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Abstract Previous studies reported that miR-29c is sig-
nificantly downregulated in several tumors. However, little
is known about the effect and molecular mechanisms of
action of miR-29¢ in human glioma. Using quantitative
RT-PCR, we demonstrated that miR-29¢ was significantly
downregulated in glioma cell lines and human primary
glioma tissues, compared to normal human astrocytes and
matched non-tumor associated tissues (P < 0.05, xz test).
Overexpression of miR-29¢ dramatically reduced the pro-
liferation and caused cessation of cell cycle. The reduced
cell proliferation is due to G1 phase arrest as cyclin D1 and
cyclin E are diminished whereas p27 and p21 are upregu-
lated. We further demonstrated that miR-29¢ overexpres-
sion suppressed the glioma cell migration and invasion
abilities by targeting MMP-2. In addition, we also found
that overexpression of miR-29¢ sharply inhibited angio-
genesis, which correlated with down-regulation of VEGF.
The data indicate that miR-29¢ may be a tumor suppressor
involved in the progression of glioma.
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Introduction

Gliomas are the most common malignancies of the central
nervous system in humans. Based on the histopathological
and clinical criteria established by World Health Organi-
zation, glioblastoma belongs to grade IV that originates
from poorly differentiated astrocytes [1]. Despite major
therapeutic improvements made by combining neurosur-
gery, chemotherapy, and radiotherapy, the prognosis and
survival rate for patients with glioblastoma is still extre-
mely poor [2]. The poor prognosis of glioblastoma is lar-
gely attributed to their rapid growth, invasive/migratory,
and high rate of recurrence [3]. Therefore, how to prolong
the survival time of patients of glioblastoma is an urgent
problem we are facing. The recent study of miRNAs brings
us possibilities for the treatment of human glioblastoma.
MicroRNAs (miRNAs) are small, non-coding 21-23
nucleotide RNAs which regulate gene expression by binding
to the 3’-untranslated regions of their target mRNA mole-
cules, to repress transcription or induce mRNA degradation
[4]. MiRNAs have been showed to play important role in a
wide variety of oncogenic activities, such as proliferation,
invasion, angiogenesis and metastasis [5]. Recently studies
have been suggested that the expression of many miRNAs
are deregulated in a variety of cancers, including glioblas-
toma [6-11]. Using genome-wide approaches have revealed
that miRNAs, such as miR-7, miR-124, miR-128, miR-221/
222, and miR-21, are globally dysregulated in glioma [12-
15]. MiR-29c is the member of miR-29 family composed of
miR-29a, -29b and -29c. Downregulation of miR-29c has
been reported in various human malignancies including
nasopharyngeal carcinoma [16, 17], bladder transitional cell
carcinoma [18], esophageal cancer [19], chronic lympho-
cytic leukemia [20], gastric cancer [21], cervical cancer [22],
hepatocellular carcinoma [23] and cutaneous melanoma
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[24]. In addition, a number of studies have demonstrated that
deregulation of miR-29¢ expression is involved in the initi-
ation and progression of cancer by affecting tumor cell
function, including growth, invasion, metastasis and anti-
apoptosis. However, the expression of miR-29¢ in human
glioma patients, and its functions in human glioma cells, as
well as the molecular mechanisms by which miR-29c exerts
its functions, has not been fully understood.

In the present study, we report that miR-29¢ was sig-
nificantly downregulated in glioma cells and clinical gli-
oma tissues, compared to normal human astrocytes (NHA)
and non-tumor associated tissues. Moreover, we observed
that enforced overexpression of miR-29c inhibited glioma
cell proliferation, invasion, migration and angiogenesis
abilities. In addition, we investigated the molecular
mechanisms underlying miR-29¢ actions in glioma cells.

Materials and methods
Cell lines and human tissue samples

Primary NHA were purchased from the Sciencell Research
Laboratories (Carlsbad, CA, USA) and cultured under the
conditions as instructed by the manufacturer. Human gli-
oma cell lines (U251, U87, T98G, A172, SHG44) were
purchased from the Institute of Biochemistry and Cell
Biology, Chinese Academy of Science. All glioma cells
were cultured in DMEM supplemented with 10 % fetal
bovine serum (Invitrogen, Shanghai, China) at 37 °C in
5 % CO,. Ten paired glioma tissues and adjacent non-
tumor tissues from the same patients were obtained from
the Department of Neurosurgery, the affiliated hospital of
Xuzhou Medical College.

MiRNA transfection

The has-miR-29¢ mimic and has-miR-negative control
(miR-NC) were purchased from GenePharma (Shanghai,
China). Cells at 50-70 % confluence were transfected
using lipofectamine reagent (Invitrogen, Shanghai, China).
Transfection complexes were prepared according to the
manufacturer’s instructions. The final concentration of
miR-29¢ mimic or miR-NC for the transfection was
40 nmol/L.

RNA extraction and real-time quantitative PCR

Total miRNA from cultured cells and fresh surgical glioma
tissues was extracted using the mirVana miRNA Isolation
Kit (Ambion, Austin, TX, USA) according to the manu-
facturer’s instructions. cDNA was synthesized from 5 ng of
total RNA using the TagMan miRNA reverse transcription
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Kit (Applied Biosystems, Foster City, CA), and the
expression levels of miR-29c were quantified using miR-
NA-specific TagMan MiRNA Assay Kit (Applied Biosys-
tems) on the Applied Biosystems 7500 Sequence Detection
System. Relative quantification of miRNA expression was
calculated with the 272" method [25] and analyzed ini-
tially using Opticon Monitor Analysis Software V2.02
software (MJ Research, Waltham, MA, USA), normalized
to the expression of U6.

Western blot analysis

Western blotting analysis was performed according to
standard methods as previously described [26], using anti-
Cyclin D1, anti-Cyclin E, anti-p27, anti-p21, anti-MMP-2,
anti-VEGF antibodies (all from Cell Signaling Technology,
Danvers, MA, USA). The membranes were stripped and re-
probed with an anti-B-actin antibody (Zhongshan Biotech,
Beijing, China) as a loading control.

Cell proliferation assay

Cell proliferation was analyzed using a WST-8 Cell Count-
ing Kit-8 (Beyotime, Nantong, China); 3 x 10% cells sus-
pended in 100 pL DMEM medium containing 10 % fetal
bovine serum were seeded in 96-well plates and incubated
for 24, 48,72 and 96 h; 10 pL CCK-8 solution was added to
each well and the cultures were incubated at 37 °C for 1 h.
Absorbance at 450 nm was measured on an ELX-800
spectrometer reader (Bio-Tek Instruments, Winooski, USA).

Migration assay

Cell migration was determined by using a modified two
chamber migration assay with a pore size of 8 um. For
migration assay, 1 x 10’ cells were seeded in serum-free
medium in the upper chamber. After 12 h incubation at
37 °C, cells in the upper chamber were carefully removed
with a cotton swab and the cells that had traversed the
membrane were fixed in methanol, stained with Giemsa
and photographed in five independent x200 fields for each
well.

Invasion assay

Cell invasion was assessed by matrigel precoated Trans-
well inserts (8.0 um pore size with polyethylene tere-
phthalate membrane) according to the manufacturer’s
protocol. To assess invasion, filters were precoated with
30 pL of 5 mg/mL matrigel (BD Biosciences, NJ, USA).
1 x 10° cells were seeded in serum-free medium in the
upper chamber. After 24 h incubation at 37 °C, cells in the
upper chamber were carefully removed with a cotton swab
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and the cells that had traversed the membrane were fixed in
methanol, stained with Giemsa and photographed in five
independent x200 fields for each well.

HUVEC growth and tube-formation assay

For HUVEC growth assay, 2 x 10* HUVECs suspended in
100 pL conditioned medium from either negative control
cells or miR-29¢ overexpressed cells. HUVECs were see-
ded at a density of 2 x 10* in a 96-well culture plate and
incubated at 37 °C in a humidified atmosphere containing
5 % CO, for 24 h. Then, cell proliferation was detected
according to the CCK-8 manufacturer’s instructions. For
tube-formation assay, U251 and U87 cells were cultured in
6-well plate with fresh complete medium for 24 h, and the
medium was collected and centrifuged to remove any cells
debris before its use as a conditioned medium. 48-well
plate was coated with Matrigel and kept in 37 °C for
30 min. Then, 2 x 10* HUVECs were suspended in
100 pL conditional medium and applied to the pre-coated
48-well plate. After incubation at 37 °C for another 24 h,
the number of capillary-like tubes from three randomly
chosen fields was counted.

Gelatin zymography

5 x 10° cells were seeded in 6-well plate for 24 h and
transfected with the miR-29¢ and negative control mimic.
Thereafter, cells were incubated in serum-free for an addi-
tional 24 h. Then performed as described previous [27].

ELISA assay for VEGF

The protein levels of VEGF in the supernatant were mea-
sured using the Quantikine human VEGF ELISA kit
(NeoBioscience, Shanghai, China) according to the man-
ufacturer’s instruction. In brief, the cells were seeded in
6-well plates and cultured to 90 % confluence, and then
cells were switched to fresh medium. The supernatants
were collected and the number of cells in each well was
counted after 24 h. VEGF in the supernatant (100 pL) was
determined, and normalized to the cell number. A serial
dilution of human recombinant VEGF was included in each
assay to obtain a standard curve.

Statistical analysis

All experiments were performed three times, and data were
analyzed with SPSS 16.0 software (SPSS, Chicago, IL).
The two-tailed Student’s ¢ test was used to evaluate the
significance of the differences between two groups of data
in all pertinent experiments; Differences were considered
significant when P < 0.05.

Results

MiR-29c is decreased in glioma cell lines and glioma
tissues

Real-time PCR analyses showed that expression of miR-
29c was markedly lower in all five analyzed glioma cell
lines, including U251, U87, T98G, A172, SHG44, as
compared with that in NHA (Fig. 1a). To determine
whether the miR-29¢ downregulation in glioma cell lines
is also clinical relevant, we further examined the miR-
29c expression in ten paired glioma tissues and adjacent
non-tumor tissues from the same patients. As shown in
Fig. 1b, comparative analysis showed that expression
level of miR-29c was also reduced in all ten examined
tumor tissues as compared to that in paired adjacent non-
tumor tissues. Collectively, our results suggest that miR-
29c is decreased in glioma. Interestingly, we also found
miR-29a and miR-29b is decreased in glioma cell lines
and glioma tissues, respectively (Supplementary Figs. S1,
S2).
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Fig. 1 Analysis of miR-29¢ expression in glioma cell lines and
tissues. a Real-time analysis of miR-29¢ expression in normal human
astrocytes NHA and glioma cell lines, including U251, U87, T98G,
A172, SHG44. The average miR-29c expression was normalized to
U6 expression. b The expression of miR-29¢ was examined in paired
primary glioma tissues (T) and glioma adjacent non-tumor tissues
(ANT) from ten individual patients. The average miR-29¢ expression
was normalized to U6 expression. Each bar represents the mean of
three independent experiments. *P < 0.05
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MiR-29c overexpression inhibits glioma cells
proliferation and cell cycle

To investigate the biological role of miR-29¢ in glioma
progression, we first transiently transfected miR-29c and
miR-NC into U251 and US87 glioma cells. 24 h after
transfection, cells were harvested for real-time PCR or
subjected to cell proliferation. Real-time PCR results
confirmed significant increase of miR-29c in either U251
or U87 cells transfected with miR-29c mimic (Fig. 2a).
CCK-8 cell proliferation assays revealed that cell growth
was reduced in miR-29c-transfected U251 and U87 cells
compared with miR-NC-transfected control cells (Fig. 2b,
).

To determine if the reduced cell proliferation of miR-
29c overexpressed cells is due to cell cycle arrest, we
performed flow cytometry analysis. The results showed
that overexpression of miR-29c in either U251 or U87 cells
resulted in an increase of cell population at G1 phase
(Fig. 2d, e). Moreover, immunoblot analysis showed
increased p21 or p27 expression but decreased levels of
cyclin D1 or cyclin E in glioma U251 and U87 cells that
overexpression of miR-29¢ (Fig. 2f, g).

MiR-29c overexpression inhibits glioma cells
migration, invasion and MMPs activity

Then, we investigated the role of miR-29c in glioma cells
migration and invasion. The results of cell migration assay
showed that overexpression of miR-29c decreased cells
migration ability of U251 and U87 cells by 49 and 47 %,
respectively (Fig. 3a, b). Furthermore, overexpression of
miR-29c¢ inhibited the invasion ability of U251 and U87
cell by 77 and 61 %, respectively (Fig. 3c, d).

Since MMPs play a crucial role in cell migration and
invasion, we then carried out the zymography assay to
compare the activity of MMPs in miR-29c-overexpressing
and control cells. As shown in Fig. 3e, MMP-2 gelatino-
lytic activity was dramatically decreased in miR-29c-
overexpressing U251 and US87 cells compared with the
control cells, respectively. Then, we performed Western
blot to examine the MMP-2 expression in glioma cells.
Western blot results showed that MMP-2 protein level was
sharply decreased after miR-29c overexpressed in U251
and U87 cells (Fig. 3f).

Expression of miR-29c¢ in glioma cells inhibited growth
and tube formation of human umbilical vein endothelial
cells and VEGF activity

To further determine the effect of miR-29¢ overexpression

on angiogenic potential of human glioma cells, the angio-
genic potential of the supernatant of U251 and U87 cells
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transfected with miR-NC or miR-29c were determined by
human umbilical vein endothelial cells (HUVECs) growth
assay and tube formation assay. The growth of HUVECs in
conditioned medium from miR-29c-overexpression U251
and U87 cells was inhibited by 55 and 62 %, respectively,
when compared with the corresponding negative control
(Fig. 4a, b). The average number of complete tubular
structures formed by HUVECs was significantly decreased
by 72 and 68 % in conditioned medium from miR-29c-
overexpressing U251 and U87 compared with negative
control cells, respectively (Fig. 4c, d).

To investigate the mechanism of miR-29c regulating
angiogenesis, we performed Western blot and ELISA to
detect the VEGF levels in glioma cells. Our data showed
that overexpression of miR-29¢ was dramatically reduced
VEGEF protein level in U251 and U87 cells (Fig. 4e). A
significant inhibition in VEGF secretion was observed in
conditioned medium from U251 and U87 cells after over-
expression of miR-29¢c (Fig. 4f).

Discussion

MiRNAs function as post-transcriptional gene regulators in
regulating various physiological and pathological events.
MiRNAs abnormalities are thought to play important roles
in cancer development [4]. Recent studies have showed
that many miRNAs are down-regulated in tumors when
compared to normal tissues [28]. Several recent studies
have demonstrated that the expression of miRNAs is
deregulated in gliomas. Ciafre et al. [11] examined the
alterations of 245 miRNAs in World Health Organization
grade IV GBM, in which miR-221 was up-regulated,
whereas miR-128, miR-181a, miR-181b, and miR-181c
were down-regulated in the GBM specimens. Chan et al.
[29] showed that expression of miR-21 was markedly up-
regulated in primary GBMs and glioma cell lines compared
with normal brain tissues and nontumor glial cells. In
contrast, miR-124 and miR-137 were found to be signifi-
cantly decreased in grade IIl GBMs compared with adja-
cent nontumor brain tissues [30]. Additionally, miR-128,
miR-181a, miR-181b, and miR-451 were also found to be
down-regulated in glioma tissues and glioma cell lines
compared with normal brain tissues [31-33]. These find-
ings suggest that miRNAs are involved in glioma devel-
opment and progression. The key finding of the current
study is that miR-29c expression is markedly downregu-
lated in glioma cells and clinical glioma tissues as com-
pared to NHA and normal brain tissues (Fig. 1). Consistent
with previous studies, miR-29¢ has been reported to be
downregulated in a variety of different tumor types
including nasopharyngeal carcinoma [16, 17], bladder
transitional cell carcinoma [18], esophageal cancer [19],
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Fig. 2 Overexpression of miR-
29c reduces glioma cell
proliferation in vitro. a 24 h
after transfection, the expression
of miR-29¢ in U251 and U87
glioma cells was evaluated by
quantitative RT-PCR. b, ¢
CCK-8 assays revealed that
upregulation of miR-29¢
reduced cell proliferation of
U251 and U87 glioma cells,
compared to negative (NC)-
transfected cells. d, e
overexpression of miR-29¢ in
U251 and U87 cells resulted in
an increase of cell population at
G1 phase by flow cytometry
analysis. f, Western blot
analysis of the relative protein
of cyclin D1 cyclin E, p21 and
p27 in miR-29c overexpression
and NC group of U251 and U87
cells. B-Action was used as a
whole cell protein loading
control. g, Quantitative analysis
of relative protein level of
cyclin D1, cyclin E, p27 and
p21 in glioma U251 and U87
cells. All experiments were
carried out in triplicate. Data are
shown as mean + SE.
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cancer and facilitating the tumorigenesis. This mechanism
might be a cause to leading to downregulated expression of
miR-29c¢ in glioma. However, further studies will be nee-
ded to clarify these issues.

Uncontrolled cell proliferation is a hallmark of cancer.
Studies showed that cancer cells ignore antigrowth signals
to progress through G1 phase [35]. In gastric carcinoma
cell, miR-29c has been shown to suppress cell proliferation
by regulating progression of cell cycle [21]. The develop-
ment of a tumor requires both the activation of oncogenes
and the inactivation of tumor suppressor genes, which
triggers the uncontrolled proliferation of cancer cells and
prevents cancer cell apoptosis. We found that the ability of
cell proliferation was drastically decreased after miR-29¢
overexpression in glioma cells, which is due to inhibition
of cell cycle progression by arresting cell cycle at Gl
phase, but not inducing apoptosis (Fig. 1b—e; Supplemen-
tary Fig. S3). Cell cycle progression is strictly controlled
by cyclins and cyclin-dependent kinase (CDK) inhibitors
[36]. Since the cyclins (cyclin DI, cyclin E) and CDK
inhibitors (p27, p21) play key roles in G1/S phase transi-
tion during cell cycle progression [37]. Our data showed
that overexpression of miR-29c increased p27 and p21
expression, which may result in glioma cells to arrest at G1
phase (Fig. 2e). Meanwhile, miR-29¢c overexpression
decreased expression of both cyclin D1 and cyclin E
(Fig. 2f). This might be due to the elevated expression of
p27 and p21 which inhibits the expression of cyclins. Our
finding is consistent with Ding et al. [38] who found that
miR-29¢ induced cell cycle arrest in esophageal squamous
cell carcinoma by modulating the expression of cyclin E.

Glioblastomas are able to not only proliferation but also
invade the surrounding brain tissue, leading to very poor
prognosis for patients suffering from glioma [39]. Previous
studies demonstrated that ectopic expression of miR-29¢c
inhibited nasopharyngeal carcinoma cell migration and
invasion in vitro and suppressed the formation of lung
metastases in vivo [17]. In this study, our data showed that
reintroduction of miR-29¢ dramatically repressed the
migration and invasion of glioma cells in vitro (Fig. 3a—d).
MiR-29c has been reported to affect motility and migration
through inhibiting the expression of ECM proteins in pre-
vious study [16]. Matrix metalloproteinase (MMPs) are a
family of zinc-dependent endopeptidase that are capable of
degrading components of the ECM, allowing cancer cells
to migrate and invade [40]. To determine how miR-29c
inhibits glioma cells migration and invasion, we focused on
elucidating the relationship between miR-29C and MMPs.
Here, we found that miR-29¢ overexpression significantly
suppressed the expression and bioactivities of MMP-2 in
glioma U251 and U87 cells (Fig. 3e, f). MMP2 is thought
to be key enzymes involved in the degradation of type IV,
which is a component of the ECM [41]. High levels of
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MMP2 in tissues are associated with tumor cell invasion,
including glioma [42]. Hence, our studies indicate that
miR-29¢c may suppress glioma cell invasion and migration
by decreasing MMP-2 protein expression and enzyme
activity. However, it remains to be elucidated how miR-
29c regulates MMP-2 expression and activity and its signal
pathway to regulate glioma cell invasion.

Tumor growth and metastasis formation depends on an
adequate blood supply. As neoplasms grow larger, blood
supply to the tumor is often ensured by new vessel for-
mation, a process termed angiogenesis [43]. Tumor cells
produce angiogenesis inducers, represented by vascular
epithelial growth factors (VEGF), which play a crucial role
in endothelial survival, proliferation and new vessel
sprouting [44]. In the present study, we found that miR-29¢
inhibited HUVECs growth and tube formation in vitro
(Fig. 4a—d). Then, we detected the expression and secretion
of VEGF after miR-29¢ overexpression. Our data showed
that VEGF expression and secretion was decreased by
restoration of miR-29c (Fig. 4e, f). These results suggested
that miR-29c suppresses blood vessel formation by regu-
lating VEGF secretion.

In summary, we demonstrated that miR-29¢ plays an
important role in human glioma pathogenesis. Decreased
miR-29¢ expression may contribute to tumor progression
by enhancing cell proliferation, invasion, migration and
angiogenesis. Our results imply that targeting of the miR-
29c pathway may constitute a potential treatment modality
for glioma.
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