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Abstract

Most GIST patients develop clinical resistance to KIT/PDGFRA tyrosine kinase inhibitors
(TKI). However, it is unclear whether clinical resistance results from single or multiple
molecular mechanisms in each patient. KIT and PDGFRA mutations were evaluated in
53 GIST metastases obtained from 14 patients who underwent surgical debulking after
progression on imatinib or sunitinib. To interrogate possible resistance mechanisms across
a broad biological spectrum of GISTs, inter- and intra-lesional heterogeneity of molecular
drug-resistance mechanisms were evaluated in the following: conventional KIT (CD117)-
positive GISTs with KIT mutations in exon 9, 11 or 13; KIT-negative GISTs; GISTs with
unusual morphology; and KIT/PDGFRA wild-type GISTs. Genomic KIT and PDGFRA
mutations were characterized systematically, using complementary techniques including
D-HPLC for KIT exons 9, 11–18 and PDGFRA exons 12, 14, 18, and mutation-specific
PCR (V654A, D820G, N822K, Y823D). Primary KIT oncogenic mutations were found in
11/14 patients (79%). Of these, 9/11 (83%), had secondary drug-resistant KIT mutations,
including six (67%) with two to five different secondary mutations in separate metastases,
and three (34%) with two secondary KIT mutations in the same metastasis. The secondary
mutations clustered in the KIT ATP binding pocket and kinase catalytic regions. FISH
analyses revealed KIT amplicons in 2/10 metastases lacking secondary KIT mutations. This
study demonstrates extensive intra- and inter-lesional heterogeneity of resistance mutations
and gene amplification in patients with clinically progressing GIST. KIT kinase resistance
mutations were not found in KIT/PDGFRA wild-type GISTs or in KIT-mutant GISTs showing
unusual morphology and/or loss of KIT expression by IHC, indicating that resistance
mechanisms are fundamentally different in these tumours. Our observations underscore the
heterogeneity of clinical TKI resistance, and highlight the therapeutic challenges involved
in salvaging patients after clinical progression on TKI monotherapies.
Copyright  2008 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

Gastrointestinal stromal tumours (GISTs) are the most
common mesenchymal tumours of the gastrointestinal
(GI) tract and are refractory to radiation and conven-
tional chemotherapy. 85–90% of GISTs have acti-
vating mutations of the KIT or PDGFRA receptor
tyrosine kinase genes [1–3], resulting in oncopro-
teins that are crucial diagnostic and therapeutic tar-
gets in GIST [2,3]. Indeed, therapeutic inhibition of
KIT/PDGFRA kinase activity by imatinib has emerged
as the first-line treatment option in patients with

inoperable GIST [4–6]. Notably, imatinib response
depends on KIT/PDGFRA mutational status [7,8].
Patients whose GISTs have KIT exon 11 mutations
have a higher response rate and longer median survival
compared to those with wild-type KIT/PDGFRA or
with KIT exon 9 mutations [1]. Complete responses to
imatinib in metastatic GIST are rare (≤5%) and most
responding patients develop secondary resistance [6].

The most common secondary resistance mechanism
appears to be mutation of the KIT kinase domain;
however, additional resistance mechanisms include
KIT/PDGFRA genomic amplifications and activation

Copyright  2008 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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of alternative oncogenes [9,10]. Therapeutic options
for patients whose GISTs progress on imatinib include
dose escalation or treatment with sunitinib malate
(SUTENT Pfizer, New York, USA), a Federal Drug
Administration (FDA)-approved drug with demon-
strated efficacy, acceptable tolerability and safety in
a double-blind placebo-controlled Phase III trial [11].
Previous studies have focused on individual imatinib
resistance mechanisms in GIST lesions progressing
on imatinib therapy, but the heterogeneity of these
mutations, in a given patient, remains unclear. There-
fore, the aim of this study was to characterize intra-
and inter-lesional drug resistance mechanisms in GIST
tumour samples obtained during debulking proce-
dures performed on patients with imatinib or sunitinib
resistance.

Material and methods

Tumour selection

Fifty-three GIST metastases from 14 patients (12 male
and 2 female, age range 50–75 years, median age
62 years) were studied. All patients progressed clin-
ically on imatinib or sunitinib, according to the con-
ventional Southwest Oncology Group/Response Eval-
uation Criteria in Solid Tumours [12]. All patients
underwent resection during 2001–2004 at the Brigham
and Women’s Hospital, Boston, MA, USA. Imatinib
or sunitinib was discontinued within 1 week prior to
debulking surgeries. Surgery was performed in five
patients progressing after imatinib alone and in nine
patients progressing after imatinib and sunitinib treat-
ment. To interrogate possible resistance mechanisms
in a broad spectrum of GISTs, we examined not
only tumours with typical morphology, but tumours
that were KIT (CD117) negative, had unusual mor-
phology or were KIT/PDGFRA wild-type. This study
was approved by the Institutional Review Board of
Brigham and Women’s Hospital.

Haematoxylin and eosin-stained sections from 276
paraffin blocks were reviewed to confirm the diagnoses
prior to inclusion in the study. Tumour regions from
different metastases or different areas within metas-
tases were selected from each patient, with an empha-
sis on variation in tumour cytology, KIT expression
(KIT-positive or KIT-negative) and mitotic activity.
In total, 57 tumour areas from 53 metastases were
selected. The morphological appearance (spindle cell,
epithelioid cell, mixed cell type, unusual morphol-
ogy), tumour size, location, treatment effects (necrosis,
hyalinosis, pseudo-chondroid changes, haemorrhage)
were evaluated, as well as mitotic rate [expressed as
the number of mitotic figures per 50 high power fields
(HPFs) in the most mitotic area, using a ×40 objective
and a ×10 ocular, field size 0.25 mm2] (Table 1). His-
tological treatment response was scored in each metas-
tasis, using a previously proposed grading scheme [8]:
1, minimal (0–10% response); 2, low (>10% and

<50% responses); 3, moderate (>50% and <90%
response); and 4, high (>90% response).

Immunohistochemistry

Immunohistochemical studies for KIT (CD117) (Dako,
Carpinteria, CA, USA; polyclonal A4502, 1 : 250)
were performed in all cases without epitope retrieval,
as previously described [13]. In cases lacking KIT
expression, additional immunohistochemical stains
using antibodies against SMA (Sigma, St. Louis, MO,
USA; 1A4, 1 : 20.000); Desmin (Dako; D33, 1 : 500);
Caldesmon (Dako; h-CD, 1 : 300; heat-induced epitope
retrieval) and MYF4 (Novocastra, Burlingame, CA,
USA; LO26,1 : 600, heat-induced epitope retrieval)
were performed. The Envision Plus detection system
(Dako) was used for all antibodies. Appropriate posi-
tive and negative controls were included.

DNA Extraction and initial mutation screening

The 57 tumour areas of interest were marked and
collected from unstained sections by manual tumour
tissue dissection. Tumour tissue was deparaffinized
as previously reported [14]. Mutational analyses
were performed on the extracted genomic DNA,
using a combination of polymerase chain reaction
(PCR) amplification, denaturing high-performance liq-
uid chromatography (D-HPLC) screening and auto-
mated sequencing, as described previously [1,2,15].
KIT exons 9, 11, 12, 13, 14, 15, 16, 17, 18 and
PDGFRA exons 12, 14, 18 were evaluated.

Mutation screening by allele-specific PCR

Five known hotspots for KIT secondary resistance
mutations [V654A, D820G, N822K (T → A and T →
G), Y823D] were screened by novel allele-specific
PCR assays. Details on the development of these
assays will be the subject of another report (Kepten
et al, manuscript in preparation). In brief, mutation-
specific forward primers were designed such that the
nucleotide substitution of interest was matched by a
locked nucleic acid at the 3′ end. Amplicons were
detected by hydrolysable, dual-labelled probes to exon
13 or exon 17, depending on the site of mutation.
PCR conditions were established such that dilutions of
GIST DNA samples with known mutations (estimated
to be 50% by direct sequencing) were routinely
positive down to the level of 1 : 100 (estimated 0.5%
mutant allele). DNA from formalin-fixed, paraffin-
embedded normal tissue was either negative or had
Ct > 5 cycles beyond that of the 1 : 100 dilution.
Dilution controls and normal DNA controls were
included in each assay. All abnormal allele-specific
assays were repeated at least once.

Fluorescence in situ hybridization (FISH)

FISH analyses of KIT copy number were performed
on 4 µm tissue sections that were pre-baked for 2 h at
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60 ◦C. The sections were deparaffinized in xylene three
times (each 15 min) and dehydrated twice in 100%
ethanol for 2 min. The slides were then immersed
in TRIS–EDTA (100 mM Tris base, 50 mM EDTA,
pH 7.0) for 45 min at 95–99 ◦C and rinsed in ×1
PBS for 5 min. Proteolytic digestion of the sections
was performed using Digest–ALL 3 (Invitrogen, Carl-
bad, CA, USA) at 37 ◦C for 20 min, twice. The sec-
tions were then sequentially dehydrated in alcohol
(70%, 85%, 95% and 100%) for 2 min each and
air-dried. The KIT probe comprised two overlapping
BAC clones, C00-84L10 and RP11-586A2, labelled
by random priming with digoxigenin and detected with
FITC anti-digoxigenin, and co-hybridized with a spec-
trum orange-labelled chromosome 4 centromeric probe
(CEP4; Vysis); 100 interphase nuclei were evaluated
from each specimen. The cytogenetic patterns were
classified as FISH-negative (no or low genomic gain:
≤four copies of KIT in >40% of cells), FISH-positive
(high level of polysomy: ≥ four copies of KIT in
≥40% of cells), or gene amplification (presence of
tight KIT gene clusters and a ratio of KIT and chro-
mosome 4 cen ≥2 per cell, or ≥15 copies of KIT per
cell in ≥10% of analyzed cells) [16].

Results

Morphological correlates of resistance

To direct the genomic studies and to address morpho-
logical correlates for TKI resistance heterogeneity, we
sampled a broad spectrum of tumour areas in each
patient by evaluating several morphological parame-
ters. Among the 57 GIST samples, the cellular mor-
phology ranged from typical spindle cell (n = 26), to
epithelioid (n = 15), to mixed (n = 7) to lesions with
unusual (n = 9) features (Figure 1A–H). The spin-
dle cell GISTs were composed of cells with palely
eosinophilic fibrillary cytoplasm, ovoid nuclei and ill-
defined cell borders, often with syncytial appearance
(Figure 1A). GISTs with epithelioid cell morphol-
ogy were composed of round cells with eosinophilic
to clear cytoplasm, arranged in sheets and nests
(Figure 1B). One or more samples from patients 1,
3 and 13 had a prominent perivascular, palisading
(Figure 1A) or storiform growth pattern. Two tumours
obtained from patient 14 showed epithelioid morphol-
ogy with abrupt transformation to a pleomorphic spin-
dle cell sarcoma (Table 1, Figure 1C and 1D). Other
unusual morphologies included huge epithelioid cells
with nuclear atypia (Figure 1E) and focal intracyto-
plasmic inclusions, as well as pleomorphic spindle cell
areas. In total, nine samples with unusual morphol-
ogy were collected from patients 7, 10, 12 and 14
(Table 1). Multinucleated giant cells were present in
two samples obtained from patients 4 and 5 (Table 1).

Histological treatment response was heterogeneous
within and between metastases selected from a given
patient. Thirty-one (54.4%) samples showed minimal,

18 (31.6%) low, 7 (12.3%) moderate and only 1 (1.7%)
sample showed high treatment response (Table 1). Of
the samples from patients studied after progression
on sunitinib, 24 (54.5%) tumours showed minimal,
15 (34.1%) low, four (9.1%) moderate and only
one (2.3%) tumour showed high treatment response,
respectively.

Mitotic activity was in the range 1–100 mitoses/50
HPFs. Metastases with moderate and high treatment
response (eight samples) had a median mitotic activ-
ity of 4/50 HPF (range 1/50–8/50 HPFs), whereas
metastases with minimal and low response (49 sam-
ples) had a median mitotic activity of 29/50 HPFs
(range 1/50–100/50 HPFs). The sizes of the individual
tumour nodules were in the range 0.5–35 cm (median
6.1 cm). Tumour size did not correlate with treat-
ment effect or the frequency of detected secondary
mutations (Tables 1, 2). All post-treatment samples
showed robust blood vessels surrounded by smooth
muscle cells/pericytes, arguing against an antiangio-
genic effect of therapy. Treatment effects were noted
only in the tumour parenchyma.

Heterogeneity in the immunohistochemical
staining profile

KIT (CD117) staining was scored as positive in
50/57 tumour samples. All samples from patient
7 (Figure 1E) were KIT-negative (Figure 1F) but
showed multifocal strong positivity for SMA, cal-
desmon (Figure 1G) and desmin (Figure 1H), whereas
MYF4 staining was negative. In three patients (2,
11 and 14) a mixture of KIT-positive and -negative
regions was observed. KIT-negative samples from
patients 11 and 14 showed immunoreactivity with
caldesmon and SMA, respectively. By contrast, the
KIT-negative sample from patient 2 did not stain for
muscle markers.

Mutational heterogeneity

Primary KIT mutations were detected by D-HPLC
and sequencing in 11 patients (nos 1–11) (Table 1),
whereas all GIST samples from the remaining three
patients (nos 12–14) were KIT and PDGFRA wild-
type, including four samples obtained from a patient
(no. 13) with neurofibromatosis type 1 (Table 1). In
all tumour samples collected from a given patient, the
same primary mutation was detected. Seven patients
showed a primary KIT mutation in exon 11 (nos 3–9)
and in two patients a primary mutation in exon 9 [nos
2 and 17] or exon 13 (nos 10 and 11) was detected
(Table 1).

All 57 tumour samples were screened for sec-
ondary imatinib-resistance mutations in KIT by D-
HPLC (Table 1, Figure 2A), which has a sensitivity of
∼15% mutant alleles. In addition, 46/57 tumour sam-
ples were screened by allele-specific PCR (AS–PCR;
Table 2, Figure 2B), which has a sensitivity of 0.5%
mutant alleles. By using these complimentary tech-
niques, secondary imatinib-resistance mutations in KIT
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Figure 1. (A) GIST with spindle cell morphology composed of cells with a pale eosinophilic fibrillary cytoplasm, ovoid nuclei and
ill-defined cell borders, with syncytial appearance and palisading (patient 3). (B) GIST with epithelioid cell morphology composed
of round cells with eosinophilic cytoplasm arranged in sheets (patient 2). (C) Low-power view of a GIST in the stomach wall, with
abrupt transition between two morphologically different tumour components (patient 14; KIT and PDGFR wild-type). Higher-power
images of this tumour are demonstrated in (D), showing epithelioid morphology (right) and pleomorphic spindle cell morphology
(left). (E) GIST showing unusual morphology, with huge epithelioid cells, vesicular nuclei and prominent nucleoli (patient 7;
primary KIT exon 11 mutation). (F) KIT-negative GIST (patient 7). (G) KIT-negative GIST showing strong cytoplasmic staining for
caldesmon (patient 7). (H) KIT-negative GIST showing strong cytoplasmic staining for desmin (patient 7)

were found in 9/11 patients (82%), irrespective of
the primary (exon 9, 11 or 13) KIT mutation. The
secondary imatinib-resistant KIT mutations were clus-
tered in two regions, the ATP binding pocket of the
KIT kinase (exons 13 and 14) and in the kinase acti-
vation loop (exon 17) (Figure 2A, B). Furthermore,
multiple different secondary imatinib-resistance muta-
tions (between two and five) were found in 6/9 patients

(67%) (nos 2, 4, 5, 8, 9, 11; Tables 1, 2). In seven
samples obtained from three patients (nos 2, 5, 9),
two secondary imatinib-resistance KIT mutations were
detected in one or more individual tumour samples
(Tables 1, 2).

AS–PCR assays were performed for five resis-
tance mutation hotspots [V654A, D820G, N822K
(T → A and T → G) and Y823D]. In all cases
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Table 2. Summary of secondary imatinib resistant KIT mutations evaluated by D-HPLC and AS–PCR

Secondary KIT mutation frequencies

DHPLC AS–PCR∗ AS–PCR∗
Patient Primary KIT

no. Treatment Location mutations ∼15% >5% 5–0.5%

1 IM Serosal nodule (1) Exon 9 NMF NMF NMF NMF

2 IM, SU Serosal nodule right lower quadrant Exon 9 NMF NMF NMF NMF
Omental nodule Exon 9 NMF NMF NMF V654A
Periumbilical tumour Exon 9 Exon 17 N822Y NMF D820G
Serosal nodule right upper quadrant (1) Exon 9 Exon 17 N822K N822K (T → G) V654A
Serosal nodule right upper quadrant (2) Exon 9 Exon 17 N822K N822K (T → G) NMF

3 IM, SU Stomach (1) Exon 11 Exon 17 D816H NMF NMF

4 IM Liver metastasis Exon 11 Exon 18 A829P NMF NMF
Stomach (1) Exon 11 Exon 13 V654A V654A NMF

5 IM, SU Liver metastasis Exon 11 Exon 13 V654A V654A D820G
Mesenteric nodule (1) Exon 11 Exon 17 N822Y NMF N822K (T → A)
Mesenteric nodule (2) Exon 11 Exon 17 N822Y NMF N822K (T → G)
Nodule attached to gallbladder Exon 11 Exon 17 D820G D820G NMF

6 IM Intra-abdominal 1 Exon 11 Exon 13 V654A V654A NMF
Intra-abdominal 2 Exon 11 Exon 13 V654A V654A NMF

7 IM, SU Stomach Exon 11 NMF NMF NMF NMF
Liver metastasis Exon 11 NMF NMF NMF NMF
Serosal nodule Exon 11 NMF NMF NMF NMF

8 IM Abdominal tumour (1) Exon 11 NMF NMF NMF NMF
Abdominal tumour (2) Exon 11 Exon 17 D820Y NMF NMF
Abdominal tumour (3) Exon 11 Exon 17 D820Y NMF NMF

9 IM, SU Mesenteric nodule 1 Exon 11 Exon 13 V654A V654A NMF
Skin metastasis Exon 11 Exon 13 V654A V654A NMF
Mesenteric nodule 4 Exon 11 Exon 13 V654A V654A N822K (T → A)

10 IM Stomach wall (3) Exon 13 NMF NMF NMF D820G

11 IM, SU Tumour mid-abdomen Exon 13 NMF NMF NMF NMF
Serosal nodule left upper quadrant (1) Exon 13 Exon 14 T670I NMF NMF
Serosal nodule ileum (1) Exon 13 Exon 17 D816H NMF NMF
Serosal nodule ileum (2) Exon 13 Exon 17 D816H NMF NMF
Serosal nodule terminal ileum Exon 13 Exon 17 D816H NMF NMF
Serosal nodule left upper quadrant (2) Exon 13 Exon 17 D816H NMF NMF

12 IM, SU Omental nodule
Liver metastasis (1)
Tumour sigmoid wall NMF NMF NMF NMF
Liver metastasis (2)

13, NF Type I IM, SU Serosal nodule adjacent to bowel
Nodule ligamentum of Tritz
Nodule duodenum NMF NMF NMF NMF
Mesenteric nodule

14 IM, SU Perigastric mass (1)
Perigastric mass (2)
Perigastric mass (3) NMF NMF NMF NMF
Liver metastasis
Large nodule lesser curvature (1)
Large nodule lesser curvature (2)

∗ AS–PCR detects: exon 13, V654A, exon 17, D820G, N822K (T → A), N822K (T → G), Y823D.
pt, patient; NMF, no mutation found.

where one of these mutations was detected by D-
HPLC, there was a strong signal (>5%) by AS–PCR
(Table 2). AS–PCR identified secondary KIT resis-
tance mutations that were not demonstrable by D-
HPLC in one or more tumour samples from four
patients (nos 2, 5, 9, 10; Table 2). These additional

resistance mutations were present at low abundance
(0.5–5%) in the background of more abundant (D-
HPLC-detectable) secondary mutations, or as the only
anomaly. Interestingly, all samples collected from
patient 7 lacked KIT expression and neither D-HPLC
nor AS–PCR revealed secondary resistance mutations
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A

B

Figure 2. (A) Summary of secondary KIT resistance mutations
detected by D-HPLC in 27/57 tumour samples from 14 patients
with progressing GISTs. Associated primary KIT mutations are
indicated in red (exon 11 mutations), yellow (exon 9 mutations)
and green (exon 13 mutations). (B) Summary of secondary
KIT resistance mutations detected by AS–PCR only ( ) or
detected by both AS–PCR and D-HPLC (ž) in 18 tumour
samples. Associated primary KIT mutations are indicated in red
(exon 11 mutations), yellow (exon 9 mutations) and green
(exon 13 mutations)

in these samples (Tables 1, 2). Furthermore, D-HPLC
and AS–PCR did not detect secondary KIT resistance
mutations in tumour samples showing unusual mor-
phological features, in KIT/PDGFRA wild-type GISTs
or in KIT-negative GISTs (Tables 1, 2). A metasta-
sis showing a T670I resistance mutation was the only
tumour in this study with high morphological treat-
ment response (Table 1).

Fluorescence in situ analysis

FISH was performed in 10/14 GIST samples showing
a primary KIT mutation in exon 9 (nos 1, 2), exon
11 (nos 3, 7, 8) and exon 13 (nos 10,1 1) but lacking
a secondary KIT mutation. Eight of the 10 samples
were FISH-negative (Figure 3A), whereas two sam-
ples, both from patient 10, had KIT amplification
(Figure 3B).

A

B

Figure 3. (A) FISH analysis of abdominal tumour 1 (spindle
cell morphology) from patient 8, with disomic (FISH-negative)
pattern. The chromosome 4 centromere probe is shown in
orange and the KIT probe in green. (B) FISH analysis of stomach
wall (2) tumour (epithelioid morphology) from patient 10, with
KIT amplification. Chromosome 4 centromere probe is shown
in orange and the KIT probe in green

Discussion

The aim of this study was to determine the hetero-
geneity of tyrosine kinase inhibitor (TKI) resistance
mutations within and between different metastatic
GIST lesions and to examine the relationship between
drug resistance and morphological variability, mitotic
activity and immunophenotype. Secondary KIT muta-
tions were interrogated using two complementary tech-
niques, D-HPLC and AS–PCR. D-HPLC provided a
broad unbiased screening approach to detect secondary
mutations in various KIT and PDGFRA exons, with a
sensitivity of ∼15%. By contrast, the novel AS–PCR
approach was designed to detect five hotspot sec-
ondary imatinib-resistant KIT mutations, with a sensi-
tivity of ∼0.5%. Secondary KIT kinase domain muta-
tions were found in 82% of patients after imatinib or
sunitinib therapy, irrespective of whether the primary
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mutation was in KIT exon 9, 11 or 13. The secondary
mutations were clustered in the ATP binding pocket
(D-HPLC 42.9% and AS–PCR 50%) and in the activa-
tion loop (D-HPLC 57.1% and AS–PCR 50%) of the
KIT kinase domain. D-HPLC demonstrated two alter-
native secondary KIT resistance mutations (involv-
ing exons 13 and 17) in only 1/56 tumour samples,
whereas the more sensitive AS–PCR method demon-
strated more than one resistance mutation in each of
six metastases. These findings underscore the com-
plexity of clinically important TKI resistance mech-
anisms. Whereas previous reports have demonstrated
resistance mutations in 44–67% of GISTs progress-
ing after imatinib therapy [6,17–19], the combina-
tion of D-HPLC and AS–PCR revealed secondary
KIT TKI-resistance mutations in 9/10 patients (90%)
whose GIST had a primary KIT oncogenic mutation
and whose tumour expressed KIT protein. In addi-
tion, we demonstrated two or more (between two and
five) TKI-resistance mutations in most patients in this
series, whereas previous studies have shown multiple
resistance mutations in ∼10–30% of GIST patients
at the time of clinical progression [6,19]. Contribut-
ing factors to the higher level of demonstrable TKI-
resistance mutations might include the more exten-
sive sampling of multiple metastases, incorporation of
the highly sensitive AS–PCR detection method, and
clonal selection for additional resistance mutations in
patients receiving sunitinib. Patients receiving suni-
tinib treatment showed substantially more (one to five)
secondary imatinib-resistance mutations compared to
patients only treated with imatinib (at most two). How-
ever, the mutation types seen after sunitinib therapy,
in this study, were similar to those reported after
progression on imatinib therapy alone [6,8,10]. Sec-
ondary resistance mutations in the KIT activation loop
(exon 17) were seen in ∼60% (Table 2) of sunitinib-
treated metastases, which is in accord with in vitro
evidence that mutations in this region are sunitinib-
resistant [20]. Although multiple KIT exons (9,11–18)
were screened for secondary mutations outside the
ATP binding pocket and the kinase activation loop,
D-HPLC did not reveal mutations in these regions.

KIT V654A is the most frequent secondary muta-
tion in patients whose GISTs have primary KIT exon
11 mutations and who eventually progress during ima-
tinib treatment [6,8]. Interestingly, the V654A muta-
tion, which is sunitinib-sensitive based on in vitro
studies [20], was found in ∼27% (Table 2) of sam-
ples after clinical progression on sunitinib. In addi-
tion, these same samples showed minimal to low
morphological evidence of treatment response. Such
observations suggest that sunitinib might be cytostatic
rather than cytocidal in GISTs with secondary V654A
mutations. This is in keeping with the clinical evi-
dence from a randomized, placebo-controlled, multi-
centre trial demonstrating that stable GIST was the
best overall tumour response on sunitinib treatment
[11]. In addition, the presence of low-level TKI resis-
tance mutations on the same KIT alleles encoding

the V654A might also account for the persistence of
V654A alleles during sunitinib therapy.

In theory, sunitinib therapeutic activity could result
from either antiangiogenic or direct antitumoral activ-
ity, as this is a multikinase inhibitor that inhibits
KIT, PDGFR, VEGFR, FLT3 and RET [21–25]. How-
ever, there is no compelling evidence for sunitinib
antiangiogenic activity in GIST patients [26]. In the
present study, moderate-to-high morphological evi-
dence of sunitinib treatment response was found in
11.4% of metastases, even at time of clinical pro-
gression on sunitinib. Viable tumour cells from these
samples were often clustered around blood vessels,
and a reduction of overall tumour vasculature was
not detected, suggesting that the treatment response
in these cases resulted largely from direct inhibi-
tion of crucial KIT-mediated survival pathways in the
GIST cells, rather than anti-angiogenic effects. As
expected, GIST metastases with moderate and high
treatment response had lower mitotic activity overall
(median 4/50HPF) compared to those with minimal
or low treatment response (median 29/50HPF). How-
ever, there was substantial variability in the mitotic
activity amongst samples with minimal and low treat-
ment response, such that mitotic activity alone is not
a reliable marker for clinical progression. Interrup-
tion of TKI therapy, as might occur pre-operatively, is
known to augment KIT phosphorylation and the bio-
chemical activity of downstream signalling proteins in
GIST, and to cause PET scan ‘flares’ [17]. Therefore,
evaluation of treatment effects based on more fixed
morphological correlates, such as necrosis and fibrosis,
might be a more reliable indicator than mitotic activ-
ity in distinguishing clinically stable from progressing
GIST lesions. In our study, tumour size did not cor-
relate with the presence of treatment effect, and this
has been noted in a previous report [27]. Furthermore,
there was no correlation between tumour size and fre-
quency of detectable secondary KIT kinase mutations.

Using complementary D-HPLC and AS–PCR muta-
tional screening approaches, we demonstrated sec-
ondary resistance mutations as the overriding resis-
tance mechanism in 9/14 patients. By contrast, all
patients whose GISTs had wild-type KIT/PDGFRA
lacked kinase domain resistance mutations, indicat-
ing that mechanisms of resistance are fundamentally
different in these GISTs. KIT wild-type GISTs fea-
ture levels of KIT activation similar to KIT-mutant
GISTs [28,29], suggesting that KIT has a key onco-
genic role in the pathogenesis of these tumours. How-
ever, imatinib is a less potent inhibitor of wild-type
KIT compared with exon 11-mutant KIT [34, Hein-
rich et al, in press], possibly accounting for the lower
clinical imatinib responsiveness for GISTs expressing
wild-type KIT.

Unusual morphologies were seen in four patients,
including two whose GISTs were KIT/PDGFRA wild-
type and two with metastases that lacked KIT expres-
sion. The distinctive morphological features included

J Pathol (2008) DOI: 10.1002/path
Copyright  2008 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.



B Liegl et al

large epithelioid cells with vesicular chromatin, promi-
nent nucleoli and focal intracytoplasmic eosinophilic
inclusions, and abrupt transformation/dedifferentiation
in a high-grade spindle cell tumour. Mutational anal-
yses of samples entirely comprised of these unusual
morphological features did not reveal novel KIT muta-
tions as the potential molecular mechanism accounting
for these bizarre histological evolutions. However, the
observed loss of KIT expression in some of these
samples suggests that the histological changes resulted
from activation of novel KIT-independent oncogenic
pathways. Interestingly, smooth muscle markers were
expressed strongly in six of the seven samples featur-
ing loss of KIT expression. These observations fit with
developmental biology evidence that smooth muscle
cells and interstitial cells of Cajal (ICC) arise from a
common progenitor cell, with KIT signalling commit-
ting these progenitor cells to ICC differentiation, and
KIT inhibition resulting in a switch to smooth muscle
differentiation [30]. Therefore, unusual morphologi-
cal and immunohistochemical features are found in
GISTs after TKI treatment, and might present diag-
nostic challenges, particularly if coupled with loss of
KIT expression, as detected by IHC.

Our studies also confirm a role, albeit limited [31],
for KIT amplification as a mechanism of drug resis-
tance in GIST. Analyses in 10 GISTs lacking demon-
strable secondary KIT mutations revealed localized
KIT amplicons in both samples analysed from patient
10, whose GIST had a primary KIT exon 13 mutation.
These findings suggest that increased gene dosage can
contribute to clinical progression in some GISTs.

Overall, the molecular, FISH and histological assess-
ments described here underscore a striking inter- and
intra-lesional heterogeneity in TKI resistance mech-
anisms. With regard to treatment approaches, newer
generations of broad-spectrum KIT and PDGFRA
kinase inhibitors, as well as combination therapies
with various such inhibitors, could prolong GIST
remissions in a manner similar to treatment approaches
used in HIV, by suppressing a broader spectrum of
tumour clones from the outset of therapy. Novel treat-
ment options include inhibition of the KIT chaperone
HSP90 [32], which may result in KIT oncoprotein
degradation, irrespective of the TKI-resistance muta-
tions present. Other broadly relevant therapeutic strate-
gies include blockage of crucial KIT-mediated sig-
nalling pathways, as might be accomplished via PI3-K
inhibition [33].

In summary, our study underscores the overriding
contribution of secondary KIT mutations to TKI resis-
tance in GISTs and demonstrates substantial hetero-
geneity of resistance mutations within and between
metastases from individual patients. However, the
highly sensitive and complementary D-HPLC and

AS–PCR methods did not show TKI-resistance muta-
tions in tumours wild-type for KIT/PDGFRA, indicat-
ing that resistance mechanisms are fundamentally dif-
ferent in these GISTs. Likewise, secondary KIT TKI-
resistance mutations were not found in clinically pro-
gressing GISTs that lacked KIT expression, suggesting
that activation of novel oncogenic pathways accounts
for TKI resistance in such cases. Our observations
on the complexity of TKI resistance underscore the
challenges in achieving long-term disease control with
kinase inhibitor monotherapies, and raise concern over
the ultimate effectiveness of second- and third-line
TKI drugs in GIST patients resistant to imatinib.
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