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Highly malignant glioblastoma (GBM) is characterized by high genetic heterogeneity and infiltrative brain in-
vasion patterns, and aberrant miRNA expression has been associated with hallmark malignant properties of
GBM. The lack of effective GBM treatment options prompted us to investigate whether miRNAs would con-
stitute promising therapeutic targets toward the generation of a gene therapy approach with clinical signifi-
cance for this disease. Here, we show that microRNA-21 (miR-21) is upregulated and microRNA-128 (miR-128)
is downregulated in mouse and human GBM samples, a finding that is corroborated by analysis of a large set
of human GBM data from The Cancer Genome Atlas. Moreover, we demonstrate that oligonucleotide-
mediated miR-21 silencing in U87 human GBM cells resulted in increased levels of the tumor suppressors
PTEN and PDCD4, caspase 3/7 activation and decreased tumor cell proliferation. Cell exposure to pifithrin,
an inhibitor of p53 transcriptional activity, reduced the caspase activity associated with decreased miR-21
expression. Finally, we demonstrate for the first time that miR-21 silencing enhances the antitumoral effect
of the tyrosine kinase inhibitor sunitinib, whereas no therapeutic benefit is observed when coupling miR-
21 silencing with the first-line drug temozolomide. Overall, our results provide evidence that miR-21 is uni-
formly overexpressed in GBM and constitutes a highly promising target for multimodal therapeutic
approaches toward GBM.

INTRODUCTION

Glioblastoma (GBM) is the most common and aggressive type
of glioma, a class of tumors arising from glial cells. Despite
the increasing knowledge about this malignancy at genetic
and molecular levels, and the considerable advances in
cancer therapy, patient outcome has slowly improved over
the past decade. Standard treatment for GBM includes surgical
resection of the tumor, when possible, followed by
single-agent adjuvant therapy with temozolomide and radio-
therapy (1). However, these procedures lack effective long-
term impact on disease control and patient survival, and

clinical recurrence is nearly universal (1–3). Hence, there is
an urgent need to explore new treatment options that can
prove to be effective for brain tumors, as well as to better
understand the molecular and cellular alterations that occur
in GBM.

The discovery of miRNAs, a class of small non-coding
RNAs that regulate gene expression through imperfect
pairing with the target mRNAs (4,5), has revealed an
additional level of fine tuning of the genome that integrates
with transcriptional and other regulatory mechanisms to
expand the complexity of eukaryotic gene expression.
MiRNAs regulate posttranscriptionally the expression of
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over 30% of protein-coding genes (6), and in silico data indi-
cate that each miRNA can control hundreds of gene targets,
including oncogenes and tumor suppressors, underscoring
the influence of miRNAs in key cellular processes that
define the cell phenotype (6,7). Accumulated evidence has
shown that miRNAs are differentially expressed in normal
tissues and cancers, and aberrant miRNA expression is asso-
ciated with tumor development and progression (8,9), includ-
ing GBM pathogenesis (10,11).

In the present work, we analyzed the expression of
miR-128, miR-21 and miR-221 in human GBM samples and
in mouse GBM models and in several GBM cell lines. Our
results demonstrate that miR-21 is upregulated and miR-128
is downregulated in GBM tissue samples and cell lines
screened, a finding that is corroborated by analysis of a
large set of human GBM data from The Cancer Genome
Atlas (TCGA) Research Network. Furthermore, we identified
a group of miRNAs, including the cluster miR-221/222 and
oncogenic miR-106a/miR-20a, whose alterations may be cor-
related with different molecular subtypes of GBM described in
the literature (12).

The classic genetic alterations that occur in GBM are found
in pathways governing cellular proliferation and survival, in-
cluding epidermal growth factor receptor (EGFR) and PTEN-
regulated pathways, as well as invasion and angiogenesis (13).
However, the therapeutic intervention with inhibitory agents
targeting EGFR and other transduction pathways has yet to
demonstrate a clear survival benefit for patients (14,15). Due
to their small size and pivotal roles in the cell, certain micro-
RNAs may be of direct therapeutic utility, as single agents or
in combinations with other regimens (16). Studies performed
by Silber and colleagues revealed that overexpression of
miR-124 and miR-137, which are found to be downregulated
in human GBM samples, induce GBM multiforme cell cycle
arrest and differentiation of brain tumor stem cells (17). Simi-
larly, overexpression of miR-128 has been shown to reduce
tumor cell proliferation, both in glioma cell lines and a
glioma-bearing animal model (18).

Here, we tested a therapeutic strategy for GBM that com-
bines gene therapy through silencing of miR-21, found to be
overexpressed in this type of brain tumor, with sunitinib, an
inhibitor of platelet-derived growth factor (PDGF) and vascu-
lar endothelial growth factor (VEGF) receptors, (19) that is
being currently evaluated in clinical trials for GBM.

Our results demonstrate that lipoplex-mediated miR-21 si-
lencing in U87 human and F98 rat glioma cells significantly
enhances cell sensitivity to the cytotoxic effect of sunitinib,
which may represent an attractive and effective therapeutic
approach toward GBM.

RESULTS

MiR-21 is overexpressed and miR-128 is downregulated
in human and mouse GBM samples and GBM cell lines

We have recently developed retrovirally induced mouse GBM
models, characterized by the overexpression of the oncogenic
ligand PDGF-B and conditional deletion of tumor suppressor
genes (PTEN2/2 and PTEN2/2p532/2) that display
molecular and histopathologic features that closely resemble

human GBM (20). Real-time PCR (qPCR) quantification of
miR-128, miR-21 and miR-221 expression in RNA extracts
from six brain tumors (of each genotype) and three control
samples, obtained from double-floxed mouse brains following
animal injection with a control vector (no PDGF), revealed
that miR-21 was highly overexpressed in all tumor samples
when compared with control mouse brain, whereas miR-221
was moderately overexpressed in all samples from PTEN-
floxed (3.15+ 2.59) and double-floxed (4.99+ 3.27) tumor
samples (both values representing the relative miRNA expres-
sion value to control). MiR-128 was slightly downregulated in
83% of the double-floxed mouse tumors (0.70+ 0.97),
whereas slightly increased levels of miR-128 were observed
in 67% of PTEN-floxed mouse tumors (1.63+ 1.09, P .
0.05), when compared with those observed in samples from
control mouse brain. MiRNA expression levels, evaluated in
mouse GBM cell lines derived from the retrovirally induced
double-floxed and PTEN-floxed mouse models (Fig. 1B),
were consistent with the values observed in the tumor
models, despite a significant decrease in miR-128 levels
being observed in both double-floxed and PTEN-floxed
mouse cells (0.033+ 0.022 and 0.078+ 0.0589, respective-
ly). Increased expression of miR-21 and decreased miR-128
expression were also observed in the F98 rat glioma cell
line, when compared with that observed in primary rat astro-
cytes or P19 embryonic carcinoma cells (Supplementary Ma-
terial, Fig. S1A and B), previously demonstrated to express
low levels of miR-21 (21).

To evaluate whether the results observed for the mouse
GBM models would replicate in the human disease, we mea-
sured the expression of miR-128, miR-21 and miR-221 in
RNA extracts from 22 human GBM samples and from the
widely used U87 human GBM cell line. Two different brain
tissues (epileptic and tumor-adjacent brain tissue) and total
RNA extracted from human brain (see Materials and
Methods) were used as references. Similarly to the results
obtained in the mouse models and in accordance with pub-
lished data (10,18,21), miR-21 overexpression and miR-128
downregulation were observed in U87 cells (Fig. 1C). More
importantly, miR-21 was significantly overexpressed in 80%
of the human tumors when compared with control epileptic
tissue (7.05+ 6.07; P , 0.01), whereas miR-128 was downre-
gulated in all tumor samples (0.07+ 0.08) (Fig. 1D).
However, as opposed to our results in the mouse models and
U87 cells, as well as to those previously reported (10,22),
miR-221 was found to be downregulated in 91% of the
tumors (Fig. 1D). For comparison, the miRNA expression
levels in U87 cells and human tumor samples relative to
tumor-adjacent brain tissue and total RNA from human brain
are presented in (Supplementary Material, Fig. S1C and D).

Aiming at increasing the biologic significance of our results,
we analyzed the miRNA expression in a large number of
human GBM samples from the TCGA, a publicly available re-
pository that has accumulated comparative genomic hybridiza-
tion, gene expression and miRNA expression analyses for
�200 human GBM samples (23). The analysis of a specific
subset of GBMs from this set of samples (Supplementary Ma-
terial, Table S1) revealed that miR-21 was significantly over-
expressed and miR-128 was downregulated in 98% of the
tumors (185/188) when compared with control normal
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samples (Fig. 1E). Remarkably, miR-221 was found to be
downregulated in 48% (90/188) of the tumors (0.57+ 0.59),
thus corroborating our experimental data from the studies on
the human tumor samples. MiR-21 overexpression in the
double-floxed mouse model was also evident from fluores-
cence in situ hybridization (FISH) experiments performed in
formalin-fixed paraffin embedded (FFPE) tissue sections.
Figure 2 displays typical images obtained from these experi-
ments showing miR-21 staining in two different GBM
samples (Fig. 2A and B), whereas residual staining was
detected in control brains (Fig. 2D and E) or using a control
scrambled probe (Fig. 1C and F). Similarly, analysis of
tissue distribution of miR-21, assessed by FISH in FFPE
human tumor sections, showed an increase in miR-21 staining
when compared with that using a control scrambled probe
(Fig. 2G–I).

MiR-106a, miR-130b, miR-20a, miR-221, miR-222,
miR-155 and let-7i dysregulation correlates with different
subtypes of GBM

Recent analysis of the set of gliomas available from TCGA has
shown that they can be divided into four different subtypes
(classical, mesenchymal, neural and proneural) that reflect the
common signaling abnormalities found in these tumors (12).
As miR-21 and miR-128 dysregulation constitutes a common

molecular alteration among the four GBM subtypes (Fig. 3
and Supplementary Material, Table S1), we sought to identify
miRNAs whose dysregulation might correlate with the different
subtypes of GBM. Considering those miRNAs whose expres-
sion is altered in at least 45% of the tumors (Fig. 3A), excluding
uniformly altered miRNAs (.90% tumors with alterations in
miRNA levels), and employing a significance threshold of
0.05 and a 5% false discovery rate (FDR) to correct for multiple
comparisons (Supplementary Material, Table S2), we identified
a small group of miRNAs whose alterations are associated with
specific GBM subtypes. Our findings, presented in Figure 3B,
suggest that concurrent alterations in miR-106a, miR-130b,
miR-20a, miR-221 and miR-222 are predominant in the pro-
neural subtype of GBM, whereas alterations occurring only in
miR-155, miR-221 and miR-222 are predominant in the
neural group. Furthermore, alterations in miR-106a,
miR-130b, miR-20a and let-7i concomitant with the absence
of alterations in miR-221/222 are predominant in the classical
subtype of GBM . This characterization is potentially very
useful as a molecular classification tool.

Delivery liposomal system-based lipoplexes efficiently
deliver anti-miR-21 oligonucleotides to glioma cells

Accumulated evidence from in vitro and in vivo studies strong-
ly suggests a key role for miR-21 in tumorigenesis (24,25). In

Figure 1. MiRNA expression levels in mouse and human GBM tissue samples and cell lines. MiR-21, miR-128 and miR-221 expression levels in (A) double-
floxed (PTEN2/2p532/2) and PTEN-floxed (PTEN2/2) mouse tumor samples (n ¼ 6) and (B) double-floxed (PTEN2/2p532/2) and PTEN-floxed (PTEN2/2)
mouse GBM cells, when compared with control sample (n ¼ 7), obtained from double-floxed mouse brains following animal injection with a control vector (no
PDGF). MiR-21, miR-128 and miR-221 expression levels in human (C) U87 cells and (D) tumor samples from the Tissue Bank (n ¼ 22), when compared with
control epileptic brain tissue (n ¼ 4). (E) MiR-21, miR-128 and miR-221 expression levels obtained from the analysis of the TCGA data on 188 human GBMs.
∗
P , 0.05,

∗∗
P , 0.01,

∗∗∗
P , 0.001 when compared with control epileptic tissue. #P , 0.05, ##P , 0.01, ###P , 0.001 when compared with control mouse

brain. +++P , 0.001 when compared with normal human brain.
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this context, our findings of invariant overexpression of
miR-21 in GBM cells prompted us to examine whether silen-
cing of miR-21 in GBM cells, through delivery of anti-miR-21
oligonucleotides, would result in an antitumoral effect. In this
regard, we have recently shown that delivery liposomal system
(DLS) liposomes enhance intracellular delivery of single-
stranded antisense oligonucleotides while improving release
from endocytic vesicles (26). Therefore, our initial studies
addressed the capacity of DLS liposomes to deliver
anti-miR-21 oligonucleotides to GBM cells. Using flow cyto-
metry, extensive lipoplex-cell association was observed 4 h
after cell transfection with lipoplexes (�87% transfected
cells), as illustrated by the huge increase (�42-fold) in the
fluorescence intensity of the transfected cells (Fig. 4B), when
compared with that of untreated cells (control) (Fig. 4A).
Internalization of the lipoplexes carrying 6-carboxyfluorescein
(FAM)-labeled anti-miR-21 oligonucleotides was also moni-
tored in U87 cells, by confocal microscopy. The results pre-
sented in Supplementary Material, Figure S2 reveal that 4 h

after lipoplex-mediated delivery of FAM-labeled oligonucleo-
tides, green fluorescent particles were found in a large extent in
the cytoplasm of transfected U87 cells (Supplementary Mater-
ial, Fig. S2C), whereas no fluorescence was observed in
untreated control cells (Supplementary Material, Fig. S2A).
A similar observation was made when F98 glioma cells were
incubated with lipoplexes carrying FAM-labeled anti-miR-21
oligonucleotides (Supplementary Material, Fig. S2B and D).
In contrast, the delivery of a similar amount of naked FAM-
labeled oligonucleotides did not allow the detection of green
fluorescence within the cells (data not shown).

MiR-21 silencing increases PTEN and PDCD4 expression
in U87 human GBM cells

Following the demonstration of the feasibility of DLS-based
lipoplexes to mediate efficient delivery of oligonucleotides
into GBM cells, we evaluated the effect of intracellularly
delivered anti-miR-21 oligonucleotides on the levels of

Figure 2. FISH staining in mouse and human GBM tissue samples. FISH staining in (A–C) double-floxed mouse GBM sections and (D–F) control mouse brain
tissue (n ¼ 2) stained with (A, B, D and E) miR-21-specific or (C and F) scrambled LNA probe. Nuclear staining was obtained using DNA-binding Hoechst
33342. MiR-21 staining (red dots) is observed in the GBM sections, surrounding the cell nucleus (blue), whereas residual staining is observed in control
brain sections. Human GBM sections (n ¼ 2) were stained with (G and H) miR-21-specific or (I) non-coding (scrambled) LNA probe. MiR-21 staining (red
dots) is predominantly cytoplasmic, surrounding the cell nucleus (blue). Control experiments targeting the endogenous U6snRNA (positive control) and
without LNA probe (negative control) were performed in parallel (not shown). Images were obtained by confocal microscopy with a 40× EC Plan-Neofluar.
Scale corresponds to 10 mm.
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miR-21 and mRNA of their target genes. The transfection of
U87 cells with anti-miR-21 oligonucleotides (50 nM) resulted
in a significant decrease in miR-21 levels (0.0065+ 0.007),
which was further enhanced when cells were transfected
with 100 nM anti-miR-21 oligonucleotides (0.0015+
0.0007), as compared to those obtained upon transfection
with a non-coding (scrambled) oligonucleotide sequence
(Fig. 4C). Parallel experiments demonstrated that miR-21 si-
lencing did not significantly affect the levels of other
miRNAs (Supplementary Material, Fig. 3).

We further evaluated the effect of miR-21 silencing on the
expression of the tumor suppressors PDCD4 and PTEN that
have been previously identified as miR-21 targets (25,27,28).
As shown in Figure 4D, a moderate, even though not signifi-
cant, increase in PTEN mRNA levels was observed in cells
transfected with 50 or 100 nM anti-miR-21 oligonucleotides,
when compared with those observed in cells transfected with
a scrambled sequence (�20 and 15% increase, respectively),

whereas no significant changes were observed in PDCD4
mRNA levels. Nevertheless, a considerable increase in
PTEN (�34%, P . 0.05) and PDCD4 (�33%, P , 0.05)
protein expression was observed in U87 cells transfected
with anti-miR-21 oligonucleotides, when compared with that
observed in cells transfected with a scrambled sequence, as
shown in Figure 4E and F.

MiR-21 silencing increases apoptotic activity in U87
GBM cells

MiR-21 has been previously shown to target several compo-
nents of important apoptotic pathways, including the
p53-dependent apoptotic pathway (29). For this reason, we
evaluated whether a decrease in the levels of this miRNA
would have any effect on the activity of the tumor suppressor
p53. Western blot quantification of p53 using two different
antibodies failed to detect the protein in U87 cells (data not

Figure 3. Analysis of TCGA data on 188 human GBMs. (A) Heat map representation of the miRNAs dysregulated in at least 45% (85/188) of the tumors (n ¼
188), displayed as percentage of tumors with alterations in each of the four GBM subtypes (classical, mesenchymal, neural and proneural). Highlighted in gray
are the miRNAs represented in (B). (B) MiRNAs whose dysegulation is associated with specific GBM subtypes, by applying a significance threshold of 0.05 and
a FDR of 5% (0.05). Statistical analysis was performed as described in the Materials and Methods section.
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shown). The fact that U87 cells express wild-type p53, an
isoform with extremely short half-life (30), may explain the
absence of detection of this protein. Therefore, we assessed
p53 activity indirectly, by measuring the levels of p21/
WARF1, a cyclin-dependent kinase inhibitor that is a direct
transactivation target of p53 (31). In this regard, a moderate
increase (�20%) in the levels of p21 was observed in cells
transfected with anti-miR-21 oligonucleotides, when com-
pared with that observed in cells transfected with scrambled
oligonucleotides (Fig. 5A and B; P . 0.05). Moreover, we
investigated whether miR-21 silencing would increase the

apoptotic activity in U87 GBM cells, by determining the activ-
ity of the effector caspases 3 and 7, crucial components of the
apoptotic cell death. As shown in Figure 5C, transfection of
U87 cells with 100 nM anti-miR-21 oligonucleotides resulted
in a 2-fold increase in caspase 3/7 activity (P . 0.05), when
compared with that observed for cells transfected with a
scrambled sequence. More importantly, silencing of miR-21
followed by cell exposure to 15 mM of the tyrosine kinase in-
hibitor sunitinib resulted in a dramatic increase in caspase 3/7
activity (8.15+ 3.773), when compared with that observed for
cells exposed to sunitinib, either per se (1.171+ 0.1539, P ,

Figure 4. Lipoplex-mediated delivery of anti-miR-21 oligonucleotides in U87 human GBM cells and miR-21, PTEN and PDCD4 expression after
oligonucleotide-mediated miR-21 silencing. For the assessment of lipoplex-cell association, U87 cells were incubated with lipoplexes for 4 h, rinsed with
PBS and prepared for flow cytometry analysis (as described in Supplementary Materials and Methods). Viable cells were gated based on morphologic features,
including cell volume (given by the forward scatter, FSC) and cell complexity (given by the side scatter, SSC) (left plots in [A and B]). Fluorescent intensity plots
of U87 cells (A) untreated or (B) transfected with lipoplexes at a final concentration of 100 nM anti-miR-21 oligonucleotides are shown in the right plots in (A)
and (B). Mean fluorescence values (geometric mean) are indicated for each plot. (C) miR-21 and (D) PTEN and PDCD4 mRNA expression levels in U87 cells
48 h after transfection with anti-miR-21 or scrambled oligonucleotides (n ¼ 3), at a final oligonucleotide concentration of 50 or 100 nM. MiR-21 expression
levels, normalized to the reference U6snRNA, as well as PTEN and PDCD4 expression levels, normalized to the reference HPRT1, are presented as relative
expression values to control untreated cells. (E) Representative gel showing PTEN and PDCD4 protein levels in U87 cells 48 h after transfection with
anti-miR-21 or scrambled oligonucleotides (n ¼ 3) at a final oligonucleotide concentration of 100 nM. (F) Quantification of PTEN and PDCD4 bands observed
in (E), corrected for individual a-tubulin signal intensity. Results are presented as PTEN and PDCD4 expression levels relative to control. ∗P , 0.05, ∗∗P ,

0.01, ∗∗∗P , 0.001 when compared with cells transfected with a similar amount of scrambled oligonucleotides.
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Figure 5. Western blot detection of p21 and caspase activation in U87 human GBM cells. (C) Caspase 3/7 activity in U87 cells transfected with anti-miR-21 or
scrambled oligonucleotides (0.1 mM), either per se or in combination. (A) Representative gel showing p21 levels in U87 cells 48 h after transfection with
anti-miR-21 or scrambled (Scr) oligonucleotides (n ¼ 3) at a final oligonucleotide concentration of 100 nM. (B) Quantification of p21 bands observed in (A),
corrected for individual a-tubulin signal intensity bination with exposure to 15 mM sunitinib or 100 mM temozolomide (n ¼ 3). Twenty-four hours after trans-
fection, cells were exposed to 15 mM sunitinib or 100 mM temozolomide for 24 h, rinsed with PBS, after which cells were either prepared for caspase detection
(cells incubated with sunitinib) or further cultured for 24 h and then prepared for caspase detection (cells incubated with temozolomide). Results, presented as
relative fluorescence units with respect to control untreated cells, were normalized for the number of cells in each condition. Scrambled/anti-miR-21 + S15/
TZM100 cells were transfected with scrambled or anti-miR-21 oligonucleotides and further incubated with 15 mM sunitinib or 100 mM temozolomide. ∗∗P ,

0.01 when compared with cells transfected with scrambled oligonucleotides and further incubated with 15 mM sunitinib. +++ P , 0.001 when compared
with cells exposed to 15 mM sunitinib. #P , 0.01 when compared with cells transfected with scrambled oligonucleotides (one-way analysis of variance with
Benferroni’s posthoc test). (D) Cell viability was evaluated by the Alamar Blue assay, immediately (0), 24 h (24 h) or 48 h (48 h) after incubation with
pifithrin-a. ∗P , 0.05, ∗∗∗P , 0.001 when compared with untreated cells. (E) Caspase 3/7 activity in U87 cells transfected with anti-miR-21 or scrambled oli-
gonucleotides (0.1 mM), either per se or in combination with exposure to 10 mM pifithrin-a (n ¼ 3). Four hours after transfection, cells were incubated with 10 mM

pifithrin-a for 24 h, and further incubated for 24 h in fresh DMEM medium. Caspase activity was assessed as described in the Materials and Methods section.
Results, presented as relative fluorescence units with respect to control untreated cells, were normalized for the number of cells in each condition. Scrambled/
anti-miR-21 + PIF100 cells were transfected with scrambled or anti-miR-21 oligonucleotides and further incubated with 10 mM pifithrin-a. #P , 0.01 when com-
pared with cells transfected with anti-miR-21 oligonucleotides.

910 Human Molecular Genetics, 2013, Vol. 22, No. 5



0.001) or in combination with transfection mediated by
scrambled oligonucleotides (2.62+ 0.800, P , 0.01). In con-
trast, miR-21 silencing followed by treatment of U87 cells
with 100 mM of the alkylating drug temozolomide, currently
used in the clinic as frontline therapy, did not result in signifi-
cant enhancement of cell apoptotic activity.

Pifithrin-a-mediated p53 inhibition reduced the
caspase activation associated with decreased miR-21
expression levels

To evaluate whether the increase in apoptosis observed for
U87 cells following miR-21 silencing could be mediated by
p53, a transient inhibition of p53 function was induced in
both untreated and anti-miR-21 transfected U87 cells (wild-
type p53), using pifithrin-a, a DNA-binding inhibitor of p53
transcriptional activity (32,33). In accordance with previously
reported studies (34,35), reduced signs of toxicity were
detected when U87 cells were incubated with 10 mM of
pifithrin-a for up to 48 h while a marked decrease in viability
could be observed immediately after cell treatment with 30 mM

or higher concentrations of the drug (Fig. 5D). As demon-
strated in Figure 5E, a small, but significant, decrease in the
levels of caspase 3/7 activity was observed in cells transfected
with anti-miR-21 oligonucleotides and further incubated with
10 mM of pifithrin-a (2.645+ 0.54), when compared with
those of cells transfected with anti-miR-21 oligonucleotides
without drug treatment (4.41+ 0.99, P , 0.05).

Lipoplex-mediated miR-21 silencing enhances the
cytotoxic effect of sunitinib in U87 and F98 glioma cells

To evaluate whether the caspase activation associated with
decreased miR-21 expression in U87 cells would correlate
with changes in cell proliferation, cell viability was measured
after transfection with anti-miR-21 oligonucleotides, either
per se or in combination with sunitinib or temozolomide.
Initial experiments were performed by exposing U87 cells to
different concentrations of sunitinib or temozolomide for 24 h
(Fig. 6A and B), to determine the optimal concentration of
drug to be used in the assay. A moderate decrease in cell viabil-
ity was observed when U87 cells were transfected with
anti-miR-21 oligonucleotides (78.2+ 10.8), as compared to
that observed for cells transfected with a scrambled sequence
(95.4+ 1.2, P . 0.05) (Fig. 6D). Remarkably, a significant de-
crease in the percentage of viable cells was observed when cells
were transfected with anti-miR-21 oligonucleotides and further
exposed to sunitinib (56.52+ 14.48), as compared to that
observed upon exposure to sunitinib, either per se (78.20+
10.78, P , 0.001) or in combination with the transfection of
scrambled oligonucleotides (80.26+ 7.78, P , 0.01). Con-
versely, lipoplex-mediated miR-21 silencing in U87 cells did
not improve significantly the reduction in cell viability asso-
ciated with exposure to temozolomide (Fig. 6E). A significant
decrease in the percentage of viable cells was also observed
when F98 rat glioma cells were transfected with anti-miR-21
oligonucleotides and further exposed to sunitinib (54.95+
9.611), as compared to that observed upon exposure to sunitinib,
either per se (83.16+ 3.317, P , 0.001) or in combination with
the transfection of scrambled oligonucleotides (69.6+ 8.109,

P , 0.05) (Fig. 6F). Similarly to what was observed with the
U87 cells, lipoplex-mediated miR-21 silencing of F98 cells
did not improve significantly the reduction in cell viability asso-
ciated with exposure to temozolomide (data not shown).

Sunitinib exposure decreases NF-kB activation in U87
GBM cells

A study by Perkins and colleagues has shown that the
p53-inhibitor pifithrin-a may indirectly enhance NF-kB sig-
naling in tumor cells (36). Moreover, several reports have
demonstrated the existence of reciprocal regulation between
p53 and NF-kB (30,37). The observation of increased p53 ac-
tivity and sunitinib cytotoxicity in cells with decreased
miR-21 levels prompted us to test whether miR-21 silencing
and/or sunitinib exposure would have any effect on NF-kB,
a transcription factor whose activity has been linked to inflam-
mation and cancer (38). In response to cellular stimuli, the
p65/RelA subunit of NF-kB is translocated to the nucleus,
where it binds specific DNA motifs and initiates transcription.
The nuclear expression of p65/RelA was assessed in U87 cells
transfected with scrambled or anti-miR-21 oligonucleotides,
and compared to that of untransfected cells. As shown in
Figure 7A and B, no significant decrease in p65 expression
was observed in U87 cells transfected with anti-miR-21 oligo-
nucleotides, when compared with that observed for cells trans-
fected with scrambled oligonucleotides. Importantly, p65
expression was reduced by �32% in U87 cells exposed to
sunitinib, when compared with normal untreated cells (P ,
0.05). Decreased p65 expression was also observed in U87
cells transfected with anti-miR-21 oligonucleotides and
further exposed to sunitinib, when compared with that
observed for untreated cells or cells transfected with
scrambled oligonucleotides and further exposed to sunitinib
(�10 and 5%, respectively; P . 0.05).

Lentivirally mediated miR-21 silencing does not
significantly affect the sensibility of U87 cells
toward sunitinib

Aiming at evaluating whether a permanent decrease in EmiR-21
expression in U87 GBM cells could sensitize these cells toward
sunitinib, we developed a lentivirally modified U87 cell line
expressing a short hairpin against the mature form of miR-21
and green fluorescent protein (GFP) (U87-anti-miR-21). Lenti-
virally modified U87 cells expressing only GFP were used as a
control (U87-GFP). Viral transduction of U87 cells was very
efficient, as concluded by the observation of �85% (U87-
anti-miR-21) and 90% (U87-GFP) of cells expressing GFP
(data not shown). As shown in Figure 7C, miR-21 expression
levels were significantly reduced in U87-anti-miR-21 cells
(0.426+ 0.184, P , 0.001), as compared with those observed
in U87-GFP cells expressing GFP (0.858+ 0.05) or parental
(non-transduced) U87 cells. Parallel experiments demonstrated
that miR-21 silencing did not significantly affect the levels of
miR-128 (Fig. 7C), thus indicating that the observed reduction
in miR-21 levels is sequence specific. Furthermore,
U87-anti-miR-21 cells displayed decreased proliferation rate,
when compared with that of U87-GFP and parental U87 cells
(Fig. 7D). A small, although not significant, decrease in cell
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viability was observed in U87-anti-miR-21 cells following in-
cubation with 15 mM sunitinib for 24 h (72.68+ 7.85), as com-
pared with that observed in U87-GFP cells expressing GFP
(79.64+ 7.03) (Fig. 7E). A smaller decrease was observed
when cells were incubated with 20 mM sunitinib (�3%),
whereas no differences were observed when cells were incu-
bated with 10 mM sunitinib.

DISCUSSION

Over the last decade, accumulated evidence has shown that
miRNAs play an important role in relevant molecular and cel-
lular mechanisms governing GBM tumorigenesis, including
cell proliferation, invasion and stem cell renewal (16,18,39).
Due to their small size and influence in a broad range of bio-
logic processes, miRNAs are very attractive therapeutic
targets for GBM. In the present study, we demonstrate that a
combination of a liposome-based gene therapy approach tar-
geting miR-21, uniformly overexpressed in the different sub-
types of GBM, with sunitinib, an inhibitor of tyrosine kinase

receptors that include PDGFR and VEGF, enhances the cyto-
toxic effect of this drug in U87 human and F98 glioma cells.

Alterations in miRNA signaling have been associated with
several aspects of carcinogenesis, including tumor invasion
and metastasis and patient outcome (40,41). Here, by demon-
strating that miR-21 is overexpressed and miR-128 is downre-
gulated in mouse GBM models and in a large number of
human GBM samples, our results not only support those
from previously reported studies (10,21,22), but also underline
the universal character of these alterations in the global GBM
profile. Recently, an interesting study from the TCGA Re-
search Network divided GBMs into four clinically relevant
subtypes characterized by abnormalities in PDGF receptor
alpha, isocitrate dehydrogenase 1, EGFR and neurofibromin
1 (12), and among the two main subtypes identified, the ‘clas-
sical’ GBMs predominantly harbor EGFR amplification and
rearrangement, whereas the ‘proneural’ GBMs are predomin-
antly driven by PDGF signaling (12). By identifying a small
group of miRNAs whose alterations are associated with the
different GBM subclasses, we extended the molecular

Figure 6. Cell viability after incubation with sunitinib or temozolomide, either per se or in combination with the transfection of anti-miR-21 or scrambled oli-
gonucleotides. Twenty-four hours before any experiment, U87 and F98 cells were plated onto 24-well plates at a density of 3.5 × 104 and 3 × 104 cells/well
(respectively). Cells were transfected for 4 h with anti-miR-21 or scrambled oligonucleotides, rinsed with PBS, cultured for 24 h in fresh DMEM and then
exposed to sunitinib or temozolomide for 24 h. Cell viability was evaluated by the Alamar Blue assay (as described in the Materials and Methods section) im-
mediately (sunitinib) or 24 h (temozolomide) after incubation with the drug. Cell viability in (A and B) U87 and (C) F98 glioma cells after incubation with
different concentrations of (A and C) sunitinib or (B) temozolomide for 24 h. Cell viability in (D and E) U87 and (F) F98 cells after incubation with sunitinib
(D and F) or temozolomide (E), either per se or in combination with the transfection of anti-miR-21 or scrambled oligonucleotides. Scrambled/anti-miR-21 +
S7.5/S15/TZM100 cells were transfected with scrambled or anti-miR-21 oligonucleotides and further incubated with 7.5 or 15 mM sunitinib or 100 mM temozolo-
mide. ∗P , 0.05, ∗∗∗P , 0.001 when compared with control untreated U87 cells. »P , 0.05, »»P , 0.01, »»»P , 0.001 when compared with control untreated
F98 cells. ++P , 0.01 when compared with U87 cells transfected with scrambled oligonucleotides and further incubated with 15 mM sunitinib. ###P , 0.001
when compared with U87 cells exposed to 15 mM sunitinib. ^P , 0.05 when compared with U87 cells transfected with anti-miR-21 oligonucleotides. &P ,

0.05 when compared with F98 cells transfected with scrambled oligonucleotides and further incubated with 7.5 mM sunitinib. ���P , 0.001 when compared
with F98 cells transfected with anti-miR-21 oligonucleotides or incubated with 7.5 mM sunitinib.
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characterization of this group of tumors to non-coding RNAs.
The results here presented suggest that alterations in the ex-
pression of the miR-221/222 cluster occur predominantly in
the proneural and neural subtypes (Fig. 3B and Supplementary
Material, Table S1), whereas alterations in let-7i are predom-
inant in the classical group, and alterations in the oncogenic
miR-20a and miR-106a are common to both subtypes
(Fig. 3B). However, as none of the miRNAs analyzed are
strictly altered in a unique GBM subtype (under the defined
exclusion criteria), our data do not implicate such miRNAs

as additional direct biomarkers, but rather complementary mo-
lecular markers that may help in the correct identification of
the different GBM subclasses.

The biologic effects of miR-21 are most likely associated to
the simultaneous repression of multiple tumor suppressor
genes, including tropomyosin 1, PDCD4 and PTEN
(28,42,43), as well as of several invasion/metastasis suppres-
sors (25). Here, and in accordance with previous studies
(42,44), we provide evidence that oligonucleotide-mediated
miR-21 silencing increases the expression levels of the

Figure 7. Western blot detection of NF-kB (p65 subunit) in U87 GBM cells and evaluation of miR-21 expression, proliferation and viability in U87,
U87-anti-miR-21 and U87-GFP GBM cells after incubation with sunitinib. Twenty-four hours after cell transfection with scrambled (Scr) or anti-miR-21 oli-
gonucleotides, at a final concentration of 100 nM, cells were exposed to 15 mM sunitinib (SUN 15 mM) for 24 h, rinsed with PBS, after which nuclear extracts were
prepared. (A) Representative gel showing p65 levels in U87 cells 48 h after transfection with anti-miR-21 or scrambled (Scr) oligonucleotides (n ¼ 3) at a final
oligonucleotide concentration of 100 nM, either per se or in combination with exposure to 15 mM sunitinib. (B) Quantification of p65 bands observed in (A),
corrected for individual histone H3 signal intensity. ∗P , 0.05 when compared with control untreated U87 cells. Modified U87 cell lines, expressing either
an anti-miR-21 short hairpin (U87-anti-miR-21) or a GFP-coding short hairpin (U87-GFP), were developed as described in the Materials and Methods
section. (A) miR-21 and miR-128 expression in U87-anti-miR-21 and U87-GFP cells, normalized to the reference U6snRNA. Results are presented as relative
expression values to control U87 cells. Two-way analysis of variance combined with the Bonferroni posthoc test was used for statistical analysis. ∗∗∗P , 0.001
when compared with U87-GFP cells. (B) U87, U87-anti-miR-21 and U87-GFP cells were plated onto 48-well plates at a density of 2.5 × 104 cells/well. At
defined time points, cells were washed with PBS, trypsinized and resuspended in culture medium. The number of viable cells was determined by Trypan
blue exclusion. Two-way analysis of variance combined with the Bonferroni posthoc test was used for statistical analysis. ∗∗P , 0.01, ∗∗∗P , 0.001 when com-
pared with U87-GFP cells. (C) Twenty-four hours before incubation with sunitinib, cells were plated onto 24-well plates at a concentration of 5 × 104 cells/well.
Cells were exposed to different concentrations of sunitinib for 24 h and further grown for 24 h in fresh culture medium, after which the cell viability was eval-
uated by the Alamar Blue assay (as described in the Materials and Methods section). Two-way analysis of variance combined with Bonferroni’s posthoc test was
used for statistical analysis. #P , 0.001 when compared with U87 cells.
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tumor suppressors PTEN and PDCD4. PTEN is a frequently
disrupted tumor suppressor in glioma and capable of restrict-
ing growth and survival signals by limiting the activity of
the phosphoinositide-3-kinase (PI3K) pathway, a signaling
cascade that controls cell proliferation, growth, differentiation
and survival (45,46). PDCD4 is also frequently lost in glioma
(47) and has been shown to regulate important cellular pro-
cesses affecting cell phenotype, including protein translation
(48), promoter activation (49) and cell cycle regulation (50).
The observation of increased levels of the PDCD4 protein
(and not mRNA) following miR-21 silencing suggests that
miR-21 regulates PDCD4 expression in U87 GBM cells by
inhibiting its translation, rather than promoting PDCD4
mRNA degradation. A similar mechanism has previously
been reported by Chen and colleagues (51).

MiR-21 has also been shown to target multiple components
of important apoptosis-related pathways, including p53,
TGF-b and mitochondrial apoptosis (29). Knockdown of
miR-21 in cultured GBM cells and glioma-bearing mice has
been previously shown to trigger caspase activation and lead
to increased apoptotic cell death and decreased tumor cell via-
bility (21,52). In this regard, our results also reveal an increase
in caspase 3/7 activation following miR-21 silencing in U87
cells, thus confirming an antiapoptotic role of miR-21 in
human GBM cells. The observation of increased p21 expres-
sion in U87 cells with decreased miR-21 levels, as well as
reduced caspase activation following miR-21 silencing in
cells with repressed p53 transcriptional activity, strongly sug-
gests that miR-21 silencing increases p53 activity in U87
GBM cells. The increased expression of the tumor suppressors
and the activation of caspases observed following miR-21 si-
lencing may not only explain the reduction observed in the
proliferation of U87 cells, but also render the cells susceptible
to drugs targeting other signaling pathways governing GBM
tumorigenesis. In this regard, several in vitro studies have
already shown that miR-21 modulation potentiates the cyto-
toxic effect of antineoplastic drugs. The codelivery of
anti-miR-21 oligonucleotides significantly improved the cyto-
toxicity of fluorouracil (5-FU) in U251 human GBM cells
while increasing apoptosis and decreasing tumor cell migra-
tion (53). MiR-21 inhibition was also shown to enhance the
chemosensitivity of human GBM cells to taxol, independent
of PTEN status (54). Here, we are the first to demonstrate
that lipoplex-mediated miR-21 silencing enhances significant-
ly the cytotoxic effect of sunitinib in both U87 human and F98
rat glioma cells. Sunitinib is currently approved by the FDA
for the treatment of gastro-intestinal stromal tumors (GIST)
and renal cell carcinoma, and several phase II clinical trials
are underway for GBM (55). Moreover, we demonstrate that
sunitinib decreases the nuclear expression of p65, the gene
regulatory subunit of the NF-kB transcription factor, which
suggests that sunitinib decreases the activation of the oncogen-
ic NF-kB pathway in U87 GBM cells. The oncogenic NF-kB
and the tumor suppressor p53 have reciprocal activities and
functions. P53 can regulate the levels of NF-kB to promote
apoptosis and cell death, whereas NF-kB-mediated negative
regulation of p53 can contribute to tumorigenesis (37). In
this regard, the simultaneous induction of p53-related activity
and repression of NF-kB, achieved by the silencing of miR-21
concomitant with sunitinib exposure, may explain the

synergistic cytotoxic effect observed with the simultaneous
application of both strategies. In this context, the results
obtained in this study reveal a miRNA-based therapeutic ap-
proach with potential to complement a primary drug-based
therapy that may prove to be of great importance for clinical
application, particularly considering the drug resistance and
toxic side effects usually associated with the use of chemother-
apy. Experiments in an animal model of GBM are currently in
progress in our laboratory to address the in vivo efficacy of the
generated combined therapeutic approach and will constitute a
separate study.

The results obtained in this study also indicate that a perman-
ent decrease in miR-21 levels, achieved by lentiviral transduc-
tion of U87 cells, does not significantly improve the
sensitivity of U87 cells toward sunitinib, as opposed to what
was achieved with the transient oligonucleotide-based
approach. In this regard, the moderate decrease in the levels
of miR-21 obtained in cells transduced with lentivirus
(�2-fold), when compared with the pronounced decrease in
the levels of miR-21 in oligonucleotide-transfected cells
(�150-fold), may help in explaining the observed differences.
Experiments involving an optimized lentiviral vector, able to
produce a more efficient anti-miR-21 short hairpin RNA
(shRNA), may clarify whether the sensitivity of U87 cells
toward sunitinib relates with the expression levels of miR-21.

In summary, the observation of an invariable overexpres-
sion of miR-21 in GBM associated with the highly promising
results achieved in lipoplex-mediated miR-21-antagonism
studies suggests that miR-21 is an ideal candidate for a multi-
modal therapeutic approach, combining miRNA-based gene
therapy with antiangiogenic activity toward GBM.

MATERIALS AND METHODS

Materials

Sunitinib malate (Sutentw) was kindly offered by Pfizer
(Basel, Switzerland) and temozolomide (Temodarw, Merck)
was acquired from Sigma (Munich, Germany). Stock solutions
were prepared in DMSO (Sigma, Germany) and stored at
2208C or 48C (respectively). The miRZip anti-miR-21 con-
struct was acquired from System Biosciences (Mountain
View, CA, USA). The locked nucleic acid (LNA)-modified
anti-miR-21 oligonucleotides and a non-coding (scrambled)
sequence, as well as digoxigenin (DIG)-labeled LNA detection
probes for miR-21, scrambled and U6snRNA, were acquired
from Exiqon (Vedbaek, Denmark). All sequences are dis-
played in Supplementary Material, Table S3. All other
reagents were obtained from Sigma unless stated otherwise.

Human and mouse tissue samples

Human GBM samples and non-neoplastic brain tissue were
obtained from the Bartoli Brain Tumor Bank at the Columbia
University Medical Center (CUMC) and were used in accord-
ance with the policies of the CUMC review board. Briefly,
tissue samples were flash frozen in liquid nitrogen immediate-
ly after surgical resection, and further stored at 2808C. Neo-
plastic tissue samples were obtained from viable areas of
tumor while trying to avoid necrotic areas. Non-neoplastic
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brain tissue samples were derived from the temporal lobes of
patients surgically treated for temporal lobe epilepsy. Tissue
adjacent to the tumors was also obtained from postmortem
specimens. Commercially available total RNA from adult
human brain was acquired from Clontech (Mountain View,
CA, USA) (Catalog No: 636530, Lot number: 9022522A).

Mouse GBM samples were obtained from established GBM
models developed by injection of the retroviral vector
PDGF-IRES-CRE in the subcortical white matter of double-
floxed (PTEN2/2p532/2) or PTEN-floxed (PTEN2/2) mice,
as described previously (20). Control samples were obtained
from brains of double-floxed mice injected with Cre-only
retrovirus (no PDGF).

Cell lines and culturing conditions

Mouse GBM cell lines, derived from brain tumors of double-
floxed (PTEN2/2p532/2) or PTEN-floxed mice, were main-
tained in culture as described previously (20). The F98 rat
glioma cell line was a kind offer from Dr Hélène Elleaume
(European Synchrotron Radiation Facility, Grenoble,
France), and the U87 human GBM cell line was obtained
from the American Type Culture Collection (Manassas, VA,
USA). Cells were maintained in DMEM (Invitrogen, Carlsbad,
CA, USA), supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Gibco, Paisley, Scotland), 100 U/ml
penicillin (Sigma), 100 mg/ml streptomycin (Sigma) and cul-
tured at 378C under a humidified atmosphere containing 5%
CO2. Undifferentiated P19 embryonal carcinoma cell line
was a kind gift from Dr Richard Cerione (Cornell University,
NY, USA) and was maintained in a-MEM (Gibco), and sup-
plements and growth conditions were similar to those used
for glioma cells. Primary rat cortical astrocyte cultures were
prepared from the cerebral cortices of newborn pups according
to established protocols (56).

For all the experiments, cell plating densities are indicated
in Supplementary Material.

Lentiviral production and cellular transdution

Lentiviruses encoding the anti-miR-21 shRNA and GFP or a
control shGFP were produced in 293T cells with a four-
plasmid system, as previously described (57,58). The lentiviral
particles were produced and resuspended in phosphate-
buffered saline (PBS) containing 1% bovine serum albumin.
The viral particle content of batches was determined by assay-
ing HIV-1 p24 antigen (RETROtek, Gentaur, Paris, France).
The stocks were stored at 2808C until use.

For the lentiviral transduction of U87 cells, cells were
plated onto six-well plates at a final concentration of 1.6 ×
105 cells/well. Twenty-four hours after plating, 10 ng of
virus coding for either anti-miR-21 shRNA or control shGFP
were added per 1 × 105 cells, and 8 mg of polybrene (hexadi-
methrine bromide) were also added to each well, to increase
the efficiency of infection. Cell culture medium was replaced
6 h after infection, and cells were further grown for 48 h, after
which were plated onto 10 cm dishes. Infected cells were
selected by growing cells in a culture medium containing
1 ug/ml of puromycin.

Lipoplex preparation and cell transfection

For transfection of anti-miR-21 oligonucleotides, lipoplexes
were prepared with DLS liposomes, as described previously
(26,59). DLS liposomes were prepared by mixing 1 mg
of dioctadecylamidoglycylspermidine (DOGS) (Promega,
Madison, WI) and 1 mg of dioleoyl phosphatidylethanolamine
(DOPE) (Sigma, Munich) in 40 ml of 90% ethanol, followed
by the addition of 360 ml of sterile H2O, and the mixture
was further incubated for 30 min to allow liposome formation.
The final lipid concentration was 5 mg/ml (2.5 mg of DOGS
and 2.5 mg of DOPE). Lipoplexes were prepared by gently
mixing 12 mg of oligonucleotides with 125 mg of lipid in a
final volume of 125 ml, followed by incubation for 30 min at
room temperature. DLS lipoplexes were prepared fresh for
every experiment. Lipoplexes were added to cells, maintained
in OptiMEM (Gibco), at a final concentration of 50 or 100 nM

oligonucleotides/well. After a 4 h incubation period, cells
were washed with PBS and further cultured in fresh DMEM
medium for 48 h.

RNA extraction in tissue samples and cDNA synthesis

Total RNA from human and mouse tissue samples was extracted
using the miRNAeasy Mini kit (Qiagen, Valencia, CA, USA)
following the manufacturer’s instructions. After RNA quantifi-
cation, cDNA conversion was performed using the TaqMan
MicroRNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA) and miRNA-specific primers. For each
sample, cDNA was produced from 10 ng of total RNA in an
TC-PLUS SAT/02 thermocycler (VWR, Radnor, PA, USA),
by applying the following protocol: 30 min at 168C, 30 min at
428C and 5 min at 858C. The cDNA was further diluted 1:20
with RNase-free water prior to quantification by qPCR. RNA
extraction for cultured cells and cDNA synthesis are described
in the Supplementary Material.

qPCR quantification of miRNA expression in tissue
samples

MiRNA quantification in human and mouse tissue samples
was performed in an ABI Prism 7300 qPCR System
(Applied Biosystems) using 96-well microtiter plates and the
TaqManw Universal PCR Master Mix (Applied Biosystems).
The primers for the target miRNAs (miR-128, miR-21 and
miR-221) and the reference RNA (U6snRNA) were also
acquired from Applied Biosystems (60). A master mix was
prepared for each primer set, containing a fixed volume of
TaqMan master mix and the appropriate amount of each
primer to yield a final concentration of 150 nM. For each reac-
tion, performed in duplicate, 17.67 ml of master mix were
added to 1.33 ml of template cDNA. The reaction conditions
consisted of enzyme activation at 958C for 10 min, followed
by 40 cycles at 958C for 15 s (denaturation) and 60 s at
608C (annealing and elongation). Threshold values for thresh-
old cycle determination (Ct) were generated automatically by
the SDS Optical System software. Relative miRNA levels
were determined following the Pfaffl method for relative
miRNA quantification in the presence of target and reference
genes with different amplification efficiencies (61). The
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amplification efficiency for each target or reference gene was
determined according to the formula: E ¼ 10(21/S), where S is
the slope of the standard curve obtained for each gene.

MiRNA and mRNA quantification in cultured cells is
described in the Supplementary Material.

Western blot analysis

Total protein extracts were prepared from cultured U87 cells,
homogenized at 48C in radioimmunoprecipitation assay lysis
buffer (50 mM Tris pH 8.0, 150 mM NaCl, 50 mM EDTA,
0.5% sodium deoxycholate, 1% Triton X-100) containing a
protease inhibitor cocktail (Sigma), 2 mM dithiothreitol and
0.1 mM phenylmethylsulfonyl fluoride. The concentration of
protein lysates was determined using the Bio-Rad Dc protein
assay (Bio-Rad), and 25 mg of total protein were resuspended
in loading buffer (20% glycerol, 10% SDS, 0.1% bromophenol
blue), incubated for 5 min at 958C and loaded onto a 10%
polyacrylamide gel for electrophoretic separation. After elec-
trophoresis, the proteins were blotted onto a polyvinylidene
fluoride (PVDF) membrane, blocked in 5% non-fat milk for
1 h, incubated overnight at 48C with an anti-PTEN (#9552,
Cell Signaling; 1:1000), anti-PDCD4 (clone D29C6, Cell sig-
naling; 1:1000), anti-p53 (clone Pab240, Millipore; 1:500 and
clone 1C12, Cell signaling; 1:1000) and anti-p21 (Ab7960,
Abcam; 1:200) antibody and with the appropriate alkaline
phosphatase labeled-secondary antibody (1:20 000) (Amer-
sham, Uppsala, Sweden) for 2 h at room temperature. Equal
protein loading was verified by reprobing the membrane
with an anti-a-tubulin antibody (1:10 000) (Sigma) and with
the same secondary antibody. After antibody incubation, the
blots were washed several times with TBS-T (Bio-Rad), incu-
bated with the enzyme substrate ECF (Amersham Biosciences,
UK) for 5 min at room temperature and then subjected to
fluorescence detection at 570 nm using a VersaDoc Imaging
System Model 3000 (Bio-Rad). The analysis of band intensity
was performed using the Quantity One software (Bio-Rad).

NF-kB activation analysis

To detect NF-kB activation, the nuclear translocation of the
regulatory subunit p65/RelA was evaluated by western blotting.
The protocol for extraction of nuclear and cytoplasmic frac-
tions, described in Supplementary Material, was adapted from
the protocol described by Ferreira and colleagues (62). Ten
micrograms of nuclear protein were separated on a 10% poly-
acrylamide gel. After electrophoresis, the proteins were
blotted onto a PVDF membrane, blocked in 5% non-fat milk
for 1 h, incubated overnight at 48C with an anti-N (#9552,
Cell Signaling; 1:1000), anti-PDCD4 (clone D29C6, Cell sig-
naling; 1:1000), anti-p53 (clone Pab240, Millipore; 1:500 and
clone 1C12, Cell signaling; 1:1000) and anti-p21 (Ab7960,
Abcam; 1:200) antibody and with the appropriate alkaline phos-
phatase labeled-secondary antibody (1:20 000) (Amersham,
Uppsala, Sweden) for 2 h at room temperature.

FISH in tissue sections

FISH was performed in human and mouse FFPE tissue sec-
tions as described by Pena and colleagues (63), with a few

modifications. The detailed protocol is supplied in the
Supplementary Material.

Cell viability

Cell viability was evaluated by a modified Alamar Blue assay
(64). Briefly, 10% (v/v) resazurin dye in complete DMEM
medium was added to each well, and cells were incubated at
378C until the development of a pink coloration. Two
hundred microliters of supernatant were collected from each
well, transferred to clear 96-well plates, and the absorbance
at 570 (reduced form) and 600 nm (oxidized form) was mea-
sured in a microplate reader (SpectraMax Plus 384, Molecular
Devices). Cell viability was calculated as percentage of
control cells using the equation: (A5702A600) of treated
cells × 100/(A570–A600) of control cells.

Apoptosis assay

Caspase-3/7 activity was assessed using the SensoLyte homo-
genous AMC caspase-3/7 assay (AnaSpec, San Jose, CA,
USA). Briefly, 48 h after lipoplex-mediated oligonucleotide
transfection, 24 h after temozolomide incubation or immedi-
ately after exposure to sunitinib, cells were collected and
lyzed, according to the manufacter’s instructions. Cell super-
natant and caspase substrate (Ac-DEVD-AMC) were mixed,
according to the manufacturer’s recommendation, and
further incubated in a black 96-well plate for 40 min at
room temperature (with shaking). The production of the
AMC fluorophore, released as a result of caspase action on
the substrate, was measured for a period of 8 h, using a micro-
plate reader (SpectraMax Plus 384, Molecular Devices) at ex-
citation/emission of 354/442 nm. Results, presented as relative
fluorescence units to control untreated cells, were normalized
for the number of cells in each condition.

Confocal microscopy and flow cytometry studies

To assess the extent of cellular internalization of the
DLS-based lipoplexes, confocal microscopy and flow cytome-
try studies in proliferating cells were performed. The detailed
protocols are described in the Supplementary Material.

Analysis of the TCGA GBM data

The TCGA miRNA expression data were obtained from the
public access Data Portal (http://tcga-data.nci.nih.gov/tcga/)
through the Data Browser tool. Expression values were
obtained in a logarithmic scale (log 2 tumor/normal ratio)
and further converted into tumor/normal ratio (a threshold
value of one was used to identify dysregulated miRNAs in
tumor samples). Tumor IDs and derived data values are
given in Supplementary Material, Table S1. Multiple compari-
son analysis was performed using the commercially available
Microsoft Excel and P-values were adjusted by controlling the
FDR (65). Changes were considered significant (P , 0.05), if
the FDR was smaller than 0.05 (Supplementary Material,
Table S2).
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Statistical analysis

All data are presented as means+ standard deviation of at
least three independent experiments, each performed in tripli-
cate, unless stated otherwise. One-way analysis of variance
combined with the Tukey posthoc test was used for multiple
comparisons in cell culture experiments (unless stated other-
wise) and considered significant when P , 0.05. Statistical
differences are presented at probability levels of P , 0.05,
P , 0.01 and P , 0.001. Calculations were performed with
standard statistical software (Prism 5, GraphPad, San Diego,
CA, USA).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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