

may enhance this pre-existing association in a manner analogous to that of GM-CSF binding'

In this regard, one could speculate that the wild-type hpc and mGMRo¿ may associate, albeit

very weakly and below the threshold of detection, and the I374N mutation increases the

strength of association between human B and mouse GMRcr subunits to a detectable level.

While these observations pertain to the involvement of the CRM in inter-receptor subunit

interactions, they do not address the role of the additional N-terminal domain of the GMRcr,

IL-3Rcr and IL-5Rcr subunits in receptor activation. It was observed that deletion of 83 amino

acids in the extracellular N-terminal domain of mGMRcr abolished both the constitutive

activity of I374N, and the association between I374N and mGMRcr, in BAF-803 cells.

Notably, the N-terminal deletion also abolished mGM-CSF-induced proliferative signalling in

BAF-803 cells, indicating that this region is also critical for normal mGMR-generated signals.

Although no data is currently available on the functional significance of the GMRcr (mouse or

human) N-terminal domain in receptor activation, several studies have examined the role of

the corresponding domain of the IL-3Ro¿ and IL-5Ra subunits in receptor activation. These

studies revealed that deletion of the N-terminal domain in hIL-3Rcr severely impaired both

low- and high-affinity binding (Rapoport et al., 1996; Barry et al., l99l), whereas the same

deletion in hIL-5Rcr abolished ligand-binding altogether (Cornelis et al., 1995), suggesting

that this domain plays a critical role in ligand binding. However, it is worth considering that

there are fundamental differences in the mechanisms of subunit assembly between hIL-

3R/hIL-5R (ligand-induced) and hGMR (preformed and ligand-induced). The demonstration

that the N-terminal domain of mGMRcr is required for association with the hBc mutant

indicates that this domain, at least in mouse GMRcr, may play an important role in subunit

assembly of the normal mouse GMR. Although the mechanism by which the mGMRcr N-

terminal domain may mediate inter-subunit interactions is unknown, it has been proposed that

the formation of intermolecular disulphide-linkages between wild-type hBc and hGMRcr, hIL-

3Rcr and hIL-5Rcr subunits upon ligand binding may involve disulphide linkages between the

B subunits and the N-terminal domain of each cr subunit (Stomski et al., 1998; Bagley et aI',

Ig97). However, no higher molecular weight mGMRodI3T4N complex was detected when

immunoprecipitates from factor-independent BAF-803 cells expressing these subunits were
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analyzed by Western blotting under non-reducing conditions (data not shown), suggesting that

the constitutively activated receptor complex is not disulphide linked.

5.4.3 Critical role of the C-terminal region of mGMRcr in facilitating

constitutive activity of I374N

The precise role of the cytoplasmic domain of GMRcr, and indeed IL-3Rcr and IL-5Rcr, in

proliferative signalling remains somewhat clouded. While deletion of these cytoplasmic

domains renders the receptors inactive in proliferative signalling (Takakt et aI., 1993;Barry et

al., 1997; Polotskaya et aL, t993), others have demonstrated that chimaeric molecules in

which the GMRa or IL-5Rcr cytoplasmic domain is substituted with the B subunit cytoplasmic

domain has no adverse effects on ligand-induced signalling in the presence of normal B

subunits (Muto et aL, 1995; Takaki et al., 1994; Eder et al., 1994), thus implying that a degree

of redundancy exists for the role of this domain in proliferative signalling. Notably,

cytoplasmic truncations that interfere with proliferative signalling do not affect the ability of a

and B subunits to form high-affinity ligand-binding receptors (Polotskaya et al., 1993; Takaki

et al., 1993; Bany et aL, 1991). Moreover, the association of hGMRcr and hBc in the

preformed hGMR complex was shown to occur even with a hGMRu subunit missing the

entire cytoplasmic domain (Woodcock et al., 1991). In view of these observations, it is

surprising that deletion of the C-terminal 14 amino acids of mGMRcx abolished not only the

constitutive activity of I374N, but also the association between these two subunits.

Considering that there is currently no other precedent for the cytoplasmic domain of these cr

subunits being involved in receptor association, it is difficult to envisage the basis for its

requirement. Nonetheless, it is tempting to speculate that the interaction(s) between the

extracellular domains of I374N and mGMRo¿ is weaker than that between wild-type hBc and

hGMRcr in the preformed hGMR, and so the loss of any additional interactions between their

cytoplasmic domains is overcome by the strong extracellular interactions between hGMRcr

and hBc in the preformed hGMR, but not by the weaker interactions between I374N and

mGMRcr.
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5.4.4 The extracellular domain of GMRo determines the species-

specific requirement of mouse GMRcr for the constitutive

activity of I374N in BAF'803 cells

In view of the requirement of mGMRcr for constitutive activity of I374N, it is somewhat

surprising that co-expression of the hGMRcr subunit with I374N in mouse BAF-BO3 and

CTLL-¿ cells does not render these cells factor-independent (Jenkins et al., 1996; Jenkins ¿r

al., 1995; see also Fig.5.9C). To broadly define whatregions of GMRo¿ govern the species-

specific requirement for mGMRcr, but not hGMRcx, by I374N in mouse cells, a series of

chimaeric GMRcr subunits containing regions from both species were constructed and

evaluated for their ability to facilitate the constitutive activity of I374N in BAF-803 cells.

Only a chimaera containing the entire extracellular and transmembrane domains of mGMRcr

conferred factor independence on BAF/I374N cells, indicating that the cytoplasmic domain is

dispensible for this species specificity. Moreover, both the N-terminal domain and CRM of

mGMRo¿ were required, as chimaeras containing only one of these regions were unable to

confer factor independence. Although the N-terminal domain of mGMRcr is important for the

constitutive activity of, and association with, the I374N mutant (Figs 5.5 and 5.7), the fact that

the chimaera with only the N-terminal domain of mGMRcr (Fmuhcr2) was unable to confer

factor independence suggests that the CRM of mGMRcr is also required for the constitutive

activity of I374N, presumably by contributing to the association with this mutant. It should

also be stated that these experiments do not address the possibility that the transmembrane

domain of mGMRcr is also required for the activity of I374N, although this could be resolved

by designing and testing further chimaeric GMRcr subunits.

It is noteworthy that the GMRcr chimaera with the mouse N-terminal domain and human

CRM (Fmcrhcr2) was able to mediate hcM-CsF-induced proliferation (Fig. 5.9C), thus

suggesting that the human GMRcr N-terminal domain may not be essential for hGMR

function. Although the level of growth was low, this is possibly due to the low level of I374N

surface expression on these cells compared to that on other hGM-CSF-responsive cells (Fig.

5.98). Alternatively, this may indicate that this chimaera has a reduced affinity for hGM-CSF

which still allows it to confer growth at the relatively high dose of 1 ng/ml hGM-CSF used to

measure proliferative responses. This latter point could be addressed by performing binding

experiments and/or proliferation assay at lower doses of hGM-CSF. Nonetheless, this
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contrasts with the observation that the mGMRcr N-terminal domain is essential for normal

mGMR function, since the reciprocal GMRcr chimaera containing the human N-terminal

domain and mouse CRM (hømo2) was unable to mediate mGM-CSF-induced proliferation

(Fig. 5.9C). This is also consistent with the earlier observation that the mGMRcr truncation

mutant lacking the N-terminal domain was unable to confer mGM-CSF-induced growth (see

Fig. 5.5). Together, these observations imply that there are also differences in the mechanism

of ligand-induced activation between the normal mouse and human GMR. In this regard, it

has not yet been determined whether the GMRcr and Bc subunits of the mouse GMR exist in a

preformed complex similar to that seen for the human GMR.

5.4.5 species-specifÏc requirement of GMRcr by I374N in

haemopoietic cells may be governed by the species of origin of

cells

Considering the species-specific requirement of mGMRo¿ for I374N constitutive activity in

mouse cells, I examined whether hGMRcr could allow this activity in human cells; that is, is

the requirement of I374N activity for mouse GMRcr an intrinsic property of the mutant or

does it reflect the species of origin of the cells in which the mutant is introduced? Due to the

unavailability of a human factor-dependent haemopoietic cell line, 'equivalent' to BAF-803

cells, whereby hGMRcr subunits could be introduced in the absence of endogenously

expressed hGMRcr, the ability of this mutant to confer factor independence was tested on

human GM-CSF/IL-3ÆPO-dependent UT7 cells, since these cells express endogenous

hGMRcr. Over several independent experiments, the I374N mutant was able to confer factor-

independent proliferation on these cells. Moreover, the cell-surface expression of hGMRcr

was significantly upregulated in the factor-independent cells compared to control factor-

dependent cells, suggesting that selection for factor independence also selected for hGMRcr

subunit expression. This is at least consistent with the general notion that hGMRo¿ is involved

in the constitutive activation of I374N in human UT7 cells, and that the species-specific

requirement of GMRcr for the constitutive activity of I374N may reflect the cell type in which

the mutant is expressed.
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5.4.6 Model for the species specifTc activity of I374N

While there is strong evidence for the presence of GMRo and B heterodimers in active GMR

complexes, the exact composition of these complexes remains unresolved. The association of

cr and B subunits in preformed GMR complexes is insufficient for signalling, and the addition

of GM-CSF induces hBc tyrosine phosphorylation which, in some cases, is associated with

further heterodimerization of cr and B subunits (Woodcock et al., 1991). Similarly, wild-type

hBc homodimers have also been detected in the absence of factor, and yet the p homodimers

were only phosphorylated upon ligand-stimulation (Bagley et al., 1997; Muto et aI', 1996),

suggesting that spontaneous homodimerization of normal B homodimers is also insufficient

for signalling. Furthermore, it has also been reported that the functional hGMR may contain at

least two cr subunits (Lia et al., 1996). Together, these observations suggest that the cr

subunits facilitate both the initial ligand binding and the subsequent B subunit

homodimerization that is required for signalling, possibly in the context of a higher order

receptor complex. Indeed, this is consistent with the recent proposal by Stomski et al. (1998)

that ligand binding induces a conformational change in the o¿ subunit of one cr-p heterodimer

that results in its disulphide linkage to a p subunit in a second cr-Þ heterodimer, thereby

forming a ligand-bound crzÞz complex.'With such an interpretation, however, it should also be

noted that tyrosine phosphorylated hBc monomers have also been detected in response to GM-

CSF stimulation (Bagley et al., 199'7; Muto et al., 1996), indicating that a complex comprising

a single B subunit may also participate in signalling.

In providing an explanation to account for the species-specific requirement of the GMRcr

subunit for the constitutive activity of I374N, one can invoke the existence of another species-

specific accessory molecule, arbitrarily termed 'Y' (Fig. 5.14). Fundamental to such a model

would be that this molecule associates with GMRcr in a species specific manner. Although

there is currently no evidence for the possible identity of such a molecule, the extracellular

location of the I374N mutation together with the observation that the species specificity

resides in the extracellular domain of GMRcr suggests that it may be a membrane-spanning

molecule, and accordingly is depicted as such. However, we do suggest that such a molecule

is widely expressed, since the activity of I374N is facilitated by the presence of GMRcr in

mouse myeloid cells (FDC-Pl), B cells (BAF-803) and T cells (CTLL-2), as well as,

presumably, in human myeloid UT7 cells. In mouse cells, it is proposed that GM-CSF binding
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Figure 5.14. Model for the mechanism of activation and cell-type specificity of hBc

mutants requiring GMRa

In each panel, the extracellular domains of the cr and B subunits, as well as the putative Y

molecule, are shown above the cell membrane (grey rectangle). The ligand indicated is GM-

CSF ('GM'). Generation of growth signals is indicated by the affow at bottom right of each

panel. The models assume that the normal ligand-bound or mutant active receptor complexes

contain either a single copy or multiple copies of u, p and Y subunits. However, for the sake

of simplicity, only active receptor complexes containing two copies of these subunits are

shown. The mouse and human versions of Y are represented as mY and hY, respectively.

Although I374N is the only hpc mutant depicted, it is assumed that the models also pertain to

the other hBc mutants that require GMRU for constitutive activity.

(A) In mouse cells expressing the mGMR, GM-CSF binding induces association of a signal-

transducing complex involving mouse GMRcr (mcr) and Þc (-Þ). This model also invokes the

existence of a putative signalling molecule "mY", which is specific to mouse GM-CSF-

responsive cells and which associates with mGMRcx. See text for further explanation.

(B) A model pertaining to the I374N mutant which postulates that I374N, but not wild-type

hpc, can associate with mGMRcr. This association brings "mY" into the receptor complex,

which contributes to proliferative signalling in concert with the I374N and mGMRcr subunits.

(C) In mouse cells, the mutant or wild-type p subunits can associate with hGMRc¡¿, but mY

is not associated with hGMRcr, and so is not brought into the complex to allow signalling. On

the other hand, these p subunits can form functional complexes in mouse cells when both cr

subunit and ligand are present, thus overcoming the lack of association with mY.

(D) In human cells expressing hGMR, GM-CSF binding induces association of a signal-

transducing complex involving human GMRcr (hcr), wild-type hBc (hB) and the human

equivalent of mY (hY). The I374N mutation mimics the effect of ligand binding to the wild-

type receptor that leads to the formation of an active receptor complex consisting of hGMRcr,

hBc and hY subunits.
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induces association of alternative forms of the normal GMR complex, containing either single

or multiple copies of mot, mp and'mY' subunits (Fig. 5.144). Note that for the sake of

simplicity, all active receptor complexes, both normal and mutant, are depicted with two

copies of each subunit. The I374N mutant, but not wild-type hBc, constitutively associates

with mGMRo, and this association brings 'mY', which may be pre-associated with mGMRu,

into the complex to allow signalling (Fig. 5.148). On the other hand, both the mutant and

wild-type hBc pre-associate with hGMRcr in mouse cells, however, 'mY' is not associated

with hGMRcr in the absence of GM-CSF and so is not brought into the complex (Fig. 5.laC).

One would also speculate that an element of redundancy exists with this model, as hGM-CSF

binding to either I374N- or wild-type hpc-containing GMR complexes compensates for the

lack of 'mY' in the receptor complex. Alternatively, hGMRcr in the active GM-CSF-bound

complex can bind 'mY'. In human cells (Fig. 5.14D), 'hY' is associated with hGMRcr

(possibly in a preformed complex with wild-type hBc). Binding of GM-CSF to this complex

induces a conformational change that enhances these associations and brings the subunits

closer together, possibly to activate receptor associated JAK tyrosine kinases, which leads to

activation of the normal receptor. With respect to the I374N mutant, the mutation induces a

conformational change within hBc, mimicking that induced by ligand binding, which

facilitates the tight association of hpc with hGMRo and 'hY' in a signalling-competent

receptor complex. Ultimately, the validity of such a model will require definition of the

components, and their stoichiometry, in the active normal and mutant GMR complexes.

A similar mechanism is most likely to apply to the activation of other hBc mutants that

were shown to require mGMRo for constitutive activity in BAF-803 cells. However, it should

be noted that not all of the isolated hpc mutants, when co-expressed with mGMRcr in BAF-

803 cells, were constitutively active, and these mutants also failed to associate with mGMRcx.

This suggests that there are other mechanisms by which hBc can be activated. Although the

mechanistic basis for the constitutive activation of these mutants is currently unknown, it is

unlikely to involve other cell-type specific molecules since introduction of the FDC-P1 oDNA

retroviral expression library into BAF-803 cells expressing two of these mutants, L399P and

H544R, did not induce factor independence (data not shown). Alternatively, as intimated in

Chapter 3, it may involve a quantitative phenomenon whereby homodimerization of receptor

B subunits, and therefore the subsequent activation of receptor-associated cytoplasmic tyrosine
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kinases (e.g., JAKZ), is relatively weak and below a threshold required for proliferative

signalling in BAF-803 cells.

Finally, the relevance of the requirement for GMRcr by I374N, and indeed the other hpc

mutants that require mGMRcr for constitutive activity, to the activity of these mutants in

primary haemopoietic cells should be considered. Retroviral infection of mouse fetal liver

cells with the I374N mutant and another extracellular hpc mutant, FIA (D'Andrea et al., 1994),

which also requires mGMRo for constitutive activity in mouse cells (Richard D'Andrea,

Hanson Centre for Cancer Research, Adelaide, South Australia; personal communication),

resulted in the formation of factor-independent cells of only granulocytic and monocytic

lineages (McCormack and Gonda, 1991), the two major lineages controlled by GM-CSF

(reviewed by Gasson,lggl). This contrasted with the wide range of factor-independent cell

types that were generated by the Y4498 transmembrane domain mutant (McCormack and

Gonda, lggl) which does not require mGMRcr for constitutive activity. These observations

further support the notion that the constitutive activity of I374N, and most other hBc mutants,

is most likely restricted to cells expressing GMRcr. In this respect, examination of the activity

of extracellular mutants in primary human haemopoietic cells should provide a valuable

insight into the possible involvement of these hBc mutants in human disorders.
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Chapter ó

Constitutive activity of I374N in human cells is

facilitated by cross-talk with hEPOR



6.1 Introduction

In the previous chapter, I presented data suggesting that the I374N mutant required GMRcr for

its constitutive activity in a species-species manner that was likely to be dependent upon the

species of origin in which the mutant was being expressed. Although this was strongly

inferred by the constitutive activity of I374N in three mouse cell lines (FDC-Pl, CTLL-2 and

BAF-803) upon co-expression with mGMRcr, the constitutive activity of I374N was only

examined in one human factor-dependent cell line, UT7, expressing hGMRcr. Accordingly, I

also examined whether I374N was constitutively active in two human GM-CSF/IL-3-

dependent haemopoietic cell lines, TF-l.8 (Tavernier et al., 1995) and M-07e (Avanzi et al',

1990), both of which express hGMRo. Surprisingly, the I374N mutant was unable to confer

factor independence on either cell line (see section 6.2.4). In view of this result, it is

conceivable that the constitutive activity of I374N in human cells was dependent upon another

molecule, in addition to hGMRo, and this molecule is absent from M-07e and TF-1'8 cells,

but present in UT7 cells. Notably, this observation is consistent with the model proposed in

Chapter 5 (section 5.4.6) which invoked the existence of another molecule, arbitrarily

depicted as 'Y', in addition to GMRcr, that is required for the constitutive activity of I374N'

During the course of my work, several studies emerged supporting the possibility of

receptor cross-talk between the EPOR and the B subunits of the GMR and IL-3R. In one

study, the mouse common p subunit (mÞc) was shown to physically associate with the

6EPOR in either the presence or absence of EPO (Jubinsky et al., 1991). On the other hand,

EPO has been shown to induce the tyrosine phosphorylation of the mouse IL-3R p subunit

(mprr-:), albeit without any detectable association between the EPOR and p subunits (Chin et

al., Lggl). In human UT7 cells, EPO has also been reported to induce tyrosine

phosphorylation of hBc (Hanazono et al., 1995). This latter observation is particularly

significant since the I374N mutant was constitutively active in UT7 cells. Moreover, the fact

that the I374N mutant is not constitutively active in TF-1.8 and M-07e cells, and neither of

these cells proliferate in response to EPO, raises the possibility that the human (h) EPOR may

be required by the I374N mutant for constitutive activity in human cells.

In this chapter, I initially examined whether the reported cross-talk between the EPOR and

GMR also existed in our human GM-CSF/IL-3ÆPO-dependent UT7 cells. Consistent with the

previous report (Hanazono et al., 1995), stimulation of uninfected UT7 cells with EPO

induced tyrosine phosphorylation of both hEPOR and hBc. However, GM-CSF stimulation of
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UT7 cells induced tyrosine phosphorylation of not only hBc, but also of hEPOR. Furthermore,

in factor-independent UT7 cells expressing the I374N mutant, both I374N and hEPOR were

constitutively tyrosine phosphorylated. Significantly, the constitutive activity of I374N in

other human cell lines was cell type-specific, and depended upon the presence of the hEPOR,

and presumably hGMRcr. Taken together, these findings suggest the presence of a novel bi-

directional cross-talk mechanism between the I374N mutant, and also the normal hGMR, and

hEPOR.

6.2 Results

6.2.1 EPO and GM-CSF cross'phosphorylate hBc and EPOR'

respectivelY, in human UT7 cells

During the course of my work, several studies emerged which indicated that the EPOR is

involved in receptor 'cross-talk' with the GMR and IL-3R. One study reported that the mBc

physically associated with the mEPOR in both the presence and absence of EPO (Jubinsky er

aL, 199'7).In another study, it was shown that EPO stimulated tyrosine phosphorylation of the

mBrr--:, although in this case there was no detectable association between the EPOR and Brr--:

(Chin et al., 1997). Furthermore, EPO has been reported to stimulate tyrosine phosphorylation

of hBc in human UT7 cells (Hanazono et al., 1995). However, in this latter study the EPO-

induced phosphorylation of hBc was extremely weak compared to the GM-CSF-induced hpc

phosphorylation, and the authors failed to examine whether hpc and EPOR were associated.

Considering the potential implication of any cross-talk between hpc and another CR for the

constitutive activity of hBc mutants in human cells, I also decided to examine whether EPO

stimulation of our uninfected human UT7 cells resulted in tyrosine phosphorylation of hpc.

Cell lysates from unstimulated UT7 cells and cells stimulated with either EPO or, as a positive

control, GM-CSF were immunoprecipitated with an anti-hBc monoclonal antibody and

subjected to Western transfer and immunoblotting with an anti-phosphotyrosine antibody. As

shown in Fig. 6.14, both EPO and GM-CSF stimulation of UT7 cells induced tyrosine

phosphorylation of a 120,000 lvIW protein. Notably, no other tyrosine phosphorylated proteins

were detected in anti-hBc immunoprecipitates from either EPO or GM-CSF-stimulated UT7

cells" In contrast to the observation by Hanazoîo et al. (1995), the level of hpc tyrosine

phosphorylation induced by EPO was similar to that induced by GM-CSF. Importantly,
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Figure 6.L. Tyrosine phosphorylation of hpc in human UT7 cells stimulated with EPO

or GM-CSF

Uninfected UT7 cells (2 x 107) were starved overnight and then treated with either hGM-CSF

(50 nglml), hEPO (5 units/ml), or no factor for 10 min at 37oC. Whole cell lysates were

immunoprecipitated (IP) with an anti-hBc antibody and immunoblotted (IB) using (A) an anti-

phosphotyrosine (pY) antibody and (B) an anti-hpc antibody. The position of hBc in each

panel is indicated by an arrow. In panel (A), the sizes of the marker proteins are shown in kDa

on the right.
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reprobing the immunoblot with an anti-hBc monoclonal antibody confirmed that the 120,000

MW protein was hBc, and also demonstrated that all immunoprecipitates contained similar

levels of B subunits (Fig. 6.18). As expected, no tyrosine phosphorylation of hBc was

observed in unstimulated cells.

Although EPO has been shown to induce tyrosine phosphorylation of hpc in UT7 cells

(Hanazono et al., lgg5), conversely, in the same report GM-CSF stimulation of UT7 cells did

not induce any detectable tyrosine phosphorylation of hEPOR. To examine whether GM-CSF

could induce tyrosine phosphorylation of hEPOR in the UT7 cells used in the present study,

uninfected UT7 cells were stimulated with either GM-CSF or, as a positive control, EPO,

following which lysates from these cells, together with those from unstimulated cells, were

immunoprecipitated with an anti-hEPOR monoclonal antibody. The anti-hEPOR

immunoprecipitates were then analyzedby'Western transfer and immunoblotting with an anti-

phosphotyrosine antibody. As shown in Fig. 6.2, anti-hEPOR immunoprecipitates from both

GM-CSF-stimulated and, as expected, EPO-stimulated cells contained a single tyrosine

phosphorylated protein of 67,000 MW, consistent with the size of the hEPOR described

previously (Jones et aL, 1990). However, reprobing of immunoblots with two anti-hEPOR

monoclonal antibodies (see section 2.14.2), in both this and subsequent experiments, failed to

confirm that this protein was in fact the hEPOR (data not shown). Although the reason for this

is unknown, it is noteworthy that the anti-hEPOR antibodies used in this study have

previously been used in Western blot analyses to detect over-expressed hEPOR in mouse cell

lines (D'Andrea et aI., 1993). However, the expression level of endogenous hEPOR in UT7

cells (see Fig. 6.78) would be expected to be substantially lower than the level of over-

expressed hEPOR in these mouse cells. Accordingly, it is conceivable that these two anti-

hEPOR antibodies are not as sensitive as the anti-phosphotyrosine antibody, and the

expression level of hEPOR on UT7 cells is below the threshold of detection with these

antibodies by immunoblotting. Future experiments with more sensitive anti-hEPOR

antibodies will hopefully resolve this issue. Nonetheless, the fact that these antibodies are

absolutely specific for hEPOR and show no cross-reactivity (D'Andrea et al., 1993), together

with the observation that the 67,000 MW protein is the same size as the hEPOR (Jones et al',

1990) and is the only species phosphorylated by EPO in anti-hEPOR immunoprecipitates,

strongly suggests that this protein is the hEPOR'
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Figure 6.2. Tyrosine phosphorylation of hEPOR in human UT7 cells stimulated with

EPO or GM-CSF

Uninfected UT7 cells çZx 107) were starved overnight and then treated with either hGM-CSF

(50 ngimt), hEPO (5 units/ml), or no factor for 10 min at 37oC. Whole cell lysates were

immunoprecipitated (IP) with an anti-hEPOR antibody and immunoblotted (IB) using an anti-

phosphotyrosine (pY) antibody. The position of hEPOR is indicated by an amow. The sizes of

the marker proteins are shown in kDa on the right.
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6.2.2 Constitutive tyrosine phosphorylation of hEPOR and I374N in

factor-independentUTT cells expressing I374N

In view of the fact that the wild{ype hpc could cross-phosphorylate hEPOR in response to

GM-CSF stimulation of UT7 cells, I examined whether hEPOR was constitutively tyrosine

phosphorylated in factor-independent UT7 cells expressing the I374N mutant. Accordingly,

lysates from these cells were immunoprecipitated with an anti-hEPOR antibody and analyzed

by'Western transfer and immunoblotting with an anti-phoshotyrosine antibody (Fig. 6.34).

Only one phosphorylated protein of 67,000 M\ry, consistent with the size of the hEPOR, was

present in the anti-hEPOR immunoprecipitates from these cells. Although reprobing Western

blots with either anti-hEPOR monoclonal antibody again failed to confirm that this protein

was hEPOR (data not shown), for the reasons discussed above, this tyrosine phosphorylated

protein is most likely the hEPOR.

It has been previously demonstrated that the I374N mutant is not constitutively tyrosine

phosphorylated in factor-independent mouse cells (see Chapter 3, Fig. 3.6). To examine

whether this observation extended to human cells in which I374N is constitutively active,

lysates from factor-independent UT7 cells expressing I374N (see Chapter 5, section 5'3'9)

were also subjected to immunoprecipitation with an anti-hpc antibody followed by

immunoblotting with an anti-phosphotyrosine antibody (Fig. 6.34). Surprisingly, a

phosphorylated protein of 120,000 MW was present in the anti-hBc immunoprecipitates, and

reprobing of the membrane with an anti-hBc monoclonal antibody confirmed that this protein

was hBc (Fig. 6.38). However, considering that UT7 cells express endogenous wild-type hBc

(see Fig. 6.lB), it was uncertain as to whether these phosphorylated B subunits in the factor-

independentlJTl cells were the wild-type and/or I374N mutant B subunits. Since the I374N

mutant expressed in these cells was tagged with an N-terminal HSV-epitope, the anti-HSV

antibody was used to immunoblot anti-phosphotyrosine immunoprecipitates from these cells.

As shown in Fig. 6.4A, a single phosphorylated protein of 120,000 MW was detected with the

anti-HSV antibody, the same size as the phosphorylated hÞ" detected when anti-

phosphotyrosine immunoprecipitates from the factor-independent cells or GM-CSF-

stimulated uninfected UT7 cells were immunoblotted with an anti-hBc monoclonal antibody.

Furthermore, the identity of this protein as the HSV-tagged I374N mutant was confirmed by

its presence in anti-hBc immunoprecipitates from the factor-independent cells (Fig. 6.aB)'

Taken together, the above data indicate that both the I374N mutant and hEPOR are

constitutively phosphorylated in the factor-independent UT7 cells. It should be noted,
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Figure 6.3. Constitutive tyrosine phosphorylation of hBc and hEPOR in factor-

independent human UT7 celts expressing the I374N hpc mutant

Whole cell lysates from factor-independent UT7 cells (2 x 107¡ were immunoprecipitated (IP)

with either an anti-hBc antibody or an anti-hEPOR antibody. Immunoprecipitated proteins

were analyzedby 'Western transfer and immunoblotting (IB) with (A) an anti-phosphotyrosine

(pY) antibody and (B) an anti-hpc antibody. The position of hpc and hEPOR is indicated by

an affow. In panel (A), the sizes of the marker proteins are shown in kDa on the right.
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Figure 6.4. The HSV-tagged I374N hBc mutant Ís constitutively tyrosine

phosphorylated in factor'independent human UT7 cells

(A) Whole cell lysates from factor-independent UT7 cells (2 x 107) or uninfected UT7 cells

(2 x 101) that were starved overnight and treated with either hGM-CSF (50 nglml) or no factor

for 10 min at 37oC were immunoprecipitated (IP) with an anti-phosphotyrosine (pY) antibody.

Immunoprecipitated proteins from factor-independent cells were analyzedby Western transfer

and immunoblotting (IB) with either an anti-HSV antibody or an anti-hBc antibody, whereas

immunoprecipitated proteins from uninfected cells were analyzed with an anti-hpc antibody.

The position of hpc is indicated by an arrow. The sizes of the marker proteins are shown in

kDa on the right.

(B) V/hole cell lysates from factor-independent UTI cells (2 x 107) were

immunoprecipitated (IP) with an anti-hBc antibody and immunoblotted (IB) with either an

antlHSV antibody or an anti-hBc antibody. The position of hpc is indicated by an arow.
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however, that the above experiments do not eliminate the possibility that the endogenous

wild-type hpc is also tyrosine phosphorylated in these cells'

6.2.3 EPOR and hBc fail to associate in UT7 cells

In section 6.2.1, it was shown that either EPO or GM-CSF stimulation of UT7 cells induced

tyrosine phosphorylation of both the hEPOR and hBc. However, the lack of tyrosine

phosphorylated hEPOR and hþ. in anti-hBc and anti-hEPOR immunoprecipitates,

respectively, from stimulated cells (see Figs. 6.1 and 6.2) suggests that the tyrosine

phosphorylated hEPOR and hpc are not physically associated. Similarly, the anti-hBc and

anti-hEPOR immunoprecipitates from factor-independent UT7 cells only contained tyrosine

phosphorylated hBc and hEPOR, respectively (see Fig. 6.3). To further examine whether the

dual phosphorylation of hEPOR and hpc by GM-CSF and EPO involved a physical

association between the two receptor subunits, lysates from factor-independent UT7 cells and

GM-CSF- or EPO-stimulated uninfected UT7 cells were immunoprecipitated with an anti-

hEPOR monoclonal antibody, followed by Western transfer and immunoblotting with an anti-

hBc monoclonal antibody. As shown in Fig. 6.54, hBc was not present in any of the anti-

hEPOR immunoprecipitates. Although reprobing of the membranes with either anti-hEPOR

antibody again failed to detect the presence of hEPOR in each immunoprecipitate (data not

shown), reprobing with the anti-phosphotyrosine antibody confirmed that the antibody

immunoprecipitated the tyrosine-phosphorylated hEPOR from all cell lysates, with the

exception of lysates from unstimulated cells (Fig. 6.58). Thus, the mechanism(s) underlying

the tyrosine phosphorylation of both hBc and hEPOR in the above-mentioned UT7 cells does

not appear to involve the physical association between these two receptor subunits.

6.2.4 Cell type-specific activity of I374N in human cells

In Chapter 5, it was suggested that the species-specific requirement for GMRu by the I374N

mutant was most likely dependent upon the species of origin in which this mutant was

expressed. However, since the constitutive activity of I374N was only tested in one human

haemopoietic cell line (UT7) expressing hGMRcr, I examined whether this mutant was

constitutively active in other human factor-dependent haemopoietic cell lines that express

hGMRcr. The HSV-tagged I374N mutant and, as a control, wild-type hBc (see Chapter 5,

section 5.3.9) were therefore introduced into the GM-CSFÆ--3/tr -s-dependent cell line, TF-

1.8 (Tavernier et al., 1995), by retroviral infection, and these cells were tested for factor
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Figure 6.5. Lack of association between hEPOR and hBc in human UT7 cells

Whole cell lysates from factor-independent UT7 cells (2 x 107; or uninfected UT7 cells (2 x

10t) that were starved overnight and treated with either hGM-CSF (50 nglml), hEPO (5

units/ml), or no factor for 10 min at 37oC were immunoprecipitated (IP) with an anti-hEPOR

antibody. Immunoprecipitated proteins were analyzed by Western transfer and

immunoblotting (IB) with (A) an anti-hBc antibody and (B) an anti-phosphotyrosine (pY)

antibody. The sizes of the marker proteins are shown in kDa on the right of each panel. In

panel (B), the position of hEPOR is indicated by an arrow'



A uninf UT7

IP: hEPOR

IB: hpc

IP: hEPOR

IB: pY

B

- 133

-93

67

- 133

-93

aF a I'
--

hEPOR+ 67



independence. As shown in Fig. 6.64, flow cytometric analysis of G418-resistant TF-1.8

infectants indicated that the HSV+agged B subunits were efficiently expressed on the surface

of these cells. However, cells infected with the I374N mutant were not factor-independent

(Fig. 6.68). Moreover, this lack of factor independence was not restricted to TF-1.8 cells,

because expression of I374N in human GM-CSF/IL-3-dependent M-07e cells (Avanzi et al.,

1990) also failed to confer factor independence (data not shown).

The failure of the I374N mutant to confer factor independence on these two cell lines is

surprising considering (i) that the results presented in the previous chapter supported the

notion that GMRcr was required for its constitutive activity, and (ii) that both TF-1.8 and M-

07e cells are GM-CSF-responsive and, accordingly, express endogenous GMRcr subunits.

Indeed, the level of GMRcr surface expression on uninfected TF-1.8 cells is comparable to

that on UT7 cells (see Fig. 6.78), suggesting that the inability of I374N to confer factor

independence on TF-1.8 cells is not due to lower levels of GMRo surface expression.

6.2.5 Expression of hEPOR in TF-1.8 cells facilitates the constitutive

activity of I374N

In view of the failure of I374N to confer factor independence on TF-1.8 and M-07e cells,

together with the fact that hEPOR was constitutively tyrosine phosphorylated in factor-

independentlJTl cells expressing I374N, it is significant that M-07e cells do not proliferate in

the presence of EPO (Avanzi et aI., l99O). Furthermore, TF-1.8 cells are a subline of TF-l

cells (Kitamtxa et al., 1939) which have been shown to express an abnormal hEPOR

containing a 96 amino acid C-terminal deletion that is unable to transduce long-term EPO-

induced proliferative signalling (Hoang et aI., 1996; Winkelmann et al., 1995). On the other

hand, UT7 cells do express hEPOR and, accordingly, proliferate in the presence of EPO

(Komatsu et a1.,1991). To confirm these observations with the TF-l.8 and UT7 cells used in

this study, proliferation assays were performed on these cells over 8 days in the presence of

EpO, GM-CSF or in the absence of either factor. As shown in Fig. 6.1A, the UT7 cells

proliferated in response to both GM-CSF and EPO, although the growth rate of these cells

was significantly higher in the presence of GM-CSF. With respect to the TF-1.8 cells, they

exhibited long-term proliferation in GM-CSF, whereas cells died within several days in the

presence of EPO. Importantly,IJTJ and TF-1.8 cells in the absence of cytokine also died

within several days. As shown in Fig. 6.78, the responsiveness of these cells to GM-CSF or

EPO correlated with the surface expression of the receptors for these cytokines: that is, in
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Figure 6.6. Analysis of human TF-1.8 cells infected with the I374N mutant

(A) Flow cytometric analysis of G4l8-resistant TF-1.8 cells infected with retroviruses

encoding the HSV-tagged (as shown by asterisks) wild-type and I374N B subunits. Also

shown are analyses of uninfected TF-1.8 cells. Cells were stained with an irrelevant control

antibody (dashed line), the anti-hBc antibody lCl (solid line) and the anti-HSV antibody

(dotted line) by high-sensitivity immunofluorescence. Cell number and fluorescence are in

arbitrary units; the latter is plotted on a logarithmic scale.

(B) Proliferation of the TF-1.8 cells depicted in (A) in the presence and absence of human

GM-CSF (2 ng/mI). Proliferation assays were carried out, as described in Chapter 2, with 5 x

103 cells plated in triplicate. Error bars indicate the standard error of the mean of each

triplicate.
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Figure 6.7. Proliferative and receptor expression proflrles of human UT7 and TF-1.8

cells

(A) Proliferation of human UT7 and TF-1.8 cells in the presence of either hGM-CSF (2

nglml), hEPO (2 units/ml), or in the absence of either factor. 104 cells were plated in

duplicate, and proliferation assays were carried out over 8 days. Cell numbers and viability

were determined every second day by trypan blue dye exclusion.

(B) Flow cytometric analysis of hGMR and hEPOR expression on the surface of UT7 and

TF-1.8 cells. Cells were stained with an irrelevant control antibody (dotted line), the anti-hBc

antibody lCl (thin solid line), the anti-hGMRcr antibody 8G6 (thick solid line) and the anti-

hEPOR antibody 16.5.2 (dashed line) by high-sensitivity immunofluorescence. Cell number

and fluorescence are in arbitrary units; the latter is plotted on a logarithmic scale.
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contrast to the previous observations with the TF-l cells, the TF-1.8 cells used in this study do

not express detectable levels of EPO receptors on the cell surface and are unable to proliferate

in response to EPO.

Although the presence of GMRo was believed to be primarily responsible for the

constitutive activity of the I374N mutant (see Chapter 5), the inability of I374N to confer

factor independence on TF-l.8 and M-07e cells, both of which express endogenous GMRcr,

suggests that, in human cells, another cell type-specific signalling molecule, present in UT7

cells but absent from TF-1.8 and M-07e cells, is also required for the constitutive activity of

I374N. Since neither TF-1.8 or M-07e cells, unlike UT7 cells, proliferate in response to EPO,

and the hEPOR was constitutively phosphorylated in factor-independent UT7 cells expressing

I374N, I examined whether this cell type-specific signalling molecule required for I374N

activity in human cells was the hEPOR. TF-1.8 cells expressing the HSV+agged I374N

mutant and, as a control, uninfected TF-1.8 cells were infected with retroviruses encoding

hEPOR, and cells expressing hEPOR were selected for by growth in EPO. As shown in Fig'

6.8A, flow cytometric analysis of these EPO-responsive cells confirmed the cell-surface

expression of hEPOR. When these cells were analyzed for growth in liquid culture medium

without growth factor, only TF-1.8 cells expressing both I374N and hEPOR exhibited factor-

independent proliferation (Fig. 6.88). Noticeably, the growth rates of factor-independent cells

and hEPOR-infected cells grown in EPO were significantly slower than cells grown in GM-

CSF. Factor independence was not the result of low-level autocrine growth factor production

as conditioned medium from factor-independent cell pools did not support the growth of

uninfected TF-1.8 cells (data not shown). Thus, the results presented here, together with those

in Chapter 5, suggest that in human cells, the I374N mutant requires both the hEPOR and

hGMRcr for constitutive activity.
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Figure 6.8. Co-expression of hEPOR with the I374N hpc mutant confers factor-

independent proliferation of human TF-1-.8 cells

(A) Flow cytometric analysis of hEPOR and B subunit expression on G4l8-selected TF-1.8

cells. Uninfected TF-1.8 cells or cells expressing the I374N mutant were infected with a

retrovirus encoding the hEPOR and stained with an irrelevant control antibody (dotted line),

the anti-HSV antibody (thin dashed line), the anti-hBc antibody lCl (thin solid line), the anti-

hGMRcr antibody 8G6 (thick solid line) and the anti-hEPOR antibody 16.5.2 (thick dashed

line) by high-sensitivity immunofluorescence. Cell number and fluorescence are in arbitrary

units; the latter is plotted on a logarithmic scale. Also shown are analyses of cells not exposed

to the hEPOR virus.

(B) Proliferation of the TF-1.8 cells depicted in (A) in the presence of hGM-CSF (2 ng/ml),

hEPO (2 units/ml) or in the absence of either factor, as indicated. 104 cells were plated in

duplicate, and proliferation assays were carried out over 12 days. Cell numbers and viability

were determined every third day by trypan blue dye exclusion.
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6.3 Discussion

6.3.1 Bi-directional cross-phosphorylation between hBc and hEPOR

in UT7 cells; comparison with previously published

observations

In this chapter, I report that EPO stimulation of human UT7 cells induces tyrosine

phosphorylation of hpc and, as expected, hEPOR. This is consistent with that of a previous

study on human UT7 cells (Hanazono et aI., 1995), and also with the observation that EPO

stimulation of two mouse Il-3-dependent cell lines, BaÆ3 and 32D, engineered to express

mEpOR induced tyrosine phosphorylation of mprl-: (Chin et al., 1997). However, in this

latter study, the authors were unable to detect EPO-induced tyrosine phosphorylation of hBc in

two other human factor-dependent leukaemic cell lines. The reason for the lack of EPO-

induced tyrosine phosphorylation of hpc in these human cell lines is not known, although one

might presume that it reflects differences (e.g., tyrosine kinases) between the two cell lines

used in that study and the UT7 cells used by myself andHanazono et aI. (1995).

As mentioned above, Hanazono et aL (1995) reported that EPO induced tyrosine

phosphorylation of hBc in UT7 cells, although it should be stated that the level of

phosphorylation was very weak compared to that induced by GM-CSF. In addition, the

authors did not detect any GM-CSF-induced tyrosine phosphorylation of hEPOR in UT7 cells.

Significantly, these results are in contrast to those presented in this chapter. Firstly, the level

of hBc tyrosine phosphorylation induced by either GM-CSF or EPO stimulation of UT7 cells

was comparable, as was the amount of hBc present in the anti-hBc immunoprecipitates (Fig'

6.1).Secondly, I found that GM-CSF stimulation of UT7 cells induced tyrosine

phosphorylation of hBc and also hEPOR, again at a similar level. Although the reason for

these different observations in UT7 cells is unknown, it most likely reflects differences in the

experimental design of the two studies. ln this respect, it is noteworthy that in their

immunoprecipitation experiments, the authors failed to identify what levels of hBc and

hEpOR were in fact present in the appropriate immunoprecipitates. Furthermore, it is also

significant that the authors only performed immunoprecipitations on lysates from 107 cells,

whereas I used 2 x 1O1 cells, thus suggesting that their analyses were not as sensitive as those

performed here. Finally, the anti-phosphotyrosine antibody used in their study was different to

the one used here, and so it is conceivable that only some of the tyrosine residues on hEPOR
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and hBc are phosphorylated by GM-CSF and EPO, respectively, and the anti-phosphotyrosine

antibody used by Hanazono et al. (1995) did not recognize them.

6.3.2 Mechanistic basis for bi-directional cross-phosphorylation

between P subunits and EPOR

Presently, the mechanism underlying the cross-phosphorylation of the EPOR and the B

subunits of the GMR/IL-3R by GM-CSF/IL-3 and EPO, respectively, is unknown. It has

previously been shown that mBc associates with the EPOR in both the presence and absence

of EPO, although the biochemical significance of this association - i.e., in terms of receptor

phosphorylation - was not examined (Jubinsky et al., 1997). ln co-immunoprecipitation

experiments, hEPOR and hBc did not appear to be associated in either normal UT7 cells

stimulated with GM-CSF or EPO, or in factor-independent cells expressing the I374N mutant.

While this may indicate a genuine lack of association between these receptor subunits, it is

also conceivable that any association may be transient or unstable and therefore below the

threshold of detection by the techniques employed. In a similar vein, the tyrosine

phosphorylation of mBrl-: by EPO also occuned in the absence of any detectable association

between EPOR and p subunits (Chin et al., I997).In that study, it was proposed that the

mechanism by which the EPOR mediated the EPo-induced tyrosine phosphorylation of

mBn-: was to facilitate the activation of JAK2 upon EPO stimulation, following which JAK2

phosphorylated mBrl-: and therefore provided docking sites for other signalling molecules,

such as STAT5. Although the authors were unable to demonstrate a physical association

between JAKZ and mpu--: upon EPO stimulation, a mutation in the cytoplasmic domain of

EPOR that abolishes its ability to activate JAK} also abrogated the EPO-induced tyrosine

phosphorylation of mBu--:, thereby supporting this model. While this model could also

explain, at least in part, the observed bi-directional cross-talk between EPOR and p subunits

in UT7 cells, no other tyrosine phosphorylated proteins, such as JAK2, were present in either

anti-hEPOR or anti-hBc immunoprecipitates of factor-independent or cytokine-stimulated

uninfected UT7 cells (Figs. 6.1,6.2 and 6.3). It should be noted, however, that JAK2 is the

same size as hpc and, accordingly, its presence in anti-hpc immunoprecipitates would have

been masked by the intense phosphorylated hBc band (Figs. 6.1 and 6.3). On the other hand,

the lack of any other tyrosine-phosphorylated proteins in both anti-hEPOR and anti-hBc

immunoprecipitates suggests that the expression level or phosphotyrosine level of other

signalling molecules in these cells, such as JAK2, may be very low and below the level of
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detection by co-immunoprecipitation. In addition, detection of JAK2 tyrosine phosphorylation

is technically difficult in some haemopoietic cells and requires the use of large numbers of

cells (Associate Professor Thomas Gonda, Hanson Centre for Cancer Research, Adealide,

South Australia; personal communication).

In an attempt to understand the mechanism underlying this receptor cross-phosphorylation,

it is also worth taking into account two recent examples of cross-talk between CRs and

protein tyrosine kinase receptors. One of these cases involved the EPOR, in which the ligand

(SCF) for the KIT tyrosine kinase receptor was shown to induce tyrosine phosphorylation of

EpOR (Wu e/ at., 1995). Furthermore, SCF induced KIT to associate with the cytoplasmic

domain of EPOR, leading the authors to propose that the tyrosine kinase domain of KIT

phosphorylates certain tyrosines on the EPOR to provide docking sites for other signalling

molecules. In another study, it was reported that the activation of JAK2 in response to GH

binding to its receptor led to the tyrosine phosphorylation of the epidermal growth factor

receptor (EGFR; Yamauchi et aI., l99l). Similar to the study by Wu et al. (1995), the GH-

induced phosphorylation of EGFR correlated with the association between the GHR and

EGFR. In addition, the GH-induced activation of MAP kinase required the phosphorylation of

tyrosines on the EGFR, and the use of a kinase-deficient EGFR indicated that this was

independent of its intrinsic kinase activity, thus suggesting that the phoshorylated tyrosines on

EGFR may provide docking sites for adaptor molecules, such as Grb2.Intriguingly, these two

examples of cross-talk, together with that between the GMR/IL-3R P subunits and EPOR,

imply that receptors can utilize other non-related receptors, via tyrosine phosphorylation, as

downstream docking molecules. Presumably, these then attract other signalling molecules to

link the receptor to certain signalling pathways, and in doing so, may provide receptors with a

novel mechanism by which to positively or negatively regulate the strength, nature and/or

duration of signal transduced.

6.3.3 Implications of cross'talk on the activity of I374N

As discussed earlier in Chapter 3, the constitutive activity of the I374N mutant in mouse FDC-

P1 cells did not lead to its constitutive tyrosine phosphorylation, suggesting that tyrosine

phosphorylation of hBc, at least when expressed in mouse cells, is not essential for

proliferative signalling. It was somewhat surprising, therefore, that the HSV-tagged I374N

mutant was constitutively tyrosine phosphorylated in the factor-independent human UT7 cells.

Although the mechanism underlying these different tyrosine phosphorylation states of I374N
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is not clear, it may involve a cell type-specific tyrosine kinase that phosphorylates I374N in

human UT7 cells, but not in mouse FDC-PI cells. Nonetheless, this strongly supports the

earlier proposals (see 'Discussion' of Chapters 3,4 and 5) that there are alternate mechanisms

by which I374N and, indeed, other mutations can activate hBc, and these are likely to be both

cell type and species sPecific.

While the functional significance of the observed tyrosine phosphorylation of B subunits in

the human factor-independent cells remains to be resolved, the fact that hEPOR is also

constitutively phosphorylated in these cells, together with the demonstration that hEPOR

facilitates the constitutive activity of I374N in human TF-1.8 cells, implies that hEPOR is

involved in the generation of proliferative signals by this mutant. However, it remains to be

determined if EPOR simply acts as an intracellular docking protein to recruit other signalling

molecules, or if it plays some other role as part of a multimeric receptor complex with hpc'

Despite this, the observation that the surface expression of hEPOR on the factor-independent

UT7 cells is similar to that on control factor-dependent UT7 cells (Fig. 6.9) at least suggests

that the mechanistic requirement for hEPOR by I374N does not involve the up-regulation of

hEPOR surface expression. In contrast, it was demonstrated in Chapter 5 that the surface

expression of hGMRo was significantly up-regulated on factor-independent UT7 cells. This is

consistent with the observation that mGMRcr was needed for the constitutive activation of

I374N in mouse cells, and therefore with the general notion that I374N requires GMRa for

constitutive activity in a manner that is species specific. However, the observation here that

I374N only conferred factor independence on human TF-1.8 cells, which also express

hGMRcr, when co-expressed with hEPOR implies that both of these molecules are needed for

the constitutive activity of I374N. In this regard, it is noteworthy that the level of hGMRoc

expression was relatively high on hEPOR-infected cells that were grown in the presence of

EPO, and therefore express hEPOR, compared to cells not infected with the hEPOR retrovirus

(compare histograms labelled 'uninf' and'*I3J4N' with 'hEPOR' and'*I374N + hEPOR' in

Fig. 6.84)" This may reflect a general mechanism in which signalling through the hEPOR,

either in cytokine-stimulated uninfected cells or in the factor-independent cells, results in the

selective up-regulation of GMRø.

In relating the above observations on the activity of I374N in human cells to those on the

activity of this mutant in mouse cells expressing mGMRo either endogenously (FDC-Pl) or

exogenously (BAF-803 and CTLL-2), it is important to note that none of these mouse cell

lines express the mEPOR. Thus, the requirement of EPOR for I374N activity in human cells
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Figure 6.9. Flow cytometric analysis of hEPOR surface expression on human UT7 cells

Uninfected UT7 cells (dotted line), G418-resistant cells expressing the HSV{agged wild-type

hBc (dashed line) and factor-independent cells expressing the HSV-tagged I374N mutant

(solid line) were stained with (A) an irelevant control antibody or (B) the anti-hEPOR

antibody 16.5.2 by high-sensitivity immunofluorescence. Cell number and fluorescence are in

arbitrary units; the latter is plotted on a logarithmic scale. Asterisks depict the HSV{agged P

subunits.
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contrasts the ability of this mutant to confer factor independence on mouse cells in the

absence of EFOR. In the previous chapter, a model was presented to account for the observed

constitutive activity of I374N in both mouse and human cells. This model was based upon the

concept that the I374N mutant required the presence of two cell type-specific signalling

molecules for its constitutive activity, one of which was GMRo and the other which was

arbitrarily depicted as 'Y' (see section 5.4.J, Fig. 5.14). The data presented in this chapter

pertaining to the human UT7 and TF-1.8 cells indicate that this molecule, in human cells, is

most likely hEPOR. The absence of EPOR in the FDC-PI, CTLL-? and BAF-803 mouse cell

lines, however, suggests that the mouse version of 'Y' is not strictly the EPOR. In this respect,

it is conceivable that the role of EPOR in the signalling by I374N may be somewhat

redundant, and therefore mediated by another molecule that can serve the same function in its

absence.

6.3.4 Biological signifÏcance of EPOR and P subunit cross-talk

Although the results presented in this chapter, together with those of previous studies

(Hanazono et al., 1995;Chin et al., 1997; Jubinsky et aL, 1997), give strong support to the

notion of receptor cross-talk between EPOR and GMR/IL-3R, the biological significance of

this is currently not understood. On one hand, the observed cross-talk between EPOR and the

GMR/IL-3R may provide a molecular basis for the proliferative actions of IL-3 and GM-CSF

on erythroid progenitors (Bot et al., 1989; Metcalf et al., 1987; Metcalf et al., 1986), together

with the observation that IL-3 and GM-CSF can synergize with EPO to enhance its effects on

the growth and differentiation of erythroid progenitors (Sonoda et al., 1988; Sieff et al',

1989). Alternatively, it is conceivable that this cross-talk could be part of an inhibitory

mechanism used by GM-CSF/IL-3 and EPO to suppress erythroid and myeloid differentiation

programs, respectively. In support of this latter concept, it has been previously demonstrated

that in UT7 cells, GM-CSF acts dominantly over EPO to inhibit various characteristics of

erythroid differentiation, such as down-modulation of EPOR expression (Hermine et aI',

1992). A subsequent study showed that the decrease in EPOR expression was a consequence,

rather than the cause, of the GM-CSF-induced suppression of erythroid differentiation of these

cells, thereby suggesting that GM-CSF may inhibit EPO-induced differentiation at the signal

transduction level (Hermine et al., 1996).It is therefore tempting to speculate that the GM-

CSF-induced tyrosine phosphorylation of EPOR may play a role in negatively regulating EPO

signalling, and therefore erythroid differentiation, during GM-CSF-induced myeloid

development. This could involve the recruitment of negative regulatory molecules, such as
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phosphatases, to the phosphotyrosines on the EPOR. However, it should be remembered that

EpO also induces tyrosine phosphorylation of both human and mouse B subunits, therefore

suggesting that, conversely, EPO may negatively regulate GM-CSF/IL-3 signalling during

erythroid development. In this respect, Quelle and Wojchowski (1991) have reported that

introduction of EpOR into FDC-P1 cells suppressed the proliferative response of these cells to

GM-CSF.

Finally, it is noteworthy that mice reconstituted with haemopoietic cells constitutively

expressing the I374N mutant and another extracellular mutant, FIA (D'Andrea et al., 1994),

which is believed to be activated by a mechanism similar to that of I374N (Dr Richard

D'Andrea, Hanson Centre for Cancer Research, Adelaide, South Australia; personal

communication), develop a lethal myeloproliferative disorder charactetized by the hyperplasia

of erythroid, megakaryocytic and myeloid lineages (Matthew McCormack, Hanson Centre for

Cancer Research, Adelaide, South Australia; personal communication)' Furthermore,

transgenic mice expressing the constitutively active FIA hBc mutant develop splenomegaly

associated with a significant increase in erythroid and myeloid progenitors (Gonda and

D'Andrea, Ig97). Thus, the presence of increased erythroid progenitors in these disease states

could possibly reflect the cross-activation of EPOR by these mutants'

100



Chapter 7

Concluding discussion and perspectives



r

7.1 Constitutive point mutants as a tool for studying

normal cytokine receptor activation

Although the mechanisms by which cytokine binding induces receptors to form active signal-

transducing complexes have not been fully elucidated, strong evidence has emerged over the

last five years to indicate that ligand-induced dimerization of CR subunits is an essential early

step in triggering receptor activation. This has primarily resulted from characterization of the

active hGHR complex, the crystal structure of which reveals a hGHR subunit homodimer

bound to a single GH molecule (De Vos ¿/ aL, 1992).In view of the relatively few CRs for

which the crystal structure has been determined, the isolation of constitutively active CR

mutants has provided a valuable tool for examining the normal activation process of receptors

sincc they most likely mimic the structure of the normal cytokine-activated receptors. For

example, constitutively activating point mutations that replace specific residues with cysteines

in the extracellular region of the receptors for EPO and thrombopoietin (c-Mpl) result in

constitutive disulphidelinked receptor homodimerization, suggesting that ligand-induced

homodimerizafion is required for signalling by the normal receptors (Watowich et aI., 1994;

Watowich et al., 1992; Alexander et al., 1995). Indeed, the recently published crystal structure

of an EPOR homodimer bound to a peptide agonist also provides strong evidence for the

involvement of homodimerization in EPOR activation (Livnah et aI., 1996).

In the absence of crystal structures for the active hGMR, hIL-3R and hIL-5R complexes, it

has become clear that ligand-induced cr and p subunit heterodimerization is a key step in the

formation of active hGMR and hIL-3R signal-transducing complexes (Stomski et al., 1996;

p;der et at., 1994). Other studies have also found B subunit homodimers in active hGMR

(Muto et al., 1996) and hIL-3R (Bagley et al., 1991) complexes, thus implying that hBc

homodimerization is involved in receptor activation. Furthermore, it has been observed that

the functional hGMR complex may contain at least two cr subunits (Lia et al., 1996), which

suggests that the hGMR (and hIL-3R/hIL-5R) may exist as higher order complexes. This

possibility is further supported by a recent study which proposed that the ligand-induced

formation of disulphide-linked o-B heterodimers was likely to occur between the cr subunit of

one receptor heterodimer and the B subunit of a second receptor heterodimer: that is, in the

context of an azþzreceptor complex (Stomski et al., 1998).
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The isolation of constitutive hBc mutants has also provided an insight into the mechanism

of activation by these receptors. I have previously combined random mutagenesis with

retroviral expression cloning to identify two constitutively activating point mutations in hBc

by virtue of their ability to confer factor-independent proliferation on mouse factor-dependent

FDC-PI cells (Jenkins et aL, 1995). One of these mutations, Y4498, is located in the

transmembrane domain of hBc and is similar to an activating mutation in the neulc-erbB-2

oncogene (Weiner et aL,1989; Bargmann et al., 1986) and, by analogy, has been proposed to

act by mimicking the ligand-induced hpc homodimerization observed in the active hGMR

complex (Jenkins et aL, 1995). The other activating point mutation, I374N, lies in the

extracellular region of hBc. Interestingly, only Y4498 was able to confer factor independence

on mouse factor-dependent BAF-803 cells, suggesting that I374N andY449E activate hpc by

different mechanisms.

Although the above study successfully isolated two activating point mutations in hpc, the

screen for mutations was relatively insensitive and only covered about one third of hBc, thus

raising the possibility that other point mutations may be present in the remainder of hBc. To

address this issue, both random and site-directed mutagenesis approaches (Chapters 3 and 4,

respectively) were employed to comprehensively screen the entire hpc molecule for further

activating point mutations.

7.2 The role of mutated hBc residues in receptor

activation

The studies reported in Chapters 3 and 4 led to the identification of 20 additional constitutive

point mutations, all of which are clustered exclusively in a central region of hBc that

encompasses the extracellular membrane-proximal domain (domain 4), transmembrane

domain and membrane-proximal region of the cytoplasmic domain. Importantly, this provides

new insights into the role of these regions in hpc, and by analogy other members of the CR

family (see below), in receptor activation.
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7.2.1 Extracellular mutations

The clustering of all extracellular point mutations in domain 4 highlights the importance of

this domain in hBc activation, an observation which is also supported by the isolation of other

activated forms of hpc containing either extracellular truncations or insertions affecting this

domain (see Fig. I.2C; reviewed by Gonda and D'Andrea, 1997).In Chapter 4, two residues,

L.eu3s6 and Trp3s8 (in strand B), that were predicted to participate in intra-molecular

interactions with theIIe3Ta residue (in strand C) were also activated upon substitution by Asn'

The prediction that these two residues are in close proximity to Ile374 was further supported by

the synergy between weakly activating mutations at Leu3s6lfrp3s8 and a weakly activating

mutation at Ile3la to enhance the factor-independent proliferation of cells expressing these

double mutants over the 'parental' single mutants. These observations imply that Ile37a may

normally interact with [-eu3s6 and Trp3s8 to maintain normal conformation of domain 4, and

that disruption of these interactions by activating mutations results in a conformational change

in this domain of hpc that leads to activation, possibly by promoting interaction with another

receptor subunit (see below). It should be noted that two other residues, Gln37s and Tyr376, in

strand C are also targets for constitutive mutations (see Chapter 3). The fact that these

residues lie adjacent to Ile37a in strand C suggests that they may also be involved in

interactions with the Leu356 and Trp3s8 residues on strand B. The notion that this domain acts

as a conformational switch is also consistent with how other mutations affecting this domain

are believed to lead to receptor activation (Gonda and D'Andrea, 1997; see also section

3.4.2.1). Clearly, the validity of these proposals requires comparison of the conformation of

domain 4 in the 'inactive' wild-type hBc with that in the 'active' mutant or ligand-bound wild-

type Þ subunits. In this regard, studies aimed at elucidating the NMR structure of domain 4 in

both the 'inactive' wild-type hpc and some of the activated mutants are currently being

performed in collaboration with Professor Angel Lopez and Dr Richard D'Andrea at the

Hanson Centre for Cancer Research (Adelaide, South Australia).

The involvement of domain 4 in receptor activation is also consistent with studies on other

CRs. Examination of the active hGHR complex indicates that the homodimer is stabilized by

interactions between the corresponding extracellular membrane-proximal domains of each

hGHR subunit (De Vos et al., 1992). In addition, the cysteine substitutions that result in

constitutive disulphide-linked homodimerization of the EPOR and c-Mpl are located in the

corresponding extracellular membrane-proximal domain of these receptors (Watowich et al.,
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I994;Watowich et al., 1992; Alexander et al., 1995), thereby implying that this domain is

also in a position to mediate inter-subunit interactions between the normal ligand-bound

receptor homodimers. The clear implication from these studies is the involvement of the

extracellular membrane-proximal domain of these receptors in inter-subunit interactions, and

so it could be assumed, considering the conserved structure of these domains among CRs, that

this may also apply to hPc.

As discussed in Chapter 5 (see also section 1.4.1.1), it is most likely that the I374N

mutation and most other extracellular mutations promote the interaction of hBc with the

GMRcr subunit. Whilst this suggests the presence of cr-B heterodimers in the constitutively

active complexes, one should consider the possibility that these mutations also induce the

formation of active B subunit homodimers in these complexes. This would be consistent with

the presence of B subunit homodimers in the normal ligand-bound hGMR and hIL-3R

complexes (Muto et al., 1996; Bagley et al., 1991). Furthermore, the ability of chimaeric

receptors containing the hBc cytoplasmic domain and the extracellular domain of the GMRcr

or IL-5Rcr to mediate ligand-induced proliferation (Eder et al., 1994; Takaki et al., 1993)

suggests that dimeri zation of hBc cytoplasmic domains is sufficient for activation. Whilst this

may be true for the normal ligand-activated receptors and indeed the constitutive hBc mutants,

this notion is complicated by the observation that wildtype hBc dimerizes even in the absence

of ligand (Muto et al., 1996). Thus, any involvement these mutations could have in the

formation of active hBc dimers might be to enhance the pre-existing association between two

hBc molecules, This interaction may occur between domain 4 of each B subunit directly as a

result of the conformational change induced by these mutations, or alternatively, indirectly as

a result of any change in hBc structure that follows its association with GMRcr'

7.2.2 Transmembrane mutations

Among the three transmembrane residues targeted for activation, the cell type-specific activity

exhibited by one of these, Leuaas (see Chapter 3), suggests that it acts by a similar mechanism

to that of the extracellular mutants, and accordingly, will be discussed along with these

mutants later in section 7.4.1. As for the remaining two transmembrane residues targeted for

mutations, the Glu substitution atYalaae (in V449E) provides the strongest indication of how

these mutations activate hpc since it is analogous to the activating point mutation found in the

transmembrane domain of the Neu/c-erbB2 receptor tyrosine kinase (Bargmann et al., 1986).

This mutation has been shown to induce receptor homodimerization (Weiner et al., 1989), and
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so it is likely that the V4498 mutation, as well as the mutations at residue Asp4se, induce

constitutive hpc homodimeization (see section 3.4.2.2). Indeed, Y4498 homodimers have

been detected in factor-independent FDC-PI cells (S. Barry, R. D'Andrea, B.J. Jenkins, T.J.

Gonda, unpublished observations), an observation that is consistent with the detection of wild-

type hBc homodimers in active hGMR and hIL-3R complexes (Bagley et al., 1991: Muto ¿f

at., 1996). Although these observations reinforce the importance of B subunit dimerization in

receptor activation, again this issue is complicated by the fact that wild-type hpc homodimers

are also detected in the absence of ligand (Muto et al., 1996). However, unlike the V449E and

A459D mutants, wild-type hBc is neither tyrosine phoshorylated nor able to confer growth in

the absence of factor, indicating that these preformed hpc dimers are inactive. One could

speculate that these mutations enhance this pre-existing association between two p subunits,

possibly to bring their cytoplasmic domains close enough to facilitate activation of the

associated IAK1 molecules (Quelle et al., 1994). The ability of the transmembrane domains

of these hBc mutants to induce homodimerization could be indirectly examined by replacing

the transmembrane domain of the EPOR, which does not homodimeúze in the absence of

Epo (v/atowich et aL, lgg4), with that of hBc containing the activating mutations. These

chimaeric receptors could then be examined for their ability to confer factor independence in

FDC-pl cells, which do respond to EPOR-mediated signalling. In addition,

immunoprecipitation experiments could be performed to see if these chimaeras form

homodimers in these cells.

7.2.3 CytoPlasmic mutations

The mutations in the cytoplasmic domain of hBc, R461C,H and H544R, are believed to be the

first of their type among the CR family. Dimerization of CR cytoplasmic domains is believed

to be the essential step in receptor activation, most likely by bringing together their associated

JAK kinases to trans-phosphorylate each other, which in turn leads to their activation and

subsequent phosphorylation of hBc and other signalling molecules. Consistent with this

concept, several mechanisms, all based upon the supposition that these mutations either

directly or indirectly (via hBc homodimerization) induce constitutive JAKZ activation, were

proposed to explain how these mutations may activate hpc (see section 3.4.2.3). While it

would be relatively easy to examine whether JAI<2 is activated by these mutants, identifying

the mechanism of activation could be somewhat more difficult. In a similar vein to the

chimaera discussed above, one could indirectly test the ability of these mutations to induce
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homodimer\zation of the hpc cytoplasmic domains by fusing the mutant cytoplasmic domains

with the extracellular and transmembrane domains of an unrelated CR known to signal

through homodimers, such as EPOR. As before, the ability of such a chimaera to form

constitutively active homodimers would imply that these mutations do stimulate the formation

of active hBc homodimers.

7.3 Signatling by constitutive hBc mutants

7.3.1 hBc tyrosine phosphorylation

Phosphorylation of receptor tyrosine residues facilitates the binding and activation of

signalling molecules that provide the receptor with a link to signalling pathways involved in

various cellular responses, including survival and proliferation, As part of a preliminary

examination of signalling events activated by the hpc mutants in factor-independent FDC-P1

cells, it was observed that not all mutants were constitutively tyrosine phosphorylated. Care

should be taken when interpreting these observations, On one hand, the results presented in

Chapter 3 suggest that tyrosine phosphorylation of hpc is not essential for the generation of

constitutive proliferative signals by these mutants. On the other hand, it is possible that the

extent of steady state phosphorylation on some of these mutants, which is required for

proliferative signalling, is below the threshold of detection with the antibody used. Clearly,

examination of the ability of tyrosine-deficient constitutive mutants to confer factor

independence will clarify the role of these tyrosines in proliferative signalling by the hBc

mutants. Nonetheless, the observation that tyrosine phosphorylation of the mutants may not be

essential for proliferation is consistent with observations pertaining to the proliferative role of

tyrosines on hBc in the wild-type hGMR. Cells co-expressing hGMRcr with a tyrosine-

deficient hpc proliferated in response to GM-CSF, although proliferation was impaired

compared to the wild{ype receptor (ltoh et al., 1998; Okuda et aL, 1997). This suggests that

the cytoplasmic tyrosines of hBc are not essential for biological responses such as proliferation

and survival, but rather, are required to maximize these responses. It is worth considering,

however, that in these studies and the work presented in this thesis, the role of hBc tyrosines in

eliciting signals for other responses, such as differentiation, was not examined.
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7.3.2 MAP kinase and STAT activation

Examination of the two main pathways implicated in proliferative signalling by GM-CSF, the

Ras-Raf-ERK MAP kinase and JAK2-STAT5 pathways, in the factor-independent FDC-PI

cells indicated that both ERK MAP kinase and STAT5 molecules were constitutively

activated by all mutants. Importantly, this suggests that activation of these two pathways can

occur independently of hÞ. tyrosine phosphorylation, and furthermore, implies the

involvement of alternate mechanisms by which these signals can be induced in the absence of

receptor tyrosine phosphorylation: that is, other "docking" molecules are tyrosine

phosphorylated instead of hBc. While the nature of these mechanisms is not known, I

discussed earlier (see section3.4.3.2) that they could be mediated by JAK2, which has been

shown to directly bind to both Raf-l (Xia et at., 1996) and STAT5 (Fujitani et al', 1991)

molecules. Despite this, it is also likely that induction of other signals, for example c-myc, ate

required for a proliferative response. Clearly, a detailed investigation into the activation state

of other signalling molecules, implicated in cytokine-induced proliferation, by the hpc

mutants is warranted to gain a better understanding of these observations. Nonetheless, one

conclusion that can be drawn from the above observations, together with those on hpc

tyrosine phosphorylation, is that receptor phosphorylation can be dissociated from

proliferative signalling, including ERK MAP kinase and STAT activation, and this most

likely reflects the emerging theme of redundancy in mechanisms underlying activation of

downstream signalling molecules'

7.4 Cell type-specifÏc activity of hBc mutants; role of other

receptor subunits in hBc activation

7.4.1 Activity in mouse cells

7.4.1.J Requirement of mGMRcr for constitutive activity of hBc mutants

With the exception of mutations at the Yalaae and Aspase transmembrane residues, none of the

hBc mutants were able to confer factor independence on mouse BAF-803 cells. The properties

of these mutants suggests the involvement of a molecule, presence in FDC-P1 cells but absent

from BAF-803 cells, that is required for signalling by these mutants. In Chapter 5, one such

molecule was identified as the mouse (m) GMRcr subunit, since its introduction into BAF-
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803 cells expressing one of the hBc mutants, I374N, conferred factor independence.

Importantly, mGMRg also allowed the constitutive activity of I374N in CTLL-Z cells (which

do not express the receptors for GM-CSF or IL-3), thus indicating that the mechanism of

activation of I374N does not require any other component (i.e., mIL-3R0, mpc or mptl-:),

apart from mGMRcx, of these receptors'

The I374N mutation appears to act, at least in part, by inducing constitutive association of

hBc with mGMRg. It is worth considering this result with the recent work by Woodcock et al.

(lggl) that has shown that the cr and B subunits of the normal hGMR associate in the absence

of GM-CSF, although this preformed complex still requires GM-CSF for activation. This is in

contrast to the hIL-3R and hIL-5R, in which heterodimeization of hIL-3Rcr and hIL-5Rü

subunits with hpc appears to be completely dependent upon the presence of ligand (Bagley et

al., I997;'Woodcock et aL, l99l). Although the functional significance of the activated

pGMRo/I374N complex in relation to the 'inactive' preformed hGMR complex is not

known, it is at least consistent with the preference of B subunits to spontaneously associate

with GMRo¿ rather than IL-3Ru/IL-5Rcr subunits'

In Chapter 4, it was proposed that the extracellular point mutations induce a

conformational change in domain 4 of hBc that promotes inter-molecular interactions with

another receptor subunit. The observation that most of these mutants, together with the L'145Q

transmembrane mutant, required mGMRcr for constitutive activity in BAF-803 cells indicates

that this other receptor subunit is mGMRo¿. The ability of t445Q to associate with mGMRcr is

surprising since the other transmembrane mutations are believed to induce hÞt

homodimerization. This could reflect the importance of the transmembrane domain of hBc in

stabilizing interactions between u-B heterodimers and B-B homodimers or, alternatively, that

the altered transmembrane domain affects the conformation of domain 4'

The mGMRo¿ subunit did not facilitate the constitutive activity of the extracellulat L399P

and cytoplasmic R461C and H544R mutants in BAF-803 cells, and this was consistent with

the lack of association between mGMRcr and these mutants (see section 5.3.8). While this

could reflect the existence of other mechanisms by which these mutants are activated (see

section 5.4.6), it is also possible that these mutants may only weakly associate with mGMRcr

in such a way that is below the level of detection. In such a scenario, it would also be assumed

that FDC-PI cells are more sensitive to GMR-generated proliferative signals than BAF-803

cells, and that the weak signals generated by these mutants are below the threshold required to
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confer growth on BAF-803 cells but not FDC-PI cells. Such differences between cell lines in

thresholds for proliferation could reflect quantitative variation in the levels of signalling

molecules such as JAKz, for which there is a precedent (Morella et al., 7995).

7.4.1.2 Role of the N- and C-terminal regions of mGMRcr in facilitating the

constitutive activity of hpc mutants

The association of mGMRcr with I374N was dependent upon both the N-terminal 83 amino

acids and C-terminal 14 amino acids of mGMRcr. Moreover, deletion of either region

abolished mGM-CSF-induced proliferation, suggesting these regions are also essential for

normal 6GMR function. Although the role of the N-terminal domain of GMRcr (mouse or

human) in normal GMR function has not been previously studied, the data presented here

suggests that it may facilitate inter-subunit interactions with B subunits. This is in contrast to

the role of the N-terminal domain of hIL-3Ro and hIL-5Rcx subunits which appears to be

required for ligand binding (Barry et al., 1997; Rapoport et aI., 1996; Cornelis et al., 1995).

However, the hGMR, unlike the hIL-3R/hIL-5R, exists as a preformed complex (Woodcock er

aL, 1997), and so it is conceivable that these differences in receptor subunit assembly could be

attributed to the N-terminal domain of GMRcr'

The requirement of the cytoplasmic domain of mGMRcr for the association with, and

activity of, I374N contrasts with the observation that the cytoplasmic domain of hGMRcr is

not needed for association with hBc in the preformed GMR complex (Woodcock et al., 1997).

Furthermore, deletion of the cytoplasmic domains of GMRo, IL-3Rcr and IL-SRcr subunits has

been shown to abolish cytokine-induced proliferative signalling, although this has no effect on

high-affinity ligand-binding (Takaki et al., L993;Bar,y et al., 1997: Polotskaya et aI., 1993)'

This lack of signalling has been attributed to the loss of the membrane-proximal proline-rich

motif that is present in these cr subunits, as well as most other CRs (Matsuguchi et al., I99l;

Murakami et al., 1991). This motif has attracted considerable attention since it is the only

conserved motif in the ø subunit cytoplasmic domains, and is similar to the proline-rich

sequences that bind SH3 domain-containing signalling molecules (Yu et aL, 1994). Mutations

affecting this motif result in the loss of JAK activation (Kouro et al., 1996; Matsuguchi et al.,

Iggl), although it is not known whether this reflects the requirement of this motif for the

structural integrity of the cr subunit cytoplasmic domains or for interactions with B subunits or

intracellular signalling molecules, such as JAKs. In this regard, it is somewhat intriguing that

no molecules have been found to associate with the cytoplasmic domains of cr subunits.
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Despite this, the failure of mGMRo lacking the C-terminal 14 amino acids to associate with

I374N suggests that this region may interact with B subunits, either directly or indirectly via

receptor-associated molecules. Alternatively, it is possible that deletion of this region may

alter the conformation of the cr subunit cytoplasmic domain, and in doing so disrupt a

structure, such as the proline-rich motif, that is responsible for interactions with p subunits.

As mentioned above, the cytoplasmic-truncated cr subunits are able to form high-affinity

receptor complexes with p subunits, although these are unable to transduce proliferative

signals. It also worth considering that these signalling-defective high-affinity receptor

complexes could represent single cr-B heterodimers, which may not generate proliferative

signals. Thus, it is possible that interactions between the cr and B subunit cytoplasmic domains

are not required for formation of these high-affinity ligand-binding heterodimers, but rather,

play a role in stabilizing the ligand-bound higher order receptor complexes (i.e., s¿þù that are

more likely to represent the active receptor complex. The concept that high-affinity binding

can be dissociated from receptor activation is supported by a recent study in which p subunits

bearing mutated extracellular cysteine residues were able to support high-affinity binding of

GM-CSF and IL-3, although they were not tyrosine phosphorylated by these cytokines

(Stomski et aL, 1998).

7.4.2 Activity in human cells

The above observation that mGMRo facilitated the constitutive activity of I374N in BAF-803

cells contrasted with the inability of hGMRo to perform this function. Expression of I374N in

human GM-CSF/IL-3ÆPO-dependent UT7 cells, which express endogenous hGMRcr, led to

factor-independent proliferation, and the expression of hGMRa on the surface of these factor-

independent cells was significantly up-regulated. Together, these observations suggest that the

species-specific requirement of GMRcr for the constitutive activity of I374N may reflect the

species of origin in which the mutant is being tested. However, the observation that I374N did

not confer factor independence on human GM-CSF/IL-3-dependent TF-1.8 cells, which also

express hGMRcr, implied that in human cells, another cell type-specific molecule, in addition

to hGMRcr, was required for the constitutive activity of I374N.

As reported in Chapter 6, co-expression of the hEPOR with I374N in TF-1.8 cells

conferred factor-independent proliferation, thereby indicating that this molecule was in fact

the hEPOR. Furthermore, it was also shown that the hEPOR, and indeed the I374N mutant,
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was constitutively tyrosine phosphorylated in factor-independent UT7 cells. Importantly, both

hEPOR and hBc were tyrosine phosphorylated in 'uninfected' UT7 cells stimulated with either

GM-CSF or EPO, thus suggesting the possibility of bi-directional cross-phosphorylation

between EPOR and B subunits. However, this cross-phosphorylation occurred in the absence

of any detectable association between these receptor subunits. Whilst the EPOR has been

shown previously to mediate the EPO-induced phosphorylation of B subunits (Chin et aI',

lggl), this is the first report whereby activation of hBc, either by a constitutive mutation or

GM-CSF-binding to the normal GMR, leads to the cross-phosphorylation of EPOR. In

agreement with models proposed by others to account for receptor cross-talk (Yamauchi et al',

I99i; Wt et al., 1995; Chin et aI., 1997), it seems reasonable to suggest that the I374N

mutant utilizes the EPOR as a downstream docking molecule to recruit other signalling

molecules, possibly as a way of amplifying proliferative signals or recruiting molecules which

do not bind to hBc. Considering that various constitutively active EPOR mutants have also

been isolated, it would be interesting to examine whether, conversely, B subunits are tyrosine

phosphorylated in factor-independent cells expressing these mutants (Watowich et al., 1994;

Yoshimura et aI., 1990).

Taken together, the above observations imply a mechanism whereby the I374N mutant, at

least in human cells, requires both the hGMRcr and hEPOR for constitutive activation. A

model was presented in Chapter 5 (see section 5.4.6, Fig.5.14) to account for the observed

constitutive activity of I374N in both mouse and human cells. This model invoked the

existence of a second molecule (Y), in addition to GMRcr, that was required for the activity of

I374N. In view of the results presented in Chapter 6, in human cells, this molecule is most

likely hEPOR. However, the mouse cells used in this study do not express mouse EPOR. This

could reflect the presence of another molecule in mouse cells which can, presumably, perform

the same function as hEPOR in human cells for the constitutive activity of I374N. This would

also suggest that an element of redundancy exists in the function performed by hEPOR.

Nonetheless, these observations pave the way for future studies to examine the regions in hBc

and hEPOR, and their associated signalling pathways, that underlie the cross-talk between

these two receptors. In addition, they also suggest that it may be worth identifying what

molecule 'Y' is in mouse cells. Assuming that 'Y' is tyrosine phosphorylated in factor-

independent mouse cells expressing I374N, it would be interesting to examine the pattern of

tyrosine phosphorylated proteins in these cells.
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7.5 Implications for hBc mutations in haemopoietic

disorders

One important issue raised by the ability of the I374N mutant to confer factor independence

on human cell lines is the possibility that this mutation, and indeed the other mutations in hBc,

could contribute to human haemopoietic disorders. This is supported by the activity of this

mutant and other hBc mutants in primary mouse haemopoietic cells. Retroviral infection of

mouse fetal liver cells with the I374N mutant and another extracellular hBc mutant, FIA

(D'Andrea et al., 1994), which also requires mGMRa for constitutive activity in mouse cells

(Richard D'Andrea, Hanson Centre for Cancer Research, Adelaide, South Australia; personal

communication), resulted in the formation of granulocytic and monocytic factor-independent

cells (McCormack and Gonda,799l). Notably, granulocytes and monocytes are the two major

cell lineages controlled by GM-CSF (reviewed by Gasson, 199I) and, accotdingly, would be

expected to express GMRcr at sufficiently high levels to mediate GMR proliferative

signalling. In contrast,theY449E transmembrane mutant, which does not require mGMRcx

for constitutive activity, generated a wide range of factor-independent cell types (McCormack

and Gonda, I99l). These observations further support the notion that the constitutive activity

of I374N, and most other hBc mutants, is most likely restricted to cells expressing GMRcr.

In another study, mice reconstituted with haemopoietic cells constitutively expressing the

I374N and FIA mutants develop a lethal myeloproliferative disorder cl'nracteized by the

hyperplasia of erythroid, megakaryocytic and myeloid lineages (Matthew McCormack,

Hanson Centre for Cancer Research, Adelaide, South Australia; personal communication). As

mentioned above, the increase in myeloid cell production stimulated by these mutants could

again be explained by the presence of mGMRcr in these cells. With regard to the presence of

increased erythroid progenitors in these disease states, it is tempting to speculate that this

could possibly reflect the cross-activation of EPOR by these mutants,

Finally, in addition to furthering our understanding of both the oncogenic potential of

GMR/IL-3R/IL-5R and how they and, by implication, other CRs generate intracellular signals,

this study has also provided a map of the location of activating point mutations in hBc. As

these mutations are potentially oncogenic, such a map should provide a rational basis for

screening human haemopoietic malignancies for alterations to hBc, and by analogy, other
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related CR genes. Together with the examination of the activity of hpc mutants in primary

human haemopoietic cells and ongoing studies in animal models, such studies should provide

a valuable insight into the possible involvement of these hBc mutants in human disorders.
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