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ARTICLE INFO ABSTRACT

Endothelial cells (ECs) are involved in various physiological process. Both primary human ECs and immortal
endothelial cells are used in various studies. Available genomic or transcriptomic information for difference
in ECs is deficient. Therefore, in this study we aim to reveal the difference between primary human aortic
ECs (HAECs) and immortal EA.hy926 cells. We identified 529 differentially expressed genes (DEGs) between
HAECs and EA.hy926 cells. Gene Ontology (GO), KEGG Pathway and GSEA enrichment analysis suggest that
DEGs highly expressed in HAECs are distributed in Rap1 signaling pathway and Ras signaling pathway, which
are contributing to the endothelial barrier function and endocytosis, among other functions. We also estab-
lished long non-coding (IncRNA)-miRNA-mRNA ceRNA network, and further set up protein—protein interaction
(PPI) network. High-density lipoprotein (HDL) cellular association experiments were verified that HAECs have
stronger response to HDL cellular binding and endocytosis compared to EA.hy926 cells. This study identified
DEGs between HAECs and EA.hy926 cells, and found enrichment of the Ras signaling pathway and Rapl sig-
naling pathway in HAECs, established ceRNA network and suggested that HAECs may have a stronger response
to endothelial binding and endocytosis compared to EA.hy926 cells. This work provides a genomic basis to
choose suitable EC model to reach respective research goals.
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diabetes (Tabit et al., 2010), kidney disease (Malyszko, 2010), blind-
ing eye disease (Campochiaro, 2013) and pulmonary arterial hyperten-

1. Introduction

Blood vessels transport oxygen and nutrients to other organs of the
body, remove waste and carbon dioxide from different tissues, secrete
angiocrine factors in different conditions, and serve as barrier for
blood cells, cytokines and other factors (Potente et al., 2011). The
inner layer of vessels is called tunica intima (endothelium), which is
composed of a single layer of squamous endothelial cells (ECs)
(Falkenberg et al., 2019). ECs are involved in the regulation of coagu-
lation, vascular hemodynamics, vascular permeability, blood cell traf-
ficking, and immunity, among others (Shao et al., 2020). Dysfunction
of ECs has been reported to be associated with various diseases, such
as cardiovascular diseases (CVDs) (Shao et al., 2020), cerebrovascular
disease (Chrissobolis et al., 2011), cancer (Van Dreden et al., 2017),

sion (Voelkel and Gomez-Arroyo, 2014).

To find potential targets in ECs to treat diseases, thousands of
research works used human ECs as models (Uhrin et al., 2018; Wang
et al., 2020; Wang et al., 2018). These human cell models are catego-
rized in two types: 1) primary ECs including Human Aortic Endothelial
cells (HAECs), Human Coronary Artery Endothelial Cells (HCAECs),
Human Umbilical Vein Endothelial Cells (HUVECs), Human Umbilical
Artery Endothelial Cells (HUAECs), Human Dermal Lymphatic
Microvascular Endothelial Cells (HMVECs-dLyAd), Human Cardiac
Microvascular Endothelial Cells (HMVEC-C), Human Pulmonary
Artery Endothelial Cells (HPAEC) and among others, as well as 2)
immortal endothelial cell lines, such as EA.hy926 and HMEC-1 cell
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lines (Ahn et al., 1995). Compared to primary human ECs which have
a limited lifespan and display characteristics that differ from batch to
batch, immortal endothelial cell lines are easier to be maintained and
cultured, as well as more stable (Bouis et al., 2001). EA.hy926 cells
have been widely used in various studies on ECs (Kaissarian et al.,
2018; Kraehling et al., 2016; Yu et al., 2019). Although EA.hy926 cells
preserve similar characteristics with primary human endothelial cells,
such as HAECs (Ahn et al., 1995; Thornhill et al., 1993), it is worth to
notify that there are different expression patterns in different ECs (Chi
et al., 2003). Nevertheless, available genomic or transcriptomic infor-
mation for difference in EC models is deficient. Therefore, in this study
we aim to reveal the difference between HAECs and EA.hy926 cells by
genome-wide expression assay.

Genome-wide expression profiling is being increasingly applied to
dissect the complex difference among cells/tissues. RNA-seq is a pow-
erful high-throughput DNA sequencing platform, which provides an
unbiased and high sequencing depth analysis of the genome and tran-
scriptome (Mortazavi et al., 2008). Application of RNA-seq has
revealed the complexity of the transcriptomes of eukaryotic cells/tis-
sue (Gustincich et al., 2006; Pan et al., 2008), and indicated that many
transcripts have escaped our observation before (Ji et al., 2020). In the
present study, we used RNA-seq technology and performed bioinfor-
matic analysis to identify differentially expressed genes (DEGs) and
differently regulated pathways between HAECs and EA.hy926 cells,
established long non-coding (IncRNA)-miRNA-mRNA ceRNA network
and further verified our findings by high-density lipoprotein (HDL)-
endocytosis experiments. This study may provide a genomic basis for
investigators to choose suitable EC models to reach their research
goals.

2. Materials and methods
2.1. Cell culture

Human aortic endothelial cells (HAECs, ThermoFisher, Cat no.: C-
006-5C) were cultured in Medium 200 (ThermoFisher, Cat no.:
M200500) with low serum growth supplement kit (ThermoFisher,
Cat no.: SO03K), benzylpenicillin 100 U/mL and streptomycin
100 pg/mL at 37 °C in a humidified 5% CO,, 95% air incubator. HAECs
at passage number 5 were used for experiments.

EA.hy926 endothelial cells (ATCC® CRL2922™) were cultured in
DMEM medium (with 4.5 g/L glucose), supplemented with 10%
heat-inactivated FBS, benzylpenicillin 100 U/mL, streptomycin
100 pg/mlL, and L-glutamine 2 mM at 37 °C in a 5% CO, incubator.
EA hy926 cells at passage number 5 were used for experiments.

2.2. RNA extraction and sequencing

HAECs and EA.hy926 cells were seeded at a density of 0.8 x 10°
cells/well in 6-well plates for 72 h. The cells were then lysed in TRI
reagent™ solution (Invitrogen, Cat no.: AM9738) according to the
manufacturer’s instruction. Total RNA was extracted by using RNAqu-
eous™ Total RNA Isolation Kit (Invitrogen, Cat no.: AM1912). Concen-
trations of total RNA were measured with NanoDrop 2000
(ThermoFisher). There are three independent biological replicates in
each condition. RNA quality was examined on an Agilent 2100 Bioan-
alyzer (Agilent) using the RNA 6000 Nano Kit. RNA integrity numbers
(RINSs) of the samples ranged between 8.9 and 9.5. cDNA was prepared
from isolated RNA by using the NEBNext® Ultra™ II Directional RNA
Library kit, and was subjected to next-generation sequencing from
both ends with the Illumina HiSeq-1500 platform. Clean data were
mapped by Hisat2. The raw counts were quantified to obtain the frag-
ments per kilobase of transcript per million (FPKM) by the sequencing
company Bluecape Scientifci (Beijing, China).
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2.3. Data preprocessing and DEG analysis

The data were processed and analyzed with the statistical language
R. We transferred FPKM to TPM (transcripts per kilobase million). The
genes with TPM values < 1 in three biological replicates in both cell
types were regarded as low expression and removed from the dataset.
Principal component analysis (PCA) and cluster analysis were per-
formed to verify the data quality. To check whether it is valuable to
further perform DEG analysis, we compared the 2000 highly expressed
genes between HAECs and EA.hy926 cells and showed total difference
of genes between the two groups by heatmap.

DEG analysis was performed by using the limma/voom package
(Law et al., 2014). DEGs were identified using the following threshold:
|fold change| > 2 ~ 3 x standard deviation of log,(fold change), p-
value < 0.01 and adjusted p-value < 0.05.

2.4. Gene Ontology (GO), KEGG pathway and GSEA enrichment

Over representation analyses (GO enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis) were used to
perform functional enrichment analysis. GO enrichment analysis of
the DEGs was implemented by GOstats packages (https://bioconduc-
tor.org). GO annotation results were bar-plotted using the R software.
The results were illustrated in a gene-concept network diagram by
using cnetplot package (https://bioconductor.org).

The assignment of KEGG pathways to the transcripts was done
through KEGG.db packages (https://bioconductor.org) to uncover
the most significantly enriched pathways based on the DEGs. KEGG
results were dot-plotted using the R software. The Pathview package
was used to construct the network of enriched pathways.

We further performed functional enrichment analysis by Gene Set
Enrichment Analysis (GSEA), which aggregates the per gene statistics
across genes within a gene set to possibly detect situations where all
genes in a predefined set change in a small but coordinated way
(Subramanian et al., 2005). GSEA was performed by using gseKEGG
function in R software, and the results were visualized by Ridgeplot
and Enrichplot packages.

2.5. Establishment of the ceRNA network

The long non-coding (IncRNA)-miRNA-mRNA ceRNA network was
constructed based on the hypothesis that IncRNAs directly interact
with and regulate the activity of mRNAs by acting as miRNA sponges
(Ala et al.,, 2013). Based on this hypothesis, we established the
IncRNA-miRNA-mRNA ceRNA network in three steps.

2.5.1. Differential expression analysis of IncRNA, miRNA and mRNA

Differential expression analysis of IncRNA, miRNA and mRNA was
performed by using the limma/voom package (Law et al., 2014) with
the following threshold: |fold change| > 1 and p value < 0.05 for
both IncRNA and miRNA analyses, as well as |fold change| > 3 and
p value < 0.01 for mRNA analysis to obtain differently expressed
IncRNAs (DEIncRNAs), differently expressed miRNAs (DEmiRNAs),
and differently expressed mRNAs (DEmRNAS), respectively.

2.5.2. Screening of potential miRNAs targeted by DEIncRNAs

The predicted miRNAs targeted by the DEIncRNAs were predicted
by the miRcode online tool (http://www.mircode.org). The potential
miRNAs targeted by the DEIncRNAs were produced by matching the
predicted miRNAs with DEmiRNAs from the experiments.

2.5.3. Screening of potential mRNAs targeted by the potential miRNAs
The predicted mRNAs targeted by potential miRNAs were pre-

dicted by the MiRDB (http://www.mirdb.org/) and Targetscan

(http://www.targe tscan.org/) programs. The potential mRNAs
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targeted by the potential miRNAs were produced by matching the pre-
dicted mRNAs with DEmRNAs from the experiments.

Finally, the potential miRNA and mRNAs were regulated by the
DEIncRNAs were selected to build the ceRNA network and IncRNA-
miRNA-mRNA ceRNA network is visualized by Cytoscape (version
3.8.0).

2.5.4. Establishment of protein—protein interaction (PPI) network

For better understanding the relationship among targeted mRNAs
in the ceRNA network, the PPI network was established by using the
STRING database (Szklarczyk et al., 2017). The combined score of
0.4 was regarded as the cut-off criterion and the PPI was visualized.
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2.6. Cellular association of HDL with ECs

To confirm the difference in endocytosis between HAECs and EA.
hy926 cells, the HDL cellular association assay was performed as pre-
viously described (Wang et al., 2020). The radiolabeled 1251 HDL was
kindly prepared and provided by Prof. Wang (Sichuan University,
China). HAECs and EA.hy926 cells were seeded at a density of
0.1 x 10° cells/well in 24-well plates for 48 h. Cells were then treated
with cytochalasin D (Sigma, C8273) or control (0.1% DMSO) for 24 h.
Then, cells were incubated with 10 pg/mL of '**I-HDL in serum-free
DMEM medium with 0.1% BSA for 1 h at 37 °C to obtain total HDL cel-
lular association. To obtain unspecific HDL cellular association, the
cells were incubated with both 10 ug/mL of *I-HDL and 400 ug/
mL (40 X ) of non-labeled HDL in DMEM medium. Specific HDL cel-
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Fig. 1. RNA-seq data quality. (A) The average TPM of all gene expression in three biological replicates in both HAECs and EA.hy926 cells does not display
significant difference. (B) The cluster analysis indicated that HAECs and EA.hy926 cells are categorized in the different groups, respectively. (C) PCA analysis
shows that the different cell types HAECs and EA.hy926 cells are distinctly separated. (D) The Venn diagram displays 458 different genes (22.9%) in 2000 highly
expressed genes set between HAECs and EA.hy926 cells. (E) The heatmap shows the total difference of gene expression between HAECs and EA.hy926.
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lular association (The total value - unspecific value)/protein con-
tent. Protein concentrations were tested by BCA assay.

3. Results
3.1. RNA-seq data quality

We transferred FPKM to TPM, and removed the genes with TPM
values < 1 in three biological replicates in both HAECs and EA.
hy926 cells. The average TPM of all gene expression in three biological
replicates in both cell types did not have significant difference
(Fig. 1A), which indicated that the data are possible to do further com-
parison. The results of cluster analysis and PCA showed that same cell
types are clustered in the same group, and the different cell types are
distinctly separated (Fig. 1B and C). As shown in Fig. 1D, there are 458
different genes (22.9%) in 2000 highly expressed genes set between
HAECs and EA.hy926 cells, suggesting that it is valuable to further per-
form DEG analysis. We also showed total difference of gene expression
between the two groups by heatmap (Fig. 1E).

3.2. Differential gene expression profile

After DEG analysis, a total of 529 genes were found to be differen-
tially expressed between HAECs and EA.hy926 cells with threshold: |
log,(fold change)| > 2.322 (2 fold of SD), p-value < 0.01 and
adjusted p-value < 0.05. Among them, 327 different genes were
highly expressed in HAECs, while 202 different genes were highly
expressed in EA.hy926 cells (Supplementary files 1 and 2). Volcano
plots of the comparison between the two cell types showed the distri-
butions of the intensities (Fig. 2A). The top 100 DEGs were showed in
the Fig. 2B.

3.3. GO enrichment analysis

To further reveal the molecular characterization of the DEGs, GO
annotation was used to analyze the DEGs with pvalueCutoff = 0.05,
qvalueCutoff = 0.05. The GO database contains three main branches:
biological process (GO_BP), molecular function (GO_MF), and cellular
component (GO_CC). All the GO terms lists obtained in each category
are summarized in Fig. 3. The detailed data are shown in the Supple-
mentary files 3 and 4.

Specifically, DEGs highly expressed in HAECs are involved in 47
terms of GO_BP (Fig. 3A). These biological processes in HAECs mainly
included cell adhesion, extracellular matrix (ECM) structure/organiza-
tion, endothelial cell proliferation/development/migration, vascular
development, Ras protein signal transduction, coagulation/hemosta-
sis, renal system development and so on. Whereas, DEGs highly
expressed in EA.hy926 cells are involved in 3 terms of CO_BP
(Fig. 3B), including transmembrane receptor protein tyrosine kinase
(RTK) activity, and reproductive development.

Regarding GO_MF, we found terms from the DEGs highly expressed
in HAECs mainly implicated in ECM constituent, growth factor/colla-
gen/cytokine binding, which are consistent with the results of GO_BP.
In addition, the DEGs highly expressed in EA.hy926 cells were
involved only in integrin binding which may be related to RTK activity
(Klemke et al., 1994).

In GO_CC, the DEGs highly expressed in EA.hy926 cells are
involved in 2 terms, namely collagen-containing ECM and basement
membrane, which are also present in GO_CC terms related to DEGs
highly expressed in HAECs. Besides, GO_CC terms enriched in DEGs
highly expressed in HAECs included focal adhesion, cell-cell/substrate
junction, various lumens (e.g., endoplasmic reticulum lumen, vesicle
lumen, secretory granule lumen).
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Fig. 2. Differential gene expression profile between HAECs and EA.hy926
cells. (A) The Volcano plot comparing the levels of gene expression between
the HAECs and EA.hy926 cells. (B) The heatmap shows the top 100 DEGs
between the HAECs and EA.hy926 cells.

To further understand the GO annotation, we analyzed the all DEGs
between HAECs and EA.hy926 cells with pvalueCutoff 0.01,
qvalueCutoff = 0.05 and illustrated in a gene-concept network dia-
gram (Fig. 3C). Consistent with the data above, 5 main GO terms are
enriched based on all DEGs, including cellcell adhesion via plasma-
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Fig. 3. The results of GO enrichment analysis. (A) DEGs highly expressed in HAECs are involved in 47, 4, and 12 terms of biological process (BP), molecular
function (MF), and cellular component (CC) in GO, respectively. (B) DEGs highly expressed in EA.hy926 are involved in 3, 1, and 2 terms of biological process

(BP), molecular function (MF), and cellular component (CC) in GO, respectively. (C)
hy926 cells and the corresponding enriched GO terms.
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The gene-concept network diagram indicates DEGs between HAECs and EA.
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Fig. 4. The results of KEGG pathway enrichment analysis. (A) The DEGs between HAECs and EA.hy926 cells are significantly enriched in 58 pathways. (B) The
DEGs highly expressed in HAECs are distributed in 4 pathways. (C) The DEGs highly expressed in EA.hy926 cells are distributed in 7 pathways. (D) MAPK
signaling pathway (KEGG ID hsa04010). (E) Rapl signaling pathway (KEGG ID hsa04015). (F) Ras signaling pathway (KEGG ID hsa04014).

membrane adhesion molecules, ECM organization, extracellular struc-
ture organization, homophilic cell adhesion via plasma membrane
adhesion molecules, and endothelium development.

3.4. KEGG pathway enrichment analysis

To further understand the signal pathways where the DEGs are dis-
tributed, a KEGG pathway enrichment analysis was performed. Firstly,
a total of DEGs between HAECs and EA.hy926 cells were mapped to
KEGG pathways, of which 58 pathways were significantly enriched
(Fig. 4A and Supplementary file 5). There were several top signifi-
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cantly enriched pathways, including MAPK signaling pathway, Rapl
signaling pathway, Ras signaling pathway, focal adhesion, among
others (Fig. 4A). Furthermore, the DEGs highly expressed in HAECs
are distributed in 4 pathways, including Rapl signaling pathway,
Ras signaling pathway, and platelet activation (Fig. 4B). The DEGs
highly expressed in EA.hy926 cells are distributed in 7 pathways,
including MAPK signaling pathway, Cell cycle, Homologous recombi-
nation and DNA replication (Fig. 4C).

To further know the functions of top significantly enriched path-
ways in endothelial cells, we used the Pathview package to construct
the network of the enriched pathways, namely KEGG ID hsa04010
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Fig. 5. The results of GSEA enrichment analysis. The two pathways (Ras signaling pathway and Rapl signaling pathway) are enriched in HAECs. Another two

pathways (RNA transport and Spliceosome) are enriched in EA.hy926 cells.

(MAPK signaling pathway) (Fig. 4D), KEGG ID hsa04015 (Rap1 signal-
ing pathway) (Fig. 4E), and KEGG ID hsa04014 (Ras signaling path-
way) (Fig. 4F). These data suggest that MAPK signaling pathway
enriched in EA.hy926 cells contributed to the cell cycle and prolifera-
tion. While Ras signaling pathway enriched in HAECs contributed to
endocytosis, cell-cell junction, cell migration and so on, and Rapl1 sig-
naling pathway enriched in HAECs contributed to cell adhesion,
migration, and proliferation, among others.
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3.5. GSEA enrichment analysis

We further performed functional enrichment analysis of all genes
by GSEA. As shown in Fig. 5, we found that two pathways (Ras signal-
ing pathway and Rapl signaling pathway) are enriched in HAECs,
which is consistent with results from KEGG pathway enrichment anal-
ysis. Another two pathways (RNA transport and Spliceosome) are
enriched in EA.hy926 cells, based on all gene changes.
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Fig. 6. Identification of DEIncRNAs, DEmiRNAs, and DEmRNAs by DEG analysis. (A) Volcano plots display the distribution of the DEIncRNAs, DEmiRNAs, and
DEmRNAS. A total of 55 DEIncRNAs (27 highly and 28 lowly expressed genes), 16 DEmiRNAs (9 highly and 7 lowly expressed genes), and 687 DEmRNAs (417
highly and 270 lowly expressed genes) were identified in HAECs compared to EA.hy926 cells. (B) The heat maps show clear separation and consistency in the
expression profiles of DEIncRNAs, DEmiRNAs, and DEmRNAs between the HAECs and EA.hy926 cells.

3.6. Establishment of the ceRNA network and PPI network

We firstly identified DEIncRNAs, DEmiRNAs, and DEmRNAs by
DEG analysis. A total of 55 DEIncRNAs (27 highly and 28 lowly
expressed genes), 16 DEmiRNAs (9 highly and 7 lowly expressed
genes), and 687 DEmRNAs (417 highly and 270 lowly expressed
genes) were identified in HAECs, compared to EA.hy926 cells. Volcano
plots displaying the distribution of the DEIncRNAs, DEmiRNAs, and
DEmRNAs were generated, as shown in Fig. 6A. The heat maps showed
clear separation and consistency in the expression profiles of DEIncR-
NAs, DEmiRNAs, and DEmRNAs between the HAECs and EA.hy926
cells (Fig. 6B and Supplementary file 6).
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As shown in Supplementary file 7A, we found around 100 pre-
dicted miRNAs targeted by the DEIncRNAs by using the miRcode
online tool. When matching the predicted miRNAs with DEmiRNAs
from the experiments, only 2 potential miRNAs (hsa-miR-22-3p and
hsa-miR-130b-3p) were discovered. According to the two potential
miRNAs, we found the 240 and 457 predicted mRNAs targeted by
potential hsa-miR-22-3p and hsa-miR-130b-3p, respectively (Supple-
mentary file 7B and C). By matching the predicted mRNAs with DEmR-
NAs from the experiments, 58 mRNAs were identified to be regulated
by hsa-miR-22-3p and hsa-miR-130b-3p. On the basis of the above
data, the IncRNA-miRNA-mRNA ceRNA network was established and
is shown in Fig. 7A.
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Fig. 7. (A) The IncRNA-miRNA-mRNA ceRNA network. There are 5 potential IncRNAs (NEAT1, LINC01013, LINC01358, MEG3, and AP003356.1), 2 potential
miRNAs (hsa-miR-22-3p and hsa-miR-130b-3p), and 58 potential mRNAs identified in this ceRNA network. (B) The protein-protein interaction (PPI) network
based on the mRNAs in ceRNA network. The top 10 hub genes based on the PPI network were ELOVL6, ACSL4, ARRB1, SH3KBP1, PTGS1, CYP2U1, SNX5,
DCUN1D3, KLHL3, and SOCS2.

Moreover, we mapped these potential targeted genes based on the standing their relationship (Fig. 7B). The top 10 hub genes were
STRING database for establishment of PPI network according to the ELOVL6, ACSL4, ARRBI1, SH3KBP1, PTGS1, CYP2U1l, SNX5,
miRNAs in the established ceRNA network aiming to better under- DCUN1D3, KLHL3, and SOCS2.
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Fig. 8. Cytochalasin D significantly decreased both total and specific HDL
cellular association in HAECs, but not in EA.hy926 cells. HAECs and EA.hy926
cells were seeded at a density of 0.1 X 10° cells/well in 24-well plates for
48 h. Cells were then treated with cytochalasin D (Sigma, C8273) or control
(0.1% DMSO) for 24 h. Cells were then incubated with 10 ug/mL of **I-HDL
for 1 h in the absence (total) or presence (unspecific) of 40-fold excess of
unlabeled HDL. Specific HDL cellular association was calculated by subtract-
ing unspecific values from total values. Data are shown as mean * SD from
three independent experiments, each performed in triplicate in case of the
HDL cellular association assay (C). *P < 0.05, **P < 0.01, and ns not
significant (ANOVA with Bonferroni test).

3.7. Cytochalasin D significantly inhibits HDL cellular association in
HAECs but not EA.hy926 cells

According to the results above, we found that genes related to
cell — cell adhesion, ECM organization, extracellular structure organi-
zation and homophilic cell adhesion are highly expressed in HAECs
compared to EA.hy926 cells. Furthermore, significantly enriched path-
ways Ras signaling pathway and Rapl signaling pathway in HAECs
contributed to endocytosis, cell adhesion, migration and so on. HDL
binding and uptake by ECs are involved in various processes, such as
adhesion and endocytosis (Wang et al., 2020). Therefore, we hypoth-
esized that HAECs would exhibit stronger HDL cellular endocytosis
than EA.hy926 cells. We treated ECs with a endocytosis inhibitor
cytochalasin D (a potent inhibitor of actin polymerization) to verify
whether HAECs have stronger response to HDL cellular association
than EA.hy926 cells. As shown in Fig. 8, cytochalasin D significantly
decreased both total and specific HDL cellular association in HAECs,
but not in EA.hy926 cells.

4. Discussion

RNA-seq data provide advantages in both biological status and gen-
ome coverage for the comprehensive understanding of the transcrip-
tome. In this study, we used RNA-seq technology to identify DEGs
between HAECs and EA.hy926 cells, suggesting immortal EA.hy926
cells have significant difference in gene expression profile compared
to primary HAECs, which is consistent with other reports (Chi et al.,
2003; Lidington et al., 1999).

In GO enrichment analysis, we found that DEGs highly expressed in
HAECs are involved in much more GO terms compared to EA.hy926
cells. These GO terms are related to the properties of endothelial cells,
such as cell adhesion, extracellular matrix (ECM)/structure organiza-
tion, endothelial cell proliferation/development/migration, vascular
development, and so on. However, the DEGs highly expressed in EA.
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hy926 cells are involved in RTK activity, integrin binding, and repro-
ductive development. Along the same line, both KEGG pathways anal-
ysis and GSEA enrichment analysis also showed that enriched pathway
Ras signaling pathway and Rapl signaling pathway in HAECs con-
tributed to endocytosis, cell-cell junction, cell migration, while
enriched pathway MAPK signaling pathway in EA.hy926 cells con-
tributed to the cell cycle and proliferation. These data suggest that
EA.hy926 cells are lacking of some endothelial characters compared
to primary endothelial cells.

In both KEGG pathways analysis and GSEA enrichment analysis,
we found that DEGs highly expressed in HAECs are distributed in 2
pathways, namely the Rapl signaling pathway and Ras signaling
pathway. Ras signaling pathway is involved in vascular malforma-
tions and hemorrhagic stroke, p38MAPK activation and heat-shock
protein 27 (HSP27) phosphorylation (Chang et al., 2006; Li et al.,
2018; Sawada et al., 2015). It was reported that the small G-
protein Rapl played a critical role in endothelial function, such as
NO release, NO-dependent vasodilation, and endothelial barrier
function which is regulated by cell-cell adhesions and their connec-
tion to the actin cytoskeleton (Lakshmikanthan et al., 2015;
Pannekoek et al.,, 2014). Therefore, the two pathways are very
important for endothelial function, although they are also lowly
expressed in EA.hy926 cells.

We also established the ceRNA network, and further set up PPI net-
work according to 58 potential mRNAs in ceRNA network. Among
them, 2 potential miRNAs (hsa-miR-22-3p and hsa-miR-130b-3p)
and 5 IncRNAs (NEAT1, LINC01013, LINCO01358, MEG3, and
AP003356.1) are very interesting. The miR-22 protected endothelial
cells from injury by targeting NLRP3 (NOD-, LRR- and pyrin domain-
containing protein 3) in a rat model of coronary heart disease
(Huang et al., 2017). The miR-130 activated angiogenesis by targeting
c-MYB in vascular endothelial cells (Yang et al., 2018). To the best of
our knowledge, there are limited studies on the role of the two miR-
NAs in endothelial functions. It would be valuable to investigate the
effects of miR-22 and miR-130 on endocytosis, cell-cell junction and
other endothelial functions. It was reported that IncRNA NEAT1 inhib-
ited oxidative stress-induced vascular endothelial cell injury (Zhang
et al., 2019), facilitated survival and angiogenesis in oxygen-glucose
deprivation (OGD)-induced brain microvascular endothelial cells
(Zhou et al., 2019). MEG3 attenuated the angiotensin II-induced injury
of HUVEC (Song et al., 2019), protected endothelial function by regu-
lating the DNA damage response (Shihabudeen Haider Ali et al.,
2019), prevented vascular endothelial cell senescence (Boon et al.,
2016; Lan et al., 2019) and so on. It remains to further investigate
the molecular mechanism of the effect of Inc-RNA-miRNA-mRNA on
endothelial functions, for which our ceRNA network might provide a
genomic basis.

As shown in enrichment analysis, we found that genes related to
cell — cell adhesion, endocytosis, and Rapl signaling pathway are
highly expressed in HAECs compared to EA.hy926 cells. Furthermore,
Rap1 plays a critical role in actin cytoskeleton (Lakshmikanthan et al.,
2015; Pannekoek et al., 2014). These data suggest that HAECs may
have a stronger response to endothelial binding and endocytosis com-
pared to EA.hy926 cells. Interestingly, our data showed that an endo-
cytosis inhibitor, cytochalasin D, by suppressing actin polymerization
indeed significantly decreased endocytosis of HDL in HAECs, but not
EA.hy926 cells.

5. Conclusions

This study identified DEGs between HAECs and EA.hy926 cells, and
found enrichment of the Ras signaling pathway and Rapl signaling
pathway in HAECs, established ceRNA network and suggested that
HAECs may have a stronger response to endothelial binding and endo-
cytosis compared to EA.hy926 cells. This study will provide a genomic
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basis for investigators to choose suitable EC models to reach their
research goals.
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