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Abstract—MicroRNA-219-1 (miR-219-1) acts as a tumor suppressor in a variety of cancers but, the regulatory epigenetic
mechanism involved in its gene expression level has not been studied. Using real-time polymerase chain reaction (real-time
PCR) and bisulfite genomic sequencing technology, promoter methylation level of miR-219-1 and gene expression levels of
miR-219-5p and miR-219-1-3p were determined respectively, in glioblastoma multiforme (GBM) (n = 31), their adjacent
normal tissues (n = 31), and GBM U87 cell line. Following treatment of GBM U87 cells with 5-aza-2'-deoxycitidine (5-
aza-dC), miR-219-1 promoter methylation, their target mRNA, and protein levels were determined by genomic bisulfite
modification, real-time-PCR, and ELISA techniques, respectively. Our results showed that gene expression levels of miR-
219-5p and miR-219-1-3p were significantly lower in GBM patients relative to their adjacent normal tissues (p < 0.01).
MiR-219-1 promoter had a high level of methylation in GBM tissues (p < 0.01) and a negative correlation was observed
between the miRNAs gene expression and methylation levels in GBM tissues (p < 0.01). Treatment of GBM U87 cells by
5-aza-dC decreased the level of miR-219-1 methylation, amount of target mRNA, and levels of cyclin A2 and mucin 4
(MUCH4) proteins, and increased the expression levels of miR-219-5p and miR-219-1-3p (p < 0.01). Using external miR-
219-5p and miR-219-1-3p, the expression of cyclin A2 and MUC4 were suppressed and proliferative activity of the US7MG
cell line was reduced (p < 0.01). These findings suggested that DNA methylation has a crucial role in the regulation of miR-

219-1 gene expression and that hypermethylated miR-219-1 may be involved in GBM pathogenesis.
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INTRODUCTION

Annual incidence of central nervous system (CNS)
cancer is about 3.5 in 100,000 people which represents
1.9% of all newly diagnosed cancer cases and 2.3% of
cancer deaths worldwide [1]. Gliomas are the most com-
mon and lethal neuroepithelial tumors and comprise
majority of the malignant brain tumors in humans [2].

Abbreviations: 5-aza-dC, 5-aza-2'-deoxycitidine; DMED,
Dulbecco’s Modified Eagle’s Medium; ELISA, enzyme-linked
immunosorbent assay; GBM, glioblastoma multiforme;
miRNA, microRNA; MUC4, mucin 4; real-time PCR, real
time polymerase chain reaction.

* To whom correspondence should be addressed.

Gliomas are clinicopathologically classified by the World
Health Organization (WHO) into four different grades (I-
IV) [3] and glioblastoma multiforme (GBM) is the most
aggressive form (grade IV) of these malignant brain
tumors [2]. Median survival of the newly diagnosed GBM
is 12-15 months and the five-year survival rate is less than
3% [4]. Consequently, elucidating molecular mechanisms
underlying GBM development and progression is crucial
for improving conventional therapeutic strategies and
facilitating development of new therapies for this aggres-
sive disease.

MicroRNAs (miRNAs) are non-coding, small RNA
molecules (19 to 24 nucleotides) that post-transcription-
ally regulate gene expression in both plants and animals
[5]. They are involved in regulation of a variety of biologi-
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cal processes during normal development including cell
cycle, proliferation, differentiation, apoptosis, and many
more molecular pathways [6]. It has been shown that the
altered gene expression of miRNAs is involved in different
pathological processes, such as cancer [7]. Besides genet-
ic mechanisms, epigenetic modifications such as DNA
methylation, and covalent histone modification play an
important role in controlling miRNAs expression [8]; fur-
thermore, CpG island hyper-methylation of tumor sup-
pressor miRNAs contributes to carcinogene-sis [8, 9].

Processing of the miR-219-1 precursor by dicer
enzyme generates two mature miRNAs: miR-219-5p
from the 5'-end, and miR-219-1-3p from the 3'-end of
the pre-miR-219-1. Since these two mature products
have unique seed regions, each miRNA targets different
mRNAs (http://www.mirbase.org/). A recent study
demonstrated that miR-219-5-p has low level of gene
expression in glioma and functions as a tumor suppressor
in GBM cells [10]. Although, the study confirmed the
Sal-like protein 4 as a target mRNA of miR-219-5p [10],
cyclin A2 was identified as a direct target of miR-219-5p
in esophageal squamous cell carcinoma that may also
have an oncogenic effect on glioma [11]. Similarly, the
tumor suppressor function of miR-219-1-3p by targeting
mucin 4 (MUC4) gene has been reported in pancreatic
cancer [12]. While the tumor suppressor functions of
miR-219-1 has been studied in a variety of cancers, there
is no evidence of epigenetic modulation of miR-219-5p
and miR-219-1-3p in GBM.

Despite the fact that miR-219-1 is one of the most sig-
nificantly down-regulated miRNAs in various tumor types
[10, 12], its gene expression level underlying epigenetic
modification, and whether this regulatory mechanism may
be associated with the miR-219-1 functional role have not
been clearly elucidated in GBM. In this work we studied
relationship between the level of miR-219-1 gene expres-
sion and its promoter methylation levels in attempt to
answer the question whether epigenetic modification of
this miRNA could result in down-regulation of its targets.

MATERIALS AND METHODS

Primary tumor samples. Analyses of 31 fresh GBM
tumor samples and their histologically normal adjacent
tissues was performed in this study. A total of 17 males
and 14 females (1.4 : 1) ranging in age from 25 to 79 years
(median 59 years) participated in the present study. The
detailed clinicopathological features of GBM samples are
described in the table. All samples were obtained from
patients undergoing surgical resection at the Department
of Neurosurgery, Imam Reza hospital, Tabriz, Iran, in
accordance with the Committee on Human Research
approved procedure.

Two pathologists reviewed all specimens and only
primary GBM samples were included in the study. No
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patients had received blood transfusion, radiotherapy, or
chemotherapy before surgery. Patients were excluded if
they had a prior history of diabetes, hepatic fibrosis, mul-
tiple sclerosis, schizophrenia, other cancers such as hepa-
tocellular carcinoma, papillary thyroid carcinoma, ovari-
an cancer, colorectal cancer, etc. Moreover, the sur-
rounding normal tissues with any neoplastic tumors or
necrotic lesions were also excluded from the study. All
specimens were snap-frozen in liquid nitrogen immedi-
ately after surgery and then stored at —80°C until used for
investigation. Written informed consent was obtained
from all the patients for the use of their tumor tissues. All
procedures performed in studies involving human partic-
ipants were in accordance with the ethical standards of
the institutional and/or national research committee and
with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards.

Cell line, cell cultivation and 5-aza-dC treatment.
Human GBM cancer cell line, U887 (ATCC® HTB-
14™), was purchased from the Pasteur Institute of Iran
and was cultured no longer than one month following
purchase. Cell line was cultured under sterile condition at
37°C, 5% CO2, in Dulbecco’s Modified Eagle’s Medium
(DMEM; Life Technologies, Inc., USA) supplemented
with streptomycin (100 pg/ml), penicillin (100 U/ml)
(Life technologies, Inc.), 2 mM glutamine (Life
Technologies, Inc.) and 10% fetal bovine serum (FBS,
Life Technologies, Inc). In order to determine correla-
tion of the promoter hyper-methylation of miR219-1 and
miR-219-5p and miR-219-1-3p gene expression levels,
bisulfite genomic sequencing and real-time polymerase
chain reaction (real-time PCR) were used to evaluate the
promoter CpG island methylation and mRNA expression
levels of miRNA, respectively, following incubation of
US87 cell line in the presence or absence of 5-aza-2'-
deoxycitidine (5-aza-dC). Briefly, GBM US87 cells were
seeded at a density of 1 x 10° cells per well in a six-well
plate, incubated for 24 h, and then supplemented with
fresh medium containing 1 or 5 uM 5-aza-dC (purity
> 98%) (Sigma-Aldrich, USA) for 72 h. At the end of the
treatment, the medium was replaced with fresh medium
without 5-aza-dC, and the cells were cultured for addi-
tional 48 h. Stock solutions of 5-aza-dC were dissolved in
dimethyl sulfoxide (DMSO; Sigma-Aldrich) and baseline
was established in mock treatment of cells with the same
volume of DMSO in triplicate.

Methylation analyses. Methylation of the promoter
CpG island of miR-219-1 was determined by the bisulfite
genomic sequencing technique using sodium bisulfite-
treated genomic DNA. In particular, DNA was extracted
from the U87 cells and the frozen tissues by a DNeasy
Blood & Tissue Kit (Qiagen, Germany). To perform
bisulfite conversion of DNA, 1 ug of extracted DNA was
treated with sodium bisulfite according to the EpiTect®
Fast Bisulfite Conversion kit (Qiagen) protocol and sub-
jected to polymerase chain reaction (PCR) using the fol-
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patients
miR-219-1 gene expression miR-219-1 gene methylation
(n=62%) (n=231)
Characteristic p-value p-value
low (n = 37), | high (n =25), low (n = 13), high (n = 18),
n (%) n (%) n (%) n (%)
Age (year)
<50 16 (43) 12 (48) 0.61 6 (46) 8 (44) 0.61
>50 21 (57) 13 (52) 7 (54) 10 (56)
Gender
Male 21 (57) 13 (52) 0.53 7 (54) 10 (55) 0.69
Female 16 (43) 12 (48) 6 (46) 8 (45)
Tumor location
Frontal lobe 9 (24) 5(20) 0.42 3(23) 4(22) 0.71
Temporal lobe 10 (27) 6 (24) 3(23) 5(28)
Parietal lobe 10 (27) 8 (32) 4 (31) 5(28)
Occipital lobe 8 (22) 6 (24) 3(23) 4 (22)
Tumor size
<5cm 11 (30) 17 (68) 0.016 9 (69) 5(28) 0.023
>5cm 26 (70) 8 (32) 4 (31) 13 (72)
KPS
<80 23 (62) 9 (36) 0.021 4 (31) 12 (67) 0.017
>80 14 (38) 16 (64) 9 (69) 6 (23)

Note. *) Total number of samples of miR-219-5p and miR-219-1-3p gene expression. Designations: GBM, glioblastoma multiforme;

miR, microRNA; KPS, Karnofsky Performance Scale.

lowing primer sets: forward primer; 5'-GTGATTTTT-
GATTTTTGTTTTTTTT and reverse primer; 5'-TTCA-
CCTACACTTATTCCAACAAAC-3'. Thermal cycling
conditions were: 95°C for 5 min, 60°C for 10 min; 95°C
for 5 min, 60°C for 10 min. Samples were then purified
using EpiTect spin-column and eluted with 15 pl of
Buffer EB supplied in the kit. To observe distribution of
the methylation patterns in an individual molecule we
used the pGEM-T Easy Vector System II (Promega,
USA), and cloned the purified PCR products into
pGEM-T Easy Vector. Using blue/white screening and
ABI 3730 XL DNA Analyzer (Applied Biosystem, USA),
8-10 clones from each samples were sequenced. To con-
trol complete bisulfite conversion of DNA, cytosines (Cs)
that are not followed by guanine (non CpG Cs) were
reviewed after sequencing of the analyzed region. Since
such non CpG Cs should be converted to thymine (T)
following bisulfite treatment and PCR, the presence of Cs
in these positions served as an indicator for incomplete

bisulfite conversion. Methylation levels for each CpG site
within the DNA amplicon was quantified by measuring
the ratio between the peak height values of C and T, using
basic equation for the methylation percentage:
(C/(C +T) x 100).

RNA extraction and real-time PCR. Total RNA
including miRNAs was extracted from all tissues and cells
using a MirVanal'M miRNA isolation kit (Ambion, USA)
following the manufacturer’s instructions. To study
expression of miR-219-5p and miR-219-1-3p, a
gqScript™microRNA ¢cDNA Synthesis Kit (Quanta,
USA) was used to synthesize complementary DNA
(cDNA) and gene expression levels of miR-219-5p and
miR-219-1-3p were determined using PerfeCTa®
microRNA Assays (Quanta) according to manufacturer’s
instructions with a Rotor-Gene 6000 real-time PCR
cycler (Qiagen) system. U6 small nuclear RNA (U6
snRNA), an endogenous control, was used to normalize
expression levels of miR-219-5p and miR-219-1-3p by
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the comparative Ct (AACt) method and relative miRNA
gene expression level corresponded to the 274,

Universal primer provided in the kit served as reverse
primer and miRNA was amplified by a specific forward
primer. Our specific forward primers for detection of
miR-219-5p and miR-219-1-3p were 5'-TGA TTG TCC
AAA CGC AAT TCT-3' and 5-AGAGTTGAGTCTG-
GACGTCCCG-3', respectively. Also, U6 snRNA for-
ward primer was 5'-ATTGGAACGATACAGAGAA-
GATT-3' and reverse primer was 5'-GGAACGCTT-
CACGAATTTG-3'. Each gPCR reaction was performed
in duplicate and U6 snRNA was used to normalize
expression level of miR-219.

To study gene expression levels of MUC4 and cyclin
A2, 1 pg of the total RNA was reverse transcribed to com-
plementary DNA and subsequently diluted 1/10. Real-
time PCR was performed using specific primers and
SYBR Green detection technology as previously
described [12, 13]. Expression levels relative to miR-219-
1 were determined by AACt method.

Enzyme-linked immunosorbent assay (ELISA).
MUCH4 and cyclin A2 protein levels were measured with a
Human MUC4 ELISA Kit (My BioSource, USA
2504728) and Rat Cyclin-A2 ELISA Kit (My
BioSource), respectively, based on the standard quantita-
tive enzyme immunoassay technique.

Cell transfection and proliferation assay. Generally,
10 nM of miR-219-5-p and miR-219-1-3p precursor
molecules, mimicking miR-219-5p and miR-219-1-3p,
respectively, and negative control non-specific miRNA
(NC) were transfected into U87MG cell line using
Lipofectamine TM RNAiMAX (Invitrogen, USA). The
day before transfection, cells were seeded to an antibiotic
free medium. MiR-219-5p and miR-219-1-3p transfect-
ed US7MG cells were cultured, and then incubated with
20 ul of BrdU label for 2 h. The cells were fixed, and
incorporated BrdU was detected using a BrdU cell prolif-
eration kit (Abcam, USA) according to the manufactur-
er’s instruction.

Statistical analysis. Student’s 7-test was used to com-
pare mean methylation and gene expression levels of
miR-219-1 in GBM and adjacent normal tissues. To
compare the mean methylation and gene expression lev-
els of miR-219-1, MUC4 and cyclin A2 levels in cells
before and after 5-Aza-dC treatment, the ANOVA test
was performed. Linear Pearson correlation was used to
study relationship between the miR-219-1 promoter
methylation and its gene expression level. Statistical
analysis was performed using SPSS version 22.0, and
p < 0.05 was considered as statistically significant.

RESULTS

MiR-219-1 and clinicopathological features of GBM
patients. Associations between the miR-219-1 gene
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expression, methylation levels, and clinicopathological
characteristics were assessed in all 31 GBM patients.
Since our patient group consisted of a relatively small
number of GBM tumor samples (# = 31), to get more
accurate results the miR-219-5p (» = 31) and miR-219-
1-3p (n = 31) gene expression levels as miR-219-1 were
pooled together and the relationships between the miR-
219-1 gene expression (n = 2), methylation levels
(n = 31), and clinicopathological features of GBM
patients were examined. Based on the mean value of
miR-219-1 expression and methylation levels, all GBM
patients were divided into four groups; patients with low
(n = 37) and high (n = 25) miR-219-1 gene expression
levels and patients with low (n = 13) and high miR-219-1
methylation levels (n = 18). As it is shown in the table no
statistically significant differences were observed between
the miR-219-1 gene expression, methylation levels and
age (<50 and >50), gender (male/female), tumor location
(frontal lobe, temporal lobe, parietal lobe and occipital
lobe) in the patient group. However, our statistical analy-
sis demonstrated that the low gene expression and high
methylation levels of miR-219-1 were associated with the
tumor size (< 5 cm vs. > 5 cm) and Karnofsky
Performance Scale (KPS; < 80 vs. > 80) in the patient
samples.

MiR-219-1 and target gene expression levels in GBM
tissues. We determined the expression levels of miR-219-
5p, miR-219-1-3p, cyclin A2, and MUC4 in the tumor-
derived tissues from GBM patients and compared them
with the normal adjacent tissues using real-time PCR
technique. Comparative Ct method was used to deter-
mine the relative expression ratio of miRNA and target
genes in the tumor samples compared to the normal adja-
cent tissues. We found lower gene expression levels of
miR-219-5p and miR-219-1-3p in 27 (87%) and 25
(80%) samples of the GBM tissues, respectively com-
pared with the normal adjacent tissues.

As one can see in Fig. 1, a and b, there were signifi-
cant reductions in the miR-219-5p and miR-219-1-3p
gene levels in the tumor tissues from GBM patients com-
pared to the normal adjacent tissues (Student’s r-test,
p < 0.01). As shown in Fig. 1, ¢ and d we also observed
high gene expression levels of cyclin A2 (1.60 vs 0.39;
Student’s z-test, p < 0.01) and MUC4 (1.71 vs 0.62;
Student’s #-test p < 0.05) in GBM tumor tissues compared
to the adjacent normal tissues. High expression levels of
cyclin A2 and MUC4 in GBM tissues indicated that these
oncogenes may be involved in glioma carcinogenesis.

Methylation status of MiR-219-1 promoter in GBM
tumor tissues. A CpG island in the promoter region of
miR-219-1 (from —2802 to —2952 bp) containing 22
CpGs was found using methprimer (www.urogene.org/
methprimer/) and inserting 3000 nucleotides from the
upstream region of miR-219-1 (Fig. 2a). Analysis of rela-
tive methylation levels by subcloning of PCR products
and genomic bisulfite sequencing technique revealed
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Fig. 1. Gene expression levels of MiR-219-5p (a), miR-219-1-3p (b), cyclin A2 (c), and MUC4 (d) in GBM tumor tissues (» = 31) and nor-

mal adjacent tissues (n = 31) determined by real-time PCR using 272¢T

method. Expression of miRNA in individual tumor samples were meas-

ured relative to U6 snRNA (* p < 0.01). Cyclin A2 (c) and MUC4 (d) protein gene expression levels were normalized to the levels of B actin
(ACTB) mRNA. Gene expressions data for individual human tissues are presented as mean + standard deviation (SD). * p < 0.01 for all GBM

tumors compared to non-GBM specimens.

higher level of the miR-219-1 DNA methylation in the
GBM tumor tissues (70.7%) compared to the adjacent
normal tissues (16.4%; Student’s #-test, p < 0.01; Fig. 2, b
and ¢).

To elucidate whether the downregulation of miR-
219-1 in GBM tumors is a result of its promoter hyper-
methylation, we additionally performed correlation
analysis between the miR-219-1 promoter methylation
and the gene expression levels of miR-219-5p and miR-
219-1-3p in GBM tumor tissue samples. It can be seen in
Fig. 2d that according to the results of Pearson’s correla-
tion analysis the expression levels of miR-219-5p
(R =-0.82, p <0.01) and miR-219-1-3p (R = —0.75,
p < 0.01) genes correlated negatively with the miR-219-1
promoter hypermethylation. These results suggested that

the miR-219-1 promoter hypermethylation in GBM tis-
sues may cause downregulation of the gene expression.
Effects of 5-aza-dC on methylation and gene expres-
sion levels of miR-219-1. In order to assess the effects of
5-aza-dC on the level of miR-219-1 promoter methyla-
tion, mean methylation level of the miRNA promoter was
examined before and after treatments of US7MG cell line
with 1 or 5 uM of 5-aza-dC for 72 h. Before treatment of
cells with 5-aza-dC, genomic bisulfite sequencing tech-
nique showed a 64.5% mean methylation level in the pro-
moter region of the mir-219-1 gene. However, the miR-
219-1 methylation level decreased by 26% and 51% fol-
lowing 72-h treatment of the cells with 1 or 5 uM 5-aza-
dC, respectively. These results suggested that 5-Aza-dC
was capable to decrease the mean methylation level of
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miR-219-1 at the promoter region (Fig. 3a). Further-
more, the levels of expression of miR-219-5p and miR-
219-1-3p genes before and after treatment of cells with 1
or 5 mM of 5-azadC were investigated using real-time
PCR. The results shown in Fig. 3b demonstrated that
demethylation of DNA using 1 or 5 uM 5-aza-dC result-
ed in the 1.9 and 4.1-fold increase of the level of miR-
219-5p gene expression in the US7MG cells, respectively.
It was also shown that the treatment of cells with concen-
trations of 1 or 5 uM 5-aza-dC increased the levels of
expression of miR-219-1-3p gene by 1.8- and 3.2-fold,
respectively (Fig. 3c).

Effects of 5-aza-dC on cyclin A2 and MUC4 gene
expression and protein levels. To study the effects of 5-
aza-dC treatment on gene expression and protein levels
of the cyclin A2 and MUC4, U87 cells were treated with
1 or 5 uM of 5-aza-dC for 72 h and real-time PCR and
ELISA techniques were used, respectively. Our results
showed reduction in the level of expression of the cyclin
A2 gene when the cells were treated with 1 or 5 uM 5-aza-
dC (0.29- and 0.72-fold, respectively; Fig. 4a).
Furthermore, demethylation of DNA by 1 or 5 uM 5-aza-
dC decreased expression level of the MUC4 gene in U87
cells (0.11- and 0.81-fold, respectively Fig. 4b). However,
as shown in Fig. 4, ¢ and d treatment of the cells with
1 uM of 5-Aza-dC did not decrease protein levels of
cyclin A2 and MUC4 and reduction of the protein level
was observed only following treatment with 5 uM of 5-
Aza-dC. Protein level of cyclin A2 in the untreated
U87MG cells using ELISA was 310.8 pg/ml. Treatment
of the cells with 1 or 5 uM 5-aza-dC reduced protein lev-
els of cyclin A2 by 12.1 pg/ml (p > 0.05) and 112.7 pg/ml
(p < 0.01), respectively. Protein level of MUC4 in
untreated U87MG cells was 12 ng/ml and reduction by
1.2 ng/ml (p > 0.05) and 6.3 ng/ml (p < 0.01) were
observed after treatment of the cell with concentration of
1 and 5 uM of 5-aza-dC, respectively (Fig. 4d).

Suppressive effects of ectopic miR-219-1 expression
on target genes and cell proliferation rate. Since our study
provides an evidence that miR-219-5p and miR-219-1-
3p have a low gene expression levels in US7MG cell line
and that their promoter region is hypermethylated, we
investigated whether the restored miR-219-5p and miR-
219-1-3p expression (mediated by transient transfection
of dsSRNA mimicking miR-219-5p and miR-219-1-3p
into U87MG cell line) could suppress cell proliferation.
Our results showed that transfection of the cells by
dsRNA mimicking miR-219-5p and miR-219-1-3p
induced expression of the candidate miRNA gene by 4-
and 5-fold, respectively, and restoration of these miRNA
resulted in a significant reduction of the U87MG cell
proliferation rate (Fig. 5, a and b; p < 0.01). These results
suggest that miR-219-15p and miR-219-1-3p may have
an anti-proliferative effect in the U87MG cells. To verify
that cyclin A2 and MUC4 are miR-219-5p and miR-219-
1-3p targets, we performed real-time PCR with U87MG
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cells transfected with miR-219-5p and miR-219-1-3p
mimics. Our results showed that the cyclin A2 and MUC4
mRNA levels reduced 48 h after transfection with mir-
219-5p and miR-219-1-3p by 43% and 51%, respectively
(Fig. 5c; p < 0.01) as compared with the cells transfected
with miRNA negative control.

DISCUSSION

In recent years, several expression profiling studies
have been carried out to determine the miRNAs expres-
sion patterns in GBM [14, 15]. These studies, demon-
strated different gene expression patterns of miRNAs in
GBM compared to the normal tissues and concluded that
deregulated miRNAs could be involved in the pathogen-
esis of GBM. In the present study we observed low
expression levels of miR-219-5p and miR-219-1-3p
genes in GBM compared to normal adjacent tissues. The
result of low gene expression level of miR-219-5p is in
agreement with the previous studies [16]. Although, the
decreased expression level of miR-219-1-3p gene has
been reported in pancreatic cancer [12] there was no data
available about the expression level of miR-219-1-3p
gene in GBM.

We also found that the low gene expression levels of
miR-219-5p and miR-219-1-3p were associated with the
GBM tumor size and KPS (Karnofsky Performance
Scale) index. Previously association of the low gene
expression level of miR-219-1 (miR-219-5p) and clinico-
pathological characteristics of the patients such as
advanced WHO grade and KPS Index was established
[10]. Since our test group consisted from the patient with
the most aggressive grade of glioma (grade IV or GBM)
and not with gliomas of different grades (I, II, I1I, and
IV) we were not able to include the WHO grades as a vari-
able in the present study of gene expression. KPS is a sim-
ple approach to determine functional status of the
patient. This can be used to assess effectiveness of cancer
therapies, quality of life, and prognosis for
individual patients. The Karnofsky Performance Score
(KPS) ranges from 100 to 0, where 100 is “no evidence of
disease” and 0 is “death”. Due to association of the miR-
219-5p and miR-219-1-3p gene expression levels and
KPS Index, it seems that the decreased gene expression of
our candidate miRNAs could be related to the patient’s
prognosis.

The observed CpG island hypermethylation in the
promoter region of miR-219-1in GBM as compared with
the normal adjacent tissues could explain, at least in part,
epigenetic silencing of miR-219-1 in the GBM tissues.
There is a growing amount of data supporting the sugges-
tion that DNA hyper-methylation at the promoter region
may be involved in the silencing of tumor suppressor
genes in several cancer cells [17]. More interestingly, sev-
eral studies confirmed that a number of tumor suppressor
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Fig. 2. Methylation upstream of miR-219-1 and its association with gene expression level. a) Map of the CpG island showing the number and
positions of CpGs in relation to the miR-219-1 promoter. CpG island of 151 bp (from —2802 to —2952 bp) downstream of the pre-miR-219-
1 start codon, covering 22 CpG sites) was used for methylation analysis. b) Scheme of distribution of CpGs in the promoter region of miR-
219-1 in a random GBM tumor sample, its corresponding normal adjacent tissue, and GBM U87 cell line. For each sample 8 separate clones
were sequenced. Each row represents methylation level of the individual CpG (ranging between 0 and 1) in a separate clone, except the last
row that represents position of each CpG on chromosome 6. To simplify visualization, the first four figures of each CpG position number
(3320) have been removed from all CpG site numbering so that the position of 4867 of a CpG represents 33204867™ nucleotide on chromo-
some 6.
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Fig. 2. c¢) Difference in miR-219-1 promoter methylation between the GBM tumor tissues and adjacent normal tissues (* p < 0.01). Results
are presented as a percent of methylated cytosines in CpG island (C/(C + T) x 100). d) Negative correlation between methylation of the miR-
219-1 promoter and miR-219-5p (R = —0.82) and miR-219-1-3p gene expressions (R = —0.75) in GBM tumor tissue (p < 0.01).
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Fig. 3. Effects of 5-aza-dC on methylation and gene expression levels of miR-219-1. Cells of glioblastoma cell line, U87, were treated with 5-
aza-dC at 1 or 5 uM for 72 h. a) Effects of treatment with different concentrations of 5-Aza-dC for 72 h on promoter methylation level of
miR-219-1. b and c) Effects of the dose- and time dependent of treatment with 5-Aza-dC on the levels of expression of miR-219-5p and miR-
219-1-3p genes. Error bars represent SD of the results of triplicate polymerase chain reactions from a single experimental set, and P repre-
sents statistical significance of the difference between cell groups (* p < 0.05, ** p < 0.01).

miRNAs are down-regulated by hypermethylation of the
promoter CpG islands in cancer cells [18-20]. Therefore,
it seems that DNA methylation-mediated silencing of the
tumor suppressor miRNAs could be a novel pathogenic
mechanism in different stages of cancer. Aberrant DNA
methylation of miR-219-1 has been observed in non-
cancerous cases including chronic inflammation pain and
long-term night shift workers [21, 22]. However, there has
been no study to identify DNA methylation of miR-219-
1 (miR-219-5p and miR-219-1-3p) in GBM and at pres-
ent, this is the only study of miR-219-1 methylation sta-
tus to include patients with GBM. The reason that we
selected miR-219-1 as a candidate gene to study epige-
netic modification is that the promoter analysis by meth-
primer (www.urogene.org/methprimer/) revealed a large

CpG island within its promoter region. Therefore, it was
hypothesized that hypermethylation of the promoter of
this miRNA could be involved in its down-regulation.
Since regulation of miRNA expression by DNA methyla-
tion is a complex process, further studies on the methyla-
tion patterns of miRNA in GBM are warranted.

In our study treatment of glioblastoma multiforme
cell line, U87MG, with 5-Aza-dC led to the increased
expression levels of miR-219-5p and miR-219-1-3p
genes and decreased gene expression levels of cyclin A2
and MUCH4, respectively. Close relationship between the
deregulated cyclin A2, chromosomal instability, and can-
cer cell proliferation has been predicted and increased
gene expression of cyclin A2 has been implicated in a
variety of cancer types [23]. Similarly, it has been report-
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ed that overexpression of MUC4, the membrane-bound
glycoprotein, could result in epithelial cancer progres-
sion, aggressive behavior, poor outcomes and therapy
resistance [24]. Since the aberrant methylation of DNA
could be involved in miRNA downregulation, it is rea-
sonable to suggest that the demethylating agent, 5-Aza-
dC, is involved in miR-219-1 restoration, which could, in
turn, lead to the decreased levels of target mRNAs, cyclin
A2 as a target of miR-219-5p, and MUC4 as a target of
miR-219-1-3p. 5-Aza-dC, a nucleoside analog, is incor-
porated into the DNA of rapidly growing tumor cells dur-
ing replication and inhibits DNA methylation by trapping
DNA methyltransferases on the DNA leading to their
depletion inside the cell [25].

In the present study cyclin A2 and MUC4 protein
levels were reduced only following treatment with high
concentrations of 5-aza-dc (5 pM) and low concentra-
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tions of demethylating agent (1 uM) had no effect on the
target protein levels. Also, there was no proportional cor-
relation between the effects of different concentrations of
5-aza-dC on the levels of reductions of target proteins. In
other words, cyclin A2 and MUC4 protein levels were not
reduced 5-fold as compared to 1-fold reduction of protein
levels by 1 uM of 5-Aza dC. In general, correlation
between the cellular protein levels and expression levels of
their corresponding mRNAs is not strong. They often
show correlation of ~0.40, which implies that only ~40%
of the variation in protein concentration can be explained
by the changes in mRNA amounts [26]. To explain the
remaining ~60% of the variation, some combination of
post-transcriptional regulation and measurement noise
must be considered.

Our results provided evidence that miR-219-5p and
miR-219-1-3p exhibited antiproliferative effect on the
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Fig. 4. Effect of 5-aza-dC on gene expression and protein levels of cyclin A2, and MUC4. Glioblastoma cell line, U87MG, was treated with

S5-aza-dC at 1 or 5 uM for 72 h (* p < 0.05, ** p < 0.01).
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Fig. 5. Tumor suppressive effects of miR-219-1 in U87 cell line. Cells were transfected with 10 nM of pre-miR miRNA precursor molecule
mimicking miR-219-5p, miR-219-1-3p or control non-specific dSSRNA (Pre-miR NC #1) using Lipofectamine TM RNAiMAX. a) Number
of viable cells at 24-96 h after transfection was assessed by Brdu cell proliferation assay. Results are presented as means of triplicate determi-
nations in these experiments; * p < 0.05 versus Pre-miR NC #1-transfected cells, in a statistical analysis with the Mann—Whitney U-test.
b) Effect of transfection of 10 nM miR-219-5p and miR-219-1-3p on transcript levels of cyclin A2 and MUC4 mRNA in US7MG cells at 48 h
relative to the cells transfected with 10 nM control oligonucleotide. c) Cyclin A2 and MUC4 gene expression levels were determined by real
time PCR relative to the reference gene (actin ). Values represent mean + SD of independent experiments (* p < 0.05, ** p < 0.01).
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U87 cell line. Using the gain-of-function approach, Jiang
et al. transfected glioma cells with miR-219-5p mimics
and determined cell proliferation, migration, and inva-
sion. The authors found that the ectopic miR-219-5p
reduced the rate of cell growth and concluded that miR-
219-5p was involved in the negative regulation of cell
growth [10]. In a similar study Lahdoui et al. observed
suppression of the cell proliferation rate associated with
the decreased cell migration by following overexpression
of miR-219-1-3p in the pancreatic cancer cell lines [12].
MicroRNAs (miRNAs) have crucial roles in the cancer
development and progression including repression of
oncogene and/or tumor suppressor mRNAs or blocking
of protein translation. Based on the oncogene or tumor
suppressor targets, miRNAs act as oncogenic (by target-
ing tumor suppressor) or tumor suppressive molecules (by
targeting oncogene) [27]. Since the oncogenic functions
of miR-219-5p and miR-219-1-3p mRNA targets, cyclin
A2 (in esophageal squamous cells) and MUC4 (in pan-
creatic cancer cells), have been documented in previous
studies [23, 24] it seems likely that our candidate
miRNAs as tumor suppressor molecules are capable of
inducing cell proliferation arrest in cancerous cells
including GBM. The most obvious differences between
our study and the previous studies are: (i) previous studies
provided no evidence about underlying mechanism of low
expression level of miR-219-5p and miR-219-1-3p, and
(ii) there were no data about restoration of the candidate
miRNA suppressed by epigenetic factors and following
effects on its tumor-suppressive functions.

There are several limitations in our study that could
be addressed in future studies. Firstly, this study was based
on a relatively small sample size that limited our possibil-
ity to extract more accurate results especially with respect
to the relationship between the patient characteristics and
miRNA gene expression. Therefore, other studies of a
larger sample sizes, will be necessary to confirm our find-
ings. Secondly, we studied only oncogenic targets of the
candidate miRNAs affected by DNA methylation.
According to the multiple oncogenic or tumor suppressor
targets of an individual miRNA, extensive analysis is
needed to map the communication network between the
epigenetic modification of miRNA and the level of their
target mRNAs expression. Finally, we used normal adja-
cent tissue as a control in the present study. Considering
that there are no comprehensive and conclusive studies
addressing limitations and that little is known about the
global gene expression profile of this type of control sub-
jects in GBM, the results may be suboptimal. Therefore,
to obtain more accurate results, transcriptomic profiling
of normal adjacent tissue in GBM should be conducted in
future studies.

Role of epigenetic regulation of miR-219-1 in
pathogenesis of human GBM was investigated in this
work. To the best of our knowledge, it was demonstrated
for the first time that (i) mir-219-5p and miR-219-1-3p
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are methylation-sensitive miRNA in glioblastoma multi-
forme development; (ii) restoring expression of the candi-
date miRNA by demethylating agents decreased the lev-
els of its oncogenic target mRNA and protein. These
results indicate that the miRNA-based signatures might
serve as a basis for the development of novel potential
therapies for glioblastoma multiforme cancer and further
research on epigenetic drug development will be conduct-
ed in the near future.
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