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SYNOPSIS

Signaling through the receptor tyrosine kinase KIT mediates differentiation, proliferation and
survival of hematopoietic precursor cells and mast cells. Constitutive KIT signaling due to somatic
point mutations in c-Kit is an important occurrence in the development of mast cell proliferation
disorders and other hematological malignancies. In this review, we discuss the common gain-of-
function mutations found in these malignancies, particularly in mast cell proliferation disorders,
and summarize the current understanding of the molecular mechanisms by which transforming
point mutations in KIT may affect KIT structure and function and lead to altered downstream
signaling and cellular transformation. Drugs targeting KIT have shown mixed success in the
treatment of these diseases. A brief overview of the most common KIT inhibitors currently used,
the reasons for the varied clinical results of such inhibitors and a discussion of potential new
strategies are provided.
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INTRODUCTION

The c-Kit proto-oncogene is the cellular, un-truncated counterpart of the gene in the Hardy-
Zuckerman feline sarcoma virus genome (v-Kit) responsible for its transforming activity (1).
Gain-of-function mutations in c-Kit promoting tumor formation and progression have been
identified in certain human cancers, a knowledge that has boosted an interest in targeting the
activity of this receptor.
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c-Kit encodes for a protein, KIT (CD117), belonging to a family of transmembrane growth
factor receptors with intrinsic tyrosine kinase activity (2). Its specific ligand is stem cell
factor (SCF), also known as KIT ligand, mast cell growth factor, or steel factor (3, 4). SCF
is primarily, but not exclusively, produced by stromal cells such as fibroblasts in two major
forms, a soluble form and a membrane-bound form, which are present at varying ratios in
different tissues (3, 5, 6). Both forms activate KIT but may mediate qualitatively and
quantitatively different types of responses (7, 8), although the specific mechanisms remain
largely unknown.

KIT is highly expressed in hematopoietic stem cells from the bone marrow and its activity is
critical for constitutive hematopoiesis and for the proliferation, survival, differentiation and
homing of these cells (8-10). Expression of KIT is generally lost during the differentiation
process of most hematopoietic cells, with the exception of mast cells, which retain KIT
through their lifespan. KIT thus plays an important role in mast cell proliferation, survival
and function (11-15). KIT expression can be upregulated during an immune response in
eosinophils (16) and dendritic cells (17), whereas in both human basophils and eosinophils
KIT expression is generally found at low levels (18, 19). The expression of KIT is, however,
not restricted to hematopoietic cells: it is expressed in melanocytes, interstitial cells of Cajal
in the gastrointestinal tract (20) and other cell types (21-24). Accumulated evidence in
rodent models with KIT alterations has provided insights on the cell populations that are
most critically KIT-dependent. Thus, mice carrying mutations that impair KIT structure or
expression (such as WBB6F;- Kit"V/W-v and C57BL/6-KitW-s"W-sh mice) exhibit specific
phenotypic abnormalities in their adulthood, including profound mast cell and melanocyte
deficiency, macrocytic anemia, reduced fertility and a lack of gut interstitial cells of Cajal
resulting in reduced pacemaker activity in the small intestine (4, 20, 24). Absence of KIT or
its ligand in mice is embryonic or perinatal lethal, suggesting a critical, broader biological
role of SCF/KIT signaling during embryogenesis (4). In humans, loss-of-function mutations
in c-Kit associate with piebaldism, a rare, autosomal dominant disorder characterized by
congenital white patches in the skin and hair caused by improper migration of melanoblasts
in the embryo (25), while acquired gain-of—function mutations in c-Kit result in particular
neoplastic diseases.

In this review, we will provide a general overview of the consequences of gain-of-function
mutations in c-Kit, the structure and molecular mechanisms governing KIT signaling and
describe how gain-of-function mutations in c-Kit result in its overactive function and lead to
cellular transformation, with particular focus on mast cells and disorders of pathologic mast
cell proliferation.

c-Kit MUTATIONS AND LINK TO MALIGNANCIES

Human malignancies associated with activating c-Kit mutations include mast cell
proliferative disorders, gastrointestinal stromal tumors (GISTs) and less commonly,
melanoma and acute myeloid leukemia. Increased expression of normal c-Kit may also
contribute to tumorigenesis in solid lung cancers from small lung cells that do not normally
express KIT and are exposed to environments rich in SCF. Activating mutations in small
lung cancer cells, nonetheless, have rarely been found and their involvement in tumor
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progression is still unclear (26-28). Dysregulation of KIT activity plays a central role,
however, in the pathogenesis of those malignancies originated from cells dependent on SCF
for differentiation/survival such as mast cells and interstitial cells of Cajal (29-33). GISTs
are believed to derive from interstitial cells of Cajal and in up to 80% of sporadic GISTSs, at
least 17 different activating mutations involving exons 8, 11, 13 or 17 of c-Kit have been
reported (29, 34). Similarly, approximately 90% of adults with diseases of abnormal mast
cell proliferation (mastocytosis), have at least a point mutation consisting of a substitution of
Aspartic acid to Valine in the catalytic domain of c-Kit (D816V), rendering it constitutively
active (35-37) and/or other mutations in c-Kit.

Although KIT is also critical for melanocyte physiology, transforming mutations in c-Kit
appear only in about 3% of all melanomas, particularly in metastatic melanoma (reviewed in
(38)). This is consistent with the observation that an activating c-Kit point mutation in
genetically modified mouse melanocytes predominantly increased melanocyte migration
over any effect in proliferation or pigment production (39). Because maturation of
hematopoietic cells other than mast cells results in down-regulation of c-Kit expression,
transforming mutations of this receptor rarely affect most hematopoietic lineages (31).
However, mutations or internal tandem duplications in c-Kit that contribute to pathogenesis
have been observed in approximately 17% of acute myeloid leukemias (AML) (31, 40, 41).
These are acquired somatic mutations present in a clonal lineage population and it is thought
that the ultimate phenotype of malignant hemopoietic cells of a specific lineage expressing
mutant KIT is influenced by additional complementing co-oncogenic events or epigenetic
modifications that affect their differentiation process, proliferation and survival (31, 42).

As it will be discussed, therapies blocking KIT activity have been somewhat successful in
the treatment of some of these malignancies alone or in combination, but not in others where
complete remissions or improved survival time is rare. The success of therapy is linked to
the type of mutation and/or the presence of additional mutations in c-Kit or other proto-
oncogenes.

c-Kit and neoplastic growth of mast cells

Mast cells are derived from CD34" bone marrow hematopoietic pluripotent progenitors (43),
but fully differentiate in tissues, where they establish residency (for review see (44)). Mast
cells are usually located around blood vessels and nerves within the connective tissue, where
SCF is abundant. The role of mast cells in the regulation of adaptive responses occurs
primarily through cell surface Fc receptors that bind immunoglobulin antibodies,
particularly FceRl, the high receptor for immunoglobulin IgE (reviewed in (45)). Upon
encountering a multivalent allergen (antigen, Ag), IgE receptors in the mast cell surface
bound to Ag-specific IgE are aggregated and the pro-inflammatory mediators contained in
mast cell granules are secreted by degranulation or are synthesized de novo, causing an
immediate hypersensitivity allergic reaction. Mast cells also respond to a variety of stimuli
in the tissue environment that can alter mast cell function, and thus the allergic response.
Among those, SCF can synergistically enhance mast cell degranulation, cytokine production
and chemotactic migration induced by other stimulants, particularly IgE/antigen (reviewed
in (46)). Thus, changes in SCF concentrations in the tissue environment or dysregulated KIT
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activity may not only affect mast cell numbers and homeostasis (11) but also mast cell
responsiveness.

Mast cells are found in excessive numbers in tissues in a heterogeneous group of disorders
collectively known as mastocytosis. Diseases of pathologic mast cell proliferation are
classified into disease variants based on clinical presentation, pathologic findings, and
prognosis. There are excellent reviews covering the criteria and symptoms of these variants
and thus they will not be detailed here (33, 37, 47). In general, mastocytosis is classified
under cutaneous (the most benign form and best prognosis with mostly skin involvement)
and systemic mastocytosis (with mast cell infiltrates and effects in the bone marrow and
extracutaneous organs such as liver, spleen or lymph nodes). The occurrence of somatic
activating mutations in the c-Kit gene in a hematopoietic progenitor cell is considered an
important early event in the progression of mastocytosis. Particularly, a mutation in position
816 of KIT from Aspartate to Valine that results in constitutive ligand-independent tyrosine
phosphorylation of KIT and tumorigenecity in mice (48), is highly associated with
mastocytosis in adult patients, but is less frequently found in cases of children with
mastocytosis, which is usually cutaneous and often resolves before puberty (37, 49-51).
Although this is suggestive of a different basis for the children’s form of this disease, a
recent study in a larger cohort of pediatric mastocytosis found that indeed 86% of these
patients had activating mutations in c-Kit, with the D816V mutation present in 35% of cases
(52). The reasons for the frequent recession rate in children are, however, still unclear. It
appears that the presence of gain-of-function mutations of KIT is a necessary prerequisite
for mastocytosis in the majority of cases, but the phenotypic diversity in mastocytosis may
arise from a combination of additional acquired mutations or other inherited genetic
polymorphisms. For example, recent studies in our lab identified activating mutations in N-
RAS in 2 out of 8 patients with advanced mastocytosis that seemed to precede the D816V c-
Kit mutation because they were present in the CD34" progenitors while the D816V mutation
was not (53). In addition to N-RAS mutations that may further promote the clonal expansion
of mast cells and disease severity in some patients, other epigenetic changes or alterations in
RNA splicing can also influence the pathogenesis of mastocytosis. Along these lines, a
splice variant of KIT missing 4 amino acids in the extracellular domain (GNNK-) (8) is
preferentially expressed in severe mastocytosis patients with the D816V mutation as
compared to normal individuals (54, 55), a finding that correlates with the ability of this
isoform to enhance KIT signaling and the maturation of mast cells (55). In agreement with a
participation of splice variant expression in the overall disease severity, no differences in the
relative expression of the GNNK- and GNNK+ isoforms were found in the pediatric, less
severe form of the disease (52). Other alterations in c-Kit gene transcripts in patients with
systemic mast cell activation disorders have been described (54), however the significance
of these alternative splice forms is unclear.

In addition to promoting mast cell proliferation and survival, persistent activation of KIT
may reduce the threshold of mast cell activation to other stimuli. Thus it is not unexpected
that patients suffer recurrent spontaneous episodes of flushing, shortness of breath,
palpitations, nausea, diarrhea, abdominal pain, hypotension or a combination of these
symptoms (37) as a consequence of increased mast cell mediator release. In fact, the
prevalence of anaphylaxis in adults diagnosed with mastocytosis is considerably higher than
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expected in the general population (56). Despite the progress in the understanding of KIT
signaling in mast cells the exact triggers and specific signaling mechanisms involved in
these episodes remain poorly understood (37, 56).

In the next section we will describe the structural and mechanistic characteristics of KIT in
normal conditions and how the structure/function interrelationship of the SCF receptor can
be altered by mutation in neoplastic diseases, particularly in mastocytosis.

MECHANISMS OF KIT ACTIVATION

Structure of KIT

KIT is a type Il receptor tyrosine kinase (RTK) that exists as multiple splice variants and in
various states of glycosylation, which may represent the maturity of the receptor. Therefore,
the molecular weight of KIT ranges between 120-150 kDa depending upon post-
translational modifications. KIT and other type 111 RTKSs contain five extracellular
immunoglobulin-like domains (D1 distal to D5 juxta-membrane) (Figure 1) that form an
elongated serpentine shape (57). The distal D1, D2 and D3 domains constitute the SCF
binding portion of KIT with SCF and KIT forming a 2:2 stoichiometry (57), supporting
suggestions that KIT dimerization is a consequence of bivalent binding to SCF homodimers
(32, 58). The intracellular juxtamembrane domain (JM) of KIT, in the inactive state,
interacts with the KD preventing its catalytic function and providing a negative switch
regulatory mechanism (59, 60). KIT signaling in response to SCF is triggered by the
intrinsic kinase activity of the receptor by way of two catalytic kinase domains (KD)
separated by a kinase insert domain (Figure 1). Trans-phosphorylation of tyrosine residues
in the JM, kinase insert domain and cytoplasmic tail participate in recruitment of signaling
molecules to the receptor complex, initiating signaling cascades through several divergent
pathways (Figure 2).

Signaling pathways of KIT in mast cells

As we have discussed, signaling through KIT is critical for human mast cell survival,
growth, differentiation and proliferation. In addition, SCF affects secretion, adhesion and
migration, and therefore regulates most normal mast cell functions. Although the signaling
pathways that are activated downstream of KIT are well established, mechanisms that
regulate specific responses to SCF signals are not well understood. One potential mechanism
for directing specific mast cell responses to SCF stimulation is differential phosphorylation
of residues within the cytoplasmic domains of KIT. Activation of KIT by SCF induces KIT
dimerization and initiation of intrinsic tyrosine kinase activity, resulting in
autophosphorylation of tyrosine residues that act as docking sites for signaling proteins
containing either Src homology 2 (SH2) or phospho-tyrosine binding (PTB) domains (61—
63). Thus, phosphorylation of specific KIT tyrosine residues triggers signal transduction
through divergent pathways that may drive distinct mast cell responses.

One of the early signaling events after activation of KIT is recruitment of Src family kinases
(SFKs) to phosphorylated tyrosines (Y568 and Y570) in the JM domain of KIT (64, 65).
SFK signaling may regulate several critical SCF-dependent mast cell functions. For
example, transfection of a dominant negative form of the SFK, Lyn, inhibits mast cell
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proliferation and chemotaxis in response to SCF (66). SFKSs, such as Lyn, contain N-
terminal myristoylation sites, and in some cases a palmitoylation site, which are critical for
anchoring the kinases, respectively, to the plasma membrane and to specialized membrane
microdomains (lipid rafts) (67). Therefore, SFK signaling most likely occurs at the plasma
membrane where the JM domain of KIT is easily accessible for binding membrane anchored
SFKs. Indeed, SFK signaling may actually be required for KIT internalization as well as
migration (68). Further indication that plasma membrane localization is key for KIT
signaling through SFKs comes from the observation that KIT associates with lipid rafts after
stimulation with SCF, and that lipid rafts are essential for activation of SFKs in response to
SCF (69, 70).

Lipid rafts may also be important for signal transduction through the phosphatidylinositol-3-
kinase (PI3K) pathway since disruption of lipid rafts specifically diminishes
phosphorylation of the PI3K surrogate, AKT, in response to SCF stimulation (69, 70). PI3K
phosphorylates the plasma membrane-associated phosphatidylinositol-4,5-biphosphate
(P1(4,5)P,) to form phosphatidylinositol-3,4,5,-triphosphate (PI1(3,4,5)P3), which in turn
recruits pleckstrin homology (PH) domain-containing signaling proteins to the plasma
membrane (reviewed by (71)). The classical class | PI3K complex consists of a regulatory
p85 subunit and a catalytic p110 subunit. Bone marrow derived mast cells (BMMCs) from
mice with targeted deletion of PI3K exhibit reduced survival and proliferate less than wild-
type BMMC in response to SCF, which is associated with a reduction in the phosphorylation
status of the mitogen-activated protein kinase (MAPK) JNK (Jun-amino-terminal kinase)
(72). In addition, PI3K also appears to play an important role in mast cell chemotaxis (73)
suggesting that PI3K and SFKs regulate similar functional responses to SCF.

Activation of KIT by SCF also triggers activation of the MAPKS, extracellular-signal-
regulated kinase 1 and 2 (ERK1 and ERK?2), JNK and p38. Phosphorylated tyrosine residues
in activated KIT (Figure 2) are recognized by the SH2 domain of the adaptor protein Grb2
(growth factor receptor-bound protein 2), which then forms a complex with the guanine
exchange factor (GEF) Sos (son-of sevenless). Sos activates the G protein Ras by promoting
the exchange of GDP by GTP (74) (Figure 2). GTP-bound, active Ras initiates a cascade of
Serine/Threonine kinases (Raf, MEK) that lead to the activation of the ERK1 and ERK2
(75). The pathway leading to p38 and JNK activation by KIT in mast cells is not well
established (46). The Ras-Raf-Mek-Erk pathway regulates many cellular processes,
particularly survival, proliferation and cytokine production in mast cells. Therefore,
targeting this pathway is attractive for cancer treatment (76) and potentially mastocytosis.

Gain-of-function c-Kit mutations and mechanisms for constitutive activation

The oncogenic c-Kit mutations found in neoplasms are gain-of-function mutations that result
in ligand-independent tyrosine kinase activity and lead to ligand-independent proliferation,
differentiation and/or survival of the affected cells (31, 32, 77). Despite the large number of
individual oncogenic mutations identified, most are grouped within mutational hot-spots in
exons 11 encoding for the JM domain and 17 encoding for the second kinase domain (KD)
of KIT. JM mutations appear more frequently in GISTs, while 90% of patients with
systemic mastocytosis, most cases of AML and other germ cell cancers have the D816V c-
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Kit point mutation in the KD. The reasons for the preference for exon 17 mutations in
hematological malignancies as compared to exon 11 in GISTs are not known. Other exons,
such as 8, 9 and 10, coding for the extracellular domain (8 and 9) and transmembrane
domain of the receptor have been described in AML (40), GISTs (30, 32) and in childhood
mastocytosis patients (52), but the incidence of these mutations is much lower (32). We
refer the reader to other reviews or reports for more detailed listings of the specific
oncogenic mutations (33, 37, 47, 52, 78, 79). In this section, we will briefly review the
current understanding on how these hot-spot point mutations mechanistically affect receptor
function.

Activating mutations in JM domains mainly relieve the suppressive effect of the JM region
on the activity of the receptor and are mechanistically regarded as regulatory, while those in
the KD are catalytic in nature (77, 80). Less common mutations in the extracellular and
transmembrane domains (ectodomains) may also lead to KIT hyperactivity, probably by
stabilizing receptor dimers and facilitating the activation of the RTK (57, 81). Despite the
distinct nature of the mechanisms by which different mutations lead to KIT hyperactivation,
they are not completely dissociated due to the interconnected nature of the secondary-
tertiary structures of KIT. The JM domain in resting conditions forms a hairpin loop that
inserts into the active site of KIT, maintaining the activation loop (A-loop) inactive (59, 82).
Upon binding to SCF and consequent dimerization, the primary sites in the JM domain
(Y568 and Y570) are transphosphorylated, lifting the auto-inhibition and allowing further
activation (83). This activation process also involves a large rearrangement of the A-loop
(from folded to extended) that facilitates access to Mg2*-ATP and protein substrate(s) to the
kinase catalytic site (83). Mutations in the JM region lead to release of this regulatory
suppression, permitting the extended, active conformation (83) and promoting ligand-
independent dimerization (77, 84), favoring further signaling. Mutations in KD, particularly
the D816V mutation, not only cause a local structural unfolding in the A-loop (directly
effecting the enzymatic site configuration) (60, 85-87) but also a long-range structural re-
arrangement of the JM region that in turn weakens its interaction with the KD, relieving the
regulatory inhibition. The greater freedom of movement of the JM domain in D816V
mutants also allows for interactions with another KIT receptor and promotes dimerization
(80, 82, 84, 86). Moreover, due to increased catalytic activity in KD mutants, tyrosines
Y568 and Y570 in the JM domain are phosphorylated, and thus their inhibition of the kinase
is further disrupted (32, 80, 88). Thus, the negative switch mechanism by the JM region may
be suppressed not only by direct mutations in this region but also indirectly by mutations in
the catalytic domain; furthermore, increased dimerization may occur in all mutated
receptors. Structure-function studies on KIT have been instrumental in understanding why,
in some instances, differences in the type of mutation lead to similar disease phenotypes and
why drug sensitivity differs depending on the mutation site, as discussed below.

The structural changes in the receptor induced by these mutations also quantitatively and
qualitatively affect normal KIT signaling and cell function. For example, p38-MAPK
pathways are preferentially activated over ERK-MAPK pathways in JM deletion mutants
(87). Similarly, other important mitogenic pathways such as AKT- as well as STAT-
dependent pathways are also constitutively activated in JM and D816V mutants (87, 89, 90).
Interestingly, mutations in the extracellular domain of the receptor, like those found in some
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pediatric mastocytosis patients, when introduced in rodent cells resulted in preferential AKT
activation as compared to D816V mutations (91). On the other hand, interaction of JM
docking sites with phosphatases such as SHP1, SHP2 and SHIP, are disrupted in JM KIT
mutants. These phosphatases normally dephosphorylate the receptor, tyrosine kinases
associated with the receptor or, in the case of SHIP, cleave signaling lipids such as PIPs,
thus downregulating KIT activity (87, 92) (Figure 2). Disruption of their suppression results
in enhanced KIT activity. Overall, the altered signaling in KIT mutants may be a
consequence of preferential phosphorylation of certain tyrosine sites and/or alterations in the
trafficking of the receptor (as discussed in the next section).

Trafficking of KIT and its impact on signaling

There is growing evidence that trafficking and localization of RTKs modulate signal
transduction and alter functional outcomes in response to ligand (for reviews see (93, 94)).
RTKs, including KIT, are activated by ligand binding at the plasma membrane where rapid
signaling is initiated. Signaling at the plasma membrane is a key process for many receptors
where interactions with plasma membrane-associated adaptor proteins such as linker of
activated T cells (LAT) and non-T cell activation linker (NTAL) are critical for propagation
of signaling (reviewed by (46)). In addition, signaling through both PLC~y1 and PI3K most
likely require plasma membrane localization since their lipid substrate, PI1(4,5)P, is plasma
membrane-associated and access to P1(4,5)P, is limited in endosomes (95). Therefore,
receptor internalization and degradation attenuates the strength and duration of plasma
membrane-associated signaling and thus has been considered as a negative regulator of
receptor signal transduction. However for some receptors such as the RTK, epidermal
growth factor receptor (EGFR), internalization into endosomal compartments is required for
full activation of MAPK (96, 97). Receptor endocytosis may therefore alter signal
transduction pathways and signaling at the plasma membrane may result in distinct
responses compared to signaling within the endosomal compartments.

Much of the work performed on the effects of RTK trafficking on signal transduction thus
far has been carried out with the EGFR. It has been demonstrated that the EGFR and
downstream signaling pathways such as MAPKSs signal in early endosomes (98-100) and
that EGFR can continue to signal in late endosomes and multi-vesicular bodies until passage
into the intraluminal vesicles of late endosomes and lysosomes halts signaling (96, 97, 101).
One reason for the requirement of internalization for RTK signal transduction appears to be
the composition of signaling scaffold complexes within distinct endocytic compartments
that facilitate certain signal transduction pathways (Figure 3) (102-104). For example, signal
transduction from EGFR to the ERK pathway in late endosomes is dependent upon
localization of MEK1 kinase partner protein (MP1) and the adaptor protein p14, which are
specific to late endosomes (103) and disruption of p14-MP1-MEK1 endosomal signaling
complex inhibits proliferation (105).

These observations suggest that signaling in the endocytic system and the formation of
signaling complexes specific to late endosomes could be critical for determining a
proliferative response to growth factors. Interestingly, RTKs with activating mutations that
drive hematopoietic cell transformation exhibit abnormal cellular localization, localizing
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mainly within the ER and Golgi instead of in the plasma membrane, and this intracellular
localization appears critical for the proliferative response (reviewed by (106)). Specifically,
intracellular peri-nuclear signaling of KIT with the activating D816V mutation is sufficient
to drive neoplasia, whilst plasma membrane signaling is dispensable in a mouse model of
myelomonocytic neoplasia (107). Prolonged endosomal signaling may thus be important for
neoplastic transformation and factors that reduce receptor degradation pathways could
promote this response. For example, altered trafficking of KIT in bone marrow-derived MC
(BMMC) by targeting small ARF GTPase-activating protein 1 (SMAP1) led to intracellular
retention of KIT and hyper-phosphorylation of ERK by reducing KIT trafficking to
lysosomes and thus degradation, which may predispose mice to myelodysplasia and acute
myeloid leukemia (108).

The regulation of KIT and RTK trafficking and signal transduction appears complex.
However, understanding the interplay between these processes may prove critical for our
understanding of how KIT regulates many distinct cellular functions, which could aid in the
design of more effective inhibitors of KIT-mediated proliferative diseases.

KIT INHIBITORS AND TREATMENT OF MUTATED KIT-DRIVEN
PROLIFERATIVE DISEASES

Pharmacological targeting of KIT catalytic activity has been a major strategy for blocking
KIT-mediated responses. This is because KIT with oncogenic c-Kit mutations are mostly
expressed inside organelles, precluding the potential use of neutralizing antibodies. Another
limiting factor in the treatment of KIT-related malignancies has been that inhibitors
targeting the inactive ATP-binding site conformation of KIT, such as imatinib mesylate
(imatinib, STI1571, Gleevec or Glivec) and its derivatives (nilotinib (AMN107) and
PD180970), are unsuccessful in inhibiting the active, extended conformation of KIT.
Therefore, mutations that stabilize the active conformation (mostly KD mutations, including
the common D816V mutation), as those found in most aggressive mastocytosis patients, are
resistant to this drug. Nevertheless, imatinib has been an efficient drug with relatively few
side effects (109) for the treatment of patients with GIST who harbor c-Kit mutations in
exon 11 (corresponding to the JM domain) and some mastocytosis patients with a V560G
mutation in the JM domain, a novel mutation in the transmembrane region (F522C) and
other mutations (33). An additional drawback of imatinib has been the incidence in some of
these patients of secondary resistance to the drug, apparently due in part to the acquisition
(or enrichment) of other mutations in the KD of the receptor that are insensitive to imatinib
(32, 41).

Other compounds, including dasatinib (BMS-354825), have been found to target the
catalytic activity associated with D816V and other KD mutations. Dasatinib was reported to
inhibit KIT autophosphorylation and the growth of both human mast cell line (HMC)-1.1
and HMC-1.2 human mast cell lines, which express the V560G mutation or the V560G and
D816V mutations, respectively (12). Dasatinib was approved in 2010 as a first-line
treatment of chronic myeloid leukemia (CML) in chronic phase and for the treatment of any-
phase CML resistant or intolerant to a previous treatment (110). The current data on early
response to treatment to dasatinib is predictive of improved long-term outcomes in CML
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(110). Dasatinib and derivatives, however, have wider specificity and affect multiple kinases
such as Src Kinases, Tec kinases, Bruton’s tyrosine kinase (Btk), mitogen-activated protein
kinases and AKT as well as other receptor kinases (12) that are important for growth and
other functions in mast cells and other cell types. Thus, while being potentially more
effective by acting on various pathways, their distinct side effects should also be taken into
consideration depending on the patient (110-112). Another second generation tyrosine
kinase inhibitor is midostaurin (PKC412), a N-benzoyl derivative of staurosporine that
inhibits PKC as well as KIT, FLT-3, and PDGFR. Midostaurin has activity in vitro against
the D816 KIT mutants by itself and shows synergistic effects in combination with other KIT
inhibitors (reviewed in (79)). In a phase-2 study, midostaurin was orally administered to
patients with various forms of advanced mastocytosis and showed a major response rate of
38%, which included improvement of hemoglobin and platelet counts, improvement of liver
function abnormalities and improvement of ascites (113). The observation of a major
response rate (as compared to any other type of clinical response) was significantly
associated with the presence of a D816V mutation. Side effects were also present in these
patients and treatment was discontinued in 69% of the patients. Additional studies are
needed to clarify the advantage of midostaurine vs. other treatments.

The better understanding of the KIT structure, domains and mechanisms of activation has
allowed for rational drug design approaches to intercept the activity of KIT mutants,
although this is at its early stages and there is need for further testing and clinical
development. An example is the development of compounds (DP-2976 and DP-4851)
designed to target access to the KIT switch pocket. The switch pocket can bind either the IM
region maintaining the inactive conformation, or the KD activation loop maintaining the
active conformation. Both inhibitors potently and selectively inhibit the activity of normal
KIT and KIT harboring the D816V mutation, proliferation of neoplastic and non-neoplastic
mast cells, as well as the ability of KIT to enhance mast cell activation (114).

CONCLUDING REMARKS AND FUTURE DIRECTIONS

Transforming point mutations in KIT, which are critical for the manifestation of neoplastic
diseases such as mastocytosis and GISTs, appear primarily in regions of the receptor
involved in maintaining the normal structural, regulatory and activation dynamics of KIT,
thus rendering a constitutively active receptor. Despite the progress identifying specific
transforming mutations, the increased understanding of how these mutations affect KIT
signaling and function, and the boosted interest in targeting KIT, important challenges in the
treatment of these diseases still lie ahead. Both the heterogeneity in the phenotype of
mastocytosis and success of therapy may be in part related to the presence of a combination
of KIT mutations and mutations in other proto-oncogenes. Even though joint drug
treatments targeting KIT and other oncogenes could be successful, this will entail tailoring
the type of therapy, if available, to the genotype of each patient (41). Despite the interest and
benefits of individualized treatments, more general pharmacological approaches should not
be overlooked. Studies on gene expression profiling in bone marrow mast cells (115) and
whole peripheral blood (116) from cohorts of mastocytosis patients suggest that a number of
general biological processes and pathways are commonly altered in these patients. For
example, not surprisingly, metabolic pathways and pathways involved in proliferation and
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apoptosis are significantly changed in mastocytosis patients (115, 116). One could speculate
that drugs that reprogram metabolic pathways and restore normal energy and growth
homeostasis of transformed cells, such as metformin (a drug approved for treatment of type
Il diabetic patients that has shown promising effects in treating human cancers (117, 118)),
may revert, at least in part, the observed pathology. Although the importance of such
pathways in the development or symptomatology of mastocytosis is presently unknown, a
further understanding may provide the grounds for novel therapeutic approaches for
mastocytosis treatment in combination with specific KIT inhibitors. Other novel therapeutic
approaches of increasing appeal and promise for cancer treatment include miRNA therapies,
although adjustments in this technology are still needed to achieve full potential (119). The
increased interest in miRNA technology is in part based on the finding that miRNA profiles
can accurately predict the origin of the cancer tissue (120) and that manipulation of these
molecules may affect the behavior of neoplastic cells (119, 121). No miRNA profiling has
been so far strongly linked to specific patient populations with mastocytosis; however, the
evidence of specific miRNAs involved in the regulation of the cell cycle in mast cells (122),
degranulation, cytokine production and migration of mast cells (123) and in the expression
of transcription factors mediating proliferation of primary and KIT-transformed mast cells
(124), makes this approach one of promising potential (125).

In summary, although complete remission for some of the proliferative diseases harboring
KIT mutations has not yet been fully achieved, new drug designs of KIT inhibitors together
with the advances in individual genotyping and in identifying the molecular mechanisms
that underlie these diseases, may afford new possibilities and potential breakthroughs in
treatment.
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KEY POINTS

KIT, a growth factor tyrosine kinase receptor, is critical for the proliferation,
survival, differentiation and homing of hematopoietic bone marrow stem cells,
and particularly mast cells, which retain KIT expression and are dependent on
KIT activity during their lifespan.

Gain-of-function mutations in c-Kit resulting in ligand-independent receptor
activity associate with hyperproliferative diseases, especially mast cell
proliferation disorders (mastocytosis), gastrointestinal stromal tumors (GISTSs)
and other hematological neoplasms.

Despite the large number of individual somatic oncogenic mutations identified,
most are grouped within mutational hot-spots in exon 11 (more frequent in
GISTs), encoding for the regulatory juxtamembrane domain, and exon 17 (more
frequent in mastocytosis and other germ line malignancies), encoding for the
catalytic kinase domain of KIT.

Structural changes in the receptor induced by these mutations affect the
intracellular trafficking of KIT and quantitatively and qualitatively alter normal
KIT signaling leading to enhanced proliferation.

Challenges in the treatment of these diseases include the differential sensitivity
to known KIT inhibitors depending on the type of mutation and their relatively
low selectivity to KIT, the development of drug resistance, and the presence of
other complementing co-oncogenic events or epigenetic modifications
contributing to the pathology.
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Figure 1.
Structure of KIT. KIT comprises five extracellular immunoglobulin-like domains, a membrane spanning domain, and two

catalytic kinase domains. The first three immunoglobulin-like domains are responsible for binding to the KIT ligand, SCF. The
two immunoglobulin-like domains proximal to the plasma membrane interact and facilitate dimerization of KIT. A region of

four amino acids (GNNK) lies adjacent to the plasma membrane region, and alternative splicing of KIT results in GNNK+ and

GNNK- isoforms. The juxtamembrane (JM) domain of KIT contains the Tyr residues Y568 and Y570, which become

phosphorylated upon activation releasing its auto-inhibitory function. Point mutations in the JM domain change its conformation

and prevent its regulatory function. The V560G mutation is an example of an activating mutation in the JM domain, particularly

in association with GISTs. There are two catalytic kinase domains (KD) separated by a kinase insert domain. Several activating

mutations have been reported in the KD of KIT. The D816V mutation is a common mutation and is associated with
mastocytosis.
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Figure 2.
KIT signaling pathways. KIT signaling occurs through several pathways. Phosphorylation of the juxta-membrane Tyr residues

recruits Src family kinases (SFKs), in particular Lyn, initiating PI3K signaling and the phosphorylation of other signaling and
adaptor proteins. These events most likely occur within lipid rafts where the P13K substrate, P1(4,5)P5, is converted to
P1(3,4,5)P3, a signaling lipid that contributes to the activation of other enzymes. Adaptor proteins (NTAL and Grb2) are
phosphorylated by the receptor or by Src kinases and recruit other signaling proteins, forming signaling complexes. PLC+y1, for
example is recruited by the adaptor protein NTAL to lipid rafts, activated by phosphorylation and by PI(3,4,5)P3, cleaving
P1(3,4)P, to form IP3, which induces the release of Ca2* from intracellular stores; and DAG, together with Ca2* activates PKC.
Tyr residues within the kinase insert domain of KIT interact with PI3K and Grb2, leading to the activation of the Ras/Raf/
MAPK pathway. Another pathway critical for KIT mediated proliferation, particularly in gain-of-function KIT mutants, is the
activation of the transcription factors STAT1/3/5 (signal transducers and activators of transcription). Janus kinase (JAK) is
phosphorylated after KIT activation, and in turn phosphorylates STAT allowing its translocation to the nucleus, where it exerts
its function. Inhibitory pathways of KIT also regulate responsiveness to SCF. The juxtamembrane Tyr residues of KIT can
recruit the phosphatases, SHP1, SHP2 and SHIP1, which may contribute to negative regulation of KIT signaling. In addition,
recruitment of the ubiquitin E3 ligase, c-Cbl, via the dimeric adaptor protein APS, may be a critical determinant for
ubiquitination and degradation of KIT. Both Tyr 936 and Tyr 570 appear to regulate the recruitment of c-Cbl and binding of
APS. APS exists as a dimer and thus may require two simultaneously phosphorylated KIT residues to recruit c-Cbl. For
simplification, only one extracellular domain of KIT is represented and bound ligand is not depicted.
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Receptor tyrosine kinase trafficking may affect signal transduction. Trafficking of receptor tyrosine kinases (RTKSs), such as
KIT, may regulate signal transduction pathways by binding to adaptor proteins specific to endosomal compartments and altering
the type of signaling complexes recruited. Initiation of RTK signaling triggers recruitment to lipid rafts where interactions with
plasma membrane anchored signaling molecules is facilitated. In particular, lipid rafts may be critical for signaling through the

Src family kinases, PI3K and PLC+y1. Internalization of RTKSs can induce the activation of additional signaling pathways by
recruitment of adaptor proteins such as adaptor protein, phosphotyrosine interaction, PH domain and leucine zipper containing 1
(APPLY) in very early endosomes, which can bind AKT and direct signaling through GSK3p. As the early endosome matures it

becomes positive for Ptdins(3)P which recruits the early early endosomal antigen 1 (EEAL) protein. At this point, the early

endosome may sort receptors for recycling back to the plasma membrane. Receptors that are not recycled remain in the
endosome as it matures to a late endosome and control switches from Rab5 to Rab7. Signaling still occurs within the limiting
membrane of late endosomes where adaptor protein complexes of p14, p18 and MP1, which are specific to the late endosomal
compartments, may promote unique signaling to the MAPK pathway. The localization of late endosomes may also promote
signal transduction to the nucleus because their close proximity to the centrosome allows weak signals to travel shorter distances
and reach the nucleus. Eventually, receptors passage into intraluminal vesicles of multi-vesicular bodies and lysosomes, which
results in cessation of signaling and receptor degradation. The schematic is an oversimplification, as multiple signaling
pathways may well occur at all stages of receptor trafficking, but enrichment of particular adaptor proteins may promote a
particular pathway by facilitating specific interactions. Activating mutations in RTKS favor their intracellular localization and
trigger signaling from intracellular compartments in the absence of ligand. Further studies are needed to determine how the
constitutively active RTKs traffic and signal in cells. Normal RTKs are depicted in green and mutated RTKs in red.

Immunol Allergy Clin North Am. Author manuscript; available in PMC 2015 May 01.



