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Abstract Fenofibrate, a fibric acid derivative, is known to
possess lipid-lowering effects. Although fenofibrate-
induced peroxisome proliferator-activated receptor alpha
(PPAR ) transcriptional activity has been reported to ex-
hibit anticancer effects, the underlying mechanisms are
poorly understood. In this study, we investigated the
mechanisms behind the antiproliferative effects of
fenofibrate in US7MG cells (human glioma cell line)
using the WST-8 Cell Proliferation Assay Kit. Further-
more, we examined genome-wide gene expression pro-
files and molecular networks using the DAVID online
software. Fenofibrate reduced the expression of 405 genes
and increased the expression of 2280 genes. DAVID anal-
ysis suggested that fenofibrate significantly affected cell
cycle progression and pathways involved in cancer, in-
cluding the mTOR signaling pathway and insulin signal-
ing pathway. Results of flow cytometry analysis indicated
that fenofibrate induced cell cycle Gy/G; arrest in US7MG
cells. Furthermore, we identified the FoxO1-p27""P sig-
naling axis to be involved in fenofibrate-induced cell cy-
cle arrest. Our findings suggest that in addition to its
known lipid-lowering effects, fenofibrate may be used as
an antitumor agent in glioma therapy.
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Introduction

Glioblastoma multiforme (GBM) is the most common and
lethal cancer of the central nervous system. However, conven-
tional therapies, including surgical resection, followed by ra-
diation and chemotherapy, do not significantly improve pa-
tient outcomes [1, 2]. Therefore, there is an urgent need to
investigate the molecular pathways involved in the develop-
ment and progression of glioma.

Fenofibrate (FF) is a potent ligand of peroxisome
proliferator-activated receptor alpha (PPAR«x) and has been
historically used to regulate glucose and lipid metabolism
for treating different forms of hyperlipidemia and hypercho-
lesterolemia [3]. In recent years, FF has been shown to exert
interesting anticancer effects. Jiao reported that FF inhibits the
growth of human HepG2 cells in a dose-related manner via
PPAR«-dependent mechanisms [4]. Its other PPAR -
dependent effects include inhibition of endothelial cancer cell
growth [5], inhibition of tumor angiogenesis [6], and inhibi-
tion of glioblastoma and melanoma cell movement and me-
tastases [7, 8]. Previous work suggest that FF may be an ef-
fective treatment alternative, not only because of its antipro-
liferative effects but also because of its low toxicity [9, 10].

FoxOl1 is one of the Fork-head box O (FoxO) transcription
factors, which are involved in the development of various
types of human cancers, including breast carcinomas [11],
endometrial cancer [12], prostate cancer [13], and renal carci-
nomas [14]. Moreover, as a substrate of Akt, FoxO1 plays a

@ Springer


http://dx.doi.org/10.1007/s13277-014-3024-4

3824

Tumor Biol. (2015) 36:3823-3829

causal role in tumor suppression and results in the transcrip-
tional activation of p27*% [15, 16]. A recent study has shown
that targeting FoxO1 could effectively induce glioma cell
death and inhibit tumor growth by controlling the expression
of cell cycle-related genes [17].

Here we report that as a PPAR« ligand, FF induces cell
cycle arrest at the Go/G; phase and inhibits the growth of
human glioma U87MG cells in a PPAR x-dependent man-
ner. We also confirmed that these anticancer effects of FF
are mediated via the PPARa/FoxO1/p27%"P pathway.

Materials and methods
Human tissue samples and cell culture

Messenger RNA (mRNA) expression data for 89 GBM pa-
tients was downloaded from the Chinese Glioma Genome
Atlas (CGGA) data portal (http://www.cgga.org.cn/portal.
phpg). The TCGA mRNA expression microarray data for
169 GBM patients were downloaded from the following
portal: http://tcga-data.nci.nih.gov/tcga/homepage.htm.
US7MG cells were purchased from the Chinese Academy of
Sciences Cell Bank and grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10 % fetal bo-
vine serum (FBS).

Oligonucleotides and transfection

PPAR« small interfering RNA (siPPAR«x) was synthesized by
GenePharma (Shanghai, China). The following sequences were
used for siPPAR«: sense, 5'-UCA CGG AGC UCA CAG AAU
UUU-3’; antisense: 3'-AAU UCU GUG AGC UCC GUG
AUU-5'. FoxO1 small interfering RNA (siFoxO1) was obtained
from Cell Signaling Technology (CST, USA). An siRNA that
was unrelated to any human sequence was used as a negative
control. For transfection, oligonucleotides were complexed with
Lipofectamine 2000 using OPTI-MEM (Invitrogen, USA) and
added to US7MG cells at a final concentration of 100 nM, fol-
lowing which cells were incubated for 68 h at 37 °C before
changing the medium.

WST-8 growth assay

U87MG cells were seeded in 96-well culture plates at
2000 cells/well/100 uL. The cells were treated with 0, 50,
100, or 150 uM FF for 1-4 days. Then, tetrazolium
monosodium salt WST-8 (Dojindo, Japan) was added
(10 uL/well). After incubation for 2 h, the absorbance was
determined using a microplate reader (Bio-Rad, USA) at
450-nm wavelength with the reference wavelength set at
630 nm.
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Colony formation assay

In total, 5% 10? US7MG cells/plate were placed onto separate
60-mm tissue culture plates to which different concentrations
of FF were added (0, 50, or 100 uM). After incubation for
2 weeks, visible colonies were fixed with 4 % methanol for
30 min and then stained with 0.1 % crystal violet for 20 min.
Colony-forming efficiency was determined as the number of
colonies/plated cellsx 100 %.

Whole genome gene profile chip

Untreated US7MG cells or cells treated with FF (100 uM)
for 48 h were harvested, after which total RNA was iso-
lated using the RNeasy Kit (Qiagen, Germany), according
to the manufacturer’s instructions. RNA concentration and
quality were measured using the NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, USA). Four
micrograms of total RNA were subjected to mRNA se-
quencing library preparation before they were sequenced
using the Illumina GAII platform (Illumina Inc, USA)
according to the manufacturer’s instructions (BGI-
Shenzhen, China). The expression fold change (treated
cells versus untreated cells) for each gene was calculated
as the log, ratio using the normalized TPM (transcripts
per million reads) values. Sets of differentially expressed
genes were clustered into biological modules on the basis
of gene ontology using Functional Annotation Bioinfor-
matics Microarray Analysis (DAVID) online software
(http://david.abce.nciferf.gov).

PPAR« transcription factor assay

After FF treatment, nuclear proteins were extracted using
the Nuclear/Cytoplasmic Fractionation Kit (KenGEN,
China). Equal amounts of protein (20 pg/well) were used
to determine PPAR« transcriptional activity using the
PPAR« Transcription Factor Assay Kit (Abcam, USA)
according to the manufacturer’s instructions. The absor-
bance was determined using a microplate reader (Bio-
Rad, USA) at 450-nm wavelength.

Cell cycle analysis

After FF treatment, U87MG cells were collected and fixed
with 70 % ethanol for at least 12 h at —20 °C. DNA was
stained by incubating cells in 50 mg/mL propidium iodide
(PI) (Sigma-Aldrich, USA) and 20 g/mL RNase A
(Boehringer-Mannheim, Germany) at room temperature
for 1 h. The cells were then analyzed by FACScan
(Becton-Dickinson, USA).


http://www.cgga.org.cn/portal.phpg
http://www.cgga.org.cn/portal.phpg
http://tcga-data.nci.nih.gov/tcga/homepage.htm
http://david.abcc.ncifcrf.gov/

Tumor Biol. (2015) 36:3823-3829

3825

Western blot analysis

Cells were washed twice with PBS, and proteins were extract-
ed after lysing cells in RIPA lysis buffer (KenGEN, China).
Subcellular fractionation was conducted to separate cyto-
plasmic and nuclear proteins using the Nuclear/
Cytoplasmic Fractionation Kit (KenGEN, China). Equal
amounts of protein were separated by 10 or 12 % SDS-
PAGE, followed by electrotransfer onto polyvinylidene
difluoride membranes (Thermo Scientific, USA). Mem-
branes were blocked with 5 % nonfat milk at room tem-
perature for 2 h and then incubated with primary anti-
bodies at 4 °C overnight. Blots were washed three times
with 1x TBST (10 min each wash) and then incubated
with a secondary antibody (antirabbit or antimouse im-
munoglobulins) at 1:5000 dilution for 2 h. Membranes
were developed using an enhanced chemiluminescence
detection system (GE Healthcare, England). The antigen
was then visualized using ChemiDoc XRS+ gel imaging
system (Bio-Rad, USA), and data were analyzed using
Imagel software. The following primary antibodies were
used for immunoblot analysis: PPARo (1:1000; Abcam,
USA); p275P (1:500; Santa Cruz, USA); FoxO1 (1:1000;
CST, USA); HDACI (1:1000; CST, USA), and {3-actin
(1:1000; CST, USA).

Statistical analysis

Results are given as mean =+ standard deviation (SD) of at least
three independent experiments. Statistical comparisons were

Fig. 1 Human glioblastoma A 1207
US87MG cell proliferation is

inhibited by fenofibrate. a WST-8 =211 17
assays were conducted on = 80 -
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150 uM). b Colony formation — 407
assay was performed on U87MG 8 20 -
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made using one-way analysis of variance (ANOVA) and Stu-
dent’s 7 test (two-tailed) using the SPSS 13.0 software pack-
age. P<0.5 were considered statistically significant.

Results
FF inhibits U§7MG cell proliferation

To investigate the effects of FF on U87MG cell prolifer-
ation, US7MG cells were treated with different doses of
FF (0, 50, 100, and 150 uM) for 1, 2, 3, and 4 days.
Proliferation of these FF-treated cancer cells was then
assessed using WST-8 assays. As shown in Fig. la, FF
significantly inhibited cell proliferation in a time- and
dose-dependent manner. In addition, treating cells with
100 uM FF for 48 h reduced cell viability by 54.62+
1.56 %. FF treatment (50 and 100 uM) also resulted in
complete inhibition of US7MG clonogenic growth
(Fig. 1b), which further supported its antiproliferative
effects.

U87MG cell gene expression profiles after FF treatment

To further investigate the molecular mechanisms underly-
ing the antiproliferative effects of FF, we used a gene
expression profile chip (BGI-Shenzhen, China) to com-
pare changes in gene expression between control
U8TMG cells (0 uM for 48 h) and FF-treated U87MG
cells (100 uM for 48 h). Results of our microarray study
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indicated that 2685 unique genes (|log, ratio| > 2,
P<0.05), including 405 downregulated genes and 2280
upregulated genes, had significantly altered expression
levels (Supplement Table). FF treatment induced the ex-
pression of proliferation- and cell cycle-associated genes
such as FoxO1 (Supplement Table).

We also performed gene ontology (GO) and Kyoto En-
cyclopedia of Genes and Genomes (KEGG) analyses to
further elucidate the mechanism of the antiproliferative
effects of FF using the DAVID online software. As shown
in Tables 1 and 2, among the top 10 most obvious chang-
es in GO biological process classification, three GO bio-
logical processes, namely cell cycle phase, cell cycle and
M phase, were found to be related to the cell cycle.
Cancer-associated pathways, such as mTOR signaling
and insulin signaling pathways, were also among those
with the top 10 most significant changes.

FF induces Gy/G; arrest in US7MG cells

Gene expression profiling results indicated that FF treat-
ment (100 uM for 48 h) significantly affected molecules
involved in the cell cycle. To provide evidence to support
this result, we conducted cell cycle analyses using flow
cytometry. Figure 2a shows the cell cycle profiles of
U8TMG cells after FF treatment (0, 50, or 100 uM) at
24 and 48 h. The numbers of cells that were in the G/
G, phase increased in a time- and dose-dependent manner.
These results indicated that DNA synthesis was inhibited
by FF.

Following this, we investigated whether FF induces
Gy/G; arrest via a PPARx-dependent mechanism. As

Table 1 GO analysis for the genes up- or downregulated in U87MG
cells following exposure to FF (100 uM/48 h)
GO ID? GO term® P value®
0022403 Cell cycle phase 1.52E - 10
0051276 Chromosome organization 342E-10
0007049 Cell cycle 6.13E—-10
0006350 Transcription 9.79E — 10
0045449 Regulation of transcription 1.68E — 09
0000279 M phase 1.76E — 09
0051603 Proteolysis involved in cellular 2.26E — 08
protein catabolic process
0044257 Cellular protein catabolic process 3.09E — 08
0044265 Cellular macromolecule catabolic 4.40E — 08
process
0019941 Modification-dependent protein 5.79E — 08

catabolic process

shown in Fig. 2b, FF significantly increased PPAR«x tran-
scriptional activity in a dose-dependent manner. In addi-
tion, there was >75 % decrease in PPAR«x protein levels
when U8S7MG cells were incubated with 100 nM PPAR«x
siRNA for 48 h (Fig. 2c). Pretreating cells with PPAR«
siRNA duplexes significantly rescued FF-induced cell cy-
cle arrest (Fig. 2d).

Go/G; arrest by FF occurs in US7TMG cells via
FoxOl-induced p27"" upregulation

FF treatment increased the expression of FoxO1 (Supple-
ment Table). In addition, Pearson correlation tests con-
ducted on GBM patients” mRNA expression data from
CGGA and TCGA revealed a significant positive correla-
tion between FoxO1l and PPAR«x (SFigure 1A and 1B).
FoxOl is known to bind to and activate the promoter of
the cyclin-dependent kinase inhibitor p275' [15]. Consis-
tent with this, Western blot analyses (Figs. 3a and 4a)
showed appreciable upregulation of FoxO1 and p27“" in
FF-treated cells. Moreover, control cells and FF-treated
cells (50 and 100 uM) exhibited significant changes in
their FoxO1 nuclear contents (Fig. 3b). In addition,
siPPAR«x treatment significantly rescued FF-induced up-
regulation and nuclear translocation of FoxO1 (Fig. 3¢, d)

Following this, we assessed whether FF induces cell
cycle arrest via the FoxO1—p27"P axis. The effect of
siFoxO1 knockdown was first tested by Western blot
analysis (Fig. 4b). U887MG cells were then treated with
siFoxO1 and subsequently exposed to FF (100 uM) for
48 h. The effects of FF on p27"P expression and cell
cycle arrest of GBM U87MG cells were partially res-
cued by siFoxOl1 (Fig. 4c). These results indicated that

Table2 KEGG analysis for the genes up- or downregulated in US7MG
cells following exposure to FF (100 uM/48 h)

KEGG ID* KEGG term® P value®

hsa04120 Ubiquitin-mediated proteolysis 0.000176218
hsa05222 Small cell lung cancer 0.000479602
hsa05211 Renal cell carcinoma 0.002275323
hsa05200 Pathways in cancer 0.004655283
hsa04150 mTOR signaling pathway 0.005571868
hsa05215 Prostate cancer 0.006080206
hsa05220 Chronic myeloid leukemia 0.011402891
hsa04910 Insulin signaling pathway 0.012205593
hsa04810 Regulation of actin cytoskeleton 0.015118916
hsa05218 Melanoma 0.015332992

#ID number of each term in the GO database
® Enriched terms associated with the gene list
¢ Modified Fisher’s exact P value. The smaller, the more enriched
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Fig. 2 Cell cycle progression arrest at Go/G; after fenofibrate treatment.
a After treatment with fenofibrate at different concentrations (0, 50, and
100 uM) for 24 and 48 h, US7MG cells were used for cell cycle analyses
with propidium iodide staining and flow cytometry analysis. b
Fenofibrate increased PPAR« transcriptional activity in a dose-

the FoxO1-p27""P axis was involved in FF-induced G/
G, arrest in GBM U87MG cells.

Discussion

FF is a member of the fibrate family and has been shown to have
potent antiproliferative effects in cancer cells. In this study, we

dependent manner. ¢ Western blot results for PPARo protein levels in
U8TMG cells treated with 100 nM siPPAR«. d PPARw is involved in
fenofibrate-induced (100 uM for 48 h) cell cycle arrest. ¥*P<0.01;
*P<0.05

found that FF treatment induced Go/G; arrest in US7MG cells.
There are two possible mechanisms underlying drug-induced
cell cycle arrest. One is drug—DNA adduct generation, and the
other is drug-induced interference of growth signals. With re-
gard to the first possibility, it has been reported that Gy/G; arrest
and G»/M arrest are induced by mechlorethamine and melpha-
lan, both of which are alkylating agents [18, 19]. However, FF
has no alkylating moiety. Moreover, FF cannot covalently bind
to DNA [20]. With regard to the second possibility, some studies
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Fig. 3 Fenofibrate effects on FoxO1 subcellular localization and
expression. a Total proteins were isolated from cells after treatment
with fenofibrate (0, 50, and 100 uM) for 48 h, and FoxO1 expression
was assessed by Western blot analysis. b Quantification of FoxO1 nuclear

have shown that FF can inhibit cancer cell growth by blocking
the growth signaling pathways. Urbanska et al. reported that FF
inhibits IGF-I-mediated cancer cell growth and survival depend-
ing on activation of PPAR« [10]. Besides IGF-I-mediated
growth signaling pathways, NF-kB and PI3K/Akt signaling
pathways are also involved in FF-induced apoptosis and
antiproliferation [21, 22]. Recently, Wilk et al. showed that FF
can cause human glioblastoma cell death through the AMPK—
mTOR-—autophagy pathway [23], which is consistent with the
results of our KEGG analyses. Moreover, signal transduction
inhibitors can induce Gy/G; arrest and G,/M arrest [24].
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Fig. 4 Evaluation of involvement of the FoxO1-p27XP axis in
fenofibrate-induced Gy/G arrest. a Western blot analysis for p27*% pro-
tein levels in US7MG cells after treatment with fenofibrate (0, 50, or
100 uM) for 48 h. b Western blot results for FoxOl1 protein levels in
U87MG cells treated with 100 nM siFoxOl. ¢ Rescue experiment per-
formed by introducing siFoxOl1 into US7MG cells in the presence or
absence of fenofibrate. Western blot results for p275" expression in the
indicated cells. **P<0.01
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localization in exponentially growing U87MG cells after treatment with
fenofibrate (0, 50, or 100 uM) for 48 h. ¢, d Cells were treated with
100 uM fenofibrate in the presence of siPPAR« for 48 h. HDACI1
expression was used as nuclear control. **P<0.01

Consistent with this idea, FF-induced nuclear translocation of
FoxO1 was found to depend on activation of PPAR«x in our
results.

Aberrant activation of PI3K/Akt signaling is involved in
human glioma cell proliferation, and its downstream effectors
are promising targets for glioma cancer therapy [25]. The
FoxO proteins (FoxO1, FoxO3a, FoxO4, and FoxO6) are
key effectors of PI3K/Akt signaling and regulate many bio-
logical processes such as cell cycle progression and cell dif-
ferentiation [16, 26]. In addition, as a transcription factor,
FoxOl1 acts at a convergence point of several growth factor
receptor tyrosine kinase pathways that may play central roles
in glioma tumorigenesis [16, 17]. In a previous study, Chen
et al. found that FF-induced lipid-lowering effects were asso-
ciated with increased expression of FoxO1 in myotubes [27].
Our study provides a direct link between FF treatment and
FoxO1 nuclear accumulation, which in turn increases the
amount of a FoxOl-dependent cell cycle-related protein,
p275P [15]. Two pathways for p27"P account for G;-to-S
phase progression. The first involves inhibition of cyclin E—~
cdk2. In the second pathway, p27 enhances the activation and
nuclear localization of cyclin D—cdk complexes during the
early G, phase [28, 29]. Thus, transactivation of p27*" could
inhibit cancer cell growth [30]. It has been reported that FF
treatment resulted in cell cycle arrest at the Go/G; phase ac-
companied by p27"" upregulation in breast cancer cells [22].
In line with these results, we found that FF could also upreg-
ulate the expression of p27*". In addition, siFoxO1 signifi-
cantly blocked the effect of FF-induced p27* expression and
the cell cycle arrest of US7MG cells. Taken together, these
results led us to conclude that the FoxO1—p275"P pathway is
highly important for FF-induced anticancer effects.

In summary, we showed that FF, a PPAR« agonist,
could inhibit US7MG cell proliferation and induce cell
cycle arrest via the PPARa/FoxO1/p275"P pathway. This
pathway needs to be studied further to better understand
the anticancer effects of FF.
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