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Abstract

Purpose: Resistance to imatinib mesylate is emerging as a clinical challenge in patients with
metastatic gastrointestinal stromal tumors (GIST). Novel patterns of progression have been noted
in a number of these patients.The objective of this study was to correlate molecular and radiologic
patterns of imitinib-refractory disease with existing conventional criteria for disease progression.
Experimental Design: Patients with metastatic GIST treated with imatinib were followed with
serial computed tomography/magnetic resonance imaging and [18F]fluoro-2-deoxy-D-glucose
positron emission tomography. Where feasible, biopsies were done to document disease progression.
Results: A total of 89 patients were followed for a median of 43 months. Forty-eight patients
developed progressive disease. A unique ‘‘resistant clonal nodule’’ pattern (defined as a new
enhancing nodular focus enclosed within a preexisting tumor mass) was seen in 23 of 48 patients
and was thought to represent emergence of clones resistant to imatinib. Nodules were demonstrable a median of 5 months (range, 0-13 months) before objective progression defined by tumor
size criteria and were the first sign of progression in 18 of 23 patients. Median survival among
patients whose first progression was nodular was 35.1months, compared with 44.6 months for
patients whose first progression met Southwest Oncology Group criteria (P = 0.31). Comparative
tumor biopsies were done in 10 patients at baseline and from progressing nodules. Genotypic
analyses of KIT and PDGFRA kinases were done, revealing new activating kinase mutations in
80% (8 of 10) of these patients.
Conclusion: The resistant clonal nodule is a unique pattern of disease progression seen in
patients with GISTs after an initial response to imatinib and reflects the emergence of imatinibresistant clones. Conventional tumor measurements (Southwest Oncology Group/Response
Evaluation Criteria in Solid Tumors) do not detect this subtle finding. A new enhancing nodule
growing within a preexisting tumor mass should be classified as a new lesion and be regarded,
at least, as partial progression of GIST.

Gastrointestinal stromal tumors (GIST) are mesenchymal
tumors that arise throughout the entire length of the
gastrointestinal tract. Almost all GISTs express the stem cell
factor receptor tyrosine kinase KIT (1 – 3). Activating mutations
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in the gene encoding KIT, present in at least 90% of GISTs, are
the most frequent molecular mechanism underlying GIST
oncogenesis (4 – 10). Most GISTs have KIT gene mutations in
exon 11 or exon 9, encoding the intracellular and extracellular
juxtamembrane portions of KIT that regulate kinase activity.
Approximately one third of GISTs lacking KIT mutations
instead have activating mutations in the gene encoding plateletderived growth factor receptor-a (PDGFRA; refs. 11 – 14). The
molecular elucidation of the pathogenesis of GIST has therefore
provided the rationale for molecularly targeted therapy for this
disease.
Imatinib (Glivec, Gleevec; Novartis Pharma AG), a selective
inhibitor of KIT and PDGFR, as well as certain other tyrosine
kinases, is indicated as first-line therapy for metastatic and
unresectable malignant GIST (15 – 20). Clinical evidence
supporting the indication of imatinib for GIST was obtained
from phase 1, 2, and 3 studies of patients with advanced GIST,
in which partial responses were obtained in the majority of
patients (21 – 24).
Responses to imatinib in GIST patients depend on the
presence, and genomic location, of KIT oncogenic mutations
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(22, 25). Patients with exon 11 KIT mutations had a partial
response rate of 84% compared with a 0% partial response rate
among patients without KIT mutations. Similar results were
obtained in the European Organization for Research and
Treatment of Cancer study group (26). These clinical observations are consistent with laboratory studies showing that a
specific KIT exon 11 point mutation (V560G) is associated with
increased susceptibility to imatinib inhibition of kinase activity
compared with wild-type KIT (27).
Translation of imatinib response to survival benefit has been
shown in long-term follow-up studies. The survival rate among
GIST patients treated with imatinib is estimated to be 84% at
83 weeks, with disease progression after a median of 84 weeks
and with median overall survival of nearly 5 years (22). Data
from a phase 3 trial comparing 400 and 800 mg/d imatinib
doses indicated progression-free survival at 24 months of 48%
and 56%, respectively, among 946 patients with GISTs. These
studies show that imatinib prolongs survival of GIST patients
when compared with historical controls such as the European
Organization for Research and Treatment of Cancer database,
with 2-year survival of 69% versus 17%, respectively (24). These
studies also reveal, however, that in some patients disease progression develops over time despite continued imatinib therapy.
We, as well as other groups, have previously reported on
imaging changes seen in patients with progressing GISTs
(28 – 30). In this study, we have sought to further explore the
radiologic patterns of GIST progression and to identify and
characterize early indications of relapse during imatinib therapy
to supplement Southwest Oncology Group (SWOG)/Response
Evaluation Criteria in Solid Tumors criteria for disease progression. A second objective was to investigate the underlying
molecular mechanisms of imatinib refractoriness or resistance
in GIST.

Materials and Methods
Patients
This study included 89 patients with metastatic GISTs treated with
imatinib at doses of 400 to 800 mg/d. All patients included in this
evaluation were enrolled in clinical trials investigating the efficacy
of imatinib in metastatic or unresectable GIST, approved by the
Institutional Review Board for the Dana-Farber/Harvard Cancer Center.
Written informed consent was obtained from each patient, both for the
clinical trial in which they were participating in and for the analysis of
tumor-associated genetic alterations. At the time of this analysis,
patients have been followed for a median of 43 months.
Radiographic evaluation
Computed tomography scans. All patients underwent contrastenhanced computed tomography (CT) scans of the chest, abdomen,
and pelvis (5- or 7-mm-thick slices, 100 mL i.v., contrast-Oxilan 300).
Patients were restaged at f6-week intervals for the first 3 months, and
then trimonthly.
Magnetic resonance imaging. Magnetic resonance imaging (MRI)
scans of the liver were done in selected cases, either for patients in
whom contrast-enhanced CT scans were contraindicated or when
planning percutaneous interventional procedures, such as radiofrequency or cryoablation. In the latter patients, MRI scans were done as
an adjunct to CT scans and were not used to define objective tumor
response. MRI images consisted of transverse T1-weighted spin-echo,
T2-weighted fast spin-echo, and fast multiplanar spoiled gradient-echo
imaging done before and after the i.v. injection of 20-mL gadopentetate
dimeglumine (Magnevist, Berlex Laboratories).
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Positron emission tomography scans. Whole-body positron emission
tomography (PET) scans were obtained at similar intervals to anatomic
scans. Scanning began 45 to 60 min after i.v. injection of 370 to 555
MBq (10-15 mCi) of [18F]fluoro-2-deoxy-D-glucose (FDG).
Evaluation of scans
Measurements on CT scans were done using electronic calipers with a
picture archiving and communication system (PACS, Agfa Corp.).
Evaluators took particular care to ensure that the same lesion was
evaluated on pretreatment and follow-up scans and that the measurement technique was uniform with respect to slice selection and
anatomic level. Radiologists specifically looked for changes in the size
of lesions, their attenuation values, the presence of new lesions and/or
sites of involvement, and nodules within any preexisting lesions. On
noting the presence of a nodule, prior scans were rereviewed for earlier
evidence of any such changes.
Assessment of response to imatinib
Patients were assessed for response to imatinib therapy according to
conventional SWOG criteria and were based solely on contrastenhanced CT or MRI images (31). Responses were classified as
complete responses; partial responses; stable disease (response that
did not qualify as a complete response, partial response or disease
progression); or disease progression. For the purposes of this analysis,
patients were also classified as having a minor response if a 25% to 49%
decrease in the sum of the products of the perpendicular diameters of
all measurable lesions was observed.
Responses were also evaluated by uptake on PET scans (32 – 34). PET
scans were reviewed qualitatively for interval changes in FDG uptake in
comparison with baseline studies and prior FDG-PET scans. FDG-PET
images were subsequently correlated with the CT-scan images using a
side-by-side display on the PACS system.
Development of resistant nodules
Images were analyzed to detect the presence and characteristic
features of nodules, including their size and intratumoral location (i.e.,
whether they arose from the walls of, or appeared within, the central
portion of a preexisting tumor mass). A resistant nodule was defined as
a new and enhancing nodule (defined as having at least as much
contrast enhancement as the surrounding normal parenchymal tissue)
within a previously treated and responding nonenhancing or hypoenhancing tumor mass (defined as showing no contrast uptake or a
decrease in CT attenuation of >20 Hounsfield units) on contrastenhanced CT scans. The cutoff of 20 Hounsfield units was based on the
experience of the radiologists interpreting this data. Conventionally
defined patterns of radiological progression were also noted and
analyzed.
Assessment of disease progression with biopsies
CT-guided biopsies of resistant nodules were done at the time of
tumor progression and compared with biopsies taken at baseline of the
original reference lesion. Specimens were evaluated using standard
morphologic criteria for GIST as well as immunostaining for CD117.
Cell proliferation, as reflected by Ki-67 expression, was assessed by
immunohistochemistry with the monoclonal antibody MIB-1.
Paraffin-embedded tumor sections were trimmed to enrich for tumor
cells. PCR amplification of genomic DNA for KIT and PDGFRA was
done and polymorphic forms were separated by high-performance
liquid chromatography according to the method described by Heinrich
et al. (25).

Results
Patients

Eighty-nine GIST patients treated with imatinib 400 to
800 mg/d were followed for an average of 43 months. The
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Response to imatinib

Table 1. Patient characteristics

All 48 patients included in this analysis had initial responses
to imatinib, with 79% (38 of 48) having a partial response and
21% (10 of 48) a minor response. Among patients experiencing
progression during imatinib therapy, nearly all (98%, 47 of 48)
had disease restricted to the abdomen at the beginning of
treatment; 69% (33 of 48) had intrahepatic and extrahepatic
disease, 17% (8 of 48) had only intrahepatic disease, and 15%
(7 of 48) had only extrahepatic disease. A single patient had
disease that also extended to the chest (Table 1).

No. patients (%)
Total
Male
Female
Median age (range), y
Best response to imatinib
Complete
Partial
Minor
Anatomic location of GIST at baseline
Abdominal only
Intra- and extrahepatic
Intrahepatic only
Extrahepatic only
Abdominal and thoracic
Mode of disease progression
New site of disease
Progression of preexisting lesion
Mixed pattern of progression

48
27 (56)
21 (44)
48 (18-84)
0 (0)
38 (79)
10 (21)

Disease progression

47 (98)
33 (69)
8 (17)
7 (15)
1 (2)
11 (23)
30 (63)
7 (15)

present analysis is limited to 48 patients who experienced
disease progression (as defined by conventional SWOG criteria)
during treatment with imatinib. This group (Table 1) was
composed of 27 men and 21 women with a median age of
48 years (range, 18-84 years).

Patterns of disease progression are summarized in Table 1.
Twenty-three percent (11 of 48) of patients had a new site of
disease in the abdomen; 62% (30 of 48) had progression of a
preexisting lesion [enlargement of a tumor mass in a preexisting
site(s) of disease]; and 15% (7 of 48) had both new sites of
disease and enlarging lesions.
Resistant nodules. Overall, 48% (23 of 48) of patients with
GIST disease progression developed a resistant nodule (Fig. 1).
These nodules consisted of new enhancing foci enclosed
within a preexisting tumor mass that was nonenhancing or
hypoenhancing, and were easily missed if images were not
carefully evaluated. Multiple small nodules developed in some
patients over a period of months (Fig. 2). In most patients
(78%, 18 of 23), the nodule arose from the edge of the mass.

Fig. 1. A 62-year-old man with metastatic
GIST. Imatinib was initiated at 600 mg/d.
A, CTscan at baseline, before imatinib
(all CTscans are contrast enhanced unless
stated otherwise). B, CTscan after 9 mo of
imatinib at the time of maximal overall
response to imatinib. Note that tumor
masses have not only decreased in size but
also show decreased attenuation and have a
more homogenous appearance. C, CTscan
after 12 mo of imatinib. Note the initial
appearance of a resistant clonal nodule
(RCN; arrow). D, CTscan after 18 mo of
imatinib. Note the growth of resistant clonal
nodule but without any appreciable change
in the external dimensions of the original
mass (arrow).
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Fig. 2. A 42-year-old man with metastatic
GIST. Imatinib was initiated at 400 mg/d.
Patient developed multiple resistant clonal
nodules. A, CTscan at time of maximal
overall response to imatinib (6 mo). Note
the classic features of response to imatinib
including homogenous nonenhancing tumor
masses. B, CTscan after 9 mo of imatinib.
Note the early appearance of multiple
resistant clonal nodules, but without any
change in external dimensions of tumor
masses or any change in their characteristics.
C, CTscan after 15 mo of imatinib. Note the
growth of multiple resistant clonal nodules.
D, FDG-PETscan after 15 mo of imatinib.
Note the appearance of multiple resistant
clonal nodules.

In 22% (5 of 23), nodules were located within the tumor
mass itself.
These nodules became apparent on CT scans before detection
of progressive disease defined on the basis of increased size of
the original tumor mass(es). The median time between the
observation of nodules and disease progression defined by
conventional criteria was 5 months (range, 0-13 months). The
resistant nodule proved to be the first indication of disease
progression in 78% (18 of 23) of the patients in which they
were detected.
The appearance of a resistant nodule seemed to be
independent of imatinib starting dose, with doses ranging
from 400 to 800 mg/d (P = 0.98; Table 2). The imatinib dose
was increased in 9 of the 23 patients with a resistant nodule,

Table 2. Imatinib starting dose and development
of nodules
Imatinib
starting
dose (mg/d)

Total no.
patients (N = 48)

No. patients
developing
nodules (n = 23)

23
20
5

11
10
2

400
600
800

www.aacrjournals.org

but this dose escalation had no effect on the appearance or size
of the nodules. In only 2 of 23 (9%) patients, a resistant nodule
filled and then expanded the mass in which it was enclosed,
thus resulting in the patient being classified as having
progressive disease as defined by conventional tumor response
criteria (Fig. 3).
Overall survival was measured from the date of registration
to the date of death. Patients alive at last follow-up were
censored on that date. Among patients with nodular progression, 20 of 23 have died, whereas 18 of 23 with standard
progression have died. Median survival among patients whose
first progression was nodular was 35.1 months, compared
with 44.6 months for patients whose first progression met
SWOG criteria. Using the log-rank test, this difference was not
statistically significant (P = 0.31; Fig. 4).
Mutation analysis of resistant nodules. Ten of the patients
with resistant nodules had CT-guided biopsies of tumors at
baseline and of the intratumoral nodules at the time of
progression. Analysis of KIT and PDGFRA revealed new
mutations in 80% (8 of 10) of these patients (Table 3), with
the majority being in KIT exon 17. No change from the
baseline nucleic acid coding sequence was noted in 20% (2 of
10). In all cases, the biopsy specimens contained the original
gain-of-function KIT mutation that was present in preimatinib specimens obtained from the same patient.
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Discussion
Overall, f50% of GIST patients treated with imatinib are
progression-free at 2 years, implying that 50% were initially
refractory or eventually progressed (22, 24). These findings,
combined with the observations that complete responses to
imatinib are rare, suggest that resistance to imatinib is emerging
as a clinical challenge. Current radiologic criteria (SWOG/
WHO/Response Evaluation Criteria in Solid Tumors) used to
assess response to imatinib have been criticized for not

adequately reflecting the biological changes occurring within
that tumor (28, 30).
Disease progression in GIST patients treated with imatinib is
currently an unmet clinical need, with a lack of information
correlating the radiological changes to the molecular mechanisms of resistance to imatinib in GIST. Conventional tumor
response criteria are based on size measurements made in one or
two dimensions of the tumor mass visualized on axial CT images
(31, 35). According to conventional criteria, tumor masses that
are stable in size indicate no disease progression (36).

Fig. 3. A 56-year-old woman with metastatic GIST. Imatinib was initiated at
400 mg/d. A, CTscan at baseline, before imatinib. B, CTscan after 6 mo of imatinib
at the time of maximal overall response to imatinib. C, CTscan after 23 mo of
imatinib. Note initial appearance of resistant clonal nodule (arrow). D, CTscan after
32 mo of imatinib. Note the significant growth of resistant clonal nodule that has
now caused the surrounding mass to grow, thus leading to a change in the external
tumor measurements (arrow). E, FDG-PETscan after 32 mo of imatinib. Note
the nodular component of resistant clonal nodule and increased mass effect
resulting in right-sided hydronephrosis (arrow).
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Fig. 4. Overall survival for patients with standard progression (- - -) versus patients
who developed clonal nodules as their first means of progression (K). Median
survival among patients whose first progression was nodular was 35.1mo,
compared with 44.6 mo for patients whose first progression met SWOG criteria.
Using the log-rank test, this difference was not statistically significant (P = 0.31).

In our study, f50% of patients with metastatic GIST who
initially responded to imatinib displayed a unique CT imaging
pattern of disease recurrence referred to as a resistant nodule.
Molecular analyses of these nodules reveal that they represent
clones of disease arising as a consequence of resistance to
imatinib and unequivocally indicate disease progression. These
‘‘resistant clonal nodules’’ were observed before the development of progressive disease defined by tumor size criteria, and
provided the earliest indication of disease progression (i.e.,
clonal resistance to imatinib) in 18 of 23 patients in which they
were observed. The development of nodules did seem to affect
survival, with a shorter overall survival (35.1 versus 44.6
months) in those developing nodules as a first sign of disease
progression. However, this was not statistically significant
(P = 0.31) in our series (Fig. 4). These findings support the
argument that size-based criteria alone, using external tumor
measurements, are not sufficient to detect the type of progression exemplified by resistant clonal nodules unless expansion of the nodules results in a substantial increase in the size of

the surrounding mass. It is not clear from our study whether a
patient’s overall survival will be affected by developing a
resistant clonal nodule as a first sign of resistance to imatinib.
A larger study will need to be done to adequately answer this
question.
To our knowledge, this pattern of tumor recurrence or
progression has not been observed in other cancers. The
appearance of resistant clonal nodules as sensitive markers of
disease progression in GIST patients on imatinib therapy raises
the question about whether this pattern is unique to GIST or
instead reflects the manner in which resistance develops in any
solid tumor that is growth arrested with a tyrosine kinase
inhibitor. Further study will help determine whether the
resistant clonal nodule is specific for GIST or more generally
associated with molecularly targeted therapies for solid tumors.
The physical association of resistant clonal nodules to the
original tumor is consistent with the hypothesis that the cells
within the resistant clonal nodule arose as a subpopulation of
the original tumor. This suggests a process of clonal evolution
from the original tumor milieu, as opposed to a spontaneously
arising neoplasm.
A number of molecular mechanisms leading to refractoriness
or resistance to imatinib have been proposed (25, 37 – 39). The
predominant mechanism in GIST, target resistance due to
mutation, consists of a new activating point mutation occurring
in KIT or PDGFR that confers imatinib resistance. An alternate
mechanism, target modulation, entails activation of an
alternate receptor tyrosine kinase converging on the same
downstream signaling molecules as with KIT or PDGFRA
activation. This is most likely to occur in tumors that are
‘‘wild-type’’ (i.e., where no mutations are detectable in KIT or
PDGFRA). A third potential mechanism, target resistance by
overexpression and genomic amplification, is seen in chronic
myeloid leukemia but is not thought to be important in GIST.
The underlying molecular mechanism for GIST resistance to
imatinib observed in our study seems to be a second activating
mutation in association with the original KIT mutation. New
KIT mutations were present in the biopsy specimens from 80%
(8 of 10) of these patients. Our hypothesis is that these
secondary mutations reactivate KIT kinase activity, in some

Table 3. Mutation analysis for KIT and PDGFRA
Patient no.

Baseline mutation

Nodule mutation

Changes

1

Exon 11 V560D

New mutation

2

Exon 11 deletion WKVV557-560F

3

Exon 11 mutation deletion WKVV557-560C

4

Exon 11 deletion WKVVE557-561

5

Exon 11 deletion YEVQWK553-558

6

Exon 11 point mutation V560G

7

Exon 13 K642E

8

Exon 13 K642E and exon 17 point mutation N822H

Exon 11V560D + exon 17
point mutation D816H
Exon 11 deletion WKVV557-560F
and exon 17 point mutation Y823D
Exon 11 homozygous mutation deletion WKVV557-560C
and exon 17 point mutation Y823D
Exon 11 deletion WKVVE557-561
and exon 17 point mutation N822K
Exon 11 deletion YEVQWK553-558
and exon 13 point mutation V654A
Exon 11 point mutation V560G and
exon 13 point mutation V654A
Exon 13 point mutation K642E and
exon 17 point mutation D816H
Exon 13 point mutation K642E and
exon 17 point mutations C809G and N822H
Exon 11 homozygous deletion KV558-559
Exon 11 mutation deletion PMYE551-554

9
10

Exon 11 homozygous deletion KV558-559
Exon 11 mutation deletion PMYE551-554
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New mutation
New mutation
New mutation
New mutation
New mutation
New mutation
New mutation
No change
No change
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instances, by conferring imatinib insensitivity to the KIT kinase.
Evidence supporting this hypothesis is derived from in vitro
studies evaluating the ability of imatinib to inhibit recombinant human KIT or KIT derived from GISTs (25, 27). Mutants
of exon 17 (D816V), which encodes the second catalytic
domain of KIT, were found to code for mutant KIT molecules
completely insensitive to imatinib. Two of our patients exhibited a mutation at this same site, although the point mutation
encoded a different amino acid substitution (D816H) in the
resistant clonal nodule. In our series, secondary point mutations
in exon 17 (C809G, D816H, N822H, N822K, and Y823D) were
seen in five of eight patients, whereas two of eight patients had
secondary mutations in KIT exon 13 (V654A). Other groups
have also reported that secondary activating mutations in KIT
are the most common mechanism underlying the development
of acquired resistance to imatinib (38, 40 – 43).
Four patients in the study by Debiec-Rychter et al. (40)
exhibited distinct secondary mutations in exon 17 (D816G,
D820Y, D820E, and N822K); four patients had the same
secondary mutation in exon 11 (V654A) and one patient
harbored a T670I mutation in the ATP binding region of KIT.
Similarly, in the study by Antonescu et al. (38), secondary
activating mutations were found in six of seven patients in
exon 17, between amino acids 820 and 823. A single case report
of late resistance to imatinib in GIST revealed an exon 11
mutation as well as a second mutation in the second kinase
domain of exon 17 (Y823D; ref. 43). A second case report
describes a KIT exon 14 mutation in addition to an exon 11
mutation detected in an isolated progressing peritoneal mass
removed from a patient with advanced GIST on imatinib
therapy (42). Further characterization revealed that this point
mutation (T670I) prevents imatinib binding. Chen et al. (41)
found secondary mutations in exon 13 (missense mutation
resulting in a V654A substitution) in five of six patients who
developed rapidly progressive GIST after an initial response to
imatinib. More recently, Wardelmann et al. examined material
removed from patients having metastectomies for multifocal
acquired resistance and found each nodule to contain a single
new mutation (i.e., a new clone) in addition to the original
activating mutation. Different tumors removed contained
different mutations, although these were always in the tyrosine
kinase domains (i.e., exons 13, 14, and 17; ref. 44). Of note, all
of these patients developed new sites of disease.
In addition to KIT mutations, Debiec-Rychter et al. (40) also
found an example of an imatinib-resistant patient with a
primary KIT mutation as well as a secondary mutation in the
gene encoding PDGFRA (D842V). This suggests that this GIST
lesion is now driven by imatinib-resistant PDGFR signaling.
Whereas we included PDGFRA genes in our analysis, no
secondary mutations were detected. Our patient series, as well
as other reports, indicate that there are imatinib-resistant

patients without detectable secondary mutations with the
implication that other mechanisms of imatinib resistance are
operating (40, 45).
Together, these results suggest that in many cases of GIST
resistance to imatinib, mutant clones with new mutations
yielding KIT kinase molecules insensitive to imatinib evolve
and account for resistant clonal nodules. Recently, structural
bases have been elucidated for KIT autoinhibition and for
imatinib-mediated kinase inhibition (46). Perhaps, this crystal
structure model combined with further in vitro analyses will
provide insight into the molecular and structural basis for other
KIT mutations associated with imatinib resistance.
Disease progression with chemotherapeutic agents is usually
met with cessation of treatment to limit patient exposure to
therapeutically ineffectual cytotoxic agents. Patients on imatinib therapy with limited GIST progression, shown as nodules
within an otherwise responding tumor mass, are best viewed as
presenting with two distinct tumors requiring separate treatment approaches. Continued imatinib therapy is essential to
maintain suppression of the part of the tumor that remains
sensitive to imatinib. Although dose escalation was not beneficial in this study, it is conceivable depending on the
mechanism of imatinib resistance that dose escalation may be
beneficial in certain cases of limited progression in GIST.
On the other hand, local resistant clones that compose the
nodules and do not respond to imatinib dose escalation may be
managed with an alternative approach incorporating continuation of systemic kinase inhibition with imatinib combined
with a local treatment such as tumor ablation or surgery. The
combination of imatinib and radiofrequency ablation has been
used in five patients with resistant clonal nodules by our group.
Overall disease control was achieved for an additional 4 to
12 months in this small patient subgroup (47). Although not
been reported for this specific indication, other methods of
local control commonly used in refractory GIST, such as
selective hepatic arterial embolization or chemo-embolization,
could also be considered as an alternate to radiofrequency
ablation, depending on local expertise. Trials designed to
evaluate whether surgical resection of tumor masses responding
to imatinib is beneficial as an intervention before the
development of resistance are under way. The effect of
second-generation kinase inhibitors on clonally resistant
nodules also warrants close examination. In summary, the
resistant clonal nodule may be an important early clinical
marker of acquired resistance to imatinib in patients with
previously responding GISTs and warrants close scrutiny.

Acknowledgments
We thank Prohealth for providing editorial (Kathryn Miles) and logistical (Jennie
Marange) assistance, supported by Novartis.

References
1. Kindblom LG, Remotti HE, Aldenborg F, Meis-Kindblom
JM. Gastrointestinal pacemaker cell tumor (GIPACT):
gastrointestinal stromal tumors show phenotypic characteristics of the interstitial cells of Cajal. Am J Pathol
1998;152:1259 ^ 69.
2. Miettinen M, Lasota J. Gastrointestinal stromal
tumors-definition, clinical, histological, immunohistochemical, and molecular genetic features and differential diagnosis.Virchows Arch 2001;438:1 ^ 12.

3. Sircar K, Hewlett BR, Huizinga JD, et al. Interstitial
cells of Cajal as precursors of gastrointestinal stromal
tumors. Am J Surg Pathol 1999;23:377 ^ 89.
4. Hirota S, Isozaki K, Moriyama Y, et al. Gain-of-function mutations of c-kit in human gastrointestinal stromal tumors. Science 1998;279:577 ^ 80.
5. Taniguchi M, Nishida T, Hirota S, et al. Effect of c-kit
mutation on prognosis of gastrointestinal stromal
tumors. Cancer Res 1999;59:4297 ^ 300.

Clin Cancer Res 2007;13(18) September 15, 2007

5404

6. Lasota J, Jasinski M, Sarlomo-Rikala M, Miettinen M.
Mutations in exon 11 of c-Kit occur preferentially in
malignant versus benign gastrointestinal stromal
tumors and do not occur in leiomyomas or leiomyosarcomas. Am J Pathol 1999;154:53 ^ 60.
7. Rubin BP, Singer S, Tsao C, et al. KIT activation is a
ubiquitous feature of gastrointestinal stromal tumors.
Cancer Res 2001;61:8118 ^ 21.
8. Sakurai S, Oguni S, Hironaka M, et al. Mutations in

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on September 20, 2019. © 2007 American Association for
Cancer Research.

Clonal Evolution of Resistance to Imatinib in GIST

c-kit gene exons 9 and 13 in gastrointestinal stromal
tumors among Japanese. Jpn J Cancer Res 2001;92:
494 ^ 8.
9. Lasota J, Wozniak A, Sarlomo-Rikala M, et al. Mutations in exons 9 and 13 of KIT gene are rare events in
gastrointestinal stromal tumors. A study of 200 cases.
Am J Pathol 2000;157:1091 ^ 5.
10. Lux ML, Rubin BP, Biase TL, et al. KIT extracellular
and kinase domain mutations in gastrointestinal stromal tumors. Am J Pathol 2000;156:791 ^ 5.
11. Heinrich MC, Corless CL, Duensing A, et al.
PDGFRA activating mutations in gastrointestinal stromal tumors. Science 2003;299:708 ^ 10.
12. Hirota S, Ohashi A, NishidaT, et al. Gain-of-function
mutations of platelet-derived growth factor receptor a
gene in gastrointestinal stromal tumors. Gastroenterology 2003;125:660 ^ 7.
13. Medeiros F, Corless CL, Duensing A, et al. KIT-negative gastrointestinal stromal tumors: proof of concept
and therapeutic implications. Am J Surg Pathol 2004;
28:889 ^ 94.
14. Debiec-Rychter M,Wasag B, Stul M, et al. Gastrointestinal stromal tumours (GISTs) negative for KIT
(CD117 antigen) immunoreactivity. J Pathol 2004;
202:430 ^ 8.
15. Buchdunger E, Cioffi CL, Law N, et al. Abl proteintyrosine kinase inhibitor STI571 inhibits in vitro signal
transduction mediated by c-kit and platelet-derived
growth factor receptors. J Pharmacol ExpTher 2000;
295:139 ^ 45.
16. Heinrich MC, Griffith DJ, Druker BJ, et al. Inhibition
of c-kit receptor tyrosine kinase activity by STI 571, a
selective tyrosine kinase inhibitor. Blood 2000;96:
925 ^ 32.
17. Okuda K, Weisberg E, Gilliland DG, Griffin JD. ARG
tyrosine kinase activity is inhibited by STI571. Blood
2001;97:2440 ^ 8.
18. Tuveson DA, Willis NA, JacksT, et al. STI571 inactivation of the gastrointestinal stromal tumor c-KIT
oncoprotein: biological and clinical implications. Oncogene 2001;20:5054 ^ 8.
19. Dewar AL, Cambareri AC, Zannettino AC, et al.
Macrophage colony stimulating factor receptor,
c-fms, is a novel target of imatinib. Blood 2005;105:
3127 ^ 32.
20. Dagher R, Cohen M, Williams G, et al. Approval
summary: imatinib mesylate in the treatment of metastatic and/or unresectable malignant gastrointestinal
stromal tumors. Clin Cancer Res 2002;8:3034 ^ 8.
21. Demetri GD, von Mehren M, Blanke CD, et al. Efficacy and safety of imatinib mesylate in advanced gastrointestinal stromal tumors. N Engl J Med 2002;347:
472 ^ 80.
22. Rankin C, Von Mehren M, Blanke C, et al. Dose effect of imatinib (IM) in patients (pts) with metastatic

www.aacrjournals.org

GISTKPhase III Sarcoma Group Study S0033 [abstract]. Proc Am Soc Clin Oncol 2004;23:815.
23. van Oosterom AT, Judson I, Verweij J, et al. Safety
and efficacy of imatinib (STI571) in metastatic gastrointestinal stromal tumours: a phase I study. Lancet
2001;358:1421 ^ 3.
24. Verweij J, Casali PG, Zalcberg J, et al. Progressionfree survival in gastrointestinal stromal tumours with
high-dose imatinib: randomised trial. Lancet 2004;
364:1127 ^ 34.
25. Heinrich MC, Corless CL, Demetri GD, et al. Kinase
mutations and imatinib response in patients with
metastatic gastrointestinal stromal tumor. J Clin Oncol
2003;21:4342 ^ 9.
26. Debiec-Rychter M, Dumez H, Judson I, et al. Use of
c-KIT/PDGFRA mutational analysis to predict the clinical response to imatinib in patients with advanced
gastrointestinal stromal tumours entered on phase I
and II studies of the EORTC SoftTissue and Bone Sarcoma Group. Eur J Cancer 2004;40:689 ^ 95.
27. Frost MJ, Ferrao PT, HughesTP, Ashman LK. Juxtamembrane mutant V560GKit is more sensitive to Imatinib (STI571) compared with wild-type c-kit whereas
the kinase domain mutant D816VKit is resistant. Mol
CancerTher 2002;1:1115 ^ 24.
28. Hong X, Choi H, Loyer EM, et al. Gastrointestinal
stromal tumor: role of CT in diagnosis and in response
evaluation and surveillance after treatment with imatinib. Radiographics 2006;26:481 ^ 95.
29. Shankar S, vanSonnenberg E, Desai J, et al. Gastrointestinal stromal tumor: new nodule-within-a-mass
pattern of recurrence after partial response to imatinib
mesylate. Radiology 2005;235:892 ^ 8.
30. Choi H. Critical issues in response evaluation on computed tomography: lessons from the gastrointestinal
stromal tumor model. Curr Oncol Rep 2005;7:307 ^ 11.
31. Green S, Weiss GR. Southwest Oncology Group
standard response criteria, endpoint definitions and
toxicity criteria. Invest New Drugs 1992;10:239 ^ 53.
32. Stroobants S, Goeminne J, Seegers M, et al. 18FDGPositron emission tomography for the early prediction
of response in advanced soft tissue sarcoma treated
with imatinib mesylate (Glivec(R)). Eur J Cancer
2003;39:2012 ^ 20.
33. Antoch G, Kanja J, Bauer S, et al. Comparison of
PET, CT, dual-modality PET/CT imaging for monitoring of imatinib (STI571) therapy in patients with gastrointestinal stromal tumors. J Nucl Med 2004;45:
357 ^ 65.
34. Van den Abbeele AD, Badawi RD. Use of positron
emission tomography in oncology and its potential
role to assess response to imatinib mesylate therapy
in gastrointestinal stromal tumors (GISTs). Eur J Cancer 2002;38 Suppl 5:S60 ^ 5.
35. Therasse P, Arbuck SG, Eisenhauer EA, et al. New

5405

guidelines to evaluate the response to treatment in
solid tumors. European Organization for Research
and Treatment of Cancer, National Cancer Institute of
the United States, National Cancer Institute of Canada. J Natl Cancer Inst 2000;92:205 ^ 16.
36. Schwartz LH, Ginsberg MS, DeCorato D, et al. Evaluation of tumor measurements in oncology: use of
film-based and electronic techniques. J Clin Oncol
2000;18:2179 ^ 84.
37. Weisberg E, Griffin JD. Resistance to imatinib (Glivec): update on clinical mechanisms. Drug Resist
Updat 2003;6:231 ^ 8.
38. Antonescu CR, Besmer P, GuoT, et al. Acquired resistance to imatinib in gastrointestinal stromal tumor
occurs through secondary gene mutation. Clin Cancer
Res 2005;11:4182 ^ 90.
39. Corless CL, McGreevey L, Town A, et al. KIT gene
deletions at the intron 10-exon 11boundary in GI stromal tumors. J Mol Diagn 2004;6:366 ^ 70.
40. Debiec-Rychter M, Cools J, Dumez H, et al. Mechanisms of resistance to imatinib mesylate in gastrointestinal stromal tumors and activity of the PKC412
inhibitor against imatinib-resistant mutants. Gastroenterology 2005;128:270 ^ 9.
41. Chen LL,Trent JC,Wu EF, et al. A missense mutation
in KIT kinase domain 1 correlates with imatinib resistance in gastrointestinal stromal tumors. Cancer Res
2004;64:5913 ^ 9.
42. Tamborini E, Bonadiman L, Greco A, et al. A new
mutation in the KIT ATP pocket causes acquired resistance to imatinib in a gastrointestinal stromal tumor
patient. Gastroenterology 2004;127:294 ^ 9.
43. Wakai T, Kanda T, Hirota S, et al. Late resistance to
imatinib therapy in a metastatic gastrointestinal stromal tumour is associated with a second KIT mutation.
Br J Cancer 2004;90:2059 ^ 61.
44. Wardelmann E, Merkelbach-Bruse S, Pauls K, et al.
Polyclonal evolution of multiple secondary KIT mutations in gastrointestinal stromal tumors under treatment with imatinib mesylate. Clin Cancer Res 2006;
12:1743 ^ 9.
45. Yamaguchi M, MatsumotoT,Tate G, Higuchi T. Secondary resistance to imatinib mesylate in a patient
with unresectable duodenal GIST without mutations
in exons 9, 11, 13, or 17 of the c-kit proto-oncogene.
J Gastroenterol 2004;39:904 ^ 5.
46. Mol CD, Dougan DR, SchneiderTR, et al. Structural
basis for the autoinhibition and STI-571 inhibition of
c-Kit tyrosine kinase. JBiol Chem 2004;279:31655 ^ 63.
47. Dileo P, Randhawa R,Vansonnenberg E, et al. Safety
and efficacy of percutaneous radio-frequency ablation
(RFA) in patients (pts) with metastatic gastrointestinal stromal tumor (GIST) with clonal evolution of
lesions refractory to imatinib mesylate (IM) [abstract].
Proc Am Soc Clin Oncol 2004;23:820.

Clin Cancer Res 2007;13(18) September 15, 2007

Downloaded from clincancerres.aacrjournals.org on September 20, 2019. © 2007 American Association for
Cancer Research.

Clonal Evolution of Resistance to Imatinib in Patients with
Metastatic Gastrointestinal Stromal Tumors
Jayesh Desai, Sridhar Shankar, Michael C. Heinrich, et al.
Clin Cancer Res 2007;13:5398-5405.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/13/18/5398

This article cites 47 articles, 17 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/13/18/5398.full#ref-list-1
This article has been cited by 9 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/13/18/5398.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/13/18/5398.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on September 20, 2019. © 2007 American Association for
Cancer Research.

