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Eph receptor tyrosine kinases mediate neurodevelop-
mental processes such as boundary formation, vascu-
logenesis, and cell migration. Recently, we found that
overexpression of EphB2 in glioma cells results in
reduced cell adhesion and increased cell invasion.
Since R-Ras has been shown to play a critical role in
EphB2 regulation of integrin activity, we explored
whether the biological role of EphB2 in glioma inva-
sion is mediated by downstream R-Ras activation. On
EphB2 activation, R-Ras associated with the receptor
and became highly phosphorylated. Depletion of en-
dogenous R-Ras expression by siRNA abrogated
EphB2 effects on glioma cell adhesion, proliferation,
and invasion in ex vivo rat brain slices. Anti-prolifer-
ative responses to EphB2 activation were consistent
with suppressed mitogen-activated protein kinase ac-
tivity. Moreover, R-Ras was highly phosphorylated in
the invading glioma cells. In human brain tumor
specimens, R-Ras expression and phosphorylation
correlated with increasing grade of gliomas. Laser
capture microdissection of invading glioblastoma
cells revealed elevated R-Ras mRNA (1.5- to 26-fold) in
100% (eight of eight) of biopsy specimens, and im-
munohistochemistry revealed high R-Ras localization
primarily in glioblastoma cells. The phosphorylation
ratio of R-Ras positively correlated with the phos-
phorylation ratio of EphB2 in glioblastoma tissues.
These results demonstrate that R-Ras plays an impor-
tant role in glioma pathology, further suggesting the
EphB2/R-Ras signaling pathway as a potential thera-
peutic target. (Am J Pathol 2005, 167:565-576)

The Eph receptor:ligand system represents the largest
family of receptor protein tyrosine kinases, consisting of
14 receptors and 9 interacting ligands, the ephrins. The

Eph receptors and ephrins are divided into the two sub-
classes, A and B, on the basis of their sequence, homol-
ogies, structures, and binding affinities.” Altogether, nine
EphA, five EphB, five ephrin-A, and three ephrin-B mem-
bers are currently known in humans. The Eph receptors
are involved in critical processes during development of
the nervous system, such as axon guidance, axon fas-
ciculation, tissue border formation, vasculogenesis, and
cell migration.>~® When ligands bind to Eph receptors,
the kinase domain becomes phosphorylated, resulting in
activation of signaling cascades. Signaling by Eph family
receptors is complex due to the variety of intracellular
mediators in their activated cascades. For example,
ephexin, Src, Nck, RasGAP, Crk, and R-Ras are all re-
ported as downstream mediators.? In addition, EphB/
ephrin-B interactions mediate bidirectional signaling
events inducing distinct responses in different cell
types.®” The detailed mechanisms by which Eph recep-
tors can regulate cell behavior remain primarily unknown,
although considerable efforts have been made in recent
years to elucidate the biological functions of Eph
receptor.238:°

The oncogene R-Ras, a member of the superfamily of
small GTPases and one of the signaling mediators of Eph
receptor, has been implicated in several cell functions
such as cell adhesion, proliferation, and migration.'®
Originally, R-Ras was identified and cloned through its
homology to the well-known oncogene H-Ras; 55% of the
bp are identical between R-Ras and H-Ras."" Although,
previous studies have shown that malignant gliomas
might exhibit activity of three major types of RAS proteins:
N-Ras, H-Ras, and K-Ras,'? little information is available
regarding the expression of R-Ras in brain tumors.

We recently demonstrated that EphB2 receptor in-
duces glioma cell migration in vitro and is associated with
invasive glioma cells in vivo."® Elevated EphB2 expres-
sion has also been observed in carcinomas of the colon,
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stomach, esophagus, lung, breast,'*'" neuroblasto-
ma,'® and melanoma,'® however, its role in pathogene-
sis, especially in the process of invasion or metastasis
has not been described and little is known about the
intracellular signaling pathways of EphB2 receptor in
cancer.

In this study, we report signaling pathways of R-Ras
downstream EphB2 receptor pertaining to adhesion, pro-
liferation, and invasion. We demonstrate that EphB2 de-
creases cell-extracellular matrix (ECM) adhesion through
R-Ras signaling and reduces cell proliferation by inhibi-
tion of the mitogen-activated protein kinase (MAPK) ki-
nase (MEK)/MAPK pathway also through R-Ras signal-
ing. Additionally, EphB2 activation increases cell invasion
in ex vivo via R-Ras activity. These results suggest phos-
phorylated R-Ras downstream of EphB2 appears to play
significant roles in the malignant behavior of glioma.

Materials and Methods

Cell Culture Conditions and ECM Preparation

Human astrocytoma cell lines U87, U251, T98G (Ameri-
can Type Culture Collection, Manassas, VA), and
SF767%° were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum at
37°C in a humidified atmosphere containing 5% CO..
Astrocytoma-derived ECM was prepared as described
previously.?°

Antibodies and Reagents

Anti-phosphotyrosine, anti-R-Ras, anti-phospho-p44/42
MAPK, anti-total-p44/42 MAPK antibody, and MEK 1 in-
hibitor (PD98059)?! were purchased from Cell Signaling
Technology (Beverly, MA). Anti-EphB2 polyclonal anti-
body and ephrin-B1/Fc chimera were purchased from
R&D Systems (Minneapolis, MN). Anti-a-tubulin monoclo-
nal antibody was obtained from Oncogene Research
(Boston, MA). Control Fc fragments of mouse IgG were
purchased from Sigma (St. Louis, MO).

Expression Plasmids and Cell Transfection

The expression plasmid for EphB2 and kinase-inactive
EphB2 (EphB2KR; which contains a K662— R mutation in
the ATP binding site) were constructed as described
previously.'®22 EphB2 or kinase inactive EphB2 cDNA
cloned into pEAK, which contains a puromycin-resistant
gene, were stably transfected into U251 cells by the
calcium phosphate method. Six different clones of U251
were selected for each EphB2 and EphB2KR vector in
the presence of 1.5 pg/ml puromycin (Sigma) as de-
scribed previously.?® Clones were screened for trans-
gene expression by immunoblot analysis. All clones ex-
pressed EphB2 or EphB2KR at similar levels. For the
various experiments, at least three clones of U251 from
each transfection were examined. Stable transfectants of
U251 were maintained in culture in the presence of pu-
romycin and were checked periodically (approximately

every 4 weeks) for constant expression of EphB2 or
EphB2KR. Transient transfection was performed into
T98G by Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
as recommended by the manufacturer’s protocol. Cells
transfected with the empty plasmid vector were used as
controls.

Immunoprecipitation and Immunoblot Analysis

For immunoprecipitation, monolayers of cells or glioma
tissue specimens were lysed on ice for 10 minutes in a
buffer containing 10 mmol/L Tris-HCI, pH 7.4, 0.5% Non-
idet P-40, 150 mmol/L NaCl, 1 mmol/L phenylmethyl sul-
fonyl fluoride, 1 mmol/L ethylenediamine tetraacetic acid,
2 mmol/L sodium vanadate, 10 wg/ml aprotinin, and 10
wg/ml leupeptin (Sigma) as previously described.?* Pro-
tein concentrations were determined using the bicincho-
ninic acid assay procedure (Pierce Chemical Co., Rock-
ford, IL), with bovine serum albumin as a standard.
Equivalent amounts of protein (200 wng) were precleared
and immunoprecipitated from the lysates, washed with
lysis buffer followed by S1 buffer (10 mmol/L HEPES, pH
7.4,0.15 mol/L NaCl, 2 mmol/L ethylenediamine tetraace-
tic acid, 1.5% Triton X-100, 0.5% deoxycholate, 0.2%
sodium dodecyl sulfate). Samples were then resus-
pended in 2X sodium dodecyl sulfate-sample buffer
(0.25 mol/L Tris-HCI, pH 6.8, 2% sodium dodecyl sulfate,
25% glycerol) and denatured with 2-mercaptoethanol
(Sigma), separated by 10% sodium dodecy! sulfate-poly-
acrylamide gel electrophoresis, and transferred to nitro-
cellulose (Invitrogen) by electroblotting. The nitrocellu-
lose membrane was blocked with 5% bovine serum
albumin in Tris-buffered saline, pH 8.0, with 0.1%
Tween-20 before addition of primary antibody. Mem-
branes were washed and then incubated with horserad-
ish peroxidase-conjugated secondary antibody. Bound
secondary antibodies were detected using a chemilumi-
nescence system (NEN, Boston, MA).

Immunohistochemistry and Immunofluorescent
Microscopy

Paraffin-embedded tissue blocks were sectioned (6 um
thick) onto slides and then deparaffinized. Sections were
quenched with 3% hydrogen peroxide in methanol for 15
minutes, microwaved 5 minutes in H,O, and blocked for
1 hour with Tris-buffered saline (0.05 mol/L Tris-HCI, pH
7.6, 0.25 mol/L NaCl) containing 3% goat serum and
0.1% Triton X-100. Slides were incubated in rabbit anti-
R-Ras antisera or rabbit preimmune sera (1:100 dilution)
overnight at 4°C. The secondary antibody (biotin-conju-
gated goat anti-rabbit 1gG; Jackson Laboratories, Bar
Harbor, ME) was applied at a 1:500 dilution in Tris-buff-
ered saline containing 1% goat serum, followed by
streptavidin-conjugated horseradish peroxidase (1:500
dilution; Amersham Biosciences, Piscataway, NJ). Sec-
tions were exposed to diaminobenzidine peroxidase sub-
strate (Sigma) for 5 minutes and counterstained with
Mayer’s hematoxylin.



For immunofluorescence, cells were fixed in 4% para-
formaldehyde for 30 minutes and permeabilized for 5
minutes in 0.1% TX-100 phosphate-buffered saline (PBS)
buffer. After washing with PBS, cells were blocked with
2% bovine serum albumin and 3% goat serum and incu-
bated with anti-EphB2 antiserum (1:100 dilution), or anti-
R-Ras antiserum (1:100 dilution) for 1 hour at 25°C. Neg-
ative controls were stained with a 1:50 dilution of
preimmunization goat sera. Cells were incubated for 30
minutes with 1:100 dilution of Cy3-conjugated anti-goat
antibody or fluorescein isothiocyanate-conjugated anti-
rabbit antibody (Boehringer Mannheim, Indianapolis, IN).
Fluorescence was monitored by inverted confocal laser
microscopy (Carl Zeiss, New York, NY).

Silencing of Endogenous R-Ras with Small
Interfering RNA (siRNA)

Purified, duplexed siRNAs for R-Ras and for control lucif-
erase were purchased from Qiagen (Valencia, CA). The
siRNA sequence targeting human R-Ras (GenBank ac-
cession number NM_006270) was from position 811 to
831 (GTCTCCCAGGACACATCACAT). The sequence
was designed to be unique when compared with the
sequence of other Ras members. Twenty nm of siRNA
was transfected into U87 cells cultured in 60-mm diam-
eter dishes using Lipofectamine 2000. siRNA was also
transfected into U251 stably transfected with control or
EphB2 plasmids and co-transfected into T98G with con-
trol or EphB2 plasmids. Transfected cells were cultured
for an additional 48 hours before use.

Cell Adhesion Assay

Cell adhesion assay was performed as described previ-
ously.?® Briefly, 96-well plastic plates were precoated
with astrocytoma-derived ECM. Control dishes were pre-
pared by blocking with bovine serum albumin alone.
Cells were then plated at 1 X 10* cells/well and allowed
to adhere to the dishes for 2 hours at 37°C before staining
with 1% crystal violet. After the plate was washed with
PBS, total crystal violet bound to the cells was eluted with
10% acetic acid and measured by absorbance at 590 nm
(Spectrafluor Plus; TECAN, Durham, NC).

Cell Proliferation Assay

The Alamar Blue assay (Biosource, Camarillo, CA) was
used to assess proliferation as described previously.?®
Briefly, 1000 cells of each population were seeded in
quadruplicate wells of 96-well plastic plates in 200 ul of
culture medium supplemented with 10% fetal bovine se-
rum. The plates were incubated for 4 hours at 37°C and
Alamar Blue was added in a volume of 20 ul (10% of total
volume) to the cells and incubated for 3 hours. The plate
was read on a fluorescence plate reader (excitation, 530
nm; emission, 590 nm) at 24, 48, 72, and 96 hours.
Averages of the absorbance values were calculated and
plotted. To investigate the influence of R-Ras/MEK/MAPK

EphB2/R-Ras Signaling in Glioma 567
AJP August 2005, Vol. 167, No. 2

pathway on cell proliferation, U87 cells transfected with
or without R-Ras siRNA, U251 and T98G cells transfected
with pEAK or EphB2 with or without R-Ras siRNA trans-
fection were seeded in the proliferation assay format and
allowed to adhere. The medium was then exchanged for
serum-free medium containing 50 umol/L PD98059 and
cell number was evaluated daily for 4 days. Additionally,
cells were separately harvested at 24, 48, 72, and 96
hours and counted. Doubling time (T) was calculated by
the following formula: T = (t — t,) log2/(logN — logN,)
(t, t,, time when cells were counted; N, N,, cell numbers
att, t,).

Ex Vivo Invasion Assay on Rat Brain Slices

The ex vivo invasion assay on rat brain slices was per-
formed as described previously.™ Briefly, 400-um-thick
sections were prepared from Wistar rat [Crl:(WI)BR;
Charles River Lab, Wilmington, MA] brain cerebrum. Ap-
proximately 1 X 10° glioma cells stably expressing green
fluorescence protein (GFP) were gently placed (0.5-ul
transfer volume) on the putamen of the brain slice. Typ-
ically, six brain slices were used in the each experiment.
Imaging of specimens was performed at X 10 magnifica-
tion using a macro-fluorescent imaging system (SZX12-
RFL3; Olympus, Tempe, AZ) equipped with a GFP barrier
filter (DP50, Olympus) at 12 hours, and 60 hours after
seeding the cells. Images were processed using Adobe
Photoshop. Glioma cell invasion into the rat brain slices
was quantitated using a LSM 5 Pascal laser-scanning
confocal microscope (Zeiss, Thornwood, NY) to observe
GFP-labeled cells on the tissue insert with the micropore
filter membrane. Serial sections were obtained every 10
um downward from the surface plane to the bottom of the
slice. The invasion rate was calculated as described
previously.'® In brief, for each focal plane, the area of
fluorescent cells was calculated and plotted as a function
of the distance from the top surface. The extent of glioma
cell invasion was calculated as the depth corresponding
to half of the maximum area. After the ex vivo invasion
assay, invading and noninvading cells of U251 and T98G
cells transfected with EphB2, as well as U87 cells, were
manually collected under the fluorescent microscope
(SZX12-RFL3), followed by immunoprecipitation studies
as described above.

Clinical Samples and Histology

Under an institutional review board-approved protocol,
fresh human brain tumor tissues were obtained from 26
patients who underwent therapeutic removal of astrocytic
brain tumors. Nonneoplastic control brain tissues were
identified from the margins of the tumors when possible.
Histological diagnosis was made by standard light-mi-
croscopic evaluation of the sections stained with hema-
toxylin and eosin. The classification of human brain tu-
mors used in this study is based on the revised World
Health Organization criteria for tumors of the central ner-
vous system.2” The 26 astrocytic tumors consisted of 7
low-grade astrocytomas, 8 anaplastic astrocytomas, and
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11 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 pa-
tients were cut in serial 6- to 8-um sections and mounted
on uncoated slides treated with diethyl pyrocarbonate.
Approximately 3000 individual cells were collected for
quantitative reverse transcription-polymerase chain reac-
tion (QRT-PCR) analysis as described previously.?® La-
ser capture microdissection was performed with a PixCell
II' Microscope (Arcturus Engineering, Inc., Mountain
View, CA). Neoplastic astrocytes in the invasive rim ~1
cm from the edge of the tumor core were identified ac-
cording to the criteria of nuclear atypia (coarse chroma-
tin, nuclear pleomorphism, multinucleation) and, when-
ever possible, according to nuclear and/or cytoplasmic
similarity with the glioblastoma cells in the core. Reactive
astrocytes were identified by morphology and were
avoided.

Real-Time QRT-PCR

QRT-PCR was performed in a LightCycler (Roche
Diagnostics, Indianapolis, IN) with SYBR green fluores-
cence signal detection after each cycle of amplification
as described previously.?® PCR was performed with
the following primers: R-Ras (NM_006270): sense, 5'-
CAAGGACCGCGACGACTTC-3'; anti-sense, 5'-CACT-
GGGAGGGCTCGGTGGG-3' (amplicon size, 227 bp);
histone H3.3 (NM_002107): sense, 5'-CCACTGAACT-
TCTGATTCGC-3'; anti-sense, 5-GCGTGCTAGCTG-
GATGTCTT-3’ (amplicon size, 215 bp). The nucleotide
number and amplicon size for each primer are pre-
sented in parentheses. The quantification of mRNA
was performed at least three times for each sample
and the PCR data were analyzed with the LightCycler
analysis software as described previously.?®

Statistics

Statistical analyses were performed using the x° test, the
two-tailed Mann-Whitney U-test, and two-way analysis of
variance. P < 0.05 was considered significant.

Results

Characterization of R-Ras Phosphorylation
Levels of R-Ras in Glioma Cell Lines

Since EphB2 has previously been shown to signal down-
stream through R-Ras,®® we investigated the levels of
R-Ras phosphorylation in three glioma cell lines. Immu-
noblot analysis of total cellular lysates for R-Ras protein
showed differential expression of R-Ras protein levels
among the three glioma cell lines examined (Figure 1).

U87 U251 TI8G
IP: R-Ras SR
IB: PY

IP: R-Ras
IB: R-Ras

WCL: R-Ras

WCL: o-tubulin

Figure 1. Characterization of R-Ras expression in human glioma cell lines.
Immunoprecipitation using total cell lysate from each of the indicated cell
lines was performed. Equal amounts of cell lysates were immunoprecipitated
with anti-R-Ras antibody. The immunoprecipitates were probed by immu-
noblotting with the antibody indicated. PY, phosphotyrosine. Whole cell
lysates (WCL) were also immunoblotted with anti-R-Ras or anti-a-tubulin
antibody to control for equal protein loading of the three cell lines.

U87 glioma cells displayed the highest levels of R-Ras
protein. To determine the endogenous levels of R-Ras
phosphorylation in glioma cells, we immunoblotted the
R-Ras immunoprecipitates with a specific monoclonal
antibody recognizing the phosphorylated tyrosine resi-
dues. Tyrosine-phosphorylated R-Ras was detected only
in U87 cells, a glioma cell line previously shown to ex-
press high endogenous levels of EphB2 and faster intrin-
sic migratory rate among the three cell lines examined.'®

Overexpression of the EphB2 Receptor Results
in R-Ras Phosphorylation and Recruitment to
EphB2

To determine whether tyrosine phosphorylation of R-Ras
is dependent on EphB2 activation in glioma cells, we
examined levels of R-Ras phosphorylation in U251 cells
stably expressing EphB2 wild-type receptor or a kinase-
deficient EphB2 receptor (EphB2KR). U251 cells ex-
pressing EphB2 wild-type protein showed high R-Ras
tyrosine phosphorylation as compared to control mock-
transfected cells (Figure 2A). However, overexpression of
EphB2KR failed to activate R-Ras phosphorylation, sug-
gesting that EphB2 signals downstream for R-Ras phos-
phorylation in glioma cells. Expression of either EphB2
wild-type receptor or EphB2KR did not change endoge-
nous levels of R-Ras protein (Figure 2A). Moreover, im-
munoprecipitation analysis of R-Ras revealed co-precip-
itation of EphB2 wild-type receptor but not EphB2KR.
Co-precipitation of R-Ras after immunoprecipitation of
EphB2 was also verified (Figure 2C). Similar results were
observed in T98G cells transiently transfected with the
EphB2 wild-type receptor or EphB2KR (Figure 2, B and
D), indicating that biological signaling by EphB2 through
R-Ras in glioma cells is not cell line-specific. These re-
sults suggest that the interaction of EphB2 with R-Ras is



A & B &
v o v v
F & F X
) )
st & &S TG & & &
IP: R-Ras IP: R-Ras
IB: PY - IB: PY -
IP: R-Ras . IP: R-Ras
IB: R-Ras G Lol IB:R-Ras ™ o
C & D &
v v
yF Q8
U251 T8¢ & & &
IP: R-Ras IP: R-Ras
1B: EphB2 IB: EphB2
1P: R-Ras IP: R-Ras i
IB: R-Ras 1B: R-Ras
IP: EphB2 1P: EphB2 -
IB: R-Ras 1B: R-Ras

IP: EphB2 IP: EphB2

IB: EphB2 IB: EphB2 |0 * ’
Figure 2. R-Ras phosphorylation and recruitment to EphB2 by overexpres-
sion of EphB2. A and B: Extracts of U251 (A) and T98G (B) cells transfected
with EphB2, EphB2KR, or pEAK (mock) were subjected to immunoprecipi-
tation (IP) with anti-R-Ras antibody. The immunoprecipitates were probed
by immunoblotting (IB) as indicated. PY, phosphotyrosine. C and D: Equal
amounts of cell lysates from U251 (A) and T98G (B) transfected with EphB2,
EphB2KR, or pEAK (mock) were immunoprecipitated with anti-R-Ras or
anti-EphB2. The immunoprecipitates were probed by immunoblotting as
indicated.

specific and depends on the kinase activity or phosphor-
ylation status of the EphB2 receptor.

R-Ras and EphB2 Co-Localize in Lamellipodial
Structures

To further confirm the association of R-Ras and EphB2,
we performed immunolocalization studies to determine
the localization of R-Ras and EphB2 in U251 cells stably
transfected with EphB2. Both EphB2 and R-Ras were
detected on the cell surface (Figure 3). Co-localization of
R-Ras with EphB2 was observed at the cell surface in the
lamellipodial formation (Figure 3, arrows). These results
further suggest that EphB2 forms stable complexes with

EphB2

U251
EphB2
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R-Ras and that this complex is localized to lamellipodial
formation.

EphB2 Alters Glioma Cell-ECM Adhesion via
R-Ras Signaling Pathway

We recently demonstrated that human glioblastoma tis-
sue specimens have highly phosphorylated EphB2, con-
sistent with U87 glioma."® To make U251 and T98 glioma
cells more physiologically relevant, EphB2 expression
vector was transfected and used for several functional
assays. Previously, we showed that overexpression of
EphB2 in glioma cells decreases cell-ECM adhesion.®
To determine whether R-Ras plays a functional role in
EphB2-mediated glioma cell-ECM adhesion, we used
siRNA to specifically silent endogenous R-Ras levels. The
level of MRNA inhibition of R-Ras was ~93% and did not
affect the expression levels of other Ras family members
including H-Ras, K-Ras, M-Ras, and N-Ras (data not
shown). Inhibition of R-Ras protein expression by R-Ras-
directed siRNA was also verified in three glioma cell lines
by Western blot analysis using antibodies specific to
R-Ras, whereas control luciferase siRNA had no effect on
R-Ras protein level (Figure 4; A to C). Forced expression
of EphB2 in U251 and T98G cells resulted in decreased
cell-ECM attachment (Figure 4, E and F). However, it was
recovered in the presence of siRNA for R-Ras but not for
control luciferase (Figure 4, E and F). In addition, deple-
tion of R-Ras by siRNA also increased the cell-ECM ad-
hesion of the endogenously high EphB2/R-Ras-express-
ing U87 cells (Figure 4, A and D). These results suggest
that signals transduced by EphB2 via R-Ras reduce gli-
oma cellular adhesion to the ECM.

Activation of R-Ras by EphB2 Inhibits the MAPK
Pathway and Results in Decreased Cell
Proliferation

To examine functional effects of EphB2 in cell growth, we
assessed the changes in cell number throughout time in

R-Ras

Merge

Figure 3. Co-localization of EphB2 and R-Ras in glioma cells. U251 cells stably transfected with EphB2 were co-stained for R-Ras (fluorescein-isothiocyanate
stained) and EphB2 (Cy3 stained), and examined by confocal laser microscopy. Arrow in panel merge indicates that R-Ras co-localized with EphB2 in

lamellipodial structure. Scale bar, 10 um.
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Figure 4. EphB2 decreases adhesion through the R-Ras signaling pathway. A to C: Extracts of U87 (A) cells treated by siRNA for R-Ras or control luciferase, U251
(B) or T98G (C©) cells transfected with EphB2 or pEAK (mock) treated by siRNA for R-Ras or control luciferase were subjected to immunoprecipitation (IP) with
anti-R-Ras antibody. The immunoprecipitates were probed by immunoblotting (IB) as indicated. PY, phosphotyrosine. Whole cell lysates (WCL) were also
immunoblotted with anti-R-Ras, anti-EphB2, or anti-a-tubulin antibodies. D to F: U87 (D) cells treated by siRNA for R-Ras or control luciferase, U251 (E) or T98G
(F) cells transfected with EphB2 or pEAK (mock) cells treated by siRNA for R-Ras or control luciferase were plated on dishes coated with astrocytoma-derived
ECM and adhesion assay was performed as described in Materials and Methods. The mean absorbance value from no addition (NA) of mock cells in each cell

line is shown as 1. Bars, SD; **, P < 0.01 versus NA in mock.

EphB2-expressing glioma cells by the Alamar Blue assay
and cell counting. In preliminary studies, cells trans-
fected with EphB2 do not display any cytotoxic effects as
determined by changes in 4’,6’-diamidino-2-phenylin-
dole hydrochloride staining, propidium iodide uptake,
and immunostaining with anti-activated caspase 3 anti-
bodies (data not shown). As shown in Figure 5, overex-
pression of EphB2 in U251 and T98G cells resulted in
decreased cell growth as compared to mock transfec-
tants (Figure 5, B and C). Decreased cell growth was
further observed in EphB2-expressing U251 and T98G
cells in the presence of ephrinB1/Fc ligand. Likewise,
activation of endogenous EphB2 in U87 cells by eph-
rinB1/Fc ligand also significantly reduced cell prolifera-
tion (Figure 5A). No significant change in growth was
observed between EphB2-expressing cells with or with-
out treatment with control Fc (data not shown). These
data support a specific role of EphB2 signaling that re-
tards cell proliferation.

We investigated whether R-Ras signaling downstream
of EphB2 impedes cell growth. Depletion of R-Ras ex-
pression in U87 cells (Figure 5A) or EphB2-overexpress-
ing cells, U251 and T98G (Figure 5, B and C) restored

cell growth as compared to no transfection control; R-
Ras-depleted cells had the fastest doubling times of all
conditions. Luciferase siRNA (inert control treatment) did
not rescue the growth rate suppression in EphB2-trans-
fected cells (doubling time of U87, 33.8 + 3.12 hours;
U251, 27.9 = 2.42 hours; and T98G, 26.3 = 1.98 hours;
data not shown in Figure 5). In addition, because the
MAPK pathway is important for cell proliferation, we ex-
amined the phosphorylation level of MAPK using a spe-
cific monoclonal antibody recognizing the phosphoryla-
tion sites on Thr202/Tyr204 of MAPK. Depletion of R-Ras
expression in the three glioma cell lines resulted in an
increased phosphorylation of MAPK but not total MAPK
expression (Figure 5; D to F). Likewise, inhibition of
MEK1/MAPK function by PD98059, in EphB2-expressing
cells transfected with the R-Ras siRNA, resulted in a
decrease in cell growth rate in all three glioma cell lines.
Interestingly, the phosphorylation level of EphB2 did not
change regardless of R-Ras knockdown and inhibition of
MAPK by PD98059 (Figure 5; D to F). Taken together,
these results suggest the EphB2/R-Ras-signaling com-
plex inhibits the MEK/MAPK pathway resulting in de-
creased cell proliferation.
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Figure 5. Decreased cell proliferation by EphB2 is dependent on R-Ras-dependent inhibition of MAPK pathway. A to C: U87 (A) cells treated by siRNA for R-Ras,
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590 nm) at the indicated time points. The doubling time was also calculated. *, P < 0.05; **, P < 0.01 versus wild (U87) or mock (U251 and T98G). D to F: Whole
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by immunoblotting (IB) as indicated. PY, phosphotyrosine.

EphB2 Increases Invasion via R-Ras in ex Vivo
Rat Brain Slice

To evaluate effects of R-Ras on glioma cell invasion
through physiologically and anatomically relevant tissue,
we determined whether RNA interference-mediated de-
pletion of R-Ras inhibits the invasion of GFP-expressing
human glioma cells into vital rat brain slices, a well-
established organotypic model for glioma invasion that
we have modified recently.’® U87 cells treated with
siRNA for R-Ras or luciferase were implanted in the pu-
tamen on contralateral sides of the same rat brain slice;
images were taken at 12 and 60 hours after implantation.
U87 treated with siRNA for R-Ras displayed lesser migra-
tion and invasion into the organotypic rat brain slice as
compared with the invasive cells treated with control
luciferase siRNA (Figure 6A). Invasion was quantified by
confocal microscopy, as detailed in Materials and Meth-

ods. Depletion of R-Ras in U87 causes a decrease in cell
invasion (182.3 = 27.8 um/60 hours) compared with the
cells treated with siRNA for control luciferase (254.7 =+
44.5 um/60 hours, P < 0.05) (Figure 6B). We recently
showed that EphB2 induced U251 cell invasion in the rat
brain slice model.”® As shown in Figure 6C, depletion of
R-Ras cancelled the increase of invasion in U251 or T98G
cells transfected with EphB2. These data suggest that
R-Ras downstream of EphB2 plays a role in glioblastoma
cell invasion.

R-Ras Is Phosphorylated in Invading Cells in ex
Vivo Rat Brain Slice

To confirm the functional role of R-Ras in invading cells,
we examined the phosphorylation level of R-Ras by man-
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Figure 6. Cell invasion in organotypic rat brain slice. A: U87 glioma cells
stably expressing GFP were transfected with siRNAs directed against lucif-
erase (control) or R-Ras, 2 days before implantation into the bilateral puta-
men on rat organotypic brain slice and observed at the indicated times. B:
Invasion rate of U87 cells treated with the indicated siRNA constructs were
calculated from z axis images collected by confocal laser-scanning micros-
copy; Bars, SE. *, P < 0.05. The mean value of invasion rates was obtained
from six independent experiments. C: Invasion rates of U251 and T98G cells
stably expressing GFP were co-transfected with EphB2 and R-Ras siRNA or
control siRNA were calculated as same as above. Scale bar, 500 wm.

ually isolating invading cells and tumor core cells from
U87 cells and U251 and T98G cells transfected with
EphB2 after their placement in the ex vivo brain slice
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Figure 7. Phosphorylation of R-Ras in invading glioma cells in organotypic
brain slice. A: U87 cells, U251 and T98G cells transfected with EphB2 were
collected from invading edge or stationary core on rat brain slice, and then
subjected to immunoprecipitation (IP) with anti-R-Ras antibody. The immu-
noprecipitates were probed by immunoblotting (IB) with anti-phosphoty-
rosine antibody (PY) or anti-R-Ras antibody. B: Signals were quantified by
densitometry using Gel Expert software by Nucleovision. Representative
ratio is shown from three experiments.

invasion assay. Immunoprecipitation analysis of R-Ras in
these two subcellular populations showed an increase in
phosphorylated R-Ras (twofold to sixfold) in invading
glioma cells as compared to the tumor core cells (Figure
7). These data further support the notion that phosphor-
ylation of R-Ras plays a role in glioma cell invasion.

Overexpression of R-Ras in Invading
Glioblastoma Cells

To assess a role for R-Ras in the malignant behavior of
human gliomas, expression of R-Ras in human normal
brain and astrocytic brain tumor tissues was examined by
QRT-PCR using histone H3.3 mRNA as an internal quan-
titative reference. Levels of the R-Ras mRNA (R-Ras
mRNA:histone H3.3 mRNA ratios) were significantly
higher in glioblastoma samples (mean = SD, 0.380 *
0.27; n = 11) than those in anaplastic astrocytoma tis-
sues (0.172 = 0.123; P < 0.05; n = 8), low-grade astro-
cytoma tissues (0.126 = 0.042; P < 0.01; n = 7) and
normal brain tissues (0.108 + 0.023; P < 0.05; n = 3;
Figure 8A). To evaluate a potential association of R-Ras
expression in the context of glioma invasion in vivo, we
collected invading glioblastoma cells and glioma cells in
the tumor core by laser capture microdissection of eight
glioblastoma surgical specimens, then performed QRT-
PCR of the isolated RNA. R-Ras was overexpressed in
invading glioblastoma cells (1.5- to 26-fold) relative to the
cells in the tumor core in all eight biopsy specimens
(Figure 8B).
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Figure 8. Expression of R-Ras in various human astrocytic tumors. A: Rela-
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cases (GB1 to GB8) captured by laser capture microdissection. mRNA levels
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Immunochemical Localization of R-Ras in
Glioblastoma Specimens

Cells expressing R-Ras in sections of normal brains and
glioblastoma specimens were identified using immuno-
histochemistry. R-Ras was immunolocalized mainly in the
neoplastic astrocytes in all of the glioblastoma cases (five
of five cases; Figure 9, A and B). Invading neoplastic
cells also contained significant staining for R-Ras (Figure
9, A and C). Neoplastic astrocytes were identified by
nuclear atypia in hematoxylin and eosin-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
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astrocytes were occasionally immunostained positively
for R-Ras. No staining was observed in the normal brains
(Figure 9E) or when preimmune serum was substituted
for primary antibody (Figure 9D). These results are con-
sistent with that of QRT-PCR findings.

Phosphorylation of R-Ras Is Correlated with
Phosphorylation of EphB2 in Glioblastoma
Samples

By immunoprecipitation and Western blot, tyrosine-phos-
phorylated EphB2 and R-Ras were identified in tissue
homogenates of glioblastoma samples (Figure 10A).
Consistent with the QRT-PCR results, protein levels of
R-Ras were increased in glioblastoma tissue relative to
normal brain, low-grade astrocytoma, and anaplastic as-
trocytoma (Figure 10A). Immunoprecipitation of the nor-
mal brain or low-grade astrocytoma samples did not
detect tyrosine-phosphorylated EphB2 and R-Ras. Phos-
phorylation ratios of R-Ras plotted against phosphoryla-
tion ratios of EphB2 in each glioblastoma case (n = 11)
showed a direct correlation (r = 0.694, P < 0.05)
(Figure 10B).

Discussion

The process of cellular invasion accesses complex bio-
mechanical events that lead to dynamic alterations in
cell-substrate attachment and increased cell motility; co-
incidentally, migrating cells use cytoplasmic biochemical
signaling cascades that also may affect cell survival. In
fact, however, the signals that regulate glioma cell migra-
tion and survival are mostly independently investigated
but only poorly integrated from a systems biology per-
spective, if at all. In this study, we analyzed the function
of R-Ras downstream of EphB2 that mediates glioma cell
migration and invasion. Forced expression of EphB2 in
U251 glioma cells altered cell-ECM adhesion, increased
cell migration, and unexpectedly decreased cell growth
rates. Glioma cells expressing EphB2 showed increased
R-Ras phosphorylation and concomitantly decreased
proliferation. R-Ras protein was detected in EphB2 im-
munoprecipitates; co-localization of R-Ras and EphB2
was observed in lamellipodia at the leading edge of cell
migration. Silencing of R-Ras using siRNA in EphB2-
expressing cells resulted in increased cell-ECM attach-
ment, increased proliferation that included activation of
the MEK/MAPK pathway, and decreased invasion in ex
vivo brain slice, suggesting that R-Ras plays a main role
as downstream signaling from EphB2. In addition, ex-
pression and phosphorylation of R-Ras were up-regu-
lated in glioblastoma, and most pronouncedly in the in-
vading cells. The phosphorylation ratio of R-Ras was
correlated with the phosphorylation ratio of EphB2 in
glioblastoma tissues, providing evidence of EphB2/R-
Ras signaling in glioblastoma. Thus, the present study
supports a role for R-Ras downstream from EphB2 sig-
naling pathways contributing to glioblastoma invasion.



574 Nakada et al
AJP August 2005, Vol. 167, No. 2

' 4
£ s do
PiTpe oy 4 K (B
P " 2] % e -0
/ Yoo / &
L V4 L4 2 (4 Z
: @ 4 v Ve
5 Vs ARy
5 . & - [ &
» iy oo ® 4 R o
o gt L) . .
3 “@ 7 d
£
: ¢ - . eo L4

In vivo examination of R-Ras in glioma biopsy spec-
imens showed that the levels of R-Ras mRNA, protein,
and tyrosine-phosphorylated form of the protein are
significantly higher in glioblastoma tissue than normal
brain, low-grade astrocytoma, or anaplastic astrocy-
toma. The increase in R-Ras mRNA and protein in
tumor tissue is ascribed to astrocytic tumor cells be-
cause R-Ras immunolocalized predominantly to glioma
cells. Based on the observation that invading cells

Figure 9. Immunolocalization of R-Ras in glioblastoma tissues and normal
brain tissues. Paraffin sections were immunostained with polyclonal an-
tibodies against R-Ras (A: invading front in low magnification; B and C:
high magnification) or nonimmune rabbit IgG (D). Note the R-Ras immu-
nostaining in the glioblastoma cells at the central region in the tumor (B,
arrows), as well as in invading glioblastoma cells at the tumor border (C,
arrows), whereas no staining is observed in the normal brain with
anti-R-Ras antibody (E) and glioblastoma with nonimmune IgG (D).
Hematoxylin counterstain. Scale bars: 200 um (A); 50 um (B).

in vivo overexpressed R-Ras, and that R-Ras protein
was detected by immunohistochemistry in invading gli-
oblastoma cells, it seems likely that the production
level of R-Ras is up-regulated in the invading tumor
cells. Confirmation of R-Ras phosphorylation in actively
invading glioma cells in ex vivo rat brain slices, con-
comitant with our recent data showing overexpression
and phosphorylation of EphB2 in invading glioblas-
toma cells,'® further support the biological role of R-
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Figure 10. Phosphorylation of R-Ras and its correlation with EphB2 phos-
phorylation in glioblastoma tissues. A: Results of immunoprecipitation using
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with anti-EphB2 or anti-R-Ras antibodies. The immunoprecipitates were
probed by immunoblotting (IB) with the antibody indicated. PY, phospho-
tyrosine. B: Correlation of R-Ras phosphorylation ratio with EphB2 phos-
phorylation ratio in glioblastomas. Signals were quantified by densitometry
using software by Nucleovison and the phosphorylation ratio levels (phos-
pho-EphB2:total-EphB2 or phospho-R-Ras:total-R-Ras ratios) were calcu-
lated. Direct correlations are observed with correlation coefficients of r =
0.094 (P < 0.05).

Ras in glioma invasion. Thus, our results suggest that
the EphB2/R-Ras signaling pathway may contribute to
the malignant behavior of glioblastoma and may drive
invasion of glioma cells into normal brain tissue.
Decreased adhesion is thought to promote tumor cell
invasion.®® Our study shows that EphB2 signaling leads
to phosphorylation of R-Ras and reduced cell-ECM ad-
hesion, which are both recovered by R-Ras knockdown;
this suggests that R-Ras is involved in the decrease of
adhesion downstream of EphB2. Additionally, PD98059
did not affect cell adhesion by EphB2-expressing cells
co-transfected with the R-Ras siRNA (data not shown),
signifying that the MEK/MAPK pathway is not involved in
cell-ECM adhesion. Similar results were obtained using
293T cells transiently transfected with EphB2, indicating
EphB2 inhibits cell adhesion through tyrosine phosphor-
ylation in the effector domain of R-Ras, which suppresses
the ability of R-Ras to support integrin activity.?*2" R-Ras
reportedly influences integrin activation by both direct
mechanisms®® and indirect mechanisms.®® Our results
contrast with a previous report that R-Ras promotes for-
mation of focal adhesion through the phosphorylation of
focal adhesion kinase (FAK) in Hela cells or breast epi-
thelial cells.®®** Such a discrepancy could be cell type-
dependent because blocking of R-Ras in U251 or T98G
transfected with EphB2 did not affect the phosphorylation
level of FAK (data not shown). Based on our results, we
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speculate that R-Ras plays a central role in the down-
stream signaling of EphB2 by modulating inside-out inte-
grin signaling that mediates cell-ECM adhesion in invad-
ing glioma cells.

Collective evidence shows that the MEK/MAPK path-
way plays an important role in regulating mitogenesis and
is involved specifically in the proliferative behavior of glial
tumors.>® We demonstrated that EphB2 signaling de-
creased cell growth coincident to dephosphorylation of
MAPK. Decreased MAPK phosphorylation could be pre-
vented by knockdown of R-Ras, suggesting EphB2/R-
Ras signaling leads to retarded proliferative activity
through inhibition of MEK/MAPK. Our results are consis-
tent with previous findings that EphB2 receptors nega-
tively regulate MAPK, resulting in a reduction of mito-
genic signals in neuronal cells,®*® and unlike other Ras
proteins, R-Ras does not activate the MEK/MAPK path-
way.®”-38 Our previous studies showed that invasive cells
show a lower proliferation rate compared with the dense
core of glioblastoma both in vitro and in vivo.*°

Overexpression of EphB2 increased invasion as pre-
viously shown with an ex vivo organotypic rat brain slice
model.”® The present study shows that the increased
invasion induced by EphB2 signaling is reversed by R-
Ras knockdown. This suggests that R-Ras is involved in
the increase of invasion downstream of EphB2. Similarly,
R-Ras signals have been shown to promote invasion in
breast epithelial cells*® and in a cervical carcinoma cell
line.®” Separately, we found that the phosphatidylinositol
3-kinase/Akt pathway, which is an additional important
signal transduction pathway in glioblastoma, participates
in events leading to high migratory activity after EphB2
activation in an in vitro migration assay, independent of
the involvement of R-Ras (data not shown). That may be
a reason why knockout of R-Ras does not completely
eliminate the effect of increased invasion by EphB2 in
U251 and T98G cells. Taken together, R-Ras seems to be
a key molecule in signaling networks that coordinately
regulate cell-ECM adhesion, cell proliferation, and inva-
sion downstream of EphB2.

We have recently reported overexpression and ele-
vated phosphorylation of EphB2 receptor in invading gli-
oma cells.”® Here we provide evidence that effects of
R-Ras downstream of the EphB2 receptor are consistent
with that of invading glioma cells. Because most conven-
tional chemotherapeutic agents function to inhibit cell
proliferation, it is possible that invading glioma cells are
more chemoresistant due to the fact that EphB2/R-Ras
signaling decreases cell proliferation by inhibition of the
MEK/MAPK pathway. In addition, our previous data
showed that invading glioma cells are resistant to cyto-
toxic therapy,*' which may be enhanced by EphB2/R-
Ras signaling. Thus, the EphB2 receptor seems to trigger
signaling networks that regulate invasion of glioma. Fu-
ture work aimed at studying the complexity of the multi-
compartment Eph/ephrin signaling network may contrib-
ute to a better understanding of tumor progression
mechanisms as they relate to the invasion and survival of
glioblastoma multiforme.
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