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Inhibition of constitutively active forms of mutant kit by multitargeted indolinone
tyrosine kinase inhibitors
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Mutations in the proto-oncogene c-kit,
including point mutations, deletions, or
duplications in the negative regulatory
juxtamembrane (JM) domain or point mu-
tations in the catalytic domain, have been
observed in human and canine cancers
and often result in constitutive activation
of Kit in the absence of ligand binding. To
identify a receptor tyrosine kinase (RTK)
inhibitor capable of blocking the function
of mutant Kit, we evaluated 3 indolinones
(SU11652, SU11654, and SU11655) that
act as competitive inhibitors of adeno-
sine triphosphate binding to several mem-
bers of the split kinase family of RTKs,

including VEGFR, FGFR, PDGFR, and Kit.
Mast cell lines expressing either wild-
type (WT) Kit, a point mutation in the JM
domain, a tandem duplication in the JM
domain, or a point mutation in the cata-
lytic domain were used for these studies.
All 3 indolinones inhibited phosphoryla-
tion of WT Kit in the presence of stem cell
factor at concentrations as low as 0.01
�M. Autophosphorylation of both JM mu-
tants was inhibited at 0.01 to 0.1 �M,
resulting in cell cycle arrest within 24
hours, whereas autophosphorylation of
the catalytic domain mutant was inhibited
at 0.25 to 0.5 �M, resulting in cell death

within 24 hours. poly(ADP-ribose) poly-
merase (PARP) cleavage was noted in all
Kit mutant lines after indolinone treat-
ment. In summary, SU11652, SU11654,
and SU11655 are effective RTK inhibitors
capable of disrupting the function of all
forms of mutant Kit. Because the concen-
trations of drug necessary for receptor
inhibition are readily achievable and non-
toxic in vivo, these compounds may be
useful in the treatment of spontaneous
cancers expressing Kit mutations. (Blood.
2002;100:585-593)
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Introduction

The proto-oncogene c-kit was first identified as the oncogenic
component of the acutely transforming Hardy-Zuckerman 4-feline
sarcoma virus.1 It encodes Kit, a type 3 receptor tyrosine kinase
(RTK) that binds the ligand stem cell factor (SCF).2 Structurally,
Kit is related to the receptors for platelet-derived growth factor,
vascular endothelial growth factor, fibroblast growth factor, and
FLT-3 ligand (reviewed in Ashman3). All contain an extracellular
ligand-binding domain composed of 3 to 7 immunoglobulinlike
regions, a transmembrane domain, a negative regulatory juxtamem-
brane (JM) domain, and 2 kinase domains in which resides a kinase
insert. SCF–Kit interactions promote the development of mast cells
from hematopoietic progenitors; mice deficient in either SCF or Kit
(Sl or W mutant mice) exhibit a near-complete absence of mast
cells, anemia, and thrombocytopenia.2,4-6 These mice are also
sterile and lack skin pigmentation because of the absence of
melanocytes. With regard to mast cells, SCF–Kit interactions are
intimately involved in several critical processes. Most important,
Kit signaling is required for the differentiation and maturation of
mast cells in vivo.2,7-10 Other activities attributable to SCF-Kit
binding include chemotaxis and haptotaxis of mast cells and the
promotion of cell survival and proliferation.2,7,8,11,12

Several years ago, investigators began to study the potential role
of Kit dysfunction in malignant mast cells. Point mutations in c-kit
that lead to constitutive activation of Kit in the absence of ligand

binding were identified in 3 malignant mast cell lines (human
HMC-1, rat RBL, and mouse P815), providing an indication that
dysregulation of Kit may promote uncontrolled growth or survival
of mast cells.13-15 Following this discovery, similarly activating
mutations were identified in the CD34� hematopoietic precursors
from patients with mastocytosis and in cells from patients with
urticaria pigmentosa, thus providing the first evidence that c-kit
may play a role in spontaneous mast cell disease.16,17 Recent
studies have consistently demonstrated the presence of activating
point mutations in the catalytic domain of c-kit in human patients
with aggressive mastocytosis, mast cell leukemia, and hematologic
disorders with associated mastocytosis.17-23

In contrast to the disease in humans, mast cell neoplasms are
one of the most common malignant tumors of the dog, representing
between 7% and 21% of all canine tumors.24,25 Given the link
between mast cell disorders and dysfunctional Kit, we investigated
whether similar mutations in c-kit were present in canine mast cell
tumors (MCTs). Although c-kit derived from the canine MCTs did
not contain the previously described activating mutations, 30% to
50% of the tumors examined had novel mutations consisting of
tandem duplications in exons 11 and 12 of the gene.26 As is the case
with tandem duplications in exons 11 and 12 of Flt-3, these
mutations also result in constitutive phosphorylation of Kit in the
absence of ligand binding.26-29
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In humans and dogs, malignant mast cell disease often suggests
an extremely poor prognosis. To date, no reliable effective chemo-
therapeutic agents have been identified.25,30-34 Systemic mast cell
disorders in humans have been treated with interferon-�, although
the effectiveness of this therapy has been variable.35-43 Recent
studies suggest that tumors expressing activating mutations in Kit
may be amenable to treatment with Kit inhibitors. This has been
particularly relevant for gastrointestinal stromal tumors (GISTs),
most of which have deletions of various size in exon 11 of c-kit
that lead to autophosphorylation of Kit in the absence of ligand
binding.44-48 These tumors respond poorly to conventional
chemotherapeutics but exhibit a significant susceptibility (in
preliminary trials) to treatment with the tyrosine kinase inhibitor
imatinib mesylate (STI571; Gleevec; Novartis Pharmaceuticals,
Hanover, NJ).49-51

The purpose of this study was to identify an RTK inhibitor
capable of blocking the function of multiple forms of mutant
Kit. This is of particular importance because STI571 does not
appear to be an effective inhibitor of the catalytic domain Kit
mutant (most commonly found in human mastocytosis) and
because resistance to STI571 has been noted in treated patients,
making the development and application of additional inhibitors
necessary.52-57

The earliest small molecule with an indolinone chemical
structure to enter clinical testing (SU5416; semaxanib; Sugen Inc,
South San Francisco, CA) was targeted to inhibit a single RTK,
VEGFR2, based on the hypothesis that broadly targeting multiple
RTKs might result in unexpected toxicities. Later, clinical experi-
ence with a second indolinone (SU6668) with inhibitory activity
against the family of RTKs with split kinase domains—vascular
endothelial growth factor receptor-2 (VEGFR2), fibroblast growth
factor-receptor (FGFR), and platelet-derived growth factor-
receptor (PDGFR), all thought to materially contribute to the
process of neovascularization—showed these concerns to be
unwarranted.58 The newest series of indolinones, SU11652,
SU11654, and SU11655, were also designed to inhibit VEGFR,
PDGFR, FGFR, and Kit family members. These indolinone-based
compounds all act as competitive inhibitors with respect to
adenosine triphosphate (ATP) for binding to the intracellular
catalytic domain. For comparison, potency (as measured by 50%
inhibitory concentration [IC50] for biochemical and cellular inhibi-
tion of phosphorylation of these receptors) is shown in Table 1.59-61

We therefore undertook a series of experiments to determine the
potency of these compounds in the functional inhibition of a variety
of cell lines expressing mutant Kit using phosphorylation of the
receptor, cell viability, and apoptosis as read-outs for activity. Our
studies demonstrate that all 3 indolinones are capable of inhibiting
autophosphorylation of catalytic domain and JM domain mutant
forms of Kit. As such, these compounds may be useful in the
treatment of spontaneous cancers expressing Kit mutations.

Materials and methods

Cell culture

The BR canine mastocytoma cell line (with a point mutation in the JM
domain Leu575Pro) and the C2 canine mastocytoma cell line (with a
48–base pair (bp) tandem duplication in the JM domain) were generously
provided by Dr Warren Gold (Cardiovascular Research Institute, University
of California at San Francisco). The P815 mouse mastocytoma cell line
(with a point mutation in the catalytic domain Asp814Tyr) was purchased
from American Type Culture Collection (Manassas, VA). The C57 mouse
mast cell line (expressing wild-type Kit) was generously provided by Dr
Stephen Galli (Department of Pathology, Stanford University). All cell lines
were maintained in RPMI 1640 supplemented with 10% fetal bovine serum,
nonessential amino acids, sodium pyruvate, HEPES, penicillin, streptomy-
cin, and L-glutamine.

Indolinone reagents

The RTK inhibitors SU11652 (5-[(Z)-(5-chloro-2-oxo-1,2-dihydro-3H-indol-
3-ylidene)methyl]-N-[2-(diethylamino)ethyl]-2,4-dimethyl-1H-pyrrole-
3-carboxamide), SU11654 (5-[(Z)-(5-fluoro-2-oxo-1,2-dihydro-3H-indol-
3-ylidene)methyl]-2,4-dimethyl-N-(2-pyrrolidin-1-ylethyl)-1H-pyrrole-
3-carboxamide), and SU11655 (5-[(Z)-(5-chloro-2-oxo-1,2-dihydro-3H-
indol-3-ylidene)methyl]-2,4-dimethyl-N-(2-pyrrolidin-1-ylethyl)-1H-
pyrrole-3-carboxamide) were provided by Sugen. Fresh stock solutions of
inhibitor (10 mM) were prepared before each experiment by dissolving
approximately 4 mg in 1 mL dimethyl sulfoxide (DMSO). This stock
solution was then used for further dilution in DMSO.

Antibodies

For flow cytometry, the Ack45 anti-Kit monoclonal antibody conjugated to
phycoerythrin was used at a dilution of 1:200 (BD PharMingen, San Diego,
CA). For immunoprecipitation and Western blotting of Kit, the Ab-1 rabbit
polyclonal anti-Kit antibody was used (Oncogene Research Products,
Boston, MA). A peroxidase-conjugated antiphosphotyrosine antibody (RC20;
BD Transduction Laboratories, San Diego, CA) was used to detect
phosphorylation of Kit at a concentration of 1:2500. An anti-PARP
monoclonal antibody (BD Transduction Laboratories) was used to identify
PARP cleavage after indolinone treatment at a concentration of 1:2000.
Anti–propidium iodide (PI) 3-kinase and anti–SHP-1 monoclonal antibod-
ies (BD Transduction Laboratories) were used to identify coprecipitation
with Kit. Peroxidase-conjugated mouse antirabbit and rat antimouse
antibodies (Pierce, Rockford, IL) were used at dilutions of 1:40 000.

Cell viability and proliferation

The BR, C2, and P815 cells were counted and resuspended in 24-well plates
at a concentration of 0.5 � 106 cells/well (BR and C2) or 0.25 � 106

cells/well (P815) in complete medium. Cells were left untreated, or
SU11652, SU11654, or SU11655 was added to a final concentration of 0.01
to 1 �M. Cells were collected after 24, 48, and 72 hours of culture and were
counted to determine the number of cells surviving.

Propidium iodide staining and flow cytometry

The BR, C2, and P815 cells were counted and resuspended in 24-well plates
at a concentration of 0.5 � 106 cells/well (BR and C2) or 0.25 � 106

cells/well (P815) in complete medium. Cells were left untreated, or
SU11652, SU11654, or SU11655 was added to a final concentration of 0.01
to 1 �M. Cells were collected after 24, 48, and 72 hours of culture, washed
twice with 0.1% glucose–phosphate-buffered saline (PBS), fixed in 1 mL
cold 70% ethanol, and stored at 4°C. Before flow cytometric analysis, the
cells were centrifuged, and 0.5 mL PI staining solution was added (50
�g/mL PI and 10 �g/mL RNAse in 0.1% glucose–PBS).

Immunoprecipitation and Western blotting

For analysis of PARP cleavage, cell lines were either left untreated or were
incubated with SU11652, SU11654, or SU1165 at concentrations of 0.01 to

Table 1. Target profiles of different indolinones

Compound

Ki (�M) Cell kinase IC50 (�M)

Flk-1 PDGFR FGFR1 EGFR*a Flk-1 PDGFR c-kit

SU5416 0.16 0.32 19.5 � 100 0.05 0.3 0.1

SU6668 2.1 0.008 1.2 � 100 0.5 1.0 0.5

SU11654 0.006 0.005 0.5 � 10 0.03 0.01 0.05

Ki indicates inhibitor constant.
*Values for EGFR are IC50.
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1 �M. After 6, 24, 48, or 72 hours, the cells were collected, washed once in
PBS, and resuspended in lysis buffer consisting of 20 mM Tris-HCl, pH 8.0,
137 mM NaCl, 10% glycerol, 1% IGEPAL CA-630, 10 mM EDTA, 1
�g/mL aprotinin, 1 �g/mL leupeptin, 1 �g/mL pepstatin A, 1 mM
phenylmethylsulfonyl fluoride, 1 mM Na orthovanadate, and 10 mM Na
fluoride for 1 hour at 4°C. Lysates were then spun, and protein was
quantitated. Approximately 40 �g protein per sample was loaded onto a
12% polyacrylamide gel and transferred to polyvinylidene difluoride

(PVDF) membrane after electrophoresis, then Western blotting was per-
formed for PARP.

For analysis of Kit autophosphorylation, cell lines were serum starved
for 2 hours, then left untreated or incubated with SU11652, SU11654, or
SU11655 at concentrations of 0.01 to 1 �M for 2 hours. Cells were
collected, washed once in PBS, and resuspended in lysis buffer for 1 hour at
4°C. The cell line expressing wild-type (WT) Kit (C57) was incubated with
recombinant mouse SCF (rmSCF) (Sigma, St Louis, MO) at 100 �g/mL for

Figure 1. PI 3-kinase and SHP-1 coprecipitate with
mutant Kit. (A) The C57 mouse mast cell line expressed
WT (WT) Kit. C2 and BR lines were derived from
spontaneous MCTs; the C2 cell line contains a 48-bp
tandem duplication in the exon 11 (the JM domain) of Kit;
the BR cell line contains a point mutation (Leu575Pro) in
exon 11 of Kit. The P815 line has a point mutation in the
catalytic domain (Asp816Tyr) of Kit. TM indicates trans-
membrane domain; TK1, tyrosine kinase domain 1; KI,
kinase insert; and TK2, tyrosine kinase domain 2. (B) The
above-described mast cell lines were unstained, stained
with a phycoerythrin-labeled isotype-matched control
antibody, or the ACK45 anti-KIT monoclonal antibody
(PharMingen). Cells were analyzed by flow cytometry on
a Becton Dickinson FACScan. Mutation in either the JM
domain or the catalytic domain of Kit did not alter cell
surface expression of the protein. (C) Cells were cultured
in serum-free medium for 2 hours before treatment with
SCF (�) at 100 ng/mL and immunoprecipitation with
anti-Kit antibody. Western blots were performed for phos-
photyrosine, PI 3-kinase, SHP-1, and Kit according to
procedures outlined in “Materials and methods.”

Figure 2. Structure of indolinones. Structures of
SU11652 (5-[(Z)-(5-chloro-2-oxo-1,2-dihydro-3H-indol-3-
ylidene)methyl]-N-[2-(diethylamino)ethyl]-2,4-dimethyl-
1H-pyrrole-3-carboxamide), SU11654 (5-[(Z)-(5-fluoro-2-
oxo-1,2-dihydro-3H-indol-3-ylidene)methyl]-2,4-dimethyl-
N-(2-pyrrolidin-1-ylethyl)-1H-pyrrole-3-carboxamide), and
SU11655 (5-[(Z)-(5-chloro-2-oxo-1,2-dihydro-3H-indol-3-
ylidene)methyl]-2,4-dimethyl-N-(2-pyrrolidin-1-ylethyl)-1H-
pyrrole-3-carboxamide) are shown.
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15 minutes before lysis. The supernatant was precleared with Protein A
Sepharose 4 Fast Flow beads (Pierce) for 1 hour at 4°C, then incubated with
2 �g anti-Kit overnight at 4°C. The Protein A beads were added to the
supernatant and incubated for 1 hour at 4°C, and the beads were collected
and washed before the addition of the loading buffer. Sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was performed
using 7.5% or 10% gels, samples were transferred to PVDF membrane, and
the membranes were incubated with either anti–PI 3-kinase, anti–SHP-1, or
antiphosphotyrosine antibodies. Membranes were developed using Super-
Signal ECL (Pierce), then stripped using a buffer consisting of 2% wt/vol
SDS, 62.5 mM Tris HCl, pH 6.8, and 100 mM �-mercaptoethanol for 1
minute at 50°C. Membranes were then reprobed for Kit using the Ab-1
anti-Kit antibody.

Results

Mutation in the juxtamembrane domain or catalytic domain of
Kit leads to constitutive phosphorylation and
association of PI 3-kinase

Mutations in the kinase domain of Kit arise spontaneously in dogs
and humans with mast cell cancer.17-23,26,62 In humans, these
mutations occur primarily in the catalytic domain of Kit and have
been associated with aggressive mastocytosis.19-23 In dogs, Kit
mutations occur almost exclusively in exons 11 and 12 and consist
of internal tandem duplications, similar to those reported in the Flt3
gene of human patients with acute myeloid leukemia (AML).26,63-65

Interestingly, gastrointestinal stromal tumors in humans frequently
have mutations in Kit, although these consist of deletions in exon
11 rather than duplications.44,45,48 It has previously been demon-
strated that mutations in the catalytic domain or JM domain lead to
autophosphorylation of Kit in the absence of SCF stimula-
tion.13-15,26,44,62 We were interested to know whether such mutations
resulted in the constitutive association of PI 3-kinase because this
downstream signaling molecule has been implicated in malignant

transformation. In addition, previous studies have indicated that
constitutively active forms of Kit lead to an increased rate of SHP-1
degradation and, thus, a markedly decreased level of protein
associated with Kit.66 We initially believed that tandem duplica-
tions in the JM domain of Kit would lead to conformational
changes and prevent SHP-1 binding, thereby resulting in the
observed constitutive phosphorylation.

We used 4 malignant mast cell lines expressing various forms of
Kit to begin to investigate the effects of catalytic domain and JM
domain mutations on cell surface expression of Kit and the
association of mutant Kit with PI 3-kinase and SHP-1. The C57
mouse mast cell line expresses WT Kit, the P815 mouse mast cell
line has a point mutation in the catalytic domain (Asp816Tyr) and
WT Kit, the C2 canine mast cell line has a tandem duplication in
exon 11 of the JM domain and does not express WT Kit, and the BR
canine mast cell line has a point mutation in exon 11 (Leu575Pro)
and WT Kit (Figure 1A). We first wanted to know whether the
presence of a mutation in either the catalytic domain or the JM
domain led to alterations in cell surface expression of Kit. As can
be seen in Figure 1B, the expression of Kit was similar among all
cell lines, regardless of the presence or absence of a mutation or
nature of the mutation.

The effect of various Kit mutations on downstream signaling
events that regulate cell growth and function is not completely
characterized. However, it is now known that the activation of PI
3-kinase by Kit is important for malignant transformation.67,68 As
previously reported, Kit autophosphorylation was present in the
absence of SCF stimulation in the cell lines with mutations in the
catalytic or JM domains. Additionally, we found that PI 3-kinase
was constitutively associated with mutant Kit in the presence of
mutation in either the JM or the catalytic domain but, as expected,
not in the presence of WT Kit (Figure 1C). Interestingly, the point
mutation in the JM domain led to slightly less autophosphorylation
of Kit than the other 2 mutants and to a lower level of PI 3-kinase

Figure 3. SU11652, SU11654, SU11655 inhibit the
growth of mast cell lines expressing mutant Kit. Cells
(5 � 105) (C2, BR, or P815) were cultured in complete
medium with no drug or with SU11652, SU11654, or
SU11655 at the indicated concentrations. Cells were
collected after 24, 48, or 72 hours of culture and were
counted to determine the number of remaining cells in
each well. No inhibition of cell growth was noted at
concentrations lower than 0.01 �M (C2 and BR) or lower
than 0.25 �M (P815) (data not shown). Data are pre-
sented as percentage of control (untreated) cells. One of
4 representative experiments is shown.
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association, suggesting that point mutations in the JM domain may
be less likely to result in transforming events.

The tyrosine phosphatase SHP-1 is known to bind to Kit in the
JM domain and is believed to negatively regulate receptor function.
We initially thought that mutations in the JM domain, particularly
tandem duplications, might disrupt the conformation of this portion
of the receptor, thereby inhibiting SHP-1 association. Interestingly,
we found that SHP-1 remained associated with Kit in the presence
or absence of mutation in the JM or the catalytic domain. It is
therefore likely that the activation of Kit as a consequence of a
tandem duplication in the JM domain is secondary to the dimeriza-
tion of receptor in the absence of ligand binding rather than the loss
of tyrosine phosphatase function. Indeed, spontaneous receptor
dimerization of Kit has been demonstrated to occur in the presence
of deletions and point mutations in the JM domain.69,70 Moreover, a

recent study identified critical residues in the Kit intracellular JM
domain that exist in a putative �-helical conformation and exert
inhibitory effects on the kinase activity of Kit.71 As such, deletions,
mutations, or insertions that disrupt this conformation would be
expected to result in the constitutive activation of Kit.

Indolinone compounds inhibit the growth of mast cell lines
expressing mutant Kit through cell cycle arrest and apoptosis

To identify an RTK inhibitor capable of blocking the function of all
forms of mutant Kit, we investigated the effects of 3 indolinones
that act as competitive inhibitors with respect to ATP at the
intracellular catalytic domain of the receptor.59,60,72-76 These indo-
linones, denoted SU11652, SU11654, and SU11655 (Sugen),
inhibit several members of the split kinase family of RTKs

Figure 4. SU11652, SU11654, and
SU11 655 induce cell cycle arrest fol-
lowed by apoptosis in cell lines express-
ing mutant Kit. 5 � 105 (BR, C2, or P815)
were cultured in with no drug or with
SU11652, SU11654, or SU11655 at the
indicated concentrations. Cells were col-
lected after 24, 48, or 72 hours of culture,
permeabilized with 70% EtOH, then incu-
bated with PI. The percentage of cells under-
going cell cycling and apoptosis was as-
sessed by flow cytometry and is represented
graphically, presented as the percentage of
control (untreated) cells. One of 4 represen-
tative experiments is shown.
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including VEGFR, FGFR, PDGFR, and Kit (Figure 2, Table 1).
The core structure of these indolinones is predicted to bind to Kit in
a fashion similar to that observed in the SU5402/SU6668 cocrystal
structure with FGFR1. The functional group off the pyrrole ring
extends to the opening of the ATP binding site, which is hydrophilic
and exposed to solvent.73 This is in contrast to the crystal structure
of an STI571 analog in Abl, in which the inhibitor protrudes to the
hydrophobic end of the ATP binding site by pushing up the flexible
activation loop.77 To determine whether these compounds were
capable of disrupting various forms of mutant Kit, we used the cell
lines described above, each of which has a unique mutation in c-kit
leading to constitutive phosphorylation in the absence of SCF
stimulation.

To assess the effects of the indolinones on cell proliferation,
BR, C2, or P815 cells were cultured with SU11652, SU11654, or
SU11655 at a variety of concentrations, and the number of
remaining cells was determined at 24, 48, and 72 hours of culture.
Interestingly, the 2 cell lines expressing Kit JM mutations (BR and
C2) required lower concentrations of indolinones for the inhibition
of cell proliferation than did the cell line expressing a catalytic
domain mutation (P815) (Figure 3). Both cell lines demonstrated

growth inhibition at concentrations as low as 0.01 �M. However,
the effect of indolinone treatment was more profound on the P815
line because no live cells were noted after 24 hours of culture at 0.5
�M (Figure 3). The cell line expressing WT Kit (C57) is a growth
factor-independent mast cell line and could not be assessed in this
model because additional genomic mutations render it relatively
resistant to the effects of these indolinones. As such, the inhibition
of cell proliferation was only noted at very high indolinone
concentrations (10 �M) (data not shown).

In the cell survival assays detailed above, we observed a
decrease in absolute cell numbers and morphologic features
consistent with apoptosis. To distinguish between cell cycle arrest
and cell death, we evaluated the cells by PI staining after treatment
with SU11652, SU11654, or SU11655. Cells were treated with
various concentrations of drug for 24, 48, or 72 hours, then
collected for flow cytometric analysis. The cell line expressing the
catalytic domain mutation (P815) exhibited rapid apoptosis within
24 hours at concentrations between 0.25 and 0.5 �M. Cell cycle
arrest was not noted before apoptosis, and apoptosis did not occur
at concentrations lower than 0.25 �M (Figure 4). The cell line
expressing a JM tandem duplication (C2) exhibited initial cell cycle

Figure 5. SU11652, SU11654, and SU11655 induce
PARP cleavage in cell lines expressing mutant Kit.
Cells (10 � 106) were cultured in complete medium with
no drug or with SU11652, SU11654, or SU11655 at the
indicated concentrations for 24, 48, or 72 hours. The cells
were then collected and lysed, and protein was quanti-
tated. Approximately 40 �g protein/condition was run on
a 10% SDS-PAGE gel, and Western blot analysis was
performed for PARP.

Figure 6. SU11652, SU11654, and SU11655 inhibit
SCF-dependent and SCF-independent phosphoryla-
tion of Kit. Cells (20 � 106 C57) were serum starved for
2 hours, then cultured in complete medium in the ab-
sence or presence of SU11652, SU11654, or SU11655 at
the indicated concentrations. Cells were collected 2
hours after drug treatment, then incubated with either no
rmSCF or rmSCF at 100 ng/mL for 15 minutes at room
temperature. 20 � 106 BR, C2, or P815 cells were serum
starved for 2 hours, then cultured in complete medium or
in SU11652, SU11654, or SU11655 at the indicated
concentrations. Cells were collected and lysed, Kit was
immunoprecipitated from the lysate, and SDS-PAGE was
performed. After transfer to PVDF membrane, the blot
was probed for phosphotyrosine, stripped, and reprobed
for Kit.
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arrest at concentrations between 0.01 and 0.1 �M after 24 hours of
culture. Apoptosis was then noted by 48 to 72 hours of drug
treatment, particularly at drug concentrations of 0.1 �M and above.
Interestingly, the cell line expressing the JM point mutation (BR)
exhibited far less apoptosis after indolinone treatment than the
other 2 cell lines expressing Kit mutants, with cell death noted
primarily at concentrations of 1 �M. Instead, cell cycle arrest was
the principle effect of drug treatment on this cell line. As in the
previous experiment, the effects of the 3 indolinones on cell cycling
and apoptosis were not evaluated in C57 cells because this
growth factor–independent mast cell line expresses additional
genomic mutations that render it relatively resistant to the
effects of these compounds.

To more specifically evaluate the timing of apoptosis after
indolinone treatment, we used PARP cleavage as a sensitive
indicator of the apoptotic cascade induced through caspase 3
activation. In agreement with the PI staining results, we found
that the catalytic domain mutant underwent complete PARP
cleavage within 24 hours of indolinone exposure at 0.5 �M,
with some activity observed at 0.25 �M (Figure 5). After 48
hours of exposure to SU11652, SU11654, and SU11655, the
catalytic domain mutant exhibited complete PARP cleavage at
concentrations of 0.25 �M. In contrast, all 3 indolinones
induced PARP cleavage in the JM tandem duplication mutant by
24 hours of culture with 1 �M drug and by 48 hours of culture
with 0.01 �M drug. Interestingly, the JM point mutant required
at least 72 hours of culture to undergo a similar degree of PARP
cleavage. Therefore, although SU11652, SU11654, and SU11655
were capable of inducing cell cycle arrest and apoptosis in cell
lines expressing various mutations in Kit, these effects required
different concentrations of compound and occurred at different
time points after drug exposure. These results support the notion
that the 3 Kit mutants result in unique patterns of downstream
signaling events and may contribute to malignant transforma-
tion through different effects on normal mast cells.

Indolinone compounds inhibit autophosphorylation of mutant
Kit in a dose-dependent manner

To determine whether the observed cell cycle arrest correlated
with the disruption of Kit phosphorylation, we evaluated the
effects of indolinone treatment on the phosphorylation status of
Kit derived from the previously described cell lines. Inhibition
of WT Kit phosphorylation was dose dependent, occurring at
concentrations as low as 0.01 �M in the presence of SCF
stimulation (Figure 6). In agreement with the previous results
regarding cell cycle arrest and apoptosis, the catalytic domain
mutant required higher concentrations of all 3 indolinones for
inhibition, with an IC50 of approximately 0.25 to 0.5 �M.
Finally, SU11652, SU11654, and SU11655 inhibited autophos-
phorylation of both JM mutants with an IC50 of 0.01 to 0.1 �M.
Although autophosphorylation of the Kit with the JM point
mutation was nearly completely inhibited at 0.01 �M of all 3

indolinones, the cell line expressing this mutant (BR) did not
undergo apoptosis at this concentration of drug. This suggests
that other mutations are present in the BR line that contribute to
growth factor independence and cell survival. Reprobing of all
blots for Kit revealed no changes in the expression of Kit protein
in cells treated with the indolinones. As such, the dose-
dependent decrease in the autophosphorylation of Kit was
secondary to the inhibition of kinase activity rather than the
down-regulation of protein expression. It is therefore probable
that the observed biological effects of SU11652, SU11654, and
SU11655 on the malignant mast cell lines are the direct result of
the inhibition of Kit signaling.

Discussion

Mutations in the proto-oncogene c-kit occur in a variety of
neoplastic diseases, particularly those associated with mast cells in
dogs and humans. These mutations consist of point mutations in the
catalytic domain, deletions, point mutations, and tandem duplica-
tions in the JM domain, and less commonly, point mutations in the
extracellular domain. Most of these mutations lead to constitutive
phosphorylation of Kit in the absence of ligand binding.
Interestingly, neoplastic diseases expressing activating muta-
tions in Kit (mast cell tumors and GISTs) are relatively resistant
to standard chemotherapeutic regimens. As such, novel ap-
proaches to the treatment of these diseases are critical for
improved therapeutic outcome.

The recent success of the RTK inhibitor, STI571, in the
treatment of chronic myelogenous leukemia has demonstrated that
identification of particular aberrant signaling pathways in neoplas-
tic cells and subsequent targeting of these pathways with specific
inhibitors (so-called targeted therapy) may yield substantial antican-
cer benefits. Ideally, an effective RTK inhibitor would exhibit good
oral bioavailability, a large volume of distribution, an elimination
half-life that permits daily dosing, and the ability to block the
function of a restricted set of proteins. We chose to investigate the
potential usefulness of 3 multitargeted indolinones in the inhibition
of dysfunctional Kit signaling because these compounds have a
number of such desirable features.

We used 4 mast cell lines expressing either WT Kit or a
variety of Kit mutants to investigate the ability of 3 indolinones
(denoted SU11652, SU11654, and SU11655) to disrupt Kit
function. These compounds were effective in blocking cell
proliferation in all cell lines expressing mutant Kit (Figure 3).
For lines expressing a JM Kit mutation, treatment with all 3
indolinones initially led to cell cycle arrest, followed by
apoptosis after 24 to 72 hours of drug exposure (Figures 4, 5).
The cell line with the catalytic domain mutant exhibited
significant apoptosis after 24 hours of treatment, with no cells
surviving at higher concentrations of each drug.

Table 2. Kit inhibitory profiles of various kinase inhibitors

KIT STI571

Staurosporine
derivative
(PKC412)

Quinoxaline
tryphosphatins

(AG1296)
Early indolinones

(SU4984, SU6577)

Multitargeted
indolinones

(SU11652/654/655)

Wild type Yes Yes Yes Yes Yes

JM domain mutant Yes ND ND Yes Yes

Catalytic domain mutant No ND ND Only at high (10-�M) concentrations Yes

ND indicates not done.
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The concentrations of SU11652, SU11654, and SU11655
necessary for inducing cell cycle arrest and apoptosis correlated
directly with those required for the inhibition of Kit phosphoryla-
tion. Our results demonstrate that these indolinones are effective at
inhibiting the function of WT Kit; the IC50 was 0.01 to 0.1 �M,
translating to a target plasma concentration of 4 to 40 ng/mL
(Figure 6). Both JM mutants were also inhibited by SU11652,
SU11654, and SU11655 with a similar IC50 (Figure 6). Interest-
ingly, the catalytic domain mutant required a higher concentration
of drug for maximal inhibition, with an IC50 of 0.25 to 0.5 �M
(Figure 6). This is in agreement with a prior study examining an
earlier indolinone (SU6577), in which higher concentrations of
drug were necessary to block the catalytic domain mutant when
compared with a JM domain mutant.78 Differences in levels of
protein are unlikely to be responsible for this discrepancy because
cell surface expression of Kit is comparable among the various
mutants (Figure 1). Given that activating mutations in the catalytic
domain of Kit induce significant PI 3-kinase activity and are potent
inducers of malignant transformation, it is possible that this form of
mutation may result in greater constitutive activation of Kit when
compared with the JM mutations.

In conclusion, our data demonstrate that, in contrast to other
tyrosine kinase inhibitors, the multitargeted indolinones SU11652,
SU11654, and SU11655 are potent inhibitors of WT and mutant
forms of Kit at concentrations of drug that are readily achievable in
vivo (Table 2).52,53,79,80 Although we have focused our investiga-
tions on the application of these compounds to malignant mast cell
disease, aberrant Kit function (through mutation, inappropriate
expression, and generation of autocrine loops of growth factor
stimulation) has been documented in several other neoplastic
disorders including GISTs, leukemias, small cell lung carcinoma,
genitourinary tumors, and glioblastoma.81-85 It is possible that these
indolinones will have broad applicability in the treatment of a wide
variety of cancers.
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