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A better understanding of the metabolic adapta-
tions of the vascular endothelial cells (EC) that
mediate tumor vascularization would help the
development of new drugs and therapies. Novel
roles in cell survival and metabolic adaptation to
hypoxia have been ascribed to the microsomal glu-
cose-6-phosphate translocase (G6PT). While antitu-
morigenic properties of G6PT inhibitors such as
chlorogenic acid (CHL) have been documented,
those of the G6PT inhibitor and semi-synthetic
analog AD4-015 of the polyketide mumbaistatin
are not understood. In the present study, we eval-
uated the in vitro antiangiogenic impact of AD4-
015 on human brain microvascular endothelial
cells (HBMEC), which play an essential role as
structural and functional components in tumor
angiogenesis. We found that in vitro HBMEC
migration and tubulogenesis were reduced by
AD4-015 but not by CHL. The mumbaistatin analog
significantly inhibited the phorbol 12-myristate
13-acetate (PMA)-induced matrix-metalloprotein-
ase (MMP)-9 secretion and gene expression as
assessed by zymography and RT-PCR. PMA-medi-
ated cell signaling leading to cyclooxygenase
(COX)-2 expression and IjB downregulation was
also inhibited, further confirming AD4-015 as a
cell signaling inhibitor in tumor promoting condi-
tions. G6PT functions may therefore account for
the metabolic flexibility that enables EC-mediated
neovascularization. This process could be specifi-
cally targeted within the vasculature of develop-
ing brain tumors by G6PT inhibitors.
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Tumor-associated angiogenesis, a fundamental process in cancer
tissue growth, consists of recruiting endothelial cells (EC) toward an
angiogenic stimulus (1). The cells subsequently proliferate and dif-
ferentiate to form endothelial tubes and capillary-like structures.
Although little is known about the metabolic adaptation of EC
through such a transformation, it has been suggested that the inhi-
bition of metabolic pathways may offer a novel and powerful thera-
peutic approach that would simultaneously inhibit tumor cell
proliferation and tumor-induced angiogenesis (2,3). In fact, brain
tumor–associated microvasculature is thought to become aberrant
and to undergo a sequence of adaptive changes, such as during the
development of gliomas. These changes are characterized by impor-
tant metabolic adaptations, primarily involving hypoxia-regulated
genes (4). Among those, transcription of genes responsible for glu-
cose and energy metabolism, such as glucose transporters and gly-
colytic enzymes, has been documented. These proteins take up
glucose and convert it to lactate, and include pyruvate dehydroge-
nase kinase 1, which shunts pyruvate away from the mitochondria,
and BNIP3, which triggers selective mitochondrial autophagy (5).
The adaptative shift from oxidative to glycolytic metabolism also
allows maintenance of redox homeostasis and cell survival under
conditions of prolonged hypoxia.

Recently, our group ascribed a dual role to the microsomal glucose-
6-phosphate translocase (G6PT) in cell survival and metabolic adap-
tation to hypoxia in cancer cells and in hypoxic cells (6–8). In fact,
hypoxia inducible factor (HIF)-1a was found to regulate G6PT gene
expression (8). G6PT has originally been shown to transport G6P
from the cytosol to the lumen of the endoplasmic reticulum, thereby
performing the rate-limiting step for G6P hydrolysis into glucose
and inorganic phosphate by the glucose-6-phosphatase system (9).
G6PT is also known to integrate and regulate many metabolic func-
tions such as glycemia, lipidemia, uricemia, and lactic acidemia
(10). More importantly, its activity cannot be substituted as G6PT
deficiencies lead to glycogen storage disease type Ib characterized
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not only by disturbed glucose homeostasis but also by severe mye-
loid dysfunctions (10). G6PT was further shown to play a role in
bone marrow cell and neutrophil chemotaxis (11,12), in calcium flux
control (13–16), and in U87 glioma cell survival (6,7). In turn, G6PT
gene expression is regulated in response to adaptive metabolic
changes involving glucose, insulin and cyclic AMP (17). G6PT-medi-
ated metabolic adaptation, which could enable cells to survive
under conditions characterized by hypoxia (8) may therefore become
an appealing therapeutic prospect through the design of efficient
anti-G6PT molecules targeting those cells proliferating within the
tumor microenvironment.

Among anti-G6PT targeting strategies, the anthraquinone natural
product mumbaistatin is one of the most potent known functional
inhibitors of G6PT. Its availability, however, has been limited
because of its extremely low yields from the natural source cultures
of Streptomyces sp. (18). A facile semisynthetic method that affor-
ded high yields and generation of a variety of mumbaistatin analogs
within five steps was therefore developed starting from DMAC (5,
3,8-dihydroxyanthraquinone-2-carboxylic acid), a structurally related
polyketide product of engineered biosynthesis (19). Among those
semisynthetic analog of the polyketide mumbaistatin, AD4-015 was
found by us to potently and specifically reduce cell survival of those
cells that adapted to hypoxia (8). Such anti-G6PT effect was better
than that of chlorogenic acid (CHL), whose pharmacological func-
tions also target G6P transport functions (20) and, in recent years,
shown to affect hepatoma and glioblastoma cell proliferation and
survival (21,22). Collectively, our data therefore suggest that G6PT
may account for important molecular adaptation that enables cells
to survive under conditions characterized by hypoxia and could be
specifically targeted within developing tumors. To date, no roles for
G6PT have yet been proposed in angiogenesis, and little is known
about metabolic targeting of tumor-associated EC as part of cancer
treatments.

Human brain microvascular endothelial cells (HBMEC) play an
essential role as structural and functional components of the
blood–brain barrier (BBB). Most importantly, recent studies delin-
eated a unique adaptative phenotype of brain EC in which matrix
metalloproteinase (MMP)-9 secretion in HBMEC was increased by
the tumor-promoting agent phorbol 12-myristate 13-acetate (23,24),
a condition that favors disruption of the BBB by MMP-9 and tumor
invasion (25). Given that HBMEC play a role in angiogenesis within
hypoxic tumors, we questioned in this study whether the semi-syn-
thetic analog of the polyketide mumbaistatin, a potent G6PT inhibi-
tor, could target HBMEC's angiogenic properties including
carcinogen-induced MMP-9 secretion, cell migration and in vitro
tubulogenesis.

Materials and Methods

Materials
Sodium dodecylsulfate (SDS) and bovine serum albumin (BSA) were
purchased from Sigma (Oakville, ON, USA). Electrophoresis reagents
were purchased from Bio-Rad (Mississauga, ON, USA). The
enhanced chemiluminescence (ECL) reagents were from Perkin Elmer
(Waltham, MA, USA). Micro bicinchoninic acid protein assay

reagents were from Pierce (Rockford, IL, USA). All other reagents
were from Sigma–Aldrich Canada.

Cell culture
Human brain microvascular endothelial cells were characterized and
generously provided by Dr Kwang Sik Kim of Johns Hopkins Univer-
sity School of Medicine (Baltimore, MD, USA). These cells were
positive for factor VIII-Rag, carbonic anhydrase IV and Ulex Europ-
eus Agglutinin I; they took up fluorescently labeled, acetylated low-
density lipoprotein and expressed gamma glutamyl transpeptidase,
demonstrating their brain EC-specific phenotype (26). Human brain
microvascular endothelial cells were immortalized by transfection
with simian virus 40 large T antigen and maintained their morpho-
logical and functional characteristics for at least 30 passages (27).
Human brain microvascular endothelial cells were maintained in
RPMI 1640 (Gibco, Burlington, ON, USA) supplemented with 10%
(v ⁄ v) heat-inactivated fetal bovine serum (HyClone Laboratories,
Logan, UT, USA), 10% (v ⁄ v) NuSerum (BD Bioscience, Mountain
View, CA, USA), modified Eagle's medium non-essential amino acids
(1%) and vitamins (1%) (Gibco), sodium pyruvate (1 mM) and EC
growth supplement (30 lg ⁄ mL). Cells were cultured at 37 �C under
a humidified atmosphere containing 5% CO2. All experiments were
performed using passages 3–28.

cDNA synthesis and semi-quantitative real-time
RT-PCR
Total RNA was extracted from cultured HBMEC using TRIzol reagent
(Invitrogen, Burlington, ON, USA). Semi-quantitative RT-PCR analysis
was performed starting with 2 lg of total RNA for first strand
cDNA synthesis, followed by specific gene product amplification
with the One-Step RT-PCR kit (Invitrogen). Primers for MMP-9
(forward: 5¢-AAGATGCTGCTGTTCAGCGGG-3¢, reverse: 5¢-GTCCTCAG
GGCACTGCAGGAT-3¢) were derived from human sequences. 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 lg ⁄ mL
ethidium bromide.

Analysis of HBMEC migration
Human brain microvascular endothelial cells migration was
assessed using modified Boyden chambers. The lower surfaces of
Transwells (8-lm pore size; Costar, Acton, MA, USA) were precoat-
ed 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, USA). The lower chamber was filled with serum-free HBMEC
medium in the presence or absence of the G6PT inhibitors. Human
brain microvascular endothelial cells were collected by trypsiniza-
tion, washed and resuspended in serum-free medium at a concen-
tration 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 G6PT inhibitors were added to the lower cham-
bers 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 3.7% formaldehyde and stained with
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0.1% crystal violet-20% methanol (v ⁄ v). Images of at least five ran-
dom fields per filter were digitized (10· magnification). The average
number of migrating cells per field was quantified using Northern
Eclipse software (Empix Imaging Inc., Mississauga, ON, USA).
Migration data are expressed as a mean value derived from at
least three independent experiments.

Endothelial cell morphogenesis assay
Tubulogenesis was assessed using Matrigel aliquots of 50 lL, pla-
ted into individual wells of 96-well tissue culture plates (Costar,
Amherst, MA, USA) and allowed to polymerize at 37 �C for 30 min.
After brief trypsinization, HBMEC were washed and resuspended at
a concentration of 2.5 · 105 cells ⁄ mL in serum-free medium. One
hundred microlitre of cell suspension (25 000 cells ⁄ well) and 75 lL
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 18 h in the presence or absence of different AD4-015 con-
centrations. The formation of capillary-like structures was examined
microscopically, and pictures (10·) were taken using a Retiga 1300
camera (QImaging, Surrey, BC, Canada) 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 (28,29). For each experiment,
four randomly chosen areas were quantified by counting the num-
ber of tubes formed. Tubulogenesis data are expressed as a mean
value derived from at least three independent experiments.

Gelatin zymography
Gelatin zymography was used to assess the extent of proMMP-2
and proMMP-9 activity as previously described (30). Briefly, an ali-
quot (20 lL) 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 H2O. 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 H2O. Gelatinolytic activity was
detected as unstained bands on a blue background.

Immunoblotting procedures
Cytosolic proteins from control and treated cells were separated by
SDS–polyacrylamide gel electrophoresis (PAGE). After electrophore-
sis, 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 0.1% Tween-20 (TBST). Mem-
branes were further washed in TBST and incubated with the pri-
mary polyclonal anti-HuR antibody (1 ⁄ 1000 dilution; Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) in TBST con-
taining 3% BSA, followed by a 1-h incubation with horseradish per-
oxidase–conjugated anti-rabbit IgG (1 ⁄ 2500 dilution) in TBST
containing 5% non-fat dry milk. Immunoreactive material was visu-
alized by ECL.

Cell survival assay
Cell survival was assessed by measuring fluorometric caspase-3
activity. Human brain microvascular endothelial cells were grown to
60% confluence and treated with different concentrations of the
mumbaistatin analog. Cells were collected and washed in ice-cold
PBS pH 7.0. Cells were subsequently lysed in Apo-Alert lysis buffer
(Clontech, Palo Alto, CA, USA) for one hour 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 lM of the
caspase-3-specific fluorogenic peptide substrate acetyl-Asp-Glu-
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]-1-propanesulfonate,
5 mM DTT and 1 mM EDTA] in 96-well plates (31). The release of
AFC was monitored for at least 30 min at 37 �C on a fluorescence
plate reader (Molecular Dynamics) (kex = 400 nm, kem = 505 nm).

Statistical data analysis
Data are representative of three or more independent experiments.
Statistical significance was assessed using Student's unpaired t-test
and probability values of <0.05 were considered significant; an
asterisk (*) identifies such significance in each figure.

Results

Polyketide derivative AD4-015 inhibits in vitro
HBMEC cell migration
The effects of CHL (Figure 1A upper panel), a natural product with
weak G6PT inhibitory activity (20) and of a more potent semi-syn-
thetic polyketide analog (AD4-015, Figure 1A middle panel) of a dif-
ferent natural product, mumbaistatin (19) (Figure 1A lower panel),
were tested on HBMEC migration (Figure 1B). While CHL had no
significant effect, HBMEC migration was inhibited dose-dependently
by AD4-015 with a calculated IC50 of 11.2 € 3.1 lM (Figure 1C).
Because AD4-015 must cross the plasma membrane, this level of
inhibition by AD4-015 is slightly higher than those IC50 parameters
ascertained from dose–response curves generated for G6PT inhibi-
tion in acellular rat liver microsomal assays (IC50 of 2.5 lM) (19).
The latter assay allowing direct inhibition of [14C]G6P trans-
port ⁄ hydrolysis functions performed by the microsomal glucose-6-
phosphatase system (9).

Mumbaistatin analog AD4-015 inhibits HBMEC
in vitro capillary-like structure formation
In order to next assess the antiangiogenic potential of G6PT inhibi-
tors, we used the classical Matrigel angiogenesis assay (32). Cells
were seeded on top of Matrigel and left to adhere as described in
the Methods section. Various concentrations of AD4-015 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
(Figure 2A), tubulogenesis was inhibited by AD4-015 with an IC50 of
3.5 € 0.8 lM (Figure 2B, closed circles). Cell viability, based on cas-
pase-3 activity, was not significantly affected by AD4-015 (Fig-
ure 2B, open circles). Lack of cytotoxic effect, combined with the
inhibition of structure formation within Matrigel, prompted us to
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investigate whether any extracellular matrix (ECM) degrading events
were involved in AD4-015 inhibition.

AD4-015 inhibits PMA-induced MMP-9 gene
expression and secretion in HBMEC
Among the secreted enzymes involved in ECM degradation, MMP
are well documented as being involved in cell migration and tubulo-
genesis (23,33). More specifically, MMP-2 and MMP-9 are secreted
by numerous cell types and their presence is often representative
of angiogenesis (34,35). Human brain microvascular endothelial cells
were serum-starved, treated for 18 h with AD4-015, and the condi-
tioned medium was harvested. The levels of MMP-2 and of MMP-9
were measured by gelatin zymography in media samples derived
from control and phorbol 12-myristate 13-acetate (PMA)-treated
cells. While extracellular MMP-2 levels remained unaffected by
PMA or AD4-015, MMP-9 activity was significantly increased upon
PMA treatment (Figure 3A). Addition of AD4-015 to PMA-treated
cells resulted in inhibition of extracellular MMP-9 activity (Fig-
ure 3A). Consistent with this observation, PMA increased MMP-9
gene expression in HBMEC, whereas AD4-015 blocked this increase
in a dose-dependent fashion (Figure 3B).

AD4-015 antagonizes carcinogen-mediated cell
signaling leading to COX-2 expression in
HBMEC
Cyclooxygenase (COX)-2 expression is increased in tumor-associated
inflammation and angiogenesis (36). Recently, the antiangiogenic
effect of statins was explained by their ability to inhibit COX-2 and
MMP-9 in human EC (37). In order to better understand the effect

A B

C

Figure 1: Polyketide derivative AD4-015 inhibits in vitro human brain microvascular endothelial cells (HBMEC) cell migration. (A) Structures
of chlorogenic acid (CHL), parental mumbaistatin and AD4-015. Mumbastatin and AD4-015 have the same main tricyclic core; the hydroxyl
group of ring c present in mumbaistatin has been exchanged by a methoxy group, and the ketone moiety by a trans-alkene naphthalenyl
group to generate AD4-015. (B) HBMEC were treated with varying CHL or AD4-015 concentrations. At the end of the treatment, cells were
harvested and seeded on top of gelatin-coated filters using modified Boyden chambers. Migration proceeded for 6 h, and pictures were taken
of the stained filters. (C) Densitometric quantification of cell migration was performed from stained filters of AD4-015- (open circles) and
CHL- (closed circles)-treated HBMEC.

A

B

Figure 2: Polyketide derivative AD4-015 inhibits human brain
microvascular endothelial cells (HBMEC) in vitro capillary-like struc-
ture formation. (A) In order to assess in vitro tubulogenesis, HBMEC
were seeded on top of Matrigel as described in the Methods sec-
tion, and then treated with varying concentrations of AD4-015 for
18 h. Representative phase contrast pictures are shown. (B) The
extent of cell survival (open circles) and of three-dimensional capil-
lary-like structure formation (closed circles) was quantified as
described in the Methods section. Data are presented as percent of
vehicle-treated cells (control).
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of AD4-015 on PMA-induced cell signaling in HBMEC, cells were
treated with PMA in the presence of either CHL or AD4-015, and
COX-2 expression was evaluated in cell lysates. PMA-induced COX-
2 expression in HBMEC, and AD4-015 efficiently inhibited this
increase (Figure 4A) in a dose-dependent manner (Figure 4C). In
contrast, total extracellular signal–regulated kinase (ERK) expression
was unaffected by CHL, which was also unable to block PMA-
induced COX-2 expression (Figure 4A). The effect of AD4-015 was
possibly mediated through preventing dissociation of the inhibitor of
nuclear factor kappaB (IjB) from the NF-jB complex, which is rap-
idly degraded through an ubiquitin-mediated process (Figure 4B).

Discussion

G6P is not only an intermediate in all major metabolic pathways for
glucose utilization and biosynthesis but is also an allosteric regulator
of enzyme activity and gene expression. Such crucial roles for G6P
have given rise to a possible subcellular compartmentation of G6P
pools that may channel flux through multiple pathways (38). As such,
cytoplasmic G6P levels are also strategically positioned to link the
cell's energy state to the regulation of multiple functions, including
for example its pro-inflammatory response to certain stresses (39).
Among newly discovered intracellular glucose generating systems, a
microsomal glucose-6-phosphatase complex composed of a G6PT and
a G6Pase-b catalytic subunit isoform (G6PC-3) is thought to be
capable of endogenous glucose production in brain (40). Whether this

complex is regulated in brain EC is unknown. Interestingly, transcrip-
tional regulation of G6PT, but not of G6PC-3, by hypoxia through HIF-
1a is suggestive of metabolic adaptation to low oxygen such as that
present in developing tumors (8). While the physiological conse-
quences of this specific adaptive phenotype remain to be elucidated,
alternate roles for G6PT in chemotaxis, intracellular calcium flux con-
trol, and cell survival have already been proposed. Altogether, those
documented G6PT-regulated cellular functions are a common feature
also found in tumor growth factors' paracrine regulation of angiogen-
esis (1). The novelty of our study therefore demonstrates that the
G6PT inhibitor AD4-015 may act as a potent antiangiogenic agent in
that it inhibits in vitro tubulogenesis and HBMEC migration, both of
which may be modulated through G6PT metabolic control.

It is well known that angiogenesis and hypoxia determine the ves-
sel density of a tumor, partially through the modulation of glucose
transporter expression by several other genes (41). Among these, a
significant correlation of HIF-1a to GLUT-1 and GLUT-3 expression
was found in renal cell carcinomas (42), MCF7 breast cancer cells
(43) and in hepatoma models (44). Hypoxia inducible factor-
1a-induced glycolytic enzymes, including HKI, HKII, PFK-L, ALD-A,
ALD-C, PGK1, ENO-alpha, PYK-M2, LDH-A and PFKFB-3, were also
examined in cancer cells. It was concluded that targeting the
HIF-1a-induced glucose transporter and hexokinase might provide
better therapeutic targets for inhibiting tumor growth and
progression than would targeting HIF-1a itself (45). Accordingly, this
strategy was recently put forward in the targeting of hypoxic
mesenchymal stromal cells (8), which are believed to be recruited
and to contribute to brain tumor growth (46,47). It remains unknown
whether metabolic targeting could be used as a therapeutic strategy.

Only recently have brain EC been considered as targets for antiangio-
genic agents but also for ionizing radiation modalities in highly

A

B

Figure 3: AD4-015 inhibits phorbol 12-myristate 13-acetate
(PMA)-induced matrix metalloproteinase (MMP)-9 gene expression
and secretion in human brain microvascular endothelial cells
(HBMEC). HBMEC were serum-starved in the presence of 30 lM

AD4-015, 1 lM PMA, or a combination of both for 18 h. (A) Condi-
tioned media were then harvested and gelatin zymography was per-
formed in order to detect proMMP-9 and proMMP-2 hydrolytic
activity as described in the Methods section. (B) Total RNA was
extracted from HBMEC treated with various concentrations of AD4-
015 as described in the Methods section. Semi-quantitative RT-PCR
was performed to confirm the presence of a single amplicon for
MMP-9 and for GAPDH. Data are representative of three indepen-
dent experiments.

A

B

C

Figure 4: AD4-015 antagonizes carcinogen-mediated cell signal-
ing leading to COX-2 expression in human brain microvascular endo-
thelial cells (HBMEC). Lysates of serum-starved phorbol 12-myristate
13-acetate (PMA)-treated HBMEC were isolated after various
co-treatments (1 lM PMA, 30 lM AD4-015, 100 lM chlorogenic acid
(CHL)], electrophoresed via SDS-PAGE and immunodetection per-
formed of (A) COX-2 and of ERK proteins, or (B) IjB performed as
described in the Methods section. (C) Dose–response of PMA treat-
ment was performed and COX-2 ⁄ ERK expression was quantified by
scanning densitometry of the autoradiograms (Vehicle, closed circles;
CHL, open circles, AD4-015, closed triangles). Data are expressed as
the x-fold induction over untreated basal conditions.
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vascularized tumors such as glioblastoma (28,48). Here, we have
shown that the G6PT inhibitor AD4-015 inhibits MMP-9 and COX-2
expression. Recent studies have delineated a unique brain endothe-
lial phenotype in which MMP-9 secretion in HBMEC was increased
by the tumor-promoting agent PMA (23,24). MMP-9 is required for
EC migration and tube formation, and inhibition of MMP-9 secretion
was demonstrated to reduce both in vitro invasion and angiogenesis
in human microvascular EC (49). Therefore, one major implication of
our study is that any therapeutic strategies resulting from discovery
of lead products, such as AD4-015, and which inhibit endothelial
MMP-9 expression, are likely to be of utility in treating brain
tumor–associated angiogenesis. Interestingly, small molecule inhibi-
tors of MMP-9 secretion, such as the green tea polyphenol epigal-
locatechin gallate and the isothiocyanate sulforaphane, do so by
decreasing the expression of the MMP-9 mRNA stabilizing factor
HuR (23,50). Given that HuR levels are elevated in cancer (51) and
have a pivotal role in promoting angiogenesis (52,53), it remains to
be determined whether HuR expression is also affected upon AD4-
015 treatment. The inhibition of PMA-induced MMP-9 secretion by
the G6PT inhibitor AD4-015 is therefore of importance, given that
MMP-9 is significantly increased during tumor progression and is
associated with the opening of the BBB.

Until recently, most of the antiangiogenic or anticancerous studies
performed on EC in vitro involved macrovascular endothelial models
such as human umbilical vein EC or bovine aortic EC. However,
microvascular EC, such as brain EC, display a selective phenotype
that differs from macrovascular EC. The availability of a stable
human model of brain EC has only very recently allowed the emer-
gence of studies that can now more closely represent cerebral
endothelial microvasculature and mimic the impact of anticancerous
treatments on the brain vasculature (54). Our study is thus among
the pioneering ones that are being reported. Currently, the HBMEC
model is the best surrogate model that approximates tumor-derived
EC available for long-term in vitro studies (26,28,55). Although
human EC isolated from glioblastoma specimens have also been
studied, these cells are not ideal targets for long-term in vitro stud-
ies as they de-differentiate in culture and have inherently limited
proliferative potential before senescence (56).

In summary, we have provided pharmacological evidence for the
role of G6PT in EC-mediated neovascularization. The activity of the
semisynthetic polyketide AD4-015 in our assays represents a first
step toward targeting angiogenic processes within the vasculature
of developing brain tumors using small molecules.
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