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Abstract
Malignant gliomas are highly invasive tumors with an almost invariably rapid and lethal outcome.
Surgery and chemoradiotherapy fail to remove resistant tumor cells that disperse within normal
tissue, which are a major cause for disease progression and therapy failure. Infiltration of the
neural parenchyma is a distinctive property of malignant gliomas compared to other solid tumors.
Thus, glioma cells are thought to produce unique molecular changes that remodel the neural
extracellular matrix and form a microenvironment permissive for their motility. Here we describe
the unique expression and pro-invasive role of fibulin-3, a mesenchymal matrix protein
specifically upregulated in gliomas. Fibulin-3 is downregulated in peripheral tumors and thought
to inhibit tumor growth. However, we found fibulin-3 highly upregulated in gliomas and cultured
glioma cells, although the protein was undetectable in normal brain or cultured astrocytes.
Overexpression and knockdown experiments revealed that fibulin-3 did not seem to affect glioma
cell morphology or proliferation, but enhanced substrate-specific cell adhesion and promoted cell
motility and dispersion in organotypic cultures. Moreover, orthotopic implantation of fibulin-3-
overexpressing glioma cells resulted in diffuse tumors with increased volume and rostrocaudal
extension compared to controls. Tumors and cultured cells overexpressing fibulin-3 also showed
elevated expression and activity of matrix metalloproteases, such as MMP-2/9 and ADAMTS-5.
Taken together, our results suggest that fibulin-3 has a unique expression and pro-tumoral role in
gliomas, and could be a potential target against tumor progression. Strategies against this glioma-
specific matrix component could disrupt invasive mechanisms and restrict dissemination of these
tumors.
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Malignant gliomas are the most common tumors originating within the CNS and account for
over 13,000 deaths annually in the US (1). A hallmark of these highly aggressive tumors is
their diffuse infiltration in the normal neural tissue with subsequent dispersion of isolated
tumor cells far from the tumor core (2). Invasive glioma cells remain embedded in the CNS
after tumor removal and are thought to be resistant to adjuvant chemoradiotherapy (3, 4),
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thus causing inevitable dissemination and recurrence of the disease, and failure of current
therapeutic strategies in the long term (5).

The brain parenchyma is highly refractory to invasion by metastatic tumors, which
essentially grow in the brain by displacing neural tissue aside rather than infiltrating it, even
when those tumors may aggressively invade their tissues of origin (6). In contrast, glioma
cells invade the central nervous tissue extensively, despite the absence of a supporting
stroma (5) and the presence of inhibitory substrates for cell motility (5, 7). Interestingly,
gliomas very rarely metastasize outside the CNS even after widespread dissemination within
neural tissue, and do not disperse when implanted in peripheral tissues (8, 9). Thus, glioma
cells seem to be highly specialized and selective to colonize the neural environment, which
suggests the existence of mechanisms of invasion adapted for the particular composition and
architecture of the CNS (10, 11).

One of the major barriers to cell dispersion in the adult CNS is the ubiquitous extracellular
matrix (ECM), which is rich in hyaluronic acid and negatively charged proteoglycans but
lacks most fibrillar proteins that support cell adhesion and motility (12, 13). Motile glioma
cells can remodel this matrix by local degradation of ECM molecules and synthesis of a
novel pericellular scaffold (11). The glioma ECM contains molecules that predominate
during neural development (hyaluronic acid, phosphacan, SPARC) (14, 15), mesenchymal
proteins found in peripheral stroma and basal lamina (collagens, fibronectin) (16), and
chondroitin sulfate proteoglycans that limit cell motility in the adult CNS (versican,
brevican) (17, 18) but instead promote glioma cell migration (7, 19, 20). Recent evidence
from our and other laboratories has suggested that the presence of both mesenchymal and
neural-specific matrix proteins in gliomas may result in novel molecular interactions that
specifically promote glioma cell motility in the CNS (19, 21).

In an attempt to identify matricellular signals that could contribute to the unique invasive
ability of glioma cells, we stimulated glioma cell adhesion and motility with a combination
of mesenchymal (fibronectin) and neural-specific (brevican) matrix proteins, and analyzed
the resulting upregulated genes using a microarray approach (Suppl. Fig. 1 and Suppl. Table
I). From this analysis, we identified the protein fibulin-3, a recently identified member of the
fibulin family, as a novel ECM component upregulated in motile glioma cells.

The fibulins are a family of ECM glycoproteins characterized by a tandem of epidermal-
growth factor (EGF)-like repeats followed by a C-terminal fibulin-type domain common to
all members of the family (22). Fibulin-1 and -2 are the prototypical, multimeric, large
members of the family, located in the basal laminae of epidermal, muscle and connective
tissues, whereas fibulin-3, 4 and 5 are smaller, monomeric proteins expressed in the ECM of
blood vessels and elastic tissues (22). The small fibulins are expressed at low levels in the
CNS, and fibulin-3 in particular has the lowest expression levels in rodent brain compared to
the other members of the family (22, 23). Previous research has shown that fibulin-3 is
downregulated in several types of solid tumors and its overexpression could limit tumor
growth (24). However, we show here that fibulin-3 follows a strikingly different profile in
gliomas, is highly and specifically upregulated in these tumors, and promotes glioma cell
migration and tumor progression. Our results suggest that expression of fibulin-3 is
differentially regulated in gliomas compared to other tumors, and that this protein may play
a unique promoting role in glioma invasion.
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EXPERIMENTAL PROCEDURES
Meta-analysis of microarray data

Expression of fibulin-3 mRNA in solid tumors, including gliomas, and their corresponding
control tissues was obtained from 68 independent studies stored in the microarray database
Oncomine Research™ (http://www.oncomine.org, Suppl. Table II), and compared by a two-
sided t-test as described (25). Normalized data from Oncomine reveal the direction and
significance of changes in gene expression but not their direct magnitude; therefore, we used
the value of the Student’s t statistic from each study to represent changes in fibulin-3
expression (25). Expression of mRNA for the different members of the fibulin family in
gliomas was obtained from 275 grade II-IV glioma specimens and 28 controls stored in the
NCI Repository for Molecular Brain Neoplasia Data (REMBRANDT, http://
rembrandt.nci.nih.gov, Suppl. Table III). Expression values were collected for ‘unified gene’
probesets corresponding to the different splice-forms of each fibulin gene (26), and plotted
as the fold-level (i.e., log2 ratio) of each tumor to control samples. The expression of each
fibulin mRNA was analyzed independently by one-way ANOVA, followed by post-hoc
pairwise Dunnet’s test to compare the expression in each type of glioma against the controls.

Cell cultures and antibodies
The human glioma cell lines U87-MG, U251-MG and U373-MG (American Type Culture
Collection, Manassas, VA), and the mouse glioma cell lines GL-261 and KR-158, were
grown at 5% CO2 in DMEM supplemented with 10% fetal calf serum (FCS). The rat glioma
cell line CNS-1 was grown in RPMI-1640 equally supplemented with 10% FCS. The
recently described cell lines X12/GBM12 and X14/GBM14 (27, 28) were kindly provided
by Dr. E. A. Chiocca (Department of Neurological Surgery, The Ohio State University).
These cells were maintained as subcutaneous xenografts in nude mice and subcultured in
DMEM supplemented with 1% FCS for one to two passages between in vivo implantations.
Glioma initiating cells, prepared as neurospheres from clinical specimens (29), were
characterized and kindly provided by Dr. Yoshinaga Saeki (Department of Neurological
Surgery, The Ohio State University) (30). Glioma neurospheres were cultured in DMEM/
F-12 supplemented with 2 μM glutamine, 20 ng/ml EGF, 20 ng/ml basic FGF and 1x B27
supplement (Invitrogen, Carlsbad, CA). Culture medium in all cases was supplemented with
50 U/ml penicillin and 50 μg/ml streptomycin.

Human fibulin-3 was detected with a mouse monoclonal antibody (mAb5-3, 0.4 μg/ml,
Santa Cruz Biotechnology, Santa Cruz, CA) characterized and kindly provided by Dr. Lihua
Marmorstein (Department of Ophthalmology and Vision Science, University of Arizona)
(31). Preliminary characterization of this antibody suggests that it recognizes a short N-
terminal sequence (90Pro-115Gly) containing several O-glycosylation sites. The antibody has
low affinity for the native protein and may not recognize all potential glycoforms of
fibulin-3. Subcellular fractionation markers were detected with monoclonal antibodies
against proliferating cell nuclear antigen (PCNA, 0.2 μg/ml, Santa Cruz Biotechnology),
microsomal ribophorin (0.25 μg/ml, Santa Cruz Biotechnology) and soluble α-tubulin (0.1
μg/ml, Invitrogen). Metalloproteases were detected with rabbit polyclonal antibodies against
MMP2 (0.4 μg/ml, Santa Cruz Biotechnology) and MMP9 (1 μg/ml, Abcam, Cambridge,
MA). Additional protein controls were detected with monoclonal antibodies against globular
actin (1.5 μg/ml, Sigma-Aldrich) and the V5-epitope tag (1/5000, Invitrogen).

Human tissue processing
All studies involving human tissue specimens were performed in compliance with the
guidelines of the Human Investigations Committee at The Ohio State University College of
Medicine. Pathologically graded fresh-frozen surgical specimens of high-grade adult
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gliomas (patient age range: 37 to 74 years old) were obtained through the NCI Cooperative
Human Tissue Network. Brain cortex tissue from age-matched controls was obtained from
the NICHD Brain and Tissue Bank for Developmental Disorders at the University of
Maryland, Baltimore MD. Tissues were individually homogenized in 20 mM TrisHCl, pH
7.4, containing 320 mM sucrose and a cocktail of protease inhibitors (Complete, Roche
Applied Science, Indianapolis, IN). Total homogenates were subjected to subcellular
fractionation as previously described (32) and further processed for protein electrophoresis.

Cell transfection and transduction
A clone containing the complete coding sequence of human fibulin-3 (gene EFEMP-1,
Genbank # BC098561) was subcloned by PCR into the vector pcDNA4.V5.6xHis
(Invitrogen) to produce V5-tagged fibulin-3 isoforms. Constructs were transiently
transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
Additionally, the cDNA for full-length fibulin-3 was subcloned into the lentiviral carrier
vector pCDH-EF1-copGFP (System Biosciences, Mountain View, CA). Lentiviruses were
produced in HEK293 cells using the ViraPower packaging system (Invitrogen) and titrated
as described (33). Cells were transduced at different multiplicities of infection and tested by
quantitative RT-PCR (qRT-PCR) and Western blotting to identify cultures overexpressing
fibulin-3 within a physiological range comparable with that observed in clinical specimens
compared against normal brain, as described (20).

For RNA interference experiments, predesigned siRNA oligonucleotides against human and
rat fibulin-3 were purchased from QIAGEN (Valencia, CA). Control siRNAs from the same
manufacturer included scrambled versions of the fibulin-3 siRNAs and a validated, non-
silencing siRNA (“AllStars negative control”). siRNAs were transiently transfected at the
rate of 100 pmol / (1.106 cells x 3ml culture medium) using Lipofectamine 2000. Cells were
collected 48h post-transfection to quantify the levels of fibulin-3 and for further testing in
adhesion and motility assays (list of siRNA sequences is provided in Suppl. Table IV).

Cell proliferation, adhesion and dispersion assays
Transduced cells were grown in 96-well plates at an initial density of 1,000 cells/well in 200
μl of culture medium. Proliferation was quantified by measuring the reduction of a soluble
tetrazolium salt (CellTiter kit, Promega, Fitchburg, WI) according to the manufacturer’s
instructions. In parallel plates, cells were stained with 0.5 μg/ml propidium iodide (apoptotic
cells) and 2 μg/ml Hoechst-33258 (total cells) and the ratio of apoptotic/total cells was
quantified by automated nuclei count using the software ImageJ.

For cell-adhesion assays, 48-well plates were precoated for 2 hours at room temperature
with the following substrates: human fibronectin (5 μg/mL, Becton-Dickinson, San Jose,
CA), mouse laminin (5 μg/mL, Invitrogen), high-Mw poly-L-lysine (50 μg/mL, Sigma-
Aldrich, St Louis, MO) and high-Mw hyaluronic acid (200 μg/mL, Calbiochem, La Jolla,
CA). Non-specific binding sites were subsequently blocked with 1% bovine serum albumin
in Dulbecco’s PBS. Stably transduced glioma cells were gently resuspended and dissociated
in DPBS + 2 mM EDTA, transferred to fresh culture medium, and plated at 50,000 cells/
well on the precoated plates. After 30 minutes the cells were washed, fixed and quantified
by crystal violet staining as described (21). To test direct binding of cells to fibulin-3, we
repeated the same procedure using 1 μg/ml of purified human fibulin-3 (His-tagged) or
commercially available fibulin-3 (GST-tagged, NovusBiologicals, Littleton, CO). All
experiments were repeated at least three times with 4 to 6 replicates per experimental
condition, and further analyzed by 2-way ANOVA.
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Organotypic cultures of brain slices were prepared as previously described (20). Briefly,
coronal brain slices (300-μm thick) from postnatal day 1 CD-1 mice were cultured on
MilliCel membranes (0.4 μm-pore size, Millipore, Temecula, CA) over slice culture medium
Neurobasal-A/HBSS, (70/30 ratio), supplemented with 1mM L-glutamine, 1mM sodium-
pyruvate, 0.5% FCS, 1X B27 supplement, 1X G5 supplement (Invitrogen), 100 U/mL
penicillin and 100 μg/mL streptomycin. Glioma cells were cultured in suspension at 1.105

cells/mL for 48h to form spherical aggregates, individually “seeded” on the brain slices, and
imaged in culture during five days. Experiments were performed in triplicate, using at least
10 aggregates per experimental condition, and analyzed by 2-way ANOVA for repeated
measures. To further analyze cell motility within the slices, 60–80 independent cells/
condition were imaged overnight by time-lapse microscopy. Cell tracks were manually
reconstructed with image software and migration parameters (average cell velocity and net
migrated distance) were compared by two-tailed Mann-Whitney’s U-test. To test the effect
of fibulin-3 siRNA on glioma cell dispersion, cells were transfected with siRNAs during the
suspension culture, 48h before applying the aggregates on the brain slices.

Animal studies
All studies involving animals were approved by the institutional Animal Care and Use
Committee at The Ohio State University. Glioma cells were harvested at 80% confluence
and resuspended at 2.5x104 cells/μl in Hanks’ buffered saline solution supplemented with
0.1 % w/v glucose. The cell suspension (3 μl) was injected stereotactically into the right
thalamus of 90-day old female Lewis rats (180–210 g), over a 5 min period, as previously
described (34). Animals were euthanized and tumors harvested 15 days after tumor
implantation.

Tumor histology
Brains were cryo-sectioned coronally at 25 μm and every fourth section stained with 0.1 %
w/v cresyl violet. Tumor mass and detached cell clusters were identified by microscopy and
delineated by a researcher blinded to the experimental conditions, as previously described
(20). Imaging software (ImageJ) was used for image registration and alignment, and to
calculate, for each section, the area of the tumor mass and detached cell clusters (35). Total
tumor volume was calculated using Cavalieri’s estimator of morphometric volume as
described (20). To represent antero-posterior spread of the tumor, the tumor origin (zero)
was made to coincide with the section with largest tumor area, which matched the injection
site in all cases.

Immunohistochemistry
Coronal brain tissue sections (20-μm thick) were subjected to antigenic recovery in 10mM
sodium citrate buffer, pH 6.0, for 30 min at 65 °C, and subsequently blocked for non-
specific binding with 100 mM sodium phosphate buffer, pH 7.4, containing 0.25% w/v
Triton X-100 and 3% w/v bovine serum albumin. Sections were probed overnight at 4 °C
with an antibody against the proliferation marker Ki67 (1/50, Thermo-Fisher, Waltham,
MA), and counterstained with 4′,6-diamino-2-phenylindole (DAPI). Ten random sections
per tumor (n=3 tumors for each condition) were probed for Ki67 antigen expression. The
proliferative index (% of Ki67-positive nuclei relative to total number of DAPI-stained
nuclei in each field) was measured in three fields per section and calculated by automated
scoring of at least 300 nuclei per field (using ImageJ software), as described (20).

Western blotting, zymography, and RT-PCR
Cells processed for protein electrophoresis were lysed in 25 mM TrisHCl, pH 7.4,
containing 150 mM NaCl, 1% w/v CHAPS and a cocktail of protease inhibitors (Complete).
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Conditioned, serum-free, culture medium was filtered and concentrated as previously
described (32). Cell and tissue samples containing 15–20 μg total protein were
electrophoresed on reducing 7.5% SDS-polyacrylamide gels and analyzed by Western
blotting (32). To quantify metalloprotease activity, concentrated samples of conditioned
medium were prepared in non-reducing electrophoresis buffer and processed for gelatin
zymography as described (36).

Animals selected for tumor mRNA analysis were anesthetized and perfused transcardially
with 100 mM sodium phosphate buffer, pH 7.4, followed by tissue dissection and snap
freezing in liquid nitrogen. Frozen tissues and cultured glioma cells were extracted in Trizol
(Invitrogen), residual DNA was degraded using Turbo-DNA Free (Applied Biosystems,
Foster City, CA) and total cDNA was prepared with M-MLV reverse transcriptase
(Invitrogen), following the instructions of the manufacturers. cDNA was processed for RT-
PCR or quantitative RT-PCR using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) and
the following parameters suggested by the manufacturer: denaturation step (95 °C, 30
seconds), annealing step (58 °C, 30 seconds), and elongation step (72 °C, 30 seconds), for a
total of 45 cycles. A list of all primers used for RT-PCR is provided in Suppl. Table IV.

RESULTS
Fibulin-3 is highly upregulated in high-grade gliomas and secreted by glioma cells

Fibulin-3 is a poorly studied member of the fibulin family, usually associated with the basal
lamina of non-neural tissues. It is downregulated in peripheral solid tumors and thought to
impair tumor progression (24), making its detection and possible role in malignant brain
tumors intriguing.

To study the expression of fibulin-3 in solid tumors, we first analyzed microarray data from
two curated databases that have been used to identify specific patterns of gene expression in
cancer. Analysis of fibulin-3 expression in the studies provided by Oncomine Research™

confirmed that this protein was mostly downregulated in non-neural solid tumors when
compared against normal tissue (Fig. 1A), in agreement with previous findings (24).
However, fibulin-3 expression in gliomas showed a surprisingly distinct pattern, with
moderate to strong upregulation in most cases. To corroborate this result we compared the
expression of fibulin-1 to -5 in primary brain tumors, using microarray data from the NCI
Repository for Molecular Brain Neoplasia Data. Our results (Fig. 1B) confirmed that
fibulin-3 was strongly upregulated in gliomas and, in addition, revealed that this protein was
the most upregulated member of the family in all classes of glioma analyzed. Taken
together, these results strongly suggested that fibulin-3 expression was likely under a
different type of regulation in gliomas compared to peripheral tumors.

To validate the expression of fibulin-3 in gliomas at the protein level, we processed fresh-
frozen specimens of grade III anaplastic astrocytoma and grade IV glioblastoma, as well as
age-matched controls, for Western blotting. Fibulin-3 was absent in total homogenates from
normal brain tissue, but could be detected in almost all glioma samples (Fig. 2A–B). Further
fractionation of homogenates and analysis of subcellular fractions (Fig 2B) suggested that
fibulin-3 was largely soluble and had weak association with the nuclear- and membrane-
containing fractions.

To determine if glioma cells were effectively a source of fibulin-3 in the tumor, we analyzed
mRNA and protein samples from glioma cell lines, primary cultures of glioma cells and
neurospheres of glioma initiating cells prepared from clinical specimens. We detected
fibulin-3 in the conditioned medium of all human glioma cell lines analyzed, including
U87MG, U251MG and U373MG (Fig 2C) as well as U118MG and A172 (not shown). Only
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one isoform of Mw ~54 kDa was observed both in glioma cells and tissue, with perfectly
matching migration profiles (Fig. 2D). Fibulin-3 was not detected in total cell lysates,
probably due to low association of the secreted protein to cell membranes, and the inability
of the antibody to detect incompletely glycosylated intracellular fibulin-3 (BH and MSV,
unpublished observations). We also detected fibulin-3 mRNA in rat (CNS-1) and mouse
(GL-261, KR-158) glioma cell lines (Fig. 2E), although we could not use anti-fibulin-3
antibody to detect the protein because of species-specific recognition.

To test the expression of fibulin-3 in primary rather than long-established glioma cells, we
analyzed the medium of low-passage GBM12/X12 and GBM14/X14 glioma cells, two
models of invasive human glioma that are maintained as xenografts to prevent serum-
dependent culture adaptation (27). We also measured, by qRT-PCR, the expression of
fibulin-3 mRNA in primary glioma-derived neurospheres cultured in serum-free conditions
(Fig. 2F). Fibulin-3 was highly expressed in all cases analyzed. However, using equivalent
procedures and detection conditions we could not find fibulin-3 in the conditioned medium
of low-passage normal human astrocytes. Fibulin-3 mRNA levels were also very low in
these cells, four- to five-fold lower than the lowest level observed in glioma cells. (Fig. 2F).

Fibulin-3 secreted by glioma cells has a premoninant isoform
The first study of fibulin-3 gene (37) predicted two possible isoforms for this protein,
generated by differential initiation of translation: a ‘long’ form of 53–55 kDa, with an N-
terminal Ca++-binding EGF-like repeat, and a ‘short’ form of 40–43 kDa without that
domain (Fig. 3A). However, in all our experiments we only detected the long form of
fibulin-3 in glioma cells and tissues, suggesting that the putative short isoform was either
expressed at extremely low levels or not at all. These results agreed with the original
description of endogenous fibulin-3 protein in retinal cells (31) and with the observation that
recombinant 43-kDa fibulin-3 is likely degraded and does not exist in substantial amounts in
the extracellular environment (38).

To confirm these observations, we transfected glioma cells with the cDNA corresponding to
each possible fibulin-3 isoform and observed that the long form of fibulin-3 was largely
secreted to the culture medium, whereas the short form was expressed at lower levels,
accumulated in the total cell lysate, and was virtually absent from the culture medium (Fig.
3B). Together, our results suggested that only the long form of fibulin-3 was expressed in
vivo, and prompted us to utilize this isoform for all subsequent experiments.

Fibulin-3 enhances glioma cell adhesion and migration
Because we had identified fibulin-3 in an assay designed to detect genes upregulated in
adherent glioma cells (Suppl. Fig. 1), we hypothesized that this protein could play a role in
regulating glioma cell adhesion or motility. To test this hypothesis we analyzed the effect of
fibulin-3 overexpression and knockdown in adhesion and migration assays.

Physiological overexpression of fibulin-3 stimulated cell adhesion to ECM molecules
abundant in the glioma matrix, such as fibronectin and hyaluronic acid, but not to uncoated
plates or those coated with type-I laminin or poly-L-lysine (Fig. 4A,C). However, glioma
cells did not show increased adhesion to wells coated with purified fibulin-3 (Fig. 4B),
suggesting that fibulin-3 was not acting as an adhesive substrate by itself but had indirect
effect on cell adhesion.

Next, we tested the effect of fibulin-3 on glioma cell invasion in cultured brain slices that
mimic the cytoarchitecture and natural barriers of the brain (20, 21) (Fig. 5A).
Overexpression of fibulin-3 in the invasive cell lines CNS-1 and X12 consistently enhanced
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glioma cell dispersion in cultured neural tissue (Fig. 5B). Further analysis of the fast-
migrating CNS-1 cells by time-lapse microscopy revealed that fibulin-3-overexpressing cells
had significantly higher migration velocity than controls (55.95 ± 2.14 versus 38.16 ± 1.58
μm/h, p<0.001_) and migrated a longer net distance from their points of origin (229.92 ±
12.60 versus 142.20 ± 8.94 μm over 16h, p<0.001), suggesting increased efficiency of
migration (Fig. 5C).

To confirm the specificity of the pro-adhesive and pro-motility effects of fibulin-3, we next
decreased this protein in two cell lines (U87MG and CNS-1) by means of RNA interference.
Efficient transient knockdown of fibulin-3 in both cell lines was achieved 48h after
transfection of specific siRNAs (Fig. 6A–B). Using this technique we did not see any
obvious changes on cell morphology (not shown), but confirmed a significant reduction in
cell adhesion to all substrates tested (Fig. 6C). Further testing with CNS-1 cells (Fig. 6D)
and X12 cells (not shown) revealed a strong decrease in dispersion area when these cells
were seeded on cultured brain slices as before.

Fibulin-3 increases tumor invasion
To test the effects of fibulin-3 expression in vivo, we implanted stably transduced CNS-1
cells intracranially in Lewis rats and allowed them to grow for 15 days. This syngeneic
tumor model was selected by its ability to reproduce accurately the phenotype of clinical
gliomas, including nuclear atypia, pleomorphism, vascularization, necrotic foci and tumor
invasion (39, 40).

We found that fibulin-3-overexpressing tumors appeared visually less compact and more
diffuse than controls (Fig. 7A) and presented larger cell clusters separated from the tumor
mass (Figs. 7B,D). Morphometric analysis disclosed that fibulin-3-overexpressing tumors
had larger transversal areas than controls, extended over a longer rostro-caudal distance, and
covered a larger total volume (Figs. 7C–E). Interestingly, analysis of cell proliferation,
measured by the proportion of Ki67 positive cells in the tumor, did not reveal significant
differences between control and fibulin-3-overexpressing cells (Fig. 8A). In agreement,
overexpression of fibulin-3 in vitro did not affect total cell proliferation (Fig. 8B) or
apoptosis (not shown).

Taken together, our results suggested that fibulin-3 could act as a signal to promote cell
invasion and intracranial dispersion of the tumor. In agreement with this pro-invasive role,
we observed that CNS-1 tumors overexpressing fibulin-3 had significantly upregulated
mRNA levels for several matricellular proteases (Fig. 9A): matrix metalloprotease
(MMP)-2, MMP-9, and the disintegrin and metalloprotease with thrombospondin motifs
(ADAMTS)-5, all of which are involved in pericellular ECM degradation and glioma
invasion. Moreover, cultured CNS-1 cells overexpressing fibulin-3 exhibited significant
upregulation of the same metalloproteases at the mRNA and protein levels (Fig. 9B,C) as
well as a strong increase of metalloprotease activity (Fig. 9C and data not shown). This
suggested a direct regulatory effect of fibulin-3 on metalloprotease expression and activity
in glioma cells.

DISCUSSION
The invasion of malignant gliomas within the brain parenchyma involves a number of
coordinated processes, including cell detachment from the tumor mass, receptor-mediated
adhesion to the surrounding matrix, local matrix remodeling, and chemo- and haptotaxis to
guide cell motility (11, 41). These processes are common to all invasive tumors; however,
the effective and selective dispersion of glioma cells within the neural environment suggests
that they may also have unique mechanisms of invasion adapted for the particular
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composition and structure of the CNS (11). We and others have observed that the ECM
produced in gliomas contains mesenchymal proteins absent from the matrix in the
surrounding neural parenchyma, as well as neural-specific components that are not produced
by peripheral tumor cells (11, 16, 42). We have hypothesized that glioma-specific matrix
components may underlie in part the unique invasive abilities of these cells (21). Here, we
have identified fibulin-3 as a novel, pro-invasive molecule specific to the glioma ECM and
absent from the microenvironment of the brain and most peripheral tumors.

The fibulins form a family of matrix-associated glycoproteins that are thought to act as
intermolecular bridges in the ECM, forming supra-molecular structures that regulate cell
adhesion, motility and proliferation (43, 44). Several members of this family have been
implicated in the pathobiology of solid tumors, including ovarian (fibulin-1), breast
(fibulin-1) and colorectal (fibulin-4) cancers (43, 44). However, the role of the fibulins in
cancer initiation and progression has been difficult to define because their expression is
variable in different tumors (45–47), and they have been shown to act as positive or negative
regulators of tumor growth in different models (43, 44). For example, the splice variants of
fibulin-1 are hypothesized to have opposite roles in tumor formation (48). Similarly,
fibulin-5 enhances cell motility in vitro (49) and promotes epithelial-to-mesenchymal
transition (50), but reduces angiogenesis and bulk growth in fibrosarcomas (24). Thus,
additional information from experimental models is required to establish more clearly the
relevance of these proteins in cancer. Importantly, because the expression of all fibulins in
the CNS is very low compared to other tissues (22), no members of this family have been
assessed in primary brain tumors. This is therefore the first account of the expression and
functional relevance of a fibulin member in malignant gliomas.

Fibulin-3, together with fibulin-4 and -5, forms a subgroup of ‘small’ fibulins that lack the
anaphylotoxin motif from fibulin-1 and -2 and other large N-terminal domains present in
fibulin-2 and -6 (51). Although upregulation of this protein was originally linked to cell
senescence (37), the only known pathological consequences of altered fibulin-3 expression
are some dominant forms of macular degeneration caused by its misfolding and
accumulation in the retinal epithelium (31, 52). On the other hand, absence of fibulin-3
causes connective tissue deficiencies that result in multiple hernias, organ atrophy and early
aging phenotype (53), in agreement with the association of this protein to the basal lamina of
elastic tissues.

A previous investigation of fibulin-3 in several solid, non-neural tumors demonstrated that
fibulin-3 mRNA was downregulated in most of the specimens analyzed (24), in agreement
with our analysis of microarray data (Fig. 1). In stark contrast, we found that fibulin-3 was
consistently upregulated in malignant glioma tissue, in agreement with a previous mention
of this gene (EFEMP1) as one of the mesenchymal genes highly expressed in primary brain
tumors (42). Moreover, we observed a strong expression of fibulin-3 in all glioma cell types
tested (Fig. 2). Although this result does not preclude other possible sources of fibulin-3 in
the tumor mass, the complete absence of fibulin-3 in the brain (22, 54) strongly suggest the
tumor cells as major source of this protein in gliomas. In agreement, gene expression
profiling of human cell lines and the NCI-60 panel of human tumor lines (https://
biogps.gnf.org) has shown the highest levels of fibulin-3 mRNA among glioma cell lines,
whereas peripheral tumor, endothelial and myeloid cells express this gene at much lower, or
undetectable, levels. Our results thus suggest that fibulin-3 is a constitutive component of
the glioma ECM but absent from the same compartment in the brain and other solid tumors.
This, in turn, suggests that fibulin-3 could be specifically involved in the progression of
malignant gliomas.
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Expression of fibulin-3 had a significant enhancing effect on cell adhesion (Fig. 4), which
was most notorious on cells plated on fibronectin or hyaluronic acid, two ECM components
abundantly secreted by glioma cells. In a previous study (21), we described the same
substrate-dependent, pro-adhesive effect for the proteoglycan brevican, another ECM
protein secreted by glioma cells. However, brevican’s effects were likely mediated by
upregulation and binding of soluble fibronectin to the surface of glioma cells (21), whereas
we did not see any of these effects on cells overexpressing fibulin-3 (unpublished
observations). Additionally, fibulin-3 itself did not act as an adhesive substrate, suggesting
that overexpression of this protein promoted adhesion indirectly, likely through increase of
cell-surface adhesion molecules. A similar pro-adhesive effect of fibulin-3 has been recently
observed in peripheral olfactory glia (55), and the highly homologous fibulin-5 has also
been shown to promote adhesion and migration in cancer cells (49, 50). Importantly,
expression of fibulin-3 not only increased cell adhesion but also acted as a motogenic signal,
increasing individual glioma cell motility and dispersion in cultured neural tissue (Fig. 5).
Similar results obtained with matrigel transmigration assays (unpublished observations)
suggest that the pro-migratory effect of fibulin-3 could have been partly due to upregulation
of metalloprotease activity (see below).

In agreement with the pro-migratory effects in vitro, overexpression of fibulin-3 in a rat
glioma model (CNS-1 glioblastoma) resulted in invasive tumors with larger cross-sectional
area, longer rostro-caudal extension, increased formation of cell clusters, and more overall
diffuse appearance than controls (Fig. 7). These tumors showed increased expression of the
matricellular metalloproteases MMP2, MMP9 and ADAMTS-5 (Fig. 9A). MMP2 and
MMP9 have been extensively shown to promote brain tumor growth and invasion through
local matrix degradation and release of trophic factors (56, 57), whereas ADAMTS-5 is
thought to promote invasion through cleavage of ECM proteoglycans (58) and release of
pro-migratory signals (20, 21). The expression and activity of these proteases were also
found upregulated in cultured CNS-1 cells (Fig. 9B,C), suggesting that fibulin-3 levels could
regulate these enzymes in an autocrine/paracrine manner. In agreement, we have observed
that MMP2 and MMP9 are downregulated following fibulin-3 knockdown in cultured cells
(BH and MSV, unpublished observations).

The enhancing effect of fibulin-3 on cell adhesion and migration, and its apparent lack of
effect on cell proliferation (Fig. 8), leads us to suggest that this protein could promote
glioma progression by acting as a signal that enhances invasive ability. Current studies in
our laboratory are further analyzing other mechanisms that could contribute to the
progression of fibulin-3-expressing tumors (see below). It is important to remark that this
pro-tumoral effect of fibulin-3 in gliomas contrasts markedly with the anti-tumoral effect
proposed for this protein in peripheral tumors (24). Interestingly, that anti-tumoral effect
was attributed to an anti-angiogenic effect of fibulin-3 in the tumor mass. However, our
preliminary observations do not suggest changes in microvessel density after fibulin-3
expression (BH, HS and MSV, in preparation), in agreement with the fact that high-grade
gliomas express large amounts of fibulin-3 and are at the same time some of the most highly
vascularized solid tumors (59). It is also worth noting that the previous study on the anti-
angiogenic role of fibulin-3 was performed with the short isoform of this protein (24), which
we did not detect in gliomas and has not been observed in vivo.

Further studies will focus on the potential partners of fibulin-3 in gliomas, a task made
difficult by the almost complete absence of molecular information about the fibulins in the
nervous system. To date, the only identified partner of fibulin-3 in vitro is the tissue
inhibitor of metalloproteases-3 (TIMP-3), which may bind to fibulin-3 in the ECM of the
retinal epithelium (60). Interestingly, TIMP-3 is predominantly associated to ECM proteins
and inhibits MMP2/MMP9 (61) and ADAMTS-4/5 (62). It is tempting to speculate whether
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interaction of fibulin-3 and TIMP-3 in gliomas could impair the inhibitory function of the
latter to increase metalloprotease activity and promote glioma invasion.

In sum, our results suggest that fibulin-3 is an ECM component specifically upregulated in
gliomas that may contribute to the distinctive invasive ability of these tumors. This protein is
an example of potentially important, tumor-specific, highly accessible ECM targets for
strategies aiming to disrupt the mechanisms of brain tumor dispersion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fibulin-3 is specifically upregulated in primary brain tumors. A) Relative expression of
fibulin-3 mRNA in solid tumors, according to meta-analysis of microarray data from the
database Oncomine Research™. Each dot represents a study that compared a class of solid
tumors and their respective control tissue. The t value corresponds to the Student’s t-test
used for comparison in each study; larger absolute values of t indicate greater difference
between the two classes compared. Black and white dots indicate significant and non-
significant differences at p<0.05, respectively. Note the consistently upregulated expression
of fibulin-3 mRNA in primary brain tumors. A list of all studies and the number of control
and tumor specimens per study is provided in Suppl. Table II. B) The mRNA expression
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levels for the members of the fibulin (FBLN) family were compared in different groups of
gliomas versus control brain tissue, using microarray data from the NCI Repository for
Molecular Brain Neoplasia Data. Bars indicate the level of expression (mean ± S.E.M.) for
each tumor type or normal brain tissue. Data for each fibulin member were analyzed by one-
way ANOVA followed by post-hoc Dunnet’s test to compare each type of glioma against
control (* p<0.05; ** p<0.001). Fibulin-3 was consistently upregulated in all types of
gliomas analyzed.
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Figure 2.
Fibulin-3 is highly expressed in glioma tissue and cells. A) Total homogenates from nine
high-grade gliomas (two grade III astrocytomas and seven grade IV glioblastomas) and
seven age-matched controls were probed for fibulin-3 (arrow). The asterisk indicates non-
specific cross-reactivity of the antibodies used. B) Quantification of results from (A); notice
that fibulin-3 expression is virtually absent in normal brain compared to gliomas. I.O.D.,
integrated optical density. The accompanying western blot shows a representative
subcellular fractionation of glioma tissue revealing the distribution of fibulin-3. Nuclear
antigen PCNA, microsomal ribophorin and soluble alpha-tubulin were used as specific
markers for the nuclei-enriched (N), membrane-enriched (M) and soluble (S) subcellular
fractions, respectively. C) Expression of fibulin-3 in the conditioned medium and total
lysates of glioma cell lines (U87, U251, U373), primary cultures of glioma xenografts (X12,
X14) and cultured normal human astrocytes (NHA). Equal protein loading for culture media
was determined by protein measurement and by comparable amido-black staining of the blot
membranes prior to incubation with antibody. D) Analysis of relative migration of fibulin-3
from soluble fraction of glioma tissue (tissue, open circle) or medium from U251-MG
glioma cells (cells, open triangle) indicated a single form of Mw~54-kDa, as expected. No
other fibulin-3 bands were observed. Asterisks indicate antibody cross-reactivity as
indicated above. E) Detection of fibulin-3 mRNA in human glioma cell lines, rodent glioma
cell lines (rat CNS-1; mouse GL-261 and KR-158) and NHA. The rightmost lane
corresponds to RT-PCR in the absence of template. E) Results from qRT-PCR show the
comparative expression of fibulin-3 mRNA (mean ± S.E.M.) in NHA (control=1) versus
glioma cell lines and glioma neurospheres prepared from patient specimens (OG2, OG6,
OG12) as indicated in the methods section. Gliomaspheres cultured in serum-free conditions
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express fibulin-3 at levels comparable to those of typical glioma cell lines, suggesting that
expression of fibulin-3 in culture is not caused by serum-induced mesenchymal drift.
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Figure 3.
Fibulin-3 has a predominant isoform in glioma cells. A) Two possible isoforms of human
fibulin-3 have been proposed: Fib3L (Long, 53–55 kDa) and Fib3S (Short, 43–45 kDa). B)
Both isoforms were created by PCR, tagged with a C-terminal V5 epitope and expressed in
rat CNS-1 glioma cells. Blots were probed with anti-V5 antibody and with antibody against
human fibulin-3 that does not cross-react with endogenous rat fibulin-3. Results obtained
with both antibodies strongly suggest that recombinant Fib3S is produced much less
efficiently than Fib3L and secreted at very low or undetectable amounts to the culture
medium. Note that the V5 antibody detected a number of faint bands above the position of
Fib3L in the culture medium, which may correspond to glycoforms not detected by the anti-
fibulin-3 mAb3-5 antibody.
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Figure 4.
Expression of fibulin-3 increases substrate-dependent glioma cell adhesion. A) Human
(U87MG, U251MG) and rat (CNS-1) glioma cells stably overexpressing fibulin-3 were
plated and quantified on multiwell plates coated with fibronectin (FN), type-I laminin (LN),
high-MW hyaluronic acid (HA), or left uncoated and blocked with bovine albumin (BSA).
B) Non-transfected cells were plated as above on multiwell plates coated with purified
fibulin-3 (white bars) or left uncoated (BSA, black bars). Fibulin-3 did not act as a pro-
adhesive substrate for any of the cell lines tested. All experiments were repeated at least
three times with 3–6 replicates per condition. Data (mean ± S.E.M.) were analyzed by two-
way ANOVA (*** p<0.001). Results on poly-L-lysine-coated wells were undistinguishable
from those on uncoated surfaces (not shown). C) Relative expression levels of fibulin-3 in
conditioned medium from control and fibulin-3-overexpressing U87MG and U251MG
glioma cells were determined by Western blotting and confirmed to be within the
physiological range observed in clinical specimens, as described in the methods section.
Overexpression of fibulin-3 in transfected rat CNS-1 cells was quantified by qRT-PCR (not
shown) and found comparable with mRNA overexpression levels in transfected human
glioma cells.
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Figure 5.
Fibulin-3 enhances radial glioma cell dispersion and individual cell migration. A)
Representative image of control and fibulin-3-expressing cell aggregates (CNS-1 cells)
seeded on brain slices and cultured during five days. Bars= 200 μm. B) The dispersion of the
invasive cell lines CNS-1 and X12 on brain slices was analyzed by 2-way ANOVA for
repeated measures followed by post-hoc Bonferroni’s test (**p<0.01; ***p<0.001). Area
ratio= area occupied by cells at each time point relative to the original area (mean ± S.E.M.).
C) Semiautomated tracking of CNS-1 cells was used to calculate mean cell velocity (average
of frame-to-frame velocity for each cell) and net migrated distance (net difference in cell
position between first and last frame). The image shows representative tracks of individual
cells imaged overnight. Mean cell velocities remained stable but showed a trend to increase
toward the end of the cell-tracking experiment, probably due to cumulative tissue disruption
by migrating cells. Bar= 200 μm
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Figure 6.
Knockdown of fibulin-3 reduces glioma cell adhesion and motility. A) Reduction of
fibulin-3 in the conditioned medium of the cell line U87MG after transient transfection with
two independent siRNA sequences. Housekeeping control proteins were quantified in cell
lysates. Total protein content was 15 μg/lane in all cases; samples were processed 48h after
transfection. B) Knockdown of fibulin-3 in the cell line CNS-1, monitored by qRT-PCR,
following the same procedure as in (A). C) Transient knockdown of fibulin-3 reduces cell
adhesion to all substrates tested. Transfected cells were analyzed as indicated in Figure 4.
Black bars: control siRNA; white bars: fibulin-3 siRNA. (***p<0.001 by two-way
ANOVA). Results were virtually identical with the cell line U251MG (not shown). D)
CNS-1 cells were transiently transfected with fibulin-3 siRNAs 48h before seeding on
cultured brain slices. Follow-up over five days, as indicated in Figure 5, showed a
significant reduction in the total area occupied by dispersed cells (*p<0.025, *** p<0.001 by
two-way ANOVA for repeated measures).
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Figure 7.
Fibulin-3 increases tumor dispersion in vivo. A) Representative control and fibulin-3-
overexpressing tumors 15 days after intracranial injection of CNS-1 cells, revealed by Nissl
staining (upper images) or detection of GFP-fluorescent tumor cells (lower images, bar = 1
mm). Fibulin-3 tumors appear larger and less compact than controls. B) Higher
magnification of Nissl-stained tumors. Fibulin-3-overexpressing tumors show more diffuse
borders and large clusters separated from the tumor mass (bar= 200 μm). C) Tumor area (in
mm2) was quantified every fourth section and plotted against the rostro-caudal extension of
the tumor, centered on the injection site (20). Notice the increase in caudal invasion of
fibulin-3-expressing tumors, probably due to invasion of thalamo-reticular tracts. D) Cell
clusters were counted and measured every fourth section as described (35) and their
cumulative area quantified using image analysis software. (*** p<0.001 by Students’ t-test).
E) Total tumor volumes were calculated using Cavalieri’s estimator of morphometric
volume (20), and compared by Student’s t-test (** p<0.01).
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Figure 8.
Expression of fibulin-3 does not affect cell proliferation. A) Representative staining for the
proliferation marker Ki67 around the core of control or fibulin-3-overexpressing tumors
formed by CNS-1 cells. The proliferative index (% of Ki67-positive nuclei relative to total
number of DAPI-stained nuclei in each field, mean ± S.E.M.) was calculated by automated
scoring of at least 300 nuclei per field (using ImageJ software), and compared by Student’s
t-test (p=0.228, no significant differences). Note the higher cell density in control tumors.
Bars=50 μm. B) Proliferation rates of CNS-1 cells stably transduced with fibulin-3 (black
circles) or a control (white circles) cDNA were analyzed using a metabolic assay for
reduction of tetrazolium (21). Proliferation curves were repeated twice using triplicates for
each day. The absence of significant differences was verified in a second glioma cell line
(U251MG).
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Figure 9.
Fibulin-3 promotes metalloprotease expression and activity. A) Tumor tissue
(microdissected from the brain) and contralateral, normal tissue from three control and three
fibulin-3-expressing CNS-1 tumors were individually collected and processed for qRT-PCR.
mRNA expression for the metalloproteases MMP-2, MMP-9, ADAMTS-4 (ATS4) and
ADAMTS-5 (ATS5) was compared in each tumor tissue to its contralateral control. Values
(mean ± S.E.M.) represent the log2 ratio of tumor to normal brain expression. B) Expression
of the same metalloproteases was also compared by qRT-PCR in cultured control (baseline
expression = 1) and fibulin-3-overexpressing CNS-1 cells. GAPDH was used as internal
normalizing control in all cases. (***p<0.001; **p< 0.01; *p<0.025, by two-way ANOVA).
C) Increased expression and activity of metalloproteases in the medium of transfected
CNS-1 cells was verified by Western blotting for MMP2 and MMP9, and by gelatin-
zymography. Total amount of protein and detection of serum albumin (BSA, external
reference) in the conditioned medium were used as normalization controls to calculate
relative MMP expression and activity (20). Analysis of proteoglycan cleavage in these cells
also suggested increased activity of the proteoglycan-degrading protease ADAMTS-5 (BH
and MSV, in preparation).
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