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Highly malignant tumors, such as glioblastomas, are characterized
by hypoxia, endothelial cell (EC) hyperplasia, and hypercoagulation.
However, how these phenomena of the tumor microenvironment
may be linked at the molecular level during tumor development
remains ill-defined. Here, we provide evidence that hypoxia up-
regulates protease-activated receptor 2 (PAR-2), i.e., a G-protein-
coupled receptor of coagulation-dependent signaling, in ECs. Hyp-
oxic induction of PAR-2 was found to elicit an angiogenic EC
phenotype and to specifically up-regulate heparin-binding EGF-like
growth factor (HB-EGF). Inhibition of HB-EGF by antibody neutral-
ization or heparin treatment efficiently counteracted PAR-2-medi-
ated activation of hypoxic ECs. We show that PAR-2-dependent
HB-EGF induction was associated with increased phosphorylation
of ERK1/2, and inhibition of ERK1/2 phosphorylation attenuated
PAR-2-dependent HB-EGF induction as well as EC activation. Tissue
factor (TF), i.e., the major initiator of coagulation-dependent PAR
signaling, was substantially induced by hypoxia in several types
of cancer cells, including glioblastoma; however, TF was unde-
tectable in ECs even at prolonged hypoxia, which precludes cell-
autonomous PAR-2 activation through TF. Interestingly, hypoxic
cancer cells were shown to release substantial amounts of TF that
was mainly associated with secreted microvesicles with exosome-
like characteristics. Vesicles derived from glioblastoma cells were
found to trigger TF/Vlla—dependent activation of hypoxic ECs in a
paracrine manner. We provide evidence of a hypoxia-induced sig-
naling axis that links coagulation activation in cancer cells to PAR-2-
mediated activation of ECs. The identified pathway may constitute
an interesting target for the development of additional strategies
to treat aggressive brain tumors.
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lioblastoma multiforme (GBM) is the most deadly of pri-
mary brain tumors, with a median survival of only 15 mo
after diagnosis even with the most recent combination treat-
ments, which includes surgery, radiochemotherapy, and adjuvant
chemotherapy (1). The aggressiveness of GBM has been corre-
lated with severe hypoxia (2), resulting in large areas of necrosis
and an extensive, hyperpermeable vasculature, i.e., the histo-
pathological characteristics of these tumors (1). Hypoxic activa-
tion is a hallmark of growing tumors as a result of inadequate
oxygen supply, and increased angiogenesis serves to restore the
supply of nutrients and oxygen to the tumor environment (3).
GBM is further characterized by the activation of the coagulation
system, and intravascular thrombosis exacerbates intratumoral
hypoxia, abnormal endothelial cell (EC) proliferation, and tumor
necrosis (4).
The hypercoagulative activity of malignant tumors has been
associated with the overexpression of tissue factor (TF), a 47-
kDa cell membrane intercalated protein that plays a key role in
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the initiation of the coagulation cascade (5, 6). Experimental
models of tumor development, as well as human cancer mate-
rials, link TF to the aggressiveness of several malignancies, in-
cluding gliomas (5-7). TF induction in cancer cells may be driven
by oncogenetic events, e.g., through EGF receptor (EGFR) and
its mutant, EGFRVIII, and inactivation of the tumor suppressor
PTEN (6, 8-10). Other reports have suggested that TF may
be triggered by hypoxia through the transcription factor Early
growth response gene-1 (11).

Importantly, TF has been shown to promote tumor develop-
ment via cleavage activation of a unique class of G protein-
coupled protease-activated receptors (PARs) (5, 6, 12). PARs
are ubiquitously expressed in vascular and extravascular tissues,
and TF-regulated PAR-2 signaling has been specifically linked to
pathological angiogenesis of the retina (13, 14). Although these
and other studies have suggested a specific involvement of PARs
in angiogenesis, the exact function of TF-initiated coagulation
signaling in the context of hypoxia-driven tumor angiogenesis
remains ill-defined.

Here, we have investigated how the phenotypic characteristics
of GBM, i.e., hypercoagulation, hypoxia, and abnormal angio-
genesis, may be linked at the molecular level, and how hypoxia
may coordinate the hypercoagulative activity of GBM cells and
PAR-mediated angiogenic signaling.

Results

Hypoxic Induction of PAR-2 Signaling in ECs. We found a significant
induction of PAR-2 mRNA in hypoxic compared with normoxic
human umbilical vein ECs (HUVECsS); however, expression of
PAR-1—the other major receptor of coagulation proteases—was
unaffected by hypoxia (Fig. 14). Consistent with these results,
PAR-2 protein was increased and remained up-regulated com-
pared with normoxic control cells over the whole course (48 h) of
the experiment (Fig. 1B). Similar results were obtained in
HUAEC: (to approximately 10-fold PAR-2 induction in hypoxic
vs. normoxic cells; Fig. S14) and in human brain microvascular
ECs (HBMECs; to approximately 2.5-fold PAR-2 induction in
hypoxic vs. normoxic cells; Fig. S1B). These results were cor-
roborated by immunofluorescence staining for PARs in HUVECs

Author contributions: K.J.S., P.K., H.C.C, S.S., T.L, M.CJ, M.M,, J.B.,, W.R., and M.B. de-
signed research; K.J.S., P.K,, H.C.C,, S.S., T.L, M.CJ., M.M., and M.B. performed research;
M.M., J.B., and W.R. contributed new reagents/analytic tools; K.J.S., P.K., H.C.C,, S.S., T.L,,
M.C.J., M.M., J.B., W.R., and M.B. analyzed data; and K.J.S., W.R., and M.B. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.

"To whom correspondence should be addressed. E-mail: mattias.belting@med.lu.se.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1104261108/-/DCSupplemental.

PNAS | August9, 2011 | vol. 108 | no.32 | 13147-13152

>
(Y
[=]
-
]
@
-
—
frr}
o



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104261108/-/DCSupplemental/pnas.201104261SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104261108/-/DCSupplemental/pnas.201104261SI.pdf?targetid=nameddest=SF1
mailto:mattias.belting@med.lu.se
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104261108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104261108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1104261108

L T

/

D\

>

B _ N ___H
(h) 4 82448 4 8 2448
PAR-2 7 ™ - ——"
B-aCctin e——
25
2
15
1
05

mRNA expression
(hypoxia vs. normoxia)

PAR-2 levels
(hypoxia vs. normoxia)

PAR-1 PAR-2 478 24 48 (h)

D

PAR-2 positive vessels
/tumor area

Low grade High grade

25
E o v v 9E 2
(min) 0 2.5 51030 02551030 S § 15

34
pERK 12 ======mamesl x ¢
205

= LE
ERK - = === == 4o 0

02551030 0255 1030(m|n)

B-actin == ————— e e

Fig. 1. Hypoxia induces PAR-2 in ECs. (A) HUVECs were cultured at nor-
moxia or hypoxia (1% O,) for the indicated time periods, and PAR-1 and
PAR-2 mRNA expression were determined by qRT-PCR as described in S/
Materials and Methods. Results are presented as fold expression at hypoxia
versus normoxia averaged from three separate experiments + SD. (*Signif-
icant up-regulation vs. normoxia, P < 0.05.) (B) Hypoxia induces PAR-2 pro-
tein in ECs. HUVECs were cultured at normoxia (N) or hypoxia (H) for the
indicated time periods, and PAR-2 and B-actin protein levels were de-
termined in cell lysates by immunoblotting. Lower: Relative hypoxic PAR-2
levels [hypoxic (PAR-2/p-actin)/normoxic (PAR-2/p-actin)]; data shown are
representative of at least three independent experiments. (C and D) Con-
focal fluorescence microscopy shows induction of PAR-2 in hypoxic ECs
in vitro and in pathological vasculature of tumors from patients with GBM
patient. (C) HUVECs were cultured at normoxia or hypoxia for 24 h, and then
stained for PAR-1 or PAR-2 (green) and F-actin (phalloidin; red). (D) Serial
cross-sections of fresh frozen patient tumor tissue from low-grade and high-
grade astrocytoma were stained with H&E (Left) or analyzed by immuno-
fluorescence microscopy by using rabbit anti-PAR-2 (red) and mouse anti-
CD31 (EC/blood vessel marker; green) antibodies. PAR-2 coassociates with
CD31 in typical dilated high-grade astrocytoma tumor vessels (white ar-
rowhead). Images shown are representative of three separate tumors each
of low grade (grade | and Il) and high grade (grade IV) astrocytoma/GBM,
obtained at 20x magnification. Quantification of PAR-2-positive vessels was
performed on three cross-sections per tumor and adjusted for differences in
tumor area by using ImageJ software. (E) PAR-2-dependent ERK1/2 phos-
phorylation (p-ERK) is enhanced in hypoxic ECs. Normoxic or hypoxic HUVECs
were cultured for 24 h, followed by 16 h starvation in serum-free medium,
and were then untreated (time point 0) or treated with the specific PAR-2AP
SLIGKV (100 pM) for the indicated time periods, followed by immunoblot-
ting for p-ERK, total ERK, and B-actin. Right: P-ERK/B-actin ratios from a
representative experiment.

and HBMECs (Fig. 1C and Fig. S1C). Further, PAR-2 over-
expression was demonstrated in pathological vasculature of pa-
tient high-grade astrocytoma/GBM tumors (Fig. 1D and Fig.
S1D), whereas only few PAR-2-overexpressing vessels were
found in low-grade astrocytoma (Fig. 1D). We found that hyp-
oxia up-regulates cell-surface-located PAR-2 (Fig. S1E), and
stimulation with the specific PAR-2 agonist peptide (PAR-2AP)
SLIGKV (15, 16) resulted in significantly greater induction of
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ERK1/2 phosphorylation [phosphorylated (p)-ERK1/2], a well
known downstream readout of PAR-2 activation (5), in hypoxic
compared with normoxic cells (Fig. 1E). These data provide ev-
idence that hypoxia triggers signaling competent PAR-2 in ECs.

Hypoxia-Driven Angiogenesis Through PAR-2 Involves ERK1/2-
Dependent Induction of HB-EGF. We next addressed the func-
tional role of hypoxic induction of PAR-2 in angiogenesis. By
using the scratch wound assay, we found that hypoxia per se ap-
pears to inhibit wound closure; treatment with a PAR-1-specific
agonist peptide (TFLLRNPNDK) had no significant effect in
normoxic or hypoxic conditions (Fig. 24). Interestingly, PAR-2
activation was shown to substantially increase the number of
hypoxic ECs in the wound area, whereas normoxic cells were
unresponsive (Fig. 24). These results may be explained by in-
creased proliferation and/or migration of PAR-2-stimulated,
hypoxic ECs. Indeed, activation of PAR-2, but not PAR-1, was
shown to induce EC proliferation specifically at hypoxic con-
ditions (Fig. 2B). Moreover, PAR-2 activation induced transwell
migration of hypoxic ECs (Fig. 2C). At normoxia, ECs treated
with siRNA against PAR-2 mRNA formed tube structures that
were only partially disintegrated compared with cells treated
with scrambled siRNA; however, PAR-2 knockdown in hypoxic
cells resulted in a complete loss of EC tube structures (Fig. S2).
Consistent with these results, RNAi-mediated PAR-2 deficiency
was shown to increase the sensitivity of ECs to hypoxia-de-
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Fig. 2. Functional role of PAR-2 in hypoxia-driven angiogenesis. PAR-2

accelerates wound closure of hypoxic ECs. (A) Normoxic (N) or hypoxic (H)
HUVECs were cultured for 24 h and starved for 16 h, and then a scratch
wound was formed in confluent monolayers. The wound areas were cap-
tured after another 36 h of incubation with no treatment (Ctl) or treatment
with PAR-1 agonist peptide TFLLRNPNDK (PAR-1AP; 100 uM) or PAR-2 ago-
nist peptide (100 pM). Shown are representative images. Right: Quantitative
analysis presented as the mean number of cells per wound area + SD. (B)
PAR-2 stimulates the proliferation of hypoxic ECs. HUVECs were cultured as
in A, and were then untreated (Ctl) or treated with PAR-1AP (100 pM) or
PAR-2AP (100 pM) for another 24 h in normoxia or hypoxia in the presence
of 3 pCi/mL [*H]thymidine. Cell proliferation was determined by measure-
ment of incorporated [3H]thymidine. (*Significant increase vs. control, P <
0.05.) (C) PAR-2 stimulates migration of hypoxic ECs. HUVECs were cultured
in hypoxia and starved as in A, and were then seeded on transwell cell
culture inserts in medium without (Ctl) or with PAR-2AP (100 uM). Results
shown are the mean number of cells per field + SD at 5 h of migration. (D)
PAR-2 deficiency hypersensitizes ECs to hypoxia-induced cell death. Sub-
confluent HUVECs were transfected with siRNA specific for PAR-2 (siPAR-2)
or with scrambled siRNA (siScr), followed by 24 h incubation under normoxic
or hypoxic conditions. Knockdown of PAR-2 mRNA by siPAR-2 is shown in
Fig. S2A. Cell media were then harvested and analyzed for LDH activity. Data
presented as mean + SD.
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pendent cell death (Fig. 2D). These data indicate that induction
of PAR-2 signaling has a functional role in hypoxia-driven an-
giogenesis.

As shown in Fig. 1E, p-ERK1/2 was significantly induced by
PAR-2 activation in hypoxic ECs. Inhibition of p-ERK1/2 with
UO126 counteracted PAR-2-dependent stimulation of hypoxic
EC proliferation (Fig. S3). We next set out to determine whether
PAR-2 may activate ECs through the induction of specific
proangiogenic growth factors. As expected, hypoxia per se in-
duced several angiogenesis-regulating molecules in ECs, including
CD26 and placenta growth factor (Fig. 34). Interestingly, we
found that heparin-binding EGF-like growth factor (HB-EGF),
a well known proangiogenic growth factor (17, 18), was specifi-
cally up-regulated (approximately threefold) in PAR-2-stimulated
hypoxic HUVECsS, whereas hypoxia alone or PAR-2 stimulation at
normoxic conditions had virtually no effect on HB-EGF levels
(Fig. 34). These results were supported by increased immuno-
fluorescence staining for HB-EGF and substantially increased
HB-EGF mRNA expression by PAR-2AP stimulation at hypoxia,
both in HUVECs and in HBMEC: (Fig. 3B and Fig. S4). PAR-2-
dependent induction of HB-EGF protein as well as mRNA was
efficiently counteracted by p-ERK1/2 inhibition (Fig. 3 C and D).
Heparin, which is known to inhibit HB-EGF activity through in-
terference with heparan sulfate proteoglycan binding (19), re-
versed PAR-2-dependent proliferation of ECs (Fig. 3E). Heparin
could potentially interfere with the activity of several other an-
giogenic growth factors in ECs; however, at the conditions used,
heparin specifically inhibited PAR-2-activated ECs (Fig. 3E).
Moreover, antibody-mediated blockage of HB-EGF significantly
counteracted PAR-2-dependent proliferation and scratch wound
closure of ECs (Fig. 3 F and G). These results indicate that HB-
EGF has a functional role in hypoxia-driven, PAR-2/ERK1/2—
dependent activation of ECs.

Cancer Cell-Derived Vesicles Trigger ECs in a TF-Dependent Manner.
The TF/VIla protease complex is known to induce PAR-2 signaling
through proteolytic cleavage of its extracellular N terminus (20);
however, TF is considered virtually absent in normal endothelium
(21). Indeed, we found that TF was undetectable in HUVECs as
well as in HUAECs at normoxic conditions. Intriguingly, this was
true also at hypoxic conditions (Fig. S5). These results indicated
that neither normoxic nor hypoxic ECs can trigger TF-dependent
PAR-2 signaling in a cell-autonomous manner.

Previous reports have shown that various types of cells, in-
cluding malignant cells, secrete TF associated with microvesicles
(MVs) that, depending on their size, origin, and composition,
are denoted as microparticles, ectosomes, or exosomes (22-24).
We hypothesized that GBM cells may activate hypoxic ECs in
a paracrine manner through the secretion of TF-bearing MVs. In
contrast to ECs, TF protein and mRNA were substantially in-
duced by hypoxia in human GBM cells (U87-MG; Fig. S6 A and
B). Confocal microscopy analysis suggested that TF in hypoxic
GBM cells was mainly located at or near the plasma membrane
(Fig. S6C), as supported by a concordant increase of TF pro-
coagulative activity (Fig. S6D). We similarly found substantial,
hypoxic induction of TF mRNA and protein in human lung
cancer cells (Fig. S6 E and F). Hypoxic induction of TF was
associated with dramatically increased TF levels in the medium
of GBM cells (Fig. S74). The vast majority (approximately 80%)
of TF in GBM cell culture medium was associated with the ve-
sicular fraction (Fig. S7B). EM of vesicle-enriched fractions
showed intact MVs that were typically 60 to 100 nm in size. In
addition to TF, isolated MVs stained positive for the tetraspa-
nins CD63 and CD81 (Fig. S7C), which are well known markers
of exosomes (25). These results were corroborated by immuno-
blotting experiments, which showed the enrichment of TF,
CDS81, and CD63 and depletion of the ER marker calnexin in
MVs compared with whole cell lysates (Fig. S7D). Interestingly,

Svensson et al.

A s+ CD26

Ref. [es] = N H
weEcrld 007" =g = N+PAR2AP B H+PAR-2AP
.o e
- b, PIGF
N + PAR-2AP
ss CD26 Ref.[#%]
ve ewsies s
HB-EGF L e
L1 .. .. .
- PIGF
e CD26 Ref. [#]
"8 sene ..
HB-EGF Ly L
ee oo™ e 55
.o
H + PAR-2AP
e CD26 Ref. [os]
e eseene
HB'EG; . uE 0 01 02 03 04 05
[ PIGF Normalized intensity
@ .
B T _ 6 C " 0.6
235 5 Qw 05
<E 4o
z8 4 a3 04
Eg 3 25 03
5% 2 88 02
we 1 2 01
& .
I 0 0
Ci 1h _sh - - 4+ + PAR2AP
PAR-2AP _ + &+ U026
0 <
[ 9o *
D i3 2 E s
% S 4 £o
O x 2
Eg 3 £Z
632 g5 1
BE s¢
20 S o
- + + PAR-2AP £ - 4+ -  + PAR2AP
- + - + UO126 e - - + +  Heparin
F § 50 .
T .s
%"é 2 5 40
8 % 2§30
£s2 o3
5, g3
g2 Esqo
> z
£ 0
I + + PAR2AP ~ T+ + + _ _"PAR2AP
g — oHB-EGF - - + - - + gHB-EGF
- + 1gG - - -+ + - 1IgG

Fig. 3. PAR-2-mediated stimulation of hypoxic ECs involves p-ERK1/2-de-
pendent induction of HB-EGF. (A) PAR-2-mediated induction of HB-EGF in
hypoxic ECs. Normoxic (N) or hypoxic (H) HUVECs were incubated with or
without PAR2-AP (100 uM) for 6 h, and angiogenesis-related proteins were
determined by antibody array analysis as described in S/ Materials and
Methods. Left: Representative immunoblot from three independent
experiments. Right: Quantification of placenta growth factor (PIGF), CD26,
and HB-EGF levels at the various conditions presented as relative intensities
versus array reference (red box). (*P < 0.05.) (B) Hypoxic HUVECs were in-
cubated without (Ctl) or with PAR2-AP (100 uM) for 1 h or 3 h; HB-EGF mRNA
expression was determined by qRT-PCR. (*Significant up-regulation vs.
control, *P < 0.05.) (C) PAR-2-mediated HB-EGF induction depends on p-
ERK1/2. Hypoxic HUVECs were untreated or pretreated with UO126, fol-
lowed by another incubation period with or without PAR-2AP (100 uM) for
6 h. HB-EGF protein levels were quantified by immunoblotting as in A. (*P <
0.05.) (D) Similar experiment as in C showing HB-EGF mRNA expression as
determined by qRT-PCR. (*P < 0.05.) Under the conditions used, UO126 ef-
ficiently inhibited PAR-2AP-induced p-ERK1/2 (Fig. S3B). (E-G) Role of HB-
EGF in PAR-2-mediated activation of hypoxic ECs. (E) Hypoxic HUVECs were
cultured for 24 h, starved for 16 h, and then untreated or treated with PAR-
2AP (100 uM) and/or heparin (1 ng/mL) as indicated for another 24 h in the
presence of 3 pCi/mL [3H]thymidine. (*P < 0.05.) (F) Similar experiment as in
E; hypoxic HUVECs were untreated or treated with PAR-2AP and/or anti-HB-
EGF antibody (12.5 pg/mL) as indicated. Nonimmune 19G (12.5 pg/mL) was
used as a negative control. (*P < 0.05.) (G) Hypoxic HUVECs were cultured for
24 h and starved for 16 h, and then a scratch wound was formed in confluent
monolayers, followed by another 36 h of migration with the treatments
indicated. The results are presented as the mean number of cells per wound
area + SD. (*P < 0.05.)

we were able to demonstrate significant levels of VIIa in exosome-
like MVs from hypoxic GBM cells (Fig. S7E), and MVs were able
to generate active Xa even in the absence of exogenous VIla (Fig.
S7F). MVs were, however, negative for PAR-2 (Fig. S7E).
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Fig. 4. TF-bearing MVs trigger p-ERK1/2 and HB-EGF and colocalize with
PAR-2 in hypoxic ECs. (A-D) MVs from hypoxic GBM cells trigger p-ERK1/2 and
HB-EGF in hypoxic ECs in a TF-dependent manner. (A) MVs isolated from
hypoxic U87-MG cells were incubated with HUVECs at the indicated concen-
trations for 5 min, followed by immunoblotting for p-ERK1/2, total ERK1/2,
and o-tubulin. Lower: p-ERK/a-tubulin ratios from a representative experi-
ment. (B) Hypoxic HUVECs were untreated or incubated with MVs (10 pg/mL)
from hypoxic U87-MG cells for 5 min in the absence or presence of increasing
concentrations of NAPc2 as indicated. Shown are immunoblots for p-ERK1/2,
total ERK1/2, and p-actin. Lower: p-ERK/p-actin ratios from a representative
experiment. (C) Hypoxic HUVECs were untreated or treated with MV as in
B in the absence or presence of anti-human TF antibody (a-TF; 1:100), followed
by immunoblotting for p-ERK1/2, total ERK1/2, and a-tubulin. Lower: p-ERK/
a-tubulin ratios from a representative experiment. (D) Hypoxic HUVECs were
incubated without or with MVs (10 pg/mL) for 1 h in the absence or presence
of a-TF (1:100); HB-EGF mRNA expression was determined by qRT-PCR. (*P <
0.05.) (E-H) Vesicular transfer of TF from GBM cells into a PAR-2-containing
compartment of ECs. (E) Confocal microscopy of U87-MG cells and HUVECs
cultured in hypoxia for 24 h in the presence of the EC marker Ac-LDL (red).
Cells were fixed and stained for TF (green) and nuclei (blue). HUVECs were
positive for Ac-LDL and negative for TF, whereas the reverse was found in U87-
MG cells. Right: Coincubation experiment with U87-MG cells and HUVECs in
hypoxia for 24 h. Detail shows representative HUVEC containing TF-positive
vesicular structures. (F) MVs (40 pg/mL) isolated from hypoxic U87-MG cells
were incubated with hypoxic HUVECs for 30 min, and ECs were analyzed by
Immunogold labeling for TF and EM as described in Materials and Methods.
Shown is a TF-positive MV at the surface of ECs. (G) Hypoxic HUVECs were
incubated without (Ctl) or with MVs from hypoxic U87-MG cells for 30 min, and
then analyzed by Immunogold labeling for TF (5-nm gold particle, arrow) and
PAR-2 (15-nm gold particle, arrowhead), followed by EM analysis. Upper: PAR-
2 staining at the EC surface. Lower: Localization of TF-labeled MVs in a PAR-2—
positive compartment of ECs. (H) MVs (10 pg/mL) time-dependently induce
PAR-2 internalization in hypoxic HUVEGs, as determined by EC surface staining
for PAR-2 and flow cytometry. Data are presented as average + SD. (*P < 0.05.)
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These results indicated that MVs from hypoxic GBM cells
carry TF and VIIa with the potential to activate PAR-2 signaling
in ECs. In support of this notion, MVs were shown to induce p-
ERKI1/2 (Fig. 44) and HB-EGF (Fig. 4D and Fig. S8) in ECs,
and to stabilize EC tube structures and thus counteract tube
disintegration at hypoxic conditions (Fig. S8C). Confocal mi-
croscopy analysis showed the transfer of TF to vesicular struc-
tures of ECs coincubated with GBM cells at hypoxic conditions
(Fig. 4E); EM studies confirmed EC uptake of TF-loaded MVs
(Fig. 4 F and G) that colocalized with PAR-2 in target ECs.
Moreover, we found that cell-surface PAR-2 internalization in
hypoxic ECs was efficiently induced by GBM cell-derived MVs
(Fig. 4H). In further support of an involvement of TF in MV-
mediated EC activation, the nematode anticoagulant protein c2
(NAPc2), a potent inhibitor of the TF/VIIa complex (26), was
found to partially reverse MV-mediated induction of p-ERK1/2
(Fig. 4B) and EC proliferation (Fig. 54). More importantly,
antibody-mediated blockage of TF was found to reverse MV-
dependent induction of p-ERK1/2 (Fig. 4C), HB-EGF (Fig. 4D),
and EC proliferation (Fig. 5B). Finally, the addition of exoge-
nous Vlla reinforced the induction of p-ERK1/2 as well as the
stimulation of EC proliferation by MVs (Fig. 5 C and D).

Discussion

Cancer cell-derived MVs and their role in intercellular com-
munication in the tumor microenvironment is an emerging
concept in the cancer field (22-25, 27-30). A communication
route based on MVs may provide malignant cells with a highly
versatile system to influence the surrounding microenvironment
during angiogenesis, invasion, and metastasis, as well as for im-
mune surveillance. Here, we provide evidence that GBM cell-
derived MVs may constitute an important signaling mechanism
in hypoxia-driven modulation of nonmalignant tumor cells. Our
findings indicate that hypoxic cancer cells release TF/VIla-
bearing MVs that trigger up-regulated PAR-2 on hypoxic vas-
cular ECs, which results in increased levels of the proangiogenic
growth factor HB-EGF (Fig. SE shows a schematic summary).

Of particular interest in the context of the present investi-
gation, it has been shown that GBM-derived MVs stimulate EC
tube formation; however, the underlying molecular mechanism
of this effect was not elucidated (27). Others have shown that
MVs can transfer the oncogenic form of the EGFR, EGFRVIII,
between GBM cells (28) as well as from GBM cells to ECs (29),
resulting in EGFRvllI-driven phenotypic modulation of re-
cipient cells. Moreover, Antonyak et al. (30) recently showed
that MVs from U87-MG cells could induce transformed cell
characteristics in fibroblasts through the transfer of cross-linked
tissue transglutaminase-fibronectin.

Significant findings of the present study are hypoxic induction
of PAR-2 in ECs and hypoxia-driven EC activation through
PAR-2 signaling. There appears to be a specific role for PAR-2,
as PAR-1 expression was unaffected by hypoxia in ECs. Further,
we show that PAR-2 in this context acts through a pathway in-
volving ERK1/2-dependent induction of proangiogenic HB-EGF.
These findings, and the fact that antibody-mediated neutraliza-
tion of HB-EGF also has shown inhibitory effects in GBM cells
(31), should motivate further in vivo studies exploring HB-EGF
as a target in GBM therapy.

It was recently shown that glioma cells display increased cell
migration and invasion under hypoxic conditions, which was as-
sociated with enhanced TF/VIIa-mediated PAR-2 activation
(32), and that EGFRVIII transformed GBM cells become hy-
persensitive to TF/PAR-mediated signaling (10), indicating
a role of this pathway also in autocrine stimulation of GBM cells.
Whereas malignant transformation appears to induce TF as well
as PARs (10), we found that hypoxia specifically up-regulates
TF, and rather down-regulates PAR-2 expression in GBM cells
(Fig. S9). There thus appears to be a complex interaction be-
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Fig. 5. MV-mediated activation of hypoxic ECs is TF/VIla-dependent. (A and
B) Hypoxic HUVECs were untreated or incubated with MVs (0.1 pg/mL) in the
absence or presence of NAPc2 (A) or anti-human TF antibody (a-TF, B) as
indicated for 72 h in the presence of 3 pCi/mL [*H]thymidine. Cell pro-
liferation was determined by [*H]thymidine incorporation. (*Significantly
different from MV stimulation in the absence of TF inhibitor, P < 0.05.) (C)
MVs at the indicated concentrations with or without exogenous Vlla (4 nM)
were incubated with hypoxic HUVECs for 5 min, followed by immunoblot-
ting for p-ERK1/2, total ERK1/2, and p-actin. (D) Hypoxic HUVECs were
treated with MVs with or without exogenous Vlla (4 nM) as indicated for
72 h, and cell proliferation was determined by [*H]thymidine incorporation.
(*Significantly different from untreated control, P < 0.05.) (E) Hypoxic (H)
GBM cells release MVs that are loaded with the TF/Vlla coagulation initiation
protease complex; hypoxic ECs appear to be devoid of TF, which precludes
cell-autonomous PAR-2 activation. PAR-2 is up-regulated by hypoxia in ECs
that are activated by GBM cell-derived MVs in a paracrine manner through
a pathway involving PAR-2/ERK1/2-dependent induction of the proangio-
genic growth factor HB-EGF. We propose that MVs provide GBM cells with
a powerful signaling mechanism in hypoxia-driven modulation of ECs,
resulting in increased angiogenesis and accelerated tumor growth.

tween oncogenetic events and nononcogenetic events, i.e., hyp-
oxia, in coagulation-dependent PAR signaling in GBM cells.
Several stimuli, e.g., shear stress, cytokines, and growth fac-
tors, have been shown to transiently induce TF in ECs. The fact
that TF was undetectable in hypoxic ECs is thus intriguing; fu-
ture studies should explore the possibility that functional TF, in
analogy with EGFRVIII (28, 29), may be incorporated from
cancer cell-derived MVs into ECs to trigger PAR-2 in a cell-
autonomous manner. This may occur locally in the tumor, but
potentially also at the systemic level, as tumor-derived vesicles
have been shown to escape into the bloodstream of patients with
cancer (33). Notably, in a human GBM xenograft SCID mouse
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model, we found that plasma levels of human TF correlated with
tumor mass, suggesting that TF secreted by GBM cells escapes
into the circulation (Fig. S10). An interesting, yet hypothetical,
possibility is that TF-enriched MVs secreted from hypoxic GBM
cells are the underlying mechanism of the high incidence of
thromboembolism in GBM; perhaps more importantly, circu-
lating, MV-associated TF may provide a noninvasive marker that
reflects a more hypoxic and aggressive tumor.

In summary, this study provides insight into how the pheno-
typic characteristics of GBM may interact at the molecular level
during tumor development. We show that hypoxia orchestrates
a paracrine pathway that involves cancer cell-derived, procoa-
gulative MVs and the induction of PAR-2/ERK1/2/HB-EGF-
dependent activation of ECs.

Materials and Methods

Materials and descriptions of angiogenesis and phosphokinase arrays, im-
munoblotting, immunofluorescence microscopy, lactate dehydrogenase
(LDH) release, Matrigel tube formation, quantitative real-time PCR (qRT-PCR),
RNAi experiments, and TF ELISA and TF activity assays are listed in S/ Materials
and Methods.

Cell Culture. HUVEC and HUAEC cells (purchased from Lonza) were cultured
in EC basal medium supplemented with 10% heat-inactivated FBS, 2 mM
L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, 10 ng/mL hydro-
cortisone, and 20 pg/mL human recombinant EGF (growth medium). HBMEC
cells (purchased from 3H Biomedical) were cultured in EC medium supple-
mented with 5% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, and EC
growth supplement. Human GBM (U87-MG) cells and human lung carcinoma
(A549) cells (purchased from ATCC) were cultured in DMEM and F12K, re-
spectively, supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL pen-
icillin, and 100 pg/mL streptomycin. All cells were cultured in a humidified
incubator set at 5% CO, and 37 °C. For hypoxia experiments, cells were in-
cubated in a humidified InVivo, Hypoxia Workstation 400 (Ruskinn Tech-
nology) set at 5% CO,, 94% N,, 1% O,, and 37 °C.

Proliferation and Migration Assays. HUVECs were incubated in normoxia or
hypoxia for 24 h in growth medium and starved in serum-free medium for
16 h, followed by the various treatments as described later with continuous
incubation at normoxia or hypoxia. For proliferation, starved HUVECs were
untreated or treated with 100 pM PAR-1AP, 100 uM PAR-2AP, and/or 12.5 ug/
mL anti-HB-EGF blocking antibody for 24 h, or with 0.1 pg/mL MVs with or
without 4 nM Vlla for 48 h, in EBM supplemented with 1% heat-inactivated
FBS and 3 pCi/mL [*Hlthymidine. The amount of incorporated [*H]thymidine
was determined by Beckman Coulter LS6500 liquid scintillation as previously
described (34). For scratch assay, a wound was formed in starved HUVEC
monolayers with a sterile plastic pipette followed by extensive washing.
Cells were then left untreated or treated with 100 pM PAR-1AP or 100 pM
PAR-2AP in EBM with 1% heat-inactivated FBS for 36 h. Wound closure was
measured by counting the number of cells in the wound area in nine sep-
arate replicates in each group. Cells were captured using a Leitz Fluovert FS
microscope equipped with a 10x objective and a digital camera. For trans-
well assay, starved, hypoxic HUVECs were seeded in serum-free medium into
8-um pore cell culture inserts precoated with 10 pg/mL fibronectin. Cells
were left untreated or treated with 100 pM PAR-2AP with or without 12.5
ug/mL HB-EGF blocking antibody. Cells were allowed to migrate for 5 h and
were subsequently stained with crystal violet and quantified as previously
described (35). In all experiments with blocking antibody, equal protein
amounts of mouse, nonimmune IgG were used as control.

MV Purification and Characterization. Secreted vesicles were isolated from cell
culture medium as previously described (27, 29, 30, 36). Briefly, U87-MG cells
were cultured at normoxic or hypoxic conditions for the time periods as
indicated in figure legends in serum-free medium supplemented with 1%
BSA (wt/vol). Collected cell culture medium from subconfluent 175-cm?
flasks was depleted of cells and cell debris by consecutive, low-speed cen-
trifugations. The obtained supernatants were carefully collected and
centrifuged for 2 h at 100,000 x g at 4 °C. Pellets from this centrifugation
step were washed in PBS solution and centrifuged for 70 min at 100,000 x g
at 4 °C, and the obtained pellets were resuspended in PBS solution. The
nature of isolated MVs was studied by transmission electron microscopy (as
detailed later) and immunblot analysis (S/ Materials and Methods), showing
no organelle contamination as determined by the absence of ER/Golgi
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markers, and the strong enrichment of the exosomal markers CD63 and
CD81 (25).

Confocal Laser Scanning Microscopy. For antibody stainings, subconfluent
HUVEGs in eight-well chamber slides were fixed with 2% paraformaldehyde
for 10 min, washed with PBS solution/BSA 1% (wt/vol) and blocked with PBS
solution/BSA for 30 min followed by staining with mouse monoclonal anti-
PAR-2 (1:200; no. 13504; Santa Cruz), anti-PAR-1 (1:200; no. 13503; Santa
Cruz), or anti-TF (1:200; 10H10) antibody at 4 °C overnight, and subsequently
stained with goat anti-mouse Alexa Fluor 488 (1:200; Invitrogen) for 30 min
at room temperature. Cells were counterstained for F-actin by using phal-
loidin-TRITC and/or Hoechst 33342 nuclear stain, followed by mounting in
Aqua Pertex (Histolab). In some experiments, HUVECs were pretreated with
10 pg/mL MVs for 6 h, washed extensively with 1 M NaCl to remove non-
specifically bound MVs, fixed, and stained with rabbit polyclonal HB-EGF
antibody (1:200; no. 16783; Abcam) at 4 °C overnight, and subsequently
stained with goat anti-rabbit Alexa Fluor 488 (1:200; Invitrogen) for 30 min
at room temperature. In coculture experiments, HUVECs and U87-MG cells
were seeded simultaneously (HUVEC,U87-MG ratio 1:5) in serum-free me-
dium and cultured at hypoxia for 24 h. Acetylated-LDL-rhodamine (Ac-LDL; 4
pg/mL) was added for 3 h before fixation and staining for TF and nuclei as
described earlier. Cells were analyzed by using a Zeiss LSM 710 confocal
scanning microscope equipped with a 20x objective. Controls without re-
spective primary antibody were included in all experiments.
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EM. Isolated MVs and cells were washed twice in Tris-buffered saline solution,
pelleted, and fixed for 1 h at 20 °C and overnight at 4 °C in 2.5% glutaral-
dehyde in cacodylate buffer. Cells were washed with cacodylate buffer,
postfixed for 1 h at 20 °C in 1% osmium tetroxide in cacodylate buffer,
dehydrated in a graded series of ethanol, and then embedded in Epon 812
with acetone as an intermediate solvent. Specimens were analyzed for
negative staining or cut into 50-nm sections on an LKB ultramicrotome, and
stained with uranyl acetate and lead citrate. Some samples were incubated
with anti-TF (1:50) and/or anti-PAR-2 (1:100) antibodies, followed by sec-
ondary antibodies conjugated with 5 nm gold (1:10) or 15 nm gold (1:20)
from Electron Microscopy Sciences. Specimens were examined in a JEM 1230
transmission electron microscope (JEOL) at 80 kV accelerating voltage.
Images were captured with a Gatan Multiscan 791 CCD camera.

Statistical Analyses. Data are presented as the mean + SD (n = 3-6). Statistical
significance was evaluated with the Student t test using Microsoft Excel;
a P value lower than 0.05 was considered significant.
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