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Abstract MicroRNAs are single-stranded small non-
coding RNA molecules which regulate mammalian cell
growth, differentiation, and apoptosis by altering the
expression of other genes and play a role in tumor
genesis and progression. MiR-106a is upregulated in
several types of malignancies and provides a pro-
tumorigenic effect. However, its role in glioma is largely
unknown. Our findings demonstrate that the low expres-
sion of miR-106a in human glioma specimens is
significantly correlated with high levels of E2F1 protein
and high-grade glioma. Here, we present the first
evidence that miR-106a provides a tumor-suppressive
effect via suppressing proliferation of and inducing

apoptosis in human glioma cells. We further show that
E2F1 is a direct functional target of miR-106a, suggest-
ing that the effect of miR-106a on the glioma suppressive
effect may result from inhibition of E2F1 via post-
transcriptional regulation. In addition, our results reveal
that miR-106a can increase p53 expression via E2F1
inhibition, whereas the effect of miR-106a on the
proliferation of glioma cells is independent of p53 status.
Further investigations will focus on the therapeutic use of
miR-106a-mediated antitumor effects in glioma.
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Introduction

Gliomas are the most common primary brain tumors in
adults [1]. High-grade gliomas (WHO grades III and IV)
are notoriously difficult to treat and recurrences arise
virtually in every case [2]. Despite new biological insights
and advances in therapy, the prognosis of patients with
gliomas still remains poor in the last four decades [3, 4].
The high recurrence rate and mortality of malignant
gliomas motivate us to investigate molecular mechanisms
underlying malignant tumor progression and the resistance
to treatment, with the aim of developing biologically based
and more effective clinical therapies.

MicroRNAs (miRNAs) are a class of endogenous small
non-coding RNA molecules that are now believed to
regulate the expression of up to 30% of human genes,
either by inhibiting mRNA translation or by inducing
mRNA degradation [5]. MiRNAs are aberrantly expressed
in a wide variety of human cancers and thought to play
important roles in tumorigenesis [6, 7]. Recent studies
revealed that miR-106a was upregulated in gastrointestinal
tract tumors and considered to exert pro-tumorigenic effects
[8–10]. However, little is understood with respect to
potential regulatory mechanisms of miR-106a in gliomas.

E2F1, a transcription factor, controls cell cycle progression
by transactivating a variety of genes involved in chromosomal
DNA replication [11]. E2F1 is especially distinct from other
E2F family members due to its bimodal effects on cell
proliferation and apoptosis. These effects depend on the cell
type and the microenvironmental stimulation [12]. Deregu-
lation of E2F1 has been described in various tumor types and
correlated with poor patient survival, such as that in
malignant gliomas [13–15]. Our aim was to explore the
potential biological functions of miR-106a in glioma with a
view to its future clinical therapeutic use.

Materials and methods

Human tissue samples

Surgically excised tumor specimens from 14 patients with
WHO grade I-IV glioma and normal adjacent tissues
(NATs) from three glioma patients were collected in the
Department of Neurosurgery, The First Affiliated Hospital
of Harbin Medical University, China. Cases included two
patients with grade I, four with grade II, four with grade III,
and four with grade IV glioma. Histological grading was
performed on the basis of the WHO criteria. Collected
tissues were immediately snap-frozen in liquid nitrogen and
stored at −80°C. This research study was approved by the
Institutional Review Board of Harbin Medical University,
and the subjects gave informed consent.

Cell culture

The human glioma cell lines T98G, U373, and U87 as well as
human embryonic kidney (HEK) 293Tcells were obtained from
the American Type Culture Collection (ATCC). The human
glioma cell lines U251 and SHG44 were obtained from the Cell
Bank of the Type Culture Collection of Chinese Academy of
Sciences. All cell lines were maintained in Dulbecco's Modified
Eagle Medium (Invitrogen, USA) supplemented with 10%
fetal bovine serum (Invitrogen, USA).

RNA extraction and quantitative real-time PCR

Total RNAwas isolated from cultured cells, human glioma
specimens, or NATs using TRIzol® reagent (Invitrogen,
USA) according to the manufacturer’s instructions. Quan-
titative real-time polymerase chain reaction (qRT-PCR) was
performed in triplicate in ABI 7500HT fast real-time PCR
System (Applied Biosystems) and normalized with U6
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
endogenous control. Total RNA from NATs was used as a
control. MiR-106a levels were measured with the TaqMan
microRNA assay kit, and endogenous mRNA levels of
E2F1 were detected using SYBR Green PCR Master Mix
kit in accordance with the manufacturer’s instructions
(Applied Biosystems, USA). The real-time PCR primers
for E2F1 and GAPDH were listed in Table 1.

Oligonucleotide synthesis and transfection

MiR-106a mimic, miR-106a inhibitor, E2F1-siRNA, p53-
siRNA, and scrambled control oligonucleotides were
purchased from GenePharma (Shanghai, China). miRNA
and siRNA sequences were described in Table 1. MiRNA,
siRNA oligonucleotides, or expression plasmid were trans-
fected into cultured cells using Lipofectamine 2000 reagent
(Invitrogen, USA) following manufacturer's instructions.

Construction of E2F1 3′ untranslated region reporter
plasmid and E2F1 expression plasmid

The full-length E2F1-3′-UTR was amplified using the primers
listed in Table 1 and cloned into the psiCHECK-2 vector
(Promega, USA) at two restriction sites for XhoI and NotI.
Mutations were introduced by site-directed mutagenesis into
two putative binding sites in the 3′UTR of E2F1 gene for
miR-106a using the TaKaRa MutanBEST Kit (Takara,
China). Primers used for site-directed mutagenesis were
listed in Table 1. To construct E2F1 expression plasmid,
the full-length cDNAwas first amplified using the primers
listed in Table 1 and then cloned into the pcDNA3.1
vectors (Invitrogen, USA) at two restriction sites for
BamHI and NotI.
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Luciferase assays

HEK 293T cells were co-transfected in 24-well plates by
Lipofectamine 2000 reagent (Invitrogen, USA) with 0.5 μg
of reporter plasmid and miR-106a mimic or control miRNA
at a final concentration of 50 nM. Luciferase assays were
performed using the dual-Luciferase Reporter Assay system
(Promega, USA) according to the manufacturer’s instruc-
tions. All experiments were repeated at least three times
with duplicate samples.

Protein extraction and Western blot

Total proteins were extracted from human glioma cells and
specimens with RIPA lysis buffer. Lysate was separated by
10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis, and the gel was blotted onto PVDF membrane
(Millipore, USA). The membrane was blocked in 5% non-
fat milk and then incubated with either mouse anti-human
E2F1 (1:200, KH95, Santa Cruz, USA), mouse anti-human
p53 (1:200, DO-1, Santa Cruz, USA), or mouse anti-human
GAPDH antibody (1:1000, Sigma, USA). After washing,
the membrane was incubated with the fluorescence-
conjugated anti-mouse IgG (1:4000, Invitrogen, USA).
The bound secondary antibody was quantified using the
Odyssey v1.2 software (LI-COR, USA) by measuring the
band intensity (area×optical density) for each group and

normalized with GAPDH. The final results are expressed as
fold changes by normalizing the data to control values.

Cell viability assays

Cultured cells were seeded on 96-well plates and were
transfected as described above. On each of four consecutive
days, 20 μl of dimethyl thiazolyl diphenyl tetrazolium
(MTT; 0.5 mg/mL, Sigma, USA) was added to each well.
The reaction was then stopped by lysing cells with 200 μl
of dimethyl sulfoxide. Optical density measurements were
obtained at a wavelength of 570 nm using spectrophoto-
metric analysis (Tecan, Switzerland).

Cell cycle analysis

Cell cycle analysis was performed by flow cytometry
(FCM; Becton Dickinson, USA). Transfected and control
cells were fixed with 75% ethanol. Fixed cells were treated
with 25 ug/ml of DNase-free RNase A (Sigma, USA) and
stained with 50 ug/ml of propidium iodide (PI; Sigma,
USA). Experiments were performed in triplicate.

Apoptosis assay

The apoptosis ratio was analyzed using Annexin V
Apoptosis Detection Kit (BD Biosciences, USA) according

Table 1 Primer, miRNA, and siRNA sequences

Primers used for E2F1 and GAPDH mRNA detection

E2F1 Forward 5′-ATGTTTTCCTGTGCCCTGAG-3′

Reverse 5′-AGATGATGGTGGTGGTGAC-3′

GAPDH Forward 5′-AAGAAGGTGGTGAAGCAGGC-3′

Reverse 5′-TCCACCACCCTGTTGCTGTA-3′

Primers used for E2F1 3′UTR cloning sequence

E2F1 XhoI Forward 5′CCGCTCGAGCAGGGCTTGGAGGGACCAGGG 3′

E2F1 NotI Reverse 5′ATAAGAATGCGGCCGCTACAACAAAAACCTTTACTGGATCTGCTTTTG 3′

Primers used for E2F1 expression plasmid

E2F1 BamHI Forward 5′ CGCGGATCCATGGCCTTGGCCGGGG 3′

E2F1 NotI Reverse 5′ ATAAGAATGCGGCCGCTCAGAAATCCAGGGGGGTG 3′

Primers used for site-directed mutagenesis

E2F1-mut1 Forward 5′ GCGCGTGGGGGGGCTCTAACTATCGATCCGGCCCTTTTGCTCTGGGGGTCCCA 3′

Reverse 5′ TGGGACCCCCAGAGCAAAAGGGCCGGATCGATAGTTAGAGCCCCCCCACGCGC 3′

E2F1-mut2 Forward 5′ CTCTGCCCCACCCTCCAATCTATCGATCGATTTGCTTCCTAACAGCTCT 3′

Reverse 5′ AGAGCTGTTAGGAAGCAAATCGATCGATAGATTGGAGGGTGGGGCAGAG 3′

MiRNA and siRNA sequences

miR-106a mimic 5′-GAUGGACGUGACAUUCGUGAAAA-3′

miR-106a inhibitor 5′-CUACCUGCACUGUAAGCACUUUU-3′

E2F1-siRNA 5′-GCCUGGGUGAUUUAUUUAUTT-3′

p53-siRNA 5′-CUACUUCCUGAAAACAAC-3′

Scrambled control 5′-UUCUCCGAACGUGUCACGUTT-3′
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to the manufacturer's instructions. Apoptotic cells were
examined and quantified using by FCM. Tests were
repeated in triplicate.

Immunohistochemistry

Paraffin-embedded sections of excised glioma specimens were
immunostained for E2F1 protein. Staining was performedwith
the streptavidin–biotin peroxidase complex method according
to the manufacturer’s recommendation (Dako, Denmark).
Mouse anti-human E2F1 primary antibody (1:100; KH95,
Santa Cruz, USA) was administered, followed by secondary
goat anti-mouse IgG (Dako, Denmark). Negative controls
were performed throughout the entire immunohistochemistry
procedure. Only nuclear E2F1 staining was considered as
positive. Slides were scored on the basis of the percentage of
positive tumor cells. All of the immunostained sections were
reviewed in the blinded fashion by two investigators.

Statistical analysis

Statistical analysis was performed with the SPSS13.0
software. Student’s t test or Chi-square analysis was applied,
where appropriate. A probability of <0.05 (*) or <0.001
(**) was considered significant.

Results

MiR-106a expression in human glioma is reversely
correlated with WHO grade

Although a marked downregulation of miR-106a was recently
observed in human astrocytoma tissues [16], relatively little is
understood with respect to the relevance of miR-106a to
glioma tumorigenicity. Therefore, we determined miR-106a
expression in specimens of human gliomas of different WHO
grades (I-IV) and in malignant human glioma cell lines (T98G,
U251, U87, U373, and SHG44) and compared it with that of
NATs using TaqMan®-based stem-loop RT-PCR technology.
Our results showed that the expression of miR-106a in both
glioma specimens and cell lines was significantly lower than
that in NATs (Fig. 1). Moreover, miR-106a expression was
lower in grade III and grade IV glioma compared with grade
I and grade II tumors (Fig. 1a). Therefore, our findings
demonstrated that the miR-106a expression in human
gliomas was reversely correlated with glioma grade.

Overexpression of miR-106a inhibits cell proliferation
and induces apoptosis

To determine the effect of miR-106a on growth and
proliferation of glioma cells, we overexpressed or knocked

down miR-106a by transfection of miR-106a mimic or
miR-106a inhibitory oligonucleotides into glioma cell lines.
MMT assay results revealed that miR-106a mimic-
transfected cells showed a significant decrease in cell
viability in U87 or SHG44 cells as compared with
scrambled control-transfected cells (Fig. 2a). At 48 h post-
transfection, inhibition of growth in U87 or SHG44 cells
transfected with miR-106a mimic was 38.87±7.39% and
33.96±6.29%, respectively, and growth inhibition appeared
to reach a maximum. However, we did not observe a
significant difference in the rate of growth inhibition
between miR-106a inhibitor and scrambled control-
transfected U87 or SHG44 cells, although a slightly
increasing trend of cell survival rate was seen in SHG44
cells (Fig. 2a).

To further examine the potential mechanism underly-
ing decreased cell viability in U87 or SHG44 cells, we
used FCM to analyze the cell cycle. FCM analysis
demonstrated that at 48 h post-transfection, miR-106a
mimic-transfected cells showed an increase in G0/G1-
phase cells and a decrease in S-phase compared with
control-transfected cells (Fig. 2b, c). Our findings

Fig. 1 A reverse correlation exists between miR-106a expression and
glioma histological grade. qRT-PCR analysis expression of miR-106a
in specimens of human gliomas of different grades (a) and glioma cell
lines (b) as compared with that in NATs. U6 small RNAwas used as
a loading control. NATs indicate normal adjacent tissues, G glioma,
**P<0.001. Data were presented as mean±SEM for three separate
experiments performed in duplicate
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indicated overexpression of miR-106a induced cell cycle
arrest in G0/G1 phase in U87 or SHG44 cells. Subse-
quently, we also determined the effect of miR-106a on
apoptosis by Annexin Vand PI double staining. MiR-106a
mimic-transfected cells had a significant increase in
Annexin V-positive apoptotic cells compared with scram-
bled control-transfected cells (Fig. 2d, e). In contrast,
miR-106a inhibitor-transfected U87 or SHG44 cells did

not show significant alterations in the cell cycle distribu-
tion and apoptosis, although a slightly decreasing trend of
both G0/G1 phase cells and apoptotic cells was seen in
SHG44 cells (P>0.05; Fig. 2b–e). These results raise the
possibility that there exists a threshold value for miR-106a
inhibition. Thus, further inhibition of miR-106a at levels
below the threshold could not have any impact on the
proliferation of glioma cells [17].

Fig. 2 Overexpression of miR-106a inhibits cellular proliferation and
induces apoptosis. a Cell viability was determined by MTT assay in
U87 or SHG44 cells transfected with miR-106a mimic, miR-106a
inhibitor, or scrambled control for the indicated hours. b Cell cycle
analysis was performed by flow cytometry (FCM) in U87 or SHG44
cells 48 h after transfection of miR-106a mimic, miR-106a inhibitor,

or scrambled control. c Graphical representation of the FCM analysis
in (b). d Cell apoptosis was analyzed by FCM in U87 or SHG44 cells
48 h after transfection of miR-106a mimic, miR-106a inhibitor, or
scrambled control. e Graphical representation of the FCM analysis in
(d). Data were presented as mean±SEM for three separate experi-
ments performed in duplicate. *indicates P<0.05; **P<0.001
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E2F1 is a direct target of miR-106a

Based on the analysis of databases miRanda (http://www.
cbio.mskcc.org/mirnaviewer), PicTar (http://www.pictar.bio.
nyu.edu), and TargetScan (http://www.targetscan.org), we
predicted that E2F1 may be a target gene for miR-106a
(Fig. 3a). Thus, miR-106a is likely to function in regulating
the E2F1 gene. To test this hypothesis, U87 or SHG44 cells
were transfected with miR-106a mimic, inhibitor, or
scrambled control, and E2F1 protein levels were evaluated
at 48 h post-transfection. As expected, Western blotting
analysis showed that miR-106a mimic profoundly decreased
E2F1 protein levels in U87 or SHG44 cells (Fig. 3b, c).
However, miR-106a inhibitor had no effect on E2F1 protein
expression in U87 or SHG44 cells, although a slightly
increasing trend of E2F1 protein expression was seen in
SHG44 cells (Fig. 3b, c).

To assess whether there is a direct interaction between
miR-106a and E2F1, we constructed the 3′-UTR region of
E2F1 gene, which was predicted to interact with miR-106a.
The database analysis results revealed that two putative
binding sites for miR-106a were harbored in the 3′UTR of
E2F1 gene and located at nts 387–393 and 980–986 of the
E2F1-3′-UTR, respectively (Fig. 3a). Therefore, three
mutated clones of binding sites were constructed, including

Mut1 for nts 387–393, Mut2 for nts 980–986, and Mut1+
Mut2 for both sites (Fig. 3a). The wild-type or mutant 3′
UTR of E2F1 dual-Luciferase reporter plasmid was co-
transfected with miR-106a mimic or scrambled control into
293T cells for 48 h, followed by measurement of luciferase
activity in transfected cells. Our results showed that the
reporter plasmid with wild-type 3′-UTR of E2F1 caused a
significant decrease in luciferase activity in cells transfected
with miR-106a mimic (Fig. 3d), while neither of Mut1,
Mut2, nor Mut1+Mut2 reporter plasmid could produce any
change in luciferase activity (Fig. 3d). Our findings showed
that, when either of two binding sites in the 3′-UTR of the
E2F1 gene was mutated, the regulation of E2F1 by miR-
106a was completely eliminated. Taken together, these data
confirmed that E2F1 is a direct target of miR-106a.

E2F1 is a functional target of miR-106a

We further assessed the effect of miR-106a on glioma cell
growth by E2F1 induction. U87 or SHG44 cells were co-
transfected with miR-106a mimic or scrambled control 24 h
after transfection with E2F1 expression plasmid. Western
blotting results demonstrated the upregulation of E2F1
protein levels was significantly prevented by miR-106a
(Fig. 4a, b). Subsequently, the cell proliferation and the cell

Fig. 3 E2F1 is a direct target of miR-106a. a The potential interaction
between miR-106a and two putative binding sites in the E2F1-3′-UTR
was predicted by miRanda, PicTar, and TargetScan database analysis.
The mutant sequences are equivalent to the wild-type ones except
mutations at the 3′ end of target site underlined: Mut1 for the putative
binding site nts 387–393, Mut2 for nts 980–986, and Mut1+Mut2 for
both binding sites. b E2F1 protein expression was determined by

Western blot in U87 or SHG44 cells 48 h after transfection of miR-
106a mimic, miR-106a inhibitor, or scrambled control. GAPDH was
used as a loading control. c Graphical representation of the Western
blot analysis in (b). d Luciferase activities were analyzed in 293Tcells
48 h after co-transfection of miR-106a mimic and either Mut1, Mut2,
or Mut1+Mut2. Data were presented as mean±SEM for three separate
experiments performed in duplicate. *indicates P<0.05; **P<0.001
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Fig. 4 MiR-106a inhibits glio-
ma cell growth by E2F1 inhibi-
tion. a E2F1 protein expression
was determined by Western blot
in U87 or SHG44 cells trans-
fected with empty vector+
scrambled control, E2F1 plas-
mid+scrambled control, or
E2F1 plasmid+miR-106a mim-
ic. b Graphical representation of
the Western blot analysis in (a).
c Cell viability was determined
by MTTassay in U87 or SHG44
cells transfected with empty
vector+scrambled control, emp-
ty vector+miR-106a mimic, or
E2F1 plasmid+miR-106a mimic
for the indicated hours. d Cell
cycle analysis was performed by
FCM in U87 or SHG44 cells
transfected with empty vector+
scrambled control, empty vector
+miR-106a mimic, or E2F1
plasmid+miR-106a mimic. e
Graphical representation of the
FCM analysis in (d). Data were
presented as mean±SEM for
three separate experiments per-
formed in duplicate. *indicates
P<0.05; **P<0.001
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cycle were assessed in co-transfected U87 or SHG44 cells.
Our results showed E2F1 induction can rescue the tumor-
suppressive effects of miR-106a overexpression (Fig. 4c–e),
indicating that E2F1 is a functional target of miR-106a.
Therefore, the tumor-suppressive effects of miR-106a are
regulated through the regulation of E2F1.

We also examined the protein levels and mRNA
expression of E2F1 in human glioma specimens of different
WHO grades by immunohistochemistry (Fig. 5), Western
blot, and qRT-PCR. Grade III and grade IV gliomas showed
a pronounced decrease in miR-106a levels compared with
grade I and II gliomas (Fig. 1a). In contrast, a marked
increase in the protein expression of E2F1 was observed in
grade III and IV gliomas compared with grade I and II
gliomas (Fig. 5a, b). Therefore, low expression of miR-
106a in human glioma specimens was significantly corre-
lated with high levels of E2F1 protein and high WHO
grade. In addition, the levels of nuclear E2F1 protein were

higher in glioma tissues than those in NATs, as determined
by immunohistochemistry. However, E2F1 mRNA expres-
sion was unchanged in glioma tissues, U87, or SHG44 cells
(Fig. 6c, d). These indicated that miR-106a controls E2F1
levels by translational suppression rather than by mRNA
degradation.

MiR-106a regulates p53 expression via E2F1 inhibition

E2F1, which is present in most human tumors, may
modulate p53 expression [12]. Therefore, to test whether
p53 expression is regulated by miR-106a via E2F1
inhibition in glioma cells, we first assessed the expression
of p53 and E2F1 proteins in five glioma cell lines, as
shown in Fig. 1b. Western blotting analysis showed low
basal levels of miR-106a expression in T98G or U87 cells
correlated with increased expression of E2F1 and decreased
expression of p53. In contrast, high levels of miR-106a in

Fig. 5 Photomicrographs
showing representative results of
immunohistochemical analysis
of E2F1 expression in speci-
mens of human gliomas of
different grades and NATs. a
NAT specimen. b, c Grade II
glioma specimens. d, e Grade
IV glioma specimens. Original
magnification ×400. Scale bars
were 25 μm. f Graphical repre-
sentation of the immunohisto-
chemical analysis in (a–e). Data
were presented as mean±SEM.
**indicates P<0.001
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U251, U373, or SHG44 cells correlated with decreased
expression of E2F1 and increased expression of p53
(Fig. 7a, b). Subsequently, all five glioma cell lines were
transfected with miR-106a mimic, inhibitor, or scrambled
control, and p53 protein levels were analyzed by Western
blot. Our results showed that upregulation of miR-106a can
increase p53 protein expression in all five glioma cell lines
(Fig. 7c, d). We also examined the p53 expression in all five
glioma cells following transfection of E2F1-siRNA. West-
ern blotting results revealed that the cells transfected with
E2F1-siRNA had a significant downregulation of E2F1
protein and upregulation of p53 protein, consistent with
those transfected with miR-106a mimic (Fig. 7e, f).
Therefore, it supported our hypothesis that miR-106a
regulates p53 expression via the inhibition of E2F1.

The inhibitory effect of miR-106a on glioma cell growth
via inhibition of E2F1 is independent of p53 status

Intriguingly, U87 or SHG44 cells expressing wild-type p53
protein [18, 19] and T98G, U251, or U373 cells which
express mutant p53 protein [18] had increased levels of
wild-type or mutant p53 protein, respectively (Fig. 7c).
Therefore, we further investigated the effect of miR-106a
on glioma cell growth in T98G, U251, or U373 which
express mutant p53 protein. Our results showed that
overexpression of miR-106a could also significantly inhibit
cell proliferation, block the cell cycle, and induce apoptosis

in T98G, U251, or U373 cells, as evaluated by both
MTT and FCM (Fig. 8). Meanwhile, miR106a inhibition
provides a significant pro-tumorigenic effect in U373 cells
with highest expression of miR106a (Figs. 1b and 8). The
inhibition of cell growth by miR-106a in T98G, U251, or
U373 cells was consistent with that in U87 or SHG44 cells
expressing wild-type p53 protein (Fig. 2b–e). Therefore,
our results showed miR-106a could decrease glioma cell
proliferation independent of the functional status of the
p53 protein.

To corroborate the above results, we performed co-
transfection experiments in U87 or SHG44 cells expressing
wild-type p53 protein again. p53-siRNA was first trans-
fected in U87 or SHG44 cells, and Western blotting analysis
indicated that p53 protein expression was significantly
inhibited (Fig. 9a). Subsequently, U87 or SHG44 cells were
co-transfected with miR-106a mimic or scrambled control
24 h after transfection with p53-siRNA. U87 or SHG44
cells co-transfected with p53-siRNA+miR-106a mimic had
a significantly reduced proliferation rate (Fig. 9b) and a
significant increase in the percentages of cells in the G0/G1
phase of the cell cycle (Fig. 9c, d) compared with those co-
transfected with p53-siRNA+scrambled control. Thus, we
revealed that the inhibitory effect of miR-106a on the
proliferation of glioma cells was not dependent on the
functional inactivation of the p53 protein. Taken together,
our results suggested that the overexpression of miR-106a
could increase p53 expression via inhibition of E2F1 in

Fig. 6 E2F1 is regulated by
miR-106a via translational
suppression. a E2F1 protein
expression was detected by
Western blot in specimens of
human gliomas of different
grades and NATs. GAPDH was
used as a loading control. b
Graphical representation of the
Western blot analysis in (a). c
E2F1 mRNA expression was
detected by qRT-PCR in
specimens of human gliomas of
different grades and NATs.
GAPDH mRNAwas used as a
loading control. d miR-106a
expression was detected by qRT-
PCR in U87 or SHG44 cells
transfected with miR-106a
mimic or scrambled control.
NATs indicate normal adjacent
tissues, G glioma. Data were
presented as mean±SEM for
three separate experiments
performed in duplicate
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glioma cells, whereas the anti-proliferative effect of miR-
106a on glioma cells was independent of the p53 status.

Discussion

Most cellular processes are likely to be regulated by
miRNAs, and an aberrant miRNA expression signature is
probably one of the hallmarks of cancer [20]. Deregulation
of miR-106a has been demonstrated in several tumors.
However, the underlying functional mechanisms remain
largely unknown. In this study, we revealed that miR-106a
was downregulated in specimens of human gliomas of
different grades and in glioma cell lines, and low levels of
miR-106a in human glioma specimens were significantly

correlated with high levels of E2F1 protein and high
histological grade. Here, we presented the first evidence
that overexpression of miR-106a could suppress prolifera-
tion of and induce apoptosis in glioma cells by E2F1
inhibition. In addition, our results suggested that miR-106a
overexpression could increase p53 expression via inhibition
of E2F1 in glioma cells, whereas the anti-proliferative
effect of miR-106a on glioma cells was independent of p53
functional status.

Expression of miRNAs is regulated in a cell and
tissue-type specific manner, and closely correlated with
cell differentiation and development [20]. For instance,
miR-181b expression level was increased in hepatocellu-
lar carcinoma [21], multiple myeloma [22], and colon
tumors [23] but decreased in gliomas [16, 24] and chronic

Fig. 7 miR-106a upregulates p53 expression via E2F1 inhibition. a
p53 protein expression was determined by Western blot in five glioma
cell lines. GAPDH was used as a loading control. b Graphical
representation of the Western blot analysis in (a). c p53 protein
expression was determined by Western blot in five glioma cell lines
48 h after transfection of miR-106a mimic, miR-106a inhibitor, or
scrambled control. GAPDH was used as a loading control. d

Graphical representation of the Western blot analysis in (c). e Protein
levels of E2F1 and p53 were examined by Western blot in five glioma
cell lines 48 h after transfection of miR-106a mimic, E2F1-siRNA, or
scrambled control. GAPDH was used as a loading control. f Graphical
representation of the Western blot analysis in (e). Data were presented
as mean±SEM for three separate experiments performed in duplicate.
*Indicates P<0.05; **P<0.001

1046 J Mol Med (2011) 89:1037–1050



lymphocytic leukemia [25]. These observations probably
suggest that miR-181b could provide a pro-tumorigenic
or tumor-suppressive effect, depending on the cellular
context. Therefore, different types of neoplasms may have
individual miRNA profiles. In spite of the fact that
miR-106a is upregulated in gastrointestinal tract tumors
and considered to exert a pro-tumorigenic effect [8–10],
our results clearly demonstrated miR-106a was down-
regulated in gliomas and induced apoptosis and anti-

proliferation in glioma cells by E2F1 inhibition via post-
transcriptional regulation. To delineate why miR-106a
was downregulated in gliomas, we performed DNA
sequence analysis of the chromosomal region Xq26.2 in
glioma tissues that miR-106a is located at. Our results did
not reveal any genetic change (data not shown). Thus,
epigenetic changes such as miR-106a promoter methyla-
tion may be a potential mechanism of its downregulation
[26, 27]. It remains still unclear why miR-106a is

Fig. 8 The effect of miR-106a on glioma cells expressing mutant p53.
a Cell viability was determined by MTTassay in T98, U251, or U373
cells transfected with miR-106a mimic, miR-106a inhibitor, or
scrambled control for the indicated hours. b Cell cycle analysis was
performed by FCM in T98G, U251, or U373 cells 48 h after
transfection of miR-106a mimic, miR-106a inhibitor, or scrambled

control. c Graphical representation of the FCM analysis in (b). d Cell
apoptosis was analyzed by FCM in T98, U251, or U373 cells 48 h
after transfection of miR-106a mimic, miR-106a inhibitor, or
scrambled control. e Graphical representation of the FCM analysis in
(d). Data were presented as mean±SEM for three separate experi-
ments performed in duplicate. *Indicates P<0.05; **P<0.001
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downregulated in gliomas but upregulated in other types
of malignancies.

Aberrations in the cell cycle are essential steps in the
carcinogenesis [28]. The transcription factor E2F1 is
known to be able to regulate the cell cycle progression
by coordinating a large group of genes involved in the
G1/S-phase transition. Overexpressed E2F1 was shown to
be pro-tumorigenic, predisposing cells to neoplastic
transformation [29]. As p53 and E2F1 are pivotal
regulators of cell proliferation and apoptosis [30], their
expression and functional activities are tightly connected.
E2F1 can have an impact on the expression and activity of
p53 through regulation of numerous factors, for example
ARF, p21, and ATM [12]. Our results showed that E2F1
may provide a pro-tumorigenic effect in the context of
miR-106a regulation in glioma. High levels of E2F1
protein expression were not only associated with glioma
cell proliferation but also associated with high histolog-
ical grade in human gliomas. Our results suggested
miR-106a could increase p53 expression via E2F1
inhibition and do so independent of the p53 functional
status. It could potentially increase the spectrum of

gliomas that might be therapeutically targeted with
miR-106a-directed interventions.

Temozolomide (TMZ) has been adopted as the first-
line treatment in patients with high-grade gliomas [31].
However, high levels of the O6-methylguanine-DNA
methyltransferase (MGMT) activity in gliomas create a
resistant phenotype by blunting the therapeutic effect of
TMZ and may be an important determinant of treatment
failure [32]. p53 induction attenuates MGMT expression
and enhances the sensitivity of glioblastoma cells to TMZ
[33, 34]. Since miR-106a can increase p53 expression, it is
likely that the combinational application of miR-106a and
TMZ could sensitize resistant glioma cells to TMZ.

In summary, our results suggest that miR-106a
induced apoptosis and anti-proliferation in glioma cells.
We further show that E2F1 is a direct functional target
of miR-106a by post-transcriptional regulation. In
addition, miR-106a can increase p53 expression via
E2F1 inhibition, whereas the effect of miR-106a on
proliferation is independent of p53 functional status.
These data raise the possibility that miR-106a may
serve as a potential therapeutic target for gliomas.

Fig. 9 The inhibitory effect of miR-106a on the growth ability of
glioma cells via the inhibition of E2F1 is independent of p53 status. a
p53 protein expression was detected by Western blot in U87 or SHG44
cells transfected with p53-siRNA or negative control-siRNA. GAPDH
was used as a loading control. b Cell viability was determined by
MTTassay in U87 or SHG44 cells transfected with p53-siRNA+miR-

106a mimic or p53-siRNA+scrambled control for the indicated hours.
c Cell cycle analysis was performed by FCM in U87 or SHG44 cells
transfected with p53-siRNA+miR-106a mimic or p53-siRNA
+scrambled control. d Graphical representation of the FCM analysis
in (c). Data were presented as mean±SEM for three separate
experiments performed in duplicate. *Indicates P<0.05; **P<0.001
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