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A tumor’s capacity to grow is linked 
to its capacity to recruit a supply of 
new blood vessels. When a tumor 

remains in a dormant state, the cellular pro-
liferation rate is balanced by the apoptotic 
rate and it is unable to grow in size beyond 
a few millimeters in the absence of the ac-
quired angiogenic phenotype. In order to 
do this, it sends out “signals” to already ex-
isting blood vessels to sprout new branch in 
a process called angiogenesis. In response to 
these chemical signals, endothelial cells di-
vide and grow, breakdown their surround-
ing tissue barriers with proteases (namely 
cysteine, serine, and metalloproteinases) 
and migrate toward the tumor to form a 
connection to the body’s blood supply. The 
mechanisms that lead the tumors to switch 
to the angiogenic phenotype are unknown. 
The development of new blood vessels fol-
lows a well-defined pattern beginning with 
an initial increased vascular permeability 
leading to extravasation of plasma, plasma 
proteins, and deposition of proangiogenic 
matrix proteins (41-43, 50). The process is 
complex and involves multiple steps and 
pathways with positive and negative sig-

nals (53, 54, 66). Endothelial cells then 
assemble themselves to form a central lu-
men, elaborate a new basement membrane, 
and eventually recruit pericytes and smooth 
muscle cells to surround the mature vessel. 
Thus, angiogenesis is a complex process 
involving a multitude of tightly controlled 
sequence of events that lead to the develop-
ment of new vasculature. Loss of the tight 
control over this highly regulated process 
can have disastrous effects in developmen-
tal, pathological and physiological states. In 
neoplasia, the angiogenic balance is tipped 
in favor of new vessel growth (66).

Glioblastomas are among the most dra-
matically neovascularized neoplasms; pro-
gression of a glioma to its more malignant 
form of glioblastoma is usually associated 
with striking neovascularization, evidenced 
by vasoproliferation, altered endothelial 
cell cytology, and endothelial cell hyper-
plasia. In the case of astrocytoma, the low 
grade (WHO grade II) tumors show slight 
increases in vessel density, while high mi-
crovessel density and evidence of neo-an-
giogenesis is part of the histological defi-
nition of grade III and IV astrocytomas 

(82). In addition, glioblastomas (WHO 
grade IV astrocytomas) are characterized by 
two histological characteristics relevant to 
angiogenesis: glomeruloid vascular prolif-
eration, a characteristic architecture of new 
vessels, and necrosis with pseudopalisading 
cells, a focus of hypoxia that stimulates an-
giogenesis (13). Endothelial proliferation 
is so frequently found within and adjacent 
to high-grade gliomas that it is one of the 
pathologic criteria for grading these tumors. 
The obvious conclusion is that high-grade 
gliomas must stimulate the proliferation of 
endothelial cells and generate new blood 
vessels to support their growth. 

It is well known that in addition to cyto-
kines and growth factors, the extracellular 
matrix (ECM) also plays a significant role 
in angiogenesis. Several number of distinct 
families of molecules have been identified 
that play a functional role in the angio-
genic process including growth factors and 
their receptors, proteolytic enzymes, cell 
adhesion receptors, and extracellular ma-
trix components (14, 23, 101, 143, 147). 
Vascular endothelial cells are capable of 
producing and subsequently interacting 
with a wide array of matrix molecules in-
cluding laminin, collagen types, fibronectin 
and heparan sulfate proteoglycans (73, 163, 
172, 174). Recent studies demonstrated 
that proteolytic remodeling of ECM pro-
teins plays an important role in the regula-
tion of angiogenesis (104, 125, 143). This 
proteolytic remodeling has been suggested 
to be mediated by a number of matrix de-
grading enzymes including serine, metallo 
and cysteine proteases (143, 218). In this 
review, we are mainly focused on the role of 
uPA, uPAR, MMP-9 and Cathepsin B in 
brain tumor angiogenesis.
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Angiogenesis, the process by which new branches sprout from existing vessels, re-
quires the degradation of the vascular basement membrane and remodeling of the 
ECM in order to allow endothelial cells to migrate and invade into the surrounding tis-
sues. Serine, metallo, and cysteine proteinases are 3 types of a family of enzymes that 
proteolytically degrade various components of extracellular matrix. These proteases 
release various growth factors and also increase adhesive molecules and signaling 
pathway molecules upon their activation, which plays a significant role in angiogenesis. 
Downregulation of these molecules by antisense/siRNA or synthetic inhibitors decreas-
es the levels of these molecules, inhibits the release of growth factors, and decreases 
the levels of various signaling pathway molecules, thereby leading to the inhibition of 
angiogenesis. Furthermore, MMPs degrade specific substrates and release angiogenic 
inhibitors which inhibit angiogenesis. Downregulation of 2 molecules, such as uPA and 
uPAR, uPAR and MMP-9, or Cathepsin B and MMP-9, are more effective to inhibit an-
giogenesis rather than downregulation of single molecules. However, careful testing of 
these combinations are most important because multiple effects of these combinations 
play a significant role in angiogenesis.
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UROkINASE-TYPE PlASMINOGEN 
ACTIvATOR AND ITS RECEPTOR

uPA is secreted by the cells as a 411 ami-
no acid single chain zymogen prourokinase 
(pro-uPA), also known as single chain uro-
kinase plasminogen activator (ScuPA). The 
C-terminal 253 residues comprise the ser-
ine protease domain having the usual cata-
lytic triad of His, Ser, Asp. The N-terminal 
region or amino terminal fragment (ATF) 
is comprised of a 40 amino acid region, 
containing three disulfide bonds called the 
growth factor domain (GFD) joined with 
a larger triple disulfide kringle. Activation 
of 2 chain urokinase (uPA, tcuPA) requires 
enzymatic cleavage at the Lys 158-Ile 159 
bond leaving A and B chains joined via an 
S-S bond (C148-C279). Activation can be 
catalyzed by plasmin or kallikrein, by tu-
mor–associated trypsin or cathepsins (B, 
L) by mast cell tryptase or by HuTSP-1 
(17, 184). Cleavage at Glu 143-Leu 144 by 
MMP-3 or MMP-7 and lysis by plasmin or 
slow autolysis by uPA at Lys 135-Lys 136 
can truncate the A-chain, releasing the ATF 
and forming low molecular weight (LMW) 
uPA, essentially a pure catalytic domain. 
The binding of uPA to its cell receptor, 

uPAR is directed by the GFD (112). Signal 
transducing activities by uPA or its isolated 
ATF have been reported (134, 155). The 
phosphorylation of uPA has also been re-
ported as an unusual modification for an 
extracellular enzyme (67).

The receptor for the urokinase-type 
plasminogen activator (uPAR), also called 
CD87, is related to members of the hu-
man CD59 and the mouse Ly-6 family 
(208). The uPAR gene has been mapped to 
chromosome 19q13.2 and is composed of 
7 exons, separated by 6 introns, and occu-
pies about 21.23 kb (204). The expression 
of the uPAR gene can be regulated via the 
Sp1, AP-2, NFκB, and AP-1 transcription 
factors by specific motifs contained within 
the first 188 bp upstream of the transcrip-
tional start site (138, 205). The mRNA 
for uPAR also contains another specific 
sequence within the coding region (nucleo-
tides 195–246) that can destabilize mRNA 
upon binding to an unidentified protein 
(176). Human uPAR is encoded as a 1.4-
kb mRNA transcript (164). Primer exten-
sion experiments have demonstrated that 
the transcription start site is located 50 bp 

upstream of the translation start site (ATG) 
of the human uPAR gene (204).

The uPAR is synthesized as a 313-amino 
acid polypeptide that is folded through di-
sulfide bonding into 3 homologous repeats 
known as domains 1, 2, and 3. A heavily 
glycosylated protein, uPAR contains 5 po-
tential glycosylation sites. Its hydrophobic 
carboxy-terminal domain is processed dur-
ing biosynthesis and substituted by a glyco-
sylphosphatidylinositol (GPI) anchor that 
targets the receptor to the outer leaflet of 
the plasma membrane bilayer. At the cell 
surface, uPAR exists in both a 3-domain 
form that is capable of binding uPA and 
a 2-domain form (devoid of domain 1) 
that does not bind uPA (35). Formation 
of the uPAR-uPA complex with high af-
finity seems to require that residues located 
at equivalent positions in uPAR domains 1 
and 3 be in close physical proximity to each 
other (146). Pro-uPA, di-isopropyl fluoro-
phosphate (DFP)-inactivated uPA, uPA, 
and the amino-terminal fragment of uPA 
all bind with the same affinity to uPAR. 
The interaction of uPA with its receptor ex-
hibits some species specificity; human uPA 
does not bind to murine uPAR, and mu-
rine uPA does not recognize human uPAR. 
The amino acids Asn22, Asn27, His29, and 
Trp30 in human uPA have been identified 
as being key determinants in the species-
specific binding of uPA to uPAR (154). 
Four regions within the uPAR sequence 
have been found to bind directly to uPA: 
2 distinct regions in uPAR domain 1 con-
taining amino acids 13–20 and amino acids 
74–84, and two regions in the putative loop 
3 of domains 2 and 3, uPAR(154–176) and 
uPAR(247–276) (102). 

Independent of catalytic activity, uPAR 
is also involved in cell signaling, interac-
tions with integrins, cell motility, adhe-
sion, invasion and angiogenesis. (Figure 
1). uPAR plays a role in the migration of 
a variety of cell types and evidence is ac-
cumulating that uPAR-dependent migra-
tion is mediated through integrins. Several 
signaling pathways, including MEK-ERK 
(mitogen-activated protein kinase–extra-
cellular signal-regulated kinase) and Jak-
STAT (Janus kinase-signal transducer and 
activator of transcription), have been im-
plicated in uPAR-mediated cell migration 
and adhesion. These effects, which involve 
cytoskeletal components and cytosolic and 
transmembrane kinases, were shown to be 

Figure 1. Represents the involvement of the uPA-uPAR system in the progression of angiogenesis. The binding 
of uPA and pro-uPA to uPAR at the invading front of the tumor cells initiates a cascade of events mediated 
by alpha and beta integrin heterodimers. At the cell surface, the interaction of uPAR with uPA initiates the 
activation of plasminogen to plasmin, a broad-spectrum protease that is involved in the degradation of 
extracellular matrix (ECM). The degradation of the ECM and the basement membrane by plasmin releases 
ECM bound growth factors that stimulate the growth of the tumor cells and induce the vascularization of 
the endothelial cells. The interaction of uPAR with ECM components such as vitronectin and fibronectin 
initiates a cascade of signaling events that involve MEK and PI3k, which in turn causes the upregulation 
of proangiogenic molecules like VEGF, FGF, EGF etc.
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associated with uPAR interactions with 
various molecules such as vitronectin, sev-
eral members of the integrin family, caveo-
lin and G protein-coupled receptors (12, 
161). Antisense-mediated downregulation 
of uPAR in a human glioma cell line al-
tered cell morphology, cell diffusion and 
cytoskeletal organization and upregulated 
α3β1 integrin expression (28). uPAR is 
now known to interact directly with ECM 
components including vitronectin (VN) on 
various cell types (79, 203). Association of 
uPAR with VN is enhanced by ligand occu-
pancy of uPAR (79, 202) cells and the in-
tact receptor is required for the VN–uPAR 
interaction to occur (71).

Several growth factors (bFGF, VEGF, 
HGF) sequestered by the ECM (in addi-
tion to TGF-β) can also be activated or 
released from binding sites as part of this 
cascade and feedback into the uPA system, 
resulting in an increase in uPA and uPAR 
expression (109, 142, 144). The addition 
of basic fibroblast growth factor (bFGF) or 
transforming growth factor-α (TGF-α) in-
creased the invasiveness of human gliomas 
cell lines as well as uPA and uPAR mRNA 
levels. The growth factor-induced invasive-
ness can be reversed with uPAR-specific an-
tibodies (124). In a collagen lattice assay, 
TGF-β1 induced collagen lattice contrac-
tion of T98G glioma cells via enhanced ex-
pression of the subunit α2-integrin expres-
sion in a concentration-dependent manner. 
An anti-α2 antibody, P1-E6, and antisense 
phosphorthioate oligonucleotides against 
α2 integrin have been shown to inhibit 
these effects of TGF-β1 (117). TGF-β1 
and TGF-β2 promote migration, induce 
αv and β3 integrin mRNA expression, 
and enhance the cell surface expression of 
αvβ3 in a concentration-dependent man-
ner (145).

Gliomas, the most common of the pri-
mary brain tumors, extensively invade the 
surrounding normal brain tissue and are 
extremely refractory to therapy. Proteolytic 
degradation of the ECM (166) is thought 
to be the initial step in the process of glio-
ma tumor cell invasion and neovasculariza-
tion. The roles of uPA and its receptor in 
this process have attracted a great deal of re-
search attention. An increase in uPA activ-
ity has been found in the more malignant 
astrocytoma cell lines in vitro (120, 122) 
and in malignant human brain tumors in 
vivo (94, 211). In the latter situation, the 

presence of high uPA levels was associated 
with poor prognosis (11, 72). The invasive 
capability of tumor cells is facilitated by 
the expression of uPAR on the tumor cell 
surface (106). uPAR-mediated pericellular 
proteolysis or the interaction of uPAR with 
adhesion molecules results in variable adhe-
sion or detachment events and is pivotal for 
the control of cell migration and invasion.

We found that the expression of uPAR 
in human glioblastoma cell lines could 
contribute to their invasive capability (58, 
122). uPAR expression was significantly 
higher in anaplastic astrocytoma and glio-
blastoma cells than in normal brain tissues 
or in low-grade gliomas, and uPAR tended 
to be found in the greatest amounts at the 
leading edges of the tumors (58, 213). In 
U251MG glioblastoma cells, uPAR was 
found to be localized at the cell–ECM fo-
cal contacts, together with the αvβ3 integ-
rin (58). Other studies indicated that LRP 
was overexpressed in malignant astrocyto-
mas, especially in glioblastomas, and that 
the increased expression of LRP seemed 
to correlate with the expression of uPAR 
and the malignancy of the astrocytomas 
(210). The addition of βFGF or TGF-α 
to human glioma cells produced increases 
in cellular mRNA levels of uPAR and uPA, 
and the addition of anti-uPAR monoclo-
nal antibodies to these cells significantly 
inhibited their βFGF- or TGF-α-induced 
invasiveness (124). We also found that 
uPAR promoter activity was upregulated in 
high-grade glioblastoma cell lines, a finding 
that suggests that increased transcription is 
likely to be the mechanism underlying the 
increase in uPAR expression in high-grade 
gliomas (10). 

Selective inhibition of the uPA-uPAR in-
teraction is considered a feasible approach 
for the treatment of malignant brain tu-
mor.

Several in vivo studies have indicated 
that modulation of uPAR expression or 
blockade of uPAR with catalytically inac-
tive uPA fragments leads to reductions in 
tumor growth and tumor angiogenesis and 
an increase in tumor dormancy in a vari-
ety of tumor types (194). Strategies that 
target uPA or its receptor with the aim of 
disrupting the interaction between the two 
or the ligand-independent actions of uPAR 
include antisense technology, monoclonal 
antibodies, cytotoxic antibiotics and syn-
thetic inhibitors of uPA.

A reduction in uPAR expression in re-
sponse to antisense techniques inhibited 
tumor cell invasiveness, prevented metasta-
sis and reversed the invasive phenotype (33, 
90). We have shown that transfection of the 
human glioblastoma cell line SNB19 with 
antisense uPAR-expressing plasmid DNA 
significantly alters the invasive properties of 
glioblastoma cells in vitro (119). Further-
more, glioblastoma cells in which uPAR 
expression was down regulated with anti-
sense-uPAR-cDNA or transfection with an 
adenovirus (Ad) expressing antisense uPAR 
gene did not form tumors after their intra-
cerebral injection in nude mice (59, 118). 
In addition, injection of the Ad-uPAR con-
struct into previously established subcuta-
neous U87MG tumors in nude mice caused 
tumor regression (118). These findings sup-
port the therapeutic potential of targeting 
the uPA–uPAR system for glioma treat-
ment. The antisense-mediated downregu-
lation of uPAR expression in glioblastoma 
cells has been shown to increase the expres-
sion of the α3β1 integrin, but not that of 
α5β1 in vitro (28). Reducing uPAR expres-
sion in human glioma cells leads to changes 
in cell morphology, decreased cell diffusion 
and cytoskeletal disorganization, indicating 
that the coordinated expression of uPAR 
and integrins may be involved in glioma 
cell spreading (28). Ligation of uPAR by 
uPA directly induces brain tumor cell mi-
gration and markedly enhances invasion in 
a manner independent of uPA-mediated 
proteolysis and in concert with ECM deg-
radation (106). Other studies have reported 
that high molecular weight serum protein 
complexes promote both uPAR–focal ad-
hesion co-localization and cell migration in 
glioma cells (68). Glioblastoma cells stably 
transfected with antisense-uPAR undergo 
apoptosis when injected intracerebrally in 
nude mice or when grown on tissue culture 
plates coated with the extracellular matrix 
components fibronectin or vitronectin. 
Increase in apoptotic cell death in vitro 
was associated with the increased expres-
sion of the apoptotic protein BAX (80). 
These transfected cells also demonstrated 
losses in mitochondrial transmembrane 
potential with the corresponding release of 
cytochrome c from the mitochondria and 
subsequent activation of caspase-9 relative 
to the behavior of the parental cells (217). 
Finally, these antisense-uPAR-transfected 
glioblastoma cells exhibited higher lev-
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els of the tumor necrosis factor-α-related 
apoptosis-inducing ligand (TRAIL) recep-
tors DR4 and DR5 than did parental cells, 
thereby rendering the transfectants suscep-
tible to apoptotic stimuli (92). These find-
ings indicate that the downregulation of 
uPAR expression in human glioblastoma 
cells inhibits the invasiveness of those cells 
and enhances their susceptibility to apop-
totic stimuli. mRNA levels of both uPA 
and uPAR genes are increased in high grade 
gliomas, possibly suggesting increased gene 
transcription (10). 

The effects of uPA and uPAR on tumor 
cell invasion may also involve the tumor 
suppressor gene CDKN2A—encoding 2 
tumor suppressors, INK4A and ARF—
which is frequently inactivated in gliomas. 
Recent reports indicate that restoration of 
the INK4A protein inhibits αvβ3 integ-
rin-mediated signaling of vitronectin (49). 
Our recent work demonstrated that infect-
ing malignant glioblastoma cells with this 
Ad-uPAR-INK4A vector in the presence 
of vitronectin resulted in decreased αvβ3 
integrin expression and integrin-mediated 
biological effects, including reductions in 
adhesion, migration, proliferation, and sur-
vival (3). These results support the concept 
that down regulation of the expression of 
the integrin αvβ3 and integrin-mediated 
signaling in glioma cells through the adeno-
virus-mediated transfer of antisense-uPAR 
and sense-INK4A genes may have thera-
peutic potential for treating human gliomas 
(2). Recent studies have also demonstrated 
that the diphtheria toxin (DT) amino-ter-
minal (AT) fragment of the urokinase-type 
plasminogen activator gene caused a sta-
tistically significant regression of glial tu-
mors and was highly potent and selective 
in killing uPAR-expressing glioblastoma 
cell lines (199). Rustamzadeh et al, (170) 
demonstrated that DTAT (diphtheria toxin 
amino-terminal fragment) caused the re-
gression of small subcutaneous uPAR-ex-
pressing tumors with minimal toxicity to 
critical organs. Further, in vivo DTAT13 
(diphtheria toxin amino-terminal fragment 
and IL-13 molecule) caused the regression 
of small tumors when administered at 10 
μg/day given on a 5-dose schedule every 
other day (192). Orthotopically implanted 
U87MG cells in mice with single species-
specific or combination of uPA ligands re-
sulted in significant decreases in tumor size 
and increased survival rate (18). Adenovi-

rus-mediated downregulation of bicistronic 
constructs of uPA and uPAR expression 
inhibited glioma cell migration, invasion 
and angiogenesis in vitro and inhibition of 
tumor formation ex vivo (61). 

In particular, the uPA system seems to be 
important for the migration and invasion 
of endothelial cells during angiogenesis. 
Angiogenesis involves several processes, 
including proteolysis and remodeling of 
the basement membrane, endothelial cell 
activation, proliferation, migration and tis-
sue infiltration from preexisting blood ves-
sels. In vitro experiments have shown the 
importance of proangiogenic factors, such 
as βFGF and VEGF, in inducing endothe-
lial cells to migrate (139, 162). These same 
growth factors are released by the proteo-
lytic action of the uPA system in cancer. 
A peptide derived from the connecting 
peptide region of uPA inhibits the migra-
tion of microvascular endothelial cells and 
GBM tumor progression in combination 
with an agent that inhibits endothelial cell 
proliferation (cisplatin [CDDP]) (116). In 
analyzing vascularization of tissue in uPA-
deficient mice, the possibility of uPA may 
only be necessary solely for vessel develop-
ment when endothelial cells are invading 
fibrin (143). It has been demonstrated that 
soluble uPA induces neovascular growth in 
the avascular rabbit cornea and dose de-
pendently promotes growth, chemotoxins 
and matrix invasion of cultured endothe-
lial cells (113). uPA antisense-transfected 
stable cells showed markedly reduced levels 
of invasion and reduced tumor formation 
in nude mice compared to control group 
(120). Interaction of uPA with its receptors 
appears to be mandatory for the angiogenic 
effect of uPA since anti-uPA and anti-uPAR 
monoclonal antibodies blocked the proan-
giogenic effects of uPA at the endothelial 
cell level. Impairment of uPAR availability 
by monoclonal antibodies and by antisense 
oligonucleotides against uPAR-mRNA in-
hibited endothelial cell proliferation, che-
motoxins and chemoinvasion (52).

The delayed angiogenesis was seen re-
cently in plasminogen-deficient mice in an 
in vitro model of aortic rings embedded in 
a collagen gel (38) and an in vivo model of 
malignant keratinocyte transplantation (6). 
It has been reported that loss of either uPA 
or plasminogen was shown to reduce tu-
mor growth of T241 fibrosarcoma (34, 63) 
and carcinoma (19). A comparative study 

of control and plasminogen-deficient mice 
using the pymT mouse mammary tumor 
model (20, 171) demonstrated no differ-
ence in tumor growth. Although angiogen-
ic endothelial cells require uPA and plasmin 
to degrade ECM components and migrate, 
this proteolysis needs to be controlled by 
physiological inhibitors. The importance of 
balanced proteolysis in the process of an-
giogenesis might provide an explanation for 
the dual role of proteinases and inhibitors 
in angiogenesis.

uPA can be inactivated irreversibly by 
reaction with any one of several protein 
inhibitors including PAI-1 (which is abun-
dant within the ECM), PAI-2 (which is 
induced in lymphocytes and macrophages), 
PAI-3 (protein C inhibitor), α2-macro-
globulin and protease nexin (also found in 
ECM). Paradoxically, high tumor levels of 
the uPA inhibitor plasminogen activator in-
hibitor-I (PAI-I) are associated with a poor 
prognosis, and as such, high levels of PAI-1 
have been correlated with poor prognosis 
in cancer patients (127). PAI-1 mRNA is 
abundantly expressed in glioblastomas and 
anaplastic astrocytomas but weakly ex-
pressed in low-grade astrocytomas or nor-
mal brain, suggesting that high expression 
of PAI-1 is associated with the malignant 
progression of astrocytic tumors. The dis-
tribution of PAI-1 mRNA expression has 
been found to be particularly abundant 
around areas of vascular proliferation and 
in remnant tumor cells surrounding ne-
crotic foci and could be possibly associated 
with intratumoral necrosis in glioblastomas 
(212). Localization of PAI-1 in proliferat-
ing vessels of intracranial tumors (glioblas-
toma multiforme, 5 anaplastic gliomas, 4 
malignant meningiomas, and 9 metastatic 
tumors) suggests that PAI-1 may be in-
volved in angiogenesis (89). In addition to 
recruiting, focusing, and enhancing the ac-
tivation of plasminogen by uPA locally on 
cell surfaces, uPAR also participates in the 
regulation of this activity through internal-
ization of the uPA-PAI complexes. Ternary 
complexes of uPAR-uPA-PAI are rapidly 
endocytosed through recognition and up-
take by the lipoprotein receptor-related 
protein (LRP, α2-macroglobulin receptor). 
The uPA and PAI components are degraded 
while uPAR is recycled to the cell surface 
(159). As demonstrated by RT-PCR analy-
sis, LRP mRNA was frequently expressed 
in glioblastomas and anaplastic astrocyto-
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mas as compared with low-grade astrocy-
tomas and was well-correlated with uPAR 
expression. Altered LRP expression might 
contribute to the stimulation of cell-surface 
proteolytic activity that, in turn, facilitates 
the invasiveness of glioblastomas in vivo 
(210). PAI-1 shares a mutually exclusive 
binding site for VN (in the somatomedin B 
domain) with uPAR and is capable of dis-
placing uPAR from VN (37). Andreasen et 
al reported that PAI-1, independent of its 
role as a proteinase inhibitor, inhibits cell 
migration by competing for vitronectin 
binding to integrins, while the interference 
of PAI-1 with binding of vitronectin to the 
urokinase receptor may play a secondary 
role (5). The effect of adenoviral-mediated 
transfer of the PAI-1 gene in regulating the 
in vitro invasiveness of D54MG glioma 
cells into Matrigel and into fetal rat brain 
aggregates was studied (69). The results 
show that PAI-1 overexpression can inhibit 
glioma cell motility and invasion through 
extracellular matrix (ECM) components, 
such as laminin and collagen, but does not 
inhibit tumor cell invasion in a 3-dimen-
sional invasion assay that simulates normal 
brain tissue with varying ECM and inter-
stitial composition. The different results 
obtained in the 2 invasion assays reflect the 
complex biological effects of the uPA/PAI-
1 system. 

Elevated levels of PAI-1 have also been 
reported in primary tumors of advanced 
neuroblastomas (188). Furthermore, PAI-
1 inhibited endothelial tube formation on 
Matrigel in the presence of vitronectin, but 
had a stimulatory effect in the presence of 
fibronectin suggesting that PAI-1 acts as a 
positive switch for angiogenesis by promot-
ing endothelial cell migration away from 
their vitronectin-containing perivascular 
space toward fibronectin-rich tumor tissue 
(75). PAI-I seems to be multifunctional as 
it is expressed by multiple cell types and has 
multiple molecular interactions. 

uPAR has also been associated with sever-
al members of the β1, β2, and β3-integrin 
families, indicating the strong involvement 
of uPAR in cell adhesion and migration as 
well as supporting the concept that integ-
rins may function as signal transducers for 
plasminogen activation. The coexistence of 
uPAR with specific integrins at different 
cellular locations is a prerequisite for the 
regulation of integrin function by the uPAR 
(200). In leukocytes, uPAR interacts with 

various β2 integrins, and consequently the 
inhibition or removal of uPAR will result 
in integrin dysfunction. In an in vivo study, 
the β2 integrin-dependent recruitment of 
leukocytes to the inflamed peritoneum of 
uPAR-deficient mice was significantly re-
duced relative to that in wild-type animals 
(111), indicating that both β2 integrin-
mediated leukocyte–endothelial cell inter-
actions and their recruitment to inflamed 
areas require the presence of uPAR. The 
association between uPAR and the β2 in-
tegrins have been clearly shown to initiate 
a variety of direct and indirect regulatory 
mechanisms for both adhesive and proteo-
lytic processes (149).

The uPAR forms “cis”-interactions with 
integrins as an associated protein and there-
by transduces proliferative or migratory sig-
nals to cells upon binding of uPA. Binding 
of suPAR to α4β1 and αvβ3 is blocked 
by known soluble ligands and by mutated 
integrins that inhibit ligand binding, sug-
gesting that uPAR is an integrin ligand in 
addition to being an integrin-associated 
protein (191). In addition, GPI-anchored 
uPAR on the cell surface specifically binds 
to integrins on contiguous cells, suggesting 
that uPAR–integrin interactions may me-
diate cell-to-cell interactions (“trans”-inter-
actions) (191). In nonhematopoietic cells 
that do not express β2 integrins, the uPAR 
seems to interact with β1 and β3 integrins 
(209). uPAR specifically associates with 
certain members of the β1 and β3 integrin 
families on adherent tumor cells, and ECM 
components induce specific integrin–uPAR 
associations to enable directional proteoly-
sis by which tumor cells can migrate and 
invade (137, 149, 209). In recent experi-
ments, a peptide homologous to integ-
rin sequences suspected of being a uPAR 
binding site was identified and shown to 
disrupt uPAR-integrin interactions (178). 
Several studies point to the possibility that 
the level of caveolin influences the out-
come of uPAR-integrin interactions (206). 
However, results obtained with the tumori-
genic carcinoma cells HEp3, which do not 
contain caveolin, indicate that the density 
with which uPAR is expressed and the as-
sociation of uPAR with respective integrins 
determines the state of integrin activation 
(4). 

Several studies revealed that both in vivo 
and in vitro findings strongly suggest that 
α1β1, α2β2, α5β1, α6β1, αvβ3 and 

αvβ5 play a significant role in angiogenesis 
(40, 70, 110, 136, 169). A significant body 
of experimental evidence has demonstrated 
that αvβ3 antagonists can inhibit angio-
genesis during development, wound heal-
ing, retinal neovascularization and in grow-
ing tumors (15, 16, 32, 65). Recently, it 
has been shown that specific cyclic peptides 
EMD 121974, 85189 and 66203 selec-
tively inhibit αvβ3 and α5β5 in vitro an-
giogenesis induced by angiogenic cytokines 
in three-dimensional fibrin or collagen gels 
(133).

The αvβ3 integrin receptor is closely as-
sociated with tumor growth and spread, 
acting as a marker of invasiveness in malig-
nant melanomas and in Grade III and IV 
glioblastomas, and plays an essential role 
in neovascularization (15, 57). Glioblasto-
mas express αvβ3 prominently at the inva-
sive borders, as do angiogenic endothelial 
cells in tumors (7, 48). Our own results 
have shown that vitronectin is highly ex-
pressed in glioma cells and integrin ligation 
with vitronectin inhibits apoptosis (197). 
Binding of cell surface integrins to ECM 
stimulates a variety of intracellular signal-
ing pathways which enhances cell survival 
pathways (186). Our work demonstrated 
that infecting malignant glioblastoma cells 
with Ad-uPAR-p16 vectors in the presence 
of vitronectin resulted in decreased αvβ3 
integrin expression and integrin-mediated 
biological effects including reductions in 
adhesion, migration, proliferation and sur-
vival (3). Our recent studies in combination 
of several siRNA constructs significantly re-
duced the levels of integrins which in turn 
reduced angiogenesis in both in vitro and 
in vivo models (personal communication).

MATRIx METAllOPROTEINASES
Matrix metalloproteinases (MMPs) con-

stitute a family of zinc-containing enzymes 
with more than 20 members identified to 
date. They are divided into 4 groups such as 
interstitial collagenases, stromelysins, gela-
tinases and membrane type metalloprotein-
ases (MT-MMPs) based on protein struc-
ture (165). Unlike MMPs, MT-MMPs are 
membrane-bound, and studies have shown 
that they are activated either intracellularly 
or on the cell surface (215). Another group 
of proteolytic metalloproteases is the AD-
AMs family, which consists of at least 33 
different enzymes (151). More recently, a 
new group of metalloproteases called AD-
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AMTs has been identified. Like the AD-
AMs, these enzymes contain a disintegrin 
and metalloprotease domain. However, 
instead of a transmembrane domain, the 
ADAMs express one or several thrombo-
spondin 1-like repeats (190). Although 
their physiological functions are not yet 
completely understood, nineteen different 
members have been identified (21).

MMPs are secreted as pro-MMPs and 
then activated following sequential cleav-
age steps (128, 175). Removal of the sig-
nal peptide and propeptide domains or a 
change in configuration activates the en-
zymes. MMP expression and proteolytic 
activity are tightly regulated at three stages: 
gene transcription, proenzyme activation 
and activity of natural inhibitors (tissue 
inhibitors of metalloproteinase known as 
TIMPs). The balance between production, 
activation and inhibition prevents exces-
sive proteolysis or inhibition. Several fac-
tors like cytokines, growth factors, phorbol 
esters, cell-cell and cell-matrix interactions 
are thought to control MMP expression 
(207). Most MMPs are secreted as inactive 
zymogens, which may be proteolytically 
activated by different proteinases such as 
other MMPs, plasmin, trypsin, chymo-
trypsin and cathepsins. Several cell types 

produce MMPs in the CNS by microglia, 
astrocytes, oligodendrocytes and neurons 
(62, 107, 198). MMP-2 and MMP-9 are 
secreted by microglia and astrocytes as ac-
tive forms (126).

Among the MMPs, the gelatinase MMP-
9 have been strongly implicated in glioma 
invasion and angiogenesis (Figure 2). Sig-
nificantly increased levels of MMP-9 are ex-
pressed in human glioma cell lines and hu-
man glioma tissue specimens with the degree 
of expression correlating with tumor grade 
(55, 56, 156-158). There is a strong correla-
tion between the expression of MMP-9 and 
the ability of glioma cells to invade matrigel 
in vitro (1, 86). Furthermore, glioblastoma 
cells injected intracranially into nude mice 
resulted in significantly increased levels of 
MMP-9 during the progression of tumors 
(173). It has been reported that MMP-9 
was strongly expressed in blood vessels at 
proliferating margins (130) as well as in the 
tumor cells (156).

We have previously shown that MMP-
9 production is induced by cytoskeletal 
changes involving protein kinase C acti-
vation mediated by NFκB (29). TNFα 
induces MMP-9 transcription (via NFκB 
and AP-1 sites) and secretion by vascular 
smooth muscle cells (123). Another study 

demonstrated that vanadate and phenyl ar-
senic oxide inhibited migration and inva-
sion of glioma cells by their effects on the 
cytoskeleton and inhibition of MMP-9 ex-
pression (27). On the other hand, MMP-9 
knockout mice exhibit abnormal skeletal 
growth plate angiogenesis and delayed os-
sification, which is eventually compensated 
to produce a normal appearing skeleton 
(201). TGF-β1 stimulated the expres-
sion of matrylisin in two human glioma 
cell lines and activated MMP-9 in C6 rat 
glioma cells (131). The mitogen-activated 
kinase/extracellular signal-regulated kinase 
(MEK/ERK) signaling pathway is essential 
for MMP-9 upregulation in astrocytes af-
ter PMA (PKC induction and TNF-α [cy-
tokine] stimulation). It has been reported 
that SNB19 cells transfected with domi-
nant negative JNK, MEKK and ERK1 ex-
pression vectors decreased MMP-9 expres-
sion as well as promoter activity (99). The 
mutated-ERK stable SNB19 cells showed 
decreased levels of MMP-9 and less inva-
siveness as compared to parental and vec-
tor-transfected stable clones (98). 

MMPs mediate cell-surface-receptor 
cleavage and release, cytokine and chemo-
kine activation and inactivation, and the 
release of apoptotic ligands (45). These cel-
lular processes are all involved in promot-
ing aspects of tumor growth, such as cell 
proliferation, adhesion and dispersion, 
migration, differentiation, angiogenesis, 
apoptosis and host defense evasion. β1 in-
tegrin is highly expressed in invasive glio-
mas, and in vitro invasion of β1-integrin 
expressing glioma cells can be blocked with 
the exogenous application of specific an-
tisera (167). We have previously observed 
that stimulation of intracellular β1 integ-
rin can increase the activation of MMP-2 
and MMP-9 and the invasiveness of glioma 
cells in vitro (30).

We have demonstrated that glioblastoma 
cells expressing antisense MMP-9 exhibited 
decreased migration and invasion in vitro 
and did not form tumors when injected in-
tracranially in nude mice (86). Intracranial 
injections of glioblastoma cells (SNB19) 
infected with an adenovirus expressing an-
tisense MMP-9 did not produce tumors 
in nude mice (100). A bicistronic Ad-con-
struct with antisense uPAR and MMP-9 
had more effect in regard to inhibition of 
invasion, angiogenesis and tumor growth 
in vivo (96). Our recent studies demon-

Figure 2. Representation of the involvement of MMPs in angiogenesis. MMP-9 is an important component 
of tumor cells involved in invasion and metastasis. MMP–9 is secreted as pro-forms and activated by 
plasmin, cathepsins or active MMPs. The degradation of the ECM by MMPs releases ECM bound growth 
factors, which stimulate the growth and the vascularization of the endothelial cells towards the tumor 
cells. The binding of MMP-9 to its receptor CD44 and the binding of MMP-9 to integrin heterodimer 
initiate a cascade of cellular events involving MEK and PI3k, and the activation of these kinases initiate 
the production of proangiogenic factors such as VEGF, FGF, EGF etc. 
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strated that siRNA bicistronic construct 
for cathepsin B and MMP-9 completely re-
pressed pre-established intracranial tumors 
(97). Stable transfection of PTEN (Phos-
phatase and tensin homologue) reduced 
MMP-9 secretion caused by hyaluronic 
acid-induced phosphorylation of focal ad-
hesion kinase and ERK1/ERK2 signaling 
(140). Glioblastomas with EGFR variant 
amplification demonstrated the highest 
levels of MMP-9 (31). Both signal trans-
duction pathways, MAPK/ERK and PI3K 
pathways, are responsible for mediating 
increased MMP-9 levels following EGFR 
activation and appear to promote the as-
sociation of pro-MMP-9 with the cell sur-
face (31, 46). Our recent studies with bi-
cistronic constructs for uPAR and MMP-9 
and for MMP-9 and cathepsin B constructs 
demonstrated regression in pre-established 
tumor growth of glioblastoma cell lines in 
vivo (95, 97).

Exogenous MMP-9 has been shown to 
enhance endothelial cell growth in vitro 
(148). Our own studies demonstrated that 
addition of recombinant MMP-9 (100 ng) 
increased capillary formation, but excess 
recombinant MMP-9 (200 ng) inhibited 
capillary formation in co-cultures in vitro 
(25). Another study showed that radia-
tion differentially affects the production of 
MMP-9, MMP-9 and TIMP-1 during 
glial-endothelial morphogenesis and sug-
gests mechanisms by which microvessels 
in the CNS respond to radiation (132). 
A recent study from our group showed 
that the addition of conditioned medium 
from glioblastoma cells to endothelial cells 
treated with antisense Ad-MMP-9 vec-
tors or co-cultures of GBM cell lines with 
MMP-9 reduced endothelial cells, resulting 
in reduced capillary-like tube formation 
and demonstrating the key role of MMP-
9 in endothelial cell network organization 
(77). Using the MMP-9 knockout mice 
model, it was demonstrated that MMP-9 
expression was required for the angiogenic 
switch, and also that exogenous addition 
of MMP-9 caused increased VEGF levels 
(9). It has been reported that forced over-
expression of MMP-9 in human breast 
cancer MCF-7 cells resulted in increased 
tumor angiogenesis due to increased levels 
of VEGF (115). In other studies, implanta-
tion of tumor cells into either MMP-2 or 
MMP-9 knockout mice have demonstrated 
reduced tumor-induced angiogenesis com-

pared to implantation into wild-type mice 
(26, 76). Further, addition of exogenous ac-
tive MMP-9 or MMP-9 induced the release 
of VEGF in ovarian carcinoma cells, sug-
gesting that tumor cell-expressed MMPs 
can act in an autocrine manner to induce 
secretion of angiogenic factors (8).

MMPs have been shown to generate en-
dogenous angiogenesis inhibitors by pro-
teolytic cleavage of plasminogen (MMP-2, 
3, 7, 9 and 12) which generates angiostatin 
(39, 135, 141), and MMP-3, 9, 12, 13 and 
20 might be involved in the generation 
of endostatin, a C-terminal fragment of 
basement membrane collagen type XVIII 
(51). Another inhibitor, tumstatin, is also 
released by MMP-9 and inhibits endothe-
lial cell proliferation and promotes apopto-
sis via signaling through integrin αvβ3 in 
an RGD-independent manner (64, 187). 
Thrombospondins at low concentrations 
induced MMP-9 secretion, tube forma-
tion and invasive activity by endothelial 
cells, but higher concentrations of TSP-1 
induced high concentrations of MMP-9 
and reduced tube formation and invasion 
(153). Further, several synthetic inhibitors 
have shown antiangiogenic activity and re-
duced the levels of MMPs (105, 108, 129, 
193). Our recent studies demonstrated that 
siRNA bicistronic constructs for cathepsin 
B and MMP-9 or uPAR and MMP-9 in-
hibited angiogenesis in both in vitro and in 
vivo models (95, 97) .

CATHEPSINS
Cathepsins are a group of cysteine pro-

teases predominantly located in the lyso-
zymes. There are 11 cysteine cathepsins 
present in the human genome (B, C, F, 
L, K, V, S, X/Z, H, W and O), each with 
different expression patterns, levels and 
specificities, all of which contribute to their 
varying physiological roles. While some are 
completely specific, others such as cathep-
sins B, L, and H are very abundant and 
most are highly active but differently stable 
at neutral pH—collectively making these 
proteases potentially harmful if transposed 
outside of their normal endosomal/lyso-
somal localization (196). Cathepsins are 
implicated in tumor angiogenesis, apoptosis 
and inflammatory and immune responses 
(195) via their involvement either directly 
in the degradation of ECM components, 
such as laminin, fibronectin, and collagen, 
or through the modulation of protease-sen-

sitive regulatory networks involving other 
proteases (ie, uPA) as well as non-proteases 
(ie, annexin II) found at the cellular surface 
of cancer cells (84, 168, 168). 

CATHEPSIN B
Cathepsin B is a lysosomal cysteine pro-

teinase of the papain family of enzymes 
(81). Proteolytic processing of procathepsin 
B results in a 31- to 33-kDa single chain. 
Further processing results in a 26-kDa 
glycosylated double chain form and a 24-
kDa unglycosylated form. Cathepsin B is 
regulated transcriptionally, post-transcrip-
tionally and post-translationally. Means of 
regulation include increased transcription, 
different transcription start sites, the pres-
ence of different splice variants of cathepsin 
B mRNA in individual tissues, and post-
translational modification of the protein by 
proteolytic processing, glycosylation, traf-
ficking and inhibition (181).

Both the human and murine cathep-
sin B genes have a promoter containing a 
GC-rich region and numerous Sp1 sites, 
resembling a housekeeping gene promoter 
(152). It has been reported that in the U87 
glioblastoma cell line Sp1 and Sp3 could 
activate cathepsin B transcription, and that 
the regulation of cathepsin B transcription 
by Sp1 and Sp1-related factors is mediated 
through multiple GC boxes (214). In ad-
dition, cathepsin B promoter activity and 
the number of Sp1 complexes are much 
higher in glioblastoma cell lines than in 
anaplastic astrocytoma or low-grade glioma 
cell lines (87). Cathepsin B has also been 
suggested to mediate dissemination of can-
cer cells by degrading major ECM compo-
nents (183)—interestingly, it has also been 
reported recently that integrins play a sig-
nificant role in the activation of cathepsin B 
(85)—or by activating other proteases that 
are capable of degrading the matrix (83). 
Membrane-associated cathepsin B may also 
be important for the conversion of pro-uPA 
to uPA (83). Cathepsin B has been shown 
to play an active role in the initiation of the 
proteolytic cascade involving uPA, plas-
minogen and plasmin that activates latent 
TGF-β (182).

The proteolytic activity of MMPs de-
pends on their activation, as they are secret-
ed from tumor cells or host cells as latent 
precursors. All 3 latent MMPs (MMP-2, 
MMP-3 and MMP-9) can be activated by 
plasmin, which is, itself, derived from its 
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latent precursor by a cascade involving ca-
thepsin B and uPA (Figure 3). Therefore, 
in addition to indirectly activating MMPs 
via the plasminogen/activator/plasmin cas-
cade, cathepsin B may also directly activate 
MMPs (eg, collagenase-1 and stromelysin-
1) (44).

In human colon carcinoma, increased ca-
thepsin B activity has been found to coexist 
with increased MMP-2 activity, implying 
that cathepsin B is crucial to the proteolytic 
cascade in tumors(47). Cathepsin B is an 
important mediator of tissue degradation 
in tumor invasion as it directly participates 
in tissue destruction. It also enhances the 
activity of the MMPs by destroying their 
inhibitors—it inactivates TIMP-1 and 
TIMP-2 in human articular chondrocytes 
(91)—even in the absence of mechanisms 
capable of MMP up regulation, and so acts 
as an angiogenic stimulator. Cathepsin B is 
responsible for shifting the balance between 
MMPs and TIMPs through inactivation of 
the latter (91).

Cathepsin B has been the most investi-
gated of the lysosomal enzymes and several 

studies indicated that the activity of cathep-
sin B is an order of magnitude higher in 
glioma tissue than in matched normal brain 
tissue, and these levels also strongly corre-
lated with clinical invasion as assessed by 
MRI (160) Cathepsin B promotes tumor 
progression by direct proteolytic activity 
of the ECM components or by activating 
other proteases (83). Our previous work 
has demonstrated that cathepsin B activity 
and 25- to 26-kDa mature enzyme proteins 
were the highest in glioblastoma, lower in 
anaplastic astrocytomas and the lowest in 
low-grade gliomas and normal brain tissue 
(180).

The involvement of cathepsins in regu-
lation of angiogenesis reveals yet another 
distinct role for cathepsins in tumor pro-
gression (78). Increased abundance and in-
tensity of cathepsin B staining was observed 
in 79 glioma tissue samples as compared 
with 5 normal brain tissue samples (114). 
This study also demonstrated intense ca-
thepsin B staining at the tumor margin and 
in endothelial proliferation in high grade 
tumors, especially in the region of tumor 

infiltration into adjacent normal brain, 
suggesting that cathepsin B is functionally 
significant in the process of tumor invasion 
and angiogenesis during glioma progres-
sion.

In biopsies of human gliomas, cathepsin 
B levels correlated with pathological evi-
dence of invasion into normal brain tissue 
and with survival rate of patients (185). 
Significantly higher expression of cathep-
sin B correlating with clinical symptoms 
was demonstrated in studies involving 100 
primary brain tumor patients, including 73 
malignant and 27 benign tumors of differ-
ent histologies. This study also demonstrat-
ed that intense cathepsin B staining in en-
dothelial cells was a significant prognostic 
marker for glioblastoma multiforme (36).

Previous studies have demonstrated that 
cathepsins play a role in apoptosis of cultured 
cells (74, 177). The antiapoptotic activity 
of cathepsin B was reported using cysteine 
cathepsin inhibitor Z-Phe-Gly-NHO-Bz, 
which induces rapid apoptotic death in 
glioblastoma cells (219). Cathepsins B and 
D are involved in the H2O2-induced apop-
tosis in cultured astrocytes; cathepsin D acts 
as a death-inducing factor upstream of cas-
pase-3 and caspase-independent apoptosis 
is regulated antagonistically by cathepsins 
B and D (189). Prolonged inhibition of the 
lysosomal proteolytic pathway is incompat-
ible with cell survival, leading to apoptosis 
of neuroblastoma cells. Treatment with E-
64 or CA074Me (2 specific inhibitors of 
cathepsin B) or with pepstatin A (a specific 
inhibitor of cathepsin D) was cytotoxic for 
2 neuroblastoma cell lines having differing 
degrees of malignancy. Since inhibition of 
either cathepsin B or D affected cell vi-
ability, it was hypothesized that in cultured 
neuroblastoma cells, cathepsin B and ca-
thepsin D are sequentially involved in the 
degradation of proapoptotic factors and 
that the inhibition of either enzyme leads 
to accumulation of substrates that eventu-
ally impact on the caspase cascade (24).

Cysteine protease inhibitors (CPI) of the 
cystatin family are important endogenous 
proteins, which protect extracellular struc-
tures from abnormal proteolysis and from 
cysteine proteases. Inhibitors capable of 
blocking both intra and extracellular frac-
tions of cathepsin B were the most effec-
tive in reducing the invasive potential of 
tumor cells (150). They form tight, equi-
molar non-covalent complexes with the 

Figure 3. Represents the involvement of cathepsin B in the initiation of angiogenesis. Cathepsin B is a 
lysosomal protease and is secreted from vesicles; extracellular pro-cathepsin B is known to be bound to 
annexins and is activated by other proteases such as cathepsin D, MMPs and plasmin. Active cathepsin B 
is either bound to cell surface integrins heterodimer, which may or may not be associated with uPAR, or 
a free cathepsin B actively degrading the ECM. The degradation of the ECM, as in all proteases, releases 
ECM bound growth and angiogenic factors, which initiate the endothelial cells to vascularize and migrate 
towards the tumor cells. The binding of ECM components such as collagen to α or β subunits of integrins 
is known to enhance the synthesis of pro-cathepsin B, and hence behaves as a feedback loop inducing 
the production of cathepsin B as long as collagen molecules are present and associated with the cell 
surface integrins. The interaction of cathepsin B with integrin heterodimer is also known to initiate the 
activation of proangiogenic factors (VEGF, FGF, and EGF etc.). Cathepsin B also activates pro-collagenases 
and pro-uPA to their active forms.
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cysteine proteases to protect cells from the 
harmful effects of continuous proteolysis. 
We have previously reported high cysteine 
protease inhibitory activity in glioma cells 
and culture medium. Low levels of cysteine 
protease inhibitory activity were observed 
in high-grade gliomas (anaplastic and glio-
blastoma) as compared to low-grade and 
benign tumors. Similarly, CP inhibitory 
activity was high in benign and atypical 
meningiomas as compared to invasive me-
ningiomas (179).

Three types of CPI inhibitors have been 
identified: stefins (Mr ~11 kDa), cystatins 
(Mr ~13 kDa) and kininogens (Mr ~60 
and 100 kDa) (22). The major intracellular 
or endogenous cysteine proteinase inhibi-
tors are stefins A and B. Cystatin C is an 
extracellular molecule that is synthesized 
within the human brain including choroid 
plexus, cerebral and cerebellar neurons and 
astrocytes (103). We have demonstrated 
that cystatin C levels were significantly 
higher in low-grade and anaplastic astrocy-
toma cell lines as compared to glioblastoma 
cells (88). 

The synthetic cathepsin B inhibitor 
K11017 blocked glioblastoma migration 
and substantially reduced glioma cell inva-
sion in a Matrigel assay and reduced the in-
filtration of glioma spheroids into normal 
brain aggregates (36). An in vitro invasion 

assay has demonstrated that the invasive-
ness of glioblastoma cells was significantly 
impaired by cysteine protease inhibitor E-
64 (87) and by intracellular and extracellu-
lar inhibition of cathepsin B by its selective 
inhibitors, Ca074Me and Ca074, respec-
tively (93). Glioblastoma cells expressing 
antisense cathepsin B cDNA exhibited sig-
nificant reductions in cathepsin B mRNA 
and protein and invasiveness in Matrigel 
and spheroid models in vitro. Intracerebral 
injection of SNB19 stable antisense trans-
fectants resulted in reduced tumor forma-
tion in nude mice (121).

Blockade of cathepsin B expression in 
human glioblastoma cells is also associated 
with suppression of angiogenesis. Antisense 
cathepsin B stable clones demonstrated a 
marked reduction in capillary network for-
mation by endothelial cell in vitro and mi-

Figure 4. A. Demonstrates the induction of 
angiogenesis in SNB19 glioma cells and the 
inhibition of angiogenesis in SNB19 cells infected 
with pCU vector. SNB19 glioma cells and SNB19 
cells infected with pCU vector were placed in a 
cylindrical chamber with a diameter of 14 mm 
and a height of 2 mm. The largest areas of the disc 
were made of 0.45 µm Millipore filter discs, which 
prevent direct cell contact with the animal tissue. 
These discs were placed in a dorsal sac of nude 
mice and sutured as per standard protocols control 
discs containing PBS or serum-free media were 
also used. Ten days following implantation the 
discs were removed and the corresponding skin 
fold in contact with the disc was photographed 
to visualize the development of tumor-induced 
neo-vasculature (TN) when compared to pre-
existing vasculature (PV). B. Shows the induction/
inhibition of angiogenesis by cranial window 
model. Nude mice were anesthetized and a 
circular opening was made by cutting the cranium 
and skin with an approximate diameter of 8 mm. 
Pre-existing vasculatures (PV) were identified 
and SNB19 glioma spheroids or SNB19 glioma 
spheroids infected with pCU vector were placed on 
prominent branching points on the brain surface. 
A circular glass cover slip (10-mm diameter) was 
placed on the circular opening and glued onto the 
cranium bone with surgical glue (cyano-acrylate). 
The glass cover slip served as a window to monitor 
the progression of the development of tumor-
induced neo-vasculature (TN). (* indicates the 
position of glioma spheroid)

Figure 5. Schematic representation of the involvement of proteases in the initiation of angiogenesis. The 
initiation of angiogenesis is a well-orchestrated cascade of events that involves the combination of 
proteases, growth factors and angiogenic factors. uPAR appears to play a central role in the initiation of 
angiogenesis. The activation of plasminogen to plasmin activates other proteases such as cathepsin B and 
MMPs. Together these proteases degrade the ECM, releasing ECM bound growth factors and enabling 
the tumor cells to proliferate. The released angiogenic factors such as VEGF, FGF and EGF bind to their 
corresponding receptors on the cell surface of endothelial cells, which initiate cytoskeletal remodelling 
and migration towards the tumor cells. The activation of integrin and transmembrane molecules such 
as CD44 by proteases on the tumor cells initiate the proliferative cascade involving MEL and PI3k, which 
in turn initiates the synthesis of proangiogenic factors VEGF and FGF. The complex interplay of the 
proteases with the ECM causes the release of proangiogenic factors and induces the vascularization of 
the endothelial cells.
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crovasculature development in vivo dorsal 
air sac assay as compared to vector-trans-
fected and parental controls (216). Stable 
transfection of cystatin C gene in the sense 
orientation reduced the invasiveness of glio-
blastoma cell line in vitro and did not form 
tumors in nude mice in vivo (88). The bi-
cistronic antisense construct for uPAR and 
cathepsin B (Ad-uPAR-Cath B) infected 
cells revealed a marked reduction in mi-
gration, invasion, angiogenesis and tumor 
growth in both in vitro and in vivo models 
(60). Furthermore, RNAi of uPAR and ca-
thepsin B reduces glioma cell invasion and 
angiogenesis in both in vitro and in vivo 
models and regressed pre-established tumor 
growth (Figure 4). We also demonstrated 
that these constructs inhibited cell prolif-
eration and reduced the levels of pERK and 
pFAK. Our recent studies demonstrated 
that bicistronic siRNA construct against 
cathepsin B and MMP-9 regressed com-
pletely pre-established intracerebral tumors 
in nude mice and also marked reduction in 
the migration, invasion and angiogenesis 
(97). 

These studies clearly demonstrate the in-
teraction and significant role of these prote-
ases and uPAR in angiogenesis (Figure 5).

ACkNOwlEDGMENTS
We thank Shellee Abraham for prepar-

ing the manuscript and Diana Meister 
and Sushma Jasti for reviewing the manu-
script. This work was supported by NIH 
Grants CA75557, CA85216, CA92393, 
CA95058, and CA116708, NINDS Grant 
NS47699, Caterpillar, Inc., and OSF St. 
Francis, Inc., Peoria, Ill (to J.S.R.)

REFERENCES
1. Abe T, Mori T, Kohno K, Seiki M, Hayakawa T, 
Welgus HG, Hori S, Kuwano M (1994) Expression 
of 72 kDa type IV collagenase and invasion ac-
tivity of human glioma cells. Clin Exp Metastasis 
12:296-304.

2. Adachi Y, Chandrasekar N, Kin Y, Lakka SS, Mo-
hanam S, Yanamandra N, Mohan PM, Fuller GN, 
Fang B, Fueyo J, Dinh DH, Olivero WC, Tamiya 
T, Ohmoto T, Kyritsis AP, Rao JS (2002) Suppres-
sion of glioma invasion and growth by adenovi-
rus-mediated delivery of a bicistronic construct 
containing antisense uPAR and sense p16 gene 
sequences. Oncogene 21:87-95.

3. Adachi Y, Lakka SS, Chandrasekar N, Yanaman-
dra N, Gondi CS, Mohanam S, Dinh DH, Olivero 
WC, Gujrati M, Tamiya T, Ohmoto T, Kouraklis G, 
Aggarwal B, Rao JS (2001) Down-regulation of 
integrin alpha(v)beta(3) expression and integ-
rin-mediated signaling in glioma cells by adeno-

virus-mediated transfer of antisense urokinase-
type plasminogen activator receptor (uPAR) and 
sense p16 genes. J Biol Chem 276:47171-47177.

4. Aguirre Ghiso JA, Kovalski K, Ossowski L (1999) 
Tumor dormancy induced by downregulation of 
urokinase receptor in human carcinoma involves 
integrin and MAPK signaling. J Cell Biol 147:89-
104.

5. Andreasen PA, Kjoller L, Christensen L, Duffy 
MJ (1997) The urokinase-type plasminogen acti-
vator system in cancer metastasis: a review. Int J 
Cancer 72:1-22.

6. Bajou K, Masson V, Gerard RD, Schmitt PM, Al-
bert V, Praus M, Lund LR, Frandsen TL, Brunner N, 
Dano K, Fusenig NE, Weidle U, Carmeliet G, Los-
kutoff D, Collen D, Carmeliet P, Foidart JM, Noel A 
(2001) The plasminogen activator inhibitor PAI-1 
controls in vivo tumor vascularization by interac-
tion with proteases, not vitronectin. Implications 
for antiangiogenic strategies. J Cell Biol 152:777-
784.

7. Bello L, Francolini M, Marthyn P, Zhang J, Car-
roll RS, Nikas DC, Strasser JF, Villani R, Cheresh DA, 
Black PM (2001) Alpha(v)beta3 and alpha(v)beta5 
integrin expression in glioma periphery. Neuro-
surgery 49:380-389.

8. Belotti D, Paganoni P, Manenti L, Garofalo A, 
Marchini S, Taraboletti G, Giavazzi R (2003) Matrix 
metalloproteinases (MMP9 and MMP2) induce 
the release of vascular endothelial growth factor 
(VEGF) by ovarian carcinoma cells: implications 
for ascites formation. Cancer Res 63:5224-5229.

9. Bergers G, Brekken R, McMahon G, Vu TH, Itoh 
T, Tamaki K, Tanzawa K, Thorpe P, Itohara S, Werb 
Z, Hanahan D (2000) Matrix metalloproteinase-9 
triggers the angiogenic switch during carcino-
genesis. Nat Cell Biol 2:737-744.

10. Bhattacharya A, Lakka SS, Mohanam S, Boyd 
D, Rao JS (2001) Regulation of the urokinase-type 
plasminogen activator receptor gene in different 
grades of human glioma cell lines. Clin Cancer Res 
7:267-276.

11. Bindal AK, Hammoud M, Shi WM, Wu SZ, 
Sawaya R, Rao JS (1994) Prognostic significance 
of proteolytic enzymes in human brain tumors. J 
Neurooncol 22:101-110.

12. Blasi F, Carmeliet P (2002) uPAR: a versatile 
signalling orchestrator. Nat Rev Mol Cell Biol 
3:932-943.

13. Brat DJ, Van Meir EG (2001) Glomeruloid mi-
crovascular proliferation orchestrated by VPF/
VEGF: a new world of angiogenesis research. Am 
J Pathol 158:789-796.

14. Brooks PC (1996) Cell adhesion molecules in 
angiogenesis. Cancer Metastasis Rev 15:187-194.

15. Brooks PC, Clark RA, Cheresh DA (1994) Re-
quirement of vascular integrin alpha v beta 3 for 
angiogenesis. Science 264:569-571.

16. Brooks PC, Montgomery AM, Rosenfeld M, 
Reisfeld RA, Hu T, Klier G, Cheresh DA (1994) In-
tegrin alpha v beta 3 antagonists promote tumor 
regression by inducing apoptosis of angiogenic 
blood vessels. Cell 79:1157-1164.

17. Brunner G, Simon MM, Kramer MD (1990) 
Activation of pro-urokinase by the human T cell-

associated serine proteinase HuTSP-1. FEBS Lett 
260:141-144.

18. Bu X, Khankaldyyan V, Gonzales-Gomez I, 
Groshen S, Ye W, Zhuo S, Pons J, Stratton JR, 
Rosenberg S, Laug WE (2004) Species-specific 
urokinase receptor ligands reduce glioma growth 
and increase survival primarily by an antiangio-
genesis mechanism. Lab Invest 84:667-678.

19. Bugge TH, Kombrinck KW, Xiao Q, Holm-
back K, Daugherty CC, Witte DP, Degen JL (1997) 
Growth and dissemination of Lewis lung car-
cinoma in plasminogen-deficient mice. Blood 
90:4522-4531.

20. Bugge TH, Lund LR, Kombrinck KK, Nielsen BS, 
Holmback K, Drew AF, Flick MJ, Witte DP, Dano K, 
Degen JL (1998) Reduced metastasis of Polyoma 
virus middle T antigen-induced mammary can-
cer in plasminogen-deficient mice. Oncogene 
16:3097-3104.

21. Cal S, Obaya AJ, Llamazares M, Garabaya C, 
Quesada V, Lopez-Otin C (2002) Cloning, expres-
sion analysis, and structural characterization of 
seven novel human ADAMTSs, a family of me-
talloproteinases with disintegrin and thrombos-
pondin-1 domains. Gene 283:49-62.

22. Calkins CC, Sloane BF (1995) Mammalian cys-
teine protease inhibitors: biochemical proper-
ties and possible roles in tumor progression. Biol 
Chem Hoppe-Seyler 376:71-80.

23. Carey DJ (1991) Control of growth and differ-
entiation of vascular cells by extracellular matrix 
proteins. Annu Rev Physiol 53:161-77.:161-177.

24. Castino R, Pace D, Demoz M, Gargiulo M, Ari-
atta C, Raiteri E, Isidoro C (2002) Lysosomal pro-
teases as potential targets for the induction of 
apoptotic cell death in human neuroblastomas. 
Int J Cancer 97:775-779.

25. Chandrasekar N, Jasti S, Alfred-Yung WK, Ali-
Osman F, Dinh DH, Olivero WC, Gujrati M, Kyrit-
sis AP, Nicolson GL, Rao JS, Mohanam S (2000) 
Modulation of endothelial cell morphogenesis in 
vitro by MMP-9 during glial-endothelial cell inter-
actions. Clin Exp Metastasis 18:337-342.

26. Chantrain CF, Shimada H, Jodele S, Groshen 
S, Ye W, Shalinsky DR, Werb Z, Coussens LM, De-
Clerck YA (2004) Stromal matrix metalloprotein-
ase-9 regulates the vascular architecture in neu-
roblastoma by promoting pericyte recruitment. 
Cancer Res 64:1675-1686.

27. Chintala SK, Kyritsis AP, Mohan PM, Mohanam 
S, Sawaya R, Gokslan Z, Yung WK, Steck P, Uhm 
JH, Aggarwal BB, Rao JS (1999) Altered actin cyto-
skeleton and inhibition of matrix metalloprotein-
ase expression by vanadate and phenylarsine ox-
ide, inhibitors of phosphotyrosine phosphatases: 
modulation of migration and invasion of human 
malignant glioma cells. Mol Carcinog 26:274-285.

28. Chintala SK, Mohanam S, Go Y, Venkaiah B, 
Sawaya R, Gokaslan ZL, Rao JS (1997) Altered in 
vitro spreading and cytoskeletal organization in 
human glioma cells by downregulation of uroki-
nase receptor. Mol Carcinog 20:355-365.

29. Chintala SK, Sawaya R, Aggarwal BB, Ma-
jumder S, Giri DK, Kyritsis AP, Gokaslan ZL, Rao 
JS (1998) Induction of matrix metalloprotein-
ase-9 requires a polymerized actin cytoskeleton 



Proteases and Glioma Angiogenesis—Lakka et al     337

in human malignant glioma cells. J Biol Chem 
273:13545-13551.

30. Chintala SK, Sawaya R, Gokaslan ZL, Rao JS 
(1996) Modulation of matrix metalloprotease-2 
and invasion in human glioma cells by alpha 3 
beta 1 integrin. Cancer Lett 103:201-208.

31. Choe G, Park JK, Jouben-Steele L, Kremen 
TJ, Liau LM, Vinters HV, Cloughesy TF, Mischel PS 
(2002) Active matrix metalloproteinase 9 expres-
sion is associated with primary glioblastoma sub-
type. Clin Cancer Res 8:2894-2901.

32. Clark RA, Tonnesen MG, Gailit J, Cheresh DA 
(1996) Transient functional expression of alphaV-
beta 3 on vascular cells during wound repair. Am 
J Pathol 148:1407-1421.

33. Crowley CW, Cohen RL, Lucas BK, Liu G, Shu-
man MA, Levinson AD (1993) Prevention of me-
tastasis by inhibition of the urokinase receptor. 
Proc Natl Acad Sci U S A 90:5021-5025.

34. Curino A, Mitola DJ, Aaronson H, McMahon 
GA, Raja K, Keegan AD, Lawrence DA, Bugge TH 
(2002) Plasminogen promotes sarcoma growth 
and suppresses the accumulation of tumor-infil-
trating macrophages. Oncogene 21:8830-8842.

35. Dear AE, Medcalf RL (1998) The urokinase-
type-plasminogen-activator receptor (CD87) is a 
pleiotropic molecule. Eur J Biochem 252:185-193.

36. Demchik LL, Sameni M, Nelson K, Mikkelsen 
T, Sloane BF (1999) Cathepsin B and glioma inva-
sion. Int J Dev Neurosci 17:483-494.

37. Deng G, Curriden SA, Wang S, Rosenberg S, 
Loskutoff DJ (1996) Is plasminogen activator 
inhibitor-1 the molecular switch that governs 
urokinase receptor-mediated cell adhesion and 
release? J Cell Biol 134:1563-1571.

38. Devy L, Blacher S, Grignet-Debrus C, Bajou K, 
Masson V, Gerard RD, Gils A, Carmeliet G, Carme-
liet P, Declerck PJ, Noel A, Foidart JM (2002) The 
pro- or antiangiogenic effect of plasminogen 
activator inhibitor 1 is dose dependent. FASEB J 
16:147-154.

39. Dong Z, Kumar R, Yang X, Fidler IJ (1997) Mac-
rophage-derived metalloelastase is responsible 
for the generation of angiostatin in Lewis lung 
carcinoma. Cell 88:801-810.

40. Drake CJ, Cheresh DA, Little CD (1995) An 
antagonist of integrin alpha v beta 3 prevents 
maturation of blood vessels during embryonic 
neovascularization. J Cell Sci 108:2655-2661.

41. Dvorak HF (2000) VPF/VEGF and the angio-
genic response. Semin Perinatol 24:75-78.

42. Dvorak HF, Brown LF, Detmar M, Dvorak AM 
(1995) Vascular permeability factor/vascular 
endothelial growth factor, microvascular hy-
perpermeability, and angiogenesis. Am J Pathol 
146:1029-1039.

43. Dvorak HF, Nagy JA, Feng D, Brown LF, Dvorak 
AM (1999) Vascular permeability factor/vascular 
endothelial growth factor and the significance of 
microvascular hyperpermeability in angiogen-
esis. Curr Top Microbiol Immunol 237:97-132.

44. Eeckhout Y, Vaes G (1977) Further studies on 
the activation of procollagenase, the latent pre-
cursor of bone collagenase. Effects of lysosomal 

cathepsin B, plasmin and kallikrein, and sponta-
neous activation. Biochem J 166:21-31.

45. Egeblad M, Werb Z (2002) New functions for 
the matrix metalloproteinases in cancer progres-
sion. Nat Rev Cancer 2:161-174.

46. Ellerbroek SM, Halbleib JM, Benavidez M, 
Warmka JK, Wattenberg EV, Stack MS, Hudson 
LG (2001) Phosphatidylinositol 3-kinase activ-
ity in epidermal growth factor-stimulated matrix 
metalloproteinase-9 production and cell surface 
association. Cancer Res 61:1855-1861.

47. Emmert-Buck MR, Roth MJ, Zhuang Z, Campo 
E, Rozhin J, Sloane BF, Liotta LA, Stetler-Steven-
son WG (1994) Increased gelatinase A (MMP-
2) and cathepsin B activity in invasive tumor 
regions of human colon cancer samples. Am J 
Pathol 145:1285-1290.

48. Enenstein J, Kramer RH (1994) Confocal mi-
croscopic analysis of integrin expression on the 
microvasculature and its sprouts in the neonatal 
foreskin. J Invest Dermatol 103:381-386.

49. Fahraeus R, Lane DP (1999) The p16(INK4a) tu-
mour suppressor protein inhibits alphavbeta3 in-
tegrin-mediated cell spreading on vitronectin by 
blocking PKC-dependent localization of alphav-
beta3 to focal contacts. EMBO J 18:2106-2118.

50. Ferrara N, Davis-Smyth T (1997) The biology 
of vascular endothelial growth factor. Endocr Rev 
18:4-25.

51. Ferreras M, Felbor U, Lenhard T, Olsen BR, De-
laisse J (2000) Generation and degradation of hu-
man endostatin proteins by various proteinases. 
FEBS Lett 486:247-251.

52. Fibbi G, Caldini R, Chevanne M, Pucci M, 
Schiavone N, Morbidelli L, Parenti A, Granger HJ, 
Del Rosso M, Ziche M (1998) Urokinase-depen-
dent angiogenesis in vitro and diacylglycerol 
production are blocked by antisense oligonucle-
otides against the urokinase receptor. Lab Invest 
78:1109-1119.

53. Fidler IJ, Ellis LM (1994) The implications of an-
giogenesis for the biology and therapy of cancer 
metastasis. Cell 79:185-188.

54. Folkman J (1995) Angiogenesis in cancer, 
vascular, rheumatoid and other disease. Nat Med 
1:27-31.

55. Forsyth PA, Laing TD, Gibson AW, Rewcastle 
NB, Brasher P, Sutherland G, Johnston RN, Ed-
wards DR (1998) High levels of gelatinase-B and 
active gelatinase-A in metastatic glioblastoma. J 
Neurooncol 36:21-29.

56. Forsyth PA, Wong H, Laing TD, Rewcastle 
NB, Morris DG, Muzik H, Leco KJ, Johnston RN, 
Brasher PM, Sutherland G, Edwards DR (1999) 
Gelatinase-A (MMP-2), gelatinase-B (MMP-9) 
and membrane type matrix metalloproteinase-1 
(MT1-MMP) are involved in different aspects of 
the pathophysiology of malignant gliomas. Br J 
Cancer 79:1828-1835.

57. Gladson CL, Cheresh DA (1991) Glioblastoma 
expression of vitronectin and the alpha v beta 3 
integrin. Adhesion mechanism for transformed 
glial cells. J Clin Invest 88:1924-1932.

58. Gladson CL, Pijuan-Thompson V, Olman MA, 
Gillespie GY, Yacoub IZ (1995) Up-regulation of 

urokinase and urokinase receptor genes in ma-
lignant astrocytoma. Am J Pathol 146:1150-1160.

59. Go Y, Chintala SK, Mohanam S, Gokaslan Z, 
Venkaiah B, Bjerkvig R, Oka K, Nicolson GL, Sawa-
ya R, Rao JS (1997) Inhibition of in vivo tumorige-
nicity and invasiveness of a human glioblastoma 
cell line transfected with antisense uPAR vectors. 
Clin Exp Metastasis 15:440-446.

60. Gondi CS, Lakka SS, Yanamandra N, Olivero 
WC, Dinh DH, Gujrati M, Tung CH, Weissleder R, 
Rao JS (2004) Adenovirus-mediated expression 
of antisense urokinase plasminogen activator re-
ceptor and antisense cathepsin B inhibits tumor 
growth, invasion, and angiogenesis in gliomas. 
Cancer Res 64:4069-4077.

61. Gondi CS, Lakka SS, Yanamandra N, Siddique 
K, Dinh DH, Olivero WC, Gujrati M, Rao JS (2003) 
Expression of antisense uPAR and antisense uPA 
from a bicistronic adenoviral construct inhibits 
glioma cell invasion, tumor growth, and angio-
genesis. Oncogene 22:5967-5975.

62. Gottschall PE, Deb S (1996) Regulation of ma-
trix metalloproteinase expressions in astrocytes, 
microglia and neurons. Neuroimmunomodula-
tion 3:69-75.

63. Gutierrez LS, Schulman A, Brito-Robinson T, 
Noria F, Ploplis VA, Castellino FJ (2000) Tumor de-
velopment is retarded in mice lacking the gene 
for urokinase-type plasminogen activator or its 
inhibitor, plasminogen activator inhibitor-1. Can-
cer Res 60:5839-5847.

64. Hamano Y, Zeisberg M, Sugimoto H, Lively JC, 
Maeshima Y, Yang C, Hynes RO, Werb Z, Sudhakar 
A, Kalluri R (2003) Physiological levels of tumsta-
tin, a fragment of collagen IV alpha3 chain, are 
generated by MMP-9 proteolysis and suppress 
angiogenesis via alphaV beta3 integrin. Cancer 
Cell 3:589-601.

65. Hammes HP, Brownlee M, Jonczyk A, Sutter A, 
Preissner KT (1996) Subcutaneous injection of a 
cyclic peptide antagonist of vitronectin receptor-
type integrins inhibits retinal neovascularization. 
Nat Med 2:529-533.

66. Hanahan D, Folkman J (1996) Patterns and 
emerging mechanisms of the angiogenic switch 
during tumorigenesis. Cell 86:353-364.

67. Hansen AP, Petros AM, Meadows RP, Net-
tesheim DG, Mazar AP, Olejniczak ET, Xu RX, 
Pederson TM, Henkin J, Fesik SW (1994) Solution 
structure of the amino-terminal fragment of uro-
kinase-type plasminogen activator. Biochemistry 
33:4847-4864.

68. Hedberg KK, Stauff C, Hoyer-Hansen G, Ronne 
E, Griffith OH (2000) High-molecular-weight se-
rum protein complexes differentially promote 
cell migration and the focal adhesion localization 
of the urokinase receptor in human glioma cells. 
Exp Cell Res 257:67-81.

69. Hjortland GO, Bjornland K, Pettersen S, Gar-
man-Vik SS, Emilsen E, Nesland JM, Fodstad O, 
Engebraaten O (2003) Modulation of glioma cell 
invasion and motility by adenoviral gene transfer 
of PAI-1. Clin Exp Metastasis 20:301-309.

70. Horton M (1990) Vitronectin receptor: tissue 
specific expression or adaptation to culture? Int J 
Exp Pathol 71:741-759.



338     Proteases and Glioma Angiogenesis—Lakka et al

71. Hoyer-Hansen G, Behrendt N, Ploug M, Dano 
K, Preissner KT (1997) The intact urokinase recep-
tor is required for efficient vitronectin binding: 
receptor cleavage prevents ligand interaction. 
FEBS Lett 420:79-85.

72. Hsu DW, Efird JT, Hedley-Whyte ET (1995) 
Prognostic role of urokinase-type plasminogen 
activator in human gliomas. Am J Pathol 147:114-
123.

73. Ingber DE, Folkman J (1989) How does extra-
cellular matrix control capillary morphogenesis? 
Cell 58:803-805.

74. Isahara K, Ohsawa Y, Kanamori S, Shibata M, 
Waguri S, Sato N, Gotow T, Watanabe T, Momoi T, 
Urase K, Kominami E, Uchiyama Y (1999) Regu-
lation of a novel pathway for cell death by lyso-
somal aspartic and cysteine proteinases. Neuro-
science 91:233-249.

75. Isogai C, Laug WE, Shimada H, Declerck PJ, 
Stins MF, Durden DL, Erdreich-Epstein A, De-
Clerck YA (2001) Plasminogen activator inhibitor-
1 promotes angiogenesis by stimulating endo-
thelial cell migration toward fibronectin. Cancer 
Res 61:5587-5594.

76. Itoh T, Tanioka M, Yoshida H, Yoshioka T, Nishi-
moto H, Itohara S (1998) Reduced angiogenesis 
and tumor progression in gelatinase A-deficient 
mice. Cancer Res 58:1048-1051.

77. Jadhav U, Chigurupati S, Lakka SS, Mohanam 
S (2004) Inhibition of matrix metalloproteinase-9 
reduces in vitro invasion and angiogenesis in hu-
man microvascular endothelial cells. Int J Oncol 
25:1407-1414.

78. Joyce JA, Baruch A, Chehade K, Meyer-Morse 
N, Giraudo E, Tsai FY, Greenbaum DC, Hager JH, 
Bogyo M, Hanahan D (2004) Cathepsin cysteine 
proteases are effectors of invasive growth and 
angiogenesis during multistage tumorigenesis. 
Cancer Cell 5:443-453.

79. Kanse SM, Kost C, Wilhelm OG, Andreasen PA, 
Preissner KT (1996) The urokinase receptor is a 
major vitronectin-binding protein on endothelial 
cells. Exp Cell Res 224:344-353.

80. Kin Y, Chintala SK, Go Y, Sawaya R, Mohanam 
S, Kyritsis AP, Rao JS (2000) A novel role for the 
urokinase-type plasminogen activator receptor 
in apoptosis of malignant gliomas. Int J Oncol 
17:61-65.

81. Kirschke H, Barrett AJ, Rawlings ND (1995) 
Proteinases 1: lysosomal cysteine proteinases. 
Protein Profile 2:1581-1643.

82. Kleihues P, Burger PC, Collins V, Newcomb EW, 
Ohgaki H, Cavenee WK (2000) Glioblastoma. In: 
Pathology and Genetics of Tumours of the Nervous 
System, Kleihues P, Cavenee WK (eds.), pp. 29-39, 
IARC Press: Lyon.

83. Kobayashi H, Ohi H, Sugimura M, Shinohara 
H, Fujii T, Terao T (1992) Inhibition of in vitro ovar-
ian cancer cell invasion by modulation of uroki-
nase-type plasminogen activator and cathepsin 
B. Cancer Res 52:3610-3614.

84. Koblinski JE, Ahram M, Sloane BF (2000) Un-
raveling the role of proteases in cancer. Clin Chim 
Acta 291:113-135.

85. Koblinski JE, Dosescu J, Sameni M, Moin K, 
Clark K, Sloane BF (2002) Interaction of human 
breast fibroblasts with collagen I increases secre-
tion of procathepsin B. J Biol Chem 277:32220-
32227.

86. Kondraganti S, Mohanam S, Chintala SK, Kin Y, 
Jasti SL, Nirmala C, Lakka SS, Adachi Y, Kyritsis AP, 
Ali-Osman F, Sawaya R, Fuller GN, Rao JS (2000) 
Selective suppression of matrix metalloprotein-
ase-9 in human glioblastoma cells by antisense 
gene transfer impairs glioblastoma cell invasion. 
Cancer Res 60:6851-6855.

87. Konduri S, Lakka SS, Tasiou A, Yanamandra N, 
Gondi CS, Dinh DH, Olivero WC, Gujrati M, Rao JS 
(2001) Elevated levels of cathepsin B in human 
glioblastoma cell lines. Int J Oncol 19:519-524.

88. Konduri SD, Yanamandra N, Siddique K, Jo-
seph A, Dinh DH, Olivero WC, Gujrati M, Kouraklis 
G, Swaroop A, Kyritsis AP, Rao JS (2002) Modula-
tion of cystatin C expression impairs the invasive 
and tumorigenic potential of human glioblas-
toma cells. Oncogene 21:8705-8712.

89. Kono S, Rao JS, Bruner JM, Sawaya R (1994) 
Immunohistochemical localization of plasmino-
gen activator inhibitor type 1 in human brain tu-
mors. J Neuropathol Exp Neurol 53:256-262.

90. Kook YH, Adamski J, Zelent A, Ossowski L 
(1994) The effect of antisense inhibition of uro-
kinase receptor in human squamous cell carci-
noma on malignancy. EMBO J 13:3983-3991.

91. Kostoulas G, Lang A, Nagase H, Baici A (1999) 
Stimulation of angiogenesis through cathepsin B 
inactivation of the tissue inhibitors of matrix me-
talloproteinases. FEBS Lett 455:286-290.

92. Krishnamoorthy B, Darnay B, Aggarwal B, 
Dinh DH, Kouraklis G, Olivero WC, Gujrati M, 
Rao JS (2001) Glioma cells deficient in urokinase 
plaminogen activator receptor expression are 
susceptible to tumor necrosis factor-alpha-re-
lated apoptosis-inducing ligand-induced apop-
tosis. Clin Cancer Res 7:4195-4201.

93. Lah TT, Strojnik T, Levicar N, Bervar A, Zajc 
I, Pilkington G, Kos J (2000) Clinical and experi-
mental studies of cysteine cathepsins and their 
inhibitors in human brain tumors. Int J Biol Mark-
ers 15:90-93.

94. Lakka SS, Bhattacharya A, Mohanam S, Boyd 
D, Rao JS (2001) Regulation of the uPA gene in 
various grades of human glioma cells. Int J Oncol 
18:71-79.

95. Lakka SS, Gondi CS, Dinh DH, Olivero WC, Gu-
jrati M, Rao VH, Sioka C, Rao JS (2005) Specific in-
terference of uPAR and MMP-9 gene expression 
induced by double-stranded RNA results in de-
creased invasion, tumor growth and angiogen-
esis in gliomas. J Biol Chem 280:21882-21892.

96. Lakka SS, Gondi CS, Yanamandra N, Dinh DH, 
Olivero WC, Gujrati M, Rao JS (2003) Synergistic 
down-regulation of urokinase plasminogen ac-
tivator receptor and matrix metalloproteinase-9 
in SNB19 glioblastoma cells efficiently inhibits 
glioma cell invasion, angiogenesis, and tumor 
growth. Cancer Res 63:2454-2461.

97. Lakka SS, Gondi CS, Yanamandra N, Olivero 
WC, Dinh DH, Gujrati M, Rao JS (2004) Inhibi-
tion of cathepsin B and MMP-9 gene expression 

in glioblastoma cell line via RNA interference 
reduces tumor cell invasion, tumor growth and 
angiogenesis. Oncogene 23:4681-4689.

98. Lakka SS, Jasti SL, Gondi C, Boyd D, Chan-
drasekar N, Dinh DH, Olivero WC, Gujrati M, Rao 
JS (2002) Downregulation of MMP-9 in ERK-mu-
tated stable transfectants inhibits glioma inva-
sion in vitro. Oncogene 21:5601-5608.

99. Lakka SS, Jasti SL, Kyritsis AP, Yung WK, Ali-
Osman F, Nicolson GL, Rao JS (2000) Regulation 
of MMP-9 (type IV collagenase) production and 
invasiveness in gliomas by the extracellular sig-
nal-regulated kinase and jun amino-terminal 
kinase signaling cascades. Clin Exp Metastasis 
18:245-252.

100. Lakka SS, Rajan M, Gondi C, Yanamandra 
N, Chandrasekar N, Jasti SL, Adachi Y, Siddique 
K, Gujrati M, Olivero W, Dinh DH, Kouraklis G, 
Kyritsis AP, Rao JS (2002) Adenovirus-mediated 
expression of antisense MMP-9 in glioma cells 
inhibits tumor growth and invasion. Oncogene 
21:8011-8019.

101. Leek RD, Harris AL, Lewis CE (1994) Cytokine 
networks in solid human tumors: regulation of 
angiogenesis. J Leukoc Biol 56:423-435.

102. Liang OD, Chavakis T, Kanse SM, Preissner 
KT (2001) Ligand binding regions in the receptor 
for urokinase-type plasminogen activator. J Biol 
Chem 276:28946-28953.

103. Lignelid H, Collins VP, Jacobsson B (1997) 
Cystatin C and transthyretin expression in normal 
and neoplastic tissues of the human brain and pi-
tuitary. Acta Neuropathol (Berl) 93:494-500.

104. Liotta LA, Steeg PS, Stetler-Stevenson WG 
(1991) Cancer metastasis and angiogenesis: an 
imbalance of positive and negative regulation. 
Cell 64:327-336.

105. Lockhart AC, Braun RD, Yu D, Ross JR, De-
whirst MW, Humphrey JS, Thompson S, Wil-
liams KM, Klitzman B, Yuan F, Grichnik JM, Proia 
AD, Conway DA, Hurwitz HI (2003) Reduction 
of wound angiogenesis in patients treated with 
BMS-275291, a broad spectrum matrix metallo-
proteinase inhibitor. Clin Cancer Res 9:586-593.

106. MacDonald TJ, DeClerck YA, Laug WE (1998) 
Urokinase induces receptor mediated brain tu-
mor cell migration and invasion. J Neurooncol 
40:215-226.

107. Maeda A, Sobel RA (1996) Matrix metallo-
proteinases in the normal human central nervous 
system, microglial nodules, and multiple sclerosis 
lesions. J Neuropathol Exp Neurol 55:300-309.

108. Maekawa R, Maki H, Yoshida H, Hojo K, 
Tanaka H, Wada T, Uchida N, Takeda Y, Kasai H, 
Okamoto H, Tsuzuki H, Kambayashi Y, Watanabe 
F, Kawada K, Toda K, Ohtani M, Sugita K, Yosh-
ioka T (1999) Correlation of antiangiogenic and 
antitumor efficacy of N-biphenyl sulfonyl-phe-
nylalanine hydroxiamic acid (BPHA), an orally-ac-
tive, selective matrix metalloproteinase inhibitor. 
Cancer Res 59:1231-1235.

109. Mandriota SJ, Seghezzi G, Vassalli JD, Ferrara 
N, Wasi S, Mazzieri R, Mignatti P, Pepper MS (1995) 
Vascular endothelial growth factor increases uro-
kinase receptor expression in vascular endothe-
lial cells. J Biol Chem 270:9709-9716.



Proteases and Glioma Angiogenesis—Lakka et al     339

110. Max R, Gerritsen RR, Nooijen PT, Goodman 
SL, Sutter A, Keilholz U, Ruiter DJ, De Waal RM 
(1997) Immunohistochemical analysis of integrin 
alpha vbeta3 expression on tumor-associated 
vessels of human carcinomas. Int J Cancer 71:320-
324.

111. May AE, Kanse SM, Lund LR, Gisler RH, Im-
hof BA, Preissner KT (1998) Urokinase receptor 
(CD87) regulates leukocyte recruitment via beta 
2 integrins in vivo. J Exp Med 188:1029-1037.

112. Mazar AP, Buko APAM, Barnathan ESHJ (1992) 
Domain analysis of urokinase plasminogen acti-
vator (uPA) preparation and characterization of 
intact A-chain molecules. Fibrinolysis 6:49-55.

113. Mazar AP, Henkin J, Goldfarb RH (1999) The 
urokinase plasminogen activator system in can-
cer: implications for tumor angiogenesis and me-
tastasis. Angiogenesis 3:15-32.

114. Mikkelsen T, Yan PS, Ho KL, Sameni M, Sloane 
BF, Rosenblum ML (1995) Immunolocalization of 
cathepsin B in human glioma: implications for 
tumor invasion and angiogenesis. J Neurosurg 
83:285-290.

115. Mira E, Lacalle RA, Buesa JM, de Buitrago GG, 
Jimenez-Baranda S, Gomez-Mouton C, Martinez 
A, Manes S (2004) Secreted MMP9 promotes an-
giogenesis more efficiently than constitutive ac-
tive MMP9 bound to the tumor cell surface. J Cell 
Sci 117:1847-1857.

116. Mishima K, Mazar AP, Gown A, Skelly M, Ji 
XD, Wang XD, Jones TR, Cavenee WK, Huang HJ 
(2000) A peptide derived from the non-receptor-
binding region of urokinase plasminogen activa-
tor inhibits glioblastoma growth and angiogen-
esis in vivo in combination with cisplatin. Proc 
Natl Acad Sci U S A 97:8484-8489.

117. Miyake K, Kimura S, Nakanishi M, Hisada A, 
Hasegawa M, Nagao S, Abe Y (2000) Transform-
ing growth factor-beta1 stimulates contraction 
of human glioblastoma cell-mediated collagen 
lattice through enhanced alpha2 integrin expres-
sion. J Neuropathol Exp Neurol 59:18-28.

118. Mohan PM, Chintala SK, Mohanam S, Glad-
son CL, Kim ES, Gokaslan ZL, Lakka SS, Roth JA, 
Fang B, Sawaya R, Kyritsis AP, Rao JS (1999) Ad-
enovirus-mediated delivery of antisense gene to 
urokinase-type plasminogen activator receptor 
suppresses glioma invasion and tumor growth. 
Cancer Res 59:3369-3373.

119. Mohanam S, Chintala SK, Go Y, Bhattacharya 
A, Venkaiah B, Boyd D, Gokaslan ZL, Sawaya R, 
Rao JS (1997) In vitro inhibition of human glio-
blastoma cell line invasiveness by antisense uPA 
receptor. Oncogene 14:1351-1359.

120. Mohanam S, Jasti SL, Kondraganti SR, Chan-
drasekar N, Kin Y, Fuller GN, Lakka SS, Kyritsis AP, 
Dinh DH, Olivero WC, Gujrati M, Yung WK, Rao 
JS (2001) Stable transfection of urokinase-type 
plasminogen activator antisense construct mod-
ulates invasion of human glioblastoma cells. Clin 
Cancer Res 7:2519-2526.

121. Mohanam S, Jasti SL, Kondraganti SR, Chan-
drasekar N, Lakka SS, Kin Y, Fuller GN, Yung AW, 
Kyritsis AP, Dinh DH, Olivero WC, Gujrati M, Ali-
Osman F, Rao JS (2001) Down-regulation of ca-
thepsin B expression impairs the invasive and 

tumorigenic potential of human glioblastoma 
cells. Oncogene 20:3665-3673.

122. Mohanam S, Sawaya R, McCutcheon I, Ali-
Osman F, Boyd D, Rao JS (1993) Modulation of 
in vitro invasion of human glioblastoma cells by 
urokinase-type plasminogen activator receptor 
antibody. Cancer Res 53:4143-4147.

123. Moon SK, Cho GO, Jung SY, Gal SW, Kwon TK, 
Lee YC, Madamanchi NR, Kim CH (2003) Querce-
tin exerts multiple inhibitory effects on vascular 
smooth muscle cells: role of ERK1/2, cell-cycle 
regulation, and matrix metalloproteinase-9. Bio-
chem Biophys Res Commun 301:1069-1078.

124. Mori T, Abe T, Wakabayashi Y, Hikawa T, Mat-
suo K, Yamada Y, Kuwano M, Hori S (2000) Up-
regulation of urokinase-type plasminogen acti-
vator and its receptor correlates with enhanced 
invasion activity of human glioma cells mediated 
by transforming growth factor-alpha or basic fi-
broblast growth factor. J Neurooncol 46:115-123.

125. Moses MA, Sudhalter J, Langer R (1990) Iden-
tification of an inhibitor of neovascularization 
from cartilage. Science 248:1408-1410.

126. Muir EM, Adcock KH, Morgenstern DA, Clay-
ton R, von Stillfried N, Rhodes K, Ellis C, Fawcett 
JW, Rogers JH (2002) Matrix metalloproteases 
and their inhibitors are produced by overlapping 
populations of activated astrocytes. Mol Brain Res 
100:103-117.

127. Muracciole X, Romain S, Dufour H, Palmari 
J, Chinot O, Ouafik L, Grisoli F, Branger DF, Martin 
PM (2002) PAI-1 and EGFR expression in adult gli-
oma tumors: toward a molecular prognostic clas-
sification. Int J Radiat Oncol Biol Phys 52:592-598.

128. Murphy G, Knauper V, Cowell S, Hembry R, 
Stanton H, Butler G, Freije J, Pendas AM, Lopez-
Otin C (1999) Evaluation of some newer matrix 
metalloproteinases. Ann N Y Acad Sci 878:25-39.

129. Naglich JG, Jure-Kunkel M, Gupta E, Fargnoli 
J, Henderson AJ, Lewin AC, Talbott R, Baxter A, 
Bird J, Savopoulos R, Wills R, Kramer RA, Trail PA 
(2001) Inhibition of angiogenesis and metasta-
sis in two murine models by the matrix metal-
loproteinase inhibitor, BMS-275291. Cancer Res 
61:8480-8485.

130. Nakagawa T, Kubota T, Kabuto M, Sato K, 
Kawano H, Hayakawa T, Okada Y (1994) Produc-
tion of matrix metalloproteinases and tissue in-
hibitor of metalloproteinases-1 by human brain 
tumors. J Neurosurg 81:69-77.

131. Nakano A, Tani E, Miyazaki K, Furuyama J, 
Matsumoto T (1993) Expressions of matrilysin 
and stromelysin in human glioma cells. Biochem 
Biophys Res Commun 192:999-1003.

132. Nirmala C, Jasti SL, Sawaya R, Kyritsis AP, Kon-
duri SD, Ali-Osman F, Rao JS, Mohanam S (2000) 
Effects of radiation on the levels of MMP-2, MMP-
9 and TIMP-1 during morphogenic glial-endo-
thelial cell interactions. Int J Cancer 88:766-771.

133. Nisato RE, Tille JC, Jonczyk A, Goodman SL, 
Pepper MS (2003) Alphav beta 3 and alphav beta 
5 integrin antagonists inhibit angiogenesis in vi-
tro. Angiogenesis 6:105-119.

134. Nusrat AR, Mazar A, Henkin J, Chapman HA 
(1992) A role for urokinase in mediating phorbol 

ester induced macrophage-like maturation and 
adhesion of U937 and other myloid cells. Fibrino-
lysis 6:71-76.

135. O’Reilly MS, Wiederschain D, Stetler-Steven-
son WG, Folkman J, Moses MA (1999) Regulation 
of angiostatin production by matrix metallopro-
teinase-2 in a model of concomitant resistance. J 
Biol Chem 274:29568-29571.

136. Okada Y, Copeland BR, Hamann GF, Koziol JA, 
Cheresh DA, del Zoppo GJ (1996) Integrin alphav-
beta3 is expressed in selected microvessels after 
focal cerebral ischemia. Am J Pathol 149:37-44.

137. Ossowski L, Aguirre-Ghiso JA (2000) Uroki-
nase receptor and integrin partnership: coordi-
nation of signaling for cell adhesion, migration 
and growth. Curr Opin Cell Biol 12:613-620.

138. Park IK, Lyu MA, Yeo SJ, Han TH, Kook YH 
(2000) Sp1 mediates constitutive and transform-
ing growth factor beta-inducible expression of 
urokinase type plasminogen activator receptor 
gene in human monocyte-like U937 cells. Bio-
chim Biophys Acta 1490:302-310.

139. Park JE, Keller GA, Ferrara N (1993) The vas-
cular endothelial growth factor (VEGF) isoforms: 
differential deposition into the subepithelial ex-
tracellular matrix and bioactivity of extracellular 
matrix-bound VEGF. Mol Biol Cell 4:1317-1326.

140. Park MJ, Kim MS, Park IC, Kang HS, Yoo H, 
Park SH, Rhee CH, Hong SI, Lee SH (2002) PTEN 
suppresses hyaluronic acid-induced matrix me-
talloproteinase-9 expression in U87MG glioblas-
toma cells through focal adhesion kinase de-
phosphorylation. Cancer Res 62:6318-6322.

141. Patterson BC, Sang QA (1997) Angiostatin-
converting enzyme activities of human matrily-
sin (MMP-7) and gelatinase B/type IV collagenase 
(MMP-9). J Biol Chem 272:28823-28825.

142. Pepper MS, Matsumoto K, Nakamura T, Orci 
L, Montesano R (1992) Hepatocyte growth factor 
increases urokinase-type plasminogen activator 
(u-PA) and u-PA receptor expression in Madin-
Darby canine kidney epithelial cells. J Biol Chem 
267:20493-20496.

143. Pepper MS, Montesano R, Mandriota SJ, Orci 
L, Vassalli JD (1996) Angiogenesis: a paradigm for 
balanced extracellular proteolysis during cell 
migration and morphogenesis. Enzyme Protein 
49:138-162.

144. Pepper MS, Sappino AP, Stocklin R, Monte-
sano R, Orci L, Vassalli JD (1993) Upregulation of 
urokinase receptor expression on migrating en-
dothelial cells. J Cell Biol 122:673-684.

145. Platten M, Wick W, Wild-Bode C, Aulwurm S, 
Dichgans J, Weller M (2000) Transforming growth 
factors beta(1) (TGF-beta(1)) and TGF-beta(2) 
promote glioma cell migration via Up-regulation 
of alpha(V)beta(3) integrin expression. Biochem 
Biophys Res Commun 268:607-611.

146. Ploug M (1998) Identification of specific sites 
involved in ligand binding by photoaffinity label-
ing of the receptor for the urokinase-type plas-
minogen activator. Residues located at equivalent 
positions in uPAR domains I and III participate in 
the assembly of a composite ligand-binding site. 
Biochemistry 37:16494-16505.



340     Proteases and Glioma Angiogenesis—Lakka et al

147. Polverini PJ (1996) Cellular adhesion mol-
ecules. Newly identified mediators of angiogen-
esis. Am J Pathol 148:1023-1029.

148. Pozzi A, LeVine WF, Gardner HA (2002) Low 
plasma levels of matrix metalloproteinase 9 per-
mit increased tumor angiogenesis. Oncogene 
21:272-281.

149. Preissner KT, Kanse SM, May AE (2000) Uro-
kinase receptor: a molecular organizer in cellular 
communication. Curr Opin Cell Biol 12:621-628.

150. Premzl A, Zavasnik-Bergant V, Turk V, Kos J 
(2003) Intracellular and extracellular cathepsin B 
facilitate invasion of MCF-10A neoT cells through 
reconstituted extracellular matrix in vitro. Exp Cell 
Res 283:206-214.

151. Primakoff P, Myles DG (2000) The ADAM 
gene family: surface proteins with adhesion and 
protease activity. Trends Genet 16:83-87.

152. Qian F, Frankfater A, Chan SJ, Steiner DF 
(1991) The structure of the mouse cathepsin 
B gene and its putative promoter. DNA Cell Biol 
10:159-168.

153. Qian X, Wang TN, Rothman VL, Nicosia RF, 
Tuszynski GP (1997) Thrombospondin-1 modu-
lates angiogenesis in vitro by up-regulation of 
matrix metalloproteinase-9 in endothelial cells. 
Exp Cell Res 235:403-412.

154. Quax PH, Grimbergen JM, Lansink M, Bakker 
AH, Blatter MC, Belin D, van Hinsbergh VW, Verhe-
ijen JH (1998) Binding of human urokinase-type 
plasminogen activator to its receptor: residues 
involved in species specificity and binding. Arte-
rioscler Thromb Vasc Biol 18:693-701.

155. Rabbani SA, Mazar AP, Bernier SM, Haq M, 
Bolivar I, Henkin J, Goltzman D (1992) Structural 
requirements for the growth factor activity of the 
amino-terminal domain of urokinase. J Biol Chem 
267:14151-14156.

156. Raithatha SA, Muzik H, Muzik H, Rewcastle 
NB, Johnston RN, Edwards DR, Forsyth PA (2000) 
Localization of gelatinase-A and gelatinase-B 
mRNA and protein in human gliomas. Neuro-on-
col 2:145-150.

157. Rao JS, Steck PA, Mohanam S, Stetler-Ste-
venson WG, Liotta LA, Sawaya R (1993) Elevated 
levels of M(r) 92,000 type IV collagenase in hu-
man brain tumors. Cancer Res 53:2208-2211.

158. Rao JS, Yamamoto M, Mohaman S, Gokaslan 
ZL, Fuller GN, Stetler-Stevenson WG, Rao VH, Liot-
ta LA, Nicolson GL, Sawaya RE (1996) Expression 
and localization of 92 kDa type IV collagenase/
gelatinase B (MMP-9) in human gliomas. Clin Exp 
Metastasis 14:12-18.

159. Rao NK, Shi GP, Chapman HA (1995) Uroki-
nase receptor is a multifunctional protein: influ-
ence of receptor occupancy on macrophage 
gene expression. J Clin Invest 96:465-474.

160. Rempel SA, Rosenblum ML, Mikkelsen T, Yan 
PS, Ellis KD, Golembieski WA, Sameni M, Rozhin J, 
Ziegler G, Sloane BF (1994) Cathepsin B expres-
sion and localization in glioma progression and 
invasion. Cancer Res 54:6027-6031.

161. Resnati M, Pallavicini I, Wang JM, Oppen-
heim J, Serhan CN, Romano M, Blasi F (2002) The 
fibrinolytic receptor for urokinase activates the 

G protein-coupled chemotactic receptor FPRL1/
LXA4R. Proc Natl Acad Sci U S A 99:1359-1364.

162. Ribatti D, Leali D, Vacca A, Giuliani R, Gual-
andris A, Roncali L, Nolli ML, Presta M (1999) In 
vivo angiogenic activity of urokinase: role of 
endogenous fibroblast growth factor-2. J Cell Sci 
112:4213-4221.

163. Risau W, Lemmon V (1988) Changes in the 
vascular extracellular matrix during embry-
onic vasculogenesis and angiogenesis. Dev Biol 
125:441-450.

164. Roldan AL, Cubellis MV, Masucci MT, Beh-
rendt N, Lund LR, Dano K, Appella E, Blasi F (1990) 
Cloning and expression of the receptor for hu-
man urokinase plasminogen activator, a central 
molecule in cell surface, plasmin dependent pro-
teolysis. EMBO J 9:467-474.

165. Romanic AM, Madri JA (1994) Extracellular 
matrix-degrading proteinases in the nervous sys-
tem. Brain Pathol 4:145-156.

166. Rooprai HK, McCormick D (1997) Proteases 
and their inhibitors in human brain tumours: a 
review. Anticancer Res 17:4151-4162.

167. Rooprai HK, Rucklidge GJ, Panou C, Pilking-
ton GJ (2000) The effects of exogenous growth 
factors on matrix metalloproteinase secretion by 
human brain tumour cells. Br J Cancer 82:52-55.

168. Roshy S, Sloane BF, Moin K (2003) Pericellular 
cathepsin B and malignant progression. Cancer 
Metastasis Rev 22:271-286.

169. Ruegg C, Yilmaz A, Bieler G, Bamat J, Chau-
bert P, Lejeune FJ (1998) Evidence for the involve-
ment of endothelial cell integrin alphaVbeta3 in 
the disruption of the tumor vasculature induced 
by TNF and IFN-gamma. Nat Med 4:408-414.

170. Rustamzadeh E, Li C, Doumbia S, Hall WA, 
Vallera DA (2003) Targeting the over-expressed 
urokinase-type plasminogen activator receptor 
on glioblastoma multiforme. J Neurooncol 65:63-
75.

171. Sabapathy KT, Pepper MS, Kiefer F, Mohle-
Steinlein U, Tacchini-Cottier F, Fetka I, Breier G, 
Risau W, Carmeliet P, Montesano R, Wagner EF 
(1997) Polyoma middle T-induced vascular tumor 
formation: the role of the plasminogen activator/
plasmin system. J Cell Biol 19;137:953-963.

172. Sage EH (1997) Pieces of eight: bioactive 
fragments of extracellular proteins as regulators 
of angiogenesis. Trends Cell Biol 7:182-186.

173. Sawaya R, Go Y, Kyritisis AP, Uhm J, Venkaiah 
B, Mohanam S, Gokaslan ZL, Rao JS (1998) Elevat-
ed levels of Mr 92,000 type IV collagenase during 
tumor growth in vivo. Biochem Biophys Res Com-
mun 251:632-636.

174. Sephel GC, Kennedy R, Kudravi S (1996) Ex-
pression of capillary basement membrane com-
ponents during sequential phases of wound an-
giogenesis. Matrix Biol 15:263-279.

175. Shapiro SD, Fliszar CJ, Broekelmann TJ, Me-
cham RP, Senior RM, Welgus HG (1995) Activation 
of the 92-kDa gelatinase by stromelysin and 4-
aminophenylmercuric acetate. Differential pro-
cessing and stabilization of the carboxyl-terminal 
domain by tissue inhibitor of metalloproteinases 
(TIMP). J Biol Chem 270:6351-6356.

176. Shetty S, Idell S (1998) A urokinase receptor 
mRNA binding protein from rabbit lung fibro-
blasts and mesothelial cells. Am J Physiol 274:
L871-L882.

177. Shibata M, Kanamori S, Isahara K, Ohsawa 
Y, Konishi A, Kametaka S, Watanabe T, Ebisu S, 
Ishido K, Kominami E, Uchiyama Y (1998) Par-
ticipation of cathepsins B and D in apoptosis of 
PC12 cells following serum deprivation. Biochem 
Biophys Res Commun 251:199-203.

178. Simon DI, Wei Y, Zhang L, Rao NK, Xu H, Chen 
Z, Liu Q, Rosenberg S, Chapman HA (2000) Identi-
fication of a urokinase receptor-integrin interac-
tion site. Promiscuous regulator of integrin func-
tion. J Biol Chem 275:10228-10234.

179. Sivaparvathi M, McCutcheon I, Sawaya R, 
Nicolson GL, Rao JS (1996) Expression of cysteine 
protease inhibitors in human gliomas and me-
ningiomas. Clin Exp Metastasis 14:344-350.

180. Sivaparvathi M, Sawaya R, Wang SW, Ray-
ford A, Yamamoto M, Liotta LA, Nicolson GL, Rao 
JS (1995) Overexpression and localization of ca-
thepsin B during the progression of human glio-
mas. Clin Exp Metastasis 13:49-56.

181. Sloane BF (1994) Pathogenesis and prote-
ases - alterations in processing and trafficking 
of Cathepsin B during malignant progression. In: 
Biological Functions of Proteases and Inhibitors, 
Katunama N, Suzuki J, Travis J, Fritz H (eds.), pp. 
131-147, Scientific Societies Press: Tokyo.

182. Somanna A, Mundodi V, Gedamu L (2002) 
Functional analysis of cathepsin B-like cysteine 
proteases from Leishmania donovani complex. 
Evidence for the activation of latent transform-
ing growth factor beta. J Biol Chem 277:25305-
25312.

183. Spiess E, Bruning A, Gack S, Ulbricht B, Spring 
H, Trefz G, Ebert W (1994) Cathepsin B activity in 
human lung tumor cell lines: ultrastructural local-
ization, pH sensitivity, and inhibitor status at the 
cellular level. J Histochem Cytochem 42:917-929.

184. Stack MS, Johnson DA (1994) Human mast 
cell tryptase activates single-chain urinary-type 
plasminogen activator (pro-urokinase). J Biol 
Chem 269:9416-9419.

185. Strojnik T, Kos J, Zidanik B, Golouh R, Lah T 
(1999) Cathepsin B immunohistochemical stain-
ing in tumor and endothelial cells is a new prog-
nostic factor for survival in patients with brain 
tumors. Clin Cancer Res 5:559-567.

186. Stupack DG, Cheresh DA (2002) ECM remod-
eling regulates angiogenesis: endothelial integ-
rins look for new ligands. Sci STKE 119:PE7.

187. Sudhakar A, Sugimoto H, Yang C, Lively J, 
Zeisberg M, Kalluri R (2003) Human tumstatin 
and human endostatin exhibit distinct antian-
giogenic activities mediated by alpha v beta 3 
and alpha 5 beta 1 integrins. Proc Natl Acad Sci U 
S A 100:4766-4771.

188. Sugiura Y, Ma L, Sun B, Shimada H, Laug WE, 
Seeger RC, DeClerck YA (1999) The plasminogen-
plasminogen activator (PA) system in neuroblas-
toma: role of PA inhibitor-1 in metastasis. Cancer 
Res 59:1327-1336.



Proteases and Glioma Angiogenesis—Lakka et al     341

189. Takuma K, Kiriu M, Mori K, Lee E, Enomoto R, 
Baba A, Matsuda T (2003) Roles of cathepsins in 
reperfusion-induced apoptosis in cultured astro-
cytes. Neurochem Int 42:153-159.

190. Tang BL (2001) ADAMTS: a novel family of 
extracellular matrix proteases. Int J Biochem Cell 
Biol 33:33-44.

191. Tarui T, Mazar AP, Cines DB, Takada Y (2001) 
Urokinase-type plasminogen activator receptor 
(CD87) is a ligand for integrins and mediates cell-
cell interaction. J Biol Chem 276:3983-3990.

192. Todhunter DA, Hall WA, Rustamzadeh E, Shu 
Y, Doumbia SO, Vallera DA (2004) A bispecific im-
munotoxin (DTAT13) targeting human IL-13 re-
ceptor (IL-13R) and urokinase-type plasminogen 
activator receptor (uPAR) in a mouse xenograft 
model. Protein Eng Des Sel 17:157-164.

193. Tonn JC, Kerkau S, Hanke A, Bouterfa H, 
Mueller JG, Wagner S, Vince GH, Roosen K (1999) 
Effect of synthetic matrix-metalloproteinase in-
hibitors on invasive capacity and proliferation of 
human malignant gliomas in vitro. Int J Cancer 
80:764-772.

194. Tressler RJ, Pitot PA, Stratton JR, Forrest LD, 
Zhuo S, Drummond RJ, Fong S, Doyle MV, Doyle 
LV, Min HY, Rosenberg S (1999) Urokinase recep-
tor antagonists: discovery and application to in 
vivo models of tumor growth. APMIS 107:168-
173.

195. Turk V, Kos J, Turk B (2004) Cysteine cathep-
sins (proteases)--on the main stage of cancer? 
Cancer Cell 5:409-410.

196. Turk V, Turk B, Turk D (2001) Lysosomal cys-
teine proteases: facts and opportunities. EMBO J 
20:4629-4633.

197. Uhm JH, Dooley NP, Kyritsis AP, Rao JS, Glad-
son CL (1999) Vitronectin, a glioma-derived extra-
cellular matrix protein, protects tumor cells from 
apoptotic death. Clin Cancer Res 5:1587-1594.

198. Uhm JH, Dooley NP, Oh LY, Yong VW (1998) 
Oligodendrocytes utilize a matrix metallopro-
teinase, MMP-9, to extend processes along an 
astrocyte extracellular matrix. Glia 22:53-63.

199. Vallera DA, Li C, Jin N, Panoskaltsis-Mortari 
A, Hall WA (2002) Targeting urokinase-type plas-
minogen activator receptor on human glioblas-
toma tumors with diphtheria toxin fusion protein 
DTAT. J Natl Cancer Inst 94:597-606.

200. van der Pluigm G, Sijmons B, Vloedgraven 
H, van der Bent C, Drijfhout JW, Verheijen J, Quax 
P, Karperien M, Papapoulos S, Lowik C (2001) 
Urokinase-receptor/integrin complexes are 
functionally involved in adhesion and progres-
sion of human breast cancer in vivo. Am J Pathol 
159:971-982.

201. Vu TH, Shipley JM, Bergers G, Berger JE, 
Helms JA, Hanahan D, Shapiro SD, Senior RM, 
Werb Z (1998) MMP-9/gelatinase B is a key regu-
lator of growth plate angiogenesis and apoptosis 
of hypertrophic chondrocytes. Cell 93:411-422.

202. Waltz DA, Chapman HA (1994) Reversible 
cellular adhesion to vitronectin linked to uroki-
nase receptor occupancy. J Biol Chem 269:14746-
14750.

203. Waltz DA, Natkin LR, Fujita RM, Wei Y, Chap-
man HA (1997) Plasmin and plasminogen activa-
tor inhibitor type 1 promote cellular motility by 
regulating the interaction between the urokinase 
receptor and vitronectin. J Clin Invest 100:58-67.

204. Wang Y (2001) The role and regulation of 
urokinase-type plasminogen activator receptor 
gene expression in cancer invasion and metasta-
sis. Med Res Rev 21:146-170.

205. Wang Y, Dang J, Wang H, Allgayer H, Mur-
rell GA, Boyd D (2000) Identification of a novel 
nuclear factor-kappaB sequence involved in ex-
pression of urokinase-type plasminogen activa-
tor receptor. Eur J Biochem 267:3248-3254.

206. Wei Y, Yang X, Liu Q, Wilkins JA, Chapman 
HA (1999) A role for caveolin and the urokinase 
receptor in integrin-mediated adhesion and sig-
naling. J Cell Biol 144:1285-1294.

207. Westermarck J, Kahari VM (1999) Regulation 
of matrix metalloproteinase expression in tumor 
invasion. FASEB J 13:781-792.

208. Witz IP (2000) Differential expression of 
genes by tumor cells of a low or a high malignan-
cy phenotype: the case of murine and human Ly-
6 proteins. J Cell Biochem 34(Suppl):61-66.

209. Xue W, Mizukami I, Todd RF, III, Petty HR 
(1997) Urokinase-type plasminogen activator re-
ceptors associate with beta1 and beta3 integrins 
of fibrosarcoma cells: dependence on extracellu-
lar matrix components. Cancer Res 57:1682-1689.

210. Yamamoto M, Ikeda K, Ohshima K, Tsugu H, 
Kimura H, Tomonaga M (1998) Expression and 
cellular localization of low-density lipoprotein 
receptor-related protein/alpha 2-macroglobulin 
receptor in human glioblastoma in vivo. Brain Tu-
mor Pathol 15:23-30.

211. Yamamoto M, Sawaya R, Mohanam S, Bindal 
AK, Bruner JM, Oka K, Rao VH, Tomonaga M, 
Nicolson GL, Rao JS (1994) Expression and local-
ization of urokinase-type plasminogen activa-
tor in human astrocytomas in vivo. Cancer Res 
54:3656-3661.

212. Yamamoto M, Sawaya R, Mohanam S, Losku-
toff DJ, Bruner JM, Rao VH, Oka K, Tomonaga M, 
Nicolson GL, Rao JS (1994) Expression and cellu-
lar localization of messenger RNA for plasmino-
gen activator inhibitor type 1 in human astrocy-
tomas in vivo. Cancer Res 54:3329-3332.

213. Yamamoto M, Sawaya R, Mohanam S, Rao 
VH, Bruner JM, Nicolson GL, Rao JS (1994) Expres-
sion and localization of urokinase-type plasmino-
gen activator receptor in human gliomas. Cancer 
Res 54:5016-5020.

214. Yan S, Berquin IM, Troen BR, Sloane BF (2000) 
Transcription of human cathepsin B is mediated 
by Sp1 and Ets family factors in glioma. DNA Cell 
Biol 19:79-91.

215. Yana I, Weiss SJ (2000) Regulation of mem-
brane type-1 matrix metalloproteinase activa-
tion by proprotein convertases. Mol Biol Cell 
11:2387-2401.

216. Yanamandra N, Gumidyala KV, Waldron KG, 
Gujrati M, Olivero WC, Dinh DH, Rao JS, Moha-
nam S (2004) Blockade of cathepsin B expression 
in human glioblastoma cells is associated with 

suppression of angiogenesis. Oncogene 23:2224-
2230.

217. Yanamandra N, Konduri SD, Mohanam S, 
Dinh DH, Olivero WC, Gujrati M, Nicolson GL, 
Obeyeseke M, Rao JS (2001) Downregulation of 
urokinase-type plasminogen activator recep-
tor (uPAR) induces caspase-mediated cell death 
in human glioblastoma cells. Clin Exp Metastasis 
18:611-615.

218. Yasunaga C, Nakashima Y, Sueishi K (1989) A 
role of fibrinolytic activity in angiogenesis. Quan-
titative assay using in vitro method. Lab Invest 
61:698-704.

219. Zhu DM, Uckun FM (2000) Cathepsin inhibi-
tion induces apoptotic death in human leukemia 
and lymphoma cells. Leuk Lymphoma 39:343-
354.


