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Abstract

KIT gain of function mutations play an important role in the patho-
genesis of gastrointestinal stromal tumors (GISTs). Imatinib is a selective
tyrosine kinase inhibitor of ABL, platelet-derived growth factor receptor
(PDGFR), and KIT and represents a new paradigm of targeted therapy
against GISTs. Here we report for the first time that, after imatinib
treatment, an additional specific and novel KIT mutation occurs in GISTs
as they develop resistance to the drug. We studied 12 GIST patients with
initial near-complete response to imatinib. Seven harbored mutations in
KIT exon 11, and 5 harbored mutations in exon 9. Within 31 months, six
imatinib-resistant rapidly progressive peritoneal implants (metastatic
foci) developed in five patients. Quiescent residual GISTs persisted in
seven patients. All six rapidly progressive imatinib-resistant implants
from five patients show an identical novel KIT missense mutation,
1982T3C, that resulted in Val654Ala in KIT tyrosine kinase domain 1.
This novel mutation has never been reported before, is not present in
pre-imatinib or post-imatinib residual quiescent GISTs, and is strongly
correlated with imatinib resistance. Allelic-specific sequencing data show
that this new mutation occurs in the allele that harbors original activation
mutation of KIT.

Introduction

Gastrointestinal stromal tumors (GISTs) originate from transforma-
tion of interstitial cells of Cajal, a network of innervated cells that
coordinate peristalsis in the gastrointestinal system. Aberrant KIT
signals represent the initiating event in the pathogenesis of GISTs and
KIT gain of function mutations have been reported (1–3). Microarray
analysis showed that GISTs exhibit a remarkably homogeneous gene
expression profile unlike the extremely heterogeneous patterns seen in
common epithelial cancers (4). KIT with an exon 11 mutation that
replaced Lys558 with Val (Lys558Val) was introduced by knock-in
strategy, and this produced tumors indistinguishable from human
GISTs (5). These results indicate that constitutive KIT signaling is
both critical and sufficient for GIST.

The locations of KIT mutations are nonrandom and vary according
to cell lineage. KIT exon 11 is the most frequent mutation site for
GISTs (1, 2), most commonly clustered in cytoplasmic juxtamem-
brane region between 550 and 563, resulting in pathological release

from autoinhibition (6, 7) and constitutive activation of KIT. Muta-
tions in exon 9 make up 3 to 21% of all cases. Mutation in exon 13
is rare; to date, there are only five reported cases (2, 8), all exhibiting
the same 1945A3G, Glu642Lys mutation, which is 12 amino acids
NH2-terminal to the novel mutation reported here. Exon 17 mutation
is extremely rare in GISTs, with only three reported cases thus far:
two sporadic cases with Asn822His and Asn822Lys (3) and one
Asp820Tyr mutation in a patient with familial GIST with dysphagia
(9). GISTs with wild-type KIT range from 3 to 35% of cases and often
have platelet-derived growth factor receptor (PDGFR) � activating mu-
tation (3, 10, 11). Imatinib (gleevec, STI571; refs. 12, 13) is a selective
ATP-competitive inhibitor of KIT, BCR-ABL, and PDGFR� and � and
is the only drug effective against GISTs (3, 14, 15). Imatinib revolution-
ized the care of GIST patients and represents a new paradigm of targeted
cancer chemotherapy. Unfortunately, imatinib resistance has begun to
emerge. Elucidation of drug resistance mechanism should provide new
insights in reversing drug resistance and the discovery of new targets for
cancer therapy.

GIST patients often present with liver metastases and peritoneal
implants. Each individual peritoneal implant can be viewed as a single
clone growing in vivo, that can be monitored clinically by computed
tomography scan and positron emission tomography (PET) scan and
on which intervention by surgery or biopsy can be done at the onset
of radiographic progression. Each clinical phase of disease and tumor
evolution can be correlated with specific molecular events. Taking
advantage of the unique features of GISTs, we report here a novel KIT
mutation in exon 13 that correlates with the emergence of imatinib
resistance and rapid progression in GISTs.

Materials and Methods

Patient and Clinical Trials. Ten patients participated in Institutional Re-
view Board (IRB)-approved phase III randomized intergroup trial S00–33; two
patients were treated with imatinib off protocol after the S00–33 intergroup
trial was closed. All of the patients took imatinib until the day of surgery, and
tumor specimens were obtained with consent on IRB- approved laboratory trial
LAB02–433.

Cytogenetic Analyses. Conventional cytogenetic analysis was done on
primary GIST cells from patient A, Clones 1 and 2 after 72–96 h of culture.
Twenty metaphases were analyzed.

Genomic DNA and cDNA Sequence Analysis of KIT. DNA was isolated
from paraffin-embedded or frozen tissue or from peripheral blood mononu-
clear cells (PBMCs) by using a QIAamp DNA minikit (Qiagen Inc., Valencia,
CA) according to the manufacturer’s instructions. RNA was extracted from
frozen tissue by standard methods and by using a RNeasy minicolumn accord-
ing to the manufacturer’s instructions (Qiagen Inc.). The cDNA was prepared
by using Two-step Taqman Reverse Transcription reagent (Applied Biosys-
tems, Foster City, CA) according to the manufacturer’s instructions, except
that, instead of using random primers, a primer specific for KIT RNA was used
(KIT 2961R, 5�-TTCCTGGAGGGGTGACCCAAACACT). The cDNA was
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then subjected to PCR. Nucleotide sequencing was analyzed with a 3730 � 1
DNA Analyzer from Applied Biosystems at the M. D. Anderson Cancer Center
Nucleic Acid Core Facility. The Genomic DNA sequence of exons 9, 11, 13,
15, and 17 was analyzed (primers 1–5; Table 1) in all GIST specimens,
pre-imatinib GISTs, and PBMCs. RNA was extracted from all of the surgical
specimens. Taking into consideration the alternative splicing sites (16) and the
hot spots of KIT mutation, we designed primers (Table 1, primers 6–9) to
sequence the cDNA encompassing exons 9 to 21.

Allelic-specific cDNA Sequence. We used restriction endonuclease BseRI
(New England BioLabs Inc., Beverly, MA) to preferentially digest the PCR
product of the normal allele but spared the mutated allele of clone 5 of patient
C. The digested DNA fragments were separated by agarose gel electrophoresis,
eluted from the gel, and sequenced. We used an alternative PCR method with
mutation-specific primers to preferentially amplify the mutated allele for
sequencing. We also sequenced the counterpart normal allele for comparison.

Results

Patients and Clinical Course. The clinical course of GIST pa-
tients varies. Most patients continue to enjoy remission, but a small
percentage of GIST patients who had initial near-complete response
subsequently showed mixed response with the emergence of new liver
lesion(s) or rapidly progressing imatinib-resistant implant(s), although
the rest of implants and or liver metastases remained responsive to
imatinib. At the present time, among approximately 130 patients, we
have identified five patients who unequivocally developed imatinib
resistance under close surveillance by radiographic criteria and were
amenable for biopsy or surgical resection of the resistant implants, and
all five patients (designated as patients A–E, Table 2) were included
in this study. Some GIST patients had initial near-complete remission

Table 1 Primer sequence

No. Type Primer sequence Codon, region in KIT

1 Genomic F: 5�-CCCAAGTGTTTTATGTATTT 449–514, exon 9
R: 5�-ATGGTGTGATGCATGTATTA

2 Genomic F: 5�-TCCAGAGTGCTCTAATGAC 550–591, exon 11
R: 5�-AGGTGGAACAAAACAAAGG

3 Genomic F: 5�-TACTGCATGCGCTTGACATC 627–664, exon 13
R: 5�-CCAAGCAGTTTATAATCTAGC

4 Genomic F: 5�-TTCTACATGTCCCACTTGATT 715–744, exon 15
R: 5�-AGCATGATATACATACTCTCTG

5 Genomic F: 5�-GTGAACATCATTCAAGGCGT 788–828, exon 17
R: 5�-CCTTTGCAGGACTGTCAAGCA

6 cDNA F: 1265: 5�-TCCTGACTTACGACAGGCTCGT 409–524, extracellular � TM
R: 1611: 5�-ACATCATGCCAGCTACGATT

7 cDNA F: 1577: 5�-ACACCCTGTTCACTCCTTTGCTGA 519–706, TM � kinase I
R: 2136: 5�-GACTCCTTTGAATGCAGAAGA

8 cDNA F: 2071: 5�-CGTGATTCATTTATTTGTTC 684–830, kinase insert � kinase 2
R: 2510: 5�-CATCCACTTCACAGGTAGTC

9 cDNA F: 2387: 5�-TTCACAGAGACTTGGCAGCCAG 789–976, kinase 2 � COOH-terminal
R: 2961: 5�-TCCTGGAGGGGTGACCCAAACACT

Abbreviations: F, forward; R, reverse; TM, transmembrane.

Table 2 KIT sequence of pre-imatinib, post-imatinib residual GISTs, and clones 1–11

Patients (A-L) and
characteristics of
GIST specimens

KIT sequence

Exon 11* Exon 9† Exon 13

Patient A
Pre-imatinib 1690T3G Normal Normal
Clone 1, rapid progression 1690T3G Normal 1982T3C (Val654Ala)
Clone 2, rapid progression 1690T3G Normal 1982T3C (Val654Ala)
Clone 3, stable/quiescent 1690T3G Normal Normal

Patient B
Pre-Imatinib 1691–1696del6 Normal Normal
Clone 4, rapid progression 1691–1696del6 Normal 1982T3C (Val654Ala)

Patient C
Pre-imatinib 1694–1708del15 Normal Normal
Clone 5, rapid progression 1694–1708del15 Normal 1982T3C (Val654Ala)
Clone 6, stable/quiescent 1694–1708del15 Normal Normal
Clone 7, stable/quiescent 1694–1708del15 Normal Normal

Patient D
Pre-imatinib 1690–1695del6 Normal Normal
Clone 8, rapid progression 1690–1695del6 Normal 1982T3C (Val654Ala)
Clone 9, stable/quiescent 1690–1695del6 Normal Normal

Patient E
Clone 10, pre-imatinib Normal 1525–1530ins6 Normal
Clone 11, rapid progression Normal 1525–1530ins6 1982T3C (Val654Ala)

Patients F,G,H,I
Residual, stable/quiescent Normal 1525–1530ins6 Normal

Patient J
Residual, stable/quiescent 1697T3G Normal Normal

Patient K
Residual, stable/quiescent 1697–1708del12 Normal Normal

Patient L
Residual, stable/quiescent 1700T3G Normal Normal

Abbreviations: del, deletion; ins: insertion.
* Exon 11: 1690T3G f Try557Gly; 1691–1696del f TryLys557–558 deletion plus Val559Phe; 1694–1708del f LysValVal GluGlu558–562 deletion; 1690–1695del f

TryLys557–558 deletion; 1697T3G f Val559Gly; 1697–1708del f ValVal GluGlu559–562 deletion; 1700T3G f Val560Gly.
† Exon 9: 1525–1530ins f AlaTyr502–503 tandem repeat.
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followed by a plateau showing persistent stable residual tumor. We
have identified seven such patients who were amenable for surgical
resection of the residual quiescent GISTs, and all seven patients
(designated as patients F–L, Table 2) were included in this study.
Except for patients C and F, 10 patients participated in the S00–33
intergroup trial, and all were randomized to the imatinib 400-mg/d
arm. All 12 patients were treated with 400 mg imatinib per day.

The pre-imatinib computed tomography scan of patient A revealed
multiple single and matted peritoneal implants in the patient’s abdo-
men (Fig. 1a-1) and pelvis (Fig. 1a-2). Patient A had a swift excellent
response with near-total resolution of GISTs and marked reduction of
abdominal girth within 8 weeks of imatinib treatment (Fig. 1a-3, a-4).
PET scans showed initial multiple hypermetabolic tumor implants
followed by near-total resolution of all hypermetabolic activities 8
weeks after imatinib therapy (Fig. 1a-7, a-8). Patient A continued to
respond to imatinib until 28 months later, when a small new implant
appeared in the small bowel mesentery and progressed rapidly within
3 months (Fig. 1a-5, clone 1). Subsequently, a second small implant
(clone 2) became visible on computed tomography scan (Fig. 1a-6,
clone 2). PET computed tomography scan revealed two discrete small
areas of intense hypermetabolic tumor (Fig. 1a-9, a-10, yellow spots
indicated by arrows) that corresponded to clones 1 and 2, respec-
tively. The doubling time of clone 1 was calculated to be 35 days.
Intra-operatively, clones 1 and 2 were found to be purple-brownish
vascular viable tumor implants and were surgically removed. What
came as a surprise was the finding that there were more than 200 small
white, soft, quiescent appearing nodules found throughout patient A’s
abdomen and pelvis, not readily visible on computed tomography
scans. Complete debulking was not possible; a representative speci-
men was removed for diagnosis and is designated as clone 3 (Table 2).
These quiescent nodules showed extensive treatment effect with very
small areas of viable GIST cells seen on histologic examination.
Within 8 weeks of imatinib treatment, most of GISTs resolved, but
small pockets of cells escaped apoptosis, remained quiescent, and
survived for more than 2 years in patient A.

Patient B presented with multiple liver metastases and single and
matted peritoneal implants, some coalescing into large masses (Fig.
1b-1). computed tomography scans 8 weeks (data not shown) and 4
months after imatinib treatment (Fig. 1b-2) were very similar and
showed near-total resolution of all implants and the appearance of
hypoattenuating liver lesions, which indicated necrosis and a good
response to treatment. A new implant (Fig. 1b-3, arrow, clone 4)
appeared 6 months after imatinib treatment and was visible as a tiny
implant between the spleen and the contrast-filled stomach. Within 3
months, clone 4 progressed into a huge implant (Fig. 1b-4, arrow)
with an estimated doubling time of 10 days. All other implants and
liver lesions remained sensitive to imatinib. Complete resection of
clone 4 was not possible and biopsy was done.

Patient C presented with multiple implants in left upper quadrant,
one of which bore a surgical clip (Fig. 1c-1, a dense white tiny rod at
4 o’clock) and which can be identified and traced to an implant much
reduced in size, 8 weeks post imatinib (Fig. 1c-2, a tiny dense white
dot at 3 o’clock). Nineteen months later a small implant was noted
(Fig. 1c-3, short arrow, clone 5), which was not present in previous
computed tomography scans done at 8 weeks or 16 months post-
imatinib treatment and which represented an imatinib-resistant im-
plant with rapid progression (Fig. 1c-4, arrow, clone 5). Two quies-
cent nodules from omentum were also removed and are designated as
clones 6 and 7 (Table 2). Patient D had initial excellent response, as
shown in Fig. 1-D-1 and -D-2, and developed a small new implant
(Fig. 1d-3, arrow, clone 8) 19 months after imatinib treatment; this
implant progressed rapidly within 4 months (Fig. 1d-4, arrow, clone
8). Patient E developed imatinib-resistant, rapidly growing implants

31 months after imatinib treatment (computed tomography scans not
shown). Patients C, D, and E underwent surgery immediately at the
onset of imatinib resistance, and clones 5–11 (Table 2) were surgically
removed from these three patients.

Patients F–L underwent surgical resection of stable/quiescent re-
sidual GISTs at the time when the response to imatinib reached
plateau.

KIT Mutation Before Imatinib Treatment. We did direct se-
quencing of KIT genomic DNA (exons 9, 11, 13, 15, 17) on all GISTs,
including paraffin-embedded specimens. Direct sequencing of cDNA
was done on clones 1–11 and on all surgical and biopsy specimens of
GISTs. The results of KIT mutations, deletions (del) and insertion (ins) of
all 12 patients are summarized in Table 2. The corresponding amino acids
changes in KIT are listed in a footnote of Table 2. The initiating events
that cause constitutively active KIT of patients A–D and J–L involved
different mutation sites in exon 11 (ranging from nucleotides 1690
through 1708) resulting in amino acid changes (ranging from Try557 to
Glu562) in cytoplasmic juxtamembrane region. Patients E–I showed a
6-bp insertion in exon 9 that resulted in a tandem repeat of AlaTyr
(502–503) in extracellular juxtamembrane region.

Development of a New Missense Mutation in KIT Kinase Do-
main 1 Is Correlated with the Emergence of Imatinib Resistance
in GISTs After Initial Excellent Response. Most strikingly, all six
imatinib-resistant rapidly growing clones [clones 1, 2, 4, 5, and 8 (Fig.
1, arrows) and clone 11 (computed tomogram not shown)] from five
patients (patients A–E) showed an identical novel exon-13 missense
mutation, 1982T3C (Fig. 2c, d, and f; Table 2), resulting in a
substitution of Val by Ala at codon 654 (Val654Ala) in tyrosine
kinase domain 1 of KIT (Fig. 3). This new mutation has never been
reported in literature before and is not found in any pre-imatinib
GISTs (Fig. 2a and e; Table 2) of any of the 12 patients nor in any of
the residual quiescent clones [clones 3 (Fig. 2b), 6, 7, or 9], nor in any
residual stable quiescent post-imatinib GISTs from patients F–L, nor
on the PBMCs of patients A–E (data not shown). Both genomic and
cDNA sequence in both forward and reverse directions were done to
confirm this new mutation. Because this novel exon 13 mutation,
identified in imatinib-resistant, rapidly growing clones 1, 2, 4, 5, 8,
and 11 from patients A–E, are identical, we showed the chromato-
grams of patients A and B only (Fig. 2). These data indicate that this
novel 1982T3C missense mutation is nonrandom and is strongly
correlated with imatinib resistance and rapid progression of GIST.

Allelic-specific Sequence Analyses Demonstrate the Occurrence
of the Novel 1982T3C Missense Mutation in the Original Mu-
tated Allele. The 1982T3C mutation is heterozygous as shown in
Fig. 2. Allelic-specific sequence analyses were done to determine
whether this second event of 1982T3C mutation in KIT occurs in the
wild-type or the original mutated allele that bears the dominant
activation exon 11 or exon 9 mutation. Clone 5 from patient C shows
a 15-bp deletion in exon 11 (Table 2). This deleted 15-bp (1694–
1708, AGGTTGTGAGGAGA), interestingly, contains the unique re-
striction endonuclease BseRI recognition site, GAGGAG. We used
primer 7 (Table 1) and PCR to generate cDNA that encompass exon
10–14. A 579-bp (wild-type allele) and a 564-bp (1694–1708del15)
cDNA were generated. Restriction endonuclease mapping shows that
BseRI will cut the wild-type 579-bp DNA only once and will spare the
564-bp cDNA that is devoid of the BseRI recognition site. An exam-
ple of BseRI partial digestion followed by agarose gel electrophoresis
(2%) is shown in Fig. 4A. Four bands including a 579-bp (top band)
undigested normal allele, a 564-bp undigested cDNA from mutated
allele, a 125-bp 5� end of digested fragment and a 454-bp 3� end of
digested fragment (containing exon 13) from normal allele can be
visualized. On complete digestion by BseRI, the 579-bp DNA became
completely digested and only three bands can be visualized. Direct
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Fig. 1. Computed tomography (CT), PET, and PET CT scan images of patient A (a-1 to a-10), patient B (b-1 to b-4), patient C (c-1 to c-4), and patient D (d-1 to d-4). a-1 and
a-2, pre-imatinib CT images of patient A showing multiple peritoneal tumor implants. a-3 and a-4, CT images obtained at 8 weeks post-imatinib treatment, demonstrating rapid
resolution of most of peritoneal tumor implants. a-5 and a-6, CT images 28 months post-imatinib treatment demonstrating two new imatinib-resistant implants in the small bowel
mesentery (arrows, a-5, clone 1; a-6, clone 2). a-7, pre-imatinib PET showing multiple hypermetabolic tumor implants. a-8, PET images 8 weeks post-imatinib treatment demonstrating
near-total resolution of all hypermetabolic tumors. In a-9 and a-10, PET CT 28 months post-imatinib treatment revealed two new discrete hypermetabolic tumor implants (two yellow
spots, arrows), correspond to the resistant clone 1 (arrow) and clone 2 (arrow). b-1, pre-imatinib CT images of patient B showing multiple liver metastases and matted peritoneal
implants. b-2, CT of abdomen obtained 4 months after imatinib treatment showing near-total resolution of all implants and hypoattenuating liver lesions, indicating necrosis or good

5916

A MUTATION IN KIT CONFERS IMATINIB RESISTANCE IN GISTs



sequencing of DNA eluted from these four bands were done (the
sequences are shown in Fig. 4B). Figure 4B (upper left panel) shows
that the 579-bp DNA, which represents the undigested normal allele,
exhibits a wild-type exon 11 sequence with the intact BseRI recogni-
tion site, GAGGAG. Figure 4B (the lower panel) shows that the
undigested 564-bp DNA, which was derived from the original mu-
tated allele, contain both the 15-bp deletion and the 1982T3C
mutation. The 454-bp 3� end fragment, derived from normal allele
DNA, shows wild-type 1982T (Fig. 4B, top right panel). For patients
A, B, D, and E, we used mutation-specific primers to selectively
PCR-amplify the mutated allele for sequencing. The normal allele
counterparts were also examined for comparison. We found the sec-
ond exon 13 (1982T3C) mutation in the original mutated allele in all
six of the imatinib-resistant clones in all five of the GIST patients.

Histology and Cytogenetics. There is no distinguishable differ-
ence in histology between the imatinib-resistant clones and the pre-
imatinib GIST (data not shown). We analyzed 20 metaphase GIST
cells from each of clones 1 and 2 and found that their karyotypes were
normal (data not shown). There was no cytogenetic evidence to
suggest amplification of the multidrug resistance or KIT genes.

Discussion

This is the first report of a strong association between rapidly
progressive imatinib-resistant GIST after initial near-complete re-
sponse to treatment and mutation in KIT kinase domain 1. In leuke-
mia, the imatinib-resistant clones are mixed with imatinib-sensitive
clones and normal bone marrow and blood, whereas, in GIST, indi-
vidual implants are distinct (Fig. 1) and can be closely monitored by
computed tomography and PET scans, so that immediate biopsy or
surgical removal of specific imatinib-resistant clones is possible. This
unique feature provides convincing evidence for the temporal rela-
tionship between the emergence of resistance in vivo and evolution of
this new KIT mutation, Val654Ala, in exon 13. In comparison with
leukemia, GIST is a relatively slow-growing tumor without excessive
chromosome instability. To date, no untreated GISTs have been

Fig. 2. The chromatograms of KIT mutation of patient A (a–d) and patient
B (e and f) demonstrate that a novel missense mutation in KIT exon 13
correlates with imatinib-resistant rapid progression of GISTs. a, genomic
DNA sequence from pre-imatinib GIST of patient A, showing the wild-type
1982T. b, genomic DNA sequence from the residual quiescent clone 3,
showing wild-type 1982T. c, genomic DNA sequence from the imatinib-
resistant rapidly growing clone 1, showing a new missense mutation,
1982T3C, resulting in Val654Ala. d, genomic DNA sequence from the
imatinib-resistant rapidly growing clone 2, showing the same new
1982T3C mutation. e, genomic DNA sequence from pre-imatinib GIST of
patient B showing wild-type 1982T. f, genomic DNA sequence from ima-
tinib-resistant rapidly growing clone 4, showing the same new 1982T3C
mutation.

Fig. 3. Structural and functional regions of KIT. Yellow highlight, imatinib contact
points; green, KIT ATP phosphate-binding loop (P-loop); blue, ADP binding sites; red
box, Val654Ala mutation. (SCF, stem cell factor)

response. b-3 and b-4, CT of abdomen, 6 and 9 months post-imatinib treatment, respectively. A suspicious tiny implant (b-3, arrow, Resistant clone 4) was noted between spleen and
stomach. Rapid progression of clone 4 (arrow, b-4) was noted within 3 months. c-1 and c-2, CT scans of patient C pre-imatinib and 8 weeks post- imatinib, respectively. One of the
implants (patient’s left upper quadrant, c-1) bears a surgical clip that can be identified and traced to an implant that is much reduced in size 8 weeks post-imatinib (c-2). c-3 and c-4,
19 months later, a small implant was noted (c-3, short arrow, clone 5) that was not present in previous CT scans done at 8 weeks or 16 months post-imatinib treatment and that
represented an imatinib-resistant implant with rapid progression (c-4, arrow, clone 5). d-1 and d-2, CT scans of patient D show initial excellent response. d-3 and d-4, rapid progression
of a tiny tumor implant (arrow, Resistant clone 8) in the omentum.
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reported with more than one mutation in KIT; therefore, finding a
second and new KIT mutation in closely monitored imatinib-resistant
clones is convincing in vivo evidence of a causal relationship. Allelic-
specific sequencing analyses show that this novel KIT exon 13 mis-
sense mutation, 1982T3C, occurs in the original mutated allele, not
in the normal allele. One possible explanation could be the local
regional genetic instability of the allele that harbors an exon 11 or
exon 9 mutation, predisposing it to a second hit of an additional
mutation in the same allele. Under the selection pressure of imatinib
treatment, the second possible explanation could be the preferential
proliferative advantage of the clones that harbor the dominant acti-
vating exon 11 or exon 9 mutation plus second hit of 1982T3C
mutation in the same allele, which may acquire substantially more
advantage in imatinib resistance than those clones that harbor second
hit of the 1982T3C mutation in the normal allele. These two possi-
bilities are not mutually exclusive.

Val654 is in KIT kinase domain 1 and is conserved among ABL,
src, hck, PDGFR�, and KIT. The crystal structure of KIT has recently
been reported (17), but the coordinates are not yet available for us to
construct the three-dimensional picture incorporating this new muta-
tion. A schema (Fig. 3) showing the structural and functional regions
of KIT is included as a reference. The first residue of the KIT ATP
phosphate-binding loop (P-loop) is Gly596 (17, 18), which is 58
amino acids NH2-terminal to this novel Val654Ala mutation. In close
proximity to Val654Ala, are the imatinib contact points, Glu640,
Thr670, Cys673, Asp810 (12, 13), and the ADP-binding residues
Lys623, Glu671, and Cys673 (17). The conserved Glu640 in control
helix (C-helix), a single �-helix, forms a critical interaction with the
side chain of Lys623, which binds ADP. By structural analysis, this
new mutation, Val654Ala, therefore, most likely produces allosteric
conformational changes that alter the configuration of KIT kinase
domain and the relative affinity of KIT to imatinib.

Fig. 4. Allelic-specific sequencing data of clone 5 from patient C. With primers 7
(see Table 1) and PCR, cDNA (encompassing exons 10–14) were generated, digested
with BseRI, separated on 2% agarose gel electrophoresis, eluted from gel, and se-
quenced. A, agarose gel electrophoresis. Four bands were visualized as indicated. B,
chromatogram of allelic-specific sequencing data. Top left panel, the 579-bp DNA
showing exon 11 wild-type sequence containing the BseRI recognition site, GAGGAG.
Top right panel, the 454-bp DNA showing the wild-type 1982T. Bottom panel, the
564-bp DNA, which is the undigested original mutated allele contains the second
1982T3C mutation.
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Kinase domain mutations in ABL in leukemia have almost always
been associated with imatinib resistance (18-20). Some of the ABL
mutations that confer imatinib resistance in leukemia were found to be
present in leukemia patients before imatinib treatment (20). The novel
mutation Val654Ala, which has never been reported in literature
before, was not detectable in any pre-imatinib GISTs or any quiescent
implants by routine PCR (Table 1, with primer 3 for genomic DNA
and primer 7 for cDNA sequence), which indicates that the mecha-
nism of imatinib resistance in clones 1, 2, 4, 5, 8, and 11 in patients
A to E is due to either the development of a new mutation or the
imatinib selection of an extremely low level of preexisting clones that
harbor this mutation before treatment.

Because GISTs are initiated by constitutive KIT signal, KIT is an
ideal target for therapy as evidenced by the dramatic and immediate
effect of imatinib (Fig. 1a-1 to a-4, a-7, a-8, b-1, b-2, c-1, c-2, d-1,
d-2). For the same reason, it is also conceivable that a single missense
mutation in kinase domain in KIT is sufficient to result in imatinib
resistance and unleash the proliferative constraints. The 12 GIST
patients presented in Table 2 underwent surgery at different times
spanned over 24 months, and nucleotide sequence analyses were done
shortly after each surgery at different times; hence, cross-contamina-
tion is unlikely. In addition, we obtained different exon 11 mutations
in patients A–D and J–L, which provides direct proof against any
cross-contamination. We anticipate that more new mutations will
occur at the same or different KIT kinase domains and that other
alternative mechanisms of imatinib resistance will be discovered.
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