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ABSTRACT 
 

Objective: To investigate the role of urokinase-type plasminogen activator/urokinase-type plasminogen 
receptor(u-PA/u-PAR) system in glioma angiogenesis under hypoxic conditions, we studied the effect of 
glioma-conditioned medium on the hypoxia induced changes in human endothelial-like ECV304 cells proliferation, 
apoptosis, cord formation in vitro and u-PA/u-PAR expression. 

Methods: MTT assay was used to examine the changes in cell proliferation. Cell apoptosis was analyzed by 
Hoechst 33258 staining. Matrigel cord-like formation assay was used to evaluate the angiogenesis ability of ECV304 
cells in vitro. Expressions of u-PA/u-PAR mRNA were detected by quantitative real-time RT-PCR. 

Results: Hypoxia inhibited ECV304 cells proliferation and induced cell apoptosis. Hypoxic conditioned 
medium(H-CM) while not normoxic conditioned medium(N-CM) of U251 glioma cells partially blocked the effect of 
hypoxia on ECV304 cells proliferation and apoptosis. H-CM of U251 glioma cells also promoted the cord formation 
of ECV304 cells seeded on matrigel. When u-PA or u-PAR monoclonal antibodies were added into ECV304 cells 
culturing medium, cord formation ability was partially inhibited. H-CM of U251 glioma cells induced uPA and uPAR 
expression in ECV304 cells. 

Conclusion: These suggest that u-PA/u-PAR system is involved in glioma angiogenesis trigged by hypoxic 
microenviroment. 
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INTRODUCTION 
 
Malignant glioma, the most common primary 

tumor in the central nervous system and the most 
aggressive brain tumor with very poor prognosis, is 
characterized by rapid growth, intense angiogenesis, 
vascular malformations and recurrent tendency. 
Except for these widely used treatment including 
operative resection, chemotherapy and radiotherapy, 
many new therapeutic strategies are exploring. The 
translation of antiangiogenic therapy from laboratory 
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to the clinic is underway and is robust after more than 
three decades of research on angiogenesis[1].  

Angiogenesis is one of essential components 
which can provide oxygen and nutrients for the 
growth of malignant gliomas. However, regional 
necrosis, a very often described pathological feature 
existed in glioma tissue, implicates that a few tumor 
cells and vascular endothelial cells survive in regional 
hypoxic conditions and form new vessels. During this 
process, many molecular changes in endothelial cells 
and glioma cells contribute to the angiogenic 
response, such as hypoxia-inducible factor-1α 
(HIF-1α), vascular endothelial growth factor (VEGF) 
and its receptor, matrix metalloproteinases (MMPs), 
and so on. Exposure to hypoxia causes an increase in 
gene expression of VEGF, VEGFR2 and activities of 
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MMP-2 and MMP-9, which induce an increase in 
capillary-like structure formation in endothelial cells 
seeded into matrigel[2,3]. However, antiangiogenic 
agents targeting VEGF, HIF-1α or MMPs, which have 
been shown strong efficacy in experimental models, 
did not demonstrate exciting results in clinical trial[1], 
implicating that other factors may also be involved in 
the hypoxia-induced angiogenesis.  

The urokinase-type plasminogen activator (u-PA) 
is secreted as a single-chain inactive zymogen form 
pro-u-PA, which is activated by a surface-bound 
plasmin to a two-chain u-PA. The uPA molecule binds 
to its cellular receptor u-PAR (CD87), a member of 
the glycosylphosphatidylinositol (GPI) anchored 
proteins, with high affinity[4,5]. It has been shown that 
in a number of in vitro as well as in vivo studies, the 
binding of u-PA to u-PAR is essential for its action in 
tumor cell migration, invasion and tumor 
angiogenesis[6,7]. Nevertheless both u-PA and u-PAR 
are often expressed at high levels in malignant brain 
tumors[8,9], little was done to observe the effect of 
hypoxia on u-PA/u-PAR expression in vascular 
endothelial cells and on following angiogenesis. In 
this study we observed the formation of capillary-like 
tubular structures in vitro by human endothelial-like 
ECV304 cells under hypoxic glioma cells conditioned 
medium, and evaluated the role of u-PA/u-PAR in this 
process. 
111111 
 

MATERIALS AND METHODS 
 
Cell Lines and Chemicals   
 

Cell culture was performed as described[10]. 
Briefly, human glioblastoma U251 cells and human 
endothelial-like ECV304 cells, obtained from Central 
Chinese Type Culture Collection (Wuhan, China), 
were maintained in RPMI-1640 medium(Invitrogen, 
Grand Island, NY) supplemented with 10% fetal 
bovine serum (FBS), 100 U/ml penicillin G, 0.1 
mg/ml streptomycin at 37°C in 5% CO2, and 10 ng/ml 
human basic fibroblast growth factor (bFGF; Sigma, 
St. Louis, MO, USA) was added in the medium of 
ECV304 cells. Cells used in this study were passaged 
4 times or less. For culturing in hypoxic conditions, 
cells were placed in a humidified chamber maintained 
at 1% O2, 5% CO2 and balanced in N2 for the 
indicated times.  

Preparation of glioma conditioned medium.  
When reaching 70–80% confluence, U251 glioma 
cells were washed twice with serum-free medium and 
then cultered in fresh medium containing 1% FBS at 
37°C under normoxic or hypoxic conditions. After 
24 h incubation, the medium was collected and 

centrifuged at 2000×g at 4°C for 10 min. The 
supernatant was stored at -20°C until use.  
 
Cell Viability Assay  
 

MTT assay was performed to assess the viability 
of ECV304 cells under hypoxic conditions or treated 
with conditioned medium. Briefly, ECV304 cells were 
plated in 96-well flat-bottom plates at a concentration 
of 1×104 cells/well in 100μl of medium. After 
indicated treatments, 20µl 3-[4,5-dimethyhlthizaol- 
2-yl]-2,5-diphenyl tetrazolium bromide (MTT, Sigma, 
USA) at a final concentration of 5mg/ml were added 
to each well. Four hours later, cell medium was 
replaced with 100 µl dimethyl sulfoxide (DMSO) and 
the optical density of each well was measured by 
microplate reader (Hua Dong Electronic Co., Nanjing, 
China) at 490 nm.  
 
Hoechst 33258 Staining   
 

ECV304 cells were cultured in 12-well plates 
under normal or hypoxic conditions in the presence or 
absence of U251 conditioned medium for 48 h. Then, 
cells were washed with PBS and fixed with 4% 
paraformaldehyde prepared in PBS. After fixation, 
cells were stained with 1μg/ml of Hoechst 33258 
(Molecular Probes, Eugene, OR) for 10 min at 37°C 
in the dark. The proportion of apoptotic nuclei was 
determined by counting three random fields in 
duplicate wells per group using a fluorescent 
microscope (Olympus, Melville, NY) with apoptosis 
defined as the presence of two or more condensed 
bodies per nucleus.  
 
 
Matrigel Cord-like Formation Assay  
 

Matrigel cord-like formation assay was 
performed as described[11]. 250 μl of Matrigel (BD 
Biosciences, Palo Alto, CA) was placed in each well 
of an ice-cold 24-well plate. The plate was allowed to 
sit at room temperature for 15 min, and at 37°C for 30 
min for Matrigel to polymerize. ECV304 cells in 
normoxic or hypoxic U251 conditioned medium were 
plated at a concentration of 1×105 cells/well. After 
24h incubation under hypoxic condition, pictures 
were taken under phase-contrast microscopy and 
capillary cord structure was defined as cellular 
extension linking cell masses or branch points. 
Network formation was measured by counting the 
number of cord angles/field (each field is defined as 
the area visualized by a 4×magnification lens). Each 
experimental condition was tested in 8 separate 
experiments.  
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Quantitative Real-time RT-PCR Assay  
 

Total RNA was extracted from ECV304 cells 
treated with U251 conditioned medium, according to 
the manufacturer's instructions for Trizol reagent 
(Invitrogen, Carlsbad, CA, USA). Tow μg of total 
RNA were converted to first-strand cDNA using a 
Reverse Transcription System (Promega, Madison, 
WI). Quantitative Real-time PCR was carried out 
using qPCR SYBR Green kit (ABgene, Rochester, 
NY) and analyzed on a Bio-Bad iCycler system 
(Bio-Bad, Hercules, CA). The PCR conditions were: 
95°C for 5 min, followed by 40 cycles of 95°C for 15 
s, 55°C for 30 s and 72°C for 30 s with fluorescence 
measurements read during each cycle. The expression 
levels of targer gene mRNAs were normalized to 
those of GAPDH mRNA. The series of measurements 
was performed four times. Specific primers are as 
follows[12]: uPA forward, 5’-TGC GTC CTG GTC 
GTG AGC GA-3’, and reverse, 5’-CAA GCG TGT 
CAG CGC TGT AG-3’; uPAR forward, 5’-CAT GCA 
GTG TAA GAC CCA ACG GGG A-3’, and reverse, 
5’-AAT AGG TGA CAG CCC GGC CAG AGT-3’; 
GAPDH forward, 5’-CGG AGT CAA CGG ATT TGG 
TCG TAT-3’, and reverse, 5’-AGC CTT CTC CAT 
GGT GGT GAA GAC- 3’. 
 
Statistical Analysis  
 

The data are expressed as the x ± s. Statistical 
analysis was performed by SPSS11.0 using the 
unpaired Student t-test for the comparison between 
two sample groups and one-way ANOVA test for the 
multiple comparisons. P<0.05 were considered to be 
statistically significant. 
 
 

RESULTS 
 

Hypoxia Inhibited the Proliferation of ECV304 
Cells and Induced Apoptosis  
 

To investigate the viability of endothelial cells 
under hypoxic condition, we detected the proliferation 
of endothelial cells, which is prerequisite during the 
angiogenic process. ECV304 cells were cultured to 
90% confluence, then exposed to normoxia or hypoxia 
for 24 h and 48 h. Cell viabilities under hypoxic 
condition for 24 h reduced by 25% compared with 
normoxic condition (P=0.0083), and by 55% for 48 h 
(P=0.0002)(Figure 1A). The data suggested that 
hypoxia resulted in a significant reduction in cell 
proliferation of ECV304 cells. To determine whether 
the reduction of cell numbers might result from 
hypoxia-induced apoptosis, we exposed ECV304 cells 

to hypoxic conditions for 48 h to analyze the cells by 
fluorescence microscopy following Hoechst 33258 
staining. Within 48 h of hypoxic exposure, apoptotic 
cells indicated by two or more condensed bodies per 
nucleus significantly increased (69.16±19.93) in 
ECV304 cells. However, few stained apoptotic cells 
were observed under normoxic conditions 
(13.83±4.69) (P=0.0002) (Figure 1B, 1C). It was 
suggested that hypoxia-induced apoptosis was one of 
possible mechanisms for decreased cell proliferation 
in ECV304 cells cultured under hypoxic condition.  

 

 
 
Figure 1. Effect of hypoxia on ECV304 cells proliferation 
(A) and apoptosis (B, C). 1× 104 ECV304 cells were cultured 
to 90% confluence, then exposed to normoxia or hypoxia for 
24 h and 48 h, and cell viability was measured by MTT assay. 
#P<0.05, and *P<0.01 vs normoxia by student t-test; cell 
apoptosis was assessed by Hoechst 332581 staining following 
exposure to normoxia or hypoxia for 48 h (B,C). *P<0.01 vs. 
normoxia by Student t-test. 
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Conditioned Medium of Hypoxic Glioma Cells 
Promoted ECV304 Proliferation  
 

Since hypoxia reduced the proliferation rate and 
induced apoptosis of ECV304 cells, we further 
exposed ECV304 cells to conditioned medium 
collected from cultured U251, a human glioblastoma 
cell line, to investigate the effect of glioma cells on 
the survival of ECV304 cells under hypoxic 
condition. After 90% confluence of ECV304 cells, 
medium was replaced by U251 normoxic conditioned 
medium(N-CM) or hypoxic conditioned medium 
(H-CM) accompanying with exposure to hypoxia  for 
48 h. ECV304 cells treated by H-CM (0.56±0.05) 
were partially corrected in reduction of cell 
proliferation compared with N-CM (0.45±0.05) 

 

 
 
Figure 2. Effect of U251 H-CM on ECV304 cells 
proliferation (A) and apoptosis (B). ECV304 cells 
(1×104/well) were cultured in normal medium (NM) to 90% 
confluence, then medium was replaced by NM, N-CM, H-CM 
and the cells were exposed to hypoxia or normoxia for 48 h. 
Cell proliferation was measured by MTT assay. H-CM but not 
N-CM promoted ECV304 cells proliferation under either 
hypoxia or normoxia (A) *P<0.05 hypoxia vs. normoxia under 
different culture medium condition; #P<0.05) vs. NM under 
hypoxia; ▲P<0.05 vs. N-CM under hypoxia. Apototic cells 
were assesed by Hoechst 332581 staining following 48 h 
exposure to hypoxia (B). *P<0.01 hypoxic vs normoxic group 
under different culture medium condition; #P<0.05 vs. NM 
under hypoxia; ▲P<0.05 vs. N-CM under hypoxia. Student 
t-test was used for the comparison between 2 sample groups 
and ANOVA test for the multiple comparisons.  

(P=0.0304) (Figure 2A). Presence of H-CM 
significantly prevented reduction in cell numbers in 
cultures of ECV304 cells grown in hypoxia. 
Furthermore, compared to ECV304 cells cultured with 
normal medium(NM) under hypoxic condition, a 
marked reduction in apoptotic ECV304 cells in 
cultures containing H-CM was observed, while there 
was no significant change in apoptotic cells in 
cultures containing N-CM (Figure 2B). These results 
suggested that H-CM, but not N-CM, increased the 
survival of ECV304 cells.  
 
Hypoxic U251 Conditioned Medium Promoted 
Cord Formation of ECV304 Cells 
 
 In order to investigate the angiogenic function of 
ECV304 cells survived from hypoxia by H-CM, we 
further studied the effect of H-CM on cord formation 
ability of ECV304 cells seeded on polymerized 
matrigel. Few cords were formed by ECV304 cells in 
NM under normoxia. Hypoxia itself induced cord 
formation of ECV304 cells in all three different 
medium, while no significant difference of this 
induction was observed between N-CM and NM. 
However, more abundant cord structures were 
observed with the addition of U251 H-CM under 
either normoxia or hypoxia. Quantitative analysis 
showed significant difference between N-CM and 
H-CM groups (Figure 3).  
 

 

 
 
Figure 3. Effect of U251 H-CM on cord formation of 
ECV304 cells plated on matrigel-coated wells and incubated 
24 h under normoxic or hypoxic condition. Quantitative 
analysis revealed the different capacity of cord formation of 
ECV304 cells under different conditioned medium. *P<0.05 
vs. NM cultured cells under normoxic or hypoxic condition; 
#P<0.05 H-CM vs. N-CM; ▲ P<0.05 hypoxic group vs. 
normoxic group under different culturing medium. Student 
t-test was used for the comparison between 2 sample groups 
and one-way ANOVA test for the multiple comparisons.  

 
 
Role of u-PA/u-PAR in the Survival and Cord 
Formation of ECV304 Cells Stimulated by U251 
H-CM  
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As u-PA/u-PAR system has been implicated in a 
number of processes involved in tumor progression, 
including extracellular matrix degradation, tumor cell 
invasion, and angiogenesis, we investigate the 
possible involvement of u-PA/u-PAR in survival and 
cord formation of ECV304 cells promoted by U251 
H-CM. The expressions of u-PA/u-PAR in ECV304 
cells were examined. Quantitative real-time RT–PCR 
demonstrated that mRNA levels of uPA and uPAR in 
ECV304 cells cultured with U251 H-CM increased 
respectively, compared with cells cultured with NM or 
U251 N-CM under hypoxia (Figure 4A, 4B). Then, 
the specific u-PA and u-PAR monoclonal antibodies 
were employed to antagonize its activation. Matrigel 
assay showed that specific u-PA and u-PAR antibodies 
attenuated the cord formation ability of ECV304 cells 
promoted by U251 H-CM. Significant reduction was 
observed in cord formation by either antibody (Figure 
5). 
 
 

 
 
Figure 4. Expression of u-PA and u-PAR mRNA in ECV304 
cells cultured with different culturing medium uner normoxia 
and hypoxia. Under hypoxia while not normoxia, quantitative 
real-time RT-PCR demonstrated that u-PA(A) and u-PAR (B) 
mRNA levels in ECV304 cells with U251 H-CM were 
significantly increased. #P<0.01 vs. NM; ▲P<0.01 vs. N-CM. 
Student t-test was used for the comparison between 2 sample 
groups and one-way ANOVA test for the multiple 
comparisons.  

 

 

 
 
Figure 5. u-PA/u-PAR antibodies affected cord formation of 
ECV304 cells incubated with U251 H-CM. After 90% 
confluence of ECV304 cells, medium was replaced by U251 
H-CM and specific u-PA and u-PAR antibodies were added 
respectively at the same time point under hypoxia. Matrigel 
cord formation assay was performed after 48h incubation. 
Both u-PA and u-PAR specific antibodies attenuated the cord 
formation ability of ECV304 cells. #P<0.05 vs. untreated 
control group by one-way ANOVA test.  

 
 

DISCUSSION 
 

Angiogenesis is a complex process in which ECs 
respond to various proangiogenic factors, including 
growth factors and chemokines produced by tumor 
and stromal cells. In the process of angiogenesis of 
tumor tissue, new blood vessels are initiated by 
endothelial cells from various sources, including the 
sprouts of preexisting vessels adjacent to the tumor. 
These endothelial cells form new microvessels 
through proliferation, tubulogenesis and remodeling 
[13,14]. The proliferation of endothelial cell, as a crucial 
step of angiogenesis is triggered and modulated by a 
variety of stimuli including hypoxic microenviroment 
which is believed to be a potent and crucial stimulus 
in tumor angiogenesis[15]. Some researchers have 
reported that hypoxia induced endothelial cells 
proliferation[16,17], while others have shown a 
reduction of endothelial cell number in hypoxia and 
an arrest in the cell cycle[2,8,19]. In this study we first 
investigated the responses of human endothelial 
ECV304 cells to hypoxia mimicked in in vitro 
experiment. Reduction of ECV304 cell numbers and 
increase of apoptotic cells were observed in hypoxic 
conditions, compared with ECV304 cells cultured in 
normoxic conditions. Our findings are similar to that 
of Ezhilarasan R et al[2] who reported that hypoxia 
caused a reduction in clonogenic cell survival 
response and an increase of the sub-G1 phase of the 
cell cycle in endothelial cells, and suggested that 
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caspase-dependent mechanism involved in the 
hypoxia-induced endothelial cell apoptosis. 

Although damage of endothelial cells was 
observed under hypoxic condition in in vitro 
experiment, endothelial cells survive and sprout new 
vessels in solid tumors existing intratumoral hypoxia. 
This process occurs most prominently in glioblastoma 
in which necrotic lesions are detectable at early stages 
of tumor development. The relative mechanisms are 
not completely clarified[20]. Because of the crucial 
role of survival and proliferation of endothelial cells 
in the angiogenic process, we tried to investigate 
whether glioma cells under hypoxic condition can 
protect hypoxia-induced endothelial cell damage. 
Here we demonstrated that the culture medium of 
U251 glioma cells treated with hypoxia rescued 
endothelial cells from death induced by hypoxia. Both 
the secretion of VEGF from glioma cells under 
hypoxic culturing condition and activation of nuclear 
factor-κB (NF-κB) in endothelial cells induced by 
TNF-α are claimed to be necessary for endothelial cell 
survival as they increase the expression of 
antiapoptotic genes including Bcl-2, Bcl-XL, survivin 
and X-chromosome-linked inhibitor of apoptosis 
protein in endothelial cells[3].  

In addition to block the ECV304 cells death 
induced by hypoxia, the enhancement of angiogenic 
ability of ECV304 cells by exposure to hypoxic 
conditioned medium of U251 glioma cells were also 
shown in vitro by matrigel cord formation assay. 
Compared with U251 N-CM, more cord like 
structures were observed in cells treated with H-CM. 
Our findings also provided evidence supporting the 
notion that glioma cells under hypoxic conditions may 
secrete soluble factors triggering a variety of 
biological responses that regulate endothelial cells 
proliferation and angiogenesis. It has been verified 
that the most important factor orchestrating hypoxia- 
induced angiogenesis is HIF-1, which is a heterodimer 
that consists of a HIF-1α and a HIF-1β subunit. Under 
normoxic condition HIF-1α is ubiquitinated and 
degradated through its interaction with Von Hippel- 
Lindau tumor suppressor protein. During hypoxia, 
HIF-1α is activated, interacts with its co-activators 
p300 and CBP and binds to hypoxia- responsive 
elements (HRE), which leads to up- regulation of 
several genes  involving in cell cycle control, stress 
response, and neovasularization, such as cyclin G2, 
insulin-like growth factor binding protein 3, VEGF, 
NOS, and other adaptive response molecules or 
chemokines[21-23].  

In these angiogenic regulators, u-PA and u-PAR 
are also required for activation of many signal 
transduction pathways. A large body of evidence 
suggests that u-PA/u-PAR system plays a key role in 

tumor tissue morphogenesis, cell differentiation, 
migration and invasion by virtue of its ability to 
activate plasminogen, which degrades many ECM 
components and activates latent collagenases[24,25]. In 
gliomas, u-PA and u-PAR are up-regulated and their 
levels are increased with tumor grade. U-PA and 
u-PAR were also detected in glioma endothelial cells 
of the tumor vasculature, which were predominantly 
located at sites of vascular proliferation and at the 
leading edges of the tumor. Taking into consideration 
the correlation of uPA expression with microvessel 
quantity, it was suggested that both u-PA and u-PAR 
play a significant role, not only in tumor invasion but 
also in glioma angiogenesis[8,9]. In this study, we 
showed that U251 H-CM increased u-PA and u-PAR 
expression in ECV304 cells, and that u-PA/u-PAR 
antibodies inhibited the promotion of cord formation 
in ECV304 cells stimulated by U251 H-CM. Our data 
suggested that modulation of u-PA/u-PAR expression 
altered the angiogenic potential of the ECV304 cells 
under hypoxic condition. By using RNA interference 
directed toward u-PAR and MMP-9, Lakka et al[26] 
also achieved specific inhibition of uPAR and 
MMP-9, which inhibited glioma cell proliferation, and 
significantly reduced the levels of phosphorylated 
forms of MAPK, ERK, and AKT signaling pathway 
molecules, and inhibited the formation of capillary- 
like structures in both in vitro and in vivo models of 
angiogenesis.  

In summary, we have shown that hypoxia induced 
apoptosis of endothelial cells and H-CM of glioma 
cells rescued endothelial cells from apoptosis and 
promoted capillary tube formation. We further 
demonstrated that u-PA/u-PAR system would play 
important roles in these biological processes. These 
results provide insight into the mechanisms by which 
hypoxia stimulates glioma angiogenesis. It may be 
useful in the design of new antiangiogenic therapy. 
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