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The clarification of mechanisms that negatively regulate the invasive behavior of human glioma cells is of great
importance in order to find new methods of treatment. In this study, we have focused on the negative regulation of
lysophosphatidic acid (LPA)-induced migration in glioma cells. Using small interference RNA and dominant-negative
gene strategies in addition to pharmacological tools, we found that isoproterenol (ISO) and sphingosine-1-phosphate
(S1P) negatively but differently regulate the LPA-induced migration. ISO-induced suppression of the migration of glioma
cells occurs via B,-adrenergic receptor/cAMP/Epac/Rap1B/inhibition of Rac, whereas S1P has been shown to suppress the
migration of the cells through S1P, receptor/Rho-mediated down-regulation of Rac1. The expression of tumor suppressor
phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is required for the inhibitory ISO-induced and
Rap1B-mediated actions on the migration, Racl activation, and Akt activation in response to LPA. Thus, the PTEN-
mediated down-regulation of phosphatidylinositol 3-kinase activity may be involved in the regulation of RaplB-
dependent inhibition of Racl activity. These findings suggest that there are at least two distinct inhibitory pathways,
which are mediated by the S1P, receptor and f3,-adrenergic receptor, to control the migratory, hence invasive, behavior of

glioma cells.

INTRODUCTION

The malignant astrocytomas, the anaplastic astrocytoma and
glioblastoma multiforme, are the most common glial tu-
mors, with an annual incidence of three to four per 100,000
of population (DeAngelis, 2001). Because radical surgical
treatment of malignant glial tumors is impossible because of
the highly expressed migratory and invasive features of
glioma cells, further understanding of the complex regula-
tion and signaling molecules involved in glioma invasion is
still needed. Lysophosphatidic acid (LPA) has been shown
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to play a significant role in human tumorigenesis as a factor
to increase the motility and invasiveness of different cell
types (Imamura et al., 1993; Stam et al., 1998). In glioma cells
as well, extracellularly added LPA induced the proliferation
and migration of stimulated cells (Malchinkhuu et al., 2005).
A major part of extracellular LPA is thought to be produced
from lysophosphatidylcholine by autotaxin/lysophospho-
lipase D (Tokumura et al., 2002; Umezu-Goto et al., 2002). In
the CNS as well, LPA production seems to occur in a similar
way (Sato et al., 2005). Recent evidence suggested that auto-
taxin is overexpressed in glioblastoma multiforme and con-
tributes to the cell motility of glioblastomas (Kishi et al.,
2006). For this reason, revealing new substances or mecha-
nisms that could negatively regulate the LPA-induced inva-
sive behavior is of great importance for devising new and
effective treatment modalities to counteract tumor cells.
Our previous studies (Malchinkhuu et al., 2005, 2008) and
those from other laboratories (Lepley et al., 2005) suggest
that sphingosine 1-phosphate (S1P) and its receptors are
candidates for the treatment of glioblastomas. Cyclic AMP-
increasing agents have been shown to regulate cell migra-
tion (Howe, 2004; Howe et al., 2005) and to exert the inhib-
itory effect through cAMP-dependent protein kinase A
(PKA) in fibroblasts (Kohyama et al., 2001) and through
cAMP response element-binding protein in vascular smooth
muscle cells (Ono et al., 2004). However, there are increas-
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ing numbers of reports showing that cAMP can also activate
small GTPase Rap1 through stimulating Epac, an exchange
protein directly activated by cAMP (de Rooij ef al., 1998;
Kawasaki et al., 1998; Enserink et al., 2002). Rap1 activation
seems to play a crucial role in the control of cell adhesion
and migration through the inside-out activation of integrins
(Rangarajan et al., 2003). Thus, cAMP-increasing agents,
whether their mechanism is through PKA or Epac/Rapl,
may be effective tools to regulate the invasiveness of glio-
blastomas. In this study, we have aimed to elucidate the
effect of cAMP on glioma cell movement. In particular, we
have tried to clarify the mechanisms whereby a cAMP-
increasing B-adrenergic agonist, isoproterenol (ISO), regu-
lates the LPA-induced migratory response, and compared
them to those of S1P, which inhibits the migration through
S1P,-mediated Rho-dependent suppression of Rac (Sugi-
moto et al., 2003; Sanchez et al., 2005; Malchinkhuu et al.,
2008). Here, we report that, unlike S1P action, 8,-adrenergic
receptor-mediated ISO action utilizes small GTPase Rap1B
to inhibit glioma cell migration. Furthermore, the activation
of phosphatase and tensin homolog deleted on chromosome
10 (PTEN) that leads to the suppression of phosphatidylino-
sitol 3-kinase (PI3K)-dependent pathway may be critical for
the ISO-induced inhibitory action.

MATERIALS AND METHODS

Materials

1-Oleoyl-sn-glycero-3-phosphate (lysophosphatidic acid; LPA) and sphin-
gosine 1-phosphate (S1P) were purchased from Cayman Chemical Co. (Ann
Arbor, MI); anti-PTEN antibody (2B1) and anti-Rap1GAP antibody (H-93)
were from Santa Cruz Biotechnology (Santa Cruz, CA); anti-phospho-Akt
antibody (Ser473) and anti-Akt antibody were from Cell Signaling Technol-
ogy (Beverly, MA); 8-(4-chlorophenylthio)-2'-O-methyladenosine 3’, 5'-cyclic
monophosphate (8CPT-2Me-cAMP), isoproterenol, CGP-20712A, ICI 118,551,
forskolin, anti-FLAG M2 antibody, and anti-B-actin antibody were from Sigma-
Aldrich (St. Louis, MO); EZ-Detect Activation Kit for Rap1, Racl, and Rho
were from Pierce (Rockford, IL); nonsilencing RNAs (si-NS, D-001206-13), and
siRNAs specific to RaplA (M-003623-01), Rap1B (M-010364-02) and PTEN
(M-003023-01) were from Dharmacon (Lafayette, CO); RNAiFect reagent was
from QIAGEN (Valencia, CA); dipotassium bisperoxo(picolinato)oxovana-
date (V) [bpV(pic), a PTEN inhibitor], and fatty acid—free BSA were from
Calbiochem-Novabiochem (San Diego, CA); myristoylated PKA inhibitor
(myr-PKI) was from BIOMOL Research Laboratories (Plymouth Meeting,
PA); and AKAP St-Ht31 inhibitor peptide and St-Ht31P control peptide were
from Promega (Madison, WI). The cDNA coding T19N-RhoA was a gift from
Prof. Kozo Kaibuchi (Nagoya University, Nagoya, Japan) and G12VRap1 and
Rap1GAPII were from Prof. Naoki Mochizuki (National Cardiovascular Cen-
ter Research Institute, Osaka, Japan). Cilostazol, an antiplatelet agent was
provided by Otsuka Pharmaceutical (Tokyo, Japan). The sources of all other
reagents were the same as those described previously (Malchinkhuu et al.,
2005; Sato et al., 2005).

Cell Culture

GNS-3314 cells and CGNH-89 cells (Ishiuchi ef al., 2002), established from
human glioblastoma surgical specimens, were grown in MEM containing 10%
FBS. Human U87MG cells were grown in DMEM supplemented with 10%
FBS. Rat C6 glioma and human 132IN1 astrocytoma cells were grown in
DMEM supplemented with 10% FBS (Malchinkhuu ef al., 2005). For serum-
free studies, the culture medium was changed to MEM or DMEM containing
0.1% BSA, and incubated for 24-48 h.

Construction of Adenoviral Vector and Infection of
Recombinant Adenovirus

The cDNAs for human PTEN (C124S), a PTEN mutant that lacks both lipid
and protein phosphatase activity (Maehama and Dixon, 1998), were used for
recombinant adenovirus construction according to the instruction manual of
AdEasy XL Adenoviral Vector System (Stratagene, La Jolla, CA). To construct
recombinant adenovirus for human Rap1GAPII, the entire coding region of
Rap1GAPII (Fukuhara et al., 2005) was subcloned into pShuttle-CMV accord-
ing to the instruction manual of AdEasy XL Adenoviral Vector System. The
cDNA coding G12VRapl, a constitutively active form of Rapl, containing
FLAG in Adeno-X Expression System (Fukuhara et al., 2005) was used for
recombinant adenovirus construction. The recombinant adenovirus for
T19NRhoA, a dominant-negative form of RhoA, and p115RGS, an RGS do-
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main of p115RhoGEF, were constructed as described previously (Arai et al.,
2003). The adenovirus expressing green fluorescent protein (GFP) was used
for evaluation of the expression by visualization. For the infection with
recombinant adenoviruses, glioma cells were plated on 6- or 10-cm dishes.
When the cells had become 90% confluent, the culture medium was changed
to DMEM with 5% FBS containing adenovirus at a multiplicity of infection of
100. After incubation for 1 h at 37°C, the infection was terminated by adding
an excess amount of a fresh medium containing 0.1% BSA and further
cultured for 24-48 h. The cells were used for subsequent application as
shown below.

Transfection of siRNA and Plasmid DNA

When the glioblastoma cells reached ~75-80% confluency, the amount (total
50-100 nM) of siRNAs specific to Rap1A, Rap1B, PTEN, and nonsilencing
RNA (si-NS) were transfected using an RNAiFect reagent as described pre-
viously (Malchinkhuu et al., 2005). After 48-h transfection, knockdown of
targets was assessed by RT-PCR or Western blot, and a cell migration assay
was performed 24 h after serum starvation. For the transfection experiments
with pEGFP-C1 (Clontech, Palo Alto, CA) containing PTEN, U87MG cells
were harvested with trypsin and washed with PBS. The cell suspension (~5 X
10° cells in 0.1 ml of U87MG Nucleofector Kit T Solution) was mixed with
plasmid DNA (2 pg), transfected by Nucleofector (Amaxa, Gaithersburg,
MD), and cultured for 24 h on 6-cm dishes in DMEM containing 10% FBS. The
overexpression of PTEN was assessed by GFP expression (~70%), and a cell
migration assay was performed 24 h after serum starvation.

Cell Migration Assay

The cell migration was quantified using a blind Boyden chamber apparatus
(Neuro Probe, Gaithersburg, MD) as described previously (Kon et al., 1999).
Briefly, the lower chambers were filled with the indicated concentrations of
test agents and subsequently were covered with 8-um pore filters coated with
type I collagen. The cells were trypsinized and washed once with DMEM
containing 0.1% BSA. Resuspended cells, after being incubated for 30 min
with or without different inhibitors at 37°C, were loaded into the upper
chamber. Migration was allowed to proceed for 4 h at 37°C under a humid-
ified air/CO, (19:1) atmosphere. Cells that had migrated to the lower surface
were counted in four microscopic fields at 400X magnification. Results were
expressed as the number of migrated cells per fields.

Quantitative RT-PCR Using Real-Time TaqMan

The isolated total RNA was treated with DNase I to remove genomic DNA
contaminating in RNA preparations. The total RNA (5 ug) was subjected to
the quantitative RT-PCR using TaqgMan technology as described previ-
ously (Yamada et al., 2004). The human RaplA (Hs002324123)-, Rap1B
(Hs00763004)-, PTEN (Hs00829813)-, and GAPDH (Hs99999905)-specific
probes were obtained from Assay-on-Demand products (Applied Biosystems,
Foster City, CA). The thermal cycling conditions were as follows: 2 min at
50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C, and 1 min at 60°C. The
expression level of the target mRNA was normalized to the relative ratio of
the expression of GAPDH mRNA.

Estimation of Rapl, Rho, and Racl Activation by the
Pulldown Reaction

The 24-h serum-starved cells were washed once, preincubated for 10 min at
37°C in a HEPES-buffered medium composed of 20 mM HEPES, pH 7.4, 134
mM NaCl, 4.7 mM KCl, 1.2 mM KH,PO,, 1.2 mM MgSO,, 2 mM CaCl,, 2.5
mM NaHCO;, 5 mM glucose, and 0.1% BSA and then incubated for 2.5 min
with test agents at 37°C. The incubation was terminated by washing twice
with ice-cold PBS and adding 0.8 ml of a lysis buffer according to the
instruction manual of EZ-Detect Rap1, Racl, and Rho Activation Kit (Pierce).

Estimation of Akt Activation

Anti-phosphorylated Akt antibody and anti-Akt antibody were used. The
cells were serum-starved for 24 h before incubation with the HEPES-buffered
medium containing test substances for the indicated times at 37°C. Reactions
were terminated by washing twice with PBS and adding 0.2 ml of a lysis
buffer composed of 50 mM HEPES, pH 7.0, 250 mM NaCl, 0.1% Nonidet P-40,
1% phosphatase inhibitor cocktail 2 (Sigma-Aldrich), and 1% proteinase in-
hibitor cocktail (Sigma-Aldrich). Cytosol fractions were prepared and sub-
jected to the Western blot analysis.

Western Blot Analysis

For analyses of cellular proteins, the 24-h serum-starved cells were washed
with PBS and harvested by adding a lysis buffer composed of PBS, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and 1%
proteinase inhibitor cocktail. The recovered lysate was centrifuged at 14,000 X
g for 20 min. The supernatant was resolved by 12.5% SDS-PAGE, and the
protein bands were detected by alkaline phosphatase method, as described
previously (Sato et al., 2005).
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Measurement of cAMP Accumulation

The 24-h serum-starved glioma cells were washed once and preincubated for
10 min at 37°C in the HEPES-buffered medium, pH 7.4. The cells were then
incubated for 5 min in the presence of 0.5 mM IBMX in a final volume of 0.4
ml. The reaction was terminated by adding 50 ul of 1IN HCI. Cyclic AMP in
the acid extract was measured by radioimmunoassay as described previously
(Kon et al., 1999).

Data Presentation

All experiments were performed in duplicate or triplicate. The results of
multiple observations are presented as the mean + SEM or as representative
results from more than three different batches of cells unless otherwise stated.
Statistical significance was assessed by the Student’s t test; values were
considered significant at p <0.05 (*).

RESULTS

ISO Inhibits LPA-induced Glioma Cell Migration and
Racl Activation in a Manner Independent of Rho
Activity, Whereas S1P Does So through a Mechanism
Involving Rho

S1P has been shown to inhibit cell migration through S1P,
receptor/Rho signaling pathways in a variety of nontumor
(Sugimoto et al., 2003; Sanchez et al., 2005) and tumor cells
(Arikawa et al., 2003), including glioblastoma cells (Lepley et
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al., 2005; Malchinkhuu et al., 2005, 2008). In the present
study, we examined the effect of ISO, a B-adrenergic recep-
tor agonist, on glioma cell migration and compared it with
that of SIP. In GNS-3314 human glioblastoma cells, ISO
attenuated the migration response to LPA to the same level
as S1P (Figure 1A), probably through a $3,-adrenergic recep-
tor (Figure 1B). Thus, the ISO-induced action was attenuated
by ICI 118,551, a B,-adrenergic receptor antagonist, but not
by CGP-20712A, a specific antagonist for the B, receptor
(Figure 1B). As we show in Figure 1C, the inhibitory action
of ISO on migration was associated with the suppression of
LPA-induced Racl activation, as was the case for the S1P
action. Thus, either ISO or S1P inhibited LPA-induced mi-
gration of glioblastoma cells, in association with inhibition
of Racl activity.

We next examined the role of Rho in the negative
regulation of LPA-induced actions. As shown in Figure
1D, a dominant-negative mutant TI9NRho (for RhoA) or
p115RGS (for p115Rho-GEF) clearly inhibited S1P-induced
Rho activation. Consistently with a previous study (Mal-
chinkhuu et al., 2008), the inhibitors of Rho signaling path-
ways reversed the inhibitory action caused by S1P (Figure
1E). Under the strong inhibition of Rho activation by
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p115RGS treatment, the inhibitory action of S1P on Racl
activation in response to LPA was also reversed (Supple-
mental Figure S1). The significant increase in migration (Fig-
ure 1E) and small increase in Racl activity (Supplemental
Figure S1) by SIP in the absence of LPA under the condi-
tions of knockdown of Rho signaling pathways may be
explained by unmasking the S1P, receptor-mediated stim-
ulatory activity on migration and Racl (Malchinkhuu et al.,
2008). In contrast, the inhibitory action by ISO was hardly
affected by the inhibitors of the Rho signaling pathways
(Figure 1F). Indeed, in contrast to S1P, ISO did not appre-
ciably affect the Rho activity (Figure 1G). S1P-related find-
ings from previous (Malchinkhuu et al., 2005, 2008) and
current studies suggest that, in human glioblastoma cells,
S1P inhibits LPA-induced migration through S1P, receptor-
mediated and Rho-dependent suppression of Racl activity.
However, the mechanism whereby ISO down-regulates
Racl seems to be distinct from that of S1P.

Small G-Protein Rap1B, But Not PKA, Is Involved in ISO
Inhibitory Action

As shown in Supplemental Figure S2, cAMP-increasing
agents, including forskolin, an activator of adenylyl cyclase,
and cilostazol, an inhibitor of phosphodiesterase, also inhib-
ited LPA-induced migration, suggesting that cAMP medi-
ates ISO-induced inhibitory action on the migration re-
sponse to LPA. Indeed, ISO, but neither SIP nor LPA,
induced a remarkable cAMP accumulation (Supplemental
Figure S3). The cAMP-increasing agent, ISO, potentially uti-
lizes both the PKA pathway and the PKA-independent
Epac-Rapl pathway to inhibit glioma cell migration. To
determine the way ISO works in our case, we used specific
inhibitors for PKA and found that the inhibitory action of
ISO and forskolin was not appreciably affected by PKA-
specific inhibitors (Supplemental Figure S2). The concentra-
tions of PKA inhibitors used in our cell system appeared to
be effective. As evidenced by the finding that the effect of
cilostazol, a phosphodiesterase inhibitor, was reversed in
cells pre-treated with these PKA inhibitors (Supplemental
Figure S2). Thus, the activation of the PKA pathway poten-
tially inhibits LPA-induced cell migration when cAMP deg-
radation was inhibited by the phosphodiesterase inhibitor,
but ISO and forskolin, both of which lead to cAMP accumu-
lation by stimulating adenylyl cyclase, inhibited the migra-
tion response to LPA in a manner independent of PKA.
Further experiments are necessary to determine whether the
PKA-dependent and -independent mechanisms are attrib-
uted to different mechanisms of cAMP accumulation.

The ISO-induced inhibition of migration may be mediated
by the Epac-Rap]1 signaling pathway. Thus, an Epac-specific
cAMP analogue, 8CPT-2Me-cAMP, was effective in inhibit-
ing the LPA action on migration in a manner insensitive to
the PKA inhibitor (Figure 2A). In this experiment, we used
8CPT-2Me-cAMP at 30 uM, which concentration is effective
in other cell system with the specificity (Rangarajan ef al.,
2003). We also used 300 uM of the cAMP derivative and
observed essentially the same results (data not shown). To
exclude the possible inhibition of PKA, however, we used
the cAMP derivative at 30 uM throughout the present study.
The suppression of Racl activity by 8CPT-2Me-cAMP was
also observed (Figure 2B). Moreover, we proved that ISO
and 8CPT-2Me-cAMP activated the Rapl protein (Figure
2C) and that the overexpression of an active-form of Rap1,
Gl12VRapl, resulted in the abolishment of the Racl activa-
tion in response to LPA (Figure 2D). To further confirm the
role of Rap1 in the inhibitory action of ISO, we used siRNA
strategies. Transfection of siRNAs specific to Rap1B into
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Figure 2. Rapl and cAMP inhibited LPA-induced migration of
GNS-3314 cells. (A) A PKA inhibitor myr-PKI failed to attenuate the
inhibitory action of 8CPT-2Me-cAMP. The serum-starved cells were
pretreated with 10 uM myr-PKI for 30 min and then stimulated with
or without 100 nM LPA in the presence or absence of 30 uM
8CPT-2Me-cAMP (8CPT) for the migration assay. The asterisk (*)
indicates a significant difference. (B) Racl activity assay was per-
formed with or without 100 nM LPA in the presence or absence of
30 uM 8CPT-2Me-cAMP (8CPT). (C) The cells were stimulated with
a vehicle, 100 nM LPA, 30 uM 8CPT-2Me-cAMP (8CPT), 100 nM
S1P, or 1 uM ISO to measure Rapl activity. Data are representative
results (top panel) and active Rapl activity (bottom panel) was
expressed as percentages of the basal activity (None), which was
quantified by densitometry. (D) Cells were infected with adenovirus
containing GFP or G12VRapl, cultured in 0.1% BSA/MEM and then
stimulated for the estimation of Racl activity by the pulldown
reaction. The blotting data are representative results (top panels).
Racl activities were quantified by densitometry and were expressed
as percentages of control value (None in GFP; bottom panel). The
effect of LPA was significant (*) or not significant (n.s.). The expres-
sion levels of wild-type Rap1 and the mutated Rapl (G12VRap1; as
a band with slightly slower migration than wild-type Rapl) were
assessed with specific antibodies for Rap1 and/or FLAG.

GNS-3314 cells resulted in a 50-60% reduction of the ex-
pression of the Rap1B protein (Figure 3A). The decrease of
Rap1B on the mRNA level was also confirmed (data not
shown). Under the knockdown of Rap1B, a significant re-
covery of the migratory response to LPA, which was sup-
pressed by ISO or 8CPT-2Me-cAMP, was observed without
any significant change in S1P-induced inhibition (Figure 3B).
In GNS-3314 cells, we could scarcely detect the expression of
RaplA mRNA (data not shown). Moreover, overexpression
of Rap1GAPII, which inhibited the ISO-induced activation
of Rap1 (Figure 3C), reversed ISO-induced inhibition of the
migration response to LPA without any significant effect on
the S1P-induced inhibitory action (Figure 3D). The appear-
ance of LPA-induced migration under the ISO treatment by
Rap1GAPII was associated with the activation of Racl (Fig-
ure 3E). Our findings are consistent with previous studies by
another research group (Gutmann et al., 1997) showing that
increased expression of the RaplB protein is a common
occurrence in human gliomas. Taken together, these results
suggest that the PKA-independent Epac/RaplB pathway
may be important for ISO-induced inhibition of glioma cell
migration and Racl activation.
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as those for B, to measure Rap1 activity by the
pulldown assay in C, migration activity in D,
and Racl activity by the pulldown assay in E.
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Involvement of PTEN in the Inhibitory Actions of ISO on
LPA-induced Akt Activation, Racl Activation, and the
Migration Response

We have previously reported that, in human glioma cells,
PI3K transmits the LPA, receptor-mediated migratory re-
sponse (Malchinkhuu et al., 2005). We assumed that, in some
way, ISO may regulate the PI3K-dependent pathway. If this
were the case, we could assess it by examining the phos-
phorylation of the PI3K downstream target, Akt. Consis-
tently with a previous study (Malchinkhuu et al., 2005),
wortmannin, an inhibitor of PI3K, at 100 nM attenuated the
migration response to LPA (Figure 4A). The concentration of
wortmannin was chosen based on the original article (Okada
et al., 1994) and appears to be effective in our system, with
specificity as well. Thus, 100 nM of wortmannin almost
completely inhibited the LPA-induced Akt activation (Fig-
ure 4B) without any appreciable effect on S1P-induced RhoA
activation (Supplemental Figure S4A). The inhibitory effect
of wortmannin on the migration response to LPA was also
observed in other glioma cells: C6 cells (Malchinkhuu ef al.,
2005), U87MG cells, and 1321N1 astrocytoma cells (Supple-
mental Figure 54, B and C). Although ISO has been shown to
activate Akt in different types of cells (Morisco et al., 2005),
in our cell system, we observed that ISO abrogates the
LPA-induced Akt phosphorylation and that the ISO-in-
duced inhibitory action was reversed by down-regulation of
Rap1 activity with Rap1GAPII overexpression (Figure 4C).

Because PI3K activity is counteracted by a lipid phospha-
tase, PTEN, inhibition of LPA-induced Akt activation by ISO
can be achieved by the activation of PTEN and/or the inhi-
bition of PI3K. It is well known that alteration of the PTEN
tumor suppressor gene is associated with glioblastomas
(Rasheed et al., 1997). We, therefore, examined ISO action on
migration in astrocytoma and glioma cells other than GNS-
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effect of ISO in D and LPA in E was signifi-

HaplGARII cant (*) or not significant (n.s.).

3314 in relation to PTEN expression. Consistently with a
previous study (Li et al., 1997), PTEN was null in US7MG
cells (Figure 5A). PTEN was not detected in 1321N1 astro-
cytoma cells either, although a significant level of PTEN
protein was detected in GNS-3314, CGNH-89, and C6 cells.
In CGNH-89 and C6 cells expressing the PTEN protein, ISO
and 8CPT-2Me-cAMP effectively inhibited LPA-induced mi-
gration (Figure 5, B and C), as in GNS-3314 cells. However,
ISO or 8CPT-2Me-cAMP, but not S1P, was ineffective in
inhibiting LPA-induced migration of PTEN-null U87MG
cells and 132IN1 astrocytoma cells (Figure 5, D and I).
Consistent with the result of the insignificant effect of ISO on
the migration response, Racl activation and Akt phosphor-
ylation in response to LPA were not affected by the ISO
treatment in US87MG cells (Figure 5, E and F), although Rap1
activation by ISO was detected (Figure 5G), suggesting the
presence of ISO-sensitive receptor-mediated Rap1 signaling
pathways. Nevertheless, when wild-type PTEN was intro-
duced into U87MG cells, the inhibitory action by ISO on
LPA-induced migration could be reconstituted (Figure 5H).
These results raised the possibility that PTEN is required for
the ISO-induced inhibition of cell migration.

To address this possibility, we used siRNA specific to
PTEN in PTEN-expressing GNS-3314 cells. As shown in
Figure 6A, siRNA treatment resulted in a remarkable de-
crease in PTEN expression, which was associated with a
reversal of ISO-induced inhibition of the migration response
to LPA (Figure 6B). Infection of an adenovirus containing a
dominant-negative C124S mutant, which may lead to a com-
plete loss of phosphatase activity (Maehama and Dixon,
1998; Figure 6C), or treatment with a selective PTEN inhib-
itor, bpV(pic) (Figure 6D; Schmid et al., 2004), was also
effective for the suppression of the ISO-induced inhibitory
action on migration in GNS-3314 cells. The reversal of the
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Figure 4. Attenuation by ISO of LPA-induced Akt phosphoryla-
tion in GNS-3314 cells seems to be Rap1-dependent. (A) The serum-
starved cells were treated with 100 nM wortmannin for 15 min and
applied to migration assay toward a vehicle and 100 nM LPA. (B)
The cells were pre-treated with 100 nM wortmannin for 15 min,
stimulated with or without 1 uM LPA, and then analyzed by
Western blot for detection of phosphorylated Akt. Data are repre-
sentative results from two separate experiments. (C) Cells were
infected with adenovirus carrying GFP or Rapl1GAPII, cultured in
0.1% BSA/MEM and then treated with a vehicle, 1 uM LPA, and/or
ISO for 2.5 min at 37°C to measure phosphorylation of Akt protein.
Data are representative results (top panels). Akt phosphorylation
activities were quantified by densitometry and were expressed as
percentages of control value (None without ISO in GFP treat-
ment; bottom panel). The effect of LPA was significant (*) or not
significant (n.s.).

ISO-induced inhibitory migration response to LPA by
bpV(pic) was associated with an appearance of Racl re-
sponse to LPA which was inhibited by ISO (Figure 6E). In
the cells treated with the PTEN inhibitor forskolin, and
8CPT-2Me-cAMP-induced inhibition of migration response
to LPA was also reversed (Figure 6D). As shown in Supple-
mental Figure S5, the siRNA against PTEN or the PTEN
inhibitor also reversed ISO- or 8CPT-2Me-cAMP-induced
inhibition of the migration response to LPA in the PTEN-
expressing CGNH-89 and C6 cells. However, S1P-induced
suppression of migration was not recovered by the treat-
ments (Figure 6 and Supplemental Figure S5B). We finally
examined the possibility of whether ISO and other test
agents affect the expression of PTEN, because it has been
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Figure 5. The ISO- and 8CPT-2Me-cAMP-induced action on cell
motility is dependent on PTEN expression in glioma cells. (A)
Detection of PTEN by Western blot analysis. Cell extracts were
prepared from human U87MG cells, 1321N1 astrocytoma cells,
GNS-3314 cells, CGNH-89 cells, and rat C6 glioma cells. (B)
CGNH-89 cells were serum-starved and subjected to migration
assay. The cells were stimulated with or without 100 nM LPA in the
presence or absence of 1 uM ISO, 30 uM 8CPT-2Me-cAMP (8CPT),
and 100 nM S1P. (C) Cé6 cells were serum-starved and stimulated
with or without 100 nM LPA in the presence or absence of 1 uM ISO
and 30 uM 8CPT-2Me-cAMP (8CPT). (D-G) U87MG cells were
serum-starved and stimulated with the indicated agents to measure
migration activity (D), Racl activity by the pulldown assay (E), Akt
phosphorylation activity in (F), and Rap1 activity by the pulldown
assay (G). The concentrations of test agents and other experimental
conditions were the same as those of B for D, Figure 1C for E, Figure
4C for F, and Figure 2C for G. (H) US87MG cells were transfected
with pEGFP-C1 containing PTEN or plasmid alone (GFP) according
to Nucleofector Kit T, cultured in 0.1% BSA/DMEM, and then
incubated to measure the migratory response to a vehicle and 100
nM LPA in the presence or absence of 1 uM ISO. (I) 1321NT1 cells
were serum-starved and treated with or without 100 nM LPA in the
presence or absence of 1 uM ISO, 30 uM 8CPT-2Me-cAMP (8CPT),
and 100 nM S1P. The LPA effect was significantly lower than that in
control cells (*) in B-D, H, and L.

Control ISO S1P

reported that altered expression of PTEN may play a signif-
icant role in the progression of glioblastoma multiforme
(Sano et al., 1999). As shown in Supplemental Figure S6,
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Figure 6. Involvement of PTEN in ISO action on migration of
GNS-3314 cells. (A) After transfection of the cells with 100 nM
siRNAs for nonsilencing (NS) and PTEN, cell lysates were prepared
and subjected to Western blot analysis for detection of PTEN and
B-actin. (B-D) The cells were similarly treated with siRNAs in B,
infected with adenovirus containing GFP or C124S mutant of PTEN
in C, and treated with or without 300 nM bpV/(pic) for 30 min in D.
The cells were then incubated with or without 100 nM LPA in the
presence or absence of 1 uM ISO, 100 nM S1P, 30 uM 8CPT-2Me-
cAMP (8CPT), or 300 nM forskolin (FSK) to measure migration
activity. (E) Cells were pretreated with 300 nM bpV(pic) for 30 min
and then stimulated with or without 100 nM LPA in the presence or
absence of 1 uM ISO. Cell lysates were subjected to the Racl
activation assay by the pulldown reaction. Data are representative
results from three separate experiments (top panels). Racl activities
were quantified by densitometry and were expressed as percentages
of control value (None; bottom panel). The asterisk (*) indicates that
LPA effect is statistically significant.

however, ISO, S1P, and LPA did not significantly alter the
PTEN expression, at least under the experimental conditions
used. In any event, the present results strongly suggest that
PTEN is critically required for the Rap1B-dependent nega-
tive regulation of migration by ISO.

DISCUSSION

In glioma cells, PI3K/Racl pathways are important for LPA;
receptor-mediated migration (Malchinkhuu et al., 2005). Our
present results demonstrated that S1P and ISO both nega-
tively but differently regulate LPA-induced glioma cell mi-
gration. Consistently with previous studies of glioma cells
(Lepley et al., 2005; Malchinkhuu et al., 2005, 2008) and other
cell types (Arikawa et al., 2003; Sugimoto et al., 2003; Sanchez
et al., 2005), the present study suggests that S1P suppresses
the migration through S1P, receptor/Rho-mediated down-
regulation of Racl. In contrast, ISO-induced suppression
occurs via ,-adrenergic receptor/cAMP/Epac/Rap1B-de-
pendent down-regulation of Rac1 activation. Thus, we spec-
ulate that there are at least two distinct inhibitory pathways,
which are mediated by the S1P, receptor and the B,-adren-
ergic receptor, to control the migration of glioma cells. Fur-
thermore, on the basis of the findings from the experiments
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in which PTEN expression was down-regulated genetically
or pharmacologically, we suggest that activated PTEN may
be crucial for ISO inhibitory action on the PI3K-dependent
pathway and, consequently, cell migration. Thus, the inhib-
itory effect of ISO was coincident with the expression of
PTEN protein in glioma cells. To our knowledge, this is the
first observation showing cAMP stimulators, such as ISO, to
regulate endogenous PTEN activity through the activation
of small GTPase Rap1B for the inhibition of Racl activity
and glioma cell motility.

The Rho-like G-proteins, i.e., Rho and Rac, are known
principally for their pivotal role in regulating the actin cy-
toskeleton in cell migration (Burridge and Wennerberg,
2004). PI3K has been thought to be a key molecule in the
activation of cell migration through Rac signaling (Chan-
drasekar ef al., 2003; van Leeuwen ef al., 2003). The Rho-like
G-proteins seem to play a dichotomous cell type—specific
role in the regulation of motility (Malchinkhuu et al., 2005).
In some tumor cells, SIP inhibits cell migration, and this
inhibitory effect of SIP occurs through the S1P,/Rho-medi-
ated suppression of Rac (Arikawa ef al., 2003; Lepley et al.,
2005). Consistent with this, the present and previous results
showed that S1P inhibited the migration via Rho-dependent
suppression of Racl activity in human glioma cells, whereas
the inhibitory action of ISO on migration was Rho-indepen-
dent. Thus, these data indicate the differential role of small
G-proteins in the negative migratory response to S1P and
ISO in glioma cells. Recently, two models have been pro-
posed to account for the ability of Rho effectors in the
downstream of Rho signaling in the S1P-induced inhibitory
action. The first model suggests that an additional mecha-
nism other than that of Rho-kinase may be required for the
down-regulation of Rac activity (Sugimoto et al., 2003). The
second shows that the S1P-induced inhibitory action is com-
pletely abolished by Y-27632, a specific inhibitor for Rho-
kinase, suggesting that the pathway is Rho-kinase-depen-
dent (Sanchez et al., 2005). Further experiments are necessary
to clarify which molecular mechanism downstream of Rho is
involved in the inhibition of glioma cell migration by S1P.

The activation of Ras-like G-proteins, e.g., Rap1, has been
reported to play a crucial role in the control of cell adhesion
and migration through the inside-out activation of integrins
(Rangarajan et al., 2003). Cyclic AMP-mediated Rap1 stim-
ulation exhibited Akt phosphorylation in thyroid cells
(Tsygankova et al., 2001). We observed the opposite suppres-
sive effect on Akt activation by treatment of cells with ISO,
which stimulated Rap1 in an Epac-dependent manner (Fig-
ures 3 and 4C). These findings were supported by notable
studies in B-lymphocytes, in which the activation of Rap
GTPases modulated the B-cell antigen receptor-mediated
activation of Akt (Christian et al., 2003). A controversy in the
Rap1 effect on Akt from the studies could be explained by
the difference in the type of Rap1 protein expressed in one or
another cell type. We have shown that ISO-induced S,-
adrenergic receptor stimulation in glioma cells suppressed
the migratory response to LPA through the Epac/Rap1B-
dependent pathway (Figures 1B and 3). Our results are
consistent with the findings from other groups. The expres-
sion of Rapl or Epac has been shown to result in the sup-
pression of accelerated migration in C3G-deficient fibro-
blasts (Ohba et al., 2003). Recent findings have also shown
that constitutively active RapV12 transfected into epithelial
carcinoma cells led to down-regulated Racl expression and,
hence, abrogated migration (Valles et al., 2004). However,
the manner in which Epac/Rap1 participates in the regula-
tion of PI3K/Rac-dependent cytoskeleton rearrangement
and cell migration remains unclear. The possibility that
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Rap1 modulates PI3K itself and thereby inhibits the activity
of Racl-mediated migration may be excluded. Thus, ISO
failed to inhibit LPA-induced and PI3K-dependent Akt
phosphorylation in PTEN-null US87MG cells (Figure 5F).

Several in vitro studies have shown that PTEN expression
level is critical for the migration and invasion of glioma cells.
For example, Tamura et al. (1999) and Koul et al. (2001)
showed that the introduction of PTEN gene into human
PTEN-null glioma U251 and/or U87 cells significantly in-
hibited in vitro invasion. Clinical data also indicated that
patients with glioblastoma multiforme express PTEN at
lower levels than those with lower grades of gliomas (Sano
et al., 1999). Moreover, Kaplan-Meier survival plots, adjusted
for age and tumor grade, showed a significantly better prog-
nosis for patients whose tumors expressed high levels of
PTEN (Sano et al., 1999). Thus, these results suggest that
PTEN expression might be inversely correlated with the
invasiveness of glioma cells. However, the inhibition of mi-
gration has been explained in widely different ways. Rafto-
poulou et al. (2004) have shown that exogenously expressed
PTEN can inhibit cell migration through its C2 domain,
independently of its lipid phosphatase activity in PTEN-null
glioma cells. On the other hand, migration was abrogated by
prostaglandin E,-induced PTEN lipid-phosphatase activa-
tion in fibroblasts, in which PKA was suggested to mediate
the increase in agonist-stimulated PTEN activity (White et
al., 2005). Consistent with this report, our results indicate
that PTEN is required for the suppression of glioma cell
migration. However, PKA signaling is insufficient to account
for the ISO action on migration via PTEN. Two lines of
evidence support the role of PTEN without involvement of
PKA in the inhibition of glioma cell motility by ISO. First,
ISO-induced suppression of migration was not affected by
the treatment of cells with PKA inhibitors, AKAP St-Ht31
and myr-PKI (Supplemental Figure S2). Rap1B, rather than
PKA, seems to be involved in the ISO actions, as described
above. Second, the ISO action was reversed by the knock-
down of PTEN with siRNA, the C124S mutant of PTEN
expression, and the inhibition of PTEN activity with
bpV(pic) (Figure 6 and Supplemental Figure S5). Another
research group has also shown that PTEN activity was re-
quired for S1P, receptor-dependent inhibition of cell move-
ment in HUVEC cells (Sanchez et al., 2005). However, ac-
cording to our previous report, S1P was able to attenuate the
migration even in cells with null expression of PTEN, such
as US’MG (Li et al., 1997) and 1321N1 astrocytoma (Mal-
chinkhuu et al., 2008).

Although our present study strongly suggests the involve-
ment of PTEN in the ISO/cAMP/Rap1B-mediated inhibi-
tion of glioma cell migration, the molecular mechanism by
which Rap1B activation leads to changes in the PTEN activ-
ity remains unknown. In our preliminary study, we mea-
sured PTEN phosphorylation at Ser-380/Thr-382/Thr-383
but failed to detect any significant change in the activity by
either LPA or ISO (data not shown). Moreover, we have not
yet detected any change in the translocation of PTEN by any
agonist stimulation (data not shown). However, there are
other potential Ser, Thr, and Tyr residues besides Ser-380
that could be phosphorylated and modulate the enzyme
activity in PTEN (Raftopoulou et al., 2004; White et al., 2005).
The clarification of the mechanism whereby Rap1B regulates
PTEN activity is our current subject of investigation.

Our present study raised the possibility that expression
level of invasive LPA, receptor and suppressive S1P, recep-
tor/B, receptor and/or their receptor-mediated signaling
activities may be critical factors to determine the invasive-
ness of glioma cells in addition to the expression level of
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PTEN. As for the expression level of invasive LPA; recep-
tors, we have previously shown that the LPA, receptor is
highly expressed in glioma cells, whereas its expression is
marginal in normal astrocytes (Malchinkhuu et al., 2005).
Indeed, the expression of LPA, receptors in highly invasive
glioblastomas (grade IV) has been shown to be much higher
than that in grade II astrocytomas (Kishi et al., 2006). As for
the suppressive receptor system, the S1P, receptor is also
more highly expressed in glioma cell lines than in normal
astrocytes (Van Brocklyn et al., 2003; Malchinkhuu et al.,
2005). Thus, the expression level of the S1P, receptor does
not seem to explain the invasiveness of glioma cells. It
should be noted, however, the expression profile of the S1P
receptors in glioma cells is complex. Thus, the invasive S1P,
receptor-mediated migration response to S1P was un-
masked under the conditions where the S1P, receptor/Rho
signaling pathway was inhibited (Figure 1E and Supplemen-
tal Figure S1). However, there seems to be no correlation
between the expression levels of S1P, and S1P, receptors in
the individual glioma cells (Van Brocklyn et al., 2003). More-
over, there is no previous information concerning the rela-
tion of PTEN loss with the expression profile of S1P receptor
subtypes. On the other hand, cAMP accumulating activity
linked to B-adrenergic receptors might be involved in the
invasiveness of glioma cells. Thus, it has been reported that
the levels of cAMP and B-adrenergic receptor-mediated ad-
enylyl cyclase activity are inversely related to the degree of
malignancy of gliomas (Furman and Shulman, 1977). In
summary, in highly invasive glioma cells, invasive LPA;
receptor expression is up-regulated, and suppressive B-ad-
renergic receptor/cAMP systems are down-regulated. Thus,
the balance of invasive and suppressive signals might also
be important to determine the invasiveness of glioma cells,
although we have to await the further information on the
expression levels of SIP receptor subtypes. Rasheed et al.
(1997) have reported that mutations of the PTEN gene are
restricted to high-grade adult gliomas, and no mutations
were seen in low-grade adult and childhood gliomas. As is
evident from previous studies, PTEN activity seems to be
regulated to inhibit cell migration through multiple mecha-
nisms; in the present study, we suggest the participation
of the novel cAMP-induced Epac/Rap1B/PTEN pathway.
Thus, cAMP-induced PTEN stimulation may provide a
novel therapeutic means against gliomas without PTEN mu-
tations. In relation to this, several experiments using animal
models to inhibit the tumorigenesis of glioblastomas have
been tried. For example, Li et al. (2007) showed that injection
of cholera toxin, a stimulator of G, protein, into brain tumors
induced their differentiation. A phosphodiesterase inhibitor,
rolipram, suppressed glioma cell growth in vitro and, upon
oral administration, inhibited intracranial growth in xeno-
graft models of malignant brain tumors (Yang et al., 2007).
The present study suggests that cilostazol is another poten-
tial drug with an inhibitory activity of phosphodiesterase for
glioblastomas as well. Thus, many potential tools are avail-
able to increase cAMP in vivo, i.e., agonists for G, protein—
coupled receptors, adenylyl cyclase stimulators, inhibitors of
phosphodiesterase, and cAMP derivatives, some of which
are now used for the clinical treatment of various disorders.
In addition to the modulators of cAMP levels, the control of
LPA, receptor activity may be another way to treat malig-
nant brain tumors. For example, the LPA receptor antago-
nist, Ki16425 (Ohta et al., 2003; Malchinkhuu ef al., 2005), is a
potential drug for this purpose. However, the presence of
blood brain barriers may be a problem that needs to be
overcome for the chemotherapy against brain tumors.
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