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Abstract. Signals through Kit receptor tyrosine kinase
are essential for development of erythrocytes, melano-
cytes, germ cells, mast cells and interstitial cells of Cajal
(ICCs). Mice and rats with a double gene dose of loss-
of-function mutations of Kit show depletion of these cells.
Although human homozygotes with loss-of-function mu-
tations of Kit have not been reported, gain-of-function
mutations of Kit result in development of tumors from

mast cells, germ cells and ICCs in humans. The ICC
tumors are called gastrointestinal stromal tumors (GISTs),
and GISTs are a good target for the Kit inhibitor imatinib
mesylate. The interrelationship between the type of Kit
gain-of-function mutations and the therapeutic effect of
imatinib mesylate has been well characterized in GISTs.
Kit is interesting from both a biological and clinical view-
point.
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Introduction

By their remarkable phenotypes [ 1], mouse mutants at the
W locus were known for a long time before the W locus
was identified to encode Kit receptor tyrosine kinase
[2, 3]. Although the v-kit gene was found to be an onco-
gene in cats [4], it took many years before the mutated Kit
gene was demonstrated to be a cause of human tumors
[5]. However, after the identification of the mutated Kit
gene as a cause of human gastrointestinal stromal tumors
(GISTs) [6], it took only 3 years for the first successful
administration of a Kit inhibitor to a GIST patient [7, 8].

Structure and function of Kit

The Hardy-Zuckerman 4 feline sarcoma virus (HZ4-
FeSV) was isolated from a feline fibrosarcoma by Besmer
et al. [4]. The viral genome of HZ4-FeSV contains a new
oncogene designated v-kit [4]. HZ4-FeSV appears to have
been generated by transduction of feline c-kit sequences
with feline leukemia virus. Kit encoded by the c-kit gene is
a type III receptor tyrosine kinase and is structurally simi-
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lar to platelet-derived growth factor receptors (PDGFRs)
alpha and beta, CSF-1R and FIt-3 [2, 3, 9, 10]. These re-
ceptor tyrosine kinases have unique features: an extracel-
lular (EC) domain made up of five immunoglobulin-like
repeats, and a tyrosine kinase (TK)) domain that is split into
two domains (TK-I and TK-II) by an insert sequence of
variable length. The structure and amino acid sequence of
Kit are well preserved in humans, mice and rats. For many
years after the discovery of the v-kit gene, it remained
unclear whether Kit played a role in the development of
human neoplasms. Now, activating mutations have been
found in various human tumors [6, 11-13].

The W locus of mice was demonstrated to encode Kit
[2, 3]. Various types of loss-of-function mutants have been
reported at the W locus. Among them, double heterozy-
gous mice of the W/WY genotype are most frequently
used. The W mutant allele encodes a truncated Kit with-
out the transmembrane domain; as a result, the EC domain
is not expressed on the cell surface [14, 15]. The WY mu-
tant allele is a point mutation at the TK-I domain, result-
ing in a remarkable decrease in TK activity [14]. W/WY
mice show five abnormalities due to the loss of Kit func-
tion. (i). Anemia due to hypoproduction of erythrocytes
[1]; (ii) white coat color due to lack of melanocytes [1].
Melanocytes are also deficient in the inner ears of WY/WY
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mice, and this results in hearing difficulty [16]; (iii) steril-
ity due to depletion of germ cells in both males and fe-
males [1]; (iv) depletion of mast cells [17]; (v) depletion
of interstitial cells of Cajal (ICCs) [18]. Abnormalities 1-3
have been known for a long time. We found the depletion
of mast cells in 1978 [17], and Maeda et al. [ 18] found de-
pletion of ICCs in 1992.

We found a rat mutant at the c-kit locus [19]. The mutant
allele, named Ws, has an in-frame deletion of 12 bp at the
TK-II domain [19]. Ws/Ws rats showed symptoms similar
to those of W/W" mice [20]. However, some differences
were observed. Severe anemia is present in suckling
Ws/Ws rats, but it ameliorates with age, and only slight
anemia is detectable in adult Ws/Ws rats [21]. Also, male
and female Ws/Ws rats are fertile in spite of the decreased
weights of gonads. In humans, heterozygous c-kit mutants
have been identified [22]. They show the dominant white
spotting that is similar to the coat color phenotype of W/+
heterozygous mice.

The Kit ligand (KitL) was identified [23]. Since KitL is
encoded by the Sl locus of mice, homozygous or double
heterozygous mutant mice at the W or Sl locus have the
same phenotype. The most frequently used mutant mice
of the SI locus are of the S1/S1¢ genotype. SI/SI¢ mice
show anemia, white coat color, sterility, depletion of mast
cells and ICCs.

We found spontaneous development of forestomach pa-
pillomas [24] and antral ulcers [25] in W/W" and SI/SI¢
mutant mice at around the same time we discovered de-
pletion of mast cells in these mice [17, 26]. Bile reflux
from the duodenum to the stomach appeared to be a cause
of the stomach lesions in mice [27]. However, the mech-
anism of the bile reflux remained unknown. Since the de-
pletion of ICCs was identified as the fifth abnormality of
W/W" and SI/S1¢ mice [18, 28, 29], and since ICCs regu-
late the peristaltic movement of the gastrointestinal (GI)
tract [30], the bile reflux is now attributed to the depletion
of ICCs. The bile reflux to the stomach was also observed
in Ws/Ws rats [31].

Signaling pathways

Binding of dimerized KitL induces the dimerization of
Kit [32]. This leads to the autophosphorylation of Kit on
tyrosine and its association with substrates of various
kinds. The phophatidylinositol-3-kinase (PI3K)/Akt sys-
tem is one of the major pathways [33] (fig. 1). PI3K is
composed of an 85-kDa regulatory subunit and a 110-kDa
catalytic subunit. The 85-kDa regulatory subunit is asso-
ciated with activated Kit through an SH2 domain, and
then is phosphorylated on tyrosine. The 110-kDa catalytic
subunit of the activated PI3K produces phosphatidylino-
sitol-3,4-bisphosphate, which in turn is used for phos-
phorylation of Akt, a serine-threonine kinase. The acti-
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Figure 1. A scheme showing the signal transduction pathways of
Kit. Dimerization and autophosphorylation of Kit result in cell pro-
liferation and inhibition of apoptosis through several pathways, such
as the PI3K/Akt system, the Ras/MAP kinase cascade, Src family
members and the JAK/STAT system.

vated Akt is involved in the inhibition of apoptosis of
cells whose survival depends on Kit signaling. A tyrosine
kinase inhibitor, imatinib mesylate blocks not only auto-
phosphorylation of Kit but also phosphorylation of Akt
[34]. Induction of apoptosis in Kit signaling-dependent
cells by imatinib mesylate may be mediated through the
inhibition of Akt activity.

Another major signaling pathway is the Ras/MAP kinase
cascade [33] (fig. 1). The activated Kit recruits SH-2-con-
taining proteins such as Grb2, Shc and SHP2. Grb2 may
bind Kit either directly or indirectly through interaction
with Shc or SHP2. Since Grb2 is constitutively associated
with Sos, a guanine nucleotide exchange factor, the recruit-
ment of Grb2 to the activated Kit resultes in the colocal-
ization of Sos and Ras and the subsequent activation of
Ras. This promotes the interaction of Ras with Raf serine-
threonine kinase and then the activation of MEK (a MAP
kinase kinase). MEK phosphorylates ERK (a MAP kinase),
and ERK phosphorylates a number of substrates, including
pp90=* [33]. Imatinib mesylate also inhibits the phospho-
rylation of ERK [34]. This process is considered to be due
to blocking of the Kit signaling by this drug. Thus, both
major signaling pathways of Kit, the PI3K/Akt system and
the Ras/MAP kinase cascade, are inhibited by imatinib me-
sylate. Alternatively, Kit signaling may also activate JNK
kinase, a MAP kinase activated in response to stress [35].
NF1, a GTPase activating protein, is considered to be in-
volved in modulating Ras activation through Kit signaling
[36]. NF1 deficiency that occurs in cases of neurofibro-
matosis may induce an increase in MAP kinase activity.
Pathways with JAK/STAT or with Src family members
may be involved in Kit signaling [33] (fig. 1). Some stud-
ies showed the association of JAK2 with Kit and also its
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activation by Kit signaling [37]. Other reports also indi-
cated the increased activity of Lyn, a Src family member,
by Kit signaling [38].

Tumors related to Kit abnormality

Mast cell neoplasms

In human mast cell leukemia cell line, HMC-1, Kit was
constitutively phosphorylated on tyrosine, activated and
then could associate with PI3K without addition of KitL.
Furitsu et al. [5] found that the c-kit gene of HMC-1 cells
was composed of a wild-type allele and a mutant allele
with point mutations resulting in substitution of Val-560
to Gly in the juxtamembrane (JM) domain and Asp-816
to Val in the TK-II domain. Amino acid sequences in the
region of the two mutations are completely conserved in
mouse, rat and human Kit.

In order to determine the causal role of these mutations in
constitutive activation, mutant Kit gene with the Val-560
to Gly mutation in the JM domain or with the Asp-816 to
Val mutation in the TK-II domain was constructed and
expressed in a human embryonic kidney cell line, 293T
[5]. In the transfected cells, Kit with either mutation was
abundantly phosphorylated on tyrosine and activated in
the immune complex kinase reaction without the addition
of KitL. Tsujimura et al. [39, 40] found the mutation cor-
responding to Asp-816 to Val of the human HMC-1 cell
line in the P-815 mouse mastocytoma cell line (Asp-817
to Tyr) and the RBL-2H3 rat mast cell leukemia cell line
(Asp-814 to Tyr). Both P-815 and RBL-2H3 cells showed
constitutive activation of Kit without KitL.

Kit mutations were considered to induce the transforma-
tion of human mast cells. In fact, the Asp-816 mutations
have been found in various types of mast cell neoplasms
of adults, such as cutaneous mastocytosis, systemic mas-
tocytosis, systemic mastocytosis associated with clonal
hematologic non-mast cell lineage disorders and mast
cell leukemia [11, 12, 41-43] (fig. 2). In humans, how-
ever, mast cell neoplasmas are more common in children
than in adults. The Asp-816 mutations were rare in the cu-
taneous mastocytosis of children (urticaria pigmentosa)
[41, 42]. Most cases of urticaria pigmentosa regress spon-
taneously before adolescence. In some cases of urticaria
pigmentosa, loss-of-function mutations of Kit were found,
but their etiological meanings are unknown [42]. When
compared with dogs, mast cell neoplasms are rare even in
children. In some dog mast cell neoplasms, internal tan-
dem duplication was found in the JM domain of Kit [44].
This type of Kit mutation has not been reported in human
mast cell neoplasms and other blood cell neoplasms, but
this type of Flt-3 mutation is frequently found in human
acute myeloid leukemias [45].

To examine the transformation potential of the Kit activa-
tion mutation, we used the murine interleukin-3 (IL-3)-

Kit receptor tyrosine kinase

816 820

\z

557 816,

Mast Cell Neoplasms

g0 822
Germ cell tumors l

EC T™MIM TR-1 Kl TE-11

|+ 1 1

502-503 550-586 642 820 822

Human Kit n#,| COOH

GISTs

Figure 2. Kit mutations reported in human mast cell neoplasms,
germ cell tumors and GISTs. EC, extracellular domain, TM, trans-
membrane domain; JM, juxtamembrane domain; TK-I, tyrosine ki-
nase-I domain; KI, kinase insert; TK-II, tyrosine kinase-II domain.
Sizes of arrows roughly parallel to the proportion of cases with each
mutation.

dependent IC-2 mast cell line as a transfectant [46]. The
IC-2 cells that had been established by Koyasu et al. [47]
from murine cultured mast cell did not express Kit on the
surface. The Asp-814 to Val or Val-559 to Gly murine type
mutant Kit complementary DNA (cDNA) was introduced
into IC-2 cells using a retrovirus vector. The mutant Kit
expressed in IC-2 cells was constitutively phosphorylated
on tyrosine and demonstrated kinase activity in the ab-
sence of KitL. IC-2 cells expressing mutant Kit showed
factor-independent growth in suspension culture and pro-
duced tumors in nude athymic mice [46]. Introduction of
the mutant Kit cDNA also resulted in transformation of
the IL-3-dependent Ba/F3 murine pro-B cells [48].

The mechanisms of constitutive activation were different
in the cases of Val-559 to Gly JM mutation and Asp-814 to
Val TK-II mutation. This was shown by chemical cross-
linking analysis [48]. A substantial fraction of phosphory-
lated Kit with Val-559 to Gly mutation dimerized, whereas
phosphorylated Kit with Asp-814 to Val mutation did not.
Tsujimura et al. [49] found another gain-of-function muta-
tion at the JM domain of FMA3 murine mastocytoma cell
line. The Kit cDNA of FMA3 cells carried an in-frame
deletion of 21 bp. The FMA3-type Kit cDNA was intro-
duced into IC-2 cells. The FMA3-type Kit was constitu-
tively phosphorylated on tyrosine and activated. IC-2 cells
expressing FMA3-type Kit grew in suspension culture
without IL-3 and KitL, and became leukemic in nude
athymic mice. Although the Val-559 to Gly mutation and
FMA3-type mutation with 21-bp deletion were different in
nature, their biological effects were comparable [48, 49].

Sporadic GISTs

Loss-of-function mutation of Kit resulted in depletion of
mast cells [17], whereas gain-of-function mutation re-
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sulted in mast cell neoplasms [5, 11, 12]. Since loss-of-
function mutations of Kit caused depletion of ICCs [18],
it seems reasonable that gain-of-function mutations might
induce neoplasms of ICCs. However, when we started
examining this possibility, the existence of ICC-derived
tumors was not known. Therefore, we examined whether
any mesenchymal tumors in the human GI tract express
Kit using immunohistochemistry. Authentic leiomyomas
and shwannomas did not express Kit, but most tumors
designated GISTs did express it [6]. This suggested that
GISTs originated from ICCs. Soon after the publication
of our paper, Kindblom et al. [50] independently reported
a similar result. Many GI tumors that were previously
classified as leiomyomas and leiomyosarcomas express
Kit, and consequently they are currently considered to be
GISTs.

The whole coding region of Kit was obtained from six
GISTs and sequenced. Mutations were observed in five
out of six GISTs [6]. All mutations were detected in the
JM domain, but not at the identical sites. We next exam-
ined whether the Kit mutations found in GISTs resulted
in constitutive activation by means of transient introduc-
tion of mutant Kit cDNA into the 293T human embryonic
kidney cell line. The Kit mutations found in GISTs showed
constitutive tyrosine phosphorylation in 293T cells with-
out KitL [6]. To investigate the biological consequences of
mutant Kit, we introduced the Kit mutations found in hu-
man GISTs into mouse Kit cDNA and stably transfected it
into the interleukin (IL)-3-dependent Ba/F3 murine pro-B
cell line. Ba/F3 cells with the mutated murine Kit grew
autonomously in nude mice [6].

Corless et al. [51] found mutated Kit in very small GISTs
that were incidentally found at the time of surgical oper-
ations for other purposes. This suggests that the c-kit gene
mutation is an early event of GIST development.
Mutations in the J]M domain were most common in GISTs
(~80%), and therefore were found first. Mutations in other
domains were found thereafter: duplication of two partic-
ular amino acids in the EC domain (~5%) [52-54], and a
point mutation at the TK-II domain (~2%) [55] (fig. 2).
The site of TK-II mutation was different from that of the
Asp-816 to Val mutation, which was found in human mast
cell neoplasms.

In ~10% of GISTs, no Kit mutations were found even
when the whole coding region was examined using fresh
materials. Recently Heinrich et al. [56] and Hirota et al.
[57] investigated the cause of GISTs without Kit muta-
tions and found gain-of-function mutations of PDGFR-
alpha in about one-third of GISTs without Kit mutations.
Mutations were detected at both JM and TK-II domains.
Interestingly, the Asp-842 of PDGFR-alpha corresponds
to Asp-816 of Kit. As already mentioned, the Asp-816
mutation is common in human mast cell neoplasms but
has not been reported in human GISTs. In other words,
the particular Asp mutation in the TK-II domain is
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observed in PDGFR-alpha gene but not in Kit gene of
human GISTs.

Familial GISTs

Most GISTs are sporadic, but we found three families
with germline mutation of Kit and development of multi-
ple GISTs [58-60]. First, Nishida et al. [58] found multi-
ple GISTs in a 60-year-old Japanese woman who received
two surgical operations due to intestinal obstruction. A
nephew of this woman also suffered from multiple GISTs.
Analysis of the family pedigree revealed that many fam-
ily members suffered from intestinal obstruction that may
be attributable to multiple GISTs. Although the GISTs of
the 60-year-old woman and her nephew were benign, a
niece of the woman died of malignant GIST that dissem-
inated in the peritoneal cavity. DNA was extracted from
GISTs and leukocytes of the woman and the nephew. An
identical mutation was found in the JM domain of Kit,
whereas this mutation was not detected in leukocytes ob-
tained from other family members in whom GISTs were
not observed [58]. The second family also showed the JM
mutation [59], and the third family showed the mutation
at Asp-820 of the TK-II domain [60].

In familial GISTs, remarkable hyperplasia of ICCs was
observed in small and large intestines [59-62]. ICCs con-
stitute one or two cell layers in the normal intestine,
whereas hyperplasia with 10-20 cell layers was observed
in familial GIST patients. Multiple GISTs develop from
the hyperplasia. We examined the clonality of the hyper-
plastic lesions and GISTs in patients with familial GISTs,
using random X chromosome inactivation in females
[63]. The hyperplastic lesion was polyclonal, and each
GIST derived from the hyperplastic lesion was mono-
clonal.

In addition to multiple GISTs, hyperpigmentation of the
skin and/or mast cell neoplasms were reported in some
families [58, 62, 64]. Most family members with multiple
GISTs survive and can have offspring, and moreover, var-
ious Kit mutations cause the familial GISTs. Therefore,
this disease entity may be a more common cancer syn-
drome than is presently supposed.

Sommer et al. [65] produced a mouse model for familial
GISTs by a knock-in strategy introducing a JM domain
mutation of Kit into the mouse genome. Patchy hyper-
plasia of ICCs is evident within the myenteric plexus of
the entire GI tract, and neoplastic lesions indistinguish-
able from human GISTs were observed in the caecum of
the mutant mice with high penetrance. These results
demonstrate that constitutive Kit signaling is critical and
sufficient for induction of the hyperplasia of ICCs and
GISTs.
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Germ cell tumors

Several researchers examined the presence of Kit muta-
tion in human germ cell tumors [13, 66, 67]. Although the
proportion of gain-of-function mutations of Kit was not so
high as in the cases of mast cell neoplasms and GISTs, an
appreciable proportion of testicular seminomas showed
gain-of-function mutations of Kit. Most mutations were
located at the TK-II domain as mast cell neoplasms (fig 2).
Moreover, the Asp-816 mutation was most frequently
found, as in the case of human mast cell neoplasms. How-
ever, Sakurai et al. [66] reported a case of seminoma with
the gain-of-function mutation in the JM domain, as in the
case of most GISTs. The gain-of-function mutation of Kit
has not been reported in non-seminomatous germ cell tu-
mors of testes [66]. Although the Asp-816 mutation in the
TK-II domain was reported in an ovarian dysgerminoma
[13], only a few reports described the interrelation be-
tween ovarian germ cell tumors and Kit.

Small cell lung cancer

An appreciable proportion of small cell lung cancers
(SCLCs) expressed both Kit and KitL [68, 69]. This coex-
pression is considered to constitute a fundamental auto-
crine loop for growth of SCLC. Mutations of Kit have,
however not been reported in SCLC, and its role in the
pathogenesis of SCLC remains unresolved.

Specific drugs

Imatinib mesylate was initially developed at Ciba-Geigy
(now Novartis) as a specific inhibitor of PDGFR [70].
Then it was found to be a potent inhibitor of Ber-Abl [71].
In addition to the inhibitory effect of imatinib mesylate
on PDGFR and Ber-Abl, Buchdunger et al. [72] found the
inhibitory effect on wild-type Kit. Some reports showed
that imatinib mesylate also inhibited various type of mu-
tated Kit found in GISTs [34, 73]. Before the publication
of these data, treatment of the first GIST patient with
imatinib mesylate began in Finland [7]. The patient’s tu-
mor expressed Kit and contained a JM domain mutation
of Kit. The patient had progressive, widely metastatic tu-
mors after failure of previous extensive therapy, including
multiple surgical procedures and chemotherapy. Within a
few weeks of starting daily oral administration of ima-
tinib mesylate, the patient exhibited an objective clinical
response that was maintained for more than 18 months.
This encouraging result was published in 2001 [7]. A mul-
ticenter trial on advanced GISTs was done and reported
in 2002 [74]. The US Food and Drug Administration has
approved imatinib mesylate as effective therapy for ad-
vanced GIST patients.

Kit receptor tyrosine kinase

The location of Kit and PDGFR-alpha mutations is related
to the effectiveness of imatinib mesylate [75]. The partial
response rate of the GISTs with JM domain mutations
of Kit was 83.5 %, whereas that of GISTs with the EC do-
main mutation of Kit was 47.8 %. Although the number of
the tested cases was small, GISTs with JM domain muta-
tion of PDGFR-alpha responded to imatinib mesylate.
GISTs with TK-II domain mutations of PDGFR-alpha and
GISTs without any detectable Kit and PDGFR-alpha mu-
tations did not respond to imatinib mesylate [75].

Since Kit mutations of mast cell neoplasms and germ
cell tumors were observed at the TK-II domain, imatinib
mesylate may not be effective against these neoplasms
[34, 75]. A remarkable effect of imatinib mesylate has not
been reported in SCLC patients, either [76].

Imatinib mesylate is a derivative of 2-phenylaminopyr-
imidine. The effect of indolinone tyrosine kinase inhi-
bitors has been tested in cell lines and dogs [77, 78]. Some
of them inhibited tyrosine kinsae activity of Kit and
showed the suppressive effect on a human SCLC cell line
[77] and mast cell neoplasms of dogs [78]. Imatinib me-
sylate only inhibits the JM domain mutation of Kit, but
indolinone derivatives inhibit both JM and TK-II domain
mutations. There is a possibility that some indolinone
derivatives might be effective against human mast cell
neoplasms and germ cell tumors.

Conclusion

Loss-of-function mutations of Kit resulted in depletion of
erythrocytes, melanocytes, germ cells, mast cells and ICCs.
Although gain-of-function mutations of Kit were found in
tumors of mast cells, germ cells and ICCs (GISTs), ery-
throleukemias and melanomas associated with the gain-
of-function mutations of Kit have not been reported.

The significance of Kit gain-of-function mutations is
most clearly identified in the case of GISTs, because an
inhibitor of Kit, imatinib mesylate, shows a remarkable
therapeutic effect on most GISTs [8, 75].

The Kit mutation appears to be an early event in develop-
ment of GIST [51]. Although polyclonal hyperplasia of
ICCs was observed throughout the GI tract of familial
GIST patients with germline mutations of Kit [63] and
knock-in mice of the mutant Kit gene [65], benign mon-
oclonal GISTs develop within the hyperplasia. In addi-
tion to Kit mutations, other factors appear to be necessary
for the development of even benign GISTs [8].

Although multiple benign GISTs develop in persons with
germline mutation of Kit [58—62], most benign GISTs do
not become malignant [8]. More than half of such persons
with germline mutation of Kit survived to rather old age
without development of malignant GISTs. This indicates
that Kit mutation alone does not cause malignant trans-
formation of GISTs. Kit is a good model for the biologi-
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cal study of oncogenes as well as for studying the rela-
tionship between the location of tyrosine kinase muta-
tions and the therapeutic effect of kinase inhibitors.
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