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The tumor suppressor microRNA, miR-124a, is regulated
by epigenetic silencing and by the transcriptional factor, REST

in glioblastoma
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Abstract Reduced levels of specific microRNA in cancer are
frequently reported and associated with attenuated cancer
genes and associated pathways. We previously reported a loss
of miR-124a in glioblastoma (GBM) patient specimens; how-
ever, the upstream causes of this loss are largely unknown.
Loss of miR-124a has been attributed to hypermethylation
while other studies have shown miR-124a to be regulated by
the repressor-element-1-silencing transcription factor (REST,
also known as neuron-restrictive silencing factor). This cur-
rent study looked at both epigenetic and transcription factor
regulation as potential mechanisms resulting in the loss of
miR-124a expression in GBM patient specimens and cell
lines. Hypermethylation of miR-124a was observed in 82 %
of GBM patient specimens (7 =56). In vitro miR-124a expres-
sion levels also increased after treatment of several patient-
derived cell lines with 5-aza-2'-deoxycytidine. Additionally,
we also demonstrated a positive interaction between REST
activity and miR-124a using a luciferase-binding assay and
we correlated the reciprocal expression of REST and miR-
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124ain our clinical cohort. This result indicates that miR-124a
expression may also be modulated through the upstream
targeting of REST. Preclinical studies involving inhibitors of
REST and treatment with demethylating agents with the intent
to increase miR-124a levels could be interesting.
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Introduction

The survival trends for glioblastoma (GBM) patients have
remained largely static, reflecting a lack of improvements in
the therapeutic options for patients. Less than 20 % of newly
diagnosed GBM patients survive more than 5 years (CBTRUS)
[1]. Although glioma cells rarely metastasize outside the brain,
they have an extraordinary capacity to migrate long distances
away from the primary tumour site and infiltrate into surround-
ing normal brain tissue. GBM is highly refractory to standard
radiotherapy and chemotherapy making treatment very diffi-
cult. Novel therapeutic agents are needed as well as agents that
can add to the efficacy of conventional therapies.

Aberrant microRNA (miRNA) expression has been asso-
ciated with a range of different cancers, including GBM
(reviewed in [2, 3]). MiRNAs post-transcriptionally regulate
the expression of specific target mRNAs, and individual
miRNAs may regulate entire gene networks [4] making them
attractive therapeutic targets in cancer. Previously, we and
others found GBM to be devoid of miR-124a expression
despite enrichment of miR-124a expression in the normal
brain [5-10]. As a result of transfecting cells with precursor
miR-124a, a significant decline in tumour cell proliferation,
migration and invasion was noted [7, 10, 11]. MiR-124a has
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been shown to negatively regulate SLC16A1, PIK3CA,
IQGAP1, LAMCI1, ITGBI1, STAT3 and CDK4 [5, 10,
12—-16]. High expression of ITGB1 and STAT3 have been
associated with cancer stem cells (CSCs) leading to increased
invasiveness [16].

The mechanism(s) by which miR-124a expression is sig-
nificantly reduced in GBM compared to normal brain has not
been fully elucidated. Although it has been shown that miR-
124a is frequently hypermethylated and treatment with the
demethylating agent 5-aza-2'-deoxycytidine (5-aza-dc) re-
stores miR-124a levels in hepatocellular carcinoma [17],
non-Hodgkin's lymphoma [18], and cervical cancer [19], this
was not the case in two widely used, immortalized GBM cell
lines, U87 and U251 [9].

Repressor element-1-silencing transcription factor (REST) is
a well-characterised regulator of neuronal programs in non-
neuronal tissues that bind to a highly conserved DNA sequence
called neuron-restrictive silencer element (NRSE, also known
as RE-1) [20, 21]. REST silences the transcription of neuronal
genes through recruitment of specific co-repressor proteins and
aberrant overexpression of REST has been associated with
neurological disorders [22—24]. High REST expression has also
been implicated in several human neural-specific cancers in-
cluding neuroblastoma [25], medulloblastoma [26], and more
recently, GBM [7, 27, 28]. Inhibition of REST in GBM isolated
CSCs and subsequent implantation of these cells into mice
resulted in tumors that were significantly less invasive, highly
apoptotic and slower growing [29]. Studies of medulloblastoma
have provided strong evidence that miR-124a is under direct
regulation by REST [26, 27]. In a serial analysis of chromatin
occupancy in a non-neuronal murine kidney cell line, miR-124a
was expressed as a result of the dismissal of REST from its
binding sites on the chromatin during neuronal differentiation
[30]. Conti and colleagues inhibited REST in self-renewing
tumorigenic-competent GBM cells [7] and its knockdown
strongly reduced their self-renewal in vitro and tumour-
initiating capacity in vivo. Inhibition of REST also affected
the level of miR-124 [7].

The majority of in vitro studies examining miR-124a ex-
pression have been conducted on commercially obtained cell
lines such as U251. Studies of miR-124a using patient-derived
tumor cell lines (primary GBM cells) and patient specimens
have been limited. In the current study, we confirmed very low
expression of miR-124a in primary cell lines and post-
transfection with precursor miR-124a, supported the inhibito-
ry effects of miR-124a on proliferation, migration and inva-
sion previously observed with commercial, immortalised
cells. To determine if miR-124a loss was a consequence of
methylation, we measured the degree of miR-124a methyla-
tion in both patient specimens and cell lines using
methylation-specific PCR (MSP) and evaluated the effect of
the demethylating agent, 5-aza-dc, on miR-124a expression in
primary cells. Finally, we investigated whether miR-124a and
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REST reciprocally regulate each other in primary cell lines
and patient specimens.

Materials and methods
Tumour collection from patient cohort

GBM tumor samples were collected from patients undergoing
surgical resection at The Prince of Wales Private Hospital
(Randwick, Australia). The Human Research Ethics Commit-
tee South Eastern Sydney Local Health District—Northern
Sector approved the collection and use of freshly frozen
human GBM tissue for this project. A board-certified pathol-
ogist reviewed all specimens and only primary GBM samples
were included in the study. Three human normal brain RNAs
were purchased from Ambion for use as control samples in all
RT-gPCR experiments; namely: human parietal cortex supe-
rior brain total RNA, human orbital frontal cortex brain total
RNA, and human parietal cortex posterior total RNA
(Ambion, Austin, TX, USA).

Glioma cell lines and culture

The commercial GBM cell lines, U251, U87 and T98, were
acquired from the American Type Culture Collection and
were cultured under sterile condition at 37 °C, 5 % CO, in
minimum essential medium (Life Technologies, USA)
supplemented with 10 % foetal bovine serum (Life Technol-
ogies, USA) and 2 mM L-glutamine (Life Technologies,
USA). Low-passage primary cell lines derived from human
biopsies (annotated BAH1, RN1, HW1 and PB1) [31] were
provided from the Queensland Institute of Medical Research
and cultured in RHB-A stem cell culture medium (Stemcells
Inc., Newark, CA, USA) supplemented with 3-FGF and EGF
(20 ng/ml respectively, Sigma-Aldrich, St Louis, MO, USA)
on 1 % matrigel-coated flasks or plates. BAH1 cells were
cultured from a GBM patient, aged 76 and survived only
94 days. BAH1 was MGMT methylated and PTEN mutant.
RNT cells were cultured from a GBM patient, aged 57 years
and survived 243 days after diagnosis (MGMT unmethylated).
The clinical details for the patients from which PB1 and HW1
cells were generated were unknown. Both cell lines were
MGMT methylated.

Transient transfection

For studies investigating miR-124a function in GBM cell lines
in vitro, transient transfections were conducted in BAH1, U87
and U251 GBM cell lines according to previously published
protocols [10]. For miR-124a—REST interaction studies, cells
(6x10° cells) were plated into 96-well plates and transfected
on the same day. Firefly luciferase promoter reporter constructs
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containing the REST binding (RE1) sites of miR-124a or, as a
positive control for REST (RE1) binding, glutamate decarbox-
ylase 1 (GADL1), cloned upstream of the thymidine kinase
(TK) promoter (TK-miR-124a RE1 and TK-GAD1 RE1) and
vectors in which the REI sites were deleted (TK-miR-124a
ARE1 and TK-GAD1 ARE1) were kindly provided by Dr. Gail
Mandel, Vollum Institute, Oregon Health & Science Universi-
ty, Portland, OR, USA. These vectors were co-transfected with
the pRL-TK Renilla luciferase reporter (0.3 pg each plasmid
per well of a 96-well plate; Promega) into cells using
Lipofectamine 2000 (Invitrogen). An empty pGL2-basic vec-
tor and pGL2-control vector containing the SV40 promoter
were used as negative and positive controls, respectively.
Twenty-four hours post-transfection, firefly and Renilla lucif-
erase activities were measured sequentially using the Dual-Glo
Luciferase assay kit (Promega) with a 96 microplate
luminometer (GLOMAX, Promega). Firefly luciferase activity
was normalised to Renilla luciferase activity and the results
represent as the mean of three independent experiments, each
performed in triplicate.

RNA extraction and reverse transcriptase-quantitative PCR

Total RNA (including miRNAs) was extracted from transfected
cells using the miRNeasy Mini kit to collect both mRNA and
miRNA (Qiagen, Germany). cDNA was synthesized using
10 ng of total RNA with a TagMan MicroRNA Reverse Tran-
scription kit and quantitative PCR analysis was performed
using the Viia 7 Real-time PCR System (Life Technologies).
The human RNU48 TagMan probe was used as an endogenous
control.

Cell proliferation and migration assays

Cell proliferation and migration were examined using the
xCELLigence system (Roche, Basel, Switzerland) as per
manufacturer's instructions and previously published [10].

miR-124a DNA methylation analysis

Primary and commercial GBM cells were seeded at 5x 10° cells
per well of a six-well plate, incubated for 24 h, supplemented
with fresh media containing 2.5 uM of 5-aza-dc (Sigma-
Aldrich) for 72 h and media was changed every 24 h. Methyl-
ation Specific PCR (MSP) was conducted from DNA extracted
from fresh frozen GBM samples and cell lines. Extraction of
DNA was carried out using the QIAmp DNA FFPE Tissue Kit
(Qiagen, Hamburg, Germany) according to the manufacturer's
recommendations. Bisulfite modification followed by CpG
pyrosequencing was performed to assess the degree of miR-
124a methylation for each tumor specimen. Chemically meth-
ylated or unmethylated universal human genomic DNA
(Millipore, Billerica, MA, USA) controls were included with

each batch. In brief, tumor DNA (500 ng) was bisulfite modi-
fied using the EZ DNA methylation kit (Zymo Research,
Orange, CA, USA) according to the manufacturer's recommen-
dations. DNA methylation status was determined by bisulfite
sequencing of both strands of the corresponding CpG islands
using primers for miR-124a [32]. First, methylation status was
analysed by bisulfite genomic sequencing of both strands of the
corresponding CpG islands. miR-124a(1) sense:
AAGGATGGGGGAGAATAAAGAGTTT and miR-124a(1)
antisense: CTCAACCAACCCCATTCTTAACATT
(annealing temperature, 55 °C). The second analysis used
MSP using primers specific for either the methylated or mod-
ified unmethylated DNA: MiR-124a methylated sense:
AAAGAGTTTTTGGAAGACGTC; miR-124a methylated
antisense: AATAAAAAACGACGCGTATA and miR-124a
unmethylated sense: AATAAAGAGTTT
TTGGAAGATGTT; miR-124a unmethylated antisense:
AAAAAAATAAAAAACAACACATATAC (annealing tem-
perature, 52 °C). DNA from normal lymphocyte donors was
used as a negative control, while enzymatically methylated
control DNA (Universal Methylated Human DNA, Zymo Re-
search) was used as positive control in all the experiments. MSP
was performed with KapaTag ReadyMix DNA Polymerase
(Kapabiosystems) as per manufacturer's instructions. Ten mi-
croliters of PCR product were electrophoresed on 2 % agarose
gels pre-cast with GelRed and visualised under ultraviolet light
with a Gel Doc instrument (Bio-Rad).

Statistical analysis

Data analysis was performed using Prism 5 (GraphPad Soft-
ware). Results are represented as mean+standard error mean
and obtained from at least three independent experiments.
Statistical analysis was performed by two-tailed unpaired ¢
test and p values <0.05 were regarded as statistically signifi-
cant. Pearson correlation coefficient was used to assess the
relationship between miR-124a and REST expression in pa-
tient samples. Other experimental data was analysed by two-
way analysis of variance or Student's ¢ test.

Results
Significantly lower levels of miR-124a are found in GBM

MiR-124a expression was measured in a small clinical cohort
of GBM patients (n=31) and three commercially obtained
normal brain RNA (Fig. 1a). A significant reduction in miR-
124a level in the GBM patient samples compared to normal
brain was observed (Student's ¢ test, p<0.001), a finding
consistent with other reports. Previously, we showed that
transfection of the immortalised GBM cell line A172 with
synthetic precursor miR-124a resulted in a reduction of cell
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Fig. 1 miR-124a expression in GBM patient specimens and the func-
tional effects of miR-124a restoration in GBM patient-derived cell lines
(a) miR-124a levels in GBM specimens (# =30) and normal brain (n =3).
Bar graphs represent log10 of the relative quantification (RQ) values of
miR-124a levels, normalised by RNU48. b Ectopic expression of miR-
124a in BAHI cells. BAHI cells were transfected with precursor miR-
124a (pre-miR-124a) (60 nM), pre-MiR negative control 1 (negative

proliferation, invasion and migration [10]. Similar to these
previous findings, endogenous miR-124a expression in the
primary cell line BAH1 was also significantly lower compared
to normal brain (Fig. 1b; untreated column). We restored miR-
124a in BAH1 cells by transient transfection with precursor
(pre-) miR-124a. Quantitative RT-PCR was used to confirm
ectopic expression of miR-124a, 48 h post-transfection of
BAHI cells (Fig. 1b). Changes in cell proliferation were
assessed 24 h post-transfection using xCELLigence live cell
analysis (Fig. 1c). BAHI1 cells transfected with miR-124a
(pre-miR-124a; 60 nM) showed significantly lower cell pro-
liferation rates when compared to cells transfected with a
negative control miRNA (NC-1 miRNA, 60 nM; Fig. lc).
Tumor cell migration in pre-miR-124a transfected BAH1
cells was significantly slower when compared to cells
transfected with negative control miRNA (p <0.001),
untreated or cells treated with lipofectamine 2000 alone
(LF2000 only; Fig. 1d).

miR-124a is epigenetically silenced by DNA methylation
in GBM cell lines and patient tumors

To determine if the loss of miR-124a in GBM is a result of
epigenetic modulation, we treated BAH1, U251 and US7MG
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control 1) (60 nM), Lipofectamine 2000 control (transfection reagent)
or non-transfected control cells (control). Column charts indicate logl0
of the relative quantification (RQ) values of miR-124a levels, normalised
by RNU48. Tumour proliferation (¢) and migration (d) were measured at
24 h post-transfection using the xCelligence cell index (CI) impedance
measurements in BAH1 cells (*p <0.05, **p <0.01, ***p<0.001)

cells with the demethylating agent, 5-aza-dC. MiRNA-
124a expression significantly increased in BAHI and
U87 cells after 5'aza-dC treatment (***p <0.001); how-
ever, U251 cells did not show a significant increase in
miR-124a following treatment with 5-aza-dC, even after
72 h of treatment (Fig. 2a). DNA from cell lines and
patient specimens were bisulfite converted and subjected
to MSP. All seven GBM cell lines (four primary GBM
cell lines and three commercial GBM cell lines) showed
miR-124a methylation. A high frequency of miR-124a
hypermethylation was also observed in GBM clinical
specimens (82 %; 46 out of 56 patients; Fig. 2c). We
confirmed relative expression of miR-124a correlates
with hypermethylation status (R*=0.492; two-tailed p
value, 0.004).

miR-124a expression is suppressed by the transcription factor,
REST, in GBM

Utilising existing transcript data from the REMBRANDT
(REpository for Molecular BRAin Neoplasia DaTa, National
Cancer Institute) dataset, GBM and other gliomas showed
increased REST transcript compared to normal brain [7]. We
also found that the median intensity of the REST transcript
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Fig. 2 MiR-124a expression is a
regulated by hypermethylation. a
GBM cells (BAHI1; U251 and
U87) were treated with 2.5 uM of
5-aza-DC for 72 h and miR-124a
levels were measured. Vehicle is
media only. Scatter plots
represent relative quantification
(RQ) values of miR-124a levels,
normalised by RNU48.
Methylation-specific PCR
analyses of miR-124a
methylation in GBM cell lines (b)
and glioma patient specimens (c)
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was higher in GBM patients (n=31; median, 9.80 (range,
6.34-12.67) compared to normal brain (n =3; median, 1.17;
range, 1.07-1.47).

Endogenous REST levels were high in BAH1 cells
(13.75). Ectopic expression of miR-124a in these cells, sig-
nificantly reduced REST transcript levels by threefold when
measured at two time points after transfection (2 and 7 days;
Fig. 3a). To determine if miR-124a expression was regulated
by the transcription factor REST in GBM, a luciferase reporter
assay was performed in the BAH1 cell line. Luciferase report-
er constructs were cloned with flanking sequences containing
the REST-binding site (RE1) from the miR-124a gene. As
a positive control, the RE1 site from the GAD1 gene; each
of which was cloned upstream of the TK promoter and
designated the annotation TK-miR-124a RE1 and TK-
GADI1 REI was used. Constructs bearing the REST-
binding site of the miR-124a or, as a positive control
GADI gene, showed significantly lower luciferase activity

UM UMUM UM UM UM

in BAH1 cells (Fig. 3a), compared with constructs in
which the RE1 site had been deleted (TK-miR-124a
ARE1 and TK-GAD1 ARE!) suggesting that the presence
of the miR-124a-REST binding site enabled the reduced
luciferase activity in these experiments. Therefore, to con-
firm that it was in fact the binding of the transcription
factor REST to the RE1 sites of miR-124a that was respon-
sible for the lower activity, BAH1 cells were co-transfected
with either siRNA-targeting REST or a corresponding neg-
ative control siRNA. Specific knockdown of REST, as
determined relative to a negative control siRNA, resulted
in a doubling of luciferase activity for both constructs
containing the miR-124a RE1. Again, GADI-REI con-
structs were used as a positive control in these experi-
ments. Constructs lacking RE1 sites were not affected by
REST knockdown (Fig. 3b). This data suggests that REST
does indeed regulate miR-124a expression in GBM through
binding to the REI site.
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Fig. 3 REST regulation of miR-124a. a Relative expression of REST
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fection with quantitative real time reverse transcription polymerase
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lower luciferase activity compared with constructs lacking the RE1
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Discussion

MiR-124a is one of the best-characterised miRNAs in the
central nervous system [5, 9, 11, 12, 33, 34] with its loss
shown to be significantly associated with tumorigenesis. Ec-
topic expression of miR-124a in GBM leads to significantly
reduced tumor proliferation, migration and invasion [10].

We provide evidence that miR-124a expression is reduced
in GBM via at least two mechanisms: (1) transcriptional
inactivation by CpG island hypermethylation and (2) regula-
tion by the transcription factor REST. Treatment of cells with
the demethylating agent 5-aza-dC forced hypomethyla-
tion of cellular DNA and resulted in increased levels of
miR-124a. We present similar findings to Silber et al.
where no change was found when treating U251 with the
demethylating agent. However, in contrast, we did find
significant increases in miR-124a expression levels when
U87 and the patient derived cell line, BAH1 were treat-
ed. This discrepancy could reside in the different 5-aza-
dC scheduling; we used a lower dose of 2.5 uM for 72 h
compared to 5 pM for 24 h. Endogenous methylation of
miR-124a was confirmed in over 80 % of GBM patient
specimens using MSP, providing strong evidence that
miR-124a is epigenetically regulated.

That the expression levels of miR-124a could also be
negatively regulated by the transcription factor, REST, was
also confirmed with our luciferase reporter assay and the
reciprocal expression of REST and miR-124a were further
confirmed in patient specimens. REST dysfunction has been
implicated in diverse diseases ranging from Down syndrome
to cardiomyopathy and cancer. An oncogenic role for REST
has been established in medulloblastoma [7, 26, 30, 35]. High
REST levels in this childhood cancer, coupled with Myc
overexpression promoted cells toward proliferation and tu-
morigenesis. In GBM, high expression of REST was enriched
in tumor cells in the perivascular component of the tumor and
knock down of REST strongly reduced tumor-initiating ca-
pacity in vivo [7, 30]. Targeting REST may prove to be an
interesting avenue for future therapeutic research, particularly
given the broad therapeutic index and toxicity of
demethylating agents in vivo. The HDAC inhibitor, SAHA
(suberoylanilide) promoted REST proteomic degradation and
decreased medulloblastoma growth following treatment [26].
This approach might also be promising for GBM patients.

Moreover, significantly low miR-124a expression patterns
observed in GBM can be attributed to both epigenetics and the
transcription factor, REST. Treatment of GBM with a HDAC
inhibitor such as SAHA might be a promising approach to
modulate the expression of miR-124a.
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