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Chemokines have been found to alter tumor growth
and metastasis. We have described previously that a par-
ticular chemokine receptor, CXCR4, was predominantly
expressed on various glioma cell lines and in resected
glioblastoma specimens. Herein, we have tested the ligand
of CXCR4, stromal cell derived factor-la (SDF-la,
CXCL12), on the response of human glioma cells. We
found that SDF-1a increased the expression of membrane
type-2 matrix metalloproteinase (MT2-MMP), but not the
other MT-MMPs, MMP-2 or MMP-9. The SDF-la
enhanced MT2-MMP expression was blocked by a
CXCR4 antagonist, AMD3100. Functional invasion assays
showed that SDF-la stimulated glioma cells to invade
through matrigel-coated chambers and this effect was
inhibited in glioma cells by the stable downregulation of
MT2-MMP expression using small interfering RNA
(siRNA). In vivo and at asymptomatic stages following
intracerebral implant of cells, mice harboring MT2-MMP
siRNA downregulated clones had smaller and less invasive
tumors compared with mice implanted with non-specific
siRNA control cells. Analyses at symptomatic stages dem-
onstrate that mice with MT2-MMP siRNA clones survive
longer than mice harboring control cells. These results
highlight MT2-MMP as an effector of CXCR4 signaling
in glioma cells, and they reveal the novel role of MT2-MMP
in modulating tumor activity.

Introduction

Malignant gliomas are the most common primary brain tumors
in humans, accounting for >50% of neoplasms that arise within
the central nervous system (CNS). A major pathophysiological
feature of malignant gliomas is their ability to diffusely invade
into surrounding brain tissues. This dissemination of tumor
cells throughout the CNS, leading to new growth foci, confers
these tumors incurable by surgical removal even when
combined with radiation and chemotherapies. The invasive
process of glioma cells involves the attachment of tumor
cells to extracellular matrix (ECM) components, degradation
of the ECM, and subsequent cell penetration into adjacent
brain structures. This process is accomplished in part by
tumor-secreted matrix metalloproteinases (MMPs) that
degrade the ECM at tumor fronts to remove barriers (1-3).

Abbreviations: MT-MMP, membrane type matrix metalloproteinase;
SDF-1a, stromal cell derived factor-l1o; siRNA, small interfering RNA.
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The MMPs represent a large family of proteolytic enzymes
that play key roles in cancer progression, proliferation,
angiogenesis and tumor metastasis. Gelatinase A and B
(MMP-2 and MMP-9, respectively) have been well studied in
glioma malignancy, particularly because these enzymes are
easy to measure by gelatin zymography. In this regard, a large
body of literature reports that MMP-2 and -9 are upregulated
in glioma specimens in vitro and in situ (3-7).

The membrane-type MMPs (MT-MMPs) constitute six
members of the MMP family that are anchored to cell surfaces
either through a transmembrane domain or a glycosylphos-
phatidylinositol linkage. MT-MMPs are upregulated in many
tumor types including gliomas (8—13). Functionally, MT1-
MMP (MMP-14) has been noted to promote cell invasion in
tumor types such as melanoma (14,15), breast cancers (16) and
gastric carcinoma (17,18).

In recent investigations, we determined that although many
tumor types contain high levels of MT-MMPs, these were
further elevated in glioma cell lines compared with carcino-
mas; indeed, there were positive correlations between glioma
grade and the mRNA levels of MT1-MMP, type-2 matrix
metalloproteinase MT2-MMP (MMP-15) and MT6-MMP
(MMP-25) (13). Nonetheless, how these MT-MMPs are regu-
lated in glioma cells, or their functional roles, remain unclear.

Chemokines are a large family of small, secreted chemo-
tactic cytokines which play critical roles in many normal
and pathophysiological processes, such as infections and
autoimmune diseases. Chemokines are also implicated in
the pathogenesis of a variety of tumors (19-21). Several
chemokines have been described on glioma cells, including
macrophage chemoattractant protein-1 (CCL2) (22) and inter-
leukin-8 (CXCLS8) (23). To address which chemokine may
play particularly important roles in glioma characteristics, we
analyzed glioma cell lines for specific receptors that are com-
monly expressed across a majority of glioma lines. In this
regard, we described the predominance of CXCR4 and showed
that its ligand, CXCL12 (stromal cell derived factor-1, SDF-1),
is a survival and chemotatic factor for glioma cells in culture
(24). While the Akt/protein kinase B pathway was activated in
glioma cells and may mediate survival of cells consequent to
SDF-1 stimulation, the mechanisms of SDF-1-CXCR4 inter-
action in glioma that lead to the altered motility of cells remain
unclear.

In this study, we have investigated the mechanisms con-
sequent to SDF-1-CXCR4 interactions that mediate glioma
invasiveness. We report that SDF-1a stimulated the invasive-
ness of CXCR4-bearing glioma cells, and also increased MT2-
MMP expression at both mRNA and protein levels of glioma
cells; other MT-MMPs analyzed were unaffected. By specif-
ically downregulating MT2-MMP expression using small
interfering RNA (siRNA), the basal or SDF-1a-enhanced
invading capacity of glioma cells was inhibited in vitro.
Furthermore, clones underexpressing MT2-MMP formed
smaller sized and less invasive tumors in nude mice. These
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results demonstrate that MT2-MMP lies downstream of SDF-
la in glioma biology, and they reveal a previously unknown
role of MT2-MMP in glioma activity.

Materials and methods

Glioma cell culture and resected glioma specimens

LN827 and U373 are established human glioma cell lines that were used in
most experiments in this study; in some cases, LN215, LN308 and LN992 were
also utilized. These cell lines were chosen based on their expression of CXCR4
transcripts as determined previously (24). All lines were maintained in medium
containing 10% fetal calf serum (FCS) (24), which was also the medium used
during in vitro experiments. Six resected glioma specimens were from patients
with glioblastoma multiforme, and histological confirmation of the grade of
malignancy was obtained by sampling sections from these tumors (24). We
were not informed of the treatment history or clinical presentation (e.g. recur-
rent tumor) of these patients, in order to respect privacy laws. Non-transformed
brain tissues were from patients with epilepsy and these were normal appearing
tissues that were resected in order to access and remove epileptogenic foci.

Real time quantitative PCR

For RNA isolation, cells at 80% confluency in 6-well plates, treated with
recombinant SDF-1ac (R&D system) or saline vehicle, were lysed in 1 ml
TRIzol (Invitrogen, Burlington, Ontario). RNA was isolated following the
manufacturer’s instruction and was resuspended in 30 wl RNaseOUT (Invit-
rogen) water. Trace DNA was removed by DNase digestion at 37°C for 45 min.

A. LN827 glioma cells B. U373 glioma cells

*
. i
I . I . I . I . e

Control 5 20 100
SDF-la (ng/ml)

Relative expression level of MT2-MMP

Relative expression level of MT2-MMP

Control 5 20

SDF-la (ng/ml)

D. MMP-2 and -9 are not altered by SDF-1a

Pro-MMP-9
Pro-MMP-2
MMP-2 . 1
o
B
= & 08
i y S L
rh-MMP-2/9 Control + SDF-1 E o
-]
E_: 0.6
50
w B
Z 7 0ad
)
'
o

100

E. Growth factor expression

Control 100

Two microgram total RNA samples were reverse-transcribed with random
primers (Roche, Indianapolis, IN), SuperScript II (Invitrogen) and reverse
transcription (RT) buffer at 37°C for 2 h. Five microlitres of RT product
were used for 25 pl PCR using Tag Polymerase (Invitrogen) and SYBRgreen
detect system (BioRad). The primers are as follows: MT1-MMP; forward, 5'-
TGC AGC AGT ATG GCT ACC TG-3' and reverse, 5'-TAG CGC TTC CTT
CGA ACA TT-3'; MT2-MMP: forward, 5'-ATG CGT TCC GCC CAG AT-3
and reverse, 5'-GCC GCT TCA TCC ACT CCT T-3'; MT3-MMP: forward, 5'-
ATG ATT TAC AGG GCA TCC AGA AA-3' and reverse, 5'-TGG AGG CCG
AGG AGG TTT-3'; MT5-MMP: forward, 5'-CCA GTA CAT GGA GAC
GCA CAA-3' and reverse, TGC GGA CGG GGA GTG T-3’; vascular
endothelial cell growth factor (VEGF): forward, 5-AAG GAG GAG GGC
AGA ATC AT-3 and reverse, 5'-ATC TGC ATG GTG ATG TTG GA-3’; and
hepatocyte growth factor (HGF): forward, 5'-CTT AAA GCC TTG CCA ACA
GC-3' and reverse, 5'-GCC TAG CCA TGC TCT TTC AC-3'.

Flow cytometry

Cells at 80% confluence in 100 mm dishes were detached with 2 ml of Versene
(Invitrogen) for 10 min and were washed with cold Hanks’ balanced salt
solution twice. Cells were then incubated with a monoclonal anti-human
MT2-MMP antibody directly conjugated to phycoerythrin (R&D systems)
for 45 min on ice in the dark. The cells were washed, fixed and analyzed by
flow cytometry.

Western blot

To determine the total cellular content of MT2-MMP, glioma cells were
treated with SDF-1a (100 ng/ml) for 24 h. Cell lysates were then generated
in lysis buffer (24), collected, freeze-thawed twice, and spun at 13 000 r.p.m. at
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Fig. 1. The treatment of glioma cells with SDF-1a selectively increased MT2-MMP transcripts. LN827 (A) and U373 (B) human glioma lines increased their
expression of MT2-MMP when treated with 100 ng/ml SDF-1a for 24 h. In contrast, transcripts for MT1-, MT3- and MT5-MMP (C), or protein levels for
MMP-2 and -9 (D), did not vary following SDF-1a treatment; the data shown are for LN827 cells but similar data were also found for the U373 line. Similarly,
VEGF and HGF transcripts did not alter in response to SDF-1a in the LN827 line (E). The SDF-1a upregulation of MT2-MMP in LN827 cells was blocked
by a CXCR4 receptor antagonist, AMD3100 (F); P < 0.05 comparing between the two concentrations of AMD3100 group versus SDF-1a only. Values are
mean = SEM of 8-24 samples (A—C, E), or six samples (F). The zymography for MMP-2 and -9 (D) was performed on triplicate samples of the LN827

cell line, with or without 100 ng/ml SDF-1«; a recombinant human (rh) MMP-2 and -9 mixture was used as a standard. “P < 0.01 compared with controls

(1 way ANOVA with Tukey’s post hoc comparisons).
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4°C for 10 min (Beckmann JA21). The total protein concentration was determ-
ined using the Bio-Rad protein assay. Fifty micrograms of total protein were
loaded into each lane of 10% SDS-PAGE gels. Proteins were transferred
onto polyvinylidene difluoride membranes (Immobilon, Millipore) for 2 h at
250 mA at 4°C. Membranes were then blocked in phosphate-buffered saline
(PBS) containing 0.1% of Tween-20 and 10% skim milk for 30 min. A
monoclonal mouse anti-human MT2-MMP antibody (R&D systems) (1:1000)
was applied overnight at 4°C followed by goat anti-mouse IgG for 1 h at room
temperature. All antibodies were diluted in PBS containing 0.1% Tween-20
and 3% milk. ECL (Amersham Biosciences) was used for immunodetection.

Gelatin zymography
To detect MMP-2 and -9, gelatin zymography of the conditioned medium of
cells was performed as described previously (24).

RNA interference

Plasmid psiRNA-hH1neo (InvitroGen, San Diego, CA) was used to express
small hairpin RNA (shRNA) targeting human MT2-MMP. Two 21 oligonuc-
leotides from different coding areas of full length human MT2-MMP ¢cDNA
were chosen to design inverted insert separated by a short spacer region of 7 nt
(TCAAGAG). The sequences are as follows: Oligo A (262-274): 5'-AAG
GAG GCC GAC ATC ATG GTA-3; Oligo B (1250-1271): 5-ACG CAG
CCT ACA CCT ACT TCT-3'; negative control: 5-AAG ATC GAC TTA
CGA CGT TAG-3'. The insert was cloned into a Bbsl site, which is down-
stream of the H1 promoter, a RNA polymerase III promoter. All the constructs
were confirmed by DNA sequencing before transfection. As non-specific
siRNA control for the MT2-MMP siRNA sequence, a pair of siRNA that did
not conform to any sequences in GeneBank was also utilized.

For transfection, glioma cells seeded in 6-well plates (2 x 10° cells/well) and
were transfected by Lipofectamine (Invitrogen). G418 (500 pg/ml, Calbiochem)
was added to the cells 48 h after transfection to select for positive clones.

Cell invasion assay

Human glioma cell invasion was evaluated using matrigel coated boyden
chamber with 8 wm pore size (BD Biosciences, Two Oak Park, Bedford,
MA). Matrigel was diluted with cold DMEM (1:3) and then gelled in
24-well insert by incubating at 37°C for at least 1 h. A 0.5 ml aliquot of glioma
cell suspension at 5 x 10* cells/ml in 2.5% FCS-containing glioma medium
was seeded on the upper chamber of each well, while 1 ml of 10% FCS-
containing glioma medium was added to the lower chamber; the higher serum
content in the lower chamber acted as a chemotactic gradient. Cells were left to
invade for 20 h. Non-invading cells that remained on the upper surface of the
filter were removed by a cotton swab, and cells that remained adherent to the
underside of membrane were fixed in 95% ethanol/5% acetic acid for 15 min
followed by hematoxylin staining for 10 min. The membrane was then cut off,
mounted and the number of migrated cells was counted using a microscope.
Six contiguous fields through the equatorial axis viewed using a 40 x objective
were examined to obtain a representative number of cells in each set.

Cell growth curve

Ten thousand glioma cells were seeded into each well of 24-well plates. At 1, 2,
3 and 4 days, adherent cells were detached by 0.25% trypsin, collected and
total cell numbers were counted using a Z2 Coulter Counter. Cell numbers
were plotted against the time points, giving rise to the growth curve of cells.

Implantation of tumor cells: assessment of survival of recipients and
tumor size

Two MT2-MMP downregulated LN827 cell clones (clone 1 and 2), wild-type
(wt) LN827 cells, and non-specific siRNA control cells were trypsinized,
washed in PBS once and resuspended in PBS at a concentration of 2.5 X
107/ml. Four microlitres (1 x 10° cells) of each preparation were injected
stereotaxically into the right striatum of each anesthetized nude mouse (n of six
per group per experiment). Animals were then sutured and returned to their
cages and allowed free access to food and water. Animals were weighed every
other day and any symptoms of neurological deficit were recorded. The
occurrence of death was recorded so as to obtain data for the Kaplan—-Meier
survival curve. In accordance with ethical practice, mice that were moribund
(negligible limb movement and loss of body wt >20%) were also considered
dead and were killed. Two survival curves, representing two separate experi-
ments conducted at different times, were tabulated (Figure 6E and F).

In another set of experiments, six mice each of the non-specific siRNA
control group or implanted with MT2-MMP downregulated clones were killed
21 days after implantation to address tumor growth in the brain prior to the
appearance of symptoms.

To assess tumor growth in the brain, the whole brain was removed from mice
at sacrifice, cut into defined blocks, fixed in formalin and embedded in paraf-
fin. Six micrometer sections were taken every 200 wm apart through the entire
brain. The sections were then stained with hematoxylin and eosin, dehydrated

Chemokine and metalloproteinase in glioma

through graded series of alcohol and xylene, and mounted with Acrotol. The
presence of tumor was determined by the hyper-cellularity of tissue, and by the
darker blue staining of tumor cells in hematoxylin and eosin-treated slides
(Figure 6). To measure tumor size, at least 16 stained sections from a single
animal were evaluated qualitatively and the section containing the largest
tumor was then subjected to ImagePro analysis; here, the entire boundary of
the tumor in that section was traced out and the area thus computed. It is not
possible to determine the volume of the tumor across multiple sections per
animal since the shape of the tumor was not uniform across these sections.

Statistics

The one-way ANOVA test was used to compare multiple group data while the
unpaired Student’s 7-test was used to compare two groups of data. P < 0.05
was considered as statistically significant.

Results

Selective increase of MT2-MMP following SDF-1a simulation
of glioma cells

We tested the responsiveness of the LN827 and U373 glioma
cell lines to SDF-la. Figure 1 demonstrates that SDF-1a
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Fig. 2. The protein expression of MT2-MMP is elevated through SDF-1a
treatment in vitro and in resected gliobastoma specimens. (A) The flow
cytometry profile of LN827 cells under basal condition or when stimulated
with 100 ng/ml SDF-1a is displayed. The dotted line in each flow panel
represents staining using an isotype control while the fully stained cells in
each case are represented by solid lines. (B) Total cellular content using
western blot analyses show that MT2-MMP (72 kDa) is elevated in LN827
glioma line in response to 100 ng/ml SDF-1a compared with control; (3-actin
was used to normalize between samples. (C) The increased expression of
MT2-MMP is also evident in resected glioma specimens as western blot
analyses show that MT2-MMP expression was detected in three
non-transformed specimens and this was elevated in six gliobastoma
multiforme (GBM) specimens. Normalizing for actin, the group means
confirmed the quantitative increase of MT2-MMP in glioblastoma compared
with controls (D). *P < 0.05. See online Supplementary material for a
colour version of this figure.
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increased the expression of transcripts encoding MT2-MMP in
both lines. This occurred at 100 ng/ml but not at lower con-
centrations, in agreement with our previous observations that
high concentrations of this chemokine are required to produce
responses in glioma lines (24).

In contrast to MT2-MMP, other MT-MMP transcripts
measured were not altered by SDF-1a. This was the case for
MT1, MT3 and MT5-MMP (Figure 1C); we could not reliably
assess MT4 and MT6-MMP in these cells due to technical
difficulties.

Further selectivity of SDF-1a for MT2-MMP was demon-
strated by the inability of this chemokine to alter the protein
levels of MMP-2 and -9 (Figure 1D), which are commonly
studied in glioma biology as noted earlier (3—7), and of two
growth factors that are of significance to glioma cells: VEGF
and HGF (Figure 1E).

Thus, of various transcripts investigated, SDF-1a selectively
increased MT2-MMP in glioma cells. The presence of the
CXCR4 antagonist, AMD3100 (AnorMed, British Columbia,
Canada), added 1 h before SDF-1«, abolished this effect,
suggesting that the SDF-1a enhanced MT2-MMP transcript
is through the CXCR4 receptor (Figure 1F).

To determine whether the effect on MT2-MMP transcripts
was also reflected in alteration of protein content, and
because MT2-MMP would act extracellularly, we analyzed
the cell surface expression of MT2-MMP on glioma cells
using flow cytometry. Figure 2A reveals that MT2-MMP on
the surface of glioma cells was increased following SDF-1a
application. Total cellular content of MT2-MMP was also
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upregulated by SDF-1a as assessed using western blot analysis
(Figure 2B).

In correspondence with cell lines in culture, resected glioma
specimens also demonstrated significant elevations of MT2-
MMP when compared with non-transformed brain samples
(Figure 2C and D).

SDF-1a stimulates invasiveness of glioma cells in vitro
through MT2-MMP

In matrigel invasion assays, SDF-1a increased the capacity of
glioma cells to invade and this was the case for both lines
tested, LN827 and U373 (Figure 3).

To evaluate whether SDF-1 and MT2-MMP were related
functionally for invasive capacity, stable clones with down-
regulated expression of MT2-MMP at the level of transcripts
(Figure 4A) and protein (Figure 4B) were generated for the
LN827 line using RNA interference. The siRNA to MT2-
MMP did not modulate the expression of other MT-MMPs
evaluated (Figure 4C), or of the gelatinases, MMP-2 and -9
(Figure 4D). The MT2-MMP siRNA clones grew normally and
growth curves over 4 days in vitro matched those of control
cells with non-specific siRNA (Figure 4E).

The capacity of MT2-MMP downregulated clones to invade
across matrigel was investigated. Compared with non-specific
siRNA control cells, MT2-MMP siRNA clones 1 and 2 both
had decreased capacity to invade under basal conditions
(Figure 5A). Furthermore, when stimulated with SDF-la,
whereby control cells increased their invasiveness, MT2-
MMP downregulated clones 1 and 2 did not (Figure 5B).
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Fig. 3. The invasiveness of glioma cells in vitro is increased by SDF-1a. (A and B) represent the increased invasive capacity of the LN827 and U373 lines,
respectively, when treated with 100 ng/ml SDF-1a for 24 h. The pictorial representation of LN827 glioma cells that have invaded across matrigel to the
other side of the filter is depicted in C (control) and D (+ SDF-1a). ***P < 0.001 compared with controls.
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Fig. 4. siRNA to MT2-MMP decreased MT2-MMP expression but not that of other MT-MMPs. The downregulation of MT2-MMP is evident in LN827 clones at
the level of transcript (A) and protein (B). **P < 0.01. These clones did not show any reduction in transcripts for MT1-, MT3- and MT5-MMPs (C, n of six
each, ANOVA, P > 0.05 comparing between control, clone 1 and 2 for each MT-MMP) in PCR analyses, or of MMP-2 and -9 protein (D). In D, the conditioned
medium of triplicate cultures of LN827 control or clones was analyzed by gelatin zymography. MT2-MMP downregulation also did not alter growth
characteristics as the number of cells collected at 24-96 h after plating did not differ between control and siRNA clones (E). In all cases, controls refer to
non-specific siRNA controls. See online Supplementary material for a colour version of this figure.

Collectively, these results suggest that the effect of SDF-1a
in promoting glioma invasiveness was through an MT2-MMP
mediated mechanism. Furthermore, under basal conditions, the
invasiveness of glioma cells was also decreased in cells that
had low expression of MT2-MMP.

MT2-MMP siRNA clones have reduced tumorigenicity in vivo

We implanted the LN827 glioma cells into the striatum of nude
mice. One batch of mice was killed 21 days after implantation,
before animals were symptomatic and before any weight loss
was evident. Using hematoxylin and eosin stain, tumors were
detected in all animals examined (n of six non-specific sSiRNA
controls, and 7 of six mice given MT2-MMP siRNA clone 2).
The nature of the tumors growing intracerebrally was quali-
tatively different between control non-specific siRNA cells
and clone 2 cells. While the control glioma cells had invasive
fingers which arborized from the main tumor mass in several
directions (Figure 6A and C), the MT2-MMP siRNA cells
grew as a discrete mass with well-delineated borders
(Figure 6B and D).

In the mice killed at 21 days after implantation, tumor size
was generally smaller in the brain of animals implanted with
the MT2-MMP siRNA clones. Measurement of maximal tumor
area in sections from six brains implanted with non-specific
siRNA control cells revealed a size of 0.50 + 0.09 mm? (mean
4+ SEM); in contrast, this was 0.31 4= 0.08 in clone 2 implanted

brains (n of six mice), representing a decrease in tumor size
of 40%.

Mice were also monitored for survival in response to the
implanted cells. Figure 6E shows that while non-specific
siRNA control cells produced death in mice (6/6) within
40 days of implantation, animals implanted with MT2-MMP
siRNA clones 1 and 2 (n of six in each group) had a longer
survival period.

In a second survival experiment (Figure 6F), when all mice in
the non-specific siRNA control group were dead at 45 days of
implantation, six of six mice given MT2-MMP siRNA clone 2
were still alive at day 58, when the experiment was terminated.

In both survival experiments, we did not determine tumor
size at the end-points of death from tumor since the brains
generally had large tumor mass in all groups that accounted
for their death.

In summary, siRNA downregulation of MT2-MMP in the
LN827 line rendered the glioma cells with less evidence of
invasive capacity in vivo, and survival of mice was prolonged.

Discussion

There is substantial evidence that the family of MMPs is
important for various aspects of glioma activity. In particular,
the gelatinase MMP members (MMP-2 and -9) have received
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Fig. 5. MT2-MMP siRNA clones have decreased invasive capacity in basal
and SDF-1-stimulated conditions. (A) Invasive capacity under basal
conditions. (B) Invasion across matrigel when LN827 clones are activated by
SDF-1a. While non-specific siRNA transfected control cells enhanced their
invasiveness in response to SDF-1a, this did not occur in MT2-MMP
downregulated cells. *P < 0.05; **P < 0.01 compared with control cells.

attention and their levels are upregulated in glioma tissues
compared with normal samples; glioma cell lines express
high amounts of MMP-2 and -9 that correlate with several
properties of their increased tumorigenicity (3,7,25,26). Func-
tionally, inhibitors of metalloproteinase activity or the down-
regulation of MMP-2 and -9 by transfections (27) reduce the
invasiveness of glioma cell lines in vitro (4,27-29) and they
attenuate the growth of glioma cells implanted into the flank
(30) or brain of mice (29). Impressively, parenterally admin-
istered inhibitors of metalloproteinase activity reduce the
spread and size of intracranial gliomas in rodents (31-33).
Tumor cells are less likely to grow in the brain of MMP-2
deficient mice (34).

In clinical trials in humans, inhibitors of metalloproteinase
activity may have an impact, albeit small, on the response
of patients (35,36). Nonetheless, in a systematic review of
clinical trials of various small molecule inhibitors to oncogenic
and survival pathways in gliomas, it was noted that the
combination of temozolomide with marimastat, an MMP
inhibitor, provided the best outcome in Phase II trials (37).
This is encouraging and it is possible that the efficacy of anti-
metalloproteinase inhibition will improve in glioma patients
if one could identify all the MMP members that mediate the
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invasiveness of glioma cells, the major cause of recurrrence
and morbidity of gliomas. In previous work, we and others
have noted that gliomas express very high levels of several
MT-MMPs (8-13). Functional information, however, has lar-
gely been presented only for MTI-MMP in gliomas. In this
regard, glioma cells secrete MT1-MMP that helps them
migrate on myelin (38), and the overexpression of MT1-
MMP in glioma cells increased motility through a mechanism
that involved cell surface tissue transglutaminase (39). MT1-
MMP may also mediate the angiogenesis that is facilitated
in glioma—endothelial cell co-culture (40). Furthermore,
a mechanism for epidermal growth factor receptor-mediated
invasiveness of glioma cells appears to be through MT1-MMP
induction (41).

In the current examination, we have uncovered a hitherto
unknown role for MT2-MMP in glioma activity. We found that
MT2-MMP downregulation decreases the basal rate of invas-
iveness of glioma cells across matrigel, and that clones stably
underexpressing MT2-MMP grew less well in the brains of
nude mice and did not confer death to animals to the same
extent as control cells (Figure 6). This was evident in two
experiments (Figure 6E and F) and, although the lack of
pathogenicity of clone 2 MT2-MMP siRNA cells was more
pronounced in the second set (F) than in an earlier series (E),
the trend was similar towards a longer survival time in MT2-
MMP siRNA clones compared with non-specific siRNA
controls. It would be of interest to evaluate whether CXCR4
or SDF-1a expression is altered in vivo in the brains of these
transfectants. Overall, the specific inhibition of MT2-MMP
may improve the targeting of glioma cells in future trials.

Significantly, we found that the regulation of MT2-MMP in
responsive lines was through another system important in
glioma biology, the chemokines. While originally described
in the context of directing leukocyte trafficking, chemokines
are now known to have important growth and tumor promoting
activity (19-21). A pivotal observation has been the finding
that the CXCR4 receptor and its ligand, SDF-1a, play a major
role in guiding metastatic breast cancer cells to the lung (20).
The interaction of CXCR4—-SDF-1a is now documented to be
important in at least 23 tumor types (21). Attention in glioma
cells has also focused on SDF-1a since the CXCR4 receptor is
commonly expressed in glioma specimens (24), where its
levels may be regulated by cytokines (42). Indeed, SDF-1
and CXCR4 have been found co-localized in human glio-
blastoma tissues, in regions of angiogenesis, and a role for
this system in angiogenesis has been proposed (43,44).
In vitro, SDF-1a induces proliferation in a dose—dependent
manner in glioma cell lines (45). Thus, the current results that
SDF-1a regulates MT2-MMP expression, but which is
blocked by AMD3100, to mediate glioma invasiveness
emphasize the importance of inhibiting the CXCR4 receptor
that we have documented to be commonly expressed in glioma
lines (24). Along this line, the systemic administration of the
AMD?3100, inhibits the growth of U87 glioblastoma xeno-
grafts implanted intracranially in mice (46).

We note that the SDF-1a enhanced expression of MT2-
MMP was not a universal phenomenon of all glioma lines
tested. While this occurred in the LN827 and U373 lines
(Figure 1), and also in the LN215 line, no upregulation was
seen in the LN308 or LN992 lines (data not shown). All these
lines have CXCR4 transcripts (24) but it is possible that the
CXCR4 signaling cascade is not coupled to the receptor in
non-responsive lines.
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Fig. 6. Reduced tumorigenicity of MT2-MMP siRNA LN827 clones in vivo. In mice killed at 21 days, before manifestation of symptoms, the brain of non-specific
RNA control cells reveals tumors (arrow) that were large and with several invasive fingers (arrowheads) (A, 100x original magnification; C, 400x original
magnification). In contrast, MT2-MMP siRNA tumors were smaller and had well-delineated uniform borders indicative of less invasive capacity (B, 100x
original magnification; D, 400 x original magnification). Survival curves indicate a longer survival period in mice implanted with MT2-MMP siRNA clones 1 and
2 compared with non-specific siRNA controls (z of six each) (E); the non-specific siRNA cells did not differ from wild-type LN827 cells in causing demise to
mice (data not shown). Finally, in a second set of experiments where all six mice implanted with non-specific siRNA control cells were dead at 45 days, six of six
mice given MT2-MMP siRNA clone 2 were still alive at termination of experiment (day 58) (F).

Our previous work using 20 and 50 ng/ml SDF-1a (24) did
not result in SDF-1la increasing the invasiveness of glioma
cells across matrigel. In the current experiment, 100 ng/ml of
this chemokine had to be used to effect invasion across matri-
gel (Figure 4), and this is correspondent with the finding that
100 ng/ml is required to increase MT2-MMP expression
(Figure 1).

While SDF-1a increased the expression of MT2-MMP, it
did not alter the expression of the other MT-MMP members
examined. It is important to note that the more commonly
studied MT1-MMP was unaffected by SDF-la treatment.
The reason for this is not immediately apparent but can be the
subject of future investigations. It is tempting to speculate that
dependent on the environment, glioma cells will upregulate
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different MMP members to help achieve their growth. We
found recently that glioma cells exploit their astrocyte envir-
onment for the production and activation of MMP-2, and that
the consequence of this glioma—astrocyte interaction is the
increased ability of glioma cells to invade (47). In another
context, when glioma cells interact with the extracellular mat-
rix protein, tenascin, they upregulate selectively MMP-12
(S. Sarkar and V. W. Yong, unpublished data). In response to
an environment of SDF-1a, which is produced by astrocytes,
neurons and endothelial cells in vivo (44,48,49), the current
results suggest that MT2-MMP will be upregulated to facilitate
the invasive and growth characteristics of gliomas.

In summary, we have demonstrated that the SDF-la-—
CXCR4 interaction leads to the selective increase of MT2-
MMP which mediates the invasiveness of glioma cells in vitro
and glioma growth in vivo. The mechanism by which SDF-1«
elevates MT2-MMP remains to be addressed. Our results link
two major families of molecules implicated in glioma biology,
the chemokines and the MMPs, and they demonstrate a novel
role for MT2-MMP in facilitating glioma invasiveness and
growth. The results also emphasize that the targeting of SDF-
la or its receptor, CXCR4, or the manipulation of MT2-MMP
activity, may improve the prognosis of patients with malignant
gliomas.
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