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miR-204 functions as a tumor suppressor gene, at least
partly by suppressing CYP27A1 in glioblastoma
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Abstract. Gliomas are the most common type of malignant
primary brain tumors in adults and exhibit a spectrum of aber-
rantly aggressive phenotypes. Despite advances in treatments
during past decades, prognosis of the disease remains poor,
with a median survival time of 12-14 months. Future studies
on the molecular mechanism of the disease may provide the
theoretical basis to identify new targets for effective therapies.
The present study revealed that in glioblastoma cells, the
overexpression of cytochrome P450, family 27, subfamily A,
polypeptide 1 (CYP27A1) promoted proliferation, while
silencing of CYP27A1 inhibited proliferation, without
affecting migration and invasion. CYP27A1 protein was
upregulated in glioblastoma tissues, indicating that CYP27A1
is an oncogene. The downregulation of specific microRNAs
(miRNA) may contribute to the upregulation of oncogenes
in glioblastoma. A common strategy was used to predict
target miRNAs of CPY27A1 using the miRanda algorithm.
miR-211 and miR-204 could target the 3'untranslated region
of CPY27A1 mRNA. Additional studies confirmed that the
overexpression of miR-204 inhibited CPY27A1 expression
in glioblastoma cells. Finally, it was identified that miR-204
was downregulated in glioblastoma and that its overexpression
inhibited proliferation, migration and invasion in glioblastoma
cells. Thus, it was concluded that miR-204 functions as a tumor
suppressor gene, at least partly by suppressing CYP27A1 in
glioblastoma.
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Introduction

Glioblastoma multiforme is the most common type of malig-
nant primary brain tumor in adults (1). Mean progression-free
survival is just over 6 months; treatment with surgical resection,
chemotherapy and radiation is invariably followed by tumor
recurrence (2). Despite the improvement in outcomes with this
combined chemoradiotherapy approach, few patients survive
beyond 5 years (3). Therefore, future studies on the molecular
mechanism of the disease may provide the theoretical basis to
identify new targets for effective therapies.

Cytochrome P450, family 27, subfamily A, polypeptide
1 (CYP27A1), also termed CTX\CP27\CYP27 is a ubiqui-
tously expressed mitochondrial enzyme belonging to the
cytochrome P450 family (4). CYP27A1 catalyzes the hydrox-
ylation of cholesterol at C-27 to form 27-hydroxycholesterol
and cholestenoic acid (5). A single serum measurement of
27-hydroxycholesterol can reliably estimate average levels
over a one-year period (6). The role of CYP27A1 in bile acid
synthesis in the liver is well established; it catalyzes the initial,
rate-limiting step in the alternative bile acid synthetic pathway
and the intermediate step in the classic bile acid synthetic
pathway (7,8). CYP27A1 is strongly expressed in macrophages
within human benign and malignant mammary tissue (4).
Breast cancer cell intrinsic expression of CYP27A1 protein
is associated with tumor grade (4). However, its roles remain
unclear in glioblastoma.

MicroRNAs (miRNAs/miRs) are a class of small RNA
found in a diverse range of eukaryotes, including animals,
plants and DNA viruses, which range in size between 19 and
24 nucleotides (nts) (9). Aberrant miRNA expression has been
linked to glioblastoma (10). miR-204, a direct negative regu-
lator of ezrin gene expression, inhibits glioma cell migration
and invasion (11). However, studies continue to emerge with an
improved understanding on the mechanism of miR-204 as a
tumor suppressive gene in glioblastoma. In the present study, it
was observed that CYP27A1 overexpression promoted prolif-
eration, while silencing of CYP27A1 inhibited proliferation in
glioblastoma cells, without affecting migration and invasion. It
was revealed that CYP27A1 was upregulated in glioblastoma
tissues, indicating that CYP27A1 may be an oncogene. The
downregulation of specific miRNAs may contribute to the
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upregulation of oncogenes in glioblastoma (12). A common
strategy was used to predict target miRNAs of CPY27A1
using the miRanda algorithm. It was revealed that miR-211
and miR-204 could target the 3'untranslated region (UTR)
of CPY27A1 mRNA. Overexpressing miR-204 inhibited
CPY27A1 expression in glioblastoma cells. Lastly, the present
study demonstrated that miR-204 was downregulated in
glioblastoma and its overexpression inhibited proliferation,
migration and invasion in glioblastoma cells. Therefore,
miR-204 functions as a tumor suppressor gene, at least partly
by suppressing CYP27A1 expression in glioblastoma.

Materials and methods

Glioblastoma tissues, cells, CYP27A 1-expressing plasmids and
shorthairpin(sh) CYP27A 1 plasmids. A total of 7 Chinese women
patients with glioblastoma were recruited from the Department
of Neurosurgery, Yishui Central Hospital (Shandong, China).
The mean age was 56 years (range, 31-78 years). All tissues
were examined histologically, and pathologists confirmed the
diagnosis. The present study was approved by the medical
ethics committee of Yishui Central Hospital (Shandong, China).
Written informed consent was obtained from each individual.
The human glioblastoma U87MG cell line was purchased from
the Cell Bank of the Chinese Academy of Sciences (Beijing,
China). CYP27A1-expressing plasmids/pcDNA3.1 (pcDNA3.1)
and shCYP27A1/scramble were purchased from Tiangen
Biotech Co., Ltd. (Shanghai, China).

Protein extraction and western blot analysis. Following
transfection, cells and tissues were lysed for 48 h using
RIPA Lysis and Extraction Buffer (Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China), and the protein
concentration was measured using Pierce™ BCA Protein
Assay kit (Thermo Fisher Scientific, Inc.). Following heating
at 100°C for 10 min in the presence of a loading buffer, equal
amounts of protein lysates (50 ug) were separated using 10%
SDS-PAGE (Bio-West Inc., Logan, UT, USA) at 100 V for
1 h, and transferred onto Invitrogen nitrocellulose membranes
(Thermo Fisher Scientific, Inc.) at 120 V for 1 h. Following
blocking with 5% skimmed milk (diluted with PBS), the
membranes were incubated overnight at 4°C with the following
primary antibodies: CYP27A1 (ab126785; 1:500; Abcam,
Cambridge, MA, USA), c-myc (ab32072; 1:500; Abcam), RB
(ab181616; 1:500; Abcam), Ki-67 (ab15580; 1:500; Abcam),
CDK?2 (ab32147; 1:500; Abcam), p21 (ab109520; 1:500;
Abcam), p53 (ab32049; 1:500; Abcam), PDCD4 (ab51495;
1:500; Abcam), SOX2 (ab92494; 1:500; Abcam), B-actin
(ab8227; 1:500; Abcam). Subsequently, the membranes were
incubated with secondary goat monoclonal (RMGOL1) to rabbit
IgG Fab region (Biotinylated; ab222772; 1:10,000; Abcam)
at room temperature for 2 h, and proteins were detected
using enhanced chemiluminescence (Pierce™ ECL Western
Blotting Substrate; Thermo Fisher Scientific, Inc.).

MTT assay. A total of 5x10° cells were seeded onto 96-well
plates and transfected with CYP27A1 expressing plasmids or
empty vector at 37°C for 24 h.

Subsequent to transfection, MTT (5 mg/ml; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) was added to the wells
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(20 ul/well) and incubated for 4 h at 37°C, and then the super-
natants were removed and 2% dimethyl sulfoxide was added to
each well. The absorbance of each sample was measured using
a UV spectrophotometer at the wavelength of 490 nm.

Bromodeoxyuridine (BrdU) labeling and immunofluores-
cence. Cells grown on coverslips (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) were incubated with BrdU at
37°C for 1 h and stained with anti-BrdU antibody (1:200;
cat. no. ab220076; Abcam) according to the manufacturer's
protocol. For immunofluorescence analysis, cells were plated
on glass coverslips. Following transfection, cells were exposed
to anti-CYP27A1 antibody (1:250; ab198970; Abcam) over-
night at 4°C and goat anti-rabbit secondary antibody (1:500;
ab150079; Abcam). Coverslips were counterstained with DAPI
(Molecular Probes; Thermo Fisher Scientific, Inc.) to detect cell
nuclei. Microscopic analysis was performed with a confocal
laser-scanning microscope (Leica Microsystems, Bensheim,
Germany). Fluorescence intensities were measured in three
randomly selected viewing areas for 200~300 cells/coverslip
and analyzed using ImageJ (version 1.37v; National Institutes
of Health, Bethesda, MA, USA).

Migration and invasion assay. Cell suspension (total cells,
3x10*) in medium without fetal bovine serum (FBS) was
plated into the top chamber with 8-um pore sized filter
inserts of Transwell plates (24-well; Costar, Cambridge, MA,
USA). For the Transwell migration assay, the top surface of
filter membranes was not coated with Matrigel, while the top
surface of filter membranes was coated with Matrigel matrix
(BD Biosciences, San Jose, CA, USA) in the Matrigel inva-
sion assay. Medium containing 10% FBS (Sigma-Aldrich;
Merck KGaA) was added to the bottom chambers in the two
assays. The cells were incubated for 24 h at 37°C, and then
the non-migrated or non-invaded cells on top surface of the
membrane were removed with a cotton swab, the cells under
the filter membrane were fixed with 4% paraformaldehyde for
10 min at room temperature and stained with 0.2% crystal
violet for 10 min at room temperature (Sigma-Aldrich; Merck
KGaA).

Methods of bioinformatics. The analysis of potential microRNA
target sites was performed using the commonly used miRanda
prediction algorithm (http:/www.microrna.org/).

Reverse transcription-polymerase chain reaction (RT-PCR).
Extraction of total RNA and detection of the mature form of
miRNAs was performed with the mirVanami RNA Isolation
kit (Ambion; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. Template DNA was obtained from Dr
Xin Shao (Department of Medicine, Jiujiang College, Jiujiang,
China). Taqg DNA polymerase was purchased from Promega
Corporation (Madison, WI, USA). 3-actin was used as an exper-
imental control gene. SYBR green (Takara Biotechnology Co.,
Ltd., Dalian, China) was used as a fluorophore. Quantification
was performed using the 2244 method (13).

Luciferase (Luc) assays. Total RNA was isolated from the
US87TMG cells using TRIzol reagent (cat no. 101472; Invitrogen;
Thermo Fisher Scientific, Inc.). cDNA was synthesized from
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Figure 1. CYP27A1 promotes proliferation in glioblastoma U887MG cells. (A) Western blot analysis for CYP27A1 in US7MG cells. US7MG cells were
transfected with CYP27A1-expressing plasmids or the empty vector (mock). 3-actin was used as the loading control. n=3. (B) MTT assay for US7MG cells.
UBTMG cells were transfected with CYP27A1-expressing plasmids or the empty vector (mock) and cellular viability was then measured at the indicated time
points using an MTT assay. n=3. (C) BrdU incorporation assay for US37MG cells. Representative micrographs and quantification of BrdU incorporating-cells
following transfection with CYP27A1-expressing plasmids or the empty vector (mock). n=3. (D) Western blot analysis for c-myc, RB, Ki67, CDK2, p21, p53,
PDCD4 and SOX2 in US7MG cells transfected with CYP27A1-expressing plasmids or the empty vector (mock). B-actin was used as the loading control.
n=3. Error bars indicate standard error of the mean. CYP27A1, cytochrome P450, family 27, subfamily A, polypeptide 1; BrdU, bromodeoxyuridine; RB,
retinoblastoma; CDK 2, cyclin-dependent kinase 2; PDCD4, programmed cell death protein 4; SOX2, sex determining region Y-box 2.

1 pug of total RNA in a 20 ul reverse transcription system
followed by PCR amplification in a 50 I PCR system
performed using an RT-PCR kit (cat no. A3500; Promega
Corporation). The 3'UTR of CYP27A1 was amplified [10X
buffer 3 ul, MgCl, (25 mM) 3 ul, dNTP (25 mM) 0.36 ul,
forward primer (10 zM) 1 ul, reverse primer (10 xM) 1 ul, Taq
enzyme (5 U/ul) 0.3 ul, ddH,O 19.34 ul and cDNA 2 pl; 95°C
for 2 min; 95°C for 30 sec; 55°C for 60 sec; 72°C for 30 sec]
using cDNA from U87MG cells, cloned into pRL-TK (Promega
Corporation), checked for orientation, sequenced and termed
Luc-CYP27A1-wild-type (WT). For reporter assays, US7MG
cells were transiently transfected with WT-reporter plasmid
and precursor (pre)-miR-204 using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.). Reporter assays
were performed 36 h post-transfection using the dual-lucif-
erase assay-system (Promega Corporation), normalized for
transfection efficiency by co-transfected Renilla-luciferase.

Northern blot analysis. Northern blot analysis of miRNAs was
performed as described previously (14). Probes were labeled
with (y-32P) ATP complementary to miR-204 and U6 small
nuclear RNA.

Statistical analysis. All experimental data are presented as the
mean =+ standard error, with the number of independent experi-
ments (n=3), and were analyzed using Student's t-test. P<0.05
was considered to indicate a statistically significant difference.
Analysis was performed using GraphPad Prism software
(version 5.0; GraphPad Software, Inc., La Jolla, CA, USA).

Results

CYP27A1 promotes proliferation of glioblastoma cells. To
investigate whether CYP27A1 could promote the proliferation
of glioblastoma U87MG cells, firstly using western blot anal-
ysis, it was examined whether CYP27A1-expressing plasmids
could stably express CYP27A1 protein in US7MG cells. The
results demonstrated that CYP27A1 protein could be signifi-
cantly increased by CYP27Al-expressing plasmids in the cells
(Fig. 1A). In order to identify the effect of CYP27A1 on prolif-
eration, an MTT assay was performed. The results demonstrated
that overexpression of CYP27A1 significantly upregulated
the proliferation rate of US7MG cells following transfection
(Fig. 1B). To show the effects of CYP27A1 on proliferation, a
BrdU incorporation assay was performed to analyze its effects
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Figure 2. CYP27A1 promotes proliferation in glioblastoma LN-229 cells. (A) Western blot analysis for CYP27A1 in LN-229 cells. LN-229 cells were trans-
fected with CYP27A1-expressing plasmids or the empty vector (mock). $-actin was used as the loading control. n=3. (B) MTT assay for LN-229 cells. LN-229
cells were transfected with CYP27A1-expressing plasmids or the empty vector (mock) and cellular viability was then measured at the indicated time-points

using an MTT assay. n=3. Error bars indicate standard error of the mean.

on DNA synthesis. The results confirmed that CYP27A1 signifi-
cantly promoted DNA synthesis in the cells, and representative
micrographs and quantification of BrdU incorporating-cells
following transfection with CYP27A1 or empty vector (mock)
are shown (Fig. 1C). Subsequently, western blot analysis was
performed to identify whether proliferation-associated markers
were affected by CYP27A1 in the cells. The results of western
blot analysis revealed that c-myc, sex determining region Y-box
2 (SOX?2), Ki-67 and cyclin-dependent kinase 2 were promoted
and p21, pS3and programmed cell death protein 4 (PDCD4)
were inhibited by CYP27A1 (Fig. 1D). Meanwhile, it was
observed that CYP27A1 protein was increased by CYP27A1
expression plasmids (Fig. 2A) and overexpression of CYP27A1
promoted proliferation in LN-229 glioblastoma cells (Fig. 2B).
These data supported that CYP27A1 promoted proliferation in
glioblastoma cells.

CYP27A1 overexpression does not affect migration and
invasion in glioblastoma cells. Considering that CYP27A1
evidently promoted U87MG cellular proliferation, it was then
determined whether CYP27A1 has an impact on the migra-
tion and invasion of glioblastoma cells. The migration and
invasion assay results demonstrated that the overexpression of
CYP27A1 did not affect migration and invasion in U§7MG
and LN-229 cells (Fig. 3A and B).

Silencing CYP27A1 inhibits proliferation in glioblastoma
cells. It was demonstrated that CYP27A1 overexpression
promoted proliferation in US§7MG and LN-229 cells. To
provide additional evidence that CYP27A1 is involved in the
proliferation of glioblastoma cells, the effects of an inhibitor
of CYP27A1, shCYP27A1, were studied. Following stable
transfection, CYP27A1 expression was detected by western
blot analysis. The results demonstrated that exogenous
shCYP27A1 significantly downregulated CYP27A1 expres-
sion in US7MG cells (Fig. 4A). An MTT assay was performed
to detect the proliferation of US7MG cells transfected
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Figure 3. CYP27A1 overexpression does not affect migration and invasion in
glioblastoma U87MG and LN-229 cells. (A) Matrigel invasion and Transwell
migration assays for U§7MG cells transfected with CYP27A1-expressing
plasmids or the empty vector (mock). n=3. (B) Matrigel invasion and Transwell
migration assays for LN-229 cells transfected with CYP27A1-expressing
plasmids or the empty vector (mock). n=3. Error bars indicate standard
error of the mean. CYP27A1, cytochrome P450, family 27, subfamily A,
polypeptide 1.

with shCYP27A1 and scramble. The results demonstrated
that shCYP27A1 inhibited proliferation in U87MG cells
compared with scramble-transfected groups, and that the
inhibition was dose-dependent (Fig. 4B). To demonstrate
the effects of silencing CYP27A1 on cellular proliferation,
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Figure 4. Silencing CYP27A1 inhibits proliferation in glioblastoma U87MG cells. (A) Western blot analysis for CYP27A1 in US7MG cells infected with
shCYP27A1 or scramble. -actin was used as the loading control. n=3. (B) MTT assay for U§7MG cells transfected with shCYP27A1 or scramble. n=3.
(C) BrdUincorporation assay for US7MG cells. Representative micrographs and quantification of BrdU incorporating cells following transfection with
shCYP27A1 or scramble. n=3. (D) Western blot analysis for PCNA, p21, p53 and RB in U§7MG cells transfected with shCYP27A1 or scramble. 3-actin was
used as the loading control. n=3. Error bars indicate standard error of the mean. CYP27A1, cytochrome P450, family 27, subfamily A, polypeptide 1; BrdU,
bromodeoxyuridine; sh, short hairpin; PCNA, proliferating cell nuclear antigen; RB, retinoblastoma.

BrdU incorporation assay was performed to detect DNA
synthesis in the cells. The results confirmed that shCYP27A1
significantly suppressed DNA synthesis in the cells and
representative micrographs and quantification of BrdU
incorporating-cells following transfection with shCYP27A1
or scramble are presented (Fig. 4C). Subsequently, western
blot analysis was performed to identify whether prolifera-
tion-associated markers were affected by shCYP27A1 in the
cells. The results of western blot analysis demonstrated that
the proliferating cell nuclear antigen was downregulated and
p21, as well as p53, were upregulated by silencing CYP27A1
(Fig. 4D).

Silencing CYP27A1 does not affect migration and invasion in
glioblastoma cells. It was then determined whether silencing

CYP27A1 would have any impact on migration and invasion
in US7MG cells. The migration and invasion assays revealed
that silencing CYP27A1 did not affect migration and invasion
of them (Fig. 5).

Aberrant expression of CYP27A1 in glioblastoma tissues. In
order to identify CYP27A1 protein expression in glioblas-
toma tissues, western blot analysis was performed to detect
CYP27A1 protein between glioblastoma tissues and adjacent
normal tissues. It was revealed that CYP27A1 was increased
in cancer tissues of 6 patients, compared with adjacent normal
tissues (Fig. 6).

CYP27A1 is a target of miR-204 in glioblastoma US7MG cells.
Having demonstrated that CYP27A1 expression is specifically
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Figure 5. Silencing CYP27A1 does not affect migration and invasion in
glioblastoma U87MG cells. Matrigel invasion assay and Transwell migration
assay for US7MG cells transfected with shCYP27A1 plasmids orscramble.
n=3. Error bars indicate standard error of the mean. CYP27A1, cytochrome
P450, family 27, subfamily A, polypeptide 1; sh, short hairpin.

upregulated in glioblastoma and it can promote proliferation in
glioblastoma cells,the mechanisms promoting CYP27A1 expres-
sion in the disease were then studied. miRNAs are a new class
of small (~22 nt) noncoding RNAs, which negatively regulate
protein-coding gene expression by targeting mRNA degrada-
tion or translation inhibition (15). Downregulation of specific
miRNA may contribute to oncogene overexpression (16). Thus,
it was reasoned whether CYP27A1 was upregulated by defect
of specific miRNA. To confirm this reason, a commonly used
prediction algorithm, miRanda (http://www.microrna.org/), was
used to analyze the 3'UTR of CYP27A1.

The algorithm predicted that miR-204 and miR-221 could
target the 3'UTR of CYP27A1 and the predicted target is shown
in Fig. 7A. To study the biological function of miR-204, it was
investigated whether miR-204 expression could be increased
by pre-miR-204 in U87MG cells. RT-PCR was performed
to detect miR-204 expression in the cells transfected with
pre-miR-204 and the results demonstrated that pre-miR-204
could significantly upregulate miR-204 expression in US7MG
cells (Fig. 7B). In order to identify that CYP27A1 could be
downregulated by miR-204, immunofluorescence and western
blot analyses were performed to study whether miR-204 could
affect CYP27A1 protein expression. Immunofluorescence
analyses demonstrated that CYP27A1 was significantly
downregulated in US7MG cells transfected with pre-miR-204
and representative micrographs, and the quantification of
immunofluorescence is shown in Fig. 7C. Consistent with
immunofluorescence analysis, the results of western blot
analysis demonstrated that CYP27A1 protein was significantly
downregulated by miR-204 in U87MG cells (Fig. 7D).

Inaddition, RT-PCR was also performed to detect CYP27A1
mRNA in the cells transfected with pre-miR-204. The results
demonstrated that miR-204 downregulated CYP27A1 mRNA
level in US7MG cells (Fig. 7E). To demonstrate the direct
regulation of CYP27A1 by miR-204, luciferase reporters
with the targeting sequences of wild-type (CYP27A1-wt-luc)
were used to detect whether miR-204 targets 3'UTR of
CYP27A1 mRNA. A luciferase assay was performed. The
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Figure 6. CYP27A1 is upregulated in glioblastoma tissues. Differential
expression of CYP27A1 in 6 pairs of human glioblastoma tissues (C) and
corresponding adjacent normal tissues (N) were detected by western blot
analysis. -actin was used as an endogenous control. n=6. CYP27A1, cyto-
chrome P450, family 27, subfamily A, polypeptide 1.

results demonstrated that miR-204 significantly inhibited
CYP27A1-WT-luc plasmids in the cells (Fig. 7F). Meanwhile,
we observed that miR-204 inhibits CYP27A1 expression in
LN-229 glioblastoma cells by targeting 3'UTR of CYP27A1
mRNA (Fig. 8). The results confirmed that miR-204 nega-
tively regulates protein-coding gene CYP27A1 expression by
targeting its 3'UTR in glioblastoma cells.

miR-204 is downregulated in glioblastoma and its overex-
pression inhibits proliferation, migration and invasion in
glioblastoma cells. To assess the expression of miR-204 in
glioblastoma tissues, northern blot analysis was conducted in
7 pairs of glioblastoma tissues and matched adjacent normal
tissue samples. The expression of miR-204 was consistently
lower in the glioblastoma tissues compared with normal tissues
(Fig. 9A). In an attempt to identify the role of miR-204 in regu-
lating proliferation of U87MG cells, the cells were transfected
with pre-miR-204. Following stable transfection, the prolifera-
tion rates of US7MG cells were tested by an MTT assay. The
results demonstrated that overexpression of miR-204 signifi-
cantly inhibited the proliferation rate of US7MG cells and that
the inhibition of cellular proliferation was dose-dependent
(Fig. 9B). This was revealed by BrdU incorporation analysis
showing that transfection with miR-204 resulted in decreased
DNA synthesis activity per viable cell in US7MG cells
(Fig. 9C). Considering that miR-204 evidently inhibited the
proliferation of US7MG cells, the present study then sought to
determine whether miR-204 would have any impact on migra-
tion and invasion in U§7MG cells. The migration and invasion
assay demonstrated that the overexpression of miR-204 not
only inhibited migration of U87MG cells, but also suppressed
their invasion (Fig. 9D). Moreover, we observed that miR-204
inhibits proliferation in LN-229 glioblastoma cells (Fig. 10).

Discussion

Increased CYP27A1 expression was detected in aber-
rant crypt foci, and adenomatous polyps, as well as the



PAN
SPANDIDOS ONCOLOGY LETTERS 16: 1439-1448, 2018 1445

A ) hsa-miR-204/CYP27A1 Alignment B

3' ucCGUAUCCUACUGUUUCCCUu 5' hsa-miR-204
1 N Y -1 B
226:5" waGRAUA-UARRRURRAGGGRAc 3' CYP2T7A1

c] hsa-miR-211/CYP27A1 Alignment

3' uccgcuuccuacUGUUUCCCUu 5' hsa-miR-211

AN RN
225:5' guagaauauaaaAUARRGGGAC 3' CYP27A1

13
225 US7MG
g
cvearaip y

N
3'UTR

C Anti-CYP27A1 DAPI Merge

120 - p<0.05

pre-miR-204

mock

miR-204

mock

pre-miR-204

| mock
B pre-miR-204

Percent CYP27A1
immunofluorescence
[=:]

[=]

1

40 =
20
01—
USTMG
D E, 7 P05 F
< <0.01
é Em 64 4 mock o 1'? p -
o 9 ] I pre-miR-204 o
x E gr " s B 08
§ ¢ 2T i g 506
o E ,E 5 % o 04
w—  CYP27AT 2 ® 02
@
> 2 24 0
" s (-actin 2 wtUTR + +
2" 11 ControlmiR + -
UBTMG ol =  wm pre-miR-204 - +

Us7TMG Us7TMG

Figure 7. CYP27A1 is a target of miR-204 in glioblastoma U87MG cells. (A) Diagram demonstrating that CYP27A1 is a target gene of miR-204 and
miR-211, predicted by miRanda. (B) Detection of miR-204 by RT-PCR in U87MG cells transfected with precursor-miR-204 or the control miR (mock).
(C) Immunofluorescence analyses of US7MG cells transfected with pre-miR-204 or the control miR (mock). Upper panel shows microscopic images of immu-
nofluorescence staining of one representative experiment (magnification, x100). Bottom panel shows graphic presentation of mean fluorescence intensities of
three independent experiments. (D) Western blot analysis for CYP27A1 in US7MG cells. US7TMG cells were transfected with pre-miR-204 or control-miR
(mock). B-actin was used as the loading control. (E) RT-PCR for CYP27A1 in U7MG cells. US7MG cells were transfected with pre-miR-204 or control-miR
(mock). GAPDH was a loading control. (F) Reporter assay, with cotransfection of 500 ng WT-reporter and 50 nM control-miR, or pre-miR-204 as indicated.
36 h after transfection, cells were harvested for luciferase reporter assay. + represents existing inserted fragments; - represents no existing inserted fragments;
n=3. Error bars indicate standard error of the mean. CYP27A1, cytochrome P450, family 27, subfamily A, polypeptide 1; miR, microRNA; RT-PCR, reverse
transcription-polymerase chain reaction; WT, wild-type; has, Homo sapiens; UTR, untranslated region.
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Figure 8. CYP27A1 is a target of miR-204 in glioblastoma LN-229 cells. (A) Detection of miR-204 by RT-PCR in LN-229 cells transfected with pre-miR-204
(precursors miRNA) or the control miR (mock). (B) Western blot analysis for CYP27A1 in LN-229 cells. LN-229 cells were transfected with pre-miR-204 or
control-miR (mock). B-actin was used as the loading control. (C) RT-PCR for CYP27A1 in LN-229 cells. LN-229 cells were transfected with pre-miR-204 or
control-miR (mock). GAPDH was a loading control. (D) Reporter assay, with cotransfection of 500 ng WT-reporter and 50 nM control-miR, or pre-miR-204
as indicated. 36 h after transfection, cells were harvested for luciferase reporter assay. + represents existing inserted fragments; - represents no existing
inserted fragments; n=3. Error bars indicate standard error of the mean. CYP27A1, cytochrome P450, family 27, subfamily A, polypeptide 1; miR, microRNA;

RT-PCR, reverse transcription-polymerase chain reaction; WT, wild-type.

expression of CYP27A1 protein is associated with tumor
grade in breast cancer (4,14). In the present study, it was
identified that overexpression of CYP27A1 promoted
proliferation in glioblastoma cells and silencing it inhib-
ited proliferation, indicating that it may be an oncogene.
However, its overexpression and silencing it did not affect
migration and invasion in glioblastoma cells. PDCD4, a
known tumor suppressor gene, has been identified as a
functional target of miR-21 (15,16). Silencing of SOX2 in
glioblastoma tumor-initiating cells causes the cessation of
proliferation and loss of tumorigenicity (17). It was observed
that CYP27A1 overexpression significantly downregulated
PDCD4 and upregulated the SOX2 protein in glioblastoma
cells, indicating that CYP27A1 may perform an important
role in the regulation of tumor-initiating cells.

In addition, CYP27A1 was found to be upregulated in
glioblastoma tissues. However, only collected 6 pairs of glio-
blastoma tissues and adjacent normal tissues were collected.
Thus, future studies should use a bigger sample size.

Previous studies have reported that miR-204 is a tumor
suppressor miRNA: miR-204 can suppress head and neck tumor
metastasis (18); higher tumor grade of human clear cell renal
cell carcinomas was associated with a concomitant decrease
in miR-204 (19); loss of miR-204 expression enhances glioma
migration and stem cell-like phenotype (20); miR-204 targets
B-cell lymphoma-2 expression and enhances responsiveness
of gastric cancer (21); and miR-204 downregulates sirtuin 1
(SIRT1) and reverts SIRT1-induced epithelial-mesenchymal
transition, anoikis resistance and invasion in gastric cancer
cells (22). Dysregulation of miR-204 mediates migration
and invasion of endometrial cancer by regulating fork head
box CI1 (23). miR-204 increases sensitivity of neuroblastoma
cells to cisplatin and is associated with a favorable clinical
outcome (24). Consistent with these previous studies (18-24),
it was identified that miR-204 was not only downregulated
in glioblastoma, and inhibited proliferation, migration and
invasion in glioblastoma cells. The present study also revealed
that overexpressing miR-204 inhibited CYP27A1 expression
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Figure 9. miR-204 is downregulated in glioblastoma and its overexpression inhibits proliferation, migration and invasion in glioblastoma U87MG cells.
(A) Northern blot analysis for miR-204 in glioblastoma tissues (C) and adjacent normal tissues (N). f-actin was used as the loading control. n=7. (B) MTT
assay for US7MG cells. US7MG cells were transfected with pre-miR-204 (precursors miRNA) and control miR (mock) and cell viability was then measured at
the indicated time points using an MTT assay. n=3. (C) BrdU incorporation assay for U87MG cells transfected with pre-miR-204 or control miR (mock). n=3.
(D) Matrigel invasion assay and Transwell migration assay for US7MG cells transfected with pre-miR-204 or control miR (mock). n=3. Error bars indicate

standard error of the mean. miR, microRNA; BrdU, bromodeoxyuridine.
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Figure 10. Overexpression of miR-204 inhibits proliferation in glioblastoma
LN-229 cells. MTT assay for LN-229 cells. LN-229 cells were transfected
with pre-miR-204 and control miR (mock) and cell viability was then
measured at the indicated time points using an MTT assay. n=3. Error bars
indicate standard error of the mean.

in glioblastoma cells, indicating that the downregulation of
miR-204 is associated with the upregulation of CYP27A1 in
the disease. It was concluded that miR-204 inhibited prolif-
eration by suppressing CYP27A1 expression. However, it was
observed that CYP27A1 did not affect migration and invasion
in glioblastoma cells, although miR-204 inhibited migration

and invasion. This observation indicated that there are other
target genes regulated by miR-204, which may regulate migra-
tion and invasion in glioblastoma cells.

Recently, the U-87 MG cell line from ATCC was reported
to be contaminated or misidentified (25). It has been proposed
as a glioblastoma cell line whose origin is unknown (25).
However, the U-87 MG cell line is still widely used for
glioblastoma research (25). In the present study, US7TMG and
LN-229 cells were used. The results were same from the 2 cell
lines. Thus, the contamination or misidentification does not
affect the conclusion presented.

Elucidating the mechanism by whichmiR-204 inhibits
proliferation by suppressing CYP27A1 may help to improve
the understanding of the molecular mechanism of proliferation
in glioblastoma. Thus, restoration of miR-204 may represent
a promising therapeutic way to inhibit CYP27A1-mediated
proliferation regulation. However, the roles of CYP27A1
require confirmation in vivo.
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