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Background. Coronary artery ectasia (CAE) is an easily recognized abnormality of coronary artery anatomy and morphology.
However, its pathogenesis remains unclear. Objectives. This study aimed to identify abnormal methylation-modified genes in
patients with CAE, which could provide a research basis for CAE. Methods. Peripheral venous blood samples from patients
with CAE were collected for RNA sequencing to identify differentially expressed genes (DEGs), followed by functional
enrichment. Then, the DNA methylation profile of CAE was downloaded from GSE87016 (HumanMethylation450 BeadChip
data, involving 11 cases and 12 normal controls) to identify differentially methylated genes (DMGs). Finally, after taking
interaction genes between DEGs and DMGs, abnormal methylation-modified genes were identified, followed by protein-
protein interaction analysis and expression validation using reverse transcriptase polymerase chain reaction. Results. A total of
152 DEGs and 4318 DMGs were obtained from RNA sequencing and the GSE87016 dataset, respectively. After taking
interaction genes, 9 down-regulated DEGs due to hypermethylation and 11 up-regulated DEGs due to hypomethylation were
identified in CAE. A total of 10 core abnormal methylation-modified genes were identified, including six down-regulated
DEGs due to hypermethylation (netrin G1, ADAM metallopeptidase domain 12, immunoglobulin superfamily member 10,
sarcoglycan dela, Dickkopf WNT signaling pathway inhibitor 3, and GATA binding protein 6), and four up-regulated DEGs
due to hypomethylation (adrenomedullin, ubiquitin specific peptidase 18, lymphocyte antigen 6 family member E, and MX
dynamin-like GTPase 1). Some signaling pathways were identified in patients with CAE, including cell adhesion molecule,
O-glycan biosynthesis, and the renin-angiotensin system. Conclusions. Abnormal methylation-modified DEGs involved in
signaling pathways may be involved in CAE development.

1. Introduction

The cardiovascular system is essential in several key physio-
logical processes [1]. Coronary artery ectasia (CAE), a rare
disease, is defined as the dilation of the coronary vascular
lumen (up to a diameter 1.5 times that of the adjacent nor-
mal coronary artery) [2, 3]. It is an inflammatory disease
that develops in the background of atherosclerosis, with a
prevalence of 1.2-4.9% [4, 5]. Angina pectoris is the most
common clinical feature of CAE [6]. Acute coronary syn-
drome, dysrhythmia, and sudden cardiac death are other
possible clinical situations observed in patients with CAE

[7-9]. Factors associated with CAE, include infections, iatro-
genic disease, cardiac lymphomas, congenital and collagen
vascular disorders, sex (male), hyperlipidemia, hypertension,
smoking, stroke history, and cocaine use [10-14]. However,
the pathogenesis of CAE remains unclear.

Information regarding differentially expressed genes
(DEGS) can be obtained from RNA sequencing. In addi-
tion, DNA methylation can inhibits gene transcription,
and in the promoters and enhancers, DNA methylation is
related to gene silencing [15]. Recently, there have been
limited investigations on gene expression and DNA meth-
ylation in CAE. Therefore, our study aimed to identify


https://orcid.org/0000-0002-1096-7237
https://orcid.org/0009-0008-5921-3728
https://orcid.org/0009-0006-4043-6222
https://orcid.org/0009-0005-2333-8682
https://orcid.org/0009-0000-4419-4650
https://orcid.org/0000-0002-4057-109X
https://orcid.org/0009-0006-5732-0082
https://orcid.org/0009-0001-8759-2509
https://orcid.org/0000-0001-9526-4575
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/4969605

DEGs and differentially methylated genes (DMGs) in CAE
using RNA sequencing and integration analysis, followed
by functional analysis of abnormal methylation-modified
genes. This study may lay the molecular foundation for

the development of precision medicine for patients with
CAE.

2. Methods

2.1. Patients and Samples. This study was conducted with
five patients with CAE and five healthy controls. The clinical
information of these individuals is listed in Table 1. The
inclusion criteria for patients with CAE were as follows:
patients diagnosed with CAE with localized or diffuse dilata-
tion of the coronary artery wall, with the diameter of the dis-
eased lumen exceeding 1.5 times or more of the adjacent
normal segment and without coronary artery stenosis
(<50%). The exclusion criteria for patients with CAE were
as follows: (1) patients with a history of old myocardial
infarction; (2) patients previously treated with coronary
intervention or coronary artery bypass grafting; (3) patients
with congenital heart disease or other cardiac diseases (such
as dilated cardiomyopathy, hypertrophic cardiomyopathy,
valvular heart disease, severe arrhythmia, pulmonary heart
disease, pericarditis, pericardial effusion, myocarditis, and
so on); (4) patients with severe hepatic and renal insuffi-
ciency; (5) patients with malignancies, immune diseases,
Kawasaki disease, and connective tissue diseases (such as
systemic lupus erythematosus, aortitis, and so on); (6)
patients with a recent history of trauma or surgery; (7)
patients were pregnant women; and (8) patients have a his-
tory of anemia or have previously received blood transfu-
sions or treatment for anemia (such as iron supplements,
folic acid, erythropoietin, and so on). Peripheral venous
blood samples were obtained from these individuals for
RNA sequencing. Written informed consent was obtained
from these individuals. This study was approved by the
Ethics Committee of the Second Hospital of Hebei Medical
University (2021-R118).

2.2. RNA Sequencing. Total RNA was extracted from periph-
eral venous blood samples and purified using the TRIzol
reagent and the RNeasy Mini Kit. An Agilent 2100 Bioanaly-
zer was used to determine the quality of the sequencing
library. The Illumina HiSeq platform was applied to perform
RNA sequencing. Original image data was converted into
sequence data (FASTQ format) through base calling. The
Trimmomatic software was used to preprocess the original
data by using default parameters. After quality control, the
high-quality sequence was compared with the reference
genome (GRCh38) using HISAT2.

2.3. Data Preprocessing. Reference gene sequences and anno-
tation files were used as databases to identify the expression
abundance of each gene in each sample through sequence
similarity comparisons. The HTSeq-count software was used
to determine the number of reads aligned with the genes.
After the counts were obtained by comparison, those genes
with zero reads were removed. The fragments per kilobase
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of transcript per million fragments mapped method was
used for the calculation of gene expression amount. Pear-
son’s correlation analysis was used to explore the degree of
similarity between samples. In addition, principal compo-
nent analysis (PCA) was performed using the “prcomp”
function in the R package. All settings were default parame-
ters. PCA reduces the large amount of gene expression infor-
mation contained in samples to a few unrelated principal
components for comparison between samples.

2.4. Identification of DEGs in RNA Sequencing. First, the
genes were filtered by counts. Only genes with counts >2
were used for further analysis. DESeq2 was used to standard-
ize the number of counts for each gene and calculate the fold
change (FC). A negative binomial test was utilized to conduct
the test of difference significance. Finally, DEGs were screened
under the threshold value of p<0.05 and [log,FC| >1.
Log,FC>1 and log,FC< 1 represent up-regulation and down-
regulation, respectively.

2.5. Functional Enrichment of DEGs. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analyses were performed for all DEGs in RNA sequencing
by using the Database for Annotation, Visualization, and
Integrated Discovery. Significantly enriched GO and KEGG
terms were screened using the criterion of p < 0.05. Addi-
tionally, the Gene Set Enrichment Analysis (GSEA) software
was used for the functional analysis of the expression matrix
of all genes in RNA sequencing. The enrichment score in
GSEA reflects the degree to which a gene set S is overrepre-
sented at the extremes (top or bottom) of the entire ranked
list L [16]. The “c2.Cp.Kegg.V7.4.Symbols. GMT” was used
as the reference gene set. Significantly enriched signaling
pathways were identified using the selection criterion of
p<0.05.

2.6. Identification of DMGs from Online Dataset. Keywords of
“coronary artery ectasia” and “Homo sapiens” [porgn:__txid9606]
were used for the database search. Studying type of data-
sets was “Methylation Profiling by array”. After screening,
one methylation data set, GSE87016 (HumanMethyla-
tion450 BeadChip data, involving 11 cases and 12 normal
controls), was obtained. Dataset GSE87016 was down-
loaded from the Gene Expression Omnibus database. In
the CHAMP package, champ.norm was used to standard-
ize the data. “Champ.DMP” was used for differential
methylation analysis of genes under the selection criterion
of p<0.05.

2.7. Identification of Abnormal Methylation-Modified DEGs.
Intersection genes between down-regulated genes in RNA
sequencing and hypermethylated genes in the GSE42057
dataset were regarded as down-regulated DEGs due to
hypermethylation. In addition, intersection genes between
up-regulated genes in RNA sequencing and hypomethylated
genes in the GSE42057 dataset were considered as up-
regulated DEGs due to hypomethylation.

2.8. Protein-Protein Interaction Analysis of Abnormal
Methylation-Modified DEGs. To explore the interactions
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between proteins encoded by abnormal methylation-
modified DEGs, a protein—protein interaction (PPI) network
was constructed using the online STRING database. The PPI
network parameters used in STRING were combined_score
>0.15. The result obtained from the STRING database was
imported into the Cytoscape software. The CytoHubba
plug-in was used to filter core genes because it implements
11 node ranking methods to evaluate the importance of
nodes in a biological network. In this study, three algorithms
were adopted, including Maximal Clique Centrality (MCC),
Degree, and Edge Percolated Component (EPC). Chin et al.
provided specific explanations for MCC, Degree, and EPC
[17]. The core genes were screened after the intersection of
the first 10 genes of each algorithm.

2.9. Expression Validation of Abnormal Methylation-
Modified DEGs by Reverse Transcriptase Polymerase Chain
Reaction. Reverse transcriptase polymerase chain reaction
(RT-PCR) was used to validate the expression of abnormal
methylation-modified DEGs in blood samples from patients
with CAE and healthy controls. The inclusion and exclusion
criteria for patients with CAE and healthy controls were the
same as those for RNA sequencing. There were no signifi-
cant differences in age, sex, and body mass index between
the CAE and healthy control groups. Based on the above
inclusion and exclusion criteria, five patients with CAE and
five healthy controls were enrolled in the present study.
The clinical information of these individuals is listed in
Table 2. The blood samples of these individuals were collected

for RT-PCR. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and beta-actin (ACTB) were used as internal refer-
ences. 22" represents the relative expression of the gene.
2742451 and 274%%<1 represent up-regulation and
down-regulation, respectively.

3. Results

3.1. Identification and Functional Analysis of DEGs in RNA
Sequencing in Patients with CAE. Correlation analysis
(Figure 1(a)) and PCA (Figure 1(b)) showed that the similar-
ity between the 10 samples was relatively high. This indicates
that the heterogeneity between the samples was relatively
small. A total of 152 DEGs were identified in patients with
CAE, including 93 up-regulated and 59 down-regulated genes
(Supplementary Table 1). Volcanic and heat maps of all
DEGs are shown in Figures 2(a) and 2(b), respectively.
Based on GO analysis, response to the virus, extracellular
region, and 2'-5"-oligoadenylate synthetase activity were,
respectively, the most significantly enriched biological
process, cytological component, and molecular function
of DEGs (Figure 2(c)). Cell adhesion molecule was the
most significantly enriched signaling pathway of DEGs
(Figure 2(d)). One of the DEGs, netrin G1 (NTNG1) is
involved in the signaling pathway (Table 3). Additionally,
two significantly down-regulated signaling pathways
were identified in CAE by GSEA, including O-glycan
biosynthesis (Figure 2(e)) and renin-angiotensin system
(Figure 2(f)).
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F1GURE 2: Identification and functional analysis of 152 DEGs in RNA sequencing in CAE. (a) Volcanic maps of DEGs. (b) Heat maps of
DEGs. Red and blue represent up-regulated and down-regulated differentially expressed mRNAs, respectively. The darker the red color,
the higher the expression level, whereas the darker the blue color, the lower the expression level. (¢) GO enrichment analysis of DEGs,
the x-axis represents p value. (d) KEGG enrichment analysis of DEGs, the x-axis represents p value. (e) O-glycan biosynthesis signal
pathway in GSEA. (f) Fenin-angiotensin system signal pathway in GSEA. CAE: coronary artery ectasia; NOR: normal controls.

TaBLE 3: KEGG analysis of 152 DEGs in RNA sequencing in CAE.

Category Term Count  p-Value Genes
. NTNGI, IGSF11, CD274, VCAM1, CDH3,
KEGG_PATHWAY hsa04514:Cell adhesion molecules 7 0.001497 SIGLECI, and PDCDILG2
. . LOC102723407, OAS1, OAS2, OAS3, MX1,
KEGG_PATHWAY  hsa05171:Coronavirus disease-COVID-19 8 0.002355 1SG15, RPL3L, and C1QC
KEGG_PATHWAY hsa05160:Hepatitis C 6 0.008094 RSAD2, OAS1, OAS2, OAS3, MX1, and IFIT1
KEGG_PATHWAY hsa05164:Influenza A 5 0.047044 RSAD2, OASI1, OAS2, OAS3, andMX1

3.2. Identification of Abnormal Methylation-Modified DEGs
in CAE. In total, 9377 differentially methylated sites were obtained
from the GSE87016 dataset in CAE. These differentially methyl-
ated sites correspond to 4318 DMGs, including 2289 hypermethy-
lated genes and 2029 hypomethylated genes (Supplementary
Table 2). The volcanic map of all DMGs is shown in Figure 3(a),
respectively. After taking the intersection genes between 59
down-regulated genes and 2289 hypermethylated genes, and 93
up-regulated genes and 2029 hypomethylated genes, a total of 9
down-regulated DEGs due to hypermethylation (Figure 3(b))
and 11 up-regulated DEGs due to hypomethylation (Figure 3(c))
were identified in patients with CAE.

3.3. PPI Network of 20 Abnormal Methylation-Modified
DEGs in CAE. A PPI network of 20 abnormal methylation-
modified DEGs was constructed, which consists of 13 inter-
acting gene pairs (Figure 4(a)). A total of 10 core genes were
identified after the intersection of the first 10 genes of each
algorithm (Figure 4(b); Table 4), including six down-
regulated DEGs due to hypermethylation of NTNGI,
ADAM metallopeptidase domain 12 (ADAM]I2), immuno-
globulin superfamily member 10 (IGSF10), sarcoglycan dela
(SGCD), Dickkopf WNT signaling pathway inhibitor 3
(DKK3), GATA binding protein 6 (GATAS6), and four up-
regulated DEGs due to hypomethylation of adrenomedullin
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FIGURE 3: Identification of 20 abnormal methylation-modified DEGs in CAE. (a) Volcanic maps of all DMGs. (b) Venn diagram of nine
down-regulated DEGs due to hypermethylation. (c) Venn diagram of 11 up-regulated DEGs due to hypomethylation.

(ADM), ubiquitin specific peptidase 18 (USP18), lymphocyte anti-
gen 6 family member E (LY6E), and MX dynamin-like GTPase 1
(MX1). Notably, NTNG1, ADAM12, IGSF10, SGCD, DKK3, and
ADM interacted with each other. A protein interaction relation-
ship (combined_score>0.15) was observed between USP18,
LY6E, and MXI1.

3.4. Expression Validation of Abnormal Methylation-
Modified DEGs in CAE. Seven abnormal methylation-
modified DEGs (ADM, USP18, LY6E, MX1, ADAMI12,
IGSF10, and DKK3), were used for expression validation

by RT-PCR (Figure 5). ADM, USP18, LY6E, and MX1 were
up-regulated, whereas ADAMI12, IGSF10, and DKK3 were
down-regulated in blood samples of patients with CAE. This
expression trend was consistent with the results of the infor-
matics analysis. However, no significant difference was
observed, which may be caused by the small sample size.

4. Discussion

GATASG6 is an atherosclerosis-related transcription factor
that protects against intimal hyperplasia [18, 19]. Epigenetic
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TaBLE 4: Identification of 10 core abnormal methylation-modified
genes in CAE by three algorithms.

Gene MCC Degree EPC
ADAMI12 3 3 2.772
NTNGI1 3 3 2.733
IGSF10 2 2 2.622
SGCD 2 2 2.512
DKK3 2 2 2.482
GATA®6 3 3 2.159
ADM 1 1 1.998
USP18 2 2 1.997
LY6E 2 2 1.99
MX1 2 2 1.981

MCC: maximal clique centrality; EPC: edge percolated component.

modifications of GATA6 are found in endothelial cells of
patients with abdominal aortic aneurysms [20]. GATA6
haploin sufficiency can interrupt the extracellular matrix
composition and aortic valve remodeling [21]. GATA6
affects myocardial cell proliferation and differentiation [22,
23]. Mutations in GATAG are related to congenital heart
defects, including persistent truncus arteriosus and atrial
septal defects [24-26]. Here, we found that GATA6 was
down-regulated due to hypermethylation in CAE. It is indi-
cated that GATA6 may be involved in the process of athero-
sclerosis in patients with CAE.

USP18 is also associated with vascular injury [27, 28]. In
cardiac pathophysiology, USP18 is involved in nuclear factor
kappa B (NF-«B) and TGF-beta-activated kinase 1 signaling
pathways, which suggests that USP18 plays an important in
inflammation [29]. LY6E, a plaque-related gene, is associ-
ated with inflammatory disease [30, 31]. The expression of
LY6E has been found in atherosclerosis-susceptible white
carneau aortic smooth muscle cells [32]. In atherosclerosis-
associated cells, MX1 is involved in the type-I interferon sig-
naling pathway [33]. It is reported that systemic lupus ery-
thematosus patients with elevated MXI1 levels exhibit
declines in vascular reactivity [34]. In this study, we found
that USP18, LY6E, and MX1 were up-regulated due to hypo-
methylation and in CAE. Moreover, there was an interaction
between USP18, LY6E, and MXI1 in the PPI network. It is
suggested that USP18, LY6E, and MX1 may play synergistic
roles in inflammation and vascular reactivity in the develop-
ment of CAE.

NTNGI is associated with vasculature in the embryo
[35]. A novel locus of NTNG1 has been found in patients
with cerebral atherosclerosis [36]. ADAMI2 is involved in
modulating endothelial cell proliferation and angiogenesis
in ischemia. In mice, ADAMI2 has been identified as an
important gene associated with modifications of peripheral
artery disease severity [37]. ADAMI2 is also implicated in
processes of excessive growth, such as cardiac hypertrophy
[38]. IGSF10, a pro-inflammatory cytokine, is down-
regulated in calcific aortic valve disease [39, 40]. SGCD is
associated with aortic pathology [41]. Carriers of the
Arg71Thr mutation in the SGCD gene have a late onset of

International Journal of Genomics

dilated cardiomyopathy [42]. DKK3, a WNT signaling path-
way inhibitor, regulates the migration of vascular stem cells
in the vascular adventitia and affects vascular remodeling
[43]. Yu et al. found that plasma levels of DKK3 were
inversely related to atherosclerosis development [44]. In car-
diac hypertrophy, DKK3 attenuates cardiac fibrosis by pro-
moting angiotensinogen II degradation [45]. In mice,
knockout of Dkk3 leads to greater infarcts and aggravated
left ventricular function [46]. ADM, a vasoactive peptide, is
involved in some cardiovascular pathophysiological pro-
cesses, including vasodilatation and modulation of vascular
calcification [47]. In patients with cardiovascular diseases,
ADM is significantly up-regulated in the epicardial adipose
tissue [48]. In the present study, we found that abnormal
methylation-modified DEGs of NTNG1, ADAM12, IGSF10,
SGCD, DKK3, and ADM in CAE. Furthermore, NTNGI,
ADAM12, IGSF10, SGCD, DKK3, and ADM interacted with
each other in the PPI network. It is indicated that these
abnormal methylation-modified DEGs may be involved in
inflammatory response and vascular remodeling in the pro-
cess of CAE.

Based on the functional analysis of 152 DEGs, we found
that cell adhesion molecules were the most significantly
enriched signaling pathway. One of the DEGs, NTNGI is
involved in the signaling pathway. In addition, two signifi-
cantly down-regulated signaling pathways were identified
in CAE by GSEA, including O-glycan biosynthesis and the
renin angiotensin system. It is reported that the levels of
plasma soluble vascular cell adhesion molecule-1 levels are
significantly positively associated with the total length of
ectasia segments in patients with CAE [49]. Moreover, the
increase of adhesion molecules facilitates the migration of
neutrophils and monocytes to the vascular endothelium
and promotes inflammation [49, 50]. Some genes that over-
expressed in perivascular adipose tissue are involved in O-
and N-glycan biosynthesis [51]. The stimulation of the renin
angiotensin system leads to an enhanced inflammatory
response in the vessel wall [52]. The renin angiotensin sys-
tem is associated with CAE [53]. Thus it can be seen that sig-
naling pathways of the cell adhesion molecule, O-glycan
biosynthesis, and renin-angiotensin system may play impor-
tant roles in the mechanism of pathology of CAE.

By integrating RNA sequencing and DNA methylation
data for CAE, 9 down-regulated DEGs due to hypermethyla-
tion and 11 up-regulated DEGs due to hypomethylation
were identified. In total, 10 core abnormal methylation-
modified genes were further identified, including six down-
regulated DEGs due to hypermethylation of NTNGI,
ADAM12, IGSF10, SGCD, DKK3, GATA®6, and four up-
regulated DEGs due to hypomethylation of ADM, USP18,
LY6E, and MXI. In addition, several signaling pathways
have been identified in CAE, including cell adhesion mole-
cule, O-glycan biosynthesis, and the renin-angiotensin sys-
tem. The study may be helpful in understanding the
molecular changes of genes in CAE. However, there are lim-
itations to this study. First, the sample size for the RNA
sequencing, online dataset, and RT-PCR analyses is small.
A larger number of clinical samples is further required. Sec-
ond, the protein levels or epigenetic landscapes of abnormal
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FIGURE 5: Expression validation of abnormal methylation-modified DEGs in CAE.

methylation-modified DEGs require further investigation.
Third, the molecular mechanisms underlying CAE have
not yet been investigated. Cellular experiments and ani-
mal models are required for further study. Finally, the
interaction between proteins encoded by all abnormal
methylation-modified DEGs is needed for further study.
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