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Metalloproteinase activities of a disintegrin and metalloproteinases
(ADAMs), matrix metalloproteinases (MMPs), and membrane type
(MT-)MMPs are involved in many aspects of tumor biology. ADAMs
are transmembrane proteins that cleave membrane-anchored
proteins to release soluble factors, and thereby mediate important
biological phenomena in tumors. The aim of this study was to analyze
histopathology, expression and roles of metalloproteinases, especially
ADAMs, in gastric gastrointestinal stromal tumor (GIST). Histo-
pathology and immunohistochemical expression of ADAMs were
examined in 89 gastric GISTs. In 11 GISTs, ADAM expression was
examined at mRNA and protein levels by reverse transcription –
polymerase chain reaction (RT-PCR) and immunoblotting, respectively.
RT-PCR analysis showed frequent expression of ADAM9 (91%),
ADAM10 (64%), ADAM17 (82%), MMP-2 (82%), and MT1-MMP (73%).
However, ADAM17 and MMP-2 were the only metalloproteinases
that were up-regulated in GISTs at the protein level compared with
non-neoplastic gastric tissues. ADAM17 was immunohistochemically
expressed in 93% of GIST versus 16% of normal gastric tissues.
Furthermore, CD117-positive interstitial cells of Cajal in normal gastric
tissues were all negative for ADAM17 with double immunostaining.
Expressions of epidermal growth factor receptor (EGFR) and several
EGFR ligands such as amphiregulin, heparin-binding epidermal
growth factor (HB-EGF), betacellulin, and epiregulin were also
demonstrated in GIST by RT-PCR. Protein expression of EGFR,
phosphorylated EGFR, amphiregulin, and HB-EGF, both of which can
be shed by ADAM17, was confirmed in tumors coexpressing ADAM17
by immunoblotting. Moreover, proteolytically cleaved soluble forms
of amphiregulin were identified in tumor extracts. Considered
together, the results suggest that ADAM17 may contribute to the
progression and growth of GIST through shedding of EGFR ligands
and consequent EGFR stimulation. ADAM17, as a major sheddase in
GIST, could be potentially a suitable target in anticancer treatment
of imatinib-resistant GISTs. (Cancer Sci 2009; 100: 654–662)

Gastrointestinal stromal tumors (GISTs) are rare mesen-
chymal neoplasms of the gastrointestinal tract with an

annual incidence of approximately 10–20 per 1 million cases.(1,2)

GISTs express KIT (CD117), a receptor tyrosine kinase encoded
by protooncogene c-kit. Most of the sporadic GIST cases have
somatic gain-of-function mutations of the c-kit gene mostly at
exon 11, followed by exons 9, 13 and 17.(3–5) Moreover, a minor
subset (approximately 5–7%) of GIST exhibits activating
mutations of platelet-derived growth factor receptor-alpha
(PDGFRα) at exons 12, 14 and 18.(5,6) In the recent past,
molecular targeting treatments with imatinib mesylate (STI571),
which is a selective inhibitor of ABL (BCR-ABL), KIT, and
PDGFR tyrosine kinases, were used in patients with KIT-
positive GIST, with significant effectiveness against metastatic

and unresectable GISTs.(7,8) The antitumor activity of imatinib is
heterogeneous, depending on the type of KIT mutation; tumors
with KIT exon 11 mutation are more likely to respond to
imatinib, while tumors with wild-type KIT or those with other
types of mutations are less responsive to imatinib.(9,10) Thus,
further development of new drugs is preferable. Although GISTs
exhibit a spectrum of malignant potential behavior, the molecular
mechanisms of tumor progression, growth, and invasion have
not been fully elucidated. Studies on these mechanisms should
provide opportunities to design new molecular therapeutic
targets.

Metalloproteinases, such as matrix metalloproteinases
(MMPs) and a disintegrin and metalloproteinases (ADAMs) are
implicated in various normal and pathophysiological conditions,
such as fetal development, cancer development and progression,
and inflammatory responses, through proteolysis. Most MMPs
are secreted extracellularly except for membrane type (MT)-
MMPs, and play a role in tumor biology predominantly by
enhancing proteolysis of extracellular matrix macromolecules.
On the other hand, ADAMs are a family of genes of multido-
main membrane-anchored proteins. They cleave various proteins
such as precursors of growth factors and cytokines, receptors,
and membrane-anchored proteins to modulate cellular
functions.(11) Among ADAMs, there is evidence that ADAM17
is an important regulator of growth factor precursor shedding.
Although ADAM17 was initially identified as the metallo-
proteinase responsible for the shedding of tumor necrosis factor
α (TNF-α),(12) it is also necessary for the shedding of several
epidermal growth factor receptor (EGFR) ligands including
transforming growth factor α (TGF-α), heparin-binding
epidermal growth factor (HB-EGF), and amphiregulin.(13,14)

To our knowledge, there is little or no information on the
expression of ADAMs and their roles in gastric GISTs. In the
present study, we investigated the expression of ADAMs and
MMPs in gastric GISTs. The results showed preferential up-
regulation of ADAM17 in GISTs, relative to non-neoplastic
gastric tissues. The interstitial cells of Cajal in non-neoplastic
tissues did not express ADAM17 immunohistochemically.
Moreover, EGFR expression with its phosphorylated forms and
expression of ADAM17-sensitive EGFR ligands, amphiregulin
and HB-EGF, including their shed forms, were also found in
GISTs. This is the first study to suggest possible involvement of
EGFR and ADAM17-mediated EGFR ligand shedding in tumor
growth of gastric GIST.
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Materials and Methods

Patients. This study analyzed 89 GISTs that were obtained
from pathology files at Fukuoka University Hospital in
Fukuoka, Japan and Iwaki Kyoritsu General Hospital in Iwaki,
Japan, between 1989 and 2006. Anonymous use of redundant
tissue is part of the standard treatment agreement with patients
in these hospitals when no objection is expressed. Clinical
information concerning the sites of the lesion and the sizes of
the tumor were obtained from reviewing the medical records.
None of these patients underwent radiotherapy or chemotherapy
before surgery. Histological diagnosis of GIST was established
based on the histological features and immunohistochemical
expression of KIT and/or CD34.(1) The histopathological
findings, including tumor size, hemorrhage, necrosis, cell types
(spindle, epithelioid, or mixed type), and mitotic counts per 50
high power fields (hpf) were evaluated in each tumor by
reviewing the hematoxylin and eosin-stained sections. GISTs
were classified into very low-, low-, intermediate-, and high-risk
groups regarding their estimated potential for aggressive clinical
behavior as proposed in the consensus report of the National
Institutes of Health (NIH) GIST Workshop in April 2001.(2)

Immunohistochemistry. Immunohistochemical staining of
formalin-fixed, paraffin-embedded tissue sections was perfor-
med using a biotin-streptavidin method. Heat-induced antigen
retrieval was employed for ADAM17, KIT, CD34, and
desmin. Polyclonal antibodies (poly Ab) against KIT (CD117)
(Immuno-Biological Laboratory, Fujioka, Japan), S-100 protein
(Dako Cytomation, Glostrup, Denmark), and ADAM17
(Calbiochem, Darmstadt, Germany) and monoclonal antibodies
(mAb) against CD34 (QBEND10, Immuno-Biological Labora-
tory), α-smooth muscle actin (α-SMA; 1A4, Dako), and desmin
(D33, Dako) were used. Immunoreactions were revealed with
alkaline phosphatase or horseradish peroxidase activity using
naphthol-AS-BI-phosphate or Metal-3,3′-diaminobenzidine as a
substrate, respectively.

The immunohistochemical specificity of the antibody was
confirmed by two types of negative controls: substituting mouse
(for mAb) or rabbit (for poly Ab) non-immune IgG for the
primary antibody and omitting the primary antibody in the
staining protocol. Immunostaining was considered negative if
stained tumor cells were less than 10%. In specimens considered
positive, staining of the tumor was scored based on the percentage
of positive tumor cells as 1+ (10–50% of cells positive) or 2+
(>50% of cells positive).

Double immunostaining for KIT and ADAM17 was per-
formed using Envision labeled polymer reagent (DAKO) and a
biotin-streptavidin method. First, sections were stained for KIT.
After non-specific sites were blocked as described earlier, the
sections were incubated with anti-KIT poly Ab (Immunobio-
logical Laboratory) for 1 h at room temperature. The sections
were then washed in total serum bilirubin (TBS), and incubated
with Envision reagent for 30 min at room temperature (RT). The
attached antibody was visualized by 3,3-diaminobenzidine. The
primary and secondary antibodies were removed from tissue by
washing in three changes of 0.1 M glycine-HCl (pH 2.2) for 1 h.
Then, the biotin-streptavidin method was repeated using
anti-ADAM17 mAb (Calbiochem) as described earlier. The
reaction was revealed with naphthol AS-BI phosphate and
counterstained with methyl green.

Detection of metalloproteinases, growth factor receptors, and
their ligands by Western blotting. Proteins including ADAMs,
MMPs, and EGFR ligands were extracted from tissue samples
using a homogenizer (polytron-aggregate; Kinematica, Luzern,
Switzerland) in a lysis buffer containing 10 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 2 mM ethylenediaminetetraacetic acid
(EDTA), 1% Triton X-100 and protease inhibitors (Complete
Mini, Roche Applied Sciences, Penzberg, Germany) on ice for

30 min. The extracts were clarified by centrifugation at
18 000 × g for 10 min, and subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) after
measurement of their protein concentrations using the Bio-Rad
(Hercules, CA, US) protein assay. After electrophoresis, the
proteins were transferred electrophoretically to Immobilon
membrane (Millipore, Bedford, MA, US). Nonspecific sites
were blocked with 5% non-fat dry milk in 0.05% Tween-20/0.05
M Tris-buffered saline (pH 7.6) (TBS-T) at 37°C for 1 h and the
membrane was incubated overnight at 4°C with mAb against
MMP-2 (75-7F7, Daiichi Fine Chemical, Toyama, Japan),
MT1-MMP (114-6G6, Daiichi Fine Chemical), and EGFR
(H11, Dako) and poly Ab against ADAM17 (Calbiochem),
ADAM9 (R & D Systems, Wiesbaden, Germany), ADAM10
(Chemicon International, Temecula, CA), HB-EGF (R & D
Systems), amphiregulin (ThermoFisher Scientific, Cheshire,
UK), and α-tubulin (Cell Signaling Technology, Danvers, MA).
After washing with TBS-T, the membrane was incubated for 1 h
with peroxidase-conjugated goat antimouse or goat antirabbit
IgG. Reactions were revealed with chemiluminescence reagents
(DuPont NEN, Boston, MA, US) according to the manufacturer’s
instructions. The membranes were exposed to X-ray film, and
the bands on the film were subjected to image analysis (NIH
ImageJ version 1.37). Statistical analysis was performed using
Student’s t-test.

Detection of phosphorylated EGFR by Western blotting.
Proteins including phosphorylated EGFR (pEGFR) were extracted
from tissue samples using a homogenizer in a lysis buffer
containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1 mM Na3VO4, 1% Triton X-100 and protease inhibitors
(Complete Mini) on ice for 30 min. After sonication and
centrifugation, the extracts were subjected to SDS-PAGE.
Immunoblotting was performed as described earlier except
for blocking of non-specific sites by 2% bouine serum albumin
(BSA) in TBS-T and incubation with antipEGFR poly Ab (Santa
Cruz Biotechnology, Santa Cruz, CA, US).

RNA extraction and reverse transcription-polymerase chain reaction
(RT-PCR) analysis. mRNA was isolated from fresh frozen tissue of
original tumors, using a QuickPrep Micro mRNA Purification
Kit (Amersham Biosciences, Piscataway, NJ) according to the
protocols provided by the manufacturer. Next, 1 μg of mRNA
from each sample was reverse-transcribed using Ready-To-Go
T-primed First-Strand Kit (Amersham Biosciences). PCR
amplifications were performed with puReTaq Ready-To-Go
PCR Beads (Amersham Biosciences). Primer pairs are listed in
Table 1. Reaction mixtures were initially denatured at 95°C for
3 min, followed by 35 cycles of 1 min at 95°C, 1 min at the
respective annealing temperature (Table 1), and 1 min at 72°C in
a thermal cycler (GeneAmp® PCR System 9700, PE Applied
Biosystems, Foster City, CA). Finally, 6 μL of the PCR
products were analyzed by electrophoresis on 2% agarose gel
stained with ethidium bromide.

Statistical analysis. Summary statistics were obtained using
established methods and statistical analysis software StatView
for Windows version 5.0 (SAS Institute Inc., Cary, NC, US).
The relationships between several clinicopathological parameters
and histopathological subgroups were evaluated using the χ2 test
and Fisher’s exact test. A P-value of <0.05 was considered
statistically significant.

Results

Clinicopathological findings. The clinicopathological character-
istics of the 89 patients are summarized in Table 2. Tumors had
an average size of 4.9 ± 4.7 cm, ranging from 0.1 to 27 cm.
Macroscopically, the tumors were relatively well circumscribed
and showed partially lobulated appearance. Hemorrhage and
necrosis were focally noted (42% and 20%, respectively; Table 2).
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Table 1. Primers for reverse transcription – polymerase chain reaction

Name Oligonucleotide sequence AT (°C) Product size Reference

ADAM8 Forward 5′-GCCGTCTTCAGGCCTCGGCCCGGGGACTCT-3′ 54 651 bp (39)

Reverse 5′-AGGGGCGTTGGCGAGGCACACCGACTGCGG-3′
ADAM9 Forward 5′-GCTGTCTTGCCACAGACCCGGTATGTGGAG-3′ 67 604 bp (39)

Reverse 5′-TGGAATATTAAGAAGGCAGTTTCCTCCTTT-3′
ADAM10 Forward 5′-ATCCAGTCATGTTAAAGCGATTGATACAATTTAC-3′ 60 434 bp (39)

Reverse 5′-TCCAAAGTTATGTCCAACTTCGTGAGCAAAAGTAA-3′
ADAM12 s Forward 5′-GCACCTCCCTTCTGTGACAAGTTT-3′ 60 504 bp (39)

Reverse 5′-TGAAAGGCCAGACTTTTGAGTCCT-3′
ADAM12 m Forward 5′-GCACCTCCCTTCTGTGACAAGTTT-3′ 56 643 bp (39)

Reverse 5′-CTTGGTGTGGATATTGTGGAGCAG-3′
ADAM15 Forward 5′-CTGGGACAGCGCCACATTCGCCGGAGGCGG-3′ 67 688 bp (39)

Reverse 5′-TCCGCAGAAAGCAGCCATAGGGGGTAGGCT-3′
ADAM17 Forward 5′-AGAGCTGACCCAGATCCCATGAAGAACACG-3′ 67 777 bp (39)

Reverse 5′-GCGTTCTTGAAAACACTCCTGGGCCTTACT-3′
ADAM19 Forward 5′-TGTGGGAAGATCCAGTGTCA-3′ 60 500 bp (39)

Reverse 5′-AGAGCTGAGGGCTTGAGTTG-3′
ADAM20 Forward 5′-AAAATAGCACACCAGATGGAGTTGCAATTG-3′ 60 702 bp (39)

Reverse 5′-ATTCCCACAGTACTTCAGTCTAAATATATT-3′
ADAM21 Forward 5′-TCTGGCTTGGGGTATTTTTG-3′ 60 500 bp (39)

Reverse 5′-TTGGCGTGCTACTTCCTTCT-3′
ADAM28 s Forward 5′-GCTGTGATGCTAAGACATGT-3′ 60 644 bp (39)

Reverse 5′-GTTTATGATCTTAGTAGGGTTGCC-3′
ADAM28 m Forward 5′-GCTGTGATGCTAAGACATGT-3′ 60 871 bp (39)

Reverse 5′-TGAACAGCCTTTACCATCTG-3′
ADAM30 Forward 5′-AACCAGGTGCCAACTGTAGC-3′ 60 496 bp (39)

Reverse 5′-CCCATGGGTTTCATGGATAG-3′
MMP-1 Forward 5′-CGACTCTAGAAACACAAGAGCAAGA-3′ 57 786 bp (40)

Reverse 5′-AAGGTTAGCTTACTGTCACACGCTT-3′
MMP-2 Forward 5′-GTGCTGAAGGACACACTAAAGAAGA-3′ 57 580 bp (40)

Reverse 5′-TTGCCATCCTTCTCAAAGTTGTAGG-3′
MMP-3 Forward 5′-AGATGCTGTTGATTCTGCTGTTGAG-3′ 57 515 bp (40)

Reverse 5′-ACAGCATCAAAGGACAAAGCAGGAT-3′
MMP-7 Forward 5′-AAACTCCCGCGTCATAGAAAT-3′ 57 394 bp (41)

Reverse 5′-TCCCTAGACTGCTACCATCCG-3′
MMP-9 Forward 5′-CACTGTCCACCCCTCAGAGC-3′ 61 243 bp (40)

Reverse 5′-GCCACTTGTCGGCGATAAGG-3′
MMP-10 Forward 5′-CACTCTACAACTCATTCACAGAGCT-3′ 57 408 bp (40)

Reverse 5′-CTTGGATAACCTGCTTGTACCTCAT-3′
MMP-13 Forward 5′-CCTGGCTGCCTTCCTCTTCTTGA-3′ 57 280 bp (42)

Reverse 5′-AACCCCGCATCTTGGCTTTTTC-3′
MT1-MMP Forward 5′-TCGGCCCAAAGCAGCAGCTTC-3′ 59 180 bp (43)

Reverse 5′-CTTCATGGTGTCTGCATCAGC-3′
MT2-MMP Forward 5′-CAGCCCAGCCGCCATATGTC-3′ 59 169 bp (43)

Reverse 5′-CTTTCACTCGTACCCCGAAC-3′
MT3-MMP Forward 5′-ACAGTCTGCGGAACGGAGCAG-3′ 57 185 bp (43)

Reverse 5′-GTCAATTGTGTTTCTGTCCAC-3′
TGF-α Forward 5′-TCAGTTCTGCTTCCATGCAACC-3′ 59 317 bp (44)

Reverse 5′-TTTCTGAGTGGCAGCAAGCG-3′
EGF Forward 5′-TGCAACTGTGTTGTTGGCTACATC-3′ 58 339 bp (44)

Reverse 5′-TGGTTGACCCCCATTCTTGAG-3′
HB-EGF Forward 5′-ACAAGCACTGGCCACACCAAACAAG-3′ 52 299 bp (39)

Reverse 5′-CCACGATGACCAGCAGACAGACAGA-3′
Amphiregulin Forward 5′-AGAGTTGAACAGGTAGTTAAGCCCC-3′ 54 421 bp (44)

Reverse 5′-GTCGAAGTTTCTTTCGTTCCTCAG-3′
Betacellulin Forward 5′-TTCACTGTGTGGTGGCAGATGG-3′ 57 350 bp (44)

Reverse 5′-ACAGCATGTGCAGACACCGATG-3′
Epiregulin Forward 5′-ATCATGTATCCCAGGAGAGTCCAG-3′ 54 263 bp (44)

Reverse 5′-GAATCACGGTCAAAGCCACATAC-3′
EGFR Forward 5′-GAGAGGAGAACTGCCAGAA-3′ 53 454 bp (45)

Reverse 5′-GTAGCATTTATGGAGAGTG-3′
HER2 Forward 5′-AGGGAAACCTGGAACTCACC-3′ 55 296 bp (46)

Reverse 5′-TGGATCAAGACCCCTCCTT-3′
HER3 Forward 5′-CAGGTGCTGGGCTTGCTTTT-3′ 55 366 bp (46)

Reverse 5′-GTGGCTGGAGTTGGTGTTAT-3′
HER4 Forward 5′-TCCAGCCCAGCGATTCTCAG-3′ 55 495 bp (46)

Reverse 5′-GGCCAGTACAGGACTTATGG-3′
G3PDH Forward 5′-TCCACCACCCTGTTGCTGTA-3′ 60 450 bp (45)

Reverse 5′-ACCACAGTCCATGCCATCAC-3′

AT, annealing temperature; ADAM, a disintegrin and metalloproteinase; MMP, matrix metalloproteinase; TGF-α, tumor growth factor alpha; EGF, 
epidermal growth factor; HB-EGF, heparin biding epidermal growth factor; EGFR, epidermal growth factor receptor; HER, human epidermal 
growth factor receptor; G3PDH, glyceraldehyde-3-phosphate dehydrogenase.
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Histologically, 76 tumors (85%) were of spindle cell type, seven
(8%) of epithelioid cell type, and the remaining six (7%)
revealed mixed histology with both spindle and epithelioid
components. Immunohistochemically, all 89 GISTs were KIT-
positive (100%), 86 (97%) CD34-positive, 22 (25%) positive for
α-SMA, four (5%) for desmin, and two (2%) for S-100 protein.
Tumors were classified into very low- (21/89, 24%), low-

(23/89, 26%), intermediate- (14/89, 15%), and high-risk (31/89,
35%) groups according to the NIH consensus meeting report
(Table 3).

mRNA expression of ADAMs, MMPs, and MT-MMPs in GISTs. To
determine which types of the metalloproteinases are expressed
in GIST, we performed RT-PCR using 23 primer pairs listed in
Table 1. mRNA was obtained from 11 GISTs, including four
of the very low/low-risk group and seven of the high-risk group,
and three non-neoplastic gastric tissues. The mRNA expression
was detected for all the metalloproteinase species except for
ADAM8, ADAM12 s, ADAM15, ADAM20, ADAM21, MMP-7,
MMP-13, and MT2-MMP at least in one of the tissues examined
(Fig. 1). ADAM9 expression was most frequently observed
(10/11, 91%), followed by expression of ADAM17 (9/11, 82%),
MMP-2 (9/11, 82%), MT1-MMP (8/11, 73%), and ADAM10
(7/11, 64%). Thus, we focused on these ADAMs (9, 10, and 17),
MMP-2, and MT1-MMP, and further analyzed their protein
expression levels.

Protein expression of ADAMs, MMPs, and MT-MMPs in GISTs.
Protein expression levels of the above selected metalloproteinases
were examined using Western blotting in seven GISTs (3 of the
very low/low-risk group and 4 of the high-risk group) and two
non-neoplastic gastric tissues. All tumors expressed both the
115-kDa pro-form and the 90-kDa active form of ADAM17
(Fig. 2). Semi-quantitative analysis demonstrated that both
pro- and active forms were expressed at higher levels in tumors
compared with those in non-neoplastic tissues (Fig. 3a). The
total expression levels (sum of pro- and active forms) were
significantly higher in tumors than non-neoplastic tissues (3–3.5
times higher in tumors), whereas the difference between the

Table 2. Clinicopathological details for gastric gastrointestinal stromal
tumor (GIST) (n = 89)

Variable n (%) Mean ± SEM (range)

Gender
Male 49 (55.1)
Female 40 (44.9)

Age (years) 65.2 ± 1.2 (29–87)
Tumor

Size (cm) 4.9 ± 4.7 (0.1–27)
Necrosis 20 (22)
Hemorrhage 42 (47)
Mitotic index (mf/50 hpf) 12.1 ± 2.5 (0–149)

Immunohistochemistry
CD117 89 (100)
CD34 86 (97)
α-SMA 22 (25)
Desmin 4 (5)
S-100 protein 2 (2)

α-SMA, α-smooth muscle actin; mf, mitotic figures.

Table 3. Risk grades of gastrointestinal stromal tumor (GIST) and clinicopathological details

Classification based on risk grades† (size, mitotic count) n (%) Size in cm median (range) Mitotic count mf/50 hpf (range)

Very low risk (<2 cm, <5/50 hpf) 21 (24) 0.9 (0.1–1.9) 0.4 (0–4)
Low risk (2–5 cm, <5/50 hpf) 23 (26) 3.4 (2.5–4.5) 1.9 (0.4)
Intermediate risk (<5 cm, 6–10/50 hpf) (5–10 cm, <5/50 hpf) 14 (15) 5.9 (2.5–9.0) 3.1 (0–8)
High risk (>5 cm, >5/50 hpf, >10 cm or >10/50 hpf) 31 (35) 8.4 (2.5–27) 31.6 (3–149)

†Fletcher CD et al. 2002. hpf, high power field; mf, mitotic figures.

Fig. 1. Reverse transcription – polymerase chain
reaction detection of a disintegrin and metallo-
proteinase (ADAM) and matrix metalloproteinase
(MMP) expression in 11 gastrointestinal stromal
tumors (GISTs) and 3 non-neoplastic gastric tissues.
G1–4, GIST of the very low/low risk group; G5–11,
GIST of the high risk group, N1–3, non-neoplastic
gastric tissue. G3PDH, glyceraldehyde-3-phosphate
dehydrogenase.
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tumors of the very low/low-risk and the high risk groups was
not statistically significant (Fig. 3b). The expression level of
68-kDa proform of MMP-2 was also higher in tumors than
non-neoplastic tissues (Fig. 2). However, the expression levels
of ADAM9, ADAM10, and MT1-MMP were similar in non-
neoplastic and tumor tissues.

Immunohistochemistry for ADAM17. Since immunoblot analysis
revealed increased expression of ADAM17 in GISTs, we next
examined the expression of ADAM17 immunohistochemically
in 80 GIST and 49 non-neoplastic gastric tissues including
interstitial cells of Cajal. GIST cells expressed ADAM17 in
their cytoplasm or along the cell membrane (Fig. 4a–c), while
the non-neoplastic proper muscle layer rarely stained positive
(Fig. 4c). To confirm the up-regulation of ADAM17 in GIST, we
examined ADAM17 expression in interstitial cells of Cajal by
using double immunostaining for KIT and ADAM17. Cajal cells
with delicate bipolar cytoplasmic projections, which were
identified by KIT reactivity, were negative for ADAM17 in all
non-neoplastic tissues (Fig. 4e, Table 4), while GIST cells
expressed both KIT and ADAM17 (Fig. 4f). The results are
summarized in Table 4. ADAM17 was positive in 74/80 (93%)
cases of GIST, and 62/80 cases (78%) showed 2+ (>50%)
expression. Only 8/49 (16%) non-neoplastic gastric tissues
were positive for ADAM17, with no 2+ cases. The difference
in positivity between GIST and non-neoplastic tissues was
significant (P < 0.001, Table 4). Among the different risk groups
of GIST, although ADAM17 expression levels tended to be
lower in the very low-risk group (2+, 59%) compared with
low- (2+, 91%), intermediate- (2+, 79%), and high- (2+, 82%)
risk groups, the difference was not statistically significant.
ADAM17 expression levels were not significantly different in
relation to histological cell types, presence or absence of
necrosis, mitotic counts, and the tumor size (Table 5). In the
present study, GIST recurred in five cases. ADAM17

Table 5. A disintegrin and metalloproteinase (ADAM)17 immunohisto-
chemistry and histopathological characteristics

Gastric GIST
Total
(80)

0
(6)

1+
(12)

2+
(62)

Positive rate (%) Rate of 2+ (%)

Cell type
Spindle 69 5 10 54 93 78
Epithelioid 6 1 1 4 83 67
Mixed 5 0 1 4 100 80

Necrosis
+ 18 0 2 16 100 89
– 62 6 10 46 90 74

MF
<5/50 49 5 7 37 90 76
≥5/50 31 1 5 25 97 81

Size (cm)
<5 48 6 5 37 88 77
≥5 31 0 6 25 100 81

GIST, gastrointestinal stromal tumor; MF, mitotic figure.

Fig. 2. Immunoblot analysis of a disintegrin and
metalloproteinases (ADAM)9, 10, and 17, matrix
metalloproteinase (MMP)-2, and MT1-MMP.
Tissue extracts were subjected to immunoblot
analysis with antibodies to ADAM9, 10, and 17,
MMP-2, MT1-MMP, and α-tubulin, as described in
the Materials and Methods section. Bands at 79
and 51 kDa for ADAM9, 85 and 60 for ADAM10,
and 115 and 90 for ADAM17 correspond to the
proform and active form, respectively. Bands at
68 kDa correspond to proMMP-2, and those at 60
and 50 kDa for MT1-MMP correspond to its
pro- and active forms, respectively.

Table 4. Risk grades of gastrointestinal stromal tumor (GIST) and a disintegrin and metalloproteinase (ADAM)17 immunohistochemistry

Total 0 1+ 2+ Positive rate (%) Rate of 2+ (%)

Normal 49 41 8 0 16.3† 0
KIT-positive ICC‡ 49 0 0 0 0
Gastric GIST 80 6 12 62 93.8* 78.8
Very low risk 17 4 3 10 76.5 58.8
Low risk 21 1 1 19 95.2 90.5
Intermediate risk 14 1 3 10 92.9 78.6
High risk 28 0 5 23 100 82.1

Immunohistochemical expression of ADAM17 was graded as 0 (<10% of cells positive), 1+ (10–50%), and 2+ (>50%). ICC, the interstitial cells of Cajal.
†Fisher’s exact test, P < 0.001.
‡ADAM17 expression in ICC was determined by double immunostaining for CD117 (KIT) and ADAM17.
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immunohistochemistry was available in 4/5 cases, and all four
cases showed high ADAM17 expression (2+).

Expression of EGFR and EGFR ligands. 
RT-PCR studies. Since most GIST (94%) expressed ADAM17

that can cleave and shed some EGFR ligands, we examined
the expression of EGFR species (HER1–4) and EGFR ligands
(EGF, TGF-α, betacellulin, amphiregulin, epiregulin, and
HB-EGF) by RT-PCR in 11 GIST and three non-neoplastic
gastric tissues. Among EGFR species, EGFR (HER1) was the
most frequently expressed in GISTs (8/11, 73%), followed by

HER4 (5/11, 45%) and HER2 (4/11, 36%) (Fig. 5). HER3 was
undetectable. Of the EGFR ligands, expressions of amphiregulin,
HB-EGF, betacellulin, and epiregulin were detected in 10/11
(91%), 9/11 (82%), 9/11 (82%), and 8/11 (73%) cases of
GIST, respectively. EGF and TGF-α were undetectable.

Immunoblotting studies. Among the frequently expressed
EGFR ligands, amphiregulin and HB-EGF can be cleaved and
shed by ADAM17. Thus, we examined the protein expression of
these ligands as well as pEGFR by Western blotting in seven
GIST and two non-neoplastic tissues. Expression of pEGFR,
depicted as a band at 170 kDa,(15) was found in all six tumors
examined (Fig. 6). Of the EGFR ligands, the 30 kDa form of
HB-EGF was expressed in all tumors and non-neoplastic tissues.
Faint bands of the 22-kDa form were also detected in some
tumors. Both the 30 and 22 kDa forms correspond to the
transmembrane forms of proHB-EGF.(16) Five of seven GISTs
and two of two non-neoplastic tissues expressed amphiregulin.
However, the expressed forms were different between tumor and
non-neoplastic tissues; tumors exhibited five bands at 50, 43, 28,
22, and 19 kDa, whereas non-neoplastic tissues expressed only
the 50-kDa form. Bands at 50 kDa in tumors were very faint.
Bands at 50 and 28 kDa correspond to the transmembrane
forms of pro-amphiregulin, while the 43, 22, and 19-kDa forms
correspond to shed, soluble forms of amphiregulin.(17)

Discussion

The present study provided the first evidence of up-regulation of
ADAM17 in gastric GISTs. Phosphorylated EGFR and EGFR
ligands that can be shed by ADAM17 were coexpressed in many
of the tumor tissues expressing ADAM17 (Figs 2 and 6, in 6/7
[86%] of tumors). Shed forms of amphiregulin, one of ADAM17-
sensitive EGFR ligands, were detected in tumor extracts. These
findings suggest that ADAM17 may contribute to the progression
and growth of gastric GIST via EGFR–EGFR ligand interaction.
Since primary and acquired resistance to imatinib is an
increasing clinical problem at present,(10) the identification of
ADAM17 as a major sheddase in gastric GISTs further expands
the potential of ADAM17 as a potentially suitable target in
anticancer treatment of imatinib-resistant GISTs.

In the present study, only ADAM17 and MMP-2 were up-
regulated at the protein level in GISTs compared with their
expression in normal tissues. Co-expression of MMP-2 and
MT1-MMP, an activator of proMMP-2, in these tumors suggest
that MMP-2 may play a role in tumor invasion in gastric GISTs.
ADAM17 was frequently expressed in GISTs, and the immuno-
histochemical expression level was high (2+, >50%) in 78%
(62/80) of cases. Similarly, over-expression of ADAM17 has
been reported in cancers of the stomach, breast, colon, ovary,
and prostate, and also cell lines derived from leukemia and
prostate cancer.(11,18–21) ADAM17, also known as TNF-α-
converting enzyme, is one of the best-characterized members of
the ADAM family of proteins and has a broad role in ectodomain
shedding. The substrates of ADAM17 mediated shedding
include ligands of EGFR such as TGF-α, HB-EGF, and
amphiregulin.(13,14) The potential importance of ADAM17 in
EGFR ligand shedding was demonstrated through a germ line
mutation in mice that eliminated the zinc-binding domain
(TaceΔZn), thereby inactivating the protease.(22) TaceΔZn/ΔZn mice
exhibited skin and eye defects identical to those observed in
mice lacking TGF-α,(23) and defective in shedding of TGF-α
was noted in TaceZn/Zn mice-derived cells.(22) Moreover,
ADAM17-deficient mice died perinatally, exhibiting widespread
epithelial defects reminiscent of EGFR-deficient mice.(24) These
observations suggest that ADAM17 acts as a regulator of the
availability of EGF family ligands. Frequent and diffuse
expression of ADAM17 in GISTs suggests its role as a sheddase
in GIST tumorigenesis.

Fig. 3. Semiquantitative analysis of a disintegrin and metalloproteinase
(ADAM)17 protein expression. After immunoblotting, the bands on the
film were subjected to image analysis as described in the Materials and
Methods section. The expression level is depicted relative to that of
α-tubulin in each tumor. (a) Relative expression levels of the proform
(ADAM17-P), active (ADAM17-A) forms, and the sum of pro- and active
forms (ADAM17-S). (b) Relative expression levels of ADAM17, as a sum
of pro- and active forms, in non-neoplastic tissues (n = 2), gastrointestinal
stromal tumor (GIST) of the very low/low risk group (n = 3), and GIST of
the high risk group (n = 4). Data are mean ± SEM.
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GIST is believed to originate from interstitial cells of Cajal or
their stem cell-like precursors.(4) Optically, normal Cajal cells
should be analyzed as control; however, these cells are difficult
to separate from the smooth muscle cells of the gastrointestinal
wall and there are no Cajal cell lines available for culture. In the

present study, although tumor tissues were compared with
non-neoplastic gastric tissues to examine frequently expressed
MMPs and ADAMs, we confirmed the up-regulation of ADAM17
in GIST by double immunostaining for KIT and ADAM17.
KIT-positive interstitial cells of Cajal in 49 non-neoplastic

Fig. 4. A disintegrin and metalloproteinase
(ADAM)17 immunohistochemistry in gastrointestinal
stromal tumor (GIST) and interstitial cells of Cajal.
(a) Epithelioid type. ADAM17 reactivity is demon-
strated in the cytoplasm and along the cell
membrane (inset). (b) Spindle cell type. ADAM17
is expressed in spindle-shaped cytoplasm. (c) Tumor
border. Tumor cells are positive for ADAM17,
while cells of the non-neoplastic proper muscle
layer are negative. (d) Negative control. ADAM17
expression in interstitial cells of Cajal was examined
by double immunostaining for KIT (CD117) (brown)
and ADAM17 (red) (e, f). (e) The interstitial cells
of Cajal identified by immunoreactivity for KIT
are negative for ADAM17. The cells have delicate
bipolar cytoplasmic projections. (f) Most of GIST
cells stain red-brown, indicating immunoreactivity
for both KIT and ADAM17. (a–d) immunostaining
for ADAM17 (e, f) double immunostaining for KIT
and ADAM17.

Fig. 5. Reverse transcription – polymerase chain
reaction detection of epidermal growth factor
receptor (EGFR) and EGFR ligand species in 11
gastrointestinal stromal tumors (GISTs) and three
non-neoplastic gastric tissues. G1–4, GIST of the
very low/low risk group; G5–11, GIST of the high
risk group, N1–3, non-neoplastic gastric tissue.
EGF, epidermal growth factor; TGF-α, transforming
growth factor-α; HB-EGF, heparin biding epidermal
growth factor; HER1–4, human epidermal growth
factor receptor type 1–4; G3PDH, glyceraldehyde-
3-phosphate dehydrogenase.
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tissues did not coexpress ADAM17, whereas GIST cells expressed
both KIT and ADAM17. These findings support the idea that
ADAM17 is up-regulated during GIST tumorigenesis.

The EGFR family consists of four closely related receptors,
namely the EGFR (ErbB1/HER1), ErbB2 (HER2/neu), ErbB3
(HER3), and ErbB4 (HER4).(25) Among the EGFR species,
EGFR was the most frequently expressed in the present study
(73% by RT-PCR). Moreover, phosphorylated/activated forms
of EGFR were detected in all the tumors examined (Fig. 6).
Recently, Cai et al. and Lopes and Bacchi also reported
immunohistochemical expression of EGFR in 33% and 96% of
GIST, respectively.(26,27) The activation of EGFR is essential
for carcinogenesis and metastasis in many cancers, and EGFR
is amplified and/or over-expressed in human glioblastomas,
malignant melanomas, epidermoid carcinomas, and gastrointes-
tinal, urinary, and reproductive tract malignancies.(25,28) Moreover,
it was shown that EGFR signal transactivation occurs via metal-
loproteinase-mediated processing of EGFR ligand precursors.(29)

Recently, members of the ADAM family of metalloproteinases,
such as ADAM10, 12, and 17, were identified as the sheddases
required for this processing.(20)

As for EGFR ligands, expressions of amphiregulin, HB-EGF,
betacellulin, and epiregulin were detected in GISTs in the
present study. TGF-α expression was not detected, although
immunohistochemical expression of TGF-α in GISTs was
reported previously.(26) The reason for this difference is currently
unknown. Amphiregulin and HB-EGF have been implicated in
human tumorigenesis. Amphiregulin is involved in an autocrine
loop in several types of cancers, such as colon, breast, pancreas,

and hepatocellular carcinomas.(30–32) HB-EGF is over-expressed
in pancreatic, gastric, colonic, and hepatocellular carcino-
mas.(33–35) Another important finding in the present study is that
shed soluble forms of amphiregulin were identified in tumor
extracts, indicating the presence of proteolytic processing of
EGFR ligands within gastric GIST. Amphiregulin is synthesized
as a 252-amino acid heparin-binding glycoprotein with an
EGF-like domain.(36) Recent studies indicate that soluble (active)
amphiregulin may be involved in up-regulation of MMPs and
invasion by tumor cells.(17,37) Moreover, there is considerable
evidence to suggest that ADAM17 is involved specifically in
amphiregulin, HB-EGF, and TGF-α cleavage.(13,14) ADAM17-
mediated shedding of these EGFR ligands is a key mechanism
of sending signals to activate EGFR, leading to phosphorylation
of EGFR.(22,38) In the present study, expression of amphiregulin
and HB-EGF was associated with expression of ADAM17 and
pEGFR in GISTs, accompanied by detection of proteolytically
cleaved soluble forms of amphiregulin. An EGFR ligand/EGFR
autocrine or paracrine loop via ADAM17 may play a crucial
role in the aggressive behavior of GISTs, although further inves-
tigation is needed. Targeting cleavage of amphiregulin or other
EGFR ligands by ADAM17 may be effective in overcoming
imatinib resistance of certain types of gastric GIST.
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