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Background. Despite multimodal treatment, glioblastoma (GBM) therapy with temozolomide (TMZ) remains inefficient due to che-
moresistance. Matrix metalloproteinase (MMP) and a disintegrin and metalloprotease (ADAM), increased in GBM, could contribute
to chemoresistance and TMZ-induced recurrence of glioblastoma.

Methods. TMZ inducibility of metalloproteases was determined in GBM cell lines, primary GBM cells, and tissues from GBM and
recurrent GBM. TMZ sensitivity and invasiveness of GBM cells were assessed in the presence of the metalloprotease inhibitors bati-
mastat (BB-94) and marimastat (BB-2516). Metalloprotease-dependent effects of TMZ on mitochondria and pAkt/phosphatidy-
linositol-3 kinase (PI3K) and phosphorylated extracellular signal-regulated kinase 1/2 (pERK1/2) pathways were analyzed by
fluorescence activated cell sorting, morphometry, and immunoblotting. Invasiveness of GBM cells was determined by Matrigel
invasion assays. Potential metalloprotease substrates were identified by proteomics and tested for invasion using blocking
antibodies.

Results. TMZ induces expression of MMP-1, -9, -14, and ADAM8 in GBM cells and in recurrent GBM tissues. BB-94, but not BB-2516
(ADAM8-sparing) increased TMZ sensitivity of TMZ-resistant and -nonresistant GBM cells with different O6-methylguanine-DNA
methyltransferase states, suggesting that ADAM8 mediates chemoresistance, which was confirmed by ADAM8 knockdown,
ADAM8 overexpression, or pharmacological inhibition of ADAM8. Levels of pAkt and pERK1/2 were increased in GBM cells and cor-
related with ADAM8 expression, cell survival, and invasiveness. Soluble hepatocyte growth factor (HGF) R/c-met and CD44 were
identified as metalloprotease substrates in TMZ-treated GBM cells. Blocking of HGF R/c-met prevented TMZ-induced invasiveness.

Conclusions. ADAM8 causes TMZ resistance in GBM cells by enhancing pAkt/PI3K, pERK1/2, and cleavage of CD44 and HGF R/c-met.
Specific ADAM8 inhibition can optimize TMZ chemotherapy of GBM in order to prevent formation of recurrent GBM in patients.
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Glioblastoma (GBM) is the most common malignant primary
neoplasm of the brain in adults. Despite multimodal treat-
ment encompassing surgical resection, chemotherapy, and
radiotherapy, prognosis remains infaust with a mean survival
of ,15 months.1 The key biological features of GBM are

unlimited tumor cell proliferation, widespread infiltrative
growth, and angiogenesis.2 Temozolomide (TMZ) combined
with surgical resection and radiotherapy is the standard regi-
men for malignant glioma3,4; however, acquired chemoresist-
ance of glioma cells, in particular in highly invasive glioma
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cells, limits its efficacy. TMZ exerts its cytotoxic effect via alkyl-
ation of the O6 position of guanine,5,6 thereby inducing DNA
damage response.7,8

TMZ resistance mechanisms range from (i) remodeling of
the electron transport chain with significant increased activity
of mitochondrial complexes II/III and cytochrome C oxidase to
(ii) DNA repair protein O6-methylguanine-DNA methyltransfer-
ase9 (MGMT), sonic hedgehog, and Notch pathways.10 Notably,
ectodomain cleavage of membrane proteins dependent on
matrix metalloproteinase (MMP) and a disintegrin and metallo-
protease (ADAM) can regulate DNA damage response and ra-
diosensitivity of glioblastoma stem cells.11,12 MMPs and ADAM
proteases constitute 2 families of zinc-dependent endopepti-
dases.13 Numerous studies have confirmed the role of MMPs
in tumor cell invasion14 and angiogenesis.15

In malignant glioma, elevated expression levels of MMP-1,
-2, -7, -9, -11, -12, -14, and -19 have been reported, and for
some MMPs there is a correlation between their expression
and tumor progression in vivo.16–19 MMP-9, MMP-2, and its acti-
vator MMP-14 have been demonstrated to contribute to active
migration and invasion of tumor cells into surrounding brain tis-
sue.20,21 MMP-2 inhibition in glioma cell lines decreased radiation-
induced MMP-2 expression, cell viability, and radiation-enhanced
migration and invasion.22 Based on these results, a combined
therapy regimen of TMZ plus marimastat was tested in clinical
phase II trials with limited success, suggesting the presence of
effector metalloproteases (MPs) spared by marimastat23 that
could be members of the ADAM protease family.

As type I transmembrane proteins, 21 ADAM members are
found functional in humans24,25 with important roles in cell ad-
hesion, invasion, and cell signaling.13,26,27 Similar to MMPs,
mounting evidence indicates that ADAM proteins regulate tu-
morigenesis, invasiveness, and proliferation.27,28 For instance,
the L1 cell adhesion molecule (L1CAM) (cluster of differentia-
tion [CD]171), a transmembrane protein involved in growth
and invasion, is cleaved by ADAM10 and presenilin, resulting
in an L1 intracellular domain that is translocated to the cell nu-
cleus, thereby regulating gene expression, DNA damage re-
sponse, and radiosensitivity of glioblastoma stem cells.11,12 In
addition, hyaluronic acid receptor (CD44) and the hepatocyte
growth factor receptor (HGF R/c-met) were shown to be essen-
tial29,30 for glioma invasion. Both proteins are described in the
context of chemoresistance of glioma cells31,32 and are regulat-
ed by shedding via MMPs and/or ADAM proteases. Compared
with nonneoplastic brain tissue, expression levels of ADAM8
and ADAM17 in glioblastoma are significantly increased and
correlate with the malignant phenotypes, respectively.28,33,34

In a recent study, ADAM8 was shown to confer chemoresistance
to cisplatin in A549 lung cancer cells.35 Here we investigated the
contribution of MMPs and ADAMs on TMZ chemoresistance of
GBM cells in general and defined ADAM8 as an important target
molecule.

Materials and Methods

Cell Lines and Tumor Tissue Samples

Established U87 and U251 glioblastoma cell lines were pur-
chased from the American Type Culture Collection and kindly
provided by Dr M. Ocker. Collection and processing of primary

human GBM tumor samples was in accordance with the ethical
standards of the 2008 Helsinki Declaration. Informed consent
of patients was obtained for acquisition, processing, and docu-
mentation of pseudonymized samples as approved by the local
ethics committee (Medical Faculty, Marburg University). GBM29,
GBM42, and GBM98 cells were prepared from World Health Or-
ganization (WHO) grade IV GBM specimens collected directly
after surgery as described (see Supplementary material, Meth-
ods). MGMT status of all GBM cells was determined using
a methylation-specific PCR (ZymoResearch). Whereas U87,
U251, and GBM29 are methylated, primary GBM cells GBM42
and GBM98 have an unmethylated MGMT promoter status.

Antibodies and Inhibitors

Antibodies directed against Akt (panAkt and pAkt S473), cyto-
chrome C oxidase IV, and extracellular signal-regulated kinase
(ERK)1/2 (panERK and pERK1/2 Tyr 202/204) were obtained
from Cell Signaling; b-tubulin from Santa Cruz Biotechnology;
MMP-14 from Epitomics, and ADAM8 from R&D Systems. As
blocking antibodies, we used a control immunoglobulin G (IgG),
an anti-CD44 (Hermes-1, MA4400, Thermo Scientific), and an
anti-HGF R/c-met (R&D Systems). As an ERK1/2 inhibitor, we
used U0126 (Cell Signaling); as an Akt/PI3K inhibitor, LY294002
(Cell Signaling); and as a specific ADAM8 inhibitor, BK-136136

(Peptide 2.0).

Media and Solutions for Cell Culture

GBM cell lines were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM ) high glucose (4.5 g/L) supplemented with 1%
L-glutamine (200 mM), 1% penicillin/streptomycin, 1 mM
sodium pyruvate solution, 1% Minimum Essential Medium
Eagle nonessential amino acids, and 10% fetal bovine serum
(heat inactivated). For activity and proteomic analysis, growth
medium was exchanged with DMEM high glucose (4.5 g/L)
without fetal bovine serum and phenol red 24 h before collect-
ing the supernatants. All materials above were bought from
PAA Laboratories.

Real-time Quantitative Polymerase Chain Reaction

Real-time quantitative PCR (qPCR; ABI StepOnePlus) was per-
formed as described by Primer Design. For experimental details,
see Supplementary material, Methods. Relative changes in
gene expression were determined with the delta cycle thresh-
old (DCt) method using the formula: DCt¼ (Ct reference – Ct
target). Differential gene expression between conditions corre-
sponds to the log2 fold-difference in mRNA levels between con-
ditions compared.37

Analysis of Cell Viability

Cells were seeded onto 8-well chambers (Sarstedt). After indi-
cated incubation times, cells were fixed with 4% paraformalde-
hyde and stained with Hoechst dye. Numbers of surviving cells
were counted in 50 independent viewing fields in triplicates.
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Preparation of Lysates

Cell culture medium was aspirated and we added radioimmuno-
precipitation assay buffer (50 mM HEPES [4-(2-hydroxyethyl)-
1-piperazine ethanesulfonic acid], pH 7.4, 150 mM NaCl, 1%
NP-40 [nonyl phenoxypolyethoxylethanol], 0.5% Na-desoxycholate,
0.1% sodium dodecyl sulfate [SDS], 10 mM phenanthroline/
EDTA, protease inhibitor cocktail “complete,” 600 mL/dish), fol-
lowed by incubation at 48C for 15 min. Cell scrapers were used
to collect the lysates. The samples were sonicated and centri-
fuged at 13 000 rpm for 5 min to remove cell debris. Protein
concentrations were determined using bicinchoninic acid
(Thermo Scientific) as per manufacturer’s instructions.

Zymography Assays

Protein samples were prepared in nonreducing sample buffer
(125 mM Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 0.005% bro-
mophenol blue) without boiling. Substrates (either gelatin or
casein, 0.1%) were added in a separating gel to copolymerize
with polyacrylamide. During electrophoresis, proteins were sep-
arated while SDS present in the gel preserved MMPs in an inac-
tive state. After electrophoresis, gels were washed with
renaturing buffer (2.5% Triton-X100; 2×30 min each), resulting
in partially renatured MMPs with restored activity. The gel was
incubated in developing buffer (50 mM Tris, pH 7.5, 200 mM
NaCl, 4 mM CaCl2, and 0.02% Brij-35; 30 min at room temper-
ature, followed by 24 h at 378C in fresh developing buffer). Next
day, the gel was dyed in Coomassie staining buffer for 1 h fol-
lowed by Coomassie destaining solution to visualize bands of
active enzymes.

Western Blot

Whole cell lysates were prepared in 5× loading buffer
(0.2 M Tris-HCl, pH 6.8, 20% glycerol, 10% SDS, 10 mM
b-mercaptoethanol). Samples were denatured at 958C for 10
min, and after electrophoresis, separated proteins were trans-
ferred onto nitrocellulose membranes. Detection of target pro-
teins was performed using specific antibodies. For detection,
horseradish peroxidase (HRP) –conjugated antibodies were
diluted 1:2000 (anti-goat HRP and anti-rabbit HRP; Abcam) in
conjunction with chemiluminescent substrate (Super Signal
West Pico, Thermo Scientific). Chemiluminescence was deter-
mined using a Chemostar Imager (Intas).

Protease Activity Assays

Synthetic fluorescence resonance energy transfer peptides
were used to monitor protease activities of MMP-14 and
ADAM8 in cell supernatants as described.28 For experimental
details, see Supplementary material, Methods.

Invasion Assays

Inserts (8.0 mM pore size, BD Falcon) were transferred into
24-well plates. Each insert was loaded with 75 mL Matrigel
(BD Biosciences), 1:3 diluted with phosphate buffered saline.
Cell suspension was prepared in serum-free DMEM containing
5000 cells/300 mL/invasion chamber. For function blocking of

CD44 and HGF R/c-met, antibodies (10 mg/mL) were preincu-
bated with the cells 1 h prior to application. Complete DMEM
(750 mL) was added into each lower chamber as chemoattrac-
tant and incubated at 378C 5% CO2 for 24 h. A cotton swab was
used to remove noninvading cells. Invaded cells on the lower
surface were fixed with 4% paraformaldehyde for 15 min,
stained with hematoxylin solution at room temperature for
5 min, washed with ddH2O (3×10 min), and counted by
microscopy. Experiments were repeated 3 times, counting 10
random viewing fields per well respectively.

Quantitative Proteomic Analysis of Cell Conditioned
Medium

To generate cell conditioned medium (CCM), U87 cells were
kept for 24 h in serum-free DMEM high glucose (4.5 g/L) with
700 mM TMZ. Cells were treated with 100 nM BB-94 or the cor-
responding solvent control. Quantitative proteomic analysis of
CCM was performed as described previously38 using isotopic
formaldehyde labeling, cation exchange chromatography pre-
fractionation, and a QSTAR Elite (Applied Biosystems) mass
spectrometer for liquid chromatography–tandem mass spec-
trometry analysis. Data analysis was performed as described.38

Log2 transformed ratios are expressed as BB-94 treatment/
control.

ELISA Assays

Supernatants were collected after incubation of U87 cells with
indicated concentrations of TMZ for 5 days. After normalization
for protein concentrations, cell supernatants were subjected to
ELISA assays to detect soluble met (c-met soluble Human
ELISA Kit, Life Technologies) and CD44 (CD44 Human ELISA
Kit, Abcam). ELISAs were performed according to the manufac-
turer’s’ instructions. For calibration curves using standard con-
centrations, linear regression analysis resulted in a coefficient
of determination of R2 . 0.98.

Statistical Analysis

Survival and qPCR data were analyzed using 1-way ANOVA. Val-
ues are expressed as means+SEM of 3 independent observa-
tions unless indicated otherwise. Statistical significance was
evaluated by using a paired Student’s t-test. For mitochondria
analyses and inhibitor (UO126, LY294002, BK-1361) and ELISA
data, a 2-way ANOVA was performed, followed by Scheffé’s
post hoc test. Calculations were performed with the Winstat
standard statistical software package.

Results

MMPs and ADAM8 Expression in GBM+TMZ

Initially, a qPCR screen was performed in U87 cells to detect
MMPs and ADAM genes induced under TMZ treatment for
5 days (Fig. 1A and B). Notably, mRNA levels of MMP-1, -9,
-14, and ADAM8 were induced by TMZ after 5 days. These
MMPs and ADAM8 are reported to be increased in glioblasto-
mas,16 – 18,28 but no data are available for recurrent GBM tissues
from patients who underwent adjuvant therapy (TMZ,
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Fig. 1. MP expression in GBM cells, in GBM and recurrent GBM patient samples. Levels of mRNA of (A) MMPs and (B) ADAM proteases in U87 cells
after treatment with 700 mM TMZ for 5 days. Relative expression determined by qPCR is presented as fold induction over untreated control.
(C) MMP-1, -2, -9, -14, and ADAM8 in primary GBM compared with recurrent GBM patient samples. Values for individual patient samples
(black and gray shapes). Mean values are shown by a horizontal line, derived from independent runs performed in triplicates and presented
relative to the lowest expression value observed in the GBM patient cohort (¼1). All samples for recurrent GBM were selected on the basis of a
documented adjuvant TMZ therapy. (D) Analysis by qPCR to quantify mRNA levels of MMP-1, -9, -14, and ADAM8 by TMZ in U87, and 3 primary GBM
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radiotherapy). Quantitative PCR was performed in tissues from
5 primary GBM and 5 recurrent GBM samples following adju-
vant therapy with TMZ (Fig. 1C). MMP-1 mRNA levels were barely
detectable in GBM samples (DCt values . 30) but were induced
in recurrent GBM (mean-fold induction over control: 15.9× for
GBM, 41.2× for recurrent GBM). MMP-2 mRNA levels were
unchanged in GBM versus recurrent GBM. MMP-9 mRNA was
higher in recurrent GBM (10× for GBM; 12.5× for recurrent
GBM). Moreover, MMP-14 mRNA was slightly higher in recurrent
GBM (3.9× for GBM, 5.1× for recurrent GBM). ADAM8 expression
was induced by TMZ, increasing from 2.5× for primary GBM to
5.3× for recurrent GBM. Given the similar MP induction profiles
observed in TMZ-treated GBM cells and in recurrent GBM spec-
imens, we hypothesize that expression of MMP-1, -9, -14, and
ADAM8 in GBM cell lines could be mechanistically relevant for
chemoresistance and invasive behavior of recurrent GBM cells.

Transcriptional induction of MMP-1, -9, -14, and ADAM8
by TMZ

To analyze TMZ-induced expression of MPs in GBM cells, qPCR
was performed in U87 and 3 primary GBM cells—GBM29,
GBM48, and GBM98—derived from tumor tissue of GBM
WHO grade IV according to neuropathological classification
(Fig. 1D, F, H, and J). Incubation with 700 mM TMZ for 3 days
caused small differences in expression levels of MMPs/ADAMs.
After 5 days, TMZ caused increased expression levels of
MMP-9 and ADAM8 in all GBM cells, whereas MMP-14 was in-
duced in all cells except GBM29. In U87 cells, ADAM8 expression
levels were increased by 6× over control (P , .01). Expression
levels of MMP-1, MMP-9, and MMP-14 were increased by 2.5×,
1.8×, and 1.7×, respectively (Fig. 1D). In GBM29 cells, MMP-1
levels were increased 7×, MMP-9 10.8×, and ADAM8 3×
(Fig. 1F), whereas in primary GBM42 and GBM98, the strongest
induction was seen for ADAM8 (Fig. 1H and J).

Protein expression of MMP-1, -9, -14, and ADAM8

Activity analyses of GBM cell supernatants were performed to
confirm mRNA expression data. MMP-1, MMP-2, and MMP-9
were detected by casein and gelatin zymography, whereas
MMP-14 and ADAM8 activities were determined by fluores-
cence assays using specific MMP-14 and ADAM8 substrates, re-
spectively (Fig. 1E, G, I, and K). In U87 cells, MMP-1 was barely
detectable by casein zymography as a 48-kD band, represent-
ing active MMP-1. MMP-2 and MMP-9 activities were detected
by gelatin zymography (Fig. 1E) with strong MMP-2 (66 kD) ac-
tivity in both samples (control vs TMZ treated) but no significant
difference. In contrast, MMP-9 (92 kD) activity was significantly
detectable in supernatants from TMZ-treated U87 cells
(Fig. 1E). TMZ-induced MMP-14 and ADAM8 activities were de-
tected by fluorescence assays. Similar results were obtained in
supernatants from primary GBM cells (Fig. 1G, I, and K) and

demonstrate that changes observed on mRNA levels for
MMP-1, -9, -14, and ADAM8 reflect their biological activities.
In contrast to all GBM cells investigated, U251 cells showed
no significant activities of MMP-1, -9, and -14, whereas only a
weak induction of ADAM8 activity by TMZ was observed (Sup-
plementary Fig. 2B).

Dose- and time-dependent effect of TMZ on GBM cells

GBM cells were treated for 3 and 5 days with increasing concen-
trations of TMZ (50, 200, 700 mM; Fig. 2). To investigate whether
the observed residual cell survival could be due to the presence
of metalloprotease (MMP and ADAM) activities, GBM cells were
subjected to cotreatment of TMZ plus BB-94, a broad-range
MMP inhibitor.39 In the presence of 700 mM TMZ and 100 nM
BB-94 (see Supplementary Table 1 for half-maximal inhibitory
concentration [IC50] values), viabilities of GBM cells detected
after 3 and 5 days were reduced by 50% compared with single
TMZ treatment (Fig. 2A–D), suggesting that inhibition of MPs
could contribute to TMZ sensitization of GBM cells from differ-
ent tumor samples independently of their MGMT status.

ADAM8 Causes Chemoresistance of GBM Cells

In addition to BB-94, we used BB-2516 (marimastat, 200 nM)
as an effective inhibitor of MMP-1, -9, and -14, but not of
ADAM8 (Supplementary Table 1). All GBM cell specimens were
subjected to TMZ treatment in the presence or absence of
200 nM BB-2516 (Fig. 3A). In contrast to BB-94, TMZ treatment
with BB-2516 for 5 days did not cause sensitization of GBM cells
(Fig. 3A), as cell survival rates in the absence or presence of
BB-2516 were similar in all GBM cell specimens investigated.
These data suggest that ADAM8 could be the major protease
conferring TMZ chemoresistance to GBM cells. To investigate
this hypothesis, U87 cells with high endogenous ADAM8 expres-
sion (Supplementary Fig. 1) were used to generate stable
ADAM8 knockdown clones (U87_shA8), a scramble control
(U87_shCtrl), and overexpressing cell clones (U87_A8) to ana-
lyze the effect of TMZ on variable ADAM8 levels in a genetically
homogeneous cell background (Fig. 3B). Cell survival assays
were performed using U87 cell clones (Fig. 3C and D). In
U87_shA8 cells treated with 50, 200, and 700 mM TMZ, cell vi-
abilities were reduced by 50% after 3 days and by 60% after 5
days compared with control cells (Fig. 3C and D). Moreover, the
number of surviving cells in ADAM8-overexpressing U87_A8
cells was significantly increased so that after 3 days (82% sur-
vivors) and 5 days (49% survivors) of treatment with 700 mM
TMZ, up to 50% of cells survived, demonstrating that gene dos-
age of ADAM8 in U87 cells has a significant effect on the ob-
served TMZ chemoresistance of GBM cells. In cells with
endogenous ADAM8 expression levels, such as U251, TMZ
desensitization was not observed (Supplementary Fig. 2C);
however, in U251 cells generated to overexpress ADAM8
(U251_A8), cells were significantly more resistant to TMZ

cells: (F) GBM29, (H) GBM42, and (J) GBM98 after 3 and 5 days relative to control (¼1) . Results represent 3 independent experiments performed in
triplicate (n ¼ 9) and given as means+SEM. Significance was calculated by Student’s t-test with P *,.01, **,.005, ***,.001. Casein/gelatine
zymography and fluorescence activity assays in (E) U87, (G) GBM29, (I) GBM42, and (K) GBM98 cell supernatants after TMZ treatment (700 mM,
5d) compared with untreated cells (“ctrl”). Fluorescence units (FU ×1000) were obtained after 3 h and given as means+SEM. Significance was
calculated by Student’s t-test with P **,.005, ***,.001.
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treatment. (Supplementary Fig. 2F). In addition, survival of GBM
cells was analyzed in the presence of a pharmacological
ADAM8 inhibitor, BK-136136 (Fig. 3E). ADAM8 inhibition causes
sensitization to TMZ in GBM cells, arguing for a prominent role of
ADAM8 in chemoresistance of GBM cells.

ADAM8 Affects Intracellular PI3K/Akt and ERK1/2
Signaling

To investigate the signaling mechanism of ADAM8-mediated
chemoresistance, kinase activation was analyzed comparing
U87_shCtrl with U87_shA8 cells by a kinase array kit
(ARY003B, R&D Systems; see Supplementary Fig. 3). Phosphor-
ylation of Akt (S473) was �2.5× and of ERK1/2 �1.3× lower in
U87_shA8 cells. Western blots were performed to analyze
TMZ-dependent activation of Akt and ERK1/2 (Fig. 4). In U87
cells, pAkt levels correlated with ADAM8 levels—that is, in
U87_shA8 cells, pAkt levels were significantly lower than in
U87_shCtrl cells. In both cell types, pAkt (S473) levels were
not changed upon TMZ treatment in U87_shCtrl and in
U87_shA8 cells. A strong increase in pAkt was observed in
U87_A8 cells after 5 days treatment with 700 mM TMZ. Also
for ERK1/2 phosphorylation, a correlation with ADAM8 levels
was observed, but the overall TMZ inducibility of pERK1/2 was
not affected and strong in U87_A8 cells. Higher pAkt levels in
either U87_shCtrl or U87_A8 cells could account for a positive
effect of ADAM8 on cell survival. In contrast, low pAkt in

U87_shA8 cells could be correlated to increased cell death.
The effect of MPs on TMZ-dependent cell death was not due
to mitochondrial effects, although TMZ caused significant
changes in mitochondrial morphology and membrane poten-
tial (see Supplementary Fig. 4). For primary GBM cells, ERK1/2
activation was only affected by TMZ treatment in GBM29
cells. In contrast, GBM42 and GBM98 cells showed a higher de-
gree of pAkt levels upon TMZ stimulation (Fig. 4E–H). These
data suggest that ADAM8 causes chemoresistance via activa-
tion of pERK1/2 and/or pAkt.

ADAM8-mediated Signaling in GBM Invasion

Since ADAM8 has been linked to increased invasiveness of GBM
cells,40 we next investigated whether TMZ-mediated induction
of MPs including ADAM8 causes increased invasion of
TMZ-resistant GBM cells. Resistant vital GBM cells were treated
with 700 mM TMZ for 5 days and were seeded on Matrigel inva-
sion chambers (Fig. 5). For TMZ-treated U87 (Fig. 5A) and GBM
cells (Fig. 5B–D), significant increases in the number of invaded
cells were observed. However, in the presence of BB-94
(100 nM), BK-1361 (1 mM), U0126 (10 mM), and LY294002
(10 mM), invasion capacities of GBM cells were reduced to vari-
able extents. In this assay the capacity of the kinase inhibitors
U0126 and LY294002 to reduce TMZ-dependent invasion re-
flected the kinase activation profiles observed in GBM cells
(Fig. 4). It is notable that BB-94 and BK-1361 reduced

Fig. 2. Dose- and time-dependent effect of TMZ on GBM cells. (A) U87, (B) GBM29, (C) GBM42, and (D) GBM98 cells were analyzed for cell survival
after 3 and 5 days following administration of 50, 200, and 700 mM TMZ (concentration indicated by grayscale code below diagrams), either alone
or in combination with 100 nM BB-94 (batimastat) compared with control cells (vehicle only). After incubation times indicated, cells were fixed and
stained with Hoechst dye, and numbers of surviving cells were counted under a fluorescence microscope. Cell counting was performed in 50
independent viewing fields and values are means+SEM. Student’s t-test was used for statistical significance; *P , .01, **P , .001, and ***P , .0003.
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TMZ-induced invasiveness more significantly than did the ki-
nase inhibitors, suggesting that MPs, in particular ADAM8,
play a critical role in occurrence of invasive recurrent GBM cells.

Substrate Identification of TMZ-treated GBM Cells

To analyze potential substrates of ADAM8 conferring the ob-
served invasiveness of GBM cells, a proteomic analysis using
CCM from U87 cells was performed. Since cell invasion critically
depends on extracellular shedding activities, we were particu-
larly interested in proteins annotated to the cell surface—for in-
stance, due to the presence of a transmembrane domain or a
glycosylphosphatidylinositol anchor. Stable isotope tagging
was used to unravel changes in the proteome composition of
CCM from U87 cells (700 mM TMZ vs 700 mM TMZ/100 nM
BB-94). We based our analysis on the ASAPratio platform38

and chose a P-value cutoff ,.05 to discern significant proteo-
mic alterations. From 899 proteins analyzed in total, 14 cell sur-
face proteins were affected (Table 1). In all cases, a decrease in
relative protein abundance was found as expected when inhib-
iting cell surface shedding. Similarly, in all of these cases the
identified peptides originated from putatively shed ectodo-
mains. These results emphasize that BB-94 affects cell surface
proteolysis. For CD44 and HGF R/c-met, a lower abundance in
supernatants from TMZ/BB-94 –treated cells was detected
(Table 1). The presence of soluble CD44 and soluble HGF
R/c-met due to proteolytic release of their ectodomains was
confirmed by ELISA (Fig. 5E). Higher levels of soluble CD44
and soluble HGF R/c-met were found in TMZ-treated U87
cells, whereas significantly lower levels were found in U87
cells cotreated with BB-94 or in U87_shA8 knockdown cells.
These results suggest that at least in part, ADAM8 could be

Fig. 3. ADAM8 causes resistance of GBM cells to TMZ. (A) Cell viability assays as shown in Fig. 2 were performed in U87, GBM29, GBM42, and GBM98
cells using 200 nM BB-2516 (marimastat), a concentration below the IC50 value for ADAM8 (Supplementary Table 1). Results are based on cell
counts of 50 independent viewing fields in 3 independent experiments. Note that in contrast to BB-94, there is no significant difference in cell
survival comparing BB-2516 treated with untreated cells. (B) Western blot for ADAM8 in 2 representative U87 knockdown clones (shA8)
compared with a control scramble shRNA clone (shCtrl) and U87 cells overexpressing ADAM8 (U87_A8). Compared with U87_shCtrl cells,
ADAM8 expression in U87_shA8 cell clones is reduced by .20-fold (see Supplementary Fig. 1). Cell viability in ADAM8 knockdown and
ADAM8-overexpressing cells was determined as described in Fig. 2 after (C) 3 and (D) 5 days compared with U87_shCtrl cells. Values are
presented as means+SEM and significance was analyzed using Student’s t-test with *P , .01, **P , .001. (E) Cell viability assay of U87, GBM29,
GBM42, and GBM98 cells after 5 days TMZ treatment (50, 200, and 700 mM) in the presence of the specific ADAM8 inhibitor BK-1361 (1 mM). Results
were obtained from 3 independent experiments performed in triplicate. Values are presented as means+SEM. Statistical significance was analyzed
using Student’s t-test with *P , .02, **P , .001, ***P , .0001.
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Fig. 4. Kinase signaling in U87 cells with different ADAM8 levels. U87_shCtrl, U87_shA8, U87_A8, GBM29, GBM42, and GBM98 cells were treated
with 200 and 700 mM TMZ for 3 and 5 days, respectively. Cell lysates were subjected to western blot analysis. Levels of pERK1/2 (Tyr 202/204) and
pAkt (S473) were detected using specific antibodies. Changes in kinase phosphorylation are indicated by arrows. Note that pAkt and pERK1/2 levels
are significantly lower in U87_shA8 cells compared with control and, after TMZ induction, significantly higher in U87_A8 cells after 5 days.
Quantification of western blot signals was performed for (F and H) pERK1/2 and (E and G) pAkt in all GBM cells analyzed by using ImageJ
software (National Institutes of Health) and are presented relative to untreated cell samples (¼1).
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Fig. 5. Role of ADAM8 for TMZ-induced invasion of GBM cells. TMZ-induced invasion in GBM cells (A) U87, (B) GBM29, (C) GBM42, and (D) GBM98. Five
days after addition of TMZ to GBM cells, relative differences in invasiveness were analyzed by Matrigel invasion assays. Compared with control GBM
cells (white bars), TMZ-induced invasiveness (gray bars) observed for all GBM cells is dependent on metalloprotease activity, as BB-94 (100 nM,
spotted gray bar) reduced TMZ-induced invasiveness to basal levels. A similar effect was observed for the ADAM8 inhibitor BK-1361 (dark gray bar);
in contrast, inhibiton neither of ERK1/2 by U0126 nor of PI3K/Akt by LY294002 (hatched gray bars) had a comparable effect on TMZ-induced GBM
invasion. Values are means+SD of 3 independent experiments performed in triplicate. Statistical significances were calculated by Student’s t-test
with *P , .01, **P , .005, ***P , .001. (E) Soluble protein levels of potential ADAM8 substrates (see Table 1) c-met (HGF receptor) and CD44
(hyaluronic acid receptor) as determined by ELISA in supernatants from U87_shCtrl and U87_shA8 cells 5 days after TMZ addition. Identical
protein concentrations were used for ELISA; values are calculated based on standard curves and given as means+SEM of at least 3 replicates.
Student’s t-test was performed to evaluate statistical significance; *P , .005, **P , .001. (G) Blocking antibodies (10 mg/mL) directed against CD44
and HGF R/c-met were used for invasion assays performed with either U87_shCtrl or U87_shA8 cells. An irrelevant IgG was used as control
antibody. Cell invasion was determined by calcein acetoxymethyl fluorescence measurement in 3 independent samples. Values are given as
relative changes over control conditions (¼1) for U87_Ctrl and U87_shA8.
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involved in the proteolytic release of CD44 and HGF R/c-met
from U87 cells. To analyze the functional role of these proteins
for TMZ-induced invasiveness, as observed in recurrent GBM, we
performed invasion assays 5 days after induction of U87_shCtrl
and U87_shA8 cells with 700 mM TMZ and analyzed the mech-
anistic role of CD44 and HGF R/c-met by blocking antibodies
against these proteins (Fig. 5F). In U87_shA8 cells, invasiveness
is low and can be slightly induced by TMZ (2.4×). Using
anti-CD44 had no effect on invasion, whereas a blocking anti-
body against c-met had a slight, although not significant, ef-
fect. In contrast, U87_shCtrl cells were significantly induced in
their invasiveness by TMZ. Whereas an anti-CD44 blocking an-
tibody had no effect, an HGF R/c-met antibody reduced
TMZ-induced invasiveness to nearly control level (Fig. 5F).
Thus we demonstrated that an increase in ADAM8 levels corre-
lates with c-met levels, which both might have a functional role
in TMZ-induced invasiveness.

Discussion
The efficacy of TMZ as the gold standard for treatment of
malignant glioma3 is limited by acquired resistance of glioma
cells,4,9,10 which underpins the need to understand the
molecular mechanisms of chemoresistance. MGMT expression
determines TMZ resistance in patients, as shown by efficacy
studies in patients with methylated or unmethylated MGMT
promoter. To account for this, GBM cells with methylated
MGMT promoter (U87, U251, and GBM29) and unmethylated
MGMT promoter status (GBM42 and GBM98) were included in
our study. The observed differences in cell survival comparing
all GBM cells suggest mechanisms of TMZ resistance in addition
to MGMT. Since U87 cells were by far the most resistant cells in
vitro,41 this cell line is suitable to identify resistance mecha-
nisms. Earlier studies demonstrated that MMPs are involved in
TMZ resistance of GBM cells,42,43 and the effect of BB-94 on
glioma growth was discussed extensively.19 Severe side effects

of BB-94 ruled out cotherapy of TMZ and BB-94. Alternatively,
the less toxic marimastat (BB-2516) was used in clinical studies
treating GBM patients with either TMZ + BB-2516 or TMZ
alone.23 As a result, no significant effect on GBM patient sur-
vival was observed, strongly suggesting that BB-2516–insensi-
tive MMPs or ADAMs contribute to chemoresistance in GBM. By
qPCR analysis of TMZ-inducible MMPs and ADAM proteases in
GBM cells, ADAM8 and MMP-1, -9, and -14 were identified as po-
tential modulators of chemoresistance in GBM cells. In all GBM
cell lines investigated, BB-94 sensitized GBM cells to TMZ treat-
ment within 3–5 days after addition of TMZ, in accordance with
dose-dependent apoptosis in GBM cells at time points starting
after 72–96 h.44 In combination with TMZ, BB-94 was used in
concentrations of 100 nM, well above the IC50 values for MMPs
and ADAM8. At 100 nM, BB-94 itself had no effect on cell pro-
liferation, as demonstrated earlier for concentrations at or
above 10 mM.19

Comparing the 2 experimental groups (TMZ vs TMZ + BB-94),
significant differences in viability of �20% were shown for GBM
cells. These differences in viabilities were not observed with
marimastat (TMZ vs TMZ + BB-2516). Of the 4 MPs induced
by TMZ, ADAM8 is the only protease not inhibited by BB-2516
(IC50 �1.2 mM with recombinant ADAM8). Thus, the observed
differences in viabilities between BB-94 (100 nM) and
BB-2516 (100 nM) might be due to TMZ-induced expression of
ADAM8. Interestingly, the expression levels of ADAM8 in prima-
ry GBM cells were comparable to endogenous ADAM8 levels of
U87 cells, so that this cell line might reflect the pathological sit-
uation in GBM. Even in GBM cells with low ADAM8 expression,
such as U251, TMZ inducibility could be observed. ADAM8 reg-
ulates TMZ sensitivity in a dose-dependent manner: a 20%
higher degree of cell death in ADAM8 knockdown cells was ob-
served and reflected the effect caused by BB-94. Higher ADAM8
expression caused increased resistance in U87_A8 cells. Thus,
our results suggest that ADAM8 expression levels can affect
TMZ resistance of GBM cells.

Table 1. Significantly affected proteins by BB-94 treatment

Uniprot P-value Fc-value SD Name

CD166_HUMAN 1.89E-05 22.26 0.22 CD166 antigen
CAH9_HUMAN 2.97E-02 22.45 1.78 Carbonic anhydrase 9
CD276_HUMAN 1.75E-04 22.00 0.22 CD276 antigen
CD44_HUMAN 3.60E-04 21.83 0.08 CD44 antigen
CD59_HUMAN 4.86E-02 21.15 0.25 CD59 glycoprotein
1B07_HUMAN 3.34E-05 22.41 0.48 Human leukocyte antigen class I histocompatibility

antigen, B-7 alpha chain
ITA5_HUMAN 6.01E-03 21.46 0.18 Integrin alpha-5
LMAN2_HUMAN 6.01E-03 21.05 0.07 Vesicular integral-membrane protein VIP36
MET_HUMAN 1.94E-02 21.32 0.25 Hepatocyte growth factor receptor
NTNG1_HUMAN 2.41E-03 21.66 0.24 Netrin-G1
EPCR_HUMAN 2.74E-05 22.68 0.74 Endothelial protein C receptor
THY1_HUMAN 1.49E-02 21.29 0.15 Thy-1 membrane glycoprotein
VASN_HUMAN 2.27E-02 21.16 0.06 Vasorin

Due to the focus on cell surface proteolysis, only cell surface proteins (transmembrane domain or glycosylphosphatidylinositol anchor) are listed.
Uniprot ID and recommended name according to Uniprot database (Uniprot Consortium, 2013). P-value denotes the significance of a protein being
quantitatively affected. P-values, Fc-values (log2 of light:heavy ratio), and corresponding SD were calculated by ASAPratio.38
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Mechanistically ADAM8-dependent differences were ob-
served in pAkt and pERK1/2 levels, which could account for
cell survival and invasiveness, respectively. We found reduced
pAkt levels in U87_shA8 cells that were not inducible even by
high TMZ concentrations (700 mM) or by longer incubation
times (5 d). In contrast, overexpression of ADAM8 leads to in-
creased pAkt and pERK1/2 levels with 700 mM TMZ. In primary
GBM cells, the Akt/PI3K pathway is more prominent than the
pERK pathway and has been described with regard to dysregu-
lation in GBM45 and therapy resistance.46 In this respect, regu-
lation of ATP-binding cassette transporters such as ABCG2 by
pAkt could be instrumental in the observed TMZ resistance.47

In addition to chemoresistance, MMPs and ADAM8 regulated
by TMZ contribute to enhanced invasiveness. Since U0126 in
U87 and LY294002 in GBM cells reduced TMZ-induced invasive-
ness, pERK1/2 or pAkt is able to mediate TMZ-induced invasive-
ness of GBM cells.

Proteomics comparing U87 cells (TMZ vs TMZ + BB-94) al-
lowed identification of CD44 and c-met as substrates of MPs in-
duced by TMZ. CD44 (hyaluronic acid receptor) and c-met (HGF
receptor) are crucial for glioma migration and invasiveness.29,30

TMZ-induced CD44 and c-met shedding could be instrumental
for increased invasiveness of GBM cells under therapy and
might have an impact on formation of recurrent GBM via acti-
vation of GBM stem cells through c-met.40

Our results identified ADAM8 as a protease involved in
TMZ-induced chemoresistance and enhanced invasion of GBM
cells by modulating pERK1/2 and pAkt pathways and by shed-
ding of invasion-relevant substrates CD44 and c-met. Thus,
specific inhibition of ADAM8 in future therapy regimens could
optimize TMZ chemotherapy and prevent formation of recur-
rent GBM.
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