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Abstract

Background
The poor prognosis of glioblastoma multiforme (GBM) is primarily due to highly invasive and highly
migratory glioma stem-like cells (GSCs) in tumors. Upon GBM recurrence or progression, the highly
invasive phenotype of GSCs changes to a less-motile, proliferative phenotype, thus generating tumor
mass. Elucidating the molecular mechanism underlying this phenotypic transition could lead to the
identi�cation of effective molecular targets for treating GBM.

Methods
We examined mRNA expression of hypoxia-inducible factor (HIF)-1α, HIF-2α, CD44, and osteopontin in
GBM tissues and investigated the effect of hypoxia (1% O2: severe or 5% O2: moderate) on expression of
these molecules using two lines of cultured GSCs. We also analyzed the effect of osteopontin on the
invasiveness, migration, and proliferation of GSCs under hypoxic conditions. In addition, the effect of
CD44 knockdown on tumor growth and survival were investigated in vitro and in vivo using a mouse
xenograft model.

Results
Severe hypoxia upregulates CD44 expression via activation of HIF-1α, inducing GSCs to assume a highly
invasive phenotype. In contrast, moderate hypoxia upregulates osteopontin expression via activation of
HIF-2α. Osteopontin in turn binds to CD44, simultaneously inhibiting CD44-promoted GSC migration and
invasion and stimulating GSC proliferation, resulting in GSCs assuming a less-invasive, highly
proliferative phenotype. CD44 knockdown signi�cantly inhibited GSC migration and invasion both in vitro
and in vivo. However, although CD44 knockdown did not affect tumor growth in vitro, mouse brain tumors
generated from GSCs with CD44 knockdown exhibited diminished invasiveness, and the mice survived
signi�cantly longer than control mice. In contrast, siRNA-mediated silencing of the osteopontin gene led
to decreased GSC proliferation, but the osteopontin-mediated inhibition of high GSC migratory behavior
and invasiveness was diminished.

Conclusion
The highly invasive phenotype of GSCs can be reversed by switching from severe to moderate hypoxia,
leading to less-invasive and proliferative tumors. CD44 and osteopontin, which are expressed in a
mutually exclusive manner under severe or moderate hypoxia, play a central role in regulating GSC
invasion and proliferation by inducing a phenotypic transition, suggesting that these molecules could be
effective targets for treating both primary and recurrent GBM.
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Background
Glioblastoma multiforme (GBM) is the most common and incurable primary malignant brain tumor, with
a median survival of 15 months [1]. Even after maximum resection of the tumors followed by
administration of current chemo-radiotherapy, most tumors recur from the periphery of the tumor cavity
several months later [2, 3]. Such early tumor progression might be largely due to glioma stem-like cells
(GSCs) that survive in the invasion zone of the tumor periphery after initial multimodal treatment;
however, few studies have investigated the pathologic role of GSCs that survive in this area. Munthe et al.
reported that glioma cells in the tumor periphery exhibit a stem cell phenotype [4]. Angelucci et al. recently
described signi�cant differences between cancer stem cells from the tumor mass and those from
peritumoral GBM tissue in terms of proliferation, ultrastructural features, and stemness pro�le [5]. We
previously reported the presence of GSCs that highly express CD44 and exhibit high invasiveness in the
tumor periphery in patients with highly invasive GBM. Patients with this type of GBM exhibit earlier tumor
progression and worse survival compared to patients with a less-invasive/ highly proliferative type of
GBM expressing low amounts of CD44 in the tumor periphery [6]. However, it is unclear how such highly
invasive GSCs change from a migratory to proliferative nature upon tumor recurrence and progression in
GBM.

CD44 is a multifunctional cell surface adhesion receptor involved in regulating the progression, invasion,
and metastasis of cancer cells [7, 8]. CD44 promotes tumor cell migration and invasion by binding to the
speci�c ligand hyaluronic acid (HA) in various cancers, including GBM [9, 10]. Other ligands in addition to
HA, including collagen, matrix metalloproteinases, and osteopontin (OPN), also bind to CD44 [11–13].
Among these ligands, OPN is highly expressed in GBM and exhibits diverse functions related to
proliferation, angiogenesis, tumorigenesis, and invasion [14–16]. OPN is reportedly overexpressed in
GSCs and participates in maintaining stemness and activating the epidermal growth factor receptor
(EGFR) [17]. In addition, Pietras et al. reported that interaction between OPN and CD44 promotes glioma
stem cell–like phenotypes and aggressive glioma growth in vivo via enhanced hypoxia-inducible factor
(HIF)-2α activity [18]. That is, CD44 may be regarded as a dual-function molecule that promotes both the
migration and proliferation of cancer stem cells in response to binding to speci�c ligands.

GSCs are thought to be located in a hypoxic microenvironment called the “niche,” where the stemness of
the GSCs is maintained. The invasion area of the tumor periphery in GBM is characterized by a lack of
neovascularization and disruption of the blood-brain barrier. This hypoxic environment can generate a
tumor-border niche for GSCs. Hypoxia activates HIF genes, including the genes encoding HIF-1α and HIF-
2α [19, 20]. HIF-1α and HIF-2α are structurally similar, but differ in the several aspects including
requirement of oxygen for their activation, target genes and expressing cells [21–23].

Our previous study demonstrated that HIF-1α and CD44 are expressed at high levels in the tumor
periphery in highly invasive GBM; in low-invasiveness/highly proliferative GBM, HIF-2α is expressed at
higher levels and CD44 at lower levels in the tumor periphery compared with highly invasive GBM [6]. In
low-invasiveness/highly proliferative GBM, higher amounts of vascular endothelial growth factor (VFGF)
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are expressed in the tumor periphery compared with highly invasive/low-proliferation GBM. These results
suggest that differences in the level of hypoxia in the GSC microenvironment at the tumor periphery have
a critical effect on the invasiveness and proliferation activity of GBM tumors through activation of HIF-1α
and HIF-2α.

In the present study, we examined the effects of hypoxia on the expression and functions of HIFs, CD44
and OPN in order to elucidate the role of these molecules in GBM tumor invasion and proliferation. In
addition, we investigated the effect of hypoxia on the functional role resulting from interaction between
CD44 and OPN. We also investigated the anti-tumor effects of CD44 knockdown in vitro and in vivo using
a GSC-transplantation mouse model. Identifying a key molecule closely related to the transition from a
highly invasive phenotype to low-invasiveness/highly proliferative phenotype would provide an effective
therapeutic target for both primary and recurrent GBM.

Methods
GSC culture and hypoxic treatment

Two human GSC lines, GSL-1 and GSL-2, were used in the present study. These cell lines were previously
established from the primary cell culture of tissues surgically obtained from the tumor periphery of GBM
patients [6]. The stemness of these GSC lines (previously designated SFC-1 and SFC-2) was con�rmed by
evaluating their sphere-forming ability, and the lines were then renamed GSL-1 and GSL-2, respectively.

Cells were cultured in serum-free DMEM/Ham’s F-12 medium (Wako) containing 10 μg/ml insulin (Wako),
10 nmol/l recombinant human basic fibroblast growth factor, 10 nmol/l recombinant human epidermal
growth factor, 5 μmol/l heparin, N2 supplement (Wako), GlutaMAX supplement (GIBCO), and
penicillin/streptomycin/amphotericin B mixture (neural stem cell medium: NSCM). Growth factors were
purchased from PeproTech (London, UK). The cells were maintained at 37°C under humidi�ed 5%
CO2/95% air atmosphere as the normoxic condition (21% O2). For severe hypoxia treatment, the cells
were incubated for 3 h in an atmosphere of 1% O2, 5% CO2, and 94% N2 in a multi-gas incubator (APM-
50D, ASTEC). For moderate hypoxia treatment, the cells were incubated for 6 h in an atmosphere of 5%
O2, 5% CO2, and 90% N2.

For sphere formation assay, 1x106 cells were seeded onto 10cm culture dish and incubated for 7 days in
the NSCM at normoxia. Then, the cells were sprit in six-well suspension culture plates at a density of
1000 cells/well in 2ml NSCM. After 7 days, formation of spheres was con�rmed and the number was
counted.

Treatment of cells with small interfering RNA (siRNA)

The sequences of siRNAs for HIF-1α, HIF-2α, CD44, and OPN are listed in Table S1. As a control for each
siRNA, we used a corresponding random siRNA sequence (5’-GCGCGCUUUGUAGGAUUCG dTdT-3’). GSCs
were transfected with each siRNA using Lipofectamine 3000 reagent (Invitrogen, Grand Island, NY, USA)
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according to the manufacturer’s instructions. After a 24-h incubation of GSCs transfected with each
siRNA, the culture medium was changed to remove the Lipofectamine, and subsequent experimentation
was performed.

Establishment of stable CD44-knockdown cells

Lentiviral particles were generated using the shRNA expression vector pLKO.1-puro, which carries a
shRNA sequence against CD44 (CD44 MISSION shRNA, SHCLNG-NM_000610, Sigma Aldrich) together
with the MISSION Lentiviral packaging mix (SHP001, Sigma Aldrich), according to the manufacturer’s
instructions. Brie�y, HEK 293T cells were co-transfected with the two products described above using
Lipofectamine 3000 reagent (Invitrogen). The supernatant containing virus particles was harvested 48 h
after transfection and used to infect GSCs. After 48 h of incubation, infected cells were selected using
puromycin (0.5 µg/ml; Invitrogen).

RNA isolation and quantitative real-time–polymerase chain reaction (qRT-PCR)

Total RNA was extracted from GSCs and tissue of each tumor sample (core and periphery) using ISOGEN
(Nippon Gene, Tokyo, Japan) according to the manufacturer’s instructions. cDNA was synthesized using
ReverTra Ace qPCR RT Master Mix with a gDNA remover kit (Toyobo). qPCR analysis was performed
using Fast Start Universal SYBR Green Master Mix (Roche Diagnostic Japan) with an MJ mini instrument
(BioRad, Hercules, CA, USA). All gene-specific mRNA expression values were normalized relative to the
expression level of the housekeeping (reference) gene, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Quantification of gene expression was performed using ΔCt values, wherein ΔCt is defined as
the difference between the target and reference gene Ct values. All primer sequences are listed in Table
S2.

Western blot analysis

Cells grown on poly-L-lysine–coated dishes were lysed using RIPA buffer solution. The lysates were
electrophoresed, transferred onto nitrocellulose membranes, and immunoblotted with antibodies to β-
actin (1:1000; mouse monoclonal; Sigma), HIF-1α (1:250; mouse monoclonal; BD Biosciences), HIF-2α
(1:250; rabbit polyclonal; abcam), OPN (1/200, rabbit polyclonal, abcam) or CD44 (1:250; mouse
monoclonal; Cell Signaling Technology). Following incubation with alkaline phosphatase–conjugated
secondary antibody (Promega), immunoreactions were developed using nitro blue tetrazolium and 5-
bromo-4-chloro-3-indolyl phosphate.

Immunohistochemical analysis

Freshly dissected tissue blocks surgically obtained from the tumor periphery of GBM patients were frozen
and sliced into 5-µm-thick sections. These sections were stored at −80°C for later use. The sections were
permeabilized and blocked with Tris-buffered saline containing 0.1% Tween 20 (TBSt) and 1 mg/ml
bovine serum albumin (BSA-TBSt) for 30 min. For double-labeling immuno�uorescence, sections were
incubated in a humidi�ed chamber overnight at 4°C with a mixture of two primary antibodies diluted in
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BSA-TBSt, one antibody to OPN (1/200, rabbit polyclonal, abcam; 1/100, mouse monoclonal, R&D) and
the other to Nestin (1/200, mouse monoclonal, Chemicon International). After washing with TBSt,
sections were treated with DyLight 488-labeled anti-mouse and Cy3-conjugated anti-rabbit IgG secondary
antibodies (1:1000, Jackson ImmunoResearch, West Grove, PA, USA). Hoechst 33342 (Sigma-Aldrich)
was used for nuclear staining. The immunostained specimens were observed under a conventional
microscope (BX52; Olympus, Tokyo, Japan).

Cells were �xed with 4% paraformaldehyde (PFA), permeabilized, and blocked with BSA-TBSt for 30 min.
The cells were then incubated in a humidi�ed chamber overnight at 4°C with a mixture of two primary
antibodies diluted in BSA-TBSt: antibodies to CD44 (1:250, mouse monoclonal, Cell Signaling
Technology) and HIF-1α (1/250, rabbit polyclonal, Novus) or HIF-2α (1/100, rabbit polyclonal, abcam) and
OPN (1/250, mouse monoclonal, abcam). The cells were then treated according to the steps described
above.

Sections of mouse brain were depara�nized in Histo-Clear (Cosmo Bio), hydrated in a graded alcohol
series and subjected to heat-activated antigen retrieval. After blocking endogenous peroxidase activity,
the sections were incubated in a humidi�ed chamber overnight at 4°C with monoclonal antibodies to
CD44 (1:200, Cell Signaling Technology), Ki-67 (1:200, Dako), Nestin (1/200, Chemicon International), or
Sox2 (1/200, R&D Systems) diluted in BSA-TBSt. Subsequently, the sections were washed with TBSt and
incubated with biotinylated secondary antibody for 1 h at room temperature. The reaction complexes
were stained with diaminobenzidine and counterstained with hematoxylin.

Measurement of OPN secreted out of GSCs

When GSCs reached con�uence, the culture medium was removed, and the cells were washed with PBS.
After addition of serum-free, low-glucose DMEM, the cells were cultured for 24 h. The cells were then
centrifuged, and the supernatant was used as conditioned medium. The concentration of OPN in the
conditioned medium was determined using an OPN ELISA kit (Sigma-Aldrich) according to the
manufacturer’s protocol.

Cell invasion and migration assays

The invasiveness of cultured GSCs was assessed with an in vitro assay using Falcon cell culture inserts
(Becton Dickinson Biosciences, CA, USA) and a reconstituted basement membrane, Matrigel (Becton
Dickinson Biosciences), as previously described [24,25]. Briefly, GSCs were suspended in DMEM
containing 0.1% BSA and seeded onto the insert filters at a density of 5×104 cells/insert. The insert was
placed in the lower wells of the Falcon 24-well plate containing 500 μl of DMEM with 1% FBS and
incubated for 24 h at 37°C under normoxic conditions or 1% O2 hypoxic conditions. GSC migration was
assayed using the modified Boyden chamber method with 48-well microchemotaxis chambers
(Nucleopore, Pleasanton, CA, USA), as previously described [26,27]. GSCs in DMEM containing 0.1% BSA
(at a density of 1×104 cells/ml) were placed in the upper well, and DMEM containing 1% FBS was placed
in the lower well. A polyvinylpyrolidone-free polycarbonate membrane with 8-μm pores (EMD Millipore,
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Bedford, MA, USA) was used. To examine the effect of OPN on CD44-induced migration and invasion, 1
μg/ml of OPN (Sigma Aldrich) was added to the upper well. To examine the effect of OPN addition on HA
(Wako, Japan)–stimulated migration and invasion of GSCs, HA was added to the lower well at a
concentration of 0.5 mg/ml. The chamber was incubated for 6 h at 37°C under normoxic conditions or
1% or 5% O2 hypoxic conditions. In both assays, cells on the upper membrane surface were mechanically
removed. Cells that had invaded or migrated to the lower side of the membrane were fixed, stained with
0.1% crystal violet, and examined under a microscope (×400) to determine the number of cells in three
random fields.

In vivo xenograft experiments

Control and CD44-knockdown cells (1×106) were suspended in 5 µl of Matrigel and injected into the brain
of 6-week-old male NOD/SCID mice purchased from CLEA Japan, Inc. (n=6 mice per both group) that had
been anesthetized intraperitoneally with a mixture of medetomidine (0.75 mg/kg), midazolam (4 mg/kg),
and butorphanol tartrate (5 mg/kg). MRI was performed to con�rm tumorigenesis before the mice were
euthanized by decapitation. The brain of each mouse was dissected and �xed in 4% PFA at 4°C
overnight. After �xation, the brains were embedded in para�n, sliced into 5-µm-thick sections, and
stained with hematoxylin and eosin. The duration from cell injection to decapitation was evaluated as
survival time.

Statistical analysis

Values are expressed as the mean ± standard deviation (SD), and the data were compared using the
Student’s t-test (unpaired). Kaplan-Meier plots were generated to estimate unadjusted time-to-event
variables. The log-rank test was performed to assess the statistical signi�cance of differences between
groups. Signi�cance was set at P<0.05.

Results
Effect of hypoxia on the expression of HIFs, CD44, and OPN in GSCs

To assess the expression patterns of HIFs (HIF-1α and HIF-2α), CD44, and OPN in the two GSC lines (GSL-
1 and GSL-2) under different levels of hypoxia, the mRNA expression of these molecules was examined
under normoxic (21% O2) and hypoxic conditions (1% O2 [severe] and 5% O2 [moderate]). Expression of
HIF-1α and CD44 mRNAs was up-regulated to a greater degree under the 1% O2 condition than under
normoxic or moderately hypoxic (5% O2) conditions in both GSC lines (Fig. 1). In contrast, the expression
of HIF-2α and OPN mRNAs was more strongly up-regulated in both GSC lines under moderate hypoxia
than under conditions of normoxia or severe hypoxia (Fig. 1).

HIF-1α up-regulates CD44 expression in GSCs under severe hypoxia
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We investigated whether HIF-1α affects the expression of CD44 under the condition of severe hypoxia (1%
O2). Silencing of the HIF-1α gene using HIF-1α siRNA resulted in signi�cant suppression of both the
mRNA and protein expression of CD44 in both GSC lines under the condition of severe hypoxia (Fig. 2A,
B). Double-labeling immunofluorescence demonstrated that CD44 and HIF-1α co-localized in GSCs
subjected to severe hypoxia (Fig. 2C).

HIF-2α up-regulates OPN expression in GSCs under mild hypoxia

We also investigated whether HIF-2α affects OPN expression by GSCs cultured under moderate hypoxia
(5% O2). Silencing of the HIF-2α gene using HIF-2α siRNA resulted in signi�cant suppression of both the
mRNA and protein expressions of OPN in GSCs cultured in the presence of 5% O2 (Fig. 2D, E). In addition,
double-labeling immunofluorescence demonstrated the co-localization of OPN and CD44 in both GSC
lines, indicating that OPN binds to CD44-expressing GSCs, regardless of the level of CD44 expression
(Fig. 2F).

Gene and histologic expression of OPN in GBM tissues and extracellular secretion of OPN in GSCs

We examined the expression pattern of OPN in human GBM tissues and examined whether GSCs secrete
OPN. The expression of OPN mRNA was examined in the core and peripheral tissues of two resected
GBM tumors. One of these tumors was a highly invasive type that expressed a high level of CD44 (HI-
tumor), and the other tumor was a low-invasiveness/highly proliferative type that expressed CD44 at a
low level and VEGF at a high level (LI-tumor). Natures of these two types of GBMs were described in the
supplementary �gure (Supplement Fig. 2). The LI-tumor expressed a signi�cantly higher level of OPN in
the tumor periphery than the HI-tumor (Fig. 3A). Double-labeling immunofluorescence demonstrated that
OPN co-localized with Nestin in the peripheral tissues of both tumor types (Fig. 3B). In addition, OPN co-
localization with nestin was more pronounced in the LI-tumor than HI-tumor. We con�rmed that both GSC
lines secreted OPN in proportion to the level of OPN mRNA and protein expression. The concentration of
OPN in the culture medium of cells incubated under the normoxic condition was much higher in medium
of GSL-2 cells than GSL-1 cells (Fig. 3C, D).

Severe hypoxia enhances GSC migration and invasion, and CD44 knockdown inhibits hypoxia-induced
GSC migration and invasion

In vitro migration and invasion assays revealed that the migration and invasion of both GSC lines was
markedly enhanced under the severe hypoxia condition of 1% O2 compared with normoxia (Fig. 4A). In
contrast, moderate hypoxia (5% O2) had almost no effect on GSC migration and invasion. The
enhancement of GSC invasion and migration induced by severe hypoxia was significantly inhibited by
knockdown of the CD44 gene using CD44 siRNA cells cultured in the presence of 1% O2 (Fig. 4A).

OPN inhibits GSC migration and invasion
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OPN inhibited CD44- mediated migration and invasion in both GSC lines (Fig. 4B). To investigate the
inhibitory effects of OPN on CD44-promoted migration and invasion of GSC lines, we performed
migration and invasion assays by adding HA to the lower chamber wells. Addition of HA to the lower
wells of the chamber increased the migration and invasion behaviors of both GSC lines. OPN inhibited
the HA-stimulated migration and invasion of GSC lines in a dose-dependent manner, and the inhibitory
effect was not decreased compared with migration and invasion of GSC lines without HA (Fig. 4B). These
results thus suggest that OPN may exerts an inhibitory effect on migration and invasion of GSCs before
the cells adhere to the membrane �lter placed in the bottom of the upper well of Boyden chamber.

Effects of CD44 knockdown and OPN silencing on GSC proliferation

Among �ve clones of bacteria maintained in glycerol stocks, clone 2 most-effectively inhibited CD44
expression in both GSC lines (Supplement Fig. 1); therefore, we used this clone to generate CD44-
knockdown cells in the following experiments. Knockdown of the CD44 gene signi�cantly reduced the
expression of other stem cell markers in both GSC lines, including CD133, Nestin, Oct3/4, and Sox2, in
addition to the angiogenesis factor VEGF (Fig. 5A). In contrast, knockdown of CD44 did not affect the
proliferation of either GSC line (Fig. 5B). Silencing OPN using OPN siRNA resulted in decreased
expression of CD44 and Nestin but increased expression of VEGF (VEGF expression was signi�cantly
increased only in GSL-2 cells) (Fig. 5C). Incubation of GSCs under the moderate hypoxia condition (5%
O2) markedly increased the cell growth rate, whereas culture under the severe hypoxia condition (1% O2)
resulted in a decreased growth rate (Fig. 5D). The enhancement in growth rate under moderate hypoxia of
5% O2 was signi�cantly suppressed by reducing OPN expression to a lower level, as compared with the
growth rate under the condition of normoxia.

In vivo study using a CD44-knockdown transplanted-GSC mouse model

The effect of CD44 knockdown on various histologic features of tumor tissues in mouse brain and the
survival of these mice were investigated using NOD/SCID mice receiving transplanted GSCs with and
without CD44 knockdown. Tumors generated by GSC transplantation with CD44 knockdown exhibited
less migration of tumor cells around the tumor mass and exhibited a well-demarcated boundary
compared to controls (Fig. 6A). The proliferative Ki-67 staining index of tumors from mice with
transplanted GSCs with CD44 knockdown was not signi�cantly different from that of the control
(maximum Ki-67 LI: 50.7% [former] vs. 50.9% [latter]; P=0.973). In contrast, positive expression of the
stem cell markers Nestin and Sox2 was observed in tumors generated by transplantation of GSCs without
CD44 knockdown, whereas no expression of these markers was observed in tumors generated by
transplantation of GSCs with CD44 knockdown (Fig. 6B). As a result, mice bearing GSC-induced tumors
with CD44 knockdown survived for signi�cantly longer than tumor-bearing mice without CD44
knockdown (Fig. 6C).

Discussion
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In the present study, we demonstrated that the highly invasive phenotype of GSCs expressing high levels
of CD44 can be converted to a low-invasiveness/highly proliferative phenotype by switching from severe
to moderate hypoxia. The severity of hypoxia necessary to affect the activation of HIF-1α versus HIF-2α
differed in two GSC lines examined in this study. HIF-1α expression was up-regulated by severe hypoxia
(1% O2) but not affected by moderate hypoxia (5% O2). In contrast, under moderate hypoxia, HIF-2α
expression was signi�cantly up-regulated to a much higher level than under severe hypoxia. Following up-
regulation, HIF-1α activated the expression of CD44 under the severe hypoxia condition (HIF-1α/CD44
pathway), and the up-regulated expression of CD44 induced a highly invasive phenotype in the GSCs.
Elevated HIF-2α expression signi�cantly up-regulated the expression of OPN (HIF-2α/OPN pathway).
Thus, tumors exhibiting high OPN expression and low CD44 expression may represent GSCs with a low
invasiveness/highly proliferative phenotype. These relationships between CD44 and OPN in the
phenotype of GBM may be supported by the results that another GSC line (GDC40) (glioblastoma-derived
cells; kindly provided by Dr. Y. Kanemura, Osaka National Hospital, Japan) [28], which expressed much
lower CD44 and higher VEGF levels than the GSL-1 and GSL-2 lines, showed high expression of OPN and
exhibited low migration and invasion both in vitro and in vivo. (Supplement Fig. 3)

CD44 is a major cellular adhesion molecule for HA, an extracellular matrix component [29]. CD44 also
interacts with a variety of other ligands and plays a crucial role in many cellular processes [10, 29]. These
other ligands include OPN, a multifunctional glycophosphoprotein that plays a critical role in the
maintenance of the stemness and tumorigenicity of GSCs [30–32]. To elucidate the relationship between
CD44 and OPN in the progression of highly invasive GBM tumors, in the present study, we examined the
expression of OPN and the functions of CD44 and OPN under severe (1% O2) and moderate (5% O2)
hypoxia. In GBM tumor tissues, we found that OPN was expressed at considerably higher levels in the
peripheral tissues of low-invasiveness/highly proliferative tumors. However, such high expression of OPN
in the tumor periphery was not commonly observed in highly invasive GBM tumors. Several studies have
reported that OPN expression in gliomas varies and that the OPN expression level is correlated with
glioma grade; thus, high OPN expression is correlated with poor prognosis in GBM patients [33, 34].
Friedmann-Morvinski et al. reported that OPN is expressed at higher levels in the border area of GBM
tumors compared with the central area and that the invasive and more-aggressive tumor cells located
along the periphery of the tumors express high levels of OPN [32]. Our results were in agreement in terms
of the location of tumor cells expressing high levels of OPN in low-invasiveness/demarcated-type GBM
tumors. However, in our study, OPN expression was not as high at the periphery of highly invasive GBM
tumors.

We previously reported that CD44 markedly increases GSC migration and invasion under normoxic
conditions [6]. In the present study, severe hypoxia (1% O2) further enhanced GSC migration and invasion
compared with the normoxic condition, and both the migration and invasiveness of GSCs were inhibited
by silencing CD44 expression using siRNA. These results indicate that under conditions of severe
hypoxia, activated CD44 (HIF1α/CD44 pathway) promotes the migratory and invasive activities of GSCs
residing in the tumor periphery, resulting in the highly invasive phenotype of GBM.
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We also demonstrated that OPN inhibits GSC migration and invasion under the normoxic condition. To
elucidate the mechanism of the inhibitory activity of OPN, we investigated the effect of OPN on HA-
induced GSC migration and invasion. The inhibitory effect of OPN on HA-stimulated migration and
invasion of GSCs was observed to the same degree as CD44-promoted migration and invasion of GSCs
without HA and the effect was enhanced in an OPN dose–dependent manner. The mechanism underlying
the inhibition of GSC migration and invasion by OPN is not clear. However, it can be hypothesized that
OPN bound to CD44 on the GSCs regulates a signal pathway to promoting cell motility before the cells
adhere to the substrates, resulting in inhibition of migration and invasion in GSCs.

OPN has a variety of known functions, particularly in regard to tumor progression and metastasis. An
important question then is how does the inhibition of CD44-induced GSC migration and invasion due to
the interaction of OPN and CD44 affect tumor progression? To answer this question, we investigated the
roles of CD44 and OPN on GSC proliferation under hypoxic conditions. Knockdown of CD44 did not
affect tumor proliferation in the in vitro study. In contrast, the growth rate of GSCs was signi�cantly
enhanced under the condition of moderate hypoxia (5% O2), but this effect was suppressed by silencing
OPN using siRNA. These results indicate that CD44 does not affect the proliferation of GSCs, whereas
OPN promotes GSC proliferation under moderately hypoxic conditions.

It has been reported that binding of OPN to CD44 induces the intramembranous cleavage of CD44 via
presenillin-dependent γ-secretase [18, 35, 36], resulting in the release of the CD44 intracellular domain
(CD44-ICD) into the cytoplasm. Cytoplasmic CD44-ICD translocates to the nucleus and activates the
transcription of several genes involved in cell survival, in�ammation, tumor growth, and tumor invasion
[36, 37]. The CD44-ICD also stimulates HIF-2α activity, resulting in increased stemness of tumor cells,
which promotes aggressive tumor growth in vivo and enhances the radiation resistance of tumors [18,
38]. Interaction between OPN and CD44 also activates the EGFR pathway, leading to cell proliferation [17].

The results described above may explain the inhibition of CD44-induced GSC migration and invasion by
OPN. In general, tumor cells do not proliferate when they move, and vice versa. This phenomenon is
known as the “migration/proliferation dichotomy” theory, or the “go or grow mechanism” [39–41]. GBM is
a highly invasive tumor, and the GSCs of these tumors exhibit high migratory activity, but when these
tumor recur, they must shift from migration to proliferation in order to generate tumor mass [42]. The dual
functionality of CD44 could play a critical role in the phenotypic transition that is thought to be required
for GBM tumor recurrence and progression. Consequently, the functional linkage between CD44 and OPN
regulated by differing degrees of hypoxia could possibly be exploited as a therapeutic target in the
treatment of not only primary GBM but also recurrent GBM.

These hypoxia-related molecular events suggest that the level of hypoxia in the microenvironment
surrounding GSCs residing in the tumor periphery niche determines the GBM phenotype. In other words,
the GBM phenotype can be converted by changing the degree of hypoxia in the microenvironment.
Considering applications to clinical practice, in a severely hypoxic environment (~ 1% O2), such as that of
perinecrotic and highly invasive areas where there is almost no neovasculature, GSCs up-regulate CD44
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expression via HIF-1α activation (HIF-1α/CD44 pathway), thus yielding tumor stem cells with a high
migratory and invasive nature. That is, CD44 may play the role of an accelerator that promotes GSC
migration and invasion. In contrast, in a moderately hypoxic environment (3 ~ 5% O2), such as
perivascular and tumor-border areas with low vascularity, GSCs up-regulate OPN expression via HIF-2α
activation (HIF-2α/OPN pathway); OPN then binds to CD44, resulting in the release of the CD44-ICD by
intramembranous cleavage. This reaction process may inhibit CD44-induced GSC migration and
invasion. The released CD44-ICD activates the transcription of various genes that have multiple effects in
GSCs, including increasing their stemness, proliferation rate, and radio-resistance. That is, OPN may
function as the modulator by which CD44 executes multiple functions (Fig. 7). Our data suggest that
inhibition of CD44 expression may be an effective option for the treatment of highly invasive primary
GBM tumors, whereas inhibition of OPN expression may be an effective option for the treatment of low-
invasiveness/highly proliferative primary and recurrent GBM tumors. Lamour et al. reported that OPN has
major effects on GSC stemness and tumorigenicity and suggested that OPN suppression would be an
effective therapy for stopping the progression of GBM tumors [15].

One of the most signi�cant factors that makes it di�cult to treat GBM tumors is their highly invasive
nature, which makes it impossible to completely resect these tumors. If the tumors could be rendered less
invasive, they could be almost totally resected when they are not located in eloquent areas of the brain.
Indeed, patients with low-invasiveness/highly proliferative GBM tumors that express CD44 at a low level
in the tumor periphery exhibit much longer progression-free and overall survival than those with highly
invasive GBM tumors expressing high levels of CD44 [6]. In addition, OPN was much more highly
expressed in the tumor periphery in patients with low-invasive/highly proliferative GBM than those with
highly invasive GBM. Consequently, it may be possible to develop a novel and highly effective therapy for
GBM by targeting a key molecule that regulates the transition from an invasive to less-invasive GSC
phenotype. We therefore focused on CD44 and OPN as potential therapeutic targets to identify an optimal
strategy for treating GBM. CD44 knockdown in GSCs signi�cantly decreased the mRNA expression of
various stem cell markers (CD133, Nestin, Oct3/4, and Sox2) compared with the control. Lamour et al.
reported that OPN knockdown decreased the expression of Sox2, Oct3/4, and Nanog in glioma-initiating
cells by suppressing the release of CD44-ICD fragments, which function in activating the expression of
these stem cell markers [15]. Decreased expression of stem cell markers via CD44 knockdown may also
have involved a reduction in intracellular CD44-ICD levels due to the reduced availability of CD44 for
binding to OPN.

GSC invasion was markedly inhibited by knockdown of CD44 both in vitro and in the in vivo mouse
xenograft model. In contrast, CD44-knockdown GSCs proliferated at the almost same high rate as the
parent cells in vitro, but the growth rate of brain tumors generated in mice by transplantation of CD44-
knockdown GSCs was strongly suppressed, resulting in a signi�cantly longer survival time of these mice
compared with the control. PCR analyses demonstrated that the expression of VEGF mRNA in CD44-
knockdown cells was markedly decreased compared with the control, but the Ki-67 LI of tumor tissue
generated from CD44-knockdown GSCs was not signi�cantly decreased compared with the control.
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These �ndings suggest that the inhibition of tumor growth in the mice brains might be caused by
reduction of GSCs’ stemness via CD44 knockdown rather than suppression of angiogenesis due to
decreased VEGF expression.

Although silencing OPN expression in GSCs reduced the expression of CD44 and Nestin, in another GSC
line, GDC40 silencing of OPN resulted in increased CD44 expression and decreased VEGF expression
(Supplement Fig. 3). The GDC40 line, which presents low migration and invasion both in vitro and in vivo,
exhibited a decrease in growth rate but induced diffuse in�ltration of cells around tumor spheres after
OPN silencing (Supplement Fig. 4). These results in GSCs with a different phenotype suggest that
inhibition of OPN expression carries the risk of inducing the formation of more-invasive tumors. Taken
together, these data suggest that inhibition of CD44 alone or in combination with OPN suppresses both
the invasion and proliferation of GSCs in vivo and therefore could become an effective targeting therapy
for treating not only highly invasive GBM but also low-invasiveness/highly proliferative GBM. A more
precise elucidation of the molecular pathways involved in the phenotypic transition of GSCs would open
the door to a new and more effective molecular-targeting therapy for patients with GBM.

Conclusions
The expression of CD44 in GSCs was up-regulated via activation of HIF-1α under the condition of severe
hypoxia (1% O2), inducing the cells to assume a highly invasive phenotype. In contrast, OPN expression in
GSCs was up-regulated via HIF-2α activation under the condition of moderate hypoxia (5% O2), inducing
the cells to assume a less-invasive and highly proliferative phenotype. Up-regulated CD44 expression
promoted the migration and invasion of GSCs under the severe hypoxia condition but did not affect the in
vitro proliferation of GSCs. In contrast, secreted OPN bound to CD44 and inhibited the migration and
invasion of GSCs while increasing their proliferation under the moderate hypoxia condition. Knockdown
of CD44 expression in GSCs inhibited both cell migration/invasion and proliferation in an in vivo mouse
xenograft model, thus resulting in much longer survival of mice with tumors generated from transplanted
GSCs compared with the control. In the transition between the invasive and proliferative phenotypes of
GSCs, CD44 plays a key role as an accelerator that promotes migration and invasion, whereas OPN may
play a role as a multifunctional modulator via its interaction with CD44. Thus, a molecular therapy
targeting CD44 alone or in combination with OPN could become an effective strategy for treating both
primary and recurrent GBM.
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Figure 1

Effect of hypoxia on the expression of HIFs, CD44, and OPN in GSC lines. The mRNA expression of each
molecule in both GSC lines was examined by qRT-PCR under three different oxygen concentrations,
normoxia (21% O2), severe hypoxia, (1% O2), and moderate hypoxia (5% O2). Values are relative
expression of HIF-1α, HIF-2α, CD44, and OPN mRNA normalized to GAPDH mRNA. *P<0.01 **P<0.05. HIF,
hypoxia-inducible factor; GSC, glioma stem like cell.
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Figure 2

Up-regulation of CD44 and OPN expression under different hypoxic conditions. (A) HIF-1α siRNA
signi�cantly inhibited the expression of CD44 in both GSL1 and GSL2 cells under the condition of 1% O2
hypoxia. *P<0.05 **P<0.001 ***P<0.005. (B) Western blot analysis demonstrating the silencing effect of
HIF-1α siRNA on the expression of HIF-1α and CD44 in two GSC lines. (C) Double-labeling
immuno�uorescence demonstrating co-localization of CD44 (green) and HIF-1α (red) under the condition
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of 1% O2 hypoxia in both GSC lines. Cell nuclei are labeled with Hoechst (blue). (bar 100µm) (D) HIF-2α
siRNA signi�cantly inhibited the expression of OPN in both GSL1 and GSL2 cells under the condition of
5% O2 hypoxia. *P<0.05 **P<0.001 ***P<0.005. (E) Western blot analysis demonstrating silencing of HIF-
2α expression by siRNA and OPN expression in two GSC lines. (F) Double-labeling immuno�uorescence
demonstrating co-localization of CD44 (green) and OPN (red) under the condition of 5% O2 hypoxia in
both GSC lines. Nuclei are labeled with Hoechst (blue). (bar 100µm)

Figure 3

Expression of OPN in GBM tissues and GSCs and secretion of OPN. (A) Both highly invasive GBM (HI
tumor) and low-invasiveness GBM (LI tumor) expressed more OPN in the periphery of the tumor than in
the core. The peripheral tissues of LI tumors expressed OPN at a signi�cantly higher level than in the core
of either LI or HI tumors. *P<0.001. (B) Double-labeling immuno�uorescence demonstrating co-
localization of OPN (red) and Nestin (green) in the periphery of HI and LI tumors. Nuclei are labeled with
Hoechst (blue). (bar 50µm) (C) Expression of OPN in two GSC lines under the condition of normoxia.
Values are relative expression of OPN mRNA normalized to that of GAPDH mRNA. **P<0.01. (D)
Extracellular concentration of OPN in conditioned medium of two GSC lines. **P<0.01.
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Figure 4

Enhancing effect of hypoxia and reducing effect of OPN on GSC migration and invasion. (A) Effects of
hypoxia and CD44 on in vitro cell migration and invasion of two GSC lines. Under the condition of 1% O2
hypoxia, the migration and invasion of both GSC lines was markedly increased, whereas 5% O2 hypoxia
had no effect on either migration or invasion and rather decreased the invasiveness of GSL1 cells. CD44
silencing via siRNA signi�cantly inhibited the 1% O2 hypoxia–induced increase in GSC migration and
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invasion. Upper panel shows tumor cells that had migrated or invaded to the lower side of the �lter
membrane (stained with crystal violet). *P<0.001 **P<0.005 ***P<0.05. (B) Effect of OPN on HA-induced
migration and invasion of two GSC lines. OPN inhibited CD44-mediated migration and invasion in both
GSC lines under the normoxic condition. Addition of HA (0.5mg/ml) enhanced the migration and invasion
of both GSC lines, whereas OPN administration (low:0.2μg/ml, high:5.0μg/ml) suppressed the
enhancement of migration and invasion in a dose-dependent manner. *P<0.005 **P<0.001 ***P<0.05.

Figure 5
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Effect of CD44 or OPN knockdown on the expression of other markers and cell proliferation. (A) Effect of
CD44 knockdown on the expression of neural stem cell markers and VEGF. Knockdown of CD44 using
shRNA signi�cantly decreased the expression of all stem cell markers except CD133 examined in both
GSC lines. *P<0.001, **P<0.05, ***P<0.005. (B) Effect of CD44 knockdown on GSC proliferation. Graphs
show growth curves of GSCs with and without CD44 knockdown. CD44 knockdown had no effect on the
proliferation of the GSC lines in cell culture. (C) Effect of OPN inhibition on the expression of CD44,
Nestin, and VEGF under normoxia and 5% O2 hypoxia. Silencing of OPN expression using siRNA
signi�cantly decreased the expression of CD44 and Nestin in both GSC lines and increased the
expression of VEGF only in GSL2 cells. *P<0.001, **P<0.05 ***P<0.005. (D) Effects of hypoxia and OPN
silencing on GSC proliferation. Under the condition of 5% O2 hypoxia, the growth rate of both GSC lines
increased signi�cantly compared with GSCs cultured under the normoxic condition (control). Inhibition of
OPN expression signi�cantly decreased the growth rate of both GSC lines compared with the control.
*P<0.001.

Figure 6
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Histologic features and survival curves of CD44-knockdown GSCs transplanted mice. (A) Microscopic
images of tumors generated in mouse brain via transplantation of GSCs with or without CD44
knockdown (×40) (upper panel, control; lower panel, CD44 knockdown). Histologic examination of control
specimens at low magni�cation indicated an unclear tumor margin with diffuse in�ltration of tumor cells
around the tumor, particularly marked invasion into the corpus callosum (H&E) (left column). In contrast,
transplantation of GSCs with CD44 knockdown generated a well-demarcated tumor around the GSC
injection site without extensive in�ltration of tumor cells into the surrounding brain tissues (left column).
Arrow: needle track of tumor injection. Almost all tumor cells in the control were positively stained with
anti-CD44 antibody, but almost no tumor cells stained positive for CD44 in the tumor with CD44
knockdown (middle column). (bar 100µm) (B) Immunohistochemical analysis of stem cell markers in
tumors generated by GSC transplantation (×400). Both Nestin and Sox2 were positively immunostained
in the tumor generated by transplantation of control GSCs (upper panel), but neither marker stained
positively in the tumor generated from GSCs with CD44 knockdown (lower panel). (bar 50µm) (C) Kaplan-
Meier overall survival curves of mice that received transplantation of GSL1 or GSL2 cells. Mice received
transplants of GSCs with CD44 knockdown exhibited signi�cantly longer survival than the control for
both GSL1 (P=0.001) and GSL2 (P<0.001).
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Figure 7

Hypothetical illustration of two GBM phenotypes, including activation of CD44 and OPN by hypoxia.
Under severe hypoxia (~1% O2), CD44 expression is up-regulated via the activation of HIF-1α, which
strongly promotes GSC migration and invasion, generating the highly invasive GBM phenotype. Under
moderate hypoxia (3~5% O2), OPN expression is up-regulated via HIF-2α, which inhibits CD44-mediated
migration and invasion and enhances GSC proliferation, resulting in the low-invasiveness/highly
proliferative GBM phenotype. Switching of phenotypes can be induced by changing the oxygen
concentration in the tumor microenvironment.
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