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ABSTRACT

In this paper, we describe the role of chemokine receptor CXCR4
activation by its natural ligand, the chemokine stromal cell-derived factor
(SDF-1) (CXCL12), in glioblastoma cell growth in vitro. We show that
both CXC chemokine receptor 4 (CXCR4) and SDF-1 mRNA are ex-
pressed in several human glioblastoma multiforme tumor tissues and in
two human glioblastoma cell lines, U87-MG and DBTRG-05MG. These
cells are able to secrete SDF-1 under basal conditions, and the rate of
secretion is highly increased after lipopolysaccharide or 1% fetal bovine
serum treatment. Exogenous SDF-1� induces proliferation in a dose-
dependent manner in both cell lines. Moreover, we observed that SDF-
1�-dependent proliferation is correlated with phosphorylation and acti-
vation of both extracellular signal-regulated kinases 1/2 and Akt and that
these kinases are independently involved in glioblastoma cell prolifera-
tion. The role of CXCR4 stimulation in glioblastoma cell growth is further
demonstrated by the ability of human monoclonal CXCR4 antibody (clone
12G5) to inhibit the SDF-1�-induced proliferation as well as the prolifer-
ation induced by SDF-1-releasing treatments (lipopolysaccharide and 1%
fetal bovine serum). These data support a role for SDF-1� in the regula-
tion of glioblastoma growth in vitro, likely through an autocrine/paracrine
mechanism.

INTRODUCTION

Gliomas are the most common primary CNS3 tumors in humans.
According to the WHO classification, they are subdivided into low-
grade astrocytoma (grade II), anaplastic astrocytoma (grade III), and
glioblastoma (grade IV). GBM is the most aggressive of these tumors:
nearly all GBM patients die within 1 year. GBM can arise de novo, or
lower grade gliomas can progress to GBM. These tumors are believed
to develop as the result of stepwise accumulation of genetic lesions
and display extensive morphological heterogeneity, demonstrating
variability in invasiveness, angiogenesis, and extent of necrosis (1).

In this work, we studied the expression of the chemokine SDF-1,
recently renamed CXCL12, and its receptor, CXCR4, in two glioblas-
toma cell lines and in human primary glioblastoma tissues and studied
the possible role of these proteins in tumor progression. SDF-1 is a
chemokine of the CXC subfamily originally characterized as a pre-
B-cell stimulatory factor and cloned from bone marrow cell superna-

tants. SDF-1 exists in two alternative splicing variants, � and �, of
which SDF-1� is the most abundant (2). SDF-1 nucleotide and amino
acid sequences are highly conserved during evolution, suggesting that
this molecule may play important biological roles. This chemokine is
a chemotactic factor for T cells, monocytes, pre-B cells, dendritic
cells, and hematopoietic progenitor cells and supports B-cell progen-
itor and CD34� cell proliferation (3, 4). However, its expression is
not restricted to immune and hematic cells; SDF-1 has also been
identified at the CNS level in neuronal, astroglial, microglial, and
endothelial cells (3, 5, 6). SDF-1 exerts its activity by interacting with
the CXCR4 receptor, a member of the G protein-coupled receptor
superfamily. The interaction between CXCR4 and SDF-1 appears to
be unique, whereas other chemokines may recognize multiple recep-
tors. Disruption of the murine CXCR4 or SDF-1 genes displays a
similar embryological lethal phenotype, characterized by deficient
B-lymphopoiesis and myelopoiesis, abnormal cardiac and neuronal
development, and defects in vasculogenesis (7, 8). CXCR4, similar to
SDF-1, is expressed in various tissues and also at brain level in
different cell types, including endothelial cells, embryonic germinal
neuroepithelium and mature neurons, glial cells, and microglia cells,
and seems to be involved in different CNS pathologies (3, 4, 9).
Recent data showed that CXCR4 and SDF-1 mRNAs are colocalized
in glioblastomas and that their expression increases with tumor grade
and is associated with regions of necrosis and angiogenesis (10). Other
authors have demonstrated that SDF-1 and CXCR4 are involved in
normal and malignant glial cell proliferation in vitro (11–14).

In this study, we demonstrate that CXCR4 and SDF-1 are expressed
in several human glioblastoma tumor tissues and cell lines. We also
show that SDF-1� stimulates the proliferation of glioblastoma cells in
vitro through the phosphorylation and activation of ERK1/2 and Akt.
Moreover, we show that SDF-1� likely exerts its proliferative activity
via the activation of an autocrine/paracrine pathway.

MATERIALS AND METHODS

Reagents and Materials

Anti-phospho-ERK1/2, anti-ERK1/2, anti-phospho-Akt (Ser473), and anti-
Akt antibodies were purchased from Cell Signaling New England BioLabs
(Beverly, MA). Anti-CXCR4 clone 12G5 was purchased from R&D Systems
(Minneapolis, MN). Anti-SDF-1 was purchased from Torrey Pines Biolabs
(San Diego, CA). PD98059 and LY294002 were purchased from Calbiochem
(San Diego, CA). Human-SDF-1� was purchased from Pepro Tech EC Ltd.
(London, United Kingdom).

Tissue Samples

Nine human glioblastoma tumor tissues corresponding to grade IV gliomas
according to the WHO classification were obtained from the Neurosurgery
Division (University of Genoa, Genoa, Italy).

Cells and Culture Conditions

Human Glioblastoma Cell Lines. U87- MG and DBTRG-05MG cell lines
were purchased from the bank of biological material Interlab Cell Line Col-
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lection (Advanced Biotechnology Center, Genoa, Italy). Cells were cultured at
37°C in 5% CO2 in RPMI 1640 supplemented with 10% heat-inactivated FBS
(Euroclone, West Yorkshire, United Kingdom), 2 mM glutamine, 100 IU/ml
penicillin, 100 �g/ml streptomycin, and 1% nonessential amino acids.

Rat Cortical Type I Astrocytes. Cultures of rat cortical type I astrocytes
were performed as described previously (5).

RT-PCR

Total RNA was isolated from different human brain tumor tissues and
human glioblastoma cells using acid phenol extraction (5). Before cDNA
synthesis, RNA was treated with 40 units of RNase-free DNase I (Boehringer
Mannheim, Indianapolis, IN) for 45 min. To control whether contaminating
genomic DNA was present, RNA samples not reverse transcribed were sub-
jected to PCR amplification. The gene-specific primers used for CXCR4 and
SDF-1 amplification were as follows: CXCR4, 5�-ggccctcaagaccacagtca-3�
(sense) and 5�-ttagctggagtgaaaacttgaag-3� (antisense); and SDF-1, 5�-atgaacgc-
caaggtcgtggtc-3� (sense) and 5�-ggtctgttgtgcttacttgttt-3� (antisense), which rec-
ognize both the � and � isoform. The primers for the �-actin were 5�-
tccggagacggggtca-3� (sense) and 5�-cctgcttgctgatcca-3� (antisense).

Western Blot

Human glioblastoma cells and astrocytes were serum starved for 48 h and
then treated as described in “Results.” Cells were lysed in 1% NP40, 20 mM

Tris-HCl (pH 8), 137 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride, 1 �g/ml leupeptin, 1 mM sodium orthovanadate, and
10 mM NaF for 10 min at 4°C. Nuclei were removed by centrifugation in a
minifuge at 5000 rpm for 10 min at 4°C, and cell lysates were assayed for
protein content using the Bradford protein assay (Bio-Rad Laboratories, Her-
cules, CA). Proteins (5–10 �g) were resuspended in 2� reducing sample
buffer [2% SDS, 62.5 mM Tris (pH 6.8), 0.01% bromphenol blue, 1.43 mM

2-mercaptoethanol, and 10% glycerol], separated by SDS-PAGE, transferred
on polyvinylidene difluoride membrane (Bio-Rad), and blotted with polyclonal
antibodies. The detection of immunocomplex was performed using the en-
hanced chemiluminescence kit (Amersham Pharmacia Biotech). Western blot
of SDF-1 secretion in the culture supernatants of human glioblastoma cell lines
was performed as described previously (5).

SDF-1� Quantification by ELISA

Human glioblastoma cells were serum deprived for 48 h and treated with
LPS (10 �g/ml) or 1% FBS in the last 16 h. The culture supernatants were
tested by solid-phase ELISA for SDF-1�, according to the manufacturer’s
recommendation (R&D Systems).

[3H]Thymidine Incorporation Assay

DNA synthesis activity was measured by means of [3H]thymidine uptake, as
described previously (12). Cells were plated at 5 � 104 cells/well in 24-well
plates and serum starved for 48 h before being treated with SDF-1� for 24 h;
during the last 4 h, cells were pulsed with 1 �Ci/ml [3H]thymidine (Amersham
Pharmacia Biotech). When indicated, PD98059 (10 �M) was added to the cells
for 10 min before SDF-1� stimulation and during the chemokine stimulation;
LY294002 (10 �M) or 12G5 antibody (10 �g/ml) was added to the cells 30 min
before chemokine stimulation and during chemokine stimulation.

Statistical Analysis

Experiments were performed in quadruplicate and repeated at least three
times. Data are expressed as mean � SE, and statistical significance was
assessed by Student’s t test for independent groups. P � 0.05 was considered
statistically significant.

RESULTS

Expression of CXCR4 and SDF-1 in Human Glioblastoma
Tumor Tissues and Cell Lines. The expression of the chemokine
receptor CXCR4 and its natural ligand, SDF-1, in human GBM was
studied. RNAs extracted from nine tumor tissues were analyzed for
CXCR4 and SDF-1 expression by RT-PCR. As shown in Fig. 1A,

Lanes 1–9, all nine tumor tissues express CXCR4 mRNA, whereas
only three express SDF-1 mRNA. We also identified specific ampli-
fication products for CXCR4 and SDF-1 mRNAs in two different
human glioblastoma cell lines, DBTRG-05MG and U87-MG (Fig. 1A,
Lanes 10 and 11). We also analyzed the ability of human glioblastoma
cell lines to secrete SDF-1. DBTRG-05MG and U87-MG cells were
cultured in serum-free medium in the presence or absence of LPS for
16 h, and the supernatants were analyzed by Western blot using an
anti-SDF-1 polyclonal antibody. Our results showed that both tumor
cell lines secreted a significant amount of SDF-1 under basal condi-
tions and that this amount was even further increased after LPS
stimulation (Fig. 1B).

SDF-1� Induces DNA Synthesis in Human Glioblastoma Cell
Lines in Vitro through ERK1/2 Activation. We analyzed the ability
of SDF-1� to induce cell proliferation in U87-MG and DBTRG-
05MG cells by means of [3H]thymidine incorporation assay. Glio-
blastoma cells were serum starved for 48 h and treated with increasing
concentrations of SDF-1� (3.12–50 nM) for 24 h. The results, shown
in Fig. 2A, indicate that in both cell lines, SDF-1� causes a dose-
dependent induction of DNA synthesis with a maximum effect at 12.5
nM (90% and 80% for DBTRG-05MG and U87-MG cells, respective-
ly). Using higher concentrations of SDF-1� (25 and 50 nM), a down-
regulation of the response was observed. In fact, at the highest
concentration tested (50 nM), the increase in [3H]thymidine incorpo-
ration was only 27% for DBTRG-05MG and 50% for U87-MG cells.

To study the intracellular pathways leading to glioblastoma cell
proliferation after SDF-1� treatment, we focused our attention on the
activation of the MAPK ERK1/2, which converts extracellular stimuli
to intracellular signals that control gene expression, cell proliferation,
differentiation, and survival. By Western blot analysis, we analyzed
SDF-1�-induced ERK1/2 activation in DBTRG-05MG and U87-MG
glioblastoma cell lines and cultured rat type I astrocytes, which were
used as a model of normal glial cells. Cells were treated with SDF-1�
(12.5 nM), and the cell lysates were analyzed for the presence of
phosphorylated, and thus activated, forms of ERK1/2. In all of the cell
types, a significant amount of phosphorylated ERK1/2 was detected
under basal conditions, even after 48 h of serum deprivation (Fig. 2B).
In both glioblastoma tumor cell lines, SDF-1� treatment induced
ERK1/2 activation that was detectable after 15 min of treatment and
lasted up to 30 min (Fig. 2B). Similarly, in normal astrocytes, SDF-1�
induced activation of ERK1/2 that was clearly evident after 5 min of
stimulation, further increased after 15 min, and lasted up to 30 min.

Fig. 1. A, RT-PCR analysis of the mRNA expression of CXCR4 and SDF-1 in nine
human glioblastoma tissues (Lanes 1–9) and in DBTRG-05MG (Lane 10) and U87-MG
(Lane 11) glioblastoma cell lines. �-Actin amplification was performed as internal control
for the PCR reaction. B, Western blot analysis of SDF-1 released by DBTRG-05MG (1)
and U87-MG (2) cell lines.
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The analysis of cell lysates for the total expression of MAPKs ensured
the equal loading of proteins in the different lanes (data not shown).

To correlate the effects of SDF-1� on cell proliferation and ERK1/2
activation, we analyzed SDF-1�-induced proliferation in U87-MG
and DBTRG-05MG cells in the presence of PD98059, a pharmaco-
logical inhibitor of MAPK/ERK kinase (MEK). Cells were treated for
24 h with SDF-1� (12.5 nM) in the presence or absence of PD98059.
SDF-1�-dependent proliferation was completely blocked by pretreat-
ment with PD98059 in both cell lines (Fig. 2C). Moreover, this
compound inhibited basal proliferation significantly in DBTRG-
05MG cells and to a lesser extent in U87-MG cells. In agreement with
these results, PD98059 reduced both basal and SDF-1�-stimulated
ERK1/2 phosphorylation in both cell lines (Fig. 2D). Thus, these data
show that ERK1/2 activation contributes to the U87-MG and
DBTRG-05MG cell proliferation mediated by SDF-1�.

Role of Akt Phosphorylation in SDF-1�-dependent Cell Prolif-
eration. Akt is a known downstream effector of the PI3K-dependent
signaling cascade. Recently, it was shown that besides the ERK1/2
pathway, chemokines stimulate PI3K, leading to activation of Akt (9).
It has also been shown that the Akt pathway is strongly involved in the
development of human glioblastomas (1). Thus, we examined the role
of SDF-1� treatment in the activity of Akt by Western blot analysis.
U87-MG and DBTRG-05MG cell lines were challenged with SDF-1�
(12.5 nM), and their lysates were analyzed for Akt phosphorylation
using an antibody that reacts specifically with the phosphorylated
Ser473 located at the COOH terminus. Our results (shown in Fig. 3A)
demonstrate that, in contrast to normal astrocytes, in the two glioblas-
toma cell lines analyzed, a slight Akt activation had already occurred
under basal conditions and was further increased after 15–30 min of

SDF-1� stimulation. SDF-1� treatment also induces Akt activation in
cultured type I astrocytes, although normal astrocytes do not show
basal activation of Akt. The same lysates were also analyzed for total
expression of Akt to ensure an equal loading of proteins in the
different lanes (data not shown).

To analyze the involvement of Akt in the proliferative activity
induced by SDF-1�, we studied the effect of LY294002, a specific
PI3K inhibitor, on both SDF-1�-dependent cell proliferation and Akt
activation. As shown in Fig. 3B, this compound strongly reduced
U87-MG and DBTRG-05MG cell proliferation induced by SDF-1�

treatment. LY294002 also reduced basal DNA synthesis in both cell
lines. Moreover, both basal and SDF-1�-dependent Akt activation
were completely blocked by LY294002 in these cell lines (Fig. 3C).
Furthermore, in U87-MG cells, LY294002 did not inhibit ERK1/2
phosphorylation, and PD98059 did not affect phosphorylation of Akt
under both basal and SDF-1�-stimulated conditions (Fig. 3D), indi-
cating that ERK1/2 and PI3K/Akt pathways are independently in-
volved in the proliferative signal mediated by SDF-1�. Similar results
were obtained in DBTRG-05MG cells (data not shown).

CXCR4/SDF-1 Interaction Is Responsible for Autocrine/Para-
crine Regulation of Glioblastoma Growth in Vitro. To demonstrate
the involvement of CXCR4 in cell proliferation induced by SDF-1�

and SDF-1-inducing agents, we used the monoclonal antihuman
CXCR4 neutralizing antibody, clone 12G5. U87-MG and DBTRG-
05MG cells were stimulated for 24 h with SDF-1� (12.5 nM) in the
presence or absence of 12G5 (10 �g/ml). Fig. 4A shows that 12G5
antibody reduced the SDF-1�-dependent increase of [3H]thymidine
incorporation by 50% in U87-MG cells and by 70% in DBTRG-

Fig. 2. SDF-1� induces DNA synthesis in
U87-MG and DBTRG-05MG cells through
ERK1/2 activation. A, U87-MG and DBTRG-
05MG cells were treated for 24 h with different
concentrations of SDF-1�, and the increase in
[3H]thymidine incorporation was assessed. Data
are expressed as a percentage of basal values. Basal
values were 2540 cpm for U87-MG and 1650 cpm
for DBTRG-05MG. Values are the mean � SE of
four determinations from three independent exper-
iments. Significantly different versus control val-
ues: �, P � 0.05; and ��, P � 0.01. B, Western blot
analysis of SDF-1�-induced ERK1/2 phosphoryla-
tion in U87-MG and DBTRG-05MG cell lines and
in cultured type I rat astrocytes. Results are repre-
sentative of three independent experiments. C, ef-
fects of PD98059 on SDF-1�-dependent DNA syn-
thesis. Data are expressed as a percentage of basal
values. Values are the mean � SE of four determi-
nations from three independent experiments. Sig-
nificantly different from control values: �,
P � 0.05; and ��, P � 0.01. Significantly different
versus SDF-1� values: #, P � 0.05; and ##,
P � 0.01. D, effects of PD98059 on SDF-1�-
induced ERK1/2 activation. Cells were stimulated
with SDF-1� (12.5 nM) for 15 min in the presence
or absence of PD98059 (10 �M), and the cell ly-
sates were analyzed by Western blot for ERK1/2
activation. Where mentioned, PD98059 was pres-
ent for 10 min before SDF-1� stimulation. Results
are representative of three independent experi-
ments.
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05MG cells, whereas it did not significantly modulate basal prolifer-
ation of both cell lines.

To evaluate the occurrence of an autocrine/paracrine proliferative
loop mediated by SDF-1 in glioblastoma cells, we performed the
[3H]thymidine incorporation assay under conditions of increased en-
dogenous SDF-1 secretion. Indeed, using a specific ELISA test, we
demonstrate here that in the presence of LPS or 1% FBS, SDF-1�
secretion in U87-MG cells is highly enhanced compared with the
control cells (Fig. 4B). In light of these data, we evaluated the effect
of 12G5 antibody on U87-MG cell proliferation in the presence or
absence of LPS or 1% FBS. As shown in Fig. 4C, the presence of LPS
or FBS enhances the incorporation of [3H]thymidine by about 40%
and 30%, respectively, over basal activity, and this increase is signif-
icantly blocked by 12G5 antibody. On the contrary, as shown above,
this antibody does not influence the [3H]thymidine incorporation
observed under basal conditions. These data indicate that SDF-1�
produced and secreted by glioblastoma cells in the presence of LPS or
serum induces cell proliferation via an autocrine/paracrine pathway in
vitro.

DISCUSSION

Glioblastomas are the most common and lethal human primary brain
tumors, and they are characterized by high invasiveness, neoangiogen-
esis, and extended necrosis. The transformation of normal cells into
gliomas occurs as a result of the accumulation of a series of identified
cellular and genetic changes (1). Nevertheless, the exact series of events
that lead to the genesis of human gliomas is still unclear. Recent data
reported that the chemokine receptor CXCR4 is overexpressed in astro-
glioma tumor tissues as compared with normal brain and that this mol-
ecule could be a good marker for brain tumors (14). It was also proposed
that the expression of CXCR4 and its natural ligand, SDF-1, increases
with the tumor grade (13). In this study, we analyzed by RT-PCR the
mRNA expression of CXCR4 and SDF-1 in human glioblastoma tissues,

demonstrating that CXCR4 is expressed in all glioblastomas, whereas
SDF-1 is expressed in only one-third of tumors analyzed. Although
additional studies will be necessary to make a significant statistic analysis
of CXCR4/SDF-1 expression, their occurrence in human glioblastoma
tumor tissues suggests that these proteins may play a role in tumor
growth. In our previous study, we showed that cultures of cortical type I
rat astrocytes express both CXCR4 and SDF-1 mRNAs and release
SDF-1 after LPS stimulation (5). We have also previously demonstrated
that SDF-1� directly stimulates the proliferation of primary cultures of rat
astrocytes (12), suggesting that SDF-1/CXCR4 molecules could be in-
volved in the activation of astrocytes that occurs during astrogliosis and
that abnormal CXCR4 signaling could play a role in the genesis of the
aberrant proliferative behavior of glioblastoma tumors. It was recently
reported that CXCR4 is implicated in the regulation of glioma prolifer-
ation because transfection of CXCR4 antisense or treatment with anti-
CXCR4 antibody inhibited the proliferation of glioma cells in vitro (13).
Similarly SDF-1 has also been involved in the progression of cancer of
different histological derivation such as epithelial ovarian cancer, breast
tumors, neuroblastomas, and pancreatic ductal adenocarcinomas (14–
16). Rempel et al. (10) have shown by immunohistochemical analysis of
different glioblastoma tumors that CXCR4 and SDF-1 do not colocalize
with regions highly expressing the proliferation marker MIB-1 but are
present in tumoral regions characterized by necrosis and angiogenesis.
Thus, these authors suggest that SDF-1 may promote neoangiogenesis to
supply nutrients to sustain tumor growth. It was also proposed that SDF-1
induces up-regulation of several other chemokines in astroglioma cells,
such as MCP-1 and interleukin 8, which appear to be involved in vascular
endothelial cell proliferation and tumor neovascularization (9, 17). All of
this evidence indicates that CXCR4 and SDF-1 could play a primary role
in brain tumor growth through diverse biological effects including cell
proliferation, angiogenesis, and chemokine induction.

Here we studied the direct role of SDF-1-CXCR4 interaction in
glioblastoma proliferation in vitro using two different human glio-

Fig. 3. A, Western blot analysis of SDF-1�-induced
Akt phosphorylation in human glioblastoma cell lines
and in cultured type I rat astrocytes. Results are repre-
sentative of three independent experiments. B, effects of
LY294002 on SDF-1�-induced DNA synthesis. Data are
expressed as [3H]thymidine incorporated into DNA (per-
centage of basal value). Values are the mean � SE of
four determinations from three independent experiments.
Significantly different versus control values: �, P � 0.05.
Significantly different versus SDF-1� values: ##,
P � 0.01. C, effects of LY294002 on SDF-1�-induced
Akt activation. U87-MG and DBTRG-05MG cells were
stimulated with SDF-1� (12.5 nM) for 15 min in the
presence or absence of LY294002 (10 �M), and the cell
lysates were analyzed by Western blot for Akt activation.
D, effects of LY294002 and PD98059 on SDF-1�-
induced ERK1/2 and Akt activation, respectively.
U87-MG cells were stimulated with SDF-1� (12.5 nM)
for 15 min in the presence or absence of LY294002 (10
�M) and PD98059 (10 �M), and the cell lysates were
analyzed by Western blot for ERK1/2 and Akt activation.
Where mentioned, LY294002 was present for 30 min
before SDF-1� stimulation. Results are representative of
three independent experiments.
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blastoma cell lines, U87-MG and DBTRG-05MG. We demonstrate
that these cell lines express both CXCR4 and SDF-1 mRNAs and are
also able to secrete SDF-1 under basal conditions or in response to
LPS or FBS stimulation. Moreover, we showed that in these glioblas-
toma cell lines, stimulation with exogenous SDF-1� induces a signif-
icant dose-dependent proliferation, starting at concentrations as low as
3.15 nM and reaching maximal effect at 12.5 nM. At the higher
concentration tested (25 and 50 nM), we observed a progressive
decrease of SDF-1�-dependent proliferation, which is probably due to
CXCR4 down-regulation. In a recent publication, Geminder et al. (18)
demonstrated that in neuroblastoma cells, which constitutively ex-
press both CXCR4 and SDF-1, exposure to different doses of exog-

enous SDF-1� induces a dose-dependent reduction of CXCR4 ex-
pression. In a previous study, we also proposed that in cortical type I
astrocytes, the SDF-1 secretion induced after LPS stimulation may
cause CXCR4 down-regulation (5).

In normal and tumor glial cells, the transduction of proliferative
signals involves a family of ERKs, whose enzymatic activity increases
in response to SDF-1 (9). We directly studied the role of SDF-1� on
ERK1/2 activation in glioblastoma cells. Our data show that in both
tumor cell lines analyzed, basal ERK1/2 activation is increased after
SDF-1� stimulation, as observed in cortical type I astrocytes. We also
demonstrate that PD98059, a MEK inhibitor, reduced both SDF-1�-
induced cell proliferation and ERK1/2 activation, indicating that
ERK1 and ERK2 are involved in the proliferative signal of SDF-1�.
Similarly, basal cell proliferation and ERK1/2 activation observed
under serum-free conditions were reduced by PD98059 treatment,
suggesting that ERK1/2 may also be an important component of basal
glioblastoma cell proliferation.

Another important signal transduction pathway in glioblastoma is
the PI3K/Akt pathway. Akt is a serine-threonine kinase whose phos-
phorylation and activation by specific kinases are dependent on PI3K
activation in response to mitogens. However, besides its well-
documented role in cell survival, Akt can regulate a variety of cellular
functions including growth, differentiation, cell cycle progression,
transcription, translation, and cellular metabolism. Constitutive acti-
vation of the PI3K/Akt pathway has been observed in several human
cancers, and up to 80% of glioblastoma express elevated levels of Akt
(1). Moreover, in a recent work (19), it was proposed that gliomas, in
which the Akt pathway is impaired, show limited ability to proliferate.
In our study, we demonstrate that both the glioblastoma cell lines
analyzed show constitutive activation of Akt, which, on the contrary,
is not observed in normal astrocytes. Moreover, SDF-1� treatment is
able to increase this basal Akt activation. We also show that
LY294002, a specific PI3K inhibitor, completely blocked both basal
and SDF-1�-induced cell proliferation and Akt activation observed in
U87-MG and DBTRG-05MG cells. However, although both PI3K/
Akt and ERK1/2 pathways are involved in glioblastoma cell prolif-
eration, these pathways appear to operate independently: the activa-
tion of ERK1/2 does not require PI3K/Akt; and the activation of
PI3K/Akt does not require ERK1/2. In cultures of cortical type I
astrocytes, SDF-1� also induces cell proliferation through phosphoryla-
tion of ERK1/2 and activation of the PI3K pathway, but at odds with
tumor cells, in normal astrocytes wortmannin, a PI3K inhibitor, reduced
both SDF-1�-dependent proliferation and ERK1/2 activation, indicating
that ERK1/2 and PI3K pathways are intermingled (12). Thus, the loss of
inter-regulation between ERK1/2 and PI3K/Akt pathways in CXCR4
signaling, and consequently of their multiple downstream targets, may
contribute to glioblastoma tumor proliferation.

We directly demonstrated the role of CXCR4 on SDF-1�-induced
proliferation in U87-MG and DBTRG-05MG cells using the mono-
clonal antihuman CXCR4 neutralizing antibody, clone 12G5, which
partially blocks the CXCR4 activity. This antibody inhibits SDF-1�-
dependent DNA synthesis by 50% and 70% in U87-MG and DBTRG-
05MG cells, respectively. No significant effect on DNA synthesis was
observed in untreated cells, indicating that under basal conditions, the
amount of SDF-1 secretion by these cells is not sufficient to promote
cell proliferation. Using an ELISA test specific for SDF-1�, we
demonstrate that both LPS and low FBS concentration significantly
increased SDF-1� secretion in U87-MG cells. Similarly, by RT-PCR,
we identified an increase in SDF-1 mRNA expression in U87-MG
cells cultured in the presence of FBS compared with serum-deprived
cells (data not shown). Moreover, we show that 12G5 antibody
significantly reduces the increase of [3H]thymidine incorporation ob-
served in U87-MG cells performed in the presence of LPS or 1% FBS.

Fig. 4. A, effect of 12G5 antibody on SDF-1�-dependent [3H]thymidine incorporation.
Data are expressed as [3H]thymidine incorporated into DNA (percentage of basal value).
Values are the mean � SE of four determinations from three independent experiments.
Significantly different versus control values: �, P � 0.05; and ��, P � 0.01. B, quanti-
fication of LPS- and 1% FBS-induced SDF-1� secretion in U87-MG cells by specific
ELISA immunoassay. Values are the mean � SE of two determinations from three
independent experiments. Significantly different versus control values: �, P � 0.05; and
��, P � 0.01. C, effect of 12G5 antibody on LPS- and 1% FBS-induced [3H]thymidine
incorporation. U87-MG cells were treated for 16 h with LPS (10 �g/ml) or 1% FBS in the
presence or absence of 12G5. Data are expressed as [3H]thymidine incorporated into DNA
(percentage of basal value). Values are the mean � SE of four determinations from three
independent experiments. Significantly different versus control values: �, P � 0.05; and
��, P � 0.01. Significantly different versus LPS or 1% FBS values: #, P � 0.05.
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Thus, these data suggest that the amount of SDF-1� produced and
secreted by U87-MG cells in the presence of LPS or FBS may lead to
an autocrine/paracrine regulation of cell growth. Interestingly, a dif-
ferent responsiveness with regard to this autocrine loop was observed
in primary cultures of rat astrocytes. Indeed, whereas a significant
basal SDF-1 secretion was observed in the tumor cell lines studied,
normal astrocytes did not show any constitutive secretion (5). This
observation suggests that only in pathological conditions, such as
AIDS dementia complex during HIV infection, this autocrine loop
may take place in normal cells, likely due to the infection/inflamma-
tion process. Conversely, the constitutive activation of this pathway
may occur during tumor transformation and progression. Furthermore,
an autocrine/paracrine proliferative loop in glioma and nonglioma
tumors was also demonstrated for other chemokines, such as inter-
leukin 8 (20). This CXC chemokine is constitutively expressed in
several human cancer tissues and cell lines and can act as an autocrine
growth factor in different tumors such as human melanoma, gliomas,
pancreatic cancer, colon cancer, and malignant mesothelioma (9, 20).
Because our studies demonstrated that although CXCR4 mRNA was
present in all GBMs analyzed, SDF-1 mRNA was expressed by only
one-third of tumor tissues analyzed, we can hypothesize that other cell
types present in the tumor microenvironment may also contribute to
the regulation of glioblastoma tumor growth and diffusion through the
production of SDF-1. GBMs are the most vascularized tumors and are
often infiltrated with numerous lymphoid/myeloid cells that are at-
tracted by the cytokines and chemokines secreted by the tumor cells
(1). Thus, the activation of macrophages and T lymphocytes results in
the secretion of additional chemokines including SDF-1, which may
contribute to tumor expansion by interacting with the CXCR4 present
on the tumor extracellular membranes. In addition, we cannot exclude
the role of endothelial cells, neurons, and microglial and/or reactive
astrocytes, which are known to secrete SDF-1 (9), in sustaining tumor
development.

In summary, we demonstrate that SDF-1 and CXCR4 are expressed
in both human glioblastoma tissues and cell lines. Our experiments
also indicate that stimulation with exogenous SDF-1� induces cell
growth, likely activating ERK1/2 and Akt pathways that are inde-
pendently involved in glioblastoma proliferation. Moreover, we show
that glioblastoma cells are able to secrete SDF-1�, which is respon-
sible for an autocrine/paracrine proliferative loop in vitro.
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