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Abstract
Background/Aims: With advances in RNA-sequencing (RNA-seq), exploring the expression 
and transcripts of different classes of genes are now possible. Our purpose was to analyse to 
the long non-coding RNAs (lncRNAs) in mouse brain microvascular endothelial cells (bEnd.3) 
after oxygen-glucose deprivation/re-oxygenation (OGD/R). Methods: RNA-seq was employed 
to explore the expression of lncRNAs, and quantitative real-time PCR (qRT-PCR) was used to 
identify the results of RNA-seq. Furthermore, the biological functions of the lncRNAs were 
identified by cell viability, wound healing, transwell, tube formation and immunofluorescent 
staining assays. Finally, the molecular mechanisms involving the differentially expressed 
lncRNAs were further explored by bioinformatics and Western blotting (WB). Results: In 
total, 2710 lncRNAs were found, 33 of which were significantly differentially expressed, with 
18 upregulated lncRNAs and 15 downregulated lncRNAs in brain microvascular endothelial 
cells following OGD/R. Among the dysregulated genes, G protein-coupled receptor 
137b-pseudogene (Gpr137b-ps), predicted gene 32856 (Gm32856), small nucleolar RNA 
host gene 17 (snhg17), chaperonin containing Tcp1 and subunit 6a (Cct6a) were significantly 
upregulated lncRNAs; this finding was further validated using qRT-PCR. Moreover, Gene 
Ontology (GO) and Kyoto Encyclopaedia of Genes (KEGG) pathway analyses were employed 
to decipher the potential target genes and signaling pathways of the differentially expressed 
lncRNAs. Finally, we selected pseudogene-expressed lncRNA Gpr137b-ps as a candidate gene, 
and report for the first time that pseudogenes can mediate angiogenesis and their potential 
target genes, namely, 15-lipoxygenase1 (15-LOX1), Signal Transducer and Activator of 
Transcription 3 (STAT3) and vascular endothelial growth factor (VEGF). Conclusion: Therefore, 
our study revealed that Gpr137b-ps plays critical roles in the process of angiogenesis, 
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suggesting avenues for the development of future therapeutic strategies that contribute to 
promoting angiogenesis following I/R.

Introduction

Despite advances in clinical and pharmacological interventions, stroke continues 
to be the second leading cause of mortality worldwide and a major cause of permanent 
disability in adults in most countries [1]. Increasing numbers of studies have demonstrated 
that angiogenesis is vital to the post-ischemia response and recovery following stroke 
[2]. Therefore, therapeutic angiogenesis is a promising strategy for augmenting vessel 
regeneration in ischemic tissues and organs [3]. However, the molecular and cellular 
mechanisms responsible for angiogenesis following stroke are complex and are not fully 
understood. Therefore, proangiogenic therapy promoting the recovery of the ischemic 
brain is still a substantial clinical challenge [4]. Thus, we continue to explore the complex 
mechanisms of stroke development and seek to discover novel therapeutic strategies for 
the promotion of cerebrovascular endothelial cell proliferation and differentiation and 
the formation of vascular nodules [5], which may facilitate angiogenesis and the recovery 
following cerebral ischemic injury.

With the emergence of high-throughput sequencing technologies, it has been found that 
greater than 98% of the mammalian genome transcribes into non-coding RNAs (ncRNAs) 
[6]. Among these non-coding segments are genomic loci called pseudogenes, which are a 
subclass of lncRNAs that have arisen from protein-coding genes [7]. It has been reported that 
pseudogenes have more than 90% sequence homology with protein-coding genes located on 
different chromosomes [8]. Although pseudogenes were considered nonfunctional genomic 
fossils when they were discovered in 1977 [9], recently, increasing numbers of studies have 
shown multilayered biological functions of some pseudogenes in multiple cellular processes 

[10], especially in human diseases, including the development and progression of cancer 
[11-14]. For instance, the pseudogene-expressed lncRNAs SUMO1P3 and POU5F1B were 
reported to be amplified and expressed at high levels in gastric cancer, and their expression 
levels are significantly associated with cell differentiation, proliferation, migration and 
invasion [15-17]. However, no attempts to determine whether pseudogenes exert any effects 
on angiogenesis after stroke have been reported.

In this study, Gpr137b-ps was found for the first time to be a pseudogene-expressed 
lncRNA. It is aberrantly expressed in mouse brain microvascular ECs after OGD/R, and 
transfection with Gpr137b-ps resulted in reduced cell proliferation, migration, tube 
formation and microvessel density. Therefore, our novel results indicate that pseudogenes 
are significantly upregulated in ECs after OGD/R treatment, and show that the upregulation 
of Gpr137b-ps mainly acts on ECs to promote angiogenesis in vitro.

Materials and Methods

Experimental protocol
Cultured mice brain microvascular endothelial cells (bEnd.3) were divided into the following two 

groups: the OGD/R group and the control group. Hypoxia can promote angiogenesis, which was identified 
by the cell survival, cell migration, transwell, tube formation and immunofluorescent staining assays. 
Subsequently, six samples (n=3/group) were used to explore the gene transcripts by RNA-seq. Next, the 
gene transcripts obtained from RNA-seq were analysed by bioinformatics. Finally, candidate lncRNAs were 
selected for subsequent studies. The experimental protocol is shown in Fig. 1.

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG
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Brain microvascular endothelial 
cell cultures
The bEnd.3 cell line was 

purchased from Cell Bank (Shanghai, 
China) and incubated in Dulbecco’s 
modified Eagle’s medium (Corning, 
New York, USA) supplemented 
with 10% fetal bovine serum (FBS, 
CellMax, Australia) and antibiotics 
(100 U/ml penicillin and 100 μg/ml 
streptomycin) (Beyotime, Beijing, 
China) at 37 °C in a humidified 
incubator with 5% CO2.

Oxygen-glucose deprivation/
reoxygenation
To generate a model of 

cerebral ischemia/reperfusion 
in vitro, endothelial cells (ECs) 
were treated with OGD/R, which 
is a well-established method of 
studying the pathological processes 
of ischemia. First, ECs were rinsed 
with phosphate buffered saline 
(PBS, Solarbio, Beijing, China). Then, 
the ECs were cultured in glucose-
free DMEM (Gibco, New York, USA) 
without FBS in a hypoxic incubator 
(95% N2, 5% CO2) at 37 °C for 10 h. Next, the cells were allowed to re-oxygenate in absolute culture 
medium under normoxic conditions (95% air, 5% CO2) to finish re-oxygenation. Additionally, some ECs 
were incubated under normoxic conditions and served as the control group. The concentration of O2 was 
managed by gas monitoring (Smart Sensor, Hong Kong, China).

Cell viability assay
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium (MTT, Beyotime, Beijing, China) was employed 

to analyse endothelial cell viability. In total, 1×104 cells were incubated in 96-well plates and added to culture 
medium with 10 μl of 5 mg/ml MTT reagent at 37 °C for 4 h under normal growth conditions. Then, the 
cells were lysed to dissolve formazan crystals at room temperature by adding 100 μl of dimethyl sulfoxide 
(DMSO, Solarbio, Beijing, China) for 10 min. Finally, the viable cells were quantified by measuring the optical 
density (OD) values at 490 nm in a universal enzyme system (Bio-Rad, Shimadzu, Japan). The cell viability= 
(OD value in OGD/R - OD value in blank)/(OD value in control - OD value in blank)×100%.

Wound healing assay
A scratch assay was employed to assess the capacity for migration of the ECs after OGD/R. A six-well 

plate was divided with a marker pen approximately every 0.5-1.0 cm, with at least five lines through every 
well. In total, 3×105 cells per well were incubated in a six-well plate and grown to confluence overnight. 
Across this confluence monolayer, a single scarification was generated perpendicular to the five lines with 
a sterile 200-μl pipette tip. Then, the medium was refreshed in a 5% CO2, 95% N2 37 °C incubator, and 
normoxic conditions were used as a control. It is worth noting that the medium lacks FBS culture to avoid 
the influence of cell proliferation. The scratch healing was imaged, and the percent of area the cells occupied 
was analysed using ImageJ software.

Fig. 1. Summary of experimental protocols.
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Transwell experiments
A transwell assay was also performed to analyse the capacity for migration of the ECs after OGD/R 

using transwells with 8-μm porous filters (Corning, NY, USA). In total, 5×104 cells that had experienced 
a hypoxic stimulus were added to the upper chamber with glucose-free DMEM without FBS, and 200 μl 
of absolute medium was added to the lower chamber. After incubation at 37 °C and 5% CO2 for 24 h, the 
migrated cells were visualized on the lower surface of the membrane by staining with crystal violet and 
counted (Sigma, China). The average number of migrated cells in different fields is presented in a bar 
diagram (10× magnification).

Tube formation assay
The capillary network formation ability of brain microvascular ECs was analysed by a tube formation 

assay following OGD/R. Matrigel (BD, New York, USA) was prepared at 4 °C overnight, and 30 μl of Matrigel 
was used to coat a 96-well plate. The Matrigel was allowed to solidify for 60 min at 37 °C, and then ECs that 
had undergone an OGD/R treatment or a control treatment were added to the 96-well plate at 1-1.5×104 cells 
per well in culture medium with 5% FBS. The numbers of tube loops in the capillary network were counted 
to estimate in vitro angiogenesis. The mean number of tube loops from five visual fields are represented in 
a bar diagram (× 100).

Immunofluorescent staining analysis
Cultured bEnd.3 cells subjected to OGD/R or the control treatment were fixed with 4% paraformaldyde 

for 20 min and then incubated with 1% TritionX-100 solution (Solarbio, Beijing, China) for 10 min. Then, the 
cells were rinsed with PBS for 5 min. The cells were incubated with goat serum at 37 °C for 60 min to block 
nonspecific binding sites. Anti-CD31 primary antibody solution (1:100, ab222785, Abcam, Cambridge, MA, 
USA) was added to the cells, and they were incubated at 4 °C overnight. Each section was washed with 
PBST (PBS with 0.05% Tween 20) for 5 min and incubated with Cy3 goat anti-rabbit IgG (H+L) secondary 
antibody (1:100, ABclone, Boston, USA) at 37 °C for 2 h the following day. PBS was used instead of the 
primary antibody as a control to confirm the specificity of the antibody. Anti-fade DAPI solution was added 
to the plate. The cells were imaged using a confocal microscope (Nikon, Tokyo, Japan). Finally, the images 
were analysed using ImageJ software and analysed with Photoshop.

Library preparation and RNA sequencing
In total, 3μg of RNA per sample was used as input material for the RNA sample preparation. First, 

ribosomal RNA (rRNA) was removed with an Epicentre Ribo-zero kit (Epicentre, Madison, USA). 
Subsequently, the rRNA-depleted RNA was prepared to generate sequencing libraries by the Illumina 
system (NEB, Ipswich, USA). The library quality was assessed on the Agilent Bioanalyzer 2100 system. The 
sequenced reads were 150-200 bp and were mapped using TopHat, with 2 mismatches allowed. The index 
of the reference genome was built using bowtie2 (v2.2.28), and paired-end clean reads were aligned to the 
reference genome using HISAT2 (v2.0.4) [18]. FPKM distribution values were calculated for the expression 
levels of each transcript by Cuffdiff (v2.1.1) [19]. Biological repetition is necessary for technique, and high-
throughput sequencing technology is no exception [20]. The reliability and reasonability of the results were 
evaluated by Pearson’s correlation. The Pearson’s correlation value determined for each pair of replicates 
needed to be at least 0.8.

Coding potential analysis and conservative analysis
Currently, there are four tools for coding potential analysis, including the Coding-Non-Coding-Index 

(CNCI) (v2), the Coding Potential Calculator (CPC) (0.9-r2), Pfam Scan (v1.3) and phylogenetic codon 
substitution frequency (PhyloCSF) (v20121028) [21-24]. In our study, transcripts with coding potential 
that conformed to either/all of the above four tools were removed, and the remaining transcripts without 
coding potential were selected as our candidate set of lncRNAs.
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Differential expression analysis
Cuffdiff (v2.1.1) was used to calculate the number of fragments per kilobase million (FPKMs) of both 

the lncRNAs and the coding genes in each sample. Gene FPKMs were computed by summing the FPKMs of 
the transcripts in each group [25]. Statistical analyses are provided by Cuffdiff to determine differential 
expression in digital transcript or gene expression data using a model based on the negative binomial 
distribution [25]. A P-adjusted <0.05 for transcripts or genes indicated differential expression.

GO and KEGG enrichment analysis
Gene Ontology (GO) enrichment analysis was performed to elucidate the biological implications of 

the differentially expressed genes. Additionally, differentially expressed genes or their target genes were 
evaluated by the GOseq R package, in which the gene length bias was corrected [26]. GO terms with corrected 
p values less than 0.05 were considered significantly enriched in the differentially expressed genes. The 
Kyoto Encyclopedia of Genes and Genomes (KEGG) is a database resource for understanding high-level 
functions and utilities of the biological system [27], such as the cell, the organism and the ecosystem, from 
molecular information, especially large-scale molecular datasets generated by genome sequencing and 
other high-throughput experimental technologies (http://www.genome.jp/kegg/). The KEGG database was 
also used to determine the significant pathways involving the differentially expressed genes (DEGs). Finally, 
we used KOBAS software to test the statistical enrichment of differentially expressed genes or lncRNA target 
genes in the KEGG pathways [28].

PPI analysis
Protein-protein interaction (PPI) analysis of DEGs was conducted with the STRING database, which 

contains the known and predicted PPIs. The networks of the related genes were constructed using Cytoscape 
(version 3.5.1). In each network, the circular nodes represented significantly expressed mRNAs; the black 
lines showed the PPIs.

Quantitative real-time polymerase chain reaction analysis
Total RNA was extracted from different groups using the TRIzol reagent (Invitrogen, California, USA) 

according to the manufacturer’s instructions. Reverse transcription was performed with a cDNA Reverse 
Transcription kit (Roche, Indianapolis, USA). Subsequently, the reverse transcription products were 
quantified using FastStart SYBR Green PCR Master Mix (Roche, Indianapolis, USA) in a 10-μl reaction volume 
with a Bio-Rad CFX96 Detection System (Bio-Rad, Shimadzu, Japan). Each sample was run in triplicate, and 
the analysis of the relative gene expression level was performed with β-actin as the reference using the 2-ΔΔCT 

method. The sequences of the specific primers used in our experiment are shown in Table 1.

Table 1. Sequences of primers

5’ to 3’

β
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The model of middle cerebral artery occlusion
Mice were anesthetized with 1.5% isoflurane in 30% oxygen with a face mask. A 2-cm length of 7-0 

rounded silicone-rubber-coated monofilament (L3600, Jialing, Guangzhou, China) was introduced into the 
right middle cerebral artery [29]. Sham group animals were subjected to similar operations, exposing the 
internal carotid artery without the occlusion of the middle cerebral artery. After 60 min, the filament was 
removed to allow reperfusion for 48 h. The animal experiments were performed in compliance with Animal 
Research: Reporting in vivo Experiments (ARRIVE) guidelines.

Cell transfection
To generate a lentivirus expressing shGpr137b-ps and a non-targeting Gpr137b-ps shRNA, brain 

microvascular endothelial cells were cultured in a 6-well plate for 12 h. Then, the culture medium was 
centrifuged to collect the lentiviruses. The obtained viral supernatant was added to a new culture plate that 
was incubated with fresh culture medium as well as 1μl of polybrene. Importantly, the new culture dish 
contained cells at no more than 60% confluence. The culture medium was changed on the following day. 
After 48 h of culturing, the cells were screened with puromycin (Thermo Fisher, Shanghai, China) through 
the observation of fluorescence intensity. The cells were harvested: some were frozen and the rest were 
used for the subsequent experiments.

Western blotting analysis
Cells were homogenized in lysis buffers (Solarbio, Beijing, China) with a phosphorylation inhibitor 

(Roche, Indianapolis, USA). The total protein concentration of each sample was measured with a 
bicinchoninic acid (BCA) kit (Beyotime, Shanghai, China). Equivalent amounts of protein were separated 
via 8%-10% SDS polyacrylamide gel electrophoresis (SDS-PAGE), and the resolved protein bands were 
transferred onto a pretreated polyvinylidene fluoride (PVDF, Thermo Fisher, Shanghai, China) membrane. 
The PVDF membranes were incubated with specific primary antibodies (1:1000) at 4 °C overnight after 
blocking in skim milk. Following incubation, the membranes were then washed and incubated with 
goat anti-rabbit IgG and goat anti-mouse IgG secondary antibodies (diluted at 1:5000, ABclone, Boston, 
USA) at room temperature for 1 h. Finally, the immunoreactive bands were detected using an enhanced 
chemiluminescence reagent (ECL) kit (Vazyme, Nanjing, China). The band intensity of each band area was 
quantified using ImageJ.

Statistical Analysis
All data are expressed as the mean ± standard error (SEM). Student’s unpaired t-test or one-way 

ANOVA was used for all pairwise comparisons. The statistical analysis was performed with GraphPad Prism 
version 5.5 for Windows (GraphPad Software, San Diego, CA, USA). A p-value less than 0.05 was considered 
statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001).

Results

OGD/R stimulation can promote EC proliferation, migration, and tube formation and 
increased microvessel density
Mice brain microvascular endothelial cells were cultured to confluence and then 

subjected to OGD for 10 h. Subsequently, the cells were cultured with re-oxygenation for 
48 h. The results revealed that compared with the control treatment, hypoxic insults could 
induce a highly significant increase in endothelial cell survival as revealed by the MTT 
analysis (Fig. 2A). Moreover, the functional analyses of ECs following OGD/R, including the 
migration assay (Fig. 2B, 2C), transwell (Fig. 2D and 2E), tube formation assay (Fig. 2F and 
2G) and CD31 positive microvascular endothelial cell count by immunofluorescence (Fig. 2H 
and 2I), were also significantly greater following OGD/R than the control treatment.
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Fig. 2. The survival rate, migration and neovascularization of brain microvascular endothelial cells in the 
OGD/R group and control group. (A) Cell viability was higher in the control group than in the OGD/R group 
at 0 h; after 48 h of re-oxygenation, cell viability was higher in the OGD/R group than in the control group 
(* p <0.05 vs. control). (B) Scratch-wound assay in OGD/R cells compared with control endothelial cells; (C) 
Statistical analysis of the difference in migration capacity between the OGD/R and control groups (* p <0.05 
vs. control). (D) Representative images of transwells in the control group and OGD/R group; (E) Statistical 
analysis of the number of migrated cells in the two groups. (* p <0.05 vs. control). (F) Tube formation assay 
in the OGD/R group and control group; (G) Statistical analysis of the number of meshes from two groups 
(* p <0.05, ** p <0.01, *** p <0.001 vs. control). (H) Representative immunofluorescence staining of the 
control and OGD/R groups revealed by laser confocal microscopy, scale bar = 50 μm. (I) Statistical analysis 
comparing angiogenesis between the control and OGD/R groups (* p <0.05, ** p <0.01, *** p <0.001 vs. 
control). All results are presented as the mean ± SEM.
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Identification of lncRNA transcriptomes in brain microvascular endothelial cells after 
OGD/R
To determine the lncRNA transcriptomes in brain microvascular ECs treated with 

OGD/R and the control, we used RNA-seq technology on total RNA extracted from the control 
and OGD/R with three independent biological samples per group. In total, 85.68% of the 
generated reads from RNA-seq were mapped to the mouse reference genome. Before the 
lncRNA transcriptome data were analysed, the reliability and reasonability of the samples 
were tested by Pearson’s correlation. Pearson’s correlation value was more than 0.8 for each 

Fig. 3. The evaluation of samples and filtration of lncRNAs. (A) Pearson’s correlation coefficient was more 
than 0.8 for each pair. (B) The box plots of FPKM distribution in each group, indicating no significant 
differences between the control and OGD/R groups. (C) The transcripts from five steps of filtration are 
shown. (D) The results regarding the non-coding RNAs exhibited in a Venn diagram. The sum of the numbers 
in each large circle represents the total number of non-coding transcripts identified by the particular 
software, and the overlapping part of the circle represents the common non-coding transcripts between the 
different types of software.

Figure 3 
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pair (Fig. 3A). Furthermore, differences were not found in the FPKM values of each sample 
(Fig. 3B). Subsequently, the filtration of lncRNAs conformed to a series of criteria based on 
the analysis of cufflinks and scripture according to the characteristics of the lncRNAs. The 
numbers of transcripts after five steps of filtration are shown (Fig. 3C), and the fifth step 
was the coding potential analysis, which was conducted with four common tools, namely the 
CNCI, CPC, Pfam Scan and PhyloCSF. The transcripts with coding potential were eliminated by 
any or all of the four tools, and remaining non-coding transcripts were selected as potential 
lncRNAs, as exhibited in the Venn diagram (Fig. 3D). The sum of the numbers in each large 
circle represents the total number of non-coding transcripts identified by the software, and 

Table 2. Classification of transcriptome

 

Fig. 4. Differentially expressed lncRNAs were exhibited by volcanoplot and clustering analysis. (A) A 
volcano plot of the differentially expressed lncRNAs between the control and OGD/R groups. (B) Heatmap 
and hierarchical clustering analyses of the 33 differentially expressed lncRNAs. The expression values are 
represented in shades of red and blue, indicating expression above and below the median value, respectively, 
across all samples.
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the overlapping part of the circle represents the common non-coding transcripts between 
the different types of software.

In this study, 59067 transcripts were identified, and these transcripts were divided 
into protein-coding and non-coding RNAs by the protein-coding potential tools. Among 
them, 55301 were identified as protein-coding transcripts, and 2710 were identified as 
lncRNAs with limited protein-coding potential. Moreover, among the 2710 lncRNAs, 1306 
were identified as annotated lncRNAs, and 1404 were classified as novel lncRNAs (Table 
2). Significantly differentially expressed lncRNAs were analysed by Cuffdiff bioinformatics 
analysis. Finally, we found that 33 significantly differentially expressed lncRNAs, with 18 
upregulated lncRNAs (17 annotated and 1 non-annotated) and 15 downregulated lncRNAs 
(11 annotated and 4 non-annotated), as shown by the volcanoplot (Fig. 4A). The most highly 
upregulated annotated lncRNAs were Gpr137b-ps, Gm32856, Cct6a and snhg17. The most 
highly downregulated annotated lncRNAs were Brioplos and Gm42890. These differentially 
expressed lncRNAs were identified by hierarchical clustering analysis (Fig. 4B).

Validation of differentially expressed lncRNAs in brain microvascular endothelial cells 
following OGD/R
To verify the findings of the RNA-seq, we randomly selected six lncRNAs and validated 

their expression at the transcript level with qRT-PCR. We found that the expression levels of 
four of the six lncRNAs, namely, Gpr137b-ps, Gm32856, snhg17 and Cct6a, were consistent 
with the results of the RNA-seq (Fig. 5A, 5B, 5C, 5D). Therefore, our findings indicated that 
OGD/R-responsive lncRNAs may act as potential mediators of angiogenic responses to 
cerebral ischemic stroke. However, among these differentially expressed genes, pseudogene-
derived lncRNAs have never been shown to be associated with post-stroke angiogenesis. 
Therefore, we concentrated on the functional role of Gpr137b-ps in brain microvascular 
endothelial cells after OGD/R.

Gpr137b-ps as a candidate gene
Gpr137b-ps was identified as a pseudogene-derived lncRNA that belongs to non-coding 

RNAs according to the Ensembl website (Supplementary Fig. S1 - all supplementary material 
available online at www.cellphysiolbiochem.com). In this study, we discovered increased 
levels of pseudogene-derived lncRNA Gpr137b-ps in ECs with pro-angiogenic capacity 
after OGD/R (Fig. 5A). Therefore, our study is the first to demonstrate that Gpr137b-ps is 
upregulated in response to hypoxia, indicating that Gpr137b-ps may play a pro-angiogenic 
role.

Gpr137b-ps enhances EC proliferation, migration, tube formation and microvessel density 
following OGD/R
To assess the correlation between Gpr137b-ps expression and angiogenesis, knockdown 

with a lentiviral vector resulted in lower levels of Gpr137b-ps. shGpr137b-ps-1 showed a 
significant reduction of Gpr137b-ps mRNA (Fig. 5E); however, the mRNA levels of Gpr137b-
ps in shGpr137b-ps-2 and shGpr137b-ps-3 were not significantly different from those in 
the non-targeting Gpr137b-ps shRNA group (Fig. 5E). Next, cell survival, cell migration and 
vascular nodule formation were analysed using MTT, transwell, scratch and tube formation 
assays. We found that the transfection of Gpr137b-ps significantly impeded cell viability 
(Fig. 6A), migration (Fig. 6B-6E) and vascular nodule formation compared with the results 
of transfection with non-targeting Gpr137b-ps shRNA after OGD/R treatment (Fig. 6F, 6G). 
Furthermore, the number of CD31-positive microvascular endothelial cells was reduced by 
the knockdown of Gpr137b-ps (Fig. 6H, 6I).
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Potential functional enrichment and biological pathway analysis
To identify the functions of the differentially expressed lncRNAs, GO analysis, including 

cellular components (CC), biological processes (BP) and molecular functions (MF) was 
conducted (Supplementary Fig. S2), and most of the highly expressed GO terms were 
associated with cell metabolism and the response to stress. Additionally, the results of the 
KEGG pathway analysis included the upregulated (Fig. 7A) and downregulated pathways 
(Fig. 7B). Among the upregulated pathways, the phosphoinositide 3-kinase-Akt (PI3K-Akt), 
Janus Kinase-Signal Transducer and Activator of Transcription (Jak-STAT) and Adenosine 
5’-monophosphate (AMP)-activated protein kinase (AMPK) signaling pathways were the 
most enriched.

Fig. 5. The validation of 
differentially expressed 
lncRNAs. (A-D) The 
upregulation of the 
relative mRNA expression 
of Gpr137b-ps, Gm32856, 
Snhg17 and Cct6a caused 
by OGD/R. (** p <0.01, *** 
p <0.001 vs. control). (E) 
Lentiviral transfection 
with interference 
sequence 1 targeting 
Gpr137b-ps reduced the 
relative mRNA expression 
of Gpr137b-ps, and 
lentiviral transfection 
with interference 
sequences 2 and 3 
targeting Gpr137b-ps did 
not reduce the relative 
mRNA expression of 
Gpr137b-ps (* p <0.05, ** 
p <0.01, *** p <0.001 vs. 
non-targeting Gpr137b-
ps shRNA). All results are 
presented as the mean ± 
SEM.
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Regulation of the expression of STAT3 and VEGF by Gpr137b-ps
To further decipher the potential mechanisms underlying the mediation of EC 

proliferation, migration, tube formation and neovascularization by Gpr137b-ps following 
OGD/R, we screened potential target genes of Gpr137b-ps according to the results of the 
lncRNA_mRNA_co_expression analysis. Among these targets, signal transducer and activator 
transcription 3 (STAT3) and vascular endothelial growth factor (VEGF) were the common 
factors associated with angiogenesis. To validate the computational prediction results, 
western blotting was used to determine the expression of VEGF and phosphorylation of 
signal transducer and activator transcription 3 (pSTAT3) in vitro. As shown in Fig. 8A-8D, we 

Fig. 6. The functions 
of endothelial cells 
was mediated by the 
knockdown of Gpr137b-
ps in response to 
OGD/R. (A) Knockdown 
of Gpr137b-ps 
reduced the viability 
of endothelial cells 
after OGD/R. (B-
E) Knockdown of 
Gpr137b-ps reduced the 
capacity for migration 
of endothelial cells 
after OGD/R according 
to the scratch-wound 
and transwell assays. 
(F) Knockdown of 
Gpr137b-ps reduced 
the number of loops of 
endothelial cells after 
OGD/R according to 
the tube formation 
assay. (G) Statistical 
analysis of the 
capacity for migration 
in cells treated 
with shGpr137b-ps 
compared with a non-
targeting Gpr137b-ps 
shRNA (* p <0.05, ** 
p <0.01, *** p <0.001 
vs. non-targeting 
Gpr137b-ps shRNA). 
(H) Transfection with 
Gpr137b-ps prevented 
the elevation of CD31 
levels in endothelial 
cells after OGD/R. (I) 
Summary graph depicting the CD31 signal intensity, which was significantly decreased after treatment with 
shGpr137b-ps compared with treatment with a non-targeting shRNA. (* p <0.05, ** p <0.01, *** p <0.001 vs. 
non-targeting Gpr137b-ps shRNA). All results are presented as the mean ± SEM.
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found that VEGF and pSTAT3 were significantly upregulated following OGD/R. In contrast, 
the knockdown of Gpr137b-ps with a lentivrius decreased the expression of VEGF and 
pSTAT3 compared with transfection with a non-targeting Gpr137b-ps shRNA in vitro (Fig. 
8A-8D). Therefore, the results were consistent with those of the bioinformatics analysis, and 
STAT3 and VEGF may be the target genes of Gpr137b-ps.

Fig. 7. KEGG analysis. (A and B) The potential signaling pathways involving the differentially expressed 
lncRNAs; A stands for upregulated signaling pathways; B stands for downregulated signaling pathways.
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Gpr137b-ps regulates the expression of STAT3 and VEGF via 15-LOX1
In previous studies, there was a close relationship between 15-lipoxygenase 1 (15-

LOX1) and STAT3 in both VSMCs (vascular smooth muscle cells, VSMCs) and pulmonary 
artery endothelial cells, indicating that 15-LOX1 production can induce STAT3 tyrosine 

Fig. 8. The relative expression levels of VEGF, pSTAT3 and 15-LOX1 in vitro. (A-D) The protein levels of 
VEGF and pSTAT3 in cells exposed to control, OGD/R, OGD/R+ non-targeting Gpr137b-ps shRNA, OGD/
R+ shGpr137b-ps, and OGD/R+ shGpr137b-ps with 15(S)-HETE. (E-F) The protein levels of 15-LOX1 in 
cells exposed to control, OGD/R, OGD/R+non-targeting Gpr137b-ps shRNA and OGD/R+shGpr137b-ps (* p 
<0.05 OGD/R vs control, # p <0.05 OGD/R+shGpr137b-ps vs OGD/R+ non-targeting Gpr137b-ps shRNA, △ 
p <0.001 OGD/R+shGpr137b-ps +15(S)-HETE vs. OGD/R+shGpr137b-ps). All results are presented as the 
mean ± SEM.
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phosphorylation [30]. Thus, we hypothesized that 15-LOX1 may be an upstream factor 
affecting STAT3 in angiogenesis following OGD/R. In our studies, 15-LOX1 levels were 
analysed in the control group, OGD/R group, OGD/R+non-targeting Gpr137b-ps shRNA 
group, and OGD/R+shGpr137b-ps group. We found that the expression of 15-LOX1 presented 
the same trend as that of Gpr137b-ps (Fig. 8E, 8F). Subsequently, to confirm whether 15-

Fig. 9. The validation of Gpr137b-ps, VEGF, pSTAT3 and 15-LOX1 in vivo. (A) The relative mRNA expression 
of Gpr137b-ps after MCAO. (B-E) The protein levels of VEGF, pSTAT3 and 15-LOX1 in the sham and MCAO 
groups (* p <0.05, ** p <0.01, *** p <0.001 vs control). All results are presented as the mean ± SEM.
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LOX1 was responsible for the effects of Gpr137b-ps on STAT3 and VEGF, exogenous 15-HETE 
(1 μmol/mL) was found to attenuate the decrease in cell tube formation mediated by 15-LO 
siRNA, as observed in our previous studies [31]. As a result, we employed exogenous 15(S)-
HETE (Cayman, Ellsworth, USA) and found that it could counteract the effect of shGpr137b-
ps on the expression of VEGF and pSTAT3 (Fig. 8A-8D).

The expression of Gpr137b-ps, VEGF, pSTAT3 and 15-LOX1 in mice after MCAO
To extend our in vitro observations into in vivo studies, we further detected whether 

Gpr137b-ps and its targets had similar expression trends in mice after middle cerebral artery 
occlusion. Total RNA and protein were isolated and subjected to detection of the mRNA level 
of Grp137b-ps and the relative protein levels of VEGF, pSTAT3 and 15-LOX1. As expected, 
Gpr137b-ps, VEGF, pSTAT3 and 15-LOX1 were also significantly upregulated in response to 
cerebral ischemia (Fig. 9A-E).

PPI analysis of mRNAs
For species with annotated information in the protein-protein interaction database, 

we also analysed the PPI network of the differentially expressed genes. The interaction 
data obtained from the STRING database were imported into Cytoscape to generate the 
visual representation of the PPI network. The PPI network analysis of the differentially 
expressed mRNAs, including the upregulated mRNAs and downregulated mRNAs is shown 
in Supplementary Fig. 3A, 3C, 3E. Moreover, some clusters were analysed with MCODE in 
every network according to the score and nodes, and the top MCODE value was shown in all, 
up and down regulated mRNA (Supplementary Fig. 3B, 3D, 3F).

Discussion

Endothelial cell proliferation, migration and sprouting are tightly coordinated processes 
mediating the formation of new vessels during physiological and pathological angiogenesis 
[32-34], and are intricately regulated by various signaling pathways [35, 36]. Therefore, it is 
crucial to explore the precise mechanisms and novel therapeutic targets of EC proliferation, 
migration, tube formation and increased of microvascular density after ischemic stroke, 
which promote clinical angiogenesis in patients.

LncRNAs have long been considered to be nonfunctional relics littering the genome, but 
increasing evidence has demonstrated that lncRNAs are important factors in cell biology 
[37]. To date, lncRNAs dysregulation has been shown to mediate diverse human diseases, 
including ischemic stroke and cancer [38]. Based on the structure and function of lncRNAs, 
they are further subdivided into long intergenic ncRNAs, long intronic ncRNAs, telomeric 
ncRNAs, pseudogenes, enhancer RNAs, circRNAs and promoter-associated long RNAs [39, 
40]. Pseudogenes, non-coding RNA homologs of protein-coding genes, have been shown 
to function as regulators of gene expression [41]. Recent studies have also highlighted the 
functional roles of pseudogenes in physiological and pathological processes, including cell 
differentiation, proliferation, apoptosis and migration [42-44]. In particular, it was reported 
that they may be crucial regulators of the development and progression of cancer [45, 46]. In 
addition, some evidence has revealed that certain pseudogenes, such as stroke-responsive 
lncRNAs, might also restore protein synthesis and control chromatin modifications, 
transcription factor activity and apoptosis [47, 48]. However, the number of reports 
illuminating the roles of pseudogenes in ECs after ischemic stroke is still limited. Thus, the 
potential functional roles and mechanisms of action of pseudogene-derived lncRNA after 
stroke needs further study to identify therapeutic targets in ischemic stroke patients.

With the development of high-throughput sequencing, increasingly thorough analysis 
of whole genomes has been possible. In our study, we evaluated angiogenesis-associated 
lncRNAs in both OGD/R and control ECs using RNA-seq. There were 2710 lncRNAs (1306 
annotated and 1404 non-annotated) detected, 33 of which were significantly differentially 
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expressed. In particular, Gpr137b-ps was significantly upregulated in the OGD/R group 
compared with the control group. Furthermore, the increase in the expression of Gpr137b-
ps was also validated by qRT-PCR. The qRT-PCR results were consistent with the predicted 
results of the RNA sequencing. Consequently, these findings are the first to show that OGD/R 
influences Gpr137b-ps expression in ECs. Next, we explored the significant functional 
roles of Gpr137b-ps in cerebrovascular endothelial cells after OGD/R. The proliferation, 
migration and tube formation of ECs are important processes during EC angiogenesis. Here, 
we described a role for Gpr137b-ps in promoting angiogenesis, which was supported by the 
results of the cell survival, migration, transwell, tube formation and immunofluorescence 
assays. Gpr137b-ps transfected with the lentivirus inhibited EC proliferation, migration 
and tube formation and reduced the number of CD31-positive microvascular ECs. Taken 
together, our results suggested that Gpr137b-ps could promote EC proliferation, migration 
and neovascularization. Therefore, our findings implied that the pseudogene-derived lncRNA 
Gpr137b-ps might exert critical positive effects on the progression of angiogenesis following 
OGD/R. However, as a novel proangiogenic gene, the mechanisms by which Gr137b-ps 
mediates angiogenesis have not yet been reported.

To further explore the potential mechanisms by which angiogenesis is induced by 
Gpr137b-ps, all targets were included in the GO term and KEGG pathway enrichment 
analyses that were conducted with the GOseq R package. The results obtained from the 
GO and KEGG enrichment analyses may provide insight into the function and associated 
cell pathways of differentially expressed lncRNAs. Therefore, based on the GO and KEGG 
analyses, we found several potential target genes of Gpr137b-ps, such as interleukin 6 (IL-
6), STAT3, epidermal growth factor (EGF), Akt3 and VEGF. Among them, VEGF represents 
a validated therapeutic target for neovascular disorders [49], and endothelial cell-derived 
VEGF promotes EC proliferation, migration and angiogenesis [50]. It has been demonstrated 
that VEGF expression is upregulated in the ischemic penumbra regions within 3 h following 
the onset of acute ischemia [51]. Furthermore, increasing evidence has demonstrated that 
VEGF gene transcription occurs situated downstream of STAT3 [52]. In the present study, we 
found that the expression levels of pSTAT3 and VEGF were positively related to the regulation 
of Gpr137b-ps. Therefore, our findings indicate that Gpr137b-ps may not only give rise to 
angiogenesis in response to hypoxic stimulation in ECs, but may also promote angiogenesis 
by regulating STAT3 and VEGF expression.

The expression of 15-LOX1, another signal transducing factor, was increased in 
pulmonary adventitial fibroblasts and mediated adventitia remodeling in response to 
hypoxia, similar to VEGF. Furthermore, increasing evidence has suggested that 15-LOX1 could 
induce VEGF expression and angiogenesis in cancer [53]. In this study, we also observed 
that the regulation of 15-LOX1 was consistent with that of Gpr137b-ps. Thus, we speculated 
that Gpr137b-ps might regulate angiogenesis via 15-LOX1, STAT3 and VEGF. To confirm our 
hypothesis, the expression of Gpr137b-ps was reduced in ECs via lentiviruses. Then, we 
found that the increase in 15-LOX1, pSTAT3 and VEGF at the protein level was reversed after 
the knockdown of Gpr137b-ps. These findings suggest that the differential expression of 15-
LOX1, STAT3 and VEGF may be caused by the differential expression of Gpr137b-ps. Moreover, 
the mimics of 15-LOX1 counteracted the anti-angiogenic effect mediated by shGpr137b-ps, 
as revealed by analysing the expression of downstream genes, including pSTAT3 and VEGF. 
STAT3 is an upstream gene of VEGF according to our previous study. Taken together, our 
findings demonstrate that Gpr137b-ps may exert a proangiogenic role via the 15-LOX1/
STAT3/VEGF signaling pathway following OGD/R. It is clear that, except for regulating 
target gene expression via a signaling pathway, recent studies have shown that pseudogenes 
can regulate their parental transcripts by sequestering shared microRNAs (miRNAs), thus 
acting as competing endogenous RNAs (ceRNAs) [45]. A specific pseudogene homologous 
to the Makorin-1 gene can stable the transcription of Makorin-1 in bone deformities [25], 
and PTENP1 can sponge PTEN-targeting miRNAs and regulate cellular PTEN expression 
to exert a tumor-suppression effect [54]. In contrast, the knockdown of PTENP1 results 
in decreases in the mRNA and protein levels of PTEN, indicating that PTENP1 transcript 
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levels can regulate PTEN expression [47]. Based on the above studies, we propose a similar 
relationship between Gpr137b-ps and its homologous gene. Therefore, our attention will 
focus on this aspect in the future.

Conclusion

In summary, we uncovered for the first time that a novel pseudogene-expressed 
lncRNA Gpr137b-ps, is significantly upregulated after OGD/R, indicating that it mediates 
EC proliferation, migration, tube formation and the increase in CD31-positive ECs observed 
during angiogenesis via the 15-LOX1/STAT3/VEGF signaling pathway. In general, our study 
not only provides a new prospective on molecular targets for post-stroke pro-angiogenic 
treatment but also indicates the potential mechanism by which Gpr137b-ps mediates 
angiogenesis. However, the exact mechanism by which Gpr137b-ps regulates miRNAs during 
post-stroke angiogenesis is still not fully understood and will be addressed in future work.
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