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Abstract: Sporadic mast cell neoplasms and gastrointestinal stromal tumors (GISTs) often have various types of
somatic gain-of-function mutations of the c-kit gene which encodes a receptor tyrosine kinase, KIT. Several types of
germline gain-of-function mutations of the c-kit gene have been detected in families with multiple GISTs. All three
types of model mice for the familial GISTs with germline c-kit gene mutations at exon 11, 13 or 17 show develop-
ment of GIST, while they are different from each other in skin mast cell number. Skin mast cell number in the model
mice with exon 17 mutation was unchanged compared to the corresponding wild-type mice. In the present study,
we characterized various types of mast cells derived from the model mice with exon 17 mutation (KIT-Asp818Tyr)
corresponding to human familial GIST case with human KIT-Asp820Tyr to clarify the role of the c-kit gene mutation
in mast cells. Bone marrow-derived cultured mast cells (BMMCs) derived from wild-type mice, heterozygotes and ho-
mozygotes were used for the experiments. Immortalized BMMCs, designated as IMC-G4 cells, derived from BMMCs
of a homozygote during long-term culture were also used. Ultrastructure, histamine contents, proliferation profiles
and phosphorylation of various signaling molecules in those cells were examined. In IMC-G4 cells, presence of addi-
tional mutation(s) of the c-kit gene and effect of KIT inhibitors on both KIT autophosphorylation and cell proliferation
were also analyzed. We demonstrated that KIT-Asp818Tyr did not affect ultrastructure and proliferation profiles but
did histamine contents in BMMCs. IMC-G4 cells had an additional novel c-kit gene mutation of KIT-Tyr421Cys which
is considered to induce neoplastic transformation of mouse mast cells and the mutation appeared to be resistant
to a KIT inhibitor of imatinib but sensitive to another KIT inhibitor of nilotinib. IMC-G4 cells might be a useful mast
cell line to investigate mast cell biology.

Keywords: Bone marrow-derived cultured mast cell, c-kit gene, exon 17, gastrointestinal stromal tumor, germline
mutation, model mouse, histamine synthesis, mast cell neoplasm, imatinib, nilotinib

Introduction

The function of the c-kit gene product, KIT, is
essential for the development of five cell lin-
eages such as erythrocytes, melanocytes,
germ cells, mast cells and interstitial cells of
Cajal (ICCs) [1]. ICCs are considered to be a
pacemaker of peristalsis in gastrointestinal
tract. Since W mutant mice have loss-of-func-
tion mutations of the c-kit gene, they show five
phenotypes of anemia, white coat color, infertil-
ity, deficiency of mast cells and abnormal gas-
trointestinal movement due to the impaired
development of above-mentioned five cell lin-
eages [1]. On the other hand, gain-of-function

mutations of the c-kit gene are known to be
detected in leukemia, malignant melanomas,
seminomas, mast cell neoplasms and gastroin-
testinal stromal tumors (GISTs) at different fre-
quency [1]. Since ICCs and GISTs express both
KIT and CD34 in common and since ICCs are
the only proper cells in gastrointestinal tract
that express KIT, ICCs are considered to be the
origin of GISTs [1, 2].

Most of the sporadic GISTs have somatic gain-
of-function mutations of the c-kit gene. The
mutations are most frequently detected at exon
11 (70-80%), less frequently at exon 9 (approxi-
mately 10%) and rarely at exon 8, exon 13 and
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exon 17 (less than 2% each) [1-4]. Various types
of exon 11 mutations are observed, while exon
9, exon 13 and exon 17 mutations usually show
the particular types. In addition, several types
of germline gain-of-function mutations of the
c-kit gene have been detected in approximately
30 families with multiple GISTs [5-29]. Again,
the mutations in the familial GISTs are most fre-
quently detected at exon 11, but exon 8, exon
13 and exon 17 mutations are also reported
[5-29]. Development of multiple GISTs with ICC
hyperplasia is the essentially observed pheno-
type in the families [5-29], but some families
have mast cell neoplasms [9, 14] and/or hyper-
pigmentation of the digital, perioral and peri-
neal regions [6, 8, 9, 11, 14, 15, 20, 26].

Three types of mouse models for familial GISTs
with germline gain-of-function mutations of the
c-kit gene have been generated through the
knock-in strategy. One has a deletion of codon
558 (valine) at exon 11 (KIT-del-Val558) corre-
sponding to human familial GIST case with
human KIT-del-Val559 [30]. Another has a sub-
stitution mutation of codon 641 from lysine to
glutamic acid at exon 13 (KIT-Lys641Glu) cor-
responding to human familial GIST case with
human KIT-Lys642Glu [31], and the other has a
substitution of codon 818 from aspartic acid to
tyrosine at exon 17 (KIT-Asp818Tyr) corre-
sponding to human familial GIST case with
human KIT-Asp820Tyr [32]. All types of model
mice show development of a cecal GIST with
ICC hyperplasia. As mentioned above, mast cell
neoplasms and hyperpigmentation at the par-
ticular sites are sometimes observed in human
multiple GIST families, and ectopic pigmenta-
tion at the lower esophagus is observed in
some of the model mice [30, 32]. On the other
hand, mast cell numbers in the skin of the three
model mice are different from each other as
compared to respective wild type mice. Number
of skin mast cells in the model mice with KIT-
del-Valb58 increases [30], that with KIT-
Lys641Glu decreases [31], and that with KIT-
Asp818Tyr is unchanged [32].

In sporadic human mast cell neoplasms, most
of the c-kit gene mutations are present at exon
17 (KIT-Asp816Val or KIT-Asp816Tyr) [33, 34].
In mouse neoplastic mast cell lines, moreover,
KIT-Asp814Val or KIT-Asp814Tyr corresponding
to human KIT-Asp816Val or KIT-Asp816Tyr has
been reported [35]. In human mast cell neo-
plasms, several types of mutations of the c-kit
gene have also been detected at exon 8, exon
9 or exon 11 [36].
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In the present study, we characterized the vari-
ous types of mast cells derived from the model
mice with germline c-kit gene mutation at exon
17 (KIT-Asp818Tyr). In bone marrow-derived
cultured mast cells (BMMCs) derived from wild-
type (+/+) mice, heterozygotes (KIT-Asp818Tyr/
+) and homozygotes (KIT-Asp818Tyr/KIT-Asp-
818Tyr) were used for the experiments. We also
examined the biological features of the immor-
talized BMMCs, designated as IMC-G4 cells,
derived from BMMCs of a KIT-Asp818Tyr/KIT-
Asp818Tyr mouse during long-term culture.

Materials and methods
Mice

By cross-breeding the male and female KIT-
Asp818Tyr/+ mice, we obtained +/+, KIT-Asp-
818Tyr/+ and KIT-Asp818Tyr/KIT-Asp818Tyr
mice. Genotyping of the mice was determined
by real-time PCR using DNA extracted from
their tails as described previously [32]. All of
the experimental procedures using animals
were approved by the Hyogo College of Medicine
Animal Experiment Committee.

Establishment of BMMCs and IMC-G4 cells

BMMCs were established from +/+, KIT-Asp-
818Tyr/+ and KIT-Asp818Tyr/KIT-Asp818Tyr
mice. Briefly, bone marrow cells flushed out
from the bilateral femoral bones were cultured
in alpha-MEM (Life Technologies Corporation,
Grand Island, NY) with 10% fetal bovine serum,
100 microgram/ml streptomycin, 100 U/ml
penicillin and 5 ng/ml murine interleukin-3 (IL-
3) at 37 degree Celsius in 5% CO, in incubator.
Since almost all cultured cells differentiated
into mast cells in one month, the BMMCs were
used for the experiments between 1 month and
3 months from the beginning of the culture.
During long-term culture of the BMMCs derived
from a KIT-Asp818Tyr/KIT-Asp818Tyr mouse,
we obtained an immortalized clone, designated
as IMC-G4, which do not need IL-3 for prolifera-
tion and could be cultured over 4 years. IMC-G4
cells were basically cultured without IL-3 and
also used for the experiments.

Electron microscopic examination of cultured
cells

BMMCs (1 x 108) derived from +/+, KIT-Asp-
818Tyr/+ and KIT-Asp818Tyr/KIT-Asp818Tyr
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mice were collected and centrifuged. IMC-G4
cells were also collected and centrifuged. The
cell pellets were fixed with 1.5% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.4), postfixed
with 2% osmic acid in the same buffer, dehy-
drated and embedded in epoxy resin (Epon
812). Ultrathin sections, doubly stained with
uranyl acetate-lead citrate, were examined with
transmission electron microscope, Hitachi H-
7100 (Hitachi, Tokyo, Japan).

Quantitative analysis of histamine

Histamine contents of BMMCs (8 x 10°) deri-
ved from +/+, KIT-Asp818Tyr/+ and KIT-Asp-
818Tyr/KIT-Asp818Tyr mice were examined by
colorimetric enzyme assay for the quantitative
analysis of histamine using Histamine Test
(Kikkoman, Tokyo, Japan) according to the man-
ufacturer’s instructions. Those of IMC-G4 cells
(8 x 10°) were also examined both in the pres-
ence of IL.-3 and in the absence of IL-3.

Proliferative and survival profiles in presence
or absence of IL-3

Changes of the numbers of BMMCs derived
from +/+, KIT-Asp8181Tyr/+ and KIT-Asp818-
Tyr/KIT-Asp818Tyr mice were examined in the
presence of IL-3 (5 ng/ml) or in the absence of
IL-3. Those of IMC-G4 cells were also examined
in the absence of IL-3. For the experiment of
proliferative profile, 5 x 10* cells per well were
initially dispensed. For the experiment of sur-
vival profile, 5 x 105 cells per well were initially
dispensed.

Western blotting of KIT and downstream sig-
naling molecules

Lysis of BMMCs derived from +/+, KIT-Asp-
818Tyr/+ and KIT-Asp818Tyr/KIT-Asp818Tyr
mice with the stimulation by IL-3 was done with
Cellytic-M lysis buffer (Sigma-Aldrich, St. Louis,
MO) with the addition of complete protease
inhibitor cocktail tablets (Roche, Mannheim,
Germany), phosphatase inhibitor cocktail (Sig-
ma-Aldrich), and 1 microM Na,VO,. Lysis of
IMC-G4 cells with or without the stimulation by
IL-3 was carried out as well. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and
immunoblotting were performed as described
[32]. Antibodies (Abs) used were mouse anti-
phospho-KIT Ab (pTyr823, Affinity BioReagents,
Golden, CO), rabbit anti-KIT polyclonal Ab
(A4502; DAKO Cytomation), phospho-p44/42
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MAPK Ab (9101, Cell Signaling Technology,
Beverly, MA), p44/42 MAPK Ab (9102, Cell
Signaling Technology), phospho-Akt Ab (9271,
Cell Signaling Technology), total Akt Ab (9272,
Cell Signaling Technology), phospho-STAT1 Ab
(9171, Cell Signaling Technology), STAT1 Ab
(9172, Cell Signaling Technology), phpspho-
STAT5 Ab (9351, Cell Signaling Technology),
STAT5 Ab (9352, Cell Signaling Technology),
phospho-Lyn Ab (2731, Cell Signaling Techno-
logy) and Lyn Ab (2732, Cell Signaling Techno-
logy). The binding of the Abs was detected by
ECL Western Blotting Detection System (GE
Healthcare, Buckinghamshire, UK).

RNA extraction, cDNA synthesis and sequenc-
ing

Total RNA was extracted from IMC-G4 cells by
RNeasy Mini Kit (QIAGEN, Valencia, CA). Single-
strand complementary DNA (cDNA) was synthe-
sized using reverse transcriptase (Superscript
Ill, Life Technologies Corporation, Carlsbad, CA)
from total RNA, and polymerase chain reaction
was performed for amplification of c-kit cDNA
using primers as described previously [32].
Amplified products were purified with the
QIAquick Gel Extraction Kit (QIAGEN), and direct
sequencing was performed using ABI BigDye
Terminator ver. 3.1 (Applied Biosystems, Foster
City, CA) and an ABI Prism 3100-Avant Genetic
Analyzer (Applied Biosystems).

Tumorigenesis of IMC-G4 cells

IMC-G4 cells cultured in IL-3 free medium were
subcutaneously injected into the posterior flank
of 4 nude mice (BALB/c-nu/nu, Japan SLC,
Hamamatsu, Japan). As a control, BMMCs
derived from KIT-Asp818Tyr/KIT-Asp818Tyr
mice cultured in IL-3 containing medium were
also transplanted subcutaneously at the poste-
rior flank of another 4 nude mice. Number of
the cells injected was 1 x 107 per one site. The
tumor volume was calculated with the following
formula: Tumor volume = 0.5 x a x b?, where a
and b are the length and width in millimeters of
the tumor mass, respectively.

Effect of KIT inhibitors on KIT autophosphory-
lation

To evaluate the effect of KIT inhibitors, imatinib
and nilotinib, on KIT autophosphorylation in
IMC-G4, BMMCs derived from KIT-Asp818Tyr/
KIT-Asp818Tyr mice, Ba/F3 cells expressing
KIT-Asp818Tyr, Western blotting of KIT was
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Figure 1. Ultrastructure of various mast cells. Representative ultrastructure of BMMCs derived from +/+ mice (A),
KIT-Asp818Tyr/+ mice (B) and KIT-Asp818Tyr/KIT-Asp818Tyr mice (C) and that of IMC-G4 cells (D) were examined
with transmission electron microscope. All types of cells showed similar ultrastructural appearance such as single
nucleus, a lot of granules in their cytoplasm and many short villi.

done. Ba/F3 cells expressing KIT-del-Val558&
Val559 were used as a control of imatinib- and
nilotinib-sensitive cells. Imatinib and nilotinib
were generous gifts from Novartis (Basel,
Switzerland). Briefly, 3 x 10° cells were cultured
at various concentration of imatinib (0, 0.001,
0.01, 0.1, 1 and 10 microM) or nilotinib (O,
0.001, 0.01, 0.1, 1 and 10 microM). Then cells
were lysed as described above, and sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis and immunoblotting were performed
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using mouse anti-phospho-KIT Ab and rabbit
anti-KIT polyclonal Ab.

Effect of KIT inhibitors on cell proliferation

To evaluate the effect of KIT inhibitors, imatinib
and nilotinib, on proliferation of IMC-G4 cells,
Ba/F3 cells expressing KIT-Asp818Tyr and Ba/
F3 cells expressing KIT-del-Val558&Val559,
MTS colorimetric assay was performed using
CellTiter 96 AQueous One Solution Cell Proli-

Int J Clin Exp Pathol 2015;8(10):11970-11982
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Figure 2. Quantification of histamine contents of various cultured mast cells
by colorimetric enzyme assay. Histamine contents of BMMCs derived from
+/+, KIT-Asp818Tyr/+ and KIT-Asp818Tyr/KIT-Asp818Tyr mice and IMC-G4
cells were examined. Those of BMMCs derived from KIT-Asp818Tyr/KIT-
Asp818Tyr mice were approximately half those derived from +/+ and KIT-
Asp818Tyr/+ mice. Those of IMC-G4 cells both in the presence of IL-3 and
in the absence of IL-3 were further approximately half those derived from
KIT-Asp818Tyr/KIT-Asp818Tyr mice.

A 120 B 60 —@— IMC-G4cells
——  Wild-type BMMCs
=100 50 ==A-- Heterozygote BMMCs
E \ — 44— Homozygote BMMCs
<
=y 4
X
B
[} L
2 60 30
E
2 40 20 -
K}
© 20 10 -
0

Figure 3. Proliferation and survival profiles of various mast cells in the pres-
ence or absence of IL-3. Proliferation of BMMCs derived from +/+, KIT-
Asp818Tyr/+ and KIT-Asp818Tyr/KIT-Asp818Tyr mice was examined in the
presence of 5 ng/ml of IL-:3 (A). That of IMC-G4 was examined in the ab-
sence of IL.-3 as a comparison (A). IMC-G4 cells proliferated autonomously
even in the absence of IL-3 and their proliferation was the fastest. Although
all types of BMMCs proliferated more slowly as compared to IMC-G4 cells,
their proliferation profile was similar (A). When survival of BMMCs derived
from +/+, KIT-Asp818Tyr/+ and KIT-Asp818Tyr/KIT-Asp818Tyr mice was
examined in the absence of IL-3, they decreased similarly (B).
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feration Assay (Promega, Ma-
dison, WI). Briefly, cells were
plated in a 96-well plate at a
concentration of 1.5 x 10%/well
and cultured with various con-
centrations of imatinib (O,
0.001, 0.01, 0.4, 1, and 10
microM) or nilotinib (0, 0.001,
0.01, 0.1, 1, and 10 microM) for
48 hours. Then cells were fur-
ther cultured for 2 hours in the
presence of MTS. The optical
density was measured with a
test wavelength of 490 nm and
a reference wavelength of 650
nm. BMMCs derived from KIT-
Asp818Tyr/KIT-Asp818Tyr mice
were not examined because
their proliferation is dependent
on IL-3.

Results

Ultrastructure of various mast
cells

We examined ultrastructure of
BMMCs derived from +/+, KIT-
Asp818Tyr/+ and KIT-Asp818-
Tyr/KIT-Asp818Tyr mice using
transmission electron micro-
scope. IMC-G4 cells derived
from long-term cultured BMMCs
of KIT-Asp818Tyr/KIT-Asp818-
Tyr mice were also examined.
All types of cells were similar in
appearance. They have a single
nucleus, many secretory gran-
ules partially filled with an elec-
tron-dense core and many sho-
rt villi (Figure 1A-D).

Quantification of histamine
contents in various mast cells

Histamine contents of BMMCs
(8 x 10°) derived from +/+, KIT-
Asp818Tyr/+ and KIT-Asp818-
Tyr/KIT-Asp818Tyr mice were
measured. Those of IMC-G4
cells (8 x 10°) were also exam-
ined. BMMCs derived from KIT-
Asp818Tyr/+ mice had similar
amount of histamine compared

Int J Clin Exp Pathol 2015;8(10):11970-11982
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Figure 4. Expression and autophosphorylation of
KIT and its downstream signaling molecules in vari-
ous mast cells. All of BMMCs derived from +/+, KIT-
Asp818Tyr/+ (Heterozygote) and KIT-Asp818Tyr/KIT-
Asp818Tyr (Homozygote) mice strongly expressed
KIT. However, KIT of BMMCs derived from +/+ mice
was not apparently phosphorylated, KIT of BMMCs
derived from KIT-Asp818Tyr/+ mice faintly phos-
phorylated, BMMC derived from KIT-Asp818Tyr/
Asp818Tyr mice apparently phosphorylated. IMC-G4
cells strongly expressed KIT, and phosphorylation
of KIT in them without IL-3 stimulation is stronger
than that in BMMC derived from KIT-Asp818Tyr/Asp-
818Tyr mice. KIT expression and phosphorylation in
IMC-G4 cells with IL-3 stimulation was also shown as
a comparison. In spite of apparent phosphorylation
of KIT in BMMC derived from KIT-Asp818Tyr/Asp-
818Tyr mice and KIT of IMC-G4 cells, no difference in
phosphorylation status of downstream signaling mol-
ecules such as Statl, Statb, MAPK, Akt and Lyn was
observed among BMMCs derived from +/+ mice,
those derived from KIT-Asp818Tyr/+ mice and those
derived from KIT-Asp818Tyr/Asp818Tyr mice. In IMC-
G4 cells, on the other hand, magnitude of phosphor-
ylation of signaling molecules such as Stat1, Stat5b,
MAPK and Lyn was not apparently different with that
in those BMMCs. However, Akt was strongly phos-
phorylated as compared with that in those BMMCs.

to those from +/+ mice (Figure 2). However,
those from KIT-Asp818Tyr/KIT-Asp818Tyr mice
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418 419 420 421 422 423 424

lle Leu Thr Tyr Asp Arg Leu
Homozygote a1
BMMCs ATCCTGACGTACGACAGGCTC

lle Leu Thr Cys Asp Arg Leu
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ATCCTGACGTGCGACAGGCTC

IMC-G4 cells

Figure 5. Mutational analysis of the c-kit gene in IMC-
G4 cells. Sequencing of the c-kit cDNA derived from
IMC-G4 cells revealed that they have a homozygous/
hemizygous nucleotide substitution of A to C at co-
don 421 resulting in Tyr421Cys mutation in addition
to homozygous/hemizygous Asp818Tyr mutation.
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Figure 6. Tumorigenesis of IMC-G4 cells. IMC-G4
cells cultured in IL-3 free medium were subcutane-
ously injected into the posterior flank of 4 nude mice
(BALB/c-nu/nu, Japan SLC, Hamamatsu, Japan). As
a control, BMMCs derived from KIT-Asp818Tyr/KIT-
Asp818Tyr mice cultured in IL-3 containing medium
were also injected. IMC-G4 cells formed tumors but
BMMCs derived from KIT-Asp818Tyr/KIT-Asp818Tyr
mice did not.

had approximately half amount of histamine as
compared to those from +/+ mice (Figure 2).
Moreover, IMC-G4 cells had approximately one-
sixth amount of histamine both in the presence
of IL-3 and in the absence of IL-3, compared to
BMMCs derived from +/+ mice (Figure 2).

Proliferation and survival profile of various
mast cells

Proliferation profiles of BMMCs derived from
+/+, KIT-Asp818Tyr/+ and KIT-Asp818Tyr/KIT-
Asp818Tyr mice were examined both in the
presence of IL-3 and in the absence of IL-3.

Int J Clin Exp Pathol 2015;8(10):11970-11982
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Figure 7. Histology of tumors formed by injection of IMC-G4 cells. Histological examination revealed that tumors
formed by injection of IMC-G4 cells were composed of mononuclear round cells (A: H&E staining). The tumor cells
were stained metachromatically dark purple by toluidine blue staining (B: toluidine blue staining).

Proliferation profile of IMC-G4 in the absence of
IL-3 was also examined as a comparison. In the
presence of IL-3, all types of BMMCs derived
from +/+, KIT-Asp818Tyr/+ and KIT-Asp818Tyr/
KIT-Asp818Tyr mice proliferated similarly
(Figure 3A). On the other hand, IMC-G4 cells
proliferated in the absence of IL-3, and did fast-
er than all types of BMMCs in the presence of
IL-3 (Figure 3A). In the absence of IL-3, num-
bers of all types of BMMCs decreased similarly
(Figure 3B).

Activation status of KIT and its downstream
signaling molecules

First, KIT autophosphorylation of BMMCs
derived from +/+, KIT-Asp818Tyr/+ and KIT-
Asp818Tyr/KIT-Asp818Tyr mice was examined
without stimulation by stem cell factor (SCF).
That of IMC-G4 cells was also examined. KIT of
BMMCs derived from +/+ mice was barely
phosphorylated, and that from KIT-Asp818Tyr/+
mice was slightly phosphorylated. On the other
hand, KIT of BMMCs derived from KIT-
Asp818Tyr/KIT-Asp818Tyr mice was apparently
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phosphorylated. KIT of IMC-G4 cells was more
apparently phosphorylated under the condi-
tions of both presence and absence of IL-3.
Since SCF-KIT and Lyn-Syk-LAT systems are
known to be possible major downstream signal-
ing pathways in mast cells, we examined phos-
phorylation of STAT1, STAT5, MAPK, Akt and
Lyn. Statl was slightly and similarly phosphory-
lated in all types of BMMCs and IMC-G4 cells.
STAT5, MAPK and Lyn were apparently and sim-
ilarly phosphorylated among them. Although
phosphorylation of Akt was weak in all types of
BMMCs derived from +/+, KIT-Asp818Tyr/+ and
KIT-Asp818Tyr/KIT-Asp818Tyr mice, Akt in IMC-
G4 cells was strongly phosphorylated under the
conditions of both presence and absence of
IL-3 (Figure 4).

Mutational analysis of the c-kit gene in IMC-G4
cells

Since autophosphorylation of KIT in IMC-G4
cells was apparently stronger than that in
BMMCs derived from KIT-Asp818Tyr/KIT-Asp-
818Tyr mice as mentioned above, we specu-

Int J Clin Exp Pathol 2015;8(10):11970-11982
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Figure 8. Effect of KIT inhibitors on KIT autophosphorylation. KIT autophos-
phorylation in BMMCs derived from KIT-Asp818Tyr/KIT-Asp818Tyr mice, IMC-
G4, Ba/F3 cells expressing KIT-Asp818Tyr and Ba/F3 cells expressing KIT-del-
Val558&Val559 was examined at various concentration of imatinib (0, 0.001,
0.01, 0.1, 1 and 10 microM) (A) or nilotinib (0, 0.001, 0.01, 0.1, 1 and 10
microM) (B). Imatinib inhibited KIT autophosphorylation in Ba/F3 cells express-
ing KIT-del-Val558&Val559 at the concentration of 0.1 microM, but did that
in BMMCs derived from KIT-Asp818Tyr/Asp818Tyr mice, IMC-G4 cells and Ba/
F3 cells expressing KIT-Asp818Tyr at the concentration of 10 microM (A). Nilo-
tinib also inhibited KIT autophosphorylation in Ba/F3 cells expressing KIT-del-
Val558&Val559 at the concentration of 0.1 microM, and did that in BMMCs
derived from KIT-Asp818Tyr/KIT-Asp818Tyr mice and IMC-G4 cells and Ba/F3
cells expressing KIT-Asp818Tyr at the concentration of 0.1 microM (B).

lated that some additional change in the c-kit
gene might happen. To examine whether IMC-
G4 cells have additional c-kit gene mutation(s)
other than Asp818Tyr, sequencing of the c-kit

Asp818Tyr,
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cDNA of IMC-G4 cells was
done. In addition to hom-
ozygous/hemizygous Asp-
818Tyr mutation, we found
a nucleotide substitution of
A to G at codon 421 result-
ing in homozygous/hemizy-
gous Tyr421Cys mutation
(Figure 5).

Tumorigenesis of IMC-G4
cells

To examine the biological
behavior of immortalized
IMC-G4 cells, they were
subcutaneously injected
into posterior flank of 4
nude mice. They autono-
mously proliferated and
formed tumors (Figure 6).
BMMCs derived from a KIT-
Asp818Tyr/KIT-Asp818Tyr
mouse were also injected
into posterior flank of
another 4 nude mice as a
control, but they did not
form tumors (Figure 6).
Histological  examination
revealed that the tumors
formed by injection of IMC-
G4 cells were composed of
mononuclear round cells
(Figure 7A) whose cyto-
plasm was metachromati-
cally stained purple with
toluidine blue (Figure 7B),
indicating that the tumor
cells have characteristics
of mast cell.

Inhibitory effect of imatinib
and nilotinib on KIT auto-
phosphorylation

Imatinib almost completely
inhibited KIT autophospho-
rylation of Ba/F3 cells ex-
pressing KIT-del-Val558&
Val559 at the concentra-
tion of 0.1 microM. On the
other hand, KIT autophos-

phorylation of Ba/F3 cells expressing KIT-
BMMCs
Asp818Tyr/KIT-Asp818Tyr mice and IMC-G4
cells was almost completely inhibited at the

derived from KIT-
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Figure 9. Effect of KIT inhibitors on cell proliferation. Proliferation of IMC-G4 cells, Ba/F3 cells expressing KIT-Asp-
818Tyr, those expressing KIT-del-Val558&Val559 (exon 11) was examined with various concentrations of imatinib
(0,0.001, 0.01, 0.1, 1, and 10 microM) (A) or nilotinib (0, 0.001, 0.01, 0.1, 1, and 10 microM) (B) using MTS colori-
metric assay. Imatinib completely inhibited cell proliferation of Ba/F3 cells expressing KIT-del-Val558&Val559 at the
concentration of 0.1 microM (A). Proliferation of IMC-G4 cells and Ba/F3 cells expressing KIT-Asp818Tyr was almost
inhibited at 10 microM (A). Nilotinib inhibited cell proliferation of Ba/F3 cells expressing KIT-del-Val558&Val559,
IMC-G4 cells and Ba/F3 cells expressing KIT-Asp818Tyr similarly at the concentration of 1 microM (B).

concentration of 10 microM (Figure 8A).
Nilotinib almost completely inhibited KIT auto-
phosphorylation of Ba/F3 cells expressing KIT-
del-Val558&Val559 at the concentration of 0.1
microM. KIT autophospohrylation in Ba/F3
cells expressing KIT-Asp818Tyr, BMMCs deri-
ved from KIT-Asp818Tyr/KIT-Asp818Tyr mice
and IMC-G4 cells was also almost inhibited at
the concentration of 0.1 microM (Figure 8B).

Inhibitory effect of imatinib and nilotinib on
cell proliferation

Imatinib almost completely inhibited cell prolif-
eration of Ba/F3 cells expressing KIT-del-
Val558&Valb59 at the concentration of 0.1
microM. On the other hand, proliferation of Ba/
F3 cells expressing KIT-Asp818Tyr and IMC-G4
cells was almost completely inhibited at 10
microM of imatinib (Figure 9A). Nilotinib com-
pletely inhibited cell proliferation of Ba/F3 cells
expressing  KliT-del-Val558&Val559, Ba/F3
cells expressing KIT-Asp818Tyr and IMC-G4
cells at the concentration of 1 microM in a simi-
lar manner (Figure 9B). Ba/F3 cells expressing
KIT-del-Val558&Val559 were apt to be more
easily inhibited than IMC-G4 cells and Ba/F3
cells expressing KIT-Asp818Tyr (Figure 9B).
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Discussion

Most of the mast cell neoplasms and GISTs
have various types of c-kit gene mutations at
various exons [1, 34]. Some types of mutations
are observed in mast cell neoplasms and GISTs
in common, but some types of them are mutu-
ally exclusive between mast cell neoplasms
and GISTs. For example, KIT-del-Val559, KIT-
Lys642Glu and KIT-Asp820Tyr are detected in
GISTs but not in mast cell neoplasms. In model
mice for familial GISTs with KIT-del-Val558, KIT-
Lys641Glu and KIT-Asp818Tyr corresponding
to human KIT-del-Val559, KIT-Lys642Glu and
KIT-Asp820Tyr respectively, the numbers of
mast cells in the skin of the three model mice
are different from each other when compared
to the respective wild type mice. The number of
skin mast cells in the model mice with KIT-del-
Val558 mutation increases [30], that with KIT-
Lys641Glu mutation decreased [31], and that
with KIT-Asp818Tyr mutation is unchanged
[32]. These results suggest that the particular
types of gain-of-function mutations of the c-kit
gene could activate downstream signaling mol-
ecules of SCF-KIT systems in ICCs but not in
mast cells resulting in development of GISTs
but not in proliferation of mast cells or mast cell
neoplasms. In the present study, we explored
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the influence of KIT-Asp818Tyr mutation in
mast cells using various types of BMMCs
derived from knock-in mice with KIT-Asp818Tyr
mutation. We examined ultrastructure, hista-
mine contents, proliferation profiles, phosphor-
ylation of various signaling molecules in BMMCs
derived from +/+, KIT-Asp818Tyr/+ and KIT-
Asp818Tyr/KIT-Asp818Tyr mice. We also exam-
ined those in immortalized BMMCs, IMC-G4
cells, derived from a KIT-Asp818Tyr/KIT-Asp-
818Tyr mouse. In IMC-G4 cells, the presence of
an additional c-kit gene mutation and effect of
KIT inhibitors on KIT autophosphorylation and
cell proliferation were also examined.

In the present study, all types of BMMCs derived
from +/+, KIT-Asp818Tyr/+ and KIT-Asp818Tyr/
KIT-Asp818Tyr mice had similar ultrastruc-
tures. All of BMMCs derived from +/+, KIT-
Asp818Tyr/+ and KIT-Asp818Tyr/KIT-Asp818-
Tyr mice also showed similar proliferation and
survival profiles. On the other hand, histamine
contents of BMMCs derived from KIT-Asp-
818Tyr/KIT-Asp818Tyr mice were approximate-
ly half compared to those from +/+ and KIT-
Asp818Tyr/+ mice. These results suggested
that KIT-Asp818Tyr mutation did not appear to
affect cell structure and cell proliferation but
appear to recessively influence histamine syn-
thesis in BMMCs. The mechanism of different
effect of KIT-Asp818Tyr mutation on histamine
synthesis and cell structure/cell proliferation
remained unclear.

BMMCs derived from +/+ mice did not show
apparent KIT phosphorylation, but those from
KIT-Asp818Tyr/+ and KIT-Asp818Tyr/KIT-Asp-
818Tyr mice demonstrated apparent phos-
phorylation of KIT. However, phosphorylation of
SCF-KIT downstream signaling molecules such
as MAPK, Akt, Statl and Stat5 was not stron-
ger in BMMCs derived from KIT-Asp818Tyr/+
and KIT-Asp818Tyr/KIT-Asp818Tyr mice than in
those from +/+ mice. Thus, phosphorylation of
KIT-Asp818Tyr did not result in activation of
downstream signaling molecules of SCF-KIT
system in BMMCs. Since the patients with
germline KIT-Asp820Tyr mutation do not show
mast cell disorders [10, 17, 24], this type of
mutation appears not to influence mast cell
proliferation in both humans and mice. More
precise mechanism why KIT-Asp818Tyr muta-
tion cannot activate downstream signaling mol-
ecules of SCF-KIT system has to be clarified.
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In Ba/F3 cells, permanent expression of KIT-
Asp818Tyr could induce autonomous prolifera-
tion of the cells [10]. On the other hand, BMMCs
expressing KIT-Asp818Tyr could not proliferate
without IL-3 in the present study. Since Ba/F3
cells are a pro-B-cell line and BMMCs are mast
cells, KIT-Asp818Tyr could induce autonomous
proliferation in lymphocytic cells as in the case
of ICCs but not in mast cells. Different signal
transduction molecules expressed in different
cell types might be associated with different
effects of KIT-Asp818Tyr in different cell types.
The mechanism remains to be clarified.

We obtained an immortalized cell line desig-
nated as IMC-G4 cells derived from long-term
culture of BMMCs of KIT-Asp818Tyr/KIT-
Asp818Tyr. They formed tumors when they
were injected into the posterior flank of nude
mice, confirming that they are autonomously
proliferative neoplastic cells. The neoplastic
cells were metachromatically stained purple
with toluidine blue. They had many secretory
granules in their cytoplasm, although hista-
mine contents was approximately one-sixth
compared to those in BMMCs from +/+ mice.
These results indicate that IMC-G4 cells could
be neoplastic mast cells which have less hista-
mine contents compared to normal mast cells.
To further characterize the mast cell properties
of IMC-G4 cells, expression of mast cell specif-
ic proteins such as high-affinity receptor for IgE
and mouse mast cell proteases should be
examined.

Sequencing of the c-kit cDNA revealed that
IMC-G4 cells have an additional mutation of
KIT-Tyr421Cys at exon 8. KIT in IMC-G4 cells
was strongly phosphorylated. Moreover, phos-
phorylation of Akt in IMC-G4 cells was appar-
ently stronger than that in BMMCs derived from
KIT-Asp818Tyr/KIT-Asp818Tyr mice while phos-
phorylation of MAPK, Stat1 and Stat5 was simi-
lar in IMC-G4 cells and BMMCs of KIT-
Asp818Tyr/KIT-Asp818Tyr mice. These results
suggested that KIT-Tyr421Cys but not KIT-
Asp818Tyr plays a role of the driver mutation in
autonomous proliferation and immortalization
of the IMC-G4 cells probably through Akt acti-
vation. However, there is a possibility that dou-
ble mutations of KIT-Asp818Tyr and KIT-
Tyrd21Cys are required for the immortal mast
cell proliferation. Less histamine contents in
IMC-G4 cells might be also associated with the
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addition of KIT-Tyr421Cys mutation. These pos-
sibilities need to be further clarified.

As described above, Akt activation appeared to
result in immortalization of mast cell, i.e. devel-
opment of IMC-G4 cells. We previously demon-
strated that development of the cecal GIST in
the model mice with KIT-Asp818Tyr is strongly
associated with activation of MAPK, STAT1 and
STAT5 [32]. These results suggest that Akt acti-
vation is crucial for autonomous proliferation of
mast cells and MAPK, STAT1 and STAT5 are
important for GIST development. We have to
further examine the mechanism intimately.

Imatinib could not sufficiently inhibit KIT auto-
phosphorylation in IMC-G4 cells as well as in
BMMCs of KIT-Asp818Tyr/KIT-Asp818Tyr mice
when compared to Ba/F3 cells expressing ima-
tinib-sensitive KIT-exon 11 mutation. Prolife-
ration of IMC-G4 cells was not also effectively
inhibited by imatinib as observed in BMMCs of
KIT-Asp818Tyr/KIT-Asp818Tyr mice. On the
other hand, nilotinib could inhibit KIT autophos-
phorylation similarly in all types of cells exam-
ined. Proliferation of all types of cells examined
was also similarly and effectively inhibited by
nilotinib. Imatinib-resistant property of IMC-G4
cells suggests that KIT-Tyrd21Cys mutation
might be imatinib-resistant. Nilotinib-sensitive
characteristic of IMC-G4 cells appears to indi-
cate nilotinib-sensitivity of KIT-Tyr421Cys muta-
tion. For clarification of sensitivity of Tyrd21Cys
mutation for imatinib and nilotinib, KIT only with
Tyr421Cys mutation should be examined.

In various species of mast cell neoplasms,
most of them have c-kit gene mutations at exon
17 corresponding to murine KIT-Asp814Val or
KIT-Asp814Tyr [34, 35]. In human mastcyto-
mas, some other c-kit gene mutaions at exon 8,
9 or 11 have been reported. In human pediatric
mastocytosis, Bodemer et al reported that
approximately half of them had exon 8 or 9 c-kit
gene mutations [36]. However, the KIT-
Tyr418Cys at exon 8 corresponding to murine
KIT-Tyr421Cys at exon 8 observed in IMC-G4
cells has not been reported yet in any species
of mast cell neoplasms. On the other hand, KIT-
Tyr418Asn but not KIT-Tyr418Cys was detected
in a patient with childhood core-binding factor
acute myeloid leukemia [37]. There is a possi-
bility that the mutation might be a cause of
human pediatric mast cell neoplasms or acute
myeloid leukemia.
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In the present study, we showed insufficiency
or unnecessity of KIT-Asp818Tyr mutation in
autonomous proliferation of mast cells.
Kosmider et al reported that KIT-Asp818Tyr
have an important role on development of
erythroleukemia using Spi-1/PU.1 transgenic
mice [38]. In those mice, acquisition of KIT-
Asp818Tyr gave malignant transformation
(development of erythroleukemia from non-
malignant proerythroblast) with early arrest of
differentiation [38]. These results also suggest-
ed that KIT-Asp818Tyr mutation has some role
in erythroblast differentiation/proliferation as
in the case of ICC differentiation/proliferation
but not in mast cell differentiation/prolifera-
tion. In knock-in mice with KIT-Asp818Tyr muta-
tion, we did not notice apparent abnormality in
bone marrow cells by histological examination.
Further biological examinations of erythroid
cells in this mouse model are needed.

In summary, we showed that KIT-Asp818Tyr
mutation is not sufficient or necessary for ultra-
structural and proliferative changes but for
alteration of histamine synthesis in mast cells.
We also showed that an addition of the novel
mutation of KIT-Tyr421Cys could induce neo-
plastic transformation of mast cells in mice.
KIT-Tyr421Cys might be an imatinib-resistant
and nilotinib-sensitive mutation. There is a pos-
sibility that KIT-Tyr418Cys is detected in human
mast cell neoplasms or acute myeloid leuke-
mia. IMC-G4 cells might be a useful mast cell
line for various examinations in mast cell biolo-
gy including the effect of molecular target drugs
on human KIT-Tyr418Cys.
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