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Compared with adults, pediatric mastocy-
tosis has a relatively favorable prognosis.
Interestingly, a difference was also ob-
served in the status of c-kit mutations
according to the age of onset. Although
most adult patients have a D816V mutation
in phosphotransferase domain (PTD),
we have described that half of the chil-
dren carry mutations in extracellular do-
main (ECD). KIT-ECD versus KIT-PTD mu-
tants were introduced into rodent Ba/F3,
EML, Rat2, and human TF1 cells to inves-
tigate their biologic effect. Both ECD and

PTD mutations induced constitutive re-
ceptor autophosphorylation and ligand-
independent proliferation of the 3 hemato-
poietic cells. Unlike ECD mutants, PTD
mutants enhanced cluster formation and
up-regulated several mast cell-related
antigens in Ba/F3 cells. PTD mutants
failed to support colony formation and
erythropoietin-mediated erythroid differ-
entiation. ECD and PTD mutants also
displayed distinct whole-genome tran-
scriptional profiles in EML cells. We ob-
served differences in their signaling prop-

erties: they both activated STAT, whereas
AKT was only activated by ECD mutants.
Consistently, AKT inhibitor suppressed
ECD mutant-dependent proliferation, clo-
nogenicity, and erythroid differentiation.
Expression of myristoylated AKT restored
erythroid differentiation in EML-PTD cells,
suggesting the differential role of AKT in
those mutants. Overall, our study implied
different pathogenesis of pediatric ver-
sus adult mastocytosis, which might ex-
plain their diverse phenotypes. (Blood.
2010;116(7):1114-1123)

Introduction

Mastocytosis is a heterogeneous group of disorders characterized
by an abnormal accumulation of tissue mast cells (MCs) in one or
more organs, including skin, bone marrow, gastrointestinal tract,
liver, spleen, and skeletal systems. Clinical symptoms are the result
of MC-derived mediators and, less frequently, destructive infiltra-
tion of MCs.1 Mastocytosis may occur also in childhood. In most
pediatric cases, the disease is confined to the skin and is diagnosed
as urticaria pigmentosa, mastocytoma, or diffuse cutaneous masto-
cytosis. Spontaneous regression and improvement of skin lesions
are often observed in those patients.2 Systemic mastocytosis (SM)
is rarely seen in pediatric cases; the disease process may persist
through the entire life. In contrast, adult-onset mastocytosis can
present persistent and systemic involvement and is sometimes
associated with clonal hematologic disorders, such as either
myelodysplastic or myeloproliferative syndromes, or acute my-
eloid leukemia. MC leukemia, a rare malignant subgroup, is mostly
found in adults.3 Although it is a sporadic disease, rare family cases
have been reported.4,5

In the past decade, increasing evidence has demonstrated that
the development of mastocytosis is linked to gain of function
(GOF) of the c-kit proto-oncogene.6-8 The c-kit gene encodes the
stem cell factor (SCF) receptor, KIT, which belongs to the subclass
III of the tyrosine kinase receptor family. This subclass is character-
ized by an extracellular region consisting of 5 immunoglobulin
(Ig)-like domains (extracellular domain [ECD]), a single transmem-

brane domain (TMD), a regulatory juxtamembrane domain (JMD),
and an insert that splits the kinase domain into an adenosine
triphosphate-binding region and a phosphotransferase domain
(PTD).9 A substitution of aspartic acid by valine residue (D816V) in
exon 17 encoding PTD, which results in constitutive KIT activa-
tion, has been reported in most adult patients with systemic
mastocytosis.7,8 Recent work has shed insight into the causative
role of the D816V mutation in differentiation and abnormal cluster-
ing of neoplastic cells10 and in induction of mastocytosis.11 The
presence of D816V does not appear to correlate with aggressiveness
or prognosis of human mastocytosis.12 Other rare mutations
involving JMD, TMD, and ECD can be detected in mastocyto-
sis.13-15 Unlike adult cases, the status of c-kit mutations in
childhood mastocytosis remains unsolved. D816V mutation was
undetectable in 6 pediatric patients reported by Longley et al7; 3 of
6 presented a dominant inactivating mutation substituting lysine for
glutamic acid at codon 839. Another group found a missense codon
816 mutation in 10 of 12 Japanese childhood-onset patients.16 In
our recent study on 50 children with sporadic or familial mastocy-
tosis, 36% harbored the well-known D816V mutation and 44%
presented mutations in exons 8 and 9, which encode the fifth Ig-like
domain (D5).17 Interestingly, several of these mutations, or their
locations, have been described in other tumors, such as acute
myeloid leukemia and gastrointestinal tumors (GISTs).18,19 These
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data suggest an underlying correlation between heterogeneity of
c-kit mutations and diverse clinical phenotypes.

Many recent studies have contributed to the delineation of the
molecular mechanisms that mediate the biologic effects of c-kit
mutations. We and others have reported that GOF c-kit mutations in
JMD and PTD can elicit constitutive activation of signaling events,
which play an important role in cellular functions, such as survival,
proliferation, differentiation, and adhesion.20,21 Some reports also
suggested that JMD and PTD mutations could be active through
different mechanisms.22But little is known to date about potential
differences in signaling pathways and the biologic consequences of
ECD and PTD mutations.

In the present study, although both KIT-ECD and PTD mutants
displayed GOF potentiality, they differently induced cellular pheno-
type, gene expression profile, and functions. We also found that
ECD mutants, but not PTD mutants, activated AKT pathway, and
the ECD mutant-mediated cellular functions were AKT activity-
dependent. Myristoylated AKT restored impaired erythroid differ-
entiation in PTD mutant-expressing cells. In conclusion, our results
revealed, for the first time, different activation mechanisms of ECD
versus PTD mutants at both cellular and molecular levels, which
might help to better understand heterogeneity of mastocytosis.

Methods

Reagents

Mouse monoclonal anti–human KIT antibody (Ab81), polyclonal rabbit
anti-ERK2, anti-STAT5b, anti STAT1, anti STAT3, anti STAT5, and
anti-Grb2 antibodies were purchased from Santa Cruz Biotechnology. The
polyclonal rabbit anti-PY719-KIT, anti-KIT, anti-PS473AKT, anti-PT308AKT,
anti-AKT, anti-PS9GSK3b, anti-PY2448mTOR, anti-mTOR, anti-
PY701STAT1, anti-PY705STAT3, anti-PY694STAT5, anti-PY183Y185SAPK/
JNK, anti-JNK antibodies were obtained from Cell Signaling Technology.
Anti–active (pTGpY) p38, anti-p38, and anti–active (pTEpY) MAPK
antibodies were purchased from Promega, and anti-p85PI3K antibody from
Upstate Biotechnology.

RTK inhibitors imatinib and dasatinib were purchased from Sequoia
Research. AKTVIII was purchased from Calbiochem and benzidine dihy-
drochloride from Sigma-Aldrich.

Stable KIT-expressing cell lines

The murine interleukin-3 (IL-3)–dependent Ba/F3 lymphoid cell line, the
immortalized lymphohematopoietic cell line EML, the human erythroleuke-
mia TF1 cell line, and the rat fibroblastic cell line Rat2 were cultured as
described before.11,20,23,24 Ba/F3 cells were transfected with different c-kit
constructs as described.23 TF1 cells were lentivirally transduced as de-
scribed in supplemental data (available on the Blood Web site; see the
Supplemental Materials link at the top of the online article). Both Rat2 and
EML cells were transduced using the Phoenix retroviral expression system
(ATCC, LGC-Standards). Phoenix cells were first transfected with pLXSN
vectors containing the c-kit constructs or pMSCVpuro-(Myr)EGFP-AKT
using Fugene 6 (Roche Applied Science) according to the manufacturer’s
instructions. At 48 hours later, retroviral supernatants were used to infect
either Rat2 or EML cells. At 24 hours after transfection, cells were selected
with either 0.4 mg/mL (EML cells) or 1 mg/mL (Ba/F3 and Rat2 cells) of
geneticin (Invitrogen SARL) or 1.5 �g/mL puromycin (Calbiochem) in
corresponding culture medium for 14 days. Ba/F3 and EML cells trans-
fected with KIT mutants were further grown in growth factor-free medium
to obtain autonomous populations. Cells expressing KIT variants were
selected using ARIA cell sorter (Becton-Dickinson Biosciences) to obtain
homogeneous populations.

Flow cytometry

Expression of ICAM-1 on Ba/F3 cells was tested as described22 with
antimouse ICAM-1 antibody (BD Biosciences). Events were collected
using a FACScan (BD Biosciences) and analyzed using FlowJo software
v.7.2.5 (TreeStar).

Immunoprecipitation and immunoblotting

Cells were starved in RPMI containing 0.5% fetal bovine serum (FBS) at
37°C for 5 hours before stimulation for 5 minutes with or without
250 ng/mL SCF. In some experiments, cells were treated with AKTVIII for
1 hour. Cell lysis and immunoprecipitation were performed as described.23

Proteins were separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride
Immobilon-P membrane (Millipore). Membranes were then incubated with
antibodies. Proteins were visualized by incubation with Supersignal
West-Pico Chemiluminescent reagent (Pierce Chemical).

Cell proliferation assay

The 104 Ba/F3 cells were cultured in 96-well plates in complete medium
with and without SCF or IL-3. In some experiments, the medium was
supplemented with inhibitors as indicated. After incubation for 48 hours,
10 �L of WST-1 (Roche Applied Science) was added, and the cells were
grown for another 3 hours. Viable cells were quantified by measuring
absorbance at 450 nm with a scanning multiwell MultiSkan-MS spectropho-
tometer (Thermo-LabSystems).

Colony-forming cell assay and benzidine staining

Soft-agar assays were performed with Rat2 cells as described.20 Colony
images were captured under inverted microscopy and counted on day 10.

For burst-forming units-erythroid (BFU-E) assay, reconstituted cytokine-
free MethoCult (M3231, StemCell Technologies) was plated in 6-well
plates in the presence of 250 ng/mL mSCF, 10 U/mL recombinant human
erythropoietin (Epo; gift from N. Casadevall, Assistance Publique–
Hopitaux de Paris), or no cytokine. Parental and KIT mutants expressing
EML cells were seeded at 5 � 102 cells/well per milliliter. Colonies were
counted after 7 days.

For benzidine staining, KIT mutants expressing EML cells were
cultured in erythroid differentiation medium (Iscove modified Dulbecco
medium; Invitrogen SARL, with 10% FBS, 10% BIT; StemCell Technolo-
gies) supplemented with 250 ng/mL mSCF and/or 5 U/mL recombinant
human Epo for 12 days. Hemoglobin-positive cells were scored after
staining with benzidine dihydrochloride.

RNA isolation and reverse-transcriptase PCR

RNA isolation from cell lines and reverse transcription were done as
described.23 Resulting cDNAs were mixed with polymerase chain reaction
(PCR) solution containing the primers indicated in Table 1. PCR was cycled
35 (for CD25 and �-actin) or 40 times (for MC-carboxypeptidase A
[MC-CPA]) at 94°C for 45 seconds, 55°C for 30 seconds, and 72°C for
1 minute. PCR products were resolved by agarose gel electrophoresis. All
microarray data have been deposited into the Gene Expression Omnibus

Table 1. Primers used in PCR

Gene amplified/primer Sequence, 5�33 3�

MC-CPA

Sense GGACTGTGGCATTCATGCACG

Antisense CATCCGTGGCAATCCTTGCAA

CD25

Sense GACTTCCCACAACCCACAGAAACA

Antisense AGGAAACAGCCGTTAGGTGAATGC

�-actin

Sense GTACCACAGGCATTGTGATGGACT

Antisense CTTTGATGTCACGCACGATTTCCC
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(GEO; National Center for Biotechnology Information) public database
under accession number GSE21255.

Results

Constitutive tyrosine phosphorylation of KIT mutants in Ba/F3
cells

To evaluate the biologic consequences of c-kit mutations identified
in pediatric mastocytosis, selected mutations were cloned in the
human wild-type (WT) c-kit gene: 4 mutations in the ECD
(Del417-419insY, S476I, ITD502-503, and K509I) and 3 in the PTD
(D816V or I or Y). Each mutant and WT-KIT were introduced into
Ba/F3 cells. The status of tyrosine phosphorylation of KIT mutants
was assessed by Western blot. As shown in Figure 1A, constitutive
tyrosine phosphorylation was detected in all KIT mutants in the
absence of SCF compared with SCF-stimulated phosphorylation of
WT-KIT, albeit to a lesser extent for the S476I mutant. SCF
stimulation resulted in further phosphorylation of ITD502-503 and
K509I mutants, whereas it had minimal effect on phosphorylation of
the other mutants. Noticeably, all KIT mutants showed greater or
equal expression of immature forms (145 kDa) compared with
mature forms (160 kDa), as already described for JMD or PTD
mutants.20,22 The mature hyperglycosylated form predominated in
WT-KIT.20

C-kit mutations confer cytokine-independent proliferation to
Ba/F3 cells

Previous studies have demonstrated that constitutive activation of
KIT mutants could promote growth factor-independent cell prolif-
eration.25 We evaluated the growth properties of Ba/F3 cells
expressing different KIT mutants. Although Ba/F3-WT-KIT cells
proliferated only in the presence of IL-3 or SCF, expression of
either ECD or PTD mutants enabled Ba/F3 cells to propagate in a
cytokine-independent manner. In line with increased phosphoryla-
tion on SCF stimulation, proliferation of Ba/F3-K509I cells was
also mildly enhanced in response to SCF (Figure 1B; supplemental
Figure 1).

Furthermore, the autonomous growth of the cells carrying KIT
mutants was abolished by treatment with a pharmacologic concentration
(1�M) of KIT tyrosine kinase inhibitors imatinib or dasatinib. As a
control, IL-3-driven proliferation was resistant to the inhibitors (Figure
1C). The same results (ie, constitutive receptor tyrosine phosphoryla-
tion, growth factor independence, and inhibitor sensitivity) were repro-
duced with ECD and PTD mutations ectopically expressed in the
granulocyte-macrophage colony-stimulating factor-dependent human
TF1 cell line (supplemental Figure 2). These data demonstrate that these
c-kit mutations mediate growth factor-independent proliferation of
cytokine-dependent cells.

PTD, but not ECD, mutants promote cluster formation and
expression of MC differentiation-, adhesion-, and
neoplasm-related genes in Ba/F3 cells

KIT D816V has been shown to induce cluster formation and early
MC differentiation antigen appearance in Ba/F3 cells.10 We there-
fore investigated whether other KIT mutants mediate the same
effects in the absence of additional growth factors. PTD mutant
expression resulted in cluster formation and up-regulation of cell
surface expression of ICAM-1 (Figure 2A-B), as reported.10

Conversely, no obvious clusters were found in cells harboring ECD
mutants (such as del417-419insY, and K509I), nor was modulation of

ICAM-1 expression observed. To note, intermediate effects were
observed for ITD502-503 mutant (Figure 2A-B). Reverse-transcribed
PCR was performed to analyze expression of MC differentiation
and neoplasm-associated molecules. Like WT-KIT followed by
SCF stimulation, PTD mutants enhanced expression of the MC-
protease MC-CPA and the marker for MC neoplasm CD25,
whereas ECD mutants did not. Ba/F3 cells derived from IL-3
culture were negative for both MC-CPA and CD25 transcripts
(Figure 2C). The data indicate that PTD and ECD mutants
differently regulate genes related with MC differentiation, neo-
plasm, and adhesion antigens, despite the similar proliferative
behavior they exhibit in Ba/F3 cells.
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Figure 1. Ligand-independent activity of KIT mutants in Ba/F3 cells. (A) Tyrosine
phosphorylation of KIT mutants in Ba/F3 cells. Whole-cell lysates obtained from cells
unstimulated or stimulated for 5 minutes with 250 ng/mL mSCF were subjected to
SDS-PAGE and immunoblotted with anti-PY719KIT antibody. The blot was stripped
and reprobed with anti-KIT antibody. Arrows indicate the position of mature (top
arrow) and immature (bottom arrow) forms. (B) Cytokine-independent proliferation of
Ba/F3 cells carrying KIT mutants. Cells were exposed to 250 ng/mL mSCF or
12.5 ng/mL IL-3 or left unstimulated for 48 hours. Cell proliferation was assessed by
measuring mitochondrial conversion of WST-1 into blue formazan dye with a
spectrophotometer. Data are shown as percentage of absorbance at 450 nm
compared with absorbance of the respective cell line under IL-3 stimulation. (C) Effect
of tyrosine kinase inhibitors on ligand-independent proliferation of Ba/F3 cells. Ba/F3
cells expressing WT were introduced in a proliferation assay and incubated for
48 hours with 250 ng/mL mSCF or 12.5 ng/mL mIL-3 and without growth factor for
KIT mutants expressing cells and in the presence of 1�M imatinib or dasatinib.
Values are presented relative to cell proliferation in the absence of inhibitors.
(B-C) Data are mean � SD of triplicates. Results shown are representative of
3 independent experiments.
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ECD, but not PTD, mutants mediate transformation of Rat2
cells and Epo-induced erythroid differentiation of EML cells

We next investigated whether ECD and PTD mutants would also
mediate transformation of fibroblast-like cell lines. Rat2 cells were
transduced with various c-kit constructs and plated in soft-agar
with or without SCF. Colony numbers were assessed after 10 days.
Rat2-WT-KIT cells formed colonies only in the presence of SCF,
whereas Del417-419insY, S476I, and to a greater extent, ITD502-503

and K509I mutants expressing Rat2 cells readily formed colonies
without need for additional cytokine. Despite their ability to induce
cytokine independence in hematopoietic cells, PTD mutants were
almost unable to induce colonies in Rat2 cells even in the presence
of SCF (Figure 3A), suggesting differential clonogenic potentials
of ECD and PTD mutants in Rat2 cells.

To further assess the role of KIT mutants in cellular function(s)
other than proliferation, we introduced them into EML cells, a

primitive lymphohematopoietic cell line capable of self-renewal in
a SCF-dependent manner and differentiating into various hemato-
poietic lineages on varied cytokine stimulation.26 Both ECD and
D816V/I mutants conferred cytokine-independent growth to EML
cells (data not shown). The impact of the different KIT mutants on
Epo-induced erythroid differentiation was analyzed. Hemoglobin-
positive cells were scored by benzidine staining in the presence of
Epo for 12 days, when positivity was maximal. EML-WT-KIT cell
hemoglobinization was induced to a level comparable with that
observed in EML parental cells in the presence of SCF and Epo.
Del417-419insY or ITD502-503 mutants enhanced Epo-mediated ery-
throid differentiation in an SCF-independent manner, with 20% and
8% benzidine positivities, respectively (Figure 3B). Surprisingly,
the benzidine-positive population was barely detectable in EML-
D816V/I cells (Figure 3B), and colony-forming assays revealed
impaired Epo-induced BFU-E formation by these mutants (Figure
3C); addition of SCF failed to restore erythroid differentiation (data
not shown). We next analyzed whole-genome transcriptional
profiles of EML-ECD and EML-PTD cells (supplemental Figure
3). In EML-D816V cells, underexpression of erythroid cell-related
antigens was concomitant with overexpression of Epo-signaling
suppressors compared with Del417-419insY or WT-KIT expressing
cells. Furthermore, KIT-D816V promoted expression of MC surface
markers and MC function-related molecules, including Fc�RI,
glycoprotein 49A, MMCP-5, LIF, integrin � E (Itgae), leukotriene
B4 receptor (Ltb4r1) (Table 2). These differential expression
profiles between EML-ECD and EML-PTD cells are in agreement
with their distinctive functional phenotype.

Both ECD and PTD mutants constitutively activate the STAT,
but not the MAPK, pathway

To understand the molecular mechanisms by which ECD and PTD
mutants mediate different cellular functions, we analyzed the
signaling pathways activated by ECD and PTD mutants in Ba/F3
cells. As shown in Figure 4, WT-KIT induced phosphorylation of
ERK, JNK, p38, STAT5, STAT3, and STAT1 (at a low level) on
transient exposure to SCF. After chronic stimulation with SCF,
neither STAT nor MAPK molecules were activated in WT-KIT
cells, indicating that these signaling pathways were normally
regulated by WT-KIT. KIT mutants expressing Ba/F3 cells showed
no or only weak constitutive phosphorylation of 3 MAPK mol-
ecules as already reported.20,21,27-29 In contrast, both ECD and PTD
mutants led to constitutive activation of all 3 STAT molecules, a
robust phosphorylated signal being detected in PTD mutants.
Compared with the KIT mutants identified in mastocytosis, a JMD
mutant V559D frequently found in GIST apparently displayed an
activation profile similar to that of ECD mutants (Figure 4).
Altogether, these results indicate that the STAT, rather than the
MAPK, pathways may be important for certain functions induced
by all KIT mutants.

ECD and PTD mutants differentially activate AKT and its
downstream target

The PI3K-AKT pathway is a major pathway for cell proliferation,
survival, and growth.30 An Akt1 mutation newly identified in
human cancers showed a transforming potential both in vitro and in
vivo.31 PI3K is known to be constitutively activated by D816V
mutant and contributes to D816V-induced proliferation.21 To verify
whether the p85 subunit of PI3K was also constitutively recruited
by ECD mutants, KIT was immunoprecipitated from various
KIT-expressing Ba/F3 lysates. Western blot analysis showed that
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Figure 2. PTD mutants only promote cluster formation, MC adhesion-, differen-
tiation-, and neoplasm-related gene expression in Ba/F3 cells. (A) Cluster
formation of Ba/F3 cells harboring various KIT mutants. Cells were seeded at 105/mL
in 12-well plates with or without mSCF or mIL-3. Six hours later, cells were
photographed under an inverted microscopy (Leica DM IRB microscope with a
10�/0.25 objective lens). Images were captured with a CANON Powershot S50
camera and transferred directly to a PowerPoint file (v.2002 SP3). (B) Surface
expression of ICAM-1 on Ba/F3 cells. A total of 1 � 105 Ba/F3 cells were stained
with phycoerythrin-conjugated antimouse ICAM-1 antibody or IgG isotype control
antibody. Expression level is given as fold of control: (MFIICAM-1-MFIisotype)/
(MFIWT�SCF-ICAM-1-MFIWT�SCF-isotype). Data are mean � SD of 3 independent experi-
ments. (C) Expression of CD25 and MC-CPA mRNA in Ba/F3 cells induced by KIT
mutants. RNA was isolated from Ba/F3 cells or KIT expressing Ba/F3 cells cultured as
indicated. Expression of MC-CPA, CD25, and �-actin mRNA was analyzed by
reverse-transcribed PCR as described in “RNA isolation and reverse-transcriptase
PCR.”

FUNCTIONAL DIFFERENCES BETWEEN c-kit MUTATIONS 1117BLOOD, 19 AUGUST 2010 � VOLUME 116, NUMBER 7

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/7/1114/1334086/zh803310001114.pdf by guest on 07 M

ay 2024



p85 constitutively associated with both ECD and PTD mutants,
whereas it associated with WT-KIT only after SCF stimulation
(Figure 5A).

We next tested whether these KIT mutants affect the AKT
signaling pathway. After a 5-minute SCF stimulation, AKT was
dramatically phosphorylated at both T308 and S473 residues in
Ba/F3-WT-KIT cells. Although the total level of AKT was unaf-
fected, continuous exposure to SCF resulted in suppression of AKT
phosphorylation at T308 and reduced at S473 in these cells. AKT
phosphorylation profiles of ECD and KIT-V559D mutants were
similar to that observed in continuously activated WT-KIT. No or
weak phosphorylation of AKT was detected in Ba/F3-PTD cells
(Figure 5B), in agreement with previous reports.11,21,29,32 Accord-
ingly, GSK3�, a known downstream target of AKT, was phosphor-
ylated in both Ba/F3-ECD and V559D cells to a higher level than in
Ba/F3-PTD cells (Figure 5B), suggesting that GSK3� activation
may be linked to phosphorylation of AKT S473 in Ba/F3 cells. This
discrepancy in AKT signaling pathways was also observed in TF1
and EML cells transduced with different KIT mutants (supplemen-
tal Figures 2,4).

The AKT inhibitor AKTVIII inhibits ECD-induced proliferation,
transformation, and erythroid differentiation

To evaluate the role of AKT pathway in cellular functions mediated
by KIT mutants, Ba/F3 cells expressing KIT variants were treated
with AKTVIII, a highly specific allosteric AKT1/2 inhibitor
targeting the PH domain.33,34 Like SCF-stimulated WT-KIT, ECD

mutant-driven proliferation was more sensitive to AKTVIII (2.5�M)
treatment than PTD mutants and IL-3-induced cell growth (Figure
6A). Biochemical analysis confirmed a specific inhibitory effect of
AKTVIII on the AKT pathway (Figure 6B). ECD mutants were
strongly sensitive to AKTVIII in EML cell proliferation and Rat2
cell clonogenicity assays (supplemental Figure 5A-B). Low-dose
AKTVIII suppressed approximately 50% of Epo-induced BFU-E
formation mediated by Del417-419insY mutant and WT-KIT in EML
cells, without influencing the total number of CFU-GM. AKTVIII
had little inhibitory effect on erythroid differentiation induced by
the MyrAKT, whose activation is independent on the PH domain
(Figure 6C).

Altogether, the data suggest that AKT activation is required for
certain cellular functions mediated by ECD mutants but not for
those induced by PTD mutants.

MyrAKT expression restores Epo-dependent erythroid
differentiation of EML-D816V cells

To determine whether activated AKT can bypass the blockade of
erythroid differentiation by D816V mutant in EML cells, we
introduced both WT-AKT and a constitutively active form,
MyrAKT, into EML cells expressing WT-KIT or the D816V mutant.
Overexpression of MyrAKT, but not of WT-AKT, induced a
sustained phosphorylation of the chimeric AKT protein as well as
of endogenous AKT in both EML-WT-KIT and EML-D816V cells
in the absence of SCF (Figure 7A). MyrAKT expression restored
full erythroid differentiation, overrode the need for Epo, and
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Figure 3. Different biologic effect induced by ECD and PTD
mutants in Rat2 and EML cells. (A) Colony formation by Rat2
cells expressing different KIT mutants in soft-agar medium.
Cells were plated at a concentration of 3 � 104 per dish under
the indicated growth condition. Colonies were photographed
(top panel) under inverted microscopy (original magnifica-
tion �4) and counted (bottom panel) at day 10. Data are
mean � SD of duplicates. (B) Epo-induced hemoglobinization
of EML cells bearing different KIT. EML parental cells, EML-WT
cells (with 5 U/mL Epo and mSCF), and KIT mutants expressing
EML cells (with 5 U/mL Epo) were grown in erythroid differentia-
tion medium for 12 days. Hemoglobin-positive cells were scored
after benzidine staining. Data are percentage of benzidine-
positive cells in a field. (C) Epo-induced BFU-E formation by KIT
variants expressing EML cells. Different EML cells mixed with
1 mL methylcellulose were seeded in 6-well plates in the
presence of 10 U/mL Epo and/or mSCF. Colonies were counted
after 7 days. Data are percentage of BFU-E compared with total
colonies. Results represent the mean � SD of duplicates.
(A-C) Results are representative of 3 independent experiments.
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induced a hemoglobin-positive population in EML-D816V cells as
revealed by benzidine staining. Benzidine-positive cells were not
or barely detectable in either vector- or WT-AKT-transduced
EML-D816V cells, with or without Epo (Figure 7B). Noticeably,
Epo promoted more erythroid differentiation in both EML-D816V
and EML-WT-KIT cells expressing MyrAKT compared with
EML-WT-KIT cells transduced with either WT-AKT or control
vector (Figure 7B). These results suggest that lack of AKT
signaling might be responsible for deficient erythroid differentia-
tion in EML-D816V cells.

Discussion

Our study reports functional and downstream signaling differences
between ECD and PTD mutations present in the c-kit tyrosine
kinase receptor of mastocytosis patients. Both types of mutations
are GOF mutations as substantiated by (1) tyrosine autophosphory-
lation of mutated receptors in the absence of ligand stimulation,
(2) constitutive activation of downstream KIT-activated signaling
pathways, and (3) autonomous growth of cytokine-dependent

hematopoietic cell lines, but they induce different functional
consequences at the cellular level. The common PTD mutations
(substitution on codon 816) found in the majority of adult
mastocytosis patients show either absent or reduced transforming
capacity of Rat2 cells and induce a MC differentiation program in
Ba/F3 and EML cells, whereas ECD mutations found in half of the
pediatric mastocytosis patients do not. These functional differences
are correlated with the induction of distinct signaling pathways for
each type of mutations. Whereas both ECD and ligand-stimulated
WT receptor induced AKT kinase phosphorylation and its activa-
tion, PTD mutations showed either a limited or a negatively
regulated activation of this pathway. As a consequence, PTD
mutations are unable to induce an AKT-dependent erythroid
differentiation program in EML cells in response to Epo. This is the
first report on differences in signaling pathway that could explain
distinct functional properties between 2 activating mutations in a
tyrosine kinase receptor. These differences could explain the
heterogeneity between adult and pediatric mastocytosis as well as
prognosis of this latter form of the disease.

Are pediatric-associated mutations gain-of-function
mutations?

In a previous work, we found c-kit somatic mutations in pediatric
forms of 43 of 50 mastocytosis patients. Besides the well-known
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Table 2. Affymetrix microarray analysis of up- and down-regulated
genes in EML-D816V cells compared with EML-Del417-419insY cells

Gene Fold*

MC activation/differentiation-related genes

FceRI �66.64

Gp49a �30.35

MMCP-5 �16.78

MMCP-2 �3.03

Lgals3 �2.91

Spp1 �96.22

Gpr34 �9.57

Adora3 �20.81

Rab27b �15.58

Rab32 �3.68

C3ar1 �8.71

Mgst2 �5.81

MC growth-related genes

Lif �16.12

Osm �3.99

Il3rb2 �3.01

Il4ra �4.6

MC adhesion and migration-related genes

Tjp1 �31.46

Itgae �10.76

Ltb4r1 �4.03

Suppressors of Epo signaling

Cis �17.14

Socs2 �13.99

Socs1 �4.81

Erythroid cell-related genes

Ermap �3.28

Gypa �5.03

Ank �7.05

Spna1 �7.51

Affymetrix microarrays were performed as described in Supplemental data.
Gp49a indicates glycoprotein 49A; Lgals3, galectin-3; Spp1, secreted phosphopro-
tein 1; Gpr34, G protein–coupled receptor 34; Adora3, adenosine A3 receptor; Mgst2,
microsomal glutathione S-transferase 2; Osm, oncostatin M; Tjp1, tight junction
protein 1; Itgae, integrin � E; Ltb4r1, leukotriene B4 receptor 1; Ermap, erythroblast
membrane-associated protein; Gypa, glycophorin A; Ank, progressive ankylosis; and
Spnal, spectrin � 1.

*Fold represents median gene expression level in two EML-D816V cells cultured
for 48 or 72 hours relative to that in two EML-Del417�419insY cells. � indicates
increase; and �, decrease. For all the cited genes, the P value was 	 .001.
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somatic D816V substitution and its variants D816I and D816Y,
encoded by the PTD in the cytoplasmic kinase region, we identified
mutations located in the ECD of the receptor in half of the mutated
pediatric patients.17 To analyze the GOF potentiality and the
involvement of these mutations in the pathology, we selected
7 mutations of the pediatric variants: 4 ECD mutations (Del417-

419insY, S476I, ITD502-503, and K509I) and 3 TKD mutations (D816V,
D816Y, and D816I)

All the mutations analyzed show constitutive autophosphoryla-
tion of the receptor in Cos cells17 as well as in Ba/F3, TF1, and
EML hematopoietic cell lines; they confer clear cytokine-
independent growth to Ba/F3 cells (Figure 1B; supplemental
Figure 1) and TF1 cells (supplemental Figure 2A). This cell growth
is completely dependent on the mutated receptors because tyrosine
kinase inhibitors, imatinib and dasatinib, inhibit their growth to
selective concentrations (Figure 1C; supplemental Figure 2B). It is
interesting to note that the mutants show different patterns of
migration in immunoblot. The 3 PTD mutants show a high
phosphorylation status compared with their relatively low expres-
sion level as seen by flow cytometry (supplemental Figure 6) and
immunoblotting (Figure 1A). Similar findings have been reported
for this PTD type of mutations in KIT, as in other class III–related
receptors. This hyperphosphorylation has been associated with a
high degradation status of the PTD-mutated forms.35 In contrast,
ECD mutants are well expressed at the surface of Ba/F3 cells,
despite the presence of immature forms detected by PAGE. Such
expression patterns give rise to very different receptor phosphoryla-
tion profiles (Figure 1A) and suggest for ECD mutants an
attenuated level of degradation. Only distal D5/ECD mutants are
still ligand-responsive as shown by an additional phosphorylation
activity in the presence of SCF (Figure 1A). This pattern seems to
correlate with better cell surface expression of these mutants
(supplemental Figure 6).
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Structural importance of D5 domain of KIT in its constitutive
activation

A recent crystallographic study revealed that residues involved in
ECD mutations lie at an interface between 2 D5 domains in the
ligand-induced dimers of KIT, suggesting that oncogenic mutations
at these sites act by enhancing homotypic interactions between D5
domains.36 We recently reported that mutations in the c-kit D5
domain are very common in the highly aggressive dog mast cell
tumors (MCTs), and pointed out 2 mutation hot spots: the dog c-kit
codons 417 to 421 (equivalent to human 417-419) and the dog
N508I substitution (equivalent to human residue 505).23 These
combined results strongly support the idea that regions encoding
417 to 419 and 501 to 509 residues play key roles in KIT activation.
They additionally show that D5-activating mutations are selec-
tively involved in childhood-onset mastocytosis. One possible
explanation for the activation mechanism of D5-mediated mutants
is an increased affinity in the homotypic interaction coupled with
overexpression of the receptor.36This type of ECD GOF mutations
has not been identified previously in the KIT-related receptors
FLT3 and PDGFR�.37,38

Differences in functional activity between PTD and ECD
mutants

These different mutations were introduced in varied cell lines to
analyze and compare their functional activities in different cellular
assays. No differences were observed for cell proliferation and/or
survival after an irradiation stress between the different mutants

versus the activated WT-KIT cells (data not shown). In contrast,
Mayerhoffer et al10 recently reported that expression of KITD816V
in Ba/F3 cells is able to induce cell-cluster formation accompanied
by expression of several MC differentiation- and adhesion-related
antigens. We observed such cluster formation with Ba/F3D816V
cells, as with other PTD mutants. No or fewer clusters were
observed with ECD mutants, similar to SCF-treated Ba/F3-WT-
KIT cells. The absence of cluster formation might be correlated
with a defect in up-regulation of adhesion molecules, as seen for
ICAM-1 in PTD mutants. Cluster formation was suggested to
reflect an SM phenotype,10 but ECD mutations were identified in a
large cohort of children in which SM is generally not detected.
These data are in agreement with a correlation between an SM
phenotype and the presence of cluster in vitro. Several proteins
were expressed by both types of mutants, as already described for
one PTD mutant.10 In contrast, significant differences were seen in
MC differentiation antigen expression: MC-CPA and CD25 were
induced in SCF-treated WT-KIT as well as PTD mutant cells,
whereas IL-3-treated Ba/F3 cells and ECD mutants were unable to
induce them. CD25 is an important marker because it is expressed
by neoplastic MCs.39 The whole-genome transcriptional profiles
performed on EML cells confirmed the transcriptional induction of
an MC differentiation program by PTD mutant, in contrast to ECD
mutant (supplemental Figure 4); genes reported either in MC
function (growth, activation, adhesion, and chemotactism) or as
MC surface antigens were up-regulated in PTD-expressing EML
cells (Table 2).

Unlike PTD mutants, ECD mutants seem to lack the capacity to
induce a complete MC differentiation profile in either Ba/F3 or
EML cells. Because decreased differentiation/maturation is in
general associated with a gain in proliferation/transformation
levels, ECD mutant MCs could represent a more aggressive form
of MC neoplasia. This suggestion is supported by the fact that ECD
mutants in Rat2 cells are able to form colonies in soft-agar, whereas
PTD mutants demonstrate a clear differentiation capacity program
associated with limited oncogenic activity. This incapacity of PTD
mutants to transform cells was also reported for other PTD mutants
of class III receptors FMS40and FLT3.41 PTD mutants are either not
or only rarely observed in dog MCT and human GIST, confirming
the lack of agressivity of this class of mutants.23,42

Whereas the absence of oncogenic activity of PTD mutants
seems to agree with the biologic behavior of neoplastic clones in
SM,10 the high transforming capacity of ECD mutants is intriguing.
ECD mutations have been identified in tumoral, aggressive, and
metastatic pathologies, such as GIST and dog MCT, but also in
pediatric mastocytosis, which is often a cutaneous, localized, and
nonaggressive form of the disease that regresses at puberty. This
contradiction is confirmed by the observation that germline muta-
tions have been observed with ECD or TMD mutants but not with
PTD mutants.4,5,14 Globally, it seems that ECD mutations are not
fully transforming in human MCs, contrasting with their high
oncogenic potential in Cajal cells that can give rise to GIST. This
could be explained by a difference in cell-specific signaling, either
through selective expression of positive regulator(s) in Cajal cell
lineage or via a negative regulation pathway only in MC lineage.

Difference in signaling could explain functional differences
between PTD and ECD mutants

Many similarities have been observed between SCF-activated
WT-KIT and mutated receptors in the regulation of most KIT
second messengers, such as ERK, JNK, and p38 MAPKinases,
PI3kinase, and PDK1 activation as well as several adaptator
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molecules. Signaling pathways could be the angular stone of the
functional differences observed between mutants. In this study,
STAT molecules stayed as the only examined substrates that
showed different activation profiles between chronic SCF-
stimulated WT-KIT and chronic mutation-stimulated receptors
(Figure 4A). STAT5 and, to a lesser extent, STAT3 were highly
activated by all mutant forms as well as WT-KIT receptors, but this
activation was down-regulated in chronic SCF-stimulated WT-KIT
cells. STAT5 has been identified as a key regulator of MC
development,43 and both STAT3 and STAT5 have been reported
to be important in the D816V-dependent functions of neoplastic
cells.27,44 In addition, STAT1 has been reported as a negative
regulator in some pathway through mitochondrial functions and
could explain the lack of aggressiveness of neoplastic MCs.45

The observed differences in the capacity of ECD and PTD
mutants to induce Epo-mediated erythroid differentiation in EML
cells are of special importance. PTD mutants were unable to induce
Epo-mediated erythroid differentiation as assessed by benzidine
staining and BFU-E formation (Figure 3B-C) as well as by the
overexpression of suppressor of Epo-signaling proteins or by the
down-regulation of erythroid-related antigens (Table 2). Erythroid
differentiation was restored by ectopic expression of a dominant
GOF form of AKT kinase (Figure 7). These data agree with the
absolute requirement of AKT activation in Epo-mediated erythro-
poiesis of early progenitors46,47; and most of all, it highlights the
role of AKT kinase regulation in the signaling pathway of PTD
mutants. We and others have reported that PI3kinase was not
altered in mutant KIT21; we additionally showed that downstream
substrates of PI3kinase are well activated (Figure 5B and data not
shown, respectively) but that phosphorylation of AKT S473 and
AKT activity are down-regulated in PTD mutants, as confirmed by
GSK3� hypophosphorylation (Figure 5B). Under SCF stimulation,
WT-KIT as well as D816V mutant were phosphorylated on AKT
S473, but phosphorylation was less intense and was rapidly down-
regulated with D816V mutant compared with WT-KIT (data not
shown). Preliminary results using okadaic acid treatment suggest
that negative AKT activation could be mediated through a PP2A
phosphatase-dependent pathway. Altogether, these data suggest
that PTD mutants could induce a signal different from that of ECD

mutants, involving phosphatase(s) acting as negative regulator(s)
on the AKT pathway. This difference in signaling, especially
downstream of AKT, was also suggested by a higher sensitivity to
rapamycin of PTD compared with JMD mutants.48 Although major
effectors of this pathway are known, crosstalk and substrate
deregulation that occur during neoplasia are still ill defined. A
recent proteomic approach led us to identify the FES kinase as a
specific effector of PTD mutants,49 confirming the use of specific
downstream pathway in mutant receptors, which could represent an
attractive alternative approach to targeted therapies. Further studies
are required to elucidate the functional consequences of the
involvement of such “new” proteins and/or the resulting pathways
on oncogenic KIT-mediated signaling so as to better understand
heterogeneity of mastocytosis and of KIT-mediated pathologies.
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Recherche en Cancérologie de Marseille, 27 Bd Leï Roure
Marseille, F-13009, France; e-mail: patrice.dubreuil@inserm.fr.

References

1. Valent P, Akin C, Sperr WR, et al. Mastocytosis:
pathology, genetics, and current options for
therapy. Leuk Lymphoma. 2005;46(1):35-48.

2. Kettelhut BV, Metcalfe DD. Pediatric mastocyto-
sis. J Invest Dermatol. 1991;96(3 suppl):15S-
18S.

3. Akin C, Metcalfe DD. Systemic mastocytosis.
Annu Rev Med. 2004;55:419-432.

4. Tang X, Boxer M, Drummond A, Ogston P,
Hodgins M, Burden AD. A germline mutation in
KIT in familial diffuse cutaneous mastocytosis.
J Med Genet. 2004;41(6):e88.

5. Zhang LY, Smith ML, Schultheis B, et al. A novel
K509I mutation of KIT identified in familial masto-
cytosis: in vitro and in vivo responsiveness to
imatinib therapy. Leuk Res. 2006;30(4):373-378.

6. Nagata H, Worobec AS, Oh CK, et al. Identifica-
tion of a point mutation in the catalytic domain of
the protooncogene c-kit in peripheral blood
mononuclear cells of patients who have mastocy-
tosis with an associated hematologic disorder.
Proc Natl Acad Sci U S A. 1995;92(23):10560-
10564.

7. Longley BJ Jr, Metcalfe DD, Tharp M, et al. Acti-
vating and dominant inactivating c-KIT catalytic
domain mutations in distinct clinical forms of hu-

man mastocytosis. Proc Natl Acad Sci U S A.
1999;96(4):1609-1614.

8. Fritsche-Polanz R, Jordan JH, Feix A, et al. Muta-
tion analysis of C-KIT in patients with myelodys-
plastic syndromes without mastocytosis and
cases of systemic mastocytosis. Br J Haematol.
2001;113(2):357-364.

9. Yarden Y, Kuang WJ, Yang FT, et al. Human
proto-oncogene c-kit: a new cell surface receptor
tyrosine kinase for an unidentified ligand. EMBO
J. 1987;6(11):3341-3351.

10. Mayerhofer M, Gleixner KV, Hoelbl A, et al.
Unique effects of KIT D816V in BaF3 cells: induc-
tion of cluster formation, histamine synthesis, and
early mast cell differentiation antigens. J Immu-
nol. 2008;180(8):5466-5476.

11. Zappulla JP, Dubreuil P, Desbois S, et al. Masto-
cytosis in mice expressing human Kit receptor
with the activating Asp816Val mutation. J Exp
Med. 2005;202(12):1635-1641.

12. Lim KH, Tefferi A, Lasho TL, et al. Systemic mas-
tocytosis in 342 consecutive adults: survival stud-
ies and prognostic factors. Blood. 2009;113(23):
5727-5736.

13. Nakagomi N, Hirota S. Juxtamembrane-type c-kit
gene mutation found in aggressive systemic mas-

tocytosis induces imatinib-resistant constitutive
KIT activation. Lab Invest. 2007;87(4):365-371.

14. Hartmann K, Wardelmann E, Ma Y, et al. Novel
germline mutation of KIT associated with familial
gastrointestinal stromal tumors and mastocytosis.
Gastroenterology. 2005;129(3):1042-1046.

15. Akin C, Fumo G, Yavuz AS, Lipsky PE, Neckers
L, Metcalfe DD. A novel form of mastocytosis as-
sociated with a transmembrane c-kit mutation
and response to imatinib. Blood. 2004;103(8):
3222-3225.

16. Yanagihori H, Oyama N, Nakamura K, Kaneko F.
c-kit Mutations in patients with childhood-onset
mastocytosis and genotype-phenotype correla-
tion. J Mol Diagn. 2005;7(2):252-257.

17. Bodemer C, Hermine O, Palmerini F, et al. Pedi-
atric mastocytosis is a clonal disease associated
with D(816)V and other activating c-KIT muta-
tions. J Invest Dermatol. 2010;130(3):804-815.

18. Gari M, Goodeve A, Wilson G, et al. c-kit proto-
oncogene exon 8 in-frame deletion plus insertion
mutations in acute myeloid leukaemia. Br J
Haematol. 1999;105(4):894-900.

19. Lasota J, Kopczynski J, Sarlomo-Rikala M, et al. KIT
1530ins6 mutation defines a subset of predominantly

1122 YANG et al BLOOD, 19 AUGUST 2010 � VOLUME 116, NUMBER 7

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/7/1114/1334086/zh803310001114.pdf by guest on 07 M

ay 2024



malignant gastrointestinal stromal tumors of intestinal
origin. Hum Pathol. 2003;34(12):1306-1312.

20. Casteran N, De Sepulveda P, Beslu N, et al. Sig-
nal transduction by several KIT juxtamembrane
domain mutations. Oncogene. 2003;22(30):4710-
4722.

21. Chian R, Young S, Danilkovitch-Miagkova A, et
al. Phosphatidylinositol 3 kinase contributes to
the transformation of hematopoietic cells by the
D816V c-Kit mutant. Blood. 2001;98(5):1365-
1373.

22. Kitayama H, Kanakura Y, Furitsu T, et al. Consti-
tutively activating mutations of c-kit receptor ty-
rosine kinase confer factor-independent growth
and tumorigenicity of factor-dependent hemato-
poietic cell lines. Blood. 1995;85(3):790-798.

23. Letard S, Yang Y, Hanssens K, et al. Gain-of-
function mutations in the extracellular domain of
KIT are common in canine mast cell tumors. Mol
Cancer Res. 2008;6(7):1137-1145.

24. Bayle J, Letard S, Frank R, Dubreuil P, De
Sepulveda P. Suppressor of cytokine signaling 6
associates with KIT and regulates KIT receptor
signaling. J Biol Chem. 2004;279(13):12249-
12259.

25. Hashimoto K, Tsujimura T, Moriyama Y, et al.
Transforming and differentiation-inducing poten-
tial of constitutively activated c-kit mutant genes
in the IC-2 murine interleukin-3-dependent mast
cell line. Am J Pathol. 1996;148(1):189-200.

26. Tsai S, Bartelmez S, Sitnicka E, Collins S. Lym-
phohematopoietic progenitors immortalized by a
retroviral vector harboring a dominant-negative
retinoic acid receptor can recapitulate lymphoid,
myeloid, and erythroid development. Genes Dev.
1994;8(23):2831-2841.

27. Ning ZQ, Li J, McGuinness M, Arceci RJ. STAT3
activation is required for Asp(816) mutant c-Kit
induced tumorigenicity. Oncogene. 2001;20(33):
4528-4536.

28. Shivakrupa R, Bernstein A, Watring N, Linnekin
D. Phosphatidylinositol 3
-kinase is required for
growth of mast cells expressing the kit catalytic

domain mutant. Cancer Res. 2003;63(15):4412-
4419.

29. Sundstrom M, Vliagoftis H, Karlberg P, et al.
Functional and phenotypic studies of two variants
of a human mast cell line with a distinct set of mu-
tations in the c-kit proto-oncogene. Immunology.
2003;108(1):89-97.

30. Vivanco I, Sawyers CL. The phosphatidylinositol
3-kinase AKT pathway in human cancer. Nat Rev
Cancer. 2002;2(7):489-501.

31. Carpten JD, Faber AL, Horn C, et al. A transform-
ing mutation in the pleckstrin homology domain of
AKT1 in cancer. Nature. 2007;448(7152):439-
444.

32. Pedersen M, Ronnstrand L, Sun J. The c-Kit/
D816V mutation eliminates the differences in sig-
nal transduction and biological responses be-
tween two isoforms of c-Kit. Cell Signal. 2009;
21(3):413-418.

33. Bain J, Plater L, Elliott M, et al. The selectivity of
protein kinase inhibitors: a further update. Bio-
chem J. 2007;408(3):297-315.

34. Barnett SF, Defeo-Jones D, Fu S, et al. Identifica-
tion and characterization of pleckstrin-homology-
domain-dependent and isoenzyme-specific Akt
inhibitors. Biochem J. 2005;385(2):399-408.

35. Moriyama Y, Tsujimura T, Hashimoto K, et al.
Role of aspartic acid 814 in the function and ex-
pression of c-kit receptor tyrosine kinase. J Biol
Chem. 1996;271(7):3347-3350.

36. Yuzawa S, Opatowsky Y, Zhang Z, Mandiyan V,
Lax I, Schlessinger J. Structural basis for activa-
tion of the receptor tyrosine kinase KIT by stem
cell factor. Cell. 2007;130(2):323-334.

37. Heinrich MC, Corless CL, Duensing A, et al.
PDGFRA activating mutations in gastrointestinal
stromal tumors. Science. 2003;299(5607):708-
710.

38. Scheijen B, Griffin JD. Tyrosine kinase onco-
genes in normal hematopoiesis and hematologi-
cal disease. Oncogene. 2002;21(21):3314-3333.

39. Sotlar K, Horny HP, Simonitsch I, et al. CD25 indi-

cates the neoplastic phenotype of mast cells: a
novel immunohistochemical marker for the diag-
nosis of systemic mastocytosis (SM) in routinely
processed bone marrow biopsy specimens. Am J
Surg Pathol. 2004;28(10):1319-1325.

40. Morley GM, Uden M, Gullick WJ, Dibb NJ. Cell
specific transformation by c-fms activating loop
mutations is attributable to constitutive receptor
degradation. Oncogene. 1999;18(20):3076-3084.

41. Choudhary C, Schwable J, Brandts C, et al. AML-
associated Flt3 kinase domain mutations show
signal transduction differences compared with
Flt3 ITD mutations. Blood. 2005;106(1):265-273.

42. Heinrich MC, Corless CL, Demetri GD, et al. Ki-
nase mutations and imatinib response in patients
with metastatic gastrointestinal stromal tumor.
J Clin Oncol. 2003;21(23):4342-4349.

43. Shelburne CP, McCoy ME, Piekorz R, et al. Stat5
expression is critical for mast cell development
and survival. Blood. 2003;102(4):1290-1297.

44. Harir N, Boudot C, Friedbichler K, et al. Onco-
genic Kit controls neoplastic mast cell growth
through a Stat5/PI3-kinase signaling cascade.
Blood. 2008;112(6):2463-2473.

45. Kim HS, Lee MS. STAT1 as a key modulator of
cell death. Cell Signal. 2007;19(3):454-465.

46. Bouscary D, Pene F, Claessens YE, et al. Critical
role for PI 3-kinase in the control of erythropoi-
etin-induced erythroid progenitor proliferation.
Blood. 2003;101(9):3436-3443.

47. Myklebust JH, Blomhoff HK, Rusten LS, Stokke T,
Smeland EB. Activation of phosphatidylinositol
3-kinase is important for erythropoietin-induced
erythropoiesis from CD34(�) hematopoietic pro-
genitor cells. Exp Hematol. 2002;30(9):990-1000.

48. Gabillot-Carre M, Lepelletier Y, Humbert M, et al.
Rapamycin inhibits growth and survival of D816V-
mutated c-kit mast cells. Blood. 2006;108(3):
1065-1072.

49. Voisset E, Lopez S, Dubreuil P, De Sepulveda P.
The tyrosine kinase FES is an essential effector
of KITD816V proliferation signal. Blood. 2007;
110(7):2593-2599.

FUNCTIONAL DIFFERENCES BETWEEN c-kit MUTATIONS 1123BLOOD, 19 AUGUST 2010 � VOLUME 116, NUMBER 7

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/7/1114/1334086/zh803310001114.pdf by guest on 07 M

ay 2024


