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Abstract

Signal transduction in response to growth factors is a strictly controlled process with
networks of feedback systems, highly selective interactions and finely tuned on-and-off
switches. In the context of cancer, detailed signaling studies have resulted in the
development of some of the most frequently used means of therapy, with several well
established examples such as the small molecule inhibitors imatinib and dasatinib in the
treatment of chronic myeloid leukemia. Impaired function of receptor tyrosine kinases is
implicated in various types of tumors, and much effort is put into mapping the many
interactions and downstream pathways.

Here we discuss the hematopoietic growth factor receptors c-Kit and FIt3 and
their downstream signaling in normal as well as malignant cells. Both receptors are
members of the same family of tyrosine kinases and crucial mediators of stem-and
progenitor-cell proliferation and survival in response to ligand stimuli from the
surrounding microenvironment. Gain-of-function mutations/alterations render the
receptors constitutively and ligand-independently activated, resulting in aberrant
signaling which is a crucial driving force in tumorigenesis. Frequently found mutations
in c-Kit and FIt3 are point mutations of aspartic acid 816 and 835 respectively, in the
activation loop of the kinase domains. Several other point mutations have been identified,
but in the case of FIt3, the most common alterations are internal tandem duplications
(ITDs) in the juxtamembrane region, reported in approximately 30% of patients with
acute myeloid leukemia (AML).

During the last couple of years, the increasing understanding of c-Kit and FIt3

signaling has also revealed the complexity of these receptor systems. The impact of gain-
of-function mutations of c-Kit and FIt3 in different malignancies is well established and
shown to be of clinical relevance in both prognosis and therapy. Many inhibitors of both
c-Kit or FIt3 or of their downstream substrates are in clinical trials with encouraging
results, and targeted therapy using a combination of such inhibitors is considered a

promising approach for future treatments.

Signaling by Receptor Tyrosine Kinases

In humans, protein kinase genes correspond to approximately 2% of the genome where
90 of the total 518 genes encode tyrosine kinases, and 58 of these are receptors [1],
further divided into 20 subfamilies [2]. Receptor tyrosine kinases (RTKs) can be



grouped into subfamilies according to their ligand affinity, amino acid sequences and
structural homology. All possess a glycosylated extracellular ligand binding domain, a
short transmembrane segment and a cytoplasmic region containing the kinase domain
[3]. The tyrosine kinase domain is the most conserved region among RTKs, and is in
subclass I1I and IV split in two by a kinase insert [4]. Mutational analysis of Y751 of the
PDGFR revealed a role of the kinase insert region in substrate binding and regulation [5],
and other RTKs such as FIt3 and c-Kit have since then proven to contain important
phosphorylation sites within this sequence as well.

The impact of receptor autophosphorylation on substrate specificity was
established after the discovery of SH2 domains. These were identified from sequence
similarities of Src-related proteins and found to specifically bind to phosphotyrosine
residues [6]. SH2 domains are highly conserved regions of approximately 100 amino
acids and are functional as isolated subunits in associating with tyrosine-phosphorylated
proteins [7]. Furthermore, different SH2 domains are associated with different binding
motifs and one well recognized example is the pYEEI motif as being optimal for the Src
SH2 domain [8]. Proteins often contain more than one SH2 domain [9], which may be a
mechanism for enhancing signal strength and specificity by phosphorylation at multiple
sites (reviewed in ref. [10]).

The discovery of the Stem Cell Factor receptor and its ligand

In the early 1900s, the W (dominant White spotting) locus in mice was first identified and
described by the presence of a white spot on the bellies of mice carrying mutations at this
locus. These mice also suffered from defects in mast cell development, gametogenesis
and hematopoiesis, indicating that the main function of the gene was in the proliferation
and differentiation of stem cells. The Kit gene was first identified as the viral oncogene
v-Kit of the Hardy-Zuckerman 4 feline sarcoma virus (HZ4-FeSV) [11], an acute
transforming virus originating from the transduction of feline c-Kit sequences with Fe
leukemia virus [12, 13]. It was not until 1988 that the gene product of the W locus was
identified as the tyrosine kinase c-Kit [14, 15]. DNA sequence analysis indicated that c-
Kit showed structural similarities to PDGFR and the CSF-1 receptor [15] and was later
designated a member of this type III family of RTKs (reviewed in [16]).

Another mutation in mice, designated Steel (SI) was identified and the observed
phenotype turned out to be practically identical to that of the W locus. SI/SI homozygotes
are deficient in germ cells and coat pigment and die perinatally due to macrocytic
anemia. Three separate groups identified the protein encoded by the Steel locus in
parallel, and named it according to the source of the discovery as mast cell growth factor
[17], stem cell factor [18] and c-Kit ligand [19], respectively. Due to the very similar
characteristics of the mice with SI and W mutations, the groups hypothesized it to be a
ligand-receptor relation and further showed that this protein was able to specifically
interact with, and activate c-Kit.



Stem cell factor (SCF) is a multipotent hematopoietic growth factor for early
progenitor cells with strong synergistic activities with other factors such as G-SCF, IL-3
and erythropoietin. SCF regulates the differentiation, proliferation and migration of mast
cells and injection of SCF results in increased numbers of mast cells. The levels of SCF
in myeloid leukemia cells have been analyzed and found to be an important mediator of
proliferation [20]. As a result of alternative splicing, SCF exists in a membrane-bound
form, that can be proteolytically cleaved to release SCF, and soluble form, which is
present to a large extent in human serum [21]. The membrane-bound isoform is
associated with a more persistent activation of the receptor, thus resulting in a delayed
“turn-off” signal and different biological outcomes [22]. Mice deficient of the
membrane-bound SCF display similar defects as SI/SI mutant mice which further
indicates a distinct role for the membrane-bound SCF [23].

The structure and function of c-Kit

Members of the type III family of RTKs (PDGFRs, FIt3, c-Kit and CSF-1R) all share the
common structure of five extracellular immunoglobulin-like domains, a single
transmembrane segment, a juxtamembrane (JM) domain and a split cytoplasmic kinase
domain. In the extracellular part of c-Kit, SCF is thought to bind to the second and the
third domains whereas the other domains are crucial for receptor dimerization [24].
Human c-Kit consists of 976 amino acids which results in a size of 140 and 155 kD
depending on the extent of N-linked glycosylation [13, 25]. Several isoforms of ¢c-Kit
have been described in humans, and exist as a result of alternative splicing. The two best
characterized splice transcripts result in the presence or absence of the amino acid
sequence GNNK in the extracellular domain [26]. Recent studies have shown differential
signaling capacities from the two isoforms, where the absence of GNNK enhances the
overall c-Kit signaling, which also leads to qualitatively different signaling outcome [27,
28]. A number of phosphorylation sites in the c-Kit receptor have been identified and are
summarized, together with the corresponding interacting proteins, in Table 1. A summary
of some of the most important signal transduction pathways downstream of c-Kit is
shown in Fig. 1.

As the alternative name for ¢-Kit implies, Stem cell factor receptor refers to its
initially identified role in survival, self renewal and differentiation of hematopoietic stem
cells. Mast cells and hematopoietic progenitor cells express c-Kit on their surface
whereas the more differentiated cells lack c-Kit expression. Primitive hematopoietic cells
depend on several cytokines in synergy, including SCF for growth and survival. Other
areas that require c-Kit activity is in the proliferation of germ cells [29], the migration of
melanocytes from the neural crest to the dermis during development [30] and the
function of interstitial cells of Cajal (ICCs) in the gut [31].



The role of c-Kit signaling in disease

Defects of c-Kit in humans are associated with a rare genetic disease known as the
piebald trait, arising in heterozygous individuals and resulting in non-pigmented patches
similar to that observed in mice [32]. c-Kit is involved in several types of malignancies,
either through mutations that render the receptor constitutively active, for example in
mast cell leukemia [33], germ cell tumors [34] and gastrointestinal tumors (GISTs) [35],
or via autocrine loops where the tumor cells produce both SCF and c-Kit. Examples of
such tumors are small cell lung carcinomas [36], colorectal carcinoma [37],
gynecological tumors [38] and certain types of melanoma [39]. Moreover, evidence has
been presented that c-Kit is involved in the proliferation of human leukemia cells [40].
Wild-type c-Kit is expressed in most human AML cells, and is in many cases
constitutively phosphorylated. SCF has been shown to stimulate proliferation of AML
cells and also to be co-expressed by some AML blasts [20, 41]. In addition, activating
mutations of c-Kit have been detected in the core-binding factor (CBF) subtypes of AML
samples [42].

Gain-of-function mutations in c-Kit occur either in the JM domain or in the
kinase domain, and both groups cause constitutive activation of the receptor. Moreover,
both groups of mutations induce transformation of cytokine-dependent hematopoietic cell
lines and drive tumorigenesis when introduced in mice [43]. Although some features are
similar, the kinase domain mutants of c-Kit show a more pronounced activation of the
receptor and are considered more potent as oncogenes. The most commonly found kinase
domain mutation is a substitution of D816 in the activation loop of c-Kit, which has been
described in different types of tumors, in mast cells from patients with mastocytosis and
in about 1% of patients with CBF AML [44]. A deletion, insertion or point mutation in
the JM domain of c-Kit is the most frequently occurring alteration in GISTs [35], a tumor
form in the digestive tract originating from the ICCs, known to express c-Kit. These
tumors generally respond well to the tyrosine kinase inhibitor imatinib mesylate (STI-
571, Gleevec) [45].

The hematopoietic growth factor receptor FIt3 and its ligand

The FIt3 receptor was isolated by two separate groups in 1991. The first group used a
hybridization technique with a DNA probe from the M-CSF receptor (c-Fms) to isolate a
closely related DNA sequence which was named Fms-like tyrosine kinase 3 (FIt3) [46,
47]. The second group designed oligonucleotides based on conserved regions within the
tyrosine kinase domain of RTKs, and used a PCR-based approach to isolate a receptor
fragment from murine fetal liver stem cells. This was further used to isolate a full length
receptor given the name Fetal liver kinase-2 (Flk-2) [48]. In the same study, Flk-2 was
found to be expressed in hematopoietic stem cells and primitive uncommitted progenitors
and absent in the more differentiated cells. Other organs such as the nervous system and
gonads also have F1t3 expression, but the function here is not well studied [46, 49].

10



Human FIt3 is 993 amino acids in length and exists as a less glycosylated
immature form of about 130-140 kD and a more glycosylated and plasma membrane
expressed form of 155-160 kD [50]. Knock-out mice of FIt3 are viable and fertile but
exhibit hematological defects with reduced numbers of B-cell precursors in the bone
marrow [51] with abnormalities in the generation of dendritic cells, most evident in the
periphery where FIt3 is crucial for the expansion of dendritic cells in lymphoid organs
[52].

The soluble form of the ligand for FIt3 (FIt3 ligand or FL) was purified and
sequenced in 1994 [53]. By using an affinity column of FIt3 the group was able to purify
FL from conditioned thymic stromal cell medium. In parallel, an array of cell lines was
screened in order to find a ligand on the cell surface capable of binding to the soluble
Fl1t3 [54]. FL is a homodimer and exists both as a membrane-bound form as well as a
soluble form as a result of alternative splicing and/or proteolytic cleavage [55, 56]. It is
homologous to SCF and M-CSF [53] and functions as a multipotent cytokine affecting a
broad range of hematopoietic cell expansion [57].

The role of FIt3 signaling in cancer

Over the past couple of years, the impact of Flt3 signaling in the development of
hematopoietic malignancies has become evident, and FIt3 is recognized as one of the
most frequently mutated gene in AML. The most common alteration identified is termed
internal tandem duplication (ITD) and refers to a duplication of a sequence of amino
acids in the JM domain. ITDs vary in both length and position in different patients but
regardless of this render the receptor constitutively activated. Approximately 30% of
patients with AML carry at least one copy of Flt3 ITD, which has a strong correlation to
a worse prognosis with a poor drug response and larger risk for relapse [58, 59].

The most frequent kinase domain mutation is a substitution of aspartic acid 835 to
tyrosine, but it can also be other amino acids such as valine, histidine or glutamate. An
additional class of Flt3 mutants constitutes a deletion or substitution of 1836 [60]. The
clinical outcome of patients with tyrosine kinase domain (TKD) mutations differs from
those with ITDs, with regards to the overall survival which is significantly higher in the
FIt3 TKD proportion [61]. Furthermore, the ITD receptor is capable of inducing a
myeloproliferative syndrome in a murine bone marrow transplantation model [62]
whereas TKD mutants are not, but instead induce a lymphoid disorder [63].

Signaling downstream of c-Kit and FIt3

The general mechanism for activation of RTKs is via binding of the respective ligand to
two receptor monomers which induces dimerization followed by transphosphorylation of
specific tyrosines which ultimately stabilizes the active conformation of the receptor. For
c-Kit, crystal structures have revealed that autophosphorylation of the tyrosines in the JM
domain occurs first [64], as opposed to several other RTKs such as insulin-like growth
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factor receptors where the activation loop tyrosine is the first to be phosphorylated [65].
Table 2 summarizes our present knowledge regarding autophosphorylation sites in F1t3
and their corresponding binding partners. Some of the major signal transduction
pathways downstream of FIt3 are summarized in Fig. 2.

The JM domain is considered to sterically hold the activation loop in an inactive

conformation as shown in the case of ¢-Kit by Mol et al. [66]. Crystal structures of the
JM domain from the closely related c-Fms receptor kinase revealed a hydrophobic site
adjacent to the ATP binding pocket, held in place by JM interaction and thus locking the
receptor in an autoinhibited state [67]. Flt3 was shown to be inhibited by a similar
mechanism [68]. Upon phosphorylation of tyrosines 589 and 591 the phosphate group
interrupts the autoinhibited complex and the introduction of ITDs in Flt3 is thought to act

in a similar manner, making this autoinhibition “leaky” [69].

The MAP-kinase signaling pathway

The mitogen-associated protein kinase (MAPK)-pathway was one of the first kinase
cascades to be elucidated. In mammals, five MAPK families have been found; Erk-1
(p44) and Erk-2 (p42), the Jnk (c-Jun N-terminal kinase) family, the p38 MAPK family,
Erk-3 and Erk-5 (reviewed in [70]). Erk-1 and Erk-2 are both activated upon
phosphorylation of threonine and tyrosine residues. Erks in turn activate a number of
both cytoplasmic and nuclear proteins by phosphorylation of serine and threonine
residues. Examples of downstream targets are transcription factors such as c-Fos, Rsk
and Elk-1. Although Erkl and Erk2 have previously been thought to be functionally
redundant, recent data suggest that they have distinctive functions [71]..The identification
of MAPKs further led to the discovery of upstream activators of Erk-1 and -2, referred to
as MAPK activators [72] and later also shown to be kinases (MAPK kinases, MAPKKs).
MAPKKSs, also named Mek, is a family of serine/threonine kinases, and the members
Mek-1 and -2 are the activators of Erk-1 and -2. Contrary to popular belief, recent data
suggest that they are not functionally redundant [73].
Another serine/threonine kinase, Raf-1 was then reported to activate Mek upon growth
factor stimulation [74]. Mammalian Raf proteins include Raf-1, A-Raf and B-Raf and the
main function is thought to be in the coupling of Ras to the MAPK pathway [75].

Ras proteins belong to a family of small GTPases including H-Ras, N-Ras and
K-Ras, and are localized to the plasma membrane by prenylation of the C-terminus. Ras
proteins bind GDP or GTP and are active in the GTP-bound state, as a response to
guanine nucleotide exchange factors (GEF’s) which release GDP from Ras. Upon RTK
activation, Ras associates with Sos, a GEF existing in complex with the adaptor protein
Grb2, which in turn is recruited to the phosphorylated YXN motif of proteins via its SH2
domain. In addition, Ras is activated by another GEF, Vav in response to SCF in
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hematopoietic cells [76]. Contrary to this, GTPase activating proteins (GAP’s) act as
negative regulators of the Ras proteins by favoring the dephosphorylation of GTP.

Other means of Erk phosphorylation has been suggested to occur via its
association with the tyrosine phosphatase Shp2, which in most RTK systems is required
for the activation of Erk [77]. From studies on Shp2 mutant fibroblasts, a decreased Erk
phosphorylation was reported and suggested to be due to the direct interaction between
Shp2 and Erk [78]. Recent data suggest that the direct binding of Grb2 to Shp2 is not
important, but rather the phosphatase activitiy of Shp2. Several substrates of Shp2 have
been described that can be linked to Erk activation. Some studies suggest that Sprouty
can be dephosphorylated by Shp2, leading to the release of Grb2 to activated Ras [79]. It
has also been described that Shp2 by acting on Csk, blocks Src kinase activity. This in
turns leads to decreased phosphorylation of phospholipase C-y that serves as an activator
of Ras in the endomembranes [80]. Additional substrates of Shp2 of important for Erk
activation most likely add to the effect (reviewed in [81]). Moreover, a cross-talk
between PI3K and Ras on many levels has been suggested in several studies. It is known
that Ras mediated activation of the catalytic subunit p110 of PI3-kinase is kept in control
by the p85 subunit. Binding of p85 to phosphorylated tyrosine residues releases this
inhibition, leading to Ras mediated activation of p110 [82]. Conversely, PI3-kinase has
also been shown to activate Ras [83].

Both c-Kit and FIt3 activate the MAPK pathway, and many components for this
have been suggested. The interactions with Grb2/Sos to tyrosines 703 and 936 of c-Kit
and 768, 955 and 969 of FIt3 result in Erk phosphorylation, as does the association
between Grb2 and Gab2 which recruits Shp2 [84, 85]. Moreover, when mutating the Src
binding sites of ¢-Kit and Flt3, a reduced Erk phosphorylation was observed [86, 87],
confirming that RTKs activate the MAPK pathway in multiple ways.

The PI13-kinase signaling pathway

The phosphoinositide 3 (PI3)-kinase pathway is evolutionarily conserved from yeast to
mammals and regulates various cellular processes such as metabolism, proliferation and
apoptosis. PI3-kinases are a family of lipid kinases that phosphorylate the 3’-hydroxyl
group of phosphoinositides. Class I PI3Ks all phosphorylate the membranebound lipid
phosphatidylinositol-4, 5-bisphosphate (PIP,) to phosphatidylinositol-3, -4, 5-
trisphosphate (PIP;), but are further divided into class 1A and 1B based on their
activation by RTKs or by G protein-coupled receptors, respectively. The members of
class 1A exist in a heterodimeric complex composed of a 110 kD (p110a, B or d)-
catalytic subunit and a 85 kD (p85a, B or p55y)-regulatory subunit which contains two
SH2 domains [88]. The non-p110-bound p85 subunits exist in a molar excess in cells and
bind tyrosine phosphorylated proteins via their SH2 domains, suggesting a more complex
function. Specific p85 knock-out cells have revealed a disrupted regulation of PI3K
where the p85 subunit both inhibited and activated the p110 subunit depending on the
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context (reviewed in [89]). PIP; recruits PH-domain containing proteins to the
membrane. The best known downstream target is the serine/threonine kinase Akt (also
referred to as protein kinase B), a mediator of survival and proliferation [90].

Upon activation of PI3K, Akt is localized to the plasma membrane and
phosphorylated on T308 by 3-phosphoinositide-dependent kinase-1 (PDK1) [91]. The
Mammalian target of rapamycin complex 2 (mTORC?2) is responsible for a second
phosphorylation at S473, which locks Akt in an active conformation. Phosphorylation of
both residues is required to activate Akt, which in turn activates a vast amount of
different substrates such as Foxo proteins, p27, Bim, Tuberus sclerosis complex 2
(TSC2), Bad, glycogen synthase kinase 3 (GSK3), murine double minute-2 (Mdm?2) as
well as nuclear factor-kappa B (NF-kB) (reviewed in [92]). As mentioned earlier,
crosstalk between Ras and PI3K signaling pathways adds another level of complexity
where receptors lacking a direct p85 binding site are able to activate PI3K either through
Gabl, Gab2 or via Ras. Such RTKs, for example the receptors for EGF and FGF as well
as Flt3, are to some extent dependent on this interaction for their normal functions. In a
mouse model, disruption of the EGF and FGF-mediated direct interaction between p110
subunit of PI3K with Ras blocked the ability to drive tumor formation [93].

SCF induces association with the SH2 domain of the p85a subunit of PI3-kinase
with Y721 in c-Kit [94] and a number of studies have revealed that this interaction
contributes to, but is not absolutely required for c-Kit-mediated biological responses. One
exception was shown using transgenic mice expressing c-Kit with a Y721F mutation
where the PI3K signaling by c-Kit was suggested to be required in the process of
gametogenesis [95, 96]. However, recruitment of PI3-kinase to Y721 of c-Kit is not the
only route for activation of PI3-kinase. Several studies have implicated Gab2 as an
important mediator of SCF-induced PI3-kinase activation [28, 97]. Furthermore, the
transforming capacity of the oncogenic D816V c-Kit receptor has been demonstrated to
be dependent on PI3K activity [98]. In the case of FIt3, the human receptor lacks a direct
binding motif for the p85a subunit of PI3K, whereas the murine form contains this motif
and has been verified to directly associate with p85a [99]. Human FIt3 was found to
phosphorylate Gabl and Gab2, thus suggested to activate the PI3K pathway indirectly
through these intermediates [100], which is in line with the identification of tyrosines
768, 955 and 969 as Grb2/Gab2 association sites and mediators of downstream signaling
via PI3K and Akt [85].

Src family kinases

The discovery of the c-Src proto-oncogene was based on years of studies on the Rous
sarcoma virus (RSV) (reviewed in [101]). Src is a member of the Src family kinases
(SFKs), consisting of Yes, Fyn, Lyn, Lck, Hck, Fgr, Blk and Yrk [102]. The conserved
domain structure of SFKs is composed of a myristoylated or palmitoylated N-terminal
region that differs between the family members, an SH3 domain, an SH2 domain and a
tyrosine kinase domain followed by a short C-terminal tail. Phosphorylation of the C-
terminal Y527 by carboxyterminal Src kinase (Csk) keeps the protein in an inactive
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conformation by the interaction with the SH2 and further strenghtened by SH3 domain
interactions with prolines close to the active site. The protein is released into an active
state upon dephosphorylation of Y527 or displacement with another stronger binder. The
activity of Src is also dependent on the phosphorylation status of Y416 in the activation
loop [103]. Thus, phosphorylation of these two residues have opposing effects on the Src
activation [104].

The role of SFKs in leukemia was recently established in an ALL mouse model,
showing that Src kinases (Lyn, Hck and Fgr) were required for the proliferation of Ber-
ADbl expressing pre-B cells but not Ber-Abl expressing myeloid cells [105]. This
exemplifies the diverse and highly cell type-specific functions of SFKs and suggests that
SFKs would be good targets in Ber-Abl positive ALL but not in CML (reviewed in
[106]). Mice with ALL induced by Bcr-Abl resistant to inhibition displayed a
significantly prolonged survival when treated with dasatinib as opposed to imatinib
treatment. Dasatinib inhibits both Bcr-Abl and SFKs whereas imatinib does not target
SFKs, which may further enhance the overall response observed when using dasatinib.

SFKs associate with human c-Kit through Y568 while phosphorylated Y570
contributes to binding by providing an acidic amino acid residue [107] and have a role in
the both positive and negative regulation of the receptor via phosphorylation of Shc and
via ligand-induced internalization and activation of the E3 ubquitin ligase c-Cbl,
respectively [108, 109]. v-Kit, the transforming version of c-Kit, lacks the binding sites
for SFKs as well as for APS and Cbl [110], and it is hypothesized that it is subsequently
not downregulated appropriately, which might contribute to the transforming activity of
v-Kit. In addition to these residues, Y900 of c-Kit is proposed to be a Src
phosphorylation site and a Y-to-F mutation of this residue resulted in decreased SCF-
induced DNA synthesis in NIH3T3 cells as compared to cells expressing wild-type c-Kit
[111].

Several studies show that Src is phosphorylated by FIt3, and Src inhibitors were
found to block the transforming effects of FIt3 mutants in AML [112]. Tyrosines 589,
591 and 599 are suggested to be Src binding sites [87], in line with findings indicating
that Hck associates with JM tyrosines of FIt3 [113]. Y589 and Y591 are homologous to
Y568 and Y570 in c-Kit, but the second association site, Y599, is unique to FIt3. In a
recent study, Lyn was found selectively and constitutively phosphorylated downstream of
the mutant FIt3 ITD when compared to the wild-type Flt3, proposing a specific target for
FIt3 ITD expressing AML cells [114].

JAK/STAT signaling

The function of Janus kinases (JAKs) was first described downstream of interferon
receptors as kinases able to transmit signals from receptors lacking intrinsic kinase
activity. The JAK family consists of four members; Jakl, Jak2, Jak3 and Tyk2 and
encode a group of unique domains termed JAK homology domains (JH1-JH7). The C-
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terminal JH1 and JH2 are highly homologous to the tyrosine kinase domains but only
JH1 appears to be functional. The JH2 domain is considered a pseudokinase domain as it
lacks critical amino acids and has no kinase activity. The name Janus kinase is derived
from the Roman god with two faces, referring to the concept of JAKs having both a
kinase and a pseudokinase domain. Activated JAKs phosphorylate sites on receptors
which further allow binding of proteins like STATs, SFKs, phosphatases and adaptor
proteins (reviewed in [115]).

Abberrant JAK signaling has been reported in hematological malignancies, and a
ETV6-Jak2 fusion product was detected in patients with T-cell ALL and also some types
of myeloid leukemias (reviewed in [115]). Constitutive activation of Jak2, in most cases
as a result of a V617F substitution, is found in hematological malignancies with the
highest mutation frequency in myeloproliferative disorders like polycythemia vera and
essential thrombocythemia [116].

The signal transducers and activators of transcription (STATs) were originally
described as ligand-induced transcription factors in interferon-treated cells [117].
Normally, STATs are located in the cytoplasm and upon phosphorylation dimerize and
get translocated to the nucleus. Activated STATs then bind to specific Gamma-
interferon-activated sequences (GAS) in the DNA to initiate transcription of target genes.
Crosstalk between the MAPK and the STAT signaling pathways are exemplified by a C-
terminal conserved serine residue (S727) of the Statl and Stat3 proteins which is
phosphorylated by MAP kinases in order to enhance the transcriptional activity [118],
and the regulation of Stat3 activity by MEKK1 (Mek kinase) [119]. One of the general
STAT target genes is the cytokine-inducible SH2-containing protein (CIS) which is
induced by cytokines such as GM-CSF, erythropoietin and IL-3 and act to reverse the
STAT activation. Stat3 in specific activates the c-myc gene and Stat5 has been associated
with induced gene expression of Bcl-xL and pim-1 (reviewed in [120]).

Stat5, originally referred to as mammary gland factor (MGF), was isolated from
mouse mammary gland tissue and linked to the prolactin signaling pathway. Stat5a and
Stat5b are encoded by two separate genes but show a 96% sequence similarity but their
main sites of expression and transcriptional activities display a distinction between the
two (reviewed in [121]). However, in individually mutated mouse models, the functions
of Stat5a and StatSb appeared relatively redundant in mediating GH and prolactin
functions [122], and Stat5a/b -/- mice but not Stat5a or Stat5b knock-outs alone were
associated with a decrease in lymphocytes.

Upon disruption of Stat5 expression in Ba/F3 cells, the induction of cis, pim-1,
Id-1, osm and c-fos was inhibited and the IL-3 dependent growth was reduced [123]. This
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was later verified in a study where a constitutively active form of Stat5 promoted cell
proliferation and transformation in Ba/F3 cells [124] and was furthermore shown to be
present and essential for the transformation in Ber-Abl expressing K563 cells [125]. In a
study performed in CML cell lines, Statl and Stat5 were phosphorylated in the absence
of JAKs suggesting that Ber-Abl signaling alone was enough for the activation [126].
Constitutively activated Stat5 downstream of deregulated RTKs as well as the V617F
mutant of Jak2 is known to contribute in the development of AML and polycythemia
vera, respectively [127]. A potential role for STATs in AML was first observed as
constitutive DNA binding of Stat3 and Stat5 in leukemic cells of AML patients [128] and
is now considered one of the main signal transduction pathways downstream of mutated
Flt3 for driving transformation.

There has been conflicting data regarding the ability of ¢-Kit to activate STATS.
Some studies have shown that Jak2 as well as Stat3 and Stat5 associate with c-Kit and
that SCF activates JAK-STAT signaling [129-131], but there are other groups reporting
no observed activation of JAK-STAT by SCF [132, 133]. Most likely, these signaling
pathways are highly cell type- as well as time- and context-specific, and the outcome
may therefore differ depending on the experimental setup. The findings with FIt3 are
more consistent, as the ITD receptor, but not the wild-type FIt3 is able to activate Stat5.

Shpl and Shp2

The Src homology-2 domain-containing phosphatases (SHPs) is comprised of two
members; Shpl (encoded by PTPN6) and Shp2 (encoded by PTPN11). Shpl (also
referred to as PIP1C or SH-PTP1) is suggested to be a negative regulator of RTKs and
was shown to interact with c-Kit at Y568 [134]. This protein has a negatively regulatory
role in the cell adhesion and migration of hematopoietic cells [135]. Shp2 (also referred
to as PTP1D or Syp) was shown to be involved in cell migration and adhesion as
demonstrated by fibroblasts lacking functional Shp2 which were impaired in cell motility
[136]. The main role for Shp2 however, is considered to be in the positive regulation of
Ras in response to growth factors, via dephosphorylation of inhibitory sites. Shp2 is
recruited to the receptors, either directly as in the case of PDGFRs [137] and FIt3 [87] or
via scaffolding proteins such as Gabl and Gab2. Shp2 was shown to be of importance in
the transforming ability of oncogenic versions of for example EGFR, FGFR, Ret and
Ber-Abl (reviewed in [138]). Furthermore, Shp2 dephosphorylates Ras-Gap binding
sites, keeping Ras in an active state, as well as CPg/PAG thereby preventing recruitment
of Csk to Src (reviewed in [81]). The SH2 domain of Grb2 was reported to interact with
phosphorylated Shp2 in response to PDGF, and suggested to connect the receptor to
MAPK signaling in this way as well [139]. Recent data however, suggest that the
phosphatase activity of Shp2 rather than its ability to recruit Grb2 is involved in its
activation of Erk (for review, see [81] ).

Germline activating mutations of PTPN11 are found in approximately 50% of cases with
Noonan syndrome, a disease characterized by heart and developmental defects with an
increased risk of leukemia. Somatic mutations have been identified in cases of ALL,
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AML and JMML [140] as well as other types of tumors (reviewed in [138]). Given the
crucial role in transformation of cells and the relatively high incidence of gain-of-
function mutations in leukemias, Shp2 is an obvious target for cancer therapy.

Adaptor and scaffolding proteins

Adaptor proteins are defined as proteins lacking enzymatic activity with the capacity of
interacting with several proteins at the same time. Upon activation, they create docking
sites for other signaling intermediates, and act to bring these together. Adaptor (or
scaffolding) proteins are important for the regulation and amplification of downstream
signals and provide a basis for fine-tuned signaling in the cell. For example, many
proteins can interact and be activated both in a direct manner and via adaptor proteins
depending on the signal strength and intensity and also the cell and tissue type.

One of the best known adaptor proteins is the Growth factor receptor binding
protein-2 (Grb2), which couples RTKs to the MAPK signaling pathway. Activated RTKs
bind to the SH2 domain of Grb2 via the consenus sequence YXN, causing the association
with the Ras guanine nucleotide exchange factor Sos that in turn activates Ras. c-Kit
binds to Grb2 via tyrosines 703 and 936 [84] and FIt3 has been shown to interact with
Grb2 via tyrosines 768, 955 and 969 [85].

The PH domain-containing docking protein Gab2 (Grb2-associating binding
protein 2) was initially identified as a major binding protein for Shp2 in IL-3 dependent
hematopoietic cells, and homologous to Gabl [141]. The PH domain enables protein-
protein complexes to localize to phospholipids and Gab2 has indeed been reported to be
involved in processes like cell adhesion and motility via integrin signaling [142]. Gab2
associates with SH2 domain-containing proteins like Shp2 and PI3K [143] as well as
adaptor proteins like Grb2. SCF induces phosphorylation of Gab2 [143] and also FIt3 has
been shown to associate with Gab2 via Grb2 ([100] and BJH ref). As human FIt3 does
not have a direct binding site (YXXM) for the p85 subunit of PI3K, the receptor is
believed to instead form a complex with proteins such as Grb2, Gab2, Shc and SHIP to
indirectly act on the downstream PI3K as well as Ras signaling pathways. Gab2
contributes to PI3K signaling by directly interacting with the p85 subunit which in turn
activates the pl110 catalytic subunit of PI3K and by translocating PI3K to the plasma
membrane where it can access its phospholipid substrates. Gab2 was shown to be
required for the Ber-Abl induced transformation of murine myeloid cells [144], and mice
transplanted with Gab2-/- bone marrow cells displayed defects in multilineage
repopulation in response to cytokines in early-phase hematopoiesis [145].

ShcA also interacts with Grb2, which couples RTKs to MAPK signaling and
may be the mediator of this pathway for RTKs lacking direct Grb2 binding sites.
Moreover, Grb10 and Grb7 interact with RTKs and, Grb7 was shown to bind to Y936 of
c-Kit [84]. The Adaptor protein containing PH and SH2 domain (APS) is phosphorylated
in response to SCF and found to bind to Y568 and Y936 [146]. APS and the two very
closely related family members Lnk and SH2B, are involved in recruiting the E3
ubiquitin ligase Cbl to RTKs, thus mediating their downregulation by degradation. In
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addition to APS, Lnk was recently found to interact with Y568 of c-Kit [147]. CrkL
interacts with RTKs via the p85 subunit of PI3K and was also shown to recruit Cbl to c-
Kit [148].

Oncogenic signaling from FIt3

Due to the distinct phenotypic differences caused by the F1t3 ITDs, much effort has been
put into characterizing the downstream signaling of this receptor. The most striking
deviation from wild-type FIt3 or TKD mutants lies in the ability to potently activate Stat5
[149-151]. Stat5 in turn activates several specific downstream targets such as Pim-1,
Cdc25A and Bad, key mediators of cell cycle progression and anti-apoptotic signaling.
Another transcriptional target of Stat5 in AML cells is Bcl-2, and a correlation between
high Bcl-2 levels with a Flt3 ITD duplication of Y591 has been observed [152]. The
enhanced anti-apoptotic signaling driven by Stat5 activity is one of the key features of
Flt3 ITD expressing cells which might explain the worse outcome for these patients. In a
recent report it was demonstrated that F1t3 ITD cells contain increased levels of reactive
oxygen species (ROS) as compared to cells with wild-type FIt3, most likely via Stat5
activity. Phosphorylated Stat5 was shown to bind Racl in its GTP-bound state, a protein
known for its function in activating the NADPH oxidase family to create superoxide,
hence contributing to the elevated ROS levels [153]. This impacts the double-strand
break (DSB) repair mechanism which also is part of the FIt3 ITD specific responses that
result in a poor prognosis. Constitutively phosphorylated Stat5 has been verified in
primary AML blasts carrying the FIt3 ITD mutation and the effects of FIt3 inhibition in
AML blasts correlates with inhibition of Stat5 [154]. Flt3 ITD was also suggested to
promote the inhibitory phosphorylation of Foxo Forkhead transcription factors and
thereby repressing p27 and Bim gene expression [155], similar to that observed in CML
by Ber-Abl [156]. Phosphorylation of Foxo3a in FIt3 ITD positive cells was further
reported to be downstream of constitutively activated Akt [157].

Recently, using phosphospecific antibodies against potential tyrosine
phosphorylation sites in FIt3, Razumovskaya and co-workers identified three novel
phosphorylation sites in FIt3 (Y726, Y793, Y842; [158]). Furthermore, it was
demonstrated that the FI1t3 ITD, F1t3 D835Y and wild-type FIt3 showed different patterns
of autophosphorylation and distinctively different patterns of kinetics of phosphorylation.
Since the tyrosine phosphorylated residues are the initiator sites for the individual signal
transduction pathways, this further suggests that the various mutants induce different
signal transduction pathways. It is not yet known which proteins bind to the three novel
phosphorylation sites.

Gene expression profiles of FIt3 ITD and TKD have revealed an upregulated
expression of transforming growth factor-p stimulated clone-22 (TSC-22), a potential
leukemia cell growth suppressor, exclusively by FIt3 TKD [159]. Microarray analysis
identified Frizzled-4, one of the receptors in the Wnt signaling pathway, to be induced by
FIt3 ITD in myeloid progenitor cells [160]. In addition, increased activation of Wnt
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signaling was observed in six out of seven AML cases with F1t3 ITD, suggesting that the
leukemogenic effects of Flt3 ITD might in part be due to the involvement of this pathway
[161].

Hematopoiesis and hematopoietic stem cells

The term hematopoiesis refers to the tightly regulated and controlled process of blood
formation where millions of cells are produced daily in a normal adult. Hematopoiesis is
initiated by the development and self-renewal of hematopoietic stem cells (HSCs). HSCs
were originally identified in 1961 [162] and first isolated in the Thy-1 low, Lineage
specific antigen (Lin) negative, and Stem cell associated antigen (Sca-1) positive fraction
[163], and were later characterized as cells lacking any expression of Lin but positive for
Sca-1 and expressing c-Kit (so called LSK cells) [163, 164]. Adult HSCs reside within
the bone marrow and represent only a very small fraction of the hematopoietic system in
total. They are defined as clonogenic cells with the ability to self-renew and to
differentiate into mature blood cells of all lineages, hence holding the capacity to
regenerate the whole blood system of an organism [165].

Within the LSK compartment, long term-HSCs lack expression of CD34 and

FIt3 but short term-HSCs are LSK CD34+FIt3-. However, within this population there is
a subgroup of Flt3+ cells, which have undergone a first step of lineage restriction
through the loss of megakaryocyte and erythroid potential by downregulated expression
of GATA-1, EpoR, SCL/Tall and TpoR [166].

The concept of the “stem cell niche” as the specific microenvironment in which
the stem cells reside, was introduced in the late 1970s [167], and is today considered a
key regulatory mechanism for the functions of stem cells. Interestingly, HSCs
maintenance in their niche is dependent on membrane-bound SCF, and cleavage into the
soluble ligand was shown to favor HSC differentiation [168]. This information, together
with several studies on the requirement for HSCs to interact with integrins such as VLA-
4 and VLA-5 for their function, supports the idea of HSC dependency on the physical
association with their stem cell microenvironment [169].

c-Kit is expressed by most of the CD34+ cells in the bone marrow [170] and also
by more committed progenitors such as myeloid, erythroid, megakaryocytic, natural
killer and dendritic cell progenitors as well as pro-B and -T cells and mature mast cells
[171]. Synergistic signaling between SCF and FL is exemplified in the growth of
hematopoietic progenitor cells, where they show little response to either of the cytokines
alone, but a strong proliferation when exposed to SCF and FL in combination. Given the
importance of SCF and FL in hematopoiesis, these cytokines may be used in the
expansion of BM stem cells for transplantation purposes, in immunotherapy by for

20



example expanding the subsets of DCs, and in cancer therapy in immune system
mediated cases.

Acute myeloid leukemia

Acute myeloid leukemia (AML) accounts for approximately 30% of all adult leukemias,
and is a disease characterized by an accumulation of myeloblasts in bone marrow and
blood [172]. In most AML patients, many different clonal chromosomal abnormalities
such as reciprocal translocations, insertions, deletions and unbalanced translocations are
found, in contrast to CML where the cytogenetic picture is less complex. The
heterogeneity of AML is a result of both cytogenetic alterations and molecular mutations
and subclassifications are based on these factors as well as the morphology and
differentiation status of the AML cells. Chromosomal abnormalities include gains or
losses of parts of, or whole chromosomes, or translocations such as the t(8;21)/AML1-
ETO (RUNX1/RUNX1T1), inv(16)/CBFB-MYH11 (smooth muscle heavy chain gene) or
t(15;17)/PML-RAR¢, occurring in about 40% of AML cases and considered strong
prognostic factors.

The development of AML is described as a multi-step process where the
presence of at least two complementing mutations, typically impairing differentiation
and promoting proliferation, is a requirement. Through constitutive activation of
signaling pathways promoting survival and proliferation, clones of affected
hematopoietic progenitor cells are expanded and can further be exposed to alterations
blocking myeloid differentiation. Neither of these types of mutations is enough to cause
AML alone. The first category, referred to as class I mutations, are those activating
signal transduction pathways such as in c-Kit and FIt3 and resulting in reduced apoptosis
and enhanced stem cell self-renewal. The second category (class II mutations) includes
mutations which result in transcriptional repression of differentiation. Examples of class
II mutations in AML are gene fusions such as CBF-MYH11, AML1-ETO and PML-

RARa. Chromosomal rearrangements of the mixed lineage leukemia (MLL) gene also
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fall under this category. The most common class [ mutations are within the FIt3 receptor,
either as ITD or TKD mutations. ITD is associated with an unfavorable prognosis [60,
173], but the impact of TKD mutations are not as clear [174]. In a study of leukemic
blasts from AML patients, the incidence of FIt3 ITD mutations was found to be 27%
[175], and several other studies have given similar results [176, 177]. Mutations in c-Kit
occur in approximately 2% of AML cases and are more frequently found in CBF
leukemias [178].

The gene encoding for the nuclear protein nucleophosmin 1 (Npml), involved in cell
cycle regulation and apoptosis via its involvement in the p53 pathway, was recently
found to be frequently mutated in AML cases, often along with Flt3 mutations [179].
Npm!l mutations commonly precede F1t3 ITD mutations and are therefore thought to be a
primary event in leukemogenesis [180]. The hypothesis of cooperation is supported by
the fact that Flt3 ITDs often are found in combination with Npm1 mutations, and also in
about 30% of all MLL-PTD positive cases and in 40% of PML-RARa AML. This is also
seen in the case of c-Kit, where mutations are found in 40% of AML1-ETO and
CBFB/MYH11 cases but only about 2% in overall AML.

In leukemogenesis, the self-renewing stem cells are activated and may be more

favored in accumulating mutations than the more mature and rapidly dying cell types.
Thus, leukemia is believed to be sustained by a subpopulation of leukemic stem cells
(LSCs, also referred to as leukemia-initiating cells) with self-renewing potential, and
CD34+/CD38- cells have been identified as the LSC fraction in AML (reviewed in
[181]). The unique properties of stem cells in for example a reduced mitosis rate and
decreased expression of the apoptosis-associated Fas/Fas-L, may contribute to their
ability to escape therapy [182]. Thus, as the present AML treatment is aimed at cancer
cells in general and not the cancer stem cells specifically, the response is disappointing.
This is also reflected in the poor overall survival of AML patients with larger amounts of
stem cells [183].

Some studies have shown that F1t3 ITD mutations are present in leukemic stem
cells, and that treatment with the F1t3 inhibitor CEP-701 blocks the engraftment of FIt3
ITD expressing leukemic stem cells [184]. Contradictory to this, others have
demonstrated that F1t3 ITD mutations in some cases are lost at relapse, indicating that the
ITD occurred at subclones eradicated by the treatment [185-187]. Thus, for this smaller
number of AML patients, the FIt3 ITD mutation appears not to be present in the leukemic
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stem cell but for the majority of Flt3 ITD positive AML cases, the same mutation is
present at equal or higher levels at relapse (reviewed in [188]).

AML therapy

The current treatments of AML patients are considered unsuccessful. Although a
complete remission of adult AML is achieved by induction therapy using anthracyclins
and cytarabine, the therapy eventually fails due to disease relapse. Moreover, due to the
diversity of AML cytogenetics and molecular background, there is an increasing need for
targeted therapy.

A panel of inhibitors against Flt3 as well as anti-FIt3 antibodies have been
developed and are at present in different phases of clinical trials [189-192]. These are all
small molecule heterocyclic compounds that competetively inhibits ATP binding to Flt3,
but are not considered very specific. All reduce the cell proliferation rate by upregulating
pro-apoptotic proteins but have had little effect in clinical studies. The therapeutic
responses are usually modest with a transient reduction of peripheral blasts, and clinical
trials are currently focused on combining FIt3 inhibitors with conventional
chemotherapy. Most of the FlIt3 inhibitors are rather unspecific like the majority of kinase
inhibitors in general, and often recognize targets like PDGFR, c-Kit and VEGFR. This
not only disables the evaluation of FIt3 inhibition, but may cause toxic responses due to
the multiple targets when used in patients. Recently, a novel type of kinase inhibitor
LS104, competing out substrate binding to the receptor instead of inhibiting the ATP
binding site, was shown to target FIt3 ITD and its downstream signaling in primary AML
blasts [193]. There have been reports of anti-FIt3 neutralizing antibodies in leukemic
mouse models with positive responses [194], and this approach is more specific and less
toxic. The antibodies mainly interfered with the cell surface expressed Flt3, and may for
this reason not be the best option for the ITD mutant, predominantly expressed as the
immature intracellular receptor.

Activating mutations in c-Kit are found in AML cases with CBF abnormalities.
Imatinib, best known for its function in inhibiting Ber-Abl in CML, also inhibits c-Kit
and may therefore represent a potential drug in CBF leukemias where c-Kit correlates to
a worse prognosis [195]. However, in the case of CML, point mutations in the kinase
domain of Bcer-Abl often result in imatinib resistance [196]. Moreover, since imatinib
only inhibits the non-active receptor, the constitutively activated D816 mutations of c-Kit
most often found in leukemias remain unaffected. Instead, the dual Src/Abl inhibitor
dasatinib, at present in clinical trials, targets the activated receptor and may be used in
hematological malignancies [197]. Dasatinib affects a wide array of targets [198],
possibly causing the side effects like pleural effusions and suppression of the immune
system observed in CML patients treated with this inhibitor [199]. In addition, nilotinib,
another drug approved in CML treatment of patients with imatinib resistance, has shown
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a more specific pattern of inhibition even though both nilotinib and imatinib recently
proved to act on more targets than previously believed [198]. Because mutations in c-Kit
and FIt3 are rather late events in leukemogenesis, conventional chemotherapy is still
necessary but the response is likely to be enhanced when combined with a tyrosine
kinase inhibitor.

In CML, oncogenic Bcer-Abl is associated with Stat5 activation leading to
elevated levels of RADS51 [200]. Overexpression of RADS51 results in increased genomic
instability associated with increased resistance (reviewed in [201]). It has been suggested
that patients positive for FIt3 ITD have an increased risk of relapse (233), and
considering the unique ability of the ITD receptor to activate Stat5, as similar mechanism
as in CML might in part explain this. Indeed, levels of RAD51 have been positively
correlated to Stat5 activation in FIt3 ITD expressing Ba/F3 cells, and the use of the FIt3
inhibitor PKC412 reduced the expression of the RADS1 transcript [202]. In a gene
expression study of relapsed AML patients, the leukemic blasts showed an increased
proliferation due to enhanced activation of Raf, Mek and Erk, most likely caused by
upstream oncogenic events [203]. It has further been demonstrated that FIt3 ITD positive
patients also lacking the F1t3 wild-type (wt) allele have a significantly shortened survival
when compared to those with FIt3 ITD/wt or wt alone. These patients were found in
about 35% of the cases with a Flt3 ITD allele [204]. One theory is that the presence of
the wild-type Flt3 compensates for some of the oncogenic effects of the ITD receptor.

Conclusion

Detailed studies on the site-specific phosphorylation of RTKs like c-Kit and FIt3 are
clinically relevant for diagnosis and potential treatment. The phosphorylation status of
particularly important residues for the oncogenic signaling will provide information
about which downstream proteins are activated and facilitate targeted therapy. The more
details that can be worked out about these signaling networks, the more specific and
efficient can the future cancer therapy potentially be.

References

[1] Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein
kinase complement of the human genome. Science. 2002;298:1912-1934.

[2] Robinson DR, Wu YM, Lin SF. The protein tyrosine kinase family of the human
genome. Oncogene. 2000;19:5548-5557.

[3] Schlessinger J. Signal transduction by allosteric receptor oligomerization. Trends
Biochem Sci. 1988;13:443-447.

[4] Ullrich A, Schlessinger J. Signal transduction by receptors with tyrosine kinase
activity. Cell. 1990;61:203-212.

[5] Kazlauskas A, Cooper JA. Autophosphorylation of the PDGF receptor in the
kinase insert region regulates interactions with cell proteins. Cell. 1989;58:1121-1133.

24



[6] Sadowski I, Stone JC, Pawson T. A noncatalytic domain conserved among
cytoplasmic protein-tyrosine kinases modifies the kinase function and transforming
activity of Fujinami sarcoma virus P130gag-fps. Mol Cell Biol. 1986;6:4396-4408.

[7] Anderson D, Koch CA, Grey L, Ellis C, Moran MF, Pawson T. Binding of SH2
domains of phospholipase C gamma 1, GAP, and Src to activated growth factor
receptors. Science. 1990;250:979-982.

[8] Songyang Z, Shoelson SE, McGlade J, et al. Specific motifs recognized by the
SH2 domains of Csk, 3BP2, fps/fes, GRB-2, HCP, SHC, Syk, and Vav. Mol Cell Biol.
1994;14:2777-2785.

9] Ottinger EA, Botfield MC, Shoelson SE. Tandem SH2 domains confer high
specificity in tyrosine kinase signaling. J Biol Chem. 1998;273:729-735.

[10]  Cohen P. The regulation of protein function by multisite phosphorylation--a 25
year update. Trends Biochem Sci. 2000;25:596-601.

[11] Besmer P, Murphy JE, George PC, et al. A new acute transforming feline
retrovirus and relationship of its oncogene v-kit with the protein kinase gene family.
Nature. 1986;320:415-421.

[12]  Nocka K, Majumder S, Chabot B, et al. Expression of c-kit gene products in
known cellular targets of W mutations in normal and W mutant mice--evidence for an
impaired c-kit kinase in mutant mice. Genes Dev. 1989;3:816-826.

[13] Majumder S, Brown K, Qiu FH, Besmer P. c-kit protein, a transmembrane
kinase: identification in tissues and characterization. Mol Cell Biol. 1988;8:4896-4903.
[14]  Chabot B, Stephenson DA, Chapman VM, Besmer P, Bernstein A. The proto-
oncogene c-kit encoding a transmembrane tyrosine kinase receptor maps to the mouse W
locus. Nature. 1988;335:88-89.

[15] Geissler EN, Ryan MA, Housman DE. The dominant-white spotting (W) locus
of the mouse encodes the c-kit proto-oncogene. Cell. 1988;55:185-192.

[16] Rosnet O, Birnbaum D. Hematopoietic receptors of class III receptor-type
tyrosine kinases. Crit Rev Oncog. 1993;4:595-613.

[17] Huang E, Nocka K, Beier DR, et al. The hematopoietic growth factor KL is
encoded by the Sl locus and is the ligand of the c-kit receptor, the gene product of the W
locus. Cell. 1990;63:225-233.

[18] Martin FH, Suggs SV, Langley KE, et al. Primary structure and functional
expression of rat and human stem cell factor DNAs. Cell. 1990;63:203-211.

[19] Williams DE, Eisenman J, Baird A, et al. Identification of a ligand for the c-kit
proto-oncogene. Cell. 1990;63:167-174.

[20]  Pietsch T, Kyas U, Steffens U, et al. Effects of human stem cell factor (c-kit
ligand) on proliferation of myeloid leukemia cells: heterogeneity in response and synergy
with other hematopoietic growth factors. Blood. 1992;80:1199-1206.

[21]  Langley KE, Bennett LG, Wypych J, et al. Soluble stem cell factor in human
serum. Blood. 1993;81:656-660.

[22] Miyazawa K, Williams DA, Gotoh A, Nishimaki J, Broxmeyer HE, Toyama K.
Membrane-bound Steel factor induces more persistent tyrosine kinase activation and

25



longer life span of c-kit gene-encoded protein than its soluble form. Blood. 1995;85:641-
649.

[23]  Brannan CI, Lyman SD, Williams DE, et al. Steel-Dickie mutation encodes a c-
kit ligand lacking transmembrane and cytoplasmic domains. Proc Natl Acad Sci U S A.
1991;88:4671-4674.

[24] Zhang Z, Zhang R, Joachimiak A, Schlessinger J, Kong XP. Crystal structure of
human stem cell factor: implication for stem cell factor receptor dimerization and
activation. Proc Natl Acad Sci U S A. 2000;97:7732-7737.

[25] Arakawa T, Yphantis DA, Lary JW, et al. Glycosylated and unglycosylated
recombinant-derived human stem cell factors are dimeric and have extensive regular
secondary structure. J Biol Chem. 1991;266:18942-18948.

[26]  Hayashi S, Kunisada T, Ogawa M, Yamaguchi K, Nishikawa S. Exon skipping
by mutation of an authentic splice site of c-kit gene in W/W mouse. Nucleic Acids Res.
1991;19:1267-1271.

[27]  Voytyuk O, Lennartsson J, Mogi A, et al. Src family kinases are involved in the
differential signaling from two splice forms of c-Kit. J Biol Chem. 2003;278:9159-9166.
[28] Sun J, Pedersen M, Ronnstrand L. Gab2 is involved in differential
phosphoinositide 3-kinase signaling by two splice forms of c-Kit. J Biol Chem.
2008;283:27444-27451.

[29] Loveland KL, Schlatt S. Stem cell factor and c-kit in the mammalian testis:
lessons originating from Mother Nature's gene knockouts. J Endocrinol. 1997;153:337-
344.

[30] Mackenzie MA, Jordan SA, Budd PS, Jackson 1J. Activation of the receptor
tyrosine kinase Kit is required for the proliferation of melanoblasts in the mouse embryo.
Dev Biol. 1997;192:99-107.

[31] Ward SM, Burns AJ, Torihashi S, Sanders KM. Mutation of the proto-oncogene
c-kit blocks development of interstitial cells and electrical rhythmicity in murine
intestine. J Physiol. 1994;480 ( Pt 1):91-97.

[32] Ezoe K, Holmes SA, Ho L, et al. Novel mutations and deletions of the KIT (steel
factor receptor) gene in human piebaldism. Am J Hum Genet. 1995;56:58-66.

[33] Longley BJ, Tyrrell L, Lu SZ, et al. Somatic c-KIT activating mutation in
urticaria pigmentosa and aggressive mastocytosis: establishment of clonality in a human
mast cell neoplasm. Nat Genet. 1996;12:312-314.

[34] Tian Q, Frierson HF, Jr., Krystal GW, Moskaluk CA. Activating c-kit gene
mutations in human germ cell tumors. Am J Pathol. 1999;154:1643-1647.

[35] Hirota S, Isozaki K, Moriyama Y, et al. Gain-of-function mutations of c-kit in
human gastrointestinal stromal tumors. Science. 1998;279:577-580.

[36] Krystal GW, Hines SJ, Organ CP. Autocrine growth of small cell lung cancer
mediated by coexpression of c-kit and stem cell factor. Cancer Res. 1996;56:370-376.
[37] Bellone G, Silvestri S, Artusio E, et al. Growth stimulation of colorectal
carcinoma cells via the c-kit receptor is inhibited by TGF-beta 1. J Cell Physiol.
1997;172:1-11.

26



[38] Inoue M, Kyo S, Fujita M, Enomoto T, Kondoh G. Coexpression of the c-kit
receptor and the stem cell factor in gynecological tumors. Cancer Res. 1994;54:3049-
3053.

[39] Lefevre G, Glotin AL, Calipel A, et al. Roles of stem cell factor/c-Kit and effects
of Glivec/STI571 in human uveal melanoma cell tumorigenesis. J Biol Chem.
2004;279:31769-31779.

[40] Tohda S, Yang GS, Ashman LK, McCulloch EA, Minden MD. Relationship
between c-Kit expression and proliferation in acute myeloblastic leukemia cell lines. J
Cell Physiol. 1993;154:410-418.

[41] lkeda H, Kanakura Y, Tamaki T, et al. Expression and functional role of the
proto-oncogene c-kit in acute myeloblastic leukemia cells. Blood. 1991;78:2962-2968.
[42]  Ferrao P, Gonda TJ, Ashman LK. Expression of constitutively activated human
c-Kit in Myb transformed early myeloid cells leads to factor independence, histiocytic
differentiation, and tumorigenicity. Blood. 1997;90:4539-4552.

[43] Kitayama H, Kanakura Y, Furitsu T, et al. Constitutively activating mutations of
c-kit receptor tyrosine kinase confer factor-independent growth and tumorigenicity of
factor-dependent hematopoietic cell lines. Blood. 1995;85:790-798.

[44] Heinrich MC, Blanke CD, Druker BJ, Corless CL. Inhibition of KIT tyrosine
kinase activity: a novel molecular approach to the treatment of KIT-positive
malignancies. J Clin Oncol. 2002;20:1692-1703.

[45] Heinrich MC, Corless CL, Demetri GD, et al. Kinase mutations and imatinib
response in patients with metastatic gastrointestinal stromal tumor. J Clin Oncol.
2003;21:4342-4349.

[46] Rosnet O, Marchetto S, deLapeyriere O, Birnbaum D. Murine FIt3, a gene
encoding a novel tyrosine kinase receptor of the PDGFR/CSF1R family. Oncogene.
1991;6:1641-1650.

[47] Rosnet O, Mattei MG, Marchetto S, Birnbaum D. Isolation and chromosomal
localization of a novel FMS-like tyrosine kinase gene. Genomics. 1991;9:380-385.

[48] Matthews W, Jordan CT, Wiegand GW, Pardoll D, Lemischka IR. A receptor
tyrosine kinase specific to hematopoietic stem and progenitor cell-enriched populations.
Cell. 1991;65:1143-1152.

[49] Maroc N, Rottapel R, Rosnet O, et al. Biochemical characterization and analysis
of the transforming potential of the FLT3/FLK2 receptor tyrosine kinase. Oncogene.
1993;8:909-918.

[50] Lyman SD, James L, Zappone J, Sleath PR, Beckmann MP, Bird T.
Characterization of the protein encoded by the flt3 (flk2) receptor-like tyrosine kinase
gene. Oncogene. 1993;8:815-822.

[51] Mackarehtschian K, Hardin JD, Moore KA, Boast S, Goff SP, Lemischka IR.
Targeted disruption of the flk2/flt3 gene leads to deficiencies in primitive hematopoietic
progenitors. Immunity. 1995;3:147-161.

[52] Waskow C, Liu K, Darrasse-Jeze G, et al. The receptor tyrosine kinase FIt3 is
required for dendritic cell development in peripheral lymphoid tissues. Nat Immunol.
2008;9:676-683.

27



[53] Hannum C, Culpepper J, Campbell D, et al. Ligand for FLT3/FLK2 receptor
tyrosine kinase regulates growth of haematopoietic stem cells and is encoded by variant
RNAs. Nature. 1994;368:643-648.

[54] Lyman SD, James L, Vanden Bos T, et al. Molecular cloning of a ligand for the
flt3/flk-2 tyrosine kinase receptor: a proliferative factor for primitive hematopoietic cells.
Cell. 1993;75:1157-1167.

[55] Lyman SD, James L, Escobar S, et al. Identification of soluble and membrane-
bound isoforms of the murine flt3 ligand generated by alternative splicing of mRNAs.
Oncogene. 1995;10:149-157.

[56] Lyman SD, James L, Johnson L, et al. Cloning of the human homologue of the
murine flt3 ligand: a growth factor for early hematopoietic progenitor cells. Blood.
1994;83:2795-2801.

[57] McKenna HJ, Stocking KL, Miller RE, et al. Mice lacking flt3 ligand have
deficient hematopoiesis affecting hematopoietic progenitor cells, dendritic cells, and
natural killer cells. Blood. 2000;95:3489-3497.

[58] Gale RE, Hills R, Kottaridis PD, et al. No evidence that FLT3 status should be
considered as an indicator for transplantation in acute myeloid leukemia (AML): an
analysis of 1135 patients, excluding acute promyelocytic leukemia, from the UK MRC
AML10 and 12 trials. Blood. 2005;106:3658-3665.

[59] Gale RE, Hills R, Pizzey AR, et al. Relationship between FLT3 mutation status,
biologic characteristics, and response to targeted therapy in acute promyelocytic
leukemia. Blood. 2005;106:3768-3776.

[60]  Thiede C, Steudel C, Mohr B, et al. Analysis of FLT3-activating mutations in
979 patients with acute myelogenous leukemia: association with FAB subtypes and
identification of subgroups with poor prognosis. Blood. 2002;99:4326-4335.

[61] Mead AJ, Linch DC, Hills RK, Wheatley K, Burnett AK, Gale RE. FLT3
tyrosine kinase domain mutations are biologically distinct from and have a significantly
more favorable prognosis than FLT3 internal tandem duplications in patients with acute
myeloid leukemia. Blood. 2007;110:1262-1270.

[62] Kelly LM, Liu Q, Kutok JL, Williams IR, Boulton CL, Gilliland DG. FLT3
internal tandem duplication mutations associated with human acute myeloid leukemias
induce myeloproliferative disease in a murine bone marrow transplant model. Blood.
2002;99:310-318.

[63] Grundler R, Miething C, Thiede C, Peschel C, Duyster J. FLT3-ITD and tyrosine
kinase domain mutants induce 2 distinct phenotypes in a murine bone marrow
transplantation model. Blood. 2005;105:4792-4799.

[64] Mol CD, Lim KB, Sridhar V, et al. Structure of a c-kit product complex reveals
the basis for kinase transactivation. J Biol Chem. 2003;278:31461-31464.

[65] Hubbard SR, Till JH. Protein tyrosine kinase structure and function. Annu Rev
Biochem. 2000;69:373-398.

[66] Mol CD, Dougan DR, Schneider TR, et al. Structural basis for the autoinhibition
and STI-571 inhibition of c-Kit tyrosine kinase. J Biol Chem. 2004;279:31655-31663.

28



[67] Walter M, Lucet IS, Patel O, et al. The 2.7 A crystal structure of the
autoinhibited human c-Fms kinase domain. J Mol Biol. 2007;367:839-847.

[68]  Griffith J, Black J, Faerman C, et al. The structural basis for autoinhibition of
FLT3 by the juxtamembrane domain. Mol Cell. 2004;13:169-178.

[69] Schlessinger J. Signal transduction. Autoinhibition control. Science.
2003;300:750-752.

[70]  Schaeffer HJ, Weber MJ. Mitogen-activated protein kinases: specific messages
from ubiquitous messengers. Mol Cell Biol. 1999;19:2435-2444.

[71]  Vantaggiato C, Formentini I, Bondanza A, Bonini C, Naldini L, Brambilla R.
ERKI1 and ERK2 mitogen-activated protein kinases affect Ras-dependent cell signaling
differentially. J Biol. 2006;5:14.

[72] Ahn NG, Seger R, Bratlien RL, Diltz CD, Tonks NK, Krebs EG. Multiple
components in an epidermal growth factor-stimulated protein kinase cascade. In vitro
activation of a myelin basic protein/microtubule-associated protein 2 kinase. J Biol
Chem. 1991;266:4220-4227.

[73] Catalanotti F, Reyes G, Jesenberger V, et al. A Mekl-Mek2 heterodimer
determines the strength and duration of the Erk signal. Nat Struct Mol Biol. 2009;16:294-
303.

[74] Kyriakis JM, App H, Zhang XF, et al. Raf-1 activates MAP kinase-kinase.
Nature. 1992;358:417-421.

[75] Campbell SL, Khosravi-Far R, Rossman KL, Clark GJ, Der CJ. Increasing
complexity of Ras signaling. Oncogene. 1998;17:1395-1413.

[76] Alai M, Mui AL, Cutler RL, Bustelo XR, Barbacid M, Krystal G. Steel factor
stimulates the tyrosine phosphorylation of the proto-oncogene product, p95vav, in human
hemopoietic cells. J Biol Chem. 1992;267:18021-18025.

[77] Ronnstrand L, Arvidsson AK, Kallin A, et al. SHP-2 binds to Tyr763 and
Tyr1009 in the PDGF beta-receptor and mediates PDGF-induced activation of the
Ras/MAP kinase pathway and chemotaxis. Oncogene. 1999;18:3696-3702.

[78]  Araki T, Nawa H, Neel BG. Tyrosyl phosphorylation of Shp2 is required for
normal ERK activation in response to some, but not all, growth factors. J Biol Chem.
2003;278:41677-41684.

[79] Hanafusa H, Torii S, Yasunaga T, Matsumoto K, Nishida E. Shp2, an SH2-
containing protein-tyrosine phosphatase, positively regulates receptor tyrosine kinase
signaling by dephosphorylating and inactivating the inhibitor Sprouty. J Biol Chem.
2004;279:22992-22995.

[80] Zhang SQ, Yang W, Kontaridis MI, et al. Shp2 regulates SRC family kinase
activity and Ras/Erk activation by controlling Csk recruitment. Mol Cell. 2004;13:341-
355.

[81] Dance M, Montagner A, Salles JP, Yart A, Raynal P. The molecular functions of
Shp2 in the Ras/Mitogen-activated protein kinase (ERK1/2) pathway. Cell Signal.
2008;20:453-459.

29



[82] Jimenez C, Hernandez C, Pimentel B, Carrera AC. The p85 regulatory subunit
controls sequential activation of phosphoinositide 3-kinase by Tyr kinases and Ras. J
Biol Chem. 2002;277:41556-41562.

[83] Wennstrom S, Downward J. Role of phosphoinositide 3-kinase in activation of
ras and mitogen-activated protein kinase by epidermal growth factor. Mol Cell Biol.
1999;19:4279-4288.

[84] Thémmes K, Lennartsson J, Carlberg M, Ronnstrand L. Identification of Tyr-703
and Tyr-936 as the primary association sites for Grb2 and Grb7 in the c-Kit/stem cell
factor receptor. Biochem J. 1999;341 ( Pt 1):211-216.

[85] Masson K, Liu T, Khan R, Sun J, Ronnstrand L. A role of Gab2 association in
FIt3-ITD mediated Stat5 phosphorylation and cell survival. Br J Haematol. 2009 May 9.
[Epub ahead of print]

[86] Hong L, Munugalavadla V, Kapur R. c-Kit-mediated overlapping and unique
functional and biochemical outcomes via diverse signaling pathways. Mol Cell Biol.
2004;24:1401-1410.

[87] Heiss E, Masson K, Sundberg C, et al. Identification of Y589 and Y599 in the
juxtamembrane domain of FIt3 as ligand-induced autophosphorylation sites involved in
binding of Src family kinases and the protein tyrosine phosphatase SHP2. Blood.
2006;108:1542-1550.

[88] Klippel A, Escobedo JA, Hirano M, Williams LT. The interaction of small
domains between the subunits of phosphatidylinositol 3-kinase determines enzyme
activity. Mol Cell Biol. 1994;14:2675-2685.

[89]  Okkenhaug K, Vanhaesebroeck B. PI3K-signalling in B- and T-cells: insights
from gene-targeted mice. Biochem Soc Trans. 2003;31:270-274.

[90] Datta K, Bellacosa A, Chan TO, Tsichlis PN. Akt is a direct target of the
phosphatidylinositol 3-kinase. Activation by growth factors, v-src and v-Ha-ras, in Sf9
and mammalian cells. J Biol Chem. 1996;271:30835-30839.

[91]  Scheid MP, Marignani PA, Woodgett JR. Multiple phosphoinositide 3-kinase-
dependent steps in activation of protein kinase B. Mol Cell Biol. 2002;22:6247-6260.
[92] Engelman JA, Luo J, Cantley LC. The evolution of phosphatidylinositol 3-
kinases as regulators of growth and metabolism. Nat Rev Genet. 2006;7:606-619.

[93] Ramjaun AR, Downward J. Ras and phosphoinositide 3-kinase: partners in
development and tumorigenesis. Cell Cycle. 2007;6:2902-2905.

[94] Serve H, Yee NS, Stella G, Sepp-Lorenzino L, Tan JC, Besmer P. Differential
roles of PI3-kinase and Kit tyrosine 821 in Kit receptor-mediated proliferation, survival
and cell adhesion in mast cells. Embo J. 1995;14:473-483.

[95] Blume-Jensen P, Jiang G, Hyman R, Lee KF, O'Gorman S, Hunter T. Kit/stem
cell factor receptor-induced activation of phosphatidylinositol 3'-kinase is essential for
male fertility. Nat Genet. 2000;24:157-162.

[96]  Kissel H, Timokhina I, Hardy MP, et al. Point mutation in kit receptor tyrosine
kinase reveals essential roles for kit signaling in spermatogenesis and oogenesis without
affecting other kit responses. Embo J. 2000;19:1312-1326.

30



[97] YuM, Luo J, Yang W, et al. The scaffolding adapter Gab2, via Shp-2, regulates
kit-evoked mast cell proliferation by activating the Rac/JNK pathway. J Biol Chem.
2006;281:28615-28626.

[98] Chian R, Young S, Danilkovitch-Miagkova A, et al. Phosphatidylinositol 3
kinase contributes to the transformation of hematopoietic cells by the D816V c-Kit
mutant. Blood. 2001;98:1365-1373.

[99] Rottapel R, Turck CW, Casteran N, et al. Substrate specificities and
identification of a putative binding site for PI3K in the carboxy tail of the murine FIt3
receptor tyrosine kinase. Oncogene. 1994;9:1755-1765.

[100] Zhang S, Broxmeyer HE. FIt3 ligand induces tyrosine phosphorylation of gabl
and gab2 and their association with shp-2, grb2, and PI3 kinase. Biochem Biophys Res
Commun. 2000;277:195-199.

[101] Martin GS. The road to Src. Oncogene. 2004;23:7910-7917.

[102] Thomas SM, Brugge JS. Cellular functions regulated by Src family kinases.
Annu Rev Cell Dev Biol. 1997;13:513-609.

[103] Xu W, Doshi A, Lei M, Eck MJ, Harrison SC. Crystal structures of c-Src reveal
features of its autoinhibitory mechanism. Mol Cell. 1999;3:629-638.

[104] Hunter T. A tail of two src's: mutatis mutandis. Cell. 1987;49:1-4.

[105] HuY, Liu Y, Pelletier S, et al. Requirement of Src kinases Lyn, Hck and Fgr for
BCR-ABLI1-induced B-lymphoblastic leukemia but not chronic myeloid leukemia. Nat
Genet. 2004;36:453-461.

[106] Li S. Src kinase signaling in leukaemia. Int J Biochem Cell Biol. 2007;39:1483-
1488.

[107] Price DJ, Rivnay B, Fu Y, Jiang S, Avraham S, Avraham H. Direct association
of Csk homologous kinase (CHK) with the diphosphorylated site Tyr568/570 of the
activated c-KIT in megakaryocytes. J Biol Chem. 1997;272:5915-5920.

[108] Broudy VC, Lin NL, Liles WC, et al. Signaling via Src family kinases is required
for normal internalization of the receptor c-Kit. Blood. 1999;94:1979-1986.

[109] Masson K, Heiss E, Band H, Ronnstrand L. Direct binding of Cbl to Tyr568 and
Tyr936 of the stem cell factor receptor/c-Kit is required for ligand-induced
ubiquitination, internalization and degradation. Biochem J. 2006;399:59-67.

[110] Herbst R, Munemitsu S, Ullrich A. Oncogenic activation of v-kit involves
deletion of a putative tyrosine-substrate interaction site. Oncogene. 1995;10:369-379.
[111] Lennartsson J, Wernstedt C, Engstrom U, Hellman U, Ronnstrand L.
Identification of Tyr900 in the kinase domain of c-Kit as a Src-dependent
phosphorylation site mediating interaction with c-Crk. Exp Cell Res. 2003;288:110-118.
[112] Robinson LJ, Xue J, Corey SJ. Src family tyrosine kinases are activated by FIt3
and are involved in the proliferative effects of leukemia-associated FIt3 mutations. Exp
Hematol. 2005;33:469-479.

[113] Mitina O, Warmuth M, Krause G, Hallek M, Obermeier A. Src family tyrosine
kinases phosphorylate FIt3 on juxtamembrane tyrosines and interfere with receptor
maturation in a kinase-dependent manner. Ann Hematol. 2007;86:777-785.

31



[114] Okamoto M, Hayakawa F, Miyata Y, et al. Lyn is an important component of the
signal transduction pathway specific to FLT3/ITD and can be a therapeutic target in the
treatment of AML with FLT3/ITD. Leukemia. 2007;21:403-410.

[115] Rane SG, Reddy EP. JAKs, STATSs and Src kinases in hematopoiesis. Oncogene.
2002;21:3334-3358.

[116] Kralovics R, Passamonti F, Buser AS, et al. A gain-of-function mutation of
JAK?2 in myeloproliferative disorders. N Engl J Med. 2005;352:1779-1790.

[117] Darnell JE, Jr., Kerr IM, Stark GR. Jak-STAT pathways and transcriptional
activation in response to IFNs and other extracellular signaling proteins. Science.
1994;264:1415-1421.

[118] Zhang X, Blenis J, Li HC, Schindler C, Chen-Kiang S. Requirement of serine
phosphorylation for formation of STAT-promoter complexes. Science. 1995;267:1990-
1994.

[119] Lim CP, Cao X. Regulation of Stat3 activation by MEK kinase 1. J Biol Chem.
2001;276:21004-21011.

[120] Coffer PJ, Koenderman L, de Groot RP. The role of STATs in myeloid
differentiation and leukemia. Oncogene. 2000;19:2511-2522.

[121] Hennighausen L, Robinson GW. Interpretation of cytokine signaling through the
transcription factors STATSA and STATSB. Genes Dev. 2008;22:711-721.

[122] Teglund S, McKay C, Schuetz E, et al. Stat5a and Stat5b proteins have essential
and nonessential, or redundant, roles in cytokine responses. Cell. 1998;93:841-850.

[123] Mui AL, Wakao H, Kinoshita T, Kitamura T, Miyajima A. Suppression of
interleukin-3-induced gene expression by a C-terminal truncated Stat5: role of Stat5 in
proliferation. Embo J. 1996;15:2425-2433.

[124] Onishi M, Nosaka T, Misawa K, et al. Identification and characterization of a
constitutively active STATS mutant that promotes cell proliferation. Mol Cell Biol.
1998;18:3871-3879.

[125] de Groot RP, Raaijmakers JA, Lammers JW, Jove R, Koenderman L. STATS
activation by BCR-ADI contributes to transformation of K562 leukemia cells. Blood.
1999;94:1108-1112.

[126] Carlesso N, Frank DA, Griffin JD. Tyrosyl phosphorylation and DNA binding
activity of signal transducers and activators of transcription (STAT) proteins in
hematopoietic cell lines transformed by Bcr/Abl. J Exp Med. 1996;183:811-820.

[127] Wernig G, Mercher T, Okabe R, Levine RL, Lee BH, Gilliland DG. Expression
of Jak2V617F causes a polycythemia vera-like disease with associated myelofibrosis in a
murine bone marrow transplant model. Blood. 2006;107:4274-4281.

[128] Gouilleux-Gruart V, Gouilleux F, Desaint C, et al. STAT-related transcription
factors are constitutively activated in peripheral blood cells from acute leukemia patients.
Blood. 1996;87:1692-1697.

[129] Linnekin D, Weiler SR, Mou S, et al. JAK? is constitutively associated with c-
Kit and is phosphorylated in response to stem cell factor. Acta Haematol. 1996;95:224-
228.

32



[130] Ryan JJ, Huang H, McReynolds LJ, et al. Stem cell factor activates STAT-5
DNA binding in IL-3-derived bone marrow mast cells. Exp Hematol. 1997;25:357-362.
[131] Gotoh A, Takahira H, Mantel C, Litz-Jackson S, Boswell HS, Broxmeyer HE.
Steel factor induces serine phosphorylation of Stat3 in human growth factor-dependent
myeloid cell lines. Blood. 1996;88:138-145.

[132] O'Farrell AM, Ichihara M, Mui AL, Miyajima A. Signaling pathways activated
in a unique mast cell line where interleukin-3 supports survival and stem cell factor is
required for a proliferative response. Blood. 1996;87:3655-3668.

[133] Joneja B, Chen HC, Seshasayee D, Wrentmore AL, Wojchowski DM.
Mechanisms of stem cell factor and erythropoietin proliferative co-signaling in FDC2-ER
cells. Blood. 1997;90:3533-3545.

[134] Kozlowski M, Larose L, Lee F, Le DM, Rottapel R, Siminovitch KA. SHP-1
binds and negatively modulates the c-Kit receptor by interaction with tyrosine 569 in the
c-Kit juxtamembrane domain. Mol Cell Biol. 1998;18:2089-2099.

[135] Kim CH, Qu CK, Hangoc G, et al. Abnormal chemokine-induced responses of
immature and mature hematopoietic cells from motheaten mice implicate the protein
tyrosine phosphatase SHP-1 in chemokine responses. J Exp Med. 1999;190:681-690.
[136] Yu DH, Qu CK, Henegariu O, Lu X, Feng GS. Protein-tyrosine phosphatase
Shp-2 regulates cell spreading, migration, and focal adhesion. J Biol Chem.
1998;273:21125-21131.

[137] Lechleider RJ, Sugimoto S, Bennett AM, et al. Activation of the SH2-containing
phosphotyrosine phosphatase SH-PTP2 by its binding site, phosphotyrosine 1009, on the
human platelet-derived growth factor receptor. J Biol Chem. 1993;268:21478-21481.
[138] Chan G, Kalaitzidis D, Neel BG. The tyrosine phosphatase Shp2 (PTPN11) in
cancer. Cancer Metastasis Rev. 2008;27:179-192.

[139] Bennett AM, Tang TL, Sugimoto S, Walsh CT, Neel BG. Protein-tyrosine-
phosphatase SHPTP2 couples platelet-derived growth factor receptor beta to Ras. Proc
Natl Acad Sci U S A. 1994;91:7335-73309.

[140] Tartaglia M, Mehler EL, Goldberg R, et al. Mutations in PTPN11, encoding the
protein tyrosine phosphatase SHP-2, cause Noonan syndrome. Nat Genet. 2001;29:465-
468.

[141] Holgado-Madruga M, Emlet DR, Moscatello DK, Godwin AK, Wong AJ. A
Grb2-associated docking protein in EGF- and insulin-receptor signalling. Nature.
1996;379:560-564.

[142] Yu WM, Hawley TS, Hawley RG, Qu CK. Role of the docking protein Gab2 in
beta(1)-integrin signaling pathway-mediated hematopoietic cell adhesion and migration.
Blood. 2002;99:2351-2359.

[143] Nishida K, Yoshida Y, Itoh M, et al. Gab-family adapter proteins act
downstream of cytokine and growth factor receptors and T- and B-cell antigen receptors.
Blood. 1999;93:1809-1816.

[144] Sattler M, Mohi MG, Pride YB, et al. Critical role for Gab2 in transformation by
BCR/ABL. Cancer Cell. 2002;1:479-492.

33



[145] Zhang Y, Diaz-Flores E, Li G, et al. Abnormal hematopoiesis in Gab2 mutant
mice. Blood. 2007;110:116-124.

[146] Wollberg P, Lennartsson J, Gottfridsson E, Yoshimura A, Ronnstrand L. The
adapter protein APS associates with the multifunctional docking sites Tyr-568 and Tyr-
936 in c-Kit. Biochem J. 2003;370:1033-1038.

[147] Gueller S, Gery S, Nowak V, Liu L, Serve H, Koeffler HP. Adaptor protein Lnk
associates with Tyr(568) in c-Kit. Biochem J. 2008;415:241-245.

[148] Sattler M, Salgia R, Shrikhande G, et al. Differential signaling after betal
integrin ligation is mediated through binding of CRKL to p120(CBL) and p110(HEF1). J
Biol Chem. 1997;272:14320-14326.

[149] Mizuki M, Fenski R, Halfter H, et al. FIt3 mutations from patients with acute
myeloid leukemia induce transformation of 32D cells mediated by the Ras and STATS
pathways. Blood. 2000;96:3907-3914.

[150] Zhang S, Fukuda S, Lee Y, et al. Essential role of signal transducer and activator
of transcription (Stat)5a but not Stat5b for Flt3-dependent signaling. J Exp Med.
2000;192:719-728.

[151] Hayakawa F, Towatari M, Kiyoi H, et al. Tandem-duplicated FIt3 constitutively
activates STATS and MAP kinase and introduces autonomous cell growth in IL-3-
dependent cell lines. Oncogene. 2000;19:624-631.

[152] Irish JM, Anensen N, Hovland R, et al. FIt3 Y591 duplication and Bcl-2
overexpression are detected in acute myeloid leukemia cells with high levels of
phosphorylated wild-type p53. Blood. 2007;109:2589-2596.

[153] Sallmyr A, Fan J, Datta K, et al. Internal tandem duplication of FLT3
(FLT3/ITD) induces increased ROS production, DNA damage, and misrepair:
implications for poor prognosis in AML. Blood. 2008;111:3173-3182.

[154] Levis M, Allebach J, Tse KF, et al. A FLT3-targeted tyrosine kinase inhibitor is
cytotoxic to leukemia cells in vitro and in vivo. Blood. 2002;99:3885-3891.

[155] Scheijen B, Ngo HT, Kang H, Griffin JD. FLT3 receptors with internal tandem
duplications promote cell viability and proliferation by signaling through Foxo proteins.
Oncogene. 2004;23:3338-3349.

[156] Komatsu N, Watanabe T, Uchida M, et al. A member of Forkhead transcription
factor FKHRL1 is a downstream effector of STI571-induced cell cycle arrest in BCR-
ABL-expressing cells. J Biol Chem. 2003;278:6411-6419.

[157] Brandts CH, Sargin B, Rode M, et al. Constitutive activation of Akt by FIt3
internal tandem duplications is necessary for increased survival, proliferation, and
myeloid transformation. Cancer Res. 2005;65:9643-9650.

[158] Razumovskaya E, Masson K, Khan R, Bengtsson S, Ronnstrand L. Oncogenic
flt3 receptors display different specificity and kinetics of autophosphorylation. Exp
Hematol. 2009 May 27. [Epub ahead of print]

[159] Lu Y, Kitaura J, Oki T, et al. Identification of TSC-22 as a potential tumor
suppressor that is upregulated by FIt3-D835V but not FIt3-ITD. Leukemia.
2007;21:2246-2257.

34



[160] Tickenbrock L, Schwible J, Wiedehage M, et al. FIt3 tandem duplication
mutations cooperate with Wnt signaling in leukemic signal transduction. Blood.
2005;105:3699-3706.

[161] Simon M, Grandage VL, Linch DC, Khwaja A. Constitutive activation of the
Whnt/beta-catenin  signalling pathway in acute myeloid leukaemia. Oncogene.
2005;24:2410-2420.

[162] Till JE, Mc CE. A direct measurement of the radiation sensitivity of normal
mouse bone marrow cells. Radiat Res. 1961;14:213-222.

[163] Spangrude GJ, Heimfeld S, Weissman IL. Purification and characterization of
mouse hematopoietic stem cells. Science. 1988;241:58-62.

[164] Ikuta K, Weissman IL. Evidence that hematopoietic stem cells express mouse c-
kit but do not depend on steel factor for their generation. Proc Natl Acad Sci U S A.
1992;89:1502-1506.

[165] Giebel B, Punzel M. Lineage development of hematopoietic stem and progenitor
cells. Biol Chem. 2008;389:813-824.

[166] Adolfsson J, Borge OJ, Bryder D, et al. Upregulation of FIt3 expression within
the bone marrow Lin(-)Scal(+)c-kit(+) stem cell compartment is accompanied by loss of
self-renewal capacity. Immunity. 2001;15:659-669.

[167] Schofield R. The relationship between the spleen colony-forming cell and the
haemopoietic stem cell. Blood Cells. 1978;4:7-25.

[168] Heissig B, Hattori K, Dias S, et al. Recruitment of stem and progenitor cells from
the bone marrow niche requires MMP-9 mediated release of kit-ligand. Cell.
2002;109:625-637.

[169] Priestley GV, Scott LM, Ulyanova T, Papayannopoulou T. Lack of alpha4
integrin expression in stem cells restricts competitive function and self-renewal activity.
Blood. 2006;107:2959-2967.

[170] Simmons PJ, Aylett GW, Niutta S, To LB, Juttner CA, Ashman LK. c-kit is
expressed by primitive human hematopoietic cells that give rise to colony-forming cells
in stroma-dependent or cytokine-supplemented culture. Exp Hematol. 1994;22:157-165.
[171] Lyman SD, Jacobsen SE. c-kit ligand and FIt3 ligand: stem/progenitor cell
factors with overlapping yet distinct activities. Blood. 1998;91:1101-1134.

[172] Lowenberg B, Downing JR, Burnett A. Acute myeloid leukemia. N Engl J Med.
1999;341:1051-1062.

[173] Yanada M, Matsuo K, Suzuki T, Kiyoi H, Naoe T. Prognostic significance of
FLT3 internal tandem duplication and tyrosine kinase domain mutations for acute
myeloid leukemia: a meta-analysis. Leukemia. 2005;19:1345-1349.

[174] Whitman SP, Ruppert AS, Radmacher MD, et al. FLT3 D835/I836 mutations are
associated with poor disease-free survival and a distinct gene-expression signature
among younger adults with de novo cytogenetically normal acute myeloid leukemia
lacking FLT3 internal tandem duplications. Blood. 2008;111:1552-1559.

[175] Kottaridis PD, Gale RE, Frew ME, et al. The presence of a FLT3 internal tandem
duplication in patients with acute myeloid leukemia (AML) adds important prognostic
information to cytogenetic risk group and response to the first cycle of chemotherapy:

35



analysis of 854 patients from the United Kingdom Medical Research Council AML 10
and 12 trials. Blood. 2001;98:1752-1759.

[176] Kiyoi H, Towatari M, Yokota S, et al. Internal tandem duplication of the FLT3
gene is a novel modality of elongation mutation which causes constitutive activation of
the product. Leukemia. 1998;12:1333-1337.

[177] Schnittger S, Schoch C, Dugas M, et al. Analysis of FLT3 length mutations in
1003 patients with acute myeloid leukemia: correlation to cytogenetics, FAB subtype,
and prognosis in the AMLCG study and usefulness as a marker for the detection of
minimal residual disease. Blood. 2002;100:59-66.

[178] Schnittger S, Kohl TM, Haferlach T, et al. KIT-D816 mutations in AML1-ETO-
positive AML are associated with impaired event-free and overall survival. Blood.
2006;107:1791-1799.

[179] Falini B, Nicoletti I, Martelli MF, Mecucci C. Acute myeloid leukemia carrying
cytoplasmic/mutated nucleophosmin (NPMc+ AML): biologic and clinical features.
Blood. 2007;109:874-885.

[180] Thiede C, Koch S, Creutzig E, et al. Prevalence and prognostic impact of NPM1
mutations in 1485 adult patients with acute myeloid leukemia (AML). Blood.
2006;107:4011-4020.

[181] Passegue E, Jamieson CH, Ailles LE, Weissman IL. Normal and leukemic
hematopoiesis: are leukemias a stem cell disorder or a reacquisition of stem cell
characteristics? Proc Natl Acad Sci U S A. 2003;100 Suppl 1:11842-11849.

[182] Costello RT, Mallet F, Gaugler B, et al. Human acute myeloid leukemia
CD34+/CD38- progenitor cells have decreased sensitivity to chemotherapy and Fas-
induced apoptosis, reduced immunogenicity, and impaired dendritic cell transformation
capacities. Cancer Res. 2000;60:4403-4411.

[183] van Rhenen A, Feller N, Kelder A, et al. High stem cell frequency in acute
myeloid leukemia at diagnosis predicts high minimal residual disease and poor survival.
Clin Cancer Res. 2005;11:6520-6527.

[184] Levis M, Murphy KM, Pham R, et al. Internal tandem duplications of the FLT3
gene are present in leukemia stem cells. Blood. 2005;106:673-680.

[185] Nakano Y, Kiyoi H, Miyawaki S, et al. Molecular evolution of acute myeloid
leukaemia in relapse: unstable N-ras and FLT3 genes compared with p53 gene. Br J
Haematol. 1999;104:659-664.

[186] Kottaridis PD, Gale RE, Langabeer SE, Frew ME, Bowen DT, Linch DC.
Studies of FLT3 mutations in paired presentation and relapse samples from patients with
acute myeloid leukemia: implications for the role of FLT3 mutations in leukemogenesis,
minimal residual disease detection, and possible therapy with FLT3 inhibitors. Blood.
2002;100:2393-2398.

[187] Shih LY, Huang CF, Wu JH, et al. Internal tandem duplication of FLT3 in
relapsed acute myeloid leukemia: a comparative analysis of bone marrow samples from
108 adult patients at diagnosis and relapse. Blood. 2002;100:2387-2392.

[188] Levis M, Small D. FLT3: ITDoes matter in leukemia. Leukemia. 2003;17:1738-
1752.

36



[189] Smith BD, Levis M, Beran M, et al. Single-agent CEP-701, a novel FLT3
inhibitor, shows biologic and clinical activity in patients with relapsed or refractory acute
myeloid leukemia. Blood. 2004;103:3669-3676.

[190] Stone RM, DeAngelo DJ, Klimek V, et al. Patients with acute myeloid leukemia
and an activating mutation in FLT3 respond to a small-molecule FLT3 tyrosine kinase
inhibitor, PKC412. Blood. 2005;105:54-60.

[191] Knapper S, Burnett AK, Littlewood T, et al. A phase 2 trial of the FLT3 inhibitor
lestaurtinib (CEP701) as first-line treatment for older patients with acute myeloid
leukemia not considered fit for intensive chemotherapy. Blood. 2006;108:3262-3270.
[192] Zhang W, Konopleva M, Shi YX, et al. Mutant FLT3: a direct target of sorafenib
in acute myelogenous leukemia. J Natl Cancer Inst. 2008;100:184-198.

[193] Kasper S, Breitenbuecher F, Hoehn Y, et al. The kinase inhibitor LS104 induces
apoptosis, enhances cytotoxic effects of chemotherapeutic drugs and is targeting the
receptor tyrosine kinase FLT3 in acute myeloid leukemia. Leuk Res. 2008;32:1698-1708.
[194] LiY, Li H, Wang MN, et al. Suppression of leukemia expressing wild-type or
ITD-mutant FLT3 receptor by a fully human anti-FLT3 neutralizing antibody. Blood.
2004;104:1137-1144.

[195] Cairoli R, Grillo G, Beghini A, et al. C-Kit point mutations in core binding factor
leukemias: correlation with white blood cell count and the white blood cell index.
Leukemia. 2003;17:471-472.

[196] Shah NP, Sawyers CL. Mechanisms of resistance to STI571 in Philadelphia
chromosome-associated leukemias. Oncogene. 2003;22:7389-7395.

[197] Schittenhelm MM, Shiraga S, Schroeder A, et al. Dasatinib (BMS-354825), a
dual SRC/ABL kinase inhibitor, inhibits the kinase activity of wild-type, juxtamembrane,
and activation loop mutant KIT isoforms associated with human malignancies. Cancer
Res. 2006;66:473-481.

[198] Hantschel O, Rix U, Superti-Furga G. Target spectrum of the BCR-ABL
inhibitors imatinib, nilotinib and dasatinib. Leuk Lymphoma. 2008;49:615-619.

[199] Kantarjian H, Pasquini R, Hamerschlak N, et al. Dasatinib or high-dose imatinib
for chronic-phase chronic myeloid leukemia after failure of first-line imatinib: a
randomized phase 2 trial. Blood. 2007;109:5143-5150.

[200] Slupianek A, Schmutte C, Tombline G, et al. BCR/ABL regulates mammalian
RecA homologs, resulting in drug resistance. Mol Cell. 2001;8:795-806.

[201] Henning W, Sturzbecher HW. Homologous recombination and cell cycle
checkpoints: Rad51 in tumour progression and therapy resistance. Toxicology.
2003;193:91-109.

[202] Seedhouse CH, Hunter HM, Lloyd-Lewis B, et al. DNA repair contributes to the
drug-resistant phenotype of primary acute myeloid leukaemia cells with FLT3 internal
tandem duplications and is reversed by the FLT3 inhibitor PKC412. Leukemia.
2006;20:2130-2136.

[203] Staber PB, Linkesch W, Zauner D, et al. Common alterations in gene expression
and increased proliferation in recurrent acute myeloid leukemia. Oncogene. 2004;23:894-
904.

37



[204] Whitman SP, Archer KJ, Feng L, et al. Absence of the wild-type allele predicts
poor prognosis in adult de novo acute myeloid leukemia with normal cytogenetics and

the internal tandem duplication of FLT3: a cancer and leukemia group B study. Cancer
Res. 2001;61:7233-7239.

Figure legends

Table 1. Signaling molecules known to directly bind to the respective
phosphorylation sites of c-Kit.. Question mark denotes unknown binding partner.

SFK: Src family kinase; p85a.: p85a. subunit of PI3-kinase; PLC-y2: phospholipase C-y2.
Table 2. Signaling molecules known to directly bind to the respective
phosphorylation sites of FIt3. Question mark denotes unknown binding partner. SFK:

Src family kinase.

Fig. 1 Signal transduction pathways downstream of c-Kit
SCF: stem cell factor; SFK: Src family kinase

Fig. 2. Signal transduction pathways downstream of FIt3
FL: Fl1t3 ligand; SFK: Src family kinase
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