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Background: A previous study on a murine astrocytoma cell-line ALTS1C1 showed a highly invasive pattern similar to clinical
anaplastic astrocytoma in vivo. This cell-line also expressed a high level of matrix metalloproteinase 2 (MMP2). This study aimed to
verify the role of MMP2 in brain tumour progression.

Methods: ALTS1C1 and MMP2 knockdown (MMP2kd) cells were inoculated intracranially, and tumour microenvironment was
assessed by immunohistochemistry staining.

Results: MMP2 expression was co-localised with CD31-positive cells at invading the tumour front and correlated with an invasive
marker GLUT-1. The suppression of MMP2 expression prolonged the survival of tumour-bearing mice associated with tumours
having smoother tumour margins, decreased Ki67-proliferating index, and down-regulated GLUT-1 antigen. Although the
reduction of MMP2 expression did not alter the vessel density in comparison to parental ALTS1C1 tumours, vessels in MMP2kd
tumours were less functional, as evidenced by the low ratio of pericyte coverage and reduction in Hoechst33342 dye perfusion.

Conclusions: This study illustrated that tumour-derived MMP2 has at least two roles in tumour malignancy; to enhance tumour
invasiveness by degrading the extracellular matrix and to enhance tumour growth by promoting vessel maturation and function.

High-grade gliomas (HGG), including anaplastic oligodendro-
glioma, anaplastic astrocytoma, and glioblastoma multiforme
(GBM), are the most aggressive brain tumours. HGG has
distinctive characteristics, including immoderate proliferation,
high invasiveness, anti-apoptosis, enhanced neovascularisation,
and suppression of anti-tumour immunity. The survival rate for
patients with HGG has remained to be low despite of the improved
development of surgery, radiation therapy, and chemotherapy over
the past two decades (Omuro and DeAngelis, 2013; Stupp et al,
2015; Blumenthal et al, 2017). The low curing rate for HGG is
mainly due to the high invasive nature of these tumours, which
prevents complete surgical resection and resistance to cytotoxic

therapies (Giese et al, 2003). Secretion of proteolytic enzymes, such
as serine, metallo-, and cysteine proteases, from tumour cells to
degrade extracellular matrix (ECM) components and other natural
barriers is the key feature for their invasiveness (Egeblad and
Werb, 2002; Rao, 2003).

Matrix metalloproteinases (MMPs) are a family of secreted, zinc-
dependent endopeptidases and are involved in tissue-remodelling
processes, including wound healing, embryo implantation, tumour
invasion, metastasis, and angiogenesis (Stetler-Stevenson, 1990; Ray
and Stetler-Stevenson, 1994; Rosenberg, 1995). Considerable
evidences implicate that the MMPs, in particular MMP2 and
MMP-9, are active contributors for the progression of malignant
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glioma by increasing cancer-cell growth, migration, invasion, and
angiogenesis (Coussens and Werb, 1996; Sawaya et al, 1996; Forsyth
et al, 1999; Guo et al, 2005; Vehlow and Cordes, 2013).

MMP2 expression is higher in gliomas than in normal brain
tissue (Lampert et al, 1998; Forsyth et al, 1999). Furthermore, the
brain tumours expressing higher levels of MMP2 are frequently
associated with higher degrees of invasion, metastasis, and
angiogenesis. The increase in MMP2 could be found in both
tumour and vasculature cells, indicating multiple roles for MMP2
in tumour progression (Sawaya et al, 1996; Forsyth et al, 1999;
Vehlow and Cordes, 2013).

One of the most important challenges in determining the role of
MMP2 plays in glioma progression is differentiating between its
various roles at each stage of tumour progression. We have
previously reported that a murine astrocytoma cell-line, ALTS1C1,
displays an invasive infiltrating pattern in the tumour margin similar
to malignant brain tumours (Wang et al, 2012). Invasion is a process
involving a cross-talk between the invading cells and the host cells.
For example, we previously demonstrated that tumour-derived
stroma-derived factor-1 (SDF-1) could mobilise macrophages to
promote tumour invasion in both primary (Wang et al, 2012) and
radiation-induced recurrent tumours (Wang et al, 2013). In addition
to SDF-1, we found that ALTS1C1 cell-lines in vitro expressed even
higher levels of MMP2 mRNA than astrocytes and GL261 cells, a
commonly used murine glioma cell-line (Chiang et al, 2012). We
took advantage of the experimental murine tumour model to
examine in detail the various roles that MMP2 plays in tumour
progression and invasion. We found that MMP2 may have dual roles
in the development of brain tumour malignancy—to break down
ECM as the tumour expands to assist tumour cell invasion into
peripheral normal parenchymal tissues, and secondly to enhance
vessel function by increasing pericyte coverage on vessels and thereby
promoting cancer-cell proliferation.

MATERIALS AND METHODS

Mice. Male 7-to-8-week-old C57BL/6J mice were purchased from
the National Laboratory Animal Center, Taiwan. For all experi-
ments, mice were used according to the animal experimental
guidelines set by and with the approval of the Institutional Animal
Care and Use Committee of National Tsing Hua University,
Taiwan (IACUC:10012).

Cell line cultures. Murine ALTS1C1 (BCRC60582, Taiwan) cell-
line was originally established in our lab (Wang et al, 2012) and
maintained in Dulbecco’s modified Eagle’s medium (Invitrogen)
with 10% foetal bovine serum (Invitrogen), 1% penicillin–
streptomycin (Invitrogen) and was incubated at 37 1C in a
humidified 5% CO2/air atmosphere.

Plasmids construction, virus production, and infection. Lenti-
viral short hairpin RNA (shRNA) expression vector (RNAi Core)
was used for gene knockdown. Three small interfering RNA (siRNA)
sequences were referred to the published references against MMP2
gene expression (Mosig et al, 2007; Gerg et al, 2008; Droppelmann
et al, 2009). The information of siRNA sequences and vector
construction was described in supplementary material and method
section. Virus production and infection were according to the
manufacturer’s protocol. Briefly, 293TN cells were co-transfected
with vector and packaging plasmids by Lipofectamin2000 (Invitro-
gen) and incubated overnight. The cells were replaced by a fresh
medium for viral production. ALTS1C1 cells were infected with
media containing 20% of a viral medium and 8mg ml� 1 polybrene
(Sigma-Aldrich) for 48 h and selected by 8mg ml� 1 puromycin
(Invitrogen) for 10–14 days. The stable transfected cells were named
as ALTS1C1-MMP2kd1, ALTS1C1-MMP2kd2, and ALTS1C1-
MMP2kd3.

Gelatin zymography. ALTS1C1 and ALTS1C1-MMP2kd cells
were incubated for 24 h for examination of the MMP2 activity by
gelatin zymography. Culture-conditioned media were electrophor-
esed on a 10% SDS-polyacrylamide gel containing 1 mg ml� 1

gelatin. After electrophoresis, the gel was rinsed, renaturated, and
stained with coomassie brilliant blue R-250 for MMP2 activity
quantification (Frankowski et al, 2012).

Cell invasive and migration assay. Cell-invasive assay and
migration assay were performed by BD BioCoat Matrigel invasion
chambers and BD BioCoat cell culture insert according to the
manufacturer’s protocol. Briefly, 2.5� 104 ALTS1C1 or ALTS1C1-
MMP2kd cells suspended in a medium containing 2.5% FBS were
added into the upper inserts, and a medium containing 10% FBS
was added to the wells of a plate. After 18 h, non-invading or non-
migrating cells were removed by scrubbing with a cotton swab. The
cells were fixed by methanol, stained with Giemsa solution, and
counted by ImageJ software.

Orthotopic intracranial tumour implantation. ALTS1C1 or
ALTS1C1-MMP2kd cells (1� 105 cells) were inoculated intracra-
nially to mice. The procedure of I.C. tumour implantation was the
same as described in a previous publication (Wang et al, 2012).
When the signs of a neurologic deficit (lethargy, failure to
ambulate, or loss of 420% of body weight) were shown, the mice
were killed. Brain tumour samples were removed, embedded in an
OCT compound (Sakura Finetek), and stored at � 80 1C.

Immunohistochemical staining (IHC). Tumour hypoxia and
blood flow were assessed by injecting pimonidazole (PIMO,
160 mg kg� 1, HPI) and Hoechst33342 (10 mg kg� 1, Invitrogen)
into mice 1 h and 5 min, respectively, before sacrifice. Frozen tissue
sections were stained with antibodies against CD31, CD4, CD8,
Gr-1, caspase-3 (BD Phamingen), NG2, LC3B (Millipore), VEGF,
MMP2, GLUT-1, Ki67 (abcam), F4/80 (Bio-Rad), and anti-PIMO
(HPI). Tissue sections were mounted with PBS containing 1% BSA
and 0.01% Tween-20 for 40 min to prevent non-specific binding
and increase the permeability. Primary antibodies were detected
using secondary antibodies labelled with streptavidin peroxidase
(HRP), Alexa Fluor 488, or Alexa Fluor 594 (Invitrogen). The
images were processed and analysed by Image-Pro Plus 6.0
software and ImageJ 1.48v software.

Statistics. The two-tailed Student’s t-test or one-way ANOVA
were used to determine the statistical significance of differences
and performed using GraphPad Prism. The differences were
considered to be statistically significant when P-values were
p0.05.

RESULTS

MMP2 expression is correlated with tumour invasion. Our
previous study showed that ALTS1C1 tumours are highly invasive,
which are associated with tumour-secreted SDF-1 (Wang et al,
2012). In addition to high SDF-1 expression levels in tumour cells,
array data show that MMP2 is also highly expressed in ATLS1C1
cells (Chiang et al, 2012). MMP2 has been reported to be
associated with migration and invasion of malignant gliomas. To
evaluate the role of MMP2 in brain tumour progression, MMP2
expression in the tumour invasion front and in the tumour core
was assessed by IHC in orthotopic ALTS1C1 tumours. We found
that many MMP2 along with the invasion marker, glucose
transporter-1 (GLUT-1), at invasion tumour fronts and infiltrating
islands were co-localised with CD31þ vessels (Figure 1A and B,
respectively). Extremely less MMP2 or GLUT1 signal was found to
co-localise with CD31þ vessels in the tumour core (Figure 1C).
However, this result cannott conclude if the MMP2 detected on
CD31-positive cells is secreted by the tumour cells, TAMs, or
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endothelial cells. Nevertheless, this result illustrates that brain
tumours at the invading fronts have a distinct tumour micro-
environment compared to those in the tumour core.

MMP2 knockdown decreases cell invasion and prolongs the
survival of brain tumour-bearing mice. To examine the role of
MMP2 in tumour invasion, MMP2 expression in ALTS1C1 cells
was suppressed by the shRNA system. Inhibitory efficiency and
specificity in transfected cell-lines was confirmed by RT-PCR,
Q-PCR, and gelatin zymography (Supplementary Figure S1). The
candidate sequence shRNA2 was the most effective fragment to
suppress MMP2 expression. Therefore, the shRNA2-transfected
cell-line (named briefly as MMP2kd) was used in the following
experiments. The results show that the knockdown of MMP2
expression does not affect the in vitro cell growth kinetics
(Figure 2A) or cell migration rate, as assessed by Boyden chamber
assay (the left panel of Figure 2B), suggesting that cancer cell-
derived MMP2 does not have a direct growth or migration-
stimulating effect on ALTS1C1 cancer cells. However, the Matrigel
invasion assay showed a significant reduction in the invasive ability
of MMP2kd cells (14.7±0.6 counts per field) compared with
parental cells (48.1±11.7 counts per field; right panel of
Figure 2B), supporting the view that cancer cell-derived MMP2
activity might be an essential factor that directly contributes to the
invasiveness of ALTS1C1 astrocytoma tumours. The transfection
of control shLuc had no effect on in vitro cell double time,
migration, and invasion rates (Supplementary Figure S2A and B),
and neither on the in vivo tumour growth rate (Supplementary
Figure S2C).

To further explore the role of cancer cell-derived MMP2 on
tumour growth in vivo, the survival of mice carrying ALTS1C1 or
MMP2kd cells was measured in an orthotopic tumour model. The
Kaplan–Meier survival curves showed that mice-bearing intracra-
nial MMP2kd tumours survived longer than mice-bearing parental
ALTS1C1 tumours (Figure 2C). The longest survival period of

MMP2kd brain tumour-bearing mice was extended to 46 days. The
median survival period of 43 days for MMP2kd tumour-bearing
mice was longer than 25 days observed for ALTS1C1 tumour-
bearing mice. MMP2 IHC staining (Figure 2D) confirmed the
lower MMP2 activity in MMP2kd tumours, as compared to the
parental ALTS1C1 tumours, which was further confirmed by
zymography (Supplementary Figure S3).

The in vitro cell growth curve (Figure 2A) has shown that the
suppression of MMP2 expression does not affect cell prolifera-
tion rate. Therefore, we were interested to know if the prolonged
survival for mice-bearing MMP2kd tumour is associated with the
kinetics of tumour growth in vivo, brain tumour-bearing mice
were killed on specific days following tumour implantation (day
10, day 17, and day 24) or on the day when the mice showed
signs of neurological deficit, and the maximum tumour cross
sections of these tumours were analysed by H&E stain. The data
(Figure 3A) show that ALTS1C1 and MMP2kd tumours were
similar in size during the early stages (day 10 and 17), but after
24 days, the maximum area of MMP2kd tumour cross sections
(8.8±0.3 mm2) was significantly smaller than those of parental
ALTS1C1 tumours (15.0±0.7 mm2). This indicated that
MMP2kd tumours had a slower tumour growth rate compared
with ALTS1C1 tumours between 17 and 24 days. These results
suggested that MMP2 suppression might not have any effect on
initial tumour growth, but could affect the later phase of tumour
growth. However, when the tumours from endpoint mice (about
25 days from ALTS1C1 tumour-bearing mice compared to about
43 days of MMP2kd tumour-bearing mice) were compared,
MMP2kd tumours were found to have significantly larger
tumour sizes than ALTS1C1 tumours (last panel of Figure 3A).
It appears that the slower tumour growth rate for MMP2kd
tumours is not associated with cell death because these two
tumours have a similar index for Caspase-3 (a marker for
apoptosis) and LC3B (a marker for autophagy) (Supplementary
Figure S4). This finding indicates that mice-bearing MMP2kd
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tumours might be eliminated with different pathological lesions
from mice-bearing parental ALTS1C1 tumours. In other words,
mice-bearing MMP2kd tumours died mainly from the pressure
of an enlarged primary tumour and, in contrast, mice-bearing
ALTS1C1 tumours likely died from the cause of a tumour
infiltrating into critical brain regions.

Interestingly, when the expression of cell proliferation-asso-
ciated antigen Ki67 in ALTS1C1 and MMP2kd tumours was
compared (Figure 3B), the overall average number of Ki67þ cells
in MMP2kd tumours (13.8±3.8 per field) on day 17 appeared to
be less than that in ALTS1C1 tumours (30.0±7.7 per field;
Figure 3C). However, MMP2kd tumours did present with a similar
tumour size as ALTS1C1 tumours on day 17. The difference in the
percentage of Ki67þ cells became more evident when the index
was compared with tumours from day 24 mice (12.0±2.2 per field
in MMP2kd tumour vs 38.3±1.2 per field in ALTS1C1 tumours).
Since most ALTS1C1 tumour-bearing mice were sick on day 24,
the Ki67-proliferating index of MMP2kd tumours from endpoint
mice was also measured. A slight increase (21.2±1.4 per field) was
observed, but it was still lower than the number measured from
that in ALTS1C1 tumours from endpoint mice. These results
suggested that the knockdown of MMP2 expression decreased
tumour cell proliferation in the brain despite its in vitro cell cycle
time (Figure 2A) and tumour death marker (Supplementary Figure
S4) was not changed.

MMP2 knockdown reduces the in vivo invasive ability of
astrocytoma tumours. The above results showed that the
suppression of MMP2 production could decrease the in vitro
invasive (Figure 2B) and in vivo proliferating abilities of cancer
cells (Figure 3C). This suggested that the prolonged survival of
mice-bearing MMP2kd tumours might be associated with the
reduction of tumour invasiveness and tumour proliferation. To
explore whether the in vivo invasiveness of ALTS1C1 tumours was
diminished by MMP2 knockdown, the invasive ability of the
tumour was verified by directly counting the number of infiltrating
islands and measuring the intensity of GLUT-1 at the invading
fronts. ALTS1C1 tumours displayed an apparent invasive pattern
of invading the surrounding normal tissues during brain tumour
growth; in contrast, MMP2kd tumours displayed a smoother
border that made it easier to define the boundary between
cancerous and normal tissues (Figure 4A). To quantify the
invasiveness, the whole brain of each group was cut into serial
sections at 100-mm intervals and stained with DAPI. The
infiltrating islands per section were then counted under micro-
scopy. An island was scored as positive when the average diameter
((island lengthþ island width)/2) was p200 mm and when the
island did not connect with the main tumour edge as described
previously (Wang et al, 2012). Tumours from MMP2kd-bearing
mice showed fewer infiltrating islands per section than tumours
from ALTS1C1-bearing mice during the early (day 10: 11.6±2.3 vs
21.6±3.1), middle (day 17: 7.6±2.3 vs 19.6±3.1), the late stages
(day 24: 10.5±2.3 vs 17.6±3.7), and even in endpoint mice
(endpoint: 8.6±2.0 vs 19.0 ±2.2; Figure 4B).

Not only the number of infiltrating islands decreased, but also
the levels of the invasion marker GLUT-1 and the proliferation
antigen Ki67 in the invading fronts were significantly reduced in
MMP2kd tumours (Figure 4C and D). The smooth tumour
margin, fewer infiltrating islands, and down-regulation of GLUT-1
expression in MMP2kd tumours revealed that the invasive ability
of ALTS1C1 brain tumours was diminished when MMP2 gene
expression was suppressed. This may be the key reason why mice-
bearing MMP2kd tumours lived longer than mice-bearing parental
ALTS1C1 tumours.

Inhibition of MMP2 expression impairs vascular function.
Although it was clear that the suppression of MMP2 expression
retarded tumour growth by reducing its invasive ability and

cell proliferation rate, the in vitro results (Figure 2A) indicated
that MMP2 levels within cancer cells had no direct effect on
cell proliferation. We suspected that other tumour microenviron-
ment factors might affect the in vivo tumour growth rate,
as evidenced by the decrease in the Ki67 index (Figure 3C), but
there was no change on death-associated index (Supplementary
Figure S4).

In addition to being a direct contributor to matrix degradation
in tumour invasion, MMP2 has also been implicated in tumour
angiogenesis (Itoh et al, 1998; Vu et al, 1998; Fang et al, 2000;
Zhou et al, 2000). To evaluate whether MMP2 played a role in
tumour angiogenesis, the mean vascular density (MVD) of each
tumour was measured by CD31 staining (Figure 5A). Tumour
growth kinetics result (Figure 3A) revealed that MMP2kd tumour
growth began to slow down after day 17; however, surprisingly, the
MVD of MMP2kd tumours (day 17: 2.8±0.3; day 24: 3.5±0.5;
and endpoint: 3.5±0.1) showed no statistically significant
difference when compared with parental ALTS1C1 tumours (day
17: 3.1±0.2; day 24: 4.0±0.2; and endpoint: 3.9±0.7) throughout
the tumour growth period up until the endpoint (Figure 5B). This
finding implied that MMP2kd tumours might resort to other
mechanisms to overcome the suppression of angiogenesis when
MMP2 is deficient.

VEGF is a regulator for stimulating new vessel formation. The
level of VEGF in tissues was examined by IHC staining and western
blotting (Figure 5C and D), respectively. Interestingly, the level of
VEGF expression (0.34±0.01 ng mg� 1) quantified by ELISA
(Supplementary Figure S5) in MMP2kd tumours was significantly
higher than those in the normal brain (0.24±0.01 ng mg� 1)
and ALTS1C1 tumours (0.31±0.01 ng mg� 1). This suggests that
MMP2kd tumours had more VEGF proteins to overcome the
suppression of angiogenesis when MMP2 activity was diminished.
On the other hand, the cellular level of VEGF of MMP2kd cells was
less than that in ALTS1C1 (Supplementary Figure S6). IHC double
staining reveals that VEGF expression could be found in F4/80þ or
CD31þ cells, but not in Gr-1þ , CD4þ , and CD8þ cells
(Supplementary Figure S7). Given the role of proteolytic release
or cleavage on VEGF bioavailability by various proteolytic enzymes
from various cellular sources (Hawinkels et al, 2008; Ito et al,
2009), the increase of VEGF proteins that was found in a complex
MMP2kd tumour microenvironment, but not in in vitro MMP2kd
cell cultures, is explainable.

The structure of vessels was further examined by staining the
pericyte marker NG2 in ALTS1C1 and MMP2kd tumours
(Figure 6), and the coverage of NG2þ pericytes on CD31þ

endothelial cells was used as an index for measuring the integrity of
tumour vessels. The results showed that ALTS1C1 tumours not
only had a higher level of NG2 expression than the MMP2kd
tumours (Figure 6A), but also a higher percentage of CD31þ

NG2þ cells at either day 17 (31.6±0.9), day 24 (29.9±0.7), or at
an endpoint (29.1±0.3) than those in MMP2kd tumours
(11.3±1.2, 14.6±2.4, and 16.6±1.5 at day17, day 24, and at an
endpoint, respectively; Figure 6B). These results suggested that
vessels in MMP2kd tumours were generally less mature than those
in ALTS1C1 tumours, indicating that the vascular function in
MMP2kd tumours might similarly be less. Vascular function in
both tumours was further examined by Hoechst33342 dye
perfusion. Although the perfusion of vessels was heterogeneous
in both tumours (upper panel of Figure 6C), it did show that the
overall perfusion areas in ALTS1C1 tumours were larger than
those in MMP2kd tumours (Figure 6D). The lower perfusion of
Hoechst33342 dye in MMP2kd tumours correlated with a higher
percentage of the PIMO-staining area in these tumours (lower
panel of Figure 6C and D). In summary, these results indicated that
MMP2 suppression could hinder the recruitment of NG2þ

pericytes and result in poor blood perfusion and could conse-
quently retard tumour growth.
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DISCUSSION

The invasion of brain tumour cells into the surrounding normal
brain regions is the major cause of unsuccessful treatments for
HGG. We have previously reported that a murine anaplastic
astrocytoma cell-line, ALTS1C1, recaptures the invading features
of malignant brain tumours. The invading features are associated
with an up-regulated SDF-1 expression through its effect on
tumour-associated macrophages (Wang et al, 2012). In this study,
we further report that the invading features in ALTS1C1 tumours
are also associated with tumour cell-derived MMP2 production
because of its effect on cell invasion and the vessel formation
mechanism.

The association between higher MMP2 expression levels with
brain tumour malignancies has been reported in many clinical
cases (Wang et al, 2003; Komatsu et al, 2004). In this study, we
took advantage of using the murine orthotopic astrocytoma
tumour model to illustrate that MMP2 expression at the leading
invasion fronts was associated with the invasive marker GLUT-1
expression. Furthermore, the invasion-associated features were
diminished when cancer cell-derived MMP2 was knocked down by
shRNA. Our findings indicate that cancer cell-derived MMP2 plays
a leading role in tumour invasion into the adjacent normal brain
tissue and this is further supported by an in vitro assay showing
that the invasive ability of tumour cells was decreased in MMP2kd
cells. Since the mobility of cancer cells is not altered in MMP2kd

cells, it seems that the major role of MMP2 on tumour invasion is
associated with its ability to degrade the ECM (McCawley and
Matrisian, 2001).

The tumour growth kinetic data show that the knockdown of
MMP2 expression has no effect on initial tumour growth until 17
days after tumour inoculation. This indicates that the initial
tumour growth mainly depends on the intrinsic tumour cell cycle
time, which could be MMP2 independent since the cell cycle time
is not altered in MMP2kd cells. When tumours grow to a critical
volume and need to expand outwards, the involvement of MMP2
on ECM degradation becomes essential for tumour expansion and
invasion. This explains why the trend of tumour growth and
cellular proliferation in MMP2kd tumours did not decrease until
17 days after tumour inoculation. This may also explain why the
expression of MMP2 at tumour-invading fronts is higher than that
in the tumour center. A recent publication showed that the
different roles of bone marrow-derived progenitor cells (BMDCs)
at different stages may be associated with a distinct molecular
mechanism of neovascularisation at different regions of different
states of the GBM model (Burrell et al, 2014). Our study showed
that in addition to tumour cell-derived MMP2, MMP2 expression
was also found to co-localise with CD31þ vessels at the invading
tumour front and infiltrating islands, but not in the tumour central
region (Figure 1). This not only illustrates that there are multiple
MMP2-producing cells in tumours, but also that the unusual
microenvironments of invading tumour fronts have evoked
cascade signalling for MMP2 expression.
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In addition to their role in degrading the ECM, this study
describes that MMP2 also plays a role in vessel formation. We
have previously shown that the MVD is higher in the invading
fronts of ALTS1C1 tumours (Wang et al, 2012). A recent study
using two-photon laser microscopy coupled with an intracranial
window in mouse models of GBM and bone marrow transplan-
tation clearly showed that GBMs rely on diverse molecular
mechanisms for neovascularisation in the peripheral versus
central regions when tumours grew beyond a critical volume
(Burrell et al, 2014). In this study, we demonstrate that
some high-intensity MMP2-expressing cells are co-localised
with CD31þ vessels at the invading fronts and infiltrating
islands but not in the tumour centre. These invasion-associated
vessels also express a high intensity of GLUT-1 antigen. The
increase in GLUT-1 expression at the tumour invasion site has
been reported in many tumours (Younes et al, 1995; Furudoi
et al, 2001). The enhancement of GLUT-1 expression signified an
increased glucose uptake (high glycolysis) that is correlated with
acid production. Recent reports have shown that acidic pH
environments can promote the local invasive tumour growth and
metastasis (Estrella et al, 2013). This study shows that GLUT-1
expression was increased not only in tumour cells but also in the
vessels within the invading tumour fronts. These GLUT-1þ
vessels also expressed MMP2, which was independent of tumour
cell-derived MMP2 (Supplementary Figure S8) and was instead
associated with the unique tumour microenvironment of
invading tumour fronts. Whether these MMP2þ or GLUT-1þ

vessels are formed through the assistance of a new perivascular
BMDC (Burrell et al, 2014) is an interesting question requiring
further study.

It appears that an unusual microenvironment has been
developed in the invading tumour fronts of malignant glioma.
Our previous study on this tumour model has shown that the
number of F4/80þ TAMs is significantly increased at the tumour
fronts and infiltrating islands (Wang et al, 2012). A recent study
demonstrated that more BMDCs were recruited to the peripheral
regions than to the central regions (Burrell et al, 2014). In the
context of these findings, this study describes that the expression of
MMP2 and GLUT-1 is specifically activated at the invading
tumour fronts. It has been reported that factors released from
TAMs could induce MMP2 expression in several types of cancers
(Bredin et al, 2003; Kuwada et al, 2003). When tissues with SDF
knockdown tumours were stained for MMP2 expression, we found
that MMP2 expression in the invading tumour front was also
reduced (Supplementary Figure S9A) in contrast to the number of
TAMs that was not significantly altered in MMP2kd tumours
(Supplementary Figure S9B). Taken together, these two studies
illustrate how anaplastic astrocytoma cancer cells promote tumour
invasiveness. This path relies on cancer cells that secrete SDF-1 to
recruit BMDCs. The recruited BMDCs then become activated
TAMs and interact with tumour cells and endothelial cells to
enhance the expression and activity of MMP2 and GLUT-1 to
promote tumour invasiveness.

Reports show that MMP2 levels might be associated with the
process of tumour angiogenesis (Gatto et al, 1999; Martin et al,
1999; Oh et al, 2001; Rodriguez-Manzaneque et al, 2001).
However, we found that the overall vessel density in MMP2kd
tumours was not changed. In contrast, in vivo proliferation
assays showed that the Ki67 index in MMP2kd tumours began to
decrease 17 days after tumour inoculation, which was consistent
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with the time that the growth rate of MMP2kd tumours began to
fall behind parental tumours. The mismatch between tumour
growth rate and MVD indicates that the vessel formation
mechanism in MMP2kd tumours may not be the same as that in
parental ALTS1C1 tumours. Indeed, we found an increased
VEGF expression in MMP2kd tumours (in vivo), but not in
MMP2kd cells (in vitro), as well as less-mature vessels with a
lower perfusion efficiency that was associated with a higher
hypoxia ratio than that in parental tumours. These indicate that
some mechanisms in MMP2kd tumours were switched on to
induce VEGF expression to promote angiogenesis when MMP2
activity decreased. The decrease of pericyte coverage on blood
vessels in MMP2kd tumours suggests that MMP2, like MMP-9
(Du et al, 2008), also has a role in pericyte recruitment (Du et al,
2008). In the MMP-9 model, it has been suggested that the
recruitment of bone marrow-derived-pericytes to glioma
depended on MMP-9 expression of CD45þ vascular modulatory
cells recruited to tumours by the SDF-1/CXCR4 axis. It is likely
that a similar mechanism may be applied to the action of MMP2
upon pericyte recruitment because we found that ALTS1C1-
derived SDF-1 production was essential for BMDC recruitment
and MMP2 expression.

In summary, this study illustrates a dual role for MMP2 in
cancer progression, suggesting that MMP2 promotes tumour
invasiveness by its ability to degrade ECM without affecting cell
motility. In addition, MMP2 can also stimulate tumour growth by
promoting vessel maturation and function. Therefore, MMP2, in
addition to MMP-9, is also a potential target molecule for treating
malignant brain tumours.
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