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INTRODUCTION



1.1 Hematapoiesis

Blood cell formation or hematopoiesis takes place mainly in the bone marrow. A small
population of self-renewing pluripotent stem cells, residing in the bone marrow, generate
progenitor cells which are committed irreversibly to various hematopoietic lineages. These
committed progenitor cells can undergo proliferation, differentiation and terminal maturation
to give rise to mature blood cells that include granulocytes, erythrocytes, macrophages,
platelets and lymphocytes (Figure 1). Most mature blood cells have only a linited life-span
and have to be replenished constantly throughout life to maintain them in proper numbers in
the circulation. In an adult of 70 kg weight the steady-state turnover of blood cells per day
is estimated to be around 1 x 10" cells, including 7 x 10" neutrophitic granulocytes (1),
Under stress conditions, such as infections and bleeding, production of blood cells of specific
lineages can be enhanced substantiaily. This remarkable cell renewal process is possible
because there exists considerable amplification in the hematopoietic system: a single stem cell
is capable of producing more than £0° mature blood cells following multiple divisions (2,3).
With progressive differentiation, hematopoietic cells gradually lose the capacity for
proliferation.,

IL-2AL-4AL-THL- 101 2L 16

T lymphocyte

IL-2/|L-42ILA V1L -
A0l T2 o 8 lymphocyte

IL-3/GM-CSF

basaphi}

neutrophil

\L{@‘lﬁf—w
.f bompg.  CFU-G

My
2NE M-CSF/L-
6%_(), CFU- GM\W G_MCU“STB"" % macrophage

CFU-M

L GIGM CEFily, {L-H/GM-CSFIL-5 ; ;
@ l Ui aosinophlil

CFU-GEMM &/ C.S‘p,:,( CFU-Eo
\:*/%
Y @

|L§$E§?LB . EPO g &2 erythrocyte
- CFU-E

IL-3/GM-CSFAL-6/L-1 1700 D— % Plaielel
“=- megakaryocyte

CFU-meg

Figure 1. Schematic representation of hematopoiesis, Blood cells of different lineages arise
from bone marrow pluripotent stem cells. Hematopoietic progenitor cells at distinct stages
of development can be identified by /n vitro colony culture assays. CFU, colony-forming
unit; BFU, burst-forming unit; GEMM, granulocyte-erythroid-monocyte-megakaryocyts;
GM, granulocyte-monocyts; E, erythroid; G, granulocyte; M, monocyte; baso, basephil; Eo,
eosinophil; Meg, megakaryocyte. Some of the major hematopoietic growth factors {see
text below) involved in the regulation of hematopoiesis are also indicated.
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Hematopoiesis represents one of the most compiex processes for which strict reguiatory
mechanisms are required. Regulation of hematopoiesis is accomplished essentially by two
interacting mechanisms (2,4). Stromal cells in the bone marrow control some aspects of
hematopoiesis via direct cell-to-cell contact. In combination with extracellular matrix and a
microvascular network, stromal cells also provide a suitable microenvironment for the growth
and development of hematopoietic cells, A second regulatory mechanism comprises a
network of humoral factors, collectively called hematopoietins or hematopoietic growth
factors (HGFs), These factors, which can act locally or circulate in the blood, play a pivotat
role in maintaining the homeostasis of hematopoiesis.

1.2 Hematopoietic growth factors (HGFs)

HGFs are glycoprotein hormones involved in the regulation of hematopoiesis. The major
cellular sources of HGFs include lymphocytes, monocytes and macrophages, endothelial
cells, fibroblasts and stromal cells. Erythropotetin (EPO) is synthesized mainly in the kidney
(2). The levels of production of HGFs are normally fow, but can be enhanced considerably
in response (o extracellular stimuli (4). Most HGFs, if not all, are multifunctional and they
promote the proliferation, ditferentiation and survival of hematopoietic cells. In addition,
HGFs may activate the functions of mature blood cells. Some HGFs, such as transforming
growth factor B8 (TGFB) amd macrophage inflammatory protein o (MIP-a), function
primarily as negative regulators and inhibit the proliferation of hematopoietic progenitor cells
(3,5). Others, like interleukin- (IL-) 4 and tumor necrosis factor (TNF), may exert both
positive and negative effects on the proliferation of hematopoietic cells, depending on the cell
lineages and developmental stages (3,6,7).

According to the developmental stages of target cells, HGFs can be grouped into two
categories, i.e., the early-acting lineage-nonspecific factors and the late-acting lineage-
specific factors (1,2). The first group includes, e.g., IL-1, 1L-3, IL-4, IL-6, granulocyte-
macrophage colony-stimulating factor (GM-CSF), kit ligand (KL, also referred to as stem
cell factor), IL-11 and IL-12. For instance, IL-3 has been shown to stimulate the growth of
early multipotential progenitor cells that can develop into neutrophils, macrophages,
eosinophils, basophils, erythrocytes and megakaryocytes {8), Nevertheless, IL-3 does not
appear to support the terminal stages of hematopoiesis as I1.-3 responsiveness of
hematopoietic progenitor cells declines with differentiation and terminal maturation (9, 10).
In contrast, late-acting HGFs, such as EPO, macrophage colony-stimulating factor (M-CSF),
granulocyte colony-stimulating factor (G-CSF), IL-5 and thrombopoietin (TPO)(11-13),
predominantly affect late stages of hematopoiesis. Most late-acting HGFs are lineage-specific,
e.g., EPO regulates erythropoiesis while M-CSF controls the production of macrophages.
Late-acting HGFs not only stimulate the proliferation, but also induce the terminal maturation
of hematopoietic cells of particular lineages. Such classification, however, is not absolute.
For instance, G-CSF also acts on early multipotential progenitor cells {14-16), whereas 1L.-6
supports the terminal development of certain myeloid cells (17,18).

The genes and complementary DNAs (cDNAs) of most HGFEs have been cloned. Studies
with recombinant HGFs have established that pleiotropy and apparent redundancy are two
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prominent features of HGFs (19,20). Many HGFs, in particular those ihat act at early stages
of hematopoiesis, display overlapping biological activities on a variety of cell types.
Conversely, different HGFs can act on the same cell type and mediate similar effects. A third
important feature of HGF activities is the functional interplay between these factors (2,4).
Two or more factors can interact synergistically or antagonistically in inducing a certain
cellular response. Moreover, the production of HGFs in one cell type can be modulated by
the actions of other HGFs on that cetl type (4).

Some HGFs, such as M-CSF, KL, TNF, IL-1 and FLT3/FLK2 ligand, exist in both
secreted and membrane-bound formis (21-27), The physiological role of membrane-bound
HGFs in hematopoiesis is unclear. However, it has been suggested that membrane-bound
HGFs may exert regulatory effects via direct cell-to-cell contact,

1.3 Regulation of granulopoiesis hy G-CSF and ofher HGI's

Neutrophilic granulocytes are essential components of the host defense system against
infections. Like all blood cells, mature granulocytes arise from bone marrow stem cells, In
steady state, the majority of stem cells are dormant (1) and only a few of them are activated
to produce pluripotent progenitor cells (CFU-GEMM). These early progenitor cells in turn
may generate cells increasingly committed to the granulocytic lineage (Figure 1). After a
process involving proliferation and maturation, committed granwlocytic progenitor cells
eventually develop into terminally mafure granulocytes,

A number of HGFs, including IL-3, GM-CSF, KL, IL-6 and G-CSF, have been shown
to be positive regulators of granulopoiesis and act at different stages of myeloid cell
development (4,28). IL-3 and GM-CSF support the proliferation of early myeloid progenitor
cells and, to a limited extent, induce the differentiation of these celis (8,29-31). The
stimulatory actions of IL-3 and GM-CSF in granulopoiesis have also been demonstrated in
vivo in both animal models and humans. In addition, GM-CSF modulates the function of
mature granulocytes. KL also acts on early progenitor cells, but it appears to function
primarily as a synergistic molecule and alone it only induces a modest effect (32-35), Like
KL, IL-6 generally synergizes with other HGFs in inducing a proliferative response, but
some studies indicate that IL-6 alone is able to promote the growth and matoration of
granilocytic progenitor cells, at least in mice (17,18).

G-CSF is unique among the above-mentioned regulators of granulopoiesis in that, apart
from stimulating the proliferation, G-CSF strongly induces the terminal maturation of
granulocytic progenitor cells. Murine and human G-CSFs were originally identified as a
distinct activity that induced the differentiation of a murine myelomonocytic leukemic cell
line WEHI-3B* (36-38). This activity led to its purification from media conditioned by
different cell types and subsequent molecular cloning (39,40), Murine and human G-CSFs
were found to exert complete two-way biological activity on murine and human cells. In
addition to the WEHI-3B* cells, G-CSF was shown to induce the differentiation of three
other murine myeloid cell lines and a human promyelocytic leukemia cell line HL-60 (41-45).

In vitro studies demonstrate that G-CSF supports the proliferation and nentrophilic
differentiation of normal hematopoietic progenitor cells (39,40). The half maximal response
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to G-CSF is seen at a concentration of 3 pM (46). Although G-CSF in virro is a weaker
stimulus for cell proliferation than GM-CSF or IL-3, in vive it elicits a much higher
granulocyte count than does GM-CSF or IL-3 (4). Several observations indicate that G-CSE
is indispensable for normal granulopoiesis in vivo. For instance, dogs infected with human
G-CSF developed neutralizing antibodies against human G-CSF, which cross-inhibited canine
G-CSF. These dogs with anti-G-CSF antibodies developed prolonged neutropenia (47).
Infusion of plasma from a neutropenic dog treated with human G-CSF into a normal dog aiso
produced a neutropenia. Very recently, it was shown that mice lacking G-CSF due to
targeted disruption of the G-CSF gene developed congenital chronic neutropenia (48). G-CSF
production rises markedly during infections (49,50); however, in G-CSF-deficient mice
infection-driven granulopoiesis was severely impaired (48). Collectively, these results indicate
that G-CSF has a key role in the regulation of granulopoiesis both in steady state and vnder
stress conditions,

Like many HGFs, G-CSF also promotes cell survival. When deprived of G-CSF,
hematopoietic progenitor cells not only cease to proliferate, but also extinguish rapidly by
a "seff-destruction” mechanism, known as programmed cell death or apoptosis (see below)
(51,52). The survival of mature neutrophils is also enhanced by G-CSF, notably at
considerable lower concentrations of G-CSF than those required for promoting growth and
differentiation of granulocytic progenitors (53). Finally, G-CSF is able to activate certain
functions of mature neutrophils, e.g., chemotactic activity (54), production of superoxide,
alkaline phosphatase and myeloperoxidase (55-57), and antibody-dependent cell-mediated
cytotoxicity against tumor cells (58).

1.4 Cytokine/hematopoietin receptor superfamily

With the molecular cloning of an increasing number of genes encoding various growth
factor receptors, it has become clear that these receptors can be grouped into several families
on the basis of structural homology (19) (Table 1), These include (i) a superfamily of the
cytokine/hematopoietin receptors (59,60); (ii) & relatively small family of the receptors for
interferons (INFs) e, 8 and v, and IL-10 as well as tissue factor (TF), which appear to be
evolutionarily related to the cytokine/hematopoietin receptors (61-64); (iii) receptors that are
structurally related to the TNF receptors (p55 and p75) with characteristic cysteine-rich
repeats in the extracellular domain, including the nerve growth factor (NGF) receptor, FAS,
CD40, CD27, CD30, 0X40 and 4-1BB (65); (iv) the immunoglobulin-like receptor family,
of which the TL- receptor is a representative (19,60); and (v) receptors that possess intrinsic
tyrosine kinase activities in the cytoplasmic domain, including the receptors for M-CSF, KL,
FLT3/FLK2, insulin-like growth factor (IGF), epidermal growth factor (EGF), platelet-
derived growth factor (PDGF), fibroblast growth factor (FGF) and insutin (INS) {66). Some
receptors, such as c-kit and M-CSF-R, possess features on which basis they can be classified
into two different families (Table 1).

The receptors for most HGFs are members of the cytokine/hematopoietin receptor
superfamily (59,60}, including the receptors for IL-2 to IL-7 (67-72), 11.-9 (73), IL-11 (74),
GM-CSF (69) and EPO (75), the § chain of leukemia inhibitory factor receptor (LIF-RB)
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(76), the IL-12 p40 subunit (77) and the receptor for TPO, which is encoded by the c-mp!
gene {78). This family also includes three receptors whose ligands are not HGFs, i.e., the
receptors for growth hormone (GH) (79), prolactin (PRL) (80) and ciliary neurotrophic factor
(CNTF) (81). The hematopoietin receptors are anchored on the cell membrane through a
single transmembrane domain with the N-termini oriented extracellularly. Characteristic
structural features of this family are the presence of four highly conserved cysteine residues
and a five-residue motif of Trp-Ser-X-Trp-Ser (WSXWS), all within an approximately 200
amino acid region in the extracellular domain (59,60). This region is referred to as the
cytokine receptor homology (CRH) region and is crucial for ligand binding. The CRH region
is duplicated in IL-3 receptor B chain, LIF-R$ and c-mpi (60). The significance of these
duplications is unknown. The cytoplasmic domains of hematopoietin receptors are less
conserved and do not appear to contain strict consensus sequences indicative of enzymatic

activities.

Table 1. Some families of growth factor receptors

Family Receptor

Cytokine/hematopoietin - | IL-2-R, IL-3-R, IL-4-R, IL-5-R, IL-6-R, IL-7-R, IL-9-R,

receptors IL-I1-R, GM-CSF-R, EPO-R, LIF-R, G-CSF-R, p40 subunit
of IL-12, ¢-mpl, CNTF-R, GH-R, PRL-R

IEN receptors INF R, INF_ R, INF.-R, IL.-10-R, TF

TNF receptors TNF-RI1 (p55), TNF-R2 (p75), NGF-R, FAS, CD40, CD27,
CD30, 0X40, 4-1BB

Immunoglobulin-like IL-1-R, M-CSF-R, c-kit, FLT3/FLK2, PDGF-Rs, FGF-Rs

receptors

Receptors with intrinsic M-CSF-R, c-kit, FLT3/FLK2, IGF-R, EGF-R, PDGF-Rs,
tyrosine kinase activities | FGF-Rs, INS-R

An important advance in understanding the structures and functions of the hematopoietin
receptors has come from the observations that most of these receptors are multiple-component
or multiple-subunit complexes, and that certain components ave shared by different receptor
systems. For instance, the receptors for IL-3, GM-CSF and IL-5 share the common [ chain
(69), whereas the gpl130 molecule is shared by the receptors for IL-6, LIF, oncostatin
(OSM), CNTF and IL-11 (82-85). The IL-2 receptor complex comprises three subunits, i.e.,
the ¢, B and  chains, The v chain of the IL-2 receptor complex is also the component of
the receptors for IL-4 and I1L-7, and probably IL-13, and therefore is now referred to as -y,
(86-89). Moreover, both the 1L-2 receptor f§ chain and v, chain are part of the receptor
complex of a newly cloned cytokine IL-15 (90). Usually, low affinity receptors consist of
single subunits, which also determine ligand binding specificity, The common components
that associate with the low-affinity subunits are required for converting the low affinity
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receptors to high affinity forms. Additionally, common components act as major signaling
molecules that couple extracetlular ligand binding to the activation of intracellular events of
signal transduction. As discussed above, different HGFs may exert similar effects on certain
cell types. The apparent functional overlap of many HGFs can be explained, at least in part,
by the use of the same signaling molecules in different receptor systems,

1.5 G-CSI Receptor

The receptor for G-CSF (G-CSE-R) is expressed on myeloid progenitor cells and mature
neutrophils, but not on cells of other hematopoietic lineages (91,92). Several non-
hematopoietic cell types, including endothelial cells, placenta, trophoblastic cells and cell
lines derived from small cell lung cancer, have also been reported to express the G-CSF-R
(93-95). The function of the G-CSF-R on nonhematopoietic cells is unknown. The numbers
of the G-CSF-R on granulocytic progenitor cells increase with newtrophilic differentiation and
mature human neutrophils have approximately 500 to 1000 receptors per cell (96,97).
Crosslinking experiments indicate that the murine and human G-CSF-Rs have a molecular
weight of about 130 to 150 kDa (97-99). Norntal human neutrophils express a single class
of high affinity G-CSF binding sites with a dissociation constant (Kd) of 200 to 500 pM.
Because low concentrations of G-CSF are required for half-maximal response, low occupancy
of the G-CSF-R may be sufficient to induce a maximal biologic response. Interestingly, G-
CSF-R preparations purified from murine NFS-60 cells demonstrated two binding activities:
a high affinity binding (Kd 120 to 360 pM) and a low affinity binding (Kd 2.6 to 4.2 nM).
It appeared that the low affinity binding was derived from monomeric G-CSE-R proteins,
while the high affinity binding resulted from the formation of the G-CSF-R homodimers (99).
Because intact NFS-60 cells displayed G-CSF binding sites of high affinity, these results
suggest that the G-CSF-R expressed on intact cells binds G-CSF as homodimeric molecules,

Molecular cloning of the cDNAs encoding the murine and human G-CSF-Rs (100-102)
revealed that murine and human G-CSF-Rs are single transmembrane polypeptides of 812
and 813 amino acids, respectively, and share considerable structural similarities (62.5%
identity at amino acid level). The extracellular domain of the G-CSF-R contains five
subdomains (Figure 2). The CRH region classifies the G-CSF-R as a member of
hematopoietin receptor superfamily. In addition, the G-CSF-R contains an immunoglobin-like
sequence and three repeats of the fibronectin type III module. Notably, while the majority
of the cylokine/hematopoietin receptors form complexes of different receptor subunits
(heteromerization), the high affinity G-CSF-R complexes are believed to be homodimers.
Like other cytokine/hematopoietin receptors, the cytoplasmic domain of the G-CSF-R lacks
kinase activities. Several stretches of amino acids, however, have recently been identified in
the G-CSF-R cytoplasmic domain that show limited sequence homology to other mentbers
of the hematopoietin receptor superfamily {103). Two streiches of sequences, called "box 1"
and "box 2", are situated in the membrane-proximal region of the G-CSF-R (Figure 2). Bpx
| and box 2 are also present in several other hematopoietin receptors (103,104). The
membrane-distal cytoplasmic region of the G-CSF-R contains a third segment, called "box
3", which is shared only with the IL-6 signal transducer gpl30 (71,105), The functions of
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these conserved sequences are still largely unknown, However, it has been observed for
several hematopoietin receptors that the membrane-proximal cytoplasmic region including
box 1 and box 2 is essential for transducing profiferative signals (106-113).

Four different jsoforms of the human G-CSF-R encoded by different cDNAs have been
described (101,102,114}, Anatysis of the structure of the human G-CSF-R gene indicaies that
these isoforms are derived from alternative splicing of RNA transcribed from a single G-
CSF-R gene. These G-CSF-R isoforms are all identical in the extracellular domain, but the
downstream sequences differ (Figure 2). The G-CSF-R protein with a cytoplasmic domain
of 183 amino acids is most homologous to the murine homologue. Two other isoforms have
either an altered carboxy-terminus or an insertion of 27 amino acids in the region between
box 1 and box 2, and both appear to be abundantly expressed in the placenta, OFf particular
interest is the identification of a soluble isoform of the G-CSF-R in a leukemic cell line U937
(101). Whether these G-CSF-R isoforms are also expressed in normal granulocytic cells is
unclear, and nothing is known regarding their possible physiological role in vivo,

lg-lke CRH FNIE  FNill - FNIII TM  Cytoplasmic
wr (X DC X oC @i 11
[eleldl WSXWS box 1 box 2 box 3

pHG11 (X pDC_ X ﬁfll@l} |

pz (X

pHa2 (XTI D (X !\W

Figure 2. Diagram of the human wild-type (WT) G-CSF-R and its isoforms. The extracellular
domain of the G-CSF receptor contains 5 subdomains as indicated. Four conserved
cysteine residues and a WSXWS motif are also indicated. Cytoplasmic regions conserved
in several members of cytokine/hematopoietin receptor superfamily are shown as boxes
1, 2 and 3. Two G-CSF receptor isoforms contain either an insertion of 27 amino acids in
the cytoplasmic domain {pHG11) or an altered carboxy-terminus (D7). Note that the entire
transmembrane domain is deleted in pHQ2. The hatched boxes denote sequences distinct
from the WT G-CSF-R. Ig-like, immunoglobulin-like; CRH, cytokine receptor hemologous;
FNIII, fibronectin type IlI; TM, transmembrane domain.

The human G-CSF-R gene has been mapped to chromosome 1p32-35 (115,116). Analysis
of the gene structure revealed that the human G-CSF-R gene contains 17 exons scattered over
a locus of 16.5 kb and is present as single copy per haploid genome (117). The G-CSF-R
protein is encoded by exons 3-17. Primer extension analysis identified a major and a minor
transcription initiation site. The promoter region contains consensus sequences for binding
of AP-1, AP-2 and GF-1. Approximately 110 nucleotides upstream of the major transcription
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initiation site, there is an element of [8 nucleotides that is homologous to the sequences
found in the promoter regions of human myeloperoxidase, neutrophil elastase genes and the
murine G-CSF-R gene (118). This element may be important for the tissue-specific
expression of these genes in granulocytic cells.

1.6 Mechanisms of G-CSE-R activation and signal transduction

Hematopoietin receptor signaling is initiated through dimerization or oligomerization of
receptor complexes (60,11%). That receptor dimerization is induced by ligand binding has
been convincingly demonstrated in the context of the growth hormone receptor (GH-R), a
member of cytokine/hematopoietin receptor superfamily (120,121). It has been shown that
each GH molecule has two binding sites that can sequentially bind two GH-R molecules and
thereby induce the homodimerization of GH-R chains. Notably, chimeric receptors containing
the extracellular domain of the GH-R and intracellular domain of the G-CSF-R also transduce
GH-dependent signals (122), indicating that the G-CSF-R works as a homodimer as well,
This is consistent with the notion that the G-CSF-R expressed on intact cells binds to G-CSF
as homodimeric molecules (99).

G-CSF stimulation results inn a wide range of biological responses, including the induction
of the expression of early response genes, such as junB, c-fos and the genes for several
acute-phase plasma proteins (123,124}, Little is known as to how G-CSF-triggered signals
are transduced from the G-CSF-R to the cellular nucleus, Recently, activation of protein
tyrosine kinases (PTKs) has been established as a general mechanism of signal transduction
that operates in a large variety of receptor systems (19,119,125-127). Activation of the G-
CSF-R also results in the rapid phosphorylation of multiple intracellular substrates in various
cell systems (128-132). Since the G-CSF-R does nol possess intrinsic cyloplasmic kinase
activities, it thus appears that certain PTKs assoctate with the G-CSF-R, either directly or
indirectly. It has been suggested that ligand-induced dimerization of the extracellular domains
of the hematopoietin receptors results in the association of the cytoplasmic donains, and that
this asscciation may be crucial for creating sites for interaction with intracellular signaling
molecules or PTKs (119,121),

The molecular identities of the proteins phosphorylated upon G-CSF stimulation are
largely unknown. Recently, the JAK (Janus kinase or Just Another Kinase) famity PTKs,
including JAK1, JAK2, TYK?2 and JAK3, have been shown to be tyrosine phosphorylated
and activated upon ligand stimulation of several hematopoietin receptors, including the
receptors for IL-2 to IL-4, 11.-6, IL-7, IL-11, GM-CSF, EPO, LIF, GH and PRL (133-144},
It has been suggested that the activation of JAK family PTKs in turn results in tyrosine
phosphorylation and activation of a family of latent cytoplasmic transcription factors, called
STAT (Signal Transduction and Activation of Transcription) proteins (Figure 3) (i45, {46).
Following their activation, these STAT proteins are assembled into complexes, which then
translocate to the nucleus and regulate transcription (147), Because the cytoplasmic domain
of the G-CSF-R shares certain structural homology with those hematopoietin receptors
capable of mediating the activation of JAK family members, it appears likely that the JAK
family PTKs have a role in the signaling cascades of the G-CSE-R as well,
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Figure 3. A model for two major signaling pathways of hernatopoietin receptors. HGF
binding results in receptor dimerization and activation of JAK tyrosine kinases. JAKs may
directly activate STAT family transcription factors, which subsequently translocate to the
nucleus and regulate gene expression. SH2-adaptor protein Shc may bind to activated
receptors and is tyrosine-phosphorylated. Phosphorylated She interacts via its SH2 domain
with Grb2, which in turn binds to Sos. The Grb2-Sos complex then modulates Ras, leading
to activation of the serine/threonine/tyrosine phosphorylation cascade and ultimately
induction of transcription. TF, transcription factor.

Menmbers of the Ras family, t.e., p2l™ protein, have also been implicated in
hematopoietin receptor signal transduction. Activation of p21™ is achieved by converting this
molecule from the GDP-bound form to the GTP-bound form, a process that involves
interactions with guanine nucleotide exchanger Sos, Src homology 2 (SH2)-adaptor She, and
the Grb2 molecule (Figure 3) (148), The active p21™GTP triggers activation of a cascade
of downstream protein kinases that include the serine/threonine kinase Raf, tyrosine/threonine
kinase MAP (Mitogen Activated Protein) kinase kinase and the serine/threonine kinase MAP
kinase, which may eventually lead to activation of gene expression. A number of HGFs
including 11.-2, IL-3, GM-CSF, KL, M-CSF and EPO have been shown to activate the Ras
stgnaling pathway (149-153), Recently, rapid activation of p21™ and MAP kinase has also
been observed following G-CSF stimulation of murine and human hematopoietic cells (154).
Notably, signaling through p21** appeared to be correlated with the G-CSF-induced
proliferative response, but not with neutrophilic differentiation,

Finally, activation of the G-CSF-R may trigger other signaling activities, such as
activation of Na*/H* exchange (155) and induction of arachidonic acid release from cell
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membrane of mature neutrophils, which indicates an early activation of a phospholipase
{156). The physiological significance of these observations is unknown.

1.7 Neutropenia

Neutropenia is defined as an absolute neutrophil count (ANC) of 1.5 x 10%1, or less in
the peripheral blood (157). Neutropenia may present as a selective hematocytopenia or as a
manifestation of a general pancytopenia. Patients with neutropenia are predisposed to
infections, the risk and severity of which directly correlate with the severity and duration of
newtropenia. When the ANC falls below 0.2 x 10¥L, the risk of infection becomes very
sertous and infection can become life-threatening.

Neutropenia develops as a result of impaired production or increased destruction of
neutrophils, or both, Broadly, neutropenia can be grouped into acquired and congenital forms
{157). The causes of acquired neutropenia include viral infections (hepatitis, infectious
mononucleosis), bacterial infections (tuberculosis, typhoid), autoimmune diseases {systematic
lupus erythematosus, rheumatoid arthritis), splenomegaly, tumor infiltration of bone marrow,
bone marrow suppression following irradiation or chemotherapy, side effects of drugs, and
nutritional deficiencies. Cases in which the causes of neutropenia cannot be identified are
referred to as idiopathic neutropenia.

Congenital neutropenia comprises a group of rare but important pediaric diseases (158).
Children with congenital neutropenia usually present in infancy or early childhood with fever,
infections, and severely reduced ANC. Considerable heterogeneity exists among different
cases in terms of clinical presentation, family history, disease progression, and response to
therapy. Clinical management of patients with congenital neutropentas remains a challenge
as no effective therapeutic interventions have been established that can lead to a cure of these
diseases, except for bone marrow transplantation in a few cases and the recent use of G-CSF,

Severe congenital neutropenia (SCN or Kostmann’s syndrome) was first described in 1956
as an autosomal recessive disorder in several Swedish families (159), Subsequently, a Bumber
of cases were reported in the literature. A family history was not evident in the majority of
these cases (160). The most distinctive features of SCN are the occurrence of severe
neutropenia in early infancy and a normal marrow cellularity with few myeloid progenitor
cells beyond the promyelocyte/myelocyte stage. The onset is marked by the development of
frequent episcdes of fever, skin infection, pnewmonia, other bacterial infections and diarrhea.
The peripheral blood ANC is extremely low (below 0.2 x 10”L), accompanied sometimes
by increased eosinophils and monocytes. The other hematopoietic lineages are generally
unaffected. In many cases severe neutropenia resuits in fatal infections. With improved
medical care and frequent antibiotic intervention as well as the recent introduction of G-CSF
treatment, survival beyond a few years is now possible, with some patients nowadays
reaching adolescence. Unforfunately, upon prolonged survival a few cases of SCN have been
reported to develop acute myeloid leukemia (AML) (158,161-163).

It has become evident that SCN is not a uniform entity, but most likely represents a group
of heterogencous disorders with similar clinical manifestations. A definitive description of
distinet subtypes, however, is not yet possible because the molecular and ceflular mechanisms
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of SCN are unknown. In general, no quantitative or qualitative abnormalities in G-CSF
production have been observed (164,165). Sera from SCN patients do not appear to contain
inhibitory factors or autoantibodies against either G-CSF or granulocytic progenitor cells
(166). Although several in vitro studies indicate reduced G-CSF respensiveness of bone
marrow cells from some patients (167,168), normal-to-increased numbers of the G-CSF-R
are detected on neutrophils from SCN patients with normal ligand binding affinity (169).
Recently, G-CSF has been widely utilized in the treatment of SCN, and overall favorable
responses have been observed (170,171). In contrast, GM-CSF therapy of SCN has not
proven successful (172), In view of the increasing comprehension that GM-CSF-induced
neutrophilic differentiation requires the action of G-CSF, the differential responses to G-CSF
and GM-CSF would indicate specific defects in the G-CSF signaling pathways, inasmuch as
the underlying mechanistns of SCN are heterogeneous, these defects could lie in the
cytoplasmic domain of the G-CSF-R or further downstream along the signaling cascades.

1.8 Acute Ieukemniga

Acute leukemia is characterized by an uncontrolled expansion of hematopoietic cells that
are arrested at early stages of development. This expansion resuits in the accumulation of
innature nonfunctional leukemic cells in the blood, bone marrow and other tissues,
eventually leading to the suppression of normal hematopoiesis. Consequently, patients
develop related clinical symptoms and signs such as infections, bleeding and anemia as well
as leukemic infiltration of various tssues.

It is now widely accepted that leukemogenesis is a multistep process (173,174). Leukemic
cells arise from clonal evolution and expansion of single hematopoietic progenitor cells. 'The
leukemia-initiating cefls may initially harbour a single genetic lesion resulting in slight
differences in developmental behaviour from its normal counterpart. With the acquisition of
additional genetic lesions, the normal program of development in the preleukemic cells
becomes increasingly disturbed, which may ultimately lead to full leukemic transformation.
Genetic lesions that coatribute to leukemogenesis act via two general mechanisms: (i)
activation of genes (referred to as oncogenes) whose protein products induce malignant
phenotypes, and (ii) inactivation of genes {so-called tumor suppressor genes) whose proteins
inhibit leukemic transformation (175). Proteins encoded by these genes are normally involved
in the regulation of cell proliferation, differentiation and survival as well as cell cycle
progression, On the basis of their roles in signal transduction, these proteins fall into four
classes: growth factor, growlh factor receptor, cytoplasmic signal iransducer and transcription
factor (176). Protein products from different groups usually act in collaboration to
accomplish an oncogenic transformation,

Leukemic cells apparently escape from the normal regulatory mechanisms of control of
cell profiferation, maturation and survival by HGFs. In vitro studies have revealed that
leukemic cells may exhibit variable degrees of spontantecus protiferative activity (177). This
factor-independent proliferation is associated in cerfain cases with the production of HGFs
by feukemic cells, teading to autocrine growth stimulation (177-179). In other cases it may
result from the constitutive activation of proliferative signaling molecules, thereby abolishing
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the requirement for activation by HGFs (173,174,176,180-182). Nonetheless, only in a
minority of cases of leukemia does atonomous proliferation lead to a complete growth factor
independence, By and large leukemic cells remain responsive to and dependent on HGFs for
proliferation. For instance, IL-3, GM-CSF, G-CSF and M-CSF each can stimulate the
proliferation of leukemic cells in 50 to 80% of cases of AML (177). Similar to their effects
on normal hematopoietic cells, the various combinations of these HGFs significantly enhance
the proliferation of AML cells. However, unlike normal hematopoietic progenitor cells which
undergo proliferation and differentiation in response to HGFs, leukemic cells generally show
little or no maturation when stimviated with HGFs including G-CSF (177,179). In the
majority of AML cases, G-CSF fails to induce significant granulocytic maturation (183-185).
Because cell maturation is & process associated with the loss of the proliferative potential, it
is conceivable that maturation arrest represents one of the mechanisms whereby leukemic
cells bypass the checkpoint of HGF regulation.

Like proliferation and maturation, cell survival is a strictly regulated process. Cells may
be actively induced to die under certain conditions, e.g., if they have been produced in
excess or because they are harmful, or of no use, to the body (186-188). Active induction
of cell death, a process called gpoptosis or programmed cell death, is characterized by
premature chromatin condensation, cell shrinkage and degradation of nuclear DNA into
fragments consisting of multimers of 200 bp. This process is distinct from cell swelling and
disruption of plasma membranes seen in necrosis, In addition to abnormalities involving cell
proliferation and maturation, uncontrolled survival may also play a role in leukemogenesis
and may contribute as much to the clonal expansion of leukemic cells as does proliferation.
Apoplosis is an active process that is dependent on the activities of specific- gene products
(189,190), A number of gene products have been identified as being implicated in the
regulation of apoptosis. For instance, Bel-2 and Bel-x, have been shown to inhibit apoptotic
process (191-193), whereas p53, Bax, Bel-x,, ICE, and IRF-1 may promote this process
(193-197). Notably, overexpression of Bel-2 or inactivation of p53, either of which
conceivably may lead to the prolonged cell survival, has been seen in certain cases of
hematologic malignancies (198-200). The primary actions of chimeric proteins BCR-ABL and
PML-RAR are generally thought to promote cell proliferation and to block cell maturation,
respectively; however, recent studies indicate that the two oncoproteins are also capable of
suppressing apoptosis (201,202). It appears that deregulation of cell survival represents a
general mechanism of leukemogenesis.

Introduction to the experimental work

Signals transduced by the G-CSF-R regulate the proliferation, maturation and survival of
myeloid progenitor cells. How these signals are mediated by the G-CSF-R is still poorly
understood. It is unknown, for instance, whether the G-CSE-R contains distinct non-
overlapping regions in the cytoplasmic domains that are coupled to the different biological
effects. A clear insight into the structure/function features of the G-CSF-R not only is
important for understanding the signaling mechanism, but may also be useful for clarifying
the pathogenesis of certain diseases characterized by defective granutopoiesis, such as
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neutropenia and leukemia, Experiments performed in Chapter 2 are aimed at characterizing
the functional subdomains in the G-CSF-R cytoptasmic domain, Different G-CSF-R forms
with altered or progressively deleted cytoplasmic domains were expressed in several murine
hematopoietic cell lines and the proliferation and maturation properties of these transfected
cells were examined. In Chapter 3 it is shown that the G-CSF-R is capable of mediating
apoptosis signals under certain conditions. The cytoplasmic region responsible for death
signaling activity is further defined. The possibility that abnormal G-CSF-R structures may
have a role in the etiology of SCN is investigated in Chapter 4. Using single strand
conformation polymorphism (SSCP) analysis followed by nucleotide sequencing, the G-CSF-
R genes of 6 patients with SCN were analyzed. The presence of an abnormal G-CSF-R gene
in different tissues and the in vitro colony-forming abilities of bone marrow cells in response
to different HGFs were further investigated in one SCN patient, Because patients with SCN
show an increased risk of developing AML, the potential role of defective G-CSF-R
structures in the progression to leukemia was examined in two SCN patients who had
developed AML (Chapter 5). Chapter 6 describes the molecular cloning of a novel G-CSF-R
splice variant from granulocytes and the functional characterization of the novel variant. The
expression of this G-CSF-R splice variant in leukemic cells was also investigated in a series
of patients with AML. In addition, part of the work in Chapter 6 addresses the possible
involvement of JAK2 kinase in G-CSF signaling pathways and defines the cytoplasmic region
of the G-CSF-R participating in the interaction with JAK2,
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Abstract

The granulocyte colony-stimulating factor receptor (G-CSF-R) transduces signals
important for the proliferation and differentiation of myeloid progenitor cells. To identify
functionally important regions in the cytoplasmic domain of the G-CSF-R, we compared the
actions of the wild-type receptor, two deletion mutants and a natural splice variant in
transfectants of the mouse pro-B cell line BAF3 and two myeloid cell lines, 32D and L-GM,
A region of 55 amino acids adjacent to the transmembrane domain was found to be sufficient
for generating growth signals, The immediate downstream sequence of 30 amino acids
substantially enhanced the growth signaling in the three cell lines. In contrast, the carboxy-
terminal part of 98 amino acids strongly inhibited the growth signaling in the two myeloid
cell lines but not in BAF3 cells. Truncation of this region led to an inability of the G-CSF-R
to transduce maturation signals in L-GM cells. An alternative carboxy tail present in a splice
variant of the G-CSF-R also inhibited growth signaling, notably in both the myeloid cells and
BAF3 cells, but appeared not invelved in maturation induction.

Introduction

The formation of blood cells in the bone marrow is controlled by a regulatory network
of hematopoietic growth factors ([,2). One of these factors, granuiocyte colony-stimuiating
factor (G-CSF) secreted by macrophages, fibroblasts and endothelial cells, plays an essential
role in the regulation of granulopoiesis and the maintenance of neutrophil levels in the
peripheral blood (3-5). For instance, G-CSF not only is able to stimulate the proliferation of
neutrophitic progenitor cells but also induces maturation of these progenitor cells towards
neutrophilic granulocytes.

The murine and human G-CSF-Rs consist of a single polypeptide with a molecular weight
of 130 to 150 kDa (6,7). The high affinity interaction between G-CSF and its receptor and
subsequent activation of receptor signaling require the formation of homodimeric or
oligomeric receptor complexes (6). The molecular cloning of the cDNAs encoding the murine
and human G-CSF-Rs revealed that the murine and human G-CSE-Rs contain 812 and 813
amino acids, respectively, with a single transmembrane domain (8-10). The structure of the
G-CSF-R shows significant homology to that of the IL-6 sigral transducer gp130 (11,12).
Expression of the G-CSF-R cDNAs in murine hematopoietic cells leads to formation of high-
affinity G-CSF binding sites on the cell surface and renders these cells responsive to G-CSF
(13,14). At least four different forms of the human G-CSF-R, resulting from alternative
splicing of G-CSF receptor mRNA, have been cloned from human placenta and myeloid
leukemia (1J937) cells (9,10).

On the basis of structural similarities, the G-CSF-R has been classified as a member of
the superfamily of cytokine receptors (15,16). The homolegous structures shared by the
members of the family consist of four conserved cysteine residues and a WSXWS motif in
the extracellular region. The cytoplasmic domain of the family is less conserved, but certain
sequence similarities have been reported among the receptors for IL-3 to IL-7, G-CSF, GM-
CSF, EPO and the B chains of the T1-2 and TL-3 receptors {13,17). Several studies have
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delineated functionally important regions in the cytoplasmic domain, For instance, a
membrane-proximal region of the EPO-R, IL-6 signal transducer gp130, and the B chains of
IL-2 and IL-3 receptors is essential for transmitting growth signals (17-20). In agreement
with these findings, it has been shown that the membrane-proximal region of the G-CSF-R
is indispensable for growth signal transduction (13,21). The cytoplasmic tait of the EPO-R
has been shown to down-modulate the mitogenic response to EPO (18,22). In contrast, the
distal cytoplasmic domain of the G-CSF-R has been reported to enhance growth signaling
(13).

In this paper, we describe the identification of two cytoplasmic regions of the wild-type
(WT) G-CSF-R, located distal to the box 1- and box 2-containing region, one that positively
and one that negatively regulates the mitogenic response to G-CSF. We provide evidence
showing that a distinct carboxy terminus present in a G-CSFE-R splice variant also inhibits
growth signaling. Further, we show that the negative regulatory region of the WT G-CSEF-R
but not of the splice variant is essential for G-CSF-induced neutrophilic maturation. These
findings establish that distinct regions of the cytoplasmic domain of the G-CSE-R have a
determinative role in G-CSF-induced proliferation and maturation of myelotd progenitor
cells.

Materials and methods

Cell lines and culture. The murine pro-B cell line BAF3 (23} was kindly provided by G.
Plaetinck (Roche Research Gent, Belgium) and maintained in RPMI 1640 medium
supplemented with 10% fetal calf serum (FCS) and 10 ng of murine IL-3 per ml. Murine
myeloid cell lines 32D (24) and L-GM (25) were provided by J. 8. Greenberger (University
of Massachusetis) and T, Honjo (Kyoto University Faculty of Medicine, Japan). 32D and -
GM cells were maintained in RPMI 1640 medium supplemented with 10% FCS and 10%
WEHI-3RB cell conditioned medium (WEHI-CM) as a source of murine IL-3.

G-CSF-R expression constructs. For the construction of pLNCX-WT, the WT human
G-CSF-R ¢cDNA (10) (pHQ3, kindly provided by S. Nagata and R, Fukunaga) was excised
from the pBluescript vector and inserted into the Hpal site of the retroviral expression vector
pLLNCX (26). For the construction of pLNCX-DC, reverse transcriptase-polymerase chain
reaction (RT-PCR) was performed on total RNA isolated fromy normal granulocytes by using
forward primers 5 TGTGATCATCGTGACTCCCTTY (FW3) and reverse primer
S'CAAGATCTAGTTTACAATACTGAAGY (RV7), and an 864-bp PCR fragment was
subcloned into the pBluescript vector. A 248-bp stretch of the fragment was then cut out with
Bs#FI and Clal and, together with the HindIlI-BsrFI fragment obtained from pLNCX-WT,
was inserted into Hindill-Clal-cteaved pLNCX vector by triple ligation. Mutant DA was
isolated from granulocytes of a patient with congenital neutropenia by RT-PCR using the
same set of primers. The construction of the full length DA nmutant is essentially same as that
described for the DC receptor. Mutant M1 was generated by PCR by introducing a
termination codon at amino acid position 686 of the WT G-CSF-R. The PCR fragment was
first ligated to the Hincll site of the pBluescript vector and then excised from the plasmid by
Hindlll and Xhol digestion, blunt ended, and inserted into the Hpal site of pLNCX.
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Figure 1. Schematic diagram of the G-CSF receptor cDNAs. Boxes 1, 2 and 3 denote
subdomains conserved in some members of the cytokine receptor superfamily. The
hatched box indicates distinet cytoplasmic tail of the DC receptor from the carresponding
region of the wild-type recepter {see text}. Lines indicate noncoding regions. The numbers
in parentheses mark amino acld positions. WT, wild type; TM, transmembrane domain,

DNA transfection, The pLNCX expression constructs were linearized by Pvul digestion
and transfected into BAF3, 32D and 1.-GM cells by electroporation, Following gene transfer,
cells were cultured in IL-3-containing medium for 48 h and then selected in G418 (Gibco-
BRL, Breda, The Netherlands) at concentrations of 1.5 (BAF3) or 0.8 (32D and L-GM)
mg/ml, G418-resistant clones were expanded and tested for their capacities to specificaily
bind radiolabeled G-CSF. RT-PCR using primer sets FW3-RV6 (S’GTAGATCTTAGTCATG
GGCTTATGG3"), FW3-RV7, and FW3-RV3 (8’ TCTCAGGGCACCGGCTTCTTTT3®) was
performed on the transfectants to test for possible incomplete transfer of sequence encoding
the cytoplasmic domains.

G-CSF binding assay. Recombinant human G-CSF (Amgen, Thousand Oaks, CA) was
radioiodinated using the method of Bolton and Hunter (27). G-CSF binding characteristics
were determined as previous described (28). In brief, cells (10°) were incubated with serial
dilutions of radiolabeled G-CSF ranging from 20 pM to 5 nM at 37°C for 1 h. Incubations
in the presence of excess nonlabeled G-CSF were also performed to correct for nonspecific
binding. Bound ligand was separated from free ligand by centrifugation (5 min at 1,000 x
&) through an jce-cold FCS layer. Receptor numbers and binding affinity were calculated as
described (28). -

DNA synthesis and cell proliferation assays. DNA synthesis was assayed by [*H]-
thymidine (*H-TdR) uptake. Cells (10"} were incubated in triplicate in 100 uf of 10% FCS-
RPMI medium supplemented with titrated concentrations of G-CSF or WEHI-CM (20%) in
96-well plates for 24 h. Twelve hours before cell harvest, 1 xCi of *H-TdR (2 Ci/mM;
Amersham, UK) was added 1o each well, *H-TdR incorporation was measured by liquid
scintillation counting as described previously {29).
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Table 1. Binding properties of the G-CSF receptors on cell line transfectants®

Cell type Number of Kd (nM)
sites/cell

BAF/WT 3,030 2.04
BAF/DC 1,500 0.67
BAF/DA 2,560 0.28
BAF/M1 31,410 0.60
2D/IWT 1,640 1.86
312D/DC 750 0.68
32D/DA 2,630 0.53
32D/M1 +b ND*
L-GM/WT + ND
L-GM/DC + ND
L-GM/DA + ND
L-GM/MI1 1290 1.84

* parental BAF3, 32D and L-GM cells did not show specific G-CSF binding,

¢ specific binding detectable but too low for an accurate calculation of receptor numbers and
affinities.

“ ND, not determined.

To quantify cell proliferation in suspension culture, cells were incubated in 25-ml culture
flasks at an initial density of 0.5 x 10°%ml (5 ml of culture) in medium supplemented with
recombinant human G-CSF at the indicated concentrations or without growth factors. Culture
medium was refreshed every 2 to 4 days, and the cell densities were adjusted to
approximately 0.5-1 x 10%ml. Viable cells were counted on the basis of trypan blue
exclusion.

Results

Properties of the G-CSF-R variant and mutants, The structures of the different forms
of the human G-CSF-R relevant to this study are summarized in Figure 1. DC represents an
RT-PCR product obtained from normal granulocytes that is weakly expressed it comparison
with the WT G-CSF-R (data not shown). Nucleotide sequencing revealed that DC is identical
to previousty described splice variant D7 (9), derived from placenta, From amino acid 727,
DC is translated in an alered reading frame and contains 34 carboxy-terminal amino acids
distinct from the WT G-CSF-R. DA contains a C-to-T substitution at nucleotide position
2384 that introduces a TAG stop codon resulting in truncation of 98 carboxy-terminal amino
acids. M1 contains only 55 amino acids in the cytoplasmic domain that includes the two
subdomains called box 1 and box 2 (13,17), with 3 additional amino acids downstream. The
different forms of the G-CSF-R were introduced into the murine cell lines BAF3, 32D, and
L-GM by electroporation. RT-PCR products derived from the transtectants by using primers
that amplify the entire cytoplasmic domains all had the predicted sizes, indicating that no
deletions in these regions had occurred during transfection and selection (data not shown).
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Table 2. Mitogenic responses of cell line transfectants in *H-TdR uptake assay after 48 h of
culture

Transfectants dpm (mean £+ SD) with:
no factor G-CSF (10 ng/mlb) 1L-3 (20% WEHI-CM)

BAF/Neo 33+ 6 52 £ 20 46,298 4 463
BAF/WT 35 + 14 17,845 + 393 36,833 + 1,289
BAF/DA 45 + 6 16,390 £+ 344 41,772 + 1,128
BAF/DC 20 + 4 5,485 + 527 19,673 + 156
BAF/M1 17+ 5 7,190 4 360 31,021 + 434
32D/Neo 33 +£13 29 + 20 24,452 + 196
32D/WT 53 4+ 21 954 + 134 19,780 £ 692
32D/DA 76 + 47 22,606 + 633 18,312 + 549
32D/DC 38 + 7 1,256 £ 72 14,765 + 221
2D/M1 149 + 52 1,309 + 94 27,554 + 1,350
L-GM/Neo 40 + 13 o+ 8 2,968 + 297
L-GM/WT 29 &+ 7 383 + 61 3,183 £ 207
L-GM/DA 43 + 5 5,317 4393 3,293 £ 59
L-GM/DC 22 £ 5 441 + 46 1,566 + 49
L-GM/M1 22 &£ 4 560 + 50 1,369 + 178

G-CSF binding properties of BAF3, 32D and L-GM transfectants. The numbers and
dissociation constants of the G-CSF-R expressed by the different transfectants were
established following binding of I-radiolabeled G-CSF (Table 1). While the parental BAF3,
32D, and L-GM cells lacked specific G-CSF binding (data not shown), the different BAF3
transfectants (WT, DC, DA and M1} expressed G-CSFE binding sites with affinities ranging
from 0.28 to 2.04 nM (Table 1), i.e., comparable to those of the G-CSF-R expressed on
human peripheral blood neutrophils (28) and those of the G-CSF-R expressed on cell line
transfectants (9,10, 14). 32D/WT, 32D/DC, 32D/DA and L-GM/M1 transfectants expressed
G-CSF-R with similar average numbers and affinities. On the other hand, 32D/MI1, L-
GM/WT, L-GM/DC and L-GM/DA transfectants expressed G-CSF-R at detectable but low
densities (less than 100 sites per cell), which did not allow an estimation of binding affinities
(Table ). The reasons for these variations in surface expression levels of the G-CSF-R are
unknown, but they may relate to differences in protein sfability or transportation in the
different cell line transfectants.

Mitogenic signaling by different forms of the G-CSF-R. The abilities of different forms
of the G-CSF-R to transduce proliferative signals were first examined in *H-TdR uptake
assays. At least three independent clones were examined, giving comparable results. Parental
BAF3, 32D and L-GM cells or G418-resistant clones transfected with the vector without G-
CSF-R showed no response to G-CSF (Figure 2), G-CSF induced DNA synthesis of BAF3
cells expressing the WT G-CSF-R to a level of approximately 40 to 50% of that induced by
the optimal concentration of WEHI-CM (20%) as a source of IL-3 (Table 2 and Figure 2A,
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BAF/WT). Deletion of 98 amino acids from the carboxy terminus did not negatively affect
G-CSF-induced growth signaling in BAF3 cells (Table 2 and Figure 2A, BAF/DA).
However, further deletion of 30 amino acids significantly reduced the G-CSF sensitivity,
resulting in a 100-fold increase in the G-CSF concentration (> 100 ng/ml) required to elicit
a maximal response (Figure 2A, BAF/M1). BAF3 cells expressing the DC receptor, which
contains 11 additional amino acids as compared with the DA receptor, followed by a distinct
carboxy tail, also displayed a reduced responsiveness: the magnitude of maximal response
was about 30 to 50% of that of BAF/WT (Table 2 and Figure 2A, BAF/DC).

In contrast to the BAF transfectants, 32D cells expressing the WT G-CSF-R exhibited
only a weak mitogenic response o G-CSF (Table 2 and Figure 2B, 32D/WT). Similar
responses to G-CSF were observed in 32D cells expressing the DC or the M1 receptor (Table
2 and Figure 2B). The 32D/DA celis, however, showed a dramatic increase in respon-
siveness to G-CSF (Figure 2B, 32D/DA). Additional titration experiments revealed that
32D/DA cells proliferated maximally at 0.1 ng of G-CSF per ml (data not shown),

L-GM cells transfected with the different forms of the G-CSF-R displayed a response
pattern similar to that of 32D transfectants (Table 2 and Figure 2C). L-GM cells expressing
the WT G-CSF receptor showed a poor proliferative response to G-CSF, and as did L-GM
subclones expressing the DC or the M1 receptor. L-GM/DA cells, on the other hand, showed
a high rate of DNA synthesis even at low concentrations (0,1 ng/ml) of G-CSF.

—0— BAFWT —O— 320/WT —0— L-GMWT
—&~ BAFIDC —a— 320G —8— L-GM/DC
60 7 —e— BAFDA A 2007 —e— 32D/DA B 200 7 —e— L-GMIDA C
—o— BAF/MI —0— 320/M1 —o— L-GMM1
Q —a— BAF3 —a— 32D —a— L-GM
< 150 1 150
Py ]
,'Eﬁ 40
a 100 1 100 1
i
o 201
'T B 50
i 50 — 0
—1
o # o ¢ formgemtmt—@g 0
0 1 10 100 0 1 10 100 0 1 10 100

Recombinant human G-CSF (ng/ml)

Figure 2, G-CSF responsiveness of BAF3, 320 and L-GM cells expressing different forms
of the G-CSF-R. Cell proliferation was measured by the *H-TdR uptake assay. Data are
represented as percentage of maximal response to IL-3 (20% WEHI-CM).

Sustained cell proliferation of transfectants, We next examined whether G-CSF could
replace IL-3 as a stimulus for sustained proliferation of transfectants, As shown in Figure 3A
and B, BAF/WT and BAF/DA cells became G-CSF dependent and grew equatly well in 1
and 100 ng of G-CSF per ml. Although BAF/DC and BAF/M! cells could also grow
continuously at 100 ng of G-CSF per m! with a reduced rate of proliferation (Figure 3B),
these cells could not survive at 1 ng of G-CSF per ml (Figure 3A). The response of BAF/M1
cells indicate that the membrane-proximal region of 55 amino acids is sufficient for
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generating growth signals, In addition, the data show that a region between amino acids 56
and 85 in the cytoplasmic domain enhances growth signaling. The carboxy-terminal region
of the DC receptor, which contains additional 11 amino acids of the WT G-CSF-R and 34
different amino acids in comparison with the DA mutant (Figure 1), exerted a negative effect
on growth signaling in BAF3 cells,

The 32D transfectants expressing the WT, DC and M1 receptors died 4 to 6 days after
transfer to G-CSF-containing medium (Figure 3C). In contrast, 32D/DA cells proliferated
continuously upon stimulation with G-CSF (Figure 3C). Similarly, L-GM/DA cells could be
cultured continuously in G-CSF-containing medium, whereas L-GM cells expressing the WT,
BC or M1 receptor gradually lost viability (Figure 3D). Thus, the characteristics of the
responses observed in 32D and L-GM subclones define a functional subdomain located in the
distal carboxy-terminal region of the WT G-CSF-R that appears to suppress the growth
signating in myeloid cells, The altered carboxy terminus of the DC receptor also inhibits G-
CSF-induced proliferation of the two myeloid cell lines,
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105 4 —¥ BAF/DC 105 y —=— BAF/DC
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Figure 3. G-CSF-dependent long-term growth of BAF3, 32D and L-GM transfectants. Cells
ware cultured in G-CSF-containing medium. Viable cell counts were determined at
indicated times. BAF3 subclones were cultured in medium containing 1 ng (A) and 100 ng
(B} of G-CSF per ml. 32D {C} and L-GM (D} transfectants were cultured in 10 ng of G-CSF
per ml except for DA subclones {1 ng of G-CSF per ml).
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Figure &4, Morphological analysis of 32D and L.-GM transfectants. Shown are L-GM (a) and
32D (e} cells maintained in IL-3-containing medium {10% WEHI-CM); L-GM/WT (b), L-
GM/DC {c) and L-GM/DA {d) cells cultured in medium containing 10 ng of G-CSF per ml;
32D/WT (£}, 32D/DC {g) and 32/DA {h) cells in G-CSF-containing medium. May-Griinwald-
Giemsa staining.

Induction of myeloid maturation by different forms of the G-CSF-R. A prominznt
feature of G-CSF is its capacity to induce neutrophilic differentiation. 32Dcl3 and L-G cells,
variant cell lines of 32D and L-GM cells, respectively, have previously been shown to
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mature into neutrophilic granulocytes in response to G-CSF (25,30). We therefore examined
whether L-GM and 32D cells expressing the different G-CSF-R structures would mature
towards neutrophilic granulocytes following G-CSF induction. L-GM/WT cells exhibited
imimature myeloblastic features when cultured in IL-3-containing medium (Figure 43). Upen
transfer to G-CSF-containing medium, these celis gradually developed into mature
neutrophilic granulocytes, showing an enlarged cytoplasm-fo-nucleus ratio and lobulated
nuclei. On day 9 of G-CSF induction, all cells displayed a morphology characteristic of
mature neutrophils (Figure 4b}, similar to that of mature L-G cells (25). As shown in Figure
4c and d, L-GM/DC and L-GM/DA cells did not mature towards granulocytes in G-CSF-
containing medium. Similar results were obtained with L-GM/M1 transfectants (data not
shown}. Addition of different concentrations of murine GM-CSF or murine IL-3 to the G-
CSF-containing culture medium to prolong cell survival also failed to induce terminal
matoration of L-GM/DC or L-GM/M1 cells {data not shown).

32D/WT cells, which were myeloblastic when cultured in IL-3 (Figure 4e), did not
mature upon ftransfer to G-CSEF-containing medium. Instead, these cells manifested a
phenotype typical of apoptosis (i.e., condensation of nuclei) after culture in G-CSF-
containing medium for 4 days (Figure 4f). To exclude the possibility that these cells died of
a lack of growth signaling before they could undergo myeloid maturation, cells were grown
in G-CSF-containing medium supplemented with different concentrations of WEHI-CM (1,
2.5, 5 and 10%) to allow survival for up to 2 weeks, but still no maturation was noted (data
not shown). Similarly, 32D/DC or 32D/MI subclores were rapidly lost in cultures
supplemented with G-CSF and failed to mature (Figure 4g and data not shown). 32D/DA
cells also showed no evidence of terminal myeloid maturation when maintained in G-CSF
(Figure 4h}. These results show that the 32D cells used in this smudy were incapable of
granulocytic maturation in response to G-CSF, suggesting a defect in G-CSF-induced
maturation signaling pathway in these ceils.

Discussion

In this study, we have delineated distinct functional regions in the cytoplasmic domain of
the human G-CSF-R. We show here that a membrane-proximal region of 55 amino acids of
the human G-CSF-R is sufficient to generate growth signals, consistent with a recent report
by Ziegler et al (21). This region contains two subdomains, termed box ! and box 2, which
are well conserved among some members of the cytokine receptor superfamily (13,17). The
importance of the box 1- and box 2-containing region for growth signal transduction has been
established for several cytokine receptors (17-22,31). Tt is likely that this region is involved
in activation of common or highly related signal transduction pathways. This notion is
supported by several receptor transfection studies (17-19,21,22) and by the fact that some of
the ligands for these receptors induce similar patterns of tyrosine phosphorylation (32-34).

The most prominent finding of this study is that the carboxy-terminal region of 98 amino
acids of the WT G-CSF-R appeared to be involved in neutrophilic maturation. Little is
known of the mechanisms by which hematopoietic growth factors control maturation. For
instance, it has remained a matter of discussion whether activation of growth factor receptors
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truly drives maturation or simply supports the proliferation and survival of cells already
programmed to mature along a certain hematopoietic lineage (35-37). With regard to the G-
CSF-R, our results with the L-GM transfectants clearly favor the first possibility, because
L-GM/WT cells developed into morphelogically mature granulocytes when cultured in G-
CSF, whereas L-GM/DA cells proliferated and survived in G-CSF without any evidence of
maturation. This failure of L-GM/DA cells to mature was thus apparent in spite of their
ability to proliferate in response to G-CSF. L-GM/DC and L-GM/M1 cells, which
proliferated modestly in response to G-CSF, were also incapable of maturation. Our data
therefore indicate that the carboxy-terminal part of the WT G-CSF-R contains a subdomain
critical for maturation signaling that is required neither for proliferation nor for survival, A
linkage between the carboxy-terminat truncation of the «y, chain of the receptors for IL-2, IL-
4, IL-7 and IL-15, and T cell maturation arrest in patients with X-linked severe combined
immunodeficiency has recently been suggested (38). In the G-CSF-R, a subdomain designated
hox 3 has been identified in this region, which is also present in IL-6 signal transducer gp130
(13). Notably, IL-6 also stimulates granulocytic colony formation by normal mouse marrow
cells (3%) and was able to induce maturation of M1 leukemic cells (40,41). Moreover,
feukemia inhibitory factor (LIF) and oncostatin M (OSM), which share gpl30 for signal
transduction, have also been reported to induce maturation of M1 cells (42). Thus, it appears
likely that the box-3 subdomain may have a direct role in the induction of maturation,
possibly through association with a specific cytoplasmic substrate,

The presence of the carboxy-terminal region in the WT' G-CSF-R strongly inhibits the
mitogenic signaling potential of the G-CSF-R in two myeloid cell fines, 32D and L-GM celis
(Figure 2). In contrast, this negative effect on growth signaling was not evident in pro-B
BAF3 cells, in which the WT G-CSF-R transduces growth signals as strong as those
mediated by the DA mutant, Despite their enhanced sensitivity to G-CSF, 32D/DA and L-
GM/DA cells remained fully factor dependent and died within 48 h upon withdrawal of IL-3
or G-CSF {data not shown).

It is still unclear by which mechanism proliferation signaling in myeloid cells is inhibited
by the carboxy-terminal region of the WT G-CSF-R. Protein phosphorylation on tyrosine or
serine/threonine residues has been shown to be frequently involved in the regulation of
receptor functions, both positively and negatively (43,44). One possibitity is that the down-
regulation of the activity of the G-CSF-R is caused by receptor phosphorylation, as has been
demonstrated for the EPO-R (45). It is of note that, in contrast to our results with BAF/WT
transfectants, the negative regulatory region of the EPO-R also act in BAF3 cells, suggesting
that the carboxy-terminal inhibitory regions of the G-CSF-R and EPO-R act through different
mechanisms. Alternatively, this region may contain a subdomain that specifically activates
as yet unknown downstream molecules which transmit growth-inhibitory signals. In that case,
these molecules would not be active in BAF3 cells. A negative effect of the carboxy-terminal
sequence on growth signal transduction has been reported for several other growth factor
receptors, including those of the receptor tyrosine kinase family (18,46-48), Thus, negative
regulation of proliferation signaling by the carboxy-terminal parts of receptors may be seen
as a common feature of different growth factor receptor systems.

We have further shown that a region of 30 amino acids between residues 56 and 85
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markedly augments the mitogenic signaling potential of the G-CSF-R., A functionally similar
region has been identified in the common B chain of IL-3, GM-CSF and IL-5 receptors (20).
It remains to be established whether this region is actively involved in transduction of
mitogenic signals or is important simply for a proper conformation that facilitates signaling
from the box-1- and box-2-containing membrane-proximal regions. In this respect, it is
relevant that Ziegler er a/ have demonstrated that the region between amino acids 57 and 96
in the cytoplasmic domain of the G-CSF-R is required for the induction of acute-phase
protein gene expression in hepatoma cell line transfectants (21). These data appear to support
that this region indeed contains a functional subdomain.

Whether the DC splice variant has a physiological role in hematopoiesis is as yet
unknown, We have shown that the DC variant is able to transduce growth signals in the three
murine cell lines, consistent with a previous report (14). However, the growth signals
transduced by the DC receptor is significantly weaker than those transduced by the DA
mutant, suggesting that the alternative carboxy tail also acts as a down-modulator of
protiferation, Unlike the negative regulatory region of the WT G-CSF-R, the DC tail portion
exerts its effect in both lymphoid and myeloid cells, indicating that it must act by a
mechanism different from that of the WT G-CSF-R. Because the amino acid sequence in this
portion is rather ydrophobic (%), one possibility is that the alternative tail folds towards the
cell membrane, thereby hindering the association of growth-signaling molecules with the
membrane-proximal region, Because the DC receptor is incompetent for maturation
induction, it might act as a negative regulator of maturation at certain stages of myeloid
development.

Our findings may have implications for studies dealing with the granulocytic maturation
defects in certain hematological diseases, such as neutropenia and acute myeloid leukemia
{AML). Conceivably, myeloid progenitor cells expressing a truncated G-CSF-R, lacking the
carboxy-terminal negative regulatory region, would proliferate but fail to maturate in
response to G-CSF, a phenotype mimicking that of leukemic cells. Thus, a potential linkage
between structural abnormalities of the G-CSF-R and AML should be considered. The data
presented here should prompt the investigation of such a posstbility.
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Abstract

G-CSF promotes the survival and proliferation of myeloid progenitors and induces
maturation of these cells towards terminally differentiated neutrophils, Using transfectants
of the murine 1L-3-dependent myeloid cell line 32D that express the human WT G-CSE-R
(32D/WT cells), we show here that G-CSF can also exert adverse effects on myeloid celt
proliferation and survival. Although initially enhancing IL-3-driven profiferation of 32D/WT
cells, G-CSF dramatically inhibited the proliferation of these cells at {ater stages of culture.
The inhibitory effect of G-CSF on the proliferation of 32D/WT cells was not accompanied
by progressive neutrophilic maturation. Instead, G-CSF appeared to induce apoptosis in
32D/WT cells, This effect was seen in cultures that contained IL-3 at concentrations that
supported long-term proliferation of the cells in the absence of G-CSF. Experiments with
32D cells expressing mutant forms of the G-CSF-R revealed that the death signals were
mediated exclusively through the membrane-distal cytoplasmic part of the G-CSF-R.

Introduction

Cell death by apoptosis represents a general mechanism by which unwanted cells are
eliminated efficiently from the body (1-3). Apoptosis, like proliferation and differentiation,
is a tightly controlled process, which is regulated by extracellular signals. For instance,
apoptosis can be induced either by addition of certain factors, such as tumor necrosis factor,
or by withdrawal of factors essential for cell survival. Hematopoietic colony-stimulating
factors (HGFs) are widely viewed as survival-promoting factors whose deprivation leads to
the rapid onset of apoptotic events in hematopoietic celis (4,5). One of these factors, G-CSF,
is essential for gramilopoiesis (6). In addition to its survival-promoting activity, G-CSF
regufates the proliferation and differentiation of myeloid progenitor cells, These activities of
G-CSF are mediated by the G-CSF-R that belongs to the superfamily of hematopoietin
receptors (7).

The human G-CSE-R consists of a single peptide of 813 amino acids with a single
membrane-spanning domain and a cytoplasmic domain of 183 amino acids (8,9). In Chapter
2 it has been shown that the G-CSF-R contains several functional regions in the cytoplasmic
domain, A membrane-proximal cytoplasmic region of 55 amino acids is sufficient to generate
mitogenic signals, whereas the distal carboxy-terminal region of 98 amino acids of the WT
G-CSF-R is involved in maturation signaling and down-modulation of mitogenic response to
G-CSF {10). Comparable results have been obtained by others {11,12).

In the present study, we demonstrate that signals transduced by the G-CSF-R have dual
and paradoxical effects on the proliferation and survival of the IL-3-dependent murine
myeloid cell line 32D in which the human WT G-CSF-R had been introduced and expressed.
It is shown that G-CSF initially stimulates the proliferation and survival of these celis.
However, upon prolonged culture G-CSF strongly inhibits cell proliferation and further
induces apoptosis, even in the presence of optimal concentrations of IL-3. The signals for
apaptosis are mediated through the carboxy-terminal cytoplasmic region, i,e,, the region that
has been shown to be associated with maturation induction (10,11),
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Figure 1. Structures of the different G-CSF-R forms. Boxes 1-3 denote subdomains
conserved in several members of the cytokine receptor superfamily. The altered
cytoplasmic tail of the DC receptor is shown as a hatched box, The numbers in
parentheses indicate amino acid positions. TM, transmembrane domain.

Materials and methods

32D celis and transfectants. Murine 32D cells (13), kindly provided by IS Greenberger
{University of Massachussetts), were maintained in RPMI 1640 medium supplemented with
10 % FCS and 10% WEHI-CM as a source of murine 11-3. The 32D parental cells used in
this study did not express endogenous G-CSF-R and were nonresponsive to G-CSE. These
cells were transfected with the WT and mutant forms of the G-CSF-R subcloned in the
retroviral expression vector pLNCX (14) by electroporation. The different G-CSF-R forms
relevant to this study are shown in Figure 1. The construction and detailed properties of the
WT, DC and DA expression vectors have been described in Chapter 2, For the construction
of pLNCX-M2, the WT G-CSF-R cDNA was amplified by polymerase chain reaction using
forward primer 5 TGTGATCATCGTGACTCCCTT3' (FW3) and reverse primer S AGTCAC
GCCAAGAGGGGCTG3 (RVS5) that contains an in-frame stop codon. After insertion of the
840-bp PCR fragment in the Hincll site of the pBluescript plasmid, the 3’ part of the
fragment was cut out from the pBluescript vector with BsrF1 and Clal, The resultant BsrFI-
Clal fragment, together with the 5° HindH1-BsrFL fragment obtained from pLNCX-WT, was
ligated into pLNCX digested with Hindlll and Clal, thus creating the full-length coding
sequence of the M2 mutant. Selection of transfected 32D cells was done in IL-3-containing
culture medium supplemented with 0.8 mg of G418 per ml {Gibco-BRL, Breda, The
Netherlands). G418-resistant clones were expanded and tested for their capacities to
specitically bind radiolabeled G-CSF as described in Chapter 2,

DNA synthesis and cell proliferation assays, DNA synthesis was assayed by *H-TdR
uptake. Cells (10%) were incubated in triplicate in 100 pl of RPMI/FCS medium supple-
mented with titrated concentrations of WEHI-CM in the presence or absence of 10 ng of
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recombinant human G-CSF per ml (Amgen, Thousand Qaks, CA) in 96-well plates. After
24 hours of incubation, 1 ¢Ci of *H-TdR (2 Ci/mM, Amersham Inc. Amersham, UK) was
added to each well. Cells were harvested 12 hours later and radioactivity was measured by
liquid scintiltation counting as described (15). To quantify cell proliferation in suspension
culture, cells were incubated in 25-ml culture flasks (Greiner, Alphen a/d Rijn, The
Netherlands) at an initial density of 5 x 10*/ml in 5 ml of culture medium, supplemented with
10 ng of G-CSF per mt and different concentrations of WEHI-CM as indicated. Culture
medinm was refreshed every 2 to 4 days and cell densities were readjusted to 5 x 10*
cells/ml. Viable cells were counted on the basis of trypan blue exclusion,

Morphological analysis. Cell morphology was assessed after spinning of cells on glass
slides using a cytocentrifuge. Slides were stained with May-Griinwald-Giemsa reagents prior
to microscopic examination. Myeloperoxidase (MPO) staining and nifroblue-tetrazolium
(NBT) tests were performed as described (16,17) and at least 400 cells were counted for
evaluation,

Analysis of DNA degradation, Genomic DNA was extracted from cells at various stages
of culture using the method as described (18), with minor modifications. Briefly, cells (1.5
x 107 were washed twice and resuspended in 3 ml of lysis buffer (10 mM Tris-HCI, 400
mM NaCl and 2 mM EDTA). Cell lysates were digested by adding 0.2 ml of a proteinase
K solution (20 mg/ml} and 0.15 mi of 20% SDS. After overnight incubation at 40°C, | ml
of saturated NaCl (6 M) was added to the digestion mixtures, shaken vigorously and
centrifuged at 1,400 x g for 15 min. The supernatants were collected and mixed with 2
volumes of absolute ethanol, The DNA was precipitated by centrifugation at 5,500 x g for
30 min. DNA pellets were washed in 70 % ethanol, air-dried and then dissolved in TE buffer
(10 mM Tris-HCI, pH 8.0, 0.1 mM EDTA), Size fractionation of DNA was performed by
electrophoresis in a 1% agarose gel containing 0.5 pg of ethidium bromide per ml, 5 ug of
DNA were loaded in each lane.

30

Figure 2. Synergistic effect of
G-CSF and IL-3 on the short-
term proliferation of 32D/WT
cells. Cells were incubated in
medium containing increasing
concentrations of WEHI-CM
in the presence (hatched
bars) or absence (black bars)
of added G-CSF {10 ng/mi}.
®H-TdR incorporation was
determined.
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Figure 3. Dual effects of G-CSF on IL-3-induced proliferation of 32D/WT cells. Cells were
cultured in medium containing no added {open squares} or 10 ng of G-CSF per m! (closed
squares] in the absence (A} or presence of 2.5% (B), 5% (C} or 10% WEHI-CM (D}. Shown
are data from a representative experiment on one 32D/WT clone,

Results

32D cells expressing the WT G-CSF-IRR show a weak proliferative response to G-CSF.
Parentat 32D cells or 32D cells transfected with the empty pLNCX vector did not show any
response to G-CSF and died overnight in medium containing 10 ng of G-CSF per ml
{Chapter 2). G-CSF evoked a weak and transient proliferative response in 32D cells
expressing the WT G-CSP-R (32D/WT) in *H-TdR uptake assays (Figure 2), and the cells
died 3 to 6 days after culture in G-CSF-containing medium (Figure 3A). Cytological
examination revealed that these G-CSF-treated cells displayed morphologic features of
apoptosis without evidence for terminal granulocytic maturation (Chapter 2).

G-CSF initially enhances but subsequently inhibits IL-3-driven proliferation of
32D/WT transfectants, To test whether G-CSF synergized with 11-3 in inducing a proli-
ferative response, 32D/WT cells were cultured in medium containing increasing concen-
trations of WEHI-CM in the presence or absence of G-CSF (10 ng/ml). Consistent with
previous reports (19,20), G-CSF synergized with 1L-3 in stimulating the proliferation of
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32D/WT cells, as measured in DNA synthesis and cell profiferation assays (Figures 2 and
3). However, these synergistic effects of 1L.-3 and G-CSF were evident only during the early
stages of culture, i.e., the first two days, Thereafter, G-CSF inhibited IL-3-mediated
proliferation and survival of 32D/WT cells. 32D/WT cells cultured in 10 ng of G-CSF per
ml and 2,.5% WEHI-CM initially proliferated at a higher rate than cells cultured in either 10
ng of G-CSF per ml or 2.5% WEHI-CM alone, but they lost viability more rapidly than cells
cultured in 2.5% WEHI-CM alone (Figure 3B). Significantly, although 32D/WT cells could
grow indefinitely in 5% WEHI-CM, they died within {0 to 14 days in medium containing
5% WEHI-CM and 10 ng of G-CSF per mt (Figure 3C). Four independent clones were
analyzed and comparable results were obtained. The negative effect of G-CSF on IL-3-
induced proliferation and survival of 32D/WT cells could be overcome partially by increasing
the concentration of WEHI-CM in the culture medium (Figure 3D).

Tablte 1. Cytological features of 32D/WT cells

Growth factor Morphology MPO staining

% of positive cells intensity
IL-3 (5% WEHI-CM) BL,Pro” 35 weak?
11-3 + G-CSF* BL,Pro k) weak

2 BL, blast; Pro, promyelocyte.
® 1-6 deposits per celi,
¢ analyzed 8 days after addition of G-CSF {10 ng/ml),

A B

Figure 4. Induction of apoptosis of 32D/WT cells by G-CSF. (A} Morphology of 32D/WT
ceils cultured in 5% WEHI-CM and 10 ng of G-CSF per ml for 6 days. Arrows indicate
apoptotic cells. (B) Electrophoresis of DNA extracted from 32D/WT cells cultured in 10%
WEHI-CM (lane 1} and 5% WEHI-CM for 6 days {lane 2}, or 5% WEHI-CM and 10 ng of
G-CSF per ml for 4 {lane 3) and 6 days {lane 4}. The sizes of the marker DNA fragments
are indicated on the left in kilobase.
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Figure 5. Long-term prolife-
ration of 32D cells expressing
the different G-CSF-R forms.
Shown are growth curves of
32D cells expressing the WT
(closed squares) and DC {open
triangtes) G-CSF-R in medium
containing 5% WEHI-CM and
10 ng of G-CSF per mi, and of
32D cells expressing mutant
DA {closed triangles) or M2
{closed circles) in medium con-
taining 10 ng of G-CSF per ml.

Cell number (10°)

Days in culiure

32D cells are arrested at ecarly stages of granulocyfic maturation., A possible
explanation for the growth-inhibitory effects of G-CSF on IL-3-induced proliferation of
32D/WT cells was that the cells matured in response to G-CSF and thereby gradually lost
proliferative potential. To assess whether 32D/WT cells underwent granulocytic maturation
following exposure to 10 ng of G-CSF per ml and increasing concentrations of IL-3, the
morphology of 32D/WT cells cultured in the presence of G-CSF and IL-3 was examined,
Morphological changes indicative of terminal granulocytic maturation were not observed,
even after 10 to 14 days of culre. The expression of MPO, a marker for early myeloid
differentiation (21-23), was then examined. When cultured in IL-3-containing medium,
approximately 35% of 32D cells stained weakly positive for MPO activity (Table 1), No
significant increase in the quantity of MPQ protein were seen when 32IYWT cells was
treated with G-CSF (Table 1). The expression of MPO mRNA was not induced by G-CSF
stimulation either {data not shown), Moreover, 32D/WT cells culfured in medium containing
10 ng of G-CSF per ml and 5% WEHI-CM for 8 days failed to reduce NBT and did not
express Gr-1, a surface anfigen expressed on mature granulocytic cells (24) (data not shown).
Taken together, these results established that 32D/WT cells lacked the capacity to proceed
with terminal granulecytic maturation in response to G-CSF.,

G-CSF induces apoptosis in 32D/WT cells. Instead of terminal maturation, 32D/WT
cells cultured in I1.-3 and G-CSF exhibited morphological features characteristic of apoptosis,
e.g., condensation and fragmentation of nuclei and shrinkage of cytoplasm (Figure 4A). In
agreement with this, DNA isolated from cells cultured in 10 ng of G-CSF per m! and 5%
WEHI-CM yielded a typical ladder of oligonucleosomal-sized bands corresponding to
multiples of 200-bp fragments after agarose gel electrophoresis (Figure 4B), indicative of an
extensive degradation of DNA at internucleosomal sites. These data demonstrate that the G-
CSF-R is capable of transducing signals that result in the premature apoptosis of myeloid
cells, Notably, the apoptotic signaling by the G-CSF-R was evident even in the presence of
high concentrations of IL-3 that would otherwise be sufficient to support the long-term
proliferation and survival of these cells (Figure 3C),
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The carboxy-terminal region of the G-CSF-R is responsible for apoptosis signaling.
To determine which cytoplasmic region of the G-CSF-R is responsible for G-CSF-induced
apoptosis, the growth features of 32D cells transfected with the different G-CSF-R forms
(Figure 1) were examined. 32D cells expressing the DC splice variant (32D/DC), in which
the 87 carboxy-terminal amino acids of the WT G-CSF-R are replaced by a distinct region
of 34 amino acids, showed a weak proliferative response to G-CSF, similar to the response
of 32D/WT cells (Chapter 2), However, G-CSF did not suppress the proliferation and
survival of 32D/M1 cells supported by either 2.5% or 5% WEHI-CM (Figure 5 and data not
shown), It has been shown that this aftered carboxy-terminus of the DC variant down-
modulates the mitogenic response to G-CSF but lacks the maturation signaling capacity
(Chapter 2). Significantly, 32D cells expressing the DA or the M2 mutant, which lack 98 and
58 carboxy-terminal amino acid residues, respectively, continued to proliferate efficiently in
medium containing G-CSF alone (Figure 5). No significant differences in the survival and
proliferation of 32D/DA and 32D/M?2 cell were observed when 11.-3 was added to the G-
CSF-containing culture (data not shown), Collectively, these results and data presented in
Chapter 2 demonstrate that the carboxy-terminal region of the WT G-CSF-R is involved in
the induction of both maturation and apoptosis,

Discussion

G-CSF has a prominegnt role in promoting the survival, proliferation and maturation of
myeloid progenitor cells (6). Here, we have shown that G-CSF can also exert opposite effects
on myeloid cells. We have demonstrated in the murine IL-3-dependent myeloid 32D cells,
transfected with the human G-CSF-R, that although G-CSF initially synergizes with IL-3 in
inducing a proliferative response of 32D/WT cells, it suppresses IL-3-dependent long-term
proliferation and further induces apoptosis. This inhibitory effect is unlikely due to the down-
modulation of IL-3 response by G-CSF because even after profonged G-CSF exposure,
32D/WT cells proliferated efficiently in IL-3-containing medium upon withdrawat of G-CSF
{data not shown).

The 32D cells used in this study were apparently unable to undergo terminal granulocytic
maturation in response to G-CSF. This is evident from the analyses of cell morphology and
the expression pattern of MPO mRNA and protein as well as from the failure of the cells to
express Gr-1 surface antigen and to reduce NBT. In contrast, G-CSF has been demonstrated
to induce the terminal granulocytic maturation and survival of murine myeloid 32Dci3 and
L-G cells, which express the endogenous G-CSF-R (23,25}, and murine myeloid L-GM cells
transfected with the human WT G-CSE-R (Chapter 2). These observations raise the
possibility that the induction of cell death by G-CSF is coupled to the inability of the 32D
cells to mature towards terminally differentiated neutrophils. In this respect, it is relevant that
the maturation- and apoptosis-inducing activities of the WT G-CSF-R are assigned to the
same carboxy-terminal cytoplasmic region, making it likely that both maturation and
apoptosis signals are mediated by a single functional subdomain within this region. Because
IL-3 inhibits G-CSF-induced terminal granulocytic maturation (11,23), it can be envisioned
that T1.-3 also counteracts the apoptotic effect of G-CSF.
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Induction of cell death by G-CSF is not confined to 32D cells. In a preliminary
communication, Bessho ef al reported similar findings with a radiation-induced murine
myeloid leukemia cell line (26). Moreover, we have recently found that Brown-Norway rat
leukemia LT12 cells (27) transfected with the WT G-CSF-R also become apoptotic in
response to G-CSF without evidence of progressive maturation (H. Rozemuller et al.,
unpublished data). G-CSF fails to induce apoptosis in LTI12 cells expressing a G-CSF-R
mutant that lacks 128 carboxy-terminal amino acid residues, further confirming that the
carboxy-terminal region of the G-CSF-R is responsible for apoptosis induction, Notably, this
truncated G-CSF-R is capable of mediating mitogenic signals (M1 mutant, see Chapter 2).

Several lines of evidence suggest that an intrinsic inability to undergo maturation leads
to apoptosis when cells are given a ‘conflicting” signal to matore, For instance, although G-
CSF and EPO induce maturation of 32Dcl3 and 32DEpol cells towards granulocytic and
erythroid lineages, respectively, these cells die in response to G-CSF and EPO when
maturation: is blocked by forced expression of the genes encoding helix-loop-helix protein Td,
zine finger protein Evi-1, or cyclin D2 and D3 (28-31). Likewise, interruption of the
expression of the c¢-fes gene, whose protein product is important for myeloid maturation
(32,33), causes apoptosis of HL-60 cells treated with retinoid acid (34), an inducer of
terminal granulocytic maturation of HL-60 cells. Conversely, expression of exogenous wild-
type p33 in HL-60 cells results in terminal maturation (35). In M1 leukemic cells, however,
exogenous wild-type p53 does not induce maturation but instead apoptosis (36). Significantly,
apoptosis of M1 leukemic cells triggered by wild-type p53 is inhibited by IL-6, which
induces the terminal maturation of the cells (37).

The idea that apoptosis is assoctated with maturation failure predicts that the death
signaling potential of the G-CSF-R is shared with other hematopoietic growth factor receptors
capable of inducing terminal maturation. Indeed, IL-10 has recently been shown (o induce
apoptosis in maturation-defective B-chronic lymphocytic leukemia (B-CLL) cells, whereas
1L-10 normally activates proliferation and maturation of B lymphocytes, including the normal
CD5* counterparts of B-CLL cells (38). Furthermore, it has been demonstrated that IL-6,
an inducer of terminal maturation of M1 leukemic cells, caused apoptosis of nonmaturing
U937 cells (39). Notably, the carboxy-terminal region of the cytoplasmic domain of the IL-6
signal transducer gpl30 shares some structural homology with the G-CSP-R (40},

The molecular mechanisms responsible for apoptosis associated with maturation failure
is unknown. It is also unclear whether maturation incompetence leads to apoptosis via the
same mechanism or distinct mechanisms are involved in different receptor and cell systems,
With respect to G-CSF-induced apoptosis, Northern analysis showed that p53 and Bel-2, two
well-known genes involved in the regulation of cell survival (2,3,41), were lowly expressed
in 32D cells and their expressions did not alter during G-CSF-induced apoptosis of 32D/WT
(data not shown). Given the expanding list of genes whose primary action is to controi cell
survival (41,42), it is possible that other gene products than p53 and Bcl-2 may play a role
in G-CSF-induced apoptosis. Further studies would be needed to clarify the mechanism by
which G-CSF induces apoptosis in 32D/WT cells,

The physiological significance of cell death signaling by the G-CSF-R in the regulation
of myelopoiesis is not yet fully clear. One possibility is that the G-CSF-driven mature-or-die
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mechanism operates to prevent uncentrofled expansion and swrvival of maturation-
incompetent cells. Alternatively, the onset of apoptosis may represent a mechanisin associated
with G-CSF-induced terminal granulocytic maturation (43,44), which is activated at
premature stages if cells fail to mature. Irrespective of the exact function of the apoptosis-
and maturation-inducing region(s) of the G-CSF-R in the regulation of myeloid development,
it is evident that the functional disruption of this region will result in a prolonged survival
of myeloid cells that are hampered in their maturation abilities, cellular features that are
characteristic of AML cells. It will be of importance lo investigate whether mutations
inactivating the function of the carboxy terminus of the G-CSF-R would occur in AML.,
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Abstract

Severe congenital neutropenia is characterized by profound absolite neutropenia and a
maturation arrest of marrow progenitor cells at the promyelocyte-myelocyte stage. Marrow
cells from such patients frequently display a reduced responsiveness to G-CSF. G-CSF binds
to and activates a specific receptor (G-CSF-R) which transduces signals critical for the
proliferation and maturation of granulocytic progenitor cells, Here we report the
identification of a somatic point mutation in one allele of the G-CSF-R gene in a patient with
SCN, The mautation results in the (runcation of 98 carboxy-terminal amine acids of the G-
CSF-R that are essential for maturation signaling, We further demonstrate that the mutation
was present only in hematopoietic cells of granulocytic lineage. Because the normal allefe of
the G-CSF-R gene was still expressed in the patient’s granulocytes, we suggest that the
nmutant receptor profein may act in a dominant negative manner to block granulocytic
maturation.

Introduction

Severe congenital neutropenia (SCN or Kostmann’s syndrome) was first described in 1956
(1), This disorder of granulopoiesis is characlerized by severe absolute neutroperia
(peripheral blood neutrophil count of 0.2 x 10°/L or less) and a maturation arrest of marrow
myeloid progenitor cells at the promyelocyte-myelocyte stage. Erythropoiesis and thrombo-
poiesis are generally normal. Patients with SCN have frequent episodes of severe bacterial
infections, usually starting in the first month of life. Affected infants have a poor prognosis
and often succumb in the first or second decade despite the improvement in supportive care.
Patients also have an increased risk of developing acute leukemiz (2). Although an autosomal
recessive pattern of inheritance was suggested for SCN, sporadic cases have been reported
as well (3-6).

The etiology of SCN remains elusive. No serum inhibitors of marrow cell growth have
been detecled in patients with SCN (5). The mononuclear cells from these patients were
found capable of producing biologically active G-CSF and the serum levels of G-CSF are
generally increased (6-7). However, cultured marrow cells from patients with SCN frequently
displayed a markedly suppressed responsiveness to G-CSF stimulation (4,8-10). With the
chinical availability of recombinant hematopoietic growth factors, it has been observed that
most patients respond favorably to /n vive administration of G-CSF, as evidenced by a
significant increase in circulating neutrophils and a dramatic clinical improvement (3,4,9).
In contrast, therapy with GM-CSF is generally ineffective in SCN. These data suggest that
a specific defect in G-CSF signal transduction may exist in SCN that can be overcome by
providing the patients with pharmacologic dosages of G-CSF.

G-CSF acts primarily in the granulocytic lineage and appears to be the major hemato-
poietic growth factor involved in the regulation of in vive preduction of mature neutrophils
(11). G-CSF induces the proliferation, differentiation and survival of granulocytic progenitor
cells. The diverse effects of G-CSF are mediated through the interaction of G-CSF and the
G-CSF-R. The human G-CSF-R ¢DNA predicts an 813-amino acid peptide with a single
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membrane-spanning domain (12,13}, Expression of the human G-CSF-R in murine hemato-
poietic cells resulted in high-affinity binding sites on the cell surface and rendered the cells
responsive to G-CSFE (14).

The exclusive abnormality of granulopoiesis in SCN prompted us to investigate the G-
CSE-R in these patients. We used RT-PCR to amplify the G-CSF-R ¢cDNA of patients with
congenital neutropenia and screened for mutations with single strand conformation
polymorphism (SSCP) analysis. In one patient, we identified a somatic point mutation which
results in the truncation of the carboxy-terminal cytoplasmic region of the G-CSF-R, i.e., a
region that has been shown (o be involved in the induction of granulocytic maturation. These
data indicate that defective G-CSF-R structures may play a role in the development of
neutropenia in certain cases of SCN,

Materials and methods

Patients and samples, Patient DA, a 13-year old boy, suffered from severe recurrent
infections from 3 days of age onwards. The diagnosis of SCN was established on clinical and
laboratory grounds. There was no family history of similar disease. From age 10, the patient
started {reatment with recombinant human (rh) G-CSF and showed a favorable response with
an increase of the neutrophil count from below delectable level to > 10%/L.

Bone marrow or blood samples were obtained from patient DA afier informed consent
from the parents, Marrow progenitor cells were enriched by Ficoll-Isopaque centrifugation
and complement-mediated cytolysis of mature T lymphocytes and monocytes following 30
min of incubation with optimal concentrations of monoclonal antibodies against CD3, CD14
and CD15 (15). CD34* cells were then sorted following CD34 labeling (BI3C5, Sera-Lab,
Crawley Down, Sussex, UK). T lymphocytes were isolated from peripheral blood by
erythrocyte rosetting of cells from the Ficoll-Isopaque interface, Monocytes were recovered
from the latter cell population after plastic adherence in 6-cm Petri dishes (1h at 37°C), and
B lymphocytes were collected as non-adherent erythrocyte-rosette-negative monenuclear cells,
Granulocytes were obtained from blood as the sedimented cell fraction after Ficoll-Isopaque
centrifugation and further depleted of erythrocytes by hypotonic lysis. Erythroid colony cells
were picked from in vifro cultures supported by EPO and IL-3.

Table 1. Primers used for PCR amplification

Primer Sequence (5'—»3") Position
FW1 TCGGAAAGGTGAAGTAACTTGTCC 111-134
RVI TCCATGGGATCAAGACACAG 819-838
Fw?2 TGCAGGCAGAGAATGCGCTG 777-796
RV2 GAAGATCTCATAGAGCTGAAAG 1657-1678
Fw3 TGTGATCATCGTGACTCCCTT i669-1689
RVe6 GTAGATCTTAGTCATGGGTTCATGG 2750-2774
FWs CCATCACCAAGCTCACAGTG 2244-2263

Underlined nucleatides indicate introduced mismaiches, FW, forward; RV, reverse.
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Table 2, Comparison of in vitro responses of marrow progenitor celts from normal
individuals and patient DA to different hematopoietic growth factors

Colony number

Growth factor G M Eo E

Normals IL-3 ¢ 0-17 15-71 0

(n=4) GM-CSF 0 0-36 9-75 G
G-CSF 44-269 0-35 it 0
combination® 107-450 18-83 23-61 107-450

Patient DA IL-3 0 12 37 0
GM-CSF 0 7 22 0
G-CSF 7 17 ] 0
combination 78 35 58 108

Numbers indicate colonies per 10' CD34% cells. G, granulocytic; M, macrophage; Eo, eosinophilic;

E, erythroid.
*11-3 + GM-CSF + G-CSF + EPO

Clonogenic assays and recombinant human growth factors. Colony cultures were set
up essentially as described (15). Marrow cells were plated in duplicate at 1 x 10' per mt
(CD34* celis) or 4 x 10* per ml (Ficoll interface) in semisolid medium containing Iscove’s
madified Dulbecco’s medium, 1.1 % methylcetlulose, 30% FCS, transferrin, lecithin, sodium
selenite, and 2-mercaptoethano! with or without growth factors. Colonies were scored after
14 days of incubation at 37°C in humidified 5% CO, atmosphere, I£.-3 (Gist Brocades, Delit,
The Netherlands) was used at 3 ng/ml. GM-CSF and M-CSF (Genetic Institute, Cambridge,
MA) were used at 25 and 50 ng/ml. G-CSF and EPO (Amgen, Thousand Oaks) were used
at 10 ng/mi and 1 unit/ml, respectively.

100 7
Figure 1. /n vitro response to G-
80 - CS8F of marrow cells from patient
b DA and normal individuals. A
'g reduced sensitivity of marrow
2 601 cells from patient DA (closed
> circles} to G-CSF stimulation as
S compared with the marrow cells
g 40 1 from 3 healthy donors {open
circles, open and closed squares)
was apparent.
20
0 ﬁ .1 1 10°

100
G-CSF (ng/ml)
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Figure 2 . Screening for mutations in the G-CSF-R by PCR-SSCP analysis. The fragment
extending from nt 1669 to 2774 was amplified from WT cDNA {lane 2} and reverse-
transcribed cDNA from mRNA extracted from six pediatric patients with congenital
neutropenia {lanes 3-6,8,8) and two adult patients with chronic idiopathic neutropenia
{lanes 7,10}, Part of the autoradiograph of the SSCP gel obtained after Pvull digestion is
shown. The position of double strand DNA is shown in lane 1. An abnormally migrating
band was seen in lane 9 (arrow).

Amplification of genomic DNA and ¢cDNA by PCR, Genomic DNA was isolated as
described (16). Total granulocyte RNA was extracted (17) and first-strand ¢cDNA was
synthesized from 1 pg of RNA by using avian myelobiastosis virus reverse transcriptase
(Boehringer Mannheim) and oligo(dT) or reverse primers. Three sets of primers (Table 1)
were designed to amplify the entire coding region of the G-CSF-R ¢cDNA. Part of exon 17
of the G-CSF-R gene was amplified with primers FW5 and RV6. Amplification was
performed with Vent DNA polymerase (New England Biolabs) on [/10th of the ¢cDNA
reaction mixture or 0.5 pg of genomic DNA for 35 cycles of 1 min at 94°C, 1.5 min at
51°C and 2 min at 72°C in a thermal cycler (Perkin-Elmer/Cetus),

SSCP analysis. Amplified PCR fragments were purified (Geneclean, Bio 101} after
agarose gel separation and 1/100th of the products were subjected to second-round
amplification in the presence of [a-""P]-ATP. To increase the sensitivity of SSCP analysis,
the labeled products were cleaved into fragments of 50-250 bp by digestion with appropriate
restriction enzymes (3 or 4 different enzymes in each case). Samples were then denatured by
boiling for 5 minutes in loading buffer (95% [vol/vol] formamide, 20mM EDTA, 0.05%
fwifvol] each of bromopheno] blue and xylene cyanol), and loaded on a nondenaturing 8%
polyacrylamide gel (acrylamide/methylenebisacrylamide weight ratio, 49:1) containing 10%
{(volfvol) giycerol. Electrophoresis at 30 W for 5-8 h was followed by autoradiography.

Subcloning of PCR fragments and DNA sequencing, After agarose gel purification,
PCR fragments were ligated into the pBluescript vector (Stratagene). Nucleotide sequences
were determined with the dideoxy method wsing the T7 sequencing kit (Pharmacia).

69



Results

In vifro response to hematopoietic growth factors, Colony cultures of highly enriched
progenitor cells from patient DA were used to evaluate the responsiveness to several
hematopoietic growth factors, The numbers of erythroid, macrophage and eosinophilic
colonies generated from marrow cells of patient DA in response to EPO, 1L-3 and GM-CSF
were comparable to normal controls (Table 2). However, G-CSF-induced granulocytic colony
formation was significantly impaired. Dose titration experiments with marrow cells recovered
from Ficoli-Isopaque interface without further enrichiment revealed that the patient’s marrow
celis not only generated lower numbers of granulocytic colonies but also required higher
concentration of G-CSF for maximal colony formation than normal marrow cells (Figure I).
These results showed that the response to G-CSF was exclusively impaired in the patient.

A
Normal Mutant
3 G AT C G A T C g
A A
c c
c c
c c
c e
G G
A A
C T ;]%
c c
c c
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c C
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T T
5 5
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i extracelular domain AL cytoplasmic domain
wild lype : .
{813 aa) l / ‘ ﬂ ” H
! box 1 box 2 box 3

il /A (|-

Figure 3. ldentification of a point mutation in the G-CSF-R ¢cDNA, {A} Partial nucleotide
sequences of the normal and mutant G-CSF-R cDNA, PCR fragment amplified with primers
FW3 and RVE (nt 1669-2774) was subcloned into the pBluescript vector. Shown is a
portion of the nucleotide sequences spanning the point mutation {C—T) as indicated by the
arrow. The restriction site for Bfal created by the mutation is also indicated. {B} Structure
of the WT and mutant G-CSF-R. Boxes 1-3 denote regions conserved in certain members
of the cytokine receptor family. TM, transmembrane demain.
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Figure 4. Detection of the point mutation in genomic DNA from different cell populations
by PCR-SSCP analysis. Part of exon 17 of the G-CSF-R gene that contains the mutation
was amplified, PCR products were digested with Pvull before SSCP analysis. The same
abnormally migrating band as that shown in Figure 2 was observed in DNA isolated from
patient’s granulocytes {fane 2], but not in DNA from monocytes, erythroid colony cells, T
of B lymphocytes, and fibroblast cells of the patient {lanes 3 to 7). DNA isolated from the
mononuciear cells of the patient’s father and mother exhibits a normal SSCP pattern {lanes
8 and 9}. Lane 1 shows the SSCP pattern of WT cDNA,

SSCP analysis of G-CSF-R ¢DNA, The entire coding region of the G-CSF-R cDNA was
amplified from total granulocyte RNA of patient DA by using three sets of primers. The
resuftant PCR fragments were initially separated in agarose gel but no differences in size
were detected between the patient’s and WT G-CSF-R. To search for small alterations, the
PCR fragments were subjected to SSCP analysis following digestion with different restriction
enzymes, An abnormally migrating band, in addition (o the normally migrating one, was
consistently detected when the PCR fragment extending from nt 1669 to 2774 (pHQ3) was
digested with Puull (Figure 2, lane 9). This fragment was then subcloned and the same
mobility shift was detected in 9 out of 16 individual clones analyzed (data not shown). An
abnormally migrating band was also detected following Ddel digestion, and by comparing
the patterns of SSCP obtained after Pvill and Ddel digestion, the region containing the
mutation was narrowed down to nt 2311-2429, No other mutations in the coding region of
the G-CSF-R sequence were identified in patient DA or in five other patients with congenital
neutropenia and two patients with acquired idiopathic neutropenia (Figure 2),

Identification of a point mutation. Five independent clones were sequenced and a C-to-T
transition at nt 2384 (pHQ3) was identified in 3 clones displaying the variant SSCP patterns
(Figure 3). The nmutation was not present in 2 other clones displaying the normal SSCP
pattern. Direct sequencing of PCR products amplified from genomic DNA of the patient’s
pranulocytes confirmed the presence of both the normal and mutant allele (data not shown).
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The mutation changes the CAG codon for GIn™ to the TAG stop codon (Figure 3). Thus,
one of the patient’s alleles is predicted to code for a truncated G-CSF-R lacking the 98
carboxy-terminal amino acid residues.

Lineage specificity of the mutation. To investigate whether the mutation was inherited
or represented a de novo germline or somatic event, a fragment of 530 bp covering the
mutation site was amplified from genomic DNA prepared from various cellular sources of
patient DA and from blood mononuclear cells of the patient's parents. After Pvull digestion,
the amplified fragment was subjected to SSCP analysis. In two independent experiments the
mutation was readily detected in patient’s granulocytes (Figure 4, lane 2), but not in
monocytes, erythroid colony cells, T and B tymphocytes, and skin fibroblasts of patient DA
(lanes 3-7). DNA isolated from mononuclear cells of the parents manifested a normal SSCP
pattern (lanes 8 and 9). Since the C-to-T transition creates an additional Bfal site (CCAG to
CTAG: Figure 3), we also performed Bfal digestion of PCR products to confirm the findings
and comparable results were obtained {data not shown).

Discussion

SCN is a rare pediatric disorder and to date about 120 cases have been reported (2). On
the basis of the reduced in vitro response of marrow progenitor cells to G-CSF, increased
serum levels of G-CSF, and differential therapeutic effects of G-CSF and GM-CSF in these
patients, a perturbed G-CSF signal transduction has been suggested. Normal or increased
numbers of the G-CSF-R are expressed on the neutrophils of SCN patients, with affinities
comparable to those on normal neutrophils, suggesting that the aberrant response to G-CSF
in SCN is not due to alterations in G-CSF-R expression (18). However, mutations,
particularly in the cytoplasmic domain of the G-CSF-R that affect only G-CSF signal
transduction, cannot be excluded, Rauprich ef af (19) have demonstrated that an intracellufar
protein of approximately 160 kDa is spontancously phosphorylated in neutrophils from
patients with SCN, but not in normal neutrophils. Neutrophils from patients with SCN
display an abnormat response to f-Met-Leu-Phe, with decreased superoxide anion production
and impaired mobilization of cytosolic calcium (20-22). Nevertheless, the exact nature of
molecular defects in SCN has remained unknown.

We describe here the identification of a point mutation in one allele of the G-CSF-R gene
in a patient with SCN which results in the deletion of 98 amino acids from the carboxy
terminus of the receptor. The mutation was predominantly present in the granulocytic
lineage, suggesting that patient DA is mosaic for the mutation. Because the truncated G-CSE-
R remains the membrane-proximal cytoplasmic region sufficient for maximal proliferative
signaling but lacks the carboxy-terminal maturation-inducing portion (Chapter 2}, it is
apparent that the underlying defect of the truncated G-CSF-R is its inability to transduce
signals for terminal granulocytic maturation, This is consistent with the clinicat findings that
granulocytic maturation is disturbed in patient DA, and with the fact that marrow cells from
the patient displayed an exclusively abnormal response to G-CSE stimulation in vitro. Our
data strongly imply that the expression of the truncated receptor is the direct cause of
neutropenia in the patient.
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Two lines of evidence suggest that the truncated receptor was expressed in patient DA,
although direct demonstration of the presence of the mutant protein was hampered by the fact
that anti-human G-CSF-R antibodies are not yet available. According to SSCP analysis the
transcripts of the normal and the mutant G-CSF-R genes were present in patient’s
granulocytes (Figure 2). Flow cytometric analysis with biotinylated G-CSF and '2[-
radiolabeled G-CSF binding assays demonstrated that the surface expressions of the WT and
the truncated G-CSF-R were low but comparable in murine BAF3, 32D and L-GM cells
{Chapter 2 and data not shown). These data indicate that the mutant G-CSF-R protein is
stable and can be expressed on the cell surface. This notion may have important implications
for understanding the mechanism whereby the truncated receptor interferes with the normal
granulopoiesis. Oligomerization of receptor molecules is required for high affinity binding
and subsequent signal transduction (23-27). Thus, the truncated G-CSF-R proteins could form
heterodimers with the normal receptor chains, leading to an inability of the G-CSF-R
complexes to transduce maturation signals upon G-CSF binding. Such a dominant negative
mechanism has been suggested for other receptors as well (28-30). On the other hand,
approximately one-fourth of the receptors expressed on the cell surface would still be
homodimers of the normal G-CSF-R protein, if both the normal and the truncated receptor
were expressed at the same level. Accordingly, it would be expected that the dominant
negative effect could be partially overcome by increasing the occupancy of the residual
normal G-CSF-R complexes. Indeed, the patient responded favorably to G-CSF therapy (10
puglkglday) with a significant increase of peripheral blood neutrophil count.

The predominant presence of the point mutation in granulocytes suggests that progenitor
cells mainly committed to the granulocytic lineage were exclusively affected. Because
committed progenitor cells are generally thought to be incapable of unlimited self-renewal,
the question arises as to how neutropenia persisted in the patient. In this respect, the results
presented in Chapter 2 may be informative, Myeloid L-GM and 32D cells expressing the WT
G-CSF-R eventually died in G-CSF-containing medium either as a consequence of terminal
granulocytic maturation or due to premature apoptosis. In contrast, L-GM and 32D cells
transfected with the DA mutant, which lacks 98 carboxy-terminal amino acid residues,
proliferated continuously in response to G-CSF. Therefore, it is possible that in the patient,
because of the expression of the truncated G-CSF-R, self-renewal of committed granutocytic
progenitor cells is favored over differentiation and subsequent cell death, which may lead to
the persistence of these progenitor cells. This would imply that, to a certain extent, the
abnormal cell poputation is transformed. Notably, cases of SCN that terminated in AMI. have
been reported (31-33). In addition, our data would imply that G-CSF therapy in certain cases
of SCN should be carefully evaluated, because such treatment may lead to an overstimulation
of the abnormal cell population. At least three cases of SCN have developed leukemia or
myelodysplastic syndrome following G-CSF treatment (2).

1t is conceivable that SCN consists of a heterogeneous group of disorders with variable
underlying etiology. In fact, six patients with congenital neutropenia were initially screened
with SSCP analysis, but an abnormat G-CSF-R was identified in only one patient (Figure 2),
suggesting that abnormalities of molecules involved in G-CSF signal transduction downstream
of the receptor could also play a role in SCN pathogenesis. However, with more patients
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being examined, mutations in other important regions of the G-CSF-R may be identified in
SCN. In addition, our results also validate the investigation of the involvement of abnormal
G-CSF-R structures in other neutropenias as well as in leukemia. Studies of this kind may
help to elucidate the pathogenesis of some hematopoietic disorders and may improve our
understanding of G-CSF signal transduction.

References

L.

10,

11

12.

14.

15.

17,

74

Kostmann R. (1956} Infantile genetic agranulocytosis. Acta. Paedia. Scand. 45:1 (suppl. 105).
Gillio AP and Gabrilove JL. (1993) cytokine treatment of inherited bone marrow failure
syndromes. Blood 81:1669,

Bonilla MA, Gilliec AP, Ruggeiro M, Kernan NA, Brochstein JA, Abboud M, Fumagalli L.,
Vincent M, Cabrilove JL, Welte K, Souza LM and O’Reilly RJ. (1989) Effects of
recombinant human granulocyte colony-stimulating factor on neutropenia in patients with
congenital agranudocytosis. N, Engl. J. Med, 320:1574.

Welte K, Zeidler C, Reiter A, Muller W, Odenwald E, Souza L and Riehm H. (1990)
Differential effects of granulocyte-macrophage colony-stimulating factor and granulocyte
colony-stimulating factor in children with severe congenital neutropenia. Blood 75:1056.
Parmley RT, Crist WM, Ragab AH, Boxer LA, Malluh A, Lui VK and Darby CP. (1980)
Congenital dysgranulopoietic neutropenia: clinical, serologic, ultrastructural, and in vitro
proliferative characteristics. Blood 56:465.

Pietsch T, Bithrer C, Mempel K, Menzel T, Steffens U, Schrader C, Santos F, Zeidler C and
Welte K. (1991) Blood mononuclear cells from patients with severe congenital neutropenia
are capable of producing granufocyte colony-stimulating factor. Blood 77:1234.

Mempel K, Pietsch T, Menzel T, Zeidler C and Welte K. (1991) increased serum levels of
granulocyte colony-stimulating factor in patients with severe congenital neutropenia. Blood
77:1919,

Kobayashi M, Yumiba C, Kawaguchi Y, Tanaka Y, Ueda K, Komazawa Y and Okada K.
(19909 Abnormal response of myeloid progenitor cells to recombinant human colony-
stimulating factors in congenital neutropenia. Blood 75:2143.

Chang J, Craft AW, Reid MM, Coutinho LH and Dexter M. (1990} Lack of response of
bone marrow, in vitro, to growth factors in congenital neutropenia. Am. J. Hematol. 35:125,
Daghistani D, Jimenez JJ, Toledano SR, Cirocco RE and Yunis AA. (1990) Cengenital
neutropenia: a case study, Am, J, Pediatr. Hematol, Oncol, 12:210.

Demetri GD and Griffin JD. (1991) Granulocyte colony-stimulating factor and its receptor.
Blood 78:2791,

Larsen A, Davis T, Curtis BM, Gimpel S, Sims JE, Cosman D, Park L, Sorensen E, March
CJ and Smith CA. (1990) Expression cloning of a human granulocyte colony-stimulating
factor receptor: a structural mosaic of hemalopoietin receptors, immunoglobulin, and
fibronectin domains J. Exp. Med. 172:1559.

Fukunaga R, Seto Y, Mizushima S and Nagata S. (1990) Three different mRNAs encoding
human granutocyte colony-stimulating factor receptor. Proc. Natl. Acad. Sci. USA, §7:8702.
Fukunaga R, Tshizaka-lkeda E, Pan CX, Seto Y and Nagata S. (1991) Functional domains
of the granulocyte colony-stimulating factor receptor. EMBO 1. 10:2855,

Backx B, Broeders L, Bot FJ and Lowenberg B. (1991) Positive and negative effects of tumor
necrosis factor on colony growth from highly purified normal marrow progenitors, Leukemia
5:66.

Miller SA, Dykes DD and Polesky HE. (1988) A simple salting out procedure for extracting
DNA from human nucleated cells. Nucleic Acid Res, 16:1215,

Chomczynski P and Sacchi N. (1987) Single-step method of RNA isolation by acid



19.

20,

21,

22.

23.

24.

25,

26.

27.

28.

29,

30.

31,

32.

33.

guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162:156,

Kyas U, Pietsch T and Welte K. (1992} Expression of receptors for granulocyte colony-
stimulating factor on neutrophils from patients with severe congenital neutropenia and cyclic
neutropenia. Blood 79:1144,

Rauprich P, Kyas U, Pietsch T, Steffens U and Welte K. (1991) Normal G-CSF receptor
expression and altered intraceltular protein phosphorylation in neutrophils from patients with
severe congenital neutropenia. Blood 78, 105a (abstr., suppl. 1).

Roesler J, Emmendé&rffer A, Elsner J, Zeidler C, Lohmann-Matthes M and Welte K. (1991)
Altered function and surface marker expression of neutrophils induced by rhG-CSF treatment
in severe congenital neutropenia. Eur. J. Haematol, 46:12,

Kurtzberg J and Kilpatrick L., (1992) Defective PMN superoxide anion production in response
to FMLP and Con-A: a novel and clinically significant functional abnormality of PMN killing
in a patient with congenital neutropenia responsive to G-CSF (Filgrastim). Blood 80, 423a
{(abstr., suppl. I).

Roesler J, Elsner J, Zaidler C, Lohmann-Matthes M ard Welte K. (1992} Tmpaired
mobilization of cytosolic free calcium in neutrophils from patients with severe congenital
neutropenia. Blood 80, 95a (abstr., suppl. 1).

Fukunaga R, Ishizaka-Tkeda E and Nagata S. (1990) Purification and characterization of the
receptor for murine granufocyte colony-stimulating factor. J. Biol. Chem. 265:14008.
Nicola NA and Metcalf D. (1991) Subunit promiscuity among hemopoietic growth factor
receptors. Cell 67:1.

Murakami M, Hibi M, Nakagawa N, Nakagawa T, Yasukawa K, Yamanishi K, Taga T and
Kishimoto T. (1993) IL-6-induced homodimerization of gp130 and asscciated activation of
a tyrosine kinase. Science 260:1808,

Watowich S8, Yoshimura A, Longmore GD, Hilton DJ, Yoshimura Y and Lodish HF. (1992)
Homodimerization and constitutive activation of the erythropoietin receptor. Proc. Natl, Acad.
Sci, USA, 89:2140,

De Vos AM, Ultsch M and Kossiakoft AA. (1992) Human growth hormone and extracellular
domain of its receptor: crystal structure of the complex. Science 255:306.

Basu A, Raghunath M, Bishayee S and Das M, (1989) Inhibition of tyrosine kinase activity
of the epidermal growth factor (EGF) receptor by a truncated receptor that binds to EGF: role
for interreceptor interaction in kinase regulation. Mol. Cell. Biol. 9:671.

Chatterjee VKK, Nagaya T, Madison LD, Datta S, Renteumis A and Jameson JL, (1991}
Thyrotd hormone resistance syndrome: inhibition of normat receptor function by mutant
thyroid hormone receptors. J. Clin, Invest. 87:1977,

Fleischman RA. (1992) Human piebald trait resulting from a dominant negative mutant allele
of the c-kit membrane receptor gene, J. Clin. Invest. 89:1713.

Wong WY, Williams D, Slovak ML, Charak B, Mazumder A, Snyder D, Powars DR and
Brynes RX. (1993} Terminal acute myelogenous leukenia in a patient with congenital
agranulocytosis. Am. J. Hematol, 43:133,

Gilman PA, Jackson DP and Guild HG. (1970) Congenital agranulocytosis: prolonged
survival and terminal acute leukemia. Blood 36:576.

Rosen RB and Kang SJ. (1979) Congenital agrannlocytosis terminating in acute
myelomonocytic leukemia. J. Pediatr. 94:406.

75






Chapter 5

MUTATIONS TRUNCATING THE CARBOXY-TERMINAL REGION OF THE
G-CSF RECEPTOR IN ACUTE MYELOID LEUKEMIA PRECEDED
BY SEVERE CONGENITAL NEUTROPENIA

Fan Dong, Russell K, Brynes, Nicola Tidow,
Karl Welte, Bob Léwenberg, Ivo P. Fouw

Submitted for publication



Abstract

Severe congenital neutropenia is characterized by a maturation arrest of myeloid
progenitor cells at early stages of development, Some SCN patients have an increased risk
of developing AML. G-CSF is the principal growth factor involved in granulopoiesis.
Abnormalities in G-CSF signal transduction pathways have been suggested to play a role in
the progression to AML in SCN patients. The cytoplasmic domain of the G-CSF-R was
amplified by PCR from genomic DNA and reverse-transcribed cDNA of hematopoietic cells
obtained from two AML patients with a history of SCN. The PCR products were subjected
to nucleotide sequencing. Point mutations at Gin™® and GIn™!, respectively, of the G-CSF-R
were identified in the two patients, leading to the truncation of the carboxy-terminal
cytoplasmic region essential for transducing maturation signals. In one patient, the mutation
could also be demonstrated during chronic neutropenia prior to conversion to AML. These
results indicate that mutations in the G-CSF-R gene interrupting the maturation-signaling
function are involved in the pathogenesis of SCN, and are associated with progression to
AML in SCN patients.

Introduction

Although originally described as an autosomal recessive eatity (1), severe congenital
neutropenia (SCN or Kostmann’s syndrome)} includes a heterogeneous group of disorders
with variable inheritance, characterized by early onset of recurrent bacterial infections and
severe absolute neutropenia (less than 0.2 x 10% neutrophils/L). Morphological analysis of
the bone marrow of SCN patients almost invariably shows a mataration arrest of granutocytic
progenitor cells at the promyelocyte/myelocyte stage (2-6). SCN patients have an increased
incidence of AML. (7-9).

G-CSF is a major hematopoietic growth factor involved in the regulation of granulo-
poiesis. Several studies have suggested that an abnormal response of granulocytic progenitor
cells to G-CSF may play a role in the pathogenesis of SCN. For instance, myeloid progenitor
cells from patients with SCN often show & reduced responsiveness to G-CSF in virre (10,11),
Pharmacological doses of G-CSF, when applied therapeutically i vivo, lead to improvement
of neutropenia in the majority of SCN patients (11-13), Defective G-CSF production or
serum inhibitors of myeloid cell growth have not been documented in SCN patients so far
examined (14-16),

The G-CSF-R is a single polypeptide of 813 amino acids (17,18) that belongs to the
hematopeietin receptor superfamily (19). After G-CSF-induced dimerization of receptor
chains, the G-CSF-R transduces signals regulating the proliferation, maturation and survival
of myeloid progenitor cells. These signals are mediated by distinct cytoplasmic regions of
the G-CSF-R. The membrane-proximat region is involved in the transduction of proliferative
and survival signals, whereas the distal carboxy-terminal region is responsible for transducing
maturation signals and for suppressing G-CSF-R proliferative signaling (20-22), It has been
suspected for some time that signaling abnormalities of the G-CSF-R, compromising its
maturation-inductive propetrties, would be involved in the pathogenesis of certain myeloid
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disorders characterized by defective granulocytic maturation, such as SCN and AML. In
Chapter 4, it is shown that granulocytes from an SCN patient (patient DA) carried a mutation
in the G-CS8F-R truncating the carboxy-terminal maturation-inducing region (23). Defective
G-CSF-R structures have not yet been documented in AML patients. In this paper, we report
the identification of point mutations in the G-CSF-R in two AML patients with a history of
SCN. Similar to the mutation in patient DA, the mutations in the two AML patients also lead
to the truncation of the carboxy-terminal region of the G-CSF-R. Furthermore, we show that
the mutation in one patient was already present in the neutropenic phase that preceded AML.
These results suggest that mutations disrupting the maturation signaling function of the G-
CSF-R may be involved in the development of AML in SCN patients,

Case Reports

Patient BA. The clinical and laboratory features of patient BA have been described
elsewhere (9}, In brief, the male patient was diagnosed as SCN at the age of 2 years and 9
months., The family history was negative for increased risk of infections. He remained
clinically well until age 12, when infections became more frequent and severe. G-CSF
therapy was initiated and his peripheral biood absolute neutrophil counts increased up o 6.0
x 10°%L. Eight months later, white he was on G-CSF therapy, peripheral blood examinations
revealed approximately 30% blasts. Repeated bone marrow studies consistently showed a
predominance of blasts. Cylogenetic analysis revealed a clonal abnormality in the bone
marrow and the karyotype of the leukemic clone was 49, XY, +3, +der(5), t(1;5)(q21;q21),
+22. He was diagnosed as AML (FAB-M1) and died 7 months later.

Patient FR. This male patient was diagnosed as SCN in the first year of life when he
suffered from severe mastoiditis. The family history was negative for hematological disorders
or increased frequency of infections. During the first 20 years of his life, he suffered from
frequent episodes of pneumonitis, otitis, tonsillitis, and severe gingivitis, At the age of 18
years, all teeth had to be extracted because of severe tooth abscesses. At the age of 20 years
he was enrolled in the phase I/II study of G-CSF (Filgrastim) in Hannover, Germany. At this
time point, his bone marrow revealed a maturation arrest of myelopoiesis at the level of
promyelocyte/myelocyte with absence of band and segmented neutrophils. There were no
signs of myelodysplasia and the cetlularity of the bone marrow was normal. He responded
wetl to G-CSF at a dose of 3 pg/kg/day with an increase of neutrophils to above 2 x 10%/L
within the first two weeks of treatment. This neutrophil count could be maintained during the
next two years without changing the G-CSF dose. He did not experience severe infections
anymore and the quality of life improved dramatically. At the age of 22, two years after G-
CSF treatment, a routine bone marrow examination demonstrated monosomy 7 in the myeloid
lineage without any signs of dysplasia or leukemia. G-CSF treatment was discontinued
immediately, but restarted two month later due to the demand of the patient because of severe
stomatitis. Eleven months later, he developed myelodysplasia with thrombocytopenia and
anemia (MDS-RAEB). Another 8 months fater, the MDS transformed into secondary AML
(FAB-M1I). Initially, he responded well to anti-leukemic treatment, but experienced an early
refapse and died from therapy-resistant leukemia at the age of 26 years,
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Materials and methods

PCR amplification. The isolation of genomic DNA from different celluiar sources was
as described (24). Total RNA was isolated from leukemic cells of patient FR with the single-
step isolation method as described by Chomczynsky and Sacchi (25). RNA (1 pg) was
reverse-transcribed into ¢cDNA in a 20-xl volume containing 200 units of reverse transcriptase
of Moloney murine leukemia virus (Gibeo-BRL, Breda, The Netherlands). PCR amplification
was done in a 50-u! volume containing | uM each primer, 0.2 mM dNTPs, 1 unit of Tag
polymerase and 1 x standard Tagq buffer (Promega Cop., Madison, WI). Amplification was
done for 35 cycles consisting of 1 min at 94°C, 2 min at 51°C and 2 min at 72°C. The
primers used in this study were as follows: FW3, 5’-TGIGATCATCGTGACTCCCTT-3
(forward); FW4, 5’-CTGCTGTTGITAACCTGCCTC-3’ (forward); FW6, 5'-CCAAGA-
GCAGTTTCCACCCAGGCC-3’ (forward); FWILG, 5'-ACCCTTTGTGTTCCACCATG-3’
{forward); RV7, 5’-CAAGATCTAGTTTACAATACTGAAG-3’ (reverse); RV6, 5’-GTAGA
TCTTAGTCATGGGCTTATGG-3’ (reverse); RV4, 5'-TCTCAGGGGAGATAGTGCCC-¥
(reverse). Underlined nucleotides indicate introduced mismaiches.

Nucleotide sequencing. Afler electrophoresis in agarose gels, PCR fragments were
purified using Geneclean IT kit (Bio {01 Inc., La Jolla, CA). PCR products were either
subjected to direct sequencing or sequenced after subcloning in the pBluescript vector
(Stratagene Cloning systems, La Jolla, CA). Nucleotide sequencing was performed using the
T7 sequencing kit, according to the manufacturer’s instructions (Pharmacia P-L Biochemicals

inc., Milwaukee, WI),

Normal Patient BA
G AT C G A T C

/

~a— CIT

N

Figure 1, Part of a sequencing gel showing a point mutation in the G-CSF-R of patient BA,
Nucleotide sequencing was performed directly on PCR products obtained from bone
marrow cells of patient BA and on the WT G-CSF-R cDNA. The arrow indicates the
position of the mutation (C—T). Note the presence of both the normal and mutant alleles
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Figure 2, Schematic diagram of the WT and two truncated G-CSF-R structures. Conserved
cytoplasmic subdomains are shown as boxes 1-3. Lines indicate carboxy-terminal regions
deleted due to point mutations {boxed}. Numbers in parentheses indicate amino acid {aa)
positions. TM, transmembrane domain,

Restriction analysis of PCR products, PCR products were digested with appropriate
restriction enzymes and electrophoresed in agarose gels (FMC Bioproducts, Rockland, ME).

Results

The entire exon 17 (26), which encodes 156 carboxy-terminal amino acids of the
cytoplasmic domain, and part of the intron 16 of the G-CSF-R gene were amplified by PCR
from genomic DNA isclated from bone marrow cells of patient BA by using primers EWI16
and RV7. The PCR product was subcloned and 18 pooled individual clones were sequenced,
which revealed a C-to-T transition at nt 2390 of the G-CSF-R ¢DNA (17) (data not shown).
Direct sequencing of PCR products confirmed the presence of the point mutation (Figure 1).
The point mutation changes the CAA codon for Gin™® to the TAA stop codon leading to the
truncation of 96 carboxy-terminal amino acids of the G-CSF-R cytopiasmic domain including
the conserved box-3 segment (Figure 2). A PCR-restriction-anatysis-based approach was then
utilized to confirm the sequencing data and to examine the ratio of the mutant versus the
normal G-CSF-R genes in bone marrow cells of patient BA, A single mismatch was
introduced in primer FW6, which creates a St restriction site in the PCR product if the
point mutation was present in the DNA (Figure 3A). Analysis of 8 individual clones showed
that 5 clones contained the mutation (Figure 3B). Stul digestion of the PCR product obtained
from bone marrow cells collected at different time points consistently showed that the
mutated gene represented a minor proportion in marrow cell-derived DNA (Figure 3C). As
leukemic cells comprised approximately 70% of bone marrow cells, this result indicates that
the mutation was not constitutional. The mutation was not detected in DNA isolated from the
liver and the spleen by Sl digestion (Figure 3C) and nucleotide sequencing (data not showny}.
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Figure 3. Stul-restriction analysis of PCR product. {A} Scheme of the experimental
strategy. A mismatch {underlined} introduced in the forward primer, in combination with
the mutation (boxed) in template DNA (in antisense orientation}, creates a Stul restriction
site in the PCR product. (B) Analysis of individual clones of PCR product obtained from
patient BA. 3 ul of PCR reaction mixtures was digested overnight with 8 units of Stul and
separated in a 3% NuSieve agarose gel. (C} Stul digestion of PCR product obtalned from
the WT G-CSF-R ¢DNA {lanes 1 and 9, from bone marrow cells of patient BA collected
on 2/28/90 (fane 2}, 12/6/90 {lane 3} and 1/23/91 {lane 4}, and from the postmortem liver
{lane B8) and the spleen {lane 7) as wel as from a single clone of the patient-derived PCR
product that carried the point mutation (lanes 5 and 8}. Note the relative intensities of the
normal and mutant alleles in the patient’s bone marrow cells and the absence of mutation
in the liver and spleen. The 22-bp fragments are not shown in this figure.
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From leukemic cells of peripheral blood of patient FR, only RNA samples were available.
RT-PCR was used to amplify the entire transmembrane and cytoplasmic domains as well as
part of the extracellular domain of the G-CSFE-R by using primers FW3 and RV7, After
subcloning of the PCR product, nucleotide sequencing was performed on 16 pooled
individual clones. A C-to-T point mutation was identified at nt 2414 that changes the CAG
cedon for GIn™ to the TAG stop codon (Figure 4). As a result, the 83 carboxy-terminal
amino acids of the G-CSF-R are deleted (Figure 2). The mutation destroys a Pvull site in the
G-CSF-R ¢cDNA. Digestion of PCR products, amplified with primers FW4 and RV6, with
Puyll restriction enzyme revealed the presence of the transcripts of both the normal and
mutated G-CSF-R alleles (Figure 5). To investigate whether the point mutation had already
been present before patient FR developed AML, DNA was isolated from a bone marrow
smear prepared when patient FR was in neutropenic phase prior to the acquisition of
monosomy 7. Pwidl digestion of PCR product amplified with primers FWIL6 and RV6
reveated that, similar to patient BA, only a minor proportion of DNA derived from the bone
marrow cells of patient FR contained the mutation (Figure 5). This result would indicate that
the mutation had arisen from a de #ovo somatic event in patient FR, As expected, the
mutation was also detected by nucleotide sequencing of RT-PCR product derived from
neutrophils obtained when patient FR had developed monosomy 7 but had no clinical signs
of MDS or AML (data not shown).

Discussion

G-CSF has a key role in the regulation of granulopoiesis (27,28). In addition to its
growth- and survival-stimulating activities, G-CSF induces terminal neutrophilic maturation.
A point mutation in the G-CSF-R has been identified in an SCN patient, leading to the
deletion of a carboxy-terminal region of 98 amino acids involved in maturation induction
(patient DA, Chapter 4). The mutation was detected only in hematopoietic cells committed
to the granulocytic lineage. As committed progenitor cells are generally believed to have a
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limited self-renewal capacity, the lineage-restricted presence of the mutation appeared
contradictory to the fact that neutropenia persisted in patient DA. It was assumed that
granulocytic progenitor cells of the patient DA had been transformed to a certain extent due
t0 the inability of the truncated G-CSF-R to mediate maturation signals and thereby had
acquired preleukemic properties.

A
FW4 p p* RV&
=t | | e
[ ]
147 bp 210 bp 343 bp
FWite p p* RV6
== { | e
44 bp 93 bp 210 bp 343 hp
100 bp
B
bp
1018
512 -af— 553 bp
396
a4 —
298
220
2
154
134

75

Figure 5. Pvull restriction analysis of PCR products. {A} Schematic representation of PCR
products amplified from cDNA {upper portion) and genomic DNA {lower portion}. The
relative positions of the Pvull restriction sites and the expected sizes of DNA fragments
in base pair {bp) after Pvull digestion are indicated. Also indicated are the PCR primers
used. Open boxes denote the sequences derived from cDNA and exon 17, whereas intron
16-derived sequence is shown as a bold line. The asterisks indicate the Pvull site
eliminated by the point mutation. (B} Detection of the point mutation by Pvull digestion of
PCR products. Amplification was performed on genomic DNA prepared from bonae marrow
cells of normal individuats {lanes 1 and 2} and patient FR in neutropenic phase {lane 3}, and
on RNA isolated from normal granulocytes of peripheral blood {lanes 4 and 5) and leukemic
cells of patient FR (lane 6}. 4 yl of PCR products were digested with 18 units of Pvull for
6 hours and separated in a 2% NuSieve agarose gel. Note that the 553-bp fragment
{arrow) is only weakly detectable in lane 3, but is evident in lane 6. Partial digestion is
excluded, as evident from the complete digestion of the other Pvull sites in the PCR

products
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Patients with SCN are thought to be predisposed to AML (29). Three SCN patients have
been reported to develop AML in the literature (7-9). Of the 185 SCN patients currently
registered in the SCN International Disease Registry, nine have progressed to AML or MDS
(Welte K., unpublished data). We could obtain materials from two AML patients with a
history of SCN. In both cases we found mutations that result in the carboxy-terminal
truncation of the G-CSF-R. We established that the mutation in patient FR was already
present in neutropenic phase prior to leukemic conversion. On the basis of studies presented
in Chapter 2, one can predicts that the truncated G-CSF-R proteins isolated from the two
AML patients are defective in maturation signaling, but are capable of transducing strong
proliferative signats. These results, together with previous evidence (Chapter 4), suggest that
aberrant G-CSF-R structures resulting in abnormal signal transduction contribute to the
development of AML. Our data provide the first example that defective structures of the G-
CSF-R, a member of the hematopoietin receptor superfamily, are associated with clinical
leukemia.

In both patients the mutations were present only in minor proportions of DNA prepared
from bone marrow cells. In patient BA, the mutation was absent in spleen and liver tissues.
These results establish that the mutations were somatic events. In the two cases described
here, the normal G-CSF-R allele was present in the myeloid cells, implying that the truncated
G-CSF-R proteins interfere with the normal receptor functions via a dominant negative
mechanism, This is entirely consistent with our current understanding of the G-CSF-R
activation. It is generally accepted that G-CSF binding results in the dimerization of two G-
CSF-R chains, which is an essential step leading to receptor activation (30-32). It thus
appears likely that the dominant negative effect may result from the formuation of
heterodimers between the normal and truncated G-CSF-R chains (33-35).

The underlying mechanisms of SCN are heterogeneous. Not all SCN patients studied thus
far were found to have mutations in the G-CSF-R (23,36,37). SCN was originally described
as an autosomal recessive disorder by Kostmann in several Swedish families (I). Notably,
nucleotide sequencing analysis of the cytoplasmic domain of the G-CSF-R in three SCN
patients from these Swedish families failed to detect any mutations (unpublished data), It is
possible that post-receptor signaling abnormalities play a role in the pathogenesis of the
majority of SCN patients, The cases described here and in Chapter 4 apparently define a
subgroup of SCN that is characterized by defective G-CSF-R structures. It appears that this
subgroup may represent a preleukemic entity.

G-CSF is now utilized frequently in the treatment of SCN patients (11-13), including the
two cases described here, While favorable responses to G-CSF therapy have been observed
in most cases, some patients have been reported to develop AML or MDS following G-CSF
therapy (29}, Notably, our patients also showed transient responses to G-CSF therapy, but
leukemic cells expanded and ultimately overgrew the normal hematopoietic cells, Although
it remains uncertain whether G-CSF therapy contributes to the progression to AML in SCN
patients, our data would argue that caution be taken in administrating G-CSF to certain cases
of SCN. It would be important io analyze the G-CSF-R in an extended series of SCN
patients. This will allow a critical evaluation of the relationship between defective G-CSF-R
structures, progression to AML and the contribution of G-CSF therapy (o leukemogenesis.
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Abstract

A novel human G-CSF-R isoform, designated SD, has been identified in which the distal
carboxy-terminal cytoplasmic region, previously shown to be essential for maturation
signaling, is substituted by an altered carboxy-terminus. The SD receptor has a high affinity
for G-CSF and retains the membrane-proximal cytoplasmic region known to be sufficient for
proliferative signaling. Nonetheless, the SD isoform lacks the ability to transduce growih
signals in murine BAF3 cells and, in contrast to the WT G-CSF-R, is scarcely capable of
activating JAK2 kinase. Expression of the SD receptor was found to be low in normal
granulocytes, but was significan(ly increased in a patient with AML. The leukemic cells of
this patient harboured a point mutation in the SD splice donor site of the G-CSFE-R gene,
These findings provide the first evidence that mutations in the G-CSF-R gene can occur in
certain cases of clinical de nove AML. The possible contribution of defective G-CSF-R
signaling to leukemogenesis is discussed.

Introduction

G-CSF promotes the proliferation, differentiation and survival of progenitor cells which
predominantly form granulocytic colonies in vifro (1). G-CSF is the major growth factor
responsible for the regulation of granulopoiesis and also modulates certain functions of
mature granulocytes. In addition, G-CSF appears to have a role in activating primitive
pluripotent progenitor or stem cells into cell cycle and inducing their profiferation (2-5).
These biological activities of G-CSF have led to the application of G-CSF therapy in a wide
variety of clinical conditions (6).

The diverse activities of G-CSF are initiated following binding of G-CSF to the G-CSF-R
that belongs to the superfamily of cytokine/hematopoietin receptors (7,8). Although the
majority of the family members, including the receptors for IL-2 to IL-7 and GM-CSF, are
activated through the formation of heteromeric complexes comprising o, §§ and sometimes
v subunits (9-12}, the G-CSF-R is thought to form a homo(di)meric complex upon ligand
binding (13,14). When expressed in murine hematopoietic cells, the murine and human G-
CSF-Rs are able to bind to G-CSF with high affinity and transduce G-CSF-dependent signals
for proliferation and mataration (15-17),

Four different forms of the human G-CSF-R, arising from alternative RNA splicing, have
been isolated from several cellular sources, one of them being a soluble receptor protein
(18,19). The G-CSE-R prolein containing a cytoplasmic domain of 183 amino acids shows
strongest homology to the murine G-CSF-R and represeats the human homologue of the WT
G-CSF-R. Although neither type of the G-CSE-R contains consensus motifs in the
cyfoplasmic domain that would indicate kinase activities, cerfain sequence similarities have
been identified, which are conserved in several members of the cytokine receptor
superfamily. Two segments called box 1 and box 2, localized in the membrane-proximal
region of the G-CSF-R, are also presen{ in most members of cytokine receptor superfamily
(20,21), This membrane-proximal region has been shown to be essential for transmitting
growth signals (15,17,20). The carboxy-terminal region of the WT G-CSF-R, which contains
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a segment calted box 3 that is shared only with I1-6 signal transducer gpi30 (22,23), is
involved in transduction of maturation signals and in down-modulation of proliferative
signaling by the G-CSF-R (15,16).

We report here the molecular cloning of a2 new G-CSF-R isoform, designated SD, in
which the carboxy-terminal cyteplasmic region of the WT G-CSF-R distal to box 2 is
replaced by an altered terminus. Although the SD receptor retains the membrane-proximat
region including box [ and box 2 that is essential for proliferative signaling and JAK?2
activation, it fails to transduce growth signals in murine BAF3 cells and only marginally
induces tyrosine phosphorylation of the JAK2 kinase. The expression of SD receptor is low
in normal granulocytes, but is significantly elevated in the leukemic cells of a patient with
AML, The AML cells from this patient carried a point mutation in the SD splice donor site
of the G-CSF-R gene. To our knowledge, this is the first case of de nove AML in which a
mutation in the G-CSF-R gene has been identified that may result in the altered signaling
properties of the encoded receptor protein,

Materials and methods

AML cells and normal granulocytes. Peripheral bloed and bone marrow samples were
obtained from normal individuals and patients with AML after informed consent. AML cells
and normal granvlocytes were isolated as described (24). In brief, teukemic cells were
recovered from the interface after Ficoll-Isopaque separation. Subsequently, T cells and
monocytes were removed from leukemic cells by erythrocyte-rosetting and adherence to
plastic, respectively (24). Normal granulocytes were obtained as sedimented cell fraction
after Ficoll-Isopaque centrifugation and further depleted of erythrocytes by hypotonic lysis.

Cell culture, Murine pro-B BAF3 cells were provided by G. Plaetinck (Roche Research,
Ghent, Belgium) and were cultured in RPMI 1640 medium supplemented with 10% FCS and
10 ng of murine IL-3 per ml. Subclones of BAF3 cells expressing the different G-CSF-R
forms were established as described (Chapter 2) and were maintained in the same culture
medium as that for the parental BAF3 cells,

PCR amplification and subeloning, Total RNA was isolated using the guanidinium
thiocyanate method (25). RNA (1 pg) was primed with oligo (dT) and reverse-transcribed
into ¢cDNA in a 20-pl reaction volume containing 200 units of reverse transcriptase of
Moloney murine teukemia virus (MLV) (Gibco-BRL, Breda, The Netherlands). Genomic
DNA was prepared as described (26). PCR primers were designed according to the published
sequence of the G-CSF-R ¢cDNA (19), and are as follows: FW3, 5 -TGTGATCATCGTG
ACTCCCTT-3" (forward, nt 1664 to 1684); FW4, 5’-CTGCTGTTGTTAACCTGCCTC-3’
(nt 2070 to 2090); FW6, 5’-CCAAGAGCAGTTTCCACCCAGGCC-3’ (nt 2361 to 2384);
FWIL6, 5'-ACCCTTTGTGTTCCACCAGT-3', (nt -125 to -105, referring to the first
nucleotide ofexon 17 as +1); RV7, 5'-CAAGATCTAGTTTACAATACTGAAG-3’ (reverse,
nt 2923 to 2947); RV6, 5'-GTAGATCTTAGTCATGGGCTTATGG-3’ (nt 2745 fo 2769).
Mismatches (underlined) were introduced to create restriction enzyme sites. One-tenth of
cDNA reaction mixtures or 1 pg of genomic DNA was used for PCR amplification in a 50-u1
volume containing 0.5 uM each primer, 0.2 mM dNTPs, 1 unit of Tag polymerase and 1 x
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standard Faq buffer (Promega Corporation, Madison, WI). PCR amplification was performed
for 30 cycles consisting of 1 min at 94°C, 2 min at 51°C and 2 min at 72°C for 30 cycles.
After amplification, PCR fragments were size-separated in agarose gels, purified using
Geneclean 1I kit (Bio 101, Inc., La Jolla, CA} and ligated to the Hincll site of the
pBluescript vector (Stratagene Cloning Systems, La Jolla, CA),

Plasmid construction and transfection. To reconstitute the full-length coding sequence
for the SD receptor, the corresponding PCR fragment (Figure 1B) was subcloned in the
pBluescript vector. The 3 portion of the fragment was then cut out from the vector with
BsrFl and Clal. The resulting fragment was used to replace the 3" sequence of the WT G-
CSF-R inserted in the pLNCX expression vector (27). DNA transfection of BAF3 cells was
performed by electroporation using 20 g of expression construct linearized with Pvyl, Stably
transfected cells were selected by their ability to grow in culture medium containing G418
(Gibco-BRI., Breda, The Netherlands), as previously described (Chapter 2).

Radioactive G-CSF binding. Binding assays with 'I-radiolabeled G-CSF were
performed as described (24). BAF/SD cells (1.6 x 10% were incubated with titrated
concentrations of »I-G-CSF (20 pM to 5 nM) in a 100-ul volume at 37°C for 1 h. Cells
were sedimented by centrifugation through ice-cold FCS and cell-associated radioactivity was
measured, Incubations with excess nonlabeled G-CSF were included to determine nonspecific
binding. Data were analyzed as described (24).

*H-thymidine (TdR) incorporation assay. BAF/SD cells or leukemic cells From the
patient were washed and incubated in triplicate with various concentrations of indicated
growth factors at 10% cells/100 pl in 96 microtiter plates. After 24 h (BAT/SD) or 48 h
(AML cells) of incubation, I xCi of *H-TdR (2 Ci/mM, Amersham Inc., Amersham, UK)
was added to each well, and the cells were incubated for further 12 h before harvesting, *H-
TdR incorporation was measured as described (15).

Innmimoprecipitation and immunobletting, Cells were deprived of growth factors for
14 h and incubated with G-CSF or IL-3 for indicated times. Cells were lysed on ice in lysis
buffer (50 mM Tris [pH 7.5], 150 mM NaClI, ImM EDTA, 1% [v/v} Triton X-100, 1 mM
PMSFE, 100 uM Na,VO,, and a cocktail of proteinase inhibitors). Cell lysates were
centrifuged at 10,000 x g for 30 min and resultant supernatants were incubated on ice for 90
mtin with rabbit polyclonal anti-JAK?2 antiserum (28). Protein A-sepharose beads (Pharmacia
LKB, Uppsala, Sweden) were added, incubated on ice for 30 min and washed extensively
in lysis buffer. Bound proteins were eluted by boiling in sample buffer (50 mM Tris [pH
6.8], 1% fwiv] SDS, 10% [v/v] glycerol, 1 mM dithiothreitol, and 0.008% {[w/v] bromo-
phenol blue) and subjected to 7.5% SDS-polvacrylamide gel electrophoresis (SDS-PAGE),
Proteins were electrotransferred onto nitrocellulose (Schleicher & Schuell, Dassel, Germany).
Filters were blocked by incubation for 30 min in Tris-buffered saline (TBS; 10 mM Tris [pH
7.4], 150 mM NaCl) containing 3% bovine serum albumin, washed extensively in TBS-T
(TBS with 0.05% Tween-20) and then incubated with the monoclonal antiphosphotyrosine
antibody 4G10 (Upstate Biotechnology Inc., Lake Placid, NY). After washing three times
in TBS-T, filters were probed with peroxidase-conjugated rabbit anti-mouse antibodies
(DARKO A/S, Denmark). Specific signals were detected by chemiluminescence {DuPont,
Hertogenbosch, The Netherlands).
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Figure 1. RT-PCR amplification of human G-CSF-R cDNAs. (A} Schematic representation
of human G-CSF-R cDNAs, The wide bars represent coding regions, of which the solid and
stippled regions denote transmembrane domain and signal sequence, respectively.
Conserved regions in the cytoplasmic domain are shown as boxes 1-3. Thin solid bars
indicate noncoding regions. The sequences lacking in the SD and D7 receptors as a result
of alternative splicing are indicated by thin lines. The altered coding regions in the SD and
D7 receptors are hatched. Also indicated are the positions of the PCR primers used in this
study. (B} Southern blot analysis of PCR products. RT-PCR was performed cn total RNA
isolated from normal granulocytes using primers FW3 and RV7 (lane 1) or FW3 and RV6
(lane 2). 2 ul of PCR products was subjected to electrophoresis in a 0.9% agarose gel,
transferred to a nitrocellulose filter and probed with the *P-labeled human WT G-CSF:R
cDNA. (C) Sequences flanking the SD deletion boundaries and the corresponding
translational reading frame. Numbers indicate nucleotide {upper} and amino acid {low)
positions. The consensus nucleotides for RNA splicing are undertined.
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Figure 2. G-CSF binding characteristics of the SD receptors expressed on BAF3 cells. (A)
Equilibrium binding of '*%-G-CSF to BAF/SD cells. BAF3/SD cells were incubated with
titrated concentrations of '*8-G-CSF at 37°C for 1 h. Specific binding was determined
after subtraction of non-specific binding. Each point represents the mean of two
estimations. {B) Scatchard plot of the G-CSF binding data.

Northern blotting, Poly(A)" RNA was purified on oligo (dT) columns (Pharmacia). 5
ug of total RNA from normal granulocytes or 4 pg of poly(A)" RNA from leukemic cells
was electrophoresed in a [% agarose gel conlaining 2.2 M formatdehyde, and then
transferred to a nylon filter (Amersham). The filter was hybridized with *P-labeled DNA
probes made with the method of random priming. Final washing of filters were done at 65°C
in 0.3 x SSC (1 x 88C is 0,15 M NaCl, 0.015 M sodium citrate).

Results

Cloning of the G-CSF-R ¢DNAs from human granuloecytes. To isolate the human G-
CSF-R cDNAs, RT-PCR was performed on total granulocyte RNA of healthy individuals by
using primers FW3 and RV7 (Figure 1A). Southern blot analysis of PCR products using the
full-length G-CSF-R cDNA as a probe consistently showed 4 bands (Figure {B). When RT-
PCR was performed on RNA isofated from BAF3 cells transfected with human WT G-CSF-R
¢DNA, or with primers FW3 and RV6 (Figure 1A), only one fragment could be detected
(Figure IB and data not shown). These PCR fragments were subcloned and sequenced. The
largest fragment corresponded to the WT G-CSF-R. Unexpectedly, subclones obtained from
the two middle-sized fragments all had a nucleotide sequence identical to the previously
described splice variant D7 (19). The reason for this phenomenon is unknown. However,
similar observations have been made by others (29) and it has been suggested that some PCR
preducts migrate abnormally in agarese gels due te heteroduplex formation (30).
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Figure 3. Growth of BAF/SD cells in G-CSF and IL-3. {A} DNA synthesis of BAF/SD cells
in response to G-CSF or 1L-3 stimulation. Cells were cultured for 24 h in the absence or
presence of 100 ng of G-CSF perml or 10 % of WEHI-CM as a crude source of murine IL-
3. Cells were then incubated with *H-TdR for 12 h and ®H-TdR incorporation was
measured. {B} Growth curves of BAF/SD cells in G-CSF or IL-3. Cells were plated initially
at 10%/ml in medium containing 10 ng of IL-3 per mi {open circles} or 100 ng of G-CSF per
ml {solid circles).

The smallest PCR fragment had a 549-nucleotide (nt) deletion (nt 2283-2831, Figure [A)
as compared with the WT G-CSE-R cDNA (19). Analysis of nucleotide sequence flanking
the deletion boundaries revealed potential RNA splicing donor and acceptor sites (Figure 1C),
The splice acceptor sile of the SD receptor is shared with splice variant D7 (Figure 1A). The
pattern of alternative splicing for SD receptor resulls in the replacement of the carboxy-
terminus of the WT G-CSF-R immediately downstream of box 2 by a carboxy-terminat tail
of 34 amino acids identical to that of the D7 splice variant (Figure 1A). Thus, the SD
receptor cDNA predicts a truncated G-CSE-R protein lacking the carboxy-terminal region of
130 amino acids of the WT receptor including the box-3 subdomain, The expression of the
transcript of this G-CSF-R isoform was detected by RNase protection in granulocytes from
6 normal individuals (data not shown).

Function of the SD receptor in BAI'3 transfectants. To study the function of the SD
receptor, the full-length ¢DNA encoding the SD receptor was inserted into the pLNCX
retroviral expression vector (27} and transfected into BAF3 cells. After G418 selection, RT-
PCR was performed on total RNA extracted from the BAF/SD transfectants to verify the
presence of SD transcript. By using primers FW3 and RV7, the 735-bp SD product was
readily detected (data not shown), The surface expression and ligand binding characteristics
of the SD receptor were examined by radioactive binding assays using PI-labeled G-CSF,
Scatchard analysis revealed that BAF/SD cells expressed a single class of G-CSF binding
sites with a dissociation constant (Kd) of 0.34 nM at a mean density of approximately 800
sites per cell (Figure 2}. These binding properties were comparable to those of the WT G-
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CSF-R expressed on BAF3 cells as well as on other cell types (15,18,19). We next examined
whether the SD receptor was able to transduce growth signals in BAF3 cells. This cell line
has previously been shown to proliferate in response to G-CSF upon expression of the human
G-CSF-R (15). In 5 independent BAF/SD clones, no increase in *H-TdR incorporation was
observed after G-CSF stimulation (Figure 3A). Consisient with this, BAF/SD cells died
within 2 days upon transfer from IL.-3-containing medium to cultures containing G-CSF alone

(Figure 3B).

G-CSF IL-3 G-CSF IL-3

time(min) o 1 5 10 6 10 0 1 5 10 60 10

200 —

Parental BAF/M1 BAF/SD BAFWT

&
Q9
4

. G-CSF
L3

Figure 4. Tyrosine phosphorylation of JAK2 after G-CSF and IL-3 stimulation. {A and B}
Kinetics of JAK2 phosphorylation induced by G-CSF stimulation. BAF3 cells expressing the
WT G-CSF-R (A) or the SD receptor (B} were incubated with human G-CSF {100 ng/ml} for
indicated times. Incubation with muring IL-3 (10 ng/mil was also included as a positive
control. Cell lysates were immunoprecipitated with JAK2 antiserum. The precipitated
proteins were subjected to Western blot analysis using the 4G10 antiphosphotyrosine
monoclonal antibody. {(C} Tyrosine phosphorylation of JAKZ in BAF3 transfectants
expressing the different G-CSF-R forms. Cells were incubated for 10 min with G-CSF {1
pgiml}, 1L-3 {10 ng/ml) or without factors. All {anes represent lysates from equal amounts
of cells.
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Figure 5. Expression of G-CSF-R transcripts in AML cells. {A} RT-PCR analysis of G-CSF-R
transcripts in AML cells, RT-PCR was performed with primers FW3 and RV7, which define
a fragment of 1284 bp for the WT G-CSF-R, of 865 bp for the D7 recaptor, and of 7356
bp for the SD receptor. The bands migrating at approximately 1 kb position may represent
the heteroduplexes of the WT and D7 DNA fragments (see text). Depicted are results
obtained with RNA samples from 6 AML patients {lanes 1 to 6}. Note the predominance
of the 735-bp fragment in lane 3. {B and C) Northern blot analysis of G-CSF-R transcripts
in normal granulocytes and leukemic cells. 4 ug of Poly(A)* RNA from lsukemic cells {lane
1) and B g of total RNA from granulocytes of two healthy individuals {lanes 2 and 3) were
electrophoresedin a 1 % formaldehyde-containing agarose gel, blotted to a nylon filter and
probed with the **P-labeled WT G-CSF-R ¢cDNA {B). The same blot was stripped and
reprobed with a *P-labeled PCR fragment defined by primers FW8 and RV6 {C).

JAK2 activation by G-CSF in BAF3 transfectants. JAK2, a 130 kDa tyrosine kinase
of the Janus kinase family, has recently been implicated as a signaling molecule of several
cytokine receptors including the receptors for EPO, IL-3, IL-6, GM-CSF, leukemia
inkibitory factor and growth hormone (28,31-35). G-CSF stimujation of BAF3 cells
expressing the WT G-CSF-R also resulted in the tyrosine phosphorylation of the JAK2
protein (Figure 4A, BAF/WT). The induction of JAK2 phosphorylation was rapid but
transient, occurring as early as I min after G-CSF stimulation, peaking at 10 min and
declining at 60 min, In contrast, the SD receptor lacking the proliferative signaling capacity
only marginally mediated JAK phosphorylation (Figures 4B and C). Notably, the G-CSF-R
deletion mutant M1, which contains only 55 amino acid residues in the cytoplasmic region
that are sufficient for proliferative signaling (15), was still capable of inducing JAK2
phosphorylation (Figure 4C, BAF/M1). Because the SD receptor contains almost the entire
membrane-proximal region preserved in mutant M1, these results suggested that the SI¥
carboxy-terminus negatively influenced JAK? activation, The data also indicate that induction
of JAK? activation by G-CSF correlates with the growth signalling capacity of the G-CSF-R.
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Figure 6. Identification of a point mutation in the splicing donor site of the SD receptor in
feukemic cells. (A} part of a sequencing gel surrounding the point mutation. Nucleotide
sequencing was performed on PCR product subcloned in pBluescript. The point mutation
is boxed. The arrow indicates the position of the mutation in the seguencing gel. The Kpnl
site created by the point mutation is also indicated. (B) Agarose gel electrophoresis of PCR
fragments after Kpnl digestion, Using primers FW1186 and RV7, the entire exen 17 and part
of the intron 16 were amplified from DNA isolated from normal granulocytes (Janes 1 and
2) and teukemic cells (lane 3). 20 ul of PCR products was digested in a 40-ul volume
containing 8 units of Kpnl for 2 h and then size-separated in a 1 % agarose gel, Partial
digestion of PCR fragment was excluded by including a reference DNA containing a Kpnl
site in the digestion mixtures {data not shown}.

Expression of the SD receptor in AML, Results from RT-PCR indicated that human
granulocytes predominantly express the transcript of the WT G-CSF-R, whereas transcripts
of the D7 and 8D receptors are expressed at significantly lower levels. To determine whether
this expression pattern may be altered in patients with AML, RNA samples from 70 AMIL
patients were screened for the expression of the G-CSF-R mRNA by RT-PCR using primers
FW3 and RV7. In one case, the most abundant PCR fragment consistently ran at a position
expected for the SD receptor in 4 independent experiments (Figure 5A). Nucleotide
sequencing confirmed that this fragment is identical to the SD cDNA isclated from
granulocytes (data not shown), The fragment corresponding to the WT G-CSF-R was still
present, though less abundantly, whereas the two bands corresponding to the D7 isoform
were not seen on ethidium bromide-stained gels. Similar resulis were obtained from RT-PCR
using primers FW4 and RV7 (Figure 1A), which amplify a fragment of 878 bp for the WT
G-CSF-R, and of 329 bp for the SD receptor (data not shown).

Northern blot hybridization was then performed to estimate the relative expression levels
of the WT and SI> G-CSF-R transcripts. Two different probes were used to distinguish the
WT and SD G-CSF-R transcripts. A full-length cDNA encoding the WT G-CSF-R recognizes
both the WT' and SD transcripts. A PCR fragment of 409 bp, defined by primers FW6 and
RV6 (Figure [A), specifically recognizes the sequence of the WT G-CSF-R lacking in the
SD receptor, Using the full-dength cDNA as a probe, a band of 3.7 kb corresponding to the
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transcript of the WT G-CSF-R was seen in RNA isolated from normal granulocytes as well
as from leukemia cells of the patient (Figure 5B). In addition, a smaller transcript of
approximately 3.2 kb was detected in RNA from leukemia cells of the patient, but not in
RNA samples from normal granulocytes. As expected, this smaller transcript could not be
detected when the same blot was reprobed with the 409-bp PCR fragment (Figure 5C). As
Jjudged from Northern blot analysis, expression of the SD transcript was slightly less
abundant than that of the WT transcript in the AML cells. Although this seems in contrast
with the RT-PCR results (Figure 5A), it is likely that the SD transcript was preferentially
amplified during PCR due to the size difference between the WT and SD sequences.

Identification of a point mutation in the SD splice donor site in AML cells. RT-PCR
results indicated that the enhanced expression of the SD transcript occurred at the expense
of the D7 transcript, which shares the splice acceptor site with the SD ftranscript. This
prompted us to intvestigate whether mutations were present in the region flanking the splice
donor site of the SD receptor. The entire exon 17 and part of the intron 16 of the G-CSF-R
gene (36) were amplified by PCR using primers FWI16 and RV7 from genomic DNA of the
patient’s leukemia cells, The 868-bp PCR fragment was subcloned and sequenced, A G-to-A
substitution was identified at nt 2285 (19) (Figure 6A), immediately downstream of the 2
consensus nucleotides GT at the S splice donor site (Figure {C), No other mutations were
found in exon 17, The mutation creates a unigue Kpal site, Kpnl digestion of PCR product
obtained from genomic DNA demonstrated that the AML cells carried both the normal and
the mutated alleles of the G-CSF-R gene (Figure 6B), As no somatic cells were available
from the patient, we were unable to determine whether the point mutation was constitutional
or present only in AML cells.

To exclude that the G-to-A substitution was a polymorphism, DNA samples from 108
control individuals were analyzed either by Kpnl digestion or by nucleotide sequencing. In
none of these samples could the same nucleotide change be detected, Taken together, these
findings strongly argue that the G-to-A mutation resulted in the increased utility of the SD
splice donor site. Notably, a minor proportion of the largest RT-PCR fragment (Figure 1B)
of the patient could still be cut by Kpnl (data not shown), suggesting that not all G-CSF-R
RNA precursors carrying the point mutation were spliced into the SD transcript. This result
was consistent with Northern analysis which suggested that the SD transcript was somewhat
tess abundant than WT transcript (Figure 5B). Because the point mutation itseif does not
change the amino acid {val}, the full-length mRNA transcribed from the mutant allele would
encode a G-CSF-R protein identical to the WT G-CSF-R.

Growth factor responses of AML cells overexpressing the SD receptor, Because the
SD receptor was incapable of transducing mitogenic signals in BAF3 cells, it would be
expected that the patient’s leukemic cells were less sensitive to G-CSF stimulation, Indeed,
leukemic cells from the patient responded poorly to G-CSF in *H-TdR incorporation assays
(Figure 7). A weak mitogenic response was observed only at extremely high concentrations
of G-CSF (300 ng/ml), most likely due to the activation of the fow numbers of WT G-CSF-R
homodimers that may still be formed. The poor G-CSF response of the patient’s leukemia
cells was in sharp contrast to the responses to IL-3 and GM-CSF, which strongly induce
DNA synthesis in the patient’s leukemia cells in a dose-dependent manner (Figure 7).

99



120

—8— (G-CSF

100 - i GM-OSF Figure 7. Responsiveness of AML
’ \j/ﬂ cells overexpressing the SD
o 80 receptor to different hemato-
= poietic growth factors. Prolifera-
Z tive responses were evaluated in
E 60 - JH-TdR incorporation assays, as
0 described under Materials and

40 methods,

o i e—e—e—e_d

0
0 107 109 1017 102 10% 104
Concentrations (ng/mil}

Discussion

Alternative RNA splicing resulting in the formation of different receptor isoforms has
been commonly observed among the members of the hematopoietin/cytokine receptor
superfamily (8,37). In general, alternative splicing creates two types of receptor isoforms,
i.e., those that differ in the cytoplasmic domain and those that lack the transmembrane
domain and therefore encode soluble receptors, The extracellular domain responsible for
ligand binding usually remains unchanged. Although their physiological significance is still
largely unknown, receptor isoforms may contribute to the complexity of signal transduction
or modulate cellular responses to growth factors,

In addition to the wild type form, three other G-CSF-R isoforms have been described. We
report here the molecular cloning of a novel G-CSF-R isoform 8D from human granulocytes.
The biological role of the SD receptor in the regulation of normal granulopoiesis remains
speculative. Because the SD receptor is incapable of growth signaling and also lacks the
carboxy-terminal region of the WT G-CSE-R essential for maturation induction (15,16), the
homodimeric form of the SD receptor could function as a ‘sink’ for G-CSFE. The SD receptor
could also form heterodimers with the WT G-CSF-R, thereby interfering with the function
of the WT G-CSF-R. In this respect, it is worth noting that an EPO receptor (EPO-R)
isoform, also lacking the growth signaling potential, has been shown to inhibit the activity
of the WT EPO-R (38), apparently by heterodimerization with the WT EPO-R (39,40).
However, in view of its low expression, at least at the RNA level, it is less likely that the
SD receptor would exert a major effect on the function of the WT G-CSF-R in
granulopoiesis,

We have observed that the expression of the SD receptor was markedly increased in the
teukemic cells of an AML patient. Further, we demonstrate this phenomenon to be associated
with a G-to-A point mutation at the SD splice donor site. It remains uncertain to which
extend the overexpression of the SD receptor had contributed fo the development of leukemia
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in the patient. The inability of the SD receptor to mediate a strong mitogenic signal and the
poor proliferative response of the patient’s leukemic cells to G-CSF might even argue against
a significant role of overexpressing the SP receplor in leukemogenesis, However,
overexpression of the SD receptor would conceivably lead to the increased formation of
SD/SD and WT/SD receptor complexes. Notably, the carboxy-terminal cytoplasmic region
of the WT G-CSF-R, lacking in the SD receplor, is responsible for maturation signaling
{15,16). It is plausible that heterodimerization between the WT and SD receptor molecules
would result in the disturbance of maturation signaling by the G-CSF-R, As a result, cells
overexpressing SD/SD and SD/WT receptor complexes would fail to mature in response to
G-CSF, but accumulate under the influence of other growth factors such as IL-3 and GM-
CSF,

Our results provide the first example of aberrant splicing of hematopoietin receptors in
clinical AML, However, alternative splicing as a potential oncogenic event has its precedent.
Overexpression of splice variants of WI'T gene that lack growth-inhibitory activity has been
suggested as a common mechanism of W' inactivation in Wihns twmor (41} and a point
mutation leading to abnormal splicing of the WT' transcript has been detected in a patient
with Wilms tumor (42).

Finally, data presented here establish that JAK2 is activated by the WT G-CSF-R, but
hardly by the SD receptor. The fact that the M mutant of the G-CSF-R, which contains onty
55 amino acid residues in the cytoplasmic domain, is able to induce JAK2 phosphorylation
indicates that interaction with JAK2 is mediated by the membrane-proximal region of the G-
CSF-R, shnilar to the EPO-R, the B chain of IL-3 and GM-CSF receptors, and the IL-6
receptor signaling molecule gpl30 (28,34,35). It is not clear how the carboxy-terminus of
the 8D receptor interferes negatively with JAK?2 activation and proliferative signaling. One
possible explanation is that this region contains a functional subdomain that mediates growth-
inhibitory signals. Alternatively, the carboxy-terminus of the SD receptor could simply affect
the steric configuration of the membrane-proximal region of the G-CSF-R in a way that
hinders the interaction with cytoplasmic growth signaling molecules such as JAK2,
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Chapter 7

GENERAL DISCUSSION



7.1 Functional cytoplasmic regions of the G-CSF-R and multiple signaling pathways

G-CSF exhibits diverse activities in granulopoiesis, regulating the proliferation,
differentiation and survival of myeloid progenitor cells, The studies presented in this thesis
{Chapter 2) establish that these biologic activities are mediated by distinct cytoplasmic
regions of the G-CSF-R (Figure 1). Because the G-CSF-R contains no known motifs in the
cytoplasmic domain that would suggest kinase activities, signaling from the G-CSF-R must
be achieved through the interactions of its cytoplasmic domain with intracellular kinases or
signaling molecules, The presence of discrete functional regions in the G-CSE-R cytopiasmic
domain would suggest the existence of multiple signaling pathways that are coupled to
distinct biologic events.
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Figure 1. Functional cytoplasmic regions of the G-CSF receptors, The cytoplasmic domain
of the WT G-CSF-R is functionally divided into three subdomains, as indicated. The aftered
carboxy-terminus (hatched box) of the DC receptar is identical to that of the SD receptor
{Chapter 8}, both created by alternative RNA splicing. Tyrosine residues {Y) present in the
cytoplasmic domains of the G-CSF receptors are also indicated.

7.1.1 Proliferative signaling

In Chapter 6, it is shown that JAK?2 is rapidly tyrosine-phosphorylated upon stimulation
with G-CSF. Apparently, interaction with JAK2 is mediated by the membrane-proximal
region of the G-CSF-R, The M1 receptor contains only 55 amino acid residues in the
cytoptasmic domain and is fully capable of inducing JAK2 phosphorylation. The membrane-
proximal region of the G-CSF-R contains two relatively conserved sequences, i.e., the boxes
1 and 2, that are also present in several other members of the cytokine/hematopoietin
receptor superfamily (1). Tyrosine phosphorylation and activation of JAK2 and other
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members of the JAK family have also been observed following stimulation with EPO, I1.-2
to 1L-7, IL-11, GM-CSF, LIF, OSM, and CNTF (2,3).

The JAK family members are likely to be the critical components in the profiferative
signaling pathways of the cytokine/hematopoietin receptor superfamily members. It has been
shown that a kinase-deficient form of JAK2 inhibits EPO-dependent proliferation in murine
DA-1 cells transfected with EPO-R (4). Activation of the JAK signaling pathways may
involve multiple JAK family members (2). For instance, both JAKI and TYK?2 are essential
in IFN-o/f8 receptor signaling, whereas signaling triggered by the IFN-v receptor involves
the activation of JAX! and JAK2 (5). Similarly, JAKI, JAK2 and TYK2 are activated in
response to IL-6, LIF, OSM and CNTF whose receptors share the signaling molecule gp130
(6-8). More recently, JAKI and JAK3 were found to be selectively associated with the  and
. chains of the IL-2-R, respectively, and activated following IL-2 stimulation (9,10). In
addition to JAK2, it has been shown recently that G-CSF stimulation results in the activation
of JAKI (11). Although not examined yet, it is Jikely that JAK1 activation is also mediated
by the membrane-proximal region of the G-CSPF-R,

The region of 30 amino acids of the G-CSPF-R distal to the box-I and box-2 motifs
appears to contain a secend functional subdomain. Although this region per se is not required
for proliferative signaling, its presence strongly enhances the mitogenic stimulus (Chapter 2).
Activation of the G-CSF-R, ectopically expressed in hepatoma cells, results in the induction
of acute-phase plasma protein genes and activation of an IL-6-response element (12,13),
These two activities of G-CSF require the enhancing region of the G-CSF-R. Interestingly,
a functionally similar region has also been identified in the cytoplasmic domains of gp130
and LIF-R# chain (14). Comparison of the relevant cytoplasmic regions of the G-CSF-R,
gp130 and LIF-RB has revealed a subdomain that shows certain homology among the three
receptor proteins, This subdomain consists of a central tyrosine residue in a short stretch of
amino acids that are conserved in the G-CSF-R, gpl30 and LIF-RB chain (14). Notably,
substifution of this conserved tyrosine in the LIF-RB chain for phenylalanine or alanine
results in markedly decreased signaling capacity. This subdomain may represent the target
for an as yet unidentified intracellular kinase or signaling molecule, In this respect, it is
noteworthy that activation of p21™ signaling requires the cytoplasmic region of 100 amino
acids of the G-CSF-R (15), as compared with the region of 55 amino acids required for
JAK2 activation. Because JAK signaling is independent of the functioning of p21™ (16), it
appears that the cytoplasmic region between amino acids 56 and 100 including this sub-
domain plays a role in the activation of p21™, Additional experiments will be needed to
determine whether activation of p21™ is indeed mediated by this subdomain,

7.1.2 Maturation signaling

Little is known about the role of HGFs in the regulation of maturation. Two models have
been proposed to explain the mechanism controlling cell maturation, The stochastic theory
asswnes that the ability to mature is an intrinsic feature of hematopoietic cells that is
independent of the actions of HGFs. According to this hypothesis, HGFs would simply
support cell proliferation and survival that are required for the execution of maturation
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programs (17,18}, Support for this theory comes from the observation that murine FDC-Pmix
cells, transfected with Bel-2 gene, can mature terminally into different hematopoietic fineages
in the absence of any IIGFs, suggesting that Bel-2-mediated survival permits the progress of
spontaneous nraturation in this cell line (19). The instructive hypothesis, on the other hand,
proposes that maturation is actively induced by HGFs (20). The fact that G-CSF, EPO and
M-CSF ate able to induce the maturation of several murine hematopoietic cell-lines, which
maintain immature phenotypes when cultured in IL-3, lends support to the latter theory (21-
25). However, hecause G-CSF, BEPO and M-CSF also promote cell proliferation and
survival, it could be argued that maturation in these situations is the consequence of the
survival-promoting rather than the direct maturation-inducing effects of these factors. Proof
of an active role of HGFs in maturation induction requires the delineation of distinct cyto-
plasmic domains in the hematopoietin receptors that specifically transmit maturation signals.

The demonstration that the carboxy-terminal cytoplasmic region of the WT G-CSF-R is
specifically involved in transducing maturation signals but not proliferative signals provides
such evidence. These results establish that G-CSF indeed acts in an instructive manner to
induce terminal granulocytic maturation. Induction of maturation through the carboxy-
terminal region of the WT G-CSF-R is observed not only in murine myeloid L-GM cells, but
also in murine myeloid FDC-P1 cells (26). Notably, the same maturation-inducing region is
not functional in murine hematopoietic pro-B BAF3 cells, suggesting that signaling for
granulocytic maturation by the G-CSF-R requires the appropriate intracellular environment
or genetic program of the responding cells. This may represent the requirement for the
proper intracellular signaling machinery or the ultimate targets at the transcription level.

How signals leading to terminal granulocytic maturation are transduced by the G-CSE-R
is poorly understoed. It appears that the maturation signals are mediated primarily by the
most carboxy-terminal region of 58 amino acids because truncation of this region almost
completely inactivates the G-CSF-R for maturation signaling (26). However, full maturation
signaling requires the carboxy-terminal region of 121 amino acids that includes most of the
enhancing domain, suggesting that multiple intracellular molecules are involved in the
transduction of maturation signals. Recently, it has been shown that G-CSF stimulation leads
to the rapid activation of the tyrosine kinases Lyn and Syk (27). Lyn appears to be
constitutively associated with the G-CSF-R cytoplasmic domain, whereas Syk is recruited into
the G-CSF-R/Lyn complex following activation of the G-CSE-R. In addition, transcription
factor p80™ also becomes tyrosinephosphorylated in response to G-CSF stimulation, and the
phosphorylated p80™ displays an increased DNA binding activity (28), Whether Lyn/Syk and
p80™ have a role in G-CSF-triggered maturation signaling needs further studies,

Aside from maturation signaling, the distal carboxy-terminal portion of the WT G-CSF-R
also suppresses proliferative signaling mediated by the membrane-proximal region (Chapter
2). It is presently unknown whether induction of maturation and suppression of protiferation
are mediated by a single subdomain or whether two disparate mechanisms are involved. In
addition to the box-3 motif, the carboxy-terminal region of the G-CSF-R contains 3 out of
the 4 tyrosine residues (Tyr™, Tyr™?, Tyr'™ and Tyr™) present in the cytoplasmic domain
(Figure 1). G-CSF stimulation has been shown to induce rapid tyrosine phosphorylation of
its receptor (11,29). Phosphorylated tyrosine may create sites for binding of tyrosine kinases
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via the SH2 domain, In this respect, of particular interest is Tyr’® which, in combination
with the flanking amino acid residues, forms a potential recognition site for the binding of
the SH2 domain of Src homology 3 (SH3) binding protein 2 (3BP-2) (30). 3PB2 is a protein
purified by its ability to specifically bind to the SH3 domain of nuclear tyrosine kinase c-
ABL (31). Notably, c-ABL negatively regulates cell growth (32) and disruption of ¢-ABL
function due to the formation of BCR-ABL fusion oncoprotein is associated with chronic
myelogenous leukemia (CML), a disease characterized by clonal expansion of myeloid cells.
Truncation of the 58 carboxy-terminal amino acids of the WT G-CSF-R including Tyr™™
results in significantly enhanced potential for proliferative signaling (unpublished data), It
remains to be determined whether such a signaling cascade indeed exists and is responsible
for the growil-inhibitory signaling by the carboxy-terminal region of the WT G-CSF-R,

7.1.3 Regulation of cell survival

A common feature of HGFs is their ability to support both cell proliferation and survival,
Numerous studies have demonstrated that the presence of HGFs is a prerequisite for the
growth and development of normal hematopoietic cells. Withdrawal of HGFs results in a
growth arrest, followed rapidly by apoptosis (33,34). Because the availabilities of HGFs are
Limited in vive, it is generally assuimed that hematopoietic progenitor cells compete for HGFs
for survival and the availabilities of HGFs determine the cell numbers (35). In some
insfances, proliferation can be uncoupled from survival, For example, G-CSF stimulates the
profiferation and survival of myeloid progenitor cells but it only supports the survival of
mature nondividing granulocytes (36). Although this may be related to the differentiation
stage, a single factor may also induce altermative proliferation/survival or only survival,
dependent on the concentration of the factor (37). Whether distinct signaling pathways exist
that fead to survival and proliferation, respectively, is still unknown,

The signals mediated by the carboxy-terminal maturation-inducing region of the G-CSF-R
do not always lead to granulocytic maturation in myeloid cells, but instead may also induce
apoptosis (Chapter 3). Induction of maturation and apoptosis is observed selectively in
myeloid cells, but not in lymphoid ceils. Similar to maturation signaling, induction of
apoptosis coutd be assigned to the carboxy-terminal region of 58 amino acids of the G-CSF-R
(Chapter 3). It is thus possible, though not yet proven, that the signals for maturation and
apoptosis are in fact identical and are mediated by a single subdomain within this region. A
conversion from mafuration signaling to apoptosis signaling would likely be determined by
whether or not the cells are able to execute the maturation program. Apoptosis would occur
as a consequence of maturation failure. This notion is supported by a recent observation that
IL-6 could override TGE-B1-driven apoptosis of M leukemic cells by inducing terminal
maturation (38). In contrast, constitutive expression of exogenous ¢-Myc or c-Myb blocked
IL-6-induced maturation of M1 leukemic cells, and thus also abrogated the protective effect
of IL-6 on TGF-f1-mediated apoptosis. The death-signaling capacity of the G-CSF-R is
apparently in contrast to the well-established role of G-CSF in promoting survival. This
would imply that myeloid cells can be driven to undergo apoptosis via two distinct
mechanisms, i.e., a lack of survival signals due to HGFE deprivation and a failure to mature
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in response to HGFs. Thus, on one hand, hematopoietic cells may survive only in the
presence of HGFs, On the other hand, they may not simply survive without undergoing
maturation in response to HGFs, These (wo mechanisms may represent two important
functional aspects of HGF activities in normal hematopoiesis, The biological significance of
such regulatory mechanisms is also obvious: they force hematopoietic cells to compete for
limited amounts of HGFs for survival and maturation, thus selecting cells that are fittest for
normal development; at the same time they together comprise two distinct checkpoints of
preventing cells defective in their behaviour of growth and development from uncontrolled
expansion.

7.2 Defective G-CSF receptor in SCN: insight into the repulatory mechanisms of
granulopoiesis

The identification of distinct functional subdomains in the G-CSE-R cytoplasmic domain
has implications for elucidating the pathological mechanisms of certain hematological
disorders characterized by defective granulopoiesis, It has long been suggested that aberrant
structures of the cytokine/hematopoietin receptors may have a role in buman diseases. This
speculation has recently been proven correct by several studies. For instance, a mutation in
the EPO-R leading to the truncation of the carboxy-terminal negative-regulatory region has
been genetically linked to familial erythrocytosis (39). Truncation of the v, chain of the
receptors for IL-2, I1-4, I1.-7 and IL-15 has been reported to be associated with X-linked
severe combined immunodeficiency (40). In addition, mutations in the GH-R resuiting in
abnormal ligand binding, surface expression and RNA splicing have been described in
patients with Laron dwarfism {41-44). Adding (o this list, results presented in Chapter 4
demonstrate that granulocytes from a patient with SCN (patient DA) carried a point mutation
in the G-CSE-R, leading to the truncation of the carboxy-terminal cytoplasmic region
essential for maturation signaling, This finding provides the first {n vivo evidence that signals
transduced by the G-CSF-R are indispensable for the normal development of myeloid
progenitor cells. Because SCN is characterized by a maturation arrest of myeloid progenitor
cells, the data also indicate that the primary role of G-CSF in granulopoiesis is to induce the
terminal maturation of myeloid progenitor cells, and further support the notion that the
carboxy-ferminal region of the G-CSF-R is involved in maturation induction, Moreover, the
fact that the normal allele of the G-CSF-R gene was still expressed in the patient strongly
suggests that the mutant G-CSF-R protein acted in a dominant negative fashion to interfere
with the function of the WT G-CSF-R (Figure 2).

Because the point mutation was not present in other hematopoietic lineages, it can be
concluded that the mutation had not occurred at the level of primitive muitipotential
progenitor or stem cells, but at the stage of committed granulocytic progenitor cells, The
question then arises why the normal stem cells did not give rise to significant levels of
mature granulocytes. Apparently, the affected granulocytic progenitor cells of the patient
were not only hampered in their maturation ability due to the expression of the truncated G-
CSF-R, but also interfered with the development of normal progenitor cells. It remains
unclear how these committed progenitor cells expressing the truncated G-CSF-R would
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inhibit normal granulopoiesis. One possibitity is that a hierarchial regulatory mechanism
exists in the granulopoietic systent, in which the development of early myeloid progenitor
cells is delermined, at least in part, by the quantity of their progeny, a form of feedback
regulatory mechanism (45}, Thus, the sustained survival of late progenitor ceils blocked in
their development may exert a negative effect on the commitment and differentiation of early
progenitor cells. Alternatively, it is possible that the abnormal cell population, which
presumably had a growth and survival advantage over the normal progenitor cells, may
compete for the limited amounts of HGFs and/or the appropriate microenvironment essential
for development. It is noteworthy that suppression of normal hematopoiesis by abnormal cell
populations also appears to be the feature of other hematological diseases such as
myelodysplastic syndrome (MDS). Like MDS, SCN caused by defective G-CSF-R may
represent a preleukemic condition.

Proliferation + e e

Maturation + - -

Figure 2. A mode! for the dominant negative effect of a truncated G-CSF-R on the
maturation-inducing function of the WT G-CSF-R., The G-CSF-R deletion mutant may
abrogate the maturation signaling activity of the WT G-CSF-R by forming a heterodimer
with the WT G-CSF-R.
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Table 1, SCN patients analyzed for mutations in the transmembrane and cytoplasmic domains
of the G-CSF-R

Patient Sex/  Family  Nucleotide Coding Chromosomal Disease
age history change change abnormality  progression

AH* F/t1 - - - ND¢ -

BA® M/13 - CAA-TAA  Gln—>stop 49, +3, AML
(codon 717) +der(5), (FAB-M1)

t(1;5), +22

BJ F/13 - - - ND -

BL? F/17 + - - ND -

BR” M/2 - - - ND -

BS* M/3 - - - ND -

DA M/13 - CAG-TAG  Gin—stop - -
(codon 715)

DK* F/11 - - - - -

FR? M/26 - CAG-TAG  Gin—siop 45,-7 MDS, AML
(codon 730) (FAB-M1)

HA“ F/9 - - - ND -

HD* M/13 - - - - -

HL* M/t - - - ND -

HR? M/5 + - - ND -

KM M/2 - - - ND -

MN? M/18 - CAA-TAA  Gln—>stop 45,7 -
(codon 717)

CAG-TAG  Gln-stop

(codon 719)

NM® F/10 + - - ND -

Swe F/28 -+ - - ND -

WP? M/9 + - - ND -

“ analyzed by SSCP

* analyzed by nucleotide sequencing

¢ analyzed by both SSCP and nucleotide sequencing
¢ ND, not determined

7.3 Defective G-CSF receptors in AML: a novel mechanism of leukemogenesis

An increasing number of oncogenes have been recognized to play a role in the
development of human leukemias, when their normal functions are disrupted or when they
are inappropriately expressed (46,47). In characterization of these oncogenes, it turned out
that most of them encode proteins that function either as intracellular signaling molecules or
as transcription factors, and play a role in the regulation of cell proliferation, differentiation
and survival. For instance, BCR-ABL fusion protein, which arises as a consequence of the
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£#(9,22) that occurs in approximately 90% of CML, leads to the constitutive activation of
tyrosine kinase ABL (48,49). Mutations in p21™ have been detected in about 30% of AML
patients (50,51}, Several nomandom chromosomal abnormalities associated with specific
subtypes of leukemias have been demonstrated to involve transcription factors, including the
E2A/PBX fusion protein of the t(1;19), the PML/RARe fusion protein of the t(15;17), and
the AMLI/MTGS(ETO) fusion protein of the t(8;21) (52-57). Abnormalities in the
hematopoietin receptors resulting in deregulated proliferation and/or differentiation of
hematopoietic progenitor cells have not yet been associated with clinical hematological
malignancies,

Despite this apparent failure in the past to demonstrate the involvement of abnormal
hematopoietin receptors in human leukemias, it has been demonstrated that defective
hematopoietin receptors can contribute to the development of leukemias in animals, A
mutation (R129C} in the extracellufar domain of the murine EPO-R has been shown to cause
constitutive homodimerization and activation of the EPO-R mutant protein (58). Introduction
of this EPO-R mutant into mice via retroviral infection results in the development of
erythrolenkemia in the recipient mice (59). Similarly, a duplication of 37 amino acids in the
extracellular domain of the human common # chain (hc) of the IL-3, GM-CSF and IL-5
receptors confers a growth-factor independence to murine IL-3-dependent myeloid FDC-P1
transfectants (60). FDC-P1 transfectants expressing this hic mutant were tumorigenic when
injected into syngeneic mice, whereas parental FDC-P1 cells or cells expressing the wild-type
hfc protein were not. 1t is also interesting that a human erythroleukemia cell line, TE-1, has
been shown to contain a deletion at the 3’ end of the EPO-R gene which encodes the negative
regulatory carboxy-terminus of the receptor protein (61).

With respect to the potential linkage between abnormal hematopoietin receptors and
human leukemias, it is important that the truncated G-CSF-R in patient DA was expressed
exclusively in committed granulocytic progenitor celis {Chapter 4). This would imply that
the patient’s granulocytic progenitors, in addition to being arrested at early stages of
maturation as a consequence of expressing the truncated G-CSF-R, had acquired the
capacities for sustained self-renewal and survival, raising the possibility that G-CSF-R
mutants with carboxy-terminal deletions are transforming. Because a few cases of SCN have
been reported to develop AML upon prolonged survival, (he question arises whether these
patients express abnormal G-CSF-R proteins. In Chapter 5, it is shown that leukemic cells
from two SCN patients who terminated in AML also carried mutations in the G-CSF-R that
result in the truncation of the carboxy-terminal maturation-inducing region, These results
provide the first evidence that abnormal hematopoietin receptor structures are associated with
human leukemia, Apparently, the sole expression of a truncated G-CSF-R is insufficient for
full leukemic transformation. Leukemic cells from both SCN patients who developed AML
had acquired additional genetic afterations involving chromosomal abnormalities, However,
deletion of the carboxy-terminal maturation-inducing region of the G-CSF-R may represent
an initiating genetic lesion, i.e., a first step in the leukemogenic process,

More recently, two point mutations, both C-to-T substitution, were identified at nt 2390
and 2396 of the G-CSF-R ¢DNA in an SCN patient (patient MN, Table 1} who had
developed monosomy 7 but had no evidence of MDS (unpublished results), Both mutations
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truncate the carboxy-terminal region of 96 and 94 amino acids, respectively, Nucleotide
sequencing of cloned PCR products demonstrated that the two mutations were present in
different clones, indicating that the two mutations exited either on two distinet alleles of the
G-CSF-R gene of one cell population or in two different cell clones in the patient.
Significantly, both mutations were not present in DNA derived from EB virus-transformed
B lymphocytes of the patient {unpublished data). As yet, a total of 18 SCN patients have been
analyzed for mutations in the transmembrane and cytoplasmic domains of the G-CSF-R by
using either nucleotide sequencing and/or SSCP analyses in our laboratory. Four patients
were demonstrated to have mutations in the G-CSFE-R, all leading to the carboxy-terminal
truncation of the G-CSF-R, Because some cases were analyzed only by SSCP analysis, which
in theory could miss certain mutations, it cannot be excluded that the frequency of G-CSF-R
mutations in SCN may be higher,

Although mutations in the G-CSF-R have been identified in two AML patients who
initially presented as SCN, in at least one case the mutation was shown to be somatic, similar
to those detected in patients DA and MN. Assuming that the mutations had been acquired in
the late period of life, these patients would have then presented as acquired neutropenia
instead of SCN. Thus, it is plausible that mutations in the G-CSF-R could also oceur in
patients with acquired neutropenia. Clinicatly, such patients would be diagnosed as idiopathic
neuiropenia, and some of them would probably progress to AML. In view of this, it may he
worthwhile to examine the G-CSF-R in adult patients with AML, particularly in those with
a history of acquired neutropenia or MDS accompanied by significant neutropenia,

Finatly, it should be pointed out that the studies described in Chapters 4 and 5 mainly
concern the cytoplasmic domain of the G-CSF-R. As discussed above, mutations in the
extracellular domain leading to the constitutive activation of hematopoietin receptors could
aiso be leukemogenic. Whether similar mutations would exist in the extracetlular domain of
the G-CSF-R and would be involved in certain cases of human AML remains enigmatic at
the moment. On the other hand, it appears that inactivation of the G-CSF-R may play a past
in AML as well. In Chapter 6, it is shown that feukemic cells from an AML patient
overexpressed a G-CSF-R splice variant that possesses no biological activity, Conceivably,
myeloid cells expressing a nonfunctional G-CSF-R would lack the capacity to mature in
response to G-CSF, but may survive and even proliferate under the influence of other HGFs
that are available in vivo.
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SUMMARY



Granulopoiesis is regulated by a network of hematopoietic growth factors (HGFs). G-CSF
plays an essential role in the regulation of this process. Apart from being a regulator of cell
proliferation and survival, G-CSF is the most powerful inducer of terminal granulocytic
maturation of myeloid progenitor cells, The human receptor for G-CSF (G-CSE-R) is a single
membrane-spanning polypeptide with a cytoplasmic domain of 183 amino acids, Following
its activation, the G-CSF-R mediates signals leading to the diverse cellular responses. In
Chapter 1, an overview is given of the current understanding of hematopoiesis, the activities
of IGTs in the regulation of hematopoiesis, and the functions of the HGF receptors, the G-
CSF-R in particutar. The clinical features and recent insights into the pathogenesis of
neutropenias and acute myeloid leukemia (AML) relevant to the work in this thesis are also
introduced. In Chapter 2, it is established that the cytoplasmic domain of the G-CSF-R
contains distinct functional subdomains that are coupled to specific receptor signaling
activities, The membrane-proximal region of 55 amino acids is sufficient for transducing
proliferative signals. The further downstream sequence of 30 amino acids significantly
enhances mitogenic signaling. In contrast, the distal carboxy-terminal region of the wild-type
(WT) G-CSF-R inhibits mitogenic signaling and is essential for mediating signals for terminal
granulecytic maturation. It is further shown that the altered carboxy-terminal region of a G-
CSF-R splice variant DC also inhibits proliferative signaling, but does not appear to have a
role in maturation induction.

in Chapter 3, it is shown that under certain conditions G-CSF actively induces apoptosis
(programmed cell death) of myeloid cells, G-CSF initially stimulated the proliferation and
survival of murine myeloid 32D cells transfected with the WT G-CSF-R (32D/WT). Upon
prolonged culture, however, G-CSF inhibited cell proliferation and further induced apoptosis
but not terminal granulocytic maturation. Induction of apoptosis of 32D/WT cells by G-CSF
was observed even in the presence of optimal concentrations of IL-3 that would otherwise
support the long-term proliferation of 32D cells. Examination of the growth patterns of 32D
cells expressing the different G-CSF-R structure revealed that the death signals were
mediated exclusively by the carboxy-terminal region of the WT G-CSF-R, but not of the DC
splice variant. Because maturation and apoplosis are both mediated by the carboxy-terminal
region of the G-CSF-R, it is suggested that a single subdomain within this carboxy-terminus
would be responsible for transducing signals for granulocytic maturation and apoptosis.
Because the 32D cells used in this study were apparently defective in granuiocytic
maturation, it is hypothesized that apoptosis of 32D/WT cells induced by G-CSF was
associated with the inability of the cells to undergo terminal granulocytic maturation.,

In Chapter 4, the potential involvement of abnormal G-CSF-R structures in the
pathogenesis of clinical neutropenias, severe congenital neutropenia (SCN or Kostmann's
syndrome) in particular, is investigated. SCN is characterized by a maturation arrest of
myeloid progenitor cells at early stages of development, Patients with SCN are at an
increased risk of developing AML. The G-CSF-R genes of six patients with SCN and two
patients with acquired neutropenia were analyzed by using single strand conformation
polymorphism (SSCP) and nucleotide sequencing analyses, A point mutation was identified
in one SCN patient, which introduces a premature stop codon for protein translation resulting
in the truncation of 98 carboxy-terminal amino acids of the G-CSF-R protein. The normal
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allele of the G-CSF-R gene was still expressed in the patient, In vitro colony culfures
revealed that marrow cells from the patient displayed a considerably reduced responsiveness
to G-CSF, whereas responses to 1L-3, GM-CSF and EPO were normal. Moreover, it is
shown that the point mutation was present exclusively in cells of granulocytic lineage but not
in other hematopoietic lineages of the patient, nor in peripheral blood mononuclear cells of
the patient's parents, thus establishing that the mutation had been acquired rather than
inherited.

In Chapter 5, nucleotide sequencing of the G-CSF-R gene was performed in two patients
who initially presented as SCN but terminated in AML. In both cases, point mutations were
identified in the cytoplasmic domain that introduce premature stop codons leading to the
truncation of the carboxy-terminal part of 96 and 85 amino acids, respectively. In one
patient, the mutation appeared to be present only in leukemic cells, but not in the liver and
spleen tissues, indicating that the mutation had arisen as a somatic event, In another patient,
the mutation was detected in bone marrow cells collected when the patient was at neutropenic
stage. These data suggest that defective G-CSF-R structures with impaired maturation
signaling capacity may contribute to leukemogenesis. Similar to thie SCN patient described
in chapter 4, the normal allele of the G-CSF-R gene was still present in the two cases,
indicating that the truncated G-CSF-Rs act in a dominant negative manner to interfere with
the function of the WT (-CSP-R. 1t is proposed that SCN patients resulting from defective
(G-CSF-Rs define a subgroup of congenital nentropenias that may represents a preleukemic
entity.

Chapter 6 describes the molecular cloning of a novel G-CSF-R splice variant, designated
SD, in which the carboxy-terminal part of 137 amino acids of the WT G-CSF-R is replaced
by an altered sequence of 34 amino acids identical to the splice variant DC. Afthough the SD
receptor retains the membrane-proximal cytoplasmic region known to be sufficient for
proliferative signaling, it did not transduce growth signals in murine hematopoietic cells. The
expression of the SD receptor is low in normal granulocytes, but was increased considerably
in the leukemic celis of an AML patient. Examination of the G-CSF-R gene of the patient’s
leukemic cells reveated a point mutation at the 8D splice donor site. The normat aliele of the
G-CSF-R gene was also expressed in the patient. It is thus hypothesized that the SD receptor
may also exert a dominant negative effect on the function of the WT G-CSF-R, presumably
by forming heterodimers with the WT G-CSE-R. Such SD/WT receptor heterodimers may
fail to transduce maturation signals and thereby may play a role in the development of
leukemia in this patient.

The potential involvement of JAK2 kinase in the signaling pathway of the G-CSF-R is
also investigated in Chapter 6. G-CSF stimulation of murine pro-B BAF3 cells transfected
with the WT G-CSF-R resulted in the rapid tyrosine-phosphorylation of the JAK2 proteins.
A G-CSE-R deletion mutant (M 1), containing onky 55 amino acid residues in the cytoplasmic
domain, was fully capable of mediating JAK2 activation, indicating that the membrane-
proximal cytoplasmic region of the G-CSF-R is involved in the interaction with JAK2. In
contrast, although the SI) receptor retains this membrane-proximal region required for JAK2
activation, it was unable to activate JAK2. Thus, induction of JAK2 activation correlates with
the ability of the G-CSF-R to transduce profiferative signals. These data suggest that JAK2
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may be one of the critical components in the proliferative signaling pathway of the G-CSF-R.

Finally, in Chapter 7 the significance of the findings described in this thesis for the
understanding of the function of the G-CSF-R, and the role of G-CSF-R defects in the
development of acute myeloid leukemia are being discussed.
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SAMENVATTING



De productie van neutrofiele granutocyten (granulopoiese) wordt gereguleerd door een
netwerk van hematopoietische groeifactoren (HGFs), Granulocyte colony stimulating
factor (G-CSF) speelt een essentiéle rol in dit proces. G-CSF stimuleert de proliferatie en
overleving van de granulocytaire voorlopercellen en induceert de uitrijping naar terminaal
uitgedifferentieerde granulocyten. De humane receptor voor G-CSF (G-CSF-R) is een
transmembraan eiwit met een cytoplasmatisch domein bestaande uit 183 aminozuren. Na
activering geeft G-CSF-R signalen door, die leiden tot de verschillende cellulaire
responsen.

Hoofdstuk 1 geeft een overzicht van de huidige inzichten in de functie van hematopo-
ietische groeifactor receptoren, in het bijzonder de receptor voor G-CSF, Tevens worden
in dit hoofdstuk ingegaan op de klinische kenmerken van de aandoeningen neutropenie en
acute myeloide leukemie (AML), voor zover relevant voor dit proefschrift.

In Hoofdstuk 2 worden experimenten beschreven die aantonen dat in het cytoplasma-
tisch domein van humane G-CSE-R (183 aminozuren} afzonderlijke subdomeinen met
specifieke functies kunnen worden herkend. Het 55 aminozuren omvattende membraan-
proximaal subdomein is essenti€el voor de doorgeleiding van proliferatieve signalen. Een
aansluitende, C-terminaal gelegen sequentie van 30 aminozuren versterkt de proliferatieve
stgnaal functie, Het daarop volgende ongeveer 100 aminozuren bevattende membraan-
distale cytoplasmatische subdomein van de 'wildtype’ (WT) G-CSF-R remt de proli-
feratieve signaalfunctie en is essentiéel voor de door G-CSF geinduceerde granulocytaire
vitrijping. Verder wordt in dit hoofdstuk beschreven dat de alternatieve C-terminus van
een G-CSIF-R splice variant (DC) evencens de proliferatieve signaalfunctie remt, maar
niet in staat is om maturatie-signalen door te geven.

In Hoofdstuk 3 wordi uiteengezel hoe G-CSF, onder bepaalde condities, in staat is
om in myeloide cellen geprogrammeerde celdood (apoptosis) te induceren. G-CSF
stimuleert aanvankelijk de proliferatic en overleving van 32D cellen getransfecteerd met
WT G-CSF-R (32D/WT). Daarentegen blijkt G-CSF vier dagen na de start van de kweek
de proliferatic te remmen en geprogrammeerde celdood {e induceren, zonder tekenen van
granulocytaire uvitrijping. Inductie van apoptesis in 32D/WT cellen door G-CSF blijkt ook
op te kunnen treden in aanwezigheid van optimale concentraties I1L-3, die op zichzelf de
lange termijn proliferatic van 32D cellen kunnen onderhouden. Experimenten met 32D
transfectanten met gemodificeerde G-CSF-R structuren lieten zien dat de celdood
inducerende signalen uitstuitend worden afgegeven door het C-terminate maturatie domein
van de WT G-CSF-R, Aangenomen wordt dat de door G-CSF geinduceerde apoptosis in
32D/WT cellen optreedt vanwege het onvermogen van deze cellen om terminaal uit te
rijpen tot neutrofiele granulocyten.

Hoofdstuk 4 handelt over de mogelijke betrokkenheid van afwijkende G-CSF-R
structuren in de pathogenese van ernstige aangeboren neutropenie. Deze ziekte wordt o.a,
gekenmerkt door een rijpings-blokkade in de myeloide voorloper celien. Patienten met een
ernstige aangeboren neutropenie hebben een verhoogde kans AML te krijgen. In 6
patienten met aangeboren neutropenie en 2 patienten met verkregen neutropenie werd het
G-CSF-R gen onderzocht op mogelijke afwijkingen met behulp van SSCP (single strand
conformational polymotphism) en nucleotide sequentie-analyse. In één patient met
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aangeboren neutropenic werd een puntmutatie in het G-CSPF-R pgen gevonden. Deze
mutatie resulteert in de vorming van een getrunceerd G-CSF-R eiwit, waarin 98 C-
terminale aminozuren ontbreken. Ook het normale G-CSF-R allel kwam in deze patient
tot expressic. De beenmerg cellen van deze patient vertoonden een sterk verlaagde res-
pons op G-CSF in in vitro kolonie kweken. Daarentegen was de kolonievorming onder
invioed van GM-CSF, IL-3 en EPO normaal. De G-CSF-R puntmutatie bleek uitsiuitend
aanwezig te zijn in de cellen van de granulocyiaire reeks en kon niet worden aangetoond
in de bloedeellen van de ouders van de patient. Hieruit blijkt dat de mutatie niet familiair
was overgedragen,

In Hoofdstuk 5 worden de resultaten gepresenteerd van G-CSF-R nucleotide se-
quentie onderzoek bij (wee patienten met ernstige aangeboren neutropenie, die op latere
leeftijd AML ontwikkelden, In de AML cellen van beide patienten werden puntmutaties in
het G-CSF-R gen gevonden, die resulteerden in de truncering van respectievelijk 96 en 85
C-terminale aminozuren van het cytoplasmatisch domein van de receptor. Van één van
deze patienten was materiaal van lever en milt beschikbaar. Aangezien de G-CSF-R
mutatie in geen van deze weefsels werd aangetroffen moet worden aangenomen dat er
sprake is van een somatisch defect. Bij de tweede patient kon worden vastgesteld dat de
mutatie reeds in de fase van neutropenie aanwezig was. Deze resultaten maken aanneme-
lijk dat defecten in het G-CSF-R gen, resulterend in de vorming van G-CSF-R structuren
die de maturatie-signaalfunctie missen, kunnen bijdragen aan de ontwikkeling van AML,
Mede op basis van deze gegevens kan ernstige aangeboren neutropenie, geassocieerd met
afwijkingen in de G-CSF-R, worden gekenmerkt als een preleukemisch ziektebeeld.

In Hoofdstuk 6 wordt de klonering van ecen nieuwe G-CSF-R splice variant (SD)
beschreven, In SD zijn 137 aminozuren van de C-terminus van WT G-CSF-R vervangen
door de alternatieve C-ferminus van 34 aminozuren, die ook voorkomt in splice variant
DC. De SD receptor komt in normale granulocyten slechts laag tot expressie. Daarente-
gen werd in de leukemische blasten van een AML patient een sterk verhoogde expressie
van de SD variant waarpenomen. Dit bleek geassocieerd te zijn met een puntmutatie in
het G-CSF-R gen op de 'splice donor’ positie van SD. De SD receptor bevat het complete
membraan-proximale cytoplasmatische subdomein van 55 aminozuren dat nodig is voor de
proliferatieve signaalfunctie. Desalniettemin bleek de SD variant, getransfecteerd in muize
hematopoietische cellijren, niet in staat proliferatie signalen door te geven. Vervolgens
werd de betrokkenheid van de z.g.n. JAK kinases in de signaalweg van G-CSF-R
onderzocht. Activering van WT G-CSF-R, getransfecteerd in muize pro-B (BAF3) cellen,
leidde tot een smelle tyrosine-phosphorylering van JAK2 eiwitten. Ook de activering van
de C-terminale deletie-mutant M1, die de 55 membraan-proximale aminozuren van het G-
CSF-R cytoplasmatisch domein bezit, resulteerde in de tyrosine-fosforylering van JAK2.
Daarentegen bleek splice-variant SD niet of nauwelijks in staat JAK2 te activeren. Dit
wijst erop dat de alternatieve C-terminus van 34 aminozuren zowel de proliferatieve
signaalfunctie als JAK?2 activatie blokkeert.

Tenslotte wordt in Hoofdstuk 7 de betekenis van de bevindingen, beschreven in dit
proefschrift, voor het inzicht in de functie van de G-CSF-R en voor de rol die G-CSF-R
defecten kunnen spelen in de ontwikkeling van acute myeloide leukemie bediscussigerd.
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