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Abstract
Background: Feno�brate is a �bric acid derivative known to have a lipid-lowering effect. Although
feno�brate-induced peroxisome proliferator-activated receptor alpha (PPARα) transcription activation has
been shown to play an important role in the malignant progression of gliomas, the underlying
mechanisms are poorly understood.

Methods: In this study, we analyzed the TCGA database and found that there is a signi�cant negative
correlation between long non-coding RNA (lncRNA) HOTAIR and PPARα. Then we explored the molecular
mechanism of lncRNA HOTAIR regulating PPARα from the level of in vitro cell lines and the level of nude
mouse glioma model in vivo, and explored the effect of combined application of HOTAIR knocking down
and feno�brate treatment on glioma invasion.

Results: For the �rst time, it was shown that after knocking down the expression of HOTAIR in gliomas,
the expression of PPARα was signi�cantly up-regulated, and the invasion and proliferation ability of
gliomas were obviously inhibited. Then, glioma cells were treated with both PPARα agonist, feno�brate
and si-HOTAIR; results showed that proliferation and invasion of glioma cells were signi�cantly inhibited.

Conclusions: Our results suggest that HOTAIR can negatively regulate the expression of PPARα, and the
combination of feno�brate and si-HOTAIR treatment can signi�cantly inhibit the progression of gliomas.
This introduces new ideas for the treatment of gliomas.

Background
The incidence of primary brain tumors in the world is about 7/100,000 per year. It accounts for about 2%
of primary tumors that occur before the age of 70, and 7% of all cancer deaths. Glioma is the most
common primary brain tumor, accounting for about 80% of all primary malignant brain tumors; and
glioblastoma is the most common type of gliomas accounting for more than 50% of all brain glial
tumors, and is the most aggressive among all gliomas (WHO grade IV). Glioblastoma (GBM) is
characterized by uncontrolled cell proliferation, diffuse in�ltration, necrosis tendency, strong
angiogenesis, strong resistance to apoptosis, and genomic instability. As re�ected in the old name
"multiforme", GBM exhibits signi�cant intratumoral heterogeneity at the cytopathology, transcription and
genomic levels [1]. These characteristics make GBM one of the most di�cult malignancies to analyze
and treat. Despite the implementation of intensive treatment strategies and supportive care, the median
survival of GBM has remained 12 months in the past decade [2]. Therefore, continued in-depth study of
the pathogenesis of GBM and the development of new targeted therapy methods based on its
histomorphological, molecular and genomic characteristics remain crucial scienti�c research topics in the
�eld of neurosurgical oncology.

In recent years, non-coding RNAs (ncRNAs) have been shown to be involved in the malignant progression
of tumors as well as playing an important role in tumor proliferation, cell cycle progression, angiogenesis,
apoptosis and invasion [3, 4]. This type of regulatory RNAs that do not encode proteins mainly includes
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microRNA, lncRNA, nucleolar small RNA, and interfering RNA (siRNA), etc. Among these RNAs, the most
studied are miRNAs and lncRNAs. MiRNA regulates gene expression at the post-transcription level by
targeting the 3'-untranslated region (3' UTR) of speci�c messenger RNAs (mRNA). LncRNA has been
shown to be related to chromosome modi�cation, transcription and post-transcriptional regulation [5-7].

Peroxisome proliferator-activated receptors (PPARs) are members of nuclear receptor superfamily
involved in fatty acid oxidation and, glucose and lipid metabolism. They are composed of three subtypes:
PPARα, PPARβ, and PPARγ. PPARα participates in lipid metabolism and plays an important role in
regulating cell growth, differentiation, and apoptosis. Recent research results suggest that PPARα is
involved in the malignant progression of tumors [8]. Feno�brate, as a PPARα agonist, can inhibit the
growth of gliomas in animal models of gliomas [9]. In addition, experimental results show that non-
coding RNA is involved in the regulation of PPARα signaling pathway [10]. However, the speci�c control
mechanism remains to be further explored.

This study intended to explore the mechanism of lncRNA HOTAIR in regulating PPARα, in-depth
description of the role of HOTAIR in the malignant progression of glioma by in vivo animal experiments
and in vitro cell line experiments and, to verify the therapeutic effect of the combination of si-HOTAIR and
PPARα agonist feno�brate on glioma cells. This study provides an experimental basis for us to
understand the pathogenesis of GBM, and also new ideas for molecular treatment of gliomas in clinical
settings.

Methods
Patient samples

A total of 702 glioma samples from TCGA (The Cancer Genome Atlas) were used in this study, including
530 low-grade gliomas and 172 glioblastomas. The data related to the changes in the binding of EZH2
and H3K27me3 proteins in the PPARΑ promoter region in glioma samples of different grades were
obtained from the GEO database (GSE126396).

Cell culture

The human GBM cell lines U87 and U251 were purchased from ATCC (Manassas, Virginia, USA) in
August 2015. After obtaining the U87 and U251 cell lines, they were immediately proliferated and frozen
in liquid nitrogen for subsequent studies. U251 cells were cultured in complete MEM (Gibco) medium,
while U87 cells were cultured in DMEM (Gibco) medium containing 10% FBS at 37 °C in 5% CO2

incubation. With the exception of in vivo cultures, all glioblastoma cells were maintained for less than
eight generations.

GO analysis, survival curve plot and heat map
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GO analysis was performed using the Cluster Pro�ler [11] R package. A survival curve plot was performed
using the survminer (https://github.com/kassambara/survminer/issues) R package. Heat map plots were
built using cluster 3.0 (Stanford University).

Western blot analysis

Protein was extracted from cells that were seeded without FBS and were treated with drugs following a
concentration gradient for 24 h. Equal amounts of total protein (nucleoprotein) per lane were separated
using 10% or 15% SDS-polyacrylamide gel electrophoresis and then transferred to a PVDF membrane.
The membrane was blocked in 5% skim milk for 1 h and then incubated with primary antibody for 2 h.
The primary antibodies used were anti-H3K27me3 (Cell Signaling Technology, USA), anti-PPARα
(Proteintech) and anti-GAPDH (Proteintech). Detection of protein bands was performed using a Super
Signal protein detection kit (Pierce, USA). The band densities of speci�c proteins were quanti�ed after
normalization to the density of the GAPDH band.

Analysis of wound healing and perforation migration

U87 and U251 cells were infected with control or lentivirus containing si-HOTAIR segment, and then
feno�brate (Sigma-Aldrich) was introduced to treat the cells at a concentration of 100 μM or not. Cells in
each group (control, si-HOTAIR, si-HOTAIR+feno�brate) were seeded into 6-well plates. After 24 hours, a
200 μl sterile pipette tip was used to evenly scrape a single layer cells. The cell debris was removed by
washing with PBS (phosphate buffered saline). Then, the cells were incubated with serum-free medium
under normal conditions. Photos were taken at 0 and 48 hours after scratching. The wound area was
evaluated by ImageJ, and the percentage of wound healing was calculated as follows: (0 hour wound
area-48 hour wound area) / 0 hour wound area × 100.

For the in vitro migration assays, U87-control, U87-si-HOTAIR, U87-si-HOTAIR+feno�brate, U251-control,
U251-si-HOTAIR, U251- si-HOTAIR+feno�brate cells were seeded into the upper culture chamber of a 24-
well transwell plate. The medium in the upper chamber contained no serum, and the medium in the lower
chamber contained 10% FBS. After incubation at 37 ℃ for 48 hours, non-migrating cells on the upper
surface of the membrane were removed with a cotton swab. Cells that passed through the membrane
were �xed with methanol, stained with crystal violet, and counted in 5 random �elds under an optical
microscope (100x magni�cation).

Colony formation test

After treated U87 and U251 cells with control, si-HOTAIR or si-HOTAIR+feno�brate, they were inoculated
into 6-well plates and incubated. After 14 days, the cells were �xed with 4% paraformaldehyde and
stained with 0.1% crystal violet. We used a digital camera to capture pictures from different transfected
colonies (more than 50 cells per clone).

Chromatin immunoprecipitation (ChIP) and ChIP-qPCR assays
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ChIP assays were performed using a commercially available ChIP Assay Kit (Beyotime). The ChIP-qPCR
primers used were as follows: Forward-1: AACCTTGGGAGCCCCAAAAA and reverse-1:
GTGCAGAGTGGTCACGTACA; Forward-2: GAGCGTGGTTTCCCAGAAGA and reverse-2:
TTTGGGGCTCCCAAGGTTTT; Forward-3: TACGTGACCACTCTGCACAC and reverse-3:
CCTCCGGGCTCAAAGACATT; forward-4: TACGTGACCACTCTGCACAC and reverse-4:
CCTCCGGGCTCAAAGACATT.

Nude mouse intracranial glioma model and in vivo bioluminescence imaging

BALB/c-A nude mice were purchased from the Animal Center of Cancer Institute of Chinese Academy of
Medical Sciences (Beijing) and their care was in accordance with institution guidelines. Three to �ve
weeks old mice were selected as the intracranial tumor model. U87 and U87-si-HOTAIR cells (5 × 105)
were stereotactically injected into the right striatum of nude mice. Seven days after injection, 200 mg/kg
of feno�brate suspended in 5% sodium carboxymethylcellulose were given daily via intragastric
administration in treatment group, while the equal volume of 5% sodium carboxymethylcellulose was
administrated in the control group. The treatment lasted 21 days. The growth of intracranial tumors was
monitored on days 7, 14, 21, and 28 using a bioluminescence imaging system.

Histopathology

The whole brains of the mice were harvested on day 28 after allogeneic glioma cells were implanted,
�xed in 4% paraformaldehyde, and then embedded in para�n, and cut into 15 μm thick coronal slices.
The sections with the largest tumor area were stained with hematoxylin and eosin or were used for IHC
staining. For the IHC analysis, we quantitatively scored the tissue sections according to the percentage of
positive cells and staining intensity. We assigned the following proportion scores: 1 if 0–25% of the
tumor cells showed positive staining, 2 if 26–50% of cells were stained, 3 if 51–75% stained, and 4 if 76–
100% stained; we also divided different expression levels into four different groups (1 to 4) and scored
them.

Results
There was a negative correlation between the expression of HOTAIR and PPARα in glioma

In order to verify the regulation mechanism of HOTAIR gene on the occurrence and progression of glioma,
we heat-mapped about 2600 genes negatively related to HOTAIR expression. The results suggest that
almost all genes are highly expressed in low-grade gliomas (Figure 1A), and the expression level
decreases as the tumor grade increases. Further GO analysis of these genes showed that their biological
processes are regulation of membrane potential, modulation of chemical synaptic transmission and,
regulation of trans-synaptic signaling and synapse organization (Figure 1B).

We then analyzed the signal pathways enriched in these genes and found that there are mainly cAMP
signaling pathway, AMPK signaling pathway and phosphatidylinositol signaling system (Figure 1B).
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Most of these signaling pathways have been con�rmed by scholars to be involved in the progression of
tumors and different degrees of abnormal cell behaviors [12]. Excessive activation of
phosphatidylinositol could lead to abnormal cell proliferation, abnormal endocytosis and exocytosis,
abnormal cell metastasis and even tumor development [13]. AMP kinase promotes the bioenergy and
tumor growth of glioblastoma [14].

AMPK pathway and PPARA are all involved in metabolic activities such as fatty acid oxidation and block
of glycolysis and protein, nucleotide and fatty acid synthesis. We further examined the expression of
HOTAIR and PPARα in gliomas. The results suggest that there is a signi�cant negative correlation
between them. The Pearson correlation coe�cient was -0.32 (Figure 2A). By comparing the expression
levels of HOTAIR and PPARα in low-grade gliomas and glioblastomas, it was found that the expression of
HOTAIR in GBM was up-regulated, while PPARα had low expression state (Figure 2B). In the results of
survival analysis, it was found that the high expression of HOTAIR indicated a poor prognosis, but the
high expression of PPARΑ indicated a good survival prognosis (Figure 2C and D). These results indicate
that there is a negative correlation between the expression of lncRNA HOTAIR and PPARα in gliomas, and
it has a signi�cance of indicating survival rate and clinical grade.

PPARΑ expression decreased in clinical samples of patients with high-grade glioma

Through survival analysis of GBM (WHO grade IV), we found that the low expression level of PPARΑ in
the TCGA database was signi�cantly associated with poor prognosis of patients (Figure 2D). To avoid
the bias from the analysis of only mRNA expression data, we examined the PPARΑ protein levels of 21
different grades glioma samples by immunohistochemistry (IHC) staining (clinical information is listed in
Supplementary Table 1). As shown in Figure 3A, we observed a signi�cant decrease in PPARΑ protein
levels in high-grade gliomas. Quanti�cation of the staining (see Methods) revealed a strong association
between the abundance of PPARΑ positive cells and lower tumor grade (Figure 3B). Therefore, the down-
regulated expression level of PPARΑ is an indicator of the aggressiveness of malignant gliomas.

The expression level of HOTAIR enhanced the degree of H3K27me3 binding to the PPARΑ promoter

H3K27me3 is a histone modi�cation related to transcription repression. HOTAIR can promote the
formation of H3K27me3 through EZH2 protein, and then silence the transcriptional expression of genes
and promote the malignant progression of glioma. Analysis of the GSE126396 database showed that
there was a signi�cant difference in the amount of H3K27me3 protein enrichment in the PPARΑ promoter
region of glioma samples of different malignancies (Figure 4A). In order to investigate whether HOTAIR
overexpression mediated PPARΑ promoter gene silencing, we analyzed the binding of HEK27me3 in the
PPARΑ promoter region in control, HOTAIR and si-HOTAIR GBM cell lines by ChIP-PCR. The experimental
results showed that the high expression of HOTAIR can promote the enrichment of H3K27me3 protein in
the PPARΑ promoter region, while reducing the expression of HOTAIR in glioma cell lines can reduce the
amount of binding (Figure 4B and C). RT-PCR, western blot and immuno�uorescence experiments were
used to analyze the expression of PPARΑ mRNA and protein in GBM cell lines of control, HOTAIR and si-
HOTAIR. It was found that the expression of HOTAIR had a negative regulatory relationship with PPARΑ
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(Figure 4D~F). Based on the above �ndings, we concluded that the ezh2-H3K27me3 pathway mediated
by HOTAIR can silence the transcriptional expression of PPARΑ.

Low expression of HOTAIR and activation of PPARΑ pathway weakened the migration and colony-
forming ability of U87 and U251 glioma cells

In order to study the role of HOTAIR in gliomas, we transfected U87 and U251 glioma cells with si-HOTAIR
lentivirus. Transwell migration, wound healing and colony formation analyses were performed to examine
the effect of HOTAIR on glioma cells migration and colony formation. As shown by our results, U87 and
U251 cells with low expression of HOTAIR showed lower migration ability compared to control cells
(Figure 5A, 5C and 5E). The statistical results also showed the same results (Figure 5B and 5D). In further
experiments, we treated si-HOTAIR group glioma cell lines with feno�brate 100 μM  and found that the
cell migration and colony-formation ability were further decreased. These results indicate that the
activation of the PPARΑ pathway can suppress the malignant phenotype of gliomas, and the
combination of down-regulation of HOTAIR and activation of the PPARΑ pathway can more effectively
inhibit the malignant progression of gliomas.

Reducing HOTAIR expression in glioma cells combined with feno�brate treatment can effectively inhibit
the growth of glioma xenografts

To investigate whether reducing HOTAIR expression combined with feno�brate treatment will reduce the
growth of glioma in vivo, nude mice were implanted intracranially with U87 cells infected with lentivirus
containing si-HOTAIR segment or control lentivirus to form glioma xenografts. The si-HOTAIR group was
randomly divided into control treatment and �no�brate treatment groups. Seven days after injection, 200
mg/kg of feno�brate suspended in 5% sodium carboxymethylcellulose were given daily via intragastric
administration in treatment group, while the equal volume of 5% sodium carboxymethylcellulose was
administrated in the control group. The treatment lasted 21 days. On days 7, 14, 21, and 28 after
implantation, the bioluminescence imaging of the three groups of NC, si-HOTAIR and combination
therapy showed that the BLI signal intensity of the combination therapy group was signi�cantly lower
than that of the NC and si-HOTAIR groups (Figure 6A and B). The HE staining results were consistent with
the bioimaging results (Figure 6A). Survival analysis showed that the prognosis of mice carrying the
combined treatment group was signi�cantly better (Figure 6C). Further immunohistochemical staining
showed that, after reducing the HOTAIR expression of gliomas, the expression of PPARΑ protein was
increased, and the CD34 and Ki67 protein expression of the combined treatment group was lower than
that of the other two groups. These results indicated that in in vivo environment, reducing the expression
of HOTAIR combined with feno�brate treatment can effectively inhibit tumor proliferation and growth.

Discussion
GBM is the most common and deadly cancer of the central nervous system [15, 16]. However, current
conventional treatments such as surgical resection, radiotherapy and chemotherapy do not signi�cantly
improve the patient's prognosis. Therefore, there is an urgent need to further study the molecular
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pathways of gliomas development and explore feasible therapeutic options. Feno�brate is an effective
ligand for the peroxisome proliferator-activated receptor alpha (PPARα) and has historically been used to
regulate glucose and lipid metabolism in the treatment of different forms of hyperlipidemia and
hypercholesterolemia [17]. In recent years, feno�brate has proved to have interesting anti-cancer effects
[18-22].

HOTAIR regulates the expression of a variety of proteins through PRC2 [6, 23]. Studies by other scholars
have con�rmed that HOTAIR expression levels in tumors are higher than that in corresponding non-
cancerous tissues. And its high expression predicted a poor prognosis [6, 23, 24]. In our previous studies,
HOTAIR was considered not only an important marker of tumor classi�cation and prognosis, but also an
important marker of glioma molecular subtypes [5, 25, 26].

In this study, we analyzed the expression of HOTAIR based on the RNA expression database of 702 TGGA
glioma patients, and analyzed the genes negatively related to HOTAIR expression using bioinformatics
analyses and found many of these genes are involved in tumor formation (Figure 1A and B). Correlation
analysis revealed that there was a signi�cant negative correlation between HOTAIR and PPARα (Figure
2A) and, low expression of PPARα through survival analysis predicted a poor prognosis (Figure 2D).
Through immunohistochemical staining of clinical samples, it was shown that with the increase of
glioma grade, the expression level of PPARα will decrease signi�cantly (Figure 3). Therefore, we predicted
that HOTAIR can reduce the expression of PPARα through PRC2 protein, thereby promoting the malignant
progression of glioma.

Through ChIP-PCR analysis, it was shown that after knocking down the expression of HOTAIR in
glioblastoma, the binding of histone H3K27me3 in the promoter region of PPARα gene was signi�cantly
reduced (Figure 4A). And through quantitative PCR, western blot and immuno�uorescence, it was found
that the expression of PPARα increases signi�cantly with the decrease of HOTAIR expression (Figure 4B ~
F). These results indicate that HOTAIR can increase the amount of H3K27me3 binding in the PPARα
promoter region through PRC2, thereby silencing the transcriptional expression of PPARα. In further in
vitro migration experiments, colony formation experiments and scratch experiments, it was found that
after the combination of si-HOTAIR and feno�brate treatment, the migration and colony-formation ability
of glioma cells decreased signi�cantly (Figure 5). The in vivo malignant glioma model also found that
combined therapy can signi�cantly reduce the rate of tumor cell proliferation, thereby extending the
survival period of nude mice (Figure 6).

Conclusions
Our study not only explores the molecular mechanism of HOTAIR in regulating PPARα, but also veri�es
the therapeutic effect of the combined application of PPARα agonist feno�brate and siRNA HOTAIR on
glioma through in vivo animal experiments. This provides new ideas for comprehensive treatment of
gliomas.
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Figures

Figure 1

The expression of HOTAIR and PPARα in glioma has a negative correlation. A) Expression heat map of
genes in the TCGA glioma database that are signi�cantly negatively related to HOTAIR expression. The
genes are arranged according to the changes in HOTAIR expression. B) GO analysis and KEGG analysis
of genes negatively related to HOTAIR expression.
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Figure 2

HOTAIR and PPARα has a signi�cant negative correlation. Low expression of PPARα and high expression
of HOTAIR predicted a poor prognosis A) Scatter plots of HOTAIR and PPARα expression. B) Box diagram
of HOTAIR and PPARα expression in different grades of glioma. ****, p<0.0005. C) Survival curve plots
between different HOTAIR expression groups. D) Survival curve plots between different PPARα expression
groups.
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Figure 3

PPARα expression decreased in clinical samples of patients with high-grade glioma. A) PPARα
immunohistochemistry staining of glioma samples of different grades. B) Statistical results of
immunohistochemistry.
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Figure 4

HOTAIR enhanced the degree of H3K27me3 binding to the PPARα promoter. A) EZH2 and H3K27me3
proteins bind to the promoter region of PPARα gene in different grades of glioma. B) ChIP analysis of the
H3K27me3 protein in the promoter region of PPARα gene in different treatment groups in U87 cell line. C)
ChIP analysis of the H3K27me3 protein in the promoter region of PPARα gene in different treatment
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groups in U251 cell line. D) Quantitative PCR analysis. E) Western blot. F) Immuno�uorescence. Bar, 20
μm.
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ChIP analysis of the H3K27me3 protein in the promoter region of PPARα gene in different treatment
groups in U251 cell line. D) Quantitative PCR analysis. E) Western blot. F) Immuno�uorescence. Bar, 20
μm.
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H3K27me3 protein in the promoter region of PPARα gene in different treatment groups in U87 cell line. C)
ChIP analysis of the H3K27me3 protein in the promoter region of PPARα gene in different treatment
groups in U251 cell line. D) Quantitative PCR analysis. E) Western blot. F) Immuno�uorescence. Bar, 20
μm.

Figure 5

Si-HOTAIR and feno�brate combined therapy attenuated the migration and colony formation abilities of
U87 and U251 glioma cells. (A) Transwell analysis. White bar, 200 μm. (B) Statistical analysis of the
transwell assay. (C) Wound-healing assay. White bar, 200 μm. (D) Colony formation assay. (E) Statistical
analysis of the colony formation assay.
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Figure 6

Si-HOTAIR and feno�brate combined therapy can slow glioma growth. (A) H&E staining of different
groups of U87 intracranial glioma models. Tumor volume was measured every seven days by in vivo
imaging. (B) Statistical analysis results of the control and combined therapy intracranial glioma groups
every seven days. (C) Survival curve plots of control and combined therapy intracranial glioma groups. D)
Immunohistochemistry staining. White bar, 50 μm.
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