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Glioblastoma multiforme (GBM) is one the most aggres-
sive brain tumors due to the fast and invasive growth 
that is partly supported by the presence of extensive neo-
vascularization. The matrix metalloproteinase MMP-2 
has been associated with invasive and angiogenic 
properties in gliomas and is a marker of poor progno-
sis. Since MMP-2 is expressed in both tumor cells and 
endothelial cells in GBM, we generated genetically engi-
neered MMP-2 knockout (MMP-2ko) GBM to exam-
ine the importance of the spatial expression of MMP-2 
in tumor and/or normal host-derived cells. MMP-2– 
dependent effects appeared to be dose-dependent irre-
spective of its expression pattern. GBM completely 
devoid of MMP-2 exhibited markedly increased vascu-
lar density associated with vascular endothelial growth 
factor receptor 2 (VEGFR2) activation and enhanced 
vascular branching and sprouting. Surprisingly, despite 
the high vascular density, tumor cells were more prone 
to apoptosis, which led to prolonged survival of tumor-
bearing mice, suggesting that the increased vascularity is 
not functional. Congruently, tumor vessels were poorly 
perfused, exhibited lower levels of VEGFR2, and did not 
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T
he matrix metalloproteinases (MMPs) are a large 
family of zinc-dependent endopeptidases that are 
involved in various aspects of tumor progression. 

Historically, they were believed to function as enzymes 
that degrade structural components of the extracellular 
matrix (ECM). Congruently, MMPs in cancer were first 
associated with tumor cell invasion and metastasis by 
enabling tumor cells to invade through the ECM and 
vascular basement membrane. It is now well established 
that MMPs exert diverse biological properties that are 
far beyond mere ECM degradation. MMPs cleave a 
variety of different substrates, including other MMPs, 
cytokines, growth factors, and receptors, as well as other 
non-ECM proteins.1 Thereby, they can control tumor 
cell proliferation and survival and regulate new blood 
vessel growth in tumors.2 Prominent MMP members are 
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the gelatinases, MMP-2 and MMP-9, which have been 
associated predominantly with the ability of tumors to 
invade and become neovascularized.3 Consistent with 
those findings, increased MMP-2 and MMP-9 activ-
ity is often found in more aggressive tumors4,5 and is 
associated with poor prognosis6 in a variety of cancers, 
including human gliomas.7 While there is increasing 
evidence about the pleiotropic effects of MMP-9, much 
less is known about the diverse functions of MMP-2.8,9 
Recently, MMP-2 was identified as one of four genetic 
markers that are expressed in glioblastoma multiforme 
(GBM) but not anaplastic astrocytoma.10 Congruent 
with this observation, other studies found MMP-2 activ-
ity to increase with the grade of the glioma.11 In addition 
to correlation studies in human cancers, in vitro studies 
have demonstrated the role of MMP-2 in tumor inva-
sion and angiogenesis, in which induction of MMP-2 
enhances invasiveness of ovarian cancer cells and exog-
enous MMP-2 increases tube formation by endothelial 
cells.12 Further evidence of the involvement of MMP-2 
in tumor angiogenesis was found in transgenic studies in 
which the growth of subcutaneous melanoma and lung 
carcinoma cell lines implanted into MMP-2 knockout 
(MMP-2ko) mice was delayed and tumor vessel density 
was reduced compared with tumor growth in MMP-
2–proficient animals.13 These studies, however, did not 
generate a completely MMP-2–deficient scenario since 
the implanted tumor cells were still able to express 
MMP-2. In summary, these correlative studies support 
the notion that MMP-2 in tumors is involved in angio-
genesis, but its exact function in blood vessel formation 
remains largely unknown.

We previously generated genetically engineered wild-
type (WT)-GBMs by isolating astrocytes from the hip-
pocampus of neonatal mice and transforming them with 
the oncogenes SV40 large T-antigen and V12–H-ras.14 
When WT-GBM cells were injected intracranially into 
the striatum of mice, they developed into aggressive 
GBMs that exhibited all the major hallmarks of human 
GBMs. WT-GBM cells grew as invasive, highly angio-
genic tumors with a leaky, tortuous vasculature and 
with hypoxic and pallisading necrotic centers within the 
tumor mass.14 Notably, WT-GBM, like human GBM, 
infiltrated as single cells into the brain parenchyma and 
moved along basement membranes, preferentially along 
blood vessels. We found that MMP-2 was expressed in 
endothelial cells and tumor cells, reflecting its expression 
pattern in human GBMs. Because MMP-2ko mice are 
viable and fertile, we were able to generate MMP-2ko 
GBM cells using the same technique as described above 
in order to study the impact of MMP-2 loss in tumor 
cells and/or host cells by comparing propagation of  
WT-GBM and MMP-2ko GBM in both MMP-2–pro-
ficient and MMP-2ko hosts. Our studies reveal that 
MMP-2 regulates vascular patterning and branching, 
thereby affecting tumor cell survival and tumor inva-
sion in a dose-dependent manner in GBM.

Materials and Methods

Generation of MMP-2ko–Transformed  
Mouse Astrocytes

Primary astrocytes were isolated from 1- to 2-day-old 
WT and MMP-2ko/ko FvBN Ragko mice as described 
previously.14

Soft Agar Assay

Cells were plated in triplicate in a six-well plate at 5,000 
cells/well, mixed in 0.35% low-melting-temperature aga-
rose (Cambrex Bioscience, Rockland, ME, USA). After 
culturing cells for 14 days, the wells were stained with 
0.005% crystal violet for 2 h and analyzed for colony 
number and size.

Intracranial Implantation of Astrocytes

Thirty-two Ragko and MMP-2ko Ragko mice, 6–8 
weeks of age, were implanted intracranially with 2.5 µl 
of 0.7 3 106 WT or MMP-2ko/ko-transformed astro-
cytes as previously described.14 Mice were anesthetized 
and heart-perfused with 4% paraformaldehyde (PFA) 
and/or phosphate-buffered saline (PBS). All implanta-
tion experiments were repeated up to three times for a 
total of 6–12 mice per group.

Tissue Preparation

For fixed sections, animals were heart-perfused with 
4% PFA. The brains were fixed in formalin overnight 
and then immersed in 70% ethanol and embedded into 
paraffin, or immersed in 30% sucrose/PBS overnight, 
embedded in OCT freezing medium, and stored at 
–80°C. For unfixed sections, brains were embedded in 
OCT medium after heart perfusion with PBS.

Substrate Zymography

Tumors were removed from the brain, weighed, and 
then homogenized (1:3 wt/vol) in RIPA lysis buffer 
containing 20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 
10% glycerol, 1% Triton X-100, 0.1% sodium dodecyl 
sulfate (SDS), and 13 Roche complete protease inhibi-
tor cocktail (Roche Applied Science, Indianapolis, IN, 
USA). Equivalent amounts of soluble extracts were ana-
lyzed by gelatin zymography on 10% SDS-polyacrylam-
ide gels copolymerized with 1 mg/ml gelatin in sample 
buffer (5% SDS, 0.25 M Tris-HCl, 25% glycerol, 0.1% 
bromophenol blue, pH 6.8). After electrophoresis, gels 
were washed for 40 min in 2.5% Triton X-100, rinsed 
in water, and incubated for 16 h at 37°C in gelatinase 
buffer (50 mM Tris-HCl, pH 7.5, 5 mM CaCl2, 1 µM 
ZnCl2). Gels were then stained in Coomassie Brilliant 
Blue R-250 staining solution (Bio-Rad, Hercules, CA, 
USA) and destained in a solution of 30% ethanol and 
10% acetic acid. Negative staining denotes the locations 
of active proteinase bands. Ethylenediaminetetraacetic 
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evaluated. For a-SMA staining, four to nine tumor sec-
tions per group were evaluated.

Immunohistochemical Analyses

Frozen (15 µm and 50 µm thickness) and paraffin (6 µm 
thickness) sections were used for immunohistochemi-
cal analysis. Fixed frozen sections were postfixed with 
4% PFA, unfixed frozen sections were fixed with 100% 
methanol at –20°C, and paraffin sections were deparaf-
finized and subjected to graded rehydration. Astrocytoma 
cells were identified with a rabbit anti-SV40 T-antigen  
antibody (1:500; a gift from Dr. Douglas Hanahan, Uni-
versity of California San Francisco). Endothelial cells 
were visualized with a rat antimouse CD31 antibody 
(1:100; BD Biosciences Pharmingen, San Jose, CA, USA) 
in frozen sections and an antimouse endoglin antibody 
(R&D Systems, Minneapolis, MN, USA) in paraffin 
sections. Vascular endothelial growth factor recep-
tor 2 (VEGFR2) staining was carried out on paraffin- 
embedded sections with a goat antimouse VEGFR2 anti-
body (1:50, R&D Systems). VEGF-VEGFR2 complex 
was visualized in frozen sections with mouse monoclonal 
antibody Gv39M (1:50; EastCoast Bio, North Berwick, 
ME, USA). Apoptotic cells were assessed on both paraf-
fin and frozen sections by TUNEL staining as previously 
described.15 Proliferating cells were detected on both 
paraffin and frozen sections with a rat antimouse Ki-67 
antibody (1:100; DAKO Corp., Carpinteria, CA, USA). 
Pericytes were identified with a mouse antihuman desmin 
(1:100; DAKO Corp.) and mouse antihuman SMA (1:500; 
DAKO Corp.). Primary antibody reaction products were 
visualized with respective biotinylated secondary anti-
bodies (1:200; Vector) and then incubated with an ABC 
kit and 3,3-diaminobenzidine chromophore (Vector). 
For fluorescent visualization of antibody reactions, sec-
ondary antibodies were labeled with fluorochrome Alex-
aFluor350, Alexa Fluor488, or AlexaFluor594 (1:200; 
Molecular Probes, Eugene, OR, USA). Photomicrographs 
were taken with a Zeiss Axiovert 2 microscope, using 
Openlab 3 software (Improvision, Lexington, MA, USA). 
Levels in images were adjusted in Adobe Photoshop 7.

Fluorescence-Activated Cell Sorting Analysis

After the mice were euthanized, tumors were removed 
from the brain. Tumors were minced with a razor blade 
and digested at 37°C for 30 min with 20 ml enzyme 
mixture containing minimal essential medium with Ear-
le’s balanced salt solution, 1 mM L-cysteine, 0.5 mM 
EDTA, 1 µg/ml DNAse I (Worthington Biochemical 
Corp., Lakewood, NJ, USA), and 20 U/ml papain (Wor-
thington). Cells from the digested tumors were passed 
through a 70-µm cell strainer and washed with Dul-
becco’s modified Eagle’s medium. Red blood cells were 
lysed with PharmLyse (BD Biosciences Pharmingen) and 
washed. Cell pellets were resuspended in PBS contain-
ing 1% bovine serum albumin. Cells were incubated 
with primary antibodies on ice. The following primary 
antibodies were used (all from BD Biosciences Pharmin-
gen): phycoerythrin-CD31 (1:50), rat antimouse CD11b 

acid (EDTA; 20 mM), which chelates magnesium and 
thereby inactivates MMPs, was added to the gelatinase 
buffer overnight to confirm that the proteases were met-
alloproteinases.

Histopathological Analysis

Hematoxylin and eosin staining was done in three whole-
brain tumor samples for each tumor/host combination 
and analyzed by a neuropathologist who was blinded 
to the tumor/host types. Tumors were graded for mito-
ses, nuclear pleomorphism, necrosis, microperivascular 
spread, subarachnoid spread, white matter spread, and 
single cell/perineuronal spread. 

Proliferation rate was determined by calculating the 
ratio of Ki-67–positive cells to all tumor cells per high-
power field (340) in three to eight tumor samples, and 
three to five high-power fields per sample for each tumor/
host combination. Apoptotic indices were obtained by 
calculating the ratio of cells identified as positive by 
terminal deoxynucleotidyl transferase-mediated dUTP 
nick-end labeling (TUNEL) to all tumor cells per high-
power field (340) in three to seven tumor samples, and 
three to six high-power fields per sample for each tumor/
host combination. 

Invasiveness of tumors was determined by staining 
tumor cells with an antibody for SV40 large T-antigen on 
whole-brain sections. Tumors were graded from 1 to 3, 
where 1 indicates minimal distant spread of tumor cells 
and 3 indicates substantial and marked distant spread. 
Five to eight tumor samples per tumor/host combination 
were analyzed. 

Infiltration was quantified by counting the number of 
infiltrating cells at the invasive edge (320 field) in 50-µm 
frozen sections that were double-stained with large 
T-antigen and CD31. Infiltrating cells were defined as 
single cells at the invasive edge that were not associated 
with a blood vessel. Two to four different tumor samples 
and 3–10 sections per sample were analyzed per group. 

Visualization of the vasculature was revealed by 
injecting mice intravenously with 0.05 mg fluorescein- 
or rhodamine-conjugated Lycopersicon esculentum 
(tomato) lectin (Vector Laboratories, Burlingame, CA, 
USA) and subsequent heart perfusion with 4% PFA and/
or PBS. Brains were frozen in OCT and sectioned at 15 
µm and 50 µm thicknesses. Vessel density was deter-
mined by calculating the area of CD31 staining using an 
ImageJ v1.34 software program (NIH) in 320 fields of 
two to five different tumor samples per group and three 
to seven different sections per tumor sample. 

Quantification of pericyte coverage was performed 
by collecting fluorescent images of tumor sections on a 
Zeiss Axioskop 2 with 320 Plan Neofluar lenses and 
a Zeiss Axiocam color charge-coupled device. Red, 
green, and blue staining was quantitatively evaluated 
using ImageJ v1.34 software. The total area of CD31, 
desmin, or a-smooth muscle actin (a-SMA) staining 
was obtained. The fraction of pericyte coverage was 
calculated as the ratio of the area of desmin or a-SMA 
staining (red) to the area of CD31 staining (green). For 
desmin staining, 8–17 tumor sections per group were 
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(1:50), rat antimouse Ly-6G (GR1 antigen) (1:60), and 
rabbit antimouse CD45 (1:50). If the primary antibody 
was unlabeled, secondary antibodies fluorescently labeled 
with the fluorochrome Alexa Fluor647 (1:100; Molecular 
Probes) were added to the cell suspension.

RNA Isolation, Reverse Transcriptase PCR,  
and Real-Time PCR Analysis

RNA isolation was performed on cells sorted via fluores-
cence-activated cell sorting (FACS), on cell cultures, and 
on whole tissue. FACS-sorted cells and cells obtained 
from culture were placed in a cell lysis solution con-
taining b-mercaptoethanol (Qiagen Inc., Valencia, CA, 
USA). RNA was isolated following RNeasy Mini Kit pro-
tocols (Qiagen Inc.). Whole tissues were flash frozen in 
liquid nitrogen and stored at –80°C until required. After 
thawing tissue on ice, 1 ml of TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) was added, and the tissue was 
homogenized immediately using a rotor-stator homog-
enizer (Fisher-Scientific, Pittsburgh, PA, USA). Total 
RNA was harvested per the manufacturer’s instructions. 
cDNA was used for qualitative PCR (Roche Diagnostic 
Corp., Indianapolis, IN, USA). The following primer 
sequences were used: For MMP-2, (F) 5'-CAGTGACAC-
CACGTGACAAGC-3'; (R) 5'-GGCAGCATCTAGTT-
GCTGGAC-3'; 60°C. For the ribosomal protein L19, (F) 
5'-CTGAAGGTCAAAGGGAATGTG-3'; (R) 5'-GGA-
CAGAGTCTTGATGATCTC-3'; 58°C. 

Quantitative real-time PCR analysis of VEGFR2 
expression was performed using the iQ SYBR Green 
Supermix and iCycler thermocycler (Bio-Rad Laborato-
ries), according to the manufacturer’s instructions. To 
control for variations in input cDNA between samples, 
L19 amplifications were performed in parallel for nor-
malization. All measurements were collected in triplicate 
and confirmed by independent experiments. Primers for 
real-time PCR were, for VEGFR2, (F) 5'-GCGGGCTC-
CTGACTACAC-3'; (R) 5'-CCAAATGCTCCACCA-
ACTCTG-3'; 60°C.

VEGF and VEGFR2 Western Blot Analysis

For VEGF Western blot analysis, proteins from 45-µg 
WT-GBM and MMP-2ko GBM tumor extracts, 15-µg 
WT-GBM and MMP-2ko GBM astrocyte supernatants, 
and 20-µg WT-GBM and MMP-2ko GBM astrocyte 
cell extracts were separated by SDS-polyacrylamide gel 
electrophoresis in 15% Tris-tricine gels and transferred 
to Immobilon-P membranes (Millipore Corp., Bedford, 
MA, USA) using 20% methanol. Blots were incubated 
with epitope-specific rabbit anti-VEGF antibody (pro-
vided by Donald Senger, Beth Israel Deaconess Medi-
cal Center).16 VEGF protein was detected as previously 
described.17 Anti-a-tubulin antibody was used to control 
for equal protein loading (1:5,000; Calbiochem Brand, 
EMD Biosciences, San Diego, CA, USA) in tumor and 
cell extracts. Equal amounts of proteins were loaded 
for astrocyte supernatants. For VEGFR2 Western blot 
analysis, 100 µg protein from WT-GBM and MMP-2ko 
GBM tumor extracts were loaded and separated on 15% 

Tris-glycine gels. Proteins were transferred to Immobi-
lon-P using 5% methanol to ensure transfer of proteins 
with higher molecular weight. VEGFR2 was detected 
using an anti-VEGFR2 antibody (1:1,000; Cell Signal-
ing Technology, Danvers, MA, USA). 

Nonradioactive In Situ Hybridization

Nonradioactive in situ hybridization of RGS-5 was per-
formed as previously described.17

Supplemental Material and Methods

For the soft agar assay, cells were plated in triplicate in 
a six-well plate at 5 3 105 cells/well, mixed in 0.35% 
low-melting-point agarose (Invitrogen). After culturing 
the cells for 21 days, the wells were stained with 0.005% 
crystal violet for 4 h and analyzed for colony number 
and size. Insulin-like growth factor binding protein-2 
(IGFBP-2) Western blots were performed as described 
for VEGF Western blot analysis using an anti-IGFBP-2 
antibody (1:500; AF 797, R&D Systems) and an anti-a-
tubulin antibody.

Statistical Analysis

All experiments were repeated two to four times. Sta-
tistical analyses were performed over all groups with 
the Kruskal-Wallis H-test to determine statistical sig-
nificance using p < 0.05 followed by a Mann-Whitney 
U-test for pairwise comparison. A p value (exact signifi-
cance) of <0.05 was considered statistically significant. 
Kaplan-Meier curves and the log-rank test were used to 
compare survival times among various groups of mice. 
All calculations were performed using SPSS version 11.0 
(SPSS Inc., Chicago, IL, USA).

Results

MMP-2 Activity in GBMs Originates from Tumor  
and Host Cells

We first demonstrated the presence of MMP-2 activity 
in WT-GBM tumors by gelatin zymography (Fig. 1A, 
a) and determined its RNA expression pattern by sepa-
rating tumor cells, endothelial cells (CD31+/CD11b–), 
and monocytic cells (CD45+) from WT-GBM tumors 
by FACS (Fig. 1A, b). Gelatin zymography revealed that 
modest MMP-2 levels existed in the tumors as the larger 
pro-MMP-2 form and as the activated shorter form (Fig. 
1A, a). Using reverse transcriptase (RT)-PCR analysis, 
we detected MMP-2 not only in tumor and endothelial 
cells, but also in CD45+ myeloid cells. These data indi-
cated that the MMP-2 expression pattern in our model 
of genetically engineered mouse GBM was similar to 
that observed in human gliomas.11,18 They also suggested 
that MMP-2 could potentially have pleiotropic effects in 
GBM biology, specifically in the onset or maintenance 
of angiogenesis and in tumor cell invasion, based on its 
expression in endothelial, myeloid, and tumor cells.
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Fig. 1. Generation of matrix metalloproteinase MMP-2 deficiency in tumor and/or host cells and effects on tumor propagation. (A) (a) 

Gelatin zymography profiles of MMP-2 and MMP-9 activity in two independent wild-type glioblastoma multiforme (WT-GBM) orthotopic 

tumors. Protein extracts from mouse spleen were loaded alongside as controls for latent and active MMP-2 (72 and 62 kDa, respectively) 

and MMP-9. (b) Fluorescence-activated cell sorting was used to separate tumor cells (TC), CD31+, Gr1– endothelial cells (EC), and CD45+ 

monocytic inflammatory cells (IC). The isolated cell populations were tested for MMP-2 transcription by reverse transcriptase (RT)-PCR. The 

ribosomal protein L19 was used as an internal control, and reactions were performed without RT as negative controls. (B) Schematic represen-

tation of MMP-2 knockout (MMP-2ko) GBM and WT-GBM cell line generation. Four distinct groups were analyzed and compared to each 

other: WT-GBM in WT mice; WT-GBM in MMP-2ko mice, MMP-2ko GBM in WT mice, and MMP-2ko GBM in MMP-2ko mice. (C) MMP-2 

deficiency increases survival of GBM-bearing mice in a dose-dependent manner. (a) WT and MMP-2ko mice bearing an MMP-2ko GBM 

had significantly increased survival over mice with WT tumors, by 1.9-fold (p 5 0.007) and 2.7-fold (p 5 0.001), respectively. (b) Kaplan-

Meier survival curves for WT mice with WT-GBM, and MMP-2ko mice with MMP-2ko GBM showed a significant difference in survival  

(p 5 0.001). (c) Ki-67 or proliferative indices for four tumor/host combinations showed no difference among the four groups. (d) Apoptotic 

indices for the four groups exhibited a 2.4-fold increase in apoptosis when MMP-2 activity was completely abolished in the host and tumor 

cell compartment (p 5 0.056). Error bars represent SEM.
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Generation of MMP-2ko GBMs

Since MMP-2 is expressed in both normal host and 
tumor cells, we intended to generate a system in which 
MMP-2 is deleted in all cell types. We generated a GBM 
cell line that lacks MMP-2 activity by isolating astro-
cytes from MMP-2ko neonatal mice and transforming 
the astrocytes with the oncogenes SV40 large T-antigen 
and V12–H-ras (Fig. 1B). For controls, we employed 
WT-GBM cells that were generated in the same way, but 
with astrocytes isolated from WT, MMP-2–proficient 
mice.14 We confirmed that both WT-GBM and MMP-
2ko GBM cell lines had a similar transformation sta-
tus by performing soft agar assays, which showed that 
both cell lines gave rise to similar numbers of soft agar 
colonies (see supplementary data, Fig. S1). Furthermore, 
both cell lines exhibited comparable levels of SV40 large 
T-antigen and H-ras oncogene expression (see supple-
mentary data, Fig. S1).

GBM-Bearing Mice Have a Survival Benefit in the 
Complete Absence of MMP-2

We next assessed whether MMP-2 affects survival of 
GBM-bearing mice. We first injected MMP-2ko GBM 
cells into an MMP-2ko host (MMP-2koT/MMP-2koH). 
In the complete absence of MMP-2, GBM-bearing mice 
had a three- to fourfold increase in survival benefit when 
compared to the WT situation (p 5 0.001) in which WT-
GBM cells were injected into MMP-2–proficient WT 
mice (WTT/WTH) (Fig. 1C, a and b). We then gener-
ated heterozygous scenarios (Fig. 1B) in which we either 
injected WT-GBM cells into an MMP-2ko host (WTT/
MMP-2koH), or MMP-2ko GBM cells into an MMP-
2–proficient WT host (MMP-2koT/WTH). While the 
survival rate of the WTT/MMP-2koH group was compa-
rable to that of the WTT/WTH group, the mean survival 
of the MMP-2koT/WTH group was twice as long as the 
mean survival of the WTT/WTH group (p 5 0.007, Fig. 
1C, a,b). Thus, removing MMP-2 from the tumor cells 
alone had a significant effect on survival. As illustrated 
in Fig. 1C (b), Kaplan-Meier survival curves confirmed 
that the MMP-2koT/MMP-2koH and MMP-2koT/WTH 
groups had higher survival rates than the WTT/WTH 
group (p 5 0.001).

Neuropathological analysis showed that all tumors 
in each of the four groups exhibited typical features of 
high-grade astrocytomas, including high numbers of 
mitotic figures and cellular pleomorphism/atypia. Sur-
prisingly, pallisading necrosis was observed in tumors 
of the WT and heterozygous groups but not in tumors 
that were completely deficient in MMP-2 (MMP-2koT/
MMP-2koH group) (data not shown). The absence of 
necrosis may be partly related to the absence of infil-
tration by tumor cells into the brain parenchyma.19 We 
then assessed the proliferative rate of the tumors from 
each of the four groups, but did not find any statisti-
cally significant differences between the growth rate of 
tumors that lost MMP-2 activity (either in the tumor 
or in host cells) and the growth rate of those that main-
tained MMP-2 activity (Fig. 1C, c). We did detect, how-
ever, a 2.4-fold increase in the apoptotic rate of GBMs 

that were completely deficient in MMP-2 (p 5 0.056), 
which most likely contributed to the slower growth of 
the tumors in the MMP-2koT/MMP-2koH group (Fig. 
1C, d). The elevated numbers of apoptotic cells were 
observed only in the complete absence of MMP-2, 
implying that MMP-2 deficiency in either tumor cells or 
host cells alone was not sufficient to increase apoptosis 
in GBM. The increased apoptotic ratio in tumors when 
MMP-2 activity is completely abolished might suggest 
that MMP-2 is linked to a tumor survival factor. Indeed, 
MMP-2 and other metalloproteinases have been shown 
to degrade IGFBP-2, unmasking insulin-like growth fac-
tors that act as cell survival factors.20,21 We investigated 
IGFBP-2 levels in the presence and absence of MMP-2 
by Western blot analyses and found that IGFBP-2 in 
tumors is degraded to a similar extent independent of 
MMP-2 (see supplementary data, Fig. S2).

MMP-2 Affects Vascular Density by Regulating Blood 
Vessel Branching

MMP-2 can potentially mediate tumor cell survival by 
regulating the activity of survival factors or by support-
ing new blood vessel formation during tumor propaga-
tion. To elicit whether MMP-2 affects GBM neovas-
cularization, we sought to visualize and compare the 
vascular network in GBMs in the presence and absence 
of MMP-2 (Fig. 2A–D). We found that the vasculature 
in WT-GBM tumors, independent of the MMP-2 sta-
tus of the host, had undergone vascular remodeling as 
in human GBMs. Tumor vessels of GBMs in the WTT/
MMP-2koH group (Fig. 2B) were hyperdilated and irreg-
ularly shaped, as were tumor vessels of the WTT/WTH 
group (Fig. 2A). A subtle difference could be observed in 
tumor vessels of GBM from the MMP-2koT/WTH cohort 
that looked somewhat irregular and leaky, but also 
exhibited a mild increase in vessel density (p 5 0.023), 
as well as some normalization of vessel morphology to 
slightly thinner and less tortuous vessels (Fig. 2C). The 
complete absence of MMP-2 in both tumor and host 
cells, however, led to a dramatic and unexpected change 
in both vessel morphology and density. GBM blood ves-
sels from the MMP-2koT/MMP-2koH cohort were three- 
to fourfold denser than vessels from all other groups (p 5 
0.001) and formed a highly branched and slim vascular 
network (Fig. 2D). Thus, there appears to be an MMP-2 
dose response, but the complete absence of MMP-2 is 
required to completely alter the vascular phenotype. It 
was puzzling that tumor cells in such a vascular-rich 
environment were more prone to apoptosis, raising the 
question of whether these blood vessels are functionally 
impaired.

MMP-2 Affects VEGFR-2 Levels in Tumors

When blood vessels undergo vascular remodeling, they 
become activated and form new sprouts. In this process, 
endothelial cells and pericytes, the perivascular support 
cells, become activated. The activation of the endothe-
lial cells can be determined by the presence of the 
VEGF-VEGFR2 complex formation on the endothelial 
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cells.22,23 Using an antibody that specifically recognizes 
the VEGF-VEGFR2 complex as opposed to the ligand or 
receptor itself,22 we found that tumor vessels from both 
WTT/WTH and MMP-2koT/MMP-2koH cohorts showed 
VEGF-VEGFR2 complex formation on endothelial cells 
(Fig. 3A). Both tumor types also expressed similar levels 
of VEGF164, the predominant VEGF isoform in these 
tumors, but MMP-2koT/MMP-2koH GBMs exhibited 
an approximately fourfold reduction in VEGFR2 levels 
as quantified by Western blot and quantitative RT-PCR 
analyses (Fig. 3B–D).

MMP-2 Regulates Pericyte Activation and Recruitment

In addition to the lower levels of VEGFR2 in tumors 
totally devoid of MMP-2, we found that pericytes did 
not become activated in GBMs of the MMP-2koT/
MMP-2koH group as assessed by the lack of RGS-5 
expression (Fig. 3A). RGS-5 is a member of the RGS 

family of GTPase-activating proteins for G-proteins 
and is induced in developing and angiogenic pericytes 
in the brain and pancreas.17,24,25 Furthermore, MMP-
2ko GBM had approximately 30% to 40% less pericyte 
coverage of blood vessels than did WT-GBM (desmin, 
p 5 0.031; a-SMA, p 5 0.001), further supporting the 
notion that pericytes were not activated and recruited 
to the vascular site (Fig. 4A–F). Interestingly, although  
WT-GBM tumors contained more pericytes, their blood 
vessels were more dilated than those of MMP-2ko 
tumors, which contained fewer pericytes.

MMP-2 Affects Vascular Functionality in Tumors

The data suggested that in the absence of MMP-2, tumor 
vessels have lower levels of VEGFR2 but still undergo 
extensive vascular branching without recruitment and 
activation of pericytes, suggestive of impaired vascu-
lar maturation. Based on these findings, we speculated 

Fig. 2. The matrix metalloproteinase MMP-2 in glioblastoma multiforme (GBM) regulates tumor angiogenesis by affecting vascular branch-

ing. Blood vessels are visualized by fluorescein isothiocyanate–lectin perfusion and CD31 staining (green) of wild-type (WT)-GBM in WT 

host (A), WT-GBM in MMP-2 knockout (MMP-2ko) host (B), MMP-2ko GBM in WT host (C), and MMP-2ko GBM in MMP-2ko host (D). 

(E) Quantitative analysis of blood vessel density in GBM revealed a significant increase of blood vessels in both the MMP-2ko GBM in WT 

host group (p 5 0.023) and the MMP-2ko GBM in MMP-2ko host group (p < 0.001). Error bars represent SD.
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that the angiogenic tumor vasculature in tumors devoid 
of MMP-2 might not be very functional. We therefore 
assessed vessel functionality by visualizing the ability 
of tumor vessels to perfuse fluorescein isothiocyanate 
(FITC)-lectin and compared it to the complete numbers 
of tumor vessels as indicated by anti-CD31 staining 
(Fig. 4G). While WT-GBM displayed a predominant 
overlap of FITC-lectin and CD31 staining in tumor ves-
sels (normal vessels are shown as controls), MMP-2ko 
GBMs were much less perfused, although they showed a 
high degree of CD31+ tumor vessels. In contrast, normal 
brain vessels adjacent to MMP-2ko tumors were well 
perfused.

MMP-2 Affects Tumor Cell Infiltration and 
Perivascular Tumor Cell Invasion

Finally, we observed that MMP-2 affected the invasive 
behavior of GBMs. GBMs are highly invasive tumors 
that can infiltrate as single cells into the brain paren-
chyma and can invade along basement membranes, 
including the leptomeninges, ventricles, and vascular 
basement membranes. WT-GBM exhibited all of these 
invasive features (Fig. 5A), but in the complete absence of 
MMP-2, tumors surprisingly grew even more diffusely 
(Fig. 5B). We quantified the invasive pattern by grad-
ing and counting invading tumor cells, and by distin-
guishing between infiltrative tumor behavior, in which 

Fig. 3. Matrix metalloproteinase MMP-2–deficient tumors undergo vascular remodeling but are dysfunctional and fail to activate pericytes. 

(A) Activated tumor blood vessels were detected by the presence of the vascular endothelial growth factor (VEGF)–vascular endothe-

lial growth factor receptor 2 (VEGFR2) complex (brown) in wild-type glioblastoma multiforme (WT-GBM) in WT host (a) and MMP-2 

knockout glioblastoma multiforme (MMP-2ko GBM) in MMP-2ko host (d). Both tumor/host groups expressed VEGFR2 (b,e). Activated, 

angiogenic pericytes on blood vessels were detected by RGS-5 transcription on tumor sections. RGS-5+ tumor pericytes were abundant 

in WT-GBMs (c) but were not present when MMP-2 activity was completely abolished in GBM (f). Scale bars 5 83 µm. (B) Western blot 

analysis revealed that WT-GBM tumors and cell lines, as well as MMP-2ko tumors and cell lines, both produced equivalent levels of VEGF164. 

Equivalent protein concentrations were loaded and a-tubulin was used as an additional protein loading control for tumor and cell lysates. (C) 

VEGFR2 RNA expression levels were reduced 4.8-fold in MMP-2ko GBMs compared to WT-GBMs, as determined by quantitative reverse 

transcriptase PCR. (D) Western blot analysis of tumor extracts revealed a reduction of VEGFR2 protein levels in MMP-2ko GBMs compared 

to WT-GBMs; a-tubulin was used as a protein loading control in tumor lysates.
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Fig. 4. Matrix metalloproteinase MMP-2 deficiency reduces pericyte coverage on glioblastoma multiforme (GBM) tumor vessels. Pericytes 

(red) were detected with desmin (A, C) and a-smooth muscle actin (a-SMA) antibodies (B, D). Blood vessels (green) were perfused with 

fluorescein isothiocyanate (FITC)-lectin and stained with FITC-CD31 antibody. Scale bars 5 83 µm. (E, F) Quantification of the endothelial 

cell:pericyte ratio in GBM revealed a decrease in pericytes in the absence of MMP-2 (desmin, p 5 0.031; a-SMA, p 5 0.001). Error bars 

represent SEM. (G) Perfusion of tissues with FITC-lectin (green) before animal euthanization, followed by subsequent immunohistochemical 

staining for CD31 (red), suggests that the tumor vasculature in MMP-2 knockout (MMP-2ko) tumors is less functional than in wild-type 

(WT)-GBM tumors as represented by the relative lack of FITC-lectin staining in MMP-2ko GBMs. Vessels that co-stain for both lectin and 

CD31 are shown in yellow when merged (solid white arrowheads). Note the presence of lectin/CD31+ functional vessels in the surround-

ing normal brain of both WT-GBMs and MMP-2ko tumors (outlined arrowheads). The border between tumor (T) and normal brain (N) is 

depicted by the dotted line.
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tumor cells infiltrate into the brain parenchyma without 
being in contact with blood vessels (Fig. 5A, a, yellow 
arrows), and perivascular invasion, in which tumor cells 
move into the normal tissue by moving along and being 
closely associated with blood vessels (Fig. 5B, b, white 
arrowheads). We found that GBMs from the WTT/WTH 
and WTT/MMP-2koH groups were equally infiltrative, 
whereas tumors from the MMP-2koT/WTH and MMP-
2koT/MMP-2koH cohorts were both much less infiltra-
tive (p 5 0.004 and p 5 0.015; Fig. 5C). On the other 
hand, MMP-2ko tumors increased their perivascular 
invasion mode compared with WT controls (p 5 0.065 
and p 5 0.030; Fig. 5D). In summary, loss of MMP-2 
did not inhibit invasion, but altered the mode of diffuse 
tumor growth by causing tumor cells to preferentially 
move along blood vessels.

Discussion

We generated an orthotopic mouse model of GBM that 
was completely devoid of MMP-2 activity by producing 
transformed MMP-2ko astrocytes and implanting them 
intracranially into MMP-2ko mice. MMP-2–dependent 
effects appeared to be dose dependent irrespective of its 
expression pattern in host or tumor cells. However, we 
found that the complete loss of MMP-2 activity, seen in 
the MMP-2koT/MMP-2koH group, resulted in markedly 
increased vascularity that was associated with increased 
angiogenic branching of tumor vessels in GBMs. Para-

Fig. 5. Matrix metalloproteinase MMP-2 deficiency increases perivascular tumor invasion in glioblastoma multiforme (GBM). (A and B)  

(a, b) Tumor cells in the brain parenchyma were detected by SV40 T-antigen staining (brown or red), and vessels were visualized with fluo-

rescein isothiocyanate (FITC)-lectin and an FITC-CD31 antibody (green). (B) In the absence of MMP-2, tumor cells became less infiltrative 

but became more invasive by moving along blood vessels. Scale bars = 83 µm. (C) Infiltration by tumor cells was measured by the number 

of single infiltrating cells at the tumor edge that were not associated with a blood vessel (yellow arrows in A,b). Infiltration was decreased 

in MMP-2 knockout (MMP-2ko) tumors in both wild-type (WT) (p 5 0.004) and MMP-2ko host (p 5 0.015). (D) Perivascular invasion, 

defined as tumor cells associated with blood vessels (white arrowheads in B,b), was quantified on a scale from 1 to 3 where 1 5 minimal, 

2 5 moderate, and 3 5 extensive perivascular invasion. MMP-2ko GBM were more perivascular invasive than WT-GBM in WT hosts (p 5 

0.065) or MMP-2ko hosts (p 5 0.030). Error bars represent SEM.

doxically, tumor cells in such a vascular-rich environ-
ment were more prone to apoptosis, and therefore tumor-
bearing mice exhibited longer mean survival times in the 
absence of MMP-2. These results suggest that the dense 
and highly branched network of tumor vessels was not 
productive enough to support tumor growth. Further 
rationale for this hypothesis comes from several observa-
tions: First, tumor vessels in an MMP-2–devoid scenario 
express substantially less VEGFR2. Second, pericytes, 
the perivascular support cells that enable maturation and 
stabilization of newly formed blood vessels, were not acti-
vated in the angiogenic process, and MMP-2ko tumors 
contained fewer pericytes than did WT tumors. Third, 
tumor vessels of MMP-2ko GBM were less perfused 
than those of WT-GBM. Further support for the dys-
functionality of tumor vessels in the absence of MMP-2 
stems from our observation that MMP-2ko tumors grew 
more diffusely by migrating along blood vessels into the 
brain parenchyma, a phenotype we also had observed in 
VEGF-deficient and hypoxia-inducible factor–deficient 
GBMs that do not undergo proper neovascularization.14 
Interestingly, recent studies have revealed that delta-like 
ligand 4 (Dll4) inhibitors, which block notch signaling 
in endothelial cells, affected tumors in a similar way: 
Tumor vessels became hypervascularized and hyper-
branched, but were poorly perfused and nonfunctional 
in the presence of the Dll4 inhibitor, leading to reduced 
tumor growth.26,27 Thus, MMP-2, like Dll4, could act 
as a negative regulator of vascular patterning and angio-
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in mean survival, although tumor cells still invaded pre-
dominantly along blood vessels, might make MMP-2 an 
attractive target for GBM therapy.
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genesis in GBM. It is also possible that MMP-2 in GBM 
produces antiangiogenic peptides such as angiostatin and 
tumstatin28 or regulates the activity of other proteins that 
are implicated in promoting new blood vessel growth. 
In addition to MMP-2’s role in regulating angiogenesis, 
MMP-2 could also have direct effects on tumor cell 
survival. The increased apoptotic ratio in tumors when 
MMP-2 activity is completely abolished might suggest 
that MMP-2 is linked to a tumor survival factor. Given 
that MMP-2 is involved in the degradation of IGFBP-2, 
thereby unmasking insulin-like growth factors that can 
act as cell survival factors,20 we studied IGFBP-2 levels 
in the presence and absence of MMP-2 but were unable 
to observe substantial differences.

Finally, our observations that GBMs without MMP-2 
activity grew slower and exhibited a significant increase 
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