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Abstract

Background: Glioblastoma multiforme (GBM) is a hy-
pervascularized and locally infiltrating brain tumor of as-
troglial origin with a very poor prognosis. An X-linked
c-fos oncogene-inducible mitogenic, morphogenic, and
angiogenic factor, endothelial growth factor-D (VEGF-D),
is the newest mammalian member of VEGF family. We
analyzed VEGF-D in GBM because of its high angiogenic
potential and its linkage to the X chromosome.

Materials and Methods: Nonmalignant brain and GBM
tissue sections as well as GBM cell lines were analyzed by
immunofluorescence for the expression of VEGF-D, factor
VI (endothelial cell marker), glial-fibrillary acidic protein
(GFAP) (astrocytic cell lineage cytoplasmic marker), and
several Fos family transcription factors, including c-Fos
and Fra-1. The proteins were also detected by Western
blots. The differences between genotypes of normal brain
and GBM cells were examined by cDNA microarrays.

Results and Conclusions: GBM expressed ubiquitously
VEGF-D, which colocalized with GFAP. Contrary to our
expectations, low levels of c-Fos were detected in GBM
cells. However, we identified another Fos family member,
Fra-1, together with its transcriptional activation partner,
c-Jun, as being stably up-regulated in GBM cells. Fur-
thermore, we demonstrated that a fra-1 transgene induced
VEGF-D expression in cultured cells and GBM cell stimu-
lation evoked a sustained increase in both Fra-1 and
VEGF-D levels. This study reveals that an up-regulation of
AP-1 factors may be a hallmark of GBM. Because VEGF-D
activates VEGF receptor 2 and 3, receptors important
for tumor angiogenesis, it may represent an X-linked/
AP-1-regulated onco-angiogen in human GBM. The VEGF-D
system and AP-1 activity appear to be very attractive tar-
gets for new molecular diagnostics and rational molecular
anti-cancer therapies.

Introduction

Glioblastoma multiforme (GBM), a human brain ma-
lignancy originating from glial non-neuronal cells, is
characterized by a well-developed and abnormal
vascularization (1). An increase in endothelial cell
proliferation and the subsequent collapse of some ar-
eas of vasculature with following focal necrosis are
diagnostic characteristics useful in differentiating
GBMs from other brain tumors. In particular, the en-
dothelium lining the vessels in GBM is profoundly
morphologically different from normal brain en-
dothelium (2). Previous research implicated vascular
endothelial growth factor (VEGF-A), a member of
the platelet-derived growth factor/VEGF family of
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polypeptide growth factors, in this brain tumor
pathogenesis because it is an oncogene-activated
angiogenic factor (3,4). Recently, the newest mam-
malian member of this family was identified and
designated VEGF-D (5,6). VEGF-D binds and acti-
vates VEGF receptor 2 (Flk-1/KDR) and VEGF re-
ceptor 3 (Flt-4), but not VEGF receptor 1 (Flt-1) (6).
The binding and signaling activity of the first
preparations of VEGF-D were similar to that of
VEGF-A, although it was several times less potent
(6). VEGF-D is mitogenic for endothelial cells, dra-
matically changes the morphology of endothelial
cells, and promotes angiogenesis (6,7).

In a search for GBM-specific markers, we previ-
ously discovered large amounts of a receptor for inter-
leukin 13 (IL-13), an immune regulatory cytokine, in
a vast majority of patients with GBM in situ (8). This
receptor is a “restrictive” receptor for IL-13, because it
does not bind IL-4, a homolog of IL-13, in contrast to
the normal tissue receptor, IL-13/-4R, that binds both
IL-13 and IL-4 (9,10). The GBM-associated IL-13R
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has been found primarily in brain tumors of glial,
non-neuronal, origin (11) and it is a single chain 42-
kDa plasma membrane receptor, termed IL-13Ra2
(Mintz et al., submitted). We recently identified IL-
13Ra2 as a cancer/testis tumor antigen (CTA) (10).
CTAs constitute a growing group of tumor antigens,
the genes of which reside on chromosome X (12). We
thus became interested in a possibility of X-linked fac-
tors being involved in the pathogenesis of GBM (13).

The gene for VEGF-D resides on chromosome
X (14). Importantly, VEGF-D was isolated as a c-fos
oncogene-inducible mitogen (5). Because VEGF-D has
the potential to induce tumor angiogenesis, represents
an oncogene-inducible factor, and is X-linked, we de-
cided to explore VEGF-D in highly vascularized and
highly malignant GBM tumors. Our study demon-
strates a ubiquitous presence of VEGF-D in GBM ow-
ing to an up-regulation of AP-1 factors other than c-Fos
in the diseased cells. This phenomenon was uncovered
with the help of cDNA microarray analyses of normal
and malignant central nervous system tissues.

Materials and Methods
Cell Lines and Tissues

GBM cells lines A-172 MG, U-251 MG, DBTRG-50
MG, U-87 MG, U-373 MG, human GBM explant
cells, G48a (isolated in our laboratory), CSMLO, and
CSML100 mouse breast carcinoma cells were grown
in the appropriate media. The CSMLO and CSML100
mouse breast cancer cells and GBM Al172 MG
glioblastoma cells were grown in Dulbecco’s Modified
Eagle’s Medium (D-MEM) with 10% fetal calf serum
(FCS) (Life Technologies, Rockville, MD, USA).
U-251 MG cells were grown in D-MEM, 10% FCS,
0.1 mM minimum essential medium (MEM) non-
essential amino acids (NEAA) (Life Technologies),
and 50 pg/ml gentamicin sulfate. GBM cell lines
U-87 MG and U-373 MG were grown in Earle’s
MEM, 10% FCS, 0.1 mM NEAA, 2 mM glutamine
(Life Technologies), and 100 pwg/ml sodium pyruvate.
GMB cell line DBTRG-50 MG and human explant
cells were grown in RPMI-1640 (Life Technologies),
10% FCS, 100 ug/ml sodium pyruvate, 100 pug/ml
L-cystine (Life Technologies), 20 ug/ml r-proline
(Sigma, St. Louis, MO, USA), 1x HT supplement,
consisting of 0.1 uM sodium hypoxanthine and
0.016 uM thymidine, 5 U/ml penicillin G and 5 U/ml
streptomycin sulfate (Penn/ Strep, Life Technologies).
Normal human astrocyte cells (NHA) were grown in
Astrocyte Growth Medium BulletKit (BioWhittaker,
Walkersville, MD). Normal human umbilical vein
endothelial cells (HUV-EC-C) were grown in F-12
Kaighn’s medium (Life Technologies) with 10% FCS,
100 pg/ml heparin (Sigma), and 30 wg/ml Endothelial
Cell Growth Supplement (Sigma).

A retroviral vector was used to generate plasmid
pMVira-1 (Mahmood et al., manuscript submitted).
To produce replication-defective retroviruses, the
GP+E packaging cell line was employed, which was

maintained in appropriate media. Successfully trans-
fected GP+E cells were selected in the presence of
800 wg/ml G418. Supernatants of virus-producing
cell lines were used to infect CSMLO cells. Infected
cells were selected in the presence of 400 ug/ml G418.

GBM tumors and nonmalignant brain tissue, the
latter obtained usually from the therapeutic resections
for the treatment of epilepsy, were obtained from the
operating room and snap frozen immediately, as des-
cribed previously (8). Ten-micron sections of GBM
were thaw mounted onto chrom-alum slides. Slides
were stored at —80°C until assayed. Sections were
allowed to thaw and subsequently fixed for 10 min in
acetone at —20°C.

Immunostaining

GBM cells lines, human explant cells (G48a), HUV-
EC-C from ATCC (Rockville, MD, USA) and NHA
from BioWhittaker were grown overnight on sterile
glass slides in the appropriate media. Slides were
washed twice in phosphate-buffered saline (PBS)
and fixed for 2 min in acetone at —80°C. Slides were
washed twice in PBS and either used immediately
or air dried and stored at —80°C until assayed. In
stimulation experiments, 10* SNB-19 GBM cells
were plated on glass chamber slides and allowed to
attach overnight. The cells were washed with PBS
and serum-free media was applied.

After 24 hr epidermal growth factor (EGF) or
leukemia inhibitory factor (LIF) were added to cells
at 20 and 5 ng/ml, respectively. The cells were
processed for immunocytochemistry after the 24-hr
stimulation period.

Mouse monoclonal anti-VEGF-D (VD1) antibody
was used (15). It was employed at a final dilution of
1:500 (7.5 pg/ml). Other primary antibodies includ-
ing rabbit polyclonal Fra-1 (1:100), c-Fos (1:100),
c-Jun (1:150), and mouse monoclonal JunB (1:75)
were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA); and mouse monoclonal fac-
tor VIII (1:150) and rabbit glial-fibrillary acidic pro-
tein (GFAP) (1:500) were purchased from DAKO
Chemical (Carpinteria, CA, USA).

Slides were washed in two changes of PBS and
blocked for 30 min with 10% (v:v) normal goat
serum (NGS) in PBS at room temperature. Primary
antibody was diluted in 1.5% NGS/PBS and incu-
bated at room temperature for either 1 hr (VEGF-D,
factor VIII, and GFAP) or 2 hr (Fra-1, JunB, c-Fos,
and c-Jun). Slides were washed in three changes of
PBS for 10 min each. Secondary antibody, goat anti-
rabbit Rhodamine (1:150) (Jackson ImmunoRe-
search Laboratories, Inc., West Grove, PA, USA) or
sheep anti-mouse Cy3 (1:250), (Sigma) was diluted
in 1.5% NGS/PBS and incubated in the dark at
room temperature for 45 min. For double-labeling
experiments, the secondary antibodies were goat
anti-mouse Oregon GreenR (1:200) (Molecular
Probes, Eugene, OR, USA) and goat anti-rabbit
Rhodamine (1:150). Slides were washed in three
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changes of PBS for 10 min each and mounted with
Gel-Mount (Biomeda Corp., Foster City, CA, USA).
Some slides were counterstained with Hoechst
No. 33258 Nuclear Counterstain (DAPI).

Photomicrographs were taken at 40X magnifica-
tion in all cases with a Hamamatsu C2400 digital
camera. Background was normalized to the samples
without primary antibody. Each set of images was
taken exactly at the same exposure settings. Images
were processed with Paint Shop Pro V 6.0 (Jasc
Software Inc., Eden Prairie, MN, USA).

Western Blots

Cell lysates were prepared from subconfluent cul-
tures. Cells were washed twice in PBS and lysed in
RIPA buffer (PBS, 1% Igepal CA-630; ICN Biomed-
icals, Inc. Costa Mesa, CA, USA), 0.5% sodium de-
oxycholate (Fisher Scientific, Fair lawn, NJ, USA),
0.1% SDS-containing Mammalian Protease Inhibitor
Cocktail (Sigma). GBM and nonmalignant brain tu-
mor samples were minced into small pieces while
frozen and thawed in RIPA buffer with Mammalian
Protease Inhibitor Cocktail. Lysates were passed
through a 21-gauge needle to shear the DNA. PMSF
(1 mM, Sigma) was added and the lysates were in-
cubated on ice for 30-60 min. Nonsolubilized debris
was pelleted at 10,000 Xg for 10 min. The super-
natant was collected, aliquoted, and stored at —80°C
until use. Normal human brain lysates were also pur-
chased from Chemicon International, Inc. (Temecula,
CA, USA) and Clontech Laboratories, Inc. (Palo Alto,
CA, USA).

Lysates were run on either 12% or 15% SDS-
PAGE. Proteins were transferred to PVDF membrane
(Pierce, Rockford, IL, USA) and blocked for 1 hr with
5% blotto (5% dry milk, PBS, 0.05% Tween-20).
Membranes were incubated with primary antibody
diluted in blotto for 40 min at room temperature
while shaking. Antibodies included anti-mouse
VEGEF-D antibody (40% cross-reactivity with human
VEGF-D; 1:500) from R&D Systems, Minneapolis,
MN and Fra-1 (1:100) from Santa Cruz Research
Antibodies. Following three 5-min washes in
PBS/0.05% Tween-20, membranes were incubated in
secondary antibody conjugated with horseradish per-
oxidase (goat anti-mouse IgG or goat anti-rabbit
IgG) at a dilution of 1:10,000 or 1:15,000 in 5%
blotto for 40 min at room temperature while shaking.
Membranes were washed in several changes of PBS
and detection was performed using the SuperSignal
West Pico Chemiluminescent Substrate (Pierce).
Membranes were exposed to autoradiographic film
X-OMAT AR for up to 5 min. Films were scanned in
a transparency scanner at a pixel size of 88 X 88 mi-
cron (Molecular Dynamics, Sunnyvale, CA, USA).
The images were compiled in Paint Shop Pro V 6.0.

c¢DNA Arrays

Atlas Oncogene/Tumor Suppressor Arrays were pur-
chased from Clontech and 1 ug of poly(A)+ RNA

was labeled with [a->>P]dATP according to the man-
ufacturer. Membranes were prehybridized overnight
at 68°C in ExpressHyb (Clontech) containing 0.1 mg/
ml sheared salmon sperm DNA. Labeled cDNA
probe was denatured and added to the prehybridiza-
tion solution and the membranes were hybridized
overnight at 68°C. Membranes were then washed
twice in 2X SSC/1% SDS for 20 min followed by two
washes in 0.1% SSC/0.5% SDS at 68°C. The mem-
branes were exposed to autoradiographic film for up
to 10 days at —70°C. The arrays contain cDNA-specific
fragments for oncogenes, such as c-fos, junB, and c-myc.
Housekeeping genes included ubiquitin, liver glycer-
aldehyde 3-phosphate dehydrogenase, and phospho-
lipase. RNA used for the cDNA micro-array assays
was isolated from subconfluent cultures of GBM cells
using the acid-guanidium isothiocyanate-phenol-
chloroform method (16). Poly(A)+ RNA was further
isolated using the Oligotex mRNA Kit (Qiagen Inc,
Valencia, CA, USA). Normal human brain Poly(A)+
RNA was purchased from Clontech.

Karyotyping

The karyotypes of HGA cells analyzed in this study
were performed in a blinded fashion by clinical cyto-
geneticists at the Cancer Genetics Laboratory, Genetics
& IVF Institute, Fairfax, Virginia, USA.

Results
Normal Brain Immunoreactivity for VEGF-D

To establish the expression of VEGF-D in normal
brain, we performed immunofluorescence studies
using sections of nonmalignant brain tissue. In a pre-
vious analysis of gene expression among a series of
normal organs, whole human brain demonstrated
a very low level of transcripts for VEGF-D (6,17).
Using 10 randomly selected specimens of human
brain, we found that some immunoreactivity could be
detected in normal brain using an anti-VEGF-D anti-
body VD1 (15) (Fig. 1A). Some tissue sections of non-
malignant brain showed a weak staining for VEGF-D,
which was localized primarily to the cell cytoplasm
and cell processes (e.g., Fig. 1A, NB-1, -3, -5, and
-7). The remaining samples showed sporadic and
even poorer staining, if at all. On the contiguous sec-
tions of the same piece of nonmalignant brain, the
staining of endothelial cell-associated von Wille-
brand factor (factor VIII) was evident, scattered and
corresponded to the expected picture of vessel den-
sity and size seen in nonmalignant brain (Fig. 1A).
Small caliber vessels imprinted by the staining with
the antibody against factor VIII were seen in all sec-
tions (Fig. 1A). The background fluorescence in these
experiments (i.e., without primary antibody added)
was low (Fig. 1A, “no primary antibody” panel).

VEGF-D Is Abundant in GBM

The presence of VEGF-D has never been analyzed in
brain tumors. Using exactly the same conditions as
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Fig. 1. VEGF-D immunoreactivity in normal
VEGF-O and malignant human brain. (A) VEGF-D and
factor VIII immunofluorescence in contiguous
sections of 10 different tissue specimens of nonma-
lignant human brain (NB). The bottom two rows of
tissue sections represent a control assay in which
no anti-VEGF-D or anti-factor VIII antibody was
added. (B) VEGF-D and factor VIII immunofluores-
Eactor cence in contiguous sections of 10 different speci-
mens of human GBM. The bottom two rows of
Vi tissue sections represent a control assay, as in (B).
(C) Double staining of GBM specimens with glial-
fibrillary acidic protein (GFAP) (red) and VEGF-D
(green). The sections of staining for GFAP and
VEGF-D correspond to a proportionate enlargement
of the sections as shown in A and B. Circled areas
Mo Primary were again enlarged 2X. Arrows point to cell
Amtibody bodies and pentagons point to astrocytoma cell

processes. (D) Triple staining of a GBM specimen
with GFAP (red), VEGF-D (green), and DAPI, a
nuclear counter-stain (blue).
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for immunofluorescence studies in nonmalignant
brain, we discovered a distinctively different picture
of VEGF-D staining in malignant brain tissues
(Fig. 1B). GBM sections demonstrated high levels of
immunofluorescence for VEGF-D when compared
with nonmalignant brain and controls (Fig. 1B).
VEGF-D showed a pattern of staining most com-
patible with cytoplasmic localization (i.e., diffused
within the malignant astrocytic cells and also con-
centrated in their processes). All 10 randomly se-
lected tumors showed this pattern, suggesting a
remarkably high prevalence rate of VEGF-D over-
production/accumulation in GBMs.

GBMs are known to be highly vascular, which
can be demonstrated by staining an antigen inherent
to endothelial cells. Therefore, an antibody against
factor VIII was used in parallel immunofluores-
cence studies with tissue specimens; it was isotype
matched to the anti-VEGF-D antibody VDI1. Anti-
factor VIII antibody immunofluorescence staining
showed a characteristic pattern of hyperplastic ves-
sels present on contiguous tissue sections of the same
GBM as used for VEGF-D staining (Fig. 1B). Factor
VIII staining demonstrated larger and more complex
blood vessels in GBM tissue than seen in nonmalig-
nant brain (Fig. 1B).

The pattern of VEGF-D staining in GBM was
strongly suggestive of astrocytoma cells expressing
this angiogenic factor (Fig. 1B). To document this di-
rectly, we performed a double-staining experiment
using several GBM specimens, three of which are
shown in Figure 1C and D. We stained GBM sections
for GFAP, which is the most specific cytoplasmic
marker for astrocytoma cells available (18). GFAP
staining of GBM revealed a typical cytoplasmic lo-
calization that outlines both astrocytoma cell bodies
and their at times tube-like processes (Fig. 1C/1D, red
color). VEGF-D staining colocalized with the stain-
ing for GFAP (Fig. 1C/1D, green color). In Figure 1D,
GBM specimen 8 was stained with DAPI, a nuclear
counterstain, which further contrasted the cytoplas-
mic localization of VEGF-D. Thus, we established a
prominent presence of VEGF-D in the cytosol of as-
trocytoma cells of GBM in situ.

Astrocytoma Cells Synthesize VEGF-D

The pattern of VEGF-D staining in GBM tissue spec-
imens indicated that the tumor cells, astrocytoma
cells, were the principal source of in situ detected
VEGF-D (Figs. 1B/1C). To document that astrocytoma
cells in fact express VEGF-D, we analyzed several
GBM cell lines for both VEGF-D and factor VIII
immunoreactivity (Fig. 2A). Six tumor cell lines
studied showed a prominent immunofluorescent
staining for VEGF-D (Fig. 2A). GBM cells, such as
A-172 MG, G48a, U-87 MG, DBTRG-50 MG, U-251
MG, and U-373 MG, demonstrated a diffuse cytoplas-
mic staining pattern (Fig. 2A). This diffuse cytoplas-
mic pattern provided a characteristic nuclear outline
generated by VEGF-D (Fig. 2A). In contrast, the

analysis of the nonmalignant cell lines, HUV-EC-C,
and NHAs, demonstrated low levels of immunoreac-
tivity for VEGF-D, although this was more pro-
nounced in NHA than in HUV-EC-C (Fig. 2A, right
panel). Furthermore, HUV-EC-C stained promi-
nently for factor VIII in the cytoplasm and was the
only cell line positive for this endothelial cell marker
used in the experiment (Fig. 2A). Background fluo-
rescent staining was low in all specimens and cell
lines examined when using an irrelevant mouse IgG,
or no primary antibody (Fig. 2B).

VEGF-D is an X-linked factor and therefore we
analyzed the karyotypes of astrocytoma cells used in
our experiments. As shown in Figure 2A (upper panel
with staining for VEGF-D), five out of six established
cell lines exhibited abnormal ploidy for chromosome
X, the most frequent alteration being an additional
chromosome X.

The high content of VEGF-D immunoreactivity
in GBM tumor specimens and GBM cell lines indi-
cated VEGF-D protein therein. Cell lysates of four of
the cell lines were analyzed by SDS-PAGE and
Western blotting performed with the anti-VEGF-D
antibody. A single protein band was detected with
an approximate molecular weight of 48 kDa (Fig.
2C). This protein band corresponds to the full-
length VEGF-D (19). The GBM cell lines U-251 MG
and DBTRG-50 MG possessed this protein, but it
was not found in the lysates from either the astro-
cyte (NHA) or endothelial (HUV-EC-C) cell lines.
These data, taken together with the specific im-
munostaining of tissues and cells, indicate that GBM
tumor cells produce abundant amounts of VEGF-D,
an X-linked angiogenic factor.

The Fos Transcription Factors in GBM Cells

VEGEF-D has been reported as a c-fos-inducible mi-
togenic and morphogenic factor, and named accord-
ingly a c-fos—induced growth factor (5). It was thus
imperative to explore the c-fos oncogene protein
expression in GBM, because it was the foremost sus-
pect responsible for high and ubiquitous overexpres-
sion of VEGF-D. Contrary to expectations, the levels
of c-Fos in several GBM cell lines were low in our as-
says (Fig. 3A). Specific nuclear immunoreactivity for
c-Fos was seen mainly in some of the DBTRG-50 MG
cells (Fig. 3A). Others found similarly low levels of
c-fos gene expression in brain tumor cells (20). Thus,
factors other than c-Fos may be involved in sustained
VEGF-D up-regulation in GBM cells.

The gene for VEGF-D has an optimal AP-1 bind-
ing site in its promoter region (17). Considering the
lack of correlation between the levels of c-Fos and
VEGF-D in GBM cells, we looked into the possibil-
ity that other AP-1 transcription factors, to which
c-Fos belongs, play roles in VEGF-D up-regulation.
Our experiments with oncogene/tumor suppressor
gene-containing cDNA microarrays revealed that the
expression of the fos-related antigen-1 gene (fra-1) is
higher in GBM cells, such as G48a (Fig. 3B; dots i-9),
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VEGF-D immunoreactivity in GBM cells. (A) VEGF-D and factor VIII immunofluorescence analyzed in six different GBM cell

lines and two normal cell lines: endothelial cell line, HUV-EC-C, and astrocytic cells (NHA). Cell designation is given in the left-bottom
corners of the panels (white) and their karyotype is given in the right-top corners of the panels (yellow). f, female; m, male. The bottom two
rows represent a control assay in which no anti-VEGF-D or anti-factor VIII antibody was added. (B) Control immunostaining of GBM cells
(G48a and U-373 MG) and GBM specimen 6, shown in Figure 1B, with an irrelevant mouse IgG, or without primary antibody [IgG; (-)].
(C) Western blot immunoreactivity for VEGF-D in cell lysates of human GBM. Equal amounts (40 pg/lane) of cell lysate proteins derived
from U-251 MG and DBTRG-50 MG GBM cells, and HUV-EC-C and NHA cells were electrophoretically separated under reducing
conditions and blotted onto a PVDF membrane. The immunoreactivity was developed using chemiluminescence.

when compared with normal brain tissue, whereas
the expression of c-fos was usually undetectable (Fig.
3B; dots b-19). The same phenomenon was observed
in DBTRG-50 MG and U-87 MG GBM cell lines
(data not shown). Therefore, we performed immuno-
fluorescence using anti-Fra-1 antibody in GBM cells.
We discovered that Fra-1 is highly expressed in all
GBM cell lines studied, such as G48a, U-87 MG, U-
251 MG, and DBTRG-50 MG (Fig. 3C). However, the
pattern of staining for Fra-1 was distinctly different
from the rather diffuse cytoplasmic staining for
VEGF-D (Fig. 2A). Anti-Fra-1 immunopositivity
was localized to the nuclei of the cells, which would
be expected for this transcription factor. HUV-EC-C
demonstrated limited nuclear immunofluorescence
for Fra-1 (Fig. 3C). We performed Western blots on
GBM cell lysates and tumor samples and found a
protein band of ~42 kDa, which corresponds to the
size of human Fra-1 (data not shown).

Fra-1 cannot activate gene expression itself; it re-
quires heterodimerization with Jun proteins to do so.
c-Jun and JunB in particular are preferable partners
for Fra-1 and, in the process of Fra-1 up-regulation in
response to Ras activation, c-Jun was primarily uti-
lized as the binding partner with Fra-1 (21). Based on
¢DNA microarray analyses we found c-jun, and much

less junB, expressed in astrocytoma cells (Fig. 3B; dots
k-4 for c-jun and dots d-12 for junB). In follow-up
immunohistochemical studies, the staining for c-Jun
was readily detected and localized to the nuclei of
GBM cells, similar to the Fra-1 staining (Fig. 3D).
JunB was detected by immunohistochemistry,
although at lower intensities than c-Jun (Fig. 3B).
Interestingly, c-jun was the only gene expressed in
normal brain tissue among AP-1 factors (Fig. 3B,
“Normal Brain” panel; dots k-4).

Fra-1 Induces Expression of VEGF-D

Our current investigation focused our attention on Fra-
1 and its role in transcriptional activation of other fac-
tors, likely suspects involved in cancer progression/
maintenance. For example, Fra-1 has been previously
identified as the primary AP-1 factor involved in the
development of a more invasive, highly progressive
carcinoma phenotype of breast cancer (22). We thus
performed immunoblot for VEGF-D in cell lysates of
CSMLO (low Fra-1) and CSML100 (high Fra-1)
mouse breast cancer cells (22) (Fig. 4A). We found an
elevated VEGF-D in CSML100 when compared with
CSMLO cells (Fig. 4A). Furthermore, we used mock-
transfected and fra-1-transfected CSMLO cells. The
mock-transfected CSMLO cells did not express Fra-1,
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Fig. 3. Fos/Jun immunoreactivity and gene expression in human GBM cells. (A) c-Fos immunofluorescence examined in four
GBM cell lines (G48a, U-87 MG, U-251 MG, and DBTRG-50 MG) and HUV-EC-C. (B) cDNA microarray analysis of the genes
expressed in normal brain and G48a GBM cells. Atlas Human Oncogene/Tumor Suppressor Arrays (Clontech) membranes were used.
(C) Fra-1 immunofluorescence in GBM cell lines and normal endothelial cells, HUV-EC-C. (D) c-Jun and JunB immunofluorescence
in GBM cell lines and HUV-EC-C.
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Fig. 4. VEGF-D and FRA-1 in different stages of malignancy or in growth factor-stimulated cancer cells. (A) Western blot im-
munoreactivity for VEGF-D in Fra-1 (-) or Fra-1 (+) cells. Equal amounts (100 ng/lane) of cell lysate proteins derived from CSMLO
(low Fra-1), CSML100 (high Fra-1), CSMLO pMV fra-1 (-) (mock-transfected CSMLO0), and CSMLO pMYV fra-1 (+) (fra-1-transfected
CSMLO) cell lines were electrophoretically separated and blotted onto a PVDF membrane. A positive control lysate from mouse heart
was included in the analysis. The immunoreactivity was developed using chemiluminescence. (B) Co-staining for Fra-1 (red) and
VEGF-D (green) in SNB-19 cells stimulated with EGF or LIF for 24 hr.



W. Debinski et al.: AP-1 Activity and VEGF-D in Glioblastoma Mutliforme 605

as expected (Mahmood et al., unpublished data), and
showed no VEGF-D immunoreactivity, whereas the
fra-1 transgene evoked VEGF-D expression in trans-
fected CSMLO cells (Fig. 4A). The size of the detected
band was ~33 kDa, which corresponds to a form of
murine VEGF-D, consisting most probably of the N-
terminal pro-peptide and the VEGF homology do-
main (19) found in VEGF-D—producing organs, such
as heart (Fig. 4A), and in VEGF-D-producing cells,
such as fibroblasts (5). Thus, Fra-1 expression turns
cells into VEGF-D producers.

Stimulants of AP-1 Activity Evoke an Increase of Fra-1
and VEGF-D in GBM Cells

To examine preliminarily whether or not the stimu-
lants of AP-1 activity that are highly expressed in
GBM are able to increase Fra-1 and VEGF-D in a sus-
tained manner, we treated SNB-19 GBM cells with
EGF and LIF for 24 hr (Fig. 4D). SNB-19 cells were
used because of their relatively lower up-regulation
of Fra-1 and VEGF-D when compared with a number
of other GBM cell lines (e.g., Fig. 2A). Both EGF and
LIF prominently augmented the levels of immunore-
active Fra-1 and VEGF-D in SNB-19 cells with EGF
demonstrating more pronounced effect than LIF, al-
though EGF was used at a higher concentration than
LIF (Fig. 4D). The levels of c-Fos remain usually un-
detectable under those conditions (data not shown).

Discussion

The most malignant glioma, GBM, strongly expresses
VEGF-D, an X-linked c-fos-inducible angiogenic
factor. The astrocytoma cell is the primary source of
VEGEF-D production. We demonstrate that most, if not
all, GBM cells produce VEGF-D. The abundance of
VEGF-D in GBM appears to be primarily related to
the up-regulation of Fra-1, a member of the AP-1 fam-
ily of transcription factors that have cell-transforming
ability, and not to a sustained activation of c-Fos. We
propose that the up-regulated angiogenic factors that
are associated with oncogenic transformation should
be termed onco-angiogens. VEGF-D may thus represent
an onco-angiogen in human GBM.

Angiogenic factors that are important in cancer
have been linked hypothetically and experimentally
to the activation of specific oncogenes, such as Ras (4).
Although oncogenesis is a continuous interplay be-
tween pro- and anti-proliferative signals, an angio-
genic switch permits an uncontrolled proliferation
of malignant cells and tumor progression, be it local or
metastatic, which is the most important clinical trait of
cancer (23). Against this background, VEGF-D has
been identified as an oncogene-induced mitogenic fac-
tor (5) and a ligand for VEGF receptors 2 and 3 (6,7).
Our data demonstrate that VEGF-D, with its inher-
ently high angiogenic potential, is ubiquitously ex-
pressed in the most malignant astroglial neoplasm,
GBM, which has long been recognized to be among
the most highly vascularized of human tumors (24).

However, the possible activation mechanism(s) of
VEGEF-D in these brain tumors maybe different than
we anticipated. The prototype inducer of VEGF-D,
c-Fos protein and its gene, was found to be expressed
at low levels, much in contrast to what we found for
VEGF-D, but in accordance with the observations
made by others on c-fos in astrocytoma cells (e.g., 19).
Low c-Fos in cells derived from advanced cancers
seems to be a rule rather than exception (25). What is
also intriguing and, at first sight, incompatible with
relatively low levels of c-Fos is that factors, such LIE,
oncostatin M (OSM), and basic fibroblast growth fac-
tor (FGF-2) are all constitutively up-regulated in
GBM (26,27; and data not shown); all these factors in-
duce c-Fos potently, although in a time-restricted
manner (20,28,29) (Fig. 5).

These results prompted us to formulate an alter-
native hypothesis for the cause of an abundance of
VEGF-D in GBM. We postulate that VEGF-D is in-
duced by another factor(s) that act through a Fos
pathway and are more prominently and/or more sta-
bly up-regulated than c-Fos in GBM. Our investiga-
tive choice was Fra-1 for the following reasons:
(1) the gene expression of fra-1 was elevated in
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Fig. 5. Schema of oncogenic activities leading to an
abundant expression of VEGFs in GBM. The emphasis is on
the activation of the Fos family members and the Fra-1
substituting for the c-Fos. A sustained AP-1 activation is
achieved, at least in part, through the positive autoregulatory
loops leading to constitutive expression of oncogenic and
subsequently angiogenic factors in GBM. An arrow in red
represents a negative feedback regulation. Lymphagiogenesis
may not take place in GBM.
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GBM in our experiments using cDNA microarrays,
(2) Fra-1 was found to be a predominant AP-1 com-
ponent in ras-transformed cells (30), (3) Fra-1 expres-
sion was both transforming and tumorigenic (21),
and (4) overexpression of Fra-1 was found to be as-
sociated with high expression of tissue inhibitor
of metalloproteinases-1 (TIMP-1) (22), another X-
linked factor, which is found in a vast majority of
patients with GBM (26,31; and data not shown).

Our experiments demonstrate for the first time
that Fra-1 and its partners in transcriptional activa-
tion, c-Jun, and to a lesser extent, JunB, are widely
expressed in GBM cells. Of importance, we provide
both direct and indirect evidence pointing to an as-
sociation between Fra-1 and VEGF-D. For example,
cancer cells that do not express Fra-1 are deprived of
VEGE-D. In a direct experimental approach, expres-
sion of a fra-1 transgene causes an appearance of
VEGF-D in otherwise VEGF-D negative cells. Fur-
thermore, GBM cells stimulated with EGF or LIF for
a prolonged period of time demonstrate a significant
increase in the levels of Fra-1 and VEGF-D, but not
c-Fos. A recent report provides yet another link
between Fra-1 and angiogenesis. In a mouse knock-
out model, the fra-1 (-/-) genotype was lethal due to
the lack of proper vascularization of the placenta
(32). Our current study suggests that VEGF-D may
be a missing angiogenic factor(s) in these mice that
contributes to the lethal phenotype.

We bring to light the pathophysiologic impor-
tance of AP-1 transcription factors in up-regulating
gene expression, or “constitutive” gene expression, in
GBM. TIMP-1 and FGF-2, both X-linked, have AP-1
binding sites in their gene promoters (28,33). FGF-2,
a mitogenic and angiogenic factor, induces intracellu-
lar signaling that is mediated through the AP-1 tran-
scriptional pathway (29). Fra-1 is well positioned to
be a stably up-regulated transcription factor in malig-
nancy, because it is under positive control by AP-1
activity (21) (Fig. 5). This transactivating mechanism
may be either maintained or amplified in transformed
cells. On the other hand, activated Fra-1 negatively
regulates c-Fos (21) (Fig. 5). Another AP-1 factor,
Fra-2, of similar positive autoregulatory loop of acti-
vation to Fra-1 (34), was not detected at significant
amounts in GBM (data not shown). Therefore, it is
plausible that abundance of LIF, OSM, FGF-2 and
other stimulatory signals in GBM, such as EGF, leads
to a selection of Fra-1 as a late and/or long-term
mediator of their activated states in astrocytoma cells
(Fig. 5). A short-term regulatory transcriptional acti-
vation is characteristic of c-Fos (35). For example,
serum stimulation evokes rapid expression of c-Fos
and JunB; however, this subsides and is followed by
a later induction of Fra-1 (36,37). Furthermore, Fra-1
is functionally equivalent to c-Fos (38) and thus Fra-1
can overtake c-Fos—dependent functions (Fig. 5).

Other proteins, which genes possess AP-1 bind-
ing sites and have been implicated in the invasive-
ness and vascularization of GBM, such as urokinase

type plasminogen activator (uPA; chromosome 3) and
gelatinase B (MMP-9; chromosome 20), are constitu-
tively expressed in GBM (31,39). This is again consis-
tent with an unopposed, activated AP-1 axis in GBM
and an up-regulation of gene expression in a tran-
scription factor-specific manner (Fig. 5). It is note-
worthy that an insufficient expression of uPA and
MMP-9 has been suggested to be responsible, at
least in part, for the lethal deficiency in vasculariza-
tion of the placenta in fra-1 (-/-) mice fetuses (32).
Furthermore, considering frequent aneuploidy of
chromosome X in GBM cells, we cannot exclude a
contributing effect of gene duplication on VEGF-D
and other factors overexpression.

However, the mechanism(s) responsible for a fre-
quent appearance of X-linked CTAs in human malig-
nancies remains to be unraveled, because those tumor
antigens, such MAGE, GAGE, and PAGE-1, do not
have AP-1 binding sites within their promoters. Our
current study indicates different from an AP-1 activa-
tion abnormality that occurs in transformed cells and
induces expression of CTAs. This abnormality must
be very specific to the X chromosome.

It has previously been documented that VEGF-A
and VEGF receptor 2 (Flk-1) are present in GBM and
this has direct implications for brain tumor patho-
genesis (40,41). Preclinical therapeutic attempts at
blocking VEGF receptor 2 were successful in various
models of cancer (42-44). However, a recent study
demonstrated that neutralization of VEGF-A alone is
insufficient for sustained anti-tumor activity in brain
tumors (45). Nor is Ras oncogene-induced VEGF-A
expression sufficient to promote aggressive tumor
growth (46) (Fig. 5). Our study provides evidence
that VEGF-D may be one of the reasons for (1) an
incomplete and short-lived efficacy of anti-tumor ap-
proaches based on blocking selected individual vaso-
active agents, such as VEGF-A and (2) an oncogene-
evoked tumor vascularization and progression.

In summary, we identify an angiogenic factor,
VEGEF-D, that is ubiquitous in highly vascularized
and locally invasive brain tumors. We provide evi-
dence for the involvement of the Fos family of tran-
scription factors in this phenomenon, with Fra-1
being the preeminent member (Fig. 5). Our schema
illustrates pathways of possible interactions in-
volved in new blood vessel formation and endothe-
lial cell proliferation in GBM (Fig. 5). Recent data
further support an important role of VEGF-D in
tumor progression. It has been documented that a
lymphangiogenic activity of VEGF-D, besides an an-
giogenic one, enables a metastatic spread of cancer
through the lymphatics (47) (Fig. 5). The data we
present here emphasize a key role for AP-1 regula-
tion of a specific subset of genes and possible self-
sustainable loops of activation of factors important
in GBM pathogenesis (Fig. 5). However, recent data
indicate that other cancers, such as breast, thyroid,
and skin cancers (22,48,49) may also utilize these
mechanisms, particularly in more advanced stages
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of disease. Importantly, it seems now that the basal
overexpression of VEGF-A maybe due to an in-
creased AP-1 activity in some cancers. This is because
the gene for VEGF-A also contains AP-1 binding sites
(Fig. 5) and the head and neck cancer has been
recently shown to have a concomitant up-regulation
of VEGF-A that is associated with co-activation of
AP-1 factors, such as Fra-1 and c-Jun (50). By this
fact, transcription factors, such as Fra-1 and c-Jun, ac-
tually become “oncogenic.” An unopposed, activated
AP-1 axis is thus a hallmark of GBM and may repre-
sent a marker of the disease, a role similar to play by
plasma membrane receptors (8). In view of our cur-
rent results, the VEGF-D system and AP-1 activity
appear to be very attractive targets for new rational
molecular anti-cancer therapies.
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