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Summary. Genomic DNA from 60 cases of acute myeloid
leukaemia (AML) was screened for mutations in the c-kit
gene. DNA from all 21 exons was subjected to polymerase
chain reaction (PCR) amplification and analysis by confor-
mation sensitive gel electrophoresis (CSGE); exons showing
altered CSGE patterns were then sequenced. Mutations were
identified only in those patients with inv(16) (3/7 cases) or
t(8;21) (1/2 cases) and comprised three in-frame deletion
plus insertion mutations (exon 8) and one point mutation
(exon 10, GTA → ATA, Val530Ile). Exons 8 and 10 were then
analysed in 31 further cases of inv(16) (n ¼ 14) and t(8;21)
(n ¼ 17), revealing four additional exon 8 in-frame deletion

plus insertion mutations, all of which were in cases of inv(16).
All exon 8 in-frame deletion plus insertion mutations (n ¼ 7)
involved the loss or repacement of the codon for Asp419
which is highly conserved cross species and is located in the
receptor’s extracellular domain. The high frequency of the
c-kit proto-oncogene exon 8 deletion plus insertion muta-
tions in AML suggests an essential role for this region of the
receptor’s extracellular domain. The association with inv(16)
invites speculation as to the link between these two changes
in the pathogenesis of AML.
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Human c-kit, the cellular counterpart of v-kit derived from
the Hardy-Zuckerman 4-feline sarcoma virus, is located on
chromosome 4 and encodes a 145 kD receptor tyrosine
kinase (RTK) that belongs to the same subfamily (type III RTK)
as the platelet-derived growth factor receptors (PDGFRs),
c-fms and the flt3/flk-2 receptor (Besmer et al, 1986; Qui et al,
1988; Ulrich & Schlessinger, 1990; Rosnet et al, 1993).
Type III RTKs share sequence homology and have a similar
overall structure, with five immunoglobulin-like repeats in the
extracellular domain, a single transmembrane domain and a
cytoplasmic kinase domain that is split by a kinase insert
sequence into the adenosine triphosphate (ATP)-binding and
phosphotransferase regions (Yarden & Ulrich, 1988). The
kinase activity of c-kit is tightly regulated by its ligand, stem
cell factor (SCF) (Broudy, 1997). SCF binding promotes c-kit
dimerization and transphosphorylation of c-kit at specific
tyrosine residues that can serve as docking sites for src-
homology-2 (SH2) domain-containing signalling and adaptor

proteins (Ulrich & Schlessinger, 1990). Such signal trans-
duction plays an important role in the proliferation,
differentiation, migration and survival of haemopoietic stem
cells, as well as mast cells, neural crest-derived melanocytes
and germ cells (Furitsu et al, 1993).

Gain-of-function point mutations in c-kit have been
identified in a variety of mast cell lines, haemopoietic cells
from patients with systemic mastocytosis and idiopathic
myelofibrosis, and gastrointestinal stromal tumours. Two
mutations, Val560Gly and Asp816Val, located in the tyro-
sine kinase domain, have been reported in the human mast
cell leukaemia cell line HMC-1 (Furitsu et al, 1993), and
Asp816Val has also been found in cells from patients with
aggressive mast cell disease (Nagata et al, 1995; Longley
et al, 1996). Substitution of aspartic acid 817 for tyrosine
corresponding to human codon 816, results in ligand-
independent activation in both the rat tumour mast cell line
RBL-2H3 (Tsujimura et al, 1995) and the murine masto-
cytoma cell line (P-815) (Tsujimura et al, 1994). A recent
report detailing an Asp816Tyr substitution in the phospho-
transferase domain of c-kit provides the first direct evidence
for mutations in this protein leading to the development of
human acute leukaemia (Beghini et al, 1998). These data
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strengthen a number of earlier observations suggesting that
the receptor could be involved in the pathogenesis of acute
myeloid leukaemia (AML). For example, c-kit is detectable in
blast cells from most cases of AML (Ikeda et al, 1991) and the
addition of SCF results in the proliferation of some human
leukaemia cell lines, such as M07E, and also in AML blasts
(Wang et al, 1989). Furthermore, c-kit has been reported
to be activated, i.e. phosphorylated, in the absence of
exogenous SCF in a proportion of AML cases (Kanakura
et al, 1993).

In addition, Kimura et al (1997) reported a mutation in
the extracellular domain of c-kit (Asp52Asn) in two patients
with idiopathic myelofibrosis and suggested that the substi-
tution conferred enhanced ligand sensitivity. Recently, two
groups have reported receptor activation resulting from small
juxtamembrane domain deletions. Tsujimura et al (1996)
reported a seven amino acid deletion (Thr573-His579) in a
murine mast cell line (FMA3), and Hirota et al (1998)
reported c-kit activation in human gastrointestinal stromal
tumours resulting from deletions located within an 11-amino
acid stretch (Lys550-Val560).

On the basis of these findings, we hypothesized that c-kit
mutations might have a role in acute myeloid leukaemia. We
have screened the c-kit gene for mutations by conformation
sensitive gel electrophoresis (CSGE) and direct sequencing in
a total of 91 cases of acute myeloid leukaemia. We report the
presence of acquired mutations in exon 8, with consistent
loss of the codon for Asp419, in 7·7% of a selected population
of patients with AML.

MATERIALS AND METHODS

Patient and normal DNA samples. Samples of genomic DNA
were initially obtained from the marrow at presentation of
60 cases of AML entered into the Medical Research Council
(MRC) AML X trial. The cases were classified, according to
the FAB criteria (Bennett et al, 1976), as: M0 (n ¼ 4), M1
(n ¼ 10), M2 (n ¼ 10), M3 (n ¼ 10), M4 (n ¼ 10), M5 (n ¼ 10)
and M6 (n ¼ 6). Standard cytogenetic analysis demonstrated
inv(16) (n ¼ 7), t(8;21) (n ¼ 2), t(15;17) (n ¼ 10), other
abnormalities (n ¼ 25) and a normal karyotype (n ¼ 16).
Subsequently, DNA from a further 31 cases was obtained
from patients entered into the MRC AML XII trial, with either
inv(16) (n ¼ 14) or t(8;21) (n ¼ 17). One case (patient 3) was
analysed both at presentation and during remission.

Genomic DNA was also prepared from the peripheral blood
of 70 normal individuals using the Nucleon Biosciences
BACC II kit.

Genomic DNA amplification. Genomic DNA was amplified
using the polymerase chain reaction (PCR). The entire
coding sequence and intron/exon boundaries corresponding
to exons 2–20 of the c-kit gene were amplified independently,
using previously reported oligonucleotide primers (Spritz et al,
1992). Exons 1 and 21 (including the polyadenylation site)
were amplified using the following primers: exon 1 forward
50-GCTGCACTTGGGCGAGAG-30 (6207–6224) and exon 1
reverse 50-CTGGCGGGTACCACCCTCC-30 (6392–6410) exon
21 forward 50-GCCTTTTGTTGCTATGTTCG-30 (86555–
86574) and exon 21 reverse 50-GGTGTTCATACTCTGTCC

TTTGTTC-30 (87197–87221). The numbers in parentheses
correspond to the numbering system for the genomic c-kit
DNA sequence reported by Andre et al (1997). All PCR
reactions comprised the following; 16·6 mM (NH4)2SO4,
67 mM Tris-HCl (pH 8·8), 300 ng of each primer, 200 mM

dNTPs (Pharmacia), MgCl2 at 1·0–4·0 mM, 500 ng genomic
DNA and 1 U Taq polymerase (Bioline) in a final volume of
50 ml. Samples were initially denatured at 958C for 5 min and
DNA amplification was achieved by 35 cycles of denatura-
tion (948C, 1 min), annealing (528C, 30 s) and extension
(728C, 30 s).

Mutation detection. Conformation sensitive gel electro-
phoresis (CSGE) was used to screen for mutations as described
(Williams et al, 1998). Briefly, PCR products were denatured
by heating to 958C for 5 min and then incubated at
658C for 30 min. These heteroduplexed PCR products were
then electrophoresed on 10% polyacrylamide gels; 99:1
acrylamide (BDH):bis-acrolypiperazine (BAP; Fluka), 10%
ethylene glycol (Sigma), 15% formamide (Sigma) and 0·5 ×
TTE buffer (1 × TTE ¼ 89 mM Tris, 28·5 mM taurine, 0·2 mM

EDTA).
Samples displaying abnormal CSGE profiles compared

to that obtained from a normal individual were directly
sequenced using a Thermosequenase cycle sequencing kit
(Amersham) and the appropriate g-ATP 32P (NEN) radio-
labelled primer. Sequencing reactions were size fractionated
on 6% denaturing polyacrylamide gels, which were then
dried and subjected to autoradiography.

Exon 8 radiolabelled PCR. An 80 bp fragment spanning the
50 region of exon 8 was amplified with the following forward
and reverse primers respectively 50-GTTTTCCTGTAGCAAA
ACCAG-30 (71818–71838) and 50-GAATCCTGCTGCCACA
CATT-30 (71878–71897). Prior to amplification, 300 ng of
the reverse primer was 50 end labelled to a specific activity of
24·79 kBq/mmol using T4 polynucleotide kinase (NBL gene
science) and g-ATP 32P (NEN). Otherwise, the PCR conditions
were as described above using a MgCl2 concentration of 1 mM.
The radiolabelled PCR was undertaken for samples showing
an exon 8 deletion plus insertion mutation (patients 1, 2 and
3) and the products were size-fractionated on 8% denaturing
polyacrylamide gels. Resulting band intensities were quanti-
tated on a phosphorimager (Bio-Rad, GS-250).

Exon 8 RT-PCR. RT-PCR was undertaken on RNA obtained
from three patients showing inv(16) (n ¼ 2), t(8,21) (n ¼ 1)
with exon 8 deletion plus insertion mutations. cDNA was
synthesized from 1 mg RNA using random hexamer priming,
essentially as described (Cross et al, 1993). cDNA prepared
from 125 ng of RNA was used for each PCR reaction using
forward primer 50-ATTCTGACGTCAATGCTGCC-30 (1208–
1227) and reverse primer 50-GAATCCTGCTGCCACACATT-30

(1301–1320). In this instance the numbering system for the
cDNA sequence was as reported by Yarden et al (1987).
RT-PCR was performed in a 25 ml reaction volume using the
above conditions with the exception of 1·5 mM MgCl2 and
10 pmol of each primer. After 35 cycles of amplification
(958C for 30 s, 558C for 1 min, 728C for 1 min), 5 ml of each
reaction mixture was size-fractionated on an 8% polyacryl-
amide gel and visualized under UV light after staining with
ethidium bromide.



RESULTS

Identification of a novel polymorphism in codon 546
of the c-kit gene
All 21 exons and the polyadenylation site of the c-kit gene
from 60 cases of AML were analysed for sequence differences
compared to a normal individual using CSGE. A number of
samples were found to have abnormal CSGE profiles, corre-
sponding to previously described polymorphisms in exon 10
(ATG-CTG; codon 541) (Paguette et al, 1996; Riva & Larizza,
1996), exon 17 (ACT-ATT; codon 798) (Bowen et al, 1993)
and exon 18 (CTG-CTC; codon 862) (Spritz et al, 1992). In
addition, a silent A to G transition in exon 10 (AAA-AAG;
codon 546) was identified in two patients. Subsequent analysis
of 70 normal individuals identified this as a previously
uncharacterized polymorphism in the normal population
with a rare ‘G’ allele frequency of 0·05 (95% confidence
interval 0·013–0·087).

The codon for Asp419 is lost in a high proportion of AML cases
c-kit mutations were detected in four of the initial 60 cases of
AML. Three cases, inv(16) (n ¼ 2), t(8;21) (n ¼ 1) were found
to have small, in-frame, deletion plus insertion mutations
within exon 8, with consistent loss of the codon for Asp419
(Figs 1 and 2), and one patient with inv(16) showed a
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Fig 2. Small in-frame deletion plus insertion
mutations in the c-kit gene of seven patients
with AML. The nucleotide changes in each
patient is indicated, in parentheses, underneath
the resulting novel sequence. Bold underlined
text indicates inserted nucleotides and amino
acids.

Fig 1. Exon 8 mutations in the c-kit gene of seven AML patients. The
CSGE gel shows exon 8 amplified from seven AML patients (lanes 1–
7) displaying an abnormal CSGE profile compared to that seen in a
normal individual (lane 8).
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Val530Ile (GTA to ATA) substitution within the transmem-
brane region (exon 10). In view of the apparent cytogenetic
association, further samples of inv(16) (14 cases) and t(8;21)
(17 cases) were studied. Four of these further cases of inv(16)
showed similar small deletion plus insertion mutations of
exon 8, again resulting in loss of the codon for Asp419 (Fig 2).
These data confirmed that the small in-frame deletion plus
insertion mutations were more common in those AML patients
with inv(16) than those without (P<0·001). Overall, c-kit
mutations were detected in 7·7% of patients studied with
AML, a figure increasing to 33% in cases with inv(16).

The small in-frame deletion plus insertion mutations
are acquired somatically and expressed at the RNA level
The acquired nature of the small in-frame deletion plus
insertion mutations was confirmed by radiolabelled PCR of
genomic DNA across the mutated region from patients 1, 2
and 3. The data from these quantitative PCRs are shown in
Fig 3(a). A significant departure from the expected 50:50
ratio of normal:deleted band intensities, which would result

from inheritance of the mutation in two of the three patients
(patient 1, 76:24; patient 3, 86:14), suggested that these
abnormalities were somatically acquired. The case for patient
2, with a 56:44 ratio, was less clear cut. Conclusive proof
that the mutation was of somatic origin in patient 3 was
provided by the observation that a genomic DNA sample
taken while the patient was in clinical remission failed to
show any trace of the abnormal DNA fragment following
exon 8 amplification (Fig 3b).

Finally, RT-PCR analysis of RNA from patients 1, 2 and 3
using primers spanning the exon 7 and 8 boundary (to
ensure that only amplified product from RNA and not
genomic DNA was being analysed) demonstrated that the
mutated alleles were indeed expressed at the RNA level (Fig 4).

Cross-species sequence comparison shows the Asp 419 codon
to be a highly conserved residue in c-kit
The amino acid sequence of c-kit from several species was
compared with human c-kit across the region surrounding
codon Asp419 (Fig 5). These data demonstrated the highly

Fig 3. Relative intensities of normal and abnormal
exon 8 amplification products of the c-kit gene
in AML patients. (a) Autoradiograph of 8%
denaturing polyacrylamide gel showing bands
(lanes 1–3) corresponding to wild-type and
deleted alleles in patients with exon 8 deletion plus
insertion mutations and a normal individual.
(b) Similar analysis demonstrating loss of the
deleted allele in a sample taken from patient 3
while in clinical remission. Figures in parentheses
at the foot of each lane represent the ratio of
normal to deleted allele quantitated by
phosphorimager analysis. Normal and deleted
alleles are indicated by the arrows.

Fig 4. RNA encoding exon 8 of the c-kit gene from
a normal individual and patients 1, 2 and 3 was
amplified by RT-PCR and size-fractionated on an
8% polyacrylamide gel. Expression of the mutated
allele was confirmed by the presence of both
normal and deleted alleles in each patient.



conserved nature of this region of the fifth immunoglobulin-
like domain, which includes the Asp419 codon deleted or
replaced in our patients. This highlights the probable
structural/functional importance of this area of c-kit.

DISCUSSION

This study demonstrates that c-kit deletion plus insertion
mutations occur in approximately one third of cases of AML
with inv(16) karyotype. This cytogenetic variant occurs
in approximately 5% of all AML cases, giving an overall
incidence for this specific c-kit mutation subtype in AML of
around 2%. Although c-kit mutations have been reported
previously in a single case of acute myeloid leukaemia, a
number of observations suggest that the receptor may be
more frequently involved in the pathogenesis of this disease
(Beghini et al, 1998). Firstly, the c-kit product is detectable in
blast cells from most cases of AML; secondly, the addition of
stem cell factor results in the proliferation of some human
leukaemic cell lines, such as M07E, and AML blasts and,
lastly, c-kit has been reported to be activated, i.e. phosphory-
lated, in the absence of exogenous SCF in a proportion of
AML cases (Wang et al, 1989; Ikeda et al, 1991; Kanakura
et al, 1993).

The functional significance of the exon 8 deletion plus
insertion mutations at present is unclear. c-kit contains five
immunoglobulin-like repeats in the extracellular domain, a
single transmembrane domain and a cytoplasmic domain
that is split by a kinase insert sequence into the adenosine
triphosphate (ATP) binding and phosphotransferase regions
(Yarden & Ulrich, 1988). Monoclonal antibody inhibition
studies and the analysis of chimaeric mouse–human and
deletion mutant kit proteins has enabled the identification of
important functional elements in the extracellular region
of the receptor (Blechman & Yarden, 1995). The three
N-terminal immunoglobulin-like units are involved in ligand
binding, the fourth immunoglobulin-like unit is functionally
important for receptor dimerization, whereas the function of
the fifth domain remains unclear. It is of interest, therefore,
that the deletion–insertion mutations described in this study
are located in the fifth immunoglobulin-like domain, provid-
ing the first evidence in support of an important role for this

region of the protein. The structural importance of the deleted
region is suggested by the involved amino acids, especially
Asp 419, being highly conserved in the c-kit proteins of man
(Yarden et al, 1987), rat (Tsujimura et al, 1991), mouse (Qui
et al, 1988), cattle (Kubota et al, 1994), chicken (Sasaki et al,
1993) and goat (Tanaka et al, 1997). c-kit receptor activation
due to small deletions, albeit in the juxta-membrane domain,
has been previously reported. Tsujimura et al (1996) described
a seven amino acid deletion (Thr573-His579) in a murine
mast cell line (FMA3), and Hirota et al (1998) reported c-kit
activation in human gastrointestinal stromal tumours
resulting from deletions located within an 11-amino acid
stretch (Lys550-Val560). The role of the fourth immuno-
globulin-like domain in activating the transforming potential
of the related receptor, c-fms, has been highlighted (van
Daalen Wetters et al, 1992). Mutations of amino acids 301
and 374 were necessary, but not sufficient, for c-fms dimer-
ization and subsequent cell transformation, in the absence of
the ligand (Carlberg & Rohrschneider, 1994). The fifth
immunoglobulin-like domain therefore may have some, as
yet undefined, function, or with domain 4 may co-operate in
receptor dimerization, and Asp 419 changes may therefore
lead to possible constitutive activation of c-kit. It is interesting
that AML patients with inv(16) karyotype have a complete
response rate to treatment of 70–80% and median duration
of remission that is significantly prolonged compared to most
other subtypes of acute myeloid leukaemia (Grimwade et al,
1998). The influence of the described c-kit mutations in
terms of prognosis remains at present unclear.

In conclusion, we report the occurrence of c-kit deletion–
insertion mutations in acute myeloid leukaemia and
demonstrate their strong association with inv(16) karyo-
type. By inference from other studies of c-kit and related
receptors, the changes reported here would suggest a
gain-of-function mutation. However, the biological signifi-
cance and transforming capacity of these deletion–insertion
mutations are at present unclear and are currently being
addressed in our laboratory by receptor tyrosine phosphory-
lation studies and by transfection of mutant-type c-kit genes
into human cell lines. Clear and decisive information from
such experiments should lead to a greater understanding
of kit structure–function relationships as well as the
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Fig 5. Cross-species comparison of amino acid sequences within the c-kit extracellular domain. The sequence is shown for amino acid residues
404–428 of the amino terminal of the fifth immunoglobulin-like domain. The boxed area indicates the region from within which amino acid
residues, including the invariantly deleted Asp 419 (highlighted), were deleted in AML patients 1–7. Cysteine 428, one of the two cysteines
which forms a disulphide bond across the fifth immunoglobulin-like domain, is also highlighted.
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mechanisms underlying regulation of normal and malignant
myelopoiesis.
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