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INTRODUCTION

Diffuse astrocytoma of World Health Organization (WHO) grade I1
inherently tends to locally recur and spontaneously progress to
anaplastic astrocytoma WHO grade III and eventually secondary
glioblastoma WHO grade IV (35). The molecular basis of astrocy-
toma progression has been investigated in previous studies by ana-
lyzing chromosomal and genetic aberrations, as well as changes in
mRNA expression levels [for review, see (48)]. Collectively, these
studies revealed that up to 60% of diffuse astrocytomas carry 7P53
mutations, usually accompanied by loss of heterozygosity (LOH)
on 17p, thus resulting in complete abrogation of wild-type p53
function in the tumor cells (48). In addition, /DH! or IDH?2 gene
mutations and gains on chromosome 7 are commonly found in
these tumors (2, 48, 63). Anaplastic astrocytomas often carry addi-
tional chromosomal alterations, such as deletions on chromosomes
6, 9p, 11p, 19q and 22q. Relevant target genes on 9p are the
CDKN2A4, CDKN2B and p14'®" tumor suppressor genes. More-
over, CDK4 or CDK6 amplification or inactivating alterations of
RBI are detectable in a subset of anaplastic astrocytomas (25).
Glioblastomas show various chromosomal and genetic alterations
that lead to the inactivation of different tumor suppressor genes, as
well as the aberrant activation of proto-oncogenes (48). Interest-
ingly, the pattern of genetic aberrations in primary glioblastomas,
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Abstract

Diffuse astrocytoma of World Health Organization (WHO) grade II has an inherent ten-
dency to spontaneously progress to anaplastic astrocytoma WHO grade III or secondary
glioblastoma WHO grade IV. We explored the role of microRNAs (miRNAs) in glioma
progression by investigating the expression profiles of 157 miRNAs in four patients with
primary WHO grade II gliomas that spontaneously progressed to WHO grade IV secondary
glioblastomas. Thereby, we identified 12 miRNAs (miR-9, miR-15a, miR-16, miR-17,
miR-19a, miR-20a, miR-21, miR-25, miR-28, miR-130b, miR-140 and miR-210) showing
increased expression, and two miRNAs (miR-184 and miR-328) showing reduced expres-
sion upon progression. Validation experiments on independent series of primary low-grade
and secondary high-grade astrocytomas confirmed miR-17 and miR-184 as promising
candidates, which were selected for functional analyses. These studies revealed miRNA-
specific influences on the viability, proliferation, apoptosis and invasive growth properties
of A172 and T98G glioma cells in vitro. Using mRNA and protein expression profiling, we
identified distinct sets of transcripts and proteins that were differentially expressed after
inhibition of miR-17 or overexpression of miR-184 in glioma cells. Taken together, our
results support an important role of altered miRNA expression in gliomas, and suggest
miR-17 and miR-184 as interesting candidates contributing to glioma progression.

which present de novo with a short clinical history, is distinct from
that of secondary glioblastomas, which develop by progression
from pre-existing lower grade gliomas (43). For example, primary
glioblastomas show frequent EGFR amplification and PTEN muta-
tion, while secondary glioblastomas, similar to diffuse and anaplas-
tic astrocytomas, are characterized by frequent mutations in the
TP53 and IDH1 genes (2, 43, 63). Notably, most of the molecular
alterations at the gene and transcript levels that have been detected
in glioblastomas can be assigned to certain functional pathways, in
particular the phosphoinositol 3 kinase/Akt, mitogen-activated
kinase, p53 and pRb signaling cascades (7, 48).

MicroRNAs (miRNAs) are approximately 22-nucleotide-long,
single-stranded, noncoding RNA molecules that posttranscription-
ally regulate gene expression by translational inhibition or destabi-
lization of mRNA transcripts (13). A specific miRNA may simulta-
neously regulate multiple targets, thereby enabling complex
changes in protein expression profiles. Furthermore, a single target
can be regulated by multiple miRNAs, and upstream regulation of a
given miRNA can involve multiple regulators at different steps of
miRNA biogenesis. Thus, miRNAs take part in complex regulatory
networks that may influence almost every cellular process (13). We
explored the role of miRNAs in the malignant progression of
human gliomas by comparing miRNA expression profiles in
primary low-grade gliomas and secondary high-grade gliomas
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from individual patients. Two glioma progression-associated
miRNAs (miR-17 and miR-184) were selected for further func-
tional and molecular characterization using targeted inhibition of
miR-17 or overexpression of miR-184 in cultured glioma cells.

MATERIALS AND METHODS

Patient samples and extraction of nucleic acids

All tumors were selected from the collection of frozen brain tumor
tissue specimens at the Department of Neuropathology, Heinrich-
Heine-University, Diisseldorf, Germany, and investigated in accor-
dance with protocols approved by the institutional review board
(study number 2767). The tumors were classified according to the
WHO classification of tumors of the central nervous system (35).
Parts of each tumor were snap-frozen immediately after operation,
and stored at —80°C. Only specimens with a histologically esti-
mated tumor cell content of 80% or more were used for the molecu-
lar analyses. MiRNA expression profiles were determined in
primary low-grade and recurrent high-grade tumor pairs derived
from four independent patients. These patients had been originally
operated on WHO grade II gliomas (three diffuse astrocytomas and
one astrocytoma-predominant oligoastrocytoma), and then devel-
oped spontaneous recurrences that were histologically classified as
glioblastoma (WHO grade IV). None of the patients had been
treated by radio- or chemotherapy in between both operations. For
validation purposes, we investigated tumors from three additional
patients with primary WHO grade II gliomas (two diffuse astrocy-
tomas and one astrocytoma-predominant oligoastrocytoma) and
recurrent high-grade gliomas (two anaplastic astrocytomas and one
astrocytoma-predominant anaplastic oligoastrocytoma, all corre-
sponding to WHO grade III). All seven patients were included in
our previous studies addressing genetic alterations and differential
mRNA expression associated with astrocytoma progression (56,
57). An additional validation step involved the analysis of 14
diffuse astrocytomas and 13 secondary glioblastomas from 27
independent patients. DNA and RNA were extracted from unfixed
frozen tumor samples by ultracentrifugation over cesium chloride
as described (57). In the initial screening experiments, we used two
commercially available RNA samples obtained from adult human
brain tissue (Clontech, Mountain View, CA; Stratagene, Cedar
Creek, TX) as non-neoplastic reference samples. For the second
validation step, these control samples were supplemented by an
additional set of nine non-neoplastic brain RNAs obtained from
different commercial sources (Ambion, Austin, TX; Biochain,
Hayward, CA). Commercially available universal human RNA
(Stratagene) was used to calibrate the real-time polymerase chain
reaction (PCR) experiments.

MiRNA sequences and miRNA target prediction

MiRNA sequences and potential target genes were retrieved from
the Sanger Institute mirBase registry and mirBase target database
release 10.1 (http://microrna.sanger.ac.uk/index.shtml).

Real-time reverse transcription PCR (RT-PCR)
analyses

Reverse transcription of mature miRNAs was carried out with
stem-loop primers specific for each investigated miRNA. Real-
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time PCR was performed on an ABI PRISM® 5700 system using
the Applied Biosystems Early Access miRNA Kit with dye-labeled
TagMan® probes to monitor amplification according to the manu-
facturer’s protocol (Applied Biosystems, Foster City, CA). Fluo-
rescent data were converted into cycle threshold measurements by
the SDS system software, and exported to Microsoft Excel. Fold
expression changes relative to universal human RNA were calcu-
lated with the 2722°T method. As recommended by the manufac-
turer, the expression level of let-7a was used as a reference, which
showed robust expression in our samples, as well as in glioma
samples of a previous study (52). The miRNA sequences that could
be detected using the Early Access miRNA Kit are listed in Sup-
porting Information Table S1. Sequences of all primers used for
miRNA amplification are listed at http://www.appliedbiosystems.
com. The miRNAs were regarded as showing progression-
associated increased expression if a more than two-fold higher
expression level was detected in the secondary glioblastoma as
compared to the respective primary low-grade glioma with a raised
expression level in the secondary glioblastoma sample as com-
pared to a non-neoplastic brain tissue. Progression-associated
decreased expression was assumed if the recurrent tumor demon-
strated a more than two-fold lower expression level as compared to
the respective primary tumor with a lowered expression level in the
secondary glioblastoma sample as compared to a non-neoplastic
brain tissue. In the validation experiments performed for selected
miRNAs (miR-16, miR-17, miR-19a, miR-20a, miR-140, miR-
184), amplification of let-7a cDNA was measured by incorporation
of SYBR green fluorescent dye (Applied Biosystems) into the
double-stranded DNA, while the individual target miRNAs were
detected by TagMan technology. The independent validation series
of 14 diffuse astrocytomas, 13 secondary glioblastomas and nine
non-neoplastic brain tissue samples was investigated for expres-
sion of the six selected candidate miRNAs using TagMan-based
assays. For expression analysis of potential miRNA target tran-
scripts, 1 g of total RNA of each tumor was reverse transcribed
into cDNA using SuperScript® Reverse Transcriptase (Invitrogen,
Carlsbad, CA) and random primers. The mRNA expression levels
were detected by real-time PCR on the StepOnePlus™ system
(Applied Biosystems) using incorporation of SYBR green fluores-
cent dye into the double-stranded PCR products. The expression
level of each transcript was normalized to the expression level of
ARF1 transcripts (ADP-ribosylation factor 1, NCBI GenBank
accession no. M36340; for primer sequences, see Supporting Infor-
mation Table S2).

Duplex PCR analyses

The miR-184 locus was analyzed for homozygous deletion, and the
miR-17 locus for gene amplification by duplex PCR assays (for
primer sequences, see Supporting Information Table S2). The PCR
products were separated by electrophoresis in 3% agarose gels, and
the ethidium bromide-stained bands were recorded with the Gel
Doc™ 1000 system (Bio-Rad, Hercules, CA). Quantitative analy-
sis of the signals obtained for each miRNA locus and a reference
gene [adenine phosphoribosyltransferase (4PRT), NCBI GenBank
accession no. AC092384] was performed with the Molecular
Analyst software (Bio-Rad). Increases in the target gene/reference
gene ratio of more than three-fold of the ratio obtained for constitu-
tional DNA were considered as evidence for gene amplification.
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Reduction in the target gene/reference gene ratio below 0.3-fold
was considered as evidence for homozygous deletion.

Transfection of cultured glioma cells

The glioma cell lines A172 and T98G were obtained from Ameri-
can Type Culture Collection (Manassas, VA), and grown as mono-
layer cultures in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum and
penicillin/streptomycin (Invitrogen/GIBCO, Carlsbad, CA) in 5%
CO, humidified incubator at 37°C. Then, miR-184 was over-
expressed in glioma cells by transient transfection of a 25 nM
miR-184 pre-miR miRNA precursor (Ambion) with siPORT™
NeoFX™ transfection reagent (Ambion) according to the manu-
facturer’s protocol. MiR-17 was silenced by transfection of 50 nM
anti-miR miRNA inhibitors (Ambion). To normalize for side-
effects not caused by specific miRNA overexpression or inhibition,
cells were transfected with commercially available negative con-
trols (pre-miRNA negative control, pre-NC, anti-miRNA negative
control, anti-NC; Ambion).

In vitro assays for functional analyses

To determine the influence of miRNA modulation on cell viability,
a standard colorimetric assay was used (Sigma, Seelze, Germany).
Seventy-two hours after transfection, 10 uL of 5 mg/mL 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide was added
to each well of a 96-well cell culture plate. After incubation at 37°C
for 4 h, the reaction was stopped by solubilization with 150 uL.
dimethylsulfoxide. Absorbance at a wavelength of 570 nm was
measured using an enzyme-linked immunosorbent assay plate
reader (Tecan, Crailsheim, Germany) to determine the amount of
formazan that was produced. Absorbance at a wavelength of
630 nm was subtracted to normalize for different amounts of cell
debris.

The proliferation rate of cells transfected with pre-miRNA or
anti-miRNA was compared to cells transfected with the respective
negative controls using a commercially available BrdU incorpora-
tion assay (Roche, Mannheim, Germany). BrdU labeling solution
was added 48 h after transfection, and cells were fixed after 24 h of
incubation at 37°C.

Apoptotic activity in transfected and control cells was deter-
mined with a fluorometric caspase-3/7 assay (Promega, Man-
nheim, Germany). Caspase substrate was added 72 h after transfec-
tion, and fluorometric measurements were performed after an
incubation time of 2 h at room temperature.

Invasive growth properties of transfected and control cells were
quantified with a transwell assay (BD Biosciences, San Jose, CA).
BD BioCoat™ Matrigel™ invasion chambers 8.0 um, and BD
BioCoat 8.0 um control inserts were rehydrated in a 24-well com-
panion plate with serum-free DMEM at 37°C for 2 h. Cells were
mechanically detached from 10 cm dishes 48 h after transfection,
and suspended in serum-free DMEM at a concentration of 70 000
cells/mL. Then, 750 uL of medium containing 10% fetal bovine
serum as chemoattractant was pipetted into each well of an addi-
tional 24-well plate. Inserts were transferred to this plate, and
500 uL of cell suspension was dispensed in each well followed by
incubation at 37°C for 24 h. Afterwards, cells that had not migrated
through the membrane (and the Matrigel coating) were removed
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with cotton swabs. The inserts were put into methanol for 1 minute
to fix the migrated cells at the other side of the membrane. Mem-
branes were stained with hematoxylin and eosin, sliced out of the
inserts and fixed on a glass slide. A representative sector was
counted under the microscope at 100-fold magnification. To nor-
malize for different proliferation and unspecific migration through
the pores of the membrane, the number of cells that migrated
through each Matrigel-coated membrane was divided by the
average number of cells that migrated through control membranes
without Matrigel coating.

Each experimental group in the individual functional tests con-
sisted of six replicates. Two-sided Student’s 7-tests were applied to
compare results between transfected and control cells. P values of
less than 0.05 were considered to indicate significant differences.
The results of each in vitro experiment were converted into arbi-
trary units (a.u.) for better comparability of different experiments,
setting the average measurement of the control cells at 100 a.u.

Microarray-based expression profiling

A172 and T98G glioma cells were washed twice with phosphate-
buffered saline (PBS) 72 h after transfection, and then lysed with
Trizol reagent (Invitrogen) to extract the RNA according to the
manufacturer’s protocol. Expression profiles of specifically trans-
fected vs. control-transfected cells were determined by hybridiza-
tion to Affymetrix Human Genome U133 Plus 2.0 Array (Affyme-
trix, Santa Clara, CA). We used a global scaling strategy that sets
the average signal intensity of the array to a default target signal of
500, and performed a comparative analysis of the specifically
transfected samples vs. the control samples. Changes with P values
<0.05 were considered statistically significant. Genes with a signal
log ratio (transfected/negative control) >1 or <—1 were regarded as
being differentially regulated.

Proteomic analyses using two-dimensional
difference gel electrophoresis (2D-DIGE) and
mass spectrometry (MS)

A172 and T98G glioma cells were put on ice 72 h after transfec-
tion, washed with cold PBS twice and then suspended mechani-
cally in 1 mL PBS, followed by centrifugation at 1000 x g for 5
minutes. After removal of the supernatant, the cell pellet was snap-
frozen in liquid nitrogen and stored at —80°C. For cell lysis, 100 pg
pellet was mixed with 148 uL of lysis buffer (Tris—HCl
30 mmol/L, thiourea 2 mol/L, urea 7 mol/L, CHAPS 4%, pH 8.5).
Cell lysis was completed by subsequent sonification (6% 10 s
pulses on ice). Centrifugation at 12 000 x g for 15 minutes was
performed to remove cell debris. The protein samples with miRNA
overexpression or inhibition of miRNA function were labeled with
Cy3 minimal CyDye™ (GE Healthcare, Munich, Germany), and
the control-transfected samples were labeled with Cy5 minimal
CyDye (GE Healthcare) according to the manufacturer’s instruc-
tions. An internal standard composed of equal amounts of all
samples of one cell line was then labeled with Cy2 minimal CyDye
(GE Healthcare). Two-dimensional electrophoresis analysis was
performed using carrier ampholyte-based isoelectric focusing as
described elsewhere (29). After gel scanning, the protein patterns
were differentially analyzed using DeCyder™ (GE Healthcare)
as described elsewhere (53). For protein identification by
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matrix-assisted laser desorption/ionization (MALDI)-MS, silver
post-staining was performed using MS-compatible protocol (40).
In-gel digestion of proteins was performed with trypsin, and
obtained peptides were subjected to MALDI-MS analysis and
identified using the Mascot algorithm for searching the IPI protein
database (http://www.ebi.ac.uk).

SDS-polyacrylamide gel electrophoresis (PAGE)
and Western blot analysis

For protein extraction from cell cultures, cells were put on ice
and washed with cold PBS twice. Then, 400 uL lysis buffer
[50 mmol/L Tris—Cl (pH 8.0), 150 mmol/L NaCl, 0.5% Triton
X-100, 0.5% deoxycholate] was added to each 10 cm dish. Cell
lysates were centrifuged to remove cell debris. Supernatants
were separated on 10% Tris—glycin SDS polyacrylamide gels. For
Western blot analysis of tumor tissues, we used the protein fraction
obtained by ultracentrifugation over cesium chloride. Excess of
guanidine hydrochloride salt load was removed by replacement of
solvent with sample buffer using ultrafiltration applying Micro-
con™ (Millipore, Schwalbach, Germany; 3 kDa cutoff). The pro-
teins were then denatured and separated by gel electrophoresis on
precasted NuPAGE™ Novex 4%—12% Bis-Tris Midi gels (Invitro-
gen, Karlsruhe, Germany). Separated proteins were transferred to
Hybond-P™ PVDF membranes (Amersham Biosciences, Piscat-
away, NJ) using a Trans Blot® Cell Blot module (Bio-Rad). The
membranes were blocked with 5% bovine serum albumine (BSA)
in PBS-T (0.05% Tween 20 in PBS), and probed with antibodies
against Akt2 (1:100, Cell Signaling, Danvers, MA: #2962) and
o-tubulin (1:100, Sigma, Taufkirchen, Germany: T9026) or B-actin
(1:10 000, Sigma-Aldrich, St. Louis, MO: A5541). Primary anti-
body binding was detected by anti-mouse or anti-rabbit antibodies
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linked to horseradish peroxidase followed by incubation with
Immobilon® Western HRP Substrate luminol reagent and peroxide
solution (Millipore, Billerica, MA). Chemiluminescence was
recorded with the LAS-3000 mini system (Fujifilm Life Science,
Stanford, CT).

RESULTS

Identification of miRNAs that are differentially
expressed between diffuse astrocytoma and
secondary glioblastoma

We determined the expression levels of 157 miRNAs in four
primary gliomas of WHO grade II and their corresponding recur-
rent secondary glioblastomas of WHO grade IV by stem-loop real-
time RT-PCR (Supporting Information Table S1 provides a list of
the 157 miRNAs that were analyzed). Two miRNAs (miR-184 and
miR-328) exhibited a progression-associated down-regulation, that
is, a more than two-fold lower expression in the secondary glioblas-
toma as compared to the corresponding primary diffuse astrocy-
toma, in the majority of patients, that is, two of three or three of
four investigated patients, respectively (Table 1). Twelve miRNAs
(miR-9, miR-15a, miR-16, miR-17, miR-19a, miR-20a, miR-21,
miR-25, miR-28, miR-130b, miR-140 and miR-210) showed a
progression-associated up-regulation in the majority of investi-
gated patients (Table 1).

Validation of differentially expressed miRNAs

From the set of 14 miRNAs demonstrating progression-associated
differential expression, we selected miR-16, miR-17, miR-19a,
miR-20a, miR-140 and miR-184 for validation experiments. We

Table 1. MicroRNAs (miRNAs) with progression-associated differential expression in four patients with primary low-grade glioma that recurred as
secondary glioblastoma. Expression levels of 157 miRNAs were determined. MiRNAs were regarded as showing progression-associated up-regulation
if they showed a fold change (recurrent/primary tumor) >2 with a raised expression level in the secondary glioblastoma sample. Progression-associated
down-regulation was defined in an analogous manner as a fold change (recurrent/primary tumor) <0.5 with a lowered expression level in the secondary
glioblastoma sample. Only miRNAs with progression-associated expression in the majority of patients are listed. Patient numbers 1-4 encode the

individual patient; case numbers encode primary and recurrent gliomas.

Fold change (recurrent/primary tumor)

Patient no. 1 2 3 4
Case no. (primary tumor) A72D A201D A128D 0OA23D
Case no. (recurrent tumor) GB239D GB240D GB119D GB175D
Progression-associated up-regulation miR-9 3.16 5.03 3.75 3.19
miR-15a 2.50 4.50 1.36 7.81
miR-16 3.72 4.82 2.69 3.24
miR-17 3.89 12.64 7.52 n.d.
miR-19a 1.46 2.85 3.88 16.28
miR-20a 1.27 7.06 5.21 5.43
miR-21 0.75 5.98 3.64 n.d.
miR-25 0.72 6.13 4.44 6.66
miR-28 0.75 4.47 7.46 4.58
miR-130b 2.94 5.39 7.04 11.88
mir-140 3.56 1.54 5.72 4.21
miR-210 n.d. 1.49 17.45 6.89
Progression-associated down-regulation miR-184 0.28 0.17 0.56 0.02
miR-328 0.13 8.06 0.41 0.30
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Table 2. Results of validation experiments performed for six selected
microRNAs (miRNAs) in the original four patients, and three additional
patients with primary low-grade and recurrent anaplastic astrocytoma.
Expression of each miRNA was determined by real-time reverse tran-
scription polymerase chain reaction using a modified experimental setup
as compared to the screening experiments (see Materials and Methods).

Original patients (n = 4) Additional patients

recurrent/primary tumor (n=3)
recurrent/primary

Screening Validation tumor

miR-16 4/4 Up 3/4 Up 1/3 Up

miR-17 3/3 Up 3/4 Up 3/3 Up

miR-19a 3/4 Up 2/3 Up 0/2 Up

miR-20a 3/4 Up 3/3 Up 2/3 Up

miR-140 3/4 Up 3/4 Up 1/3 Up

miR-184 3/4 Down 3/4 Down 3/3 Down

did not further analyze miRNAs that had been investigated in
gliomas before. In addition, we restricted the number of candidate
miRNAs for validation experiments taking into account the frac-
tion of investigated patients demonstrating progression-associated
expression, reported differential expression in other tumor entities,
genomic organization and predicted targets of each miRNA. By
targeted real-time stem-loop RT-PCR, we determined expression
levels in the four original patients’ tumor samples and in tumor
samples from three additional patients whose gliomas progressed
from WHO grade Il to WHO grade III on recurrence. These analy-
ses confirmed progression-associated expression of all selected
miRNAs in the majority of the four original patients. Furthermore,
miR-17, miR-20a and miR-184 exhibited progression-associated
differential expression in at least two of the three additional
patients (Table 2).

A second validation step based on the analysis of an independent
series of 14 diffuse astrocytomas and 13 secondary glioblastomas
(Figure 1) demonstrated a significantly higher expression of
miR-17 in secondary glioblastomas as compared to diffuse astro-
cytomas. Median expression levels of miR-16, miR-19a, miR-20a
and miR-140 were also increased in secondary glioblastomas as
compared to low-grade gliomas; however, for miR-16 and miR-
19a, the differences were not statistically significant (Figure 1).
Expression levels of miR-16, miR-19a, miR-20a and miR-140
were significantly lower in the tumors as compared to the non-
neoplastic brain tissues. The median expression level of miR-184
was significantly decreased in secondary glioblastomas relative to
diffuse astrocytomas and non-neoplastic brain tissue, respectively
(Figure 1). Based on these results, we decided to select miR-17 and
miR-184 as candidates for further analyses.

Copy number analyses of the miR-17 and
miR-184 loci

Duplex PCR assays were performed to investigate aberrations in
the gene copy number at the miR-17 and miR-184 loci. However,
we neither detected homozygous deletion of the miR-184 locus nor
amplification of the miR-17 locus in any of the seven primary or
recurrent glioma samples from the individual patients with glioma
progression (data not shown).

Brain Pathology 20 (2010) 539-550
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Functional effects of miR-184 overexpression
and miR-17 inhibition in human glioma cells

To investigate the biological effects of progression-associated
miRNA expression, we overexpressed miR-184 in A172 and T98G
glioma cells by transfection of miR-184 precursors. In addition,
we inhibited miR-17 in these glioma cell lines by transfection of
complementary miRNA inhibitors. The glioma cell lines were effi-
ciently transfectable with nearly 100% of cells showing an uptake
of fluorescent-labeled oligonucleotides. The effect of transfection
on the respective miRNA expression levels was determined by
real-time stem-loop RT-PCR. The miR-184 expression level was
markedly increased in cells transfected with miRNA precursors
as compared to control-transfected cells. The expression level of
miR-17 was effectively decreased in glioma cells transfected with
the respective miRNA inhibitors as compared to glioma cells trans-
fected with control oligonucleotides (data not shown).

Overexpression of miR-184 in A172 and T98G glioma cells
significantly (P < 0.05) decreased cell viability (Figure 2A) and
proliferation (Figure 2C). In T98G cells, miR-184 additionally
reduced invasiveness in Matrigel assays (Figure 2B). Overexpres-
sion of miR-184 increased apoptotic activity in A172 cells, but
reduced apoptotic activity in T98G cells (Figure 2D). Inhibition
of miR-17 significantly reduced cell viability of A172 and T98G
cells (Figure 2E), and increased apoptotic activity in T98G cells
(Figure 2F). Invasiveness or proliferation was not significantly
changed in cells with inhibited miR-17 function.

Protein and mRNA expression profiling of
glioma cells after miR-184 overexpression or
miR-17 inhibition

We determined mRNA and protein expression profiles of glioma
cells after miR-184 overexpression and miR-17 inhibition in order
to identify transcripts and proteins that are regulated—either
directly or indirectly—following specific miRNA inhibition or
overexpression of these miRNAs. Proteomic analysis revealed 42
distinct protein spots that were regulated in A172 cells, and 74
distinct protein spots that were regulated in T98G cells following
overexpression of miR-184 (P <0.05). MALDI-time-of-flight
(TOF)/TOF MS identified 11 and 14 non-redundant proteins being
down-regulated in A172 and T98G cells, respectively (Supporting
Information Table S4, and Figures S1 and S2). In T98G cells, the
predicted miR-184 target nucleophosmin 1 (Npm1, OMIM 16040)
was down-regulated (average fold change = —1.6) (Figure 3A). The
proteins Hnrpk and Hnrpm were up-regulated in both cell lines.
Affymetrix chip profiling revealed 1380 differentially regulated
mRNAs in A172 cells, and 784 differentially regulated mRNAs in
T98G cells transfected with miR-184 precursors as compared to
control cells (signal log ratio > 1 or <—1, P <0.05). A total of 17
non-redundant transcripts corresponding to predicted targets of
miR-184 showed decreased expression levels in both cell lines
(Supporting Information Table S3). Real-time RT-PCR analysis
confirmed the differential mRNA expression of AKRIC3, AKT2,
CDC254, CTBP1, 8100416, MAZ, NRN1I and SH3GL1 when com-
paring miR-184 precursor-transfected vs. control-transfected cells.
Among these candidates, Akt2 was selected for additional Western
blot analysis, which confirmed decreased expression of Akt2 in
A172 and T98G after transfection of miR-184 precursors
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Figure 1. Results of validation experiments performed for the six
selected microRNA (miRNA) candidates in an independent series of 14
diffuse astrocytomas (All), 13 secondary glioblastomas (sGBIV) and nine
non-neoplastic brain tissue samples (NB). Expression levels of the indi-
vidual miRNAs were determined by using TagMan-based polymerase

(Figure 4). In addition, Western blot analysis of an independent
series of five diffuse astrocytomas and five secondary glioblasto-
mas revealed increased Akt2 protein expression in the secondary
glioblastomas (Supporting Information Figure S5).

Proteomic analysis revealed that inhibition of miR-17 resulted in
differential expression of 39 protein spots in A172 cells, and 83
protein spots in T98G cells (P < 0.05). MALDI-TOF/TOF MS
identified 16 non-redundant proteins up-regulated in A172 cells,
and 33 non-redundant proteins up-regulated in T98G cells (Sup-
porting Information Table S5, and Figures S3 and S4). In T98G
cells, the predicted miR-17 target Pold2 showed elevated expres-
sion (average fold change = 1.3) (Figure 3B). Three non-redundant
proteins (Hspala/b, Enol, Cct5) without predicted miR-17 binding
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chain reaction assays. Box plots are depicted indicating median, lower
and upper quartile, as well as sample maximum and sample minimum of
normalized expression values. Asterisks indicate significant expression
differences (P < 0.05).

sites were up-regulated in both cell lines. Expression profiling at
the transcript level identified 475 regulated mRNAs in A172 cells,
and 125 regulated mRNAs in T98G cells transfected with the
anti-17 miRNA inhibitors as compared to control-transfected cells
(signal log ratio > 1 or <—1, P <0.05). However, none of these
transcripts corresponded to a predicted target mRNA of miR-17,
and there was no overlap of regulated transcripts between the two
cell lines.

DISCUSSION

Recent studies indicate that various miRNAs play important roles
in human cancer [for review, see Lee and Dutta (33)]. In general,
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Figure 2. /n vitro effects of miR-184 overexpression (A-D) and miR-17
inhibition (E,F) in glioma cells. (A,E) Cell viability was determined using
an MTT assay. (B) Cell invasion was quantified using a transwell assay
with Matrigel-coated membranes. (C) Proliferation was measured using
a BrdU assay. (D,F) For the comparison of apoptotic activity, a fluoromet-
ric caspase-3/-7 assay was used. The results of the in vitro assays were

O Anti-17

miRNAs may act as tumor suppressors by down-regulating the
expression of tumor-promoting genes, or may have oncogenic
functions by inhibiting the expression of tumor suppressor genes.
In primary brain tumors, several miRNAs have been identified as
being aberrantly expressed in gliomas, in particular glioblastomas.
For example, miR-221 and miR-21 were found to be up-regulated,
while miR-128, miR-181a, miR-181b and miR-181c¢ were down-
regulated in glioblastomas (8, 10). Furthermore, miR-181a and
miR-181b showed lower expression in high-grade as compared to
low-grade gliomas (51). Both miRNAs induced apoptosis, inhib-
ited anchorage-independent growth and reduced invasive growth of
glioma cells (51). Overexpression of miR-128 also reduced glioma
cell proliferation (18). Additional miRNA species implicated in
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converted into arbitrary units (a.u.), setting the average result in the
corresponding control cells as 100 a.u. Error bars show standard devia-
tions; asterisks indicate significant differences (P < 0.05). Pre-NC and
Anti-NC, cells transfected with negative controls; Pre-184, cells trans-
fected with miR-184 precursors; Anti-17, cells transfected with miR-17
inhibitors.

glioma pathogenesis include miR-7 (28), miR-124 and miR-137
(52), miR-221/222 (17), miR-296 (61) and miR-451 (16). Here, we
report that miR-184 and miR-328 are down-regulated, whereas
miR-9, miR-15a, miR-16, miR-17, miR-19a, miR-20a, miR-21,
miR-25, miR-28, miR-130b, miR-140 and miR-210 are
up-regulated during glioma progression in individual patients.

In line with our data, miR-9 was reported as being
up-regulated in oligodendroglioma (39) and glioblastoma (10),
thus suggesting a tumor-promoting function in gliomas. However,
studies on epithelial cancers revealed epigenetic silencing and/or
down-regulation of miR-9-1 in advanced breast and ovarian carci-
nomas (32, 34), which would fit to a tumor-suppressive function.
Similarly, the clustered miRNAs miR-15a and miR-16-1 were
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Figure 3. Proteome changes in T98G glioma cells following miR-184
overexpression (A) or miR-17 inhibition (B). (A) Expression of
nucleophosmin 1 (Npm1) was found to be significantly (P < 0.05) down-
regulated in T98G cells transfected with miR-184 precursors (Pre-184) as
compared to control-transfected cells (Pre-NC). (B) Protein expression of

Pre-NC Pre-184
(n=3) (n=3)

reported to be deleted and/or down-regulated in B-CLL (4, 15).
On the other hand, serous ovarian carcinomas showed increased
miR-16 expression relative to normal ovarian tissue (38), which
is in accordance with our finding of miR-15a and miR-16
up-regulation in high-grade gliomas. We also detected higher
expression of miR-140 in secondary glioblastomas, while studies
on ovarian cancer revealed reduced miR-140 levels as compared
to normal ovarian tissue (26). Taken together, these findings indi-
cate tissue-specific differences in the function of certain
miRNAs, thus emphasizing the complexity of miRNA-associated
regulatory networks and the importance of validating miRNA
function in the appropriate cell systems.

Our demonstration of a progression-associated up-regulation of
miR-21 is concordant with studies reporting on miR-21 overex-
pression in glioblastomas (8, 10). Functional analyses of miR-21
revealed oncogenic properties caused by inhibition of the p53,

miR-184 miR-17

- + - + - + - +
TR, . —— . —— W w— LD
N e a— G e, e  we o-Tubulin

Al72 T98G Al72 T98G

Figure 4. Down-regulation of Akt2 in glioma cells overexpressing miR-
184. A172 and T98G cells were transfected with miR-184 precursors (+)
or corresponding controls (-). Western blots were probed with antibod-
ies against Akt2 and o-tubulin as a loading control. As a further control,
glioma cells transfected with inhibitors of miR-17 (=) or respective con-
trols (+) were probed. Note markedly reduced Akt2 protein levels in
A172 and T98G cells transfected with miR-184 precursors, but not
with miR-17 inhibitors or controls.
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Pold2 was significantly (P < 0.05) up-regulated in T98G cells transfected
with miR-17 inhibitors (Anti-17) as compared to control-transfected cells
(Anti-NC). Npm1 is a predicted target of miR-184, while Pold2 is a pre-
dicted target of miR-17 according to the Sanger Institute mirBase target
database (http://microrna.sanger.ac.uk/index.shtml).

transforming growth factor-f and mitochondrial apoptosis path-
ways (44). In addition, targeted inhibition of miR-21 sensitized
glioma cells to cytotoxic agents, pointing to a potential novel
approach for targeted glioma therapy (11).

MiR-25 is located on 7q22.1, a region frequently gained in
diffuse astrocytomas (48). The observed up-regulation in second-
ary glioblastomas is in line with a report on miR-25 overexpression
in glioblastomas (10). To analyze the functional significance of
miR-25 up-regulation in glioma progression, however, a detailed
analysis of the corresponding miRNA-family, that is, miR-25,
miR-92a and miR-92b, would be necessary. Similarly, miR-28
and miR-130b, both demonstrating progression-associated
up-regulation in our patients, each belong to distinct families of
closely related miRNAs, that is, miR-28 and miR-151, as well as
miR-130a, miR-130b, miR-301a and miR-301b, respectively.
Hence, it remains to be investigated whether the up-regulation of a
single family member has significant biological effects or may be
compensated for by loss of function of other family members.
Nevertheless, in line with our findings, miR-28 showed increased
expression in renal cell carcinomas as compared to normal kidney
tissue (19).

The up-regulation of miR-210 in malignant gliomas is interest-
ing because miR-210 was reported to be induced by hypoxia (6).
In endothelial cells, inhibition of miR-210 reduced cell growth,
induced apoptosis and inhibited the formation of capillary-like
structures stimulated by hypoxia (12). Thus, elevated miR-210
expression in glioblastomas may be triggered by the regional
hypoxia in these tumors, a hypothesis that needs to be investigated
in further studies.

MiR-328 displayed a progression-associated down-regulation in
our patients. It maps to 16q22.1, a region frequently lost in pediat-
ric high-grade astrocytomas (47). Functional studies implicated
miR-328 in Alzheimer’s disease by regulating the P-amyloid
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precursor protein-converting enzyme (3). However, data on poten-
tial roles of this particular miRNA in cancer have not been reported
to date. Own preliminary data suggest that miR-328 expression
levels decrease with increasing malignancy in astrocytic gliomas,
but the median expression level in secondary glioblastomas is still
higher than in non-neoplastic brain tissue (data not shown).

MiR-184 is a putative suppressor of glioma
progression

The expression of miR-184 (15q25.1) was down-regulated during
progression from low-grade to anaplastic glioma and secondary
glioblastoma in our patients. Furthermore, overexpression of
miR-184 significantly decreased cell viability and proliferation of
glioma cells, suggesting a tumor-suppressive role of this miRNA
in gliomas. Interestingly, miR-184 increased apoptotic activity in
A172 cells, but reduced apoptotic activity and invasive growth in
T98G cells. This divergent influence on apoptotic rates in T98G
and A172 cells is probably related to the different genetic back-
ground of these cell lines, with the 7P53 gene being mutant in
T98G, but wild type in A172 cells (27). Cell type-specific effects
are also indicated by the fact that overexpression of miR-184 in
neuroblastoma cell lines decreased proliferation and induced apop-
tosis (9), while inhibition of miR-184 in squamous cell carcinomas
decreased proliferation (60). In neuroblastoma, inhibitory effects
of N-myc on miR-184 transcription have been reported (9). More
recently, epigenetic regulation of miR-184 in the mouse brain has
been analyzed and suggested a paternal-specific expression of this
particular miRNA (41). Therefore, the observed progression-
associated down-regulation of miR-184 may be caused by diverse
molecular alterations.

With respect to miR-184 targets, possible regulation of c-Myc
(60), Frizzeled 4 (50) and miR-205 (65) has been reported. We
identified Npm1 as being significantly down-regulated in T98G
cells after transfection with miR-184 precursors. Npm1 is a ubiqui-
tously expressed nucleolar phosphoprotein that has been impli-
cated in the pathogenesis of epithelial and hematopoietic malig-
nancies [for review, see Grisendi efal (20)]. Furthermore,
increased NPM1 mRNA levels were found in glioblastomas (64),
and siRNA-mediated inhibition of Npm1 reduced the proliferation
of neural stem cells (46). Thus, miR-184-mediated direct or
indirect down-regulation of Npml may contribute to its anti-
proliferative effects in glioma cells; however, this hypothesis war-
rants additional experimental validation.

Affymetrix chip-based expression profiling identified 17 pre-
dicted targets of miR-184 whose mRNA levels were at least two-
fold reduced in A172 and T98G cells after transfection of miR-
184 precursors. We selected nine of these candidate targets
(AKRI1C3, CTBPI1, S100416, CENTG1, MAZ, NRN1, SH3GLI,
CDC254, AKT?2) and validated their down-regulation at the
mRNA level by real-time RT-PCR. In addition, we showed that
Akt2 protein expression is decreased in miR-184 overexpressing
glioma cells, and increased in secondary glioblastomas relative to
diffuse astrocytomas. Thus, down-regulation of miR-184 in high-
grade gliomas may directly or indirectly lead to increased Akt2
protein levels and thereby contribute to an aberrant activation of
the phosphoinositol 3-kinase/Akt pathway commonly seen in
these tumors (30).
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Increased expression of miRNAs encoded by the
miR-17-92 cluster may promote astrocytoma
progression

The miR-17-92 cluster at 13q31.3, comprising miR-17, miR-18a,
miR-19a, miR-20a, miR-19b-1 and miR-92a-1, is transcribed as a
polycistron. Screening for the expression of miR-17, miR-19a,
miR-20a and miR-92a in our series revealed progression-
associated up-regulation of miR-17, miR-19a and miR-20a. MiR-
92a was up-regulated in the recurrent glioblastomas of two of our
patients, but down-regulated in one patient. Such differences in the
expression levels of individual members of the miR-17-92 cluster
may be explained by independent posttranscriptional regulation or
alterations of the paralogous miR-106a-92 cluster. In line with our
findings, miRNAs of the miR-17-92 cluster were found to be over-
expressed in advanced neuroblastomas with MYCN amplification
(49), in hematopoietic malignancies (5, 22, 58), as well as in
various types of carcinomas (19, 31, 59). In B-cell lymphomas,
overexpression of the miR-17-92 cluster was related to increased
gene dosage (22). In contrast, none of our glioma patients showed
amplification of the respective gene locus. However, other mecha-
nisms leading to overexpression of the miR-17-92 cluster have
been reported, including transcriptional transactivation by Myc
proteins and E2F1-3 (1), each of which may be overexpressed in
malignant gliomas.

Our in vitro analyses of glioma cells after inhibition of miR-17
demonstrated miRNA-specific influences on cell viability and apo-
ptotic activity. These results are in accordance with studies that
have demonstrated oncogenic effects of the miR-17-92 cluster in
different cell types. For example, overexpression of the miR-17-92
cluster in lung cancer cells significantly increased proliferation
(21). In anaplastic thyroid cancer cell lines, inhibition of miR-17,
miR-17* and miR-19a reduced cell growth (55). Furthermore,
inhibition of miR-17 and miR-20a induced apoptosis in lung
cancer cells (37). In vitro or in vivo treatment with antagomir-17
inhibited the growth of MYCN-amplified neuroblastoma (14). On
the other hand, the miR-17-92 locus is deleted in a fraction of breast
cancers (66), and miR-17 overexpression caused reduced prolifera-
tion in breast cancer cells (24). Taken together, these findings point
to cell type-specific roles of this particular miRNA cluster.

Several targets of miRNAs belonging to the miR-17-92 cluster
have been experimentally validated, including members of the E2F
family (42, 54), Rbl2 (36), Aibl (24), p21 and Bim (14). In addi-
tion, the Pten tumor suppressor protein, which is frequently inacti-
vated in glioblastoma, has been identified as a target of miR-17 and
miR-19a in mouse embryonic fibroblasts (62). Using proteomic
analyses, we identified Pold2 as a predicted target that was
up-regulated—directly or indirectly—by inhibition of miR-17 in
T98G cells. Pold2 is the 50 kdA regulatory subunit of the DNA
polymerase delta complex and is involved in DNA repair mecha-
nisms (23, 45). Thus, up-regulation of miR-17 may lead to alter-
ations of DNA repair in gliomas; however, this hypothesis requires
experimental validation.

In summary, we identified 14 miRNAs that were differentially
expressed between primary low-grade gliomas and secondary glio-
blastomas in an exploratory analysis of four individual patients.
Following validation experiments in independent series of primary
low-grade and secondary high-grade astrocytic gliomas, we con-
centrated on miR-17 and miR-184 as two promising candidates
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showing glioma progression-associated up- or down-regulation,
respectively. /n vitro analyses of glioma cell lines revealed further
evidence for miR-184 having tumor-suppressive functions in
gliomas, while miR-17 likely promotes glioma progression. Using
mRNA and protein expression profiling, we identified putative
targets that were differentially expressed in glioma cells following
overexpression of miR-184 or inhibition of miR-17, respectively,
including Npm1 and Akt2 (miR-184), as well as Pold2 (miR-17).
Additional studies are needed to characterize in detail the molecu-
lar mechanisms underlying the observed progression-associated
miRNA expression changes and to investigate whether the identi-
fied candidate targets are directly or indirectly regulated by the
respective miRNAs. Nevertheless, our data support an important
role of miRNA aberrations in glioma progression. The significance
of miRNA expression profiles in the molecular diagnostics of
gliomas and the role of miRNAs as novel therapeutic targets in
these tumors warrant further exploration.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Representative proteome pattern of A172 cells trans-
fected with miR-184 precursors revealed by 2D-DIGE. Image
analysis and subsequent MS analyses led to the identification of 24
significantly regulated proteins.

Figure S2. Representative proteome pattern of T98G cells trans-
fected with miR-184 precursors revealed by 2D-DIGE. Image
analysis and subsequent MS analyses led to the identification of 54
significantly regulated proteins.

Figure S3. Representative proteome pattern of A172 cells trans-
fected with miR-17 inhibitors revealed by 2D-DIGE. Image analy-
sis and subsequent MS analyses led to the identification of 23
significantly regulated proteins.

Figure S4. Representative proteome pattern of T98G cells trans-
fected with miR-17 inhibitors revealed by 2D-DIGE. Image analy-
sis and subsequent MS analyses led to the identification of 48
significantly regulated proteins.

Figure S5. Expression of Akt2 protein in diffuse astrocytomas as
compared to secondary glioblastomas. Western blots containing
protein extracts from five diffuse astrocytomas (All) and five
secondary glioblastomas (sGBIV) were probed with antibodies
against Akt2 and B-actin as a loading control. Note increased Akt2
protein levels in secondary glioblastomas as compared to the low-
grade diffuse astrocytomas.

Table S1. List of investigated human microRNAs (miRNAs) that
were detectable with the Applied Biosystems miRNA Early Access
Kit.
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Table S2. Primer sequences used for duplex polymerase chain
reaction analysis of microRNA (miRNA) loci and expression
analyses of putative miRNA targets.

Table S3. Potential target genes of miR-184 identified by expres-
sion profiling using Affymetrix Human Genome U133 plus
2.0 arrays. The mRNA expression profiles of glioma cells
with miR-184 overexpression (pre-184) and glioma cells trans-
fected with negative controls (pre-NC) were compared. The list
contains targets of miR-184 as predicted by the mirBase target
database with signal log ratios (pre-184/pre-NC) < —1 and change
P values <0.05 in both investigated glioma cell lines (A172 and
T98G).

Table S4. Differential protein expression caused by miR-184
overexpression. A172 and T98G cells were transfected with
miR-184 precursors (pre-184) or negative controls (pre-NC).
2D-DIGE analyses were performed to identify differentially
expressed proteins. Note that nucleophosmin 1 is a predicted target
of miR-184.

Table S5. Differential protein expression caused by inhibition
of miR-17. A172 and T98G cells were transfected with miR-17
inhibitors (anti-17) or negative controls (anti-NC). 2D-DIGE
analyses were performed to identify differentially expressed pro-
teins. Note that Pold2 is a predicted target of miR-17.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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