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Background: Osteopontin (OPN) is highly expressed in glioblastoma (GBM) and possesses inflammatory activity modu-
lated by proteolytic cleavage.
Results:Cleaved OPNwas increased in GBM and led to more adhesion of GBM cells. OPN conferred resistance to apoptosis in
GBM cells.
Conclusion: Increased osteopontin proteolysis increased GBM cell resistance to apoptosis.
Significance:OPN cleavage links coagulation and inflammation providing a favorable niche for GBM development.

Osteopontin (OPN), which is highly expressed in malignant
glioblastoma (GBM), possesses inflammatory activity modu-
lated by proteolytic cleavage by thrombin and plasma carboxy-
peptidase B2 (CPB2) at a highly conserved cleavage site. Full-
lengthOPN (OPN-FL) was elevated in cerebrospinal fluid (CSF)
samples from all cancer patients compared with noncancer
patients. However, thrombin-cleaved OPN (OPN-R) and
thrombin/CPB2-double-cleaved OPN (OPN-L) levels were
markedly increased in GBM and non-GBM gliomas compared
with systemic cancer and noncancer patients. Cleaved OPN
constituted �23 and �31% of the total OPN in the GBM and
non-GBM CSF samples, respectively. OPN-R was also elevated
inGBM tissues. Thrombin-antithrombin levels were highly cor-
related with cleaved OPN, but not OPN-FL, suggesting that the
cleaved OPN fragments resulted from increased thrombin and
CPB2 in this extracellular compartment. Levels of VEGF and
CCL4 were increased in CSF of GBM and correlated with the
levels of cleaved OPN. GBM cell lines were more adherent to
OPN-R and OPN-L than OPN-FL. Adhesion to OPN altered
gene expression, in particular genes involved with cellular pro-
cesses, cell cycle regulation, death, and inflammation. OPN and
its cleaved forms promoted motility of U-87 MG cells and con-
ferred resistance to apoptosis. Although functional mutation of
the RGD motif in OPN largely abolished these functions,
OPNRAA-R regained significant cell binding and signaling func-
tion, suggesting that theSVVYGLRmotif inOPN-Rmaysubstitute

for theRGDmotif if the latter becomes inaccessible.OPNcleavage
contributes toGBMdevelopment by allowingmore cells to bind in
niches where they acquire anti-apoptotic properties.

Primary glial neoplasms produce clinical symptoms that
arise through complex interactions between neoplastic and
normal cells. In thismilieu, damage not only results fromamass
effect but through the aberrant expression of many cytokines
that cause increased vascular permeability, angiogenesis, tumor
cell invasion, and inflammatory cell infiltration. Osteopontin
(OPN),3 also known as early T cell activation gene 1 (Eta-1) and
secreted phosphoprotein 1 (SPP1), is a major pleiotropic pro-
inflammatory cytokine and extracellularmatrix protein (1, 2). It
is expressed by many different cell types, including activated T
cells, macrophages, osteoblasts, and cardiac fibroblasts (3).
OPN has been associated with cancer, including breast cancer,
ovarian cancer, melanoma, andmalignant glioblastoma (GBM)
(4). In general, high OPN levels are associated with aggressive
tumor behavior, correlate with the presence of metastasis, and
predict poor prognosis in patients (5, 6). The extent of OPN
immunohistological staining in primary breast cancer is
inversely correlated with patient survival (7). Using subtractive
hybridization, OPN is one of five key genes that differentiate
highly invasive incurable GBM from the less aggressive lower
grade astrocytoma (8). An increase in extracellular OPN was
observed in human GBM (9).
OPN may play several potential roles in cancer, including

promotion of cell proliferation, cell adhesion and migration,
angiogenesis, and metastasis (4, 10, 11). Knockdown of OPN
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expression in a human GBM cell line by introduction of siRNA
led to a reduction in cell proliferation, motility, and migration
but no change in tumor-associated angiogenesis. Similar data
were obtained by knockdown of OPN expression in human
glioma cells (12). However, cleavage ofOPNwas not assessed in
these studies (13).
Human OPN is a highly negatively charged, heavily glycosy-

lated 44-kDa protein containing several conserved structural
elements, including an aspartic acid-rich domain (Asp86–
Asp89) that binds to hydroxyapatite in bone, a calcium-binding
domain (Asp216–Ser228), and two heparin-binding domains
(Tyr165–Phe174 and Asp298–Ser305) (10). In addition, OPN pos-
sesses an RGD site that mediates its attachment to cells via
multiple integrins, including �v�3, �v�5, �v�1, and �5�1, and
two CD44-binding domains (Leu136–Thr155 and Asp298–
Ser305) thatmediate extracellularmatrix interactions, thus con-
ferring on OPN many cytokine-like functions, including che-
moattraction and signal transduction (14–16). Of note, OPN
has a conserved thrombin cleavage site at Arg168/Ser169 contig-
uous to the 159RGD161 site. We have previously shown that
OPN binding to thrombin requires its engagement with both
anion exosites I and II in thrombin, in a way typical for other
physiological substrates of thrombin, and it is cleaved effec-
tively at that site by thrombin, demonstrating that OPN is a
bona fide substrate for thrombin (17). There are no other
known thrombin cleavage sites within OPN that are cleaved at
a rate that is physiologically relevant.
Thrombin cleavage exposes a newC terminus, 162SVVYGLR168,

in the cleaved OPN (OPN-Arg or OPN-R) that interacts with
�4�1 and �9�1 integrins in a non-RGD-dependent manner
(18–24). Based on their ligands, integrin �4�1 and integrin
�9�1 represent a defined subset of integrins within the broad
integrin family. We have shown that plasma procarboxypep-
tidase 2 (pCPB2, also termed thrombin-activatable fibrinolysis
inhibitor or TAFI), upon activation to CPB2, cleaves the C-ter-
minal arginine from SVVYGLR, thereby converting OPN-R to
OPN-Leu (OPN-L). Jurkat cells and synoviocytes have
enhanced cell adhesion to OPN-R compared with full-length
OPN (OPN-FL) that is reduced when OPN-R is converted to
OPN-L by either CPB2 orCPN, the constitutively active plasma
carboxypeptidase (25, 26). We postulate that the sequential
cleavages of OPN by thrombin and CPN/CPB2 may up-regu-
late and down-regulate OPN�s inflammatory properties,
respectively.
Although proteolytic processing of OPN clearly has an

impact on its biological properties in vitro, it has been difficult
to assess its in vivo relevance due to a lack of specific antibodies
that distinguish the different OPN forms. We recently devel-
oped specific ELISAs forOPN-R andOPN-L and demonstrated
that these cleaved OPN forms are markedly elevated in the
synovial fluid of patients with rheumatoid arthritis but not
osteoarthritis or psoriatic arthritis, validating its significance in
vivo (25). Thrombin activation is increased in patients with
GBM as shown by the elevation of prothrombin fragment F1 �
2 in their plasma (27), and intravascular thrombosis has been
suggested to be involved in progression of astrocytomas to
GBMs (28).

As there are no studies on the role of thrombin cleavage of
OPN in the literature and, given the reported importance of
thrombin andOPN inGBM, in this study, we examined cleaved
OPN products in tissues and cerebrospinal fluid (CSF) from
patients with GBM, analyzed their correlation with markers of
coagulation, angiogenesis, and inflammation, and investigated
if thrombin cleavage of OPN affects the behavior of GBM cells.

EXPERIMENTAL PROCEDURES

Cells and Tissue Samples—Human cell lines, DBTRG-05MG
(glioblastoma), Hs 683 (glioma), T98G (glioblastoma), U-87
MG (glioblastoma, astrocytoma), and Jurkat (leukemic T-cell
lymphoblast) were purchased from the American Type Culture
Collection (ATCC, Manassas VA); 1321N1 (astrocytoma) cell
line was from the European Collection of Cell Cultures
(ECACC, Wiltshire, UK). 1321N1, Hs 683, and U-87 MG cells
were maintained in DMEMwith 10% heat-inactivated FBS and
50 units/ml penicillin and 50 mg/ml streptomycin. T98G cells
were cultured in Eagle’s minimal essential medium supple-
mented with 10% FBS, 1% nonessential amino acid, 1 mM

sodium pyruvate. DBTRG-05MG cells were grown in RPMI
1640 medium with 10% FBS, 0.1 mM sodium hypoxanthine, 16
mM thymidine, 1 mM sodium pyruvate, whereas Jurkat cells
were cultured in RPMI 1640 medium with 10% FBS, 1% nones-
sential amino acid, and 55 mM 2-mercaptoethanol. Stem cell-
likeU-87MG(U-87 SC) cellswere isolated by culture in defined
serum-free DMEM/F-12 supplemented with N-2 supplement
(Invitrogen), 20 ng/ml EGF, and 20 ng/ml basic FGF (Pepro-
tech, Rocky Hill, NJ). The cells were fed every 3 days by adding
fresh medium with growth factors. Rat neural stem cells were
provided by Dr. Hiroyuki Sakata (Dept. of Neurosurgery, Stan-
ford University School of Medicine). Frozen tissue specimens
and CSF were obtained from the Stanford Brain Tumor Tissue
Depository. These samples were collected after informed con-
sent as approved by the Stanford Institutional Review Board
under protocol IRB-8049. CSF samples were collected during
times of diagnostic or therapeutic CSF sampling and were then
aliquoted and frozen at �80 °C until used.
Determination of OPN-FL, OPN-R, and OPN-L in CSF and

Tissue Samples by ELISA—Tissue samples obtained fromGBM
or epileptic brain tissuewere thawed on ice. Following a 10-min
centrifugation at 400 � g at 4 °C, samples were appropriately
diluted in PBS with 2% BSA, pH 7.4. ELISAs for OPN and its
cleaved fragments were performed as described (25). Briefly, a
commercial antibody (MAB14331, R&DSystems,Minneapolis,
MN) was used for the capture of OPN-FL, OPN-R, andOPN-L.
OPN-FL was measured using the R&D Systems Quantikine
OPNELISA kit. CapturedOPN-R andOPN-Lwere detected by
specific anti-OPN-Ror anti-OPN-L antibodies followedby per-
oxidase-conjugated goat anti-rabbit antibody. Recombinant
OPN-R and OPN-L (0.625 ng/ml-50 ng/ml) were used to con-
struct the calibration curves. Levels of thrombin-antithrombin
complexes (TAT) were determined using a commercial ELISA
kit (Assaypro, St. Charles, MO). VEGF, TNF-�, chemokine
(C-Cmotif) ligand 3 (CCL3, also known asmacrophage inflam-
matory protein 1� orMIP-1�), and CCL4 (MIP-1�) in CSF and
cell culture samplesweremeasured usingR&DSystemsDuoSet
ELISA kit following the manufacturer’s instructions.
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Cell Adhesion Assay—Recombinant human OPN-FL,
OPN-R, and OPN-L and RGD-mutated OPN-FL, OPN-R, and
OPN-L, denoted as OPNRAA-FL, OPNRAA-R, and OPNRAA-L,
respectively, generated as described previously (26), were
coated overnight onto Nunclon DELTA 96-well black fluores-
cent plates (NUNC, Rochester, NY) at 100 nM in 0.1 M

NaHCO3, pH 8.5.Wells were washed withHanks’ balanced salt
solution with 50mMHepes, pH 7.5 (HBSS/Hepes), and blocked
with HBSS/Hepes buffer containing 1% BSA for 1 h at room
temperature (RT). Cells labeled with carboxyfluorescein diace-
tate succinimidyl ester cell tracer dye (Invitrogen) in HBSS/
Hepes buffer with 0.2 mM MnCl2 were added (1 � 105 cells/
well) and incubated for 2 h at 37 °C. After washing extensively
with HBSS/Hepes buffer, the plate was read at an excitation
wavelength of 485 nm and emission of 538 nm using a Fluoros-
kan Ascent plate reader (Thermo Scientific, Waltham, MA).
The data were expressed as a percentage of the total input cells
based on a standard curve generated from a known number of
input labeled cells. The whole assay was repeated on at least
three independent occasions for each cell line.
Protein Preparation andWestern Blot Analysis—After 2 days

culture, the cells were collected in radioimmunoprecipitation
assay buffer with protease inhibitors (Roche Applied Science)
by scraping and then homogenized by sonication. Lysates (10
�g) were separated by SDS-PAGE under reducing conditions
and transferred to a PVDF membrane (Invitrogen). Blots were
blocked with 5% skim milk in Tris-buffered saline (TBS) with
0.05% Tween (TBS-T) and then incubated with either anti-
CD44 (8E2), anti-integrin antibodies (Cell Signaling Technol-
ogy, Inc., Danvers, MA), or anti-integrin �9 (ab87995; Abcam,
Cambridge, MA) in 5% BSA/TBS-T before development with
peroxidase-conjugated secondary antibody. The immunoreac-
tive bands were visualized using the ECL detection system (GE
Healthcare). To confirm equal loading of samples, after the
visualization, the blots were stained with Ponceau S.
Gene Expression Analysis—U-87 MG cells were bound to

BSA and different forms of recombinant OPNs (OPN-FL,
OPN-R, OPN-L, and OPNRAA-R) (26) for 2 h and washed
extensively before being cultured in DMEM for 2 days at 37 °C.
In parallel, a separate set of wells was tested as above for adhe-
sion to the OPN forms to ensure that the cells used for the
mRNA analysis were behaving as determined earlier. Because
the number of cells adherent to BSA and OPNRAA-R was much
less than that on the other OPNs, a larger number of BSA and
OPNRAA-R wells were used so that the total number of cells
used for RNA extraction was equivalent. Total RNA was iso-
lated by direct lysis of adherent cells (Qiagen RNeasy Mini kit,
Valencia, CA). The generation of labeled cRNA and its hybrid-
ization to Human Gene 1.0 ST Array (Affymetrix, Santa Clara,
CA)were performed by the Stanford PAN facility. In one exper-
iment, the RNA was analyzed on three-dimensional gene
expression arrays (Toray Industries Inc., Kanagawa, Japan).
Data were analyzed using the PartekGenomics Suite (Partek, St
Louis,MO). Selected geneswere assayed by real timePCRusing
predesigned and validated primer sets (Qiagen). The values
were normalized to the expression of GAPDH. The data were
expressed as mean � S.D. of relative gene expression to BSA
using the ��Ctmethod.

Migration Assay—The migration assay was carried out as
described previously (29). Briefly 2 � 105 U-87 MG or T98G
cells in serum-free DMEM were seeded in the transwell insert
of a polycarbonate 24-well transwell plate with 8-�m pore size
(Corning, Lowell, MA). Different concentrations of OPN-FL,
OPN-R, and OPN-L were added to 600 �l of the same medium
in the bottomwell. After 4 h of incubation at 37 °C, the cells that
passed through the membrane were labeled with CCK-8
(Dojindo, Kumamoto, Japan). The data were expressed as fold
changes in cell number compared with the addition of PBS to
the bottomwell. The whole assay was repeated on at least three
occasions for each protein.
Determination of Apoptosis—U-87 MG or T98G cells were

bound to the different OPN forms, washed extensively, and
incubated overnight in DMEM with 10% FBS before exposure
for 2 days to 10 �M (U-87 MG) or 15 �M (T98G) thapsigargin
(Sigma) or 30 �M (U-87 MG) or 10 �M (T98G) WP 1066 (Cal-
biochem). In some experiments U-87 MG cells were treated
with 10 �M LY294002 (EMD Millipore, Billerica, MA) (14, 15)
or 1�M IKKVII (EMDMillipore) for 24 h before exposure to 30
�MWP 1066 for 2 days. Viable cells were determined by meas-
uring absorbance ofCCK-8 at 450 nm, and their overall viability
was calculated by comparison with data from untreated cells.
Immunofluorescent Staining—4 � 104 cells of U-87 SC were

seeded onto poly-L-ornithine/laminin-coated wells of Lab-
TekTM II chambered coverglass (NUNC). On the following
day, differentiation of U-87 SC cells was induced in DMEM/
F-12 containing 1% FBS and 1 �M retinoic acid for 5 days (30).
After fixationwith4%paraformaldehydeatRTfor20min, thecells
were permeabilized and blockedwith PBS containing 0.1%Triton
X-100 and 3% FBS for 20min. The cells were then incubated with
anti-Nestin (Millipore, Billerica, MA), anti-Tuj1 (Covance, Princ-
eton, NJ), and anti-GFAP (DAKO, Carpinteria, CA), followed by
visualization with Alexa Fluor-conjugated secondary antibody.
For O4 staining (R&D Systems), live cells were stained. Hoechst
33342 (Sigma) was used to identify individual cells.
Statistical Analyses—Statistical analyses were performed

using Prism version 4 (GraphPad Software, Inc., San Diego).
Mann-Whitney Rank Sum test was used to compare the two
groups. Spearman rank order correlations and linear regression
analysis were used to assess correlations between groups.
Experiments withmore than two groups were analyzed by one-
way ANOVA with post hoc analysis using Dunnett’s using the
BSA values as the control. Differences and correlations were
considered significant if p � 0.05.

RESULTS

Conservation of the Thrombin Cleavage Site in OPN—OPN
protein sequenceswere extracted from the ENSEMBLdatabase
for reptiles, birds, and mammals whose genomes were avail-
able. OPN sequences from 41 species were identified. All con-
tained an RGD sequence homologous to the human RGD.
These sequences were then aligned around the human
159RGD161 sequence, and a selection from various phyla is
shown inTable 1.Arg168 that is the cleavage site for thrombin in
humans is present in 31 of the sequences, and in another seven
it has been substituted by lysine, a less good but still compatible
with being a thrombin substrate. In only two species, elephant
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and Chinese softshell turtle, has the basic amino acid been sub-
stituted with a small neutral one, although the armadillo
sequence is not complete (supplemental Table 1). Thus, the
thrombin cleavage site has been conserved at least because
birds and mammals split in evolution, suggesting selection
pressure to maintain the cleavage and its physiological impor-
tance. Because of the involvement of the coagulation cascade
and thrombin in particular in GBM (31, 32), we decided to
investigate if OPN was cleaved by thrombin in GBM.
Elevation of OPN-R and OPN-L in GBM Tissues and CSF

Samples—Prompted by the observation that OPN is a key gene
involved in GBM biology (5) and our recent study showing that
the levels of OPN-R and OPN-L were markedly elevated in the
synovial fluid of patients with rheumatoid arthritis (25), we
hypothesized that cleavage of OPN plays a role in GBM. To test
this, we first measured OPN-FL, OPN-R, and OPN-L in CSF
samples from patients with GBM (n 	 29) and non-GBM glio-
mas (n 	 20, anaplastic oligodendroglioma 4, oligodendrogli-
oma 4, gliomatosis cerebri 2, ependymoma 3, anaplastic astro-
cytoma 3, brain stem glioma 2, juvenile pilocytic astrocytoma
and astrocytoma, 1 each). In addition, we determinedOPN lev-
els in 14 CSF samples from patients with systemic cancer (non-
Hodgkin lymphoma 4, breast cancer 3, melanoma, non-small
cell lung cancer, adenocarcinoma, rectal cancer, squamous cell
carcinoma, lung cancer, and other 1 each) and 15 samples from
patients with no evidence of cancer (multiple sclerosis 3, nor-
mal pressure hydrocephalus 2, sarcoid, Bell palsy, stroke, pseu-
dotumor cerebri, ataxia and sensory loss, 1 each and other 4).
OPN-FL levels were elevated in GBM, non-GBM gliomas, and
systemic cancer CSF samples to a similar extent, all markedly
elevated compared with noncancer CSF samples (Fig. 1A and
Table 2). However, although theirOPN-FL levels were similarly
elevated, OPN-R and OPN-L levels were significantly elevated
in GBM samples compared with systemic cancer samples
(OPN-R, 129.6 � 38.4 versus 30.7 � 7.3 ng/ml, p 	 0.008;
OPN-L, 25.3 � 6.1 versus 3.3 � 0.9 ng/ml, p 	 0.002, for GBM
versus systemic cancer CSF samples, respectively), and the
samewas true for OPN-L, but not OPN-R, in non-GBM glioma
CSF samples (57.2� 19.1 versus 3.3� 0.9 ng/ml, p	 0.0003, for
non-GBM gliomas versus systemic cancer samples). The data

suggest that increases in levels of OPN-R and OPN-L are a
specific phenomenon in both GBM and non-GBM gliomas.
We calculated the percentage of total OPN that had been

cleaved in these CSF samples and found that the mean was
22.6 � 3.0% for GBM, 31.4 � 6.0% for non-GBM, 18.5 � 7.1%
for systemic cancer, and 11.1� 2.7 for the cancer samples (can-
cer samples versus eitherGBMor non-GBM p� 0.05) (Fig. 1B).
In several of the GBM and non-GBM samples, more than 50%
of the totalOPNhad been cleaved. The levels of cleavedOPN in
GBMand non-GBMwere significantly different from the levels
determined in the noncancer samples suggesting extensive
thrombin activity in the CSF of glioma patients.
To identify the origin of the increases in thrombin-cleaved

OPN present in the CSF, we assayed the levels of the different
species of OPN in tissue homogenates from patients with epi-
lepsy and GBM (Fig. 1B). OPN-FL and OPN-R levels are signif-
icantly elevated in human GBM tissues compared with brain
tissues taken from patients with epilepsy as follows: OPN-FL,
507.9 versus 49.6 ng/ml, p 	 0.008; OPN-R, 519.1 versus 87.3
pg/ml, p 	 0.016, for GBM and epilepsy samples, respectively.
The differences in OPN-L levels between these two groups did
not reach statistical significance, although there was a trend for
an increased level in GBM samples (1858.1 versus 617.6 pg/ml,
p 	 0.096). The source of the OPN could be from either the
tumor itself and/or the surrounding stromal cells in response to
the presence of the tumor.
Correlation of OPN-R and OPN-L with TAT Levels in GBM

CSF Samples—To test our hypothesis that the high levels of
OPN-R andOPN-L in GBMCSF are due to thrombin cleavage,
we assessed another independent series of 30CSF samples from
patients with GBM for OPN-FL, OPN-R, OPN-L, and amarker
of thrombin activity, TAT (Fig. 2A and Table 3). Using regres-
sion analysis and a Spearman correlation analysis, we noted a
very high correlation between OPN-R and TAT levels (0.725,
p � 0.0001), although there was no correlation between
OPN-FL and TAT (0.022, p 	 not significant). Consistent with
the fact that OPN-L requires an additional step for its produc-
tion from OPN-R (i.e. cleavage by CPB2 or CPN), there was a
lower but still significant correlation for OPN-L with TAT
(0.464, p 	 0.01).
OPN-R and OPN-L Levels in GBM CSF Samples as a Poten-

tial Biomarker—The presence of such high levels of OPN-R
and OPN-L in CSF from GBM patients raises the possibility
that their levels could be used as a biomarker of disease activity.
To address if the levels of OPN-R and OPN-L were stable over
time, we assessed three CSF samples drawn at least 1 month
apart from 10 individual patients with GBM. There was a fairly
constant level of OPN-FL noted throughout all samples with a
mean fold difference between highest and lowest inter-individ-
ual samples of 2.6 (Fig. 2B). In contrast, there was amuch wider
inter-individual distribution of OPN-R and OPN-L levels. The
average variation of OPN-R levels was almost 7-fold higher
than OPN-FL levels (p � 0.04). To assess if the levels of the
different OPN isoforms correlated with markers of angiogene-
sis and inflammation, we then examined levels of VEGF as a
marker of angiogenesis andTNF-�, CCL3 (MIP-1�), andCCL4
(MIP-1�) as markers of inflammation in GBM. The levels of
VEGF and CCL4 were significantly elevated in GBM and non-

TABLE 1
Sequence alignment of OPNs from selected species around the RGD-
binding site
The amino acids in boldface are the RGD site, and the vertical arrow denotes the
thrombin cleavage site.
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GBM glioma patients compared with noncancer patients (Fig.
2C and Table 1). Notably, VEGF is significantly higher in GBM
thannon-GBMgliomas. In contrast, TNF-�was not detectable.

Moreover, the levels ofOPN-R andOPN-Lwerewell correlated
with VEGF, CCL3, and CCL4 (Table 2), suggesting that the
levels of these markers were all related to disease activity.

FIGURE 1. Thrombin-cleaved fragments of OPN significantly increased in both GBM CSF and tissue. A, CSF samples from GBM patients (n 	 29) were
compared with CSF samples from non-GBM (n 	 20), systemic cancer (n 	 14), and noncancer patients (n 	 15) for levels of OPN-FL (E), OPN-R (�), and OPN-L
(‚). Bars represent the mean value of each group. Each point represents CSF from an individual patient. B, fraction of cleaved OPN was significantly increased
in GBM and epilepsy samples compared with noncancer samples. Data were calculated from the results shown in A and shown as mean � S.E. *, p � 0.05. C,
levels of OPN-FL (F), OPN-R (f), and OPN-L (Œ) in epileptic and GBM tissues determined by ELISA (n 	 5 each).

TABLE 2
Levels of different OPNs, VEGF, CCL3, and CCL4 in CSF from patients with GBM, non-GBM, systemic cancer, and noncancer
p values were compared with noncancer. NS means not significant.

OPN-FL OPN-R OPN-L Total OPN VEGF CCL3 CCL4
ng/ml ng/ml ng/ml ng/ml pg/ml pg/ml pg/ml

GBM (n 	 29) 833.6 � 110.7 129.6 � 38.4 25.3 � 6.1 988.6 � 141.0 1229.0 � 320.8 3.5 � 1.3 20.5 � 5.8
p � 0.0001 p � 0.0001 p 	 0.0003 p � 0.0001 p 	 0.0003 NS p 	 0.0007

Non-GBM (n 	 20) 856.7 � 160.7 87.6 � 22.2 57.2 � 19.1 1001.6 � 179.7 450.1 � 214.3 1.9 � 0.7 17.4 � 7.7
NS p 	 0.0013 p � 0.0001 p 	 0.0267 NS NS p 	 0.0161

Systemic cancer (n 	 14) 702.4 � 176.1 30.7 � 7.3 3.3 � 0.9 736.4 � 176.2 9.5 � 7.8 1.1 � 0.8 7.5 � 3.4
NS NS NS NS NS NS NS

Noncancer (n 	 15) 283.6 � 46.0 11.4 � 3.9 2.3 � 0.7 297.4 � 47.0 1.2 � 0.9 0 0
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Different Expression Profile of OPN Receptors in Human Gli-
oma Cell Lines to Jurkat Cells—To assess if the increased levels
of OPN and its cleavage products could affect the adhesion of
GBM and non-GBM gliomas, we first determined the expres-
sion of integrins as well as CD44, an alternative adhesion mol-
ecule, in humanGBMand non-GBMglioma cell lines byWest-
ern blotting (Fig. 3). Jurkat cells were used as a positive control
because we had previously shown that they bound better to
OPN-R, due to the exposure of the cryptic SVVYGLR integrin-
bindingmotif (26). CD44was strongly expressed in all theGBM
and non-GBM cell lines, although it was barely present on Jur-
kat cells. The �5, �V, and �1 integrins were also strongly
expressed in all theGBMand non-GBMglioma cell lines and to
a lesser extent in Jurkat cells, although there was substantial
heterogeneity in the expression of the �5 integrins. In contrast,
the �4 and �9 integrins were highly expressed in Jurkat cells,

supporting our previous report (26). High expression of �3
integrin was only observed in U-87MG cells, whereas �5 integ-
rin was not detectable in any of the cell lines tested.
Enhanced Adhesion of Human GBM Cell Lines to OPN upon

Proteolytic Cleavage—We then examined cell adhesion of three
GBM cell lines (DBTRG-05MG, T98G, and U-87MG) and two
non-GBM glioma cell lines (1321N1 and Hs 683) to OPN iso-
forms (Fig. 4). DBTRG-05MG, T98G, and U-87 MG and
1321N1 cells showed an�1.5-fold increase in binding to immo-
bilized OPN-R and OPN-L compared with OPN-FL, whereas
Hs 683 showed no adhesion to any of the OPN isoforms. In
contrast to Jurkat cells and synoviocytes (25), there was no sig-
nificant change in bindingwhenOPN-Rwas cleaved toOPN-L.
Removing the RGD site by mutation in OPN-FL (OPNRAA-FL)
abolished cell binding completely in all three GBM cell lines,
indicating that cell binding was primarily driven by the RGD

FIGURE 2. Thrombin-cleaved OPN in CSF from GBM patients correlates with TAT levels as well as VEGF, CCL3, and CCL4. A, CSF from an independent
cohort of 30 GBM patients had the levels of OPN isoforms and TAT determined. Left panel, OPN-FL (F); center panel, OPN-R (f); right panel, OPN-L (Œ). B, OPN-R
(center panel) and OPN-L (right panel) levels in CSF from GBM patients vary more than OPN-FL levels (left panel). CSF was obtained from 10 GBM patients on three
separate occasions at least 1 month apart, and the levels of OPN-FL, OPN-R, and OPN-L were determined. The x axis is marked with the occasion when the
samples were acquired. C, VEGF and CCL4 levels were increased in GBM. Levels of VEGF (left panel), CCL3 (center panel), and CCL4 (right panel) in CSF from GBM
(n 	 24), non-GBM (n 	 18), systemic cancer (n 	 13), and noncancer patients (n 	 9) were determined by ELISA. Bars represent the mean value of each group.

TABLE 3
Spearman rank order correlations of levels of OPNs with TAT, VEGF, CCL3, and CCL4
NS means not significant.

OPN-FL OPN-R OPN-L Total OPN

TAT correlation coefficient 0.0223 0.7254 0.4637 0.2948
p value NS p � 0.0001 p 	 0.0099 NS
VEGF correlation coefficient 0.1184 0.6864 0.5837 0.0738
p value NS p � 0.0001 p � 0.0001 NS
CCL3 correlation coefficient 0.1734 0.4446 0.4331 0.2603
p value NS p 	 0.0002 p 	 0.0003 p 	 0.0362
CCL4 correlation coefficient 0.1986 0.5229 0.3704 0.2933
p value NS p � 0.0001 p 	 0.0024 p 	 0.0178
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motif. In these cases, thrombin cleavage of the C terminus may
enhance the accessibility of the RGD motif, accounting for the
increased cell binding toOPN-R andOPN-L. Because therewas
not reduced cell binding to OPN-L, however, it suggests that
the SVVYGLRmotif in OPN-R does not play an important role
in cell adhesion under these circumstances. However, when the
RGDmotif wasmutated, it completely abolished the binding of
DBTRG-05MG and T98G cells to OPNRAA-FL, but it markedly

increased adhesion of DBTRG-05MG and T98G cells to
OPNRAA-R, increasing it to a level equivalent to OPN-FL, sug-
gesting that the SVVYGLR sequence could become functional
and substitute for the RGD motif in its absence. When the
C-terminal arginine was removed, cell binding to OPNRAA-L
was abolished, consistent with the notion that the SVVYGLR
sequence becomes the functional domain of OPN supporting
cell adhesion in the absence of an intact RGDmotif. In contrast
to the three GBM cell lines, the non-GBM cell line 1321N1
retained significant cell binding toOPNRAA-L, in the absence of
both RGD and SVVYGLRmotifs, suggesting that an alternative
cell adhesion molecule, perhaps CD44, is primarily responsible
for binding to OPN in this particular cell line.
OPN Binding Modulates Gene Expression in U-87 MG Cells—

To investigate if binding of GBM cells to OPN alters their cel-
lular phenotype, we then tested the gene expression profiles
following adhesion to OPN by microarray analysis. Because
adhesion of three adherent GBM cell lines to OPNs was exclu-
sively through its RGD motif, the U-87 MG cell line was uti-
lized. Samples from cells that bound to OPN forms were then
comparedwith the BSA control, and those genes whose expres-
sion was changed by 
1.5-fold with p � 0.001 were identified.
The data are displayed as a heat map created by unsupervised
sorting of the samples and genes. This resulted in the control
samples being adjacent to each other and segregated from the
cell samples bound to OPN, whereas gene expression in the
U-87 MG cells bound to the different forms of OPN are sorted
together (Fig. 5A and supplemental Table 2). This shows that
attachment of U-87MG cells to OPN, compared with a control
matrix (BSA), results in modulation of gene expression. Some-
what surprisingly, there are only minor differences in gene
expression induced by contact with OPN-FL, OPN-R, and
OPN-L, implying that the intracellular signaling pathway in
U-87 MG cells triggered by both OPN-FL and cleaved OPNs
was primarily mediated through the RGD motif. It is notable
that binding to OPNRAA-R gave a similar pattern to that
observed in the three OPNs with an intact RGDmotif, suggest-
ing that the C-terminal SVVYGLR motif, in the absence of
RGD, can signal via �9�1 and substitute for RGD signaling via
the other integrins. To validate the data from the microarray
analysis, the levels of a panel of genes that changed were deter-
mined by quantitative PCR. In all cases, the data on changes in
mRNA levels were congruent between the microarray and
quantitative PCR data (Fig. 5C).
Annotation of the genes using Gene Ontology classification

shows that the list of genes whose expression is altered with the
highest probability is enriched in genes involved in cell death,
cellular process, and cell growth (Fig. 5B). For example,mRNAs
encoding aurora kinase A and CDC20, two kinases involved in
cell cycle control and cell division, were increased bymore than
3-fold when the cells were bound to OPN-FL and OPN-R (Fig.
5C). Interestingly, two key chemokines, CCL3 and CCL4, and
one inflammatory cytokine, IL-1�, were identified as genes
whose expression was reduced following binding of U-87 MG
cells to OPN, compared with BSA, by �5-fold. Furthermore,
decreased levels of CCL3 protein could be detected in the con-
ditioned medium from U-87 cells adhered to OPN-R and
OPN-L (Fig. 5D).

FIGURE 3. Expression pattern of integrins and CD44 in human glioma
cells and Jurkat cells. Different glioma cells showed different patterns of
integrin expression but all could be readily distinguished from Jurkat cells.
Cell lysates were separated by SDS-PAGE before detection of adhesion mol-
ecules by Western blotting. Equal loading was demonstrated by visualizing
the proteins with Ponceau S staining (bottom panel).

FIGURE 4. Adherence of human glioma cells to OPN-R and OPN-L com-
pared with OPN-FL. Carboxyfluorescein diacetate succinimidyl ester-la-
beled cells were tested for their ability to bind to different forms of OPN. The
data represent the mean � S.D. of at least three independent experiments. #,
p � 0.05 compared with OPN-FL; *, p � 0.05 compared with OPNRAA-FL by
paired Student’s t test.
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OPN Promoted U-87 MG Cell Migration and Conferred
Resistance to Cell Apoptosis—Based on the data we obtained
from the Gene Ontology classification of the genes whose
expression was altered by binding to OPNs, we examined the
effects of OPN on cell growth, VEGF production, cell migra-
tion, and apoptosis. When U-87 MG cells were treated with
OPNs for 2 days, no changes were observed in terms of cell
growth (Fig. 6A) and VEGF production (Fig. 6B). Chemotaxis
assays showed dose-dependent enhancement of U-87 MG cell
motility toward OPN-FL, OPN-R, and OPN-L without any sig-
nificant difference among the OPNs, suggesting the effect was
mediated through the RGD motif (Fig. 6C). Because OPN is
known to confer resistance to apoptosis (13, 33), its effect on
apoptosis was tested. Treatment with a STAT3 inhibitor,
WP1066, induced significant apoptosis in U-87 MG cells (Fig.
6D). Binding to OPN conferred significant protection from
apoptosis, with an �2.5-fold increase in viable cells compared
with control BSA followingWP1066 treatment. When another
inducer of apoptosis, thapsigargin, a specific inhibitor of endo-
plasmic Ca2�-ATPase, was used, binding to OPN also resulted
in protection from apoptosis with an �1.3-fold increase in via-
bility (Fig. 6D).
Two signalingmechanisms have been reported upon binding

of cells to OPN. These are the phosphoinositide 3-kinase/pro-
tein kinase B (PI3K/Akt) pathway when the binding is mostly

mediated via CD44 and IKK when the binding is RGD-medi-
ated (14, 34). To investigate the mechanism by which OPN
binding leads to protection from apoptosis, U-87MGcells were
treated with a PI3K inhibitor (LY294002) or an IKK inhibitor
(IKK VII) in the presence or absence ofWP1066 to induce apo-
ptosis (Fig. 6E). LY294002 by itself induced some cell death that
was reversed when the cells were bound to OPN. In the pres-
ence of WP1066, neither LY294002 nor IKK VII reversed the
anti-apoptotic effects of binding to OPN. This suggests that
neither of these pathways is involved in the mechanism leading
to protection from apoptosis.
Similar to the cell migration results, there was no significant

difference in viability between cells bound to OPN-FL, OPN-R,
and OPN-L. The data suggest that OPN might play an impor-
tant role as a chemoattractant and anti-apoptotic molecule in
GBM pathogenesis, and this is largely mediated via the RGD
motif.
Effects of OPN and Its Cleaved Forms on T98G and DBRTG-

05MG Cells—To determine whether the observed effects of
OPN and its cleaved forms on U-87 cells apply to other GBM
cell lines, we investigated their effects on T98G and DBTRG-
05MG cells. First, we determined whether different forms of
OPN influenced growth rates in these cells. Neither cell line
grew differently in the presence of OPN-FL, OPN-R, or OPN-L
(Fig. 7, A and B). Similarly, there was no effect of OPN or its

FIGURE 5. OPN binding altered gene expression in U-87 MG cells. A, heat map showing clustering of genes changed by 
1.5-fold with p � 0.005 when U-87
MG cells bound to BSA were compared with U-87 MG cells bound to all OPNs determined by ANOVA. Both samples (y axis) and genes (x axis) were allowed to
cluster unsupervised. The color scale of the log2 ratios is shown at the bottom. B, Gene Ontology classification. C, mRNA for nine genes shown were checked by
quantitative PCR to validate the data from the microarray. The data were normalized to the levels of GAPDH and expressed as mean � S.D. of relative gene
expression to BSA. #, p � 0.05; *, p � 0.01 compared with BSA by paired Student’s t test. D, determination of CCL3 protein level in 2 day-conditioned medium
from U-87-MG cells bound to BSA and OPN by ELISA. #, p � 0.05 compared with BSA by paired Student’s t test.
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cleaved forms on their production of VEGF (Fig. 7, C and D),
and thus the results were similar to those seen inU-87 cells.We
observed dose-dependent enhanced cell migration of T98G
cells to OPN-FL, but OPN-R and OPN-L did not have any sig-
nificant chemotactic activity (Fig. 7E), suggesting that the
enhanced chemotaxis observed in OPN-FL is not RGD-medi-
ated. It is possible that in this case the chemotactic activity is
primarily driven by the C-terminal CD44-binding domain that
is removed upon thrombin cleavage. When apoptosis was
induced by thapsigargin in T98G cells, resistance to apoptosis
was conferred by the presence of OPN, with the greatest effect
observed with OPN-FL and less but still significant protective
effect with OPN-R and OPN-L (Fig. 7F); this pattern is similar

to that previously observed in cultured synoviocytes (25). How-
ever, when apoptosis was induced by WP1066, both OPN-FL
and the cleaved forms conferred an equal degree of protection
(Fig. 7F), similar to that seen in U-87 cells. Thus the effects of
OPNand its cleaved forms onT98G cells are broadly consistent
with that observed in U-87 cells, with the differences likely
reflecting the intrinsic cellular heterogeneity in different GBM
cell lines.
Cancer Stem Cell-like U-87 MG Cells Showed a Similar Pat-

tern of Cell Adhesion to OPNs—Recent studies suggest that
brain tumors have a subpopulation of cancer stem cells with the
capacity for sustained self-renewal and tumor propagation (35,
36). Glioma stem cells contribute to therapeutic resistance and

FIGURE 6. OPN promoted U-87 MG cell migration and conferred resistance to cell apoptosis. U-87 MG cells were treated with different concentrations of
OPN-FL, OPN-R, and OPN-L (0 nM, white; 1 nM, light gray; 10 nM, dark gray; and 100 nM, black) for 2 days. A, cell proliferation was determined by CKK-8 assay. B,
VEGF production was determined by assaying VEGF concentration in the conditioned media by ELISA, and the overall value normalized by the cell number was
determined in A. C, dose-dependent enhancement of U-87 MG cell motility by OPN using the transwell chemotaxis assay. D, U-87 MG cells adhered to BSA
(white), OPN-FL (light gray), OPN-R (black), and OPN-L (dark gray) are protected against apoptosis induced by 10 �M thapsigargin or 30 �M WP-1066. E, U-87 MG
cells adhered to BSA (white), OPN-FL (light gray), OPN-R (black), and OPN-L (dark gray) are protected against apoptosis induced by 30 �M WP1066, even in the
presence of 10 �M LY294002 or 1 �M IKK VII, inhibitors of PI3K and IKK, respectively. Their overall viability was calculated by comparison with data from
untreated cells. Data are shown as mean � S.D. and calculated from at least three independent experiments. *, p � 0.05; #, p � 0.01 compared with BSA by
one-way ANOVA with post hoc Dunnett’s.
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tumor angiogenesis. CD44 has been characterized as a marker
for putative cancer stem cells in various types of solid tumors,
such as breast (37), pancreas (38), prostate (39), andGBM. Fetal
neural stem cells also express CD44 (40). Glioma stem cells
share significant similarities with normal neural SCs, including
the expression of stem cell markers (CD133, Nestin, Musashi,
and Sox2) and the capacity to differentiate into the three CNS
lineages, neurons, oligodendrocytes, and astrocytes. More
recently, the CD44v6-OPN axis has been reported to regulate
growth of brain tumor stem cells through Akt activation (41).
These reports led us to investigate the effect on OPN and its
cleaved forms on the behavior of cancer stem cell-likeU-87MG
(U-87 SC). Neurosphere induction in U-87MGwas performed
according to published reports (42, 43). U-87 SC cells in neuro-
sphere culture condition were positive for Nestin and negative
for the neuronal, oligodendrocyte, and astrocyte markers (Fig.
8A, top panel).When these cells were treatedwith 1�M retinoic

acid and 1% FBS for 5 days to induce cell differentiation, posi-
tive cells stainedwith a neuronalmarker, Tuj-1, or an oligoden-
drocyte marker, O4, were observed, whereas nestin expression
was reduced (Fig. 8A,middle panel). However, GFAP-positive
cells, a marker for astrocytes, could not be detected. Using
the same culture conditions, normal rat neural stem cells
were differentiated into all three CNS lineages (Fig. 8A,
bottom panel). Under these experimental conditions, the
expression of nestin was much lower in U-87 SC cells than in
the normal rat neural stem cells. We then tested if the stem
cell-like GBM cells would now respond differently in adhe-
sion to OPN by determining the ability of U-87 SC cells to
bind to OPN and its cleaved forms. U-87 SC cells possessed a
similar adhesion profile to U-87 MG cells, with �2-fold
more U-87 SC cells bound to OPN-R and OPN-L than to
OPN-FL, and cell adhesion was largely ablated by disruption
of the RGD motif (Fig. 8B).

FIGURE 7. OPN promoted T98G cell migration and conferred resistance to cell apoptosis in T98G cells. T98G and DBTRG-05MG cells were treated with
different concentrations of OPN-FL, OPN-R, and OPN-L (0 nM, white; 1 nM, light gray; 10 nM, dark gray; and 100 nM, black) for 2 days. A, T98G. B, DBTRG-05MG. Cell
proliferation was determined by CKK-8 assay. C, T98G. D, DBTRG-05MG. VEGF production was determined by assaying VEGF concentration in the conditioned
media by ELISA, and the overall value was normalized by the cell number determined in A or B. E, dose-dependent enhancement of T98G cell motility by OPN-FL
using the transwell chemotaxis assay. F, T98G cells adhered to BSA (white), OPN-FL (light gray), OPN-R (black), and OPN-L (dark gray) are protected against
apoptosis induced by 15 �M thapsigargin or 10 �M WP-1066. Their overall viability was calculated by comparison with data from untreated cells. Data are
shown as mean � S.D. *, p � 0.05, compared with BSA by one-way ANOVA with post hoc Dunnett’s.
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DISCUSSION
In this study, we showed the following: 1) the levels ofOPN-R

and OPN-L are markedly elevated in both tissue and CSF of
malignant glioma patients relative to systemic cancer and non-
cancer patients; 2) levels of VEGF and CCL4 (MIP-1�) are
increased in CSF of GBM and significantly correlated with the
levels of OPN-R and OPN-L, and 3) OPN and its cleaved forms
induce cell migration and confer resistance to apoptosis in
GBM cell lines. Cell binding to OPN, mediated by the RGD
motif, is enhanced after OPN cleavage by thrombin, and the
SVVYGLRmotif inOPN-Rmay substitute for theRGDmotif in
cell binding and signalingwhen the latter becomes inaccessible.
Taken together, our data suggest that unprocessed OPN-FL is
up-regulated in the GBM tissue and CSF, the source of which
may be either the GBM cells and/or the stromal cells surround-
ing the cancer. In the setting of tumor-induced tissue inflam-
mation, thrombin is generated which then cleaves OPN to
OPN-R. Either by the action of CPB-2, which is activated by
thrombin bound to thrombomodulin, or by CPN as a result of

vascular leakage from the plasma compartment, OPN-R is con-
verted to OPN-L. OPN and its cleaved forms lead to migration
of GBM cells to form a tumor cluster. Furthermore, OPN and
its cleaved forms bound on extracellular matrix may provide a
molecular niche for the cancer cells and confer a survival
advantage by enhancing their resistance to apoptosis (Fig. 9).
All three cellular processes, cellmigration, adhesion, and resist-
ance to apoptosis, are primarily driven by the RGD motif, with
OPN-R and OPN-Lmore effective than OPN-FL in supporting
cell adhesion, likely mediated by enhanced accessibility to the
RGDmotif, resulting in the generation ofmore apoptosis-resis-
tant cells. Thus, thrombin cleavage of OPN leads to qualita-
tively similar (anti-apoptotic) but quantitatively different
(enhanced) glial cell behavior. The C-terminal SVVYGLR in
OPN-R may serve as an alternate cell binding and signaling
motif when the RGD site becomes inaccessible.
Thewide fluctuations in levels ofOPN-R inCSF that occur as

a function of time in patients with GBM suggest that it may be
used as a biomarker to assess disease burden and disease pro-

FIGURE 8. U-87 SC cells were differentiated into Tuj-1-positive neuron and O4-positive oligodendrocyte and bound to OPN-R and OPN-L more than
OPN-FL. A, characterization of U-87 SC cells in expansion (20 ng/ml EGF and basic FGF, upper panels) and differentiation conditions (1 �M retinoic acid and 1%
FBS, middle panels). The cells were stained for neural stem cell (Nestin), neuron (Tuj-1), oligodendrocyte (O4), and astrocyte (GFAP) markers. The individual cells
were visualized with Hoechst 33342. Control of rat neural stem cells under the same differentiation conditions is shown (bottom panels). B, adherence of U-87
MG and U-87 SC cells to OPN-R and OPN-L compared with OPN-FL. Data are shown as mean � S.D. and calculated from at least three independent experiments.
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gression in gliomas. Considering the difficulties with interpret-
ing imaging after standard radiochemotherapy treatment (i.e.
pseudoprogression) (44, 45) and administration of bevaci-
zumab (46), there is a pressing need for biomarkers that will
accurately reflect tumor burden. The CSF may be the optimal
body fluid to assess this issue because at least 20% is formed
from intraparenchymal leakage and that modern neurosurgical
techniques make chronic access relatively easy and safe. Both
OPN-FL in serum and a peptide fragment of OPN in CSF have
been suggested as potential markers (47, 48). However, meas-
urements of OPN-R and OPN-L, along with OPN-FL, in CSF
may represent a more optimal method of monitoring tumor
burden over time. Combining this with determination of levels
of other circulatingmarkers such as VEGF andCCL4 (MIP-1�)
could provide even more robust prognosis of GBM.
It is interesting that the GBM and non-GBM cell lines

showed a spectrum of different adhesion patterns to OPN and
its cleaved isoforms. The non-GBM cell line Hs 683 did not
bind to OPN and its cleaved forms at all, although it expresses
both CD44 and the relevant integrins. Because most integrins
need to be activated, Hs 683 cell line might have a defect in
signaling for integrin activation involving, for example, the pro-
tein-disulfide isomerase (49). In contrast, the other non-GBM
cell line 1321N1 appeared to bind equallywell toOPNand all its
cleaved forms in an non-RGD-dependent manner, because its
binding was not diminished in any of the OPN-RAA isoforms.
In contrast to the glioma cell lines, Jurkat cells, derived from T
cell leukemic lymphoblasts, bindmore strongly to OPN-R than
to OPN-FL, and its binding to OPN-L is reduced back to the
level observed with OPN-FL, consistent with the notion that
the C-terminal SVVYGLR in OPN-R provides a binding motif
in addition to RGD. Interestingly, the ratio of CD44 to integrin
expression is very much in favor of the integrins in Jurkat cells

in comparison with the glioma cells, whichmay account for the
ability to detect their enhanced cell binding to OPN-R.
All three GBM cell lines (DBTRG-05MG, T98G, and U-87

MG) showed a strong dependence on binding to the RGDmotif
within OPN because cell binding to OPNRAA-FL was com-
pletely abolished. This notion is further supported by gene
expression analysis in theU-87MGcells, wherewe can see clear
differences in expression between BSA and OPNs but not
among the different OPN forms. Thus, the RGDmotif in OPN
appears to play a dominant role in OPN-GBM cell interaction
aswell as activation of intracellular signaling,which contributes
to GBM pathogenesis. In this environment, the C-terminal
SVVYGLR sequence in OPN-R appears to play a secondary
supplementary role.Mutation of the RGDmotif leads to a com-
plete loss in the ability of OPNRAA-FL to support cell adhesion.
However, it is notable that OPNRAA-R, but not OPNRAA-L, is
able to regain significant cell binding function, to a level equiv-
alent to OPN-FL in two of the three GBM cell lines. It suggests
that the newly exposed C-terminal SVYGLR motif in OPN-R
can assume functional significance when the RGDmotif is defi-
cient or inaccessible. This is also consistent with themicroarray
data inwhich cell binding toOPNRAA-R gives a gene expression
pattern similar to that observed in OPNs with an RGD motif,
suggesting that signaling via �9�1, in this case in U-87 MG
cells, can largely substitute for RGD signaling via the other
integrins.
Disintegrin sequences were originally identified in some

snake venoms andmodulate cell migration by disrupting RGD-
integrin-dependent cell adhesion (50). Disintegrin sequences
are also present in endogenous ligands such as the a disintegrin
and metalloprotease (ADAM) family of metalloproteases (51).
It is possible that a disintegrin may render the RGDmotif inac-
cessible in OPN-R, and under such a circumstance, the C-ter-

FIGURE 9. Model depicting the role of OPN isoforms in GBM. Both GBM and stromal cells secrete OPN, which is cleaved by thrombin or double cleaved by
thrombin and CPB2 or CPN to generate OPN-R and OPN-L. All three OPN isoforms cause cell migration, increased cell adhesion, and inhibit apoptosis, thereby
creating a niche that confers survival advantages on the GBM cells.

Osteopontin Cleavage Affects Glioma Cell Behavior

3108 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 5 • FEBRUARY 1, 2013



minal SVVYGLR may serve as an alternative cell-binding and
cell-signaling motif (52, 53).
OPN-R has recently been shown to be the dominant form of

OPN responsible for the binding of hematopoietic stem cells
and progenitors in the bone marrow niche (54). OPN, secreted
from a primary tumor site, is capable of circulating to the host
bone marrow where it mobilizes stromal and hematopoietic
precursor cells, which then migrate to tumor cells at a second
site to instigate their outgrowth (55). Thus, it is possible that
one of the major functions of OPN-R is to augment the adhe-
sion of tumor cells as well as hematopoietic and stromal pre-
cursor cells in these tumor-associated niches (56). To test the
role of OPN and its cleaved forms in supporting the binding of
glioma stem cells, U-87 SC cells were generated fromU-87MG
cells in a defined serum-free neurosphere medium. This proc-
ess promoted transition of adherent U-87 MG cells to neuro-
sphere-like cells. The U-87 SC cells expressed Nestin, the neu-
ral stem cell marker, and possessed the potency to differentiate
into the neuron and oligodendrocyte lineages but failed to dif-
ferentiate into GFAP-positive astrocytes. Other differentiation
conditions tested such aswithdrawal of EGF and basic FGF, and
leukemia inhibitory factor did not induce astrocyte differentia-
tion (data not shown), suggesting that U-87 SC cells might
express an alternative splice variant of GFAP, termed GFAP�,
that is not detected by anti-GFAPantibodies but that is found in
human astrocytes from the sub-ventricular zone (40). In adhe-
sion assays U-87 SC binding toOPN showed a similar profile to
that of U-87 MG cells, with OPN-R and OPN-L �2-fold more
effective than OPN-FL, consistent with the enhanced binding
of hematopoietic SC to OPN-R in the bone marrow niche (40).
Along with our recent observation in rheumatoid arthritis

synovial fluid, this is the second example of elevated OPN-R
and OPN-L in human clinical samples. It is notable that they
both occur in extravascular compartments, suggesting that
they may result from local thrombin generation. The close cor-
relation of the elevated levels of OPN-R with TAT in the CSF
samples is consistent with that notion. There is increased
expression ofOPN inGBMand its associatedmicrovasculature
when comparedwith astrocytomas. Tissue factor andVEGFare
also overexpressed and co-localized in these cell types (57).
Thrombin immunoreactivity has been reported in GBM, and
argatroban, a direct thrombin inhibitor, reduces glioma tumor
mass and neurological deficits in a rat glioma model (32, 58),
leading to the suggestion that the coagulation system can be a
target for the treatment of malignant glioma (59). Thus, the
production and cleavage of OPN by thrombin and CPB-2 may
all occur locally. The resultant OPN-R andOPN-Lwould affect
glioma growth and biology by generatingmore favorable niches
for glioma cells.

Acknowledgments—We thank Dr. Heelo Sudo (Toray Industries Inc.)
for performing three-dimensional GeneTM microarray, Dr. Peter N.
Kao (StanfordUniversity School ofMedicine) for helpwith fluorescent
microscopy, and Dr. Hiroyuki Sakata (Stanford University School of
Medicine) for providing rat neural stem cells to us.

REFERENCES
1. Denhardt, D. T., Noda, M., O’Regan, A. W., Pavlin, D., and Berman, J. S.

(2001) Osteopontin as a means to cope with environmental insults. Reg-
ulation of inflammation, tissue remodeling, and cell survival. J. Clin. Invest.
107, 1055–1061

2. Han,M. H., Hwang, S. I., Roy, D. B., Lundgren, D. H., Price, J. V., Ousman,
S. S., Fernald, G. H., Gerlitz, B., Robinson,W. H., Baranzini, S. E., Grinnell,
B. W., Raine, C. S., Sobel, R. A., Han, D. K., and Steinman, L. (2008)
Proteomic analysis of active multiple sclerosis lesions reveals therapeutic
targets. Nature 451, 1076–1081

3. Wang, K. X., and Denhardt, D. T. (2008) Osteopontin. Role in immune
regulation and stress responses.Cytokine Growth Factor Rev. 19, 333–345

4. El-Tanani, M. K., Campbell, F. C., Kurisetty, V., Jin, D., McCann, M.,
and Rudland, P. S. (2006) The regulation and role of osteopontin in
malignant transformation and cancer. Cytokine Growth Factor Rev. 17,
463–474

5. Minn, A. J., Gupta, G. P., Siegel, P.M., Bos, P. D., Shu,W., Giri, D. D., Viale,
A., Olshen, A. B., Gerald, W. L., and Massagué, J. (2005) Genes that me-
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