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Glioblastoma (GBM) is the most common and highly aggressive primary malignant brain tumor. The
intrinsic resistance of this brain tumor limits the efficacy of administered treatment like radiation ther-
apy. In the present study, effect of miR-224 expression on growth characteristics of established GBM cell
lines was analyzed. MiR-224 expression in the cell lines as well as in primary GBM tumor tissues was
found to be low. Exogenous transient expression of miR-224 using either synthetic mimics or stable
inducible expression using doxycycline inducible lentiviral vector carrying miR-224 gene, was found to
bring about 30-55% reduction in clonogenic potential of U87 MG cells. MiR-224 expression reduced clo-
nogenic potential of U87 MG cells by 85-90% on irradiation at a dose of 6 Gy, a dose that brought about
50% reduction in clonogenic potential in the absence of miR-224 expression. MiR-224 expression in glio-
blastoma cells resulted in 55-65% reduction in the expression levels of API5 gene, a known target of miR-
224. Further, siRNA mediated down-regulation of API5 was also found to have radiation sensitizing effect
on glioblastoma cell lines. Analysis of the Cancer Genome Atlas data showed lower miR-224 expression
levels in male GBM patients to correlate with poorer survival. Higher expression levels of miR-224 target
API5 also showed significant correlation with poorer survival of GBM patients. Up-regulation of miR-224
or down-regulation of its target API5 in combination with radiation therapy, therefore appear as promis-

ing options for the treatment of glioblastoma, which is refractory to the existing treatment strategies.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Glioblastoma (GBM) is the most aggressive and common pri-
mary malignant brain tumor. Deregulation of at least three signal-
ing pathways including inactivation of tumor suppressive TP53 and
PRB pathways and activation of oncogenic RTK/RAS/PI3K signaling
pathway drive pathogenesis of GBMs [1]. Despite the advances in
surgery, radiation therapy, and inclusion of temozolomide for the
treatment of glioblastomas, the median survival of GBM patients
remains dismal at 12-14 months [2]. Glioblastomas are refractory
to the current mode of treatment primarily due to their inherent
resistance to radiation and chemotherapy [3]. For effective treat-
ment, it is necessary to bring about specific and complete cell death
of glioblastoma cells overcoming their inherent resistance [4]. The
multiplicity of the genetic alterations in GBMs, makes it difficult
to design molecularly targeted therapy that would effectively bring
about complete cell death of malignant glioma cells [3].

Abbreviations: GBM, glioblastoma; DMEM, Dulbecco’s modified Eagle’s medium;
FBS, fetal bovine serum; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazo-
lium bromide; RT-PCR, Reverse Transcription-Polymerase Chain Reaction.
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MicroRNAs are small non-coding RNAs, which regulate gene
expression post-transcriptionally through mRNA degradation or
translation inhibition [5]. Each miRNA is believed to target several
hundred protein-coding genes. We have earlier reported distinc-
tive miRNA expression profile of WNT subgroup medulloblastomas
[6,7]. Like GBM, medulloblastoma is a grade IV malignant brain
tumor. However, unlike GBMs most medulloblastomas respond
to radiation and chemotherapy and as a result five year survival
rate of these tumors is more than 70%. WNT subgroup in
particular, have excellent prognosis with five-year survival rates
of more than 95% [8]. We have earlier shown that miR-224, a
miRNA over-expressed in WNT subgroup medulloblastomas
increases radiation sensitivity of medulloblastoma cells [6].
MiR-224 expression has also been reported to bring about
apoptosis of hepatocarcinoma cells [9]. In the present study we
have therefore investigated effect of miR-224 expression on
growth, and radiation sensitivity of glioblastoma cells.

2. Materials and methods
2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were from Life Technologies (Carlsbad, CA, USA).
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Synthetic miR-224 mimic, control siGLO and DharmaFect
transfection reagents were obtained from Dharmacon, Thermo
Fisher Scientific, Lafayette, CO, USA. All other chemicals used were
of the highest quality available commercially.

2.2. Cell culture

U87 MG cells were obtained from American Type Culture Col-
lection (ATCC, Manassas, VA, USA). LN229 cells were obtained from
National Centre for Cell Science, Pune, India (originally from ATCC,
Manassas, VA, USA). HEK293FT cells were obtained from Invitro-
gen, Life Technologies, Carlsbad, CA, USA. The cells were main-
tained in DMEM supplemented with 10% FBS in a humidified
atmosphere of 5% CO,.

2.3. Transient transfection

The cells were transiently transfected with miR-224 mimic or
siRNAs targeting API5 using DharmaFECT 1 or DharmaFECT 2 trans-
fection reagents as per the manufacturer’s protocol (Dharmacon,
Thermo Fisher Scientific, Lafayette, CO, USA) for a period 48 h.
The medium was replaced and the cells were allowed to recover
from the transfection for another 24 h before assessing the effect
of miRNA expression on the cell behavior in various assays as
described below. The nucleotide sequences of the two API5 siRNAs
used are given in Supplementary Table 1.

2.4. Stable inducible miR-224 expression using lentiviral vector

The genomic region encoding miR-224 was cloned in doxycy-
cline-inducible pTRIPZ lentiviral vector (Open Biosystems, Thermo
Fisher Scientific, Huntsville, AL, USA) by replacing the shRNA-miR
cassette but retaining the Drosha cleavage sites in the vector. To
generate lentivirus particles, HEK 293FT cells were transfected
with pTRIPZ-miR-224 construct and packaging constructs psPAX2
and pMD2.G (Addgene, Cambridge, MA, USA). The virus containing
supernatants were harvested, filtered, and supplemented with
polybrene (4 pg/ml) during infection of U87 MG cells. For stable
transfection, the infected cells were selected in the presence of
puromycin (400 ng/ml). Stable polyclonal populations of U87 MG
cells expressing Non-Targeting (NT) control pTRIPZ vector and
PTRIPZ-miR-224 were generated and analyzed for inducible
expression of miR-224 by real time RT-PCR.

2.5. MTT viability assay

1000 cells of either U87 MG or LN229 cells, control/stably/tran-
siently transfected cells, were seeded per well of a 96-well plate.
The medium was replenished at 2-3 days intervals. For assessing
cell viability, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 dipheny]l tet-
razolium bromide) solution (20 pl of 5 mg/ml in PBS) was added
per well, and the formazan crystals were allowed to form over a
period of 4 h. The crystals formed were dissolved in 100 pl of acid-
ified 10% SDS. Optical density was read on an enzyme-linked
immunosorbent assay (ELISA) reader at 540 nm with a reference
wavelength of 690 nm.

2.6. Soft agar assay

Anchorage-independent growth of miR-224 expressing U87 MG
cells was studied by their potential to form colonies in soft agar.
The cells were seeded in triplicate at a density of 2000 cells/
35 mm plate in medium containing 0.4% agarose as a top layer over
a bottom layer of 1% agarose. The cells were incubated for
10-15 days and colonies formed were counted.

2.7. Clonogenic assay

Clonogenic assay was performed to study the radiation sensitiv-
ity of glioma cells over-expressing miR-224 in transient or stable
manner. 1000 cells were plated per 55 mm plate and then irradi-
ated at a dose of 6 Gy (Cobalt-60 gamma irradiator, Tata Memorial
Centre). The medium was changed 24 h later and the cells were
allowed to grow until microscopically visible colonies formed.
The cells were fixed in chilled methanol: acetic acid (3:1), stained
with 0.5% crystal violet dye and the colonies were counted.

2.8. Real time RT-PCR analysis

MiR-224 levels in transfected cells were checked by real time
RT-PCR (Reverse Transcription-Polymerase Chain Reaction) analy-
sis using RNU48 as a control house-keeping small RNA using Taq-
man assay (Applied Biosystems, ThermoFisher Scientific,
Lafayette, CO, USA). API5 expression levels were evaluated by real
time RT-PCR analysis by SYBR Green assay using GAPDH as a
house-keeping control gene (sequences of the primers used are
given in Supplementary Table 1). RQ=2" — (Ctest — Cteontrol) X
100.

2.9. Analysis of the Cancer Genome Atlas (TCGA) expression profile
data of GBM tumor tissues

Tertiary level expression data of GBM tumor tissues was down-
loaded from https://tcga-data.nci.nih.gov web site. For miR-224
and API5 expression levels, Agilent miRNA 8 x 15K array data
and Affymetrix HT_HG U133A array data of 505 GBM tumor tis-
sues, was used for the analysis. Distribution of miR-224 and API5
expression levels by frequency distribution analysis, survival anal-
ysis by Kaplan-Meier method and statistical significance between
the survival curves was estimated by Log rank test using Graph Pad
Prism v 5.0 (GraphPad Software, La Jolla, CA).

Student’s t test was performed to check for statistical signifi-
cance of the difference in the performance of miRNA-transfected
cells as compared to control siGLO (a non-targeting control siRNA)
or pTRIPZ-NT control vector transfected cells.

3. Results

MiR-224 is not expressed in U87 MG cells while it is expressed
in the range of RQ 0.2-0.4 in LN229 cells. In order to study the
effect of miR-224 expression on growth of glioblastoma cells,
U87 MG glioblastoma cell line was transduced with pTRIPZ lentiv-
iral vector expressing miR-224 in a doxycycline inducible manner.
Polyclonal population of U87 MG cells expressing pTRIPZ-miR-224
construct in a stable manner was selected in the presence of puro-
mycin. Doxycycline induction of the polyclonal population trans-
duced with pTRIPZ-miR-224 viral vector resulted in miR-224
expression in the range of RQ 25-50. In parallel, both U87 MG
and LN229 cells were also transfected with synthetic miR-224
mimic at 25 nM concentration that brought about miR-224 expres-
sion in the range of RQ 5-20 and 5-10, respectively.

3.1. Effect of miR-224 expression on growth of glioblastoma cells

Doxycycline treatment resulted in marginal (15-25%) growth
inhibition of U87 MG cells as judged by MTT assay (Fig. 1A). The
polyclonal populations of U87 MG cells transduced with either
control pTRIPZ-NT or pTRIPZ-miR-224 viral vector exhibited
growth inhibition to similar extent on treatment with doxycycline.
Thus, doxycycline induced miR-224 expression was not found to
have any effect on growth of U87 MG cells. Further, in order to
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study effect of miR-224 expression on anchorage-independent
growth potential of US7MG cells, soft agar colony assay was per-
formed. Doxycycline induction of miR-224 expression in the stable
polyclonal population of U887 MG cells was found to bring about
30-40% reduction in the soft agar colony number. Transfection of
U87MG cells with 25 nM miR-224 mimic was found to bring
about 40-55% reduction in the number of soft agar colonies
(Fig 1B and C).

3.2. Effect of miR-224 expression on clonogenic potential and radiation
sensitivity

MiR-224 expression in U87 MG cells transfected with miR-224
mimic was found to reduce clonogenic potential of the cells by
42-50% as judged by the clonogenic assay (Fig. 2A and B). Irradia-
tion at a dose of 6 Gy resulted in reduction of clonogenic potential
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Fig. 1. Effect of miR-224 expression on growth of U87 MG cells studied by MTT
assay. A. Growth of U87 MG cells transduced with pTRIPZ-NT or pTRIPZ-miR-224
vector was monitored over a period 9 days by MTT assay. Y axis indicates Optical
Density (0.D.). B. Effect of miR-224 expression on anchorage independent growth
potential of U887 MG cells studied by soft agar colony formation assay. Y axis
indicates number of colonies obtained on seeding siGLO or miR-224 mimic
transfected or pTRIPZ-NT or pTRIPZ-miR-224 transduced U87 MG cells. +Dox
indicates induction with doxycycline. C. The percentage reduction in number of
colonies obtained in soft agar assays performed with U87 MG cells before and after
transient or stable miR-224 expression. The results are based on at least three
independent soft agar assay experiments. All data points are presented as
mean * standard error (vertical bars).

of control siGLO transfected Daoy cells by 50-60% while Irradiation
of miR-224 mimic transfected U87 MG cells resulted in reduction
of clonogenic potential by 85-90%. Thus, miR-224 expression
was found to bring about reduction in clonogenic potential by itself
and further enhance the effect of radiation on clonogenic potential
of US7MG cells.

Irradiation of control cell population, stably transduced with
PTRIPZ-NT vector showed reduction in clonogenic potential by
50-55% at a dose of 6 Gy with or without doxycycline treatment
(Fig. 2A and B). Doxycline induction of miR-224 expression was
found to reduce clonogenic potential of the polyclonal population
expressing pTRIPZ-miR-224 by 35-40%. On irradiation and doxycy-
cline induction of miR-224 expression, the pTRIPZ-miR-224 popu-
lation showed 80-85% reduction in clonogenic potential. Thus,
miR-224 expression was found to increase in radiation sensitivity
of U87 MG cells.
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Fig. 2. Effect of miR-224 expression and siRNA mediated API5 down-regulation on
clonogenic potential A. Y axis indicates the number of colonies obtained after miR-
224 expression using synthetic miRNA mimics and those obtained on plating the
stable polyclonal populations of U87 MG cells transduced with pTRIPZ-NT or
PTRIPZ-miR-224 vector before or after (+) induction with doxycycline. B. The
percentage reduction in number of colonies obtained in clonogenic assays
performed with U87 MG cells before and after transient or stable miR-224
expression and with or without irradiation. The results are based on at least three
independent soft agar assay experiments. C. Y axis denotes the number of colonies
obtained in a clonogenic assay performed on U87 MG and LN229 cells transiently
transfected with control siGLO, miR-224 mimic or siRNA against API5 (J-004375-07)
with or without irradiation at a dose of 6 Gy. The numbers of colonies obtained on
irradiation of the cells at a dose of 6 Gy are indicated by bars filled in grey shade. All
data points are presented as mean + standard error (vertical bars).
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The effect of miR-224 expression was also analyzed on another
glioblastoma cell line LN229. Clonogenic potential of miR-224
mimic transfected LN229 cells was found to be reduced by 20-
25%. Irradiation of LN229 glioblastoma cells at a dose of 6 Gy
was found to reduce clonogenic potential of the cells by 70-75%
(Fig. 2C). MiR-224 expression was found to reduce clonogenic
potential of LN229 cells on irradiation by 90-95%. Thus, miR-224
expression was found to enhance radiation sensitivity of LN229
glioblastoma cells as well.

3.3. MiR-224 mediated down-regulation of API-5 expression in
glioblastoma cells

MiR-224 has been reported to bring about enhanced apoptosis
of hepatocellular carcinoma cells by targeting apoptosis inhibitor
5 gene [9]. The expression levels of API5 were evaluated in miR-
224 expressing U87MG and LN229 cells by real time RT-PCR assay.
U87MG and LN229 express API5 at RQ in the range of 6.33 +1.07
(Fig. 3). API5 expression levels in both the cell lines were found to
be down-regulated by 55-65% on miR-224 expression. Reduction
in clonogenic potential on miR-224 expression may therefore be a
result of API5 down-regulation. U87MG and LN229 cells were tran-
siently transfected with an API5 siRNA (J-004375-07) at 25 nM con-
centration. API5 siRNA transfection resulted in 85-90% reduction in
API5 expression levels as judged by real time RT-PCR assay (Fig. 3).

3.4. Role of API5 in increase in radiation sensitivity of glioblastoma
cells

Transfection of 25 nM API5 siRNA ((J-004375-07) in U87 MG
cells was found to reduce clonogenic potential of API5 expression
levels by 75-80% on irradiation at a dose of 6 Gy. Irradiation of con-
trol siGLO transfected cells brought about 50-60% reduction in clo-
nogenic potential. Thus, siRNA mediated API5 down-regulation
was found to increase radiation sensitivity of U87MG cells. Simi-
larly, siRNA mediated down-regulation of API5 expression in
LN229 cells was found to increase radiation sensitivity of LN229
cells as judged by reduction in clonogenic potential by 90-95% as
compared to 70-75% reduction in siGLO transfected LN229 cells.
Similar results were obtained using API5 siRNA (J-004375-06)
(data not shown).

3.5. Correlation of miR-224 expression and overall survival of GBM
patients

In order to investigate if miR-224 and API5 expression levels in
GBM tumor tissues influence treatment response and thereby
overall survival of GBM patients, the Cancer Genome Atlas (TCGA)

7-
G-
54
o4
© 34 -
A e e

T 1 T
C miR-224 siAPI5
LN229

] )
C miR-224 siAPI5
Us7MG

Fig. 3. API5 expression levels in U87 MG and LN229 cells before and after transient
transfection of control siGLO, miR-224 mimic or siRNA against API5 (J-004375-07)
as estimated by real time RT-PCR analysis using SYBR Green assay.

data on the expression profile of GBM tumor tissues was analyzed
for possible correlation with overall survival of the GBM patients.
The data on miR-224 expression levels in GBM tumor tissues
assessed using Agilent 8 x 15 K miRNA arrays and that of API5
expression levels assessed using Affymetrix U133A arrays was
retrieved. Correlation of the miR-224 expression levels with overall
survival of GBM patients 18-85 years of age was done by Kaplan-
Meier analysis. The patients, who expired within the first month
after surgery or those having follow-up data less than one month
from surgery, were excluded from the analysis. Fig. 4A shows the
histogram of miR-224 expression levels in 491 GBM patients.
MiR-224 expression levels in GBM tumor tissues range from 5.63
to 8.89 with more than 78% of the values below 6.0. Thus, miR-
224 expression in majority of the GBM tumor tissues is low. Log
Rank test showed survival curves of the male GBM patients having
miR-224 expression levels above 5.774 to be significantly different
from those having lower expression levels (Fig. 4C). Male GBM
patients having miR-224 expression levels above 5.774 were found
to have better overall survival with the median survival duration of
435 days as compared to 300 days of those having lower miR-224
expression. API5 expression levels in GBM patients were found to
be in the range of 4.82-7.33 with median expression level of
6.661 (Fig. 4B). Kaplan—-Meier survival curves of GBM patients hav-
ing API5 expression levels above or below the median expression
level of 6.661 were found to be significantly (p < 0.05) different
(Fig 4D). The median survival duration of GBM patients having
lower API5 expression was 469 days as compared to 383 days for
those having higher API5 expression.

4. Discussion

In the present study, effect of miR-224 expression on growth
characteristics of established glioblastoma cell lines U87 MG and
LN229 was investigated. MiR-224 expression in the glioblastoma
cell lines U87MG and LN229 was found to be absent or low. Anal-
ysis of the TCGA data showed miR-224 expression levels in major-
ity of the GBM tumor tissues were also low, with the expression
levels in the range of 5.5-6.0 in 427 out of 491 tumors analyzed.
MiR-224 expression in U87MG cell line either in transient or stable
manner was found to bring about 30-40% reduction in clonogenic
potential. The effect of miR-224 expression on anchorage-indepen-
dent growth potential as judged by the soft agar colony formation
assay was found to be only marginally higher (30-55%) than the
effect on the clonogenic potential indicating that the reduction in
anchorage-independent growth is primarily due to the effect of
miR-224 expression on clonogenic potential. MiR-224 expression
was found to bring about 80-95% reduction in clonogenic potential
on irradiation of U87 MG cells as well as LN229 cells. Thus, miR-
224 expression was found to enhance radiation sensitivity of the
two glioblastoma cell lines studied. MiR-224 expression has been
reported to bring about apoptotic cell death of hepatocellular car-
cinoma, enhance activation induced cell death of Jurkat T cells and
increase radiation sensitivity of medulloblastoma cells [6,9,10].
Under-expression of miR-224 has been reported in methotrexate
resistant human colon cancer cells [11]. Thus, miR-224 expression
enhancing radiation sensitivity of glioblastoma cells is in agree-
ment with these observations on other established cancer cell
lines.

MiR-224 expression has been reported to target Apoptosis
Inhibitor 5 gene [9]. API5 has been shown to suppress E2F tran-
scription factor induced apoptosis [12]. MiR-224 expression in
glioblastoma cells was found to decrease API5 expression levels.
Further, siRNA mediated down-regulation of API5 was also found
to reduce clonogenic potential of both US87MG and LN229 cells
on irradiation. However, although API5 siRNA brought about over
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estimated by Log Rank Test.

90% down-regulation in API mRNA levels as compared to 55-65%
reduction on miR-224 expression, miR-224 expression was found
to have higher radiation sensitizing effect on U87 MG cells (85-
95% vs 75-80% in clonogenic potential) than API5 siRNA. Therefore,
targets other than API5 may also be involved in mediating radiation
sensitizing effect of miR-224.

Higher miR-224 expression was found to correlate with better
survival in male GBM patients. This gender specific effect of miR-
224 expression may be related to the fact that miR-224 is located
on X chromosome. The present study wherein higher expression of
miR-224 and lower expression of its target API5 was found to cor-
relate with better survival of GBM patients is in agreement with
the lower miR-224 expression correlating with poor recurrence
free survival of prostate cancer patients [13]. MiR-224 expression
has been found to promote apoptosis of prostate cancer cells by
targeting TRIB1 gene [13,14]. MiR-224 expression levels have been
reported to correlate inversely with tumor stage, nodal metastasis
in colorectal cancer patients [15]. Up-regulation of miR-224
expression has been reported to correlate with absence of nodal
metastasis, lower stages at diagnosis and higher biochemical cure
in sporadic and familial medullary thyroid carcinomas [16]. Thus,
a number of studies identify miR-224 expression to correlate with
lower malignant potential and better survival rates.

On the other hand, up-regulation of miR-224 expression has
been reported to correlate with higher grade of malignancy and
poor survival in glioma patients in a study done on 108 glioma
patients [17]. The study included both grade III and grade IV glio-
mas that differ significantly in their overall survival with the med-
ian survival duration of 3-5 years and 12-14 months for grade III
astrocytic gliomas and grade IV GBMs, respectively. Therefore,
higher miR-224 expression levels in GBM tumors in comparison
with grade III gliomas would be interpreted as higher miR-224
expression levels correlating with poor survival. As stated before,
majority (78%) of the GBM tumor tissues in the TCGA study were
found to have low miR-224 expression. MiR-224 expression has
also been reported to result in increased proliferation, migration,

invasive potential of colorectal cancer cells and cervical cancer
cells by targeting SMAD4, HOXD10, respectively [18,19]. Depending
upon the expression of miR-224 target gens in the various cell
types, effect of miR-224 expression may differ.

Radiation sensitizing effect of miR-224 on glioblastoma cells,
indicates therapeutic potential of this miRNA in the treatment of
the malignant glioblastoma that is refractory to the current treat-
ment strategies. The effect of miR-224 on in vivo human GBM
xenografts needs to be studied to further explore therapeutic
potential of this miRNA. Further, radiation sensitizing effect of
API5 down-regulation in glioblastoma cells and correlation of
higher API5 expression with poorer survival of GBM patients sug-
gests API5 as a promising target to increase radiation sensitivity
of glioblastomas. Identification of miR-224 targets other than
API5 that are instrumental in its radiation sensitizing effect is nec-
essary for development of targeted treatment strategies that would
enhance the radiation sensitizing effect and eliminate undesirable
effect of miR-224, if any on migration, invasion of glioblastoma
cells. In summary, the present study identified radiation sensitiz-
ing effect of miR-224 on glioblastoma cells, largely mediated by
down-regulation of its target API5. Up-regulation of miR-224 and
down-regulation of its target API5 therefore appear as promising
treatment options in combination with radiation for effective
treatment of glioblastoma, the most aggressive brain tumor refrac-
tory to current treatment modalities.

Acknowledgment

We thank Terry Fox Foundation, Canada for the financial
support.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.04.095.


http://dx.doi.org/10.1016/j.bbrc.2014.04.095

230 S. Upraity et al./Biochemical and Biophysical Research Communications 448 (2014) 225-230

References

[1] Comprehensive genomic characterization defines human glioblastoma genes
and core pathways, Nature 455 (2008) 1061-1068.

[2] R. Stupp, M.E. Hegi, W.P. Mason, M.]. van den Bent, M.J. Taphoorn, R.C. Janzer,
S.K. Ludwin, A. Allgeier, B. Fisher, K. Belanger, P. Hau, A.A. Brandes, ].
Gijtenbeek, C. Marosi, CJ. Vecht, K. Mokhtari, P. Wesseling, S. Villa, E.
Eisenhauer, T. Gorlia, M. Weller, D. Lacombe, J.G. Cairncross, R.O. Mirimanoff,
R. European Organisation for, T. Treatment of Cancer Brain, G. Radiation
Oncology, G. National Cancer Institute of Canada Clinical Trials, Effects of
radiotherapy with concomitant and adjuvant temozolomide versus
radiotherapy alone on survival in glioblastoma in a randomised phase III
study: 5-year analysis of the EORTC-NCIC trial, Lancet Oncol. 10 (2009) 459-
466.

[3] T.E. Cloughesy, W.K. Cavenee, P.S. Mischel, Glioblastoma: from molecular
pathology to targeted treatment, Annu. Rev. Pathol. 9 (2014) 1-25.

[4] C.P. Haar, P. Hebbar, G.C.T. Wallace, A. Das, W.A. Vandergrift 3rd, ].A. Smith, P.
Giglio, SJ. Patel, S.K. Ray, N.L. Banik, Drug resistance in glioblastoma: a mini
review, Neurochem Res 37 (2012) 1192-1200.

[5] V. Ambros, The functions of animal microRNAs, Nature 431 (2004) 350-355.

[6] A. Gokhale, R. Kunder, A. Goel, R. Sarin, A. Moiyadi, A. Shenoy, C. Mamidipally,

S. Noronha, S. Kannan, N.V. Shirsat, Distinctive microRNA signature of

medulloblastomas associated with the WNT signaling pathway, J. Cancer.

Res. Ther. 6 (2010) 521-529.

R. Kunder, R. Jalali, E. Sridhar, A. Moiyadi, N. Goel, A. Goel, T. Gupta, R.

Krishnatry, S. Kannan, P. Kurkure, C. Deopujari, P. Shetty, N. Biyani, A.

Korshunov, S.M. Pfister, P.A. Northcott, N.V. Shirsat, Real-time PCR assay

based on the differential expression of microRNAs and protein-coding genes

for molecular classification of formalin-fixed paraffin embedded

medulloblastomas, Neuro Oncology 15 (2013) 1644-1651.

S.E. Leary, .M. Olson, The molecular classification of medulloblastoma: driving

the next generation clinical trials, Curr. Opin. Pediatr. 24 (2012) 33-39.

[9] Y. Wang, A.T. Lee, J.Z. Ma, ]. Wang, ]. Ren, Y. Yang, E. Tantoso, K.B. Li, L.L. Ooi, P.
Tan, C.G. Lee, Profiling microRNA expression in hepatocellular carcinoma
reveals microRNA-224 up-regulation and apoptosis inhibitor-5 as a microRNA-
224-specific target, J. Biol. Chem. 283 (2008) 13205-13215.

[7

(8

[10] M.C. Lu, N.S. Lai, H.C. Chen, H.C. Yu, K.Y. Huang, C.H. Tung, H.B. Huang, C.L. Yu,
Decreased microRNA(miR)-145 and increased miR-224 expression in T cells
from patients with systemic lupus erythematosus involved in lupus
immunopathogenesis, Clin. Exp. Immunol. 171 (2013) 91-99.

[11] N. Mencia, E. Selga, V. Noe, CJ. Ciudad, Underexpression of miR-224 in
methotrexate resistant human colon cancer cells, Biochem. Pharmacol. 82
(2011) 1572-1582.

[12] EJ. Morris, W.A. Michaud, J.Y. Ji, N.S. Moon, J.W. Rocco, N.J. Dyson, Functional
identification of Api5 as a suppressor of E2F-dependent apoptosis in vivo, PLoS
Genet. 2 (2006) e196.

[13] Z.Y. Lin, Y.Q. Huang, Y.Q. Zhang, Z.D. Han, H.C. He, X.H. Ling, X. Fu, Q.S. Dai, C.
Cai, J.H. Chen, Y.X. Liang, F.N. Jiang, W.D. Zhong, F. Wang, C.L. Wu, MicroRNA-
224 inhibits progression of human prostate cancer by downregulating TRIB1,
Int. J. Cancer (2013).

[14] K. Mavridis, K. Stravodimos, A. Scorilas, Downregulation and prognostic
performance of microRNA 224 expression in prostate cancer, Clin. Chem. 59
(2013) 261-269.

[15] K. Yuan, K. Xie, J. Fox, H. Zeng, H. Gao, C. Huang, M. Wu, Decreased levels of
miR-224 and the passenger strand of miR-221 increase MBD2, suppressing
maspin and promoting colorectal tumor growth and metastasis in mice,
Gastroenterology 145 (2013) 853-864. e859.

[16] C. Mian, G. Pennelli, M. Fassan, M. Balistreri, S. Barollo, E. Cavedon, F.
Galuppini, M. Pizzi, F. Vianello, M.R. Pelizzo, M.E. Girelli, M. Rugge, G. Opocher,
MicroRNA profiles in familial and sporadic medullary thyroid carcinoma:
preliminary relationships with RET status and outcome, Thyroid 22 (2012)
890-896.

[17] S. Ly, S. Wang, S. Geng, S. Ma, Z. Liang, B. Jiao, Upregulation of microRNA-224
confers a poor prognosis in glioma patients, Clin. Transl. Oncol. 15 (2013) 569-
574.

[18] Q.Li, C. Ding, C. Chen, Z. Zhang, H. Xiao, F. Xie, L. Lei, Y. Chen, B. Mao, M. Jiang, J.
Li, D. Wang, G. Wang, MiR-224 promotion of cell migration and invasion by
targeting Homeobox D 10 gene in human hepatocellular carcinoma, J.
Gastroenterol. Hepatol. 29 (2014) 835-842.

[19] GJ. Zhang, H. Zhou, H.X. Xiao, Y. Li, T. Zhou, Up-regulation of miR-224
promotes cancer cell proliferation and invasion and predicts relapse of
colorectal cancer, Cancer Cell Int. 13 (2013) 104.


http://refhub.elsevier.com/S0006-291X(14)00746-3/h0100
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0100
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0015
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0015
http://refhub.elsevier.com/S0006-291X(14)00746-3/h9010
http://refhub.elsevier.com/S0006-291X(14)00746-3/h9010
http://refhub.elsevier.com/S0006-291X(14)00746-3/h9010
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0025
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0040
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0040
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0045
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0045
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0045
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0045
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0050
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0050
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0050
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0050
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0095
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0095
http://refhub.elsevier.com/S0006-291X(14)00746-3/h0095

	MiR-224 expression increases radiation sensitivity of glioblastoma cells
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Cell culture
	2.3 Transient transfection
	2.4 Stable inducible miR-224 expression using lentiviral vector
	2.5 MTT viability assay
	2.6 Soft agar assay
	2.7 Clonogenic assay
	2.8 Real time RT-PCR analysis
	2.9 Analysis of the Cancer Genome Atlas (TCGA) expression profile data of GBM tumor tissues

	3 Results
	3.1 Effect of miR-224 expression on growth of glioblastoma cells
	3.2 Effect of miR-224 expression on clonogenic potential and radiation sensitivity
	3.3 MiR-224 mediated down-regulation of API-5 expression in glioblastoma cells
	3.4 Role of API5 in increase in radiation sensitivity of glioblastoma cells
	3.5 Correlation of miR-224 expression and overall survival of GBM patients

	4 Discussion
	Acknowledgment
	Appendix A Supplementary data
	References


