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Diffuse infiltration of malignant human glioma cells
into surrounding brain structures occurs through the
activation of multigenic programs. We recently
showed that angiopoietin-2 (Ang2) induces glioma
invasion through the activation of matrix metallopro-
tease-2 (MMP-2). Here, we report that up-regulation of
Ang2, MMP-2, membrane type 1-MMP (MT1-MMP),
and laminin 5 y 2 (LN 5 y 2) in tumor cells correlates
with glioma invasion. Analyses of 57 clinical human
glioma biopsies of World Health Organization grade I
to IV tumors displaying a distinct invasive edge and 39
glioma specimens that only contain the central region
of the tumor showed that Ang2, MMP-2, MT1-MMP,
and LN 5 y 2 were co-overexpressed in invasive areas
but not in the central regions of the glioma tissues.
Statistical analyses revealed a significant link between
the preferential expression of these molecules and
invasiveness. Protein analyses of microdissected pri-
mary glioma tissue showed up-regulation and activa-
tion of MT1-MMP and LN 5 vy 2 at the invasive edge of
the tumors, supporting this observation. Concor-
dantly, in human U87MG glioma xenografts engi-
neered to express Ang2, increased expression of MT1-
MMP and LN 5 vy 2, along with MMP-2 up-regulation,
in actively invading glioma cells was also evident. In
cell culture, stimulation of glioma cells by overex-
pressing Ang2 or exposure to exogenous Ang2 pro-
moted the expression and activation of MMP-2, MT1-
MMP, and LN 5 y 2. These results suggest that up-
regulation of Ang2, MMP-2, MT1-MMP, and LN 5 y 2 is

associated with the invasiveness displayed by human
gliomas and that induction of these molecules by
Ang2 may be essential for glioma invasion. (Am J
Patbol 2005, 166:877-890)

A hallmark of highly malignant human gliomas is their
rapid invasive growth into surrounding brain paren-
chyma. The infiltration by glioma cells throughout the
brain renders these tumors incurable even by the com-
bined approaches of surgery, radiotherapy, chemother-
apy, and immunotherapy.’ Studies from both in vitro
and in vivo tumor model systems have suggested a link
between increased expression and activation of several
matrix metalloproteases (MMPs) such as MMP-2 and
membrane type 1 (MT1)-MMP and malignant glioma in-
vasiveness.* These MMPs produced by tumor, endothe-
lial, and/or stromal cells degrade extracellular matrix at
the invasive fronts of the glioma cells, thus removing the
extracellular matrix barrier allowing subsequent tumor
cell migration into newly created, more permissive
spaces in the adjacent brain structures.®® Additionally,
increased expression and activation of laminin (LN) 5 y 2,
a basement membrane protein, has been linked to the
invasiveness of malignant human cancers such as
breast, lung, pancreatic, colon, esophageal, and cervical
cancers.” Accumulating evidence demonstrates that in-
teraction between MMP-2 and MT1-MMP leads to the
activation of MMP-2° and interactions between MMP-2,
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MT1-MMP, and LN 5 vy 2 results in the activation of LN 5
v 2.8 However, the involvement and mechanisms of
these proteins in the initiation and maintenance of human
glioma cell invasion are not well understood.

Angiopoietin-2 (Ang2) is an angiogenic factor that
plays critical roles in angiogenesis and tumor progres-
sion. During angiogenesis, Ang2 antagonizes Ang1 ac-
tivity by competitively inhibiting the binding of Ang1 to
their cognate endothelial receptor, Tie2, causing
destablization of the vasculature. Ang2 also acts in con-
cert with vascular endothelial growth factor to regulate
vessel growth.'® In human cancers, increased expres-
sion of Ang2 in tumor cells is closely correlated to the
progression, invasiveness, and metastases of lung, gas-
tric, colon, and breast cancers.”' ' Stable overexpres-
sion of Ang2 by human tumor cells promotes tumor
growth, angiogenesis, and metastases in animals.'®
We recently have shown that Ang2 induces human gli-
oma cell invasion through the activation of MMP-2 both in
vivo and in vitro. Up-regulated expression of Ang2 and
MMP-2 were found in the invasive regions of primary
human glioma specimens and in intracranial xenografts
of US7MG glioma cells that stably overexpress Ang2.'”
Here, we report that co-expression of Ang2, MT1-MMP,
and LN 5 y 2 were found in the invasive areas, but not in
the central regions of primary human glioma specimens.
Furthermore, Ang2 induces the expression of MT1-MMP
and LN 5 y 2 in invasive glioma xenografts formed by
human U87MG Ang2-expressing glioma cells in the mu-
rine brain and in cell culture. These data strongly suggest
that Ang2 induces glioma cell invasion through the stim-
ulation of MMP-2, MT-1 MMP, and LN 5 y 2 in Tie2-
deficient glioma cells.

Materials and Methods

Cell Lines and Reagents

Human U87MG glioma cells were obtained from Ameri-
can Type Culture Collection (Rockville, MD) and their
culture was previously described.’® Fetal bovine serum
was from HyClone Inc., Salt Lake City, UT. The following
reagents were used in this study: anti-Myc-tag antibody
(1 pg/ml) from Medical & Biological Laboratories, Ltd.,
Nagoya, Japan; anti-Ang2 (C-19, 1:50) and anti-LN 5 y 2
antibodies (C-20, 1:100 or 1 pg/ml) from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA; anti-mouse CD31
antibody (MEC 13.3, 1:1000) from BD PharMingen, San
Diego, CA; anti-MMP-2 (AB809, 1:100), anti-MT1-MMP
antibodies (AB8012, 1:500; AB805, 1:500; and AB815, 1
pg/ml), anti-TIMP-2 antibody (mAb 3310, 1:200) from
Chemicon Int., Temecula, CA; anti-MMP-9 antibody (1:
1000) from CalBiochem., San Diego, CA; recombinant
human Ang2 protein (623-AN-025), anti-Ang2 antibody
(AF623, 1:200) from R&D Systems, Minneapolis, MN; and
anti-von Willebrand factor (VWF) antibody (1:1000) from
DAKO, Carpinteria, CA. The secondary and tertiary anti-
bodies were from Vector Laboratories (Burlingame, CA)
or Jackson ImmunoResearch Laboratories (West Grove,
PA). A DAB elite kit was from DAKO, Aqua block was

from East Coast Biologics, Inc. (North Berwick, ME). Cell
culture media and other reagents were from Invitrogen/
BRL, Grand Island, New York; Sigma Chemicals, St.
Louis, MO:; or Fisher Scientific, Hanover Park, IL.

Immunohistochemical (IHC) Analyses of Primary
Human Glioma Specimens

Of the 96 human glioma specimens investigated (Table 1
and data not shown), there were 8 pilocytic astrocytomas
(PA) [World Health Organization (WHO) grade 1], 8 diffuse
astrocytomas (DA) (WHO grade 1l), 3 oligoastrocytomas
(OA) (WHO grade I), 7 oligodendrogliomas (OD) (WHO
grade Il), 10 anaplastic astrocytomas (AA) (WHO grade lI),
6 anaplastic oligodendrogliomas (AOD) (WHO grade Ill), 3
anaplastic oligoastrocytomas (AOA) (WHO grade Ill), and
51 glioblastoma multiforme (GBM) (WHO grade V). Among
these grade | to IV glioma specimens, 57 samples display
an invasive edge and 39 samples contain only the central
area of the tumors identified by hematoxylin and eosin
(H&E) staining. In addition, four normal human brain spec-
imens were also included as normal controls. All of the
tumor samples were surgical specimens obtained during
the last 7 years at the Department of Neurosurgery, Saitama
Medical School, Saitama, Japan. The normal brain samples
were from the cerebral hemisphere or cortex of the brain
and obtained through autopsies from patients who did not
have any brain lesions. The specimens were fixed in 10%
formaldehyde and embedded in paraffin. The WHO glioma
grade and the presence of invasive areas in the primary
glioma biopsies were verified using H&E-stained tissue sec-
tions by Dr. Takanori Hirose, a neuropathologist at the De-
partment of Pathology, Saitama Medical School, Saitama,
Japan. The diagnosis of the WHO tumor grade and inva-
siveness was further confirmed by Dr. Ronald Hamilton, a
neuropathologist at the Department of Pathology, University
of Pittsburgh, Pittsburgh, PA. The 5-um sections were
deparaffinized in prewarmed xylene (55°C) for 5 minutes
followed by dehydration. After washing with Tris-buffered
saline, the antigen was retrieved by boiling the sections in a
citrate buffer (pH 6.0) twice for 5 minutes. The IHC analyses
using diaminobenzidine as a chromogen were performed
using anti-Ang2 (C-19), anti-MMP-2 (AB809), anti-MT1-
MMP (AB8012), anti-LN 5 y 2 (C-20), and anti-vWF antibod-
ies as previously described.’ Quantitative analyses of
blood vessel densities were performed on serial-cut human
glioma specimens that were stained with the anti-vWF anti-
body as previously described.'®

Statistical Analyses

A x? test for trend was performed to examine the asso-
ciation between positive staining for Ang2, MMP-2, MT1-
MMP, and LN 5 y 2 and each area of the glioma speci-
mens (center area, border area, and invasive area) using
the StatView Version 5.0 software (SAS Institute Inc.,
Cary, NC). A two-sided P value was calculated on the
basis of the x2 test. P values less than 0.05 were consid-
ered significant.
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Table 1. Immunohistochemical Staining for Ang2, MMP-2, MT1-MMP, and LN5vy2

Histology Ang2 MMP-2 MT1-MMP LN5y2
(WHO

Case grade)  Center Border Invasion Center Border Invasion Center Border Invasion Center Border Invasion

J140* Normal + - - -

J141* Normal + - - -

J142*% Normal 1+ - - -

J143* Normal + - - -

J39  P.A. () + 2+ 1+ 2+ 2+ 2+ - 14 1+ 1+ 2+ 1+
J4o*  P.A. () 2+ 2+ 2+ + 1+ 1+ + 1+ + - 2+ 2+
Ja2  P.A. () - 2+ 1+ - 1+ 1+ - 14 14 - 1+ 1+
J4a3  P.A.() 1+ 2+ 1+ 2+ 2+ 2+ — 1+ 1+ 1+ 2+ 2+
J49  P.A. () - 1+ + + 3+ 3+ - - - - 1+ +
J51 P.A. (1) + 1+ 2+ + 1+ 2+ - 1+ 1+ - 1+ +
J182  P.A. (1) - + + 1+ 2+ 2+ 14 2+ 2+ 1+ 2+ 1+
J13 D.A. () - 3+ 1+ - 3+ 2+ - 3+ 2+ - 3+ 1+
J63 D.A. (1) 1+ 1+ 2+ - 1+ 1+ 1+ 2+ 2+ - 1+ 1+
J173  D.A. (II) 1+ 2+ 1+ + 2+ 2+ 1+ 2+ 1+ 2+ 3+ 2+
J178  O.A. (Il 1+ 2+ 1+ * 2+ 1+ 1+ 2+ 1+ 2+ 3+ 2+
J19  O.D. (I 1+ 2+ 2+ + 2+ 1+ + 1+ 1+ + + +
Jag  O.D. (I) 1+ 1+ 1+ + 1+ 2+ + 14 14 - 1+ 1+
J1g1  O.D. (Il) + 1+ 1+ 1+ 2+ 1+ 1+ 1+ 1+ 1+ 2+ 2+
J10 AA. (I 1+ 3+ 2+ - 1+ 1+ * 2+ 2+ 1+ 3+ 2+
J11 AA () 1+ 2+ 2+ - 1+ 1+ - - - 2+ 2+ 2+
Ja7 AA. (I 2+ 2+ 2+ 1+ 1+ 1+ 1+ 1+ 1+ - - *
J60  AA. (Il 2+ 2+ 2+ - + + + + 1+ - 1+ 1+
J62 AA. (I 1+ 2+ 2+ 1+ 1+ 2+ + 1+ 2+ 1+ 2+ 2+
J16s5  AA. (Il 1+ 2+ 2+ 1+ 2+ 2+ 1+ 2+ 1+ 1+ 2+ 1+
J16 A.0.D. (Il 1+ 2+ 2+ 1+ 2+ 1+ - + — 1+ 2+ 1+
J17 AOQD. () 2+ 3+ 3+ 1+ 2+ 1+ * 1+ 1+ 1+ 2+ 2+
J95 A.0.D. (Il 1+ 2+ 2+ * 1+ 3+ * 1+ 1+ 2+ 2+ 2+
J96  AOD. () 1+ 2+ 2+ + 1+ 2+ - 1+ + + 3+ 3+
J18 AOQA. () 2+ 2+ 2+ - + + + 14 - 2+ 2+ 3+
Jo7  AOQA. () 1+ 3+ 3+ - 1+ 1+ + 1+ 1+ 1+ 2+ 2+
J1 GBM (1V) - 2+ 2+ - 3+ 2+ - 3+ 2+ - 3+ 2+
J2 GBM (1V) 1+ 2+ 2+ 2+ 2+ 2+ 1+ 2+ 2+ 2+ 2+ 3+
J3 GBM (IV) 2+ 3+ 3+ - 1+ 2+ + 2+ 2+ 14 2+ 2+
J5 GBM (1V) 1+ 2+ 2+ 1+ 1+ 1+ — + + 2+ 2+ 2+
J6 GBM (IV) 2+ 3+ 2+ 2+ 2+ 2+ + 14 2+ 2+ 14 2+
J7 GBM (1V) + 2+ 2+ 1+ 2+ 2+ 1+ 1+ 2+ 1+ 2+ 2+
J58  GBM (V) 1+ 2+ 2+ + 2+ 2+ + 2+ 14 - 2+ 2+
Je4  GBM (IV) + 2+ + - 1+ 1+ — 1+ — + 2+ 1+
J66 GBM (IV) 1+ 2+ 2+ 2+ 2+ 2+ - 1+ 1+ 1+ 1+ 2+
J68  GBM (V) 1+ 2+ 2+ 2+ 2+ 2+ + 1+ 1+ 1+ 2+ 2+
J71 GBM (IV) 2+ 3+ 3+ + 2+ 2+ - 14 14 + + 1+
J72 GBM (IV) + 2+ 2+ 1+ 2+ 1+ — 1+ 1+ 1+ 1+ 1+
J78 GBM (IV) 2+ 2+ 3+ 1+ 2+ 1+ - 1+ 1+ - 1+ 1+
J79  GBM (V) 2+ 3+ 3+ - - - - 1+ 1+ 1+ 2+ 2+
Jgo  GBM (V) 1+ 2+ 2+ + 2+ 1+ - + + 1+ 2+ 2+
Jg81  GBM (IV) 1+ 3+ 3+ 1+ 2+ 2+ - 14 14 1+ 2+ 2+
Jg2  GBM (V) 2+ 3+ 3+ + 2+ 1+ - 14 14 - 14 1+
J83  GBM (IV) + 2+ 2+ + 1+ 2+ — 1+ 1+ 2+ 2+ 2+
J8s GBM (IV) 2+ 3+ 2+ - 1+ 1+ 1+ 1+ 2+ 1+ 2+ 1+
J86  GBM (IV) 2+ 3+ 3+ 1+ 2+ 2+ + 1+ 1+ 1+ 2+ 1+
Jg7  GBM (V) 1+ 1+ 2+ + 2+ 1+ 1+ 2+ 2+ 2+ 2+ +
Jg9  GBM (IV) 1+ 2+ 1+ 1+ 2+ 2+ 1+ 2+ 2+ + 1+ 1+
Jo4 GBM (IV) 1+ 2+ 2+ 1+ 2+ 2+ - 1+ 1+ * 2+ 2+
J9g  GBM (IV) 1+ 2+ 2+ 1+ 1+ 2+ 1+ 1+ 2+ 1+ 1+ 1+
J151  GBM (IV) 2+ 2+ 2+ - 2+ 2+ - 1+ 1+ 1+ 2+ 2+
J152  GBM (IV) 1+ 2+ 2+ 1+ 2+ 1+ 1+ 2+ 2+ 1+ 2+ 2+
J153  GBM (IV) 1+ 3+ 2+ * 2+ 1+ - 1+ 1+ 2+ 3+ 3+
J154  GBM (IV) 1+ 2+ 2+ 14 3+ 2+ 1+ 2+ 2+ 1+ 2+ 2+
J155  GBM (IV) 1+ 2+ 2+ 1+ 2+ 1+ * 2+ 2+ * 2+ 1+
J156  GBM (IV) 2+ 3+ 3+ 2+ 2+ 3+ 1+ 2+ 2+ 1+ 2+ 2+
J164  GBM (IV) 1+ 2+ 2+ 1+ 3+ 2+ * 1+ 1+ * 2+ 1+

*Contains neurofibroma 1.

#Scores of normal brain were indicated in the columns of “Center” for convenience.

P.A., pilocytic astrocytoma; D.A., diffuse astrocytoma; O.A., oligoastrocytoma; O.D., oligodendroglioma; A.A., anaplastic astrocytoma; A.O.D.,
anaplastic oligodendroglioma; A.O.A., anaplastic oligoastocytoma; GBM, glioblastoma multiforme.
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Microdissection of Paraffin-Embedded Tissue
Sections of Human Glioma Specimens

Microdissection of paraffin-embedded primary human
glioma tissues was performed as previously described.?°
Briefly, paraffin-embedded glioma specimens were sec-
tioned separately at 5 um and 50 um thickness and
mounted onto plain glass slides. To identify the center,
border, and invasion regions within the glioma specimen,
5-um-thick sections were stained by H&E. Three 50-pum-
thick sister sections of each sample were then deparaf-
finized in xylenes, rehydrated in graded ethanol, immersed
in distilled water, and air-dried. To exclusively collect cen-
ter-tumor or border-tumor tissues, the targeted areas were
cut microscopically under an Olympus SZ-STS stereomicro-
scope (Melville, NY) with a fine needle referring to the mi-
croscopic observation of the morphology of serial H&E-
stained sections.

Extraction and Western Blot Analyses of
Proteins from Microdissected Human Primary
Glioma Tissues

Protein extraction from microdissected formalin-fixed,
paraffin-embedded tissues was performed following pro-
tocols that were previously described.?" Briefly, the col-
lected tumor tissues were suspended in lysis buffer con-
taining 25 mmol/L sodium phosphate buffer (pH 7.6), 150
mmol/L sodium chloride, 1% Triton X-100, 2% sodium
dodecyl sulfate, 12 mmol/L sodium deoxycholate, 0.2%
sodium azide, 0.95 mmol/L fluoride, 2 mmol/L phenyl-
methyl sulfonyl fluoride, 50 mg/ml aprotinin, and 50
mmol/L leupeptin and incubated at 100°C for 20 minutes
followed by incubation at 60°C for 2 hours. After incuba-
tion, the tissue lysates were centrifuged at 15,000 X g for
20 minutes at 4°C, and the supernatants containing ex-
tracted proteins were collected. The protein extracts
were then subjected to Western blot analyses using a
sensitive protocol.?? Briefly, 10 ug of total proteins were
separated by NUPAGE 4 to 12% Bis-Tris polyacrylamide
gels (Invitrogen) and transferred to Immobilon-P transfer
membranes (pore size 0.45 um; Millipore, Bedford, MA)
according to the manufacturer's standard procedure.
The membrane was blocked and separately probed with
anti-MT1-MMP (AB8012, Chemicon), anti-LN 5 y 2 (C-20,
Santa Cruz Biotechnology), and anti-B-actin (Sigma) an-
tibodies. Antibody detection was accomplished with Su-
perSignal West Femto maximum sensitivity substrate
(Pierce).

Generation of U87MG Cell Lines That Stably
Express Ang2 or LacZ

Transfected U87MG cell clones that stably express Ang2
were generated by transfecting U87MG cells with a cDNA
for Ang2 in the pSecTagB/Myc-His(+) expression vector
(Invitrogen, San Diego, CA). The clones that expressed
exogenous biologically active Ang2 or LacZ were ex-
panded and characterized as previously described.'” '8

Tumorigenicity, Glioma Invasion, Mouse Brain
Tissue Processing, and IHC

UB7MG LacZ- or U87TMG Ang2-expressing cell clones
(5 X 10°) were stereotactically implanted into individual
nude mouse brains with five mice per group. When mice
developed neurological symptoms because of distur-
bance of their central nervous system, mice were sacri-
ficed and their brains were removed, processed, and
analyzed by IHC as previously described.’”:'®

Quantification Analyses of IHC Data

To quantify microvascular density or the degree of stain-
ing by antibodies (for mouse xenograft tissues), five to
seven serial-cut sections were stained with the anti-
CD31, anti-vWF, anti-Ang2, anti-MMP-2, anti-MT1-MMP,
or anti-LN 5 y 2 antibodies. The stained images (10 or
more random areas per section) were captured using an
Olympus BX51 microscope equipped with a digital cam-
era, imported into the Image Pro Plus program (Version
4.1; Media Cybernetics, Silver Spring, MD) and analyzed.
The mean values of microvessel density or relative inten-
sity of antibody staining from serial brain sections (five or
more individual mice per group) in each group were
used. Microvessel density was expressed as the ratio of
positively stained areas to the total area of the image
(object areas/mm?).'® The degree of antibody staining in
U87MG/Ang2 gliomas was shown as fold of increase to
that in U87MG/LacZ tumors."”

To quantify the intensities of IHC staining on primary
human glioma specimens using anti-Ang2, anti-MMP-2,
anti-MT1-MMP, and anti-LN 5 y 2 antibodies, two expe-
rienced researchers (P.G. and Y.l.) independently exam-
ined all of the aforementioned sections stained with the
four antibodies under X200 and X400 magnification. In
each stained section, 5 to 10 identified areas (center
area, border area, and invasive area) in each type were
examined. The intensities of IHC staining with each anti-
body were defined as no stain (—), weakest (%), low
(1+), medium (2+), and strong (3+) stains. The immu-
noactivities of each antibody on the paraffin-embedded
sections were different. The anti-Ang2 and anti-MMP-2
antibodies produced excellent staining without nonspe-
cific background staining. The anti-MT1-MMP had the
weakest activity whereas the anti-LN 5 y 2 antibody had
nonspecific staining in some tissue areas. These varia-
tions were considered during the scoring. Greater than
95% of the scoring by the two examiners determined in a
double-blinded manner was comparable. Discrepancies
between the scores were resolved by re-examining the
stained sections side-by-side followed by consultation
between the examiners.

Western Blot and Zymography Analyses

Western blot and zymography analyses were performed
as previously reported.’ Briefly, six-well plates were
coated with or without 10 wg/ml of recombinant Ang2 or
bovine serum albumin in phosphate-buffered saline



(PBS) at 4°C overnight, washed three times with PBS, and
then dried. U87MG cells or U87MG Ang2-expressing
cells were seeded onto the plates and incubated in Dul-
becco’s modified Eagle’s medium with 10% heat-inacti-
vated cosmic calf serum for 4 hours at 37°C. The medium
was then replaced by serum-free Dulbecco’s modified
Eagle’s medium, and the cells were maintained in the
medium for 24 hours at 37°C. Whole cell lysates contain-
ing 30 ug of total protein from the various cells were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis under reducing conditions and trans-
ferred onto a nitrocellulose membrane. The membrane
was blocked and probed with various antibodies. The
reacted proteins were visualized by enhanced chemilu-
minescence reaction. Quantification of the expression of
MT1-MMP, TIMP-2, and LN 5 y 2 was performed by
importing and analyzing the scanned images using the
Image Pro Plus program.

The zymography analysis for proteolytic activities of
MMP-2 toward gelatin was performed as previously de-
scribed.” Briefly, serum-free conditioned medium from a
48-hour culture of various U87MG cells plated onto six-
well plates coated with Ang2, bovine serum albumin, or
noncoating was collected. Conditioned medium contain-
ing 20 ug of total proteins was separated at 4°C ina 7.5%
sodium dodecyl! sulfate polyacrylamide gel containing
0.2% gelatin. The sodium dodecyl! sulfate in the gel was
removed by washing the gel three times with a Tris-HCI
buffer containing 2% Triton X-100. The gel was rinsed
and developed in a gel-developing buffer containing 1%
Triton X-100 and 5 mmol/L of CaCl, at 37°C for 16 hours.
The gel was then stained by a Coomassie Blue solution,
destained, and photographed. The proteolytic activities
of MMP-2 toward gelatin appear as unstained areas.

Results

Preferential Expression of Ang2, MMP-2,
MT1-MMP, and LN 5 vy 2 in Invading Glioma
Cells and Neovessels of Human Primary
Glioma Specimens

We recently reported that Ang2 and MMP-2 are co-over-
expressed in the invasive areas including tumor borders,
but not in the central regions of primary human glioma
biopsies.'” To further demonstrate whether there is a
significant association between up-regulated expression
of Ang2, MMP-2, MT1-MMP, and LN 5 y 2 and tumor
invasiveness displayed by various human gliomas in all
four WHO grade stages, we conducted a comprehensive
survey by IHC analyses. The IHC analyses were per-
formed on a total of 96 human glioma specimens and 4
normal human brain biopsies in our collection. We tested
several well-characterized antibodies against each of
these molecules that have been reported in similar clini-
cal investigations on human tumor specimens and chose
goat anti-Ang2 (C-19),'""215  rabbit anti-MMP-2
(AB809),°2% rabbit anti-MT1-MMP (AB8012),°2® and
goat anti-LN 5 y 2 (C-20) antibodies as described in the
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Materials and Methods section. For the negative controls,
we applied isotype-matched IgG at the same concentra-
tion onto the sister sections of each specimen during the
IHC staining, which all showed negative stains (see the
insets in Figure 2). The specificity of each of these anti-
bodies on detecting the corresponding protein products
were verified by Western blot analyses using these anti-
bodies on U87MG cells that express endogenous
MMP-2, MT1-MMP, and LN 5 vy 2 proteins (Figure 4, and
data not shown) and U87MG Ang2-expressing cells (for
Ang?2).'” Table 1 summarizes our findings of the relative
immunoactivities of Ang2, MMP-2, MT1-MMP, and LN 5 y
2 in 57 paraffin-embedded biopsies of human gliomas
that display invasiveness or normal human brain speci-
mens. The relative intensities of the immunostaining by
each antibody were quantified as described in the Mate-
rials and Methods section.

Normal Human Brain Tissues

We performed IHC analyses on four normal brain sam-
ples that were from autopsied patients who did not have
brain lesions (specimens J140 to J143, Table 1). All four
specimens were mostly from the cerebral hemisphere or
cortex of the brain where gliomas occur most frequently.®
These specimens were homogenous normal brain tissue
with similar morphology judged by H&E staining (Figure
1a). As shown in Figure 1 (specimen J141) and Table 1,
no or very weak immunoactivities of the antibodies to
Ang?2 (Figure 1b), MMP-2 (Figure 1d), MT1-MMP (Figure
1e), or LN 5 v 2 (Figure 1g) were detected. These data
indicate that under normal physiological conditions, the
expression of these molecules is below or near the de-
tectable levels by IHC analyses.

Pilocytic Astrocytomas (WHO Grade )

Eight PA biopsies were included in this study (specimens
J39, J40, J42, J43, J49, J51, J182, and J183). By H&E
staining, we found distinct invasive areas in seven of
eight PA biopsies (87.5%; Table 1, data not shown). In
addition, intratumoral hemorrhage is common in most of
these grade | tumors (Figure 2A, b, data not shown).
Figure 2A shows the IHC staining of specimen J42 using
H&E and various antibodies. In the center regions of this
PA, low expression of Ang2 (Figure 2A, d), MMP-2 (Fig-
ure 2A, g), MT1-MMP (Figure 2A, j), and LN 5 y 2 (Figure
2A, m) was detected (Table 1). In the tumor border (Fig-
ure 2A, b), increased expression levels of Ang2 (Figure
2A, e), MMP-2 (Figure 2A, h), and LN 5 y 2 (Figure 2A, n)
are found while a low level of MT1-MMP expression was
seen (Figure 2A, k). Interestingly, high levels of Ang2 and
MMP-2, but not MT1-MMP and LN 5 y 2, were seen in
neovessels (arrowheads in Figure 2A, e and h), suggest-
ing the role of Ang2 and MMP-2 in vascular growth. In
invasive areas (0.25 mm away from the border, Figure
2A, c) where glioma cells are actively invading into the
brain structure, only tumor cells express Ang2 (Figure 2A,
f, arrows), MMP-2 (Figure 2A, i, arrows), MT1-MMP (Fig-
ure 2A, |, arrows), and LN 5 y 2 (Figure 2A, o, arrows).
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Normal human brain (specimen J141)

Figure 1. Expression of Ang2, MMP-2, MT1-MMP, and LN 5 7 2 in normal human brain tissue. IHC on serial sections of a normal human brain biopsy (specimen
J141) using H&E (a), goat polyclonal anti-Ang2 (b), rabbit polyclonal anti-MMP-2 (d), rabbit polyclonal anti-MT1-MMP (e), goat anti-LN 5 y 2 (g), and rabbit
polyclonal anti-vWF (h) antibodies. The isotype-matched IgG controls (c, f, and 1) are the identical areas shown in b, d, and g. Arrows in h indicate blood vessels.
A total of four individual normal human brain tissues were analyzed. The experiments were repeated two additional times with similar results. Original

magnifications, X400.

Thus, co-expression of Ang2, MMP-2, MT1-MMP, and LN
5 y 2 are detected in the invading glioma cells and growing
neovessels in tumor borders, but not in the central regions
of PA tumors. These results suggest that at the early stage
of glioma progression, up-regulation of these molecules
correlates with the initial invasion displayed by PA.

Diffuse Astrocytomas (DA, Grade ll),
Oligoastrogliomas (OA, Grade ll), and
Oligodendrogliomas (OD, Grade ll)

There were 8 DA, 3 OA, and 7 OD biopsies that are WHO
grade Il tumors in our collection. In the DA specimens,
diffuse morphology of tumor cells is evident. In some
tumors, diffusive tumor cells formed a cellular gradient
toward the normal brain structure without identifiable bor-
ders (data not shown). Among the 18 grade Il tumors, 7
tumor specimens (38.8%) contain identifiable tumor bor-
ders and clear invasive regions (at least 0.25 mm away
from the tumor border, Table 1). Figure 2B shows the IHC

staining of specimen J13 (a DA) using H&E and various
antibodies. Consistent with the expression profiles in the
WHO grade | gliomas (Figure 2A), strong expression of
Ang2 (Figure 2B, e), MMP-2 (Figure 2B, h), MT1-MMP
(Figure 2B, k), and LN 5 v 2 (Figure 2B, n) were evident
in tumor cells (arrows) and in neovessels (arrowheads)
along the tumor border, but not in the center region of the
tumors (Figure 2B; d, g, j, and m). Increased expression
of Ang2 (Figure 2B, f), MMP-2 (Figure 2B, i), and LN 5 y
2 (Figure 2B, o), and strong expression of MT1-MMP
(Figure 2B, ) were detected in cells (arrows in Figure 2B;
f, i, |, and o) and in vessels (arrowheads) in the invasive
areas that are 0.25 mm away from the tumor border.

Anaplastic Astrocytomas (AA, Grade lll), Anaplastic
Oligodendrogliomas (AOD, Grade Ill), and
Anaplastic Oligoastrocytomas (AOA, Grade ll)

There were 10 AA, 6 AOD, and 3 AOA gliomas in our
collection. All of the grade Ill gliomas displayed in-



creased cellularity and malignancy, especially in the cen-
tral region (data not shown). Among the 19 grade Il
glioma biopsies, 12 tumors contain tumor borders and
invasive areas (63.2%, Table 1). In contrast to the grade
| and Il glioma specimens, the tumor borders were dis-
tinct and with sharp edges (data not shown). Similar to
that in the grade Il gliomas (Figure 2B), up-regulated
Ang2, MMP-2, MT1-MMP, and LN 5 y 2 were found in the
tumor borders, but not in the central regions of these
tumors (data not shown). In addition, increased expres-
sion of all four molecules were detected in cells in the
invasive region 0.25 mm away from the tumor borders in
the grade Il gliomas (data not shown).

GBM (WHO Grade 1V)

There were 51 GBM specimens in our collection. These
grade IV glioma biopsies display the highest cellularity
and contain evident necrotic areas and intratumoral hem-
orrhage (data not shown). Among the 51 GBM, 31 spec-
imens contain tumor borders and invasive areas (60.8%,
Table 1). The tumor borders are also sharp and easily
distinguishable (Figure 2C, a). Figure 2C shows the IHC
staining of specimen J1 (a GBM) using H&E and various
antibodies. We found that protein expression profiles of
Ang?2 (Figure 2C, e), MMP-2 (Figure 2C, h), MT1-MMP
(Figure 2C, k), and LN 5 y 2 (Figure 2C, n) were located
in the tumor borders similar to IHC staining of the grade
II'and Il gliomas (Figure 2B and data not shown). In
addition, increased levels of expression of Ang2 (Figure
2C, f), MMP-2 (Figure 2C, i), MT1-MMP (Figure 2C, 1), and
LN 5 vy 2 (Figure 2C, o) were also found in the invasive
areas of the GBM tumors. The IHC results of WHO grade
IIand IV gliomas demonstrate that increased expression
of Ang2, MMP-2, MT1-MMP, and LN 5 y 2 are further
elevated in the tumor borders and invasive regions of
high-grade human glioma specimens.

Glioma Angiogenesis

As shown in Figures 1 and 2, we stained all of the normal
brain and glioma tissue specimens using an anti-vWF
antibody that stains tumor endothelium. We evaluated
glioma angiogenesis by quantifying the microvessel den-
sity in all of the stained tissue sections. In normal human
brain tissues, vessels were apparent (Figure 1, h). In
WHO grade | (Figure 2A, p and q) and Il (Figure 2B, p
and q) tumors, when compared with the MCD in normal
brain tissues, a 1.8-fold increase of MCD was found. In
WHO grade Ill gliomas, a 3.2-fold increase of MCD was
seen. In WHO grade IV gliomas (Figure 2C, p and q), a
further increase of MCD (7.1-fold) was found (data not
shown). These data corroborate with previous studies
showing that glioma angiogenesis is not evident in low-
grade (I and 1) gliomas, but significantly increased in
high-grade (lll and 1V) tumors.?*
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Up-Regulated Ang2, MMP-2, MT1-MMP, and
LN 5 y 2 Are Preferentially Associated with
Tumor Invasiveness among the Clinical Glioma
Specimens

As shown in Table 1, we have found that 57 glioma
specimens contain identifiable tumor borders and nearby
invasive regions. There are 39 additional glioma speci-
mens that only contain the central region of the tumors.
We hypothesize that there is a significant association
between up-regulated expressions of Ang2, MMP-2,
MT1-MMP, and LN 5 y 2 and tumor invasiveness dis-
played by all four WHO grades of human gliomas. To test
our hypothesis, we examined the IHC analyses data on
the cases that contain all three areas within the same
sample: tumor center, border, and invasive areas, and
determined the number of the cases analyzed that meet
these criteria. As shown in Table 1, in seven grade |
gliomas, there are five to six cases of seven samples (71
to 85.7%) that have expression scores in the areas both
in the border and invasive areas higher than that of the
center area. Similarly, the scores of protein expression
level in the majority of cases in grade Il to IV specimens
meet the same criteria: grade Il, 5 to 6 cases of 7 (71 to
85.7%); grade lll, 7 to 9 cases of 12 (58 to 75%), and
grade 1V, 23 to 28 cases of 31 (74.1 to 90%). Together, in
a total of 50 glioma grade Il to IV specimens that contain
all three areas (center, border, and invasion), 35 to 43
cases (70 to 86%) are available for testing our hypothesis
(Table 2).

Next, we determined whether there is a distinct link
between the up-regulation of the four molecules that are
shown to be vital in the invasiveness of human cancers. A
X° test for trend was performed to examine the associa-
tion between positive staining for Ang2, MMP-2, MT1-
MMP, LN 5 v 2, and each area of grade Il to IV glioma
specimens (center area, border area, and invasion area).
A two-sided P value was calculated on the basis of the x°
test. As shown in Table 2, significant links are found
between the positive immunoactivities of Ang2 (P <
0.0001 for both comparisons), MMP-2 (P < 0.0001 for
border versus center and P = 0.0001 for invasion versus
center, respectively), MT1-MMP (P < 0.0001 for both
comparisons), and LN 5 y 2 (P < 0.0001 for border
versus center and P = 0.0002 for invasion versus center,
respectively), and the invasiveness displayed by these
gliomas. In contrast, there are no differences in the ex-
pression profiles of these four proteins between the tumor
borders and invasive regions (between P = 0.5120 to
P = 0.7880). Because the pathogenesis of PAs is differ-
ent from that of grade Il to IV gliomas,® we separately
performed the ¥? test for trend on the IHC data for PA
gliomas. No significant association of the expression lev-
els of these four molecules and tumor invasiveness could
be found, possibly because of the small sample size
analyzed (data not shown). In addition, because the ma-
jority of the glioma specimens analyzed in Table 2 are
grade IV GBM (31 of 50, 62%), we separately performed
the x° test for trend analyses on the IHC data of these 31
grade IV GBM samples. A statistically significant link
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Figure 2. Co-overexpression of Ang2, MMP-2, MT1-MMP, and LN 5 vy 2 in the
invasive areas of primary human glioma tissues. IHC on serial sections of PA (A:
specimen J42, WHO grade 1), DA (B: specimen J13, grade II), and GBM (C:
specimen J1, grade IV) tissues using H&E (a to ¢), goat polyclonal anti-Ang2 (d
to f), rabbit polyclonal anti-MMP-2 (g to 1), rabbit polyclonal anti-MT1-MMP (j to
D, goat anti-LN 5 7y 2 (m to o), and rabbit polyclonal anti-vWF (p to r)
antibodies. Insets in d to o are the isotype-matched IgG controls that are the
identical areas shown in each panel. a, d, g, j, m, and p: Central regions of the
tumor mass; b, e, h, k, n, and q: tumor borders; and ¢, f, i, 1, 0, and r: areas that
are 0.25 mm away from the tumor edge shown in b, e, h, k, n, and q. Blue
arrowheads in b indicate the border between the tumor mass (left, high
cellular density) and normal brain tissue (low cellular density). Red or yellow
arrowheads in b to r indicate tumor vessels. Arrows in b to o are glioma cells
or activated neural cells that were stained by anti-Ang2 (e, f), anti-MMP-2 (h, 1),
anti-MT1-MMP (k, D, and anti-LN 5 y 2 (n, 0) antibodies, respectively. A total of
96 individual primary tumor specimens (WHO grades 1 to IV) were analyzed.
The experiments were repeated two additional times for each section with
similar results. Original magnifications, X400.
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Table 2. Scores and Correlation between Positivity for Staining and Each Area of Tumor (Grade II-IV, n = 50)

Ang2 MMP-2 MT1-MMP LN5y2
Center Border Invasion Center Border Invasion Center Border Invasion Center Border Invasion

3+ 0 14 11 0 3 0 0 0 0 5 4
2+ 14 32 33 5 22 0 16 16 11 31 27
1+ 31 4 5 19 22 17 29 27 22 11 16
+ 5 0 1 15 2 16 4 3 9 2 3
— 0 0 0 11 1 17 1 4 8 1 0
P value of correlation

between positivity

and area of tumor*
Border vs center <0.0001 <0.0001 <0.0001 <0.0001
Invasion vs center <0.0001 0.0001 <0.0001 0.0002
Border vs invasion N.S. N.S. N.S.

*Analyzed by x? test for trend based on the distribution of the scores of each area.

N.S., not significant.

between the expression profiles of Ang2, MMP-2, MT1-
MMP, and LN 5 y 2 and invasiveness of these GBM was
also found (P < 0.0001 to P = 0.0159 for border versus
center or invasion versus center). Similarly, there is no
difference in the immunoactivities of these four molecules
between the border and invasive areas (P = 0.3939 to
P = 0.9996, data not shown).

Lastly, we assessed the protein expression levels in
the 39 cases of grade Il to IV gliomas that only have the
center area, but no tumor border and invasive area.
Among these 39 samples, 25 to 33 cases (64.1 to 84.6%)
have low levels of protein expression of the four mole-
cules that were examined (scores =1+, data not shown).
Because we do not have portions of these glioma biop-
sies containing tumor border and invasion areas, we
cannot evaluate the correlation of the expression levels of
Ang2, MMP-2, MT1-MMP, and LN 5 y 2 with the invasive
edge in these 39 human glioma specimens.

MTT1-MMP and LN 5 vy 2 Are Overexpressed
and Activated in the Invasive Region of Primary
Human Glioma Specimens

To support our observations from the IHC analyses, we
identified five primary human glioma specimens from our
collection that have shown increased co-expression of
Ang2, MMP-2, MT1-MMP, and LN 5 y 2 in the invasive
regions (Table 1) with sufficient tumor material: J181,
WHO grade Il OD; J165, a grade Il AA; J152, a grade IV
GBM; J152, a grade IV GBM; and J155, a grade IV GBM.
We microdissected the tissues of the central region and
the invasive edge of these primary glioma specimens
(Figure 3A).2° Then, we performed Western blot analyses
on the total proteins extracted from the microdissected
glioma tissue samples using anti-MT1-MMP and anti-LN
5 y 2 antibodies according to the protocols that were
previously reported.?'?2 As shown in Figure 3B, a twofold
to threefold increase in protein expression of intact MT1-
MMP (70 kd) was found in the samples from the tumor
invasive edge of all of the five primary glioma specimens
when compared with the central regions in the same
sample. Furthermore, significant proteolytic activation of
LN 5 y 2 (155 kd) was evident by the appearance of y2'

(105 kd) and y2x (90 kd) fragments® in the samples of the
tumor invasive edge of all five specimens. Autocleaved
MT1-MMP protein fragments (45 kd) were also detected,
albeit to a lesser degree, indicating that activation of LN
5 vy 2 and MT1-MMP occurred in these regions of the
gliomas. These findings corroborate with the IHC data
shown in Figure 2 and Table 1 that MT1-MMP and LN 5 vy
2 are co-up-regulated and co-activated with Ang2 and
MMP-2 in the invasive edge of primary human glioma
grade Il to IV specimens. Taken together, our results
(Tables 1 and 2 and Figures 1 to 3) demonstrate that
up-regulation of Ang2, MMP-2, MT1-MMP, and LN 5 y 2
are preferentially associated with the invasive edge of
WHO grade | to IV gliomas.

MTT1-MMP and LN 5 vy 2 Are Overexpressed at
the Invasive Fronts and Disseminated U87MG
Ang2-Expressing Gliomas in the Brain

We recently reported that overexpression of Ang2 by
human U87MG glioma cells caused aggressive glioma
invasion compared to isogenic control tumors. We found
that Ang2 and MMP-2 were co-overexpressed in the
actively invading regions of U87MG Ang2-expressing tu-
mors.'” To determine whether the expressions of MT1-
MMP and LN 5 y 2 were also up-regulated in the invasive
regions of the Ang2-expressing U87MG gliomas, we per-
formed IHC on various U87MG gliomas. As shown in
Figure 4, the expression of MT1-MMP (Figure 4, f) and LN
5 y 2 (Figure 4, h) was co-overexpressed with Ang2
(Figure 4, d) in the Ang2-expressing gliomas, whereas
neither of these two proteins was detected in the isogenic
control tumors (LacZ-expressing tumors; Figure 4, e and
g). Because both MT1-MMP (Figure 4, f) and LN 5 y 2
(Figure 4, h) are extracellular matrix proteins, the protein
stains detected in the invasive Ang2 tumors were rela-
tively diffusive. The highest expressions of MT1-MMP and
LN 5 v 2 (a fourfold to fivefold increase compared to that
in LacZ tumors) were found at the invasive fronts as well
as in the disseminated tumor clusters of the U87MG/
Ang?2 gliomas (arrows in Figure 4, f and h). Importantly,
high expression of MT1-MMP (Figure 4, f) and LN 5 y 2
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(Figure 4, h) are not only co-localized in the invading
malignant cells or disseminated tumor clusters, but also
co-expressed in the same cell population where Ang2
(Figure 4, d) and MMP-2 are overexpressed.'” Co-over-
expression of these four molecules in the regions where
Ang2-induced gliomas invasion occurs suggests that
Ang?2 induces human glioma invasion through the activa-
tion of the downstream effectors MMP-2, MT1-MMP, and
LN 5 y2.

Ang2 Induces the Stimulation of MT1-MMP and
LN 5 y 2 in Vitro

Increased expression and activation of both MT1-MMP
and LN 5 vy 2 are strongly associated with tumor invasion
in various types of human cancers.”?® To determine
whether Ang2 can directly stimulate the expression and
activation of MT1-MMP and LN 5 +y 2 in glioma cells, we
assessed the expression and proteolysis of these two
molecules in various conditions. As shown in Figure 5,
overexpression of Ang2 by U87MG cells or exposure to
recombinant Ang2 by U87MG, U251MG, and T98G cells
(data not shown) results in a 2.2- to 3.4-fold increase in
expression and activation of LN 5 y 2 (Figure 5, top) and
MT1-MMP (Figure 5, the second panel) in comparison to
untreated or bovine serum albumin-treated U87MG cells.
Importantly, the stimulation of both MT1-MMP and LN 5 y
2 under these conditions correlates with increased ex-
pression and activation of MMP-2 in the glioma cells
(Figure 5, bottom). Because MT1-MMP is responsible for
the activation of MMP-2 by interacting with tissue inhibi-
tor-2 of MMP (TIMP-2),°> we also determined the expres-
sion of TIMP-2 in the glioma cells under these conditions
and in the invasive U87MG/Ang2 and noninvasive
U87MG/LacZ gliomas. We found that there was no alter-
ation in the expression levels of TIMP-2 in Ang2-stimu-
lated or nonstimulated glioma cells (Figure 5, the third
panel), nor in the invasive or noninvasive U87MG gliomas
established in the mouse brain (data no shown). There-
fore, similar to that of MMP-2,'7 the stimulation of MT1-
MMP and LN 5 y 2 is involved in human glioma invasion
induced by Ang2 in vitro and in vivo.

Discussion

The involvement of Ang2, MMP-2, MT1-MMP, and LN 5 y
2 in the invasiveness of various human cancers including
gliomas has been intensively investigated using clinical
tumor specimens, xenografts of human tumor cells, and
cell culture models. 712152526 However, most of the
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studies focused on the roles of only one or two of these
molecules in human tumor invasion and metastases. In
this report, we use three distinct model systems to deter-
mine whether there is a significant link between the ex-
pression profiles and four important molecules, Ang2,
MMP-2, MT1-MMP, and LN 5 y 2 and human glioma
invasion. First, we performed a comprehensive survey of
the expression profiles of Ang2, MMP-2, MT1-MMP, and
LN 5 y 2 by analyzing a total of 96 primary human glioma
specimens that included 57 samples containing a distinct
invasive edge and 39 glioma biopsies containing only
central regions of the tumor, and 4 normal brain biopsies.
Statistical analysis of our results establishes that there is
a significant association between the up-regulated ex-
pression of these molecules and the invasiveness of the
various gliomas in all four WHO grades. Additionally, low
levels of protein expression of these four molecules were
detected in the central areas of the majority of these
clinical glioma samples. Second, Western blot analyses
of microdissected primary glioma specimens showed
that MT1-MMP and LN 5 y 2 proteins were not only
co-up-regulated but also co-activated in the cells con-
sisting of the invasive edge of the tumor when compared
with the center regions of the same sample, thus support-
ing our findings of IHC analyses. Third, we further ana-
lyzed our recently established glioma invasion animal
model’” and showed that the aggressively invasive
U87MG Ang2-expressing gliomas were accompanied by
up-regulated MMP-2, MT1-MMP, and LN 5 +y 2 in tumor
cells that are actively invading the brain. Finally, stimula-
tion of human glioma cells by overexpressing Ang2 or
exposure to exogenous Ang2 induced the expression
and activation of MT1-MMP, MMP-2, and LN 5 y 2 in
glioma cells in vitro. Together, our data provide evidence
suggesting that up-regulation of Ang2, MMP-2, MT1-
MMP, and LN 5 y 2 in actively invading tumor cells
correlates with human glioma invasion and stimulation of
MMP-2, MT1-MMP, and LN 5 v 2 are involved in Ang2-
induced glioma invasion.

MMP-2, MT1-MMP, and LN 5 y 2 are important in tumor
invasion. In addition to the preferential expression in the
invading tumor fronts found in various types of primary
human cancers,*”° these three molecules interact with
each other in promoting tumor cell invasion. It has been
shown that MMP-2, MT1-MMP, and TIMP-2 form a com-
plex on the cell surface, where MT1-MMP binds to and
activates pro-MMP-2 by proteolysis.®> Both MMP-2 and
MT1-MMP also cleave LN 5 y 2 within the y 2 chain (155
kd) and generate proteolytic fragments, y 2' (110 kd) and
v2' X (80 kd). The released y 2’ X fragment is capable of
promoting tumor cell invasion®® and preventing tumor

Figure 3. Co-overexpression and co-activation of MT1-MMP and LN 5 v 2 in the invasive edge of primary human glioma specimens. A: An example of performing
microdissection on the center region (a, circled area 1) and invasive edge of the tumor (a, circled area 2). a: An overview of the specimen (J151, GBM, grade
IV). b and c: Photographs of the central areas (1 in a) and invasive edge (2 in a) before microdissection. d and e: Photographs of the central areas (1 in a) and
invasive edge (2 in a) after microdissection. b and ¢: Enlarged photos of tumor center (circled area 1 in a). ¢ and e: Tumor invasive edge (circled area 2 in
a). B: Western blot analyses of total protein extracted from microdissected glioma tissues of tumor center (C, illustrated as area 1 in A; a, b, and d) and tumor
invasive edge (B, illustrated as area 2 in A; a, ¢, and e). OD grade 1I, specimen J181, an oligodendroastrocytoma; AA, grade III, specimen J165, an astrocytic
astrocytoma; and J151, J152, and J155, GBM, grade IV, GBM. Top: Expression and activation of LN 5 vy 2; middle: expression and activation of MT1-MMP (the
second panel), and bottom: B-actin (a loading control). Mature LN 5 y 2 runs at 155 kd and cleaved y2" and y2x run at 105 kd and 80 kd, respectively. Mature
and autocleaved MT1-MMP run at 68 kd and 45 kd, respectively. B-Actin runs at 43 kd. The experiments were performed two independent times and similar results

were obtained. Original magnifications: X12.5 (Aa); X40 (Ab-Ae).
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Figure 4. Overexpression of Ang2 by US7MG cells induces glioma invasion and promotes the expression of MT1-MMP and LN 5 vy 2 in the murine brain. THC
of various US7MG gliomas established in the murine brain. a to d were previously published in Hu and colleagues.'” The only purpose that we present here again
is to serve as controls showing that co-overexpression of Ang2, MT1-MMP, and LN 5 vy 2 are localized in the same invading glioma cells in the brain. a, ¢, e, and
g: A glioma established by control US7MG/LacZ cells. b, d, f, and h: An invasive glioma formed by U87MG/Ang2 cells. a and b: H&E staining. Arrowheads in
a indicate the clean edge of US7MG/LacZ tumor spheroid. Arrowheads in b indicate spikes extended from tumor mass of the U87MG/Ang2 glioma. Arrows in
b show disseminated tumor clusters of US7MG/Ang2 gliomas. ¢ to h: IHC on serial sections of U87MG/LacZ or US7TMG/Ang?2 gliomas using anti-Ang2 (¢, d),
anti-MT1-MMP (e, f), and anti-LN 5 vy 2 (g, h) antibodies. Arrowheads in ¢, e, and g indicate the clean edges of U87MG/LacZ tumor spheroid. Arrows in d, f,
and h show the invasive tumor-spike and disseminated tumor clusters that expressed Ang2 (d), MT1-MMP (f), or LN 5 y 2 (h). Insets in d, f, and h show
isotype-matched IgG controls. Ten to twelve individual samples in each class were analyzed. The experiments were repeated two additional times with similar

results. Original magnifications, X200.

cell apoptosis through the interaction with the epidermal
growth factor receptor.?” LN 5 y 2 and MT1-MMP are
found to be co-localized in invasive fronts of human
breast cancers.® Indeed, cooperative interactions of LN 5

vy 2, MMP-2, and MT1-MMP are required for tumor vas-
cular mimicry vasculogenesis.?®2° Our results corrobo-
rate these observations. We found that up-regulated ex-
pression of MMP-2, MT1-MMP, and LN 5 y 2, but not
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Figure 5. Stimulation of human glioma cells by overexpressing Ang2 or
exogenous Ang2 promotes the expression and activation of MMP-2, MT1-
MMP, and LN 5 vy 2, but not TIMP-2 in vitro. Top four panels: Western blot
analyses for expression and activation of LN 5 vy 2 (the first panel from the
top), MT1-MMP (the second panel), TIMP-2 (the third panel), and B-actin
(the fourth panel, a loading control). Mature LN 5 <y 2 runs at 155 kd and
cleaved y2' and y2x run at 105 kd and 80 kd, respectively. Mature and
autocleaved MT1-MMP run at 68 kd and 45 kd, respectively. TIMP-2 runs at
22 kd. B-Actin runs at 43 kd. Bottom: Zymography assays for the activation
of MMP-2. The pro-MMP-2 and the mature form of MMP-2 are shown at 72 kd
and 64 kd, respectively.

TIMP-2, co-localized with the increased Ang2 in the invasive
areas of primary human glioma specimens, in U87MG
Ang2-expressing gliomas in vivo as well as in Ang2-stimu-
lated glioma cells in vitro. Interestingly, stronger proteolytic
co-activation of LN 5 y 2 and MT1-MMP were found in the
proteins extracts from microdissected primary glioma inva-
sive tissues (Figure 3B) than the Ang2 stimulation (by over-
expression or exogenous treatment with recombinant
Ang?2) of U87MG glioma cells in vitro, suggesting an optimal
tumor microenvironment in vivo was more potent in stimu-
lating the activities of these two extracellular matrix-modify-
ing enzymes critical for glioma cell invasion. Thus, our data
indicate that co-overexpression of these molecules is in-
volved in glioma invasion.

The ability of glioma cells to diffusively infiltrate normal
brain tissues without disrupting brain cytoarchitecture or
neuronal function is a hallmark of malignant human glio-
mas."'® Glioma invasion does not correlate with glioma
grade because low-grade astrocytomas invade brain pa-
renchyma with high frequency. However, the degree of
tumor invasiveness is correlated with glioma grade.’ In
this study, seven of eight PAs displayed an infiltrative
phenotype (Table 1) whereas grade Il Ill, and IV glioma
specimens in our collection contain distinct invasiveness
with identifiable tumor border and invasive areas. Expres-
sion profiles of Ang2, MMP-2, MT1-MMP, and LN 5 y 2
are correlated with the invasive edge of human gliomas,
especially in the invasive areas that are 0.25 mm away
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from the tumor border. Increased levels of these proteins
were evident in the invasive regions in these grade | to IV
tumors (Tables 1 and 2; Figures 2A, 2B, and 2C, f, i, |, o;
and data not shown) and in the tumor borders (Tables 1
and 2; Figures 2A, 2B, and 2C, e, h, k, n; and data not
shown). When compared with the other three molecules,
the expression profiles of LN 5 y 2 were relatively in-
creased in both invasive and noninvasive regions of
grade IV GBM tumors (Table 1). Strong activation of LN 5
v 2 at the invasive edge of the tumor (Figure 3B) supports
our IHC data that this tumor invasion marker is involved in
the progressive growth of malignant GBM tumors. These
data show that up-regulation of these four molecules,
particularly Ang2, MMP-2, and MT1-MMP, is correlated
with the invasiveness of malignant human gliomas.

In summary, our data demonstrate that co-localization
of up-regulated Ang2, MMP-2, MT1-MMP, and LN 5 y 2 is
significantly associated with human glioma invasion. Our
results from the engineered human U87MG glioma
(Ang2-overexpressing, Figure 4) xenografts and cell cul-
ture model (stimulation of glioma cells by overexpressing
Ang?2 or exposure to exogenous Ang2, Figure 5), and
from previous reports®°~2® suggest that Ang2 plays a
critical role in promoting human glioma invasion through
the activation of MMP-2, MT1-MMP, and LN 5 y 2 in
Tie2-independent-pathways. The determination of the
mechanisms by which Ang2 induces glioma invasion
could provide critical information with regard to the po-
tential of Ang2 and its effectors as new therapeutic tar-
gets in glioma treatments.
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