
Functional Role of Matrix gla Protein in Glioma Cell Migration

Mu-Hui Fu1,2
& Chih-Yen Wang3 & Yun-Ti Hsieh3

& Kuan-Min Fang3 &

Shun-Fen Tzeng1,3

Received: 2 April 2017 /Accepted: 28 June 2017 /Published online: 13 July 2017
# Springer Science+Business Media, LLC 2017

Abstract Glioblastoma multiforme (GBM) is the most com-
mon and aggressive brain tumor subtype. Despite that metas-
tasis of GBM beyond the central nervous system (CNS) is
rare, its malignancy is attributed to the highly infiltration trait,
leading to the difficulty of complete surgical excision. Matrix
gla protein (MGP) is a vitamin K-dependent small secretory
protein, and functions as a calcification inhibitor. The involve-
ment of MGP function in glioma cell dynamics remains to be
clarified. The study showed that a low proliferative rat C6
glioma cell line named as C6-2 exhibited faster migratory
and invasive capability compared to that observed in a high
tumorigenic rat C6 glioma cell line (called as C6-1).
Interestingly, C6-2 cells expressed higher levels of MGP mol-
ecules than C6-1 cells did. Lentivirus-mediated short hairpin
RNA (shRNA) against MGP gene expression (MGP-KD) in
C6-2 cells or lentivirus-mediated overexpression of MGP
transcripts in C6-1 cells resulted in the morphological alter-
ation of the two cell lines. Moreover, MGP-KD caused a de-
cline in cell migration and invasion ability of C6-2 cells. In
contrast, increased expression ofMGP in C6-1 cells promoted

their cell migration and invasion. The observations were fur-
ther verified by the results from the implantation of C6-1 and
C6-2 cells into ex vivo brain slice and in vivo rat brain. Thus,
our results demonstrate that the manipulation of MGP expres-
sion in C6 glioma cells can mediate glioma cell migratory
activity. Moreover, our findings indicate the possibility that
high proliferative glioma cells expressing a high level of
MGP may exist and contribute to tumor infiltration and
recurrence.

Keywords Glioma . Glioblastomamultiforme .Matrix gla
protein . Cell migration . Cell invasion . Ex vivomodel

Introduction

Gliomas comprise more than 70% of all brain tumors and are
the third leading cause of cancer death between the ages of 15
and 34 [1–3]. Glioblastoma multiforme (GBM) is the most
aggressive glioma and classified as grade IV by histological
classification of the World Health Organization (WHO) [4].
Despite advances in the diagnostic classification and therapeu-
tic strategies, prognosis of GBM remains very poor and the
median survival time of GBM patients is less than 2 years [5,
6], with only 0.05 to 4.7% of patients surviving 5 years past
diagnosis [7, 8]. Unlike the peripheral tumor types, gliomas
rarely metastasize outside the central nervous system (CNS).
However, glioma tumor cells tend to extensively infiltrate into
the surrounding brain tissue and result in rapid intracranial
spreading [9, 10], which is a major obstacle to the effective
treatment for GBM. The in vitro and in vivo evidence has
postulated that the environment inducing glioma cell migration
could suppress tumor cell proliferation, and vice versa [11–13].
GBM tumor cells can invade into the other brain regions via
myelinated fibers of the white matter, and preferentially extend
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into the contralateral hemisphere through the corpus callosum
[4, 13, 14]. Therefore, understandingGBMcell heterogeneity is
crucial to design more effective remedy.

Matrix gla protein (MGP) is a highly conserved γ-
carboxyglutamic acid-containing secretory protein with a high
calcium-binding affinity [15, 16]. This protein was originally
found in association with bovine bone matrix [17]. Later,
MGP is known to be widely expressed in various vertebrate
tissues including the kidney, lung, heart, arteries, and calcified
atherosclerotic plaques [18–20]. Despite that the biological
mechanism of MGP is not precisely known yet, its inhibitory
role in soft tissue calcification has been recognized according
to the findings from loss-of-function experiments [19]. In ad-
dition, the expression ofMGP has been found to be associated
with the progress of several cancer types, such as primary
renal cell carcinomas, prostate carcinomas, testicular germ cell
tumors, ovarian cancer, gastric cancer, and breast cancer
[21–24]. Through the comparison of the transcriptional pro-
files betweenWHO grade II gliomas and recurrent high-grade
(WHO grade III or IV) gliomas, it has been suggested that the
elevated level of MGP expression is positively correlated to
tumor progression [25]. Moreover, in GBM-derived tumor
cells highly expressing inhibitor of differentiation 4 (Id4),
smaller and less vascularized tumor was formed in the group
with diminished MGP, suggesting Id-mediated increase in
MGP expression and promotion of tumor angiogenesis [26].
Despite that reduced cell migration of human glioma cell lines
can result from the transient interference of MGP messenger
RNA (mRNA) expression [27], further evidence is needed to
subsidizeMGP-mediated regulation in the migratory ability of
malignant glioma cells.

Rat C6 glioma cell line was originally generated from the
brain tumor of Wistar-Furth rat after exposure to N,N′-nitroso-
methylurea. The C6 cell line has been reported to form solid
tumors in the rat brain withmorphological similarity of human
GBM, and has been widely applied in the study of neoplastic
gliomas both in vitro and in vivo [28]. In our previous study
using the two C6 glioma cell lines having the distinct in vitro
and in vivo tumorigenicity, we have addressed that
proliferation-associated genes, as well as tumor-promoting
cytokines and chemokines, were abundantly expressed in the
high tumorigenic C6 cells (C6-1) facilitating tumor formation

in the rat cortex, compared to those detected in low tumori-
genic C6 cells (C6-2) [29]. Examination of MGP expression
through the comparative complementary DNA (cDNA) mi-
croarray analysis showed, however, that C6-2 cells exhibited
much higher expression of MGP than C6-1 cells. Therefore,
the aim of the study was to dissect the role of MGP in cell
function using the two C6 cell lines. Our findings revealed that
downregulation of MGP expression in C6-2 cells not only
reduced their cell proliferation, but also attenuated their cell
migratory and invasive ability. Meanwhile, elevated expres-
sion of MGP promoted C6-1 cell migration and invasion. The
results are further confirmed by the observations from ex vivo
brain slice experiments and in vivo glioma implantation. The
implanted C6-1 cells with MGP overexpression migrated lon-
ger distances than the control C6-1 cells. Overall, we show
substantial evidence to certify the regulatory role of MGP in
glioma tumor cell infiltration and invasion.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12), an-
tibiotics (penicillin/streptomycin), and puromycin were ob-
tained from Invitrogen (Carlsbad, CA, USA). Fetal bovine
serum (FBS) was purchased from HyClone Laboratories
(Logan, UT, USA). The 8.0-μm pore size transwell inserts
and 0.4-μm pore size Millicell-CM culture inserts were pur-
chased from Millipore. 4′,6-diamidino-2-phenylindole
(DAPI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), and proteinase inhibitors were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Vectastain ABC
kit, FITC-avidin, and Cy3-avidin were purchased from Vector
Laboratories (Burlingame, CA, USA). The information of an-
tibodies used for the study is included in Table 1.

Cell Culture

The two C6 glioma cell lines were obtained from different
laboratories, and named as C6-1 and C6-2 in this study. C6-
1 cells were provided by Dr. Henrich Cheng (Taipei Veterans

Table 1 The antibodies used in the study

Antibody Immunogen Manufacturer Working dilution

Polyclonal rabbit anti-MGP Synthetic peptide: amino acid
36–85 of human MGP

Abcam
ab86233

1:1000 in PBS (Western blot)

Monoclonal mouse anti-GFP Bacterial-expressed GFP fusion protein Millipore
MAB2510

1:200 in PBS (immunofluorescence)

Monoclonal mouse anti-GAPDH Glyceraldehyde-3-phosphate
dehydrogenase from rabbit
muscle

Millipore
MAB374

1:2000 in TBS (Western blot)
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General Hospital) and purchased from the National Health
Research Institute Cell Bank (Zhunan, Taiwan). C6-2 cells
were originally obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA). The two C6 glioma
cell lines have been characterized previously to display the
different degrees of the tumorigenicity in the rat brain [29].
These C6 cells were cultured in DMEM/F12 containing 10%
heat-inactivated FBS, and the media were changed every 2–
3 days.

cDNA Microarray Assay

Total RNA preparation for cDNA microarray assay and data
processing were as previously described [29].

Lentivirus-Mediated Gene Delivery

The short hairpin RNA (shRNA)-mediated knockdown of
MGP was performed using shRNA lentiviral particles
(Biosettia Inc.), which were designed to suppress the produc-
tion of rat MGP in C6 glioma cells. The cultures that were
transfected with shRNA lentiviral particles with non-effective
scramble shRNA sequences (lenti-sh-ctrl) were used as the
control group (scramble). The lentivirus vector constructs
used for MGP gene knockdown (MGP-KD) are shown as
follows: pLV-mU6-[sh-scramble]EF1a-GFP- puromycin
(lenti-sh-ctrl), pLV-mU6-[sh-MGP]EF1a-GFP-puromycin
(lenti-sh-MGP_58, lenti-sh-MGP_68, lenti-sh-MGP_122,
lenti-sh-MGP_225). The shRNA sequences are shown in
Table 2. Alternatively, the lentivirus vector construct used
for the overexpression of MGP (NM_012862.1), pLV-EF1a-
rnoMGP-mPGK-GFP-puromycin (lenti-MGP), was obtained
from Biosettia Inc. The control lentivirus vector construct was
pLV-EF1a-GFP-F2A-Blasticidin-S deaminase (Bsd)-mPGK-
Puro (lenti-Bsd). Cell transfection was followed by the proce-
dure as previously described [29]. After infection, the stable
transfectants were selected using 3 mg/mL puromycin in the
presence of 10% FBS for 48 h. The efficiency of MGP down-
regulation in C6-2 cells or MGP overexpression in C6-1 cells
was confirmed by real-time polymerase chain reaction (RT-
PCR), quantitative polymerase chain reaction (QPCR), and
Western blotting. C6-2 cells that were infected by lenti-ctrl
were referred as C6-2-scramble. C6-1 cells infected by control
lentivirus (lenti-Bsd) were named as C6-1-mock.

Real-Time Polymerase Chain Reaction

Total RNA was isolated from the cultures, and cDNA was
generated using MMLV reverse transcriptase (Thermo Fisher
Scientific). Gel-based semiquantitative PCR (RT-PCR) reac-
tion was performed using DNA polymerase (GoTaq Green
Master Mix, Promega) to confirm the specificity of MGP-
specific primers. The PCR products were separated on 1%

agarose gels containing ethidium bromide. Quantitative PCR
(QPCR) was performed on Roche LightCycler™ Real-time
PCR system using a LightCycler FastStart DNA Master
SYBR Green I kit (Roche Diagnostics). The results were nor-
malized to internal control (GAPDH). The specific primer
sequences are shown in Table 2.

Western Blot Analysis

The cells were gently homogenized in the lysis buffer consisting
of PBS with 0.1% sodium dodecyl sulfate (SDS), 1 mM
phenylmethanesulfonyl fluoride (PMSF), 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 1 mM sodium orthovanadate,
and proteinase inhibitor cocktail. Protein concentration was deter-
mined using a Bio-Rad DC kit. Subsequently, 100 μg of total
protein was separated through 10–12.5% SDS polyacrylamide
gel electrophoresis, and then transferred to the nitrocellulose
membrane. Proteins were identified by incubating the membrane
with primary antibodies (Table 1), and visualized by incubation
in horseradish peroxidase (HRP)-conjugated secondary antibod-
ies (Jackson ImmunoResearch Laboratories) and the

Table 2 Primer sequences for QPCR analysis and sequences for
shRNA against rat MGP

MGP (NM_012862) Forward: CTTCACCACCCGGAGAAATG
Reverse: CTGGGCAGGCTTGTTGAGT

IL-6 (NM_012589) Forward: TCTGCTCTGGTCTTCTGGAG
Reverse: CTTCAAGTGCTTTCAAGATG

IL-33
(NM_001014166)

Forward: GTGCAGGAAAGGAAGACTCG
Reverse: TGGCCTCACCATAAGAAAGG

TNFα
(NM_012675)

Forward: CATCCGTTCTCTACCCAGCC
Reverse: AATTCTGAGCCCGGAGTTGG

TGF-β2
(NM_031131)

Forward: CTCCACATATGCCAGTGGTG
Reverse: CTAAAGCAATAGGCGGCATC

CXCL7
(NM_153721)

Forward: GCATGGAAGTCTGTGCTGAA
Reverse: CCGTTCCTACCCCTTAGGAC

CXCL12
(NM_022177)

Forward: TGCATCAGTGACGGTAAGCCA
Reverse: ATCCACTTTAATTTCGGGTCAA

ID4 (NM_175582) Forward: GAG CATTGG CGACGTTGTTT
Reverse: GAG AAA AAGTTCCCCGCCCT

BMP4
(NM_012827)

Forward: ACTTCGAGGCGACACTTCTG
Reverse: TTCTTCCTCCTCCTCCCCAG

GAPDH
(NM_017008)

Forward: TCTACCCACGGCAAGTTC
Reverse: GATGTTAGCGGGATCTCG

Scrambled shRNA GCAGTTATCTGGAAGATCAGGTTGGA
TCCAACCTGATCTTCCAGATAACTGC

sh-rnoMGP-58 AAAAGCAGCCCTGTGCTATGAATTTGG
ATCCAAATTCATAGCACAGGGCTGC

sh-rnoMGP-68 AAAAGCTATGAATCTCACGAAAGTTG
GATCCAACTTTCGTGAGATTCATAGC

sh-rnoMGP-122 AAAAGGAGAAATGCCAACACCTTTTGGA
TCCAAAAGGTGTTGGCATTTCTCC

sh-rnoMGP-225 AAAAGGCCTGTGATGACTACAAGTTGGAT
CCAACTTGTAGTCATCACAGGCC
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electrochemiluminescence (ECL) solution (PerkinElmer Life
Sciences).

Immunofluorescence

The samples (cells and ex vivo tissue sections) were
fixed in 4% paraformaldehyde (PFA) and permeabilized
in PBS containing 0.1% Triton X-100 for 30 min. The
samples were incubated with primary antibodies at the
appropriate dilution at 4 °C overnight, biotin-conjugated
secondary antibody for 1 h at room temperature, and
fluorescein-avidin at room temperature for 45 min.
Finally, the samples were subjected to DAPI nuclear
staining. Immunostained cells were observed under a
fluorescence microscope (Nikon E800) with a color dig-
ital camera.

F-Actin Staining

The cells (2 × 104 cells) were seeded on 12-mm cover-
slips placed into a 24-well tissue culture plate. After
24 h, the cultures were fixed in 4% PFA for 15 min.
The cells were permeabilized in PBS containing 0.1%
Triton X-100, and then incubated with Texas red-
conjugated phalloidin (Thermo Fisher Scientific) for
1 h at room temperature. Nuclear staining was carried
out using DAPI solution. F-actin staining was observed
under an Olympus FLUOVIEW FV1000 confocal laser
scanning microscope.

Cell Scratch Migration Assay

A monolayer scratch assay was performed as previously
described [30]. Cells were grown in 10% FBS-
containing medium and mechanically scratched by a
sterile pipette tip. Cells were rinsed with PBS and
grown in serum-free DMEM/F12 for various time pe-
riods. The cell motility, in terms of wound closure area,
was determined by measurement of wound closure area
using NIH ImageJ software. The degree of the wound
closure is presented as the percentage of closure area
over the scratch area at the initial time point.

In Vitro Transwell Cell Invasion Assay

The ability of in vitro cell invasion was determined by
the method as described previously [31]. The cells were
seeded at the density of 1 × 104 cells/well onto a PDL-
precoated transwell insert (pore size, 8.0 μm), and
placed a 24-well plate. The medium containing 10%
FBS was added into the lower compartment of each
well. After 6 h, the inserts were fixed in 4% PFA for
10 min, followed by staining with 0.05% crystal violet

in PBS for 10 min. The upper surface of each transwell
insert was carefully cleansed with cotton swabs. Cell
invasion was determined by counting cells on another
side of the transwell inserts from five randomly selected
fields under a microscope. The ratio of migrated cells
over the total seeded cells in each culture was mea-
sured. The results are presented as the fold of the data
in experimental cultures over that in the relative control
(scramble or mock).

MTT Cell Growth Assay

MTT assay was performed as previously described [29].
Briefly, cells were seeded at a density of 5 × 103 per well in
24-well plates using DMEM/F12 containing 10% FBS. After
harvest, MTT solution (5 mg/mL; Sigma) was added to each
well; 4 h later, the medium was removed and DMSO was
added to dissolve formazan products. The absorbance was
measured at 595 nm under an enzyme-linked immunosorbent
assay reader.

Colony Formation Assay

The cells were seeded at the density of 200 cells per
well in a six-well culture plate. The cultures were main-
tained in DMEM/F12 containing 10% FBS for 7 days,
and then fixed with 4% PFA for 10 min, followed by
staining using 0.05% crystal violet for 15 min. The
number of cell colonies formed in each well was count-
ed using NIH ImageJ analysis software.

ExVivo Brain Slice Culture andGliomaCell Implantation

The brain slice cultures were prepared followed by the
procedure as described with little modification [32, 33].
Animal surgery was approved by the Institutional
Animal Care and Use Committees at the National
Cheng Kung University (Tainan, Taiwan). Briefly, the
brain tissues were removed from Sprague-Dawley rat
pups at postnatal day 14, and then dissected coronally
at a thickness of 300 μm using a Microslicer™ DTK-
1000 vibratory tissue slicer. The tissue slices were then
plated on Millicell-CM culture inserts and maintained
on the surface of slice culture medium (50% MEM with
Earle’s salts, 35% Earle’s balanced salt solution, 15%
heat-inactivated horse serum, 1% GlutaMAX™) at
37 °C for 2 days. Two microliters of C6-2 (C6-2-scram-
ble and C6-2-sh68) or C6-1 cell suspension (C6-1-mock
and C6-1-MGP) at the density of 5 × 104 cells/slice was
slowly injected into the corpus callosum of the brain
slice using a P10 micropipettor. The cultures were main-
tained in the medium for another 4 days, and fixed in
4% PFA for 1 h. The injected cells were identified by
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GFP immunofluorescent staining, and observed under a
Nikon E800 epifluorescence microscope equipped with
a CCD camera.

Quantification of C6 Cell Migration in Brain Slices

Cell migration was evaluated using NIH ImageJ analysis
software to quantify GFP intensity in the four rectangle
areas with the size of 0.25 mm2 along the different
distances from the injected site (0–500, 500–1000,
1000–1500, and 1500–2000 μm). Data were collected
from five randomly sampled images captured from each
culture using an epifluorescence microscope with a ×20
objective lens. The immunofluorescent intensity of
GFP+ cells detected in a fixed rectangle area was mea-
sured using NIH ImageJ analysis software. The results
are presented as the arbitrary units of GFP fluorescence
intensity along the four distance intervals.

InVivoGliomaTransplantation and TumorMeasurement

Adult male SD rats (250 ± 30 g; n = 12) were used
according to the Institutional Animal Care and Use
Committee (IACUC) guidelines of the National Cheng
Kung University. After rats were anesthetized by intra-
peritoneal injection of chloral hydrate (50 mg/kg), a
midline incision was cut and the underlying tissue was
removed using a scalpel blade. A hole was made by a
dentist drill fitted with a 0.9-mm-diameter carbide dental
burr on the exposed skull at the position of 2 mm pos-
terior to the bregma and 2 mm to the right of the sag-
ittal suture. A Hamilton syringe with a 25-gauge needle
was inserted into the brain at the depth of 3 mm above
the corpus callosum. The fluid (5 μL) containing
5 × 105 C6-1 cells (C6-1-mock and C6-1-MGP) was
slowly injected into the brain. After injection, the needle
was maintained for additional 2 min to prevent leakage
of solution. At 14-day post transplantation (dpi), the rat
brains were removed, fixed by 4% PFA, and then
cryoprotected in 30% (w/v) sucrose in PBS. The tissues
were embedded in Tissue Tek OCT (Elec t ron
Microscopy Sciences), sectioned at 20-μm thickness,
and then subjected to hematoxylin and eosin (H/E)
staining and GFP immunofluorescence. Twenty H/E-
stained coronal sections were captured by a scanner,
and the tumor areas were measured using UTHSCSA
Image tool for Windows (University of Texas Health
Science Center at San Antonio) as described previously
[29]. The volume (mm3) of the tumor was calculated by
the tumor area (mm2) × section number × section thick-
ness (20 μm).

Statistical Analysis

All data from each experiment were analyzed by two-tailed
unpaired Student’s t test using Sigma-Plot 10 (Systat Software
Inc.). The results are expressed as means ± SEM. The differ-
ences between control and compared culture are considered
statistically significant at P < 0.05.

Results

Differential Expression of MGP in the Distinct Migratory
Populations of Rat Glioma Cells

Through a comparative cDNA microarray analysis, we
found that C6-1 cells with a higher tumorigenic behav-
ior expressed a lower amount of MGP compared to C6-
2 cells. MGP molecule is classified in many biology
pathways most relevant to extracellular matrix, factor
responses, and cation binding. The results from QPCR
further verified that MGP mRNA expression was ex-
tremely lower in C6-1 cells than that of C6-2 cells
(Fig. 1a). Since MGP was thought to be involved in
the migratory ability of GBM tumor cells [27], the mi-
gration and invasion of C6-1 and C6-2 cells were ex-
amined. Through a cell scratch assay, we observed that
the wound closure ability of C6-2 cells was better than
that of C6-1 cells (Fig. 1b). Moreover, the results from
the cell invasion examination showed that the number
of C6-2 cells invading through the transwell insert was
higher than C6-1 cells did (Fig. 1c). The observations
reveal the positive correlation of MGP expression with
the migratory and invasive ability of C6-2 cells versus
C6-1 cells.

Reduced Rat GliomaCell Growth andMigration byMGP
Downregulation

To determine the involvement of MGP in steering C6-2
cells to migrate, we performed a lentivirus-mediated
shRNA delivery approach to downregulate MGP expres-
sion in C6-2 cells. The efficiency of lentivirus particles
encoding shRNA against MGP (lent-sh-MGP_58, lenti-
sh-MGP_68, lenti-sh-MGP_122, lenti-sh-MGP_225) in
MGP gene knockdown (KD) was evaluated by QPCR
and Western blot analysis. As shown in Fig. 2a, when
compared to C6-2 cells treated by lenti-ctrl (scramble),
MGP mRNA expression was significantly reduced in
C6-2 cells infected by lent-sh-MGP_58 (sh-58), lenti-
sh-MGP_68 (sh-68), lenti-sh-MGP_225 (sh-225), but
not in C6-2 cells by lenti-sh-MGP_122 (sh-122).
Moreover, a lower level of MGP production was ob-
served in C6-2 cells infected by sh-68 (C6-2-sh68)
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when compared to that detected in C6-2-scramble and
other transfectants (Fig. 2b). We also noticed that C6-2-
sh68 cells were changed to a small round shape
(Fig. S1A), whereas there was no significant change in
the morphology of C6-2 cells transduced by sh-122
(C6-2-sh122). In accordance with the phase-contrast ex-
amination, F-actin staining showed the smaller cell size
of C6-2-sh68 cells than that of C6-2-scramble cells
(Fig. S1B). Moreover, lamellipodium was hardly found
in C6-2-sh68 cells, whereas C6-2-scramble cells
displayed an apparent lamel l ipodium structure
(Fig. S1B).

Furthermore, the results from MTT cell growth assay indi-
cated that the growth of C6-2-sh68 was much slower than
those detected in C6-2-scramble and C6-2-sh122 cells
(Fig. 2c). Moreover, the colony formation ability of C6-2-
sh68 cells was reduced when compared to that of C6-2-
scramble or C6-2-sh122 cells (Fig. 2d). Further experiments
were conducted to evaluate the migratory ability of C6-2 cells
after MGP-KD using the cell scratch assay and transwell

invasion analysis. As shown in Fig. 2e, C6-2-sh68 cells
showed lower wound closure ability than C6-2-scramble and
C6-2-sh122 had. Moreover, the cell invasion of C6-2 was
reduced after MGP-KD (Fig. 2f). These results indicate that
MGP-KD caused the inhibition of C6-2 cell dynamics, i.e.,
reduced cell proliferation and motility.

Enhanced Rat Glioma Cell Migration by MGP
Upregulation

Given the fact that C6-1 cells had the lower level of MGP
expression (Fig. 1), the overexpression of MGP in C6-1
cells (C6-1-MGP) was conducted by lentivirus-mediated
gene delivery. As shown in Fig. 3a, C6-1-MGP showed
extensively high level of MGP gene expression, whereas
MGP expression was scarce in C6-1 cells infected by
lenti-ctrl (C6-1-mock). This was consistent with the results
from Western blotting showing MGP was produced at a
higher level in C6-1-MGP than that in C6-1-mock
(Fig. 3b). A phase-contrast microscopy also indicated that

Fig. 1 Rat C6 glioma cells with abundant expression of MGP display
high cell migratory capability. a Total RNAwas isolated from C6-1 and
C6-2 cells, and then subjected to QPCR for the measurement of MGP
mRNA expression. The results confirmed the data from cDNA microar-
ray analysis. b C6-1 and C6-2 cells reached confluence in 10% FBS-
containing medium, and then subjected to cell scratch migration assay
in serum-free medium. Four photographs were taken from each culture at
each indicated time point. The area of wound closure was selected and

measured by ImageJ software. The representative images shown in the
upper panel were taken from the cultures at the initial time point and at
12 h after cell scratching. c C6-1 and C6-2 cells were plated onto the
upper side of the transwell insert filters for cell invasion. After 6 h, the
cells that migrated to the bottom side of the filter were stained (upper
panel) and counted. Data are means ± SEM of at least three independent
experiments. *p < 0.05, **p < 0.01, versus C6-1. Scale bar in b and c,
200 μm
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C6-1-MGP cells showed extended branching cell processes
(Fig. S1C, arrows). This was also consistent with the obser-
vations in F-actin staining (Fig. S1D, arrows). However, MGP
overexpression in C6-1 cells did not affect the cell growth of
C6-1 cells (Fig. 3c), as well as their colony formation ability
(Fig. 3d). Yet, the results from the cell scratch analysis dem-
onstrated that the wound closure ability of C6-1 cells was
significantly enhanced after the upregulation of MGP expres-
sion when compared with that observed in C6-1-mock (Fig.
3e). The cell invasion of C6-1 was also increased by MGP
overexpression when compared to that of C6-1-mock cells
(Fig. 3f). These findings reveal that increased expression of
MGP can promote the motility of high proliferative C6-1 cells.

Promoted Migration of Rat Glioma Cells by MGP
in the Brain

To validate the regulatory function of MGP in C6 glio-
ma cell migration and invasion, an ex vivo organotypic
brain slice culture was established. C6-2-scramble cells
with GFP expression (GFP+-C6-2-scramble) and C6-2-
sh68 cells tagged by GFP (GFP+-C6-2-sh68) were im-
planted into the brain slices at 2-day post brain slice
preparation (Fig. 4a). After 4 days post injection, these
implanted cells on the brain slices were traced by ex-
amining the location of GFP+ cells (Fig. 4b). The re-
sults showed that GFP+-C6-2-scramble and GFP+-C6-2-
sh68 were observed at the areas within 2 mm from the
injected site. However, the quantitation of GFP fluores-
cence intensity analyzed at the four migratory intervals
between the injection site and the longest detectable
region (0–2 mm) indicated that GFP+-C6-2-sh68 cells
were largely accumulated at the injected region (Fig.
4b, arrows; 4C). GFP+-C6-2-sh68 cells located at the
distance of 1.5–2 mm from the injected site were much
less than GFP+-C6-2-scramble cel ls (Fig. 4c) .
Alternatively, we also conducted the experiments by im-
plantation of GFP+-C6-1-mock and GFP+-C6-1-MGP
cells into the brain slices and then examined their mi-
gration in the brain slice 4 days post injection (Fig. 4a).
Similar to the findings as stated above, these injected
GFP+-C6-1 cells were found at the injection site, and at
the regions 2 mm away from the injection site (Fig. 4d,
arrows). Interestingly, C6-1-MGP cells displayed a di-
rectional migratory pattern (Fig. 4d, arrowheads), where-
as the migration of C6-1-mock cells was random. After
a 4-day incubation, the farthest migration distance for
the implanted C6 cells was about 2 mm (Fig. 4e). The
amount of C6-1-MGP cells at the longer intervals (1.0–
1.5 and 1.5–2.0 mm) was much higher than that of C6-
1-mock cells (Fig. 4e). In addition, C6-1-MGP cells
remaining at the injection site were less than C6-1-
mock cells. These results further reveal that the

migration of C6-1-MGP cells was much faster than that
observed in C6-1-mock cells.

Furthermore, the implantation of C6-1-mock and C6-
1-MGP cells into the adult rat brain was performed. The
implanted C6-1-mock and C6-1-MGP cells around the
injected site were then examined by observing GFP+

cells at 7-dpi (Fig. 5a). Interestingly, the tumor size
formed by implanted C6-1-MGP cells at the injected
site was smaller than the one detected in C6-1-mock-
injected group, although the difference was not biosta-
tistical significant (Fig. 5b). C6-1-mock cells were
found scantly at the periphery of the tumor (Fig. 5c
(a), arrows), corpus callosum (Fig. 5c (b), arrows), and
subventricular zone (Fig. 5c (c), arrows). However, C6-
1-MGP cells were highly spread over the boundary of
the tumor site (Fig. 5c (d, e), arrows), migrated into the
corpus callosum (Fig. 5c (e), arrows), and invaded into
the subventricular zone (Fig. 5c (f), arrows). Notably,
accumulative C6-1-MGP cells were observed along the
ventricle (Fig. 5c (f), arrowheads). Thus, the results
demonstrate that the increased invasion and infiltrative
ability of C6-1 cells by MGP overexpression might
raise the risk of diffusive tumor generation.

Discussion

In this study, we show evidence that rat glioma cells
containing abundant expression of MGP (C6-2)
displayed a faster migratory activity than that observed
in the high proliferative glioma cells (C6-1) with a low-
er expression level of MGP. The results from in vitro
experiments demonstrate that the downregulation of
MGP expression reduced the cell motility of C6-2 cells,
whereas increased expression of MGP improved C6-1
cell migration and invasion. The observations using an
ex vivo brain slice model further confirm that the up-
regulation of MGP expression promoted the migration
of C6-1 cells under three-dimensional microenviron-
ment, whereas the downregulation of MGP expression
reduced C6-2 cell invasion in brain slice.

Altered Expression of MGP in Glioma Cell Proliferation

Despite that the association of MGP upregulation in the
poor prognosis of glioma and breast cancer has been
reported [24, 27], its involvement in tumor cell dynam-
ics (i.e., cell proliferation, migration, and survival) re-
mains obscure. The recent study has indicated that
microRNA-mediated repression of MGP expression in
MCF-7 breast tumor cell line induced MCF-7 cell pro-
liferation [34]. In contrast, our findings demonstrate that
the declined cell growth of C6-2 cells was caused by
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MGP downregulation through the shRNA-mediated ap-
proach. Thus, it is very likely that MGP effect on the
regulation of tumor cell proliferation is dependent on
cancer types. Nevertheless, we found that MGP overex-
pression in high proliferative C6-1 did not affect their
cell growth. In comparison with genes expressed in C6-
2 cells, C6-1 cells not only highly express molecules
associated with cell proliferation, but also produce cyto-
kines and chemokines abundantly [29]. Besides, it is
noted that MGP overexpression in C6-1 caused no sig-
nificant change in the expression of IL-6, IL-33,
CXCL12, and TGFβ2 (Fig. S2). These cytokines and
chemokines abovementioned have been reported to en-
hance glioma progression [29, 35, 36]. Thus, based on
the discrepancy of cell proliferation between C6-1 and
C6-2 cells, MGP effect on the promotion of glioma cell
proliferation remains arguable. Moreover, given that
GBM tumor consists of heterogeneous subpopulations
with dissimilar morphologies, self-renewal, and prolifer-
ative capacities [37], evidence provided in this study
indicates that the deregulation of MGP expression, in
general, could be insufficient to reduce glioma cell
proliferation.

MGP Function in Glioma Cell Migration

Similar to the findings that human astrocytoma cells
with high motility displayed a lower proliferative capa-
bility [11], we show here that MGP-enriched C6-2 cells
exhibiting less proliferative and tumorigenic activity
have higher migratory and invasion ability. Alike the
role of MGP in tumor cell proliferation, MGP function
in the cell migration and invasion of peripheral tumors
is debated. For instance, the inverse correlation of MGP
expression to tumor size, lymph-node metastasis, and
tumor grade has been reported in the renal cell carcino-
mas [21]. Moreover, it has been suggested that the loss
of MGP expression is associated with prostatic carcino-
ma progression and metastasis [21]. The recent findings
have shown that silence of MGP expression in breast
tumor cell line MCF-7 can increase MCF-7 cell inva-
sion [34]. However, in a mouse model, MGP has been
indicated to alter endothelial adhesion and trans-
endothelial migration in vitro, as well as promoted
in vivo osteosarcoma metastasis into the lung [38].
The observations regarding MGP expression in human
GBM specimens have evidently indicated that MGP ex-
pression is positively correlated to GBM grades [25,
27]. Although the transient inhibition of MGP expres-
sion in human glioma cell lines (U373fast, H4, and
U343MG) can reduce the migration and invasion of
these cell lines [27], it is not clear if decreased glioma
cell behavior can be prolonged by stably declined

expression of MGP. The distinct proliferative and migra-
tory capabilities of rat C6-1 and C6-2 glioma cells pro-
vide us advantageous useful cell models to further dis-
sect the function of MGP in the regulation of glioma
cell migration. The findings shown here that stably
MGP-KD in C6-2 cells suppressed their cell motility,
whereas MGP overexpression in C6-1 cells promoted
their cell migration and invasion. The structure of
filopodia and lamellipodia was rarely formed in C6-2
cells with MGP-KD, reflecting the observations showing
lower cell migration and invasion after MGP downreg-
ulation in C6-2 cells. Alternatively, the elongation fea-
ture of C6-1 cells receiving forced MGP overexpression
might be a cause of promoted cell migration and inva-
sion. In addition, the study using ex vivo brain slice has
shown that C6-1 cells with MGP overexpression
displayed in directed linear migration path and moved
toward longer distance than control cells did. We pres-
ent here that implantation of C6-1 cells with MGP over-
expression can form a smaller tumor in the rat brain at
7-day post implantation than the control group, although
it has a non-biostatistical difference. The in vitro find-
ings demonstrate again that the deregulation of MGP
expression did not alter the proliferation of C6-1 glioma
cells as discussed above. However, our in vitro,
ex vivo, and in vivo studies that clearly pointed to the
positive control of MGP in rat glioma cell migration
and invasion, suggest that the upregulation of MGP in

�Fig. 2 Downregulation of MGP suppresses the cell growth and
migration of rat glioma cells. a Total RNA isolated from C6-2-scramble
(S) and C6-2 cells infected by lentivirus particles againstMGP expression
(sh58, sh68, sh122, sh225) were subjected to QPCR for the determination
ofMGP gene knockdown (KD). b Total proteins were extracted fromC6-
2-scramble (S) and C6-2 cells infected by lentivirus particles against
MGP expression (sh58, sh68, sh122, sh225), and then subjected to
Western blot analysis to examine the inhibition of MGP production.
The equal level of GAPDH proteins is referred as a loading control. c
The cell growth of C6-2-scramble (S), C6-2-sh68, and C6-2-sh122 in
serum containing medium was examined by MTT assay at the indicated
time points. d C6-2-scramble (S), C6-2-sh68, and C6-2-sh122 were seed-
ed at the density of 200 cells/well onto a 6-well plate. The number of the
colony formation in these cultures was counted at 7 day after seeding. e
C6-2-scramble, C6-2-sh68, and C6-2-sh122 reached confluence in 10%
FBS-containing medium, the cultures were subjected to cell scratch mi-
gration assay in serum-free medium (left hand panel). The representative
images shown in the left hand panel were taken from the cultures at the
initial time point, and 12 or 36 h after cell scratching. The quantification
of the area of wound closure was conducted as described in the BMaterials
andMethods^ section. fC6-2-scramble, C6-2-sh68, andC6-2-sh122 cells
were plated onto the upper side of the transwell insert filters for cell
invasion. After 6 h, the cells that migrated to the bottom side of the filter
were counted (left hand panel). The quantification of the invaded cells
was counted as described in the BMaterials and Methods^ section. Data
are presented as mean ± SEM of at least three independent experiments.
*p < 0.05, p*** < 0.001 versus C6-2-scramble. Scale bar in e and f,
200 μm
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high proliferative glioma cell population may enhance
intracranial migration and cause poor prognosis. Thus,

the identification of this glioma cell subpopulation in
human GBM tissues can allow us to precisely determine
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Fig. 3 Upregulation of MGP promotes the cell migration and invasion of
rat glioma cells. a Total RNA isolated from C6-1 infected by lenti-bsd (C6-
1-mock) and C6-1 infected by lentivirus particles containing MGP cDNA
(C6-1-MGP) was subjected to QPCR for the determination of MGP ex-
pression. b Total proteins were extracted from C6-1-mock and C6-1-MGP,
and subjected to Western blot analysis to examine MGP production. The
equal level of GAPDH proteins is referred as a loading control. c The cell
growth of C6-1-mock and C6-1-MGP cells in 10% FBS-containing medi-
umwas examined byMTTassay at the different time points after seeding. d
C6-1-mock and C6-1-MGP cells were seeded at the density of 200 cells/
well onto a 6-well plate. The number of the colony formation in the cultures
was counted at 7 day after seeding. e C6-1-mock and C6-1-MGP cells

reached confluence in 10% FBS-containing medium, the cultures were
subjected to cell scratch migration assay in serum-free medium. The repre-
sentative images shown in the upper panel were taken from the cultures at
the initial time point, and 12 or 36 h after cell scratching. The quantification
of the area of wound closure was conducted as described in the BMaterials
and Methods^ section. f C6-1-mock and C6-1-MGP cells were plated onto
the upper side of the transwell insert filters for cell invasion. After 6 h, the
cells that migrated to the bottom side of the filter were counted (upper
panel). The quantification of the invaded cells was counted as described
in the BMaterials andMethods^ section. Data are presented as mean ± SEM
of three independent experiments. *p < 0.05, ***p < 0.001 versus C6-1-
mock. Scale bar in e and f, 200 μm
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if MGP is a potential promising target for anti-glioma
progression and recurrence.

Factors in the Regulation of MGP Expression

MGP expression has been detected in human GBM-
derived tumor cell population with enriched expression
of inhibitor of differentiation/DNA binding 4 (Id4) that
was highly produced in human GBM and promoted an-
giogenesis in glioma xenografts [26]. It has been also

addressed that elevation of MGP expression was in-
volved in Id4-mediated glioma cell proliferation and
Id4-induced angiogenesis [26]. Those results show the
positive correlation of Id4 expression with MGP pro-
duction, and point to its regulatory roles in glioma pro-
gression by promoted angiogenesis. Yet, based on our
observation that Id4 expression in C6-2 cells is at a
much lower level than C6-1 cells (Fig. S3A), the regu-
lation of MGP expression in C6-2 cells is Id4-irrelevant.
Others have shown that MGP can be upregulated by

Fig. 4 Upregulation of MGP promotes cell migration of rat glioma cells
on ex vivo brain slices. a C6-2 (C6-2-scramble or C6-2-sh68) or C6-1
(C6-1-mock or C6-1-MGP) cells expressing GFP were injected into the
region nearby the corpus callosum (CC) of rat brain slices (a, upper
panel). The migratory cells were analyzed in the four indicated regions
(500 μm × 500 μm at each interval) from the injected site. The diagram
containing the procedure of ex vivo experiments illustrates that cells were
implanted into the brain slices at 2 days after slice preparation, and then
maintained in the culture for another 4 days. b At 6-day post slice prep-
aration, the brain slices were fixed and then subjected to GFP immuno-
fluorescent staining for the examination of C6-2 (C6-2-scramble or C6-2-
sh68) cells (green) under a fluorescence microscope. c The quantification
of GFP immunofluorescent intensity in each indicated region was

conducted as described in the BMaterials and Methods^ section. d The
implanted GFP+ C6-1-mock and GFP+ C6-1-MGP cells (green) were
investigated under a fluorescence microscope. e The quantification of
GFP immunofluorescent intensity in each indicated region was conduct-
ed. The representative images shown in b and d were taken from one of
three repeated brain slices. Arrows in b and d indicate the cells migrated
away from the implanted size (open arrows). Arrowheads in b and d
show the track of the directional migration. The results in c and e are
represented as the arbitrary units of GFP fluorescence intensity along the
four distance intervals. Data are presented as mean ± SEM of three inde-
pendent brain slices. #,*p < 0.05, p*** < 0.001 versus C6-2-scramble or
C6-1-mock. Scale bar in b and d, 50 μm
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bone morphogenetic protein 4 (BMP-4) in bovine aortic
endothelial cells (BAEC) in TGFβ-dependent pathway
[39]. Since TGFβ and BMP-4 gene expression was sig-
nificantly higher in C6-1 cells than that of C6-2 cells
(Fig. S3B), TGFβ and BMP-4 control mechanism for
the regulation of MGP expression cannot explain the
fact that abundant expression of MGP was detected in
C6-2 cells, but not in C6-1 cells. Thus, the discrepancy
of MGP expression levels in C6-1 and C6-2 cells might
be due to the complex regulatory pathways induced by
the distinct multiple intrinsic factors in these two cell
lines. In addition, molecular mechanisms responsible for
MGP expression in rodent glioma cells might be very
different from the ones defined in human cells or hu-
man GBM-derived tumor cells as described above.
Nevertheless, further evidence is needed to identify the
regulatory roles of the abovementioned factors in glioma
MGP expression.

Conclusions

Our study shows evidently that MGP expressing in rat glioma
cells contribute to the positive control of tumor cell migratory
ability. In conjunction with clinical relevance of increased

MGP expression within higher grade glioma, our study sug-
gests that the upregulated level of MGP in the highly prolif-
erative rat glioma cell model can enhance glioma cell migra-
tion both in vitro and in vivo. This finding sheds light on the
impor tance of the character iza t ion of MGPhigh /
proliferativehigh glioma subpopulations in GBM specimens,
which could be as a novel therapeutic target for anti-glioma
infiltration to gain more effective tumor eradication.
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