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ABSTRACT

Deletion mutants of the intracytoplasmic domain of the granulocyte colony-stimulating
factor receptor (G-CSFR) have shown that the membrane-proximal region is essential for
transduction of a mitotic signal and that the C-terminal region appears to be necessary for
transduction of cell differentiation. Changes in this domain may result in the uncoupling of
these two processes as happens in Kostmann’s syndrome (KS) and acute leukaemia. Such
alterations could occur either as isoforms or mutations. Previously there has been only one
report of over-expression of a G-CSFR isoform occurring in a patient with acute myeloid
leukaemia (AML) while there have been several reports of mutations within the
intracytoplasmic tail of the G-CSFR in KS. Here the reverse transcription-polymerase chain
reaction, single strand conformation polymorphism analysis, sequencing and restriction
enzyme digestion have been used to study the transmembrane and intracytoplasmic domains
of G-CSFR mRNA from peripheral blood or bone marrow of 11 haematologically normal
controls, 40 patients with AML and 11 patients with KS (one during transformation to
AML). Two novel transcripts were identified in normal myeloid cells. Both were expressed
at low levels and neither are predicted to be of physiological significance. There was no
evidence of aberrant expression of isoforms in either patient group and only one point
mutation was detected in the AML. mRNA samples, probably representing a rare
polymorphism. Abnormalities of the G-CSFR in AML thus appear to be rare. Two of the
patients with KS had mutations in a minor percentage of their transcripts, both resulting in a
premature stop codon and truncation of the intracytoplasmic domain of the G-CSFR. In one
the mutation remained stable for two years, in the other it was acquired and then
spontaneously lost nearly three years later. No mutation could be demonstrated in the child
with KS/AML. These mutations do not appear to be implicated either in the pathogenesis of
the severe neutropenia or transformation from KS to AML and a new hypothesis as to their

significance is suggested.
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CHAPTER ONE

INTRODUCTION
THE GROWTH FACTOR RECEPTORS

Haemopoiesis consists of a complex cascade of cell proliferation and differentiation. It
starts with a primitive uncommitted stem cell which is presumed to be capable of self
renewal. Under the influence of various stimuli the stem cell can also proliferate. This
proliferation gives rise to progeny which with successive cell divisions become increasingly
committed, initially to multilineage and subsequently single lineage differentiation. The end
point is the fully mature haemopoietic cells found in the bone marrow, thymus and
circulating in the peripheral blood. Many of these cells are no longer capable of cell division

but have specific and specialised functions.

In 1965 Kay first proposed the clonal succession model of haemopoiesis. In this model
only a small number of the available stem cells are actively cycling and maintaining
haemopoiesis at any given point in time with the majority resting in Go. This sub-
population of stem cells remain active for an undefined period of time before being replaced
by a new wave of active stem cells and thus the haemopoietic pool of cells is constantly
maintained by a succession of short lived clones. The natural consequence of a model such
as this is that it should be possible to demonstrate changes in the clonal constitution of a
normal marrow over time. A number of reports support this (Mintz et al, 1984; Lemischka
et al, 1986; Capel ez al, 1989). However there is also evidence to suggest the presence of
sub-populations of stem cells that remain active for much longer periods resulting in a
greater degree of clonal stability within the bone marrow (Boggs et al, 1982; Snodgrass and
Keller, 1987; Harrison ez al, 1988). A third model embraces both the above, proposing that
haemopoiesis is in fact maintained by a mixture of both short and long lived stem cell
populations (Keller and Snodgrass, 1990; Jordan and Lemischka, 1990; Sprangrude ez al,
1991).

Systems as complex as this require careful regulation. The correct balance of cell type and



number must be maintained and primitive cells must progress appropriately through
multiple stages of differentiation to produce a fully functioning mature end cell. This is
largely under the control of a second complex system involving the haemopoietic growth
factors, proteins synthesised predominantly by the haemopoietic cells themselves and the
cells of their microenvironment. These growth factors exert their effect through specific
receptors which are expressed variably on the different cell types and at different stages of
cellular differentiation. Failure of adequate control of haemopoiesis at any level potentially
may result in an imbalance between the proliferation and differentiation of one or more cell

lineages as reflected by many of the blood disorders.

1.1 THE GROWTH FACTORS.

The term “growth factor” is used to describe a large family of acidic glycoproteins, essential
to the control of haemopoiesis. Their existence was first recognised in the 1960s with the
development of cell culture assays for haemopoietic progenitor cells (Pluznic and Sachs,
1965; Bradley and Metcalf, 1966). These demonstrated the dependence of cell survival,
proliferation and differentiation on the continuous presence of as then unidentified humoral
factors, so called colony-stimulating activity (CSA) (Chervenick and Boggs, 1970; Iscove
et al, 1971; Pike and Robinson, 1970; Stanley and Metcalf 1972). Subsequently these
factors acquired a variety of names, usually reflecting the context in which they were first
identified, many of which remain in current use. These include the terms cytokine, colony-
stimulating factor, interleukin and -poietin (such as erythropoietin and thrombopoietin).
Extensive research into both the human growth factors and their murine counterparts
continues to recognise new members of this family and elucidate further the role that each

plays.

Different growth factors exert multiple different, but not necessarily unique, effects.
Functional redundancy (different cytokines acting on the same cell to mediate similar
effects) and extensive pleiotropy (any given cytokine exhibiting a wide range of biological
effects in various tissues and cells) are hall marks of this system (Metcalf, 1993).

Consequently the complete loss of any given growth factor in vivo won’t necessarily result
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in the full effect predicted from its functional phenotype in vitro. This phenomenon is
exemplified by studies on the granulocyte-macrophage colony-stimulating factor (GM-
CSF), an haemopoietic growth factor that has been implicated in the regulation of the
production and function of cells from both granulocyte and monocyte/macrophage lineages
(Metcalf, 1989). The use of gene knockout technology to generate GM-CSF deficient mice
however breeds mice whose baseline haemopoiesis remains relatively normal. Instead they
have been shown to suffer from a distinctive lung disorder that is characterised by an
alveolar proteinosis-like pathology and which is associated with an increased susceptibilty
to opportunistic pulmonary infections (Stanley ez al, 1994). The severity of this disorder is
increased and additional defects are introduced by the dual knockout of macrophage colony-
stimulating factor (M-CSF, CSF-1) together with GM-CSF (Lieschke et al, 1994b). Other
cytokines however do not show such an extreme degree of redundancy in the control of
haemopoiesis. For example, mice lacking the lineage-specific granulocyte colony-
stimulating factor (G-CSF) exhibit both chronic neutropenia and an impaired ability to
mount a neutrophil response to an appropriate challenge (Lieschke ez al, 1994a). This fulfils
the predicted phenotype although the persistence of some granulopoietic activity in these
mice shows that even here the role of G-CSF in the control of both “steady-state” and

“emergency” granulopoiesis is not absolute.

Each growth factor exerts its effect through binding to a specific membrane-bound receptor,
the interaction triggering a sequence of intracellular events which ultimately transmit a
signal to the nucleus. These receptors function as oligomers, most commonly homo or
hetero-dimers although some are tripartate, and may share components. The fc receptor
chain for example is the common signal transduction chain for the GM-CSF, interleukin
(IL)-3 and IL-5 receptors (Hayashida et al, 1990; Itoh er al, 1990; Kitamura et al, 1991;
Miyajima ez al, 1992a, 1992b), specificity being maintained through a unique alpha ligand-
binding chain. Similarly the receptors for IL-6, IL-11, leukaemia inhibitory factor (LIF),
oncostatin M and the ciliary neurotrophic factor (CNTF) combine their alpha ligand-binding
chains with the LIF receptor and/or gp130 (originally described as the signal transduction
chain for the IL-6R) (Hibi et al, 1990; Gearing et al, 1992; Ip et al, 1992; Davis et al,
1993b; Hilton er al, 1994). This sharing of receptor components is one factor contributing
to the redundancy and pleiotropy within this system. The G-CSFR is an example of the

9



smaller subgroup of receptors that function as homodimers (Fukunaga er al, 1990a;
1990b), together with the receptors for human growth hormone (GH), prolactin (PRL),
erythropoietin (EPO) and thrombopoietin (de Vos ez al, 1992; Youssoufian er al, 1993;
Somers ez al, 1994; Alexander ez al, 1995).

The majority of these receptors share certain key features in their extracellular domains
which together have defined the so called cytokine receptor superfamily (Bazan, 1990;
Cosman ez al, 1990).

1.2 THE CYTOKINE RECEPTOR SUPERFAMILY

The cytokine receptor superfamily embraces most of the haemopoietic growth factor
receptors. Members of this family are recognised by the significant homology found within
a sequence of approximately 200 amino acids in the extracellular ligand-binding domains of
these receptors. This has been termed the cytokine receptor homologous (CRH) region or
domain. Within this region there is a distinctive conservation of four cysteine residues in
the amino-terminal half (the BN domain) and a tryptophan/serine/non-conserved amino
acid/tryptophan/serine quintet of amino acid residues near the carboxyl-terminal end (the
BC domain), the so called WSxWS box (Bazan, 1990). This WSxWS box is usually found
in close proximity to the transmembrane domain of the receptor however in some, such as
the G-CSFR and gp130, it is distanced from this region by the presence of a number of
fibronectin-like domains, sequences that are related to primative adhesion molecules. A
third designated region of approximately 100 amino acids is also found at the N-terminus of
some of the receptors. Originally defined by its homology to the immunoglobulin
superfamily (Williams and Barclay, 1988) this is known as the immunoglobulin-like
domain. These features are depicted in Fig 1. The sequence homologies are significant, not
only because of the evolutionary implications suggested by the presence of the fibronectin
and immunoglobulin-like domains but also because they predict for structural similarities of
importance for ligand binding.

10
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These structural consequences were first postulated by Bazan (1990) and further elucidated
by the resolution of the crystal structure of the GH-GHR complex (de Vos er al, 1992).
This provides a model for cytokine receptor structureand subunit interaction in which the
CRH domain consists of two subdomains, each in turn composed of seven pB-strands.
These strands, designated A to G and A’ to G’ respectively, together form a sandwich of
two antiparallel p-sheets which are stabilised by a combination of intermolecular interactions

between the amino acids of the receptor and ligand-receptor interactions.

1.3 THE GRANULOCYTE COLONY-STIMULATING FACTOR
RECEPTOR

1.3.1 Primary structure of the granulocyte colony-stimulating factor

receptor

The granulocyte colony-stimulating factor receptor (G-CSFR) is a member of the cytokine
receptor superfamily. The human wild-type receptor is 813 amino acids in length consisting
of an extracellular region of 604 amino acids, a transmembrane region of 26 amino acids
and an intracellular region of 183 amino acids (Fukunaga et al, 1990b). It demonstrates
considerable homology (62.5%) with its murine counterpart (Fukunaga ez al, 1990b). In
addition to the family-defining features of the four conserved cysteines and the WSxWS
box (amino acids 294-298), the extracellular region of the G-CSFR also contains an N-
terminal immunoglobulin-like domain and three membrane-proximal repeats of fibronectin
type IlI-like domains (Larsen er al, 1990). There are also a further three regions of
conserved sequence homology within the intracellular region of the G-CSFR. These have
been designated boxes 1 and 2 (shared with most members of the cytokine receptor
superfamily ) and box 3 (found in common only with the gp130 signal transduction chain)
(Fukunaga ez al, 1991). Boxes 1 and 2 are within the membrane-proximal region of the
intracytoplasmic domain (amino acids 632-645 and 673-683 respectively) whilst box 3 is
situated more distally at amino acids 739-754 (Fukunaga er al, 1991) [Fig 2].

12
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1.3.2 Function of the extracellular domain of the G-CSFR

The primary function of the extracellular domain of the G-CSFR is to bind its ligand,
granulocyte colony-stimulating factor. Binding G-CSF results in homodimerisation of the
receptor and transduction of signal ultimately inducing the proliferation and differentiation
of lineage-specific cells committed to myelopoiesis (Fukunaga er al, 1990a). The
extracellular domain of the G-CSFR, as discussed above, consists of three regions; an N-
terminal immunoglobulin (Ig)-like domain, the CRH region subdivided into its BN and
BC-domains and the membrane-proximal three fibronectin (FN) type III-like motifs.

When first described the CRH domain was predicted to be the ligand binding region
(Bazan, 1990). In 1991 Fukunaga and colleagues used mutational analysis of the G-CSFR
to demonstrate that within this domain the N-terminal half was essential for G-CSF
recognition and binding. Subsequently, in a series of papers published in 1994 and 1995
by Ota’s group (Hiraoka ez al, 1994a, 1994b; Hiraoka ez al, 1995 and Anaguchi ez al, 1995)
the importance of the various subdivisions of the extracellular domain in terms of receptor
ligand binding and function were further evaluated. Using several different protein
expression systems for specific regions of the murine G-CSFR they examined the
importance of the BN (Hiraoka ez al, 1994b) and the BC-domains (Anaguchi az a/, 1995) in
isolation, the Ig-BN-BC (Ig-CRH) unit as a whole (Hiraoka ef al, 1994a) and the Ig-BN
and BN-BC domains both separately and together (Hiraoka er al, 1995). These experiments
demonstrated that although both the BN and BC-domains were capable of specifically and
stoichiometrically binding G-CSF, neither were capable on their own of producing the
oligomerisation induced by the larger binding unit consisting of the Ig-BN-BC regions.
They also demonstrated that whilst the purified BN-BC and Ig-BN domains could form
only a 1:1 receptor-ligand complex, the presence of both composit domains resulted in a
1:1:1 Ig-BN:G-CSF:BN-BC complex, analogous to the 2:1 receptor-ligand complex
stoichiometry of the BN-BC domain of the human growth hormone receptor (Cunningham
et al, 1991; de Vos et al, 1992). The two proteins did not bind to each other in the absence
of G-CSF and did not compete with each other for binding to G-CSF. Overall the results of
these experiments suggest that the Ig-BN-BC domain exhibits two distinct functional
binding sites for its G-CSF ligand and that both of these binding sites, together with the Ig-

14



like domain itself, are required for oligomer formation.

Another experiment performed by the same group investigated the function of the WSxWS
box by constructing four different WSxWS motif mutants (W294A, S295A, W297A,
S298A) (Anaguchi et al, 1995). This motif is predicted to lie on a loop between two of the p
strands forming part of the floor of the binding crevice (Bazan, 1990). The results
suggested that the WSxWS box is primarily concerned with determining the correct folding
of the BC domain. Impaired ligand binding activity with its subsequent implications for
signal transduction then occurs secondarily, as a consequence of an abnormally folded
receptor. Unfolded, misfolded or aggregated secretory proteins appear to be selectively
retained and/or degraded in the endoplasmic reticulum (Pelham, 1989) and such a function
for the WSxWS box in the G-CSFR would be consistent with the earlier findings of
Miyazaki et al (1991) working on the same sequence motif in the IL-2R and Yoshimura ez
al (1992) and Quelle er al (1992) working on the EpoR.

Finally the function of the FNIII-like domains has been largely unexplored. However the
extensive deletion mutant receptor studies performed by Fukunaga er al (1991) did
demonstrate that complete or partial loss of this region resulted in a reduced level of
receptor expression when compared to that of the wild-type receptor. This suggests that the
FNIII-like domains may play a role in maintaining the stability of the molecule.

1.3.3 Function of the intracellular domain of the G-CSFR

The intracytoplasmic domain of the G-CSFR transmits signal in response to ligand binding
and receptor dimerisation. Signal transduction induces a cascade of phosphorylation and
dephosphorylation events down-stream of the receptor, ultimately resulting in the passage
of transcription factors across the nuclear membrane with subsequent gene transcription and
protein synthesis. In common with the other members of the cytokine receptor superfamily,
the G-CSFR does not possess an intrinsic tyrosine kinase domain within its
intracytoplasmic tail and instead signals through a complex system involving multiple non-
receptor protein tyrosine kinases (PTKs). The association of different receptors with the

same non-receptor PTKS is another mechanism by which the functional redundancy and
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pleiotropy of the growth factors is achieved.

Several authors have investigated the function of the intracytoplasmic tail of the G-CSFR
by artificially creating deletion mutants of the receptor and then transfecting these into an
appropriate cell system to allow functional studies to be performed (Fukunaga er al, 1991,
1993; Ziegler et al, 1993). This approach has resulted in the demonstration of localisation
of different functions to distinct regions of the intracytoplasmic tail [Fig 2]. The membrane-
proximal 53 amino acids (which encompass the box 1 and box 2 domains) have been
shown to be both necessary and sufficient for proliferation to occur, whilst the more distal
region including the box 3 domain appears to be necessary for normal differentiation to
proceed. In addition, these experiments have suggested that the distal C-terminal region of
the intracytoplasmic domain exerts an inhibitory effect on proliferation. As a consequence,
receptor mutants retaining only the box 1 and 2 domains would be predicted to confer a
cellular phenotype of increased proliferative capacity but failure of differentiation in
response to stimulation with G-CSF. This phenotype has been confirmed with naturally
occurring mutants (Dong et al, 1993; Dong et al, 1995b). Further studies have revealed that
a proline(P)XP sequence within the proline-rich motif of the box 1 domain of the G-CSFR
is essential for mitogenic signalling. Substitution of a single proline by alanine at amino
acid positions 639 or 641 completely abolished the transduction of growth signal by the G-
CSFR (Avalos er al, 1995). This proline-rich motif is conserved within members of the
cytokine receptor superfamily (Murakami et al, 1991)

1.4 THE G-CSFR and HAEMATOLOGICAL DISEASE

Throughout the living world the two developmental processes of cellular proliferation and
differentiation are inexorably linked. Uncoupling these processes results in an imbalance
between the number and function of cells, the precise consequences of which depend on the
cell type and site involved. That such an uncoupling can and does actually occur in various
disease states can be demonstrated readily within the haemopoietic system, simply by
examining the cells in the bone marrow. The individual stages of lineage-specific cell

maturation can be recognised morphologically and more subtle and earlier developmental
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changes may be demonstrated by the use of various techniques for immunophenotyping. In
the acute leukaemias proliferation and differentiation are clearly dissociated with an excess
of immature undifferentiated or partially differentiated cells and a paucity, or in its later
stages virtual absence, of fully functioning mature cells. A similar picture of maturation
arrest in the face of continuing active cellular proliferation is seen in the rare Kostmann’s
syndrome (Kostmann, 1956). Here severe neutropenia occurs as a result of failure of
myelopoiesis to progress beyond the stage of promyelocytic differentation. In both
Kostmann’s syndrome and acute myeloid leukaemia (AML) this basic underlying
pathological mechanism of uncoupling proliferation and differentiation matches the
predicted phenotype resulting from certain abnormalities of the lineage-specific G-CSFR as
discussed previously (Fukunaga et al, 1991, 1993; Ziegler et al, 1993; Dong et al, 1993,
1995b). The G-CSFR has thus been targeted by some in the search for a molecular
mechanism underlying the pathogenesis of either of these conditions. In Kostmann’s
syndrome specifically this direction of research has been fuelled by the discovery that, as in
many other childhood neutropenias, a clinically significant increase in the neutrophil count
can be induced by G-CSF (Bonilla er al, 1989; Welte er al, 1990; Dale et al, 1993).
However substantially higher doses of G-CSF are usually required to achieve a response
than is necessary in the other childhood neutropenias (Imashuku ez al, 1992) suggesting
that such pharmacological levels may in some way be able to overcome a block in the

system.

Kostmann’s syndrome and acute myeloid leukaemia represent two of the best examples of
disordered regulation of cell proliferation and differentiation within a single lineage, the
myeloid lineage. Kostmann’s syndrome is a congenital disorder and thus provides an ideal
naturally occurring biological model for the study of abnormal myelopoiesis. An
understanding of the molecular pathogenesis of Kostmann’s syndrome could give rise to
important insights both into the regulation of normal haemopoiesis and into the acquired
abnormalities resulting in leukaemogenesis. This thesis reports the results of my work on
the G-CSFR in investigating the molecular pathogenesis of Kostmann’s syndrome,
together with complimentary studies in acute myeloid leukaemia. The results show that
abnormalities of the G-CSFR are rare in AML and that whilst there does appear to be an

increased incidence of acquired G-CSFR mutations in Kostmann’s syndrome, these
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mutations are unlikely to be directly implicated either in its pathogenesis or in the leukaemic

transformation that can occur in this condition.
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CHAPTER TWO

CHILDHOOD NEUTROPENIA

Neutropenia is by definition a decrease in the absolute number of neutrophils to below the
normal range for an individual of any given age, sex and ethnic origin. In comparison with
some of the other haematological parameters, the neutrophil count in fact varies little with
age (except in the neonatal and infant period) or between the sexes but a relative racial
neutropenia may be seen, particularly in people of African, Afro-Caribbean or black
American origin (Karayalcin ez al, 1972). This is most marked in African populations

where a normal neutrophil count may be as low as 1.0 x 109/L but is not associated with

any increase in morbidity from infections (Reed and Diehl, 1991). Studies in this
population have shown both the bone marrow reserve function and myelopoiesis to be
normal (O’Brien and Horton, 1983) suggesting that, despite the apparent neutropenia, the
cells are still available for mobilisation if required. One possible mechanism for this
‘pseudo-neutropenia’ might be increased margination of neutrophils within the blood

vessels.

Severe neutropenia is defined as a level of less than 0.5 x 109/L although significant

symptoms may often not occur until the level is as low as 0.2 x 109/L. A state of
neutropenia may arise either as a consequence of production failure or of increased
destruction/consumption beyond the ability of the bone marrow to compensate. The former
may be due to either ineffective granulopoiesis (either as a single lineage defect or as part of
a more generalised bone marrow failure syndrome) or to bone marrow replacement. The
latter may result from immune destruction, splenic pooling or destruction by cells of the
reticulo-endothelial system in the haemophagocytic syndromes. Rarely, neutropenia may
arise as a consequence of defective release from the bone marrow, a mechanism implicated
in myelokathexis (Wetzler er al, 1990).

Neutropenia may occur in isolation, be part of a multi-lineage haemopoietic disorder or
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represent just one feature of a systemic disease. In each case it may be congenital or
acquired. The terminology, particularly in paediatric haematology, is confusing. The terms
childhood neutropenia and congenital neutropenia are sometimes used interchangeably
although acquired causes of isolated neutropenia, such as auto-immune neutropenia, may
occur in children. Similarly, whilst some use the term severe congenital neutropenia as
being synonymous with Kostmann’s syndrome, others use it to embrace a wider spectrum
of severe neutropenia that does not necessarily meet the defining criteria of Rolf Kostmann.
For the purposes of this thesis I will use the term severe congenital neutropenia (SCN)
specifically for the association of severe neutropenia with overwhelming sepsis in infancy
and an appearance of bone marrow arrest as first described by Kostmann, and the term
severe chronic neutropenia to embrace all the isolated severe neutropenias of childhood,
including cyclic and autoimmune neutropenia. I will use the term childhood neutropenia as
all-inclusive of the causes of isolated neutopenia in infants and children but exclusive of
neutropenia occurring as a part of another syndrome presenting in childhood such as

Shwachman-Diamond syndrome or glycogen storage disease type Ib.

2.1 CHILDHOOD NEUTROPENIA

The childhood neutropenias embrace a spectrum of acquired and congenital disorders
ranging in severity from the often asymptomatic chronic benign neutropenia of childhood to
the life-threatening and historically frequently fatal Kostmann’s syndrome. The latter will
be discussed in a separate section (section 2.2) The most frequent acquired cause of acute
neutropenia in children (excluding those related to malignancy and its treatment) are viral
infections. However as post-viral neutropenias are usually both transient and asymptomatic

the true incidence probably goes largely unrecognised.

2.1.1 The immune neutropenias

The immune neutropenias occur much less frequently than viral neutropenia. The rare
alloimmune neonatal neutropenia is the neutrophil equivalent of rhesus haemolytic disease

of the newborn. It results from maternal sensitisation to paternally derived fetal neutrophil
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antigens, most commonly NA1 or NA2 (Stroncek e al, 1991; Bux er al, 1992). The
problem is self limiting, existing only for the lifetime of the maternal IgG antibody within
the infant circulation and supportive treatment with antibiotics is usually all that is required.
In contrast, neutropenia of autoimmune origin can arise at any age and its natural history
may vary. Spontaneous and permanent remissions do occur although these are seen most
often with autoimmune neutropenia of infancy and are less likely in those over two or three
years of age. It may occur in isolation, in association with other autoimmune cytopenias
such as immune thrombocytopenia in Evans syndrome or as part of a more generalised
autoimmune disorder such as rheumatoid arthritis or systemic lupus erythematosus.
Autoimmune neutropenia is less likely to be an isolated finding in the older child or adult

than in the infant child.

Autoimmune neutropenia of infancy is usually a benign condition and has been suggested
to be the most common cause of chronic neutropenia in infancy and early childhood
(Lalezari er al, 1986). The infection pattern seen is typically of superficial skin sepsis,
upper respiratory tract infections and otitis media and rarely requires more than standard
antibiotic therapy (Conway ez al, 1987; Bux ez al, 1991; Lyall et al, 1992). Spontaneous
recovery appears to be the rule rather than the exception in this group. In one large series of
119 infants and young children with autoimmune neutropenia, 80 of the 81 patients who
had passed the age of 5 years at the time of reporting had recovered, 95% before the age of
4 years with a median age at recovery of 30 months (Lalezari ez al, 1986). The anti-
neutrophil antibodies generally belong to the immunoglobulin G (IgG) class of antibodies.
Some patients however have a mixture of IgG and IgM antibodies whilst a few are found to
have only IgM anti-neutrophil antibodies (Hartman, 1994). These antibodies may bind to
myeloid precurser cells as well as to mature neutrophils (Hartman er a, 1994) and in some
instances even appear to recognise immature antigens not expressed on the mature cell, thus
specifically targeting the precursers. In such cases binding of an IgG antibody to myeloid
cell lines may be demonstrated in the absence of antibody to the mature neutrophil (Hartman
et al, 1994). This variable antibody specificity may explain the spectrum of bone marrow
morphology seen in this condition. Bone marrow examination generally reveals a normo-
or hypercellular marrow with a marked reduction in mature neutrophils only (Bux ez al,

1991) but may sometimes show a paucity of the earlier stages of myeloid differentiation
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also. Levitt er al (1983) first coined the term “pure white cell aplasia” to represent this
antibody-mediated autoimmune inhibition of granulopoiesis in patients with an isolated

neutropenia and marked reduction of marrow myeloid precursers.

In contrast to alloimmune neonatal neutropenia only 10% of children with proven
autoimmune neutropenia of infancy have antibodies with specificity against NA1 or NA2
(Lalezari et al, 1986). The antigenic specificity of the remaining 90% is largely unknown
although in some, particularly in patients where the extent of infection seems
disproportionate to the degree of neutropenia, binding of the autoantibody interferes with
neutrophil function as well as causing premature cell destruction. In 1974 Boxer and
Stossel provided in vitro evidence of such antibody induced defects in neutrophil function
but it was not until 1991 that Hartman and Wright demonstrated the existence of naturally
occurring autoantibodies with similar effects. They were able to demonstrate the presence
of autoantibodies with activity against the functionally important neutrophil adhesion
proteins CD11b/CD18 in 7 out of 50 sera examined from patients with autoimmune
neutropenia. Interestingly, it is the CD11/CD18 complex that is genetically deficient in
individuals with leukocyte adhesion defect and some monoclonal antibodies to the CD11b
complex can induce defects in normal neutrophils that are similar to those seen in the

neutrophils from these patients (Gresham ez al, 1991).

The treatment of autoimmune neutropenia depends on its severity. As discussed above the
infantile form frequently resolves spontaneously and being largely benign in its course
rarely requires treatment other than antibiotics. When specific treatment is needed most
modalities used in the management of the other autoimmune blood disorders have been
tried. Splenectomy, corticosteroids, intravenous immunoglobulin and cytotoxic agents have
all been used with varying degrees of success. The most recent addition to this list are the
haemopoietic growth factors. Early reports of the successful use of G-CSF in the treatment
of autoimmune neutropenia in adults were made by Ganser ez al (1989), Takahashi ez al
(1991), Klumpp et al (1992) and most recently Carulli et al (1997). However despite
anecdotal stories of its beneficial effect in the childhood disease there was no formal report
until Kuijpers and colleagues (1996) published a case report of a child with multiple

autoimmune problems including autoimmune thrombocytopenia and haemolytic anaemia
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whose autoimmune neutropenia was successfully treated with rhG-CSF. They also
documented disappearance of the pan-Fcy RIII reacting anti-neutrophil antibodies during the
treatment period followed by their recrudescence on withdrawal of G-CSF. They attributed
this phenomenon to adsorption of the autoantibodies by soluble FcyRIII antigen, the
plasma levels of which dramatically increased during treatment, a theme supported by
Carulli and colleagues (1997). We ourselves have also successfully used G-CSF at a daily
dose of Sug/kg to treat a 51/2 year old boy with severe autoimmune neutropenia and
recurrent penile cellulitis resulting in repeated hospital admissions for intravenous
antibiotics. Following a circumcision and a 6 week course of G-CSF the boy has had no
further serious infective episodes and has maintained a neutrophil count higher than his pre-
treatment level (unpublished report). The benefit of G-CSF occurs in these patients despite
the fact that their baseline endogenous levels of the colony-stimulating factor are elevated
(Mizuno et al, 1990).

2.1.2 Cyclic neutropenia

Cyclic neutropenia, as the name implies, is a chronic condition characterised by short
episodes of severe neutropenia occurring at regular and predictable intervals. In
approximately one third of the patients it is inherited in an autosomal dominant fashion
whilst the remainder appear to arise sporadically. Symptoms usually begin in infancy or
early childhood although occasionally cyclic neutropenia of adult onset is seen. Despite
following a similar clinical pattern this acquired adult form clearly differs from the
congenital childhood form in two important features. It is associated with an increase in the
number of circulating large granular lymphocytes (Loughran ef al, 1986) and a clonal
rearrangement of the T cell receptor beta chain gene (Loughran and Hammond, 1986). No
such clonal proliferation of large granular lymphocytes can be demonstrated in childhood-
onset cyclic neutropenia suggesting that despite the clinical similarities, the two represent

pathophysiologically discrete entities.

Cyclic neutropenia has been repeatedly shown to oscillate with a periodicity of 21 days in
the vast majority of patients. Neutrophil nadirs are usually less than 0.2 x 10°/L and

generally last for between 3 and 6 days. In most patients the monocytes also cycle and in
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some cycling of eosinophils, platelets and reticulocytes will occur (Lange, 1983). The onset
of clinical symptoms usually coincides with the falling count, and many patients are able to
predict their nadir by the development of general malaise, anorexia and typically mouth
ulcers or skin or upper respiratory tract infections. Despite the severity of neutropenia at the

nadir, life-threatening infections are rare.

Many different therapies have been tried in the management of cyclic neutropenia including
the use of prednisolone, androgens, lithium, cyclosporin A and plasmapheresis. Each has
had only limited success in adults and all have largely failed completely in children.
Treatment with G-CSF however has again been found to be of great benefit. In 1988
Lothrop and colleagues treated grey collie dogs suffering from canine cyclic haemopoiesis
with recombinant human G-CSF (thG-CSF). They were able to demonstrate a temporary
cessation of neutropenic episodes before escape from treatment occurred, presumably due
to the development of anti-human G-CSF antibodies. Reports of successful treatment of
both adult and childhood cyclic neutropenia rapidly followed (Hammond et al, 1989;
Hanada er al, 1990; Hanada and Ono, 1990). Symptoms are diminished or even prevented
by treatment with the G-CSF even though the neutrophil cycling itself is not eliminated.
This continues though with a reduced cycle length of 14 days, an increase in the amplitude
of the oscillations with elevation of both peak and nadir neutrophil counts and a shortened
period of severe neutropenia (Hammond ez al, 1989; Migliacco ez al, 1990). The cycling of
other blood elements, often much less obvious than that of the neutrophils, is also enhanced
by G-CSF (Wright er al, 1994). This contrasts markedly to the effects of GM-CSF on
cyclic neutropenia which induces only relatively modest increases in the neutrophil count
(1.6-3.9 fold compared to 20 fold for G-CSF) but which diminishes or even eliminates
cycling of the other elements (Wright ez al, 1994).

The pathological mechanisms underlying cyclic neutropenia are unclear. As in most
neutropenic states the level of endogenous G-CSF increases during the period of
neutropenia (Watari er al, 1989) making the possibilty of an intermittent failure of growth
factor production unlikely. In vitro culture studies on colony growth however are abnormal
with impaired granulocyte-committed progenitor cell proliferation in response to stimulation
with both GM-CSF (Wright et al, 1989; Hammond et al, 1992) and G-CSF (Hammond et
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dl, 1992). The latter cannot be explained on the grounds of abnormal G-CSFR expression.
Receptor numbers and their G-CSF binding affinity are normal in neutrophils isolated from
both patients with cyclic neutropenia (Kyas e al, 1992) and from grey collie dogs with
canine cyclic haemopoiesis (Avalos et al, 1994). These studies do not however exclude the
possibility of an abnormality in the intracellular region of the G-CSFR and/or its signal
transduction pathway. Despite the lack of a clear understanding of the molecular
pathogenesis of cyclic neutropenia Schmitz and colleagues (1994) have proposed a model
hypothesis to explain its origin based on a mathematical analysis of cell kinetic data. In this
model they propose that cyclic neutropenia can be explained by the coexistence of two
separate defects in normal haemopoiesis; namely an abnormally small variance in bone
marrow cell transit times combined with an impaired ability of the immature granulopoietic
cells to respond to mitotic feedback stimuli. The former defect would give rise to the
characteristic cycling but in isolation would cause oscillations with amplitudes much above
normal neutrophil counts. The second effect is needed to explain why these do not occur.
In another paper published in 1995 the same group have applied the known effects of G-
CSF on normal haemopoiesis to this model and have shown that it accurately predicts the
clinical results seen in vivo with shortened cycle length and exaggerated oscillations with
elevated peaks and nadirs (Schmitz ez al, 1995).

2.1.3 Chronic idiopathic neutropenia

Chronic idiopathic or chronic benign neutropenia of childhood represents a heterogeneous
group of unexplained neutropenias. It is frequently an incidental finding and symptoms and
infections, if any, are generally minor. A subgroup of these patients however may
experience greater problems, warranting consideration of treatment with G-CSF, whilst
failing to fulfill any of the diagnostic criteria for the categories of severe chronic
neutropenia. Many patients with chronic idiopathic neutropenia of childhood will
spontaneously resolve with time developing normal neutrophil counts (Jonsson and
Buchanan, 1991). This is in contrast to the more serious neutropenias in which children
will often symptomatically improve with increasing age without any amelioration of their

neutropenia.
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2.2 KOSTMANN’S SYNDROME

2.2.1 Kostmann’s syndrome: History and initial description

In 1946 the index case of what has since become known as Kostmann’s syndrome (KS)
was first treated. The child was one of nine siblings, four of whom had already died from
infection. Subsequent enquiry established the existence of a further seven families in the
same region of north Sweden who were similarly affected. Locally this had become known
as “boil disease” because of the prevalence of cutaneous manifestations in these children,
such as boils and sores. Ten years later Rolf Kostmann published his PhD thesis in the
Acta Paediatrica Scandinavica entitled “Infantile Genetic Agranulocytosis” (IGA)
(Kostmann, 1956). In this he gave details of 14 cases of IGA from a single pedigree and
described the salient features now used to define the syndrome; namely the onset of severe
bacterial infections in early infancy, persistent profound granulocytopenia or
agranulocytosis usually associated with monocytosis and a bone marrow smear of normal
cellularity but characterised by maturation arrest in the myeloid lineage at the promyelocyte-
myelocyte level of differentiation. Kostmann then wrote a further review of IGA in 1975
presenting ten new cases from northern Sweden. Nine of these were related to the original
intermarried kinship of his earlier publication supporting an autosomal recessive mode of
inheritance for the condition (Kostmann, 1975). Bone marrow culture studies were
performed on five of these ten new cases and led to the following observations (i) culture of
autologous cells in autologous serum failed to give rise to any mature granulocytes whilst
culture of autologous cells with donor serum yielded mature cells and (ii) culture of normal
donor marrow cells with autologous serum from an affected child resulted in a reduced
formation of mature granulocytes. At the time these findings were interpreted as suggesting
either the absence of a normal stimulatory serum factor or the presence of an inhibitory
factor for myelopoiesis in the serum in IGA. In fact subsequent work has excluded the
possibility that the abnormality in this syndrome relates to a humoral factor of any kind.
Most of Kostmann’s original patients have of course died although recently 5 more cases
related to the index families have been recognised. Interestingly, none of the original cohort
have ever presented with leukaemia, a potential complication of considerable concern to

those clinicians currently involved in the care of this rare condition.
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2.2.2 Kostmann’s syndrome: Management

The sole curative treatment for Kostmann’s syndrome is allogeneic bone marrow
transplantation with the first fully successful report appearing in 1980 (Rappeport et dl,
1980). This option is open to only a minority of patients and of course was not available at
all for many years after the syndrome was first described. Historically the management of
KS was limited to the treatment of bacterial infections. As more and better antibiotics
became available and the ability to care for neutropenic sepsis improved, fewer of these
patients succumbed in early infancy. A significant part of their longer life however was
spent in hospital receiving intravenous antibiotics for prolonged periods of time. For most
this accounted to months of each year. They suffered all the usual complications of chronic
illhealth in childhood with poor growth, anaemia of chronic disease, in some cases
osteoporosis (possibly a direct complication of KS but presumably exacerbated by
prolonged bedrest and chronic infection) and considerable school absenteeism. The
majority still ultimately died from neutropenic sepsis although there were occasional reports
of children with KS transforming to and succumbing from acute leukaemia (Gilman ez al,
1970; Rosen and Kang, 1979).

This rather dismal picture was dramatically altered in the late 1980’s by the advent of
growth factor therapy, a treatment that was being tried and found to be effective in many
neutropenic conditions of varying aetiology. In 1989 Bonilla and colleagues reported the
successful treatment of patients with congenital agranulocytosis with thG-CSF (Filgrastim)
(Bonilla ez al, 1989). The following year Welte’s group published the results of a small
phase I/I cross-over trial in which five patients with severe congenital neutropenia
(SCN/KS) were treated initially with rhGM-CSF for 42 days and subsequently, after a
period of 1-3 months, with thG-CSF for 142 days (Welte er al, 1990). All the patients
responded to both treatments by increasing their absolute granulocyte count. In four out of
the five patients however the increase occurring during the thGM-CSF treatment phase of
the trial was found to be entirely due to an increase in the eosinophil count with only one

patient showing an elevated absolute neutrophil count (ANC). In contrast all the patients
achieved ANCs of greater than 1.0 x 109/L whilst receiving the thG-CSF. No severe

bacterial infections or serious side effects occurred during the treatment period.
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Subsequently it became clear that although most KS patients will respond to treatment with
G-CSF many require considerably higher doses to induce that response than is required in

any of the other neutropenias (Imashuku ez al, 1992).

An American multi-centre randomised controlled phase III trial of thG-CSF (Filgrastim) for
the treatment of severe chronic neutropenia (including 36 patients with KS) compared
immediate treatment with treatment following a 4 month period of observation and

confirmed the benefit of G-CSF with most of the patients achieving complete responses
(defined as an ANC 2 1.5 x 109/L) (Dale et al, 1993). Four of the 36 KS patients however
failed to achieve even a partial response and those who did respond again required a higher

median dose than was needed by any of the other diagnostic categories. Bone marrow
examination before and during treatment showed that the G-CSF could induce significant
increases in the percentage of mature neutophils, the post-mitotic to mitotic ratiol and the
myeloid to erythroid ratio in all groups but that this was least marked in KS patients in
whom treatment does not overcome the maturation arrest. The laboratory success of the
treatment was reflected by a decrease in both incidence and duration of infection-related
episodes at a cost of, in general, only mild treatment related side effects, primarily

headache, musculoskeletal pain, transient bone pain and rash.

The long term follow up of 44 patients with KS receiving treatment with rthG-CSF for
between 4 and 6 years was subsequently reported by Bonilla and colleagues, with particular
emphasis on safety (Bonilla ez al, 1994). In this cohort 40/44 of the patients achieved a
complete response (here defined as a neutrophil count of >1.0 x 109/L) with subcutaneous
doses ranging from 0.8-60 pg/kg/d whilst a further two patients achieved a stable partial
response (neutrophil count >0.5 x 109/L). Again all responding children had a reduction in
episodes of hospitalisation, use of intravenous antibiotics and oropharyngeal ulcers with an
improvement in growth and general well being. A variety of side effects were experienced
but only seven were considered to be severe enough to warrant either temporary or
permanent withdrawal of the G-CSF therapy. Two patients experienced three episodes

between them of cutaneous vasculitis, each resolving on stopping treatment with G-CSF.

! The post-mitotic to mitotic ratio is an index of the degree of maturation of the neutrophil series and is
calculated from the bone marrow differential as (metamyelocytes plus band forms plus segmented
neutrophils) / (myeloblasts plus promyelocytes plus myelocytes).
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One of these was able to tolerate treatment on its second reintroduction when the dose was
reduced to maintain the ANC no greater than 1.0 x 10%/L. The other was found to have

transformed to acute monoblastic leukaemia on a routine bone marrow performed 6 months
after stopping treatment. A t11:14 cytogenetic abnormality was also found which was not
present on entry to the study. A third patient developed an acute mesangial proliferative
glomerulonephritis. This also resolved on withdrawing G-CSF which was again
subsequently successfully reintroduced. One other patient had a temporary cessation of
treatment when he was noted to have developed monosomy 7. G-CSF was recommenced
two months later at the patients own request because of severe persistent stomatitis and
continued despite progression to myelodysplasia (MDS) and ultimately frank acute myeloid
leukaemia (AML). Of the remaining three serious adverse events one child developed MDS
(refractory anaemia with excess blasts according to the French-American-British (FAB)
classification of MDS) associated with monosomy 7 which had not progressed since
stopping G-CSF at the time of reporting, one developed an excess of blasts together with
an inverted 5q cytogenetic abnormality, both of which regressed on stopping treatment and
finally one became refractory to low dose G-CSF and was unable to tolerate elevated doses

due to severe medullary bone pain.

The most serious and worrying finding is obviously the incidence of MDS/AML in children
with SCN. Although documented prior to the arrival of growth factor therapy (Gilman ez al,
1970; Rosen and Kang, 1979) this complication does appear to be occurring more
frequently with further reports of progression to leukaemic transformation whilst on
treatment with G-CSF appearing in the literature (Wong ez al, 1993; Dale et al, 1994; Kalra
et al, 1995; Weinblatt e al, 1995; Imashuku ez al, 1995; Smith ez al, 1995). 1t is still far
from clear whether this complication is genuinely being increased by the use of G-CSF per
se or whether the treatment is simply allowing us to observe an event which is part of the
natural history of this syndrome but which has hitherto been obscured by the early death of
many of its sufferers. Interestingly, those patients who have been reported to have
developed leukaemia without exposure to G-CSF have all done so in the second decade of
life. It is of note however that there have been no reported cases of AML in any of the other
groups with severe chronic neutropenia receiving long term treatment with G-CSF (Welte

and Dale, 1996). Research relating to this will be discussed separately.
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A final frequent and potentially serious complication is the development of osteopenia or
osteoporosis. This was documented in 15 of the 44 KS patients in the report by Bonilla ez
al (1994) with a reduction in bone density of between 30% and 50% in the 5 patients where
it was formally assessed. However 6 of these 15 had evidence of osteopenia or
osteoporosis on baseline studies, once again raising the debate as to whether this represents
a disease or treatment related effect. Some support for the former, i.e. for this being a
primarily disease related effect, comes from a small study by Fewtrell and colleagues
(1997) looking at bone mineralisation and turnover in 9 children with congenital
neutropenia. The two children studied with SCN had lower bone mineral content and bone
width standard deviation scores than children with cyclical or idiopathic neutropenia
(p=0.08) but no relationship to G-CSF dose, calcium intake or activity level could be
demonstrated. One of these two patients, a particularly severe case of osteoporosis in a
child with SCN who had received treatment with G-CSF for in excess of 3 years, was the
subject of an earlier case report (Bishop er al, 1995) in which the beneficial management of
this problem with a combination of an anabolic steroid (stanozolol) to promote new bone
formation and a bisphosphonate (etidronate) to reduce bone resorption was discussed. The
mechanism by which increased bone resorption occurs in SCN remains unexplained. The
primary effector cells for bone resorption are the osteoclasts derived from
monocyte/macrophage-like precursers therefore the well documented increased level of
circulating macrophages in patients with SCN (Welte ez al, 1990; Dale et al, 1993) may be
implicated. In addition it has been reported that the use of G-CSF in normal donors results
in the mobilisation of osteoclast progenitors in the peripheral blood (Purton ez al, 1996).

Overall the use of granulocyte colony-stimulating factor in the treatment of KS has been
overwhelmingly successful. Most of those who have received this treatment have had their
quality of life dramatically improved. However as increasing experience is gained in its
long-term usage potential complications are becoming evident and so the enthusiasm is
being tinged with caution. In general lower doses of G-CSF are being used now compared
to a few years ago based on the clinical response rather than the laboratory response in
terms of absolute neutrophil counts achieved. In addition there is continuing debate as to
whether the development of a cytogenetic or even molecular abnormality in the absence of

morphological evidence of MDS/AML should be an indication for immediate cessation of
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G-CSF therapy and even initiation of a search for a potential marrow donor. These

questions can only be answered with time.

2.2.3 Kostmann’s syndrome: Pathogenesis

The pathogenesis of KS is unknown. The development of in vitro tissue culture assays for
committed granulocyte progenitor cells (colony-forming units in culture, CFU-C) (Senn ez
dl, 1967; Robinson and Pike, 1970) and the identification of colony-stimulating activity
opened the doors to the study of granulopoiesis in KS. Early work seemed to agree that
production and activity of CSA from these patients was normal (L’Esperance et al, 1974;
Amato et al, 1976) and that there was no evidence of serum inhibitors against either CFU-C
or CSA (Barak ez al, 1971; L’Esperance et al, 1973; Amato et al, 1976). There was less
agreement however on the results of in vitro granulocyte colony growth which was
reported by some as producing normal maturation with all stages of differentiation
represented (Barak ez al, 1971; Amato et al, 1976) whilst others reported very few mature
neutrophils in the colonies from their patients (L’Esperance ez al, 1973, 1974). L’Esperance
and colleagues also published a third paper in which they reported the results of soft agar
culture studies from two patients, one of which produced colonies with no maturation
beyond promyelocytes, the other producing normal neutrophil colonies (L’Esperance et al,
1975). They make the comment that the latter patient was clinically less severe begging the
question as to whether the discrepant findings between patients and between workers is due
to some of these patients having been incorrectly diagnosed as having KS rather than to a
genuine variability in the underlying pathological mechanisms. An alternative explanation
could be variation in the quality/quantity of growth factor activity available at that time and

used in the different experiments.

Since the identification of specific growth factors within the spectrum of ‘colony-
stimulating activity’ and recognition of the enormous benefit of G-CSF in most neutropenic
states, research into the pathogenesis of KS has largely related to G-CSF, its receptor and
signal transduction pathway. Several groups have used a variety of techniques to show that
patients with KS are able to produce functionally normal G-CSF at normal or even elevated
levels (Pietsch er al, 1991; Mempel et al, 1991; Bernhardt er al, 1993; Guba et al, 1994).
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An in vivo defect of G-CSF presentation to the myeloid cells in the marrow
microenvironment has also been excluded by Guba and colleagues who compared the
results of culture studies on autologous and allogeneic stromal cells and showed that the
maturation defect in KS granulocytes could not be corrected by the presence of normal
stromal cells (Guba er al, 1994). Further work has concentrated on the G-CSFR itself.
There does not appear to be any abnormality at the level of receptor-ligand interaction with
neutrophils from patients with KS expressing normal numbers of G-CSF binding sites with
normal binding affinities (Kyas ez al, 1992). Despite this, the considerably elevated doses
of G-CSF required to achieve a clinical response clearly suggests that the appropriate
sequence of downstream events is not being triggered by this interaction. This is supported
by the results of in vitro studies of myelopoiesis in KS in response to specific growth factor
stimulation. However as with the original culture work discussed above there is again
discrepancy in the findings of different groups. There is general agreement that the colony
growth dose-response curve with G-CSF is significantly impaired for patients with KS
when compared to normal controls and that the maturation arrest is not overcome
(Kobayashi ez al, 1990; Hestdal ez al, 1993). However, whilst Vadhan-Raj and colleagues
found that GM-CSF could induce normal numbers of granulocyte colonies (Vadhan-Raj et
dl, 1990) and Hestdal and colleagues (1993) agreed that dose-responses to GM-CSF as
well as interleukin-3 (IL-3) were normal, Kobayashi et al (1990) reported significantly
reduced CFU-C growth in response to stimulation with IL-3. This group found however
that the impaired response to both G-CSF and IL-3 could be corrected by sequential
incubation with IL-3 followed by G-CSF (though not by the reverse order incubation). In
the patient reported by Hestdal ez al (1993) the defect was overcome by the combination of
G-CSF with stem cell factor (SCF). Both IL-3 (Leary et al, 1987; Sieff eral, 1987; Sonada
et al, 1988; Paquette er al, 1988) and SCF (Miura er al, 1993; Metcalf 1993) act on
primitive haemopoietic cells and can have multi-lineage effects. Their ability to overcome
the impaired G-CSF response therefore suggests that KS patients have a population of
immature multi-lineage progenitor cells capable of normal growth properties and is further
evidence that the defect is specific to G-CSFR-related events downstream of ligand binding

in cells committed to the myeloid lineage.

Such downstream activity initially involves the intracytoplasmic domain of the G-CSFR
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and sets in motion a cascade of intracellular signal transduction pathways. To date however
the majority of the published work on this subject has focussed on the receptor itself and
the immediate receptor-related events. Most groups that have looked for structural defects in
the intracytoplasmic signalling portion of the receptor from patients with uncomplicated KS
have found it to be normal on sequencing or by analysis for single strand conformational
polymorphisms (SSCP) (Guba et al, 1994; Sandoval et a/, 1995). However, a report of a
mutation having been detected first appeared in abstract form in 1993 followed by the
definitive publication in 1994 (Dong et al, 1994). This paper documents a child with KS
found to have a mutation in one of the two alleles of the G-CSFR gene. When expressed
this resulted in a receptor with a truncated intracytoplasmic domain which was capable of
transducing a strong growth signal but unable to support cell maturation. The functional G-
CSFR exists as a homodimer and thus such results suggested that the mutated chain was
acting in a dominant negative fashion, a mechanism postulated previously for several other
receptors (Basu ez al, 1989; Chatterjee er al, 1991; Fleischman, 1992). Analysis of genomic
DNA from various tissue sources confirmed the nucleotide substitution to be cell lineage
specific and thus to have arisen as a consequence of somatic rather than germline mutation.
Subsequently a number of other patients with KS have been found to have similar
mutations in the intracytoplasmic domain of the G-CSFR resulting in the same functional
consequences (Touw et al, 1994; Tidow et al, 1995; Dong et al, 1995b, 1997, Tidow et al,
1997). The majority have been detected in patients only after frank leukaemic
transformation of their disease has occurred although in two of these patients there is
evidence to suggest that the mutation demonstrated in the leukaemic marrow may have been
present at low levels at an earlier pre-leukaemic stage (Dong et al, 1995b, 1997). However
several patients with KS have now been shown to have one of these mutations in the
intracytoplasmic domain of the G-CSFR without any features of progression beyond the
uncomplicated phase of chronic neutropenia (Dong et al, 1994; Tidow er al, 1997). These
cases and their significance are discussed further in section 2.2.4; Kostmann’s syndrome

and acute myeloid leukaemia.

The biochemical pathways involved in the transduction of signal from the G-CSF/G-CSFR
complex remain yet to be fully defined. This receptor, like other members of the cytokine

receptor superfamily, does not possess any intrinsic tyrosine kinase activity even though G-
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CSF induced tyrosine phosphorylation of cytoplasmic proteins and the G-CSFR itself
(Nicholson er al, 1994) is critical to its functioning. It achieves this through activation of a
number of cytoplasmic tyrosine kinases with secondary activation of other signalling
molecules. Those known to be involved include the p21ras/mitogen activated protein (MAP)
kinase pathway (Bashey ez al, 1994) together with its adapter proteins Shc and GRB2 (de
Koning et al, 1996), Janus kinase (JAK) 1 (Nicholson ez al, 1994; Tian er al, 1994) and
JAK?2 (Tian et al, 1994), a three component signalling complex of Lyn and Syk with the G-
CSFR (Corey et al, 1994) and two members of the signal transducers and activators of
transcription (STAT) family, STAT1 and STAT3 (Tian et al, 1994) [Fig 3]. The only one
of these molecules that has been studied specifically in patients with KS is JAK2. Rauprich
and colleagues (1995) have shown that JAK2 is present in neutrophils from patients with
KS receiving treatment with r-metHuG-CSF and has increased tyrosine phosphorylation.
Although it is likely that this is secondary to chronic stimulation by G-CSF, the level of
autophosphorylation is still higher than expected when compared to neutrophils from
healthy controls receiving G-CSF suggesting that JAK?2 is if anything activated rather than
impaired in SCN.

The molecular pathogenesis of Kostmann’s syndrome therefore remains unresolved.

2.2.4 Kostmann’s syndrome and acute myeloid leukaemia.

The G-CSFR has three regions of homology within its intracytoplasmic domain, designated
boxes 1, 2 and 3. The membrane-proximal 53 amino acids of the receptor, encompassing
boxes 1 and 2, are sufficient for transduction of signal inducing proliferation whilst the box
3 containing C-terminal region promotes differentiation as well as exerting negative
feedback inhibition on the rate of proliferation (Fukunaga er al, 1991, 1993; Ziegler et al,
1993) (see sections 1.3.1. and 1.3.3 for more detailed discussion). Physical or functional
disruption of the G-CSFR between the box 2 and box 3 domains would therefore be
expected to result in a state of increased proliferation in the absence of differentiation; a

model system that could account for the basic defect in both KS and the acute leukaemias.
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The mutations that have been detected in the G-CSFR of patients with SCN fulfill this
prediction on transfection studies of the mutant receptor. However, the problem with
thismodel is that it would also predict for an increased sensitivity to G-CSF in in vitro
colony culture studies of progenitor cells from such patients which has not been found. In
fact G-CSF induced granulocyte colony formation is generally impaired (Dong et al, 1994;
unpublished observations), an observation which has yet to be explained but which may

suggest further abnormalities at the level of translation or protein handling.

The original mutation was described by Dong and colleagues in 1994 and involved the
substitution of a cytosine (C) by a thymine (T) residue at nucleotide 2384 of the published
wild-type cDNA (Fukunaga ez al, 1990b). This changes the expected CAG glutamine
codon into a TAG stop command at amino acid 716 which would be predicted to result in a
truncated receptor lacking the C-terminal 98 amino acids. This index mutation was
described at a time when the patient was receiving treatment with G-CSF and was clinically
well with neither morphological or cytogenetic evidence to suggest progression to a
(pre)leukaemic phase of his disease. Subsequently seven further patients with SCN have
been reported to have mutations in the intracytoplasmic domain of the G-CSFR. In three of
these the mutations have only been detected in samples collected post leukaemic
transformation. In another two the mutation has been shown to have been present prior to
the development of frank leukaemia, one being detected prospectively, the other
retrospectively by analysis of DNA prepared from an old bone marrow slide. Both of these
patients acquired a monosomy 7 cytogenetic abnormality prior to transformation. In the
final two patients, mutations have been detected whilst they remain in an uncomplicated
neutropenic phase of SCN without any evidence of progression (Dong et al, 1995b, 1997,
Tidow er al, 1997). Two of the seven patients have a double mutation, one of whom has
transformed whilst the other remains in the neutropenic phase (Dong ef al, 1997; Tidow et
al, 1997). In all the cases the mutation involves a C->T transition as detailed in Table 1.

Each creates a premature stop codon in place of a glutamine residue and each would again
be predicted to give rise to a truncated receptor which has lost its distal intracytoplasmic
domain (including the conserved box 3 region). Where undertaken, investigation of other

tissues has failed to detect the presence of the mutation, suggesting that they are of somatic
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rather than germ-line origin. Functional studies have been performed on the mutant
receptors from two of the SCN/AML patients by transfecting the receptor into a subline of
the murine IL-3 dependent, G-CSF unresponsive myeloid cell line 32D. These transfected
cells fulfilled the predicted phenotype of a cell that is capable of continuous proliferation in
the presence of G-CSF without achieving terminal maturation (Dong er al, 1995b). These
findings confirm those of a similar experiment performed on the index mutation (Dong et
al, 1994). The abnormalities could not be corrected by the co-transfection of the normal
wild-type receptor lending further support to the postulated dominant negative effect of the

mutant receptor in mutant/wild-type receptor chain heterodimers.

Table 1
Paper status nucleotide  amino acid code
Dong et al, 1994 SCN 2384 716 CAG->TAG
Dong et al, 1995b SCN/AML 2390 718 CAA->TAA
SCN/AML* 2429 731 CAG->TAG
Dong et al, 1997 SCN/AML 2390 718 CAA->TAA
SCN/AMLT 2390 718 CAA->TAA
2396 720 CAG->TAG
Tidow et al, 1997 SCN# 2384 716 CAG->TAG
2390 718 CAA->TAA
SCN 2414 726 CAG->TAG
SCN/AML 2429 731 CAG->TAG
SCN/AML* 2429 731 CAG->TAG
* the same patient

T mutations segregated on different alleles
# allelelic distribution not determined

Most KS patients do not acquire a mutation in their G-CSFR. Forty have been tested so far
and found to have no G-CSFR mutations. None of these forty show any cytogenetic or
clinical signs of progression to MDS or AML (Welte and Dale, 1996). However, a
mutation has been found in all KS patients who have transformed to AML and who have
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been studied to date (Tidow et al, 1997). These results, together with the fact that in two of
these patients the mutation could be detected prior to transformation, has led to the
suggestion that the presence of such a mutation might enable the identification of a
subgroup of patients with KS who are at particularly high risk of progressing to AML
(Dong et al, 1995b) or might be directly associated with the progression from KS to
MDS/AML (Welte and Dale, 1996). It has even been suggested that such is the significance
of finding one of these mutations that it should be considered an indication to start a search
for a potential bone marrow donor (matched sibling or matched unrelated donor) (personal

communication).
In a later chapter I will report my own findings from a group of patients with KS and will

discuss a very different interpretation of the significance of mutations in the G-CSFR in this
condition in the light of these findings.

38



CHAPTER 3

MATERIALS and GENERAL METHODS

3.1 PATIENTS AND NORMAL CONTROLS

3.1.1 AML patients

All AML samples used for the research reported in this thesis were taken from an RNA
bank established by the Department of Haematology at University College Hospital,
London. Peripheral blood (PB) or bone marrow (BM) samples had been taken at either
initial presentation or at relapse and included all categories of AML according to the FAB
classification. Some represented patients treated locally, others were samples sent for
investigation from other centres. RNA was prepared from each sample by a standardised

technique as discussed in section 3.3.

A total of 40 RNA samples from patients with AML have been analysed. Five of these were
classified as having FAB M1, ten M2, three M3, seven M4, eight M5, one M6 and six

were of unknown category.

3.1.2 Kostmann’s patients

Eleven patients with Kostmann’s syndrome/severe congenital neutropenia have been
studied. Each was diagnosed on the basis of clinical history, severe persistent neutropenia
and bone marrow arrest of the myeloid lineage together with the exclusion of the other
causes of severe neutropenia in childhood (discussed in chapter 2). Five of these 11
patients are members of one family, spanning two generations. The mother is affected as
well as her four children, all of whom are male and include a set of monozygotic twins. The
youngest child is by a different father to the elder three. The remaining six patients are
unrelated. Five of these appear to be sporadically acquired cases, the sixth however gives a

history highly suggestive of two older affected siblings. This remains unproven as both
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died in their native country. Clinical details of the individual patients are as follows.

Patient #1 first presented at 10 days of age with a coagulase negative staphylococcal
septicaemia, a group B streptococcal conjunctivitis and growing pseudomonas and
coliforms from a nasal swab. Her parents were first cousins and two previous children had
already died in Pakistan from a severe febrile diarrhoeal illness, one of whom had a history
of recurrent infection and hospitalisation. An initial full blood count (FBC) revealed a
neutrophil count of 0.46 x 109/L which on repeating had fallen to 0. She was treated with
broad spectrum antibiotics making a full recovery and subsequent investigation confirmed a
diagnosis of KS. A second serious mixed organism septicaemia occurred when she was 5
months old with Staphylococcus epidermidis and Streptococcus faecalis isolated from
blood cultures. Over the following 2!», years she suffered from persistent severe gingivitis
and recurrent ear infections, requiring courses of oral antibiotics virtually every month. In
April 1991, then aged 3 years, she was commenced on treatment with recombinant human
granulocyte colony-stimulating factor (r-metHuG-CSF, Amgen Inc., California, USA) as
part of an open label phase III multicentre study with historical controls of G-CSF in
patients with severe congenital neutropenia. Clinically she improved dramatically though
experiencing only a partial response to treatment, requiring doses of up to 60ug/kg/day to
achieve maximal neutrophil counts of 0.8 x 109/L. This dose was subsequently decreased
because of the development of unexplained anaemia and thrombocytopenia and a mild
increase in bone marrow fibrosis as assessed by marrow trephine histology. An attempt to
withdraw treatment in November 1993 failed with recurrence of her previous general ill
health, repeated ear infections and gingivitis. G-CSF was restarted after 2 months and
continued for a further 21, years when aged 814 years a second attempt was made to stop
treatment. After a period of several months G-CSF was again recommenced with beneficial
effect.

Patient #2 first presented when 7 days old with an infected umbilical cord stump secondary
to Staphylococcus aureus. Over the following 16 months she suffered repeated episodes of
severe boils including a perianal abscess. The first documented FBC taken at the end of this

period showed a neutrophil count of 0.1 x 109/L. After four recurrences of the perianal
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abscess isolating both Streptococcus faecalis and Pseudomonas species, persistent otitis
media and several other intercurrent infections, she was started on trial G-CSF in
November 1990, aged 3 years and 10 months. A complete response was achieved with
improvement of clinical symptoms at a maximum required dose of 20ug/kg/day. This dose
was subsequently reduced, again due to the development of mild marrow fibrosis together
with the coincidental development of an asthma-like illness which may have been related to
the treatment. She remained well and thriving on progressively smaller doses until treatment
with G-CSF was stopped in December 1995 when she was 8 years and 11 months old. She
remains generally well off treatment with mild gingivitis as her only persistent problem but
has required intermittent treatment with G-CSF at times of specific infection. None of these

episodes of infection have resulted in hospitalisation.

Patient #3 was initially referred from Turkey for investigation in November 1991, aged 414
years. He first presented at two years of age with a clinical picture of tonsillitis,
submandibular and sublingual lymphadenopathy and leg pain and a blood film that at the
time was reported as showing a 90% lymphocytosis of “lymphoblast-like” cells. The
tonsillitis recurred every 3-4 weeks ultimately requiring tonsillectomy and he experienced
continuing leg and abdominal pain with one episode of acute gastroenteritis. Investigation
over a two year period documented the persistence of the immature lymphocytosis but
failed to give a diagnosis. Bone marrow examination was refused. When first seen in the
UK he was generally well with good growth (weight lying between the 25th and 50th
centiles and height on the 75th centile) and with gingivitis and cervical lymphadenopathy as
the only abnormal clinical findings. Careful questioning however elicited a typical history
of recurrent infections since the age of 8 months, primarily upper respiratory tract and skin,
requiring on average 7 days of antibiotics every month. He had needed hospital admission
for treatment of infection approximately once a year. Repeated FBC revealed a persistent

severe neutopenia usually < 0.1 x 10%/L and bone marrow examination showed the typical

appearances of increased cellularity with maturation arrest of granulopoiesis. A diagnosis of
chronic congenital neutropenia of probable Kostmann’s type was made and treatment with
G-CSF was commenced in December 1991, aged 4 years and 4 months. He subsequently
remained well other than for three episodes of otitis media (all of which occurred within the

first 8 months of treatment) never requiring a dose of G-CSF greater than Spg/kg/day.
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Treatment was gradually tailed down and finally withdrawn in February 1995. During the
first six months off treatment he required oral antibiotics on five occasions though missing
no time off school. Subsequently he has remained extremely well with only occasional

minor infections.

Patient #4 initially presented at 9 months of age with a pre-septal orbital cellulitis and a
neutrophil count repeatedly documented at 0.1-0.2 x109/L. She was the first child of a
consanguinous marriage. One month later she developed a swelling over the parotid area
which subsequently suppurated and required surgical drainage. Subsequently she has
needed hospital admission on two further occasions for intravenous antibiotics, once when
she presented with a PUO of 399C at 13 months of age and again when 18 months old with
a periorbital cellulitis. In between acute infections she has remained generally well with
normal growth and development and now aged 2 years and 8 months has had no further
serious infections despite persistence of the severe neutropenia. She has never received

treatment with G-CSF or any other growth factor.

Patient #5 initially presented at 21/> months of age with a Pseudomonal periorbital cellulitis
associated with necrotising pre-septal cellulitis which required both surgery and intravenous
broad spectrum antibiotics. Over the next twenty two months he had four further serious
infections requiring intravenous antibiotics, including three more episodes of severe facial
cellulitis, as well as numerous minor infections. Treatment with G-CSF was used on two
occasions to cover the period of acute infection only. He is now 3 years old and is
developing normally and thriving. He has had no further hospital admissions and has not
required further treatment with G-CSF.

Patient #6 developed her first serious infection aged 41» months when she collapsed from

an Acinebacter septicaemia associated with a lobar pneumonia following a two week illness
with diarrhoea and fever. She subsequently underwent surgery to remove a Staphylococcus
aureus related abscess contained within a sequested segment of the right upper lobe of the
lung. She was readmitted six weeks after her initial presentation with acute bronchitis with

sputum cultures positive for a mixture of Staphylococci and Haemophilus species.
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Following this second admission she was commenced on G-CSF requiring a initial daily

dose of 15ug/kg to achieve an adequate response and subsequently being maintained on a
dose of 12ug/kg/day. She remains clinically well with a neutrophil count of 0.5-1.0 x109/L

and only occasional mild infections.

Patients #7-#11 belong to one family cohort.

Patient #7 presented at 6 weeks of age with an abscess on his eyelid and a neutrophil count
of 0. Bone marrow appearances were consistent with a diagnosis of KS. Repeated life-
threatening bacteraemias occurred over the first two years of life until he was commenced
on treatment with subcutaneous (sc) daily G-CSF. During the first year of treatment he
required doses of 60ug/kg/day to remain free of serious infection though continuing to
experience frequent minor infections. He remained reasonably well on reduced doses for a

further 11, years until the age of 41, when he developed massive hepatosplenomegaly

associated with an elevated neutrophil count of 34 x 10°/L and worsening anaemia and
thrombocytopenia. Bone marrow examination at this stage revealed the development of
trilineage dysplasia with an associated monosomy 7 (Mo7) in 20/20 metaphases on
cytogenetic analysis. G-CSF was stopped immediately and over the following 12 months
the clinical findings regressed and the percentage of clonal cells with Mo7 initially
decreased to a nadir of 50% of metaphases examined. Eighteen months after the onset of
myelodysplasia (MDS) frank transformation to acute myelomonocytic leukaemia occurred.
Initial management was supportive whilst a search for a suitable unrelated donor for bone
marrow transplantation was undertaken. This transplant was subsequently performed but
failed due to graft rejection. Autologous reconstitution occurred without early recurrence of
the AML although the Mo7 remained detectable. The patient died 8 months later. A full
case report of this patient was made by Smith and colleagues (1995).

Patient #8 is the monozygotic twin of patient #7 and was found to be neutropenic on

screening performed following his brother’s diagnosis. He was then 16 months old and

already had a history of recurrent skin and chest infections requiring hospital admission for

intravenous antibiotics on at least 6 occasions. He was commenced on daily sc huG-CSF

aged 2 years, also requiring initial doses of 60pg/kg/day to gain a complete response and
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aid full resolution of a persistent right sided pneumonia. He continued to remain well other
than for occasional minor infections until it was felt necessary to stop his treatment because
of the development of MDS/Mo7 in his identical twin brother. Bone marrow examination
performed at that time however showed no evidence of MDS or chromosomal abnormality
in this child and G-CSF was subsequently recommenced at a lower dose than before
because of recurrent infection and deteriorating quality of life. He remains well on

continuing treatment.

Patient #9 was screened at birth because of the family history. He had one life-threatening
pseudomonal septicaemia in the first 6 months of life and had severe infected inguinal and
suprapubic ulcers at the time of commencing G-CSF therapy. This was started
simultaneously with his brothers (patients #7 and #8) at which time he was 10 months old.
Unlike them however he required a maximum daily dose of only 20ug/kg to achieve a
complete response, suffering only occasional minor infections. Treatment was stopped at
the same time as his two brothers, again because of the complication that had arisen in
patient #7. Since stopping G-CSF he has suffered no serious infections but has had
repeated episodes of otitis media and mouth ulceration requiring frequent courses of oral

antibiotics. Treatment with G-CSF has not been recommenced

Patient #10 is the half brother of patients #7-#9 and was therefore also screened at birth.
Now aged 15 months he has suffered from repeated minor cutaneous infections and otitis
media and has had one hospital admission because of superinfected chronic scabies. He has
had no significant episodes of septicaemia and has not required treatment with G-CSF

despite persistent profound neutropenia.

Patient #11, now aged 31, is the mother of patients #7-#10 and was diagnosed as having
chronic severe neutropenia at the age of 6 years. She had a history of recurrent
pseudomonal infection requiring intravenous antibiotics which were characteristically
associated with a marked monocytosis occurring several days after the onset of illness.
Each pregnancy has progressed normally without infective complications. She has never
received treatment with G-CSF and has four unaffected siblings.
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Details of these patients with the dates of initial samples are summarised in table 2.

Table 2

Pt

#1

#2

#3

#4

#5

#6

#7

#8

#10

#11

29.4.88

6.1.87

7.8.87

12.12.93

4.10.93

30.3.94

11.12.88

11.12.88

27.3.90

7.8.95

4.2.66

14.11.90

16.12.91

Intermittant

10.11.94

18.12.90

3.1.91

2.1.91

Max™ Dose = Complications
(uglkg/d)
60 Anaemia/thrombo-
cytopenia at high dose,
mild myelofibrosis
20 mild myelofibrosis
5 mild myelofibrosis
5
15 0 -
60 unexplained anaemia,
mild myelofibrosis
MDS (Mo7), AML
60 unexplained anaemia
mild myelofibrosis
20 mild myelofibrosis
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Date of first
Sample

279.94

18.1.95

7.2.95

30.1.95

21.2.95

28.2.95

8.11.94(PB)
7.2.95(BM)

8.11.94(PB)
7.2.95(BM)

8.11.94(PB)
7.2.95(BM)

14.2.96

8.11.94



3.1.3 Normal controls

Samples of PB and BM for controls were collected from 11 haematologically normal
individuals, either members of the laboratory staff or allogeneic bone marrow donors. RNA

was again prepared by a standard procedure.

3.2 SAMPLE PREPARATION FROM PATIENTS WITH KOSTMANN’S
SYNDROME

All the children who were enrolled in the G-CSF trial were required to have regular FBCs
and six monthly bone marrow assessments. Samples for this research were taken either on
these scheduled occasions for those already recruited into the trial or at the time of
diagnostic investigations following referral to Great Ormond Street Hospital for Children.
All were between the ages of 3 months and 8 years at the time of sampling and thus only
small quantities could be taken, generally < 2ml of bone marrow and < 5ml of peripheral
blood. Consequently optimisation of a technique to achieve maximum cell yield for the
preparation of RNA was performed using paediatric sized samples taken from
haematologically normal adults and patients with chemotherapy induced neutropenia. This
is not ideal as cells in disease states behave differently to normal healthy cells with standard
separation techniques but was a necessary compromise in view of the limited nature of the
KS samples. Optimal retrieval of neutrophils from the PB and myeloid cells from the BM
was achieved by separating the granulocytes and mononuclear cells (MNC). However the
isolation of very small quantities of RNA is enhanced by the presence of a bulk carrier
which helps reduce loss at the precipitation stage of the process. This function can be
fulfilled by other non-interfering RNA and thus these cells were subsequently repooled.

The PB or BM samples were collected into EDTA and stored at 40C until processing (no

longer than overnight). Each sample was layered undiluted onto an equal volume of
standard density gradient ficoll (Pharmacia, Upsala, Sweden) in 15ml sterile conical tubes
(Falcon, Bluemax, Beckton-Dickinson (UK) Ltd, Oxford, England) and centrifuged at
2100 rotations per minute (rpm) for 25 minutes at room temperature (RT). Subsequent
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stages were slightly different for the two types of sample as summarised in fig 4.

(i) Peripheral blood: The top layer of plasma was removed and discarded. The second layer
of MNC was then pipetted off together with the layer of ficoll beneath it, transferred to a
clean 15ml tube and placed on ice. This was then diluted to 15ml using ice cold phosphate

buffered saline (PBS) without calcium and magnesium2 (Life Technologies, Paisley,

Scotland) and centrifuged at 3000 rpm for 6 minutes at 49C. The supernatant was
discarded, the cells resuspended and washed twice in Sml of the ice cold PBS by
centrifuging at 1200 rpm for 6 minutes at 49C. The final cell pellet was placed on ice. The
remaining red cell layer containing the neutrophils was subjected to ice cold water lysis.
The red cells were diluted to a volume of 10ml with room temperature PBS and transferred
to a new 50ml tube (Greiner Labortechnik, Gloucestershire, England). 25ml of ice cold
double deionised water (DDW) was added to the diluted red cells and left for precisely 30
seconds before adding 10ml of 3.5% saline to regain normal tonicity. The tube was then
placed on ice before being centrifuged at 1200 rpm for 6 minutes at 40C. The supernatant
was again discarded and the cells washed twice as above and placed on ice. The two cell
pellets were then resuspended in a small volume of PBS, pooled and a total cell count
performed manually using a Neiubauer counting chamber. The pooled cells then underwent
a final stage of centrifugation at 1200 rpm for 6 minutes at 4°C. As much of the PBS was
removed as possible, the cells resuspended in guanidium isothiocyanate (GTC) at a ratio of
3mls GTC per 50 x 106 cells, vortexed for 1-2 minutes and immediately placed at -200C for
a minimum of 16 hours (overnight) for cell lysis to occur.

(ii) Bone marrow: An upper layer consisting of the plasma plus MNC was pipetted off,
transferred to a clean 15ml tube, diluted to 15ml with ice cold PBS and placed on ice. This
was then centrifuged at 1200 rpm for 6 minutes at 40C, the cells washed twice as above and
placed on ice. The middle layer of ficoll was then transferred to a clean tube, diluted to
15ml with ice cold PBS and centrifuged at 3000 rpm for 6 minutes at 40C. The pellet of
cells was again washed twice as above and placed on ice. The red cell layer was subjected

to ice cold water lysis exactly as before and the three cell aliquots finally pooled, counted
and lysed in GTC as described in the previous paragraph.

2 All subsequent references to PBS will imply ‘without calcium and magnesium’ unless otherwise stated.
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Plasma  |—P» Discard
MNC
ool Dilute, centrifuge (3000rpm, 6min),
Ficol wash cells x2 (1200rpm, 6min)
RBC + Ice cold water lysis, centrifuge (1200rpm, 6min),
Neutrophils wash cells x2 (1200rpm, 6min)
Plasma Dilute, centrifuge (1200rpm, 6min),
wash x2 (1200rpm, 6min)
MNC
S Dilute, centrifuge (3000rpm, 6min),
1e0 wash cells x2 (1200rpm, 6min)
RBC + | Ice cold water lysis, centrifuge (1200rpm, 6min),
Neutrophils wash cells x2 (1200rpm, 6min)

Fig 4 Schematic summary of sample preparation from peripheral blood (top
panel) and bone marrow (bottom panel).
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Although standard ficoll separation procedures would normally discard the plasma and
ficoll completely, individual assessment of these layers revealed a significant yield of cells
relative to the total number available. In these small neutropenic samples therefore salvage

of this potential cell loss was worthwhile, whereas for a normal sample it would not be.

3.3 RNA EXTRACTION

Total RNA was extracted from the cell lysate using a caesium chloride (CsCl) spin method
(Sambrook et al, 1989). 3ml of the cellular lysate in GTC was homogenised by shearing 6
times through a 23 guage (blue) needle. This disrupts nuclear DNA preventing the
formation of an impenetrable pad on the surface of the CsCl. The sheared GTC/cell lysate
was carefully layered onto a 2ml cushion of CsCl (density 1.69g/ml) in Beckman 13 x
51mm ultracentrifuge tubes rinsed with GTC. The tubes were then subjected to

ultracentrifugation at 45000 rpm for 18 hours at 200C in a Beckman SWSS5 rotor. The DNA
and protein containing supernatant and CsCl were removed and the tubes inverted to drain.
The RNA pellet was transferred to a 1.5ml Eppendorf tube and left to precipitate at -200C in

800ul of 100% RNA grade ethanol plus 300ul of a solution containing 0.3M sodium acetate
pH4.0 and 0.1% sodium dodecyl sulphate (SDS) dissolved in diethylpyrocarbonate
(DEPC) treated DDW. The RNA was allowed to precipitate for a minimum overnight

period before being spun in a benchtop microcentrifuge at 13000rpm for 20 minutes at 40C.
The pellet was then washed in 70% RNA grade ethanol and spun again at 13000 rpm at
40C for a further 20 minutes. The washed pellet was placed on ice to dry before being
redissolved in 50ul of DEPC-DDW and stored at -800C. The final RNA concentration was
calculated from the ODz60 measured on an Unicam UV/Vis spectrophotometer (UV2) based
on an ODxs of 1.0 being equivalent to an RNA concentration of 40ug/ml.

The above describes the preparation of total cellular RNA from the KS samples. The
method used for adult AML samples was similar, differing only in the size of the initial
sample (6ml GTC/cell lysate layered on 5 ml CsCl in a 14 x 89mm Beckmann tube) and the

ultracentrifugation step (27000rpm for 22 hours at 200C in a Beckman SW41 rotor)

49



3.4 DNA EXTRACTION

DNA was prepared from cells scraped off old unstained and unmounted bone marrow
slides using a new sterile scalpel blade for each slide. The cells were transferred to a 0.5ml
Eppendorf tube and resuspended in 75pl of PBS. 150ul of lysis buffer (8% dodecyl
trimethyl ammonium bromide (DTAB), 1.5M sodium chloride, 100mM Tris chloride pH
8.6 and 50mM disodium ethylenediaminetetra-acetate (EDTA) in DDW) was added, mixed
thoroughly and placed in a 680C water bath for 5 minutes. Following lysis 225u1 of
chloroform was added, mixed and centrifuged in a benchtop microcentrifuge at 13000 rpm
for 10 minutes at RT. The resulting upper layer containing the DNA in solution above a
protein plug was then removed, transferred to a clean tube and reprecipitated with 187.5ul
of 100% ethanol. This was centrifuged again at 13000 rpm for a further 5 minutes at RT,
the supernatant removed and the DNA washed in 50ul of 75% ethanol. This was allowed to
evaporate to dryness and the final DNA precipitate redissolved in 75ul of DDW (modified
method from Fey ez al, 1987). A polymerase chain reaction (PCR) was performed as below
to check for the presence of DNA in the final product.

3.5 POLYMERASE CHAIN REACTION (PCR)

3.5.1 Primer design and optimisation

Three sets of overlapping forward and reverse direction primers were designed using the
c¢DNA sequence published by Fukunaga and colleagues (1990b). The 21 nucleotide
sequences each adhered to recommended criteria, avoiding palindromic sequences and long
runs (>3) of a single nucleotide and containing at least 50% guanine plus cytosine bases.
The three fragments produced encompassed the entire TM and IC domains of the G-CSFR
and were less than 400 base pairs (bp) long, a size that has been shown to be optimal for
screening by SSCP analysis (Orita er al, 1989b; Hayashi, 1991). Table 3 gives details of
the primers, their nucleotides and sequence and the position of the PCR fragments relative
to the G-CSFR coding sequence is shown in Fig 5.
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Table 3

Primer Nucleotides Sequence
5 3

G1U* 2006 - 2026 GTCCTCACCCTGATGACCTTG
G1D* 2331 -2351 CATAGGTCTGGACCAGAGTGG
G2U 2229 - 2249 GCCTTGGCACGCCACCCATCA
G2D 2530 - 2550 GCCTGGAACCAGAGGTTCTCA
G3U 2461 - 2481 AGGGCACTATCTCCGCTGTGA
G3D 2720 - 2740 TCTTCTCCAGCTAGCTCAGGC

* U = up = forward primer; D = down = reverse primer

The primers were manufactured by Oswel DNA service (Southampton, Hampshire,
England), supplied at concentrations between 398 and 738 pg/ml and used at a working
concentration of 200ng/ul. The optimum temperature for primer annealing and optimum
magnesium concentration in the reaction mix were determined by performing a series of

PCR reactions as below.

3.5.2 Reverse transcription-polymerase chain reaction (RT-PCR)

One pg total cellular RNA was reverse transcribed using 250ng oligo dT primer in a 20ul
reaction which contained 1x Taq polymerase buffer, 2.25mM MgCl,, ImM each dNTP,

20U RNAse inhibitor and 2.5U AMV reverse transcriptase (Promega, Madison,
Wisconsin, USA). The reactions were incubated at 420C for 1 hour followed by 5 minutes
at 950C. The three sets of overlapping forward and reverse primers were used to amplify

the transmembrane and intracytoplasmic domains between nucleotides 2006 and 2740 of
the published G-CSFR cDNA sequence (Fukunaga et al, 1990b) [Table 3 and Fig 5].
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Transmembrane

domain
Extracellular domain Intracytoplasmic domain
4 2051 2128 —P 2677 bp
- Box Box Box
1 2 3
2006 - - 2351
G1U Fragment 1 G1D
2229 m il 2550
G2U Fragment 2 G2D
2461 . . 2740
G3U Fragment 3 G3D

Fig 5 The size and relative positions of the three PCR fragments used to
study the granulocyte colony-stimulating factor receptor coding sequence.



The 20ul PCR mix contained 4ul of the RT reaction, 1x Taq polymerase buffer, 2.25mM
MgCl;, 0.2mM dNTPs, 40ng of each primer and 0.5U Taq polymerase (Promega,

Madison, Wisconsin, USA). Following a five minute denaturation step at 950C, 30 or 35
amplification cycles were performed, each consisting of 950C for 30s, 600C for 30s and

720C for 60s, with a final extension stage of 720C for 5 minutes. PCR products were

separated on 1% agarose gels and visualised under ultra violet light by ethidium bromide
binding.

3.5.3 PCR of genomic DNA

PCR of genomic DNA involving primer pairs G2U/G2D and G3U/G3D were performed
using the conditions given above. PCR using primer pair G1U/G1D encompasses three
introns producing a fragment of approximately one kilobase in size. The PCR conditions
were altered to increase the extension time to 2 minutes at 720C per cycle, but were

otherwise as before.

3.6 CLONING OF PCR PRODUCTS

Fragments of interest were amplified by 2 rounds of either nested or semi-nested PCR in
which the product of the first round amplification was separated on a 1% low melting point
agarose gel, purified using the Promega Wizard™ PCR preps for DNA purification and
then subjected to a second round PCR using the appropriate primer pair. The final PCR
product was cloned using the T overhang system (BGEM-T vector, Promega, Madison,
Wisconsin, USA or the pCR™II vector, Invitrogen, San Diego, California, USA).
Ligations were performed in a 10ul reaction containing 1x ligation buffer, 1 Weiss unit T4
DNA ligase, and vector and fresh PCR product in a ratio of 3:1 or 5:1. Controls included a

self ligation and a water ligation. The reactions were incubated at 150C for 16 hours and

stored at -200C. Transformation of the ligation product was performed using the TA
Cloning® One Shot™ competant cells. 1-5ul of the ligation reaction was added to a vial
containing 50u1 One Shot™ competant cells and 2ul of 0.5M p-mercaptoethanol and gently
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mixed. The vial was incubated on ice for 30 minutes, placed in a waterbath at 420C for
exactly 30 seconds then back on ice for 2 minutes. 450ul of SOC medium prewarmed to
RT was added and the vials were placed in a rotatory shaking incubator at 370C for 1 hour

at 225 rpm. 25 and 100ul aliquots were then taken from each vial and spread on LBroth
(LB) agar plates containing ampicillin (S0ug/ml) and impregnated with 5-bromo-4-chloro-
3-indolyl-p-D-galactoside (X-Gal) (40 mg/ml in dimethylformamide). One plate of LB agar
without ampicillin was also included as an additional control. The plates were incubated
over night at 370C, the colonies counted and a number of the white colonies (indicating
disruption of the lacZ gene in the vector and thus insertion of the target DNA) plucked and
expanded as 5-10ml grow-ups in LB medium with added ampicillin. Subseqlient PCR
reactions were performed either directly off the grow up or off the DNA extracted using the
Promega Wizard™ minipreps DNA purification system.

3.7 SEQUENCING OF PCR PRODUCTS

PCR products were either directly sequenced using the fmol™ DNA sequencing system
(Promega, Madison, Wisconsin, USA) with primer end labelling or cloned as above and
sequenced using the 70770 Sequenase™ version 2.0 DNA sequencing kit (Amersham,
Buckinghamshire, England). All radioactively labelled products were obtained from
Amersham International plc (Buckinghamshire, England).

3.7.1 Direct sequencing of PCR products

The first stage of primer end labelling was achieved by incubating a 10ul reaction
containing 10pmol 21mer primer, 10pmol [y32P]ATP (specific activity 3000Ci/mmol), 1x
polynucleotide kinase buffer and 5U T4 polynucleotide kinase at 370C for 30 minutes,
followed by 3 minutes at 950C to inactivate the kinase. 2-5ul (approx. 0.5ng) of a purified

DNA product from two rounds of nested or semi-nested PCR was mixed with 1.5ul of the
5’ end labelled primer and 1x fmol sequencing buffer in a final volume of 1641 and placed
on ice. SU of sequencing grade Taqg DNA polymerase was added and 4ul aliquots of the
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final mixture were withdrawn and each added to a tube containing 2ul of one of the four

d/ddNTP mixes. The four sequencing reactions (G, A, T, C) per primer/template

combination were then placed in a PCR block preheated to 950C for 2 minutes before

undergoing 30 cycles consisting of 950C for 30 seconds and 700C for 30 seconds. On
completion 3ul of STOP solution (95% formamide, 20mM EDTA, 0.05% bromophenol

blue, 0.05% xylene cyanol) was added to each tube. The reactions were heat denatured at
990C for 5 minutes immediately before loading onto a 6% denaturing polyacrylamide gel
(19:1 crosslinker ratio, 46g urea, 0.5x Tris borate EDTA) and run at RT for a variable
period of time. The gels were dried and exposed to Hyperfilm™ (Amersham,
Buckinghamshire, England).

3.7.2 Sequencing of cloned PCR products

The 70770 Sequenase™ version 2.0 DNA sequencing kit can utilise either [a32P]dATP
(specific activity 6000Ci/mmol) or [x35S]dATP (specific activity 6000Ci/mmol) as the
radioactive label entailing only minor variations in method. The primers chosen may prime
internally to the vector off the inserted fragment or directly off the vector itself and the SP6
and T7 commercially manufactured primers (Promega, Madison, Wisconsin, USA) can be
used with both the (GEM-T and the pCR™II vectors.

The sequencing template was prepared by alkali-denaturation of plasmid DNA purified
from grow-ups using the Wizard™ minipreps DNA purification system (Promega,
Madison, Wisconsin, USA). 4ug of the 3kb plasmid was mixed with 6ul of 1M sodium
hydroxide/ImM EDTA and incubated at RT for 5 minutes. The mixture was then
centrifuged at 2000 rpm for 2 minutes through a sepharose mini-column prepared from
400ul of sepharose CL-4B (2:1 in Tris EDTA). The eluate was placed on ice and rapidly
frozen if not used immediately. Using [a35S]dATP the subsequent sequencing reaction was
performed in three stages, annealing of template and primer, labelling and chain-
termination. Using [«32P]dATP the first two stages were combined in a single reaction. In

the three-stage reaction 1ug of denatured template DNA was mixed with 10ng primer and

Ix Sequenase™ reaction buffer, heated to 950C for 5 minutes then slowly cooled to 300C
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and placed on ice. The labelling reaction was then prepared containing 0.1uM dithiothreitol
(DTT), 5uCi [«35S]dATP, 3U Sequenase™ and diluted labelling mix, added to the
template/primer mix, incubated at RT for 4 minutes and again placed on ice. 3.5u1 aliquots
of the final mixture were withdrawn, added to 2.5ul of one of the d/ddNTP mixes and

incubated at 370C for 4 minutes. 4ul STOP solution was added to each chain termination

reaction. The reactions were heat-denatured prior to running on a denaturing gel as

described in the previous section.

3.8 RESTRICTION ENZYME DIGESTION

PCR products to be digested were precipitated with 4M ammonium acetate and 100%
isopropanol in a ratio of 1:1:2 by volume and washed in 70% ethanol. The purified DNA
was then incubated ovemight at 370C (or as specified) with 10U enzyme and 1x
manufacturers’ buffer (Boehringer-Mannhein, Mannheim, Germany; New England
Biolabs, Massachusetts, USA) in a final volume of 10-8Qul. The post-digestion sample
was reduced in volume where necessary and electrophoresed in a 1.5-3% agarose gel
depending on the size of fragments to be separated. 3% gels were prepared from a 50:50
mix of general and low melting point agarose. Bands were visualised under ultra-violet

light by ethidium bromide staining,.
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CHAPTER 4

GRANULOCYTE COLONY-STIMULATING FACTOR RECEPTOR
ISOFORMS

4.1 INTRODUCTION

Many of the cytokine receptors have been reported to have more than one isoform. Some
have been recognised only at the mRNA level, others at the protein level and their function,
if any, is often unclear. The best understood are the soluble cytokine receptor isoforms.
The majority are produced by one of two mechanisms; proteolytic cleavage of an expressed
membrane-bound receptor or utilisation of an alternative mRNA splice site to produce a
unique transcript (Reviewed by Heaney and Golde, 1996). In the case of the stem cell
factor receptor a combination of both mechanisms is involved, the alternative splicing
resulting in an altered extracellular domain susceptible to proteolytic cleavage (Vandenbark
et al, 1992; Wypych et al, 1995). The only known exception to these mechanisms is the
soluble ciliary neurotrophic factor (CNTF) receptor which is formed by phospholipase C
cleavage of a glycosyl phosphotidyl inositol linkage (Davis ez al, 1991, 1993a). Alternative
splicing itself may produce soluble receptors in two different ways. The most common
mechanism is by selective loss of the specific exon encoding the transmembrane domain of
the receptor. This is exemplified by the soluble form of the GM-CSF « receptor (Raines et
dal, 1991; Nakagawa et al, 1994; Heaney et al, 1995). The less frequent consequence of an
alternative splice site is the inclusion of an exon which encodes for premature termination of
the chain before the transmembrane-coding exon(s) have been read. This latter mechanism
gives rise to the soluble isoforms of the IL-4 (Moseley and Beckmann, 1989), IL-5
(Tavernier ez al, 1992; Tuypens ez al, 1992) and leukaemia inhibitory factor (LIF) (Tomida
et al, 1994) receptors. Whatever the mechanism of production the result is the same, a
receptor capable of binding ligand but no longer inextricably associated with one specific
cell. Their function is unproven but several possible roles have been proposed for such
receptors. These include the inhibition of intracellular signalling by competing against

membrane-bound receptors for ligand binding, down-regulation of the receptor by
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removing the receptor from the surface and preventing signalling or acting as a binding
protein to protect the ligand from clearance from the extracellular space. One other potential
mode of action is available only to receptors that include a common signalling component
such as the IL-6 family of receptors. Here the soluble receptor can confer sensitivity to its
ligand on cells that express only the common signalling component, and not the complete
wild-type receptor. This effect was first demonstrated for the soluble IL-6R which in the
presence of IL-6 is able to associate with cell-bound gp130 and mediate its function (Taga
et al, 1989) and has since been demonstrated for the soluble CNTFR as well (Davis et d,
1993a)

Many of the cytokine receptors have more than one membrane-bound isoform in addition to
their soluble isoform. These also arise from the use of alternative splice sites with either
insertion or deletion of genetic information at the mRNA level. Any consequent alteration in
the reading frame will result in translation of a receptor with a novel carboxyl terminus.
Some splice patterns may be common to more than one receptor. For example the GM-
CSFR « chain (Devereux et al, 1993), the G-CSFR (see section 4.3.1; Bernard e al, 1996)
and the gp130 signal transducer (unpublished data) all have isoforms with an insertion
immediately 5’ of their transmembrane domains. The relative levels of expression of the
different isoforms for a given receptor are not fixed and may vary with different stages of
cellular differentiation or in healthy versus diseased states. Heaney and colleagues (1995)
demonstrated a reduction in the level of expression of the soluble GM-CSFR a subunit
coupled with an increase in the level of the alternatively spliced membrane-bound isoform
during dimethyl sulphoxide (DMSO) induced differentiation of HL-60 cells. Gale et al
(1993) have also found variable expression of one of the isoforms of the § subunit of the
GM-CSFR, the fir receptor which has a truncated intracytoplasmic domain, which they
have shown to be over-expressed at the mRNA level in many AML blast cells in
comparison to normal haemopoietic cells. This variation in the ratio of isoforms with cell
maturity or in disease may imply different functional, or as in the case of the frirGM-CSFR,
pathological roles.

The G-CSFR, like most other cytokine receptors, has been reported to have a number of
isoforms. All are believed to be derived by alternative splicing of a single gene [Fig 6].
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The wild-type receptor is the dominant form isolated from both placental and U937 cDNA
(Fukunaga er al, 1990b; Larsen ef al, 1990). Fukunaga er al (1990b) also reported two
other minor forms. In one isoform, identified only in the U937 library, an 88 base pair (bp)
deletion of nucleotides 2034-2122 resulted in loss of the transmembrane domain and a shift
in the reading frame, producing a soluble isoform with an altered C-terminal 150 amino
acids. The other isoform, identified in placenta, had an 81bp insertion between nucleotides
2209 and 2210. This encodes a novel sequence of 27 amino acids sited between the box 1
and box 2 domains but does not alter the distal intracytoplasmic domain. Since this
insertion occurs at the boundary between exon 16 and exon 17 it has been termed exon 17°.
A fourth isoform identified in both placenta (called D7, Larsen et al, 1990) and in normal
granulocytes (DC, Dong ez al, 1993) has a deletion of nucleotides 2417-2836 resulting in
the loss of 261bp from the 3’ end, an altered reading frame and a novel 34 amino acid
carboxyl terminus. More recently a fifth minor isoform (SD) has been identified in normal
granulocytes (Dong et al, 1995a). This has a 549bp deletion of nucleotides 2288-2836 and
shares the same splice acceptor site and therefore novel 34 amino acid tail immediately
downstream of box 2 as the DC/D7 isoform. A schematic representation of these known
isoforms is depicted in fig 6. Their significance is largely unknown but will depend on
whether or not they retain the ability to bind G-CSF and transduce signal appropriately.

In this chapter I will describe the identification of two previously unreported isoforms of
the G-CSFR initially detected whilst establishing and optimising the PCR technique used in
subsequent experiments.

4.2 MATERIALS AND SPECIFIC METHODS

4.2.1 Normal controls

This work was performed on RNA from the haemopoietic cells of 11 haematologically

normal individuals. The RNA was extracted by a standard technique as described in section
3.3 and stored at -80°C.
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4.2.2 Reverse transcription-polymerase chain reaction

Initial RT-PCRs were perfomed exactly as described in section 3.5.2 using primer pairs
G1U/G1ID, G2U/G2D and G3U/G3D. Further investigation of the PCR product of the
G1U/G1D primers utilised a two-round semi-nested PCR technique. The first round was
again performed as described using a G1U/G2D primer combination. The product was
loaded onto a 1% low-melting point agarose minigel prepared with 1x tris borate EDTA
(TBE) buffer and run at a constant 4SmA until adequate separation of the bands had

occurred. The cDNA fragments were then excised under ultra-violet light visualisation in as
small a volume of agarose as possible and placed in a 700C waterbath to liquify. 2ul of the

melted agarose containing the target DNA was used unmodified as the template for a 100u1
second round PCR containing 1x Taq polymerase buffer, 2.25mM magnesium, O.2mM
dNTP, 200ng each of G1U and G1D primers and 2.5U Taq polymerase (Promega,

Madison, Wisconsin, USA). 35 amplification cycles were performed as before (950C for
30s, 600C for 30s, 720C for 60s) after an initial denaturation stage of 950C for 5 mins and
the program completed with a 5 minute extension stage at 720C, These products were again

run out on a 1% low melting point agarose minigel and the individual bands excised.

4.2.3 PCR of genomic DNA

One pg genomic DNA derived from cells of the erythroleukaemic cell line TF-1 was
amplified in a 100ul G1U/G1D PCR reaction. The conditions were as described above

except for an increased extension time of 2 minutes at 720C per cycle to allow for the

increased fragment length due to the encompassed intronic sequence.

4.2.4 Cloning and sequencing of PCR products

Cloning of PCR products was performed as described in section 3.6. Sequencing was
approached in three different ways: (i) direct sequencing of the purified DNA product from
a two-rounded semi-nested PCR using the fmol™ DNA sequencing system (see section

3.7.1), (ii) direct sequencing of the purified product of a PCR amplification of a cloned
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DNA sequence using the fmol™ DNA sequencing system and (iii) sequencing of alkali
denatured plasmid DNA containing the inserted target sequence using the 70770

sequenase™ version 2.0 sequencing system (see section 3.7.2).

4.3 RESULTS

4.3.1 G-CSFR isoforms in normal haemopoietic cells

RT-PCR of RNA from normal haemopoietic cells using the primer pairs G2U/G2D and
G3U/G3D gave a single band on agarose gel electropheresis. Each corresponded to the
expected size predicted from the published wild-type G-CSFR cDNA sequence (Fukunaga
et al, 1990b), i.e. 321 and 279bp respectively. Using primer pair G1U/G1D however two
bands were obtained, a major fragment (A) of 345bp, the size predicted for the wild-type
receptor, and an additional larger fragment (B) of approximately 420bp in size and
comprising about 10% of the total [Fig 7]. These two products were investigated further by
performing two rounds of a semi-nested PCR to increase the amplification and maintain
specificity. 35 cycles using primers G1U/G2D were followed by 35 cycles with primers
G1U/GI1D. This revealed four bands, the original two bands (A) and (B) in approximately
the same proportions as before, and two additional minor bands, (C) and (D) [Fig 7]. All
four fragments were sequenced, band A directly off the purified PCR products and bands
B, C and D off clones prepared from these products. As expected sequence of the major
band (A) was consistent with nucleotides 2006-2251 of the wild-type G-CSFR (Fukunaga
et al, 1990b). The largest band (B) also corresponded to a published isoform, the 81bp
insertion of exon 17’ (Fukunaga ez al, 1990b) [Fig 6]. The smallest band (C) had a deletion
of 82bp from nucleotide 2128 to 2209. This was at a different site to the deletion giving rise
to the previously reported soluble G-CSFR and comparison with the genomic sequence
showed that it corresponded to complete deletion of exon 16 (Seto ef al, 1992). Sequencing
of the final band, band (D) revealed a 60bp insertion between nucleotides 2033 and 2034,
the boundary between exons 14 and 15.

62



CB



(7%

%

,1=",13
9B

(7%

6!%

Cc

'77%

9B

%
"B 4%

%

6>

$
88!?<#
B

32*



4.3.2 G-CSFR isoform expression in acute myeloid leukaemia

The relative mRNA expression of the four different G-CSFR isoforms, (A)-(D), was
evaluated in RNA from blast cells of 40 patients with AML. Both single round RT-PCR
using the primers G1U and G1D and the semi-nested PCR approach described above
(using primers G1U/G2D followed by primers G1U/G1D) were performed but with the
reduced number of 25 cycles per round in order to maintain semi-quantitative amplification.
In all the patients the level of expression of the two major isoforms (A and B) was the same
as the TF-1 and haematologically normal RNA samples without any gross increase in the

level of the two minor isoforms (C and D) being evident.

4.3.3 G-CSFR isoform expression in Kostmann’s syndrome.

The same experiment was performed on mRNA extracted from the PB or BM of nine
patients with KS. The relative levels of expression of the receptor isoforms in each patient

was again the same as in the normal controls.

4.4 DISCUSSION

The existence of isoforms created by alternative splicing is a common feature of the colony-
stimulating factor receptors. The majority are of unknown physiological significance
although it is possible that some may have functional consequences. For example, an
isoform of the erythropoietin receptor (EpoR) with a truncated intracytoplasmic region was
shown to be the predominant form in early-stage but not in late-stage erythroid progenitor
cells and was unable to prevent apoptosis on stimulation with erythropoietin (Nakamura et
al, 1992).

Four isoforms of the G-CSFR have been reported previously in addition to the dominant
wild-type form [Fig 6] (Fukunaga ez al, 1990b; Larsen er al, 1990; Dong et al, 1995a).
Each of these additional four isoforms represent only a minority of the total message and,
with the exception of the 17’ insertional form which was readily demonstrated in all
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samples, could rarely be detected even after double amplification. Two further transcripts
have now been detected in normal myeloid cells [Fig 9]. Again both are present at very low
levels and were only revealed by two rounds of PCR. One of these new transcripts has
60bp inserted between exons 14 and 15 and arises from the use of an alternative donor
splice site in the intervening intron. The insertion falls within the C-terminal half of the third
fibronectin repeat, domains that appear to be important for the stability of the molecule but
which are not essential for signal transduction (Fukunaga ez al, 1991). The transmembrane
and intracytoplasmic domains are unaffected by this insertion which together with the low
levels present in normal myeloid cells suggests that this isoform is unlikely to be of any
physiological significance. An analogous situation to this occurs in the « chain of the
granulocyte-macrophage colony-stimulating factor receptor (GM-CSFR) with an insertion

of 34 amino acids just 5’ of the transmembrane domain (Devereux ef al, 1993).

In the other novel transcript the 82bp of exon 16 were spliced out removing the membrane-
proximal region of the intracytoplasmic tail. This results in a frame shift, altering the entire
intracytoplasmic domain of the receptor whilst retaining a membrane-bound extracellular
region still capable of binding G-CSF. It would be expected that such profound changes
would result in a receptor with little or no functional capacity. However it is possible that
the novel truncated intracytoplasmic tail of 120 amino acids could bind alternative signalling
molecules or (more likely) that this isoform could act as a sink to mop up excess G-CSF, as
has been previously suggested for truncated isoforms of the nerve growth factor receptor
(Middlemas er al, 1991; Lindsay ez al, 1994). At its normal low level of expression it again
seems unlikely that this isoform would be of any relevance. Nevertheless its over-
expression could be of potential pathological significance by disrupting the normal
differentiation of myeloid progenitors. A precedent for this exists in the SD variant of the
G-CSFR (which has lost box 3). Dong and colleagues (1995a) have described a single
patient with AML in whom a point mutation involving a guanine to adenine substitution
(GTG->GTA) adjacent to the SD donor splice site resulted in increased expression of the
SD isoform. Although this substitution does not alter the amino acid (valine), it presumably
in some way confers a transcription advantage to the splice variant over the wild-type

receptor.
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None of the alternative isoforms of the G-CSFR detected in this study could be
demonstrated to have significantly elevated levels of expression in RNA from 40 patients
with AML. This indicates that aberrant expression of these four isoforms in AML is rare,
despite the potential of some of the isoforms to disrupt normal intracellular signalling
pathways. Similarly, in Kostmann’s syndrome there appears to be a normal pattern of
isoform expression. Neither a dominance of any of the receptor isoforms that have an
altered intracytoplasmic domain that might disrupt the normal patterns of differentiation, nor
an increase in the level of soluble receptor which could be postulated to act as a sump for
G-CSF resulting in an impaired response to G-CSF in the face of normal production could
be demonstrated. It is therefore unlikely that either alterations in the relative levels of
expression of the different isoforms of the G-CSFR or the production of further currently
undescribed isoforms due to novel mutations are involved in the pathogenesis of the
disordered regulation of cellular proliferation and differentiation which characterises both

the leukaemic process and Kostmann’s syndrome.
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CHAPTER 5

GRANULOCYTE COLONY-STIMULATING FACTOR RECEPTOR
POLYMORPHISMS AND MUTATIONS

5.1 INTRODUCTION

The demonstration that signalling events inducing specific functions may depend on
different regions of the intracytoplasmic domain of the G-CSFR is important. It raises the
theoretical possibility that individual functions can be disrupted without completely
disabling the receptor, resulting in abnormal responses to normal physiological levels of
stimulation by G-CSF. Dissociation of the membrane proximal section of the G-CSFR
intracytoplasmic domain (necessary for proliferation) and the more distal part of the
intracytoplasmic tail (needed for differentiation and negative-feedback control on
proliferation) would be predicted to enhance proliferation in the absence of differentiation of
cells of the myeloid lineage and could occur in two ways. Either by the presence of a point
mutation in the mature mRNA or by alternative splicing of the pre-mRNA encoding a
different isoform, both of which may result in the translation of an altered intracytoplasmic
domain. Such an uncoupling represents the basic molecular abnormality in the acute

leukaemias.

In the previous chapter I have shown that over-expression of alternative isoforms of the G-
CSFR in AML is extremely rare and unlikely to be of leukaemogenic significance. In this
chapter I report the result of screening the same 40 AML RNA samples for mutations in the

transmembrane and intracytoplasmic domains of the G-CSFR.
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5.2 MATERIALS and SPECIFIC METHODS

5.2.1 Patients and control samples

RNA extracted from the haemopoietic cells of 11 haematologically normal individuals and
the blast cells of 40 patients with AML was studied. RNA from the erythroleukaemic cell

line TF-1 was used as the wild-type comparison i.e. as the positive normal control.

5.2.2 RT-PCR SSCP: Reverse transcription-polymerase chain reaction

single strand conformational polymorphism analysis

5.2.2.1 Theory of SSCP analysis

Genomic DNA and ¢cDNA normally exist in double-stranded form. If the two strands are
separated without complete denaturation each single-stranded DNA will adopt a secondary
conformation dependent on the pattern of intramolecular interactions determined by the
sequence. During electrophoresis the mobility of a fragment is a function of this
conformation as well as its size. As a consequence the two strands of a partially denatured
segment of DNA, separated without disrupting the secondary structure, will each exhibit a
unique pattern of electrophoretic mobility under any given set of conditions. The presence
of a single base substitution in the sequence will change the secondary conformation of the
strand and thus the electrophoretic mobility in a polyacrylamide gel (Orita e al, 1989a;
Hayashi, 1991). If the DNA is radioactively labelled this can be radiographically visualised
as an alteration in the banding pattern. Most point mutations occur in only one of the two
alleles and thus would be detected by the presence of a novel band in addition to the wild-
type pattern. When partially denatured strands of DNA are electrophoresed some double-
stranded recombination will inevitable occur during migration through the gel. This is a
random process and may result in the association of two normal strands, two abnormal
strands or one normal with one abnormal. Each combination will adopt its own unique
secondary conformation and may appear as additional bands running in the position of the
non-denatured double-stranded DNA. Such heteroduplex formation may provide an

additional, or the only, clue to the presence of a point mutation. The principle of this
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technique is summarised below in Fig 10.

ds DNA

partial
denaturation

Fig 10 Schematic representation of the principle of SSCP.

5.2.2.2 RT-PCR SSCP analysis

The RT and PCR reactions were performed as described in section 3.5.2 except for the
omission of the initial heat denaturation step and the addition of 1uCi [a32P] dCTP per
reaction (specific activity 6000Ci/mmol, Amersham, Buckinghamshire, England). 30
cycles of amplification were performed with incorporation of the radioactive label into the
c¢DNA occurring during the extension stage. Each reaction was terminated using a
denaturing mix consisting of 10u1 0.1% SDS with 10mM EDTA and 11p1 STOP solution
(95% formamide, 20mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol). The
reactions were heat denatured at 990C for 5 minutes and loaded on a 4.5% non-denaturing
polyacrylamide gel (37:1 crosslinker ratio, 1x Tris borate EDTA, with or without glycerol).
Each sample was run for 5 hours under three different electrophoretic conditions as

follows: (1) 0% glycerol, room temperature (RT), 15 watts constant power, (2) 0%
glycerol, 49C, 25 amps constant current and (3) 10% glycerol, RT, 30 watts constant
power. The gels were dried and exposed to Hyperfilm™ (Amersham, Buckinghamshire,
England). The banding patterns obtained were compared to control RNA derived from the
haemopoietic cell line TF-1. The negative control was prepared from an RT reaction lacking
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any RNA and positive abnormal controls were created artificially as described in the

following section.

5.2.2.3 The creation of positive abnormal controls for RT-PCR SSCP

analysis

SSCP has been criticised by some as lacking sensitivity in detecting mutations. Careful
optimisation of conditions for each set of primers was undertaken and each reaction
analysed under three different electrophoretic conditions to minimise the rate of false
negatives. In addition positive abnormal controls were included with each set of reactions to
test the sensitivity of the system in detecting mutations together with the standard positive

and negative controls to show that the technique was working correctly.

The abnormal positive controls were created by exploiting the known infidelity of Thermus
aquaticus (Taq) DNA polymerase (Eckert and Kunkel, 1991). The error rate varies with
different Taq polymerases but in general the proportion of DNA molecules in the final PCR
product containing sequence changes will depend on three factors; the error rate per
nucleotide per cycle, the total number of amplification cycles per reaction and the initial
amount of template (Reiss er al, 1990; Eckert and Kunkel, 1991). Errors occurring in early

cycles will continue to be amplified whilst new errors appear during later cycles.

A standard RT-PCR using the primer pair G1U/G3D was performed on RNA extracted
from a sample of normal bone marrow. The products of this amplification were cloned
using the T overhang system (Invitrogen, San Diego, California, USA) and 5ml grow-ups
prepared from thirty of the white colonies selected at random. SSCP analysis was
performed on a number of these bacterial clones, the cDNA in the reaction being replaced
by 0.5ul of the unmodified bacterial broth. Clones containing an error were then selected
for each of the three PCR fragments by comparison with the normal TF-1 RNA patterns.
The plasmid DNA from the selected clones was purified and 0.5u] mixed with 0.5u1 of
purified normal plasmid DNA in setting up the control SSCP reactions to mimic a
heterozygous abnormality.
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5.2.3 Cloning and sequencing of PCR products

Abnormal fragments detected on SSCP analysis were cloned into the pCR™II vector using
the Invitrogen TA cloning kit and sequenced using the 70770 Sequenase™ Version 2.0
DNA sequencing kit with T7 and SP6 primers following the methods described in sections
3.6 and 3.7.2.

5.2.4 Restriction enzyme digestion

Cloned abnormal fragments were amplified using the standard PCR technique and purified
by ammonium acetate/isopropanol precipitation (see section 3.8). A 10ul digestion reaction
containing the purified DNA, 10U Hph I and 1x manufacturers buffer (New England
Biolabs, Massachusetts, USA) was prepared and incubated at 370C for 16 hours. The
digest was electrophoresed in a 1.5% agarose gel and the digestion patterns compared with
those of the purified uncloned PCR product and control TF-1 RNA.

5.3 RESULTS

5.3.1 Detection of mutations by RT-PCR SSCP

RNA from 11 normal controls and 40 patients with AML was screened by RT-PCR SSCP
using all three sets of primers (G1U/G1D, G2U/G2D and G3U/G3D) and electrophoresed
under the three conditions described in specific methods (section 5.2.2.2). The resulting
banding patterns were compared to those of RNA from the control TF-1 cell line. All 11
normal samples and 39 of the 40 AML samples gave patterns identical to the wild-type
control for each fragment and under all electrophoretic conditions [Fig 11, lanes 1, 3 and
5]. In one of the 40 AML patients additional novel bands were observed in fragment 1,
visible in all three electrophoretic conditions [Fig 11, lanes 2, 4 and 6]. Identical abnormal
banding patterns could be reproduced repeating the SSCP analysis on a fresh RT product
on a separate occasion. Fragments 2 and 3 from this patient were the same as those of the
TF-1 control.
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5.3.2 Identification of the mutation

The presence of novel SSCP bands in fragment 1 only with normal patterns in fragment 2
excluded the 123bp of the overlap region common to both fragments from being the site of
the mutation in this patient. This placed the mutation in the first 222bp of fragment 1
encompassing the entire transmembrane domain and the membrane proximal region of the
intracytoplasmic tail. Initial attempts to identify the mutation by direct sequencing off the
fragment 1 PCR product failed, despite the use of a two-round semi-nested technique. The
presence of the different mRNA isoforms, all of which are encompassed by fragment 1,
made it impossible to prepare a template that was clean enough to identify a single base
substitution. To overcome this a fresh product of a G1U/G2D 30 cycle amplification
followed by a G1U/G1D 30 cycle amplification was cloned. These clones were screened by
SSCP to identify clones with the correct insert and exclude those containing fragments with
Taq errors. Four clones gave banding patterns that were consistent with the novel bands
detected in the original patient sample. Sequencing of these clones demonstrated a C->A
substitution at nucleotide 2088 [Fig 12] which would result in the conversion of a threonine
residue (ACC) to an asparagine residue (AAC) at amino acid 617 in the middle of the

transmembrane domain.

5.3.3 Confirmation of the mutation

The C->A substitution at nucleotide 2088 removes an Hph I cutting site present in the wild-
type sequence. Hph I digests were performed on the PCR products of the cloned fragment
1 and the original patient sample and compared with the TF-1 wild-type digest. Digestion of
the cloned 345bp fragment 1 PCR product gave the predicted two fragments of 237 and
104bp in size. Digestion of the uncloned fragment 1 PCR product gave the expected wild-
type fragments of 162, 104 and 75bp together with the same uncut fragment of 237bp
(162+75) seen in the cloned product. This proves that the mutation identified by sequencing
was genuine and not the result of a Taq error and also demonstrates that the patient was
heterozygous for this substitution [Fig 13]. In all these digests the expected 4bp fragment

could not be demonstrated because of its small size and rapid mobility.
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5.4 DISCUSSION

Point mutations are known to occur in cytokine receptors with some, such as the GM-
CSFR, being highly polymorphic. Five different point mutations have been described for
the GM-CSFR« chain and a further six for the GM-CSFRpc chain (Wagner et al, 1994,
Freeburn er al, 1996). Six of these 11 alterations are conservative whilst the remainder
involve amino acid changes. All however have been identified in haematologically normal
individuals confirming that they are innocent polymorphisms. In other cytokine receptors
polymorphisms are rare, for example the EPOR is highly conserved, both at a protein and
molecular level and innocent polymorphisms have not been detected (Hess e al, 1994; Le
Couedic er al, 1996).

There have been reports of naturally occurring pathogenic mutations in cytokine receptors
as well as polymorphisms, the mutation being associated with a benign or malignant
haematological condition. One such mutation involves the normally highly conserved
EpoR. A G->A substitution resulting in truncation of this receptor has been described in a
family with dominantly inherited benign human erythrocytosis (de la Chapelle ez al, 1993).
The erythrocytosis is thought to be secondary to loss of the negative growth regulatory
domain at the C-terminus of the receptor. This is similar to the point mutations detected in
the intracytoplasmic tail of the G-CSFR of some children with SCN (Dong ez al, 1994,
1995b, 1997; Tidow er al, 1997). These also result in the translation of an abnormal
truncated receptor, again with the loss of the negative growth regulatory domain but with
the additional loss of the box 3 differentiation domain as well. The apparent association of
these mutant G-CSF receptors with leukaemic transformation in these children, together
with in vitro transfection studies showing the ability of these truncated receptors to
transduce a much stronger growth signal in comparison to the wild-type receptor whilst
being unable to induce terminal granulocytic differentiation (Dong er al, 1994, 1995b), has
led to the suggestion that they are implicated in the pathogenesis of that transformation
process. At present this hypothesis remains unproven and the true significance of these

mutations in patients with severe congenital neutropenia is uncertain.

Despite this uncertainty a mutation arising in the region between the box 2 and box 3
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domains of the G-CSFR could, in theory, predispose to leukaemia due to an inability of the
myeloid cells to differentiate in the presence of a continued or even enhanced proliferative
signal. This would be as true for a mutation arising on a background of normal
haemopoiesis as for one of abnormal haemopoiesis such as in SCN. However, no such G-
CSFR mutations could be demonstrated in RNA from blast cells of 40 patients with AML.
The entire transmembrane and intracytoplasmic domains of the receptor were studied. No
mutations were detected in the intracytoplasmic tail of the receptor and only one patient was
found to have a nucleotide substitution which would result in an asparagine residue
replacing a threonine in the middle of the transmembrane region. Unfortunately the precise
significance of this mutation could not be investigated further as there were no other
samples available for study, either from the patient herself (who had subsequently died) or
from members of her family. However this amino acid change would not be expected to
alter either the charge or predicted structure of the receptor, nor would it be predicted to
affect either ligand binding or intracellular signalling.

Similar results were reported by Carapeti and colleagues (1997) in a separate study
screening for mutations in the intracytoplasmic domain of the G-CSFR. They too could
find only one individual with evidence of a mutation on RT-PCR SSCP analysis of samples
from 47 patients with acute leukaemia including 29 patients with chronic myeloid leukaemia
(CML) in blast crisis, 14 with AML, 2 with acute lymphoblastic leukaemia (ALL) and 2
with unclassified acute leukaemia. In addition, Welte’s group in Hannover sequenced the
G-CSFR from a further 20 patients with AML and found no mutations at all (personal
communication). The rarity of mutations in the G-CSFR in AML (as revealed by these three
studies), together with the lack of any predicted physiological significance for the mutation
discussed in the previous paragraph suggests that the nucleotide substitution described is
very unlikely to be pathogenically associated with the leukaemic process itself and is most

likely to represent a rare polymorphism.

However, although this particular mutation would be predicted to have little significance
there have been three other reports of mutations occurring within the transmembrane
domain of a receptor which are functionally important. One is a naturally occurring point

mutation in the receptor-like membrane bound neu tyrosine kinase which appears to result
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in increased intrinsic tyrosine kinase activity with oncogenic activation of the protein
(Bargmann er al, 1986). The second involves the fibroblast growth factor receptor 3
(FGFR3), another receptor with intrinsic tyrosine kinase activity, and has been found in all
sporadic and familial cases of achondroplasia that have been examined so far (Rousseau et
al, 1994; Shiang er al, 1994). This mutation also results in ligand-independent activation of
the tyrosine kinase activity of FGFR3 (Webster and Donoghue, 1996). Finally, a mutation
in the transmembrane domain of the pc chain common to the IL-3/IL-5/GM-CSF receptors
has been artificially generated by a PCR-based method of random mutagenesis and also
results in constitutive activation of the receptor (Jenkins ez al, 1995).

The transforming potential of the mutations in the nex oncogene and the GM-CSFRgc chain
appear to be specific for the valine to glutamic acid substitution that occurs in both
(Bargmann and Weinberg, 1988; Jenkins ez al, 1995). In the case of the neu oncogene it is
postulated that this substitution mimics ligand-induced receptor aggregation with
subsequent enzyme activation causing the cellular transformation (Weiner et al, 1989). In
the pc chain this substitution has similarly been suggested to induce receptor
homodimerisation by analogy to the neu oncogene. The precise molecular consequences of
the FGFR3 mutation were investigated by Webster and Donoghue (1996) in a series of
elegant experiments. They constructed chimeric receptors in which they substituted the neu
transmembrane domain with the transmembrane domain of either normal or mutant FGFR3
which allowed them to use the neu tyrosine kinase activity as a reporter activity for
dimerisation of the transmembrane domains. They showed that the mutation allowed

constitutive signal transduction through the chimeric neu-FGFR3 receptor as well as

inducing constitutive activation of the FGFR3. This suggests that the Gly380->Arg point

mutation in the FGFR3 is functionally analogous to the Val664->Glu point mutation in the

neu oncogene and thus that the ligand-independent activation once again results from

stabilisation of the receptor in a dimeric conformation.

Additional studies with artificially induced mutations in the extracellular domains of
cytokine receptors have continued the theme of constitutive receptor activation resulting
from receptor dimerisation. Both the EPOR (Yoshimura ez al, 1990; Watowich ez al, 1992,
1994) and the thrombopoietin (TPO) receptor, c-Mpl (Alexander ez al, 1995) can exhibit
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ligand-independent signal transduction and tumourigenicity as a consequence of the
substitution of certain amino acids by cysteine residues. These substitutions lie within a
region of homology (the dimer interface domain, defined by comparison with the GH
receptor) which appears to be of importance in stabilising ligand-induced homodimers and
allow disulphide-linked homodimers to form.

However, despite their potential, such transforming mutations in the cytokine receptor
family in general do not appear to be a common means of inducing oncogenesis. Even with
the association of mutations in the EPOR with two syndromes of benign erythrocytosis (de
la Chapelle er al, 1993; Sokol et al, 1995) an association with human erythroid
malignancies is rare. Le Couedic et al (1996) found only one EPOR mutation in 10 cases of
erythroleukaemia and none in 12 cases of polycythaemia rubra vera (PRV). These findings
were consistent with those of an earlier study by Hess and colleagues (1994) in which they
were unable to detect any mutations in the erythropoietin receptor (EpoR) sequence on
SSCP analysis of bone marrow and peripheral blood samples from 24 patients with PRV,
In the G-CSFR itself mutations are generally rare, both in normal haemopoietic cells and in
leukaemic cells, and are unlikely to be of pathogenic importance in the vast majority of
cases of AML.
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CHAPTER 6

THE GRANULOCYTE COLONY-STIMULATING FACTOR RECEPTOR IN
KOSTMANN’S SYNDROME

6.1 INTRODUCTION

Kostmann’s syndrome (severe congenital neutropenia) is one of the rare single lineage bone
marrow failure syndromes of childhood. It is a pure isolated neutropenia. There are no
associated abnormalities in any other system of the body and the clinical consequences are
all either directly or indirectly due to the profound neutropenia. There is no diagnostic test
and antenatal screening is not possible. The diagnosis is essentially clinical and is based on
a history of recurrent overwhelming sepsis together with typical appearances in the bone
marrow of maturation arrest at the promyelocyte/myelocyte stage of myelopoietic
differentiation, usually with an increase in eosinophilic precursers. This appearance of
maturation arrest at an early stage of differentiation is not in itself unique and may be seen
occasionally in autoimmune neutropenia (although this more commonly shows a specific
absence of mature neutrophils rather than precursers) and at certain times in the cycle of

cyclic neutropenia.

At present the routine clinical management of patients with KS includes the use of G-CSF,
effective in the vast majority of patients, and reserves allogeneic bone marrow
transplantation for patients entering a preleukaemic/leukaemic phase of their disease. This is
often heralded by the acquisition of a chromosomal abnormality, most commonly
monosomy 7. Abnormalities of monosomy 7, either complete or partial deletions, are a
frequent association of malignant myeloid disorders in all age groups. In children there is a
particular association with a specific juvenile chronic myeloid leukaemia-like syndrome
which has been termed the ‘monosomy 7 syndrome’ and with a heterogeneous group of
genetic disorders of myelopoiesis carrying a risk of transformation to AML, one of which
is of course Kostmann’s syndrome (Reviewed by Luna-Fineman er al, 1995). The

development of monosomy 7 in KS may remain stable for prolonged periods of time and it
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remains unclear whether or not leukaemic transformation is ultimately an inevitable

consequence and what, if any, is the role of G-CSF in this evolution.

The enormous therapeutic success of G-CSF in these children, albeit often at very high
doses, taken together with the fact that this disorder is confined to the same single
haemopoietic cell lineage as expresses the receptor for G-CSF has led research to
concentrate on the G-CSF/G-CSFR pathway in its quest for the molecular pathogenesis of
KS. Abnormalities of G-CSF production and receptor binding have been excluded (Pietsch
etal, 1991; Mempel et al, 1991; Kyas et al, 1992; Bernhardt e al, 1993; Guba et al, 1994).
Abnormalities in the structure of the intracellular domain of the G-CSFR important in
signalling pathways have been found in a small subgroup of the patients (Dong ez al, 1994,
1995b, 1997; Tidow et al, 1997) but their significance remains a matter of active debate.
The molecules and pathways involved in G-CSFR signal transduction have yet to be fully
elucidated and little has been published on this subject with specific reference to
Kostmann’s syndrome. The molecular pathogenesis of KS therefore remains unknown (see

section 2.2.3 for more detailed discussion).

I have examined the transmembrane and intracytoplasmic domains of the G-CSFR of 11
patients with KS, whose brief clinical histories have been described in section 3.1.2. This
group provided the unique opportunity to study an affected family spanning two
generations and including one set of monozygotic twins and to study one of these twins as
he progressed from a stage of myelodysplasia associated with monosomy 7 to one of frank
AML. The remaining 6 patients were unrelated. Some of the patients were receiving
treatment with G-CSF at the time of study, others were not and with the exception of the
one child already mentioned all remain in a phase of simple chronic neutropenia with neither

cytogenetic or morphological evidence of transformation.
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6.2 MATERIALS and SPECIFIC METHODS

6.2.1 Samples from patients with Kostmann’s syndrome

RNA was prepared from samples of peripheral blood and bone marrow from 11 patients
with Kostmann’s syndrome as described in sections 3.2 and 3.3. Two patients had samples
of peripheral blood only studied (patients #6 and #11), one bone marrow only (patient #10)
and the remainder had both. The four sibling patients had their blood and marrow samples
taken on two separate outpatient visits three months apart enabling the leukaemic
transformation to be studied at two time points in its evolution in patient #7. The remainder
of the patients had both samples taken on the same occasion. Those receiving treatment
with G-CSF at the time of sampling continued with their normal regimen of daily

subcutaneous injections without omitting any doses.

Longitudinal time-sequence studies performed on two of the patients utilised RNA prepared
from fresh blood or marrow samples taken on subsequent outpatient visits and DNA
retrospectively extracted from the haemopoietic cells scraped off old unstained bone

marrow slides prepared on earlier occasions (see section 3.4).

6.2.2 RT-PCR SSCP

The RT-PCR SSCP reactions were performed as described in sections 3.5.2 and 5.2.2.2
with one modification. Only 1ul RT product was used in the radioactive PCR rather than
the standard 4ul in order to maximise the research potential of a very limited resource. The
abnormal positive controls established previously were included in each set of reactions
together with a TF-1 positive normal control and a water based RT negative control. Each
sample was run for 5 hours under the same three different electrophoretic conditions as

before.

6.2.3 Sequencing and cloning of PCR products

The product of a two-round nested PCR in which 30 cycles of amplification using the
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primer pair G1U/G3D were followed by 30 cycles with primers G2U/G2D was sequenced
directly using Promega’s fmol™ DNA sequencing system. Fragment 2 is the same in all the
mRNA isoforms and thus clean sequence could be read from the PCR product. In addition
the RT-PCR product of a G1U/G3D amplification of mRNA extracted from the post-
transformation leukaemic bone marrow of patient #7 was ligated into the pCR™ vector and
cloned using the Invitrogen TA cloning kit. Fragment 2 was sequenced from a number of
clones using the 70770 Sequenase™ Version 2.0 sequencing system (see sections 3.6 and

3.7 for details of sequencing and cloning methods).

6.2.4 Restriction enzyme digestion studies

6.2.4.1 Restriction enzyme digests using standard primers

Restriction enzyme digests were performed on the products of two rounds of PCR purified
by ammonium acetate/isopropanol precipitation. When mRNA was used as the initial
template the two rounds involved a semi-nested PCR utilising primer pairs G1U/G3D
followed by G2U/G3D. This approach however could not be adopted for the DNA samples
as fragment 1 of the G-CSFR mRNA encompasses three introns in the genomic DNA. The
genetic code for fragments 2 and 3 however is all within one exon, exon 17. These digests
were therefore performed on the product of two rounds of a G2U/G3D PCR. Digests were
set up using two enzymes, Mae I and Pvu II (Boehringer-Mannheim, Mannheim,
Germany). Approximately equal quantities of substrate DNA (estimated from the
appearance of bands produced by loading equal quantities of the purified PCR product on
an agarose gel) were digested by enzyme in a 1:1 ratio by volume in the presence of 1x
manufacturers buffer. The final total reaction volume was determined by the need to keep
the enzyme glycerol concentration below 10%. Mae I digests were performed overnight at a
temperature of 450C and Pvu II digests overnight at 370C. The completed digests were
reduced in volume where necessary by centrifugation under vacuum (Savant Speedvac
SC200). This ensured that the final volume of each sample loaded on the electrophoresis
gel contained approximately equal concentrations of the digested DNA enabling semi-
quantitative comparison between samples. Digested products were separated on a 3%

agarose gel and visualised using ethidium bromide binding.
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6.2.4.2 Restriction enzyme digests using mismatched primers

Restriction enzyme digests were performed on the purified products of 2 rounds of PCR.
As above the first round involved the primer pair G1U/G3D when the initial template was
mRNA and G2U/G3D when it was genomic DNA. The second round was performed using
a deliberately mismatched primer (designated Gm) paired with G3D. Gm primes in the
forward direction off nucleotides 2366 to 2389 and has a C->G mismatch introduced at
nucleotide 2387. Its full sequence is 5 CCAAGAGCAGTTTCCACCCAGGCC 3’ (Dong
et al, 1995b). Purified DNA was digested by Stu I (Boehringer-Mannheim, Mannheim,
Germany) in a 2:1 ratio by volume for a period of 16 hours at 370C. The digested products

were concentrated as necessary and electrophoresed on a 3% agarose gel.

6.2.5 Bone marrow culture studies

Bone marrow mononuclear cells were separated by density gradient centrifugation on ficoll
(Nycomed, Oslo, Norway) and plated at a concentration of 1 x 105/ml (0.5 x 105/well).
Granulocyte-macrophage colony-forming cells (GM-CFC), macrophage colony-forming
cells (M-CFC) and burst-forming units-erythroid (BFU-E) were simultaneously evaluated
in a methlycellulose based clonogenic assay medium using commercially available media
(Terry Fox laboratories Methocult™, Metachem, UK) with added recombinant growth
factors. Cells were cultured in the presence of five different growth factor combinations.

(1) No added growth factors

(ii) Low concentration G-CSF only (2.5ng/ml)

(iii) High concentration G-CSF only (25ng/ml)

(iv) GM-CSF only (25ng/ml)

(v) All growth factors (Stem cell factor 10ng/ml, IL-3 30ng/ml, GM-CSF 25ng/ml,
hrErythropoietin 3U/ml and G-CSF 25ng/ml)

Colonies were counted and plucked for further analysis after 14 days incubation at 370C in
a humidified CO, atmosphere (Watts eral, 1997).
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6.2.6 Mutation analysis in haemopoietic cell colonies

CFU-GM, CFU-M and BFU-E colonies were selected at random from each of the growth
factor culture conditions after 14 days incubation at 370C. The plucked colonies were
resuspended in 200u1 PBS without calcium or magnesium and centrifuged in a benchtop
microcentrifuge at 6500 rpm for 1 minute. The PBS was removed and a proteinase K (PK)

lysis performed on the washed cells. The pellet of cells was mixed with 20ul of PK lysis
buffer (60ug/ml proteinase K, S0mM KCl, 10mM Tris pH 8.3, 2.5mM MgCl, 0.45%

NP-40, 0.45% Tween 20) and heated to 5S50C for 60 minutes followed by 5 minutes at

950C to inactivate the enzyme. 5ul of the DNA containing lysate produced was used
unmodified as the template for the first of two rounds of PCR as described in the previous
two sections. The second-round PCR and restriction enzyme digests were performed as

before.

6.3 RESULTS
6.3.1 Detection of mutations in the G-CSFR in Kostmann’s syndrome

RT-PCR SSCP analysis of the transmembrane and intracytoplasmic domain of the G-
CSFR was performed on mRNA from the peripheral blood or bone marrow of all the
patients with KS. Where PB and BM samples were available from the same patient both
were analysed and all reactions were repeated on two separate occasions. Positive normal
and abnormal control reactions and a single negative control reaction were prepared for each
fragment with each set of reactions. All the samples gave banding patterns identical to those
of the TF-1 wild-type control for all three fragments under all three electrophoretic

conditions.

To confirm the results of the SSCP analysis the product of a G1U/G3D-G2U/G2D nested
PCR was sequenced for each patient. Where RNA from both blood and marrow samples
were available the bone marrow RNA was used. In addition a G1U/G3D PCR product of
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mRNA extracted from the post-transformation bone marrow of patient #7 was cloned and
sequenced using G2U and G2D primers. Direct PCR sequencing of fragment 2 in patients
#3-#11 plus sequencing from seven cloned PCR products in patient #7 was consistent with
the reported wild-type cDNA sequence. Sequencing from patients #1 and #2 revealed the
presence of a C->T substitution in a minor percentage of the mRNA. In patient #1 the
mutation occurred at nucleotide 2390 resulting in the conversion of a glutamine residue
(CAA) to a premature stop codon (TAA) at amino acid 718. In patient #2 the same base
substitution occurred at nucleotide 2384 and also results in the conversion of a glutamine
residue (CAG) to a stop codon (TAG) at amino acid 716. In both the mutated allele
appeared to represent no more than 5-10% of the total message [Fig 14]. Sequencing of

abnormal products was repeated on two separate occasions.

6.3.2 Confirmation of mutations in the G-CSFR in Kostmann’s syndrome

Patient #1: The C->T base substitution at nucleotide 2390 results in the loss of an Xcm 1
restriction enzyme cutting site but does not itself create any new cutting sites. Digests
performed with Xcm I were incomplete and could not distinguish between partially digested
products and products remaining undigested because of the loss of a cutting site. Novel
cutting sites can however be created by deliberately introducing a second mutation which in
combination with the mutation to be detected will complete the recognition sequence for a
restriction enzyme. The second mutation is introduced into the sequence using a PCR
primer mismatched at a single nucleotide. In this case the use of the Gm primer introduces a
C->G substitution at position 2387 which in the presence of the C->T substitution at
position 2390 will create a novel Stu I cutting site at position 2387. Digestion of the 375bp
product of a Gm/G3D PCR gave the expected wild-type fragments of 375bp (incomplete
digestion) and 355bp together with the predicted 333bp product produced by the presence
of the double mutation [Fig 15]. The 20bp and 22bp fragments from the wild-type digest
and the primer mismatch+mutation digest respectively could not be demonstrated because
of their small size and rapid mobility. This mutation could be detected in both the patients
circulating neutrophils and bone marrow granulopoietic cells. The same enzyme digest

performed on samples from patients #2-#11 confirmed the presence of wild-type sequence.
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Patient #2: The C->T substitution at nucleotide 2384 creates a new Rma I cutting site at
position 2383, also recognised by its commercially available isoschizomer Mae I. Digestion
of a 512bp product of a G2U/G3D PCR gave the expected wild-type fragments of 449bp
and 50bp together with two additional fragments of 294bp and 155bp in size predicted in
the presence of the mutation [Fig 16]. The expected 13bp wild-type fragment again could
not be demonstrated because of its small size and rapid mobility. Again the mutation was
detectable in the mRNA from both mature neutrophils and bone marrow derived
granulopoietic cells. Patient #1 and patients #3-#11 were also screened for the presence of

this mutation by performing an Mae I digest and all gave fragments consistent with wild-
type sequence.

Patients #1-#11: Enzyme digests were performed on cDNA from all patients to exclude
the presence of two further point mutations undetected by either the SSCP analysis or
sequencing. A C->T substution at position 2396 creates a second novel Mae I cutting site.
Digests from all patients gave the expected wild-type fragments except for patient #2 where
the fragments were consistent with the mutation at position 2384 as descibed in the
previous paragraph. A fourth C->T substitution at position 2429 does not create any new
cutting sites but does remove a Pvu II cutting site. Digests on all patient samples showed
complete digestion of the total product into the predicted wild-type fragments with no

residual uncut cDNA to suggest the presence of the mutation.
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