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Glioblastoma (GBM) is one of the most common and aggressive primary brain tumors in
adults. Deregulated expression of microRNAs (miRNAs) has been associated with GBM pro-
gression through alterations in either oncogenic or tumor suppressor targets. Here, we
elucidated the function and the possible molecular mechanisms of miR-449a in human
GBM cell lines and tumor specimens-derived glioblastoma stem cells (GSCs). Quantitative
real-time PCR demonstrated that miR-449a was down-regulated in human GBM cell lines
and GSCs. Functionally, miR-449a acted as a tumor suppressor by reducing cell prolifera-
tion, migration and invasion as well as inducing apoptosis in human GBM cell lines and
GSCs. Myc-associated zinc-finger protein (MAZ) was identified as a direct target of miR-
449a, mediating these tumor-suppressive effects, demonstrated by Western blot assay
and luciferase assays. Moreover, over-expression of miR-449a inhibited the expression of
Podoplanin (PDPN) by down-regulating MAZ which could positively control the promoter
activities via binding to the promoter of PDPN, demonstrated by luciferase assays and chro-
matin immunoprecipitation assays. Further, the PI3K/AKT pathway was blocked when
MAZ was down-regulated by miR-449a. This process was coincided with the up-
regulation of apoptotic proteins and the down-regulation of anti-apoptotic proteins,
MMP2 and MMP9. Furthermore, nude mice carrying over-expressed miR-449a combined
with knockdown MAZ tumors produced the smallest tumors and the highest survival.
These results elucidated a novel molecular mechanism of GBM progression, and may
thus suggest a promising application for GBM treatment.
© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Glioblastoma (GBM) is one of the most common and aggres-
sive primary brain tumors in adults (Ostrom et al., 2013).
Despite advances in clinical therapies and technologies, the
outcome of patients diagnosed with GBM has shown only
marginal improvement over the past several decades with a
median survival of only 15 months (Ohgaki, 2009; Stupp
et al., 2007). The deadly nature of GBM originated from its
rapid diffusely infiltrative growth and the inherent complexity
of the tumor (Furnari et al., 2007). Glioblastoma stem cells
(GSCs) are a neoplastic subpopulation within GBMs that is
highly tumorigenic and responsible for therapy resistance
and poor survival rate (Bao et al., 2006; Chen et al., 2012b;
Hadjipanayis and Van Meir, 2009; Liu et al., 2014a; Zhou
et al., 2009). GSCs have capabilities of neurosphere formation,
self-renewal, multipotency of differentiation and initiation of
tumors (Alcantara Llaguno et al., 2009; Lee et al., 2006; Singh
et al., 2003, 2004). Therefore, researches on the molecular
mechanisms relating the oncogenic effects of GSCs become
urgent missions, which may improve the GBM treatment.

MicroRNAs (miRNAs) are small non-coding RNAs that
regulate gene expression by targeting mRNA for deregulation
or translational repression (Bartel, 2004). MiRNAs are involved
in both physiological and pathological events including prolif-
eration, migration, invasion and apoptosis (Calin and Croce,
2006; Croce, 2011; Pasquinelli et al., 2005). There was ample ev-
idence that miRNAs have regulatory functions in GBM pro-
gression (Kim et al., 2011). MiR-663 was found to inhibit the
proliferation and invasion of glioblastoma cells in vitro and
in vivo by directly targeting PIK3CD, and predicted better prog-
nosis in human GBM (Shi et al., 2014). However, miR-148a
exerted oncogenic effects by regulating BIM and MIG6, and
inversely correlates with patient survival (Kim et al., 2014).
In addition, a number of studies have highlighted the impor-
tant roles of miRNAs in GSCs (Brower et al., 2014). MiR-34a
have been shown to be down-regulated in GSCs, and sup-
pressed cell proliferation and tumor growth by targeting Akt
and Wnt signaling pathways (Guessous et al., 2010; Rathod
et al., 2014). However, miR-330 enhanced the malignant be-
haviors of GSCs by targeting SH3GL2 via the activation of
ERK and PI3K/AKT signaling pathways (Yao et al., 2014). Taken
together, aberrant expressions of miRNAs and its specific
target gene in GBM cells and GSCs were associated with the
initiation and development of GBM. However, the miRNAs
and their mechanisms in the regulation of GBM and GSCs still
need to be well documented.

MiR-449a has shown tumor suppressive effects in several
types of cancer, including prostatic carcinoma (Noonan
etal., 2009), lung cancer (Ren et al., 2014) and endometrial can-
cer (Ye et al.,, 2014). MiR-449a also acted as a tumor suppressor
in hepatocellular carcinoma cells by targeting c-MET, promot-
ing apoptosis and reducing proliferation (Buurman et al,
2012). In addition, miR-449a directly targeted lymphoid
enhancer-binding factor-1 which in turn reduces Sox 9
expression leading to the proper regulation of the differentia-
tion and chondrogenesis of human bone marrow-derived
mesenchymal stem cells (Paik et al., 2012). These evidences
showed that miR-449a played a tumor-suppressive role in

most cancers even in the stem cells, but whether miR-449a ex-
erts tumor-suppressive functions in human GBM and GSCs
needs to be explored urgently.

In this study, we provided functional evidence that miR-
449a exerted tumor-suppressive functions in human GBM
cell lines and tumor specimens-derived GSCs. Mechanisti-
cally, over-expression of miR-449a impaired the oncogenic
abilities by targeting Mpyc-associated zinc-finger protein
(MAZ), and additionally lead to the down-regulation of Podo-
planin (PDPN) and the inactivation of PI3K/AKT pathway.
These results elucidated a novel molecular mechanism of
GBM progression, and may thus suggest a promising applica-
tion for GBM treatment.

2. Materials and methods
2.1. Cell culture and human tissue specimens

Human GBM cell lines (U87 and U251) and human embryonic
kidney (HEK) 293T cells were obtained from Shanghai Insti-
tutes for Biological Sciences Cell Resource Center, grown in
Dulbecco’s Modified Eagle Medium (DMEM) of high glucose
with 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA,
USA). Human normal astrocytes were purchased from the
ScienCell Research Laboratories (Carlsbad, CA, USA),
cultured according to the instruction of the manufacturer.
All cells were incubated in a humidified air at 37 °C with 5%
CO,. Glioma tissues and normal brain tissues (NBTs) were ob-
tained from patients at the Shengjing Hospital of China Med-
ical University. After surgical resection, part of the fresh
glioma tissues were sent for routine neuropathological eval-
uation, and the other parts were frozen in liquid nitrogen or
used for subsequent experiments. Informed consent was ob-
tained from all patients and the study was approved by the
Ethics Committee of Shengjing Hospital of China Medical
University. Grading of tumors was identified according to
WHO classification by neuropathologists.

2.2. Isolation and identification of GSCs

GSCs were isolated from GBM tissues (GBMs) as described pre-
viously (Bao et al., 2006; Singh et al., 2003), and were resus-
pended in DMEM/F-12 medium (Life Technologies
Corporation, Grand Island, NY, USA) supplemented with basic
fibroblast growth factor (bFGF, 20 ng/ml, Life Technologies
Corporation, Carlsbad, CA, USA), epidermal growth factor
(EGF, 20 ng/ml, Life Technologies Corporation, Gaithersburg,
MD, USA) and 2% B27 (50x, Life Technologies Corporation,
Grand Island, NY, USA). Sphere cells were dissociated and
planted in 96-well plates for the limiting dilution assay and
primary sphere formation assay, as described by Singh et al.
(Singh et al.,, 2003). For differentiation assay, sphere cells
were plated onto glass coverslips coated with poly-L-ornithine
(BD Biosciences, Franklin Lakes, NJ, USA) in medium with 10%
FBS. For immunostaining of undifferentiated spheres, cells
were stained with antibodies against Nestin and CD133 (also
known as prominin-1) (1:100, Santa Cruz Biotechnology, Santa
Cruz, CA, USA). For immunostaining of differentiated spheres,
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cells were stained with antibodies against GFAP (1:100,
Abcam, Cambridge, MA, USA) and beta-tubulin III (1:100, Santa
Cruz Biotechnology, Santa Cruz, CA, USA). The primary anti-
bodies complexes were visualized using anti-rabbit Alexa
Fluor 488 and anti-mouse Alexa Fluor 555 secondary anti-
bodies (Beyotime Institute of Biotechnology, Jiangsu, China).
Nuclei were counterstained using 4/, 6-diamidino-2-
phenylindole (DAPI).

2.3. Reverse transcription and quantitative real-time
PCR (qRT-PCR)

Total RNA was isolated from cells using Trizol reagent (Life
Technologies Corporation, Carlsbad, CA, USA). We used Tag-
Man MicroRNA Reverse Transcription kit and High Capacity
cDNA Reverse Transcription Kit for miRNA and mRNA
reverse transcription, respectively (Applied Biosystems, Fos-
ter City, CA, USA). Quantitative real-time PCR (QRT-PCR) was
conducted using TagMan Universal Master Mix II with Taqg-
Man microRNA assays of miR-449a and U6 or TagMan gene
expression assays of MAZ and GAPDH (Applied Biosystems,
Foster City, CA, USA). U6 and GAPDH were used as endoge-
nous controls for miRNA and gene expressions, respectively.
Expression were normalized to endogenous controls and fold
changes were calculated using relative quantification (2 4%
method.

2.4. Cell transfections

MiR-449a agomir, miR-449a antagomir and their respective
non-targeting sequence (negative control, NC) were synthe-
sized (GenePharma, Shanghai, China). U87, U251 and GSCs
were transfected with miR-449a agomir (pre-miR-449a), miR-
449a antagomir (anti-miR-449a) or their respective NC using
Lipofectamine 2000 reagent (Life Technologies Corporation,
Carlsbad, CA, USA). The transfected efficacy was evaluated
by gRT-PCR, and the high transfection efficacy of these could
sustain 7 days from 48 h post-transfection, thus 72 h post-
transfection was considered as the harvested time in the sub-
sequent experiments.

2.4.1. Lentiviral vector construction and infection

Human MAZ coding sequence (CDS) was ligated into the LV5-
CMV-GFP-EF1la-Puro lentiviral vector (GenePharma, Shanghai,
China) to generate LV5-CMV-GFP-EFla-Puro-MAZ lentiviral
vector. Lentivirus was harvested 48 h after the LV5-CMV-
GFP-EFla-Puro-MAZ lentiviral vectors or the empty lentiviral
vectors (negative control, NC) co-transfection with the pack-
aging vectors into HEK 293T cells using Lipofectamine 2000.
Cells were then infected with the lentivirus. GFP-positive cells
were pooled as MAZ and MAZ-NC, and then used for subse-
quent assays. These stable expressing cells co-transfected
with pre-miR-449a (or pre-NC) were divided into 5 groups:
control group, pre-NC + MAZ-NC group (MAZ-NC stable
expressing cells co-transfected with pre-NC), pre-miR-
449a + MAZ-NC group (MAZ-NC stable expressing cells co-
transfected with pre-miR-449a), pre-NC + MAZ group (MAZ
stable expressing cells co-transfected with pre-NC) and pre-
miR-449a + MAZ group (MAZ stable expressing cells co-
transfected with pre-miR-449a).

2.5. Cell proliferation assay

Cells were seeded in 96-well plates. After cells were trans-
fected 72 h, 20 ul of Cell Counting Kit-8 (Beyotime Institute
of Biotechnology, Jiangsu, China) was added into each well.
The plate was allowed to stand for 2 h at 37 °C and the absor-
bance at 450 nm was recorded.

2.6. Quantization of apoptosis by flow cytometry

Apoptosis was assessed using ApoScreen Annexin V
Apoptosis detection kit (SouthernBiotech, Birmingham, AL,
USA). Cells were harvested and stained with Annexin V-PE
and 7-AAD according to the manufacturer’s instructions.
Cell samples were analyzed on flow cytometry (FACScan, BD
Biosciences) and apoptotic fractions were determined.

2.7. Cell migration and invasion assay

Cells were resuspended in 100 ul serum-free medium and
placed in the upper chamber (or pre-coated with 500 ng/ul
Matrigel solution (BD, Franklin Lakes, NJ, USA) for cell invasion
assay) of the 24-well insert with 8 um pore size. 600 pl of 10%
FBS medium was placed in the lower chamber. After incuba-
tion for 48 h, the cells on the upper membrane surface were
mechanically removed. Cells that had migrated or invaded
to the lower side of membrane were fixed and stained with
20% Giemsa. Cells were counted under a microscope in five
randomly chosen fields and photographs were taken.

2.8.  Western blot analysis

Cells were lysed in RIPA buffer on ice and total proteins were
further analyzed by SDS—PAGE and electrophoretically trans-
ferred to polyvinylidene difluoride membranes. Non-specific
bindings were blocked by incubating membranes in Tris-
buffered saline-Tween (TBST) containing 5% nonfat milk for
2 h at room temperature. The membranes were then incu-
bated with primary antibodies against MAZ, PDPN (1:500,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), PI3K,
p-PI3K, AKT, p-AKT (1:1000, Cell Signaling Technology, Bev-
erly, MA, USA), XIAP, Bcl-2, Caspase-3, TRAIL (1:1000, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and GAPDH
(1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). After
this, the membranes were incubated with horseradish perox-
idase conjugated secondary antibody. Immunoblots were
visualized by ECL chemiluminescent detection system. The
blots were scanned and the integrated density value (IDV)
was measured on FluorChem 2.0 software.

2.9. Reporter vectors constructs and luciferase assays

The 3'-UTR fragments of MAZ gene and its mutant of the pre-
dicted miR-449a binding sites were subcloned into a pmirGLO
Dual-luciferase miRNA Target Expression Vector to form
MAZ-3'UTR-Wt and MAZ-3'UTR-Mut (GenePharma, Shanghai,
China), respectively. Cells were co-transfected with MAZ-
3'UTR-Wt (or MAZ-3'UTR-Mut) and pre-NC (or pre-miR-449a).
After transfection, cells were harvested and lysed for
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luciferase assays using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, USA).

Promoter activities were measured to determine the
responsive MAZ-binding sites in the human PDPN promoter
using Dual-Luciferase Reporter Assay System, as previously
described (Ma et al., 2013). Different promoter fragments of
PDPN and human full-length MAZ were subcloned into
pGL3-Basic vector (Promega, Madison, WI, USA) and pEX3 vec-
tor (GenePharma, Shanghai, China), respectively. The firefly
luciferase activity was normalized to renilla luciferase activity
for each individual analysis.

2.10. Chromatin immunoprecipitation (ChIP) assay

Simple ChIP Enzymatic Chromatin IP Kit (Cell signaling Tech-
nology, Danvers, Massachusetts, USA) was used for ChIP as-
says according to the manufacturer’s protocol, as described
previously (Ma et al., 2013). Cells were cross-linked with 1%
formaldehyde and collected in lysis buffer. 2% lysates were
used as an input control and the remaininglysates were immu-
noprecipitated with normal rabbit IgG and MAZ antibody. DNA
was extracted for PCR amplification of the following DNA frag-
ments: putative binding site 1 using the primers 5'-
TGCGGCCCTGTAACTTTAA-3 and 5-CGAGCGGAGTCAGCATT-
TATC-3/, yielding a 155 bp product; putative binding site 2 using
the primers 5'-CTCCAGCGACACTGGTTTA-3' and 5-GCTCCA-
CATTGCGTGAA-3, yielding a 181 bp product; control using
the primers 5-CCCTTACCTATTGAATCAGCAC-3 and 5-GAA-
CACGCACTATTTCCTTT-3, yielding a 171 bp product.

2.11. Tumor xenografts in nude mice

For the in vivo study, the stable expressing cells were used.
Lentivirus encoding pre-miR-449a was generated using
pLenti6.3/V5—DEST Gateway Vector Kit (Life Technologies
Corporation, Carlsbad, CA, USA). The pre-miR-449a and
short-hairpin RNA targeting human MAZ were ligated into
the pLenti6.3/V5—DEST vector and LV3-CMV-GFP-Puro vector
(GenePharma, Shanghai, China), respectively. And then those
generated pLenti6.3/V5—DEST-miR-449a and LV3-CMV-GFP-
Puro-shMAZ vectors. Lentivirus was generated in 293FT cells
using the ViraPower Packaging Mix. After infection, the stable
expressing cells of miR-449a and shMAZ were picked. The len-
tiviruses of pre-miR-449a were transduced in shMAZ stable
expressing cells to generate miR-449a + shMAZ stable
expressing cells.

Four-week old BALB/c athymic nude mice were purchased
from Cancer Institute of the Chinese Academy of Medical Sci-
ence. Animal handling and experimental procedures were in
accordance with the Guide for the Care and Use of Laboratory
Animals, and approved by the Animal Care Committee of the
Shengjing Hospital. For subcutaneous implantation, 3 x 10°
cells were subcutaneously inoculated in the right flanks of
the mice. Tumor volume was measured every five days and
calculated by the formula: volume (mm?) = length x width?%/
2. For survival analysis in orthotopic inoculations, 3 x 10° cells
were stereotactically implanted into the right striatum of the
mice. The number of survived nude mice was recorded and
survival analysis was performed using Kaplan—Meier survival
curve.

2.12. Statistical analysis

Data are presented as mean + standard deviation (SD). Differ-
ences were evaluated by SPSS 18.0 statistical software with
the Student’s t-test or one-way ANOVA. Differences were
considered to be significant when P < 0.05.

3. Results
3.1 Isolation and identification of GSCs

As shown in Figure 1A-a, cells isolated from GBMs were
cultured in the serum-free medium and formed cell spheres.
In order to test the self-renewing ability, the spheres were har-
vested and a second round sphere-forming assay was per-
formed. Sphere generated again from a single cell (Figure 1A-
b). The stain of Nestin and CD133 proved that most cells within
spheres were positive to neural stem cell lineage markers on
membranes (Figure 1B). Cell spheres were differentiated and
stained for GFAP and beta-tubulin-III lineage markers suggest-
ing that there were typical morphological differentiation to-
wards astrocytic and neuronal lineages (Figure 1C).

3.2. MiR-449a expression was down-regulated in
human GBM cell lines and GSCs

The expression levels of miR-449a were evaluated by gRT-PCR
analysis. We first evaluated miR-449a expression in NBTs and
human glioma tissues of different grades (8 tissues in each
group). The results showed that miR-449a was negatively
correlated with histopathological grade in human glioma tis-
sues. Compared with NBTs, miR-449a expression was reduced
to 0.79-, 0.64-, 0.39- and 0.15-fold in Grade I, Grade II, Grade III
and Grade IV, respectively. MiR-449a expression was signifi-
cantly reduced in Grade IV glioma tissues as compared to
NBTs and glioma tissues of other grades (Figure 2A). Moreover,
we also evaluated miR-449a expression in NBTs, GBMs and
GSCs (5 tissues in each group), and found that miR-449a
expression was significantly lower in GBMs and GSCs than
in NBTs (P < 0.01), and was significantly lower in GSCs than
in GBMs (P < 0.05) (Figure 2B). This was similar to the sup-
pressed expression level of miR-449a in human GBM cell lines
U87 and U251 (P < 0.01) (Figure 2C). These results suggested
that the reduced miR-449a expression may be critically
involved in GBM development.

3.3. MiR-449a was a tumor suppressor in human GBM
cell lines and GSCs

To better understand the functional consequences of reduced
miR-449a in GBM progression, we next assessed the effects of
miR-449a over-expression and inhibition on cell proliferation,
apoptosis, migration and invasion in GBM cell lines and GSCs.
The high transfection efficacy of pre-miR-449a and anti-miR-
449a could sustain 7 days from 48 h post-transfection. The trans-
fected efficacy at 72 h post-transfection was shown in Figure 3A.
As shown in Figure 3B, miR-449a over-expression reduced the
proliferation of U87, U251 and GSCs, whereas miR-449a inhibi-
tion promoted the proliferation of these cells. Similarly, over-
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Figure 1 — Isolation and identification of GSCs. (A) a: Cells formed spheres in serum-free medium. b: a single cell formed spheres again by a

second round sphere-forming assay. (B) Cell spheres stained for Nestin (green) and CD133 (red) by immunofluorescence analysis. (C) Cell spheres

were differentiated and then stained for GFAP (green) and beta-tubulin III (red) by immunofluorescence analysis. Nuclei (blue) were labeled with
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expression of miR-449a led to a significant induction of
apoptosis, whereas inhibition of miR-449a led to a significant
suppression of apoptosis in U87, U251 and GSCs (Figure 3C). As
shown in Figure 3D and E, over-expression of miR-449a signifi-
cantly decreased the migration and invasion of U87, U251 and
GSCs, whereas inhibition of miR-449a significantly increased
the migration and invasion of these cells. Taken together, these
results demonstrated the tumor-suppressive functions of miR-
449a in human GBM cell lines and GSCs.

3.4. MiR-449a inhibited the expression of MAZ by
targeting its 3'-UTR

The bioinformatics databases (TargetScan and RNAhybrid)
were used to identify potential targets of miR-449a. To
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man GBM cell lines and GSCs. As shown in Figure 4C, MAZ
expression was higher in GBMs and GSCs than in NBTs, and
was higher in GSCs than in GBMs. This was similar to the
increased MAZ expression in human GBM cell lines U87 and
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Using TargetScan 6.2, MAZ was predicted to harbor one pu-
tative miR-449a binding site in the 3'-UTR. To elucidate
whether MAZ was a functional target of miR-449a, we cloned
a reporter plasmid containing the wide-type 3'-UTR of MAZ
(MAZ-3'UTR-Wt). The seeds for miR-449a to MAZ 3'-UTR

were indicated. In the U87 cell line, co-transfection of pre-
miR-449a and MAZ-3'UTR-Wt decreased the luciferase activ-
ity, whereas co-transfection of pre-NC and MAZ-3'UTR-Wt
did not change the luciferase activity. These results suggested
that miR-449a targeted the 3'-UTR of MAZ. In parallel, the
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reporter plasmid mutated the miR-449a binding sites were
constructed (MAZ-3'UTR-Mut). Co-transfection of pre-miR-
449a and MAZ-3'UTR-Mut did not change the luciferase activ-
ity in U87 cells. In addition, the same changes were also
observed in U251 and GSCs. These results suggested that
MAZ was a direct target of miR-449a with the specific binding
site in human GBM cell lines and GSCs (Figure 4E).

3.5.  MAZ mediated the tumor-suppressive effects of
miR-449a on human GBM cell lines and GSCs

To determine whether the tumor-suppressive effects of miR-
449a were mediated by MAZ, MAZ down-regulation by pre-
miR-449a was rescued using MAZ prior to the assessment of
the cell proliferation, apoptosis, migration and invasion. As
shown in Figure 5A, over-expression of miR-449a reduced
the proliferation of U87, U251 and GSCs, whereas over-

expression of MAZ promoted the proliferation of these cells.
MAZ over-expression rescued the inhibitory effect of miR-
449a over-expression on the proliferation of U87, U251 and
GSCs. Similar to earlier results, over-expression of miR-449a
led to a significant induction of apoptosis, whereas over-
expression of MAZ led to a significant suppression of
apoptosis in U87, U251 and GSCs. MAZ over-expression
rescued the increased apoptosis induced by miR-449a over-
expression in U87, U251 and GSCs (Figure 5B). In addition,
over-expression of miR-449a inhibited the migration and in-
vasion of U87, U251 and GSCs, whereas over-expression of
MAZ increased the migration and invasion of these cells.
MAZ over-expression rescued the inhibitory effect of miR-
449a over-expression on cell migration and invasion of U87,
U251 and GSCs (Figure 5C and D). The above data have shown
that the tumor-suppressive effects of miR-449a were medi-
ated by MAZ in human GBM cell lines and GSCs.
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3.6. Over-expression of miR-449a inhibited the
expression of PDPN by down-regulating MAZ

Silencing of Podoplanin (PDPN) expression lead to the reduced
proliferation and migration of glioma cells, suggesting a func-
tional role of PDPN in glioma progression and malignancy
(Peterziel et al., 2012). To further determine the underlying
mechanisms of the tumor-suppressive effects of miR-449a,
we focused on PDPN. To clarify whether PDPN was involved
in the tumor-suppressive effects of miR-449a, the expression
levels of PDPN were assessed after cells transfected with
pre-miR-449a or anti-miR-449a. In U87, U251 and GSCs, miR-
449a over-expression reduced PDPN expression, whereas
miR-449a inhibition increased PDPN expression (Figure 6A).
However, the 3'-UTR of PDPN was predicted to harbor none
putative miR-449a binding site, suggesting that it was not
directly regulated by miR-449a. Additionally, through

analyzing the DNA sequence of the PDPN promoter, two puta-
tive MAZ binding sites were found, which suggested that
PDPN might be a target gene of MAZ. To clarify whether
miR-449a inhibiting the expression of PDPN was mediated
by MAZ, MAZ down-regulation by pre-miR-449a was rescued
using MAZ prior to the assessment of the expression of MAZ
and PDPN. As shown in Figure 6B, over-expression of miR-
449a inhibited the MAZ expression and meanwhile reduced
the expression of PDPN, whereas over-expression of MAZ
increased PDPN expression. MAZ over-expression rescued
the inhibitory effect of miR-449a over-expression on the
expression of PDPN in U87, U251 and GSCs. These results indi-
cated that miR-449a inhibited the expression of PDPN by
down-regulating MAZ.

To test whether MAZ is required for the promoter activity
of PDPN, a series of constructs were generated and luciferase
assays were performed. MAZ recognized the GA box motif and
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GC-rich sequences which is element of promoters of target
genes (Cogoi et al., 2010; Himeda et al.,, 2008; Parks and
Shenk, 1996). The sequences of PDPN promoter and the posi-
tion of transcription start site (TSS) were set according to
DBTSS HOME. By analyzing these DNA sequence in the
1000 bp region upstream and its 100 bp downstream sequence
of the TSS, two putative binding sites of MAZ were confirmed.
Wild-type, deletion construct and putative MAZ binding sites
were indicated. Deletion of the putative MAZ binding site 2
(-961 site region) significantly decreased the promoter activ-
ities of PDPN in U87, U251 and GSCs, suggesting that impor-
tant functional elements which were necessary for high
PDPN promoter activity were resided in the -961 site region
(Figure 6C). To further determine whether MAZ directly asso-
ciated with the PDPN promoters in U87, U251 and GSCs, ChIP
assays were performed. As a negative control, PCR was con-
ducted to amplify the 1000 bp upstream region of the putative
MAZ binding site that was not expected to associate with
MAZ. Our results showed that there was an interaction of
MAZ with putative binding site 2 of PDPN. There was no inter-
action of MAZ with the control region (Figure 6D). These re-
sults demonstrated that MAZ could up-regulate the
promoter activities and bind to the PDPN promoters in human
GBM cell lines and GSCs.

3.7. Over-expression of miR-449a blocked the PI3K/AKT
pathway by down-regulating MAZ

The activity of PI3K/AKT pathway was detected by Western
blot assays. As shown in Figure 7A, over-expression of miR-
449a inhibited the p-PI3K and p-AKT expression, whereas
over-expression of MAZ increased the p-PI3K and p-AKT
expression in U87 cells. MAZ over-expression rescued the
inhibitory effect of miR-449a over-expression on this path-
ways. The same changes were also observed in U251 and
GSCs (Figure 7B and C). These results demonstrated that
over-expressed miR-449a could block the PI3K/AKT pathway
by down-regulating MAZ.

3.8. Over-expression of miR-449a up-requlated the
apoptotic protein expression, and down-regulated the
expression of anti-apoptotic proteins, MMP2 and MMP9 by
down-regulating MAZ

To determine whether anti-apoptotic proteins, apoptotic pro-
teins, MMP2 and MMP9 were involved in the tumor-
suppressive effects induced by the over-expression of miR-
449a via down-regulating of MAZ, the expression of anti-
apoptotic proteins, apoptotic proteins, MMP2 and MMP9 in
U87, U251 and GSCs were measured by Western blot. As
shown in Figure 8A, the analysis of anti-apoptotic protein
showed that over-expression of miR-449a inhibited the

expression of XIAP and Bcl-2, whereas over-expression of
MAZ increased the expression of XIAP and Bcl-2. MAZ over-
expression rescued the inhibitory effect of miR-449a over-
expression on the expression of anti-apoptotic proteins in
U87, U251 and GSCs. The analysis of apoptotic protein
Capase-3 and TRAIL showed a contrary result. These results
suggested that over-expression of miR-449a could induce
apoptosis by regulating the expression of anti-apoptotic pro-
teins and apoptotic proteins via down-regulating MAZ. As
shown in Figure 8B, over-expression of miR-449a inhibited
the expression of MMP-2 and MMP-9, whereas over-
expression of MAZ increased the expression of MMP-2 and
MMP-9. MAZ over-expression rescued the inhibitory effect of
miR-449a over-expression on the expression of MMP-2 and
MMP-9 in U87, U251 and GSCs. The above results were sum-
marized in Table 1. These results indicated that over-
expression of miR-449a could inhibit the expression of
MMP2 and MMP9 by down-regulating MAZ.

3.9. Over-expressed miR-449a combined with
knockdown MAZ suppressed tumor growth and had high
survival in nude mice

As shown in Figure 9A, B and C, the in vivo studies showed
that miR-449a over-expression, MAZ inhibition or miR-449a
over-expression combined with MAZ inhibition produced
smaller tumors than control. MiR-449a over-expression com-
bined with MAZ inhibition resulted in the smallest tumor vol-
ume. As shown in Figure 9D, the survival analysis showed that
miR-449a over-expression, MAZ inhibition or miR-449a over-
expression combined with MAZ inhibition produced longer
survival than control. MiR-449a over-expression combined
with MAZ inhibition produced the longest survival. These
data showed that nude mice carrying GBM cell lines and
GSCs which were over-expressed miR-449a combined with
knockdown of MAZ produced the smallest tumors and had
the highest survival.

4. Discussion

In this study, we demonstrated that miR-449a had a low
expression level in human GBM cell lines and GSCs. Over-
expression of miR-449a inhibited cell proliferation, migration
and invasion as well as inducing apoptosis in these cells. In
addition, MAZ was identified as a direct target of miR-449a
and mediated these tumor-suppressive effects by miR-449a.
Furthermore, over-expression of miR-449a inhibited the
expression of PDPN by down-regulating MAZ which could
positively control the promoter activities via binding to the
promoter of PDPN. Further, PI3K/AKT pathway was blocked
when MAZ was down-regulated by miR-449a. This process

PDPN expression regulated by miR-449a and MAZ in U87, U251 and GSCs. P < 0.05 vs. pre-NC + MAZ-NC group, *P < 0.05 vs. pre-miR-
449a + MAZ-NC group. (C) MAZ on promoter activities of PDPN in U87, U251 and GSCs. The Y-bar shows the constructed plasmid activity
after normalization with the co-transfected reference vector (pRL-TK), and relative to the activity of pEX3 empty vector, which the activity was set
to 1. X-bar shows the position of the deletions on the promoter of PDPN. (D) MAZ bound to the promoters of PDPN in U87, U251 and GSCs.
Transcription start site (T'SS) was designated as + 1. Putative MAZ binding sites are indicated. Imnmunoprecipitated DNA was amplified by PCR.

Normal rabbit IgG was used as a negative control.
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was coincided with the up-regulation of apoptotic proteins
and the down-regulation of anti-apoptotic proteins, MMP2
and MMP9. The in vivo studies showed that nude mice car-
rying over-expressed miR-449a combined with knockdown
MAZ cells produced the smallest tumors and had the highest
survival.

Our present data indicated that miR-449a was negatively
correlated with histopathological grade in human glioma tis-
sues and had a low expression level in GBM cell lines (U87
and U251) and GSCs, suggesting that the reduced miR-449a
expression may be critically involved in GBM development.
To better understand the functional consequences of reduced
miR-449a in GBM progression, we next assessed the effects of
miR-449a over-expression and inhibition on cell proliferation,
apoptosis, migration and invasion in human GBM cell lines
and GSCs. Our results have shown that over-expression of
miR-449a inhibited the cell proliferation, migration and inva-
sion as well as inducing apoptosis in U87, U251 and GSCs.
Taken together, miR-449a acted as a tumor suppressor to
inhibit the growth and infiltration of U87, U251 and GSCs,
which may have therapeutic potential in GBM treatment. Pre-
vious studies also showed the same tumor-suppressive func-
tion of miR-449a in bladder cancer, gastric adenocarcinoma,
retinoblastoma and non-small cell lung cancer (Chen et al,,
2012a; Luo et al., 2013; Martin et al., 2013; Wei et al., 2013).
Our results for the first time showed that miR-449a acted as
a tumor suppressor in human GBM cell lines and GSCs, but
the underlying mechanisms still need to be investigated.

Myc-associated zinc-finger protein (MAZ) was confirmed as
the target of miR-449a in our study. MAZ is a zinc-finger pro-
tein expressed ubiquitously in different human tissues (Song
et al.,, 1998), and has been discovered to regulate a variety of
genes including c-myc, insulin and serotonin receptors
(Bossone et al., 1992; Kennedy and Rutter, 1992; Parks and
Shenk, 1996), which could regulate many pathways involved
in cell proliferation, apoptosis, differentiation and develop-
ment (Cogoi et al., 2013; Jiao et al., 2013; Smits et al., 2012).
Our results showed that MAZ expression was higher in human
GBM cell lines than in astrocytes, and was higher in GSCs than
in NBTs and GBMs, respectively. These results suggested that
MAZ played an oncogenic role in GBM. This was consistent
with the previous studies showing that MAZ was over-
expressed in breast cancer and hepatocellular carcinoma
(Dudas et al., 2008; Wang et al., 2008), and down-regulation
of MAZ suppressed cell growth and induced apoptosis by inhi-
bition of PPARgammal in breast cancer cells (Zaytseva et al,,
2008). Mechanistically, MAZ was identified as a direct target
of miR-449a by luciferase assay, suggesting that miR-449a
inhibited the expression of MAZ by targeting its 3'-UTRs.
Furthermore, our results showed that over-expression of
miR-449a inhibited cell proliferation, migration and invasion
as well as inducing apoptosis in U87, U251 and GSCs by
down-regulating MAZ, suggesting that MAZ mediated the
tumor-suppressive effects of miR-449a. What’s more, the
in vivo studies showed that nude mice carrying over-
expressed miR-449a combined with knockdown MAZ cells
produced the smallest tumors and highest survival, suggest-
ing that these were likely to achieve synergistic anti-tumor ef-
fects. Collectively, miR-449a acted as a tumor suppressor by
down-regulating MAZ in human GBM cell lines and GSCs,

but the further mechanisms under the MAZ were largely
unknown.

Podoplanin (PDPN) is an identified platelet aggregation-
inducing factor of cancer cells (Kaneko et al., 2006). Ectopic
expression of PDPN was observed in various cancer cells
such as colorectal tumors (Kato et al., 2003), testicular germ
cell tumors (Kato et al., 2004), lung squamous cell carcinoma
(Kato et al., 2005), malignant astrocytic tumors (Mishima
et al., 2006) and glioblastoma (Cortez et al., 2010). PDPN was
also known as a specific marker of lymphatic endothelium
(Breiteneder-Geleff et al., 1999), and it has been reported that
expression of PDPN by stromal cancer-associated fibroblasts
was a prognostic indicator in various types of cancer (Shindo
etal.,, 2013). Silencing of PDPN expression leads to the reduced
proliferation and migration of glioma cells, suggesting a func-
tional role of PDPN in glioma progression and malignancy
(Peterziel et al., 2012). In addition, PDPN as a molecular marker
was associated with the clinical outcome of glioma patients
(Ernst et al., 2009). Anti-PDPN immunotoxin had highly cyto-
toxic to glioblastoma and medulloblastoma and increased
the survival days when the intracranial tumor model treated
with it (Chandramohan et al., 2013). In our study, miR-449a
over-expression inhibited PDPN expression, whereas miR-
449a inhibition increased PDPN expression in U87, U251 and
GSCs, suggesting that it was involved in the tumor-
suppressive effects of miR-449a. Furthermore, as there are
two putative MAZ binding sites in the PDPN promoter, we
determined whether miR-449a could inhibit the PDPN expres-
sion by down-regulating MAZ. Our results showed that over-
expression of miR-449a inhibited the expression of PDPN by
down-regulating MAZ. Further, the luciferase assay and ChIP
assay were conducted to clarify the potential mechanisms of
the regulation of PDPN by MAZ. The results indicated that
MAZ could up-regulate the promoter activities and bind to
the PDPN promoters in human GBM cell lines and GSCs.

The activation of PI3K/AKT pathway participated in the gli-
oma progression and various biological effects including pro-
liferation, migration, invasion and apoptosis (Liu et al., 2014b;
Wang et al., 2014). In addition, previous study found that the
increased PDPN expression in human GBM was caused by
the activation of the PI3K-AKT-AP-1 signaling pathway. Thus
the detection of PISK/AKT signal pathway was carried out to
illustrate the mechanisms of the MAZ-dependent tumor sup-
pressive effects of miR-449a in U87, U251 and GSCs. Our re-
sults showed that over-expression of miR-449a blocked the
PI3K/AKT pathway by down-regulating MAZ. In addition, our
results also showed that over-expression of miR-449a
inhibited the expression of PDPN by down-regulating MAZ.
The functional study of PDPN showed that the increased
PDPN expression in human GBM was caused by the activation
of the PI3K-AKT-AP-1signaling pathway (Peterziel et al., 2012).
Combined with this previous study, our present study indi-
cated that the inactivation of PI3K/AKT pathway might
contribute to the reduced expression of PDPN, which was
also found to be directly regulated by MAZ. Thus, the reduced
expression of MAZ might attenuate the oncogenic function of
human GBM cell lines and GSCs through directly down-
regulating PDPN or the inactivating PI3K/AKT pathway. How-
ever, the regulation between MAZ and PI3K/AKT pathway
need to be further investigated. Previous studies showed
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Figure 7 — Over-expression of miR-449a blocked the PI3K/AKT pathway by down-regulating MAZ. Western blot analysis of the PI3K/AKT
pathway regulated by miR-449a and MAZ in U87 (A), U251 (B) and GSCs (C). Data are presented as the mean + SD (» = 5, each group).
P < 0.05 vs. pre-NC + MAZ-NC group, *P < 0.05 vs. pre-miR-449a + MAZ-NC group.

that the activation of PI3K/AKT signaling pathway could stim-
ulate the XIAP and Bcl-2 expression, whereas inhibited this
pathway lead to TRAIL-induced apoptosis which resulted in
the activation of caspase-8 and -10, inducing apoptosis by sub-
sequent activation of the executioner caspase-3 (Gogineni

etal., 2012; Johnstone et al., 2008; Zhang et al., 2014). To deter-
mine whether anti-apoptotic proteins and apoptotic proteins
were involved in the increased apoptosis induced by the
over-expression of miR-449a via down-regulating MAZ, the
expression of anti-apoptotic proteins and apoptotic proteins
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Figure 8 — Over-expression of miR-449a up-regulated the apoptotic protein expression, and down-regulated the expression of anti-apoptotic
proteins, MMP2 and MMP9 by down-regulating MAZ. (A) Western blot analysis of anti-apoptotic proteins (XIAP and Bcl-2) and apoptotic
proteins (Capase-3 and TRAIL) regulated by miR-449a and MAZ in U87, U251 and GSCs. (B) Western blot analysis of MMP-2 and MMP-9
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NC + MAZ-NC group, *P < 0.05 vs. pre-miR-449a + MAZ-NC group.

in U87, U251 and GSCs were measured. Our results showed
that over-expression of miR-449a inhibited the expression of
anti-apoptotic proteins (XIAP and Bcl-2) and increased the
expression of apoptotic proteins (Capase-3 and TRAIL) by
down-regulating MAZ. Previous studies found that the expres-
sion of MMP2 and MMP9 were highly increased upon GBM pro-
gression, and MMP2 and MMP9 played critical roles in GBM cell
migration and invasion (Roy et al., 2009; Song et al., 2009).
Moreover, PDPN was found to have a marked influence on

cancer cell migration and invasion in association with the
expression of MMP2 and MMP-9 (Inoue et al., 2012; Shindo
et al., 2013). PI3K/AKT pathway could also influence on cell
migration and invasion by regulating the expression of
MMP2 and MMP-9 (Birner et al., 2014; Mao et al., 2013). In order
to determine whether MMP2 and MMP9 were involved in the
reduced cell migration and invasion induced by the over-
expression of miR-449a via down-regulating MAZ, the detec-
tion of MMP2 and MMP-9 was carried out. Our results

Table 1 — Over-expression of miR-449a up-regulated the apoptotic protein expression, and down-regulated the expression of anti-apoptotic

proteins, MMP2 and MMP9 by down-regulating MAZ.

Category Protein Control Pre-NC + MAZ-NC Pre-miR-449a + MAZ-NC Pre-NC + MAZ Pre-miR-449a + MAZ
name groups groups groups groups groups
Anti-apoptotic XIAP = = Decreased Increased Rescued
proteins Bcl-2 = = Decreased Increased Rescued
Apoptotic proteins Capase-3 = = Increased Decreased Rescued
TRAIL = = Increased Decreased Rescued
Cell migration MMP2 = = Decreased Increased Rescued
and invasion MMP9 = = Decreased Increased Rescued

related proteins



http://dx.doi.org/10.1016/j.molonc.2014.11.003
http://dx.doi.org/10.1016/j.molonc.2014.11.003
http://dx.doi.org/10.1016/j.molonc.2014.11.003

MOLECULAR ONCOLOGY 9 (2015) 640—656

653

A U87 U251

\ ! {
miR-449a shMAZ miR-449a
+shMAZ

control control

B usg7 U251

miR-449a shMAZ miR-449a

GSCs

a4

control miR-449a shMAZ miR-449a

+shMAZ +shMAZ

GSCs

control miR-449a shMAZ miR-449a control miR-449a shMAZ miR-449a control miR-449a shMAZ mil_Il{-449a
+shMAZ +shMAZ +shMA
C US;ZG_ —e— control Uzgg' —e- control G%&S —e— control
= -m- miR-449a -=- miR-449a ~#- miR-449a
g shMAZ ) shMAZ ) shMAZ
E 6001 4 1miR-449a+shMAZ £ 6001 _y miR-449a+shMAZ £ 6001 _y miR-449a+shMAZ S
o 1
£ 2 g - E %
El g 5
g 4004 § 4004 § 4004 = SHA
H 5 5
5 2001 £ 200 £ 200
= =
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Days after injection Days after injection Days after injection
D usg7 U251 GSCs
100+ i control 100+ = control 100- — control
—— miR-449a —— miR-449a —— miR-449a
80 shMAZ 80 "| shMAZ 80 shMAZ
= —— miR-449a+shMAZ = —— miR-449a+shMAZ  — —— miR-449a+shMAZ
Z 604 2 601 £ 601
Z 404 < 404 Z 404
5 5 H
2 g 8
5 204 S 20 ] 2 20
0 10 20 3 40 50 60 0 10 20 3 40 5 60 1 20 30 40 50 60

Days after injection

Days after injection

Days after injection
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indicated that over-expression of miR-449a inhibited the
expression of MMP2 and MMP9 by down-regulating MAZ.
Collectively, over-expression of miR-449a inhibited MAZ
expression, and further directly reduced the PDPN expression
leading to the decreased expression of MMP-2 and MMP-9, or
further indirectly reduced PDPN expression which was caused
by the inactivation of PI3K/AKT pathway, resulting in the
decreased expression of anti-apoptotic proteins, the increased
expression of apoptotic proteins as well as the decreased
expression of MMP-2 and MMP-9 in human GBM cell lines
and GSCs. However, recent studies showed that miR-449a
could inhibit the Bcl-2 expression by targetingits 3’-UTR in hu-
man gastric adenocarcinoma (Wei et al., 2013) and MAZ could
induce MMP-9 expression in chondrocyte and synoviocyte
cells by stimulating MMP-9 promoter (Ray et al., 2005). Our
study could not rule out the possibility that miR-449a and

MAZ can directly regulate the anti-apoptotic proteins and
apoptotic proteins as well as MMP-2 and MMP-9 which needs
to be further investigated. The mechanism underlying tumor
suppression of human GBM cell lines and GSCs by miR-449a
is schematically presented in Figure 10.

miR-449a
MAZ

PI3K/AKT

PDPN

Proliferation Apoptosis Invasion Migration

Figure 10 — The schematic cartoon of the mechanism underlying
tumor suppression of human GBM cell lines and GSCs by miR-449a.
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In conclusion, our study revealed that miR-449a inhibited
the cell proliferation, migration and invasion as well as
inducing apoptosis by directly targeting MAZ in human GBM
cell lines and GSCs. Mechanistically, the down-regulating
MAZ inhibited PDPN expression and dampened the activation
of the PI3K/AKT signaling pathway. More importantly, miR-
449a/MAZ may represent a promising therapeutic targets for
the treatment of human glioblastoma.
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