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significant factor associated with acute GVHD (>grade II)
in CP1 (data not shown). Despite the study in the era of
TKI, half of patients were in CP1, and 61 % of patients
underwent allo-HSCT without use of pre-transplant TKI in
this study. We should interpret these findings with utmost
caution. We assume that most patients had already initiated
the conventional treatment but could not reach a new, but
expensive IM treatment before allo-HSCT, as a reason for
these findings. Moreover, the findings that the number of
patients in CP1 underwent allo-HSCT was 447 in the early
period of IM from 2000 to 2004 and only 84 from 2005 to
2009 might support our assumption. Deininger et al.
reported an effect of pre-transplant IM in their study that
included 70 cases of CML and 21 cases of Ph (4) acute
lymphoid leukemia. These investigators compared the
outcomes with historical controls identified in the EBMT
database [21], and observed a trend towards higher relapse
mortality and significantly less chronic GVHD in patients
with pre-transplant IM (OR = 0.44, P = 0.027). Thus, the
clinical impact of pre-transplant IM is still a contentious

issue; additional studies evaluating the long-term use of IM
with a larger number of patients might permit a more
refined analysis of the effect of pre-transplant IM.
Although data on clinical outcomes after CBT are
conflicting, CBT has apparent advantages over uBMT,
including no risk to the donor and ease of availability.
Previous reports, mostly from pediatric studies, have
shown that, despite higher HLA mismatch, CBT carries a
lower risk of acute GVHD and chronic GVHD in com-
parison with uBMT [22-24]. A recent Japanese retro-
spective analysis assessing 86 patients, including pediatric
patients, disclosed the transplant outcomes of CBT: 2-year
OS was 53 %; for patients in CP, AP and BC, the OS
rates were 71, 59 and 32 %, respectively [25]. Although
our small population with only 10 cases of CBT in CPI
may prohibit drawing meaningful conclusions, a trend of
higher relapse and lower TRM, OS and LFS in CP1 was
similar to results obtained by previous study groups.
Nevertheless, in CP2-AP and BC, transplant outcomes
after CBT were comparable to those of other GS,
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suggesting CBT as an acceptable alternative option in
advanced phases of CML.

As with all retrospective studies, this study had several
limitations. Reported data from transplant centers were
often incomplete: data on pre-transplant IM, duration from
diagnosis to transplantation, and conditioning regimen
could not be fully retrieved. The reasons for which patients
in CP1 with IM proceeded with transplantation (planned, or
IM resistance) or the reasons for delay in proceeding with
transplantation in BC were unknown. Information on post-
transplant use of TKIs as maintenance therapy or data on
the presence of BCR/ABLI mutations was also unavailable
in our cohort. Moreover, the selection of GS would often
be governed by several unmeasured factors, but our data
nonetheless provide a clinical basis for current selection of
GS for the treatment of CML in the era of TKIs.

In conclusion, this retrospective study evaluated the
results of allo-HSCT for CML patients according to disease
status and GS. For patients in CP1, rBMT may be the
preferred option for better survival, whereas rPBSCT car-
ries a higher risk for chronic GVHD, which could be a
major drawback for patients in CP1. In advanced phases,
GS had no significant impact on survival, suggesting that
CBT is a reasonable alternative therapy when there is no
related or unrelated donor available, or when a transplant is
needed urgently. In the era of the new-generation TKIs,
indications for allo-HSCT and selection of GS for
advanced CML need further evaluation.
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Mutations in the juxtamembrane and tyrosine kinase domains of the KIT receptor have been implicated in
several cancers and are known to promote tumorigenesis. However, the pathophysiological manifestations
of mutations in the extracellular domain remain unknown. In this study, we examined the impact of a
mutation in the extracellular domain of KIT on mast cell tumorigenesis. A KIT mutant with an Asn508Ile
variation (N508I) in the extracellular domain derived from a canine mast cell tumor was introduced into
IC-2 cells. The IC-2™°" cells proliferated in a cytokine-independent manner and showed KIT
auto-phosphorylation. Subcutaneous injection of IC-2™%" cells into the dorsal area of immunodeficient
BALB/c-nu/nu mice resulted in the formation of solid tumors, but tumor progression was abrogated by
treatment with a tyrosine kinase inhibitor (STI571). In addition, the N508I mutant KIT protein dimerized
in the absence of the natural ligand, stem cell factor. Structure modeling indicates that the increased
hydrophobicity of the mutant led to the stabilization of KIT dimers. These results suggest that this
extracellular domain mutation confers a ligand-independent tumorigenic phenotype to mast cells by KIT
auto-dimerization that is STI571-sensitive. This is the first report demonstrating the tumorigenic potential
of a mutation in the extracellular domain of KIT.

IT is a type-III receptor tyrosine kinase encoded by the c-kit gene that plays important roles in the
maintenance and proliferation of melanocytes, interstitial cells of Cajal, and hematopoietic cells such as
! stem cells, hematopoietic progenitors, and mast cells'~. Binding to the stem cell factor (SCF) leads to KIT
dimerization, resulting in the phosphorylation of tyrosine residues and activation of downstream signaling
molecules**. Mutations in KIT, especially in the juxtamembrane or tyrosine kinase domains, have been detected
in a wide variety of tumors including leukemia, gastrointestinal stromal tumors (GISTs), melanomas, and mast
cell malignances”™". These mutations have been shown to result in KIT autophosphorylation, even in the absence
of SCF binding"'~". Specifically, insightful studies by Kitamura et al.'>"®, in which the roles of mutations in the
juxtamembrane and tyrosine kinase domains in the tumorigenesis of mast cells were investigated, revealed a
critical role for these mutations in promoting mast cells tumorigenesis, both in vitro and in vivo. For their
analyses, they utilized the interleukin 3 (IL-3)-dependent IC-2 mast cell line'*, which was derived from bone
marrow-derived cultured mast cells'’. Because of their origin, IC-2 cells possess characteristics similar to normal
mast cells and differentiate in response to several stimulators, including IL-4 and granulocyte-macrophage
colony-stimulating factor'®. A distinctive feature of IC-2 cells is that they lack KIT expression, enabling research-
ers to compare the functions of wild-type and mutant KIT proteins in cells with a mast cell phenotype. Thus, IC-2
cells are useful for investigating the effects of KIT mutations on mast cell tumorigenesis or phenotypic alterations.
Kitamura et al.”? performed crosslinking experiments to explore the activation mechanism of KIT mutants. They
found that a mutation in the KIT juxtamembrane domain causes autophosphorylation and homodimerization
even in the absence of SCF, while a mutation in the tyrosine kinase domain leads to autophosphorylation
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irrespective of dimer formation or SCF binding. However, the roles
of alternative mutations in supporting mast cell tumorigenesis or
proper KIT protein conformations are not fully understood.

Mutations in the KIT extracellular domain have been reported not
only in mast cell malignances, but also in various other cancers such
as acute myeloid leukemia (AML) and GIST'**'. Those studies
revealed that mutations in the extracellular domain cause KIT autop-
hosphorylation, although it is unclear whether these mutations
directly promote tumorigenesis in vivo. Interestingly, most mutations
in the KIT extracellular domain exist in the fifth immunoglobulin-
like (Ig-like) domain, which is encoded by sequences in exon 8
and 9'°*'. Most mutations reported in other type Il receptor tyrosine
kinases, such as platelet-derived growth factor receptor-o. or colony-
stimulating-factor 1 receptor, have also been identified in the Ig-like
domains close to the cell membrane*?. Thus, it is possible that KIT
mutations in the fifth Ig-like domain may play a key role in the
regulation of KIT conformation, thus determining its phosphoryla-
tion status. A molecular-level approach will aid in the understanding
of this possibility and in the development of novel selective inhibitors.

Compared to humans, dogs are more frequently diagnosed with
mast cell malignancies®. Our group® and others***” recently noted
that canine mast cell tumors (MCTs), which account for approxi-
mately 20% of all cutaneous tumors in dogs, show mutations in the
extracellular domain of KIT. We investigated the direct contribution
of the extracellular domain mutation to mast cell tumorigenesis
using retrovirally transduced IC-2 mast cells as a model. Our results
demonstrated that a point mutation in the extracellular domain of
KIT leads to the cytokine-independent proliferation of mast cells,
both in vitro and in vivo. Moreover, we report for the first time that
this mutation induces the autophosphorylation of KIT by forming a
dimer, due to the enhanced hydrophobicity and activity even in the
absence of SCF. These results raise the possibility for a new molecular
strategy targeting type-III receptor tyrosine kinases with a mutation
in the extracellular domain.

Results

Establishment of IC-2 sublines and characterization of their
in vitro growth properties. When analyzing c-kit sequences in
13 surgically removed canine MCT samples, an 1551 A>T point
mutation, resulting in an Asn508Ile amino acid change (N508I), was

a b
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discovered in a single specimen from dogs presented to the Animal
Medical Center in Tokyo University of Agriculture and Technology
(Fig. 1a). Although the N508I mutation has been reported in dog
MCTs by several groups*?, the contribution of this mutation to
mast cell tumorigenesis remains unclear. Cells isolated from the
tumor included abundant basophilic granules in their cytosol that
showed metachromasia by acid toluidine blue staining (Fig. Sla).
Cultured primary cells from the tumor showed both morphological
and genetic characteristics of mast cells. For example, expression of
dog mast cell protease 3 (AMCP-3%, Fig. S1b) was observed, as was
phosphorylation of KIT receptors (Fig. S1c). In addition, no other
mutations in the c-kit gene were identified in the tumor, except for
1551 A>T (Fig. S1d). To determine whether the mutation promotes
mast cell tumorigenesis, we established an IC-2 mast cell subline
expressing the N508I mutant KIT (IC-2™" cells; Fig. 1b), using a
procedure reported by Hashimoto et al." As controls, wild-type
KIT-expressing (IC-2%T cells) and mock-transfected (IC-2¥¢*
cells) sublines were also established. Because the parental IC-2
cells are dependent on IL-3 for growth and do not express KIT
receptors', 1C-2""" cells did not proliferate in the absence of
IL-3, regardless of SCF addition (Fig. 1c). Next, the growth of IC-
2"Tand IC-2™" cells was examined under IL-3-free conditions. As
shown in Fig. 1c, IC-2™%" cells proliferated independently of SCF,
while IC-2"7 cells only grew in the presence of SCF. The doubling
time of IC-2™%" cells in the absence of SCF was approximately
26.1 h (Fig. 1¢).

STI571 sensitivity of IC-2™"" cells. STI571 is a well-known
competitive inhibitor of adenosine 5'-triphosphate (ATP) that
suppresses the activation of several tyrosine kinases, including
KIT*?. To determine whether the N5081 KIT mutation affects the
sensitivity of cells to STI571, a water-soluble tetrazolium salt (WST)
assay was performed. The assay showed inhibitory concentration
(ICsg) values of 123.7 + 153 nM in IC-2™%" cells after STI571
treatment. However, the corresponding ICs, values for IC-2"" cells
following STI571 treatment were above the detection limit (> 1 uM).
Cell cycle analysis was conducted to confirm the inhibitory effect
of STI571 on IC-2™" cells. The proportion of sub-G1 (apoptotic)
IC-2M%T cells was increased upon STI571 treatment; however, these
alterations were not observed in IC-2"7 cells (Figs 2a and b). Western
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Figure 1 | Characterization of IC-2™"' cells. (a) sequence of the c-kit gene. The arrow indicates a heterozygous point mutation in codon 508 (1551 A > T)
from a clinical sample from a canine diagnosed with MCT. The base number corresponds to GenBank accession no. AF044249. (b) representative flow
cytometry analysis data. Cell surface KIT expression in the indicated IC-2 sublines was detected using an anti-KIT-APC antibody (black), and KIT expression
in IC-2r cells was used as a negative control (gray). (c) growth curves of IC-2 sublines in the presence or absence of 10 ng/mL SCF. Data represent
means *+ standard deviations (SD) of 3 independent experiments (n = 5 at each time point). ** p < 0.01, compared to SCF (-) cells at each time point.
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Figure 2 | STI571 sensitivity and PI3K signaling activity in IC-2~°°*" cells. (a, b) representative cell cycle analysis data and distribution of cells in each cell
cycle phase as a function of STI571 treatment. Each subline was serum-starved overnight and then cultured with or without 250 nM STI571 for 24 h. After
incubation, cells were fixed with 70% ethanol and stained with propidium iodide. Each data point represents the mean = SD of 3 independent

experiments with duplication. **

p < 0.01, relative to untreated control cells. (c) western blot analysis of each IC-2 subline and (d) quantification of the

ratio of phosphorylated/total amounts of each protein. Cells were serum-starved overnight, cultured for 4 h in the presence or absence of 10 ng/mL SCF
and/or 250 nM STI571, and expression of the indicated proteins was analyzed in western blots. The phosphorylated/total ratios of cells cultured in the

presence of SCF were set to 1.

blots were performed to evaluate these results in terms of differences in
effector protein phosphorylation. Because the phosphoinositide 3-
kinase (PI3K) signaling pathway is activated downstream of KIT
activation’*, we assessed the phosphorylation levels of the Akt and
S6 ribosomal proteins, which are key signaling molecules in the PI3K
pathway. As shown in Figs 2c and d, SCF-dependent activation of these
proteins was observed in IC-2"7 cells. In contrast, phosphorylation
of these proteins occurred in IC-2™" cells independently of SCF
addition (Figs 2c and d). To study the inhibitory effect of STI571
on the phosphorylation of these proteins, cells were treated with
STI571 in the presence or absence of SCF. As shown in Figs 2¢ and
d, phosphorylation of each protein examined was strongly inhibited by
STI571 in both IC-2"" and IC-2™"" cells.

Dimerization of KIT in IC-2 sublines. Kitayama et al.'* reported
that KIT dimerization, which is necessary for autophosphorylation,
occurs in a juxtamembrane domain KIT mutant in the absence of
SCF, while a tyrosine kinase domain KIT mutant is activated without
dimerization. Dimerization of wild-type KIT was observed in IC-2""
cells in the presence of SCF, in a dose-dependent manner. In IC-2"7*
cells, the basal level of KIT dimerization without SCF addition was
low, and dose-dependent increase of dimer formation was observed

by SCF supplementation (Figs 3a and b). Clear dimerization was
detected in the presence of 10 ng/mL SCF (Figs 3a and b). To
determine whether ligand-independent dimerization exists in N508I
KIT, we next treated IC-2M cells with bis(sulfosuccinimidyl)
suberate (BS;) in the presence or absence of 10 ng/mL SCF and
subjected to cell lysates to western blot analysis. SCF-independent
dimerization was observed in IC-2™% cells (Figs 3c and d). In
contrast, IC-2™'"V cells, which express a KIT mutant bearing a
point mutation in the tyrosine kinase domain, only dimerized in the
presence of SCF as previously reported (Figs 3e and f) '>. While a single
band corresponding to KIT dimers was detected in IC-2"'*V cells only
in the presence of SCF (Fig. 3e), multiple bands were observed in IC-
2N cells, both in the presence or absence of SCF (Fig. 3¢).

Tumorigenicity and STI571 sensitivity of IC-2V cells. Next we
investigated the tumorigenicity of IC-2™" cells in vivo by
subcutaneously injecting them into the right and left flanks of
immunodeficient BALB/c-nu/nu mice. Although IC-2"7 cells were
not tumorigenic (data not shown), IC-2""" cells proliferated in mice
and formed solid tumors, which were increased in volume at the
injection sites (Fig. 4a). KIT phosphorylation and high expression
of cell growth marker Ki-67>* were detected in tumor tissues by
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