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c-Kit is a receptor tyrosine kinase (RTK) with a pivotal
role in melanogenesis, gametogenesis, and hematopoi-
esis. Aberrantly activated RTK and related downstream
signaling partners were identified as key elements in the
molecular pathogenesis of several malignancies. This
finding culminated in a two-class model integrating
constitutive activating and maturation arrest-inducing
mutations as key elements for the pathogenesis of acute
myelogenous leukemia (AML). c-Kit is expressed by
myeloblasts in about 60% to 80% of patients, and the
most frequently observed activating RTK mutations in
AML (next to FLT3) are mutations or internal tandem
duplications in ¢-Kit, with an overall incidence of 17%.
The identification of small-molecule tyrosine kinase
inhibitors capable of blocking key kinase switches
introduced a paradigm change in the treatment of dis-
eases like gastrointestinal stromal tumors and chronic
myelogenous leukemia. Despite encouraging preclinical
data, it appears that a complex clonal disease like AML
will probably benefit from a synergistic approach of
targeted drugs used (at least for now) in combination
with conventional chemotherapy.

Introduction

Mutations in multiple genes and aberrant expression
through epigenetic abnormalities are constant findings
in most malignancies. A multistage mutational process
is favored in cancer research, combining uninhibited
growth (oncogenes) and dysregulation of growth inhibi-
tion (tumor suppressor genes) [1]. Recently Weinstein [2]
coined the phrase “addiction to oncogenes,” summarizing
the observations of several investigators that mainte-
nance of the malignant phenotype strictly depends on the

presence of constitutive oncogenic stimuli. Inactivating
these pivotal, disease-specific mutations leads to prolif-
eration arrest, maturation, and apoptosis. Furthermore,
the exquisite sensitivity of cancer cells to certain highly
specific drugs indicates that our understanding of carcino-
genesis as a multistep process (in which a phenotype is the
sum of individual oncogenic effects) needs the addition of
the apparent existence of a hierarchy of mutations with
hypersensitive targets. Identification of these targets (“the
Achilles heal of cancer”) within the decoys of a variety of
secondarily acquired mutations is crucial.

Receptor tyrosine kinases (RTKs) and their down-
stream effectors have been identified as key elements in
the molecular pathogenesis of malignancies. Mutations
at different levels of affected pathways lead to an aber-
rant deregulation starting at the receptor level, inducing
a constitutively activated phenotype, sometimes through
mechanisms of autocrine/paracrine stimulation or by acti-
vating or inhibiting downstream effectors such as signal
transducers and activators of transcription (STATS), ras,
and mammalian target of rapamycin (mMTOR). RTK muta-
tions have been identified in myeloid malignancies such
as mastocytosis, myelodysplastic syndrome, and acute
myelogenous leukemia (AML).

Functional analyses of AML generated a model of the
pathogenesis of AML in which two classes of mutations
were identified. Class I mutations are constitutively activated
tyrosine kinase mutations, which lead through aberrant
signal transduction to proliferation and survival. Class II
mutations result in loss of function of transcription factors
that are important for hematopoietic differentiation [3].

The only known activating mutations in RTK and
related pathways in AML are mutations or internal tan-
dem duplications (ITD) in ¢-Kit (17%) [4—6], mutations or
ITD in FMS-like tyrosine kinase 3 (FLT3) (25%), and rare
mutations observed in Janus kinases JAK2 and JAK3 as
well as platelet-derived growth factor receptor (PDGFR).
Furthermore, STATs and other cytoplasmic serine and
tyrosine kinases, as well as related and unrelated signal-
ing molecules, are aberrantly phosphorylated, suggesting
additional mechanisms and sources of oncogenic activa-
tion that induce uninhibited proliferation, apoptosis, and
radiation resistance [7].
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Figure 1. Molecular structure of c-kit, with the location of disease-associated c-kit mutations. ITD—internal tandem duplication; J]MD—juxta-
membrane domain; KD—kinase domain; Kl—kinase insert; TMD—transmembrane domain.

Stem Cell Factor Receptor c-Kit

The proto-oncogene c-kit, also called stem cell factor
receptor (SCFR) or CD117, was discovered and cloned
more than 20 years ago. It encodes with 21 exons on
chromosome 4ql11-q12 the RTK c-Kit. The ligand for
c-Kit is SCF or kit ligand (KL), which is encoded on
chromosome 12q22-q24. c-Kit is a member of the class
III RTK subfamily, structurally related to PDGFR, macro-
phage colony-stimulating factor receptor (M-CSFR) and
FLT3. As illustrated in Figure 1, c-kit is characterized
by five immunoglobulin-like domains, a single trans-
membrane helix, a cytoplasmic juxtamembrane domain
(JMD), and a split kinase domain (KD) with a kinase
insert (KI). This receptor ligand pair plays an elementary
role in hematopoiesis, melanogenesis, gametogenesis, and
cell proliferation, differentiation, survival, and migration.

c-Kit Signaling
Upon binding of SCF, c¢-Kit forms a homodimer, auto-
phosphorylates tyrosine residues, and activates diverse
signal transduction cascades. Phosphorylated tyrosine
567 (Tyr567) and tyrosine 569 (Tyr569) serve as docking
sites for adapter proteins, tyrosine phosphatases SHP-1
and SHP-2, and Src family kinases. Tyrosine residue 721
(Tyr721) in the KI domain interacts with the regulatory
subunit p85 of the phosphoinositide-3 kinase (PI3K). Acti-
vated c-Kit induces tyrosine phosphorylation of STATs,
either via members of the JAK family or directly by Src
family kinases.

c-Kit expression and activity is regulated by internaliza-
tion, ubiquitination, and extracellular domain cleavage via
proteinase C, and by the phosphatases SHP-1 and SHP-2.

Through diverse signal transduction pathways
(including the JAK/STAT, PI3K/AKT/mTOR, and RAS/

RAF/ERK/MAPK pathways) and tissue-specific regula-
tion, c-Kit affects development and maintenance of several
cell systems. Loss-of-function mutations of ¢-Kit lead to
defects in hematopoiesis, germinal cell development, and
pigmentation. Null mutations of ¢-Kit are embryonically
lethal because of severe macrocytic anemia. More subtle
mutations in humans produce the piebald trait (Mende-
lian Inheritance in Man [MIM] #172800), associated
with pigmentation anomalies, deafness, and megacolon.

c-Kit Mutations and
Their Implications in Diseases
Somatic mutations causing constitutive activation of
c-Kit have been associated with a number of neoplastic
conditions, including mast cell diseases, germ cell tumors,
myeloproliferative  diseases, gastrointestinal stromal
tumors (GIST), and leukemias. Most mutations have been
identified in relatively few exons, namely the extracellular
exon 8, exon 11 encoding the JMD, and exon 17 encoding
the KI. For example, the JMD mutations are responsible
for most cases of GIST, with a reported prevalence of
approximately 70%.

¢-Kit is expressed by myeloblasts in approximately
60% to 80% of patients with AML [8]. The overall
reported frequency of ¢-Kit mutations in adults and chil-
dren with AML is 17% [99,10,11], but it occurs in 52%
of patients with core binding factor (CBF) AML [12]. In
adult AML, the most common mutations involve exon 8
of the immunoglobulin-like domain (12%) and exon 17 of
the KI domain (4%) [9¢]. Mutations in the JMD of c-kit
are rare in AML of adults, with only a few reported cases
consisting of ITD. In childhood AML, the incidence of
¢-Kit mutations is about 18%: 4% involving exon 8, 7%
involving exon 17, and 7% involving the JMD/KD, where



a complex ITD involving exon 11 and exon 12 was identi-
fied predominantly in CBF AML [11].

The functional consequence of all reported c-Kit muta-
tions is a constitutive activation of the receptor, through
either ligand-independent dimerization (exon 8) or activa-
tion of ¢-Kit monomers through conformational changes
(exons 11 and 17), leading to aberrant signal transduction.
The oncogenic potential of these single gene mutations was
demonstrated in vitro in stably transfected cytokine-depen-
dent cell lines, in which the expression of mutant ¢-Kit
induced constitutive cytokine-independent growth, aberrant
signaling, apoptosis, and radiation resistance. The exclusive
expression of a constitutively activating mutant of FLT3, an
RTK class IIT family member of ¢-Kit, induced a myelopro-
liferative phenotype in a knock-in mouse model [13ee].

As well as contributing to the understanding of patho-
genesis, RTK mutations in AML can be of prognostic
significance. In adult CBF AML, FLT3 mutations are
associated with a poor prognosis [9¢]. ¢-Kit exon 8 and
exon 17 mutations correlate with an increased relapse rate
[12] and poor prognosis [14]. In children, a poor prog-
nosis was strongly correlated with ¢-Kit mutations rather
than FLT3 ITD [15]. c-Kit is highly conserved between
species, with an up 100% amino acid sequence homology
for certain exons. In addition to several mutations identi-
fied in AML, five single nucleotide polymorphisms (SNPs)
of ¢-Kit are commonly accepted, only some of which lead
to modifications of the amino acid sequence. Advani et al.
[16¢] reported that overexpression of wild-type c-Kit in
AML is a poor prognostic factor for progression-free and
overall survival in adults. Nevertheless, the way that c-
Kit polymorphisms, aberrant expression, and epigenetics
affect pathogenesis and prognosis of AML is still unclear.

Molecular Targeted Therapies

The substantial prevalence of constitutively activating genetic
alterations of RTKs that seem to be crucial for the patho-
genesis and maintenance of leukemia, together with the
clinical impact of potential treatment options for mutations
associated with poor outcome, has led to the development of
promising new therapeutic strategies for AML.

Imatinib mesylate

The first molecular targeted drug developed with the
understanding of these molecular mechanisms was
imatinib mesylate (IM), also called STI571 or Gleevec
(Novartis Pharmaceuticals, East Hanover, NJ). IM is a
two-phenylaminopyrimidine tyrosine kinase inhibitor
that binds to the adenosine triphosphate (ATP) bind-
ing site of inactive tyrosine kinases (ABL, PDGFR, and
c-Kit). In this way, tyrosine autophosphorylation and con-
secutive downstream signaling and activation of aberrant
pathways are blocked. IM induced impressive responses
in several diseases. The excellent clinical results obtained
in chronic myelogenous leukemia (CML) have completely
changed the therapeutic approach to this disease; IM is
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now the gold standard for treatment of newly diagnosed
CML. But mutations within the kinase domain of BCR-
ABLI1 represent the most frequent mechanism of resistance
to IM, which achieves a partial response or stable disease
in about 80% of patients with metastatic GIST. Most
patients show disease progression at a median of 2 years
because of drug resistance. Acquired resistance to IM in
GIST commonly occurs via secondary gene mutations in
the c-Kit kinase domain. Moreover, the primary sensitivity
to IM depends on the presence of certain ¢-Kit mutations,
in which, for example, mutant V560G is sensitive and
D816V is resistant. Mahadevan et al. [17¢] identified a
novel mechanism of resistance by which an IM-resistant
GIST cell line was developed from an IM-sensitive cell
line by growing these cells in IM. In this in vitro GIST
model, ¢-Kit was downregulated and replaced by AXL,
another RTK. We observed a similar switch in an in vitro
c-Kit ITD model of childhood AML. After continuous
incubation with IM, resistance developed and a switch
in the phosphorylation pattern of associated signaling
partners was observed, together with downregulation of
the primarily aberrant activation. IM response was re-
established after treatment was paused (Malaise et al.,
unpublished data). These observations may be relevant for
the design of therapeutic protocols.

Although the preclinical data were encouraging, the
rate of clinical response to IM in AML could not con-
firm the unique pathogenetic relevance of ¢c-Kit mutations
as observed in GIST. Kindler et al. [18] used IM to treat
patients with wild-type c-Kit—positive AML and observed
only minor reductions in the peripheral blast count. Sev-
eral studies using IM in AML patients carrying c-Kit
mutations showed mostly minor activity [19-21].

Other kinase inhibitors
Primary or secondary resistance to IM observed in the
treatment of GIST and CML propelled the development
of novel RTK inhibitors. SU5416 is a multi-RTK inhibitor
including activity against c-kit. In patients with refractory
AML, only a partial response was observed [22,23].
Dasatinib (BMS-354825) is a potent dual Src/Abl
tyrosine kinase inhibitor with activity in IM-resistant c-
Kit mutants and patients with refractory AML [24,25].
Sorafenib is a multikinase inhibitor that has shown in
vitro activity against cells carrying c-Kit mutations [26]
and activity in AML in vivo [27,28]; it is awaiting clinical
testing in patients with mutant c-Kit—positive AML.
Another potential substitute for IM in the treat-
ment of AML is sunitinib (SU11248), a multitargeted
kinase inhibitor with in vitro activity against AML cells
expressing mutant ¢-Kit [26]. Sunitinib induced a partial
remission of short duration in 15 patients with refrac-
tory AML [29]. Other RTK inhibitors, such as nilotinib,
PKC412, EXEL-0862, and OSI-930, demonstrated activ-
ity against a variety of ¢-Kit mutations. Some are being
tested in clinical phase 2 trials or are being evaluated in
GIST and await further analysis in AML.
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In the search for the best kinase inhibitors to treat
AML, it must be taken into account that these substances
can be affected by multidrug resistance caused by drug
efflux pumps. It was recently shown that IM is a substrate
for permeability glycoprotein (P-gp) [30] and for the
breast cancer resistance protein (BCRP) [31]. Both drug
efflux pumps are associated with resistance to cytostatic
drugs in adult AML. In pediatric AML, this resistance
occurs only with BCRP [32].

Other ATP-binding cassette (ABC) transporters that
cause clinically relevant drug resistance in AML are ABCC3
[33] and ABCA3 [34]. The ability of these transporters to
efflux kinase inhibitors remains to be investigated.

Combination Therapy and Synergism

The successes achieved with molecular targeted therapies
for the treatment of chronic-phase CML and GIST encour-
aged the development of therapies targeting molecular
abnormalities central to the pathogenesis of AML. Such
therapies seem more effective—as well as more selective
and therefore less toxic—than conventional chemother-
apy and stem cell transplantation. Nevertheless, the swift
emergence of drug-resistant mutations in CML and GIST
is evidence enough that combination therapy directed to
complementary targets, including conventional chemo-
therapy, is still required. Several recent publications have
shown that combination therapy is surprisingly effective.

Conventional chemotherapy like arabinosylcytosine
(cytarabine, ara-C) and cladribine were combined with
IM, PKC412, and nilotinib and demonstrated synergism
in vitro [35,36] and in a phase 1 study of the CLAG
regimen (cladribine, ara-C, and granulocyte colony-stim-
ulating factor) with escalating doses of IM in relapsed,
refractory AML. Of 15 patients with AML and 1 with
CML, 4 (25%) achieved a complete morphologic response
with normal cytogenetics, 2 (12.5%) achieved a complete
morphologic response only, and 1 had a complete response
in the bone marrow but incomplete blood count recovery.
The overall response rate was 43.8% [37].

Beyond a combination with conventional chemo-
therapy, other strategies that may circumvent resistance
target several signaling pathways or consecutive steps of
one activated pathway. Bradeen et al. [38] showed that
dual combinations of IM, dasatinib, and nilotinib acted
synergistically in BCR-ABL—-expressing cell lines.

Point mutations of the guanosine triphosphate
(GTP)-ase oncogene Ras occur in about 20% of patients
with AML. The Ras/RAF/MAPK/ERK pathway also is
downstream and is frequently involved in constitutive
activation of RTK, including c-Kit and FLT3. Because
Ras activation depends on posttranslational farnesylation,
farnesyltransferase inhibitors (FTTIs) have been investigated
as a potential Ras-targeted therapy for AML. In a phase
2 study in patients with refractory or relapsed AML, the
oral FTT tipifarnib prolonged survival [39] and a Children’s
Oncology Group phase 1 trial for children with refractory

leukemias was completed successfully, demonstrating toler-
ability with inhibitory concentrations [40]. Furthermore,
inhibition of MEK/ERK signaling synergistically potenti-
ates histone deacetylase inhibitor—induced growth arrest
and apoptosis in AML in vitro [41].

Another exquisite target for combination therapy is
mammalian target of rapamycin (mTOR). mTOR is a
highly conserved serine/threonine kinase with significant
homology to the catalytic domain of phosphoinositide-3
kinase (PI3K). mTOR is a pivotal hub in multiple sig-
nal transduction pathways, including PI3K/AKT. The
PI3K/AKT/mTOR pathway is commonly deregulated
in cancer and contributes to cellular processes that are
important for the formation and progression of cancer,
including apoptosis, transcription, translation, metabo-
lism, angiogenesis, and cell cycle progression. In AML,
this pathway is aberrantly activated in more than 70% of
cases [42,43]. mTOR forms two complexes, mTOR com-
plex 1 (mMTORC1) and mTORC2. The mTORC1 complex,
defined by the binding of regulatory associated protein
of mTOR (RAPTOR), is regulated mainly by nutrients
and growth factors upstream of PI3K/AKT. mTORC2
was identified more recently and differs from mTORCI1
through complex formation with the rapamycin-insensi-
tive companion of mTOR (RICTOR). This complex is
insensitive to nutrients [44—46].

Rapamycin, originally developed as an antifungal
agent in the 1970s, is the most selective targeted drug
available. So far, the only identified direct target of rapa-
mycin is mTORCI1, but to fully appreciate the potential
antileukemic potential of rapamycin, one aspect of
mTOR signaling needs to be elucidated. Maximal activa-
tion of AKT requires the phosphorylation of two amino
acid residues: Thr308 and Ser473. Although Thr308 is
phosphorylated by phosphoinositide-dependent kinase 1
(PDK1), Ser473 is phosphorylated by the mTORC2 com-
plex [47]. It was recently demonstrated that rapamycin
blocked the full activation of AKT, possibly through the
inhibition of the mTORC2 complex formation via sub-
strate depletion of mTOR [48e]. This second mechanism
of inhibitory activity of rapamycin was confirmed in
human AML samples [49].

Next to its established role as a potent immunosup-
pressant, rapamycin also acts as a cytostatic, inducing
apoptosis and cell cycle arrest in G1. In vitro studies have
revealed potent growth arrest in several cancer cells, such
as neuroblastoma, glioblastoma, and leukemia [50]. Rapa-
mycin suppressed tumor growth of human and murine
tumor models in vivo and showed antileukemic effects in
IM-resistant CML in vitro and in vivo [51]. Several stud-
ies demonstrated that a combination of rapamycin with
either conventional chemotherapy [52] or other targeted
drugs [53] had a synergistic effect in leukemia models. In
32D cells expressing a ¢-Kit I'TD derived from childhood
AML, a combination of IM with rapamycin induced cell
cycle arrest, apoptosis, and sensitization for radiation-
induced damage [14].



Conclusions

c-Kit mutations are frequently observed in adult and
childhood AML. Yet unidentified c¢-Ki¢ mutations and
clinically relevant epigenetic modifications may augment
the relevance of targeting c-Kit in AML.

The role of c¢-Kit mutations as prognostic factors
needs to be elucidated in a larger patient population, but
it seems that these mutations (at least in children) play a
pivotal role as markers of poor prognosis.

Although AML is not a myeloproliferative disorder
like CML, but rather the consequence of clonal evolution,
c-Kit seems to play a central role in the pathogenesis of
leukemia, similar to observations made in GIST. There is
evidence that targeting molecular abnormalities such as
c-Kit can be more effective and less toxic than standard
chemotherapy approaches. Because of the complexity of
cancer mechanisms, however, along with the observed
development of resistance in similar disease entities and
the synergy acting on receptor and downstream mol-
ecules, the most powerful therapy is likely to consist of a
combination of several targeted drugs, together (at least
for the time being) with conventional chemotherapy.

Furthermore, it is likely that targeted drugs will force us
to modify our current concepts of clinical trials. Adaptive
and more flexible trial designs are needed for therapeutic
trials in molecularly defined subgroups of patients.
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