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Abstract

Eph receptor tyrosine kinases are involved in nervous system
development. Eph ligands, termed ephrins, are transmem-
brane proteins that bind to Eph receptors, the mutual
activation of which causes repulsive effects in reciprocally
contacting cells. Previously, we showed that overexpression of
EphB2 in glioma cells increases cell invasion. Here, expression
profiles of ephrin-B family members were determined in four
glioma cell lines and in invading glioblastoma cells collected
by laser capture microdissection. Ephrin-B3 mRNA was up-
regulated in migrating cells of four of four glioma cell lines
(1.3- to 1.7-fold) and in invading tumor cells of eight of eight
biopsy specimens (1.2- to 10.0-fold). Forced expression of
ephrin-B3 in low expressor cell lines (U87, T98G) stimulated
cell migration and invasion in vitro and ex vivo , concomitant
with tyrosine phosphorylation of ephrin-B3. In high expressor
cell lines (U251, SNB19), ephrin-B3 colocalized with Rac1 to
lamellipodia of motile wild-type cells. Cells transfected with
ephrin-B3 small interfering RNA (siRNA) showed significant
morphologic change and decreased invasion in vitro and
ex vivo. Depletion of endogenous ephrin-B3 expression abro-
gated the increase of migration and invasion induced by
EphB2/Fc, indicating increased invasion is dependent on
ephrin-B3 activation. Furthermore, using a Rac1-GTP pull-
down assay, we showed that ephrin-B3 is associated with Rac1
activation. Reduction of Rac1 by siRNA negated the increased
invasion by addition of EphB2/Fc. In human glioma speci-
mens, ephrin-B3 expression and phosphorylation correlated
with increasing tumor grade. Immunohistochemistry revealed
robust staining for phosphorylated ephrin-B and ephrin-B3 in
invading glioblastoma cells. These data show that ephrin-B3
expression and signaling through Rac1 are critically impor-
tant to glioma invasion. (Cancer Res 2006; 66(17): 8492-500)

Introduction

Eph proteins form the largest family of receptor tyrosine kinases
in the human genome, with 16 Eph receptors and 9 ephrin ligands
(1). Eph receptors and their ligands are involved in various aspects
of the development of the nervous system, including morphogen-
esis, vascular formation, and cell migration (2–7). There are two
classes of Eph receptors: EphA and EphB. Upon ligand binding, Eph
receptors dimerize and become phosphorylated (7). Ligands for
Eph receptors are classified as ephrin-A or ephrin-B, based on the

type of Eph with which they interact. A-type ephrins are anchored
to the plasma membrane via glycosylphosphotidylinositol linkages,
whereas B-type ephrins have a transmembrane domain and an
intracellular domain, which includes sites for tyrosine phosphor-
ylation and a docking site for proteins with a PDZ domain. These
sites give ephrin-B ligands at least two ways to engage in protein-
protein interactions (3). As a result, when cells expressing ephrin-B
contact cells expressing Eph kinases, bidirectional signaling can
occur (8). Considerable efforts have been made in recent years to
elucidate the forward signaling by EphB (9–11). However, the
function of reverse signaling by ephrin-B remains largely unknown.

Eph family members have been implicated in cellular transfor-
mation, metastasis, and angiogenesis (12, 13), and their up-regu-
lation has been described in a range of human tumors and cell lines
(14–20). We recently showed that EphB2 plays a role in the invasive
behavior of glioma (21). In contrast, little is currently known about
the role of the ephrin-B ligand family members in the malignant
phenotype of cancer, although our microarray results identified the
expression of ephrin-B3 in invading glioma cells in situ (22).

We recently revealed that R-Ras, which is a member of the
intracellular small GTPase family, mediates EphB2 signaling in
invading glioma cells (23). The ephrin-B1 signaling cascade, which
participates in the regulation of neurite outgrowth, involves
activation of Rac1, which is also a small GTPase (24). Thus,
coincident to Eph-ephrin transactivation on adjoining cells,
signaling molecules involved in cytoskeletal organization are
recruited to both Ephs and ephrins, supporting the concept that
cytoskeletal plasticity is driven by direct communication of Eph/
ephrins with the intracellular machinery (6). Moreover, Rac1 is an
important regulator of the motility of glioma cells through the
organization of the actin cytoskeleton (25, 26). These findings
prompt examination of the effect of specific ephrin-B ligands on
glioma invasion, and the function of specific small GTPases as
possible mediators of activated ephrin-B intracellular signaling.

In this study, we analyzed the role of the ephrin-B ligand family
in invading glioma cells. Expression of the ephrin-B family was
examined in migrating glioma cells in vitro and invading glioma
cells in vivo . Forced expression of ephrin-B3 in human glioma cells
induces invasion both in vitro and ex vivo . Small interfering RNA
(siRNA) that knocked out ephrin-B3 inhibits glioma invasion
in vitro and ex vivo . Furthermore, we showed that phosphorylation
of ephrin-B3 induces activation of Rac1, whereas depletion of
ephrin-B3 deactivates Rac1. In human glioblastoma specimens,
ephrin-B3 is overexpressed and phosphorylated. These results
suggest that ephrin-B3 signaling through Rac1 plays an important
role in the invasive behavior of glioma.

Materials and Methods

Cell culture. Human astrocytoma cell lines U87, T98G, U251 and SNB19

(American Type Culture Collection, Manassas, VA), and SF767 (27) were

maintained in DMEM supplemented with 10% fetal bovine serum at 37jC.

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Antibodies and reagents. Antiphosphotyrosine and anti-phospho-
ephrin-B monoclonal antibodies were purchased from Cell Signaling

Technology (Beverly, MA). Anti-ephrin-B3 antibody for immunocytochem-

istry and immunohistochemistry, and EphB2/Fc chimera, were obtained

from R&D Systems (Minneapolis, MN). Anti-ephrin-B3 polyclonal antibody
for immunoprecipitation and immunoblot analysis was purchased from

Invitrogen (Carlsbad, CA). An a-tubulin monoclonal antibody was obtained

from Oncogene Research (Boston, MA). Anti-Rac1 monoclonal antibody was

purchased from BD Biosciences PharMingen (San Diego, CA). Control Fc
fragment of mouse IgG was from Sigma (St. Louis, MO).

Migration assay. Migration assays were done using the microliter-scale

radial monolayer migration assay as described previously (28). To assess the

ephrin-B expression level in different cell conditions, cells actively migrating
at the rim and migration-restricted cells at the core were mechanically

collected as separate populations after 24 hours of cell motility. RNA was

isolated from the two cell populations and quantitative real-time-PCR
(QRT-PCR) was done.

To investigate the influence of ephrin-B3 phosphorylation on glioma cell

motility, cells transfected with vector or siRNA were seeded in the migration

assay format and allowed to adhere. The medium was then exchanged for
serum-free medium containing 1 Ag/mL of recombinant EphB2/Fc chimera

or control Fc and the migration rate was evaluated for 24 hours.

Clinical samples and histology. Following an institutional review

board–approved protocol, fresh human brain tumor tissues were obtained
from 41 patients who underwent therapeutic removal of astrocytic brain

tumors. Nonneoplastic control brain tissues were identified from the

margins of the tumors. Histologic diagnosis was made by standard light
microscopic evaluation of the sections stained with H&E. The classification

of human brain tumors used in this study is based on the revised WHO

criteria for tumors of the central nervous system (29). The 41 astrocytic

tumors consisted of 7 low-grade astrocytomas, 4 anaplastic astrocytomas,
and 30 glioblastomas. All of the tumor tissues were obtained at primary

resection, and none of the patients had been subjected to chemotherapy or

radiation therapy before resection.

Laser capture microdissection. Cryopreserved glioblastoma specimens
from eight patients were cut in serial 6 to 8 Am sections and mounted on

uncoated slides treated with diethyl pyrocarbonate. Laser capture

microdissection was then done with a PixCell II Microscope (Arcturus
Engineering, Inc., Mountain View, CA). Three thousand individual

neoplastic cells were collected from invasive rim and from tumor core for

QRT-PCR analysis as described previously (21, 30).

QRT-PCR. QRT-PCR was carried out in a LightCycler (Roche Diagnostics,
Indianapolis, IN) as described previously (30). PCR was done with the

following primers: ephrin-B3 (NM_001406): sense, 5¶-ATGTGCTCTCCC-

GAGTAACC-3¶; antisense, 5¶-GGAGGAAACTGAGGCAACAC-3¶ (amplicon

size, 223 bp); histone H3.3 (NM_002107): sense, 5¶-CCACTGAACTTCT-
GATTCGC-3¶; antisense, 5¶-GCGTGCTAGCTGGATGTCTT-3¶ (amplicon size,

215 bp). The nucleotide number and amplicon size for each primer are

within parentheses. The LightCycler analysis software was used to analyze

the PCR data, as described previously (30).
Expression plasmids and cell transfection. An expression plasmid for

ephrin-B3 was constructed as follows: a cDNA fragment encoding ephrin-B3

was PCR-amplified using human embryonic kidney 293T cDNA as a
template; the fragment was then inserted into a pEAK plasmid. Transient

transfection was done with U87 and T98G cells using Effectene (Qiagen,

Valencia, CA), as recommended by the protocol of the manufacturer. Cells

transfected with empty plasmid vector were used as controls.
Immunoprecipitation and immunoblot analysis. Immunoprecipita-

tion and immunoblot analyses were done as described previously (23).

Equivalent amounts of protein (300 Ag) were precleared, then immunopre-

cipitated from the lysates. To detect phosphorylation of ephrin-B3, cells
were stimulated by EphB2/Fc for 10 minutes at 37jC before cell lysate

extraction.

Cell invasion assay. Cell invasion assays were done using Boyden
chambers consisting of Transwells with precoated Matrigel membrane filter

inserts in 24-well tissue culture plates (BD Biosciences Discovery Labware,

Bedford, MA) as described previously (31, 32). In certain experiments,

EphB2/Fc or control Fc fragment of mouse IgG was applied to the upper
chamber.

Ex vivo invasion assay on rat brain slices. The ex vivo invasion assay

into rat brain slices was carried out as described previously (21, 26).

Approximately 1 � 105 glioma cells stably expressing green fluorescence
protein (GFP) were gently applied (0.5 AL transfer volume) to the putamen

of the brain slice. Imaging of specimens was done at �10 magnification

using a Macro-Fluorescent Imaging System (SZX12-RFL3; Olympus, Tempe,

AZ) equipped with a GFP barrier filter (DP50; Olympus) at 12 and 48 hours
after seeding the cells. Glioma cell invasion into the rat brain slices was

quantitated using a Laser scanning confocal microscope (Zeiss, Thornwood,

NY) to observe GFP-labeled cells. The invasion rate was calculated as

described previously (21, 33).
Silencing of endogenous Ephrin-B3 with siRNA. Purified, duplexed

siRNAs for ephrin-B3, Rac1, and control luciferase were purchased from

Qiagen. The two target sequences of human ephrin-B3 (Genbank accession
number NM_001406) were (748-766 bp) 5¶-CCAGGAGTATAGCCCTAAT-3¶
and (786-804 bp) 5¶-GCTCGCACCACGATTACTA-3¶. The sequences were

designed to be unique relative to the sequences of other ephrin members.

The target sequence of human Rac1 (AF498964) was (439-459 bp) 5¶-
AAGGAGATTGGTGCTGTAAAA-3¶, as described previously (26, 34). Twenty

nanomolar siRNA was transfected into U251 and SNB19 cells cultured in

60-mm-diameter dishes using Lipofectamine 2000 (Invitrogen) as recom-

mended by the protocol of the manufacturer. Transfected cells were
cultured for 48 hours before use.

Immunofluorescent microscopy and immunohistochemistry. For

immunofluorescence, cells were fixed in 4% paraformaldehyde and then
permeabilized. After washing with PBS, cells were blocked with 2% bovine

serum albumin and 3% goat serum and incubated with anti-ephrin-B3

antiserum (1:100 dilution) or anti-Rac1 antiserum (1:100 dilution) for 1 hour

at 25jC. Negative controls were stained with a 1:50 dilution of
preimmunization mouse sera. Cells were incubated for 30 minutes with

1:100 dilution of Cy3-conjugated anti-goat antibody or fluorescein-

isothiocyanate-conjugated anti-mouse antibody (The Jackson Laboratory,

Bar Harbor, ME). Staining for filamentous actin (F-actin) was done with
Texas red–conjugated phalloidin (Invitrogen). Fluorescence was monitored

by inverted confocal laser microscopy.

Immunohistochemistry was done using avidin-biotin immunoperoxidase
technique as described previously (23). Anti-phospho-ephrin-B and anti-

ephrin-B3 antibodies were used at a dilution of 1:100.

Rac1-GTP pull-down assay. The active form of Rac1 was detected using

EZ-Detect Rac1 Activation kit (Pierce, Rockford, IL) as recommended by the
protocol of the manufacturer. U87 and U251 cells cultured in 10 cm dishes

were transfected with ephrin-B3 vector and ephrin-B3 siRNA, respectively.

Cells were treated with 1.0 Ag/mL EphB2/Fc or control Fc for 10 minutes

before collection. GTP-Rac1 was detected using the monoclonal antibody
against Rac1 included in the kit.

Statistics. Statistical analyses were done using the m2 test, the two-tailed

Mann-Whitney U test and two-way ANOVA. P < 0.05 was considered

significant.

Results

Actively migrating and invading glioma cells have increased
expression of ephrin-B3. Because the EphB/ephrin-B system has
been described as a factor in glioma cell motility (21), we
characterized the expression of various ephrin-B ligands in the
migrating and nonmigrating states of four glioma cell lines. To
evaluate the expression level of ephrin-B across different cell lines,
the expression level of core U87 mRNA was arbitrarily chosen to
normalize the data. Only ephrin-B3, among all ligands of the
ephrin-B family, was overexpressed in the migrating cells relative to
the migration-restricted cells at the core of the assay in all cell lines
(1.3- to 1.7-fold; Fig. 1A). To investigate the role of ephrin-B in
invasion in vivo , invading glioblastoma cells and cells at the tumor
core were collected by laser capture microdissection from eight
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snap-frozen glioblastoma surgical specimens. QRT-PCR was then
done on the isolated RNA. Consistent with in vitro data, only
ephrin-B3 was overexpressed in invading glioblastoma cells (1.2- to
10.0-fold) relative to tumor core cells in eight of eight (100%) biopsy
specimens (Fig. 1B).
Ephrin-B3 phosphorylation promotes migration and inva-

sion of glioma cells in vitro and ex vivo. Because ephrin-B3
mRNA levels are elevated during glioma cell migration and
invasion, we investigated the activation of ephrin-B3 as a possible

stimulant of glioma cell migration and invasion. Ephrin-B3 vector
was transfected into U87 and T98G cells, which are low expressors
of ephrin-B3 (Fig. 1A). Forced expression of the ephrin-B3 ligand
was accompanied by phosphorylation of the transfected ligand and
was further promoted by addition of recombinant EphB2/Fc
chimera in both U87 and T98G (Fig. 2A).

Microliter-scale monolayer migration assays revealed that over-
expression of ephrin-B3 in U87 and T98G cells induced an increase
in migration rate (mean F SD, 22.90 F 0.86 Am/h, P < 0.01; 13.66 F

Figure 1. The profile of ephrin-B mRNA
expression in glioma cells. A, relative mRNA
expression levels of ephrin-B family genes
(target mRNA/histone H3.3 mRNA ratios) in
cells at the core (C ) and rim (R ) of the
migration assay were analyzed by
QRT-PCR. Each mRNA level is expressed
as a proportion of the U87 core mRNA level,
which was given a value of 1. B, tumor core
cells (C ) and invading cells (R ) in eight
glioblastoma cases (GB1-GB8 ) were
collected using laser capture microdissection
and ephrin-B family gene expression was
determined by QRT-PCR. Each mRNA level
was expressed as a proportion of the mRNA
level of EphB2 in the GB1 core, which was
given a value of 1. Results shown in (A and
B) are typical of at least two replicate
experiments.

Figure 2. The influence of ephrin-B3 phosphorylation on migration and invasion of U87 and T98G cells. A, phosphorylation of ephrin-B3 in transiently transfected U87
and T98G cells. Ephrin-B3 was immunoprecipitated from cells transfected with pEAK (mock) or ephrin-B3 vector and treated with 1.0 Ag/mL soluble EphB2/Fc chimera
or control Fc for 10 minutes. The immunoprecipitates were probed by immunoblotting as indicated. B, cells were plated onto 10-well glass slides precoated with
astrocytoma-derived extracellular matrix, and then cultured in serum-free medium in the absence or presence of 1.0 Ag/mL soluble EphB2/Fc after the attachment of the
cells to the dishes. Columns, cell migration assessed over 24 hours; bars , SE. *, P < 0.05; **, P < 0.01 versus mock. C, cells were treated as above, then applied
to the invasion assay. Columns, mean cell counts from at least six fields in each of four experiments; bars , SE. *, P < 0.05; **, P < 0.01 versus mock. D, U87 glioma
cells stably expressing GFP were transfected with pEAK or ephrin-B3, 2 days before implantation into the bilateral putamen on a rat organotypic brain slice and
observed at the indicated times. Bar, 500 Am. Columns, invasion rates of cells treated with vectors, calculated from Z -axis images collected by confocal laser scanning
microscopy; bars , SE. *, P < 0.05 versus mock. The mean value of invasion rates was obtained from six independent experiments.
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0.92 Am/h, P < 0.05, respectively) relative to mock-transfected cells
(17.54 F 2.05 and 11.24 F 1.00 Am/h). The migration rate was
enhanced by addition of EphB2/Fc chimera in the ephrin-B3
transfectants (27.04 F 1.13 Am/h; P < 0.01; 14.83 F 1.73 Am/h;
P < 0.05; Fig. 2B), whereas no significant change was observed by
adding control Fc to ephrin-B3 transfectants (data not shown).

As shown in Fig. 2C , cell invasion through membranes coated
with Matrigel was increased in U87 and T98G cells expressing
ephrin-B3 (mean F SD, 146 F 25% of mock control, P < 0.05; 132 F
8% of mock control, P < 0.05, respectively) and in the cells treated
with EphB2/Fc chimera (182 F 16% of control, P < 0.01; 179 F 11%
of control, P < 0.05). As in the migration assays, no significant
change was observed by adding control Fc to ephrin-B3 trans-
fectants (data not shown). These data indicate that the activation
of ephrin-B3 promotes glioma cell migration and invasion.

To evaluate effects of ephrin-B3 on invasion through a more
physiologically relevant matrix, U87 and T98G cells cotransfected
with GFP expression plasmids and control or ephrin-B3 vector were
examined for their growth and dispersion within an ex vivo
organotypic rat brain slice. Ephrin-B3 overexpressed in U87 and
T98G cells was detected in the phosphorylated form, suggesting
functional activation of ephrin-B3 (data not shown). To compare
functional differences between mock and ephrin-B3 transfectants,
aggregations of each transfected cell type were implanted in the
putamen on contralateral sides of the same rat brain slice; images
were taken at 12 and 48 hours after the implantation. The ephrin-B3-
transfected cells displayed greater migration and invasion into the
organotypic rat brain slice compared with the less invasive mock-
transfectant cells (U87; Fig. 2D ; T98G, data not shown). To quantify

cell invasion, serial optical sections were obtained every 10 Am from
the superior surface downward (z-axis) using confocal microscopy.
The U87 and T98G-ephrin-B3 cells penetrated further into the brain
slices (mean F SD, 297.5 F 38.6 Am/48 hours; 84.3 F 13.2 Am/
48 hours, respectively) than the mock cells (172.0 F 18.4 Am/
48 hours, P < 0.05; 49.7 F 18.1 Am/48 hours, P < 0.05; Fig. 2D). Taken
together, these data indicate that activation of ephrin-B3 accelerates
glioma cell migration and invasion in vitro as well as ex vivo .
Depletion of ephrin-B3 decreases lamellipodial formation in

glioma cells. To further examine functional effects of ephrin-B3,
we used two different sequences of siRNA to specifically silent
endogenous ephrin-B3 in high expressor U251 and SNB19 cells.
Inhibition of ephrin-B3 mRNA was f90% by both ephrin-B3-1 and
ephrin-B3-2 siRNA and did not affect the expression levels of other
ephrin-B family members (data not shown). Figure 3A confirms the
reduction of ephrin-B3 protein expression in ephrin-B3-siRNA–
transfected U251 and SNB19 cells compared with untransfected
and luciferase siRNA controls.

Phalloidin staining for F-actin in U251 and SNB19 cells
transfected with control siRNA was consistent with that normally
seen in lamellipodia (Fig. 3B ; ref. 35). Depletion of ephrin-B3 by
transfection of ephrin-B3 siRNA interrupted lamellipodial forma-
tion in U251 and SNB19 (Fig. 3C), suggesting that ephrin-B3 plays a
critical role in lamellipodia formation. Ephrin-B3 localized to the
cell membrane in the control cells. Rac1, which regulates
lamellipodial formation and cell migration, was also detected in
the cytoplasm and on the cell surface, especially at leading
membrane edges, as described previously (36, 37). Colocalization of
ephrin-B3 with Rac1 was observed at the cell surface, suggesting a

Figure 3. Morphologic change of U251 and SNB19 cells
transfected with ephrin-B3 siRNA. A, Western blot showing
reduction of ephrin-B3 protein expression following
treatment with 20 nmol/L siRNA of either ephrin-B3-1
(EFNB3-1 ) or ephrin-B3-2 (EFNB3-2) in U251 and SNB19
cells. Nontransfected cells and luciferase siRNA serve as
controls. NA, no addition. WCL, whole cell lysates.
B, morphologic changes caused by depletion of ephrin-B3
and immunolocalization of ephrin-B3 and Rac1 in U251
and SNB19 cells. Cells were transfected with control
luciferase (ctrl) or ephrin-B3-1 siRNA, and then stained for
F-actin with Texas red–conjugated phalloidin and
costained for ephrin-B3 (Cy3-stained) and Rac1
(FITC-stained). Arrows, colocalization of ephrin-B3
and Rac1 at lamellipodial formation. Bar, 50 Am.
C, quantification of lamellipodial formation. Columns,
percentage of transfected cells with lamellipodia covering
at least quarter of the cell periphery in F-actin staining;
bars, SD of four different measurements. At least 100 cells
were counted for each determination. *, P < 0.05 versus
control.
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significant interaction between ephrin-B3 and Rac1 (Fig. 3B). Cells
transfected with siRNA for ephrin-B3 did not display any cytotoxic
effects as determined by changes in 4¶,6¶-diamidino-2-phenylindole
hydrochloride staining, propidium iodide uptake, and immunos-
taining with antiactivated caspase-3 antibodies (data not shown).

As expected, U87 and T98G cells overexpressing ephrin-B3
stimulated lamellipodial formation and ephrin-B3 colocalized with
Rac1 (Supplementary Data 1), supporting our data that ephrin-B3
plays a role in lamellipodial formation through Rac1.
Depletion of ephrin-B3 decreases migration and invasion of

glioma cells in vivo and ex vivo . To assess the phosphorylation
level of ephrin-B3 in U251 and SNB19 cells transfected with control
or ephrin-B3 siRNA, immunoprecipitation and Western blots were
done. Endogenous phosphorylated ephrin-B3 was observed in both
U251 and SNB19. Phosphorylation was enhanced by EphB2/Fc
(Fig. 4A). Pretreatment with siRNA for ephrin-B3 reduced the phos-
phorylation level of ephrin-B3 concomitant with expression level.

Functional assays were done to confirm the effects of decreased
phosphorylation of ephrin-B3 on migration of glioma cells. Ephrin-

B2/Fc chimera stimulated migration of U251 and SNB19 glioma
cells (9.36 F 1.68 Am/h, P < 0.05; 16.40 F 2.34 Am/h, P < 0.01,
respectively) by f1.31-fold and 1.42-fold, respectively, relative to
cells treated with control siRNA (Fig. 4B). The migration of U251
and SNB19 was significantly suppressed by transfection of ephrin-
B3-1 siRNA (5.09 F 1.34 Am/h, P < 0.05; 6.99 F 1.69 Am/h, P < 0.01)
and ephrin-B3-2 siRNA (5.83 F 1.04 Am/h, P < 0.05; 7.69 F 1.32 Am/h,
P < 0.01).

Invasion assay data also indicated that EphB2/Fc chimera
stimulated invasion of U251 and SNB19 cells (138 F 8% of control,
P < 0.01; 187 F 16% of control, P < 0.01, respectively; Fig. 4C). Two
independent ephrin-B3 siRNAs inhibited the invasion of U251 and
SNB19 cells (ephrin-B3-1, 57 F 8% of control, P < 0.01; and 81 F 8%
of control, P < 0.05; ephrin-B3-2, 66 F 12% of control, P < 0.05; and
88 F 6% of control, P < 0.05, respectively) corresponding to the
decreased expression of ephrin-B3. Furthermore, depletion of
endogenous ephrin-B3 expression by ephrin-B3 siRNA transfection
abrogated the increase of migration and invasion by EphB2/Fc
stimuli in U251 and SNB19 cells (Fig. 4B and C), indicating that
the increased migration and invasion is dependent on ephrin-B3
activation.

In addition, ex vivo organotypic rat brain slice invasion assays
showed that U251- and SNB19-ephrin-B3 siRNA-transfected cells

Figure 4. Suppression of migration and invasion by ephrin-B3 siRNA in U251
and SNB19 cells. A, extracts of cells transfected with luciferase (control) or
ephrin-B3 siRNA were immunoprecipitated (IP ) with anti-ephrin-B3 antibody.
Cells were treated with 1.0 Ag/mL soluble EphB2/Fc chimera or control Fc for
10 minutes before collection. The immunoprecipitates were probed by
immunoblotting (IB ) as indicated. Whole cell lysates were also immunoblotted
with anti-a-tubulin antibody as a loading control. PY, phosphotyrosine. B, cells
were plated onto 10-well glass slides precoated with astrocytoma-derived
extracellular matrix, and then cultured in serum-free medium in the absence or
presence of 1.0 Ag/mL soluble EphB2/Fc after the attachment of the cells to the
dishes. Columns, cell migration rate assessed over 24 hours; bars, SE.
*, P < 0.05; **, P < 0.01 versus control without EphB2/Fc stimuli. C, cells
were treated as above, then applied to the invasion assay. Columns, mean cell
counts from at least six fields and four experiments; bars, SE. *, P < 0.05;
**, P < 0.01 versus control without EphB2/Fc stimuli. D, invasion rates (columns )
of U251 and SNB19 cells stably expressing GFP and transfected with ephrin-B3
siRNA or control siRNA were calculated as in Fig. 2E ; bars, SE. *, P < 0.05;
**, P < 0.01 versus control.

Figure 5. Ephrin-B3 is associated with Rac1 activation. A, U87 cells transfected
with pEAK (mock) or ephrin-B3 and treated with 1.0 Ag/mL soluble EphB2/Fc
chimera or control Fc for 10 minutes were subjected to a Rac1 pull-down assay.
Extracts of U251 cells transfected with luciferase (control) or ephrin-B3 siRNA
were also subjected to a Rac1 pull-down assay. The numerical values indicate
relative ratios as a percentage of the control for each band of GTP-Rac1/total-
Rac1 after scanning and densitometric analysis using software by NucleoVision
(NucleoTech, San Mateo, CA). B, Western blot showing reduction of Rac1
protein expression following treatment with 20 nmol/L Rac1 siRNA in U251 and
SNB19 cells. Luciferase siRNA served as a control. C, cells treated with siRNA
were plated onto 10-well glass slides precoated with astrocytoma-derived
extracellular matrix, and then cultured in serum-free medium in the absence
or presence of 1.0 Ag/mL soluble EphB2/Fc after the attachment of the cells
to the dishes. Columns, cell migration assessed over 24 hours; bars , SE.
*, P < 0.05; **, P < 0.01 versus control without EphB2/Fc stimuli. D, cells
were treated as above, then applied to the invasion assay. Columns, mean
cell counts from at least six fields in each of four experiments; bars , SE.
*, P < 0.05; **, P < 0.01 versus control without EphB2/Fc stimuli.
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penetrated into the brain slices less (ephrin-B3-1, 27.5 F 7.6 Am/
48 hours and 141.5 F 34.9 Am/48 hours; ephrin-B3-2, 31.0 F 10.2
Am/48 hours and 164.0 F 24.0 Am/48 hours, respectively) than the
control cells (42.5 F 7.0 Am/48 hours, P < 0.05; 221.5 F 23.6 Am/
48 hours, P < 0.01; Fig. 4D). These data suggest that ephrin-B3 plays
a role in invasion both in vitro and ex vivo .
Ephrin-B3 is associated with Rac1 activation. The observa-

tion that ephrin-B3 was involved in lamellipodial formation, and
that ephrin-B3 colocalized with Rac1, suggested that Rac1
activation was a possible mechanism involved in ephrin-B3-related
motility of glioma cells. To confirm this, we used Rac1-GTP pull-
down assays on lysates from U87 and U251 cells. Rac1 activation
was promoted by transfecting U87 cells with ephrin-B3 (2.5-fold).
This activation was further prompted by addition of EphB2/Fc
(Fig. 5A). Moreover, U251 cells treated with two independent
siRNAs for ephrin-B3 showed decreased Rac1 activity compared
with control siRNA-transfected cells (0.4- to 0.5-fold; Fig. 5A).
Addition of EphB2/Fc promoted Rac1 activation in U251 cells
transfected with control siRNA (1.5-fold). Incomplete depletion of
ephrin-B3 may be attributable to slight enhanced activation of Rac1
by EphB2/Fc in ephrin-B3 knockdown cells. These data suggest that
Rac1 activation is associated with phosphorylation of ephrin-B3.

To further examine the role of Rac1 downstream of ephrin-B3 in
glioma cells, we did Rac1-directed siRNA experiments. Figure 5B
confirms the reduction of Rac1 protein expression in Rac1-siRNA-
treated U251 and SNB19 cells compared with luciferase siRNA
controls. Cells transfected with luciferase or Rac1 siRNA were

placed in the radial cell migration assay. Rac1 depletion inhibited
the migration of U251 and SNB19 cells by f0.3-fold and 0.5-fold,
respectively (Fig. 5C). Moreover, Rac1-directed siRNA treatment
effectively abrogated the EphB2/Fc-induced motility of U251 and
SNB19 cells (Fig. 5C).

As shown in Fig. 5D , similar findings were obtained with
invasion assays. Cell invasion through Matrigel-coated membranes
decreased in cells transfected with Rac1 siRNA by f0.6-fold in
U251 and 0.7-fold in SNB19, compared with cells transfected with
control siRNA. The EphB2/Fc-induced motility of U251 and SNB19
cells was effectively counteracted by Rac1-directed siRNA treat-
ment. Taken together, these data indicate that ephrin-B3 is strongly
associated with Rac1 activation and this interaction is critical to
glioma cell migration and invasion.
Overexpression and phosphorylation of ephrin-B3 in glio-

blastoma. To evaluate a potential role for ephrin-B3 in the
malignant behavior of human gliomas, immunoblotting by a
specific antibody against phosphorylated ephrin-B was done using
54 surgical specimens, as well as U251 cells treated with or without
EphB2/Fc as a control. Phosphorylated ephrin-B was detected in
anaplastic astrocytomas and glioblastomas, but not in the normal
brain (Fig. 6A). Signals were quantified by densitometry and levels
of phosphorylated ephrin-B were evaluated using a-tubulin as an
internal control for normalization (phosphorylated ephrin-B/
a-tubulin protein ratios). Phosphorylated ephrin-B increased as a
function of tumor grade (normal brain, 0.04 F 0.04, n = 13; low-
grade astrocytoma, 0.09 F 0.12, n = 7; anaplastic astrocytoma,

Figure 6. Ephrin-B3 expression, phosphorylation, and localization in various human astrocytic tumors. A, the total cell lysate from normal brains (lanes 1 and 2, NB ),
low-grade astrocytomas (lane 3, LGA), anaplastic astrocytomas (lane 4, AA ), glioblastomas (lanes 5-8, GBM ), and U251 cells treated with or without EphB2/Fc
(lanes 9 and 10) were subjected to Western blotting. Eight representative samples. Equal amounts of cell lysates were immunoblotted with antiphosphorylated ephrin-B
(p-EFNB ) antibody. The membrane was stripped and reprobed with anti-ephrin-B3 (EFNB3 ) and anti-a-tubulin antibodies. B, signals were quantified by
densitometry using Gel Expert software by Nucleovision. Relative protein expression levels of phosphorylated ephrin-B (phosphorylated ephrin-B protein/a-tubulin
protein ratios) and ephrin-B3 (ephrin-B3 protein/a-tubulin protein ratios) in tumor tissues and normal brain were determined. Each protein level is expressed as a
proportion of the highest protein level of phosphorylated ephrin-B or ephrin-B3, which was given a value of 1. Horizontal bars, mean values. **, P < 0.01.
C, immunolocalization of phosphorylated ephrin-B and ephrin-B3 in glioblastoma tissues and normal brain tissues. Paraffin sections were immunostained with
antibodies against phosphorylated ephrin-B or ephrin-B3. Note that phosphorylated ephrin-B and ephrin-B3 are immunolocalized in the glioblastoma cells at the central
region of the tumor (Core), as well as in invading glioblastoma cells at the tumor border (Rim ), whereas no staining is observed in the normal brain. Hematoxylin
counterstain. Bar, 50 Am.
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0.24 F 0.16, n = 4; glioblastoma, 0.32 F 0.24, n = 30; Fig. 6B). The
membranes were stripped and an ephrin-B3 antibody was applied.
The band of ephrin-B3 was identical to phosphorylated ephrin-B at
50 kDa (Fig. 6A) and protein levels of ephrin-B3 were significantly
higher in glioblastoma tissues (0.36 F 0.26, P < 0.01) relative to
normal brain tissues (0.03 F 0.04) and low-grade astrocytoma
tissues (0.06 F 0.10; Fig. 6B). In addition, the level of phosphor-
ylated ephrin-B directly correlated with the level of total ephrin-B3
in each glioblastoma case (n = 30, r = 0.843, P < 0.01, data not
shown). Furthermore, the band was recognized at a similar level in
U251, which is a high expressor of ephrin-B3 but low expressor of
ephrin-B1 and ephrin-B2 (Fig. 1A). These data suggest that
phosphorylated ephrin-B was highly expressed in malignant
astrocytomas and that the phosphorylated ephrin-B is most likely
the ephrin-B3 isoform.

Cells expressing phosphorylated ephrin-B and ephrin-B3 in
normal brain and glioblastoma specimens were identified using
immunohistochemistry. Tyrosine-phosphorylated ephrin-B and
ephrin-B3 were immunolocalized predominantly to the majority
of neoplastic astrocytes in all of the glioblastoma specimens (15 of
15 cases; Fig. 6C). Invading neoplastic cells also showed significant
staining for phosphorylated ephrin-B and ephrin-B3. Neoplastic
astrocytes were identified by nuclear atypia in H&E-stained
sections and were confirmed by immunopositivity for glial fibrillary
acidic protein staining (data not shown). Endothelial cells of blood
vessels in the glioblastoma tissues and reactive astrocytes
occasionally immunostained for phosphorylated ephrin-B and
ephrin-B3. No staining was observed in normal brain (Fig. 6C) or
when the primary antibody was substituted for normal serum (data
not shown). The immunohistochemistry results were consistent
with that of the immunoblot analysis.

Discussion

Eph receptors and their ligands are important in regulating cell-
cell interactions by initiating unique bidirectional signal transduc-
tion. Evidence presented here verifies the effect of ephrin-B3 on
glioma cell motility in vitro and in vivo . Actively migrating cells
displayed greater expression of ephrin-B3 in four of four glioma cell
lines. Forced expression of ephrin-B3 in U87 and T98G, which have
low constitutive expression of ephrin-B3, transformed the cells into
a more highly invasive phenotype. Depletion of ephrin-B3 by siRNA
treatment in U251 and SNB19, which are high expressors of ephrin-
B3, decreased migration and invasion. Ephrin-B3 was localized to
the leading edge at sites of lamellipodial formation in U251 and
SNB19. The small GTPase Rac1 was activated by forced expression
of ephrin-B3 in U87 and deactivated by siRNA for ephrin-B3 in
U251. Additionally, the depletion of ephrin-B3 and Rac1 abrogated
the increase of migration and invasion by EphB2/Fc in U251 and
SNB19, suggesting that this increase is dependent on ephrin-B3/
Rac1 signaling. The expression and phosphorylation of ephrin-B3
were up-regulated in glioblastoma specimens, especially in
invading cells. These results strongly implicate ephrin-B3/Rac1
signaling in glioblastoma invasion.

Ephrin-B3 shares 48.8% and 49.3% amino acid homology with
ephrin-B1 and ephrin-B2, respectively, but the homology between
human and mouse ephrin-B3 is >96% (38). This high degree of
homology suggests an important conserved function of ephrin-B3.
Ephrin-B3 has been noted for its remarkably restricted expression
pattern down the midline of the neural tube during development
(8, 38), suggesting that ephrin-B3 may regulate the midline

guidance of axons in forming the spinal cord. In addition, it has
also been reported that ephrin-B3 guides regional innervation by
suppressing axonal growth of lateral thalamic neurons in
developing rat brains (39). Thus, ephrin-B3 is likely to play a
critical role in the process of neurodevelopment. Recent studies
reported that ephrin-B3 expressed in myelinating oligodendrocytes
in the adult mouse spinal cord inhibits regeneration of the central
nervous system after injury by interrupting neurite outgrowth (40).
This indicates that ephrin-B3 is involved in pathologic conditions
of the central nervous system. Ephrin-B3 expression has been
verified in both fetal brain and adult brain (41). However, our data
shows that phosphorylated ephrin-B3 is below detection levels in
normal brain, suggesting that ephrin-B3 signaling may not affect
normal physiologic processes of the adult brain.

Accumulating evidence indicates that high expression of ephrins
may be associated with increased potential for tumor growth,
tumorigenicity, and metastasis (15, 42). Currently, no data have
been reported concerning the induction of cell motility by ephrin-
B3, although it is well established that ephrin-B1 and ephrin-B2
mediate cell migration (43–46). Ephrin-B expression has been
reported in various human cancers, including carcinomas of the
lung (14) and colon (47), as well as melanoma (15) and
neuroblastoma (48). Ephrin-B3 expression in particular was
confirmed in small-cell lung carcinoma (14) and neuroblastoma
(48). However, its role in invasion and metastasis in human
carcinomas has not been previously described. The data in the
present study show a strong correlation between the phosphory-
lation level of ephrin-B3 and glioma migration and invasion rates.
Thus, this study is the first to reveal that the kinase activity of the
ephrin-B3 ligand is involved in tumor invasion activity and possibly
malignant progression in human tumors.

Based on our recent description of the overexpression of EphB2
in glioblastoma (21), an engineered soluble receptor EphB2/Fc
chimera was used for stimulation of ephrin-B3. As expected,
endogenous ephrin-B3 was phosphorylated by EphB2/Fc in U251
and SNB19, and exogenous ephrin-B3 was also phosphorylated in
U87 and T98G. Our results are consistent with previous findings
that Fc fusions of EphB2 bind to ephrin-B3 (49). In addition, our
data show that the reverse signaling stimulated by EphB2 is
dependent on ephrin-B3 in U251 and SNB19 cells. Thus, the
expression of EphB2 and ephrin-B3 in human glioma cell lines and
tumor surgical specimens supports the possibility of autocrine or
paracrine loops mediated by EphB2 receptor and ephrin-B3 ligand
in human gliomas. Additional autocrine loops mediated by other
EphB receptor family members and ephrin-B ligands may operate
in human gliomas. In fact, our preliminary data showed that
EphB4, ephrin-B1, and ephrin-B2 transcripts were expressed in
several glioma cell lines and glioma surgical specimens, and have
some effect on invasion (data not shown). Additional analysis of
the expression and function of other EphB receptor kinases and
ephrin-B ligands will be required to further address this question.

The activated form of Rac1 is well known to stimulate cell
migration through actin reorganization and formation of lamelli-
podia (36, 37). We showed that U251 and SNB19 cells transfected
with ephrin-B3 siRNA manifest dramatic morphologic changes,
decreased lamellipodial formation, and suppressed migration and
invasion activity. In contrast, U87 and T98G cells transfected with
ephrin-B3 increased lamellipodial formation and promoted migra-
tion and invasion. As expected from these phenotypic changes and
colocalization of ephrin-B3 with Rac1, Rac1 was deactivated by the
silencing of ephrin-B3 using siRNA in U251, whereas forced
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expression of ephrin-B3 in U87 activated Rac1. This is somewhat
anticipated, because the tyrosine phosphorylated motifs of ephrin-
B can associate with Rac through the SH2/SH3 adaptor Grb4,
which may recruit a Rac exchange factor to the ephrin-B (50). In
addition, our data show that depletion of Rac1 abrogates the effect
of ephrin-B3 signaling stimulated by EphB2/Fc, indicating ephrin-
B3 signaling is dependent on Rac1. Recent investigations, including
ours, revealed that Rac1 plays a major role in glioma invasion (25,
26, 34). Thus, these data suggest that ephrin-B3 mediates
morphologic changes and promotes migration and invasion
through Rac1 activation. Similar findings have been shown with
the ephrin-B1 ligand, which was revealed to activate Rac1 through
Tiam1, a specific guanine-nucleotide exchange factor for Rac1 (24).
We observed in preliminary investigations that ephrin-B3 does not
interact with Rac1 directly, as assessed by immunoprecipitation
(data not shown). We speculate that ephrin-B3 activates Rac1 in a
manner similar to ephrin-B1. Further investigation into the
activation mechanism of Rac1 by ephrin-B3 is under way in our
laboratory.

Lastly, the evidence presented here show that the level of
tyrosine phosphorylated ephrin-B protein is significantly higher in
glioblastoma tissue than in normal brain or low-grade astrocytoma,
and that the phosphorylated ephrin-B is likely derived from ephrin-
B3, suggesting a high level of phosphorylated ephrin-B3 in
glioblastoma. Additionally, because phosphorylated ephrin-B and
ephrin-B3 protein immunolocalized predominantly to glioma cells,
the increase of phosphorylated ephrin-B3 protein in glioblastoma
tissue is ascribed to astrocytic tumor cells. Thus, confirmation of
phosphorylated ephrin-B and ephrin-B3 production in invading

glioblastoma cells by immunohistochemistry, along with QRT-PCR
data verifying the overexpression of ephrin-B3 in these cells,
suggests that the production level of ephrin-B3 is up-regulated and
phosphorylated in invading cells. Together, the in vitro and in vivo
data indicate that the up-regulation and phosphorylation of
ephrin-B3 in glioma tissues contributes to the malignant behavior
of glioblastoma and may drive invasion of glioma cells into normal
brain tissue.

In conclusion, this study reveals the biological significance of
ephrin-B3 expression in glioma and illustrates that phosphoryla-
tion of ephrin-B3 is associated with heightened invasive activity of
glioma cells. Phenotypic consequences of activated ephrin-B3 are
dependent on the activation of Rac1. Our discovery of the
involvement of ephrin-B3/Rac1 in glioma invasion provides insight
into this signaling pathway as a potential therapeutic target, and
proposes a new paradigm of promoting glioma invasion through
specific cell-cell interactions.
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