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Effect of alkylglycerone phosphate synthase on the expression
levels of IncRNAs in glioma cells and its functional prediction
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Abstract. Alkylglycerone phosphate synthase (AGPS) is a
key enzyme for ether ester synthesis and acts as an oncogene
in malignant tumors. The present study aimed to investigate
the effect of AGPS silencing on the expression levels of long
non-coding RNAs (IncRNAs) and the co-expression with
mRNAs in glioma U251 cells using microarray analysis.
Furthermore, the underlying biological functions of crucial
IncRNAs identified were investigated. It was discovered that
in vitro U251 cell proliferation was suppressed following the
genetic silencing of AGPS. Differentially expressed IncRNAs
and mRNAs in U251 cells were sequenced following AGPS
silencing. The results from the Gene Ontology analysis identi-
fied that the co-expressed mRNAs were mainly involved in
biological processes, such as ‘cellular response to hypoxia’,
‘extracellular matrix organization’ and ‘PERK-mediated
unfolded protein response’. In addition, Kyoto Encyclopedia
of Genes and Genomes signaling pathway enrichment analysis
revealed that the co-expressed mRNAs were the most enriched
in the ‘AGE/RAGE signaling pathway in diabetic conditions’.
Additionally, the PI3K/Akt and epidermal growth factor
receptor signaling pathways serve important roles in tumor
processes, for example carcinogenesis and angiogenesis.
Furthermore, it was identified that the IncRNA AK093732
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served a vital role in the regulatory network and the core
pathway in this network regulated by this IncRNA was
discovered to be the ‘Cytokine-cytokine receptor interaction’.
In conclusion, the findings of the present study suggested
that AGPS may affect cell proliferation and the degree of
malignancy. In addition, the identified IncRNAs and their
co-expressed mRNAs screened using microarrays may have
significant biological effects in the occurrence, development
and metastasis of glioma, and thus may be novel markers of
glioma.

Introduction

Gliomas are the most common type of primary central
nervous system tumor and intracranial malignant tumor,
accounting for ~81% of all malignant brain tumors (1).
Alkylglycerone phosphate synthase (AGPS) is an important
enzyme for ether ester synthesis and it has been discovered to
serve an important role in the pathogenicity of cancer cells (2).
It was previously reported that the overexpression of AGPS
increased the survival, migratory, proliferative and invasive
abilities of tumor cells, including SKOV3 ovarian cancer,
231MFP breast cancer, C8161 melanoma, PC3 prostate cancer
and primary breast cancer cells (3,4). Furthermore, the levels
of tumor-related lipids, including ether lipids, prostaglandins
and acyl phosphatides, were discovered to decrease following
the inactivation of AGPS, resulting in a decrease in the cancer
pathogenicity (5,6). In addition, our previous study revealed a
positive correlation between AGPS and the malignant poten-
tial of gliomas (7). Therefore, it was hypothesized that the
overexpression of AGPS may be an important mechanism for
the aggravation of gliomas.

The present study analyzed changes in the expres-
sion profiles of long non-coding RNAs (IncRNAs) and
co-expressed mRNAs in glioma. IncRNAs are RNAs of >200
nucleotides in length, which have no protein-coding ability
due to the lack of a complete open reading frame (8). IncRNAs
have been identified to regulate gene expression via a variety
of biological processes, demonstrating important roles in the
apoptosis, proliferation, invasion and metastasis of cells (9).
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Moreover, mRNAs encode the genetic information for their
corresponding protein (10). In the present study, the full-length
sequence expression data for glioma cells was obtained using
gene chip technology, and IncRNA and mRNA expression
profiles from glioma cells were analyzed. In addition, their
functions were predicted using bioinformatical methods,
which provided a theoretical basis for studying the molecular
mechanisms of the AGPS-induced malignancy, migration and
invasiveness of glioma.

Materials and methods

Cell culture and AGPS short hairpin (sh)RNA lentivirus
infection. U251 cells were obtained from the Cell Resource
Center of the Chinese Academy of Medical Sciences. Cells
were cultured in RPMI-1640 medium (Corning Life Sciences),
supplemented with 10% FBS (Corning Life Sciences), and
maintained in a CO,-controlled incubator at a constant
temperature of 37°C.

For transfection, 2x10° U251 cells were plated into a six-well
plate with 2 ml medium/well the day before transfection and
cultured at 37°C for 24 h to reach 60-80% confluence on the
second day. AGPS shRNA lentiviral particles (shR-AGPS-1
and -2 groups; Santa Cruz Biotechnology, Inc.) or empty
lentiviral particles used as a negative control (control group;
Santa Cruz Biotechnology, Inc.) stably integrated cell lines
were established following infection with 8 yg/ml lentiviruses
of U251 cells using 5 pug/ml polybrene-containing RPMI-1640
medium. After infecting the cells at 37°C for 24 h, the
medium was replaced with 2 ml RPMI-1640 medium without
polybrene, and the cells were further incubated at 37°C for
72 h. Cell morphology was observed under an inverted light
microscope (magnification, x100 and x200).

Monoclonal cell selection. Following infection and further cell
culture for 72 h, 1 mg/ml puromycin (5 ul; Beyotime Institute
of Biotechnology) was added in the RPMI-1640 medium to
the cells at 80% confluence. The RPMI-1640 medium with
puromycin was refreshed every 3 days for 12 days. The cells
in each group were separately diluted in RPMI-1640 medium
via serial dilution to produce a single cell suspension with
a density of 1x10° cells/ml, which were subsequently plated
into the first row of wells in a 96-well plate at 0.2 ml/well.
From those first wells, 0.1 ml cell solution was inoculated into
the second row and the process was then repeated until the
8th row, with the goal of ultimately obtaining wells containing
single cells. Isolated cells were cultured at 37°C for 1 week in
complete medium to obtain monoclonal cell lines.

Cell proliferation assay. In total, 3x10° cells/well were seeded
into a 96-well plate and cultured at 37°C for 24, 48 and 72 h.
Cell proliferation was analyzed using a BrdU cell proliferation
ELISA kit (cat. no. ab126556; Abcam), according to the manu-
facturer's protocol. Briefly, at each time point, 20 ul BrdU
label was added and incubated at 37°C for 12 h. Following
the incubation, the cells were fixed with 3.7% formaldehyde
diluted in PBS at room temperature for 30 min and then
washed three times with PBS. Then, 100 I anti-BrdU mono-
clonal detector antibody (1:2,000; supplied in the BrdU cell
proliferation kit) was incubated with the cells for 1 h at room

temperature. Following the incubation, each well was washed
three times using PBS and 100 ul horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG antibody (1:2,000;
supplied in the BrdU cell proliferation kit) was added and incu-
bated for 30 min at room temperature. The wells were washed
three times with PBS and then, 100 pl 3,3,5',5"-Tetramethyl
benzidine peroxidase substrate was added and incubated for
30 min at room temperature in the dark. Finally, 100 ul stop
solution (supplied in the BrdU cell proliferation kit) was added
and the optical density value was measured every 24 h using
the Multiskan™ Spectrum microplate photometer (Thermo
Fisher Scientific, Inc.) at 450 nm.

Western blotting. The selected stable U251 cell line
(2x10° cells/well) was plated into a six-well plate and after
24 h, total protein was extracted using 300 ul/well RIPA
lysis buffer (Beyotime Institute of Biotechnology). Cells were
gently agitated at 4°C for 30 min and then the cell lysate was
transferred to a 1.5 ml centrifuge tube for centrifugation at
10,000 x g for 10 min at 4°C. Total protein was quantified
using a bicinchoninic acid assay, and 50 ug protein/lane was
separated via 10% SDS-PAGE. The separated proteins were
subsequently transferred onto a PVDF membrane and the
membrane was blocked with 5% milk at room temperature for
2 h. The membrane was cut around the position of the protein
according to the molecular size and then it was incubated
with an anti-AGPS antibody (1:1,000; cat. no. sc-374201;
Santa Cruz Biotechnology, Inc.) or an anti-f3-tubulin antibody
(1:1,000; cat. no. SRP01044; Saierbio, LLC) at 4°C overnight.
Following the primary antibody incubation, the membranes
were washed 4 times for 5 min each with TBS-Tween
(TBST; 0.5% Tween 20) solution and incubated with a
HRP-conjugated goat anti-mouse IgG antibody (1:1,000; cat.
no. SRPGAMOO01; Saierbio, LLC) or an HRP-conjugated
goat anti-rabbit IgG antibody (1:1,000; cat. no. SRPGARO0O01;
Saierbio, LLC) at room temperature for 1.5 h. The membranes
were then washed and shaken in TBST solution 4 times for
5 min each. Total protein was visualized using a Western
Lightning™ chemiluminescent agent (PerkinElmer, Inc.).
The protein expression levels were analyzed using ImageJ
Software v1.52 (National Institutes of Health) and the gray
value for the AGPS band in each sample was normalized to
the corresponding (3-tubulin band. The control group was set
at a standard value of 1 and a histogram was generated to
compare all groups.

Screening to identify differentially expressed IncRNAs and
co-expressed mRNAs. Total RNA was extracted from cells
using the RNAeasy™ Animal RNA Isolation kit according
to the manufacturer's protocol (Beyotime Institute of
Biotechnology), and the QuantiTect Whole Transcriptome kit
(Qiagen China Co., Ltd.) was used for library construction
and amplification according to the manufacturer's protocol.
The GeneChip Scanner 3000 System (Affymetrix; Thermo
Fisher Scientific, Inc.) was used to detect the expression levels
of IncRNA and the profile of co-expressed mRNAs using
the Affymetrix Clariom D array in each group of cells. The
control group and the two experimental groups were compared
to screen differentially expressed IncRNAs and co-expressed
mRNAs. The screening was analyzed using the free online
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Table I. Primer sequences used for the reverse transcrip-
tion-quantitative PCR.

Gene Primer sequence (5'—3")

COLI1A2 F: GTGCGATGACGTGATCTGTGA
R: GTTTCTTGGTCGGTGGGTG
COL6A3 F: TCTGTTCCTCTTTGACGGCT
R: CCACCTTGACATCATCGCTG
THBS1 F: GCTCCAGCTCTACCAATGTCCT
R: TTGTGGCCGATGTAGTTAGTGC
FN1 F: CAGTGGGAGACCTCGAGAA
R: TCCCTCGGAACATCAGAAAC
SPP1 F: TTCTCAGCCAAACGCCGA
R: GGTAGGTACATCTTTAGTGCTGCTT
ITGA11 F: GTATTTGTAGGTTTTTTTGGATTGATTGT
R: ATCCCTATTTAAAATACACACAAAAATTTC
VEGFA F: GAGGGCAGAATCATCACGAAG
R: TGTGCTGTAGGAAGCTCATCTCTC
IGFIR  F: GTGGAGACAGGGGCTTTTATT
R: CTCCAGCCTCCTTAGATCACA
EGFR F: CCTATGTGCAGAGGAATTATGATCTTT
R: CCACTGTGTTGAGGGCAAT
TLN2 F: CTGAGGCTCTTTTCACAGCA
R: CTCATCTCATCTGCCAAGCA
PXN F: GCCCCTCTCAGAGCCTTTTC
R: GCAGCTACTGAGGTCACAGC
AKT3 F: CCACAGGTCGCTACTATGCC
R: ACAGCCCGAAGTCCGTTATC
PIK3CA F: CATCATTTGCTCCAAACTGACCA
R: CCTATGCAATCGGTCTTTGCC

JUN F: AAGTGAAAACCTTGAAAGCTCAG
R: TTAACGTGGTTCATGACTTTCTG
SHC3 F: AAAAAGCTTATGAGTGCCACCAGGAAGA
GCCGG
R: TTGGATCCCGGGGTTTCCTCTCCACTGGTT
FGF2 F: GAGAAGAGCGACCCTCACA

R: TAGCTTTCTGCCCAGGTCC

ANGPT2 F: ACAGCAGAATGCAGTACAGAACCAGACG
R: CAAGTCTCGTGGTCTGATTTAATACTTGG
GCT

CSF3 F: CTGCTCTAGTGGACACACAAATG
R: TTTCTCCGGACTAGGCTTTG
IL7R F: AACCCCGTCTCCACTGAAAA

R: GAGTCTTGCTTTGTTGCCCA

PRKAA2 F: GAAGATCGGACACTACGTGCT

R: AACTGCCACTTTATGGCCTG

F: GGACCAAGTGTGTTTGTTGTTTG

R: CACCCACCCCTTCCTACTCTT

HSP90B1 F: AAATCATTTTCAAAGGAAAGTGATGACCC
R: CATCAAACAGACCACGTGGAGGAG

DDIT4

CREB5 F: ATTGACTCACCACCCTGCTG
R: GCATGAAGGTGGGAATGGGA
TLR3 F: GCTCTGGAAACACGCAAACC
R: CTCGTCAAAGCCGTTGGACT
IL1B F: GGACAGGATATGGAGCAACAAGTGG

R: TTCAACACGCAGGACAGGTACAGAT

Table I. Continued.

Gene Primer sequence (5'—3")
CXCLS8 F: TCAGAGACAGCAGAGCACAC
R: ACACAGTGAGATGGTTCCTTCC
PTGS2 F: ATTGTACCCGGACAGGATTCTATG
R: TTTGGAGTGGGTTTCAGAAATAATT
SDC4 F: ACCAGACGATGAGGATGTAGTG
R: AAGGGATGGACAACTTCAGGG
[B-actin F: CTACAATGAGCTGCGTGTG

R: AAGGAAGGCTGGAAGAGTGC

F, forward; R, reverse.

platform OmicShare tools (Wwww.omicshare.com/tools), and
the criteria were fold-change (IFCl)>1.2, P<0.05 and a false
discovery rate <0.05.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from cells using QIAzol reagent (Qiagen,
Inc.) and reverse transcribed at 50°C for 15 min using the
BeyoFast™ Probe One-Step qRT-PCR kit (Beyotime Institute
of Biotechnology), according to the manufacturer's protocol.
To determine the expression levels of mRNAs, qPCR was
subsequently performed using SYBR Green I dye (Takara
Biotechnology Co., Ltd.) on a 7500 Real-Time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
sequences of the primers used for the qPCR are listed in
Table I. The following thermocycling conditions were used for
the qPCR: Initial denaturation at 95°C for 10 min, followed
by 40 cycles at 95°C for 15 sec and 60°C for 60 sec, and a
final extension step at 72°C for 5 min. The expression levels
of mRNAs were quantified using the 2244 method (11) and
normalized to the internal loading control (3-actin.

Functional prediction of IncRNA and mRNA co-expression.
The mRNAs co-expressed with the IncRNAs were subjected
to functional term enrichment analysis using the Gene
Ontology (GO) resource (http://geneontology.org), func-
tional annotation of the differentially expressed genes and
Venn diagrams were performed using free online platform
OmicShare tools (www.omicshare.com/tools). Signaling
pathway enrichment analysis was also performed on the
co-expressed mRNAs using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (www.genome.jp)
and the signaling pathways associated with the differentially
expressed mRNAs were identified. Subsequently, Degree
values were calculated using the OmicShare tools 3.0, and
pathway networks and global signal transduction networks of
co-expressed IncRNAs and mRNAs in AGPS-silenced U251
cells were constructed using the OmicShare tools with more
connections there were, the higher the Degree. The differ-
entially co-expressed IncRNAs and mRNAs predicted by
GO functional term for biological process (BP) and KEGG
signaling pathway enrichment analysis were used to deter-
mine the function of the unknown IncRNAs. The threshold
of the Degree value was 1.
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Figure 1. Effect of AGPS silencing on the expression levels of AGPS in glioma cells. Western blotting identified significantly downregulated expression levels
of AGPS in AGPS-silenced U251 cells. n=3 "P<0.05 vs. control; "P<0.05 vs. shR-AGPS-1 group. shR, short hairpin RNA; AGPS, alkylglycerone phosphate

synthase.

Statistical analysis. Statistical analysis was performed using
SPSS version 11 software (SPSS, Inc.). Statistical differences
were determined using a one-way ANOVA, followed by a
Tukey's post hoc test for multiple group comparisons. P<0.05
was considered to indicate a statistically significant difference.
A logl0(P-value)>2 was considered to indicate a significant
threshold for GO analysis.

Results

Effect of AGPS shRNA interference on AGPS expression
levels in U251 cells. Two shR-AGPS lentiviral plasmids were
transfected into U251 cells to construct stable AGPS-silenced
U251 cell lines; negative control lentiviruses transfected into
U251 cells were used as the control. In total, two groups
(shR-AGPS-1 and shR-AGPS-2 group) of AGPS-silenced cell
lines were established by monoclonal selection, and the AGPS
expression levels in these shR-AGPS-1 and shR-AGPS-2 groups
were significantly downregulated compared with the control
group (Fig. 1). Furthermore, the expression levels of AGPS
in the shR-AGPS-2 group were significantly downregulated
compared with the shR-AGPS-1 group (Fig. 1).

Effect of AGPS silencing on the morphology of U251 cells.
After silencing the expression levels of AGPS in U251
cells, the proliferation of each group was observed under
a microscope at x100 and x200 magnification. The cell
morphology of the shR-AGPS-1 and shR-AGPS-2 groups
was observed (Fig. 2A). In addition, the proliferative ability
in the shR-AGPS-2 group was significantly decreased
compared with that in the shR-AGPS-1 and control groups
after 48 and 72 h (Fig. 2B).Cluster analysis and regulation
of differentially expressed IncRNAs and mRNAs. In the
heatmap, the identified downregulated IncRNAs (107 for
shR-AGPS-1 vs. control, 231 for shR-AGPS-2 vs. control, and
134 for shR-AGPS-1 vs. shR-AGPS-2) and mRNAs (61 for
shR-AGPS-1 vs. control, 344 for shR-AGPS-2 vs. control,
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Figure 2. Effect of AGPS silencing on the cellular morphology of U251 cells.
(A) Morphological observation under the microscope in AGPS-silenced
U251 cells. Magnification, x100 or x200. (B) BrdU assay results revealed
a significant inhibition over the proliferation of AGPS-silenced U251 cells.
n=10. "P<0.05 shR-2 vs. shR-1, #P<0.05 shR-1 vs. control. shR, short hairpin
RNA; AGPS, alkylglycerone phosphate synthase; OD, optical density.
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Table II. Top 40 differentially expressed IncRNAs in AGPS-silenced human glioma U251 cells.
A, Top 40 differentially expressed IncRNAs in the shR-AGPS-1 vs. control groups
IncRNA Upregulated FC IncRNA Downregulated FC
LINCO00837 1.79 CR604135 1.32
CR626472 1.49 CTC-436K13.3 1.76
ERI3-IT1 148 AK129941 1.64
linc-AKR1B10-2 1.44 MIR548AA2 1.58
AF344193 1.44 linc-FCGR1B-7 1.57
LINCO01079 141 AKO098597 142
XXbac-B33L19.4 141 AF086041 1.40
ENSTO00000551732 1.40 linc-LOC388630-3 1.40
AC008440.10 1.40 linc_luo_384 1.40
linc_luo_541 1.39 linc-SEC23B 1.39
linc-TMEM169-2 1.35 linc-CNTN3-3 1.39
linc-MAGEA1-1 1.35 linc-TEKT4-1 1.39
AF087965 1.34 uc003srb.1 1.38
LOC101928354 1.34 BX641068 1.38
FENDRR 1.34 linc_luo_692 1.36
CR618740 1.33 ucOlledo.1 1.35
linc-ZFP42-2 1.33 LINCO00973 1.34
linc-B4GALT1 1.32 FAM138B 1.34
BC047484 1.31 LUCAT1 1.33
AKO054755 1.29 linc-ERG-8 1.33
B, Top 40 differentially expressed IncRNAs in the shR-AGPS-2 vs. control groups
IncRNA Upregulated FC IncRNA Downregulated FC
LINCO00837 295 CR618823 2.59
FENDRR 221 MIRS548AA2 2.58
linc-U2AF1-1 1.71 LINCO00973 242
CTD-2377D24 .4 1.66 linc_luo_1251 2.11
LOC100506532 1.56 LINC00263 201
FENDRR 1.55 linc-JAK1-1 1.95
CR624806 1.55 BC013423 1.88
AK130416 1.50 linc-COL1A2-2 1.87
linc-ARHGAP11B-2 1.47 linc_luo_1846 1.85
uc004cic.2 1.46 linc-WDR7-7 1.83
AF344193 1.46 AC003092.1 1.82
AF147353 145 uc001tkz.2 1.81
linc-UMODL1-5 1.44 linc_luo_1223 1.79
linc-AKR1B10-2 1.44 AL110176 1.78
linc-SLC16A7-1 142 LUCAT1 1.76
ERI3-IT1 142 CTC-436K13.3 1.76
linc-CDH11-5 142 uc003flo.2 1.7
AL133249.1 14 ucO0lgla.1 1.69
ENST551732 14 FAM138B 1.66
AC008440.10 14 uc003cpd.1 1.65
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Table II. Continued.

C, Top 40 differentially expressed IncRNAs in the shR-AGPS-1 vs. shR-AGPS-2 groups

IncRNA Upregulated FC IncRNA Downregulated FC
FENDRR 1.65 CR618823 1.97
LINC00837 1.65 LINC00973 1.80
CTD-2377D24 4 1.62 BC013423 1.79
linc-U2AF1-1 1.61 LINC00263 1.70
linc-LRRC8D-1 1.53 AL110176 1.69
linc-ACVR2B 1.47 linc_luo_1223 1.64
linc-GPATCH2-4 1.46 MIRS548AA2 1.63
AF147353 1.45 linc-WDR7-7 1.62
linc-FBRSL1-3 1.44 linc_luo_1251 1.61
LINCO1314 1.44 uc002axu.2 1.58
linc-UMODL1-5 144 uc001tkz.2 1.57
linc-SLC16A7-1 142 linc_luo_888 1.53
linc-RREB1-2 142 AX721161 1.53
linc-CDH11-5 142 linc-COL1A2-2 1.53
linc-PELO-3 1.40 linc-PTPRQ-4 1.50
linc-GADD45G-1 1.40 CR598627 1.50
linc-COX4NB-1 1.39 AL833129 1.49
RP11-339N8.1 1.38 uc003hoi.2 1.49
linc-SIPA1L1 1.38 CR626472 1.49
U84508 1.37 uc003cpd.1 1.49

IncRNA, long non-coding RNA; FC, fold change; shR, short hairpin RNA; AGPS, alkylglycerone phosphate synthase.
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shR-AGPS-1

Upregulated mRNAs
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Figure 3. Distribution of differentially expressed IncRNAs and mRNAs identified in AGPS-silenced glioma cells. Heatmap and Venn diagrams of differ-
entially expressed (A) IncRNAs and (B) mRNAs in AGPS-silenced U251 cells. The differential expression of IncRNAs and mRNAs were depicted in the
heatmap. Green represents the downregulated expression of IncRNAs/mRNAs and red represents the upregulated expression of IncRNAs/mRNAs. The Venn
diagrams represent the shared modified genes between groups. n=3. The scale bar indicates the FC, and (IFCI)>1.2 was used as a threshold. shR, short hairpin
RNA; AGPS, alkylglycerone phosphate synthase; IncRNA, long non-coding RNA; FC, fold-change.
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Table III. Top 40 differentially expressed mRNAs in AGPS-silenced human glioma U251 cells.
A, Top 40 differentially expressed mRNAs in the shR-AGPS-1 vs. control groups
mRNA Upregulated FC mRNA Downregulated FC
OR2J2 1.84 CXCL8 2.10
THBS1 1.58 SLC7A11 1.81
KIR2DL5B 1.53 APOH 1.56
LTB 1.50 HMGA2 1.53
PRPS1 142 PSAT1 1.49
HIST1H3I 141 BLID 145
INTS4 135 ZNF404 1.44
RGCC 1.35 SLC38A1 143
MFAP4 1.34 CXCL8 1.43
KRT75 1.33 IGHD3-16 142
UNK 1.32 ZNF404 142
HES1 1.32 C3orfl7 141
NQOI1 1.30 CHML 141
FAIM2 1.30 IGFBP1 1.39
HIST1H4C 1.28 RPE 1.35
KIR3DL2 1.28 OR271 1.32
KRTAPS-3 1.27 SLC7A5 1.32
CCL2 1.27 DST 1.31
HIST2H2AA4 1.26 PDK3 1.30
IGKV2-40 1.26 ASNS 1.30
B, Top 40 differentially expressed mRNAs in the shR-AGPS-2 vs. control groups
mRNA Upregulated FC mRNA Downregulated FC
THBSI1 231 CXCLS8 6.94
PRPS1 1.89 AGPS 4.53
RGCC 1.79 IGFBP1 422
KRT75 1.71 APOH 322
NQO1 1.67 CXCL8 2.70
HIST1H3I 1.67 SLC7A11 2.67
KIR2DL5B 1.63 SLC38A1 245
CNN2 1.61 PTGS2 2.29
PLEKHAG6 1.60 TREM1 2.28
IGKC 1.56 SCD 221
MFAP4 1.56 CHML 2.20
ITGA11 1.55 OGFRLI1 2.16
ORI10P1 1.51 IL7R 2.15
LTB 1.50 IGFBP3 2.12
TRDV1 1.46 SEL1L3 2.09
CCL2 1.46 HMGA2 2.06
DEPTOR 1.46 PSAT1 2.05
NOB1 145 DOCK10 2.03
C1QBP 143 ROSI1 2.03
KRTAP10-10 142 PMAIP1 1.98
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Table III. Continued.

C, Top 40 differentially expressed mRNAs in the shR-AGPS-1 vs. shR-AGPS-2 groups

mRNA Upregulated FC mRNA Downregulated FC
THBS1 1.46 AGPS 3.55
IGHIJ1 143 CXCLS8 3.30
GPR33 1.38 IGFBP1 3.04
IGHD3-16 1.37 OR2J2 220
IGKC 1.34 APOH 2.06
KRTAP19-4 1.34 TREM1 1.90
PLEKHAG6 1.34 SCD 1.90
EN2 1.33 CXCL8 1.89
BTNL2 1.33 IGFBP3 1.87
RGCC 1.33 PTGS2 1.84
PRPS1 1.32 OGFRL1 1.83
OR2Z71 1.32 SLC38A1 1.71
VNI1R4 1.31 SEL1L3 1.70
OR10P1 1.30 STC1 1.70
ATOHS 1.30 ROS1 1.69
CNN2 1.30 IL7R 1.69
IGHV30R16-9 1.30 SLC2A3 1.66
OR51B6 1.30 BDKRBI1 1.65
DEPTOR 1.29 PANK3 1.63
KRT75 1.29 TXNIP 1.62

FC, fold change; shR, short hairpin RNA; AGPS, alkylglycerone phosphate synthase.

and 257 for shR-AGPS-1 vs. shR-AGPS-2) are represented
in green, while the identified upregulated IncRNAs (73 for
shR-AGPS-1 vs. control, 265 for shR-AGPS-2 vs. control,
and 191 for shR-AGPS-1 vs. shR-AGPS-2) and mRNAs
(45 for shR-AGPS-1 vs. control, 138 for shR-AGPS-2 vs.
control, and 69 for shR-AGPS-1 vs. shR-AGPS-2) are
represented in red, in AGPS-silenced and control glioma
cells (Fig. 3A and B). Venn diagrams were used to compare
the differentially regulated IncRNAs and mRNAs in the
control, shR-AGPS-1 and shR-AGPS-2 groups. There were
57 and 79 IncRNAs shared between shR-AGPS-1 vs. control
and shR-AGPS-2 vs. control, 5 and 20 shared between
shR-AGPS-1 vs. control and shR-AGPS-1 vs. shR-AGPS-2,
157 and 119 shared between shR-AGPS-2 vs. control and
shR-AGPS-1 vs. shR-AGPS-2, and 5 and 20 shared among all
three groups for upregulated and downregulated IncRNAs,
respectively; additionally, there were 38 and 52 mRNAs
shared between shR-AGPS-1 vs. control and shR-AGPS-2 vs.
control, 7 and 32 shared between shR-AGPS-1 vs. control and
shR-AGPS-1 vs. shR-AGPS-2, 52 and 254 shared between
shR-AGPS-2 vs. control and shR-AGPS-1 vs. shR-AGPS-2,
and 7 and 32 shared among all three groups for upregulated
and downregulated mRNAs, respectively (Fig. 3A and B). The
top 40 differentially expressed IncRNAs and mRNAs, such as
FOXFI1 adjacent non-coding developmental regulatory RNA
(FENDRR) and OR2J2 (which were upregulated compared
with the control group), are presented in Tables II and III.
RNAs with a (IFCl)>1.2 were upregulated or downregulated.

Functional prediction based on IncRNA and mRNA
co-expression. According to the KEGG biological func-
tion analysis, the biological functions that were significantly
enriched by differentially expressed genes were mainly
involved in ‘Human Diseases’, ‘Environmental Information
Processing’ and ‘Organismal Systems’ in biological systems.
The biological functions that were significantly enriched
by differential gene analysis were mainly involved in the
‘Infectious diseases’, Signal transduction’ and ‘Immune
system’ in cellular functions (Fig. 4A).

The co-expressed mRNAs identified in the present study
were subjected to signaling pathway enrichment analysis
by KEGG. It was identified that significantly enriched
signaling pathways for the co-expressed mRNAs included
the ‘AGE-RAGE signaling pathway in diabetic complica-
tions’, ‘Rheumatoid arthritis’, “TNF signaling pathway’,
‘Protein processing in endoplasmic reticulum’ and ‘Malaria’
(Fig. 4B).

GO enrichment BP analysis of the co-expressed IncRNAs
and mRNA s indicated that the BPs of these two regulated types
of RNA were associated with ‘Cellular response to hypoxia’,
‘Extracellular matrix organization’ and ‘PERK-mediated
unfolded protein response’ (Fig. 4C); these functions are
known to mediate protein responses, cell adhesion and the
positive regulation of angiogenesis (12-14).

Construction of a signal transduction and pathway network
from the co-expressed IncRNAs and mRNAs. Based on the
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Figure 4. Functional prediction based on long non-coding RNA and mRNA co-expression in AGPS-silenced U251 cells. (A) Classification of KEGG biological
functions analysis in AGPS-silenced glioma cells in Biological systems and Cellular functions. (B) Top 20 signaling pathways identified using KEGG signaling
pathway enrichment analysis of AGPS-silenced U251 cells. (C) Top 20 biological process terms identified using GO enrichment analysis of AGPS-silenced
U251 cells. AGPS, alkylglycerone phosphate synthase; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.
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Figure 5. Signaling transduction and pathway network of co-expressed IncRNAs and mRNAs in AGPS-silenced U251 cells. (A) Pathway network of co-expressed
IncRNAs and mRNAs in AGPS-silenced U251 cells. (B) Global signal transduction network of co-expressed IncRNAs and mRNAs in AGPS-silenced U251
cells. The nodes represent signaling pathways, IncRNAs and mRNAs and the arrows (or edges) represent the interaction/regulation between nodes. Ex, expres-
sion; pho, phosphorylation; a, activation; ind(e), indirect effect; b(a), binding/association; ubi, ubiquitination; dep, dephosphorylation; ¢, compound; s(c), state
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Table I'V. Pathway networks in alkylglycerone phosphate synthase-silenced human glioma U251 cells.

Pathway name Degree Indegree Outdegree
PI3K-Akt signaling pathway 19 12

Toll-like receptor signaling pathway 17

Complement and coagulation cascades 10

Focal adhesion

VEGF signaling pathway

HIF-1 signaling pathway

mTOR signaling pathway

NF-kappa B signaling pathway
Proteoglycans in cancer

Central carbon metabolism in cancer
Graft-versus-host disease

Antigen processing and presentation
Herpes simplex infection
Cytokine-cytokine receptor interaction
Amoebiasis

Insulin resistance

TNF signaling pathway

Renal cell carcinoma

Cell adhesion molecules

FoxO signaling pathway

Malaria

NOD-like receptor signaling pathway
p53 signaling pathway

Legionellosis

Pertussis

HTLV-I infection

ECM-receptor interaction

Influenza A

Leishmaniasis

Bladder cancer

Chagas disease (American trypanosomiasis)
Rheumatoid arthritis

AGE-RAGE signaling pathway in diabetic complications
Circadian rhythm

Glucagon signaling pathway
Staphylococcus aureus infection
Estrogen signaling pathway

—_ = = = NN NN NN WWWWW W WA, DD OUONO DO
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—_
OOO»—‘OOOOOO'—‘OOOWHONOHHOO-&O#OHO-&UIUJO\U]O;

signal transduction pathway interactions identified by KEGG
signaling pathway enrichment analysis, a signaling pathway
network was constructed using the OmicShare tools. The
network consisted of 37 nodes and 158 connections. Amongst
the most connected nodes identified was the PI3K-Akt
signaling pathway, the Toll-like receptor signaling pathway,
the complement and coagulation cascades, focal adhesion
and the vascular endothelial growth factor (VEGF) signaling
pathway (Fig. 5A). The analysis of the mRNAs corresponding
to the signaling pathway action network was used to construct
a global signal transduction network based on the interaction
between genes, proteins and compounds, and to further obtain a
network of interactions between mRNAs using the OmicShare

tools. The network consisted of 75 nodes and 164 connections.
The epidermal growth factor receptor (EGFR), integrin a-11
(ITGA11) and insulin-like growth factor 1 receptor (IGF1R)
were the central sites in the pathway network (Fig. 5B).

Pathway network in AGPS-silenced human glioma cells. The
pathway network in AGPS-silenced U251 cells is presented in
Table IV. To further assess the expression levels and regula-
tory effect of AGPS on the pathway networks in human
glioma cells, the mRNAs of important genes in the PI3K/Akt,
Toll-like receptor, focal adhesion and VEGF signaling path-
ways were analyzed using RT-qPCR. Compared with the
control cells, significantly upregulated expression levels of
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thrombospondin-1 (THBSI) and ITGAL11, and significantly
downregulated expression levels of secreted phosphoprotein
1 (SPP1), VEGFA, EGFR, interleukin-7 receptor subunit a
(IL7R), interleukin-8 (CXCLS), prostaglandin G/H synthase
2 (PTGS2) and syndecan-4 (SDC4), were identified in the
shR-AGPS-transfected cells (Fig. 6).

IncRNA regulation pathway network. A IncRNA regula-
tory network was constructed using the OmicShare tools.
Moreover, 979 connections were identified between the
nodes. The Degree of the IncRNA and its target pathway was
calculated by OmicShare tools 3.0 according to the connec-
tion around the IncRNA and its target pathway, and the more
connections there were, the higher the Degree. Table V shows
that the IncRNA with the highest Degree was AK093732. To
analyze the importance of each pathway in the network, it was
identified that the core signal transduction pathway regulated
by differentially expressed IncRNAs was cytokine-cytokine
receptor interaction (Fig. 7). The top 20 IncRNA-target
pathway networks in AGPS-silenced U251 cells are presented
in Table V.

Discussion

AGPS is an enzyme that converts acylglycerol-3-phosphate
to alkylglycerol-3-phosphate, which is a necessary step to
generate all ether lipids (4). Cancer cells are known to metabo-
lize lipids in a manner that is different from normal cells (15).
In addition, the content of ether lipids in tumors has been
discovered to be higher compared with healthy tissues (16).
Moreover, the levels of ether lipids in malignant tumors were
found to be increased compared with non-invasive tumors,
and AGPS expression levels were also observed to be different
in cancer cells (5-7). Tumorigenicity is known to be caused
by invasive cancer cells (17), which is consistent with the
present findings. In the present study, it was identified that,
compared with the control group, AGPS silencing suppressed
the proliferation of U251 cells.

The effect of AGPS on the pathway network was analyzed
in human glioma cells by sequencing and bioinformatics
analysis, and it was discovered that AGPS silencing regulated
tumor-related signaling pathways, such as the PI3K/Akt,
Toll-like receptor, focal adhesion and VEGF signaling path-
ways. These aforementioned results were further validated by
RT-qPCR, where significantly upregulated expression levels
of THBSI and ITGA11, and downregulated expression levels
of SPP1, VEGFA, EGFR, IL7R, CXCLS8, PTGS2 and SDC4,
were all identified; all of these are crucial genes involved in
the aforementioned signaling pathways, and have been found to
serve roles in tumor metastasis and angiogenesis (18-23).

IncRNAs were once considered to be a noisy byproduct
of the transcription process (24). However, previous studies
have reported that IncRNAs serve an important role at the
RNA level in regulating cell proliferation, differentiation, the
maintenance of pluripotent stem cells and cancer pathogen-
esis (25,26). The present study aimed to identify the IncRNAs
associated with glioma, and subsequently used bioinformatics
to analyze the biological functions and signal transduction
pathways involved in the regulation of the IncRNAs identified.
Furthermore, a regulatory network of IncRNAs in relation

Table V. Top 20 IncRNA-target pathway networks in alkylg-
lycerone phosphate synthase-silenced U251 cells.

A, Pathway Degree
Cytokine-cytokine receptor interaction 49
PI3K-Akt signaling pathway 45
Cell adhesion molecules (CAMs) 40
AGE-RAGE signaling pathway 36
p53 signaling pathway 36
Rheumatoid arthritis 36
NF-kappa B signaling pathway 34
Herpes simplex infection 33
Malaria 33
TNF signaling pathway 30
Glucagon signaling pathway 29
Focal adhesion 28
HTLV-I infection 28
Influenza A 27
Bladder cancer 26
Chagas disease (American trypanosomiasis) 26
Central carbon metabolism in cancer 25
Toll-like receptor signaling pathway 24
HIF-1 signaling pathway 22
Leishmaniasis 22
B, IncRNA Degree
AK093732 34
LINCO01384 27
FENDRR 25
uc011bsz.1 25
linc-PTPRN2 24
linc-U2AF1-1 24
RP11-221N13.3 24
BC042023 23
BC043357 23
linc_luo_1251 23
linc_luo_35 23
linc_luo_1223 22
LINCO00973 22
linc-ANKRD20A1-20 22
linc-NBPF15-1 22
uc003flo.2 22
linc-ANKRD20A1-14 21
linc-DUSP10-7 21
linc-FOXB2-3 21
linc-WISP3-2 21

IncRNA, long non-coding RNA.

to signal transduction pathways was constructed to identify
IncRNAs in a pivotal position. For example, FENDRR is an
endothelial cell gene critical for vascular development, and
it was previously reported that FENDRR overexpression
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Figure 7. IncRNA target pathway network in AGPS-silenced U251 cells. The

regulatory core pathways of differential IncRNAs were identified using a

IncRNA-gene-pathway network, indicating the association between IncRNAs and pathways in AGPS-silenced glioma U251 cells. Red represents the higher
Degree values, blue represents the lower Degree values and purple represents the middle Degree values. AGPS, alkylglycerone phosphate synthase; IncRNA,

long non-coding RNA.

promoted the apoptosis of human brain microvascular endo-
thelial cells (27). Other previous studies have also reported that
FENDRR served an important regulatory role in numerous
types of malignant tumor, such as human lung, colon, breast
and liver cancer (28-30). For example, FENDRR reduced
the stem cell characteristics of non-small cell lung cancer
by inhibiting the ELAV-like protein 1/P-glycoprotein axis;
and FENDRR was also discovered to inhibit Sox4 protein
expression, which slowed the progression of colon cancer (31).
However, to the best of our knowledge, there has been no
previous research conducted on the role of FENDRR in
glioma. In the present study, the expression levels of FENDRR
in the AGPS-silenced groups were significantly upregulated
compared with the control group, indicating that the expres-
sion levels of FENDRR may be negatively associated with the
degree of glioma malignancy. However, the role of FENDRR
in glioma cells and its related mechanisms requires further
investigation.

It has been revealed that the expression levels of the
IncRNA-PTPRN?2 in the brains of mice treated with a neuro-
protective preparation of trans-resveratrol were significantly
downregulated compared with mice fed the standard diet (32).

Notably, a previous study suggested that the IncRNA-PTPRN2,
which had a pivotal position in the pathway regulatory
network, may be involved in the regulation of cell adhesion
molecules by regulating the expression levels of intercellular
adhesion molecule-1 and signal transduction pathways, such as
advanced glycation end products/receptor for advanced glyco-
sylation end products, NF-xB and tumor necrosis factor (33).
It was reported that also found that IncRNA AK093732 was
an important site and highest Degree. In a previous study,
IncRNA AK093732 was increased in laryngeal squamous cell
carcinoma and considered a potential biomarker (34). However,
further research is required to identify the regulatory mecha-
nisms of PTPRN2 and AK(093732 in these signaling pathways.
In conclusion, the present study analyzed the association
and role of AGPS with the expression levels of IncRNAs and
mRNAs in glioma. It was discovered that the identified differ-
entially expressed IncRNAs and co-expressed mRNAs may
serve important biological roles in the development, progres-
sion and metastasis of gliomas. Furthermore, the pathway
networks identified also provide a reference and direction for
further studies into the regulatory mechanisms of important
IncRNAs in glioma and their associated signaling pathways.
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