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ADAMs (a disintegrin and metalloproteinases) are
multifunctional molecules involved in cell-cell fu-
sion, cell adhesion, membrane protein shedding, and
proteolysis. In the present study, we examined the
mRNA expression of 13 different ADAM species with
putative metalloproteinase activity in human astro-
cytic tumors, nonneoplastic brain tissues, and other
intracranial tumors by reverse transcriptase-poly-
merase chain reaction, and found that prototype
membrane-anchored ADAM12 (ADAM12m) is pre-
dominantly expressed in glioblastomas. Real-time
quantitative polymerase chain reaction indicated that
the expression level of ADAM12m is remarkably at
least 5.7-fold higher in glioblastomas (n � 16) than in
nonneoplastic brain tissues (n � 6), low grade (n � 7)
and anaplastic astrocytic tumors (n � 9) (P < 0.05 for
each group), and intracranial neurinomas (n � 5)
(P < 0.01). In situ hybridization showed that glioblas-
toma cells are responsible for the gene expression. By
immunohistochemistry, ADAM12m was predomi-
nantly immunolocalized on the cell membranes of
glioblastoma cells. Immunoblotting analysis demon-
strated that ADAM12m is expressed as an activated
N-glycosylated form of �90 kd in glioblastoma tis-
sues. There was a direct correlation between the
mRNA expression levels of ADAM12m and prolifera-
tive activity (MIB1-positive cell index) of gliomas (r �
0.791, P < 0.0001; n � 32). Protein bands consistent

with the soluble form of heparin-binding epidermal
growth factor, a substrate of ADAM12m, were ob-
served by immunoblotting in glioblastoma samples
with the ADAM12m expression, and inhibited by
treatment with ADAM inhibitor of the glioblastomas.
These data demonstrate for the first time that among
the 13 different ADAM species, ADAM12m is highly
expressed in human glioblastomas, and suggest the
possibility that ADAM12m plays a role in the promi-
nent proliferation of the glioblastomas through shed-
ding of heparin-binding epidermal growth factor.
(Am J Pathol 2004, 165:1743–1753)

ADAMs (a disintegrin and metalloproteinases) are a gene
family of multidomain membrane-anchored proteins com-
prising of more than 30 members in various animal spe-
cies (see http://www.people.virginia.edu/�jw7g/Table�of�
the�ADAMs.html) and are implicated in pathophysiologi-
cal conditions, which include neuronal development,1

cancer development and progression,2,3 and inflamma-
tory responses4 through proteolysis, cell adhesion, cell
fusion, and cell-matrix interaction.5,6 They contain several
distinct domains with structural homology to the reproly-
sin/adamalysin family of snake venom metalloprotein-
ases.7 A typical ADAM protein includes an N-terminal
signal peptide, and propeptide, metalloproteinase, disin-
tegrin, cysteine-rich, epidermal growth factor-like, trans-
membrane, and cytoplasmic domains. The metallopro-
teinase domains of several ADAMs have a catalytic site
with the conventional zinc-dependent metalloproteinase
sequence (HEXGHXXGXXHD), which is highly homolo-
gous to that of the matrix metalloproteinases (MMPs).8
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Thus, these ADAMs are supposed to have proteinase
activities to various proteins such as precursors of growth
factors and cytokines, receptors and membrane-an-
chored proteins and extracellular matrix macromole-
cules, all of which play important roles in various biolog-
ical events. In humans, ADAM8, ADAM9, ADAM10,
ADAM12, ADAM15, ADAM17, ADAM19, ADAM20,
ADAM21, ADAM28, and ADAM30 have the conventional
metalloproteinase sequence, although only a few of them
have been demonstrated to exhibit proteolytic activity.
Among them, ADAM17 has been most extensively exam-
ined and is known to release soluble tumor necrosis
factor-� (TNF-�) from its membrane precursor, thus be-
ing called TNF-� converting enzyme (TACE).9 ADAM17
also cleaves TNF p75 receptor, L-selectin, transforming
growth factor-� (TGF-�),10 amyloid precursor protein,
and ErbB4/HER4. ADAM10 is reported to cleave myelin
basic protein, amyloid precursor protein, and type IV
collagen. ADAM19 processes membrane-anchored neu-
regulin,11 and ADAM28 digests myelin basic protein.
ADAM9 is implicated in the ectodomain shedding of
membrane-anchored heparin-binding epidermal growth
factor (proHB-EGF).12 ADAM12 also acts as a sheddase
for proHB-EGF13 and cleaves insulin-like growth factor-
binding protein (IGFBP)-3 and -5.14 Human ADAM12 ex-
ists in two forms that arise from alternate splicing; the
prototype membrane-anchored protein (ADAM12m) and
the shorter secreted type form (ADAM12s).15 Overex-
pression of ADAM12m has been observed in human
carcinomas including breast carcinomas,16 in which
ADAM12 may play a role in cell-cell adhesion through the
interaction between its cysteine-rich domain and synde-
cans.6,16 However, little or no information is available for
the expression and localization of ADAM species other
than ADAM12 in human malignant tumor tissues.

Glioblastoma, which is one of the most intractable
tumors in human malignancies, is characterized by the
remarkable proliferative activity and the invasive growth
to the surrounding normal brain tissue. Signaling of EGF
through the EGF receptor (EGFR) is implicated in the
proliferative mechanism of glioblastomas.17 This hypoth-
esis is supported by the following data: 1) The EGFR
gene is amplified in 30 to 40% of glioblastomas18 and
approximately half of the glioblastomas with the EGFR
amplification show genomic rearrangements of the EGFR
gene, resulting in the expression of a truncated recep-
tor19–21 that is constitutively active without binding to the
ligand;22,23 2) glioblastomas express the EGFR ligands,
ie, EGF, TGF-�, and HB-EGF,23,24 and EGFR and HB-
EGF are co-expressed in the human glioblastomas;24

and 3) glioma cell proliferation is promoted by the addi-
tion of HB-EGF and suppressed by the treatment with
anti-HB-EGF blocking antibodies.24 Several proteinases
including ADAM912 and ADAM1213,25 are known to pro-
cess proHB-EGF to soluble, active HB-EGF. However, no
studies have been performed so far to elucidate the
relationship between the ADAM expression and HB-EGF
shedding in human glioma tissues.

In the present study, we examined the expression of 13
different ADAM species with putative metalloproteinase
activity, tissue localization of ADAM12m, correlation be-

tween the expression level of ADAM12m and proliferative
activity, and expression of HB-EGF species in the human
malignant astrocytic tumors. The results demonstrate for
the first time that ADAM12m is selectively overexpressed
in the glioblastomas, and suggest the possibility that the
ectodomain shedding of proHB-EGF by ADAM12m is
implicated in the proliferation of the glioblastoma cells.

Materials and Methods

Tissue Samples and Histology

Intracranial tissue samples were obtained from 48 pa-
tients who underwent surgery at the Keio University Hos-
pital, Tokyo, Japan. There were 7 low-grade astrocyto-
mas, 9 anaplastic astrocytomas, 16 glioblastomas, 5
intracranial neurinomas, 5 metastatic carcinomas (lung
adenocarcinomas), and 6 nonneoplastic control brain
tissues. The classification of human brain tumors is
based on the revised World Health Organization criteria
for the central nervous system,17 and low-grade astrocy-
tomas, anaplastic astrocytomas, and glioblastomas cor-
respond to grades II, III, and IV astrocytomas, respec-
tively. All of the tumor tissues were obtained at primary
resection, and none of the patients had been subjected
to chemotherapy or radiation therapy before resection.
Nonneoplastic control brain tissues were obtained from
marginal sites of the tumors. The samples were divided
into two parts, which were subjected to histopathological
examination and experiments for RNA extraction and
protein analysis. For the experimental use of the surgical
specimens, informed consent was obtained from the pa-
tients according to the hospital ethical guidelines.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Total RNA was isolated from the tissue samples by Iso-
gen (Nippon Gene Co. Ltd., Toyama, Japan) and evalu-
ated by using the Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Palo Alto, CA). The tissue samples, the 28s/18s
ribosomal RNA ratios of which were larger than 1.0, were
used. The RT reaction was performed at 42°C for 50
minutes, followed by heating at 70°C for 10 minutes for
inactivation of the enzyme. The cDNAs were amplified by
PCR with primers specific to ADAM8, ADAM9, ADAM10,
ADAM12 (two alternate splicing variants, ie, shorter se-
creted type ADAM12s and prototype membrane-an-
chored ADAM12m; GenBank numbers NM�021641 and
NM�003474, respectively), ADAM15, ADAM17, ADAM19,
ADAM20, ADAM21, ADAM28 (two alternate splicing vari-
ants, ADAM28s and ADAM28m; GenBank numbers
NM�021777 and NM�014265, respectively), ADAM30,
HB-EGF, and housekeeping gene �-actin. Sequences of
the specific primers used for PCR are shown in Table 1.
PCR amplification by Takara ExTaq (Takara Bio. Inc.,
Shiga, Japan) was performed on a thermal cycler after an
initial denaturation at 94°C for 3 minutes by running 30
cycles under the following conditions: denaturation for 1
minute at 94°C; annealing for 1 minute at 52°C (HB-EGF),
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54°C (ADAM8), 56°C (ADAM12m), 60°C (ADAM10,
ADAM12s, ADAM19, ADAM20, ADAM21, ADAM28m,
ADAM28s, and ADAM30), or 67°C (ADAM9, ADAM15,
ADAM17, and �-actin); and extension for 1 minute at
72°C, followed by a final extension for more 2 minutes.
The expected sizes of the amplified cDNA fragments are
shown in Table 1. The products were electrophoresed on
2% agarose gels and stained with ethidium bromide. The
expression levels of the ADAM species in the samples
were classified to three groups (negative, low, and high
levels) by measuring the relative expression to �-actin,
which was determined by analyzing the images captured
by FAS II mini (Toyobo Co. Ltd., Osaka, Japan) using
public domain NIH Image software (developed at the
National Institutes of Health; http://rsb.info.nih.gov/nih-im-
age/) according to the modification of our previous meth-
ods.26 As for positive controls, total RNA was extracted
from CaR-1 human rectal carcinoma cells (JCRB0207;
Health Science Research Resources Bank, Osaka, Ja-
pan) for ADAM8; U251 human glioblastoma cells (Amer-
ican Type Culture Collection, Manassas, VA) for ADAM9,
ADAM10, ADAM12m, ADAM15, ADAM17, ADAM19,
ADAM20, ADAM21, ADAM28s, and ADAM28m; SVGp12
human fetal glial cells (American Type Culture Collection)
for ADAM30; or human full-term placenta for ADAM12s,
since our preliminary study showed that these human cell
lines and placenta expressed the corresponding ADAM
species. The specific PCR amplification from the target
mRNAs was confirmed by sequencing the PCR products

using DYEnamic ET terminator cycle sequencing kit and
MegaBACE 1000 sequencer (Amersham Biosciences
Corp., Piscataway, NJ).

Real-Time Quantitative PCR

For quantitative analysis of ADAM12m expression, cDNA
was used as template in a TaqMan real-time PCR assay
by the ABI Prism 7000 sequence detection system (Ap-
plied Biosystems, Foster City, CA) according to the man-
ufacturer’s protocol. Cycling conditions were 50°C for 2
minutes, 95°C for 10 minutes, and then 40 cycles at
95°C for 15 seconds and 60°C for 1 minute. The prim-
ers and TaqMan probe for ADAM12m were chosen with
the assistance of the computer program Primer Ex-
press (Applied Biosystems) as follows: forward primer
5�-CCTCAGACCTGCTCCACAATATC-3�, reverse primer
5�-TTGAAAAAAGGTGTCGGCTTCT-3� and TaqMan probe
5�-FAM-CCAAGTGCCCAGATCCACCCACA-TAMRA-3�.
Sample data were normalized by 18S ribosomal RNA,
which was selected as endogenous control using the
TaqMan Human Endogenous Control Plate (Applied Bio-
systems) according to manufacturer’s protocol. The total
gene specificity of the nucleotide sequences chosen for
the primers and probe and the absence of DNA polymor-
phisms were ascertained by BLASTN and Entrez on web
sites (http://www.ncbi.nlm.nih.gov/).

Table 1. Primers for RT-PCR*

Primer’s name Oligonucleotide sequence Product size

ADAM8 Forward 5�-GCCGTCTTCAGGCCTCGGCCCGGGGACTCT-3� 651 bp
Reverse 5�-AGGGGCGTTGGCGAGGCACACCGACTGCGG-3�

ADAM9 Forward 5�-GCTGTCTTGCCACAGACCCGGTATGTGGAG-3� 604 bp
Reverse 5�-TGGAATATTAAGAAGGCAGTTTCCTCCTTT-3�

ADAM10 Forward 5�-ATCCAGTCATGTTAAAGCGATTGATACAATTTAC-3� 434 bp
Reverse 5�-TCCAAAGTTATGTCCAACTTCGTGAGCAAAAGTAA-3�

ADAM12s Forward 5�-GCACCTCCCTTCTGTGACAAGTTT-3� 504 bp
Reverse 5�-TGAAAGGCCAGACTTTTGAGTCCT-3�

ADAM12m Forward 5�-GCACCTCCCTTCTGTGACAAGTTT-3� 643 bp
Reverse 5�-CTTGGTGTGGATATTGTGGAGCAG-3�

ADAM15 Forward 5�-CTGGGACAGCGCCACATTCGCCGGAGGCGG-3� 688 bp
Reverse 5�-TCCGCAGAAAGCAGCCATAGGGGGTAGGCT-3�

ADAM17 Forward 5�-AGAGCTGACCCAGATCCCATGAAGAACACG-3� 777 bp
Reverse 5�-GCGTTCTTGAAAACACTCCTGGGCCTTACT-3�

ADAM19 Forward 5�-TGTGGGAAGATCCAGTGTCA-3� 500 bp
Reverse 5�-AGAGCTGAGGGCTTGAGTTG-3�

ADAM20 Forward 5�-AAAATAGCACACCAGATGGAGTTGCAATTG-3� 702 bp
Reverse 5�-ATTCCCACAGTACTTCAGTCTAAATATATT-3�

ADAM21 Forward 5�-TCTGGCTTGGGGTATTTTTG-3� 500 bp
Reverse 5�-TTGGCGTGCTACTTCCTTCT-3�

ADAM28s Forward 5�-GCTGTGATGCTAAGACATGT-3� 644 bp
Reverse 5�-GTTTATGATCTTAGTAGGGTTGCC-3�

ADAM28m Forward 5�-GCTGTGATGCTAAGACATGT-3� 871 bp
Reverse 5�-TGAACAGCCTTTACCATCTG-3�

ADAM30 Forward 5�-AACCAGGTGCCAACTGTAGC-3� 496 bp
Reverse 5�-CCCATGGGTTTCATGGATAG-3�

HB-EGF Forward 5�-ACAAGCACTGGCCACACCAAACAAG-3� 299 bp
Reverse 5�-CCACGATGACCAGCAGACAGACAGA-3�

�-actin Forward 5�-TGACGGGGTCACCCACACTGTGCCCATCTA-3� 661 bp
Reverse 5�-CTAGAAGCATTTGCGGTGGACGATGGAGGG-3�

*Primers for ADAM species, HB-EGF, and �-actin. The estimated product sizes are shown in this setting.
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In Situ Hybridization for ADAM12

The glioblastoma samples (five cases) that showed high
ADAM12m expression by real-time PCR were used for in
situ hybridization according to the modification of our
previous methods.26 Briefly, single-stranded sense and
anti-sense digoxigenin-labeled RNA probes were gener-
ated by in vitro transcription of the cDNA with SP6 or T7
RNA polymerase using the DIG RNA labeling kit (Roche
Diagnostics GmbH, Mannheim, Germany) following the
protocol from the manufacturer. Template DNA was a
cDNA fragment encoding the propeptide domain of hu-
man ADAM12, nucleotides 708 to 905 (198 bp), which
was subcloned into pGEM-11Zf (�) Vector (Promega
Corp., Madison, WI). Serial paraffin sections (4 �m thick)
were hybridized with the digoxigenin-labeled RNA anti-
sense or sense probes,26 and then subjected to immu-
nostaining using mouse anti-digoxigenin antibody (1/500
dilution, Roche Diagnostics GmbH) followed by the per-
oxidase-labeled avidin:biotin complex method (ABC
method) (1/100 dilution; DakoCytomation Norden A/S,
Glostrup, Denmark). After the reactions, the sections
were counterstained with hematoxylin.

Immunohistochemistry, Immunoblotting, and
Immunoprecipitation

Serial paraffin sections (4 �m thick) were treated with
0.3% hydrogen peroxide/0.1% NaN3 to block endoge-
nous peroxidase activity. For immunostaining of Ki-67,
they were also treated in a microwave oven for 5 minutes
at 500 W using a citrate buffer (pH 6.0). After blocking
nonspecific binding with 10% horse serum for ADAM12m
staining or 10% goat serum for Ki-67 staining, they were
incubated with mouse monoclonal antibodies against
ADAM12m (283-6H3, 5 �g/ml) or Ki-67 (MIB1, 1/50 dilu-
tion; DakoCytomation Norden A/S). Subsequently, the
specimens were incubated with biotinylated horse anti-
bodies against mouse IgG (1/200 dilution; Vector Labo-
ratories, Inc., Burlingame, CA) followed by the ABC
method for ADAM12m or with goat antibodies against
mouse IgG conjugated to horseradish peroxidase-la-
beled dextran polymer (no dilution, EnVision� Peroxidase
Mouse; DakoCytomation, California Inc., Carpinteria, CA)
for Ki-67. After immunostaining, the sections were coun-
terstained with hematoxylin. Monoclonal antibody against
ADAM12m (283-6H3) was developed by using a syn-
thetic peptide corresponding to the amino acid sequence
of the cytoplasmic domain of human ADAM12m (resi-
dues 893 to 909, PQYPHQVPRSTHTAYIK-C)15 as an an-
tigen according to the methods described previously.27

After screening 10 candidate clones by enzyme-linked
immunosorbent assay with the synthetic peptide, clone
283-6H3 was selected. Monospecificity of the clone was
further examined by absorption test of the antibody with
the antigen peptide and by immunoblotting of U251 gli-
oblastoma cells and CaR-1 cells (see Figure 5), which
showed positive and negative expression of ADAM12m,
respectively.

For immunoblotting of ADAM12m and HB-EGF, tissue
samples were homogenized on ice in 1 ml of lysis buffer;
50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 10
mmol/L CaCl2, and 0.05% Brij35 containing a cocktail of
proteinase inhibitors (Roche Diagnostics, GmbH). The
supernatants of the homogenates were subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
(8% and 15% total acrylamide for immunoblotting of
ADAM12m and HB-EGF, respectively) under reduction
after determining protein concentrations by the dye-bind-
ing method (Proteostain Protein Quantification Kit Wide
Range; Dojindo Laboratories, Kumamoto, Japan). The
resolved proteins were transferred onto polyvinylidene
difluoride membranes that were reacted with mouse
monoclonal antibody specific to ADAM12m (283-6H3, 2
�g/ml), goat polyclonal antibodies specific to HB-EGF
(1/500 dilution; R&D Systems Inc., Minneapolis, MN) or
nonimmune mouse IgG and goat IgG after blocking non-
specific reaction with 0.5% skim milk. The membranes
were incubated with goat antibodies against mouse IgG
conjugated to horseradish peroxidase-labeled dextran
polymer (1/200 dilution, EnVision� Peroxidase Mouse;
DakoCytomation California Inc.) for ADAM12m or horse-
radish peroxidase-conjugated rabbit antibodies against
goat IgG (1/20,000 dilution; Chemicon International Inc.,
Temecula, CA) for HB-EGF. Immunoreactive protein
bands were detected with enhanced chemiluminescence
immunoblotting reagents (Amersham Biosciences Corp).
As for controls of ADAM12m, cell lysates of U251 glio-
blastoma cells (positive control) and CaR-1 cells (nega-
tive control) were also subjected to immunoblotting. Re-
combinant HB-EGF (Calbiochem, San Diego, CA) was
used as a positive control for immunoblotting of HB-EGF.
To examine the glycosylation of ADAM12m, tissue ho-
mogenates of glioblastomas and lysates of U251 cells in
phosphate-buffered saline (pH 7.4) were mixed and
boiled with sodium dodecyl sulfate-reduction sample
buffer and digested with 10 U/ml N-glycosidase F (Roche
Diagnostics GmbH) in the buffer containing 0.5% IGEPAL
CA-630 (Sigma-Aldrich, Inc., St. Louis, MO) for 16 hours
at 37°C. The samples were then subjected to immuno-
blotting for ADAM12m.

To study the effects of ADAM inhibitor on the process-
ing of cell surface proHB-EGF, glioblastoma tissues that
expressed ADAM12m were cut into pieces (�3 � 3 � 2
mm) and cultured for 12 to 24 hours in the presence and
absence of 1 �mol/L KB-R7785, an inhibitor to ADAM13

(a kind gift by Dr. Koichiro Yoshino, Carnabioscience,
Kobe, Japan). Supernatants of the homogenates (50 �g/
lane) were prepared and subjected to immunoblotting as
described above. After stripping bound antibodies, the
membranes were reprobed with anti-�-actin antibody (1
�g/ml, A5441; Sigma-Aldrich, Inc.) to confirm that similar
amounts of samples were applied in each lane. In addi-
tion, ADAM12m-expressing U251 glioblastoma cells
were cultured in the presence and absence of 1 �mol/L
KB-R7785 for 6 hours, and cell surface proteins were
biotinylated with 0.1 mg/ml sulfo-NHS-biotin in 20 mmol/L
HEPES, pH 7.5, 0.4 mol/L NaCl on ice. Then, cell lysates
(1.5 � 106 cells/lane) were prepared and HB-EGF was
immunoprecipitated by reacting with goat anti-HB-EGF
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polyclonal antibodies (5 �g) or nonimmune goat IgG (5
�g) according to the methods described by Goishi and
colleagues.28 The immunoprecipitated proteins were
electrophoresed, transferred to polyvinylidene difluoride
membranes, and reacted with avidin-conjugated horse-
radish peroxidase (Vector Laboratories Inc.). To evaluate
the amounts of proteins loaded to lanes, the same
amount of each cell lysate was subjected to immunoblot-
ting for �-actin. The protein bands on the membranes
were detected with enhanced chemiluminescence immu-
noblotting reagents as described above.

MIB1-Positive Cell Index

To assess proliferative activity of astrocytic tumors, MIB1-
positive cell index was determined by counting nuclei
immunoreactive with MIB1 antibody in five different fields
at a magnification of �200 without knowledge of clinical
data. Any nuclear staining, regardless of intensity, was
considered positive for MIB1. The MIB1-positive cell in-
dex was expressed as a percentage of immunoreactive
tumor cells to the total counted tumor cells.

Statistics

Statistical analyses were performed using Kruskal-Wallis
test and subsequent Bonferroni/Dunn procedure as a
post hoc test to assess the significance among astrocytic
tumors and nonneoplastic control brain tissues. The cor-
relations between the mRNA expression levels of
ADAM12m and the MIB1-positive cell index were studied
using the Pearson correlation coefficient. P values less
than 0.05 were considered significant.

Results

mRNA Expression of ADAM Species in
Astrocytic Tumors

The mRNA expression of ADAM8, ADAM9, ADAM10,
ADAM12s, ADAM12m, ADAM15, ADAM17, ADAM19,
ADAM20, ADAM21, ADAM28s, ADAM28m, and ADAM30
was first screened by RT-PCR in astrocytic tumors (n �
21), intracranial neurinomas (n � 5), metastatic carcino-
mas (n � 5), and nonneoplastic brain tissues (n � 5). As
shown in Figure 1, PCR products for all of the ADAM
species except for ADAM8 and ADAM12s were detected
at least in one of the tissue samples examined. Although
ADAM8 and ADAM12s were undetectable in these sam-
ples, availability of RT-PCR for these ADAM species was
demonstrated with RNA samples extracted from CaR-1
cells and human placental tissue (Figure 1). The data on
the expression of each ADAM gene are summarized in
Table 2. ADAM9, ADAM10, ADAM17, ADAM28s, and
ADAM28m were constitutively expressed in all of the
tumors and nonneoplastic brain tissues (Figure 1 and
Table 2), and the expression of ADAM15, ADAM20, and
ADAM21 was observed in more than 92% of the samples
(Table 2). In contrast, ADAM8 and ADAM12s were not

expressed in the tumors or nonneoplastic control brain
tissues, and ADAM30 was randomly expressed in a few
tumors and control brain tissues (Table 2). On the other
hand, the expression pattern of ADAM12m and ADAM19
in the astrocytic tumors appeared to be selective in the
glioblastomas (Table 2). However, because the nonneo-
plastic brain tissues expressed ADAM19 but not
ADAM12m (Figure 1 and Table 2), it seemed likely that
only the expression of ADAM12m is glioblastoma-selec-
tive. Thus, we focused on ADAM12m and further ana-
lyzed its expression levels by real-time quantitative PCR.

Real-Time Quantitative PCR of ADAM12m

To evaluate the expression levels of ADAM12m in the
astrocytic tumors (n � 32), other intracranial tumors (n �
10), and nonneoplastic brain tissues (n � 6), real-time
quantitative PCR was performed. The values in each
sample were standardized for sample-to-sample varia-
tions using 18S ribosomal RNA as normalization. As
shown in Figure 2, the relative mRNA expression level of
ADAM12m in glioblastomas (1.09 � 1.16, mean � SD;
n � 16) was significantly at least 5.7-fold higher than that
in nonneoplastic brain tissues (0.16 � 0.08, n � 6),
low-grade astrocytomas (0.19 � 0.16, n � 7), or anaplas-
tic astrocytomas (0.14 � 0.10, n � 9) (P � 0.05 for each
group). In addition, the level was significantly �10-fold

Figure 1. mRNA expression of ADAM8, ADAM9, ADAM10, ADAM12s,
ADAM12m, ADAM15, ADAM17, ADAM19, ADAM20, ADAM21, ADAM28s,
ADAM28m, and ADAM30 in astrocytic tumors and nonneoplastic brain tis-
sues by RT-PCR. Total RNA was extracted from the nonneoplastic control
brain tissues (lanes 1 to 3, NB), low-grade astrocytomas (lanes 4 to 7, LGA),
anaplastic astrocytomas (lanes 8 to 11, AA), and glioblastomas (lanes 12 to
15, GB), and reverse-transcribed into cDNA followed by a PCR reaction as
described in Materials and Methods. Fifteen representative samples are
shown. Each amplification of ADAM species and �-actin was performed at
least in triplicate. As for positive controls (C), total RNAs from CaR-1 cells (for
ADAM8 and �-actin), U251 cells (for ADAM9, ADAM10, ADAM12m,
ADAM15, ADAM17, ADAM19, ADAM20, ADAM21, ADAM28s, and
ADAM28m), SVGp12 cells (for ADAM 30), and human full-term placental
tissue (for ADAM12s) were used for RT-PCR.
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higher in glioblastomas than in intracranial neurinomas
(0.11 � 0.07, n � 5) (P � 0.01). The expression level in
glioblastomas tended to be higher than that in metastatic

carcinoma (0.41 � 0.15, n � 5), although the difference
was not significant.

In Situ Hybridization

Cells expressing ADAM12 mRNA in glioblastoma tissues
were identified by in situ hybridization. With the anti-sense
probes, the signal for ADAM12 was observed in the
glioblastoma cells (Figure 3A). The sense probes gave
only a background signal in the glioblastoma tissues
(Figure 3B).

Table 2. Expression of ADAM Species in Human Astrocytic Tumors, Intracranial Tumors and Nonneoplastic Brain Tissues by RT-PCR*

Sample
no.

Tissue
histology

Density of PCR Products

ADAM8 ADAM9 ADAM10 ADAM12s ADAM12m ADAM15 ADAM17 ADAM19 ADAM20 ADAM21 ADAM28s ADAM28m ADAM30

1 NB† �‡ � � � � � �� � � �� �� �� �
2 NB � �� �� � � �� �� �� �� �� �� �� �
3 NB � �� �� � � � �� � � � �� �� �
4 NB � �� �� � � � �� � � � �� �� �
5 NB � � � � � � �� � � � �� � �
6 LGA � �� �� � � � �� � � �� �� �� �
7 LGA � �� �� � � � �� � �� �� �� �� �
8 LGA � �� �� � � � �� � �� �� �� �� �
9 LGA � �� �� � � � �� � �� �� �� �� �

10 LGA � �� �� � � �� �� � �� �� �� �� �
11 LGA � �� �� � � �� �� � � � �� �� �
12 LGA � �� �� � � � �� � � � �� �� �
13 AA � �� �� � � � �� � � � � �� �
14 AA � �� �� � � � �� � �� �� �� �� �
15 AA � �� �� � � � �� � � � �� �� �
16 AA � �� �� � � � �� � � �� �� �� �
17 AA � �� �� � � � �� � �� � �� �� �
18 AA � �� �� � � � �� � � � �� �� �
19 AA � �� �� � � � �� � �� � �� �� �
20 GB � �� �� � �� � �� � � � � � ��
21 GB � �� �� � � �� �� � �� � � � �
22 GB � �� �� � � � �� � � � � � �
23 GB � �� �� � �� � �� �� � �� �� �� �
24 GB � �� �� � �� �� �� � �� �� �� �� �
25 GB � �� �� � �� �� �� � �� �� �� �� �
26 GB � �� � � �� �� �� � �� � �� �� �
27 Neu � �� �� � � �� �� � � � � �� �
28 Neu � �� �� � � �� �� � � � �� �� �
29 Neu � �� �� � � �� �� � � � �� �� �
30 Neu � �� �� � � �� �� � � � � �� �
31 Neu � �� �� � � � �� � � � �� � �
32 Met � �� �� � � � �� � � � � � �
33 Met � �� �� � � �� �� � �� �� � � �
34 Met � �� �� � � � �� � �� �� � � �
35 Met � �� �� � � � �� � �� � � � �
36 Met � �� �� � � � �� � � � � � �

*Density of PCR products was semiquantitatively estimated according to the method described in Materials and Methods.
†NB, nonneoplastic brain tissue; LGA, low grade astrocytoma; AA, anaplastic astrocytoma; GB, glioblastoma; Neu, intracranial neurinoma; Met,

metastatic carcinoma.
‡Symbols: �, negative; �, low density band; ��, high density band.

Figure 2. The mRNA expression levels of ADAM12m in nonneoplastic brain
tissues (NB), low-grade astrocytomas (LGA), anaplastic astrocytomas (AA),
glioblastomas (GB), intracranial neurinomas (Neu), and metastatic carcinomas
(Met). Relative mRNA expression levels of ADAM12m to 18S ribosomal RNA in
each sample were measured by the real-time quantitative PCR as described in
Materials and Methods. Bars indicate mean value. *, P � 0.05; **, P � 0.01.

Figure 3. In situ hybridization of ADAM12 in glioblastomas. In situ hybrid-
ization was performed as described in Materials and Methods. A: Note
positive signals for ADAM12 in the cytoplasm of glioblastoma cells with the
anti-sense probes. B: The sense probes give only a background signal in the
glioblastomas. Scale bar, 25 �m.
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Immunohistochemistry and Immunoblotting for
ADAM12m

ADAM12m was immunolocalized to the glioblastoma
cells in 88% of the glioblastoma cases (14 of 16 cases;
Figure 4, G and H), although no staining was seen in
nonneoplastic brain tissues (0 of 6 cases; Figure 4, A and
B) or low-grade astrocytomas (0 of 7 cases; Figure 4, C
and D). It was immunostained in one of the nine anaplas-
tic astrocytomas (data not shown), but another eight
cases showed negative staining (one of nine cases; Fig-
ure 4, E and F). The immunostaining was predominantly
observed on the cell membranes of glioblastoma cells
(Figure 4H), but the cytoplasm of some glioblastoma cells
showed occasionally weak immunostaining (Figure 4H,
arrowheads). Blood vessels in anaplastic astrocytomas
and glioblastomas were negatively stained (Figure 4, F

and H). No staining was observed in any tissue samples
with nonimmune mouse IgG (data not shown).

By immunoblotting analysis, ADAM12m existed as a
major protein band of �90 kd in the homogenates of
glioblastoma tissues (Figure 5A, lanes 1 to 3), whereas
the nonneoplastic brain tissues showed negative bands
(Figure 5A, lanes 4 and 5). Specificity of the antibody was
confirmed by the following findings: 1) only negligible
bands were detected in the glioblastoma tissue samples
by nonimmune mouse IgG (Figure 5A, lane 6); 2) the
�90-kd band was recognized in the cell lysates of U251
cells with strong expression of ADAM12m (Figure 5A,
lane 8), but not in those of CaR-1 cells without ADAM12m
expression (Figure 5A, lane 7); and 3) immunoreactivity
was remarkably reduced to a negligible level by incubat-
ing the antibody with the antigen peptide before the
immunoblotting (Figure 5A, lane 9 for U251 cell lysates
and data not shown for homogenates of glioblastoma
tissues). When the tissue homogenates of glioblastomas
and U251 cell lysates were treated with N-glycosidase F,
which removes all types of N-linked oligosaccharides
from glycoproteins, and then immunoblotted with the an-
tibody, the major �90-kd protein band was shifted to the
band of �75 kd (Figure 5B and data not shown for U251
cell lysates). This indicates that the �90-kd band is an
N-glycosylated protein.

MIB1-Positive Cell Index and Its Correlation with
ADAM12m Expression Levels

To study whether mRNA expression levels of ADAM12m
correlate with proliferation of astrocytic tumor cells, all of
the astrocytic tumors (n � 32) were subjected to immu-
nostaining for Ki-67 using MIB1 antibody to obtain MIB1-
positive cell index. Immunoreactive cells increased with
histological grade (data not shown), confirming the data

Figure 4. Immunolocalization of ADAM12m in glioblastomas. Paraffin sec-
tions of nonneoplastic brain tissues (A and B), low-grade astrocytomas (C
and D), anaplastic astrocytomas (E and F), and glioblastomas (G and H)
were stained with H&E (A, C, E, and G) or immunostained with monoclonal
antibody against ADAM12m (B, D, F, and H) as described in Materials and
Methods. Note the selective immunostaining on the cell membranes of most
glioblastoma cells and weak staining within the cytoplasm of a few glioblas-
toma cells (arrowheads, H). Blood vessel cells are completely negative (F
and H). Scale bar, 50 �m.

Figure 5. Immunoblotting of ADAM12m in glioblastoma tissues. A: Homog-
enates (20 �g/lane) from glioblastoma (lanes 1 to 3 and 6) and nonneo-
plastic brain tissues (lanes 4 and 5) and cell lysates (20 �g/lane) of CaR-1
(lane 7, a negative control) and U251 (lane 8, a positive control; lane 9,
absorption test) were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The proteins in the gels were transferred onto polyvinyli-
dene difluoride membranes and the membranes immunostained with anti-
ADAM12m antibody (2 �g/ml) (lanes 1 to 5, 7, and 8), the antibody (2
�g/ml) absorbed with antigen peptide (3 �g/ml) (lane 9), or nonimmune
mouse IgG (2 �g/ml) (lane 6) as described in Materials and Methods. Note
that a positive band of �90 kd is found in the glioblastoma samples (lanes
1 to 3) and the U251 cell lysates (lane 8), whereas no such species is
recognized in the nonneoplastic brain samples (lanes 4 and 5) or CaR-1 cell
lysates (lane 7). Only a background staining is present with nonimmune IgG
(lane 6), and a negligible band is observed with the antibody absorbed with
the peptide (lane 9). B: Deglycosylation of ADAM12m. Homogenates were
treated with N-glycosidase F and subjected to immunoblotting for ADAM12m
as described in Materials and Methods.
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of previous studies.29 MIB1-positive cell index for astro-
cytic tumors was as follows: 6.29 � 5.20% for low-grade
astrocytomas (n � 7), 9.82 � 12.1% for anaplastic astro-
cytomas (n � 9), and 36.0 � 16.8% for glioblastomas
(n � 16). No staining was observed in nonneoplastic
brain tissues (n � 6) or in glioblastoma tissues stained
with nonimmune mouse IgG (data not shown). When the
MIB1-positive cell index of the astrocytic tumors was
plotted against mRNA expression levels of ADAM12m in
each case, there was a direct correlation between the
index and the ADAM12m expression levels (r � 0.791,
P � 0.0001; n � 32) (Figure 6).

mRNA Expression and Immunoblotting of
HB-EGF

Because ADAM12m is implicated in the ectodomain
shedding of proHB-EGF in mouse cardiomyocytes13 and
embryonal fibroblasts,25 we studied the processing of
proHB-EGF in glioblastoma tissues. When the mRNA ex-
pression of HB-EGF was examined in nonneoplastic
brain tissues (n � 3), low-grade astrocytomas (n � 3),
anaplastic astrocytomas (n � 3), and glioblastomas (n �
3) by RT-PCR, all of the tumors and nonneoplastic brain
tissues expressed the mRNA of HB-EGF (Figure 7A). The
expression was almost constitutive, although the level
appeared to be higher in glioblastomas than in other
tissues.

By immunoblotting, nonneoplastic brain (n � 2), low-
grade astrocytoma (n � 2), and anaplastic astrocytoma
samples (n � 4), all of which had negligible or no
ADAM12m expression, showed protein bands of 27.0,
30.0, and 35.5 kd, which correspond to membrane-an-
chored proHB-EGF (Figure 7B, lanes 1 to 6). In contrast,
protein bands of 13.0 and 14.0 kd consistent with the
soluble form of cleaved HB-EGF were identified in the

tissue homogenates of glioblastoma samples (n � 6),
which showed high, medium, and low levels of
ADAM12m expression by real-time quantitative PCR (Fig-
ure 7B, lanes 7 to 10). Importantly, intensity of the pro-
cessed forms appeared to correlate with the ADAM12m
expression levels (Figure 7B).

Inhibition of HB-EGF Processing by ADAM
Inhibitor

To further study the involvement of ADAM12m in the
processing of proHB-EGF in glioblastomas, glioblastoma
tissues (n � 4) that expressed ADAM12m were cultured
in the presence and absence of an ADAM inhibitor, KB-
R7785, and HB-EGF species in the tumors were analyzed
by immunoblotting. In the samples treated with KB-
R7785, proHB-EGF and processed soluble form of HB-
EGF appeared to increase and decrease, respectively,
as compared with the control tissue (Figure 8A). In addi-
tion, we examined the effect of KB-R7785 on the process-
ing of proHB-EGF from U251 glioblastoma cells that
highly express ADAM12m. Using cell surface biotinyla-
tion and immunoprecipitation, faint bands for cell surface
proHB-EGF of 20 to 30 kd were detected in the control
cells without inhibitor treatment, but density of the bands
remarkably increased in the cells treated with KB-R7785
(Figure 8B, lanes 1 and 2). Immunoprecipitation with
nonimmune IgG showed only background signals (Figure
8B, lanes 3 and 4). All these data suggest that ADAM12m

Figure 6. Correlation between MIB1-positive cell index and ADAM12m
mRNA expression levels. The relative mRNA expression levels of ADAM12m
(ADAM12m/18s ribosomal RNA ratios) in astrocytic tumors were plotted
against the MIB1-positive cell index. Note a direct correlation between the
mRNA expression levels and the index (r � 0.791, P � 0.0001). f, low-grade
astrocytomas (n � 7); E, anaplastic astrocytomas (n � 9); F, glioblastomas
(n � 16); �, nonneoplastic brain tissue (n � 6).

Figure 7. The mRNA expression and immunoblotting of HB-EGF. A: mRNA
expression of HB-EGF and �-actin in nonneoplastic brain tissues (lanes 1 to
3, NB), low-grade astrocytomas (lanes 4 to 6, LGA), anaplastic astrocytomas
(lanes 7 to 9, AA), and glioblastomas (lanes 10 to 12, GB) was examined
by RT-PCR as described in Materials and Methods. B: Immunoblotting anal-
yses of HB-EGF in representative 10 cases. Tissue homogenates (20 �g/lane)
of nonneoplastic brain (lanes 1 and 2), low-grade astrocytoma (lanes 3 and
4), anaplastic astrocytoma (lanes 5 and 6), or glioblastomas with ADAM12m
expression at high (lanes 7 and 8), medium (lane 9), or low level (lane 10)
were subjected to immunoblotting for HB-EGF as described in Materials and
Methods. Recombinant HB-EGF (20 ng/lane) was used as for a positive
control (lane 11). Note that the protein bands of 13.0 and 14.0 kd corre-
sponding to processed HB-EGF (arrows) are found in the glioblastoma
samples (lanes 7 to 10) showing a correlation with the ADAM12m expres-
sion, whereas the bands corresponding to membrane-anchored proHB-EGF
of 27.0, 30.0, and 35.5 kd (arrowheads) are detected mainly in the non-
neoplastic brain (lanes 1 and 2), low-grade astrocytoma (lanes 3 and 4),
and anaplastic astrocytoma (lanes 5 and 6). Recombinant soluble HB-EGF,
which lacks juxtamembrane, transmembrane, and cytoplasmic domains,
shows the bands of 12.0, 13.5, and 14.5 kd.
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is implicated in the ectodomain shedding of proHB-EGF
in glioblastoma cells.

Discussion

The present study provides the first analysis of ADAM
expression in human malignant astrocytic tumors, and
demonstrates that among the 13 different ADAM species
with putative metalloproteinase activity, ADAM12m is se-
lectively expressed in the glioblastoma tissues. This was
first shown by RT-PCR of the glioma and nonneoplastic
control brain tissues, and further demonstrated by real-
time quantitative PCR, in situ hybridization, immunostain-
ing, and immunoblotting. The mRNA expression patterns
of the 13 different ADAM species in our samples could be
divided into three groups; constitutive expression
(ADAM9, ADAM10, ADAM15, ADAM17, ADAM19,
ADAM20, ADAM21, ADAM28s, and ADAM28m), negligi-
ble or no expression (ADAM8, ADAM12s, and ADAM30),
and glioblastoma-selective expression (ADAM12m). In
contrast to the selective expression of ADAM12m in the
glioblastomas, ADAM12s, another splice variant of
ADAM12, was not expressed in any samples examined.
Because ADAM12s is highly expressed in term placenta
but not in tumor cell lines,15 the tissue expression of these

isoforms is differently regulated by alternate splicing. Iba
and colleagues16 have previously reported that
ADAM12m is immunolocalized to carcinoma cells in more
than 50% of the human carcinoma samples of the breast
(infiltrating ductal carcinoma), colon (adenocarcinoma),
stomach (adenocarcinoma), and lung (squamous cell
carcinoma) with little or no immunostaining in the corre-
sponding normal epithelia. ADAM10 and ADAM17 are
expressed in human cancer tissues,2,30 but they are also
often expressed in normal tissues.30,31 Thus, the data in
the present and previous studies16 suggest that
ADAM12m is one of the ADAM species selectively ex-
pressed by human malignant tumor tissues.

Our in situ hybridization study demonstrated that neo-
plastic astrocytic cells are responsible for the gene ex-
pression of ADAM12m in glioblastoma tissues. Immuno-
staining using monoclonal antibody specific to the
cytoplasmic tail domain of ADAM12m further confirmed
the expression by glioblastoma cells but not by stromal
cells such as endothelial cells. Importantly, ADAM12m
was immunolocalized predominantly on the cell mem-
branes of glioblastoma cells, although a few glioblastoma
cells showed weak cytoplasmic staining. These findings
indicate that ADAM12m exists mainly on the cell mem-
branes of glioblastoma cells, and suggest that some
glioblastoma cells accumulate it within the cytoplasm
because of the overproduction.

Like other ADAM species, ADAM12m is synthesized in
an inactive proform and activated within the cells by
being processed to an active form by the action of furin-
like proprotein convertases(s).32,33 Previous immunoblot-
ting studies showed that COS-7 cells transiently trans-
fected with expression vectors encoding ADAM12m
produce its precursor form of �110 to 120 kd and active
form of �90 kd in �1:1 ratio.32,33 In the present study,
however, immunoblotting identified only a protein band of
�90 kd in both homogenates of glioblastoma tissues and
lysates of U251 glioblastoma cells, and demonstrated
that the protein band represents glycoprotein generated
by N-linked protein glycosylation of �75-kd protein. Be-
cause the antibody used for immunoblotting recognizes
the cytoplasmic tail domain of ADAM12m and the molec-
ular weights of glycosylated and unglycosylated proteins
correspond to the expected sizes of active glycosylated
and unglycosylated forms of ADAM12m shown by other
studies32,33 and estimated by the amino acid sequenc-
es,15 it is conceivable that ADAM12m is readily activated
within the glioblastoma cells and presented on their cell
surfaces in the active form.

One of the important findings in the present study is
that the expression levels of ADAM12m directly corre-
lated with MIB1-positive cell index of the malignant as-
trocytic tumors. This suggests the possible involvement
of ADAM12m in the proliferation of glioblastomas. The
marked proliferative activity of glioblastomas is explained
mainly by enhanced EGF signaling through EGFR. The
EGFR gene is amplified in 30 to 40% of human glioblas-
toma cases.18 In approximately half of the glioblastomas
with EGFR gene amplification, the amplification is accom-
panied by specific deletion of a portion of the extracellu-
lar domain of EGFR through gene rearrangement.19–21

Figure 8. Inhibition of HB-EGF processing by ADAM inhibitor in glioblas-
toma tissues and U251 glioblastoma cells. A: Glioblastoma tissues were
cultured in the presence (lanes 2 and 4) and absence (lanes 1 and 3) of
KB-R7785, and HB-EGF species were analyzed by immunoblotting as de-
scribed in Materials and Methods. ProHB-EGF and active HB-EGF species are
indicated by arrowheads and arrows, respectively. The membrane was
reprobed with anti-�-actin antibody. Two representative cases are shown. B:
U251 glioblastoma cells were cultured in the presence (lanes 2 and 4) and
absence (lanes 1 and 3) of KB-R7785, and biotinylated proHB-EGF species
(arrowheads) were immunoprecipitated with anti-HB-EGF antibody (lanes
1 and 2) or nonimmune IgG (lanes 3 and 4) as described in Materials and
Methods. As for a control, �-actin was immunoblotted as described in
Materials and Methods.
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This truncated EGFR is constitutively active without li-
gand binding, and thus continuously transduces its sig-
nals to promote glioblastoma cell growth.22,23 On the
other hand, glioblastomas expressing the wild-type
EGFR with or without amplification proliferate in paracrine
and/or autocrine pathway through the ligand-dependent
EGF signaling.23,24 Astrocytic tumors are known to ex-
press the EGFR ligands, ie, EGF, TGF-�, and HB-EGF, as
well as EGFR,23,24 and HB-EGF plays a key role in the
EGFR signals in glioma cells.24 Because HB-EGF is syn-
thesized as a membrane-anchored proform and pro-
cessed to soluble active forms that function by binding to
EGFR, ectodomain shedding is one of the key regulation
steps for the activity of HB-EGF.13 Recent studies re-
vealed that ADAM12m processes proHB-EGF to the sol-
uble active forms in mouse myocardiocytes13 and em-
bryonal fibroblasts.25 In the present study, we have
demonstrated that although HB-EGF is constitutively ex-
pressed in both astrocytic tumors and nonneoplastic
brain tissues, production of soluble HB-EGF forms from
its precursor correlates with the expression of active
ADAM12m in glioblastomas and the processing in glio-
blastomas and U251 glioblastoma cells is inhibited by
ADAM inhibitor. Previous studies have shown that
ADAM912 and MMP-334 are also implicated for ectodo-
main shedding of HB-EGF. However, the present study
indicated that ADAM9 is constitutively expressed in both
nonneoplastic brain tissues and astrocytic tumors without
correlation to the HB-EGF processing. Although MMP-3
was immunolocalized in 40% of the glioblastoma cas-
es,35 our quantitative analysis by sandwich enzyme im-
munoassay demonstrated that the production level in the
glioblastoma tissues is negligible.36 Altogether, these
data suggest the possibility that ADAM12m selectively
expressed in glioblastomas contributes to the prominent
proliferation of glioblastoma cells through shedding of
HB-EGF.

From a biological and clinical point of view, glioblas-
tomas are classified to primary glioblastomas developing
in a rapid de novo manner and secondary glioblastomas
evolved by progression from less malignant glio-
mas.17,37,38 Recent molecular genetic analyses of the
glioblastomas have indicated that primary and second-
ary glioblastomas are characterized by the alterations of
the EGFR and p53 genes, respectively.37,38 Therefore, it
is interesting to know in which glioblastoma subsets
ADAM12m is overexpressed to shed HB-EGF. However,
we could not perform the genetic analyses of our sam-
ples because of the restrictions on the informed consent
from the patients and limited amounts of the tissue sam-
ples. Thus, the issue remains to be answered by future
work.

Recent accumulated evidence has indicated that
ADAM12 plays an important role in supporting tumor cell
adhesion, which is mediated through binding of the cys-
teine-rich domain of ADAM12 to syndecans, cell surface
proteoglycans.6,16 Because syndecans become ex-
pressed in the reactive astrocytes surrounding the region
of the brain necrosis induced by the cryo-injuries,39 it
might be possible to speculate that ADAM12m facilitates
glioblastoma cells to attach to the reactive astrocytes

present near the leading invasive edge. This may explain
the so-called “secondary structures” of glioblastoma in-
vasive pattern, which represents the glioblastoma cell
accumulation in the borders of the brain such as subpial
zone of the cortex, subependymal, and perivascular re-
gions.40 Alternatively, ADAM12m might be involved in
mutual cell attachment and spreading of glioblastoma
cells, which enables the glioblastoma cells to form tumor
cell aggregates that are commonly observed in human
glioblastomas during the invasive growth. Further studies
are necessary to elucidate whether glioblastoma cells
within the human glioblastoma tissues express synde-
cans and/or �1 integrin, which are used for the ADAM12-
mediated cell attachment and spreading.6
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