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Ca’"-Permeable AMPA Receptors Regulate Growth of
Human Glioblastoma via Akt Activation
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Evidence has been accumulated that glioblastoma cells release and exploit glutamate for proliferation and migration by autocrine or
paracrine loops through Ca**-permeable AMPA-type glutamate receptors. Here, we show that Ca>" signaling mediated by AMPA
receptor regulates the growth and motility of glioblastoma cells via activation of Akt. Ca*>" supplied through Ca*-permeable AMPA
receptor phosphorylated Akt at Ser-473, thereby facilitating proliferation and mobility. A dominant-negative form of Akt inhibited cell
proliferation and migration accelerated by overexpression of Ca>*-permeable AMPA receptor. In contrast, introduction of a constitu-
tively active form of Akt rescued tumor cells from apoptosis induced by the conversion of Ca*"-permeable AMPA receptor to Ca**-
impermeable receptors by the delivery of GluR2 cDNA. Therefore, Akt functions as downstream effectors for Ca>* -signaling mediated by
AMPA receptor in glioblastoma cells. The activation of the glutamate-AMPA receptor-Akt pathway may contribute to the high degree of
anaplasia and invasive growth of human glioblastoma. This novel pathway might give an alternative therapeutic target.
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Introduction

Glioblastoma (GBM) is the most common and the most malig-
nant tumor occurring in the CNS and is notorious for its highly
infiltrative and invasive behavior, which makes surgical interven-
tion ineffective (Kleihues et al., 2000; Maher et al., 2001). The
prognosis for intermediate grade glioma patients has been im-
proved by the combination of modern therapies such as surgery,
radiation, and chemotherapy, but the overall survival has not
increased in patients with glioblastoma (Bailey and Cushing,
1926; Maher et al., 2001). Establishment of a curative treatment
for glioblastoma will require better understanding of the molec-
ular mechanisms underlying the proliferation, migration, and
invasion of the tumor cells.

Several lines of evidence have been accumulated regarding
signal transduction pathways in glioma cells. Amplification of the
epidermal growth factor receptor (EGFR) gene occurs in 40—-50%
of glioblastomas, and the tumor cells usually show overexpres-
sion of EGFR (Smith et al., 2001). Stimulation by a growth factor
causes the activation of phosphatidylinositol-3-OH kinase
(PI3K), which catalyzes the conversion of phosphatidylinositol
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(4,5)-biphosphate (PIP2) into phosphatidylinositol (3,4,5)-
triphosphate (PIP3) (Maehama and Dixon, 1998). Membrane-
associated PIP3 attracts and activates the protein serine-
threonine kinase Akt [also called protein kinase B (PKB)]
(Cantley and Neel, 1999). Loss of a tumor suppressor gene called
phosphatase/tensin homolog on chromosome 10 (PTEN) also is
detected frequently in glioblastoma as well as breast, prostate,
and endometrial carcinomas and melanoma (Li et al., 1997).
PTEN is a lipid phosphatase, which blocks the activation of Akt
by converting PIP3 to PIP2, thereby promoting cell cycle arrest
and apoptosis. Loss of the PTEN function further accelerates the
hyperactivation of Akt and facilitates the growth and anti-
apoptotic survival of glioblastoma cells (Di Cristofano et al.,
1998). Therefore, the PI3K-Akt pathway may play a key role in
the anti-apoptotic survival of glioblastoma cells as well as other
cancer cells (Li et al., 1997; Tamura et al., 1998; Choe et al., 2003).

The Ca*" influx mediated by NMDA-type glutamate recep-
tors or voltage-dependent Ca®" channels activates Akt indepen-
dently of the PI3K pathway, which in turn phosphorylates the
belll-associated death promoter and protects cells from apoptosis
(Koike et al., 1989; Datta et al., 1997; Yano et al., 1998). We have
shown previously that activation of Ca>" -permeable AMPA-type
glutamate receptors facilitates the migration and proliferation of
human glioblastoma cells (Ishiuchi et al., 2002). AMPA receptors
mediate fast neurotransmission in most excitatory synapses in
the CNS (Seeburg, 1993; Hollmann and Heinemann, 1994;
Ozawa et al., 1998) and consist of subunits taken from a set of
four proteins, GluR1-4 (Seeburg, 1993; Hollmann and Heine-
mann, 1994). The Ca*>* permeability of AMPA receptors de-
pends on the subunit composition: receptors with the GluR2
subunit exhibit little permeability, whereas those without GluR2
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exhibit high permeability. Abundance of the GluR2 subunit has
been shown to decrease Ca®" permeability (Burnashev et al.,
1992; Bochet et al., 1994; Geiger et al., 1995). The unique prop-
erties of GluR2 can be traced to a single amino acid residue in the
second hydrophobic segment. This residue is arginine (R) in
GluR2 and glutamine (Q) in the other subunits. Replacement of
the arginine with glutamine at this critical site (Q/R site) causes
the homomeric receptors assembled from the mutant GluR2Q to
show high Ca** permeability (Seeburg, 1993; Hollmann and
Heinemann, 1994). Interestingly, a glutamine codon (CAG) is
encoded at the Q/R position in genomic sequences for the GluR1
through GluR4 subunits, whereas an arginine codon (CGQG) is
found only in the cDNA sequence of the GluR2 subunit. This
adenosine-to-guanosine change resulting from an RNA editing
process is developmentally controlled. Although GluR2 exists ex-
clusively in the edited form in the adult brain, the unedited and
edited forms coexist in the fetal brain (Burnashev et al., 1992) and
glioblastoma tissues and cell lines (Maas et al., 2001; Yoshida et
al., 2006). We showed previously that glioblastoma cells express
Ca’*-permeable AMPA receptors assembled mainly from the
GluR1 and/or GluR4 subunits, although some primary cultured
cells coexpress GluR2 (Ishiuchi et al., 2002). Both GluR2-lacking,
and GluR2Q-assembling, forms of the AMPA receptor are Ca**
permeable, and the Ca** influx through these receptors may
contribute to the invasive and aggressive growth behavior of gli-
oblastomas (Maas et al., 2001; Ishiuchi et al., 2002). However, no
link has been established between Ca**-triggered signaling
through glutamate receptors and activation of Akt.

The present study investigated whether Akt functions as a
downstream effector molecule of Ca**-permeable AMPA recep-
tors to promote cell growth and mobility in human glioblastoma
cells.

Materials and Methods

Surgical specimens and cell cultures. The surgical specimens examined in
this study were histologically identified as glioblastoma multiforme, ana-
plastic astrocytoma (AA), and diffuse astrocytoma according to the
World Health Organization classification (Kleihues et al., 2000). Cell
cultures were prepared as described previously (Ishiuchi et al., 1998).
Cells were cultivated in Eagle’s minimal essential medium (Nissui, To-
kyo, Japan) supplemented with 10% FBS and 2 mm glutamine. The con-
centration of glutamate in this medium, which was referred to thereafter
as control media, was determined by enzymatic cycling as 107 = 5 um
(n = 4) (Sakurai and Okada, 1992). Glutamate-free media were consti-
tuted with DMEM (low glucose) (Invitrogen, San Diego, CA) supple-
mented with 10% dialyzed FBS. The concentration of glutamate in this
medium was <5 um (n = 4).

Amino acid analysis. Glutamate concentrations in tissue culture media
(1 ml) in which cultured glial cells (~0.5 X 10 cells, or 0.5 mg per
culture) were incubated for 48 h under control media, glutamate-free
media, media containing 100 um glutamate, and media containing 100
M glutamate together with 100 um GYKI-52466, a noncompetitive
AMPA receptor antagonist. Samples were stored at 60°C until use. For
determination of glutamate levels, 300 ul of each culture medium was
mixed with 450 ul of 3.89% sulfosalicylic acid in a vortex-mixer for
deproteination and was stirred and centrifuged (9000 X g) at 4°C for 10
min. The clear supernatant (30 ul) was applied to L-8500 amino acid
analyzer (Hitachi, Japan, Tokyo). By using lithium citrate buffers with
ninhydrin as derivatization agent and fluorescence detection (emission
at 440 nm for proline and hydroxyproline, and emission at 570 nm for
other amino acids), excellent separation of 41 amino acids was obtained
in the lower range (~1.0-9.0 nmol/ml). Samples were analyzed in
triplicate.

Gene transfer using adenoviral vectors. We constructed the following
recombinant adenoviruses: (1) AXCALNLGIuR1, AxCALNLGIuR2, and
AxCALNLGIuR2Q, expression-switching units for expression of the rat
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GluR1, GluR2, and GluR2Q subunits, respectively, consisting of the CAG
promoter, a loxP sequence, a stuffer gene (neo-resistance gene), a poly
(A) signal, a second loxP site, the GluR1, GluR2, or GluR2Q coding
sequence, and another poly (A) signal [rat GluR1 and GluR2 cDNAs were
generous gifts from Drs. Stephan F. Heinemann (Salk Institute, La Jolla,
CA) and M. Hollmann (Ruhr University, Bochum, Germany)]; (2)
AxCANCre and AxCAGFP, recombinant adenoviruses for the expres-
sion of Cre recombinase and green fluorescent protein (GFP) (Clontech,
Cambridge, UK), respectively; and (3) AxCALNLmyr-Akt-HA and Ax-
CALNLmyr-Akt-AA, the cDNA fragments comprising the entire coding
region for human Akt1 were isolated from human embryonic kidney 293
c¢DNA by PCR. Constitutively active Akt, which lacks the pleckstrin ho-
mology domain (amino acid 4—129) but has the src-myristoylation sig-
nal sequence (MGSSKSKPKDPSQRR) (Resh, 1994) fused to its N-
terminal end and a hemagglutininepitope (HA) tag at its C-terminal end
(Kohn et al., 1996a) was prepared by PCR. Akt-AA (rat Aktl T308A/
S473A), which also contains HA tag in its N terminal and works as a
dominant-negative mutant of Akt (Kitamura et al., 1998), was kindly
provided by Drs. M. Kasuga and W. Ogawa (Kobe University, Kobe,
Japan). The recombinant adenoviral vectors were constructed by the
COS-terminal protein complex method (Miyake et al., 1996). Cells were
infected at a multiplicity of infection of five with the recombinant adeno-
viruses 2-5 d before experiments except for AXCALNLmyr-Akt-AA,
which was used at a multiplicity of infection of 20.

Reverse transcription-PCR. Aliquots of 100 ng of RNA prepared from
samples were reverse-transcribed with random haxamers and the reverse
transcription (RT) product was subjected to 35 PCR cycles (94°C, 20 s;
50°C, 20 s; 72°C, 20 s) with primers that simultaneously amplified
GluR1-4 (Bochet et al, 1994) (sense primer, CCTTTGGCCTAT-
GAGATCTGGATGTG; antisense primer, TCGTACCACCATTT-
GTTTTTCA). A second PCR (35 cycles) for subunit-specific amplifica-
tion was performed with the sense primers specific for GluRl1
(AAGAGGGACGAGACCAGACAAC at 1712-1733; position 1 being the
first nucleotide of the coding sequence), GluR2 (GAAGATGG-
AAGAGAAACA-CAAAGT at 1732-1755), GluR3 (GGAAGACAA-
CAATGAAGAACCTC at 1749-1771), or GluR4 (GAAGGACCCAGC-
GACCAGCC at 1747-1766) and the common antisense primer that was
used for the first amplification. The products of this second amplification
(637 bp for GluR1, 638 bp for GluR2, 657 bp for GluR3, and 626 bp for
GluR4) were digested by restriction enzymes specific for GluR1 (BglI),
GluR2 (Bsp1286 I), GluR3 (Aval), and GluR4 (Pyull).

Analysis of RNA editing. The PCR was performed in 20 ul containing 1
pl of first-strand cDNA. The reaction was performed for 20 cycles (94°C,
30 s; 49°C, 2 min) with GluR2-specific primer and AMPA receptor-
common lower primer. PCR products were digested with Q/R site-
specific restriction enzymes, Bbvl, and separated by agarose gel electro-
phoresis (Yoshida et al., 2006).

Western blot analysis. Samples (~100 mg) were homogenized in 200 ul
of whole-cell lysis buffer (0.1% SDS, 1% deoxycholic acid, 30 mm Tris,
pH 7.6, 1% Triton X-100, 1 mmM phenylmethyl-sulfonyl-fluoride, and 1
mM EDTA) mixed with 20 ul of protease inhibitor mixture (Boehringer
Mannheim, Indianapolis, IN), and then lysed on ice. Protein samples
(20 ug) were subjected to 10% SDS-PAGE and transferred to poly-
vinylidene difluoride membrane. Primary antibodies for phospho-
phosphoinositide-dependent kinase-1 (PDK-1) (Ser-241), PDK-1, Akt,
Phospho-Akt (Ser-473), and Phospho-Akt (Thr-308) (Cell Signaling
Technology, Beverly, MA) were used at 1:1000 dilutions. Secondary per-
oxidase-conjugated antibody (Dako, High Wycombe, UK) was used at
1:2000, and the GE Healthcare (Arlington Heights, IL) ECL system was
used for visualizing the antibody-bound protein.

Histology and immunofluorescence. Indirect immunofluorescence
staining was performed as described previously (Ishiuchi et al., 2002).
Selective antibodies against GluR1, GluR2, GluR2/GluR3, GluR4
(Chemicon, Temecula, CA), and vimentin (V9; Dako) were used. For
dual immunofluorescence, FITC-, rhodamine-, Alexa 594-labeled, and
Texas red secondary antibodies (Invitrogen, Eugene, OR) were used to
visualize the bound antibodies. The stained cells were viewed with a
laser-scanning confocal microscope (MRC-1024E, Bio-Rad, Hercules,
CA; Pascal LSM5, Zeiss, Thornwood, NY). DNA counterstaining was
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performed with 10 wg/ml propidium iodide (PI) or 5 ug/ml 4,6-
diamidino-2-phenylindole (DAPI). For detection of fluorescence inten-
sity of pAkt immunostaining, 11 cross sections taken at 0.45 um spacing
were collected, and images were analyzed by Pascal Quick operation
version 3.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling, proliferation, and migration assays. The terminal deoxynu-
cleotidyl transferase-mediated biotinylated UTP nick end labeling
(TUNEL) assay was performed using an In Situ Cell Death Detection kit
(MBL, Tokyo, Japan), and the cell proliferation assay was performed
using anti-Ki-67 monoclonal antibody (Dako) staining indices as de-
scribed previously (Ishiuchi et al., 2002). The migration assay was per-
formed as described previously (Ishiuchi et al., 2002). YM872 was kindly
provided by Astellas Pharmaceutical (Tokyo, Japan).

Animal models. CGNH-89 cells were suspended at 107/100 ul in cul-
ture medium. Cell suspensions (1 X 107/100 ul) were injected subcuta-
neously into the flank of 5- to 6-week-old nude mice (body weight, 18-20
g). Adenoviruses, either AxXCALNLmyr-Akt-HA plus AxCANCre or
AxCALNLAkt-AA plus AxXCANCre, and either AXCALNLGIuR2 plus
AxCANCre or AXCALNLGIuR2Q plus AxCANCre (1 X 107 pfu; diluted
in a total of 100 ul of PBS), were administered intratumorally once 5 d
after tumor inoculation with a 27-gauge needle. AXCALNLmyr-Akt
without AXCANCre or AXCALNLGIuR2 without AXCANCre was ad-
ministered as a control. Tumor volume was calculated according to the
formula (length X width?)/2. At the end of each experiment, tumor
tissues were subjected to histological analysis. The Animal Care and Ex-
perimentation Committee of Gunma University, Showa Campus, ap-
proved all animal experiments. The Ethical Committee of Gunma Uni-
versity, Showa Campus, approved experiments using human tissues
derived from glioma patients.

Data analysis. Data are expressed as the mean = SEM. Statistical com-
parisons were performed with an unpaired ¢ test or one-way ANOVA
(Schefte’s test for post hoc comparison).

Results

Glutamate stimulates cell proliferation and migration
Glutamate, a principal excitatory neurotransmitter in the CNS,
stimulates proliferation and migration of neuronal progenitors
and immature neurons in the developing brain (Ikonomidou et
al., 1999), and the biology of proliferative glioblastoma cells is
reminiscent of cell division, migration, and proliferation of neu-
ral stem cells (Sanai et al., 2005). Therefore, we examined the
influence of glutamate on tumor proliferation using a human
glioblastoma cell line (CGNH-89), which expresses Ca’*-
permeable AMPA receptors as well as other cell lines and primary
cultures (Ishiuchi et al., 2002).

To examine how glutamate influences tumor growth, we
maintained glioblastoma cells in the control medium for 12 h
after plating and then cultured the cells in glutamate- and
glutamine-free medium supplemented with 10% dialyzed FBS
(referred to as the glutamate-free medium) for 2 d with or with-
out 100 M glutamate. The culture medium was changed daily in
each case. We estimated the proliferative activity of CGNH-89
cells using the MIB-1 (Ki-67) staining index and estimated the
apoptotic index using the TUNEL assay. Deprivation of gluta-
mate from the culture medium markedly suppressed the prolif-
erative activity of tumor cells and prompted apoptosis (Fig. 1 A).
The Ki-67 staining and apoptotic indices were 16.0 * 6.0% (n =
3) and 3.0 = 0.5% (n = 3), respectively, in the control medium
and <0.1% (n = 3; p < 0.001) and 18.0 = 2.5% (n = 3; p <
0.001), respectively, in the glutamate-free medium. The addition
of 100 uM glutamate to the glutamate-free medium restored the
Ki-67 staining index to 18.5 = 3.0% (n = 3; p < 0.001) and
reduced the apoptotic index to 3.0 = 2.0% (n = 3; p < 0.001)
(Fig. 1A). The further addition of 20 uM 2,3-dihydroxy-6-nitro-
7-sulfamoyl-benzo (F)-quinoxaline (NBQX), an antagonist of
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AMPA receptors, markedly inhibited the effect of glutamate on
proliferation, reduced the Ki-67 staining index to 2.0 * 1.0%
(n = 3; p <0.001), and increased the apoptotic index to 13.0 =
2.0% (n = 3; p < 0.05) (Fig. 1 A). In the presence of NBQX, most
tumor cells exhibited flat morphologies under the phase-contrast
microscope (Fig. 1A). Another AMPA antagonist, [2,3-dioxo-7-
(1H-imidazol-1-yl)-6-nitro-1,2,3,4-tetrahydroquinoxalin-1-yl]
acetic acid monohydrate (YM872) (Kohara et al., 1998), also in-
hibited the effect of glutamate on cell proliferation. In the pres-
ence of both 100 uM YM872 and 100 uM glutamate, the Ki-67
staining index was 4.0 = 1.0% (n = 3; p < 0.001), and the apo-
ptotic index was 20.0 * 2.0% (n = 3; p < 0.05).

To confirm the effect of glutamate on cell proliferation, we
counted the number of viable cells using Trypan blue staining.
Cells were incubated in the glutamate-free medium for 6 d, and
the effects of the addition of 2 mMm glutamine or 100 uM glutamate
plus 2 mMm glutamine were tested. A substantial increase in cell
number was found in the medium containing 100 uM glutamate.
In contrast, the addition of only 2 mwm glutamine had little effect
on cell proliferation (Fig. 1 B). These results indicate that gluta-
mate facilitated the proliferation of tumor cells and inhibited
apoptosis by activating AMPA receptors. We next examined glu-
tamate accumulation in media of cultured cells by HPLC. The
presence of glutamate significantly influences cell growth at the
start of growth assays. Even in the glutamate- and glutamine-free
condition, glioma cells release a significant amount of glutamate
(>100 um; 6 d in vitro) as well as a glutamate precursor glu-
tamine, and that released glutamate stimulates gradual cell pro-
liferation in autocrine and paracrine loops (Fig. 1B).

We next examined the effect of glutamate on the mobility of
tumor cells using a cloning ring (7 mm in diameter) in the center
of the culture dish. Cells were cultured in the control medium
inside the ring, which was removed 24 h after plating. The cells
were then exposed to glutamate-free medium during the next
24 h, and the number of cells that crossed the border of the
cloning ring was counted. The addition of 100 um glutamate
markedly increased the number of cells that crossed the border
from33.2 = 5.3 (n = 5) to 331.2 = 123.3 (n = 5; p < 0.001) (Fig.
1C). The further addition of either 100 um NBQX or 100 um
YM872 reduced the number of cells crossing to 38.2 = 5.3 (n = 5)
and 40.2 * 9.3 (n = 5; p < 0.001), respectively. These results
indicate that glutamate regulated cell migration by activating
AMPA receptors.

AMPA antagonists inhibit phosphorylation of Akt in
glioblastoma cells

Akt is a well-established survival factor exerting anti-apoptotic
activity, and its dysregulation is implicated in tumorigenesis
(Fengetal., 2004). Glioblastoma cells grow vigorously in medium
with 10% FBS containing ~100 M glutamate as well as cytokines
and growth factors (Sasaki et al., 1998). Multiple pathways stim-
ulated by these factors concomitantly activate Akt (Datta et al.,
1997; Cantley and Neel, 1999). The activation of Akt requires
phosphorylation at Thr-308 and Ser-473 (Alessi and Cohen,
1998; Williams et al., 2000).

We first examined the extent of phosphorylation at Thr-308 of
Akt in glioblastoma cells using an antibody against anti-
phosphorylated Akt, which detects Akt only if phosphorylated at
this site. Cells cultured in the 10% FBS-containing medium had
both phosphorylated and unphosphorylated Akt at Thr-308. The
extent of phosphorylation was estimated by calculating the fluo-
rescence intensity of the phosphorylated Akt (pAkt ™) stained
with the specific antibody relative to that of total Akt. Wortman-
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nin (5 uM), a specific inhibitor of PI3K,
significantly reduced the relative amount
of pAkt "M%/ Akt (in arbitrary units) from
136.3 +12.4(n=3)t031.0 = 13.8 (n = 3;
p < 0.001), although 1 uM wortmannin
had no significant effect (129.3 = 12.5;n =
4) (Fig. 1D). The addition of 100 um
NBQX significantly reduced this amount
(98.6 + 11.2;n = 3; p < 0.01).

We next examined the extent of phos-
phorylation at Ser-473 using an antibody
against anti-phosphorylated Akt, which
detects phosphorylated Akt at this site.
Wortmannin at 5 uMm reduced markedly
the relative amount of pAktS™*”3/Akt (in
arbitrary units) from 102.3 * 14.0 (n = 3)
t028.0 = 5.0 (n = 3; p < 0.001) (Fig. 1 D).
Wortmannin at 1 uM also had a significant
effect (83.0 £ 2.0; n = 3; p < 0.05). Addi-
tion of 100 uM NBQX caused a significant
decrease in this amount to 54.5 + 4.0 (n =
3; p < 0.001). LY294002, another specific
inhibitor for PI3K, suppressed the activa-
tion of Akt at Ser-473 in a similar manner
to wortmannin. The fluorescent intensi-
ties in arbitrary units of pAkt>*™*73/Akt in
cells treated with 20 M LY294002, 100 M
LY294002, and control cells were 110.0 *
8.0, 38.0 = 8.5, and 126.0 = 5.0, respec-
tively (n = 3). Therefore, high doses of the
PI3K inhibitors (100 uM LY294002 and 5
1M wortmannin) significantly suppressed
the phosphorylation of Akt at Ser-473
(p < 0.001).

To test the anti-proliferative activity of
NBQX or wortmannin, we measured the
number of viable cells using Trypan blue
staining in cell cultures treated with each
agent for 2 d. Treatment with 100 um
NBQX (n=3;p<0.001), 1 wm wortman-
nin (n = 3; p <0.01), or 5 uM wortmannin
(n = 3; p < 0.001) significantly reduced
the number of viable cells (Fig. 1 E), indi-
cating that the suppression of Akt at Ser-
473 was inversely correlated with the rate
of tumor growth. The TUNEL assay re-
vealed that 100 um NBQX and 5 um wort-
mannin increased the apoptotic indices
from 3.0 £ 1.5t020.0 £ 5.0% (n =3;p <
0.001) and 17.0 = 8.0% (1 = 3; p < 0.001),
respectively.

GluR2 inhibits but GluR2Q stimulates
activation of Akt at Ser-473

To test the effect of Ca®" influx through
AMPA receptors mediated by activation of
Akt, we attempted to convert Ca’"-
permeable AMPA receptors into Ca’*-
impermeable receptors by adenoviral-
mediated transfer of GluR2 ¢cDNA (Iino et
al., 2001; Ishiuchi et al., 2001). Two re-
combinant adenoviruses were con-
structed, one for expression of Cre recom-
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Figure 1.  Effects of glutamate on tumor cell proliferation and migration. A, Human glioblastoma cells (CGNH-89) cultured in
glutamine-, glutamate-free medium (top row), with 100 m glutamate (middle row), or 100 wm glutamate plus 20 m NBQX
(bottom row) for 2 d. Phase-contrast micrographs (left column) and results of TUNEL staining (FITC, green; center column) and
Ki-67/MIB-1staining (FITC, green; right column) are shown. The DNA was counterstained with Pl (red). Scale bar (in 4): 4, 50 m;
€, 100 m. B, Growth curve of viable cells cultured in glutamine-, glutamate-free medium (black line), with 2 mm glutamine (red
line), or 100 u glutamate plus 2 mu glutamine (blue line). Cells (5 X 10°) plated in the medium containing 10% FBS were
incubated for 12 h, and then the medium was changed to either glutamine-, glutamate-free medium or medium containing 2 mm
glutamine or 100 pum glutamate plus 2 mu glutamine for 6 d, respectively. Viable cells were counted after Trypan blue staining.
Glutamate significantly promoted tumor cell proliferation (n = 3; *p << 0.05, **p << 0.01, ***p << 0.001). The bottom three
graphs showed that determination of extracellular glutamate (glu) and glutamine (gIn) in control medium, medium containing 2
mm glutamine, or glutamine-, glutamate-free medium maintained without medium change for 6 d (n = 3). C, Motility assays
using a cloning ring. The culture immediately following the removal of the cloning ring after incubation in the medium containing
10% FBS for 24 h (top left) and migratory cells incubated in glutamine-, glutamate-free medium, with or without 100 pm
glutamate, or 100 wm glutamate plus 20 um NBQX or 20 um YM872 at 24 h after the removal of the cloning ring
are shown. Cells were stained with monoclonal antibody for vimentin (FITC, green), and (Figure legend continues.)
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Figure 2.  Effects of expression of GIuR2 and GIuR2Q on cell morphology and phosphorylation of Akt. A, Cultured cells (CGNH-

89) infected with AXCAGFP (top row) for 4 d. The DNA was stained with PI. GFP fluorescence was detected in almost all cells. At 4 d
postinfection with AXCANCre alone, cells were stained with anti-vimentin antibody (FITC, green) and anti-phospho Akt antibody
(Ser-473) (Texas red; red, bottom row). Merged images are also provided (right column). B, Cultured cells (CGNH-89) infected with
AxCALNLGIuR2 and AxCANCre for expression of GIuR2. Cells were stained with anti-GluR2 antibody (FITC, green) and anti-phospho
Akt antibody (Ser-473) (Texas red; red, top row), and anti-vimentin antibody (FITC, green) and anti-phospho Akt antibody
(Ser-473) (Texas red; red, bottom row). Merged images are also provided (right column). €, Cultured cells (CGNH-89) infected with
AxCALNLGIuR2Q and AxCANCre for expression of GIuR2Q. Cells were stained with anti-GIuR2 antibody (FITC, green) and anti-
phospho Akt antibody (Ser-473) (Texas red; red, top row), and anti-vimentin antibody (FITC; green) and anti-phospho Akt
antibody (Ser-473) (Texas red; red, bottom row). Merged images are also provided (right column). Scale bar: 4 (top), 200 um; A
(bottom), 100 wm; B, ¢, 50 rm. D, Immunoblotting with anti-phospho-Akt (Thr-308), anti-phospho-Akt (Ser-473), and anti-Akt
antibodies for glioblastoma cells, showing the effects of the adenoviral-mediated expressions of GluR2, GluR2Q, and GIuR1
with or without the addition of wortmannin on phosphorylation of Akt. For the control, cells cultured in the medium
containing 10% FBS were infected with AxCALNLGIuR2Q without AxCANCre (vector). Cells were infected with AXCALNL-
GluR2, AxCALNLGIuR2Q, and AxCALNLGIuR1, respectively, together with AxCANCre to express GluR2, GIuR2Q, and GluR1.
Immunoblotting was performed at 4 d postinfection. Effects of wortmannin were tested by adding at either 1 or 5 um
during these periods. The relative fluorescent signal intensity of pAkt 7> to Akt and that of pAkt " to Akt (in arbitrary
units) for each treated cell (n = 3 each) are provided (right column). The amount of Akt phosphorylated at Ser-473 was
significantly reduced by expression of GIuR2 or 5 um wortmannin compared with the control but increased by expression
of GIuR2Q regardless of the presence of wortmannin (***p << 0.001). The amount of Akt phosphorylated at Thr-308 was
significantly reduced only if the cells were treated with 5 wm wortmannin (***p < 0.001), and this effect of wortmannin
was reversed by expression of GIuR2Q (n = 3; *p << 0.05, **p << 0.01, ***p < 0.001).

<«

(Figure legend continued.) nuclei were counterstained with Pl (red). White lines indicate the border of the ring. D, Inmunoblotting
with anti-phospho-Akt (Thr-308), anti-phospho-Akt (Ser-473), and anti-Akt antibodies for glioblastoma cells, which shows the
effects of 100 um NBQX, T um wortmannin, or 5 um wortmannin on phosphorylation of Akt. The relative fluorescent signal
intensity of pAkt ™8 to Akt, and that of pAkt > to Akt (in arbitrary units) for each treated cell (n = 3 each) is shown in the
graphs below the blots. The amount of Akt phosphorylated at Thr-308 was significantly reduced in cells treated with 5 m
wortmannin (***p < 0.001) compared with the control. The amount of Akt phosphorylated at Ser-473 was significantly reduced
in cells treated with 100 um NBQX (***p << 0.001), T um wortmannin (*p << 0.05), and 5 um wortmannin (***p < 0.001)
compared with the control. E, Effects of NBQX and wortmannin on cell growth. Cells (5 X 10°) plated in the medium containing
10% FBS were incubated for 12 h, and then the medium was changed and 100 v NBQX, 1 um wortmannin, or 5 v wortmannin
was added for 2 d. Viable cells were counted after Trypan blue staining. A significant decrease in growth was found in cells treated
with 100 M NBQX (n = 3;***p << 0.001), 1 umwortmannin (n = 3;**p < 0.01),and 5 wmwortmannin (n = 3; ***p < 0.001)
compared with the control.
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binase (AxCANCre) (Kanegae et al,
1996) and another with a switching unit
for expression of GluR2 (AxCALNL-
GluR2). We also constructed a recombi-
nant adenovirus with GFP ¢cDNA (Ax-
CAGFP) for marking adenovirus-
infected cells (Fig. 2A).

Human glioblastoma cells have high af-
finity for recombinant adenoviruses, and
almost all cells were infected at a multiplic-
ity of infection of five. The adenoviral-
mediated delivery of GluR2 ¢DNA in-
duced flattening of the cell shape and
cytoskeletal disorganization as revealed by
immunofluorescence microscopy using an
antibody for vimentin (Fig. 2 B). Immuno-
fluorescence analysis using anti-phospho-
Akt (Ser-473) and anti-GluR2 antibodies
showed that GluR2 was localized in the pe-
rinuclear cytoplasm, and the phosphoryla-
tion of Akt was inhibited almost com-
pletely, consistent with the result of
Western blotting (Fig. 2 D). These results
indicate that the suppression of the Ca*™
influx through AMPA receptors inhibited
the phosphorylation of Akt.

To confirm the involvement of Ca>"-
permeable AMPA receptors in the activa-
tion of Akt in glioblastoma cells, we trans-
ferred GluR2Q ¢DNA into glioblastoma
cells using the recombinant adenoviruses
AxCANCre and AxCALNLGIuR2Q. Cells
with transferred GluR2Q cDNA became
ubiquitously immunopositive for an anti-
body to pAkt (Ser-473) (Fig. 2C). Cell pro-
cesses and cell bodies were stained more
markedly as revealed by immunofluores-
cence analysis for pAkt (Ser-473) com-
pared with those of control cells (Fig.
2A,C). Western blotting showed that the
introduction of GluR2Q ¢DNA into cells
increased the phosphorylation of Akt (Ser-
473) compared with the control (146.3 =
7.5 vs 84.3 * 4.4, fluorescent intensity in
arbitrary units; n = 3; p < 0.001) (Fig.
2D). The transfer of GluR1 cDNA in-
creased the phosphorylation of Akt (Ser-
473) (128.0 = 11.0; n = 3; p < 0.001),
whereas the transfer of GluR2 cDNA re-
duced it significantly (54.5 = 3.1; n = 3;
p < 0.001) (Fig. 2D). Interestingly, the
phosphorylation of Akt (Ser-473) induced
by overexpression of GluR2Q was not in-

hibited by wortmannin even at 5 um, a
concentration that normally markedly in-
hibited phosphorylation of Akt (53.5 = 5.0
vs 146.3 = 11 U; n = 3; p < 0.001) (Fig.
2D), indicating that the activation of Akt
at Ser-473 caused by Ca>" influx through
AMPA receptors was independent of
PI3K.

The adenoviral-mediated transfer of
GluR2 ¢cDNA, GluR2Q ¢cDNA, and GluR1
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A vimentin pAkt B Vector

Figure 3.  Effects of expression of constitutively active and dominant-negative forms of Akt on cell morphology, proliferation, and migration. A, Cultured cells (CGNH-89) infected with
AxCALNLmyr-Akt without AxCANCre (vector for control; top row), AXCALNLmyr-Akt-AA and AxCANCre (for dominant-negative form of Akt; Akt-AA; middle row), or AXCALNLmyr-Akt-HA and
AXCANCre (for constitutively active form of Akt; Akt-HA; bottom row). Cells were stained with anti-vimentin antibody (FITC, green) and anti-pAkt *™*73 antibody (Texas red; red). Merged images are
also provided (right column). B, Triple immunofluorescence for anti-pAkt **73 antibody (Texas red; red), anti-HA-tag antibody (FITC, green), and DAPI (blue) for nuclear staining in cells after
adenoviral-mediated transfer of only the vector, Akt-HA cDNA, and Akt-AA cDNA, respectively. Control cells were stained positively for pAkt with moderate intensity and exhibited healthy nuclear
staining. Cells infected with AXCALNLmyr-Akt-AA and AxCANCre had no phosphorylated Akt and exhibited nuclear blebbing and apoptotic bodies with HA-tag staining. Akt-HA (DNA-transferred
cells showed dense staining for pAkt together with HA-tag. €, Effects of expression of Akt-HA and Akt-AA on cell motility. Cells (5 > 10°) plated with 100 gl of 10% FBS in a cloning ring were
incubated for 12 h and then infected with AXCALNLmyr-Akt-HA without AxCANCre (vector for control), AxCALNLmyr-Akt-AA with AxCANCre (expression of Akt-AA), or AXCALNLmyr-Akt-HA with
AxCANCre (expression of Akt-HA) for 3 d. At 48 h after removal of the cloning ring, cells were stained with DAPI. White lines indicate the border of the ring. Scale bar (in €): 4, 100 um; B, 50 um;

Vector

Akt-AA

Akt-HA

€150 .

¢DNA had no significant effects on the phosphorylation of Akt at
Thr-308 (81.0 = 23.4,79.8 * 17.4,and 87.0 = 2.5 U, respectively;
n = 3), although 5 uM wortmannin caused significant reduction
compared with the control (71.5 £ 5.7vs28.0 = 3.2 U;n=3;p <
0.001) (Fig. 2D). In the presence of 5 uM wortmannin, the deliv-
ery of GluR2Q restored the phosphorylation of Akt at Thr-308 to
the control level (69.0 £ 24.0 U; n = 3) (Fig. 2 D). These results
indicated that the Ca** influx through AMPA receptors restored
the phosphorylation of Akt at Thr-308 to the basal level even
when PI3K was inhibited by wortmannin.

Akt stimulates the extension of cell processes

The expression of AMPA receptors causes a marked change in the
morphology of both normal astrocytes and neoplastic glial cells
(Ishiuchi et al., 2001, 2002). To clarify whether the phosphoryla-
tion of Akt is involved in the AMPA receptor-mediated morpho-
logical changes in glioblastoma cells, we tested the effect of the
expression of a dominant-negative form of Akt (Akt-AA) (Takata
etal., 1999; Namikawa et al., 2000) on the cell shape of the tumor
cells. From days 5-7 postinfection with AxCANCre and
AxCALNLmyr-Akt-AA for the delivery of Akt-AA cDNA, the
cells gradually exhibited polygonal or round morphology. Dual
immunofluorescence labeling for vimentin and pAkt revealed
disrupted vimentin filaments and sparsely distributed pAkt in the
Akt-AA-expressing cells (Fig. 3A). Similar changes were observed
after the transfer of GluR2 cDNA (Fig. 2A). To estimate the mor-
phological change quantitatively, we calculated the percentage of
cells with processes longer than the diameter of the long axes of
the cell bodies in randomly selected 10 high-power fields (200X)
and defined the mean value as the morphological index. This

index was 53.5 £ 7.5% (n = 6) in control cells and was markedly
reduced to 10.5 * 5.5% (n = 6; p < 0.001) in Akt-AA-expressing
cells. In contrast, the adenoviral-mediated expression of the con-
stitutively active form of Akt (Akt-HA) (Takata et al., 1999;
Namikawa et al., 2000) caused elongation of the cellular processes
(Fig. 3A), similar to that induced by the overexpression of
GluR2Q. The morphological index defined in cells at 5 d postin-
fection with AXCANCre and AxCALNLmyr-Akt-HA for the de-
livery of Akt-HA ¢cDNA was 85.6 = 1.3% (n = 6), significantly
greater than that in control cells ( p < 0.01).

Akt-HA stimulates tumor cell proliferation, and Akt-AA
induces apoptosis

In the NG108 neuroblastoma cell line, the Ca*" influx through
the NMDA receptors activates Ca**/calmodulin-dependent pro-
tein kinase kinase, which in turn phosphorylates Akt (Yano etal.,
1998). The activation of Akt is known to release various anti-
apoptotic signals, thereby facilitating cell survival (Datta et al.,
1997). Thus, we examined the biological effect of Akt-HA cDNA
or Akt-AA cDNA on the proliferation of glioma cells by estimat-
ing mitotic indices in a high-power field (200X) after PI nuclear
staining. The mitotic indices, calculated as the number of mitotic
cells per field for only vector (control), Akt-AA, and Akt-HA were
6.0 = 1.2,2.3 £ 1.3,and 12.5 = 1.7, respectively. We estimated
the proliferative potential with a monoclonal antibody for Ki-67.
The Ki-67 indices were 17.1 = 7.3,5.3 = 2.1, and 28.0 * 5.4% in
cells expressing GFP, iAkt-AA, and Akt-HA, respectively. These
results indicate that activation of Akt stimulated tumor cell pro-
liferation ( p < 0.001), whereas inactivation inhibited prolifera-
tion (p < 0.001). We also examined the anti-apoptotic effect of
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Figure 4. Reversal of effects of GIuR2 and GIuR2Q by expression of Akt-HA and Akt-AA, respectively. A, Reversal of effects of

GluR2 by expression of Akt-HA. Cultured cells (CGNH-89) were infected with either AXCALNLGIuR2 and AxCANCre (top row) or
AXCALNLmyr-Akt-HA, AXCALNLGIuR?2, and AXCANCre (bottom row). Cells were stained with anti-GluR2 antibody (FITC; green) and
anti-pAkt Ser473 (Texas red; red). Scale bar, 50 . B, Reversal of effects of GIuR2Q by expression of Akt-AA. Cultured cells
(CGNH-89) were infected with either AxCALNLGIuR2Q and AxCANCre (top row) or AxCALNLmyr-Akt-AA, AxCALNLGIuR2Q, and
AXCANCre (bottom row). Cells were stained with anti-GluR2 antibody (FITC; green) and anti-pAkt >’ antibody (Texas red; red).
Scale bar, 50 em. €, Promotion of the motility of cells expressing GIuR2 by the Akt-HA. Migration assays were conducted for cells
expressing GFP (left), GIuR2 (center), and GIuR2 together with Akt-HA (right). Cells were doubly stained by anti-pAkt**73
antibody (Texas red; red) and anti-GIuR2 antibody (FITC; green). Nuclei were stained by DAPI. Scale bars: (—E, 75 um. D,
Inhibition of the motility of cells expressing GluR2Q by the Akt-AA. Migration assays were conducted for cells expressing GFP (left),
GluR2Q (center), and GIuR2Q together with Akt-AA (right). Cells were stained by anti-vimentin monoclonal antibody (Texas red;
red, left) and doubly stained by anti-vimentin monoclonal antibody (Texas red; red) and anti-GIuR2 polyclonal antibody (FITC;
green, center and right). Nuclei were stained by DAPI. E, No effect of wortmannin on GluR2Q-mediated promotion of cell motility.
Migration assays were conducted for cells expressing GFP (left), GFP in the presence of 5 m wortmannin (center), and GluR2Q in
the presence of 5 um wortmannin (right). Cells were stained with anti-vimentin monoclonal antibody (Texas red; red, left and
center), and doubly stained by anti-vimentin monoclonal antibody (Texas red; red) and anti-GluR2 polyclonal antibody (FITC;
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oblastoma cells. To test this idea, we exam-
ined whether the retraction of cellular pro-
cesses induced by the adenoviral-mediated
delivery of GluR2 was overcome by the si-
multaneous expression of the constitutive
active form of Akt-HA. In contrast to the
flat shape with retracted processes in cells
with only GluR2 cDNA, the protrusion of
cellular processes was seen in most cells
with both Akt-HA and GluR2 cDNA (Fig.
4A). The morphological index was 11.3 =
6.3% (n = 4) in cells expressing GluR2, but
87.3 £ 3.1% in cells expressing both
GluR2 and Akt-HA (n = 4; p < 0.001).
Therefore, Akt-HA overcame the effects of
GluR2 on the shapes of the tumor cells.

We next examined whether the intro-
duction of Akt-AA to these cells inhibits
the morphological changes induced by
GluR2Q. Cells were infected either with
only GluR2Q or both Akt-AA and GluR2Q
c¢DNA. At day 5 postinfection, most of the
latter cells exhibited flat shapes with re-
tracted cell processes (Fig. 4 B). The mor-
phological index was 85.0 == 4.0% (n = 6)
in cells expressing GluR2Q but 10.0 *
4.0% in cells expressing both GluR2Q and
Akt-AA (n = 6; p < 0.001). This result
further supports the idea that Akt acts
downstream of the AMPA receptors in the
maintenance of cell shapes.

Wealso tested whether the above idea is
applicable to cell migration and prolifera-
tion. The introduction of Akt-HA cDNA

green, right). Nuclei were stained by DAPI.

Akt using DAPI staining (Fig. 3B). The numbers of apoptotic cells
per field (200X ) were 6.3 = 1.0,17.0 = 5.1,and 0.3 * 0.5 (n =3
each) in the cells expressing GFP, Akt-AA, and Akt-HA, respec-
tively. Therefore, the activation of Akt significantly affected the
number of apoptotic tumor cells ( p < 0.001).

Akt activation promotes tumor cell migration

Elongation of the cellular processes is considered to be the first
step in cell migration, followed by translocation of the cell soma
and retraction of the rear processes (Mitchison and Cramer,
1996). Because the activation of Akt induced cytoskeletal reorga-
nization, we examined the effects of adenoviral-mediated expres-
sion of Akt-AA and Akt-HA on the motile activity of the tumor
cells using the cloning ring. Cells were cultured inside the ring,
which was then removed 72 h after viral infection. The number of
cells that crossed the border of the cloning ring during the next
48 h was counted. The mean number of cells in three experiments
was 355 * 121, 120 * 51, and 1320 * 341 for cells expressing
GFP, Akt-AA, and Akt-HA, respectively (Fig. 3C). Therefore,
the expression of Akt-AA significantly suppressed (p <
0.001), whereas the expression of Akt-HA promoted, cell mo-
bility ( p < 0.001).

Akt functions as a downstream molecule of AMPA receptors
The above results suggest that Akt functions as a downstream
effector for Ca*" signaling mediated by AMPA receptors in gli-

into GluR2-expressing cells significantly

activated cell migration. The mean num-

ber of migrated cells 24 h after the removal
ofthe ringand 72 h after viral infection was 125 * 24, 15 £ 5, and
535 = 55 for cells expressing GFP, GluR2, and GluR2 plus Akt-
HA, respectively (n = 3; p < 0.001) (Fig. 4C). The mitotic indices,
calculated as the number of mitotic cells per field (200X), were
5.0 £ 1.0, 0.5 £ 0.6, and 16.3 = 5.0 for GFP-expressing cells,
GluR2-expressing cells, and GluR2 plus Akt-HA-expressing cells,
respectively (n = 4; p < 0.001). The apoptotic cells per field
(200X) were 5.0 £ 1.7, 18.5 = 3.0, and 2.3 = 1.3 in cells express-
ing GFP, GluR2, and GluR2 plus Akt-HA, respectively (n = 4;
p < 0.001). Therefore, the introduction of Akt-HA rescued tu-
mor cells from apoptosis induced by the adenovirus-mediated
transfer of the GluR2 cDNA.

We also introduced Akt-AA into cells expressing GluR2Q and
examined the effect on cell migration and proliferation. The
mean number of migrated cells 24 h after removal of the ring and
72 h after viral infection was 235 * 57 for cells expressing
GluR2Q, and 15 * 5 for cells expressing GluR2Q plus Akt-AA
(n = 4; p <0.001) (Fig. 4D), indicating that the introduction of
Akt-AA cDNA into GluR2Q-expressing cells significantly inhib-
ited migration. The apoptotic index was also increased in cells
expressing GluR2Q plus Akt-AA (15.0 * 2.3; n = 4) compared
with cells expressing only GluR2Q (4.5 = 0.6; n = 4; p < 0.001).
Therefore, the Akt-AA inhibited migration and induced apopto-
sis in cells expressing GluR2Q. Together, these results indicate
that Akt functions as a downstream effector molecule in AMPA
receptor-mediated Ca*" signaling.
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Table 1. Expression of AMPA receptor subunits in human glioma
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Immunohistochemistry RT-PCR
R1 R2 R2/R3 R4 R1 R2 R3 R4 3 Histology
Surgical specimen
GNS-3000 +++ + + ++ GBM
GNS-3114 ++ ++ ++ +++ + + + + QR GBM
GNS-3148 ++ +/— +/— ++ GBM
GNS-3186 ++ + + ++ GBM
GNS-3195 ++ + + ++4 GBM
GNS-3199 ++ + + T+ Gl
GNS-3210 +++ + + +++ GBM
GNS-3226 ++ + + 4+ GBM
GNS-3243 ++ ++ ++ +++ GBM
GNS-3245 ++ + + ++ + + + + R GBM
GNS-3262 ++ + + ++ GBM
GNS-3275 ++ + + +4 GBM
GNS-3296 ++ + + ++ GBM
GNS-3314 +++ + + +4+ + + + + R GBM
G-22 + - - + GBM
6-87535 ++ - - + GBM
GNS-4167 +++ ++ ++ ++ + + + + R GBM
GNS-828 ++ ++ + ++ + + + + R AA
Cell culture
GNS-3245 +++ - + + + — + + GBM
GNS-3296 ++ + + ++ + + + + R GBM
GNS-3302 +++ + + +++ + + + + R GBM
GNS-3314 +++ ++ ++ +++ + + + + R GBM
6-98 +++ + + + + + + + R Al
GNS-3901 ++ + ++ ++ + + + + R Al
GNS-6330 ++ + ++ ++ + + + + R AA
GNS-828 ++ ++ + ++ + + + + R AA
G-151 +++ + + + + + + + R AA
GNS-2093 ++ ++ + ++ + + + + R AA
Cerebellar astrocytes + - - + + - - + a
Cerebral astrocytes - + + - - + + - R b
Cell line
C(GNH-89 ++ - - ++ + - - + GBM
(GNH-NM ++ - + - + - + - GBM
(GNH-PM +++ - - + + - - + GBM
U87-MG + + ++ - + + + - /R GBM
(6 ++ ++ + ++ + + + + R GBM

Inimmunohistochemistry, ++ +, ++, +, +/—,and — indicate high, moderate, low, faint, and no expression, respectively. In RT-PCR, + and — indicate that the digested bands were detected and not detected, respectively. Editing
status (E) of GluR2 mRNA is shown as R (edited form) or Q/R (unedited and edited form). GBM, AA, and All indicate glioblastoma, astrocytoma, and astrocytoma grade Il, respectively.

“Rat cerebellar fusiform Bergmann glia-like cells (Ishiuchi et al., 2001).
®Rat cerebral flat type 1-like astrocytes (McCarthy and de Vellis, 1980).
‘Reported by Yoshida et al. (2006).

GluR2Q promotes motility of cells treated with wortmannin

Akt controls cell migration as a part of the PI3K signaling path-
way (Kim et al., 2001; Lefranc et al., 2005). Expression of GluR2Q
stimulates Akt activation, so we examined whether GluR2Q
influences the inhibition of cell migration caused by PI3K in-
hibitors. Cells were cultured inside the ring, which was then re-
moved 48 h after viral infection by either AxCAGFP or
AxCALNLGIuR2Q plus AXCANCre. The cells were incubated for
an additional 24 h in the presence or absence of 5 uM wortman-
nin, and the number of cells that crossed the border of the cloning
ring was counted. The introduction of GluR2Q ¢DNA increased
cell motility as reported previously (Ishiuchi et al., 2002). Treat-
ment with 5 uM wortmannin inhibited cell migration, and the
number of flat polygonal cells was increased. The mean number
of migrated cells 24 h after the removal of the ring in three exper-
iments was 174 = 39,56 = 17, and 325 * 57 for GFP-expressing
cells, GFP-expressing cells treated with 5 uM wortmannin, and
GluR2Q-expressing cells treated with 5 M wortmannin, respec-
tively (Fig. 4E). These results indicate that the treatment of wort-
mannin suppressed cell migration ( p < 0.001), and cells express-

ing GluR2Q facilitated cell migration regardless of the presence of
wortmannin ( p < 0.001). We next examined the anti-apoptotic
effect of GluR2Q on wortmannin-treated cells. The number of
apoptotic cells per field (200X) was 3.5 £ 1.3 (n = 6),18.3 = 6.4
(n = 6),and 4.3 = 1.0 (n = 6) in GFP-expressing cells, GFP-
expressing cells treated with 5 uM wortmannin, and GluR2Q-
expressing cells with 5 uMm wortmannin, respectively, indicating
that GluR2Q rescued wortmannin-treated cells from apoptosis
(n=6;p<0.01).

Glutamate-AMPA receptor-Akt signaling in other cell lines
and primary cultures

To examine the molecular heterogeneity of AMPA subunit ex-
pression in GBM, AA, low-grade astrocytoma (LGA), and nor-
mal astrocytes, we conducted immunohistochemical staining
with selected antibodies against GluR1, GluR2, GluR2/3, and
GluR4 on 18 surgical samples (17 GBMs, one AA), 12 cell cultures
(four GBMs, four AAs, two LGAs, and two normal astrocytes),
and five glioblastoma cell lines. We also performed RT-PCR
studies with primers specific for GluR1-4 followed by PCR am-
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Figure 5.  RT-PCR analysis with specific primers for GluR1-4 in tumor cells in a primary
culture (GNS-3314) (A) and in normal brain tissue adjacent to the tumor before resection (B). In
both A and B, the top and bottom four lanes (R1-R4) show electrophoresis of PCR products
before and after digestion by restriction enzymes specific for each GluR1—4 DNA, respectively.
The size of digested fragments on the right lanes is as follows: 189 and 448 bp for GIuR1 cut by
Bgll, 368 and 270 bp for GIuR2 cut by Bsp1286 1, 420 and 237 bp for GIuR3 cut by Aval, and 379
and 247 bp for GluR4 cut by Pvull. Lane in the center shows DNA size marker with the dense 500
bp band.

plification on five surgical samples (four GBMs, one AA), 12
primary cultures (four GBMs, four AAs, two LGAs, and two nor-
mal astrocytes), and five glioblastoma cell lines. The amplified
products were then investigated by restriction analysis with en-
zymes specific for each of the GluR1-4 fragments. Immunobhis-
tochemically, all tumor cells expressed AMPA receptor subunits,
regardless of tumor grade. Above all, samples derived from high-
grade astrocytomas (GBM and AA) had a tendency of abundant
expression of GluR1 and/or GluR4, and that of GluR2 was mod-
erate or weak. Expression of AMPA subunits by RT-PCR analysis
is completely consistent with immunohistochemical results and
summarized in Table 1. Analysis of RNA editing of GluR2 mRNA
using Q/R site-specific reaction enzymes revealed that five surgi-
cal specimens expressed GluR2 mRNA, of which one GBM and
one AA sample coexpressed GluR2Q and GluR2R. One AA and
one GBM cell line (U87MG) expressed both GluR2R and
GluR2Q mRNA in 10 cell cultures and two cell lines examined.
Figure 5A shows a representative result obtained in a primary
culture of glioblastoma cells (GNS- 3314). In this case, expression
of GluR1 mRNA was dominant, but all GluR1-4 mRNAs were
detected. In control brain tissues adjacent to the tumor, all
GluR1-4 mRNAs were also detected (Fig. 5B). Whether
glutamate-AMPA receptor-Akt signaling observed in CGNH-89
cells was adopted in low-grade astrocytoma and anaplastic astro-
cytoma cells, we next examined the influence of glutamate on
phosphorylated-Akt (Ser473) expression by modulating extra-
cellular glutamate concentrations using primary culture cells
(two AAs, two LGAs). Figure 6, A (GNS-3901, diffuse astrocy-
toma) and D (GNS-6330, anaplastic astrocytoma), shows a rep-
resentative AMPA subunit expression by immunofluorescence
for GluR1, GluR2, GluR2/3, or GluR4. By using these cultures, we
performed bioassays of cell proliferation in changing culture con-
dition with control media, media containing 100 uM glutamate,
glutamate-free media, or media containing 100 um glutamate
plus 100 uM GYKI-52466. We found that glutamate enhanced
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not only Akt activation but also stimulated tumor cell prolifera-
tion in both low-grade astrocytomas (Fig. 6 B, C) and anaplastic
astrocytomas (Fig. 6E,F). Glutamate release in extracellular
space was detected even in a glutamate-free condition in cell
cultures derived from AAs and LGAs. We next examined the
influence of glutamate on Akt phosphorylation, cell prolifera-
tion, and cell migration in a glioblastoma cell line (U87-MG) and
four primary glioblastoma cell cultures. Figure 7 showed a repre-
sentative image of Akt phosphorylation and cell migration in
cultured cells incubated with control media, glutamate-free me-
dium, media containing 100 uM glutamate, or media containing
100 uM glutamate plus 100 um GYKI-52466 in a GBM cell line
(U87-MG) (Fig. 7A—C) and a primary culture of GBM (GNS-
3314) (Fig. 7D-F). Glutamate influences Akt phosphorylation
and cell migration as well as cell proliferation. Moreover, gluta-
mate accumulation in glutamate-free media was observed in
GBM cell cultures, both in cell lines and primary cultures.

These results indicate that the glutamate-AMPA receptor-Akt
pathway plays an important role for tumor growth in all glioblas-
tomas, anaplastic astrocytomas, and low-grade astrocytomas.
These results obtained by primary cultures and other cell lines
were consistent with those of the CGNH-89 cell line.

Autophosphorylation of PDK-1 in glioblastoma cells

The phosphorylation of Akt is critically regulated at Thr-308 in a
kinase domain and Ser-473 in a C-terminal regulatory alignment
(Datta et al., 1999). PDK-1 has been demonstrated to be the
upstream kinase for Thr-308 of the Akt molecule. PDK-2, a not
yet fully identified Ser-473 kinase, eventually causes the activa-
tion of Akt (Vanhaesebroeck and Alessi, 2000). Full activation of
this molecule is considered to require the phosphorylation of
both Thr-308 and Ser-473 sites, and the phosphorylation of Thr-
308 is a crucial step for the full activation of Akt (Toker and
Newton, 2000). Because PDK-1 is a pivotal upstream kinase that
stimulates activation at Thr-308, we examined how PDK-1 activ-
ity is regulated when human glioblastoma cells are treated with
GluR2 and/or Akt-HA cDNA, or GluR2Q and/or Akt-AA cDNA.
LY294002 (20 or 100 um) is a potent inhibitor of PI3K and had a
similar anti-proliferative effect to wortmannin (1 or 5 uMm). Ubig-
uitous PDK-1 phosphorylation was detected in all cells except
those treated with LY294002, which significantly reduced the ac-
tivation of PDK-1 at 20 or 100 um (77.8 = 21.0 and 35.3 * 13.0,
fluorescent intensity of pPDK-1/PDK-1 in arbitrary units; n = 3;
p <0.01 and p < 0.001, respectively) compared with the control
(104.4 = 11.0 U; n = 3) (Fig. 8). These findings indicate that the
activation of Akt is not regulated exclusively by PDK-1 in human
glioblastoma cells.

Constitutively active Akt stimulates tumor growth, whereas
dominant-negative Akt reduces tumor size in vivo

Finally, we estimated the effect of Akt on tumor growth in vivo by
quantitative assessment of whether the manipulation of Akt-HA
and Akt-AA alters tumor growth by grafting CGNH-89 cells into
the subcutaneous tissue of nude mice (Fig. 9). The adenoviral-
mediated expression of Akt-AA significantly reduced the rate of
tumor growth as well as the size of the tumor at 22 d after grafting,
compared with the control (p < 0.001). The expression of
Akt-HA accelerated tumor growth and increased the size of the
tumor at 22 d after grafting ( p < 0.001) (Fig. 9A). Macroscopi-
cally, the introduction of Akt-HA increased the incidence of in-
tratumoral hemorrhage (10 of 12) compared with the control (5
of 12) and Akt-AA (0 of 12) groups (Fig. 9B). Histological anal-
ysis revealed the presence of a larger number of mitotic cells in 10
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randomly selected high-power fields
(200X) in the Akt-HA group (50 * 5)
(p <0.001) compared with tumor tissues
treated with only the vehicle (20 % 3) or
the Akt-AA group (10 £ 7) (Fig. 9B). A
high degree of tumor anaplasia, including
nuclear and cytoplasmic pleomorphism,
mitosis, and multinucleated giant cells,
was evident in Akt-HA-expressing cells
(Fig. 9B). These cells were markedly im-
munopositive for pAkt 7>, whereas cells
overexpressing Akt-AA were immunon-
egative for pAkt>™”? (Fig. 9C).

In this nude mice model, we also con-
firmed that the phosphorylation of Akt at
Ser-473 was enhanced in cells with trans-
ferred GIuR2Q cDNA (n = 6), whereas it
was diminished in cells with transferred
GluR2 ¢DNA (n = 6) (Fig. 9D, E). Histo-
logical analysis revealed the decline of a
number of mitotic cells in 10 randomly se-
lected high-power fields (200X) in the
GluR2 cDNA transferred group (7.0 = 3.0;
p < 0.01) compared with tumor tissues
treated with only the vehicle (65 = 13) or
the GluR2Q c¢DNA transferred group
(75 = 7). Apoptotic indices of the GluR2
cDNA transferred group (33.5 = 7.5%; n =
6) was significantly increased compared with
those of control (15.5 * 3.5%; n = 6; p <
0.05) or the GluR2Q cDNA transferred
group (7.0 = 2.0%; n = 6; p < 0.001).

Discussion

The identification of Akt as a key regulator
of cellular survival has significant implica-
tions for current glioma biology (Datta et
al., 1999; Choe et al., 2003). Combined ac-
tivation of Ras and Akt in neural progeni-
tors induced glioblastoma formation in
mouse glioma models (Holland et al,
2000). Elevated Ras activity and the phos-
phorylated form of Akt, as well as the de-
letion of PTEN, which downregulates Akt
signaling, has been demonstrated in surgi-
cal specimens derived from human glio-
mas (Guha et al., 1997; Stambolic et al.,
1998; Wu et al., 1998). Therefore, deletion
of active PTEN and overexpression of ac-
tive Ras, combined with the overexpres-
sion of active PI3K, renders cancer cells
resistant to apoptosis by blocking adaptive
cellular apoptosis through the hyperacti-
vation of Akt. Investigation of human gli-
oblastoma models is necessary to clarify
the full involvement of the cascade of Akt
signaling in tumor growth and invasion.
The novel cell line, CGNH-89, used in this
study is a valuable tool, because it exhibits
all histological hallmarks of human glio-
blastomas (Ishiuchi et al., 2002). Using
CGNH-89 cells and primary human glio-
blastoma cultures, both of which possess
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Figure 6.  Expression of AMPA receptor subunits and effect of glutamate on Akt activation and cell proliferation in low-grade

astrocytoma and anaplastic astrocytoma cell cultures. A, D, GNS-3901 (diffuse astrocytoma) (4) and GNS-6330 (anaplastic astro-
cytoma) (D) showing a representative expression of dualimmunofluorescence for GluR1, GluR2, GluR2/3, or GluR4 (Alexa 594; red)
together with vimentin (FITG; green), respectively. Scale bar, 100 wm. B, E, GNS-3901 (diffuse astrocytoma) (B) and GNS-6330
(anaplastic astrocytoma) (E) showing a representative image of Akt phosphorylation in cultured cells incubated with control
media or glutamine-, glutamate-free medium (G0), medium containing 100 wm glutamate (G100), or medium containing 100
M glutamate together with 100 um GYKI-52466 (GYKI) for 2 d, immunostained with anti-vimentin (FITC; green), anti-phospho
Akt (Ser-473) antibody (Texas red; red) together with DAPI (blue) for nuclear staining, respectively. Scale bar, 50 sum. GNS-3901
(diffuse astrocytoma) (€) and GNS-6330 (anaplastic astrocytoma) (F) showing intensity of Aktimmunofluorescence, cell number,
and extracellular glutamate concentrations under conditions with control media (C) or glutamine-, glutamate-free medium (G0),
medium containing 100 wum glutamate (G100), or medium containing 100 wm glutamate plus 100 um GYKI-52466 (GYKI) for 2d,
respectively (n = 3; *p < 0.05).
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Figure7. Effect of glutamate on Akt activation, cell proliferation, and cell migration in glioblastoma cell culture. 4, D, U87-MG

(a human glioblastoma cell line) (A) and GNS-3314 (a primary culture of GBM) (D) showing a representative image of Akt
phosphorylation in cultured cells incubated with control medium, glutamine-, glutamate-free medium (G0), medium containing
100 pm glutamate (G100), or medium containing 100 wum glutamate plus 100 um GYKI-52466 (GYKI), immunostained with
anti-vimentin (FITG; green), anti-phospho Akt (Ser-473) antibody (Texas red; red) together with DAPI (blue) for nuclear staining,
respectively. Scale bar, 50 pm. B, E, U-87MG (B) and GNS-3314 (E) showing cell motility assays. Cultured cells were incubated
with control media, glutamine-, glutamate-free medium (GO), medium containing 100 m glutamate (G100), or medium con-
taining 100 wm glutamate plus 100 wm GYKI-52466 (GYKI). At 48 h after removal of the cloning ring, cells were stained with
anti-vimentin (FITG; green), anti-phospho Akt (Ser-473) antibody (Texas red; red) together with DAPI (blue) for nuclear staining,
respectively. Scale bar, 200 m. C, F, U87-MG (C) and GNS-3314 (F) showing intensity of Akt immunofluorescence, cell number
compared with control, number of migratory cells outside the ring, and extracellular glutamate concentrations under conditions
with control media (C), glutamine-, glutamate-free medium (G0), medium containing 100 m glutamate (G100), or medium
containing 100 m glutamate plus 100 wm GYKI-52466 (GYKI) for 2 d, respectively (n = 3;*p << 0.05).

Ca*"-permeable AMPA receptors, we examined the potential
role of the AMPA receptor as an effector molecule for the regu-
lation of Akt activity. Both NBQX (100 uMm), an AMPA antago-
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GluR2Q cDNA followed by treatment
with 5 uM wortmannin resulted in a two-
fold increase in Akt phosphorylation at
Ser-473 compared with the control. More-
over, there was no significant difference in
the activation of Akt between cells with
GluR2Q cDNA in the presence and ab-
sence of 5 uM wortmannin, indicating that
the phosphorylation of Akt at Ser-473 me-
diated by Ca**-permeable AMPA recep-
tors occurs independently of PI3K. Simi-
larly, overexpression of GluR1 activated
Akt. In contrast, transfer of GluR2 cDNA
resulted in the inactivation of Akt at Ser-
473. Moreover, there was no difference in
the activation of Akt at Thr-308 between
the cells with GluR2 ¢DNA and GuR2Q
cDNA. Consistent with these findings, the
phosphorylation of PDK-1 was similar be-
tween cells with GluR2 c¢DNA and
GluR2Q c¢DNA. These findings strongly
suggest that Ca*"-permeable AMPA re-
ceptors induce the activation of Akt di-
rectly at Ser-473, and blockade of these re-
ceptors causes Akt inactivation, resulting
in induction of cell apoptosis and inhibi-
tion of cell migration (Fig. 10).

PDK-1 is a kinase known to be a poten-
tial upstream molecule, which efficiently
phosphorylates Akt at Thr-308 in the
PI3K-Akt pathway (Toker and Newton,
2000). In this study, PDK-1 had a high
level of basal activity for autophosphoryla-
tion independent of Ca®" entry through
AMPA receptors in glioblastoma cells.

Stimulation of NMDA-type glutamate
receptors in neuroblastoma cells resulted
in a threefold or fourfold increase in the
activation of endogenous PKB/Akt (Yano
et al,, 1998). Ca*" through NMDA-type
glutamate receptor is believed to bind
to calmodulin, and the Ca**/calmodulin
complex activates the calmodulin-depen-
dent kinase kinase, which directly induces
activation of Akt at Thr-308. In this study,
the Ca®" influx through Ca®"-permeable
AMPA receptors enhanced the phosphor-
ylation of Akt at Ser-473, presumably by
acting on a yet unidentified PDK-2. This
pathway seemed to activate Akt at Thr-308
only if the PI3K-Akt pathway was tightly
inhibited (Fig. 2 D). Although the intracel-
lular Ca** rise induced by cAMP, a pro-
tein kinase A agonist, also stimulates Akt
unaffected by wortmannin (Sable et al.,
1997; Filippa et al., 1999), the mechanism

by which Akt is activated at Ser-473 remains to be clarified (Toker
and Newton, 2000; Vanhaesebroeck and Alessi, 2000).

nist, and wortmannin (5 uM), an inhibitor of PI3K, dephospho-
rylated Akt at both Thr-308 and Ser-473. Wortmannin at 5 um
significantly abolished the phosphorylation of Akt at Ser-473 as
well as Thr-308. However, adenoviral-mediated transfer of

We found that phosphorylation at Ser-473 is a more impor-
tant mediator of tumor cell proliferation and migration than
phosphorylation at Thr-308. Therefore, the identification of the
kinase responsible for the phosphorylation of Ser-473 is an ur-
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Figure 8.  Effects of manipulating the activities of AMPA receptors, Akt, and PI3K on phos-
phorylation of PDK-1. Immunoblotting with anti-phospho-PDK-1 (Ser-241) and anti-PDK-1
antibody in cells after the adenoviral transfer of GluR2 cDNA, GIuR2 cDNA plus Akt-HA cDNA,
GluR2Q cDNA, GIuR2Q ¢DNA plus Akt-AA cDNA, Akt-HA cDNA, or Akt-AA (DNA. AxCALNLmyr-
AKT-HA without AxCANCre was used for the control (vector). The effects of LA294002, a potent
inhibitor of PI3K, at 20 and 100 rum were also tested. The relative fluorescent signal intensity of
pPDK-1to PDK-1 (in arbitrary units) for each treated cell is provided in the graph below. Phos-
phorylated PDK-1 was seen in all cells examined and was affected only by the inhibitor of PI3K
(n=3;**p < 0.01,***p < 0.001).

gent task for glioma biology. DNA protein kinase is a candidate
for PDK-2, and glioma cells deficient of this kinase still retain
constitutively active Akt phosphorylated at Ser-473, indicating
that multiple pathways can phosphorylate this hydrophobic mo-
tif site (Feng et al., 2004). Recently, the mammalian target of
rapamycin (mTOR) kinase and its associated protein rictor were
found to be necessary for the phosphorylation of Akt at Ser-473,
and that reduced expression of rictor or mTOR in human cancer
cells inhibited an Akt/PKB effector (Sarbassov et al., 2005). The
relationship between AMPA receptor-mediated signaling and the
rictor-mTOR complex in the PI3K-Akt pathway is important to
clarify, because both factors are attractive targets in cancer
therapy.

Anaplastic features, including nuclear or cytoplasmic pleo-
morphism, the appearance of giant cells, brisk mitotic figures,
microvascular proliferation, and necrosis with pseudopalisading,
are all histological hallmarks of human glioblastomas. Although
the PI3K-Akt pathway has been considered to be the main cas-
cade of glioblastoma cell proliferation, the function and role of
Akt in glioblastoma biology has not been elucidated fully in hu-
man disease models. Using CGNH-89 cells possessing the hall-
marks of human glioblastomas after grafting into the subcutane-
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ous tissue of nude mice as a model system, we found that
introduction of a constitutively active form of Akt (Akt-HA) en-
hanced tumor anaplasia and increased the incidence of intratu-
moral hemorrhage. In contrast, a dominant-negative form of Akt
(Akt-AA) reduced the incidence of intratumoral bleeding. Neu-
ropathological analysis revealed that tumors expressing Akt-HA
had large thrombosed vessels or increased vascularity. Glioblas-
tomas are known for a high frequency of tumor bleeding
(Kleihues et al., 2000). Akt may be responsible for this malignant
behavior. In addition, the introduction of Akt-HA enhanced the
growth rate, whereas introduction of Akt-AA reduced the growth
rate, compared with the control group. Histological analysis fur-
ther confirmed that Akt-HA stimulated tumor cell proliferation,
prompted microvascular proliferation, and inhibited tumor cell
apoptosis, whereas Akt-AA inhibited cell proliferation, reduced
vascularity, and induced apoptosis.

Molecular heterogeneity is a challenge for clinical targeted
therapy of glioblastoma. Growth factors acting through recep-
tors, and tyrosine kinases and their signaling pathways are now
primarily the focus of therapeutic research (Osaki et al., 2004).
Pathway inhibitors, including kinase inhibitors and monoclonal
antibodies, have been developed (Shawver et al., 2002). Primary
glioblastoma multiforme commonly overexpresses EGFR and its
ligand-independent mutant EGFRvIII (Mellinghoff et al., 2005).
Platelet-derived growth factor receptors (PDGFRs) are fre-
quently overexpressed and involved in the same pathway as
EGFR and EGFRVIIL Signaling for vascular endothelial growth
factors and their receptors is involved in the angiogenesis of gli-
oblastoma and also involves the same pathway as EGFR, EGFR-
vIIL, and PDGEFR (Lokker et al., 2002). These growth factors fi-
nally activate the major downstream molecule PKB. A
constitutively active mutant variant of EGFR, EGFRVIII, prefer-
entially activates PI3K-Akt signaling, so the patients expressing
EGFRVIII have been found to respond to EGFR inhibitors. PTEN
acts as a tumor suppressor, and cells lacking PTEN show in-
creased Aktactivity. Loss of PTEN function markedly diminished
the responsiveness of EGFR inhibitors. Thus, coexpression of
EGFRVIII and PTEN is associated with clinical responsiveness to
EGFR inhibitors (Mellinghoff et al., 2005). C-terminal modula-
tor protein (CTMP), a protein partner for Akt that binds specif-
ically to the C-terminal regulatory domain of Akt at the plasma
membrane, also negatively regulates PKB activity (Maira et al.,
2001). A protein phosphatase, PH domain leucine-rich repeat
protein phosphatase (PHLPP) dephosphorylates the hydropho-
bic motif of Akt at Ser473 and suppresses tumor growth (Gao et
al., 2005).

Like PTEN function, decreased cellular level of CTMP protein
and the expression of PHLPP inhibits proliferation and abolishes
tumorigenesis in nude mice. We found that glutamate is also
involved in Akt activity through Ca*"-permeable AMPA recep-
tors as shown in Figure 10. This novel pathway is not specific for
the human glioblastoma cell line used in this study but is also
adapted to the growth mechanism of many glioblastoma cell lines
and primary cultures. Cell cultures derived from operative spec-
imens regardless tumor grade possessed Ca”*-permeable AMPA
receptors. These cells showed ubiquitously phosphorylated Akt at
Ser-473, and this phosphorylation was abolished by the treat-
ment of AMPA antagonists, which simultaneously reduced pro-
liferation and migration, indicating that glutamate-AMPA
receptor-Akt signaling is commonly observed in glioblastoma
cells and that this pathway is essential for tumor survival.

Molecular heterogeneity was observed in glioblastoma cells,
thatis, PTEN status and the expression level of CTMP, but almost
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significant at 48 h after plating. Previously,

we reported that the effect of glutamate in
U87-MG cells was detected only in 0.5%
but not 10% FBS-containing media. Plat-
ing of high cell density and the prolonged
cultivation (>78 h after plating) in the
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are also provided (right column). Scale bar, 50 m.

all glioma cells, including glioblastoma, anaplastic astrocytoma,
and low-grade astrocytoma, possessed Ca>"-permeable AMPA
receptors, and this pathway may function as the collateral flow to
activate Akt if the cell is starved of the growth factors. This
back-up pathway efficiently works in the early phase of plating
before environmental cues were not fully established (Fig. 1B).
Indeed, cells in glutamate-containing medium proliferated more
rapidly than cells in glutamate- free medium. This was the most

pAkt

Effects of manipulating Akt activities on tumor growth in vivo. A, Effects of adenoviral transfer of Akt-HA cDNA and
Akt-AA cDNA on growth rates of tumors grafted into the subcutaneous tissue of nude mice: injection of AXCALNLmyr-Akt-HA
without AxCANCre (vector for control; red line); AxCALNLmyr-Akt-HA with AxCANCre (expression of Akt-HA; blue line); and
AxCALNLmyr-Akt-AA with AxCANCre (expression of Akt-AA, green line). For each treatment, 12 animals were used. Each plot
represents the mean == SEM (n = 12) of the tumor volume. B, Histology of tumor tissues treated with only the vector (top row),
Akt-HA cDNA (middle row), or Akt-AA cDNA (bottom row). Macroscopic (left column) and microscopic (right column) views of HE
staining are shown. Akt-HA-expressing tumors exhibited a high degree of anaplasia with several large, thrombosed tumor
vessels. Scale bars: left column, 1cm; right column, 100 em. €, Immunostaining with anti-HA-tag antibody (left column, green;
FITC) and anti-pAkt Serd73 antibody (center column, red; Texas red) for tumor tissues treated with only the vector (top row), Akt-HA
¢DNA (middle row), and Akt-AA cDNA (bottom row). Merged images are also provided (right column). The Akt-HA-expressing
tumor (middle row) exhibited bizarre giant cells and showed a high degree of Akt activation. The Akt-AA-expressing tumor
(bottom row) exhibited diminished Akt activation. Scale bar, 50 em. D, Macroscopicimages of tumor tissues treated with only the
vector (left row), GluR2 cDNA (middle row), or GluR2Q cDNA (right row). HE staining is shown. Scale bar, 1 cm. E, Inmunostaining
antibody (center column, red; Texas red) for tumor tissues treated with only the vector (top row), GluR2R
¢DNA (middle row), and GluR2Q cDNA (bottom row), together with nuclear staining with DAPI (left column, blue). Merged images

previous experiment would hinder the de-
tection of glutamate-mediated signaling
(Yoshida et al., 2006).

In vivo, cells of the invasion front or
metastatic cells isolated from the tumor
bulk may use glutamate as the energy sup-
ply before establishing the autocrine and
paracrine loops of various growth factors.
Because the CNS is rich in glutamine and
glutamate, tumor cells can use glutamate
to expand for invasion to destroy sur-
rounding tissues, as well as for prolifera-
tion and cell movement. This pathway
may become active if constitutively active
growth factor receptors are inhibited. Un-
fortunately, only 10-20% of patients are
responsive to EGFR inhibitor, and this re-
sponse acquires resistance. The glutamate-
AMPA receptor-Akt pathway may give an
alternative therapeutic target. Moreover,
this novel pathway may impact on neuro-
science field in two respects. First, excess
glutamate released by glioma cells identi-
fied in our experiments in primary cul-
tures causes excitotoxicity of glutamater-
genic synapses surrounding neurons,
which plays a role of pathophysiology in
brain edema and epilepsy of brain tumor
patients. Second, glioblastoma cells are not
only fascinating as a disease but also a
model system, because the biology dis-
played by proliferative glioblastoma cells
is reminiscent of cell division, migra-
tion, and proliferation of normal brain
progenitor cells during development of
the nervous system. Hence, research on
the biology of neoplastic glial cells has
begun to cross-fertilize with develop-
mental biology of glial cells from which
glioma cells are derived.

In summary, the present study demon-
strated that Ca”” influx through Ca**-
permeable AMPA receptors activated Akt,
and this effect was independent of PI3K.
Several lines of evidence indicated that the
Ca**-permeable AMPA receptors were an
upstream effector molecule of Akt. Exoge-
nous GluR2Q or GluR1 phosphorylated
Akt at Ser-473 and stimulated the growth
of glioma, whereas GluR2 dephosphory-
lated Akt and inhibited tumor cell proliferation. Furthermore, a
constitutively active form of Akt stimulated tumor growth,
whereas a dominant-negative form of Akt reduced tumor vol-
ume. Finally, the introduction of a dominant-negative form of
Akt into cells expressing GluR2Q reduced glioma cell prolifera-
tion, whereas the transfer of a constitutively active form of Akt
into cells expressing GluR2 prevented apoptosis. Therefore, we
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Figure 10.  Model depicting the mechanism by which phosphorylation of Akt contributes to
the invasive growth of glioblastoma. Tumor cells can pervert hoth growth factors (GF) and
neurotransmitter glutamate secreted in an autocrine or paracrine manner. Independent of the
PI3K-PDK-1-Akt pathway, in which PDK-1 is autophosphorylated, glutamate stimulates the
phosphorylation of Akt at the site of Ser-473 via (a® ™ entry through Ca** -permeable AMPA
receptors. This novel pathway contributes to the high degree of anaplasia and invasive growth
of human glioblastomas. This pathway also phosphorylates Akt at Thr-308 when the PI3K-PDK-
1-Akt pathway is downregulated. Tumor cells can take advantage of their survival using at least
these two pathways.

conclude that Ca** entry through Ca®"-permeable AMPA re-
ceptors promotes glioblastoma cell proliferation via the activa-
tion of Akt, and that this Ca** signaling is a novel pathway inde-
pendent of PI3K.

The discovery and development of a novel Ca*>" signaling
pathway via Ca**-permeable AMPA receptors will have impor-
tant implications in cancer research (Rzeski et al., 2001). This
receptor as well as the Akt molecule may serve as targets for the
treatment of glioblastoma. Furthermore, glioma cells pervert the
neurotransmitter glutamate as well as a variety of cytokines and
growth factors (Labrakakis et al., 1998; Sasaki et al., 2001;
Takano et al., 2001; Sontheimer, 2003), and thus a combina-
tion of AMPA antagonists and growth factor receptor antago-
nists may be useful for treating malignant gliomas (Fig. 10).
Whether this novel cascade is adopted in other human malig-
nancies remains to be investigated.
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