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Human astrocytes secrete IL-6 to promote glioma migration and
invasion through upregulation of cytomembrane MMP14
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ABSTRACT
The brain microenvironment has emerged as an important component in
malignant progression of human glioma. However, astrocytes, the most abundant
glial cells in the glioma microenvironment, have as yet a poorly defined role in the
development of this disease, particularly with regard to invasion. Here, we co-cultured
human astrocytes with human glioma cell lines, U251 and A172, in an in vitro
transwell system in order to ascertain their influence on migration and invasion of
gliomas. mRNA and protein expression assays were subsequently used to identify
candidate proteins mediating this activity. Astrocytes significantly increased migration
and invasion of both U251 and A172 cells in migration and invasion (plus matrigel)
assays. Membrane type 1 matrix metalloproteinase (MMP14) originating from glioma
cells was identified in qRT-PCR as the most highly up-regulated member of the MMP
family of genes (~ 3 fold, p < 0.05) in this system. A cytokine array and ELISA were
used to identify interleukin-6 (IL-6) as a highly increased factor in media collected
from astrocytes, especially under co-culture conditions. IL-6 was also the key cytokine
inducing cytomembrane MMP14 expression, the active form of MMP14, in glioma
cells. Knockdown of MMP14 with siRNA led to decreased migration and invasion.
Taken together, our results indicated that cytomembrane MMP14 was induced by IL-6
secreted from astrocytes, thereby enhancing the migration and invasion of glioma
cells through activation of MMP2. Therefore, this IL-6 and MMP14 axis between
astrocytes and glioma cells may become a potential target for treatment of glioma
patients.

as the resistance to the current therapeutic intervention is
the major cause of poor prognosis in glioma patients [2].
Therefore, understanding the mechanisms that regulate
glioma invasion and the development of novel strategies to
inhibit this property are critical to improve poor prognosis
for patients.
Recently, a number of studies have demonstrated
that the tumor microenvironment, particularly the tumor
stromal cells, contribute to the malignant behavior of

INTRODUCTION
Glioblastoma multiforme (GBM) is the most
common and devastating primary malignant tumor in the
brain. Although surgery combined with radiotherapy plus
chemotherapy improve survival, the prognosis remains
poor with high recurrence rates and a median survival of
only 14.6 months [1]. The invasive phenotype of GBM
that makes tumor impossible complete resection as well
www.impactjournals.com/oncotarget
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RESULTS

human gliomas [3, 4]. Astrocytes are the most abundant
glial cell in the human brain, comprising 50% of the brain
volume [5]. They are a unique group of stromal cells in
the glioma microenvironment, and in fact, the first cell
type in the brain to surround and react to evolving tumor
cells [6]. Studies have revealed that astrocytes enhance the
invasion potential of glioblastoma stem-like cells [7] and
play an important role in glioma growth, chemoresistance
and angiogenesis [3, 8]. Additionally, astrocytes in the
glioma microenvironment became functionally reactive
[3] and have been shown to secrete a variety of cytokines,
such as glia-derived neurotrophic factor (GDNF) and
transforming growth factor β (TGF-β) which regulate
glioma proliferation and invasion [9, 10]. While other cell
types in the glioma microenvironment, such as microglia,
have a well-established role in the development of glioma
[11, 12], the function of astrocytes in this environment and
their association with tumor invasion have not been fully
elucidated.
One way that astrocytes might contribute to the
invasive capacity of human gliomas is by promoting
activity of matrix metalloproteinases. Membrane type
1 matrix metalloproteinase (MT1-MMP; MMP14), a
transmembrane proteinase of MMP family, is critical
for degradation of the extracellular matrix, for example.
MMP14 enhances tumor invasion and dissemination
through cleavage of CD44, a cell surface glycoprotein
[13], or activation of MMP-2 and MMP9 through a
combination of TIMP-2 and MMP14 [14]. A growing
body of evidence indicates that MMP14 is up-regulated
in diverse aggressive tumor and stromal cells, and thus,
MMP14 originating from microglia or glioma cells is
emerging as a potential interventional target for glioma
therapy [15]. Interleukin-6 (IL-6), one of the growth and
survival cytokines involved in the modulation of immune
and inflammatory responses, has been recently shown to
promote invasion and migration of glioma cells [12, 16].
IL-6 has also been found to activate MMP2 and MMP9
which enhances the invasion capability of cancer cells
[17, 18]. Since MMP14 is an activator of MMP2 and
MMP9, a possible mechanism driving tumor invasion and
migration is the activation of MMP2 and MMP9 through
IL-6 induced MMP14.
In the current study, we developed a model system
in vitro in order to begin to characterize the function of
human astrocytes in glioma migration and invasion.
Using a transwell co-culture system, we found that
astrocytes were able to induce MMP14 activity in glioma
cells, thereby enhancing migration and invasion. The
relationship between astrocytes and glioma cells was
further dissected through the identification of IL-6 from
protein arrays as a critical cytokine mediating an increase
in cytomembrane MMP14. These results highlighted an
important pathway of communication between astrocytes
and glioma cells, the IL-6 and MMP14 axis, and perhaps a
possible target for treatment of human gliomas.
www.impactjournals.com/oncotarget

Human astrocytes promote the migration and
invasion of glioma cells in vitro
We developed a transwell co-culture model in
order to establish whether astrocytes interact with glioma
cells to promote migration and invasion. Invasion was
distinguished from migration by the addition of matrigel
to the upper chamber of the transwell system. Two glioma
cell lines, U251 and A172, were evaluated. Migration and
invasion of both U251 and A172 glioma cells in co-culture
with astrocytes were significantly increased: U251, 2.4 and
1.3 fold, respectively; A172, 1.5 and 1.3 fold, respectively
(Figure 1).

Soluble factors secreted by astrocytes upregulate
proteins and activate signaling pathways
associated with migration and invasion
To explore the molecular mechanisms underlying
the effect astrocytes might exert on glioma cells, activation
of proteins and expression of genes were examined in
signaling pathways known to have a role in migration
and invasion. U251 and A172 cells were stimulated for 0,
10, 20, 40, and 80 min with culture media collected from
astrocytes (ACM), and the phosphorylation of kinases
in the AKT pathway was assessed by Western blot. In
both cell lines, phosphorylation of AKT, p38MAPK and
ERK1/2 was observed (Figure 2A). These results indicated
that astrocytes were involved in promoting cancer
migration and invasion [19, 20].
We also examined mRNA levels of MMP, Rho,
ADAM and STAT family members that have been
previously shown to be involved in glioma migration
and invasion. Many genes, including MMP2, MMP9,
RhoF, RhoG, RhoTB1, ADAM17, ADAM19, STAT3,
STAT5 and STAT6, were up-regulated in both cell lines
in response to ACM. However, MMP14 exhibited the
most significant increase in expression in both cell lines
(~ 3 fold, p < 0.05; Figure 2B and 2C, Figure S1A and
S1B). Protein levels were correspondingly increased
as observed on Western blot (Figure 2D). These results
suggested that soluble factors secreted by astrocytes led to
activation of the AKT, p38MAPK and ERK1/2 signaling
pathway and up-regulated MMP14, thereby promoting
migration and invasion of glioma cells.

Astrocyte conditioned medium increases
cytomembrane MMP14 expression
MMP14 is produced and secreted as an inactive
zymogen in the cytoplasm, which is also known as
pro-MMP. When pro-MMP reaches the cell surface,
the catalytic site is exposed, which is essential for
MMP activity, and thus renders the MMP active [21].
62426

Oncotarget

Therefore, using flow cytometry, we investigated whether
expression of cytomembrane MMP14 in glioma cells
was also increased upon exposure to ACM. Levels of
cytomembrane MMP14 were increased by 80.4% and
58.3% on U251 and A172, respectively, after incubation
with ACM for 48 h (Figure 3A). However, cytomembrane
CD44, a substrate of MMP14, did not significantly change
in parallel (Figure 3B, Figure S1E). The results that
cleavage of cytomembrane CD44 was not coordinately
increased along with MMP14 indicated that MMP14
might enhance glioma migration and invasion not through
cleavage of CD44 but rather through activation of MMP
family members.

To further establish a functional role for MMP14
in migration and invasion, siRNA was used to inhibit
up-regulation while glioma cells exposure to ACM
(Figure S1D). Results on Western blot revealed that
up-regulated MMP14 protein was significantly reduced
by the siRNA in both U251 and A172 cells (Figure 3C,
Figure S1C). Importantly, si-MMP14 did not significantly
affect viability of glioma cells relative to the negative
control sequences (NC) group (Figure 3D). Transfection
with siRNA was examined in functional assays for
migration and invasion. First, gelatin zymography
demonstrated that the increase in MMP14 induced by
ACM in U251 and A172 also led to increased activity

Figure 1: Human astrocytes significantly increase the migration and invasion of glioma cells by releasing soluble
factors in vitro. A. Representative micrographs of migratory cells in transwell migration assay containing U251 or A172 glioma cells (4
× 104) in co-culture with astrocytes as indicated. NHA or DMEM containing 10% FBS (as the control) were added to the bottom chamber.
Glioma cells suspended in serum-free DMEM were seeded in the upper chamber. After incubation for 24 h, cells which migrated through
transwell membrane were fixed, stained and quantified. B. Graphic representation of the quantification of three independent experiments
each using five random fields. C. Representative micrographs of invasive cells in transwell invasion assays (plus Matrigel). Glioma cells
(8 × 104) were seeded as indicated and co-cultured with NHA for 48 h. D. Graphic representation of the quantification of invasive cells. All
data are shown as the mean ± SD of three independent experiments; ** p < 0.01; ***p < 0.001.
www.impactjournals.com/oncotarget
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in MMP2 (Figure 3E). In contrast, MMP14 siRNA
resulted in decreased activity of MMP2. Taken together,
these results indicated that the activity of MMP2 was
increased in glioma cells in co-culture (Figure 2B, 2C
and 2D). Finally, knockdown of MMP14 resulted in
decreased glioma invasion and migration (Figure 3F and
3G). These findings demonstrated that up-regulation of
cytomembrane MMP14 by astrocytes promoted glioma
migration and invasion through activation of MMP2
rather than cleavage of CD44.

U251, NHA and co-culture of NHA and U251 (Figure
4A, Figure S2). Ten cytokines were profoundly increased
in media from NHA alone and U251/NHA co-culture,
relative to U251 alone (Figure 4B). Of the 10 cytokines,
IL-6 exhibited the greatest increase in NHA alone, and
especially in the U251/NHA co-culture medium. This
increase in IL-6 was confirmed in an ELISA for IL-6 and
at the mRNA level with qRT-PCR (Figure 4C and 4D).
IL-6 has been reported to enhance tumor (including
gliomas) migration and invasion through up-regulation
or activation of MMP2 or MMP9 [16, 22, 23]. Glioma
cells were therefore directly stimulated with IL-6 (50 ng/
mL) to examine its role in MMP14 expression. Western
blot analysis revealed an increase in the total protein for
MMP14 in treated over untreated glioma cells (Figure 4E).
In order to further confirm a role for IL-6 in MMP14 upregulation, IL-6 antibodies were used to block function in
glioma cells in culture. MMP14 protein levels were nearly
completely abolished in glioma cells in the presence of
IL-6 antibodies (Figure 4F). These results indicated that
IL-6 was a key cytokine inducing cytomembrane MMP14
expression on glioma cells.

Cytomembrane MMP14 expression on glioma
cells is upregulated by IL-6 secreted from
astrocytes
The previous experiment demonstrated that soluble
factors promoted glioma migration and invasion through
up-regulation of cytomembrane MMP14. However,
whether a specific factor was responsible for the upregulation of MMP14 remained unknown. Therefore,
we used arrays representing 507 cytokines to screen for
candidate cytokines in the supernatant of media from

Figure 2: The activated signaling pathways and upregulation of gene and protein associated with invasion induced by
astrocytes. A. Western blot analysis of protein lysates prepared from U251 or A172 exposed to astrocytes condition medium (ACM) for
the times indicated. B, C. Graphic representations of qRT-PCR results for invasion related gene expression changes induced in U251 or
A172 in co-culture with astrocytes. Total RNA was extracted from U251 or A172 glioma cells were incubated with ACM for 48 h where
DMEM containing 3% FBS was used as the control. * p < 0.05. D. Western blot analysis performed with protein lysates prepared U251 or
A172 cells after incubation with ACM for 48 h. Proteins examined are indicated.
www.impactjournals.com/oncotarget
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Increased MMP14 and IL-6 expression levels are
associated with advanced WHO grade and poor
survival in patients

with advanced WHO grade (Figure 6A and 6B, p < 0.001
and p < 0.01, respectively). More importantly, MMP14
expression was correlated with IL-6 (Figure 6C, p <
0.001). Normal brain with edema, also exhibited high
expression of IL-6 (Figure 5A), demonstrated that IL-6
was expressed highly in astrocytes (confirming our
hypothesis). Multivariate Cox regression analysis was used
to evaluate the effect of multiple independent prognostic
factors on survival (Table 1 and 2). All parameters tested
including IL-6 and MMP14 expression were associated

Immunohistochemistry was performed in order
to examine IL-6 and MMP14 expression in human
tumor samples (Figure 5) and to determine whether the
proteins were associated with clinical parameters such
as pathological grade and patient survival. We found that
increased expression of MMP14 and IL-6 was associated

Figure 3: Cytomembrane MMP14 in glioma cell lines is up-regulated by astrocytes in glioma cell lines, and promotes
invasion and migration through activation of MMP2 but not cleavage of CD44. A. Flow cytometry performed with anti-

MMP14 and secondary antibody conjugated to Dylight 488 fluorescent dye to detect cytomembrane MMP14 expression on U251 or
A172 cells after ACM stimulation for 48 h. B. Flow cytometry performed with FITC-anti-CD44 to determine levels of the cleavage of
cytomembrane CD44 in glioma cells cultured with ACM for 48 h. C. Western blot analysis for MMP14 48 h after transfection of U251
or A172 cells with siRNA-MMP14 or negative control sequences (NC). D. Cell viability of U251 or A172 as determined by CCK-8 48
h after transfection with si-MMP14 or NC. E. Zymography gelatin gels showing activity of MMP2 as modulated by MMP14 expression
or ACM. U251 or A172 cells transfected with siRNA-MMP14 or NC and analyzed for MMP2 activity after 48 h. MMP2 activity in
U251 or A172 cells exposed to the conditioned medium indicated for 48 h. F. Transwell migration assay performed with U251 or A172
transfected with siRNA-MMP14 or NC (24 h) and co-cultured with astrocytes. After incubation for 24 h, cells which migrated through
transwell membrane were fixed, stained and quantified. Representative micrographs and graphic representation of the quantification of
three independent experiments each using five random fields. G. Transwell invasion assay (plus Matrigel) performed with U251 or A172 24
h after transfection with siRNA-MMP14 or NC. Representative micrographs are shown as well as graphic representation of the quantitation
of the experiments. The data are shown as the mean ± SD in three independent experiments; *p < 0.05; **p < 0.01.
www.impactjournals.com/oncotarget
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Figure 4: IL-6 secreted by astrocytes induces cytomembrane MMP14 expression on glioma cells. A. Heat map and

hierarchical clustering of cytokine array data. 507 cytokines were analyzed in the supernatant from monocultures of U251 and NHA, direct
co-cultures of U251/NHA and transwell co-cultures of U251/NHA. The color scale shown at the top illustrates the relative expression level
of an antibody in the certain slide: red represents high relative expression levels; green represents low relative expression levels. Gray
represents a lower relative expression level of < 50 (the unreliable data). B. Up-regulated cytokines in NHA and co-cultures. Standard values
of 11 cytokines which were significantly upregulated in NHA and co-cultures compared with U251 in monoculture. C. IL-6 concentrations
in mono-culture and co-culture determined using ELISA. D. Graphic representation of the quantification of IL-6 mRNA performed with
qRT-PCR on RNA isolated from the cells as indicated. E. Western blot analysis for total MMP14 protein performed with protein lysates
prepared from U251 or A172 treated with IL-6 (50 ng/mL) for 48 h. F. Flow cytometry to detect levels of cytomembrane MMP14 in
response to IL-6 or antibodies against IL-6 (anti-IL-6) in U251 or A172 cells exposed to ACM as indicated. **p < 0.01; ***p < 0.001.
www.impactjournals.com/oncotarget
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DISCUSSION

with poorer survival. Survival analysis as assessed by the
Log-rank test demonstrated that expression of both IL-6
(Log-rank test, p < 0.001) and MMP14 (Log-rank test, p <
0.001) significantly correlated with poor overall survival
(Figure 6D, 6E and 6F). These results demonstrated that
MMP14 expression was correlated with IL-6 expression
in patient samples and predicted poor overall survival
in patients. The finding that MMP14 and IL-6 were
correlated indicated that IL-6 might stimulate MMP14
expression as well.

Invasion is a complex process involving the
interactions of cancer cells with stromal cells as well
as the extracellular matrix [24]. As the most abundant
stromal cell type in glioma microenvironment, human
astrocytes have been found to promote proliferation and
angiogenesis [3, 8], and invasion of glioma cells into the
brain parenchyma, a critical factor contributing to patient
mortality, has been shown to occur through direct contact

Figure 5: IL-6 and MMP14 are highly expressed in high grade gliomas from patients. Immunohistochemistry and staining
scores of IL-6 and MMP14 in different WHO grade glioma. Serial sections were used in individual cases for staining with each antibody.
The number in brackets below the image is the immunohistochemistry staining score (0-3). Normal brain with a score of 3 had a high
expression of IL-6 (A).

www.impactjournals.com/oncotarget
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between tumor cells and the stromal compartment [25,
26]. (Moreover, our previous work demonstrated that
astrocytes could enhance chemoresistance in glioma
through gap junctional communication [27].) However,
few studies have investigated the functional role

specifically of the astrocyte in invasion and migration
in glioma. Here, we established a transwell co-culture
model comprising human astrocytes and glioma cell
lines, which provided a standardized and reproducible
method for performing functional studies in vitro. The

Figure 6: MMP14 expression is correlated with IL-6 in human glioma specimens and poor overall survival in glioma
patients. A, B. Correlation between IL-6 or MMP14 and glioma WHO grade. IL-6 and MMP14 expression were both correlated with

glioma WHO grade (p < 0.001; p < 0.01). C. MMP14 expression was correlated with IL-6 expression (p < 0.001). Cumulative survival
curves of glioma patients according to the respective protein expression levels of IL-6 and MMP14 protein based on immunohistochemistry
scores. D. IL-6; E. MMP14; and F. IL-6 with MMP14. Both IL-6 (D) and MMP14 (E) expression correlated with poor overall survival on
glioma patients. High co-expression of IL-6 and MMP14 was significantly associated with poor overall survival in patients (F, p < 0.001).
www.impactjournals.com/oncotarget
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Table 1: Clinical parameters of patients
Features

WHO I

WHO II

WHO III

WHO IV

Number of cases

10

29

22

34

Age (mean years)

27.9

39.34

49.68

53.71

Sex

0.795
0.827

Male

3

19

12

20

Female

7

10

10

14

KPS score

0.493

≥ 80

10

27

17

23

< 80

0

2

5

11

Tumor size (largest tumor
diameter)

0.007

≥ 5cm

2

6

6

18

< 5cm

8

23

16

16

Surgery

0.905

Gross total resection

10

29

21

33

Partial resection

0

0

1

1

Adjuvant treatment

0.005

Chemotherapy

0

0

3

7

Radiotherapy

0

2

5

10

Combination of
chemotherapy and
radiotherapy

0

0

1

2

IL-6 expression (staining
scores)

< 0.001

0

6

11

1

2

1

2

9

6

5

2

2

5

9

11

3

0

4

6

16

MMP14 expression (staining
scores)

< 0.001

0

5

10

4

3

1

3

11

8

9

2

2

5

6

14

3

0

3

4

8

results indicated that astrocytes enhanced the migration
and invasion potential of glioma, possibly through the
secretion of IL-6 and increased MMP14 (Figure 1).
Autocrine secretion of cytokines has been shown to
contribute to the infiltrative properties of glioma [28]. Our
results indicate that cytokines originating from stromal
cells in the tumor microenvironment may also promote
invasive properties of human glioma cells. Previous
www.impactjournals.com/oncotarget

P (survival)

studies have demonstrated that astrocytes modified gene
expression in glioblastoma stem-like cells through the
secretion of multiple factors and effectively enhanced
invasion [7]. We found that soluble factors secreted
from NHA induced glioma cells to express genes and
proteins associated with migration and invasion (Figure
2B and 2C). Thus, our study corroborates previous
findings. In addition, we found that AKT, p38MAPK and
62433
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Table 2: Multivariate analysis of Cox proportional hazards model for multiple independent prognostic factors on
overall survival
Parameter

Regression coefficient

Risk ratio

95% confidence
interval

P

WHO grade

1.357

3.883

2.247-6.709

< 0.001

Tumor size

0.905

2.472

1.235-4.948

0.011

Adjuvant treatment

0.490

1.632

1.140-2.337

0.007

IL-6 expression

1.032

2.806

1.817-4.333

< 0.001

MMP14 expression

0.92

2.509

1.711-3.679

< 0.001

ERK1/2, signaling molecules associated with migration
and invasion, were also activated in our model system
[19, 20].
Interestingly, among the 14 genes examined from the
MMP and Rho family, MMP14 was the most significantly
up-regulated, with coordinate increase in protein levels
as confirmed by Western blot. As a member of MMP
family, MMP14 plays a vital role in the growth, migration,
invasion and angiogenesis of tumor cells [29]. However,
only upon reaching the cell surface is MMP14 activated
and able to elicit catalytic activity [21]. MMP14 is more
highly expressed in glioma than in normal cells, both in
vitro and in vivo, and over-expression of MMP14 has been
reported to enhance migration and invasion in glioma
through several pathways [15]. MMP14 has been shown
to increase pro-MMP2 and -MMP9 activity, mediate
proteolysis of extracellular matrix and cleave CD44.
We confirmed cytomembrane expression of MMP14 by
flow cytometry in U251 and U172 cells. However, CD44
did not decrease in response to the increases in MMP14
induced by ACM, but siRNA knockdown of MMP14 did
lead to decreased activity of MMP2 (Figure 3). These
results suggested that MMP14 enhances glioma migration
and invasion through the activation of MMP2 rather than
through cleavage of CD44.
Cytokine arrays were performed with media
from cell types in mono- and co-culture conditions in
order to identify putative factors from astrocytes that
might influence the expression of genes associated
with migration and invasion in gliomas. This analysis
revealed several cytokines that were associated not only
with migration and invasion, but also with growth and
angiogenesis in gliomas, such as MCP-4 [30], IL-6 [16],
IL-19 [31], TWEAK [32], VEGF-C [33], GRO [34],
LIF [35], IGF-1 SR, IGFBP-3 [36] and IGFBP7 [37, 38]
(Figure 4A and 4B). Moreover, IGFBP-3 and IGFBP7
which are generally associated with inhibiting invasion
were also found to be enriched in ACM. Given the number
of potential migration and invasion related cytokines
secreted by astrocytes, multiple paracrine cytokines are
likely to act individually or in combination to regulate the
migration and invasion of glioma cells.
Among these cytokines, IL-6 was found to be the
most significantly increased factor in media from NHA,
www.impactjournals.com/oncotarget

especially from NHA in co-culture with glioma cells
(Figure 4). Recently, IL-6 has been found to promote tumor
invasion and angiogenesis, in addition to proliferation and
survival, but through upregulation or activation of MMP2
and MMP9 [16, 22]. We thus hypothesized that IL-6 was
also involved in regulating MMP14 expression through
the activation of MMP2 or MMP9 in glioma. Both total
protein and the cytomembrane form of MMP14 were
increased in glioma cells stimulated with IL-6. In support
of a link between these two proteins, an IL-6 neutralizing
antibody nearly completely abolished the up-regulation of
MMP14 induced by ACM (Figure 4E and 4F). In addition,
IL-6 activated the AKT, p38MAPK and ERK1/2 signaling
pathway [39]. However, we did not determine whether
other cytokines were also involved in the regulation of
MMP14 expression.
We also investigated whether IL-6 and MMP14
protein levels might be associated with the clinical
progression of the disease. Increased expression of IL-6
and MMP14 was first validated in primary human glioma
specimens and then correlated with various clinical
parameters. Both increased IL-6 and MMP14 expression
correlated with advanced WHO grade and poor overall
survival in glioma patients (Figure 5). Using analysis
of relevance, we found that expression of MMP14 was
associated with IL-6, which supported our hypothesis.
Although IL-6 has been traditionally considered
to be secreted by glioma cells [40], the source of IL-6 in
glioma specimens still remains a controversial issue. Our
data however indicated that IL-6 was mainly (could be)
secreted by infiltrating astrocytes. IL-6 thus stimulated
glioma cells through a paracrine mechanism in our model
system.
Taken together, our results demonstrated that
migration and invasion of glioma cells was promoted
through increased MMP14 expression regulated by the
secretion of IL-6 from astrocytes. Furthermore, increased
MMP14 expression correlated with IL-6 expression in
primary human glioma specimens. Finally, expression
levels were associated with advanced WHO grade and poor
overall survival. Therefore, molecular characterization of
cells within the tumor microenvironment, particularly
the astrocyte, is important for the understanding and
potentially the treatment of the invasive behavior of
62434
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Transwell migration and invasion assays

glioma. Blockade of the IL-6-MMP14 axis may thus
provide a therapeutic strategy for the treatment of glioma
and ultimately improve patient survival.

Assays were performed in 24-well transwell
chambers (8.0 μm diameter pore). For the invasion
assay, the upper chamber was coated with Matrigel (1:8
dilution; 80 μL; BD Bioscience). The lower chamber
was seeded with the NHA, and after 24 h, 4×104 or8×104
glioma cells (migration and invasion, respectively) in
serum-free DMEM (100 μL) glioma cells were added
to the upper chamber. DMEM containing 10% FBS
was used as the control. After co-culture for 24 or 48
h (migration and invasion, respectively), transwell
membranes were fixed with methanol and stained with
crystal violet. Glioma cells accumulating on the other
side of the transwell membrane were quantified as the
mean count of stained cells in six random fields under
bright field microscopy (400× magnification).

MATERIALS AND METHODS
Ethics statement
The study was approved by the Ethics Committees
of Qilu Hospital of Shandong University (approval
number: KYLL-2013-010) was performed in compliance
with the Helsinki Declaration. Informed written consent
was obtained from each individual.

Patients and samples
Glioma specimens (n = 95) were obtained from
patients during surgery at the Department of Neurosurgery,
Qilu Hospital of Shandong University. Pathological
examination of tumors and their classification were
confirmed by an experienced pathologist in our hospital.
A total of 55 males and 40 females (1.375:1) were enrolled
in our study, and the median age was 48 yr. Pathological
diagnoses were distributed among low and high grade
tumors as follows: grade I, n =10; grade II, n = 29; grade
III n = 22; and grade IV, n = 34). Clinical data for patients
and tissue samples is in Table 1. None of patients received
chemotherapy or radiotherapy before surgery, and KPS
score was performed preoperatively. Normal brain tissue
(n = 5) was obtained during surgical decompression
of patients with hernia. The overall survival time was
determined from the date of surgery until death or last
follow-up.

RNA isolation and quantitative real-time PCR
After incubation with ACM or transfection with
siRNA for 48 h, total RNA was isolated from glioma
cells using TRIzol. cDNA was synthesized with the
ReverTra Ace qPCR RT Kit (Toyobo) according to the
manufacturer’s instructions. mRNA expression levels
of different genes was determined with qRT-PCR.
The target gene expression levels were normalized to
GAPDH levels in the same reaction. Primer sequences
were obtained from Primer Bank as follows (forward and
reverse, respectively): MMP2, 5’-CAAGTTTCCATTC
CGCTTC-3’ and 5’-GTTCCCACCAACAGTGGAC
A-3’, MMP9, 5’-TTGACAGCGACAAGAAGTGGG-3’
and 5’-GCCATTCACGTCGTCCTTAT-3’, MMP14,
5’-CCCCGAAGCCTGGCTACA-3’ and 5’-GCATCA
GCTTTGCCTGTTACT-3’, RhoA, 5’-GGAAAGCAGG
TAGAGTTGGCT-3’ and 5’-GGCTGTCGATGGAAAA
ACACAT-3’, RhoB, 5’-ATCCCCGAGAAGTGGGTC
C-3’ and 5’-CGAGGTAGTCGTAGGCTTGGA-3’,
RhoC, 5’-GGAGGTCTACGTCCCTACTGT-3’ and
5’-CGCAGTCGATCATAGTCTTCC-3’, RhoF, 5’-CCC
CATCGGTGTTCGAGAAG-3’ and 5’-GGCCGTGTCG
TAGAGGTTC-3’, RhoG, 5’-ACTAACGCTTTCCCCA
AAGAG-3’ and 5’-GTGTACGGAGGCGGTCATAC-3’,
RhoH, 5’-ATGCTGAGTTCCATCAAGTGC-3’ and 5’-T
CTGCCTGCTGGTAGGACA-3’, RhoQ, 5’-CCACCGT
CTTCGACCACTAC-3’ and 5’-AGGCTGGATTTACCA
CCGAGA-3’, RhoT1, 5’-AAGGTAACAAGTCGATGG
ATTCC-3’ and 5’-TCAGGTTTTTCGCTGAACACT-3’,
RhoT2, 5’-GCATCCTGTTACTGGGCGAG-3’ and 5’-C
GGCTTCTGAGTAGTCCACG-3’, RhoTB1, 5’-ATGGA
CGCTGACATGGACTAC-3’ and 5’-ATCCCGAGAAC
GCTCCAAGA-3’, IL-6, 5’-ACTCACCTCTTCAGAA
CGAATTG-3’ and 5’-CCATCTTTGGAAGGTTCAGGT
TG-3’, GAPDH, 5’-GGTGGTCTCCTCTGACTTCAAC
AG-3’ and 5’-GTTGCTGTAGCCAAATTCGTTGTG-3’.

Cell lines, cell culture and antibodies
Normal human astrocytes (NHA) were purchased
from Lonza (Walkersville, MD, USA), and human
malignant glioma cell lines, U251 and A172, were
obtained from the Chinese Academy of Sciences Cell
Bank of Type Culture Collection (CBTCCCAS; Shanghai,
China). NHA were cultured in Astrocytes Medium
BulletKitTM (Lonza) according to the manufacturer’s
instructions; the cells were not used beyond passage
three and stained positive for the marker glial fibrillary
acidic protein (GFAP). Glioma cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Hyclone,
Logan, USA) with 10% fetal bovine serum (FBS). All
cells were cultured at 37°C in a 5% CO2 humidified
incubator. The following human antibodies were used:
β-actin (Beyotime, Haimen, Jiangsu, China); MMP14,
IL-6 (Abcam, Cambridge, UK); ERK1/2, p-ERK1/2,
p38MAPK, p-p38MAPK, AKT, p-AKT, MMP2, MMP9,
RhoA (Cell Signaling Technology, Boston, MA, USA),
CD44-FITC (BD Biosciences, Heidelberg, Germany).
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Western blot

(100 nM) for 6 h using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cell
viability was measured with CCK-8 according to the
manufacturer’s instructions. Transfection efficiency was
evaluated by Western blot 48 h later.

Glioma cells were treated with ACM for the
time indicated or transfected with siRNA for 48 h.
Protein lysates were prepared, separated by SDSpolyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes. Membranes were
incubated with primary antibodies (1:1,000) overnight
at 4°C and subsequently the appropriate secondary
antibodies (1:5,000). Proteins were visualized using
Western Chemiluminescence HRP substrate (Millipore
Corporation, Billerica, MA, USA), and images were
obtained and quantified with the Image Station 4000MM
Pro (Carestream Health Inc., Woodbridge, MA, USA).

Cytokine/Chemokine Array and IL-6 ELISA
A cytokine array was used to detect levels of
cytokines or chemokines in supernatants from U251, NHA
and transwell co-culture systems. U251 and NHA were
seeded in 6-well plates at a density of 10×104 cells per
well or co-cultured in direct contact or in the transwell
system. After incubation for 24 h, cultures were rinsed
with DMEM, and media were replaced by DMEM
containing 3% FBS. Supernatants were collected 48 h later
and stored at -80°C. Samples were analyzed for the level
of 507 cytokines using the RayBio® Biotin Label-based
Human Antibody Array I, according to manufacturer’s
instructions (KangChen Bio-tech; Shanghai, China).
IL-6 concentrations in these cultures were measured
using a human IL-6 enzyme-linked immunosorbent assay
(ELISA), according to the manufacturer’s instructions.

Flow cytometry for the determination of MMP14
and CD44 cytomembrane expression
After incubation with ACM or IL-6 (50 ng/mL)
for 48 h, glioma cells were collected and fixed in 4%
paraformaldehyde. MMP14 cytomembrane expression
was measured using an indirect flow cytometry protocol;
cells were probed sequentially with MMP14 antibodies
and secondary antibodies conjugated to Dylight 488
fluorescent dye, according to the manufacturer’s
instructions. CD44 expression was measured with direct
flow cytometry and probed with CD44-FITC conjugated
antibodies. Isotype IgG antibody was served as negative
control.

Immunohistochemistry
Formalin-fixed paraffin embedded human glioma
specimen sections were deparaffinized, rehydrated, boiled
in sodium citrate buffer (pH = 6.0) for antigen retrieval,
incubated with 3% hydrogen peroxide in order to quench
endogenous peroxidase activity and blocked with 10%
goat serum to reduce nonspecific staining. Sections
were incubated with primary antibodies against MMP14
(rabbit monoclonal, 1:100) or IL-6 (rabbit polyclonal,
1:400) overnight at 4°C and subsequently with polyHRP secondary antibodies for 30 min. Sections were
developed with diaminobenzidine and counterstained with
hematoxylin. Images were captured using an Olympus
IX81 microscope.
Immunohistochemistry staining was assessed by
two independent pathologists. The number of positive
staining cells in six representative fields was counted.
Immunohistochemistry staining scores were defined by the
percentage of positive cells as follows: 0 (0%), 1 (1-10%),
2 (11-50%) and 3 (> 50%) scores. Scores of 0 and 1 were
classified as low expression, while scores of 2 and 3 were
classified as high expression.

Zymography
Supernatants (serum-free DMEM) were collected
from cultures which had been transfected with siRNA
or co-cultured with NHA for 48 h. Supernatants (20 μL)
mixed with 5× loading buffer (5 μL) was added for SDSPAGE. Electrophoresis was run for 1.5 h at 100kv. The
gels were washed 2 × 40 min in the first eluant (2.5%
Triton X-100, 50mmol/L Tris –Hcl and 5mmol/L CaCl2),
washed for 2× 40 min in the second eluant (containing
50mmol/L Tris –Hcl and 5mmol/L CaCl2) followed by
incubation in the substrate buffer (pH 7.6) for 16 h at
37°C. Gels were stained with coomassie brilliant blue for
2 h, destained in acetic acid for 1 h, and imaged.

Transfection of siRNA and cell viability assay
SiRNA targeting human MMP14 and nontargeted siRNA were purchased from GenePharma.
Sequences of the siRNAs are as follows:
5’-AACAGGCAAAGCUGAUGCAGAdTdT-3’ (sense)
and
5’-AAUCUGCAUCAGCUUUGCCUGdTdT-3’
(antisense)
for
MMP14
siRNA,
5’-UUCUCCGAACGUGUCACGUTT-3’ (sense) and
5’-ACGUGACACGUUCGGAGAATT-3’ (antisense)
for non-targeted siRNA as a negative control. At 80%
confluency, glioma cells were transfected with siRNAs
www.impactjournals.com/oncotarget

Statistical analyses
Data was analyzed using SPSS software, version
20.0 (2011, IBM Corp.; Armonk, NY, USA). All
experiments were repeated at least three times, and
all data are presented as the mean ± SD. A statistical
comparison between samples was determined by the
independent-samples t test. The relationship between IL-6
or MMP14 and glioma WHO grade was evaluated using
62436
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Spearman analysis, and survival curves were calculated
using Kaplan-Meier analysis. The Log-rank test was used
to assess differences in survival. The Cox proportional
hazards model was used for multivariable analysis to
evaluate the effect of multiple independent prognostic
factors. Statistical significance is indicated as follows:
* p < 0.05, ** p < 0.01, and *** p < 0.001.

7. Rath BH, Fair JM, Jamal M, Camphausen K and Tofilon PJ.
Astrocytes enhance the invasion potential of glioblastoma
stem-like cells. PloS one. 2013; 8:e54752.
8. Jain RK, di Tomaso E, Duda DG, Loeffler JS, Sorensen AG
and Batchelor TT. Angiogenesis in brain tumours. Nature
Reviews Neuroscience. 2007; 8:610-622.
9. Shabtay-Orbach A, Amit M, Binenbaum Y, Na’ara S and
Gil Z. Paracrine regulation of glioma cells invasion by
astrocytes is mediated by glial-derived neurotrophic factor.
International journal of cancer. 2014.

ACKNOWLEDGMENTS AND FUNDING
This project was supported by grants from the
National Natural Science Foundation of China (81572478),
the Shandong Provincial Outstanding Medical Academic
Professional Programand theSpecial Foundation for
Taishan Scholars (ts20110814, tshw 201502056), the
Fundamental Research Funds of Shandong University,
the Department of Science & Technology of Shandong
Province (2015GGE27101, 2015GSF118074 and
2015ZDXX0801A01), the China Postdoctoral Science
Fund (2014M551916), Shandong Provincial Foundation
for Distinguished Young Scholars (BS2012YY016), the
University of Bergen, Norway and the Norwegian Centre
for International Cooperation in Education (SIU)(UTF2014/10047).

10. Kim JK, Jin X, Sohn YW, Jeon HY, Kim EJ, Ham SW, Jeon
HM, Chang SY, Oh SY, Yin J, Kim SH, Park JB, Nakano
I and Kim H. Tumoral RANKL activates astrocytes that
promote glioma cell invasion through cytokine signaling.
Cancer letters. 2014; 353:194-200.
11. Hu F, a Dzaye OD, Hahn A, Yu Y, Scavetta RJ, Dittmar G,
Kaczmarek AK, Dunning KR, Ricciardelli C, Rinnenthal
JL, Heppner FL, Lehnardt S, Synowitz M, Wolf SA and
Kettenmann H. Glioma-derived versican promotes tumor
expansion via glioma-associated microglial/macrophages
Toll-like receptor 2 signaling. Neuro-oncology. 2014.
12. Zhang J, Sarkar S, Cua R, Zhou Y, Hader W and Yong VW.
A dialog between glioma and microglia that promotes tumor
invasiveness through the CCL2/CCR2/interleukin-6 axis.
Carcinogenesis. 2012; 33:312-319.

CONFLICTS OF INTEREST

13. Kajita M, Itoh Y, Chiba T, Mori H, Okada A, Kinoh H
and Seiki M. Membrane-type 1 matrix metalloproteinase
cleaves CD44 and promotes cell migration. The Journal of
cell biology. 2001; 153:893-904.

All authors declare no conflicts of interest.

REFERENCES

14. Chernov AV, Sounni NE, Remacle AG and Strongin AY.
Epigenetic control of the invasion-promoting MT1-MMP/
MMP-2/TIMP-2 axis in cancer cells. The Journal of
biological chemistry. 2009; 284:12727-12734.

1. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher
B, Taphoorn MJ, Belanger K, Brandes AA, Marosi C,
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK,
Gorlia T, Allgeier A, Lacombe D, et al. Radiotherapy plus
concomitant and adjuvant temozolomide for glioblastoma.
The New England journal of medicine. 2005; 352:987-996.

15. Ulasov I, Yi R, Guo D, Sarvaiya P and Cobbs C. The
emerging role of MMP14 in brain tumorigenesis and
future therapeutics. Biochimica et biophysica acta. 2014;
1846:113-120.

2. Giese A, Bjerkvig R, Berens ME and Westphal M. Cost of
migration: invasion of malignant gliomas and implications
for treatment. Journal of clinical oncology. 2003;
21:1624-1636.

16. Liu Q, Li G, Li R, Shen J, He Q, Deng L, Zhang C and
Zhang J. IL-6 promotion of glioblastoma cell invasion and
angiogenesis in U251 and T98G cell lines. Journal of neurooncology. 2010; 100:165-176.

3. Charles NA, Holland EC, Gilbertson R, Glass R and
Kettenmann H. The brain tumor microenvironment. Glia.
2012; 60:502-514.

17. Depner S, Lederle W, Gutschalk C, Linde N, Zajonz A
and Mueller MM. Cell type specific interleukin-6 induced
responses in tumor keratinocytes and stromal fibroblasts
are essential for invasive growth. International journal of
cancer. 2014; 135:551-562.

4. Xie Q, Mittal S and Berens ME. Targeting adaptive
glioblastoma: an overview of proliferation and invasion.
Neuro-oncology. 2014; 16:1575-1584.
5. Sofroniew MV and Vinters HV. Astrocytes: biology and
pathology. Acta neuropathologica. 2010; 119:7-35.

18. Yang X, Liang L, Zhang XF, Jia HL, Qin Y, Zhu XC, Gao
XM, Qiao P, Zheng Y, Sheng YY, Wei JW, Zhou HJ, Ren N,
Ye QH, Dong QZ and Qin LX. MicroRNA-26a suppresses
tumor growth and metastasis of human hepatocellular
carcinoma by targeting interleukin-6-Stat3 pathway.
Hepatology. 2013; 58:158-170.

6. Nagano N, Sasaki H, Aoyagi M and Hirakawa K. Invasion
of experimental rat brain tumor: early morphological
changes following microinjection of C6 glioma cells. Acta
neuropathologica. 1993; 86:117-125.

www.impactjournals.com/oncotarget

62437

Oncotarget

19. Saxena NK, Sharma D, Ding X, Lin S, Marra F, Merlin D
and Anania FA. Concomitant activation of the JAK/STAT,
PI3K/AKT, and ERK signaling is involved in leptin-mediated
promotion of invasion and migration of hepatocellular
carcinoma cells. Cancer research. 2007; 67:2497-2507.

monocyte chemoattractant protein-4 (MCP-4)/CCL13 from
chondrocytes in rheumatoid arthritis. The FEBS journal.
2007; 274:4904-4912.
31. Hsing CH, Cheng HC, Hsu YH, Chan CH, Yeh CH, Li
CF and Chang MS. Upregulated IL-19 in breast cancer
promotes tumor progression and affects clinical outcome.
Clinical cancer research. 2012; 18:713-725.

20. Hsieh YH, Wu TT, Huang CY, Hsieh YS, Hwang JM and
Liu JY. p38 mitogen-activated protein kinase pathway is
involved in protein kinase C alpha-regulated invasion in
human hepatocellular carcinoma cells. Cancer research.
2007; 67:4320-4327.

32. Cherry EM, Lee DW, Jung JU and Sitcheran R. Tumor
necrosis factor-like weak inducer of apoptosis (TWEAK)
promotes glioma cell invasion through induction of NFinverted question markB-inducing kinase (NIK) and
noncanonical NF- inverted question markB signaling.
Molecular cancer. 2015; 14:9.

21. Nakada M, Nakamura H, Ikeda E, Fujimoto N, Yamashita
J, Sato H, Seiki M and Okada Y. Expression and tissue
localization of membrane-type 1, 2, and 3 matrix
metalloproteinases in human astrocytic tumors. The
American journal of pathology. 1999; 154:417-428.

33. Tacconi C, Correale C, Gandelli A, Spinelli A, Dejana E,
D’Alessio S and Danese S. Vascular Endothelial Growth
Factor C Disrupts the Endothelial Lymphatic Barrier to
Promote Colorectal Cancer Invasion. Gastroenterology.
2015.

22. Sun W, Liu DB, Li WW, Zhang LL, Long GX, Wang JF,
Mei Q and Hu GQ. Interleukin-6 promotes the migration
and invasion of nasopharyngeal carcinoma cell lines
and upregulates the expression of MMP-2 and MMP-9.
International journal of oncology. 2014; 44:1551-1560.

34. Haghnegahdar H, Du J, Wang D, Strieter RM, Burdick MD,
Nanney LB, Cardwell N, Luan J, Shattuck-Brandt R and
Richmond A. The tumorigenic and angiogenic effects of
MGSA/GRO proteins in melanoma. Journal of leukocyte
biology. 2000; 67:53-62.

23. Michaud-Levesque J, Bousquet-Gagnon N and Beliveau
R. Quercetin abrogates IL-6/STAT3 signaling and inhibits
glioblastoma cell line growth and migration. Experimental
cell research. 2012; 318:925-935.

35. Li X, Yang Q, Yu H, Wu L, Zhao Y, Zhang C, Yue X, Liu
Z, Wu H, Haffty BG, Feng Z and Hu W. LIF promotes
tumorigenesis and metastasis of breast cancer through
the AKT-mTOR pathway. Oncotarget. 2014; 5:788-801.
doi: 10.18632/oncotarget.1772.

24. Friedl P and Alexander S. Cancer invasion and the
microenvironment: plasticity and reciprocity. Cell. 2011;
147:992-1009.
25. Oliveira R, Christov C, Guillamo JS, de Bouard S, Palfi
S, Venance L, Tardy M and Peschanski M. Contribution
of gap junctional communication between tumor cells and
astroglia to the invasion of the brain parenchyma by human
glioblastomas. BMC cell biology. 2005; 6:7.

36. Gribben L, Baxter RC and Marsh DJ. Insulin-like growth
factor binding protein-3 inhibits migration of endometrial
cancer cells. Cancer letters. 2012; 317:41-48.
37. Rupp C, Scherzer M, Rudisch A, Unger C, Haslinger
C, Schweifer N, Artaker M, Nivarthi H, Moriggl R,
Hengstschlager M, Kerjaschki D, Sommergruber W,
Dolznig H and Garin-Chesa P. IGFBP7, a novel tumor
stroma marker, with growth-promoting effects in colon
cancer through a paracrine tumor-stroma interaction.
Oncogene. 2015; 34:815-825.

26. Zhang W, Couldwell WT, Simard MF, Song H, Lin JH and
Nedergaard M. Direct gap junction communication between
malignant glioma cells and astrocytes. Cancer research.
1999; 59:1994-2003.
27. Chen W, Wang D, Du X, He Y, Chen S, Shao Q, Ma C,
Huang B, Chen A, Zhao P, Qu X and Li X. Glioma cells
escaped from cytotoxicity of temozolomide and vincristine
by communicating with human astrocytes. Med Oncol.
2015; 32:487.

38. Ruan W, Xu E, Xu F, Ma Y, Deng H, Huang Q, Lv B, Hu
H, Lin J, Cui J, Di M, Dong J and Lai M. IGFBP7 plays a
potential tumor suppressor role in colorectal carcinogenesis.
Cancer biology & therapy. 2007; 6:354-359.

28. Hoelzinger DB, Demuth T and Berens ME. Autocrine
factors that sustain glioma invasion and paracrine biology in
the brain microenvironment. Journal of the National Cancer
Institute. 2007; 99:1583-1593.

39. Heinrich PC, Behrmann I, Haan S, Hermanns HM, MullerNewen G and Schaper F. Principles of interleukin (IL)-6type cytokine signalling and its regulation. The Biochemical
journal. 2003; 374:1-20.

29. Egeblad M and Werb Z. New functions for the matrix
metalloproteinases in cancer progression. Nature reviews
Cancer. 2002; 2:161-174.

40. Van Meir E, Sawamura Y, Diserens AC, Hamou MF
and de Tribolet N. Human glioblastoma cells release
interleukin 6 in vivo and in vitro. Cancer research. 1990;
50:6683-6688.

30. Iwamoto T, Okamoto H, Kobayashi S, Ikari K, Toyama
Y, Tomatsu T, Kamatani N and Momohara S. A role of

www.impactjournals.com/oncotarget

62438

Oncotarget

