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Atherosclerosis is the most notable cardiovascular disease, the latter being the main cause of death globally. Endothelial cell
dysfunction plays a major role in the pathogenesis of atherosclerosis. However, it is currently unclear which genes are involved
between endothelial cell dysfunction and atherosclerosis. This study was aimed at identifying these genes. Based on the
GSE83500 dataset, the quantification of endothelial cell function was conducted using single-sample gene set enrichment
analysis; the coexpression modules were conducted using weighted correlation network analysis. After building module-trait
relationships, tan and yellow modules were regarded as hub modules. 10 hub genes from each hub module were identified by
the protein-protein interaction network analysis. The key genes (RAB5A, CTTN, ITGB1, and MMP9) were obtained by
comparing the expression differences of the hub gene between atherosclerotic and normal groups from the GSE28829 and
GSE43292 datasets, respectively. ROC analysis showed the diagnostic value of key genes. Moreover, the differential expression
of key genes in normal and atherosclerotic aortic walls was verified. In vitro, we establish a model of ox-LDL-injured
endothelial cells and transfect RAB5A overexpression and shRNA plasmids. The results showed that overexpression of RAB5A
ameliorates the proliferation and migration function of ox-LDL-injured endothelial cells, including the ability of tubule
formation. It was speculated that the interferon response, Notch signaling pathways, etc. were involved in this function of
RAB5A by using gene set variation analysis. With the multiple bioinformatics analysis methods, we detected that yellow and
tan modules are related to the abnormal proliferation and migration of endothelial cells associated with atherosclerosis.
RAB5A, CTTN, ITGB1, and MMP9 can be used as potential targets for therapy and diagnostic markers. In vitro,
overexpression of RAB5A can ameliorate the proliferation and migration function of ox-LDL-injured endothelial cells, and the
possible molecules involved in this process were speculated.

1. Introduction

Having multiple pathogenic factors, cardiovascular disease is
an important cause of death worldwide [1, 2]. Atherosclero-
sis is the main pathological change in cardiovascular disease.
Because the endothelium is the interface between blood flow
and the vessel wall, changes in endothelial cells are believed

to play a major role in the pathogenesis of atherosclerosis
[3]. Endothelial cell dysfunction (ECD) encompasses all
maladaptive changes in the functional phenotype of endo-
thelial cells and can lead to the earliest detectable changes
in the course of atherosclerosis, that is, the local infiltration,
capture, and chemical modification of circulating lipopro-
tein particles in the subendothelial space [4, 5]. It is widely
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accepted that there are several genes involved in the molecular
mechanism of atherosclerosis and ECD. ECD usually occurs
before atherosclerosis and induces abnormal proliferation and
migration of endothelial cells identified in the early stage of ath-
erosclerosis [6, 7]. Many experiments focused on understanding
the role of ECD in the pathogenesis of atherosclerosis have
obtained some meaningful results. To mention a few examples,
Zhang et al. [8] reported that Hsa-Let-7g miRNA inhibits the
apoptosis induced by oxidized low-density lipoprotein (ox-
LDL) in endothelial cells by regulating the expression of CASP3.
Similarly, Zhang et al. [9] found the essential roles of the E2F1/
SNHG7/miR-186-5p/MMP2 axis in the proliferation and
migration of endothelial cells, which provides a potential thera-
peutic target for atherosclerosis. However, the association
between ECD and genes involved in atherosclerosis remains
unclear. Because of the lack of clinical characteristic data of
ECD, it is difficult to associate and analyze the changed gene
expression with the changed cell function in the past. The emer-
gence of single-sample gene set enrichment analysis (ssGSEA),
weighted correlation network analysis (WGCNA), andMolecu-
lar Signatures Database makes this attempt possible.

In this study, ssGSEA, WGCNA, and other analysis
methods were used to help us explore key genes that may
be related to ECD associated with atherosclerosis. The
ssGSEA is an extension of gene set enrichment analysis. It
calculates the individual enrichment fractions of each pair
of samples and gene sets. Each ssGSEA enrichment fraction
represents the coordinated up- or downregulation of genes
in a specific gene set in a sample. This algorithm has been
successfully applied to the approximate calculation of
immune cell infiltration levels in breast and gallbladder
cancer, to name a few [10]. WGCNA is a common method
for performing correlation network analysis, identifying
disease-related gene modules, and determining the pheno-
typic traits of key genes [11]. It has been widely used in
many biological analysis processes, including cancer and
mouse genetics studies [12–14]. Moreover, it has been used
with increased frequency to obtain gene correlation patterns
of microarray samples. The WGCNA method considers
transcriptome interactions by constructing coexpression
modules, thereby contributing to the study of phenotypic
traits and providing more in-depth analyses. Therefore, the
important signaling pathways and genes related to corre-
sponding phenotypic traits can be explored.

There are a large number of completed high-throughput
sequencing of various diseases in the Gene Expression
Omnibus (GEO) database. Therefore, we can use the GEO
database, Molecular Signatures Database, and multiple bio-
informatics analysis methods to explore the relationship
between ECD and atherosclerosis-associated genes, which
can provide us with potential targets to intervene in athero-
sclerosis. When we found key genes, further studies are nev-
ertheless needed to elucidate the detailed biological function
of these genes in the pathogenesis of atherosclerosis.

2. Material and Methods

2.1. Datasets. The GSE83500 dataset in the Gene Expression
Omnibus (GEO) database was selected based on the

GPL13667 platform to analyze the vessel walls of patients
with atherosclerosis. The GPL platform includes data
derived from frozen aortic tissue samples obtained from 17
MI patients and 20 non-MI patients. Then, the GSE28829
and GSE43292 datasets which involve mRNA expression
data of normal and atherosclerotic plaque samples were
downloaded to verify the expression of key genes and build
a prediction model of atherosclerosis (the details of
GSE83500, GSE28829, and GSE43292 datasets can be seen
in Supplemental File 10).

2.2. Quantification of Endothelial Cell Function. The endo-
thelial cell migration/proliferation dataset was predefined
by the Molecular Signatures Database (v7.0), with their
migration/proliferation levels in each sample quantified
using the ssGSEA algorithm. The latter was determined
through the sorting of markers.

2.3. Construction of Coexpression Gene Modules. The
“WGCNA” R package was used to construct the coexpres-
sion network for all genes across 37 samples. Expression
values of 10,000 genes were used to construct a coexpression
network. Samples were used to calculate Pearson’s correla-
tion matrices. The weighted adjacency matrix was created
with the formula amn = ∣cmn ∣ β, where amn represents the
adjacency between gene m and gene n, cmn represents
Pearson’s correlation of genes m and n, and β indicates the
soft-power threshold. Furthermore, the weighted adjacency
matrix was transformed into a topological overlap measure
(TOM) matrix to estimate its connectivity property when
the power of β is 5. Average linkage hierarchical clustering
was used to construct a clustering dendrogram of the
TOM matrix.

2.4. Construction of Module-Trait Relationships. Module
eigengenes were used to perform component analysis of
each module. The correlation between module eigengenes
and the migration/proliferation function of endothelial cells
was calculated to determine the significance of modules
using Pearson’s test. An individual module was considered
significantly correlated with endothelial cell function when
p < 0:01. The module (hub module) showing both signifi-
cance and having the highest correlation coefficient was
selected to calculate its module membership and gene signif-
icance for a trait. Module connectivity was defined as the
absolute Pearson’s correlation value between genes. Trait
relationship was defined as the absolute Pearson’s correla-
tion value between each gene and the trait.

2.5. Identification of Hub Genes and Key Genes. The PPI
network of the hub module genes was constructed using
the STRING database and visualized through Cytoscape.
The top 10 candidate genes were selected as the hub genes
according to the degree of connectivity of each gene. To
verify the accuracy of the identified hub genes, the
expression of hub genes was detected in GSE28829 and
GSE43292 datasets, respectively. Genes with significantly
different expression profiles were considered key genes.
ROC analysis was conducted to examine the performance
of using key genes to predict atherosclerosis.
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2.6. Functional Enrichment Analysis of Genes in the Hub
Modules. To obtain the biological functions and signaling
pathways involved in hub modules, the Metascape database
was used for annotation and visualization. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses were conducted for genes in
hub modules. A minimum overlap ≥3 and p ≤ 0:01 were
considered to be statistically significant.

2.7. Disease Correlation Analysis and Gene Set Variation
Analysis. The first 20 atherosclerosis markers were identified
from the GeneCards database (v5.0) and the correlation
between the key genes and these markers analyzed. Gene
set variation analysis (GSVA) is a nonparametric and
unsupervised method for assessing transcriptome gene set
enrichment. GSVA changes the gene level into the pathway
level by comprehensively scoring the gene set of interest and
then judging the biological function of the sample. In this
study, gene sets were downloaded from the Molecular
Signatures Database (v7.0) and the GSVA algorithm used to
comprehensively score each gene set to evaluate the potential
biological function changes across different samples.

2.8. Verify the Expression of Key Genes in Clinical Specimens.
The samples of the atherosclerosis group were taken from
the perforated tissue of the ascending aorta wall of patients
who underwent coronary artery bypass grafting (CABG) in
the Department of Cardiovascular Surgery of the First
Affiliated Hospital of Harbin Medical University from
March 2019 to June 2020; the samples of the normal group
were taken from the discarded ascending aortic wall from
patients who were undergoing aortic valve surgery at the
same time, and patients with atherosclerosis were excluded.
The study protocol has been approved by the Ethics Com-
mittee of the First Affiliated Hospital of Harbin Medical
University, and informed consent was obtained from each
patient. All aortic walls were soaked in RNAlater solution,
and the intimal tissue was separated. It was immediately
placed into liquid nitrogen for cooling and then transferred
to a -80°C ultra-low-temperature refrigerator for storage.
The total RNA was extracted, and Q-PCR was performed
according to the protocol (Supplemental File 8). The primer
sequences of key genes are shown in Table 1.

2.9. Establish a Model of ox-LDL-Injured HCEACs. Human
coronary artery endothelial cells (HCAECs) (ScienCell,
USA) were cultured in endothelial cell medium (ECM) con-
taining 10% fetal bovine serum (FBS) and 5% endothelial
cell growth factor (ECG) (ScienCell, USA). When the cells

became 70–80% confluent, oxidized low-density lipoprotein
(ox-LDL) (100mg/L) was added to the medium. Cells were
cultured for 24 hours to establish the model of ox-LDL-
injured HCAECs. The morphological changes of cells were
observed under an inverted microscope. The LDH activity
of two groups was detected by using an LDH kit (Nanjing
Jiancheng Bioengineering Institute, Jiangsu, China), which
is to show whether the model is successful.

2.10. Preparation of RAB5A Overexpression and shRNA
Plasmids and In Vitro Transfection. In this study, RAB5A
overexpression and shRNA plasmids were designed by Gen-
ePharma (GeneChem, Shanghai, China) according to the
manufacturer’s instructions. HCAECs treated with ox-LDL
were cultured in ECM containing 10% FBS and 5% ECG.
The transfection process was carried out according to the
instructions of Lipofectamine 2000 Reagent (Invitrogen,
USA) (Supplemental File 9). HCAECs were cultured in
10% FBS-containing ECM until further analysis 48 h after
transfection. HCAECs expressing green fluorescent protein
(GFP) were then observed under a fluorescence microscope,
and their transfection efficiency was determined by the ratio
of GFP-positive cells to the total cell number. Finally, the
expression of RAB5A in each group was measured by west-
ern blot. The protein content was quantified with a bicinch-
oninic acid protein (BCA) assay kit (Beyotime, Shanghai,
China). After 10% SDS gel electrophoresis and membrane
transfer, the membranes were blocked using 5% (w/v) non-
fat milk diluted with Tris-buffered saline and Tween-20
(TBST). Then, the membranes were incubated with RAB5A
Rabbit Anti-Human primary antibody (Affinity Biosciences,
USA) at room temperature for 2 hours and HRP-
Conjugated Goat Anti-Rabbit IgG(H+L) secondary antibody
(Affinity Biosciences, USA) for 1 hour. Beyo ECL Plus
(Beyotime, Shanghai, China) was used to detect blot results.

2.11. Endothelial Cell Proliferation and Cell Cycle Analysis.
After ox-LDL treatment and plasmid transfection, cell pro-
liferation of four groups (HCAECs, HCAECs-RAB5A over-
expression, HCAECs-RAB5A shRNA, and HCAECs-NC)
was detected by using CKK8 (tsbiochem, Shanghai, China)
according to the manufacturer’s procedures. Meanwhile, cell
cycle analysis was performed on four group cells by using
the Cell Cycle Detection Kit (Wanleibio, Shenyang, China).
In brief, (1) collect cell samples. Digest and collect the
digested cells into a centrifuge tube at 1000g for 5min, and
precipitate the cells. (2) Using phosphate buffer saline
(PBS), resuspend the cells and adjust the cell concentration
to 1 × 106/mL at 1000g for 5min, and precipitate cells. (3)

Table 1: The primer sequences of key genes.

Gene name Forward primer Reverse primer

RAB5A CAAGAACGATACCATAGCCTAGCAC CTTGCCTCTGAAGTTCTTTAACCC

CTTN GCTTTGAGTATCAAGGCAAAACG CCAAGGGCACATTTGTCTTGT

ITGB1 CCTACTTCTGCACGATGTGATG CCTTTGCTACGGTTGGTTACATT

MMP9 GGGACGCAGACATCGTCATC TCGTCATCGTCGAAATGGGC

β-Actin CCTGTACGCCAACACAGTGC ATACTCCTGCTTGCTGATCC
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Sample clustering to detect outliers
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Figure 1: Continued.
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Add 1mL of 70% cold ethanol and fix it for 2 h to over-
night. Wash the fixing solution with precooled PBS before
dyeing. (4) Add 100μL RNase A to a 37°C water bath for
30min. (5) Add 500μL propidium iodide (PI) staining solu-
tion to each tube and then mix evenly and keep it away
from light at 4°C for 30min. (6) Detect and analyze with a
flow cytometer.

2.12. Endothelial Cell Apoptosis Detection. In order to
analyze the apoptosis rate of cells from four groups, we
performed Annexin-FITC/PI apoptosis detection according
to the manufacturer’s procedures (Annexin V-FITC/PI apo-
ptosis detection kit, Solarbio, Beijing, China). The western

blot test was used to detect apoptosis-related proteins, such
as caspase-3, Bax, and Bcl2 (Wanleibio, Shenyang, China).
β-Actin was used as a loading control. The process of west-
ern blot complies with the process mentioned above.

2.13. Wound Healing Assay. A total of 5 × 105 cells from four
groups were cultured in a six-well plate (Corning, New York,
USA) with ECM containing 10% FBS for 24 hours. When
the HCAECs became 80-90% confluent, cell monolayers
were scratched in each well. Floating cells were washed away
with PBS, and cells were incubated for 16h with ECM
serum-free medium in normal condition. Microscopic
images (40x) were taken at 0 and 16 h.
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Figure 1: Construction of coexpression modules. (a) Sample clustering was conducted to detect outliers. Clusters, all passing the cutoff
thresholds, were constructed from all samples. (b) Quantification of endothelial cell function by ssGSEA. The result is displayed as a trait
heat map. (c) Analysis of network topology for various soft-thresholding powers. The left panel shows the scale-free fit index (y-axis) as
a function of the soft-thresholding power (x-axis). The right panel displays the mean connectivity (y-axis) as a function of the soft-
thresholding power (x-axis). (d) Gene clustering dendrograms. Dissimilarity was based on topological overlap together with assigned
module colors. As a result, 32 coexpression modules were constructed and are shown in different colors. These modules were arranged
from large to small based on the number of genes they included.
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2.14. Transwell Migration Assay. A Transwell upper cham-
ber treated with 1% gelatin was balanced in the incubator
for 1 h; then, 100μL serum-free ECM medium containing
5 × 104 HCAECs from four groups was added. 600μL
ECM contains 20% FBS which was added to the lower cham-
ber to stimulate migration. Medium was discarded after cells
were cultured for 24 hours. HCAECs were fixed with 10%
formaldehyde solution; then, gently wipe off the upper non-

migrated cells. HCAECs were permeabilized for 15 minutes
in 0.5% Triton-X-100 solution. Finally, DAPI staining solu-
tion was added. PBS rinsing is required before and after each
step. HCAECs were observed under a fluorescence inverted
microscope and photographed in 6 different locations.

2.15. Matrigel Tube Formation Assay. The 96-well plate was
coated with 60μL/well of chilled Matrigel solution (10mg/mL)
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Figure 2: Module-trait associations and a scatter plot of the genes in the tan and yellow modules. (a) Module-trait associations. Each row
corresponds to a module eigengene, while columns represent a trait. Each cell contains the corresponding correlation and p values. The table
is color-coded according to the color legend. (b) Gene significance scatterplot for endothelial cell proliferation vs. module membership in the
tan module (cor = 0:39, p = 1e − 11). (c) Gene significance scatterplots for endothelial cell migration vs. module membership in the yellow
module (cor = 0:37, p = 1:2e − 16).
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without air bubbles and incubated for 1h at 37°C to solid-
ify. A total of 100μL ECM medium and 2‐3 × 104 HCAECs
from four groups were seeded in the 96-well plate. The
endothelial tubule-like vascular network formation was
observed after 4, 6, and 8h of incubation and photographed
in 6 different locations.

3. Results

3.1. Microarray Data Collection and Gene Expression
Analysis. A 1total of 37 samples (17 MI and 20 non-MI)
were included in the GSE83500 dataset. The GSE28829 data-
set contains 29 atherosclerotic plaque samples (13 early and
16 advanced atherosclerotic plaque samples). The GSE43292
dataset contains 32 normal and 32 atherosclerotic plaque
samples. The raw data was used to transform microarray
information into gene expression data. Notably, probes

matching several genes were eliminated, as were genes with
a negative expression value. The average value was used as
the expression data for genes matching more than a probe.

3.2. Construction and Selection of Coexpression Modules.
Following clustering analysis of samples, the ssGSEA
program was used to quantify endothelial cell function and
generate the sample dendrogram and trait heat map
(Figures 1(a) and 1(b)). To achieve a scale-free coexpression
network, β = 5 was selected during coexpression analysis. To
merge highly similar modules, the threshold was set to 0.25.
Using the dynamic tree cut method, 32 modules were iden-
tified in total (Figures 1(c) and 1(d)). When we constructed
module-trait relationships (Figure 2(a)), the tan module
indicated a statistically significant value in terms of endothe-
lial cell proliferation function (score = 0:44, p = 0:006), while
the yellow module had a statistically significant value in
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Figure 3: PPI network of genes from the tan and yellow hub modules. (a, b) The higher the number of connected nodes, the darker the color
of the node. Ten nodes with the deepest color were selected as the key genes.
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terms of endothelial cell migration function (score = 0:41,
p = 0:01). The tan and yellow module memberships and
gene significance for traits were subsequently calculated
(Figures 2(b) and 2(c)).

3.3. Mining Hub Genes and Key Genes. The PPI network of
the genes in the two (tan and yellow) modules was obtained
(Figures 3(a) and 3(b)), with the top 10 genes selected as hub
genes. In total, 10 genes (MAPK3, CUL1, DICER1,
UQCRFS1, DDX10, RAB5A, DDX18, UBE2E3, PAICS, and
NDUFV2) were obtained in tan modules associated with
endothelial cell proliferation (Table 2), and 10 genes (FN1,
UBC, UBB, MMP9, ACTA2, ITGB1, CD44, RPL9, CTTN,
and SOD1) were obtained in yellow modules associated with
endothelial cell migration (Table 3). The verification of the
hub gene showed that in GSE28829 and GSE43292 datasets,
the expression of CTTN and ITGB1 (considered as key genes
closely related to endothelial cell migration function) from
atherosclerotic groups decreased significantly, while the
expression ofMMP9 increased(Figures 4(a) and 4(b)). How-
ever, RAB5A is the only gene associated with endothelial cell
proliferation whose expression decreased significantly. The
ROC analysis showed that these four key genes can predict
atherosclerosis well (Figures 4(c) and 4(d)). The above
results suggest that these key genes are related to the ECD
in atherosclerosis.

3.4. Functional Enrichment Analysis of Genes in Hub
Modules. The top 20 GO and KEGG terms were extracted
and shown. There was a significant difference in the
enriched terms and degrees (Figures 5(a) and 5(b)). Tan
module genes were mainly enriched for GO:0005132: type I
interferon receptor binding, GO:0007506: gonadal mesoderm
development, GO:0017124: SH3 domain binding, and
hsa04740: olfactory transduction. Genes in the yellow module
were mainly enriched for GO:0005198: structural molecule
activity, GO:0005192: adherens junctions, GO:0062023:
collagen-containing extracellular matrix, GO:0097435: supra-
molecular fiber organization, and GO:0043292: contractile
fibers. Notably, the transcriptional regulatory network of all
genes in the hub module was constructed to provide reference
for subsequent experiments (Supplemental File Fig. 1A-B).

3.5. Disease Correlation Analysis and GSVA. The disease cor-
relation analysis (Figure 6(a)) showed that the expression of
CTTN was positively correlated with the THBD, while it was
negatively correlated with APOE, IFNG, IL6, NPPA, and
TP53 (p < 0:01). The expression of ITGB1 was negatively
correlated with the IL-6 (p < 0:01) and PLAT (p < 0:05).
The expression of MMP9 was positively correlated with
IFNG, IL6, NPPA, and PIK3C2A (p < 0:05) but negatively
correlated with HP (p < 0:05) and THBD (p < 0:01). The
expression of RAB5A was negatively correlated with IL-10
and NOS3 (p < 0:05).

The results of GSVA (Figure 6(b)) show that when CTTN
was lowly expressed, the Notch signaling, interferon γ
response, WNT β-catenin signaling, MYC targets V1, and
TGFβ signaling were enriched. The Notch signaling, MYC
targetsV, PI3K-AKT-MTOR signaling, and IL6-JAK-STAT3

signaling were enriched when ITGB1 was lowly expressed.
The Notch signaling, MTORC1 signaling, P53 pathway,
PI3K-AKT-MTOR signaling, and interferon α response were
enriched in the RAB5A low-expression group while PI3K-
AKT-MTOR signaling, interferon α response, MYC targetsV,
WNT β-catenin signaling, and MTORC1 signaling were
enriched in the MMP9 high-expression group.

3.6. Results of Verification of Key Gene Expression. The total
RNAs of 16 atherosclerotic and normal aortic wall samples
were successfully obtained and passed the quality evaluation.
Some results of horizontal electrophoresis of RNA samples
are shown in Figure 7(a). It can be seen from the Q-PCR
results (Figure 7(b)) that CTTN, ITGB1, and RAB5A in
atherosclerotic samples were significantly lower than those
in the normal group (p < 0:05). On the contrary, MMP9 in
atherosclerotic samples was higher than that in the normal
group (p < 0:05). This is consistent with the results of bioin-
formatics analysis.

3.7. Establishment of the Injured HCAEC Model and RAB5A
Overexpression and Knockdown Model In Vitro. In the nor-
mal group, the HCAECs were uniform and regular, spin-
dle-shaped, and closely connected with each other. In the
injured group, the HCAEC morphology was nonuniform,
the connection between cells was not very close, and the
arrangement was irregular (Figure 7(c)). Compared with

Table 3: The hub genes of the yellow modules.

Gene Gene accession

FN1 ENSP00000346839

RPL9 ENSP00000400467

UBC ENSP00000441543

MMP9 ENSP00000361405

ACTA2 ENSP00000402373

ITGB1 ENSP00000379350

CD44 ENSP00000398632

SOD1 ENSP00000270142

CTTN ENSP00000365745

UBB ENSP00000304697

Table 2: The hub genes of the tan modules.

Gene Gene accession

UQCRFS1 ENSP00000306397

PAICS ENSP00000382595

NDUFV2 ENSP00000327268

DDX10 ENSP00000314348

MAPK3 ENSP00000263025

RAB5A ENSP00000273047

DICER1 ENSP00000437256

CUL1 ENSP00000326804

DDX18 ENSP00000263239

UBE2E3 ENSP00000386788
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the normal cells, the LDH activity in the injured group
was significantly increased (p < 0:05) (Figure 7(d)). The
above results show that the cell model of injured HCAECs
is successful.

As shown in Figure 8(a), the transfection efficiency of the
RAB5A overexpression and knockdown group is similar,
and the green fluorescence carried by the plasmid itself can
be seen. The expression results of RAB5A protein after trans-
fection are shown in Figures 8(b) and 8(c). The expression of
RAB5A in the overexpression group was significantly higher
than that in the other two groups (p < 0:05). At the same
time, the expression of RAB5A in the knockdown group
was significantly lower than that in the normal group
(p < 0:05).

3.8. The Effect of RAB5A on ox-LDL-Injured HCAEC
Function of Proliferation. The cell apoptosis rates in the
HCAEC, HCAEC-RAB5A overexpression, HCAEC-RAB5A

shRNA, and HCAEC-NC groups were 5.18%, 2.75%,
10.3%, and 4.39%, respectively (Figure 9(a)). Compared with
the HCAEC group, the cell apoptosis rates decreased in the
HCAEC-RAB5Aoverexpression group but increased in the
HCAEC-RAB5A shRNA group (p < 0:05). There was no sig-
nificant difference in the cell apoptosis rate between the
HCAECs and HCAECs-NC (p > 0:05). A column analysis
chart of the apoptosis rate is shown in Figure 9(b).

The results of the CKK8 test showed that as shown in
Figure 9(c), the OD value in each group reflecting the cell
proliferation had no significant difference at 24 h. At 48 h,
the cell growth rate in each group was different (p > 0:05).
At 72 h and 96 h, the results showed that the proliferation
activity of the HCAEC-RAB5A shRNA group decreased
lower than that in the other three groups (p < 0:05). When
RAB5A was overexpressed, the cell growth rate was fastest
compared to that of other groups (p < 0:01). There was no
significant difference in OD between the normal group and
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Figure 4: Identification and verification of key genes. (a, b) The comparison of hub gene expression between normal and disease groups.
Four key genes (CTTN, ITGB1, MMP9, and RAB5A) were significantly different in the two conditions (GSE28829: CTTN (p = 0:025),
ITGB1 (p = 3:528e − 05), MMP9 (p = 9:902e − 05), and RAB5A (p = 0:009); GSE43292: CTTN (p = 8:703e − 06), ITGB1 (p = 3:026e − 04),
MMP9 (p = 1:248e − 05), and RAB5A (p = 0:016). (c, d) The ROC curves for CTTN, ITGB1, MMP9, and RAB5A demonstrating their
ability to predict atherosclerosis (GSE28829 and GSE43292, respectively).
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Figure 5: Continued.
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Figure 5: GO and KEGG enrichment analysis of genes in tan and yellow modules. (a, b) The first 20 enriched terms are shown as a bar chart
on top. The network diagram on the bottom is constructed with each enrichment term as a node and the similarity of the node as the edge.
Nodes with the same cluster ID are with the same color. Min overlap ≥ 3 and p ≤ 0:01 were considered to be statistically significant.
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the NC group (p > 0:05). This experiment proved that over-
expression of RAB5A could improve the proliferation of
injured HCAECs. When the expression of RAB5A decreased
significantly, this function disappeared.

The cell cycle analysis results are shown in Figures 9(d)
and 9(e). The S phase proportion of cells in the five groups
was 31.31%, 41.91%, 23.62%, and 32.41, respectively. This
result is consistent with the CKK8 test. When RAB5A was
overexpressed, more cells were in the S phase of the cell cycle
(p < 0:05). On the contrary, when RAB5A expression was

knocked down, the HCAEC-RAB5A shRNA group had the
least cell number in the S phase (p < 0:05).

After 48h of transfection and treatment, there were no sig-
nificant differences in apoptosis-related protein expressions
between HCAEC and HCAEC-NC groups (p > 0:05)
(Figure 9(f)). Compared to the HCAEC-RAB5A overexpres-
sion group, Bax and caspase-3 proteins were upregulated, but
Bcl-2 protein was downregulated in HCAECs-RAB5A shRNA
(p < 0:05). Compared with the HCAEC group, Bax and
caspase-3 proteins were downregulated, whereas Bcl-2 protein
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Figure 6: The GSVA and disease association of key genes. (a) Each row corresponds to a key gene. Cells are color-coded according to the
legend. Cells with statistically significant p values are shown as ∗ or ∗∗. (b) The vertical axis represents the change in signaling pathways in
the corresponding samples with low or high key gene expression. The horizontal axis represents the degree of variation of each pathway in
the gene set. The green bar represents the sample with high expression in the key gene, while the blue bar shows the opposite.
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was upregulated in the HCAEC-RAB5A overexpression group
(p < 0:05). Relative quantitative comparison of western blot
analyses is shown in Figure 9(g).

3.9. Results of the Effect of RAB5A on ox-LDL-Injured
HCAEC Migration Function. The results of the wound heal-
ing assay (Figures 10(a) and 10(c)) showed that at 16 hours
after the beginning of the experiment, the migration distance
of the HCAEC-RAB5A overexpression group was longer
than that of the HCAEC group (p < 0:05), and the migration
distance of the HCAEC-RAB5A shRNA group was shorter
than that of HCAEC-RAB5A overexpression and HCAEC
groups (p < 0:05).

After 24 hours of the Transwell migration assay, the
migration number of cells in each group was determined
by DAPI staining. It can be seen that the migration number
of cells in the HCAEC-RAB5A overexpression group was
higher than that in HCAEC and HCAEC-RAB5A shRNA

groups (Figures 10(b) and 10(d); p < 0:05). The migration
number of cells in the HCAEC-RAB5A shRNA group was
the least among each group.

Furthermore, the tube formation assay was performed to
confirm that the increased expression of RAB5A can pro-
mote angiogenesis of HCAECs. Compared to the HCAEC
and HCAEC-RAB5A shRNA groups, the HCAEC-RAB5A
overexpression group promoted HCAECs to form
capillary-like structures (Figures 10(c) and 10(e)).

4. Discussion

According to the WHO, cardiovascular disease is still one of
the leading causes of mortality globally. During the progres-
sion of atherosclerosis, endothelial cells (ECs) display abnor-
mal proliferation and migration that is responsible for the
destruction of the integrity of the endothelium [15]. This
consequently aggravates lipid deposition and fibrous cap
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Figure 7: (a) Some results of horizontal electrophoresis of RNA samples from clinical specimens are shown. (b) The Q-PCR results of key
genes; CTTN, ITGB1, and RAB5A in atherosclerotic samples were significantly lower than those in the normal group (p < 0:05). On the
contrary, MMP9 in atherosclerotic samples was higher than that in the control group (p < 0:05). (c) Establishment of the injured
HCAEC model. In the normal group, the HCAECs were uniform and regular, spindle-shaped, and closely connected with each other. In
the injured group, the HCAEC morphology was nonuniform, the connection between cells was not very close, and the arrangement was
irregular. (d) The LDH activity assays showed that compared to the normal group, LDH activity was significantly increased in the
ox-LDL-injured group (p < 0:05). The above results show that the cell model is successful.
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rupture [16]. Participating in atherogenesis, anomalous ECs
produce multiple cytokines [17]. These include interleukins,
adhesion molecules, and matrix metalloproteinases. ECD is
considered to precede atherosclerosis and induces abnormal
proliferation and migration of ECs recognized in the early
stages of atherosclerosis [18]. Some experiments aimed at
understanding the role of ECD in the development of ath-
erosclerosis have been conducted. Zhang et al. [19] found
that circ_0003204 RNA inhibits proliferation and migration
of endothelial cells in atherosclerosis via the miR-370-3p/
TGFβR2/phosph-SMAD3 axis, while Peng et al. [20]
declared that thymic stromal lymphopoietin promotes endo-
thelial cell proliferation and migration in atherosclerosis by
inducing HOTAIR activation. Nevertheless, the knowledge
surrounding ECD and genes involved in atherosclerosis
remains elusive. Studying the unknown genetic mechanisms
underlying ECD in atherosclerosis could provide us with
potential targets for reversing and ameliorating atherosclero-
sis. Because of the lack of clinical characteristic data of endo-
thelial cell dysfunction, it is difficult to correlate and analyze
the changes in gene expression with the changed cell func-

tion in the past. The emergence of ssGSEA, WGCNA, and
Molecular Signatures Database makes this attempt possible.

The relationship between atherosclerosis-associated EC
eigengenes and clinical features was revealed by ssGSEA
and WGCNA in this paper (Figures 1–3). This is the first
attempt to reveal the internal relationship between endothe-
lial cell function and genes, but this method has been suc-
cessful in studying tumor immune cell infiltration. Among
these analysis results, functional enrichment analysis indi-
cates the possible enrichment pathways involved in the tan
and yellow modules, respectively (Figure 5). Structural
molecule activity and adherens junction were enriched in
the yellow module. Increased adhesion of monocytes to
endothelial cells may be considered an early symptom of
atherosclerosis [21]. Endothelial cells appear to respond to
different stimuli by expressing adhesion molecules, thereby
increasing the adhesion of monocytes and T lymphocytes
to endothelial cells [21]. Type I interferon receptor binding
and regulation of the type I interferon-mediated signaling
pathway were enriched in the tan module associated with
endothelial cell proliferation.
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Figure 8: (a) RAB5A overexpression and shRNA plasmid transfection HCAECs in vitro. There was no significant difference in transfection
efficiency between two groups (28.7% and 27.3%), and the green fluorescence carried by the plasmid itself can be seen. (b, c) The results of
measuring the expression of RAB5A protein after transfection are shown in (b). Relative quantitative comparison of western blot analyses in
(C). ∗p < 0:05, compared to the HCAEC group; #p < 0:05, compared to the HCAEC-RAB5A overexpression group.
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Figure 9: Continued.
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This is consistent with findings that IFN-γ activates T
cells, macrophages, endothelial cells, and fibroblasts that give
rise to the formation of atherosclerotic aneurysms in the
abdominal aorta [22]. Results of another study show that
INF-γ causes the expression of NOS, which exerts a wide
variety of effects on the vessel walls via in vivo production
of NO [23]. Such analysis results let us know which possible
participants are involved in the changes of endothelial cell
migration and proliferation. Obviously, this requires further
research and analysis.

Further research results show that the RAB5A, CTTN,
ITGB11and MMP9 can be used to predict atherosclerosis
which is verified by GSE28829 and GSE43292 (Figure 4).
Subsequently, we verified the expression of these genes in
the normal and atherosclerotic aortic walls (Figures 7(a)
and 7(b)). Fortunately, the performance of key genes is sat-

isfactory. Due to the characteristics of multiple etiologies
and mechanisms of atherosclerosis, it is certain that many
other important components may be involved, such as some
proteins, transcription factors, and cytokines [24]. There-
fore, we calculated the relationship between these genes
and known markers of atherosclerosis, and we also analyzed
the signal pathways that may be involved in the abnormal
expression of these genes leading to disease using GSVA.
As shown in Figure 6(a), key genes are associated with some
known atherosclerosis markers. For example, RAB5A was
correlated with IL-10 and NOS3. The GSVA result showed
(Figure 6(b)) that when the expression of RAB5A, CTTN,
and ITGB1 decreased and the expression of MMP9
increased, Notch signaling, PI3K-Akt signaling, MYC targets
V, interferon α/γ response, etc. are involved. Of course, each
gene also has specific signal transduction pathways involved.
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Figure 9: (a) The endothelial cell apoptosis rates in the HCAEC, HCAEC-RAB5A overexpression, HCAEC-RAB5A shRNA, and HCAEC-NC
groups were 5.18%, 2.75%, 10.3%, and 4.39%, respectively. (b) Column analysis chart of the apoptosis rate in each group. ∗p < 0:05, compared to
the HCAEC group; #p < 0:05, compared to the HCAEC-RAB5A overexpression group. (c) The cell proliferation of each group was compared at
each time point (24 h, 48 h, 72 h, and 96 h). ∗∗p < 0:05, HCAEC-RAB5A overexpression compared to HCAEC group; ∗p < 0:05, HCAEC-
RAB5A shRNA compared to HCAEC group. (d, e) The cell cycle analysis for all groups. (d) The cell cycle analysis results are shown in (d).
The area under the red curve represents the G1 phase of the cell cycle. The area under the curve filled with slashes represents the S phase of
the cell cycle. (e) Column analysis chart of the cell cycle in all groups. (f, g) Apoptosis-related protein expressions for all groups. (f) The
expression levels of Bax, caspase-3, and Bcl-2 proteins in each group. (g) Relative quantitative comparison of western blot analyses.
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Figure 10: Continued.
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For instance, NOS3, IL-10, and P53 pathway are related to
RAB5A. The above results suggest that these genes may be
involved in atherosclerosis through these markers and/or sig-
nal pathways. This also provides us with research directions.

RAB5A belongs to the Rab-GTPase family of proteins,
plays an important role in endocytosis, exocytosis, and vesi-
cle transport, and has been implicated in a large range of dis-
eases ranging from cancer to bacterial and viral infections
[25]. In the previous studies, there have been some studies
on the function of RAB5A. For example, RAB5A advances
the migration and invasion of hepatocellular carcinoma
through upregulating Cdc42 [26] (Yang X et al., 2018).
RAB5A is overexpressed in oral cancer and promotes inva-
sion through ERK/MMP signaling [27]. Moreover, RAB5A-
mediated autophagy can regulate the phenotype transition
and cell behavior of VSMCs through the activation of the
ERK1/2 signaling pathway [28]. The function of RAB5A
mainly involves endocytosis, exocytosis, and vesicle trans-
port, which can play an important role in the occurrence
and development of atherosclerosis [29, 30]. RAB5A func-
tions and potential relationships with atherosclerosis have
aroused our strong interest. So, we established the cell model
of atherosclerosis and detected the changes in endothelial
cell function caused by overexpression or inhibition of
RAB5A expression.

Because RAB5A is located in the tan module related to
endothelial cell proliferation, firstly, we analyzed the effect
of RAB5A on endothelial cell proliferation. The flow cytom-
etry results of cell apoptosis showed that compared with the
HCAEC and HCAEC-RAB5A shRNA groups, endothelial
cells in the HCAEC-RAB5A overexpression group had the
lowest apoptosis rate (Figures 9(a) and 9(b)) which was con-

sistent with the expression trend of apoptosis-related
proteins (Figures 9(f) and 9(g)). Endothelial cells in the
HCAEC-RAB5A overexpression group had less caspase-3
and Bax and more Bcl-2 expression. From another
perspective, we can see that, when RAB5A is overexpressed,
endothelial cells have higher cell proliferation efficiency
(Figure 9(c)). The cell cycle assay also confirmed that more
cells were in the S phase of the cell cycle when RAB5A was
overexpressed (Figures 9(d) and 9(e)). So, we speculated that
RAB5A can affect atherosclerosis by regulating the prolifera-
tion of endothelial cells. However, this effect occurs at least
48 hours after transfection. As mentioned before, it was
found that RAB5A has a strongly negative correlation with
IL-10 and NOS3 (eNOS). The evidence that IL-10 and
NOS3 play a positive role in inhibiting the development of
atherosclerosis has been discussed elsewhere [31, 32]. More-
over, GSVA analysis demonstrated that low RAB5A expres-
sion is primarily associated with interferon α/γ response,
NOS3, IL-10, PI3K-AKT, and Notch signaling pathways.

Enriched in tan module genes associated with endothe-
lial cell proliferation in this study, some experiments have
confirmed the role of interferon and related signaling path-
ways in the pathogenesis of atherosclerosis. For example,
Li et al. [33] concluded that IFN-α can increase the uptake
of ox-LDL and enhance foam cell formation by upregulating
macrophage SR class A expression. This is achieved via
enhancing its promoter activities, with the PI3K/Akt signal-
ing pathway appearing to be involved in this process.
Another study suggests that excessive expression of IFN-I
through the activation of TLR7/9 signaling may induce
accelerated atherosclerosis through the depletion or dys-
function of endothelial progenitor cells [34]. Many studies
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Figure 10: (a, d) Wound healing assay in all groups. (a) Migration distance of HCAECs in different conditions. (d) Relative quantitative
comparison of healing speed analyses mentioned in (a). (b, e) Transwell migration assay in all groups. (b) Representative
photomicrographs showing migrating cells in different conditions. (e) Quantification of number of migrating cells demonstrated that
overexpression of RAB5A promoted HCAEC migration function (n = 6/group). (c, f) Tube formation assay. (c) Representative
photomicrographs showing tube formation of HCAECs in different conditions. (f) Quantification of HCAEC tube junction numbers
demonstrated that overexpression of RAB5A ameliorated HCAECs to form capillary-like structures (n = 6/group). ∗p < 0:05, compared to
the HCAEC group; #p < 0:05, compared to the HCAEC-RAB5A overexpression group.
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have also confirmed that interferon α/γ response is closely
related to cell cycle and cell proliferation. For example,
IFN-γ modulates the self-renewal, cell cycle entry, and pro-
liferation of HSCs [35]. IFN-γ inhibits endothelial cell prolif-
eration, migration, and reendothelialization of injured
arteries by inhibiting the nuclear factor-kappa B pathway
[36]. Gomez and Reich [37] provide evidence that IFN can
stimulate the proliferation of primary human endothelial
cells by an increase in DNA synthesis assessed with thymi-
dine incorporation, an increase in G and M cell cycle phases
assessed with flow cytometric analysis, and an increase in the
cell number. The Rab family is also closely related to the IFN
family in some cell functions (RAB5A and IFN-γ). The inter-
action mainly involves the selective effects of synthesis, pro-
cessing, and nucleotide exchange, which can enhance the
membrane transport function and further enhance some cell
functions [38]. Targeting RAB5A through IFN might there-
fore have potential therapeutic effects on atherosclerosis.
Notch signaling has also been shown to play a variety of
roles in atherosclerosis. Lin et al. [39] reported that the acti-
vation of the Notch signaling pathway can induce vascular
endothelial dysfunction and promote the development of
atherosclerotic lesions. Moreover, Notch signaling pro-
motes endothelial cell proliferation and vessel growth in
postnatal long bone [40]. RAB5A cooperates with synthetic
exosome-like nanoparticles to inhibit Notch signaling and
then affect the proliferation of human pancreatic tumor
soj-6 cells [41]. These above findings support our conclu-
sion that RAB5A may play an important role in the devel-
opment of atherosclerosis by affecting the proliferation
function of endothelial cells. It is important that the inter-
feron response and Notch signaling pathway are likely to
be involved in this process.

Previous researchers found that RAB5A can accelerate
the progress of cancer by affecting the migration of cancer
cells [42]. This shows the diversity of RAB5A functions, so
RAB5A may also promote the development of atherosclero-
sis by affecting the migration function of endothelial cells.

Our experimental results show that compared with the
HCAEC and HCAEC-RAB5A shRNA groups, endothelial
cells in the HCAEC-RAB5A overexpression group had
stronger migration ability (Figures 10(a) and 10(b)). More-
over, overexpression of RAB5A alleviates the impaired vessel
tube formation capacity of endothelial cells caused by ox-
LDL (Figure 10(c)). It is well characterized that vascular
endothelial growth factor A and its receptor (VEGFR2) are
important regulators of vascular physiology. RAB5A regula-
tion of VEGFR2 trafficking and signaling linked to endothe-
lial cell migration in the early endosome sorting of both
quiescent and activated VEGFR2 has been demonstrated in
a recent study [43, 44]. Similarly, another study has found
that RAB5A knockdown inhibits LPS-induced endothelial
barrier dysfunction in vivo and that RAB5A may be a
potential therapeutic target for preventing endothelial barrier
disruption and vascular inflammation by regulating VE-
cadherin internalization [45]. What is more, VE-cadherin is
closely related to cell migration [46, 47]. Therefore, we specu-
late that RAB5Amay affect the migration function of endothe-
lial cells by affecting VEGFR2 and VE-cadherin.

The changes in proliferation and migration functions of
ECs have been implicated as being a critical step in the pro-
gression of atherosclerosis [48, 49]. Therefore, the genes
related to the functional changes of endothelial cells have
become a research hotspot. Based on ssGSEA and WGCNA,
hub modules and key genes were identified. The RAB5A,
CTTN, ITGB1, andMMP9 key genes may act as potential tar-
gets for medical therapy and diagnostic biomarkers. In partic-
ular, when RAB5A is overexpressed in ox-LDL-injured
endothelial cells, endothelial cells will have better proliferation
and migration ability and reduce the occurrence of endothelial
cell dysfunction to a certain extent. So, RAB5A may be
involved in the pathogenesis of atherosclerosis by changing
the proliferation and migration function of endothelial cells
through some cytokines and/or signaling pathways, such as
the interferon response, Notch signaling pathways, VEGFR2,
VE-cadherin, NOS3, and IL-10. Further studies are needed
to elucidate the detailed biological function of these genes
associated with ECD in the pathogenesis of atherosclerosis.
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