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a b s t r a c t
In recent clinical observation, the growth of endothelial tumors, such as hemangiomas of infancy, was
repressed by the non-selective !-adrenergic antagonist propranolol possibly through targeting of the
vascular endothelial compartment. As human brain microvascular endothelial cells (HBMEC) play an
essential role as structural and functional components in tumor angiogenesis, we assessed whether
propranolol could target HBMEC’s in vitro angiogenic properties. We found that biopsies from human
glioblastoma as well as from experimental brain tumor-associated vasculature expressed high levels of
the !2-adrenergic receptor, suggesting adrenergic adaptative processes could take place during tumor
vascularization. We observed that in vitro tubulogenesis was significantly reduced by propranolol when
HBMEC were seeded on Matrigel. Propranolol, as much as 100 "M, did not reduce cell viability and did not
alter HBMEC migration as assessed with Boyden chambers. Secretion of the key angiogenic and extracellular matrix degrading enzymes MMP-2 and MMP-9 was assessed by zymography. Propranolol significantly
reduced MMP-9 secretion upon treatment with the tumor-promoting agent phorbol 12-myristate 13acetate, while secretion of MMP-2 remained unaffected. This was correlated with a decrease in MMP-9
gene expression which is, in part, explained by a decrease in the nucleocytoplasmic export of the mRNA
stabilizing factor HuR. Our data are therefore indicative of a selective role for propranolol in inhibiting
MMP-9 secretion and HBMEC tubulogenesis which could potentially add to propranolol’s anti-angiogenic
properties.
© 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Human brain microvascular endothelial cells (HBMEC) play
an essential role as structural and functional components of the
blood–brain barrier (BBB). While disruption of the BBB by the
brain tumor-secreted matrix metalloproteinase-9 (MMP-9) favors
tumor invasion [1], the role and regulation of MMP-9 secretion
by HBMEC themselves in response to carcinogens has received little attention. Recent studies delineated a unique brain endothelial
phenotype in which MMP-9 secretion in HBMEC was increased by
the tumor-promoting agent phorbol 12-myristate 13-acetate [2,3].
MMP-9 is required for endothelial cell migration and tube formation, and inhibition of MMP-9 secretion was demonstrated to
reduce both in vitro invasion and angiogenesis in human microvas-
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cular endothelial cells [4]. Recently, formation of new blood vessels
through MMP-9-mediated events was attributed to circulating
bone marrow-derived endothelial progenitor cells, which also
partly contribute to neovascularization during the proliferative
phase of infantile hemangioma [5]. Any therapeutic strategies leading to specific targeting of endothelial MMP-9 is therefore likely
to be of utility in treating brain tumor-associated angiogenesis or
common endothelial tumors such as hemangiomas of infancy.
The efficacy of !-blockers such as propranolol was recently
reported against infantile capillary hemangiomas [6], and the
physiopathological significance and therapeutic consequences was
described [7]. Hemangiomas of infancy differ from vascular malformations in both tissue architecture and biological properties. To
date, the most authoritative theories focus on angioblast origins,
trophoblast origins, mutations in cytokine regulatory pathways,
and field defects as the cause of the deranged angiogenesis of
hemangiomas [8]. A possible involvement of the !2-adrenergic
receptor/cAMP pathway in capillary function (including BBB
integrity) was highlighted in inflammatory tumor necrosis factor
(TNF)-#-stimulated HBMEC [9]. Interestingly, TNF-# is also a
well-established MMP-9 secretion inducer [10], although not in
HBMEC [2]. This suggests that adrenergic mediation in HBMEC may
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regulate alternate endothelial functions, such as those involved in
angiogenesis. Given that HBMEC play an essential role as structural
and functional components in tumor angiogenesis, we questioned
in this study whether propranolol could possibly target HBMEC’s
angiogenic properties including MMP-9 secretion, cell migration
and in vitro tubulogenesis.
2. Materials and methods
2.1. Materials
Propranolol, sodium dodecylsulfate (SDS) and bovine serum
albumin (BSA) were purchased from Sigma (Oakville, ON). Electrophoresis reagents were purchased from Bio-Rad (Mississauga,
ON). The enhanced chemiluminescence (ECL) reagents were from
PerkinElmer (Waltham, MA). Micro bicinchoninic acid protein assay
reagents were from Pierce (Rockford, IL). All other reagents were
from Sigma–Aldrich, Canada.
2.2. Human brain tumor biopsies
Five glioblastomas were obtained from Notre-Dame Hospital, Centre Hospitalier de l’Université de Montréal (Montreal, QC,
Canada) through ethical consent procedures approved by the
Research and the Ethics Committees of the Centre Hospitalier de
l’Université de Montréal. Tumors were put into TRIzol reagent
(Invitrogen, Burlington, ON) in order to extract total RNA as
described below. Total RNA from healthy human brain tissue was
from Stratagene (La Jolla, CA) and used as control.
2.3. Intracranial tumor model
All animal experiments were evaluated and approved by
the Institutional Committee for Good Animal Practices (UQAM,
QC). Intracerebral tumor implantation was performed as previously described, and validated [11,12]. Anesthetized 5–10-week-old
Crl:CD-1® -nuBR female nude mice (Charles River, QC) were placed
in a stereotaxic frame; viable U87 glioblastoma cells (5 × 104 ) in
5 "l of medium without serum were then implanted into the right
corpus striatum at a depth of 3.5 mm at a point 2.5 mm lateral to
the midline and 1.5 mm anterior to the bregma using a Hamilton
syringe. The syringe was removed after 5 min and the wound was
closed with sutures. Animals were sacrificed between 28 and 30
days post-implantation.
2.4. Cell culture
Human brain microvascular endothelial cells (HBMEC) were
characterized and generously provided by Dr. Kwang Sik Kim of
the Johns Hopkins University School of Medicine (Baltimore, MD).
These cells were positive for factor VIII-Rag, carbonic anhydrase IV
and Ulex Europeus Agglutinin I; they took up fluorescently labelled,
acetylated low-density lipoprotein and expressed gamma glutamyl
transpeptidase, demonstrating their brain EC-specific phenotype
[13]. HBMEC were immortalized by transfection with simian virus
40 large T antigen and maintained their morphological and functional characteristics for at least 30 passages [14]. HBMEC were
maintained in RPMI 1640 (Gibco, Burlington, ON) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (iFBS) (HyClone
Laboratories, Logan, UT), 10% (v/v) NuSerum (BD Bioscience, Mountain View, CA), modified Eagle’s medium nonessential amino acids
(1%) and vitamins (1%) (Gibco), sodium pyruvate (1 mM) and EC
growth supplement (30 "g/ml). Culture flasks were coated with
0.2% type-I collagen to support the growth of HBMEC monolayers.
Cells were cultured at 37 ◦ C under a humidified atmosphere con-
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taining 5% CO2 . All experiments were performed using passages
3–28.
2.5. cDNA synthesis and real-time quantitative RT-PCR
Total RNA was extracted from cultured HBMEC using TRIzol
reagent. For cDNA synthesis, ∼1 "g total RNA was reversetranscribed into cDNA using an oligo dT primer and the iScript
reverse transcriptase cDNA synthesis kit (Bio-Rad, Mississauga,
ON). cDNA was stored at −20 ◦ C for PCR (Applied Biosystems,
Inc., Foster City, CA). MMP-9 gene expression was measured by
real-time quantitative RT-PCR using QuantiTect SYBR Green dye
(Qiagen, Valencia, CA). DNA amplification was carried out using
an Icycler (Bio-Rad, Hercules, CA), and the detection was performed by measuring the binding of the fluorescence dye SYBR
Green I to double-stranded DNA. Primers for MMP-9 (QT00040040)
and for HuR (forward: 5& -TCGCAGCTGTACCACTCGCCAG-3& ; reverse:
5& -CCAAACATCTGCCAGAGGATC-3& ) were derived from human
sequences [15], while murine primers for !1-(QT00258692), !2(QT00253967), and !3-(QT01756160) adrenergic receptors were
from QIAGEN. The relative quantities of target gene mRNA against
an internal control, 18S ribosomal RNA, was performed by following a !CT method. An amplification plot comparing fluorescence
signal vs. cycle number was drawn. The difference (!CT ) between
the mean values in the duplicated samples of target gene and
those of 18S ribosomal RNA were calculated by Microsoft Excel
and the relative quantified value (RQV) was expressed as 2−!CT .
Semi-quantitative RT-PCR analysis was performed starting with one
microgram of total RNA for first strand cDNA synthesis, followed by
specific gene product amplification with the One-Step RT-PCR Kit
(Invitrogen, Burlington, ON). PCR conditions were optimized so that
the gene products were examined at the exponential phase of their
amplification and the products were resolved on 1.8% agarose gels
containing 1 "g/ml ethidium bromide.
2.6. Analysis of HBMEC migration
HBMEC migration was assessed using modified Boyden chambers. The lower surfaces of Transwells (8-"m pore size; Costar,
Acton, MA) were pre-coated with 0.2% type-I collagen for 2 h at
37 ◦ C. The Transwells were then assembled in a 24-well plate (Fisher
Scientific Ltd., Nepean, ON). The lower chamber was filled with
serum-free HBMEC medium or growth factor-enriched conditioned
medium isolated from 48 h serum-starved U87 human glioblastoma cells, which exert a very potent chemoattractant effect upon
endothelial cell migration [16]. Control HBMEC were collected by
trypsinization, washed and resuspended in serum-free medium at
a concentration of 106 cells/ml; 105 cells were then inoculated onto
the upper side of each modified Boyden chamber. The plates were
placed at 37 ◦ C in 5% CO2 /95% air for 30 min after which various concentrations of propranolol were added to the lower chambers of the
Transwells. Migration then proceeded for 6 h at 37 ◦ C in 5% CO2 /95%
air. Cells that had migrated to the lower surfaces of the filters were
fixed with 10% formalin phosphate and stained with 0.1% crystal
violet–20% methanol (v/v). Images of at least five random fields
per filter were digitized (100× magnification). The average number
of migrating cells per field was quantified using Northern Eclipse
software (Empix Imaging, Inc., Mississauga, ON). Migration data are
expressed as a mean value derived from at least four independent
experiments.
2.7. Endothelial cell morphogenesis assay
Tubulogenesis was assessed using Matrigel aliquots of 50 "l,
plated into individual wells of 96-well tissue culture plates (Costar,
Amherst, MA) and allowed to polymerize at 37 ◦ C for 30 min.
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After brief trypsination, HBMEC were washed and resuspended
at a concentration of 106 cells/ml in serum-free medium. Twentyfive microlitre of cell suspension (25,000 cells/well) and 75 "l of
medium with serum were added into each culture well. Cells were
allowed to form capillary-like tubes at 37 ◦ C in 5% CO2 /95% air for
20 h in the presence or absence of different propranolol concentrations. The formation of capillary-like structures was examined
microscopically and pictures (100×) were taken using a Retiga 1300
camera (QImaging) and a Nikon Eclipse TE2000-U microscope. The
extent to which capillary-like structures formed in the gel was
quantified by analysis of digitized images to determine the thread
length of the capillary-like network, using a commercially available image analysis program (Northern Eclipse) as described and
validated previously [16,17]. For each experiment, four randomly
chosen areas were quantified by counting the number of tubes
formed. Tubulogenesis data are expressed as a mean value derived
from at least three independent experiments.
2.8. Gelatin zymography
Gelatin zymography was used to assess the extent of proMMP2 and proMMP-9 activity as previously described [18]. Briefly, an
aliquot (20 "l) of the culture medium was subjected to SDS-PAGE
in a gel containing 0.1 mg/ml gelatin. The gels were then incubated
in 2.5% Triton X-100 and rinsed in nanopure distilled H2 O. Gels
were further incubated at 37 ◦ C for 20 h in 20 mM NaCl, 5 mM CaCl2 ,
0.02% Brij-35, 50 mM Tris–HCl buffer, pH 7.6, then stained with 0.1%
Coomassie Brilliant blue R-250 and destained in 10% acetic acid, 30%
methanol in H2 O. Gelatinolytic activity was detected as unstained
bands on a blue background.
2.9. Immunoblotting procedures
Cytosolic proteins from control and treated cells were separated by SDS-polyacrylamide gel electrophoresis (PAGE). After

electrophoresis, proteins were electrotransferred onto polyvinylidene difluoride membranes which were then blocked for 1 h
at room temperature with 5% non-fat dry milk in Tris-buffered
saline (150 mM NaCl, 20 mM Tris–HCl, pH 7.5) containing 0.3%
Tween-20 (TBST). Membranes were further washed in TBST
and incubated with the primary polyclonal anti-HuR antibody (1/1000 dilution, Jackson ImmunoResearch Laboratories,
West Grove, PA) in TBST containing 3% bovine serum albumin,
followed by a 1 h incubation with horseradish peroxidaseconjugated anti-rabbit IgG (1/2500 dilution) in TBST containing
5% non-fat dry milk. Immunoreactive material was visualized
by enhanced chemiluminescence (Amersham Biosciences, Baie
d’Urfée, QC).
2.10. Cell survival assay
Cell survival was assessed by the fluorometric caspase-3 activity.
HBMEC were grown to 60% confluence and treated with different
concentrations of propranolol. Cells were collected and washed
in ice-cold PBS pH 7.0. Cells were subsequently lysed in ApoAlert lysis buffer (Clontech, Palo Alto, CA) for 1 h at 4 ◦ C and the
lysates were clarified by centrifugation at 16,000 × g for 20 min.
Caspase-3 activity was determined by incubation with 50 "M of
the caspase-3-specific fluorogenic peptide substrate acetyl-AspGlu-Val-Asp-7-amino-4-trifluoromethylcoumarin (Ac-DEVD-AFC)
in assay buffer [50 mM Hepes–NaOH (pH 7.4), 100 mM NaCl,
10% sucrose, 0.1% 3-[(3-cholamidopropyl)dimethylammonio]-1propanesulfonate, 5 mM DTT and 1 mM EDTA] in 96-well plates
[19]. The release of AFC was monitored for at least 30 min
at 37 ◦ C on a fluorescence plate reader (Molecular Dynamics)
("ex = 400 nm; "em = 505 nm). The cleavage of the tetrazolium salt
WST-1 {4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]1,3-benzene disulfonate} by mitochondrial dehydrogenases (Roche
Diagnostics, Laval, QC) was also used to assess cell viability
[20].

Fig. 1. !-Adrenergic receptors expression in human brain tumor specimens. Total RNA was extracted from 5 human glioblastoma biopsies obtained from operated patients.
(A) Single cDNA amplicon product obtained from healthy brain total RNA was validated for each amplified gene on an agarose gel stained with ethidium bromide. (B) Total
RNA was extracted from 5 glioblastoma specimens and relative gene expression levels for MMP-9, GAPDH, !1-, !2-, and !3-adrenergic receptors were assessed by qRT-PCR.
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3. Results
3.1. ˇ-Adrenergic receptors expression in human brain tumor
specimens
!1-, !2-, and !3-adrenergic receptors gene expression was first
assessed in human clinical glioblastoma specimens obtained from
operated patients. Total RNA was extracted from tumors and used in
qRT-PCR experiments. The design of primers enabled measurement
of the specific expression levels of individual human !-adrenergic
genes and of the matrix metalloproteinase (MMP)-9, a crucial MMP
known to be involved in BBB opening and which expression is
correlated with cancer invasiveness [21]. This was validated by visualisation of a single cDNA amplicon product obtained from healthy
human brain total RNA by semi-quantitative RT-PCR on an agarose
gel (Fig. 1A). When qRT-PCR was then performed in glioblastoma
specimens, the expression of each of the !-adrenergic receptor
gene expression was compared to that of MMP-9. We found a good
correlation between !2-adrenergic receptor and MMP-9 (r2 = 0.88,
Fig. 1B) but not for the other !-adrenergic receptors tested. This suggests that adaptative !-adrenergic receptors expression takes place
during tumor development and correlates with the aggressiveness
of the tumor.
3.2. Adaptative ˇ-adrenergic receptors expression during
experimental brain tumor development
In an attempt to assess the contribution of !-adrenergic receptors expressed in the tumor vasculature, experimental brain tumor
growth was induced. We used U87 glioblastoma cell suspensions
that were implanted by stereotaxis within the brains of nude mice
and left to develop for several weeks as described in Section 2.
Intracerebral growth of U87 tumors was routinely found to occur
within the first 3–4 weeks as previously validated by us [11,12]. Total
RNA was extracted from healthy brain and from brain tumors, and
!-adrenergic receptors gene expression was assessed by qRT-PCR.
The design of primers that enabled measurement of the specific
expression levels of individual murine !-adrenergic genes was validated as shown in Fig. 2A. Only cDNA of these specific murine
receptors was amplified from in vivo U87 tumors, but not from
in vitro human U87 cell cultures (Fig. 2A), therefore allowing us
to ignore the presence of human !-adrenergic receptor mRNA
from the implanted human cancer cells. When qRT-PCR was performed with experimental brain tumors, we found that expression
of !1-and !3-adrenergic receptors were, respectively, low and
undetectable (ND) in comparison to healthy brain tissue, while
expression of !2-adrenergic receptors was increased from ∼2 to 3fold over the level seen in healthy brain tissue (Fig. 2B, black boxes).
These results suggest that adrenergic adaptative processes could
take place during tumor vascularization, but do not exclude the
possible contribution of host-derived murine circulating cells to the
!-adrenergic receptor gene expression which can include, among
many others, endothelial progenitor cells, mesenchymal stem cells,
hematopoietic stem cells, as well as non-endothelial cells.

Fig. 2. Adaptative !-adrenergic receptors expression during experimental brain
tumor development. Total RNA was extracted from human U87 cells, healthy mouse
brain, or from U87 experimental tumors, and semi-quantitative RT-PCR performed
as described in Section 2. (A) Primer design was validated to distinguish humanfrom murine-derived !-adrenergic receptors gene expression. Primers for 18S were
designed to recognize both human and murine genes. (B) Relative gene expression
levels for !1-, !2-, and !3-adrenergic receptors were assessed by qRT-PCR using
murine primers and total RNA extracted from healthy murine brain (white box) and
implanted experimental U87 tumors (black box) (n = 3; ND, not detectable).

3.3. Propranolol inhibits in vitro capillary-like structure
formation but not basal HBMEC migration
Given the increased expression of !2-adrenergic receptors in
experimental brain tumors, we next tested the effects of the !blocker propranolol against the angiogenic properties of HBMEC.
Cells were seeded on top of Matrigel and left to adhere as described
in Section 2. Various concentrations of propranolol were then
added, and capillary formation was left to proceed for 18 h. While
a well defined capillary-like network formed in vehicle-treated
cells (Fig. 3A), tubulogenesis was inhibited by propranolol with

Fig. 3. Propranolol inhibits in vitro capillary-like structure formation but not basal
HBMEC migration. (A) In order to assess in vitro tubulogenesis, HBMEC were seeded
on top of Matrigel as described in Section 2, and then treated with various concentrations of propranolol for 16 h. Representative phase contrast pictures were taken.
(B) The extent of three-dimensional capillary-like structure formation (open circles)
and of cell survival (closed circles) was assessed as described in Section 2. HBMEC
migration (B, right panel) was assessed in modified Boyden chambers. Cells were harvested and 106 cells seeded on top of gelatin-coated filters. Migration proceeded for
6 h in the presence of various concentrations of propranolol in the lower chambers.
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Fig. 4. Propranolol inhibits PMA-induced MMP-9 secretion in HBMEC. HBMEC were
serum-starved in the presence of various concentrations of propranolol in combination with 1 "M PMA for 18 h. (A) Conditioned media were then harvested and gelatin
zymography was performed in order to detect proMMP-9 and proMMP-2 hydrolytic
activity as described in Section 2. (B) Scanning densitometry was used to quantify
the extent of either basal proMMP-2 gelatin hydrolysis (left panel), or of proMMP-2
and proMMP-9 in PMA-treated cells (right panel). Data shown are representative of
two independent experiments.

an IC50 approximating 1.7 "M (Fig. 3B). We also assessed propranolol’s ability to affect HBMEC migration, which is a crucial
event in angiogenesis. Basal HBMEC migration was unaffected by
propranolol (Fig. 3B, right panel). Lack of any effect on migration, combined with the inhibition of structure formation within
Matrigel, prompted us to investigate whether any extracellular
matrix (ECM) degrading events were involved in propranolol inhibition. Cell viability, based on the cleavage of the tetrazolium salt
WST-1 {4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]1,3-benzene disulfonate} by mitochondrial dehydrogenases (Roche
Diagnostics, Laval, Quebec, Canada), was not significantly affected
by propranolol (Fig. 3A).
3.4. Propranolol inhibits PMA-induced MMP-9 secretion in
HBMEC
Among the secreted enzymes involved in ECM degradation,
matrix metalloproteinases (MMP) are well-documented as being
involved in cell migration and tubulogenesis [2,22]. More specifically, MMP-2 and MMP-9 are secreted by numerous cell types
and their presence is often representative of angiogenesis [23,24].
HBMEC were serum-starved, treated for 18 h with propranolol and
the conditioned media were harvested to measure the levels of
MMP-2 and of MMP-9 in control and in PMA-treated cells by gelatin
zymography. While MMP-2 extracellular levels remained unaffected by propranolol, those of MMP-9 were undetectable in basal
conditions but were significantly increased in PMA-treated cells
(Fig. 4A, upper panel). When HBMEC were treated with combined
PMA and propranolol, MMP-9 was significantly inhibited with an
IC50 of ∼8.1 "M (Fig. 4B). Collectively, these results suggest that
propranolol selectively inhibits MMP-9 in response to tumor promoting conditions.
3.5. Propranolol inhibits PMA-induced cytosolic levels of HuR
protein in HBMEC
Although most published studies have focused on the transcriptional control of MMP-9 expression, there is increasing evidence

Fig. 5. Propranolol inhibits MMP-9, but not HuR, gene expression levels in HBMEC.
Total RNA was extracted from HBMEC as described in Section 2. (A) Validation was
performed by semi-quantitative RT-PCR to confirm the presence of a single amplicon
for MMP-9 and for HuR. (B) Relative gene expression levels for MMP-9 and HuR
were assessed by qRT-PCR using total RNA extracted from HBMEC treated with 1 "M
PMA and various concentrations of propranolol. Data are representative of three
independent experiments.

that its expression can also be regulated at the levels of mRNA stability, translation and protein secretion. Among the factors shown
to stabilize MMP-9 mRNA and to augment its expression [25], HuR
has been ascribed a pivotal role in the development of tumors [26]
and been found to be a key mediator during macrophage activation
in PMA-differentiated HL-60 cells [15]. We therefore tested whether
propranolol affected MMP-9 or HuR transcript levels. Total RNA
was isolated from PMA-treated HBMEC, and HuR and MMP-9 gene
expression validated by the presence of a single cDNA amplicon
(Fig. 5A), then levels of expression were assessed by quantitative
RT-PCR. PMA was found to increase MMP-9 gene expression (not
shown), while propranolol was able to significantly antagonize that
increase without affecting HuR gene expression levels (Fig. 5B).
We next assessed effects on HuR subcellular compartmentation
by isolation of a cytoplasmic fraction depleted from the nuclear
compartment. The protein expression of HuR was found to be significantly and transiently increased by PMA within 30 min (Fig. 6A).
Propranolol prevented PMA-mediated HuR translocation into the
cytosol where it has been reported to exert MMP-9 mRNA stabilization (Fig. 6B), while the expression of cytosolic GAPDH remained
unaffected under all conditions. A time-course of MMP-9 secretion further confirmed that propranolol efficiently inhibited MMP-9
secretion in PMA-treated HBMEC (Fig. 6C), and this was observed
as fast as within the first 4 h of secretion (Fig. 6D). The anti-MMP-9
effect of propranolol may, in part, involve downregulation of HuR
which may ultimately decrease MMP-9 mRNA stability and subsequent synthesis/secretion.
4. Discussion
Propranolol is a non-selective !-adrenergic antagonist that
crosses the blood–brain barrier (BBB) and that is widely used
clinically for various conditions, including hypertension, anxiety, and excessive sympathetic responses that often characterize
patients during the perioperative period [27]. Clinical benefits have
been observed in operated cancer patients and in combination
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Fig. 6. Propranolol inhibits PMA-induced cytosolic levels of HuR protein in HBMEC. (A) Lysates of the cytosolic fraction of serum-starved PMA-treated HBMEC were isolated
after various treatment times, electrophoresed via SDS-PAGE and immunodetection of HuR and of GAPDH proteins was performed as described in Section 2. (B) Quantification
was performed by scanning densitometry of the autoradiograms. (C) Conditioned media was collected from (A) and gelatin zymography performed as described in Section
2. (D) Quantification was performed by scanning densitometry of the zymograms. Data were expressed as the x-fold induction over untreated basal conditions.

with COX-2 inhibitors, where perioperative treatment resulted in
improved immune competence and in reduced risk of tumor metastasis [28]. It is therefore suggested that blockade of !-adrenergic
receptors may impact on tumor development, an effect that was
confirmed in the inhibition of experimentally-induced pulmonary
adenocarcinoma development [29]. Whether any contribution of
!-adrenergic receptors occurs in the potential anti-angiogenic
effects of !-blockers is currently unknown. Moreover, no information is available on the expression of !-adrenergic receptors
in tumor-associated endothelium. In this study, we have provided
evidence for increased expression of !2-adrenergic receptors in
the brain tumor-derived vascular compartment. Adrenergic blockade with propranolol also results in anti-angiogenic effects as
reflected by the inhibition of HBMEC tubulogenesis and carcinogeninduced MMP-9 secretion. Targeting tumor-associated endothelial
cells functions with !-blockers, as part of cancer treatments, may
therefore become an appealing prospect to be further investigated.
To date, there is no human clinical study that documents the
sole chemotherapeutic effect of the clinically-established propranolol in anti-cancer therapy. In vivo clinical data will therefore
provide definitive proofs on the therapeutic efficacy of propranolol in anti-cancer modalities, and would further benefit from
our in vitro demonstration and molecular mechanism elucidation.
Among the strongest evidence and, perhaps, the best in vivo study
that supports our current study is the demonstration that MMP-9
and the pro-angiogenic factor VEGF are both inhibited by propranolol in nasopharyngeal carcinoma tumor cells [30]. Several other
in vivo approaches have, furthermore, already shed light on the
chemopreventive action of propranolol in reducing pancreatic ductal adenocarcinoma growth in animal models [31], and in reducing
metastasis development of PC-3 prostate cancer in nude mice [32].
Such published data are strongly suggestive of a potent anti-cancer
action in line with those we infer in our study using the best surrogate model that approximates tumor-derived endothelial cells.
In particular, the expression of matrix metalloproteinase-9
(MMP-9) is significantly increased during tumor progression and is
associated with the opening of the BBB [21]. Adenoviral-mediated
MMP-9 downregulation inhibited human dermal microvascular
endothelial cell migration in cell wounding and spheroid migration
assays, and reduced capillary-like tube formation, demonstrating

the key role of MMP-9 in endothelial cell network organization [4].
Recently, MMP-9 was among the increased hypoxia-induced mediators found in stem/progenitor cells in children with hemangioma
[5]. Although propranolol was recently used to efficiently inhibit
the growth of hemangiomas [6,7], the effects of such treatment
on MMP-9 expression remain undocumented. However, MMP-9 is
known to be required for tumor vasculogenesis [33], an alternate
pathway for neovascularization that is increasingly being evoked in
a variety of states characterized by vascular growth such as hemangioma. Therefore, among all MMP, the MMP-9 secreted from brain
endothelial cells may be of importance in brain tumor-associated
neovascularization and become a key therapeutic target.
Brain tumors are highly vascularized and, at early stages of
development, tumor-associated vessels possess a phenotype similar to that in their normal brain environment. This phenotype can,
in fact, explain why it is difficult to detect gliomas at early stages
by MRI analysis [34]. Anti-angiogenic agents have thus far been
used with some success [35,36], but mostly in combination with
ionizing radiation (IR) to increase their therapeutic efficacy [37,38].
Until recently, most of the anti-angiogenic or anti-cancerous studies performed on endothelial cells in vitro involved macrovascular
endothelial models such as human umbilical vein endothelial
cells (HUVEC) or bovine aortic endothelial cells (BAEC). However,
microvascular endothelial cells, such as brain endothelial cells,
display a selective phenotype which differs from macrovascular
endothelial cells. The availability of a stable human model of brain
endothelial cells has only very recently allowed the emergence of
studies which can now more closely represent cerebral endothelial
microvasculature and mimic the impact of anti-cancerous treatments on the brain vasculature [39]. Our study is thus among the
pioneering ones that are being reported. Currently, the HBMEC
model is the best surrogate model that approximates tumorderived endothelial cells available for long-term in vitro studies
[13,16,40]. Although some groups have studied human endothelial cells isolated from glioblastoma specimens, these cells are not
ideal targets for long-term in vitro studies as it is believed that they
undergo some de-differentiation in culture and have inherently
limited proliferative potential before senescence [41].
Only recently have brain endothelial cells been considered not
only as target for anti-angiogenic agents but also for IR, there-
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fore representing a powerful new potential treatment target in
highly vascularized tumors such as glioblastoma [16,42]. Interestingly, among naturally-occuring chemopreventive agents shown to
inhibit MMP-9 secretion, the green tea polyphenol epigallocatechin
gallate and the isothiocyanate sulforaphane selectively inhibited
the secretion of MMP-9 in part through a decrease in expression
of the MMP-9 mRNA stabilizing factor HuR [2,15]. Given that HuR
levels are elevated in cancer [43], and have a pivotal role in promoting angiogenesis [44,45], we show in this study, in line with the
anti-MMP-9 gene expression effect of propranolol, that inhibition
of cytoplasmic HuR expression efficiently suppressed PMA-induced
MMP-9 secretion.
!1- and !2-adrenergic receptors are expressed by several
human tumor lines [46,30], and the application of a !-blocker was
reported to abolish the direct prometastatic effects of stress and
norepinephrine on human tumor cells implanted in nude mice [47].
Native !-adrenergic receptors occurring in C6 glioma cells were
also recently shown to be constitutively active [48]. Interestingly,
!1-adrenergic receptor mRNAs are post-transcriptionally regulated
at the level of mRNA stability in part through the interaction of
their 3& untranslated region with RNA binding proteins including
HuR [49]. Since HuR was also identified as a !-adrenergic receptor mRNA-binding protein [50], one can safely predict a similar
regulation by propranolol that would also affect the expression of
!-adrenergic receptors within tumors. It is thus tempting to suggest
that inhibiting HuR-regulated expression of markers such as MMP9 by propranolol could be potential targets of future anticancer
therapies.
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