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Abstract: EphB2, a receptor tyrosine kinase for ephrin ligands, is overexpressed in various cancers and plays an
important role in tumor progression. EPHB2 promotes endothelial-mesenchymal transition (EMT) and elicits associated pathologic characteristics of glioblastoma multiforme (GBM) such as invasion and migration. However, the
mechanisms of the EPHB2 regulatory network in glioma remain enigmatic. Here, we report that EPHB2 is epigenetically overexpressed in hypoxia, a condition highly prevalent in malignancy. Furthermore, HIF-2α is required for
EPHB2 stabilization by hypoxia. Lastly, we discovered that the overexpression of EPHB2 promotes GBM invasion by
the phosphorylation of paxillin in hypoxia. These findings establish the HIF-2α-EPHB2-paxillin axis as a regulatory
mechanism of epithelial-mesenchymal transition.
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Introduction
Glioblastoma multiforme (GBM) is characterized by rapid and invasive growth throughout
the brain. Despite recent advances in multimodal treatment approaches including surgery,
radiotherapy and chemotherapy, the median
overall survival of patients with glioblastoma is
still poor, i.e. in the range of 16 months in
selected clinical trials [1], and 11 months in
other population-based studies [2]. The extremely poor prognosis of patients with gliomas
is largely due to the epithelial-mesenchymal
transition (EMT) and the high tendency of tumor
invasiveness that results in severe structural
and functional damage to the surrounding brain
tissue, leading to incomplete surgical resection, and a high frequency of tumor recurrence
[3].
Eph receptors are the largest family of receptor
tyrosine kinases and have vital functions during
development and cellular homeostasis, including cell adhesion, migration, and axon guidance
[4-7]. Eph receptors and their cognate ligands,
Ephrins, have been found to be aberrantly
expressed in many cancers, including GBM [8].

Family members implicated in gene deregulation and function in GBM include EphA2, EphA7,
EphB2, and ephrin-A5 [9-11]. EPHB2 appears
to play a critical role in EMT in glioma [10-12].
However, the mechanisms of the EPHB2 regulatory network in glioma in response to tumor
microenvironment remain unclear.
Cellular responses to hypoxia are commonly
regulated by the hypoxia-inducible factor (HIF)
family of transcriptional factors [13, 14]. Intratumoral hypoxia is a common feature of solid
malignancies, including sarcomas. The hypoxiainducible factor 1α (HIF1α), along with HIF2α, is
a requisite transcription factor for cellular adaptation to hypoxia, and both strongly influence
the metastatic potential of tumor cells [15].
Here we have explored the epithelial-mesenchymal transition functions of EPHB2, and
whether there is a correlation between EPHB2
expression and hypoxia, a condition that is permissive and prevalent in GBM.
We identified that EPHB2 is stabilized by HIF2α.
Furthermore, we discovered that the overexpression of EPHB2 promotes GBM invasion by
the phosphorylation of paxillin.
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Materials and methods
Cell lines and reagents
The human GBM cell lines U87, A172, LN229,
SW1783 were purchased from the American
Type Culture Collection. The human GBM cell
lines U251 and T98 were obtained from RIKEN
BioResource Center (Tsukuba, Japan). To maintain the authenticity of the cell lines, frozen
stocks were prepared from the initial stocks,
and every 3 months, a new frozen stock was
used for the experiments. Before each experiment, GBM cells were cultured in DMEM, supplemented with 10% FBS, sodium pyruvate,
nonessential amino acids, L-glutamine, and a
vitamin solution. NHAs were purchased from
Lonza (Walkersville, MD, USA) and maintained
following the manufacturer’s instructions. Cell
lines were maintained at 37°C in a humidified
atmosphere with 5% CO2. For the hypoxia treatment, the cells were first maintained in a regular normoxic incubator for around 12 h until the
cells attached to the flasks. Following this, the
flasks were transferred to the tri-gas incubator
(Sanyo MCO 18M, from Sanyo E&E Europe BV,
Etten-Leur, The Netherlands) filled with 1% O2,
5% CO2 and 94% N2, at 98% humidity and 37°C.
RNA extraction and qPCR analysis
The total RNA from the cell lines was isolated
using TRIzol Reagent (Invitrogen) following the
manufacturer’s protocol. qPCR was performed
using an Applied Biosystems 7900 Sequence
Detection system. First-strand cDNA were synthesized using the PrimerScriptTM RT Master
Mix (TaKaRa). The primer pairs of EPHB2 were
5’-AGAAACGCTAATGGACTCCACT-3’ and 5’-GTGCGGATCGTGTTCATGTT-3’. The primer pairs
of DLK1 were 5’-CTTTCGGCCACAGCACCTAT-3’
and 5’-TGTCATCCTCGCAGAATCCAT-3’. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNA was also amplified in the same PCR
reactions as an internal control using the
primers 5’-TGCACCACCAACTGCTTAGC-3’ and
5’-GGCATGGACTGTGGTCATGAG-3’. Relative gene expression was calculated using the 2-ΔΔCt
method.
Invasion assay
Invasion was examined using 24-well BD
Matrigel invasion chambers (BD Biosciences)
according to the manufacturer’s instructions.
2×104 cells were seeded in the upper well of
the invasion chamber in DMEM without serum.
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The lower chamber contained DMEM supplemented with 10% FBS to stimulate invasion.
After incubation for 24 h, the non-invading cells
were removed from the top well with a cotton
swab while the bottom cells were fixed with
100% methanol, and stained with 0.1% crystal
violet, and photographed in three independent
10× magnification fields.
Wound healing assay
About 3×105 cells were seeded in 6-well dishes
and an incision was made in the central area of
the confluent culture to create an artificial
wound. Images of the wound area were captured on a bright field microscope equipped
with differential interference contrast (Leica,
Wetzlar, Germany) at 24 h after injury.
Westernblot
Harvested cells were homogenized with a lysis
buffer and cell lysates were centrifuged at 4°C
for 15 minutes at 10,000 rpm. Then the supernatant was placed in fresh tubes and quantified using the Bradford protein assay. 50 mg of
proteins underwent electrophoresis on a 12%
SDS-polyacrylamide gel and were transferred
to a PVDF membrane (Bio-RAD, Hercules, CA,
USA) by electroblotting. The membranes were
blocked for 2 h with 5% nonfat milk and then
incubated at room temperature with primary
antibodies, followed by incubating them with a
horseradish peroxidase-conjugated secondary
antibody. The bound antibodies were detected
using the enhanced chemiluminescence method (Amersham Biosciences, Uppsala, Sweden).
β-actin was used as an internal control. The following antibodies were used: HIF1α [1:1000,
Abcam (ab2185), Cambridge, UK], HIF2α
[1:500, abcam (ab199)] EPHB2 [1:200, abcam
(ab5418)], N-cadherin [1:1000, abcam (ab18203)], E-cadherin [1:500, abcam (ab1416)],
fibronectin [1:500, abcam (ab2413)], FAK
[1:1000, abcam (ab40794)], paxillin [1:1000,
abcam (ab32084)], anti-phospho-focal adhesion kinase (FAK) (Y576/577) [1:5000, abcam
(ab76244)], (ab50581), anti-phosphopaxillin
(Y118) [1:1000, abcam (ab75740)] and β-actin
[1:500, abcam (ab8227)].
Luciferase reporter assay
Luciferase activity was detected using the dualluciferase reporter assay (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. The cells plated in a 96-well plate
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Figure 1. EPHB2 is up-regulated under hypoxia in GBM cells. A. Real-time PCR analysis of EPHB2 mRNA levels in GBM cell lines, exposed to hypoxic conditions (1%
O2) for up to 24 h and on reoxygenation (Reox) at 21% O2 for 2 h and 4 h. Data are presented as the mean ± S.E.M. of three independent experiments. B. The expression of EPHB2, HIF-1α and HIF-2α was quantified by western blot under hypoxia from 0 to 24 h and on reoxygenation (Reox) at 21% O2 for 2 h and 4 h. C. The mRNA
levels of EPHB2 were detected by real-time PCR after treatment with CoCl2 for 24 h. Data are represented as the mean ± S.E.M. of three independent experiments.
D. Western blot analysis of EPHB2, HIF-1α and HIF-2α levels after treatment with CoCl2 for 24 h.
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were co-transfected with 150 ng of the expression plasmids, 45 ng of the promoter reporter
plasmids and 5 ng of the pRL-TK (Renila luciferase) plasmids using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. After 6 h of transfection, the cells were washed and replaced in
a fresh medium. The dual-luciferase reporter
assay was performed after 48 h and the luciferase activity was normalized to the Renilla luciferase activity.
Statistical analysis
The data were analyzed via a one-way analysis
of variance (ANOVA) for multiple group comparisons and two tailed Student’s t-tests for 2-group
comparisons, using the SPSS 13.0 software
package. Graphing was processed using
GraphPad Prism 6.0 software. Differences
were considered statistically significant at
P<0.05.
Results
EPHB2 is upregulated under hypoxia in GBM
cells
To determine whether EPHB2 could be induced
by hypoxia, the GBM cell lines, T98G and LN229
were exposed to hypoxic conditions (1% O2) for
up to 24 h. We found that the expression of
EPHB2 was significantly increased at the mRNA
levels in the GBM cell lines under hypoxic conditions and reduced on reoxygenation (Figure
1A). The protein levels of HIF-1α and HIF-2α
increased rapidly in these cell lines (Figure 1B).
We also observed the expression levels of HIF1α, HIF2α and EPHB2 after the GBM cells were
treated with cobalt chloride (CoCl2), a known
HIF activator. The levels of HIF-1α, HIF-2α and
EPHB2 were upregulated in a dose-dependent
manner by CoCl2 in T98G and LN229 cells
(Figure 1C and 1D). These results suggest that
hypoxia induces EPHB2 expression in the GBM
cells and that HIF-1α or HIF-2α may be involved
in the upregulation of EPHB2 under hypoxia.
HIF-2α is required for EPHB2 stabilization by
hypoxia
To further investigate the potential role of HIF1α or HIF-2α in regulating EPHB2 expression,
we knocked down the expression of HIF-1α or
HIF-2α in both T98G and LN229 cells with
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siRNA. Under hypoxic conditions (1% O2), the
silencing of HIF-2α significantly downregulated
EPHB2, whereas the silencing of HIF-1α had no
significant effect on EPHB2 protein expression
(Figure 2A). Following treatment with CoCl2
(Figure 2B) that mimics hypoxic conditions and
digoxin (Figure 2C), HIF-1α and HIF2α inhibitors, suggest that its transcriptional activity is
required for EPHB2 regulation by hypoxia. The
expression of a dominant-negative HIF-2α
mutant also abrogated the increase of EPHB2
expression after hypoxia treatment (Figure 2D)
Together these results suggest the requirement of HIF-2α and its transactivation potential
in regulating EPHB2 abundance.
EPHB2 increased invasion capability under
hypoxic conditions in GBM cell lines
It has reported that EPHB2 is associated with
tumor invasion capability in human cancers
including GBM [11, 12]. HIF-2α has a key role
in promoting the invasion of GBM [16]. Therefore, it is likely that EPHB2 can regulate glioma cell invasion under hypoxic conditions. We
next performed in vitro experiments in T98G
and LN229 cells. Exposure of T98G and LN229
cells to hypoxia (1% O2) for 72 h resulted in a
marked difference in their invasion capability
compared to normoxia (20% O2). The invasion
potential of T98G and LN229 cells was tested
using wound healing and transwell assays.
Hypoxia-exposed cells demonstrated an increased invasion capability in comparison to
cells cultured under normoxic conditions. To
further investigate the role of EPHB2 we
silenced the expression of EPHB2 with siRNAs.
The exposure of siEPHB2 transfected T98G
and LN229 cells to hypoxia prevented an
increased invasion capability under hypoxic
conditions (Figure 3A). Significant reduction in
the invasive potential was also observed in
T98G and LN229 cells under hypoxia following
the silencing of EPHB2 (Figure 3B). These
results indicate that EPHB2 is a crucial mediator of the hypoxia-induced, HIF2α-dependent
invasive phenotype of these GBM cells. Western
blotting confirmed the inhibition of EPHB2induction by hypoxia in the specific EPHB2 siRNA-transfected T98G and LN229 cells lines
together with an E-cadherin accumulation and
absence of Fibronectin and N-cadherin accumulation (Figure 3C).
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Figure 2. HIF2α is instrumental for the induction of EPHB2. A. Effects of 1% O2 on EPHB2 expression in T98 and LN229 cells in the presence of siRNA against HIF1α and HIF-2α were analyzed by western blot. B. Effects of the hypoxia mimetics CoCl2 (250 μM) on EPHB2 expression in T98 and LN229 cells in the presence of
siRNA against HIF-1α and HIF-2α were analyzed by western blot. C. Western blots showing the effect of digoxin on the expression of the indicated proteins in hypoxia
exposed T98 and LN229 cells. D. Over-expression of dominant negative HIF-2α (dnHIF-2α). The expression of EPHB2 was examined using a western blot assay.

543

Int J Clin Exp Pathol 2019;12(2):539-548

HIF2α-induced EPHB2 promotes invasion

Figure 3. EPHB2 mediates hypoxia-induced EMT. A, B. The quantification of a transwell invasion assay is shown, and the quantification of the wound healing assay
is shown. *P<0.001. C. Western blot analyses showing effective downregulation of Fibronectin and N-cadherin in T98 and LN229 cells following siEPHB2-mediated
gene silencing and exposure to hypoxia when compared to control scramble siCtrl. The effects on EPHB2 and E-cadherin expression were also investigated.
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Figure 4. Overexpression of EPHB2 promotes GBM invasion by the phosphorylation of paxillin. A. Western blot
analysis of the phosphorylation of paxillin and FAK levels when EPHB2 knocked down in T98 and LN229 cells. B.
Western blot analysis of the phosphorylation of paxillin and FAK levels after treatment with PF-00562271 for 24
h. C. The quantification of transwell invasion assay is shown and the quantification of the wound healing assay is
shown. *P<0.001.

Overexpression of EPHB2 by HIF-2α promotes
GBM invasion via the phosphorylation of paxillin

(Figure 4B). A significant reduction in the invasive potential was also observed in T98G and
LN229 cells (Figure 4C).

It has been reported that the phosphorylation
levels of FAK and paxillin were significantly
decreased in EphB2 knockdown in cholangiocarcinoma [17]. To evaluate whether the decrease in EphB2 upon siRNA treatment in T98G
cells affects the activity of signaling molecules
with known involvement in cell invasion, the
phosphorylation level of FAK (Y576/577) and
paxillin (Y118) was determined. Western blot
analyses demonstrated that phosphorylation
levels of FAK and paxillin were significantly
decreased in EphB2 knockdown cells under
hypoxia conditions (Figure 4A) compared with
control cells. A similar effect of EphB2 knockdown was also observed in the LN229 cell
line (Figure 4A). Following treatment with
PF-00562271, which selectively suppresses
the phosphorylation level of FAK and paxillin

Discussion
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The invasion of malignant glioma cells into
regions of the normal brain is a major cause of
the dismal prognosis of malignant gliomas, but
the underlying mechanisms remain poorly understood [18]. In the present study, we demonstrated two novel findings. One is that the
expression of EPHB2 increases under hypoxia when compared to normoxic conditions.
Second, we show that these augmentations
contribute to the increase of invasion under
hypoxia, to induce malignant phenotypes in
GBM.
The hypoxic microenvironment within solid
tumor masses is one of the characteristics of
glioblastoma [19]. Hypoxia is known to induce
Int J Clin Exp Pathol 2019;12(2):539-548
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the epithelial to mesenchymal transition in glioblastoma cells, leading to morphological changes and scattering [20]; Hypoxic regions are frequently found in GBM and the presence of
extensive hypoxic areas has been associated
with a poorer prognosis in GBM patients, which
has been linked to hypoxic cancer cells displaying a more malignant phenotype and being
more resistant to chemotherapy and radiation
[21-23]. The HIF transcription factors are instrumental for orchestrating adaptive responses to
cope with an oxygen shortage, in particular,
HIF2α was found to be upregulated in many
malignant tumors primarily by hypoxia-mediated protein stabilization [24].
Hypoxia is a strong inducer stimulating an invasive ability in GBM that is associated with
upregulation of known mesenchymal markers
like fibronectin and N-cadherin, and an elevated invasive potential in vitro [25]. It has been
reported that EPHB2 appears to play a critical
role in the epithelial-to mesenchymal transition
in glioma. In this study, we independently tested the role of HIF2α and EPHB2. We observed
an up-regulation of EPHB2 under hypoxic conditions. HIF1α is the most well-studied member
of the HIFα family due to its universal pattern of
expression, while HIF2α shows a more restricted expression pattern. Notably, HIF2α has
been reported to play a crucial role in regulating stemness in GBM [26]. However, we found
that hypoxia-induced HIF2α, and not HIF1α, is a
key mediator for the overexpression of EPHB2.
EPHB2 is known to regulate EMT in epithelial
cancers [12] and it appears instrumental in this
transition since the siRNA-dependent silencing
of EPHB2 prevented the hypoxia enhanced
invasive capacity. Moreover, we identified a
critical role for EPHB2 in mediating a phosphorylation of paxillin-induced mesenchymal shift
in GBM cells. In addition, it was previously
shown that EphB2-FAK interactions mediate
cell migration in human glioma cells and the
suppression of EphB2 expression inhibited
cholangiocarcinoma cell migration, likely mediated through a reduction of FAK and paxillin
phosphorylation [12]. Nevertheless, a reduced
expression of EphB2 that inhibits invasion and
metastasis in colorectal tumors was reported
[27]. The opposite role of EphB2 might depend
on the unique microenvironment in each cancer type. Furthermore, we demonstrated that a
decrease in EphB2 GBM cells affected the
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phosphorylation levels of FAK and paxillin that
have been shown to beinvolved in cell invasion.
Apparently, some GBM cells are refractory to
one mesenchymal-inducing stimulus while
being sensitive to others, providing multiple
ways for GBM cells to acquire the aggressive
invasion ability.
In conclusion, our study demonstrates, for the
first time, the role of EPB2 in promoting glioma
invasion mediated by HIF-2α. Hypoxia induces
a mesenchymal shift in GBM that is mediated
by the HIF-2α-EPHB2-paxillin axis leading to an
elevated invasive potential. Moreover, EPHB2
expression correlates with HIF-2α in glioma
patients. This novel HIF-2α-EPHB2-paxillin axis
provides new insights into the mechanisms
underlying glioma invasion, and suggests that
targeting HIF-2α-EPHB2-paxillin may be a
potential therapeutic strategy for the treatment of patients with malignant gliomas.
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