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Abstract: MicroRNAs (miRNAs) are a class of small noncoding RNAs that bind to 3’-untranslated (UTR) regions of
target messenger RNAs to regulate protein synthesis. Reports have suggested that a set of specific miRNAs may
be used as diagnostic and/or prognostic markers for astrocytoma grading. However, there are few studies of the
specific miRNAs differentially expressed in each astrocytoma grade. MiRNA-containing total RNA was isolated from
archived formalin-fixed, paraffin-embedded (FFPE) samples from WHO grade II-IV astrocytoma patients. The RNA
was labeled and hybridized to Affymetrix miRNA 2.0 arrays. Statistical analysis identified several miRNAs differen-
tially expressed in each astrocytoma grade. In particular, miR-27a, miR-210, and miR-1225-5p expression levels
were able to differentiate grade IV from grade Il and lll astrocytomas as confirmed by real-time PCR. Kaplan-Meier
survival analysis showed that disease progression occurred faster for Glioblastoma Multiforme (GBM) patients with
a lower miR-27a expression level. Transfection of CRL-1690 GBM human cancer cells with a miR-27a oligonucle-
otide inhibitor followed by Real-time PCR identified six potential miR-27a target genes. Furthermore, the miR-27a
oligonucleotide inhibitor induced CRL-1690 cell apoptosis. Taken together, our results provide additional miRNA
signatures for distinguishing GBM from lower astrocytoma grades and suggest miR-27a as a prognostic and thera-
peutic target for GBM.
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Introduction with GBM has only marginally changed in the
last 25 years, and there continues to be rapid
disease progression in 1 year [1]. Because the
histopathological grading is insufficient to

explain the major molecular events driving the

Astrocytomas, which are tumors derived from
astrocytes, are the most common type of adult
primary central nervous system (CNS) neo-

plasms, representing approximately 76% of all
primary brain tumors [1, 2]. The World Health
Organization (WHO) histologically classifies
astrocytomas by combining tumor type with the
assignment of a defined malignancy grade [3].
Four histological malignancy grades have been
defined, which range from slow-growing tumors
associated with long-term survival i.e., WHO
grade |, to highly malignant tumors i.e., WHO
grade IV [1]. Grade IV astrocytoma, also called
glioblastoma multiforme (GBM), is the most
common and aggressive form of glioma and
accounts for over 60% of all astrocytomas [1,
3]. The median survival for patients diagnosed

tumor growth, there is an urgent need for better
diagnostic, prognostic and therapeutic tools for
patients with astrocytomas, particularly for
GBMs.

MicroRNAs (miRNA) are small noncoding RNAs
(18~22-nt) that bind to complementary sequ-
ences in 3-UTRs of target messenger RNAs
(mRNAs) and post-transcriptionally regulate
gene expression [4]. MiRNAs play key roles in
several biological processes, including cell pro-
liferation, cell differentiation and apoptosis [4,
5]. There is increasing in vitro and in vivo evi-
dence that numerous miRNAs are dysregulated
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in a variety of cancers including astrocytoma
[6-8]. Although the molecular biological conse-
quences of a number of dysregulated miRNAs
and their target genes in GBM have been well
studied [9-19], there are few studies of specific
miRNAs dysregulated in each astrocytoma
grade. Studies have suggested that particular
miRNA signatures may be associated with each
astrocytoma grade [9, 11, 20-22]. These signa-
tures may be used as an additional tool for
diagnosis, staging, progression, prognosis and
response to treatment. In this study, we per-
formed miRNA expression profiling of WHO
grade I, Ill and IV astrocytomas and identified
several microRNAs that were associated with
each astrocytoma grade. Further gPCR valida-
tion studies showed that miR-210, miR-27a,
miR-92b, miR-130b, miR-1225-5p and miR-
1908 are highly associated with GBM. MiRNA
target prediction tools and ingenuity pathway
analysis (IPA) demonstrated that many of these
mMiRNAs control key pathways associated with
cell growth, proliferation and cell cycle control.
Kaplan-Meier curve analysis showed that miR-
27ais a prognostic factor for GBM. Mechanistic
studies identified a number of potential miR-
27a target genes in human GBM cells. Finally,
we used a miR-27a inhibitor and observed its
effects on apoptosis and cell cycle progression
of CRL-1690 human cancer cells.

Materials and methods
Tumor samples and RNA isolation

A total of 35 archived (2008-2010) formalin-
fixed, paraffin-embedded (FFPE) tissue blocks
from newly diagnosed (de novo) astrocytoma
patients were obtained from the Pathology
Department of the University of Puerto Rico
Medical Sciences Campus. The research proto-
col was approved by the University of Puerto
Rico Medical Sciences Campus Institutional
Research Board. In this study we included 8
WHO grade Il samples (5 females, 3 males;
median age: 41), 8 WHO grade Ill samples (2
females, 6 males; median age: 33) and 19
WHO grade IV samples (13 females, 6 males;
median age: 59). For 7 of the 19 WHO grade IV
FFPE samples, surrounding non-tumor tissues
was also collected. A representative hematoxy-
lin and eosin (H&E)-stained slide from each of
the selected tissue blocks was reviewed by a
pathologist and a neurooncologist to corrobo-
rate the tumor grades and delineate the tumor
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areas. As a control, 5 FFPE brain samples from
normal subjects (2 females, 3 males; median
age: 38) were used and were selected based
on the following criteria: non-neoplastic, non-
infectious, brain tissue with no metabolic con-
dition without hemorrhagic or necrotic diathe-
sis. For each FFPE tissue block, a 3-mm punch
biopsy sample was obtained from a tumor area
that a pathologist had previously delineated on
a corresponding glass slide. Each sample was
identified with a numeric code (no personal
identifiers were employed). Samples were
placed in a microcentrifuge tube for miRNA
extraction, and they were processed using the
RecoverAll Total Nucleic Acid Isolation Kit
(Ambion, Austin, TX, USA) according to the man-
ufacturer’s instructions. Briefly, samples were
subjected to deparaffinization with 100%
xylene followed by washing with 100% ethanol,
and they were dried in a centrifugal vacuum
concentrator at 40°C. Three hundred microli-
ters of digestion buffer and 6 uL of protease
were added to each sample, which was incu-
bated at 50°C for 3 hours, heated to 85°C for
15 minutes, and placed at -20°C overnight.
Then, 200 L of isolation additive was added to
the samples, which were then vortexed and
mixed with 550 yL ethanol. The final mixture
was passed through a filter cartridge and cen-
trifuged at 10,000x% g for 30 seconds. Samples
were washed once with wash solution 1 and
once with wash solution 2/3. Each sample was
then subjected to DNase digestion for 1 hour.
Samples were subjected to a second consecu-
tive washing step with wash solution 1 and
wash solution 2/3. RNA was eluted by 60 uL
dH,0, followed by centrifugation at maximum
speed for 1 minute. RNA concentrations were
calculated using a NanoDrop (Thermo Scientific,
Wilmington, DE, USA). RNA isolation from cul-
ture cells was performed with the GenElute
Mammalian Total RNA Miniprep Kit (Sigma-
Aldrich, St. Louis, MO, USA). Briefly, 250 uL of
B-mercaptoethanol/lysis buffer was added to
the samples, which were mixed and added to a
GenElute filtration column that was centrifuged
at 15,000 rpm for 2 minutes. Subsequently,
250 pL of 70% ethanol was added to the lysate,
and the mixture was then added to a GenElute
binding column and centrifuged at 15,000 rpm
for 15 seconds. Samples were washed with
500 L solution 1 and twice with 500 L solu-
tion 2. Total RNA was eluted by 50 uL RNAse/
DNase-free water followed by centrifugation at
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15,000 rpm for 1 minute. RNA integrity was
evaluated using a Bioanalyzer from Agilent
Technologies.

Cells and culture conditions

CRL-1690 GBM human cancer cells were pur-
chased from American Type Culture Collection
(ATCC) (Manassas, VA, USA). The cells were
maintained in adherent culture in Dulbecco’s
Modified Eagle Medium: Nutrient Mixture F-12
(DMEM/F-12; GIBCO) (Invitrogen Corp.) supple-
mented with 10% fetal bovine serum (FBS)
(Thermo Scientific, Logan, UT, USA), 100 U/mL
penicillin (Thermo Scientific), and 100 pyg/mL
streptomycin (Thermo Scientific) at 37°C in a
humidified chamber with 5% CO,,. In vitro assays
were performed at 75-85% cell density. For
transient transfections, CRL-1690 cells (3 x
10* cells/mL) were plated in 6-well plates.
Twenty-four hours later, a mixture of 100 nM
(final concentration) of oligonucleotide inhibitor
(Life Technology, Grand Island, NY, USA), lipo-
fectamine RNAIMAX (Life Technology) (1:1 ratio,
v/v), and Opti-MEM 1| (Life Technologies) was
added to the cells. After 24 hours, cells were
collected and used for RNA isolation.

Microarray experiments

The GeneChip miRNA 2.0 Array from Affymetrix
(1,105 human miRNAs) was used to detect
miRNA expression profiles (Affymetrix, Santa
Clara, CA, USA). Five FFPE samples from each
tumor grade and 5 controls were used. Total
RNA was labeled with the Biotin HSR RNA
Labeling Kit, which was purchased from
Genisphere (Hatfield, PA, USA). Labeled sam-
ples were hybridized by incubation at 48°C and
spinning at 60 rpm for 16-18 hours. Each
microarray was hybridized with a single sample,
and all procedures were performed according
to the manufacturer’s protocol. Chips were
scanned using a GeneChip Scanner 3000 7G
from Affymetrix, and probe cell intensity data
were extracted from the generated images
using the GeneChip Command Console
Software (AGCC) v.2.

Microarray data analysis

Non-parametric one-way ANOVA was used to
analyze differences in the miRNA expression
level of each astrocytoma grade versus control
(normal brain tissue) using Partek Genomics
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suite (St Louis, MO, USA). This analysis was per-
formed by applying the following parameters:
no False Discovery Rate (FDR), p-value < 0.05
and fold change > 2 or < -2.

MIiRNA target prediction and ingenuity path-
way analysis

Identification of potential miRNA target mole-
cules was performed using miRNA target pre-
diction software (microrna.org, Diana-microt,
Target Scan Human, and mRDB). These soft-
ware packages are available via the miRBase
searchable database (http://www.mirbase.
org/). The most significantly regulated miRNAs
in each grade were used to construct molecular
pathways with Ingenuity Pathway Analysis (IPA)
7.1 Software (Ingenuity Systems, Redwood City,
CA, USA; www.ingenuity.com). MiRNA regulated
genes were associated with canonical path-
ways using IPA.

Reverse transcription and Tagman real-time
polymerase chain reaction (qPCR)

Fifty nanograms of total RNA (5 controls, 8
grade I, 8 grade Ill and 19 grade IV astrocyto-
mas) was reverse transcribed into cDNA using
the TagMan Reverse Transcription kit (Applied
Biosystems, Carlsbad, CA, USA) in a 15 L reac-
tion mix containing 100 mM dNTPs, 10X
Reverse Transcriptase Buffer, 20 U/uL RNase
Inhibitor, 50 U/ul MultiScribe Reverse Tran-
scriptase, and 5X RT primer. The mixture was
incubated at 16°C for 30 minutes, 42°C for 30
minutes, and 85°C for 5 minutes. The resulting
first-strand complementary DNA (cDNA) was
used as template for TagMan-based Real-Time
PCR as follows: 1 pyL of cDNA was added to
TagMan Universal PCR Master Mix Il (Applied
Biosystems, Carlsbad, CA, USA) containing a
TagMan Gene Expression Assay (20X) for each
primer. PCR was performed using a StepOne
plus (Applied Biosystems) real-time PCR instru-
ment with the following thermal settings: one
cycle of 2 minutes at 50°C, one cycle of 10 min-
utes at 95°C, and 40 cycles of 15 seconds at
95°C and 1 minute at 60°C. The threshold
cycle (Ct) was used to calculate relative miRNA
expression levels (22¢t) [23, 24]. RNU48 was
used as an endogenous control [25]. For each
miRNA, ACt was calculated as the Ct of each
sample minus the Ct of RNU48, and the AACt
was calculated as the ACt of each sample
minus the mean ACt of the control group [25,
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Figure 1. Venn diagram showing the number of dys-
regulated miRNAs in grade I, Ill and IV astrocytoma.
A total of 40, 17 and 20 miRNAs were signatures for
grades I, Il and IV astrocytoma, respectively. Thir-
teen dysregulated miRNAs were common to all as-
trocytoma grades. Small nucleolar RNAs and ENSG
genes were not included in this diagram.

26]. Values are expressed as “Relative Expre-
ssion”.

Assessment of cell-cycle progression and cell
apoptosis

CRL-1690 cells (3 x 10* cells/mL) were plated
in 6-well plates. After 24 hours, 100 nM (final
concentration) miR-27a-3p oligonucleotide inhi-
bitor (Life Technology, Grand Island, NY, USA) or
100 nM (final concentration) miRNA negative
control (Life Technologies) was mixed with
Lipofectamine RNAIMAX (Invitrogen Corp.) in a
1:1 ratio (v/v) and Opti-MEM | (100 uL final vol-
ume). The mix was incubated for 20 minutes at
RT and then added to the cells. Forty-eight
hours later, cell cycle progression was mea-
sured using a Muse Cell Cycle Kit (EMD Millipore
Headquarters, Billerica, MA, USA), which uses
propidium iodide (Pl) and RNAse A to discrimi-
nate cells at different stages of the cell cycle.
Cells were analyzed using the Muse Cell
Analyzer (EMD Millipore Headquarters). Apo-
ptosis was measured 72 hours after miRNA
inhibitor transfection with the Muse Annexin V
& Dead Cell Kit (EMD Millipore Headquarters),
which uses Annexin V and a dead cell marker
as an apoptotic and cell membrane integrity
marker, respectively. Briefly, cells were washed,
trypsinized and collected. Collected cells were
incubated with 100 pl Muse Annexin V & Dead
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Cell reagent at room temperature in the dark
according to the manufacturer’s instructions.
The number of apoptotic cells was recorded
with a Muse Cell Analyzer (EMD Millipore
Headquarters).

Reverse transcription and SYBR-Green | RT-
PCR for target identification

Total RNA was subjected to reverse transcrip-
tion using the iScript cDNA Synthesis Kit from
Bio-Rad. Briefly, a reaction mix containing 4 uL
Bx iScript reaction mix, 100 ng RNA template,
and nuclease-free water (20 uL final volume)
was set up. The mixture was incubated at 25°C
for 5 minutes followed by 42°C for 30 minutes
and 85°C for 5 minutes. The resulting first-
strand cDNA was used as template for PCR
analysis. A master mix containing 1 uL cDNA,
10 uL iTagUniversal SYBR Green Supermix (2x),
and nuclease-free water were mixed (25 pL
final volume) and heated at 95°C for 2 minutes
followed by 40 cycles of 5 seconds at 95°C and
30 seconds at 60°C. Data were collected and
analyzed using StepOne Software v2.1 from
Applied Biosystems. Gene expression values
were calculated relative to B-actin, which was
used as an internal standard [23, 27].

Statistical analysis

Statistical analysis was performed using
GraphPad Prism 5 (GraphPad Software, Inc., La
Jolla, California). In vitro experiments and
MiRNA expression levels in tumor tissues were
analyzed using Student’s t test for comparing
two groups and ANOVA for multiple group com-
parisons, with p < 0.05 considered statistically
significant. Kaplan-Meier analysis was per-
formed using the log-rank (Mantel-Cox) test.
Patients were grouped based on the expres-
sion differences compared with the median
expression level of all GBM samples. All in vitro
experiments were performed in triplicate.

Results

MicroRNA expression signatures in grade Il, Ill
and IV astrocytomas

To determine the miRNA expression pattern in
WHO grade II-IV we performed microarray anal-
ysis comparing each astrocytoma grade with a
control group. The intensity values for each
mMiRNA probe in the array were used to calcu-
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Table 1. List of miRNA signatures for each astrocytoma grade

A. MiRNAs Signature in Grade Il

Probeset ID p-value Fold-Change Probeset ID p-value Fold-Change
hsa-miR-1469 0.0016 -4.41 hsa-miR-30c-2-star 0.0153 2.83
hsa-miR-1308 0.0065 -3.85 hsa-miR-181a-star 0.0087 2.97
hsa-miR-762 0.0091 -3.15 hsa-miR-4260 0.0126 3.01
hsa-miR-92b-star 0.0021 -2.97 hsa-miR-18a 0.0083 3.27
hsa-miR-3196 0.0120 -2.59 hsa-miR-194 0.0103 3.29
hsa-miR-149-star 0.0169 -2.19 hsa-miR-99b-star  0.0181 3.46
hsa-miR-768-3p  0.0103 2.05 hsa-miR-25 0.0494 3.56
hsa-miR-29¢c 0.0405 2.06 hsa-miR-500 0.0008 3.92
hsa-miR-542-3p  0.0202 2.09 hsa-miR-15a 0.0222 4.26
hsa-miR-363 0.0092 211 hsa-miR-489 0.0026 4.31
hsa-miR-505-star 0.0067 2.14 hsa-miR-362-5p  0.0045 4.50
hsa-miR-17-star  0.0225 2.21 hsa-miR-500-star  0.0001 4.57
hsa-miR-20a 0.0313 2.30 hsa-miR-30b 0.0306 4.88
hsa-miR-125a-3p 0.0082 2.36 hsa-miR-335 0.0460 5.15
hsa-miR-664-star 0.0271 2.38 hsa-miR-371-5p  0.0196 5.42
hsa-miR-30e 0.0458 2.42 hsa-miR-181c-star 0.0102 5.44
hsa-miR-28-5p 0.0454 2.49 hsa-miR-339-3p  0.0038 6.24
hsa-miR-4299 0.0405 2.65 hsa-miR-532-5p  0.0012 7.49
hsa-miR-339-5p  0.0485 2.77 hsa-miR-19b 0.0005 9.89
hsa-miR-501-3p  0.0023 2.82 hsa-miR-497 0.0065 15.31
B. MiRNAs Signature in Grade llI

Probeset ID p-value Fold-Change
hsa-miR-487b 0.0121 -5.40
hsa-miR-222 0.0384 -4.27
hsa-miR-126 0.0354 -3.74
hsa-miR-1979 0.0436 -2.96
hsa-miR-382 0.0472 -2.87
hsa-miR-409-3p 0.0105 -2.57
hsa-miR-1826 0.0281 -2.55
hsa-miR-1909 0.0115 -2.43
hsa-miR-23b 0.0166 -2.09
hsa-miR-3197 0.0499 -2.01
hsa-miR-1275 0.0165 2.00
hsa-miR-4289 0.0067 2.01
hp_hsa-mir-520h 0.0419 2.13
hsa-miR-455-3p 0.0428 2.39
hsa-miR-9 0.0320 2.53
hsa-miR-423-5p 0.0004 3.36
hsa-miR-3201 0.0037 6.46

C. MiRNAs Signature in Grade IV

Probeset ID p-value Fold-Change
hsa-miR-124 0.0127 -46.60
hp_hsa-mir-124-2 0.0092 -28.79
hp_hsa-mir-124-3 0.0086 -28.76
hp_hsa-mir-124-1 0.0091 -28.17
hsa-miR-139-5p 0.0169 -8.36
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late differences in
miRNA expression
with the Partek so-
ftware. The distri-
bution of the differ-
entially expressed
miRNAs in each as-
trocytoma grade is
shown in a Venn
diagram (Figure 1).
In total, 40 miRNAs
were a signature for
grade Il, 17 for gra-
de Ill, and 20 for
grade IV astrocyto-
mas (*p < 0.05,
fold-change: + 2, Ta-
ble 1A-C). Remar-
kably, 13 overlap-
ping miRNAs were
found to be differ-
entially expressed
in all WHO grade
[I-IV (Figure 1 and
Table 2). Unsup-
ervised hierarchical
clustering analysis
of both the miRNAs
that were differen-
tially abundant in
each astrocytoma
grade and the 13
dysregulated miR-
NAs in all astrocy-
toma grades are
illustrated in heat
maps in Figure 2A
and 2B, respective-
ly. A clear segrega-
tion of up-regulated
(red color vs. black
regions) and down-
regulated (green co-
lor vs. black regi-
ons) miRNAs distin-
guished each grade
(Figure 2A), which
suggests that a mi-
RNA signature pro-
file  distinguishes
grade Il, lll and IV
astrocytoma. The
heatmap in Figure
2B demonstrates
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hsa-miR-330-3p 0.0047
hsa-miR-29a 0.0098
hsa-miR-139-3p 0.0470
hsa-miR-4270 0.0279
hsa-miR-423-3p 0.0057
hsa-miR-99a 0.0011
hp_hsa-mir-886 0.0107
hsa-miR-193b 0.0198
hsa-miR-720 0.0074
hsa-miR-106b 0.0010
hsa-miR-27a 0.0257
hsa-miR-34a 0.0228
hsa-miR-886-3p 0.0433
hsa-miR-1274b 0.0086
hsa-miR-210 0.0082

6.03 hand, up-regulation
-3.58 of miR-130b (*p <
355 0.05), .and down-
348 regulation of miR-
541 1908 (*p_ < 0.05)

were confirmed on-
319 ly for grade IV astro-
3.40 cytomas compared
3.44 with control individ-
4.07 uals (Figure 3D,
4.77 3E). Increased lev-
4.79 els of miR-92b were
4.82 significantly higher
5.44 in grade lll and IV
752 astrocytomas rela-
8.70 tive to controls

that the expression of some miRNAs increased
(increasing red color intensity) or decreased
(increasing green color intensity) based on
astrocytoma grade. Remarkably, miR-92b was
progressively up regulated from grades Il to IV,
while miR-3185 and miR-1908 were gradually
down-regulated from grades Il to IV (Figure 2B).

Based on the p-values, fold changes and bio-
logical roles, some miRNAs were selected for
validation using TagMan-based real-time PCR
(gPCR). Surprisingly, the gPCR results showed
no significant miRNA expression differences
neither for grades Il (Figure 3A) nor for grade IlI
(Figure 3B) astrocytomas compared with the
other groups. However, the qPCR results
showed significant differences in expression
for miR-210 and miR-27a between astrocytoma
grade IV relative to controls, grades Il and Il
astrocytomas (Figure 3C), which corroborated
the microRNA array findings. Although miR-
193b showed a significant difference in expres-
sion between grade IV relative to grade Il (**p
< 0.01) and grade lll (*p < 0.05) astrocytomas,
there were no significant difference of miR-
193b in astrocytoma grade IV compared with
controls (Figure 3C) which suggest that this
miR-193b is not a bona fide grade IV miRNA
signature.

The microarray results showed up-regulation of
miR-92b, miR-345, and miR-130b-5p and
down-regulation of miR-1908, miR-572, and
miR-1225-5p in all astrocytoma grades (Table
2). The gPCR results confirmed the down-regu-
lation of miR-1225-5p in all astrocytoma grades
relative to controls (Figure 3E). On the other
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(Figure 3D). Decre-
ased expression of
miR-572 was confirmed for grade Il astrocyto-
ma relative to controls (Figure 3E). However,
any of these miRNAs was able to discriminate
between each astrocytoma grade. Finally, the
miR-345 qPCR expression levels did not agree
with those indicated by the microarray studies
(Figure 3D and Table 2).

Target prediction and biological pathway
analysis

A number of miRNA target prediction programs
(microrna.org, Diana-microt, Target Scan Hu-
man, and miRDB) were used to identify poten-
tial target genes for each of the qPCR-validated
miRNAs. Genes identified by at least three dif-
ferent programs were selected to construct
pathway analysis using IPA (Figure 4). For this
analysis, we focused on cancer-associated
miRNA-regulated genes. Interestingly, miR-210
and miR-27a, which were increased in GBMs
relative to grade Il, grade lll, and control indi-
viduals, regulate genes associated with GBM
signaling (FOXO1, E2F3 and APC), molecular
mechanism of cancer (SMAD4, SMADS5,
SMAD3, NOTCH1, FADD, FOXO1, APC, and
E2F3), and cell cycle G1/S checkpoint regula-
tion (E2F3, SMAD3 and SMAD4) (Figure 4A).
Equally, miR-92b and miR-130b, which were
validated for grade IV astrocytomas, regulate
genes that are involved in molecular mecha-
nisms of cancer (BCL2L11, MAP2K4, RB1,
TCF4, SMAD4 and E2F1), p53 signaling (RB1,
E2F1, PTEN, and KAT2B), and in DNA damage
response (E2F1 and RB1) (Figure 4B).
Furthermore, miR-1225-5p, miR-572, and miR-
1908, regulate genes involved in glioma signal-
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Table 2. Dysregulated miRNAs that were common in all astrocytoma grades

WHO Grade Probeset ID p-value Fold-Change WHO Grade Probeset ID p-value Fold-Change
Il hsa-miR-3185 0.0002 -19.89 Il hsa-miR-106a 0.0170 2.37
1 hsa-miR-3185 0.0018 -11.00 1 hsa-miR-106a 0.0098 2.83
v hsa-miR-3185 0.0282 -5.60 v hsa-miR-106a 0.0032 2.49
Il hsa-miR-1225-5p  0.0092 -4.85 Il hsa-miR-17 0.0089 2.78
I hsa-miR-1225-5p  0.0010 -2.81 1] hsa-miR-17 0.0049 3.24
v hsa-miR-1225-5p  0.0017 -3.46 v hsa-miR-17 0.0084 2.53
Il hsa-miR-1228-star 0.0067 -4.09 Il hsa-miR-345  0.0004 9.22
1 hsa-miR-1228-star 0.0238 -3.35 1] hsa-miR-345  0.0410 3.24
v hsa-miR-1228-star 0.0047 -3.30 v hsa-miR-345  0.0103 3.97
Il hsa-miR-1908 0.0050 -4.26 Il hsa-miR-93  0.0029 3.17
I hsa-miR-1908 0.0065 -4.24 1] hsa-miR-93 0.0001 6.84
v hsa-miR-1908 0.0155 -2.75 v hsa-miR-93 0.0014 4.36
Il hsa-miR-885-3p  0.0357 -4.04 1] hsa-miR-130b  0.0073 8.77
I hsa-miR-885-3p  0.0224 -2.17 1] hsa-miR-130b  0.0009 4.50
% hsa-miR-885-3p  0.0256 -2.68 v hsa-miR-130b  0.0475 4.39
Il hsa-miR-572 0.0446 -4.20 Il hsa-miR-92b  0.0156 5.30
1 hsa-miR-572 0.0182 -2.45 1] hsa-miR-92b  0.0011 6.83
v hsa-miR-572 0.0270 -2.41 1% hsa-miR-92b  0.0004 14.04
Il hsa-miR-2861 0.0040 -2.97

I hsa-miR-2861 0.0230 -2.46

v hsa-miR-2861 0.0210 -2.26

ing (IGF2, PRKCG, HRAS, CDKN2A, CDKN1A
and RBL2), p53 signaling (MDM4, PRKCG,
CDKN2A, CDKN1A and FAS), and molecular
mechanisms of cancer (ARHGEF18, CDH1,
CDKN1A, FAS, PRKCG, GNAI2, PRKDC, HRAS,
CDKN2A and SUFU) (Figure 4C).

Kaplan-Meier survival analysis

To explore the potential clinical relevance of the
gPCR-validated miRNAs, we asked whether
their expression correlated with the prognosis
of GBM patients. We found that the expression
of miR-210, miR-92b, miR-130b, miR-1908 and
miR-1225-5p did not correlate with the overall
survival (OS) of GBM patients (data not shown).
However, increased miR-27a expression was
significantly associated with better overall sur-
vival (P = 0.0480) (Figure 5A). Interestingly, the
gPCR results showed that miR-27a expression
was also increased in FFPE GBM vs. paired
adjacent non-neoplastic tissues (Figure 5B).

Effect of miR-27a inhibition on miR-27a target
genes

To further identify the miR-27a target genes in

GBM cellls, we transiently transfected a miR-
27a oligonulceotide inhibitor (miR-27a-Inh) or a
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negative control miRNA inhibitor (NC-miRNA-
Inh) in the glioblastoma cell line CRL-1690.
Transient transfection of CRL-1690 with the
miR-27a-Inh reduced the miR-27a expression in
more than 95% (**p < 0.01) compared with the
NC-miRNA-Inh (Figure 5C). SYBR Green I-based
real-time showed that transient transfection of
miR-27a-Inh induced significant changes in the
mRNA levels of some miR-27a-target genes
(predicted by the in silico analysis) compared
with NC-miRNA-Inh-transfected cells (Figure
5D). Table 3 summarizes the fold changes and
biological role of the six potential miR-27a tar-
get genes whose mRNA levels increased follow-
ing miR-27a down-regulation. Particularly, ADO-
RA2B, an adenosine receptor that plays a
central role in inflammation and cancer [28-
30]. Multiple studies have demonstrated that
adenosine generation and signaling via
ADORAZ2B protects against ischemic injury in
various organs [28]. Likewise, FBXW7, a mem-
ber of the F-box family of proteins that mediate
the ubiquitination and subsequent proteasom-
al degradation of different proteins, has been
described as a tumor suppressor gene in a vari-
ety of cancer [31]. In addition, FBXW7 has been
described to be essential for the ubiquitination
of several oncoproteins including c-Myc, c-Jun,
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cyclin E1, and Notch [32-34]. Curiously, down- of some putative miR-27a-target genes, includ-
regulation of miR-27a reduced the expression ing CTNNBIP1 (catenin, beta interacting protein
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Figure 4. Network analysis of miRNA-regulated genes. miRDataBase, miRanda, and Diana Lab target prediction
software were used to identify putative genes regulated by each miRNA. IPA was used to generate molecular net-
works for each miRNA and its target genes.
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Figure 5. Clinical and Biological role of miR27a in GBMs. (A) Kaplan-Meier estimates of overall survival for GBM pa-
tients. GBM patients with a high miR-27a expression level have significantly better outcomes than do patients with
a low miR-27a level. The expression level was categorized as low if the individual fold change of a GBM patient was
under the median fold change for all GBM patients, and it was characterized as high if the individual fold change
of a GBM patient was higher than the median fold change for all GBM patients. Low expression (9 patients), high
expression (10 patients). (B) Non-neoplastic areas were collected from seven grade IV astrocytoma FFPE samples.
RNA was isolated, and qPCR was performed as described in the “Materials and Methods” section. RNU48 was used
as an “endogenous control”. MiRNA expression levels were calculated as described in the “Materials and Methods”
section. **p < 0.01. Columns represent the mean of duplicates + S.D. (C) CRL-1690 cells were transiently trans-
fected with a miR-27a inhibitor or miRNA negative control inhibitor as described in the “Materials and Methods”
section. Eight hours after transfection, cells were collected, total RNA was isolated, and RT-PCR was performed
as described in the “Materials and Methods” section. The miR-27a levels significantly decreased compared with
the negative control inhibitor. (D) CRL-1690 cells were transiently transfected with a miR-27a inhibitor or a miRNA
negative control inhibitor. Twenty-four hours later, total RNA was isolated as described in the “Materials and Meth-
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ods” section. SYBR Green I-based real-time PCR was performed, and changes in gene expression were calculated
relative to the miRNA negative control using B-actin as an endogenous control. Columns represent the mean of
duplicates + S.D. (E) CRL-1690 cells were transfected as in C. Seventy-two hours after transfection the number of
apoptotic cells were recorded as described in the “Materials and Methods” section. MiR-27a inhibition increases
the number of apoptotic cells (*p < 0.05) compared with miRNA control inhibitor transfected cells. (F) CRL-1690
cells were transfected as in C. Forty-eight hours after transfection the number of cells in each phase of the cell cycle
were recorded as described in the “Materials and Methods” section. MiR-27a inhibition did not induced significant
changes in the cell cycle. *p < 0.05, **p < 0.01. Columns represent the mean of triplicates + S.D.

Table 3. Potential miR-27a Target Genes

miR-27a Target Gene Symbol Fold Change Biological role
Adenosine A2b Receptor ADORA2B 1.43

Member of the G protein-coupled receptor superfamily involved in a

Cytochrome P450, Family 1, Subfamily B, CYP1B1 1.12

F-Box And WD Repeat Domain Containing FBXW7 1.24

7, E3 Ubiquitin Protein Ligase

Neural Cell Adhesion Molecule 1 NCAM 1 1.16
Ornithine Decarboxylase 1 obC 1 1.19
SERTA Domain Containing 2 SERTAD2 1.23

variety of cancers [29, 30]. ADORA2B, has been found up-regulated
in colorectal carcinoma tissues and colon cancer cell lines [75].

P450 enzyme involved in the metabolism of substances and plays
a role in hormone-induced carcinogenesis [76]. CYP1B1 has been
found to be up regulated in breast and endometrial cancer [77].

Member of the F-box family of proteins, mediator of the ubiquitina-
tion and subsequent proteasomal degradation of different proteins.
FBXW?7 has been described as a tumor suppressor gene in a variety
of cancer [31].

Cell adhesion molecule detected in many neuroblastoma [78].
Enzyme involved in polyamine biosynthesis; associated with cell
growth, angiogenesis, proliferation [79]. Increment in ODC activity
represents a biological marker of malignancy in glioma [80]..
Nuclear factor implicated in cell cycle regulation [81]. It has been

found that SERTAD2 plays important roles in governing cell cycle
progression in Human osteosarcoma U20S cells [81, 82].

1), and MDGA1 (MAM domain containing glyco-
sylphosphatidylinositol anchor 1) (Figure 5D).

Effects of miR-27a inhibition on apoptosis and
cell cycle progression

To better understand the role of miR-27a in
GBM, we studied the biological effects of tar-
geting miR-27a on apoptosis and cell cycle pro-
gression. Transient transfection of CRL-1690
cells with miR-27a-Inh induced 13% apoptosis
(*p < 0.05) compared with NCmiRNA-Inh trans-
fected cells (Figure 5E). However, miR-27a inhi-
bition did not induce significant changes in cell
cycle phases (Figure 5F). Together, these find-
ing support the oncogenic role of miR-27a in
GBM.

Discussion

The key finding of this study is that miR-210,
miR-27a, and miR-1225-5p expression levels
were able to differentiate grade IV from grade Il
and Il astrocytomas. Moreover, increased
expression of miR-130b, and miR-92b; and
decreased expression of miR-1908 were highly
associated with GBM. The role of some miRNAs
in astrocytoma initiation and progression has
been well studied [35-37]. In addition, some
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studies have used miRNA expression profiling
to distinguish brain tumor subtypes according
to their histology, malignant grade, and clinical
features [6, 7, 21, 38]. These studies have iden-
tified miRNAs that are differentially expressed
in GBM patient samples compared with normal
tissues [21, 38, 39], grade IV (GBM) vs. grade
Il astrocytoma [6] and grade Ill and IV cancer
stem cell line populations vs. non-stem cells
[12, 40]. In this study, we identify additional
miRNAs dysregulated in GBM compared with
lower astrocytomas.

Although the microarray analysis showed that
several miRNAs are differentially expressed in
grade Il or Ill astrocytoma, qPCR experiments
could not validate the microarray data. qPCR
detects differences in miRNA expression with
superior sensitivity and specificity compared
with large-scale screening techniques, includ-
ing microarrays [41-43]. This evidence confirms
previous reports indicating that microarray
data should always be validated by other
molecular techniques [44, 45]. Nevertheless,
in this study, only three up-regulated miRNAs
per tumor grade were validated by gPCR. Future
studies could assess the expression of other
mMiRNAs in each astrocytoma grade. In addition,
a higher number of samples are needed before
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proposing specific miRNAs as a signature for
astrocytoma grading.

Our results suggest that GBM patients with
high miR-27a expression levels have better out-
come compared with GBM patients who have
low miR-27a expression levels. Initially, this is a
paradoxical observation, considering miR-27a
as an oncomiR. Chin and co-workers found that
low levels of the miR-34a tumor suppressor are
a good prognostic factor for GBM patients [46].
Although increased levels of miR-27a promote
tumor growth, GBM driven by miR-27a dysregu-
lation pathways may be less aggressive than
GBM where other molecular pathways are
altered. It is possible that GBM patients with
high miR-27a expression levels may respond
better to certain chemotherapeutics age-
nts.

The up-regulation of miR-27a has been impli-
cated in a variety of malignancies, including
acute lymphoblastic leukemia (ALL), acute
myeloid leukemia (AML) [47], colorectal cancer
(CRC) [48], prostate cancer [49] and breast
cancer [50]. In glioblastoma cell lines, miR-27a
antagonists reduce cell proliferation and inva-
sion [51]. Recent reports have shown that miR-
27a promotes cell proliferation in GBM cell
lines by directly targeting MXI1, a member of
the Mad (Mxil) family that can form heterodi-
mers with Max to function as an antagonist of
the Myc oncoprotein [52, 53]. Our study identi-
fied six potential miR-27a-target genes.
Particularly, the FBXW7 and ADORA2B may be
regulated by miR-27a in GBM patients.
Interestingly, CTNNBIP1, and MDGA1 were
decreased following miR-27a targeting. One
possible explanation for this observation is that
miR-27a stabilizes the mRNA of these genes,
as occurred with other miRNAs [54, 55].
Another possibility is that these two genes are
transcriptionally regulated as a secondary
effect of miR-27a down-regulation. All of these
hypotheses should be further investigated.

Our functional studies showed activation of
apoptosis but not significant changes in the cell
cycle phases following miR-27a inhibition.
These results suggest that the miR-27a-target
genes could be more involved in cell death than
in cell cycle control. Other studies have shown
a reduction in cell proliferation and invasive-
ness potential for U7 GBM cells following miR-
27a inhibition [51]. Taken together, these
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results suggest that miR-27a and its target
genes promote cell survival of GBM cells.

The overexpression of miR-210 has been cor-
related with the late stages of non-small cell
lung cancer (NSCLC) [56], triple-negative breast
cancer [57], the hypoxic response [58], and
pancreatic [58] and ovarian [59, 60] cancer
under hypoxic conditions. However, the biologi-
cal and molecular consequences of miR-210
overexpression in GBM should be further
investigated.

The microarray studies identified 13 miRNAs
differentially abundant in all astrocytoma
grades. qPCR validation of miR-92b, miR-1908,
miR-130b, and miR-1225-5p showed that
these miRNAs are differentially abundant only
in GBM samples compared with controls.
Earlier studies showed that miR-92b and miR-
9/9* are overexpressed in primary brain
tumors [61]. Recent studies have shown that
miR-92b is up-regulated in GBM human sam-
ples and cell lines [11, 62, 63] and targeting
miR-92b induced apoptosis and inhibited cell
growth and glioma invasion in vitro and in vivo
[11, 62, 64]. Wang et al. showed that these bio-
logical effects appear to be elicited through the
miR-92b target gene Nemo-like kinase (NLK)
and the Wnt/beta-catenin pathway [11].
However, Zhou and co-workers observed up-
regulation of the TGF-beta/smad3/p21 signal-
ing pathway after miR-92b inhibition in GBM
cultured cells [62]. In contrast, Li et al. reported
that the miR-92b inhibitory effects promote gli-
oma cell apoptosis by targeting Dickkopf-3
gene (DKK3) and blocking the WNT/beta
catenin signaling pathway [64]. In our in silico
analysis, we identified other miR-92b target
genes, including ASPHD2, BCL11B, CD69,
CDKN1C, PRMT5, PTEN and RGS17. Some of
these targets act as tumor suppressor genes
and/or are related to cell proliferation, cell cycle
control, epigenetics and signal transduction
[65-68]. Together, our findings are in agree-
ment with these studies, which indicate that
miR-92b may be used as a target for glioma
therapy [11, 64].

Among the 13 miRNAs identified by microar-
rays in all astrocytoma grades, miR-17, miR-93,
and miR-130b have been reported by other
groups [69-71]. For example, Malzkorn et al.
identified a miRNA signature that included the
overexpression of miR-17 and miR-130b in

Am J Cancer Res 2015;5(1):201-218



miR-27a expression in GBM

patients with primary WHO grade Il gliomas
that spontaneously progressed to WHO grade Il
secondary GBM [69]. Subsequently, Jiao and
co-workers showed that miR-17 expression was
significantly higher in glioma tissues compared
with normal tissues and that its expression was
associated with poor overall survival for glioma
patients [70]. Jiao and co-workers proposed
that miR-17 has potential value as a poor prog-
nosis predictor for glioma patients and miR-17
could contribute to tumor progression [70].
Fang et al. showed that miR-93 promotes
angiogenesis and tumor growth in GBM by tar-
geting integrin-B8 expression, suggesting that
targeting miR-93 could suppress GBM tumor
growth and angiogenesis [71]. The molecular
consequences of mMiR-1908, miR-1225-5p, and
miR-572 down-regulation in astrocytoma pro-
gression have not been studied. Interestingly,
Sallustio et al. reported recently that miR-1915
and miR-1225-5p regulate the stemness and
the repair capacity of adult renal progenitor
cells [72].

Other studies have proposed the use of miRNA
signatures to differentiate GBM from other
tumors. For example, Ciafré et al. reported the
up-regulation of miR-221 and down-regulation
of miR-128a, miR-181a, miR-181b and miR-
181c in GBM compared with peripheral brain
areas from the same patient [21]. Chan et al.
found overexpression of the miR-21 level in
human glioblastoma tumor tissues in six well-
established glioblastoma cell lines and early-
passage glioblastoma cultures [38]. Malzkorn
et al. identified 12 miRNAs that have increased
expression and two miRNAs with reduced
expression in WHO grade |l gliomas that spon-
taneously progressed to GBM [69]. In addition,
the Progetto Emiliano-Romagnolo di Neuro-
Oncologia (PERNO) project has identified a
number of miRNAs characteristic of glioblasto-
ma (including miR-27a) [73]. PERNO studies
have also shown that different miRNA expres-
sion patterns are obtained depending on the
non-neoplastic controls used as reference [74].
We observed that miR-27a was also up-regulat-
ed in FFPE GBM vs. paired adjacent non-neo-
plastic tissues, which suggests that miR-27a is
a potential diagnostic and prognostic molecu-
lar marker for GBM and a therapeutic target.
Together, our panel of miRNAs, as well as the
previously reported miRNAs, may be miRNA sig-
natures for GBM.
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Overall, our results demonstrate that a miRNA
signature distinguishes GBM from grade Il and
Il astrocytoma and provide further evidence of
other miRNAs that have not been previously
associated with brain tumors may play an
important role in astrocytoma progression.
Finally, some of these miRNAs may be consid-
ered potential molecular targets for astrocyto-
ma treatment, particularly for GBM.
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