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Objective: To identify the feature of N6-methyladenosine (m6A) methylation modification

genes in acute aortic dissection (AAD) and explore their relationships with

immune infiltration.

Methods: The GSE52093 dataset including gene expression data from patients

with AAD and healthy controls was downloaded from Gene Expression Omnibus

(GEO) database in order to obtain the differentially expressed genes (DEGs). The

differentially methylated m6A genes were obtained from the GSE147027 dataset. The

differentially expressed m6A-related genes were obtained based on the intersection

results. Meanwhile, the protein-protein interaction (PPI) network of differentially expressed

m6A-related genes was constructed, and hub genes with close relationships in the

network were selected. Later, hub genes were verified by using the GSE153434

dataset. Thereafter, the relationships between these genes and immune cells infiltration

were analyzed.

Results: A total of 279 differentially expressed m6A-related genes were identified in

the GSE52093 and GSE147027 datasets. Among them, 94 genes were up-regulated

in aortic dissection (AD), while the remaining 185 were down-regulated. As indicated

by Gene Ontology (GO) functional enrichment and Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment analyses, these genes were mainly associated

with extracellular matrix (ECM) and smooth muscle cells (SMCs). The seven hub genes,

namely, DDX17, CTGF, FLNA, SPP1, MYH11, ITGA5 and CACNA1C, were all confirmed

as the potential biomarkers for AD. According to immune infiltration analysis, it was found

that hub genes were related to some immune cells. For instance, DDX17, FLNA and

MYH11 were correlated with Macrophages M2.

Conclusion: Our study identifies hub genes of AD that may serve as the potential

biomarkers, illustrates of the molecular mechanism of AD, and provides support for

subsequent research and treatment development.
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INTRODUCTION

Aortic dissection (AD) represents a pathological change that
separates the true and false lumens of the aorta. Due to rupture
of the aortic intima or disease in the media elastic fibrous layer
caused by various etiologies, blood in the aortic lumen enters the
media through the torn intima, as a result, the media will tear
and thus a dual-lumen aorta is formed (1). AD that develops
within 2 weeks is defined as AAD, while AD that develops
over 2 weeks later is defined as subacute AD or chronic AD
(2). AAD is associated with the highest mortality rate. The
annual incidence of AAD in the general population is 3.5–6
cases per 100,000 people, but it can increase to 10 cases or
more in the elderly population (3). The chance of survival can
be greatly improved when AAD is detected early and treated
promptly (4). At present, AAD is mainly treated by open surgical
repair, which requires a standardized treatment center and a
high level of technology.Meanwhile, thoracic endovascular aortic
repair (TEVAR) has also evolved to treat AD (5). In recent
years, with the development of monitoring technology to detect
AAD markers and the update of treatment modalities, the
survival rate of AAD patients shows an increasing trend, but
its overall survival (OS) rate remains poor. Moreover, due to
the restricted geographical, economic and technical conditions in
some underdeveloped areas, not all patients can receive treatment
in time (6). Therefore, scholars should pay more attention to the
pathogenesis of AD. In this regard, it is necessary to develop new
subsequent treatment approaches through research on AAD at
cellular and gene levels.

Recently, with the development and rise of technologies
such as high-throughput sequencing and DNA microarray,
the research on the potential molecular mechanisms of AAD
has been further promoted. Nowadays, the pathogenesis of
AAD is still unclear. Treatment time represents the greatest
challenge in the treatment of AD, and many patients still
die before surgery (4). Some genes are related to the
occurrence and development of AAD. Therefore, it is an
extremely urgent task to identify genes that can serve as the
hallmarks in the occurrence and development of AAD. In
the past, AD was suggested to be associated with single gene
mutation, but numerous scholars try to investigate AD from
the perspective of single nucleotide polymorphism (SNP) at
present. Some genes related to AAD have been identified,
such as MYH11, TGFBR1 and MMP-8. The polymorphisms
of these genes are significantly related to the susceptibility of
AD (7–9). Current research mainly focuses on the potential
mechanism between epigenetic modification and AD (10).
A variety of epigenetic modifications have been detected,
including the most commonly seen DNA methylation, histone
methylation and acetylation, and chromosomal remodeling (11,
12). Of course, there are also modification models at the
RNA level (13). Briefly, it is important to find more hub
genes for AAD, which may help the development of AAD
diagnosis and treatment. Although it is challenging to find
the hub genes through experiments, especially the genes with
epigenetic modification, it is more feasible to explore with
bioinformatics methods.

Over 160 types of chemical modifications have been identified
in RNA, including m6A, N1-methyladenosine (m1A), 5-
methylcytosine (m5C), and N7-methylguanosine (m7G) (13).
Among them, m6A is the most prevalent and abundant type
of internal RNA modification in eukaryotic cells at the post-
transcriptional level (14). m6A is the methylation of the
adenosine at the nitrogen-6 position (15), and its processing
centers are writers, readers, and erasers. Of them, writers
and erasers are responsible for catalyzing and removing m6A,
respectively (16). For instance, METTL3 is a writer whose
down-regulation contributes to the decreased m6A modification
of vascular smooth muscle cells (SMCs)-specific markers,
thus leading to the reductions in their mRNA and protein
expression (17). In terms of vascular diseases, m6A is related
to atherosclerosis (AS), ischemic heart disease, and heart failure
(HF). With regard to aortic diseases, m6A is involved in the
occurrence and development of aortic aneurysms (14). However,
the researches on m6A and AD are insufficient. Therefore, we
attempted to discover some potential mechanisms of m6A in AD.

This study aimed to explore the possible molecular
mechanisms of m6A in AD and provide certain theoretical
basis for the development of AD etiology from the perspective
of m6A. In this study, AD and m6A-related expression profile
data were downloaded from the GEO database for analysis. First
of all, the differentially expressed m6A-related genes between
AD patients and normal tissues were detected. Thereafter, GO
and KEGG analyses were conducted on the selected genes,
and then a PPI network was established to identify hub genes
related to m6A in AD. Afterwards, the immune infiltration in
AD samples and normal tissue samples was analyzed. Finally,
information regarding the immune infiltration, including
correlation analysis, was obtained. Our research can provide
clues for further research on the molecular mechanisms of
epigenetic changes in AD patients and help identify new m6A
methylation markers.

MATERIALS AND METHODS

Data Sources
The gene expression dataset was downloaded from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/) for analysis.
The database was searched for a series of studies on human
AAD. Then, four gene expression datasets were screened
(GSE52093, GSE147027, GSE92427 and GSE153434). Among
them, GSE52093 included gene expression data from patients
with AAD (n = 7) and healthy controls (n = 5). After
preprocessing, data of two unqualified AD samples were
eliminated (GSM1259277 and GSM1259278). GSE147027
included m6A RNA methylome analyses between AAD (n
= 2) and normal human aorta (n = 2). In GSE92427, the
microRNA (miRNA) microarray was used for expression profile
analysis from 16 plasma samples, including AAD patients (n
= 8) and healthy subjects (n = 8). GSE153434 included gene
expression data of dissected aorta from AAD patients (n =

10) and normal controls (n = 10). All data were free to use,
and this study did not involve any experiments on humans
or animals.
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Weighted Gene Co-expression Network
Analysis
The genes with similar expression behavior in GSE52093 were
divided into different modules. This study adopted the R software
packageWGCNA for constructing a gene co-expression network.
After determining the soft threshold, the network was developed.
Module-trait relationships were calculated based on a Pearson
correlation. The modules with P < 0.05 were regarded as
significantly correlated modules.

Data Collection and Screening of
Differentially Expressed m6A-Related
Genes
Normalization of the data was performed with the R packages
“sva” and “limma.” Differential expression analysis of genes
in different modules between AAD and healthy controls was
performed using the R software package “impute” and “limma.”
Genes with adjusted P < 0.05 and |logFC| ≥ 1 were selected
as differentially expressed genes (DEGs). The differentially
methylated m6A genes between AAD and normal human aorta
in GSE147027 were downloaded from the GEO database, and
adjusted P < 0.05 was defined as significant. Thereafter, DEGs
were intersected with these differentially methylated m6A genes
to obtain the differentially expressed m6A-related genes. These
genes were further analyzed, including the chromosomes where
they were located and their relations with differentially expressed
miRNAs (DEmiRs). DEmiRs were selected upon the thresholds
of adjusted P < 0.05 and |logFC| ≥ 1 by the R software
package “impute” and “limma.” The mRNAs that showed
interactive relationship with DEmiRs from three databases
(miRDB, RTarBase and starBase) were found and intersected
with the differentially expressed m6A-related genes. Based on the
overlapped mRNAs and DEmiRs, a network of DEmiRs-m6A
genes pairs was constructed.

GO and KEGG Pathway Analysis
GO and KEGG pathway enrichment analyses of differentially
expressed m6A-related genes were performed using the Database
for Annotation, Visualization and Integrated Discovery (DAVID)
tools (https://david.ncifcrf.gov/). GO functional annotation
classifies gene functions into biological processes (BP), cellular
components (CC) andmolecular functions (MF). FDR<0.05 and
gene counts >5 were considered statistically significant.

PPI Network Construction and Hub Gene
Identification
The Search Tool for the Retrieval of Interacting Genes (STRING)
database (https://www.string-db.org) was employed to construct
a PPI network for differentially expressed m6A-related genes.
Then, the PPI pairs were extracted using a combined score
of >0.55. Subsequently, the PPI network was visualized by
Cytoscape software. According to the maximal clique centrality
(MCC) method, CytoHubba was employed to calculate the
degree of each protein node. MCODE, a plugin in Cytoscape,
was utilized to analyze the sub-networks (highly interconnected

regions) in the PPI network. Later, genes existing in the sub-
networks with the top 10 degrees in the whole PPI network
were considered as hub genes. ROC monofactor analysis was
performed to evaluate the diagnostic value of m6A-related
biomarkers in AD. Then, A LASSO model was established to
identify the hub genes by “glmnet” package. In order to ensure
more accurate results, GSE153434 was applied to verify the
differential expression of hub genes.

The Relationship Analysis Between
Differentially Expressed m6A Regulatory
Genes and Hub Genes
HAKAI, METTL3, METTL14, METTL16, RBM15, RBM15B,
WTAP, VIRMA, ZC3H13 and ZCZHC4 are m6A writers.
ALKBH5 and FTO are m6A erasers. HNRNPA2B1, HNRNPC,
IGF2BP1, IGF2BP2, IGF2BP3, YTHDC1, YTHDC2, YTHDF1,
YTHDF2 and YTHDF3 are m6A readers. The above 22 genes
are regarded as commonm6Amethylation regulators. Thereafter,
these m6A regulators which had significant difference were
considered as differentially expressed m6A regulatory genes
(DEMRGs). The target genes of DEMRGs were predicted with
the m6a2Target database (http://m6a2target.canceromics.org).
Then, the hub genes, which were target genes, were found.

Analysis of Immune Cell Infiltration
CIBERSORTx can obtain the molecular characteristics of
different cell types from the signature gene file, and extract the
transcriptome of a single cell type from mass data, with no
need to separate individual cells (18, 19). The gene expression
matrix of GSE153434 was uploaded to CIBERSORTx (https://
cibersortx.stanford.edu). Meanwhile, the leukocyte signature
matrix (LM22), which can distinguish 22 human hematopoietic
cell phenotypes, was selected as the signature gene file.
Afterwards, data were processed through CIBERSORTx, and
the results of immune cell infiltration were output. Then, the
contents of diverse immune cell types in each sample were
visualized according to the results.

Analysis of the Correlations Between Hub
Genes and Immune Cells
To further analyze the mechanism between m6A-related genes
and immune cells during the development of AAD, we used the
relative proportion of immune cells to explore the correlation
between immune cells. The absolute ratio data of immune cells
was performed to analyze the relationship between hub genes and
immune cells. Pearson correlation coefficient was used to identify
interaction relationships.

RESULTS

In the present study, the biological characteristics of DEGs
and differential m6A methylation genes were identified by
integrated bioinformatics analysis. The overall workflow of this
study is displayed in Figure 1. The differentially expressed
m6A-related genes in data pre-processing was shown in
Supplementary File 1.
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FIGURE 1 | Study workflow. GEO, Gene Expression Omnibus; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; TARGET, Therapeutically

Applicable Research to Generate Effective Treatments.

WGCNA
In this study, β = 6 was selected as the soft thresholding power
to ensure that the network obeyed the scale-free criteria. Gene
dendrogram and module colors were presented in Figure 2A.
The established network included 16 modules. Genes were
categorized based on module-trait relationships. There were
three significantly high correlatedmodules, namelyMElightcyan,
MEviolet and MEcyan (Figure 2B), and a total of 4,566 genes
were obtained in these modules. The module-trait relationship
of MElightcyan was −0.97 in normal samples and 0.97 in AAD
samples, while that ofMEviolet was−0.71 in normal samples and
0.71 in AAD samples, and that of MEcyan was 0.74 in normal
samples and−0.74 in AAD samples.

Identification of Differentially Expressed
m6A-Related Genes
Based on the genes obtained in differential modules, the
distinct expression analysis of genes between AAD tissues
and controls was conducted, as shown in the volcano plot
of DEGs (Figure 2C, Supplementary File 2). Altogether
2616 differentially methylated m6A genes were selected
from 3721 differential methylation sites in GSE147027
(Supplementary File 3). Thereafter, 1717 DEGs were intersected
with 2616 differentially methylated m6A genes to obtain 279
differentially expressed m6A-related genes (Figure 2D). The
expression patterns of these genes were presented in Figure 2E.

As a result, most of the differentially expressed m6A-related
genes were concentrated at the chr1 position (Figure 3A).

Four DEmiRs were detected in GSE92427 and incorporated to
establish a network that involved 36 overlappingmRNAs between
the DEmiRs-linked mRNAs and the differentially expressed
m6A-related genes (Figure 3B, Supplementary File 4).

Functional Enrichment Analyses of
Differentially Expressed m6A-Related
Genes
GO and KEGG enrichment analyses of differentially expressed
m6A-related genes were performed using the DAVID, so
as to interpret the clustering results. As indicated by GO
analysis, these genes were mainly involved in CCs, including
proteinaceous extracellular matrix, lamellipodium, cytoplasm,
basement membrane, Z disc, actin cytoskeleton, extracellular
matrix and stress fiber. With regard to MFs, these genes
were mainly enriched in actin binding, transcription factor
binding and protein binding. In terms of BPs, these genes were
mostly enriched in the regulation of BP such as extracellular
matrix organization. Moreover, according to KEGG pathway
enrichment analysis, these differentially expressed m6A-related
genes were mainly enriched in two pathways, namely, cGMP-
PKG signaling pathway and Vascular smooth muscle contraction
(Figure 3C, Supplementary File 5).

PPI Network Construction and Hub Gene
Identification
Afterwards, the differentially expressed m6A-related genes were
uploaded to the STRING online database to analyze the
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FIGURE 2 | Screening of differentially expressed m6A-related genes. (A) Gene dendrogram and module colors in GSE52093; (B) Module-trait relationship, red

represents positive correlation, and blue represents negative correlation; (C) Volcano plot of DEGs, red represents up-regulated genes and blue represents

down-regulated genes; (D) Venn plot of differentially expressed m6A-related genes from two datasets in acute type A aortic dissection; (E) Heatmap of the expression

patterns of 279 differentially expressed m6A-related genes.

protein interactions, and the PPI network was constructed
using Cytoscape software (Figure 4A). The highly interacted
genes were selected using CytoHubba, and three sub-networks
were constructed by MCODE (Figures 4B–D). Then, seven
differentially expressed m6A-related genes were obtained as the
hub genes, which existed in the sub-networks simultaneously,
with the top 10 degrees in the whole PPI network (Figure 4E).

The obtained hub genes included DEAD-box helicase
17 (DDX17), connective tissue growth factor (CTGF) that
was also named cellular communication network factor 2
(CCN2), filamin A (FLNA), secreted phosphoprotein 1 (SPP1),

myosin heavy chain 11 (MYH11), integrin subunit alpha 5
(ITGA5), and calcium voltage-gated channel subunit alpha1C
(CACNA1C). Of them, SPP1 and ITGA5 were up-regulated
in AD, whereas the others were down-regulated. A network
of hub genes and other genes that directly interacted with
these hub genes was constructed. Later, ROC monofactor
analysis was performed to evaluate the diagnostic value
of the seven AD biomarkers. Consequently, the diagnostic
accuracy (AUC) of DDX17, CTGF, FLNA, SPP1, MYH11,
ITGA5 and CACNA1C for AD was 78, 79, 89, 89, 91, 99
and 83, respectively, in the GSE52093 dataset (Figure 5A).
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FIGURE 3 | Functional characteristics of differentially expressed m6A-related genes. (A) Chromosome location of differentially expressed m6A-related genes; (B)

Network of DEmiRs and differentially expressed m6A-related genes; (C) The main GO and KEGG enrichment results of differentially expressed m6A-related genes

based on David database.

Hub genes also had good diagnostic value in GSE153434
which was selected as the test set (Supplementary File 6).
Five genes (DDX17, FLNA, SPP1, MYH11 and ITGA5) were
identified to construct the gene signature through LASSO
regression analysis (Figures 5B,C). Seven of the above hub
genes were also verified to be significant in GSE153434
(Figure 6).

The Relationship Between DEMRGs and
Hub Genes
YTHDC1 (P= 0.021 and logFC=−0.583), YTHDC2 (P= 0.026
and logFC=−0.730) and RBM15 (P= 0.037 and logFC= 0.516)
were considered as DEMRGs (Figure 7A). Among the hub genes,
DDX17, FLNA and MYH11 were the target genes of DEMRGs.
DDX17 and FLNA were the common target genes of the three
DEMRGs (Figure 7B).

Results of Immune Cell Infiltration
After data normalization, the GSE153434 dataset was uploaded
to the CIBERSORTx online database to analyze immune cell
infiltration. Later, the percentages of immune cells in 10 AAD
samples and 10 normal aortic samples were calculated by
CIBERSORTx (Figure 8A). The relative abundances of B cells
naive, NK cells resting, Monocytes and Macrophages M0 were
significantly different between normal aortic samples and AAD
samples (Figure 8B).

After filtering out the immune cell types that were not
present (0 value in more than 80% of samples), the remaining
16 types of immune cells were subject to Pearson correlation
analysis, including the relationships of immune cells in all
samples and in AAD samples only (Figure 8C). For example,
in all samples, NK cells activated were significantly positively
correlated with Dendritic cells activated (r = 0.65), and B
cells naive were markedly negatively related to Monocytes
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FIGURE 4 | Identification of hub differentially expressed m6A-related genes for AD. (A) PPI network of 279 differentially expressed m6A-related genes based on

STRING database; (B–D) Three sub-networks of whole PPI network; (E) Interaction relationships of 7 hub genes.

(r = −0.58). Macrophages M2 were significantly correlated
with Eosinophils (r = 0.69) and Neutrophils (r = 0.66) in
AAD samples.

In addition, we also performed the Pearson correlation
analysis between hub genes and immune cells (Figure 9A).
As shown in Figure 9B, DDX17 was correlated with NK cells
activated (r = 0.49, p = 0.027), Macrophages M2 (r = 0.73, p =

2.61e-04) and Mast cells resting (r= 0.63, p= 0.003). CTGF was
associated with Macrophages M1 (r = 0.55, p = 0.012). FLNA

was correlated with Plasma cells (r = 0.50, p = 0.024), NK cells
activated (r = 0.53, p = 0.016), Macrophages M2 (r = 0.62, p
= 0.004) and Mast cells resting (r = 0.65, p = 0.002). SPP1
was related to Macrophages M0 (r = 0.59, p = 0.006). MYH11
was correlated with Plasma cells (r = 0.56, p = 0.011), NK cells
activated (r = 0.49, p = 0.029), Monocytes (r = 0.50, p = 0.024),
Macrophages M2 (r = 0.69, p = 0.001) and Mast cells resting (r
= 0.69, p = 0.001). ITGA5 was correlated with Neutrophils (r =
0.53, p= 0.015).
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FIGURE 5 | Results of the models for predicting AD. (A) ROC curve analysis of hub genes; (B,C) LASSO model of hub genes.

DISCUSSION

The continuous and dynamic regulation of m6A has been shown

to play a vital role in the physiological and pathological processes

of cardiovascular diseases (CVDs) (20). However, few studies

have reported the connection between m6A and AD so far
(21). In this work, deeper data mining on AD was performed

with bioinformatics tools, with GSE52093 and GSE153434 being
used as the training set and test set, respectively. To ensure

data reliability, a preliminary experiment was conducted in this
study, and all samples from GSE52093 were selected for pre-
analysis. In the formal research, ten samples with well-expression
of DEGs found in pre-experiment were chosen to ensure the
accurate analysis results. Meanwhile, a total of 279 differentially
expressed m6A-related genes were screened, including 94 up-
regulated and 185 down-regulated genes in AD. Then, the
functions and pathways enriched by these genes were explored.
In GO analysis, these genes were enriched into 12 GO terms,
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FIGURE 6 | The differential expression of 7 hub genes was verified in GSE153434.

such as extracellular matrix organization, cytoplasm and protein
binding. Upon KEGG pathway enrichment, the genes were
mainly enriched into 2 pathways, namely vascular smoothmuscle
contraction and cGMP-PKG signaling pathway. By using the
PPI network, 7 hub genes, namely, DDX17, CTGF, FLNA, SPP1,
MYH11, ITGA5 and CACNA1C, were filtered. With regard to
immune infiltration analysis, the level of B cells naive in AD
samples was significantly reduced, while those of NK cells resting,
Monocytes and Macrophages M0 increased in AD samples.
Finally, the correlations between immune cells and between hub
genes and immune cells were analyzed.

As indicated by GO functional annotation, the genes
were mainly enriched in Cytoplasm and Protein binding.
In the subsequent KEGG pathway enrichment analysis, the
differentially expressed m6A-related genes were mainly enriched
in cGMP-PKG signaling pathway and vascular smooth muscle
contraction. Of them, the cGMP-PKG signaling pathway can
regulate the vascular tone and is involved in smooth muscle-
specific gene expression and phenotype (22, 23). It has been
widely reported that the dysregulation of vascular smooth
muscle contraction leads to predisposition to life-threatening
AD (24, 25). The pathogenesis of AD is closely related to the
phenotypic changes of SMCs, and the switch of pathological
VSMC phenotype may trigger the occurrence and development
of AD (26).We also sought to find out whether these differentially
expressed m6A-related genes clustered at chromosomal location
level, but unfortunately the degree of aggregation was not
obvious. Moreover, there are few studies on the relationship
between chr 1 and aortic diseases. The network ofmiRNA-mRNA
relationships was established, MACF1, CHSY3, and TOR1AIP1
all interacted with two DEmiRs. But the association between
these miRNA-mRNA relationship pairs and m6A methylation is
currently unknown.

Here, based on the PPI network, 7 hub genes, namely, DDX17,
CTGF, FLNA, SPP1, MYH11, ITGA5 and CACNA1C, were
filtered. Among them, DDX17, an ATPase, can encode a DEAD
box protein. The members of DEAD box family are implicated in
a number of cellular processes that involve the alteration of RNA
secondary structure (27). DDX5, another gene in the family, is
required for maintaining the homeostasis of vascular SMCs (28).
Noteworthily, DDX17 and DDX5 are the most closely related
to each other in the DEAD box family. DDX17 can regulate
smooth muscle cells together with DDX5, through regulating
cell growth and division (29). As shown in a study, DDX17, a
binding partner of cardiac physiological hypertrophy-associated
regulator (CPhar), has the effect of regulating CPhar downstream
factor ATF7 (activating transcription factor 7), and CPhar has
cardioprotective effect (30). CTGF, also called CCN2, encodes a
type of mitogen secreted by vascular endothelial cells (31). CTGF
canmediate the adhesion, aggregation andmigration of epithelial
cells and SMCs (32). In terms of AD-related diseases, the up-
regulated expression of CTGF is associated with atherogenesis,
SMC apoptosis and aneurysm formation (33). Typically, CTGF
is markedly over-expressed in human AS and can partially
induce the apoptosis of SMCs. This effect may be important
for the formation of atherosclerotic lesions (34). Recent studies
on human vascular lesions have demonstrated that apoptosis
is a prominent feature of both AS and restenosis, which are
one of the causes leading to AD (35, 36). Therefore, AD may
be further aggravated after CTGF induces SMC apoptosis. The
hypomorphic and null mutations of FLNA can cause a wide
spectrum of connective tissue and vascular anomalies (37). As
reported in a study on hereditary large vessel diseases, FLNA’s
dysfunction disrupts the activities of transforming growth factor-
β (TGF-β) signaling pathways, extracellular matrix and smooth
muscle contractile apparatus, thus resulting in structural damage
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FIGURE 7 | The relationship between DEMRGs and hub genes. (A) The differential expression of DEMRGs. *Represented p < 0.05; (B) The target genes of DEMRGs

in hub genes.

to AD (38). The TGF-β signaling is linked to the pathogenesis
of CVDs like AS and cardiac fibrosis (39). An experiment
has verified that FLNA is highly expressed in SMCs of aorta
in non-AD samples, but down-regulated in the medial layer
of the dissected aortas (40). Consistently, our bioinformatics
research also came to the same result that FLNA was a down-
regulated gene of AD. But the specific factors for FLNA down-
regulation, especially the m6A RNA methylation modification
pattern, remain unknown. Several transcript variants have been
found for SPP1, whose polymorphisms are closely connected to
the markers of carotid AS (41). A study discovers that SPP1 plays
an important role in the physiological regulation of artery tone
(42). But no existing study has found that SPP1 is directly related
to AD. MYH11 gene is involved in vascular contractility and
vascular wall stability (43, 44). For instance, it can decrease the
proliferation and enhance the apoptosis of SMCs (45). Numerous
studies on MYH11 and thoracic AD have been reported, and it

is found that the heterozygous mutations of MYH11 are more
susceptible to AD (7, 46). The up-regulation of ITGA5 may help
to increase the synthesis of extracellular matrix (ECM) proteins
and the dynamic remodeling of SMC-ECM interactions (47). A
research on proteomic analysis draws a conclusion that ITGA-
5 is a novel biomarker for the pathogenesis of AAD (48). But
other studies on ITGA5 and AD are rarely reported. CACNA1C
encodes an alpha-1 subunit of a calcium channel. Similarly, there
are few studies on CACNA1C and AD. The dysregulation of
CACNA1C may play a crucial role in the hypertension-induced
endothelial dysfunction by affecting the calcium pathway (49).
CACNA1C has been confirmed as a new susceptibility gene of
calcific aortic valve stenosis (50).

The above seven genes are all modified by m6A methylation,
and m6A may change the original functions of these genes to a
great extent. Typically, m6A directs mRNAs to distinct fates by
grouping them for differential processing, translation and decay

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 March 2022 | Volume 9 | Article 831561

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Yin et al. m6A Genes in Aortic Dissection

FIGURE 8 | Results of Immune Cell Infiltration analysis. (A) The percentages of immune cells in each sample of GSE153434; (B) The content of B cells naive, NK cells

resting, Monocytes and Macrophages M0 in normal aortic samples and AAD samples. *Represented p < 0.05. **Represented p < 0.01; (C) The relationships of

immune cells in all samples and in AAD samples only, the correlation analysis of immune cells of all samples is shown in red and green, with red representing positive

correlation and green representing negative correlation. The correlation analysis of immune cells of only AAD samples is represented by purple and yellow, yellow

represents positive correlation, and purple represents negative correlation.
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FIGURE 9 | The relationships between hub genes and immune cells. (A) Correlation and significance of the relationships between hub genes and immune cells.

(B) Scatter plot of significantly correlated between hub genes and immune cells.

in physiological processes such as cell differentiation and stress
responses (51). Therefore, some functions of such hub genes are
probably related to m6A modification, like being up-regulated in
diseases, inducing smooth muscle apoptosis and mediating cell
adhesion, aggregation and migration.

In this study, CIBERSORTx was applied in the immune
infiltration analysis based on the GSE153434 dataset, which
came to more accurate results. When analyzing the proportions
of immune cells, the relative proportion data obtained from
correlation analysis between immune cells were used. Therefore,
the expression of hub genes and the relative proportions of
immune cells must show a non-linear relationship. According
to our immune infiltration results, the level of B cells naive

in AD samples was significantly lower than that in normal
samples, while those of NK cells resting, Monocytes and
Macrophages M0 in AD were higher. Similarly, in a study
on aorta B-cell immunity, Srikakulapu et al. discovered the
highly territorialized B cell responses in arterial tertiary lymphoid
organs compared with atherosclerotic lesions (52). Meanwhile,
the research by Sara Rattik et al. also revealed that B-
cells were associated with AD-related diseases, and that the
transfer of B cells pulsed with the cholera toxin B subunit
(CTB-p210) protected against AS (53). Besides, CTB-p210
might be useful to induce mucosal tolerance and reduce AS
development (53). Monocytes play an important role in AS
and display a considerable heterogeneity (54). The research
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by Li et al. found that specific depletion of monocytes and
macrophages considerably inhibited the occurrence of AD and
the infiltration of T lymphocytes and neutrophils (55). In this
regard, monocytes and macrophages may work together in
a certain relationship to promote AD. Furthermore, the data
obtained by Lu et al. suggested that monocytes might play
an important role in type B AAD (BAAD) (56). In terms
of mortality, the lower lymphocyte-to-monocyte ratio may be
independently associated with the mortality of type A AAD
(AAAD) (57). Therefore, monocytes, which are related to both
AAAD and BAAD, are the suitable candidates for further
research. More research has focused on the relationship between
macrophages and AD. The formation of AD is associated
with aortic wall inflammation (58). Macrophages have pro-
inflammatory (M1) and anti-inflammatory (M2) effects, which
are involved in the development of AD and its complications
(59). Angiotensin II has been identified as an important factor
that stimulates macrophage activity (59), and IL-18 may increase
the macrophage-induced apoptosis of SMCs. The study by
Lian et al. revealed that macrophage metabolic reprogramming
activated HIF-1α and subsequently promoted AD progression
(60). Monocytes can differentiate into macrophages M0 (61),
while macrophages M0 can be polarized into M1 and M2. In
this study, macrophages M0 were positively correlated with
monocytes. However, the mechanism underlying the different
polarization directions in AD remains to be further illustrated.
According to our results, macrophages M2, different from M1,
might be related to Mast cells resting and Neutrophils in AD
group. Mast cells can promote angiogenesis, recruit additional
inflammatory cells, and stimulate vascular cell apoptosis.
These activities are closely associated with the formation and
development of AD (62). In addition, the accumulation of aortic
neutrophils may be potentially related to the high incidence of
AD (63).

Under certain conditions, CTGF induces an increase in M1
and a decrease inM2macrophagemarkers for β-cell proliferation
after injury (64). Our results in this work also showed that CTGF
was positively correlated with M1 macrophages. The effects of
DDX17 on macrophages have also been verified by experiments
(65). However, the theoretical basis for the mechanism between
m6A and immune cells in AD is still insufficient.

Until now, few studies have discovered the potential
mechanism of action between m6A and AD. But it is
strongly supported that m6A regulators (Writers, Readers and
Erasers) can serve as the potential cardiovascular biomarkers.
Some evidence suggests that aberrant m6A modifications
affect the progression of CVDs, and the significantly elevated
m6A methylation has been found in several CVDs (14). In
this study, we tried to preliminarily explore the mechanism
of m6A in AD. Based on our correlation analysis, we
speculate that the amounts of some inflammatory cells may
be related to the expression of the hub m6A gene, and
the mechanism of m6A may also regulate the expression of
certain genes in different inflammatory cells. Methyltransferase-
like 3 (METTL3) is the well-known m6A methyltransferase,
which functions in the reversible epi-transcriptomic modulation
of m6A modification (66). The METTL3-mediated m6A

methylation has been verified to be dynamic, and METTL3
silencing is reported to inhibit the apoptosis of cardiomyocytes
subject to hypoxia or reoxygenation (67). In addition, METTL3
regulates inflammatory responses in chondrocytes and ECM
synthesis (68). It is a direction worth studying about whether
this mechanism also exists in METTL3 in other cells. The
research by Qin et al. found that down-regulation of METTL3
attenuated SMC proliferation and migration. Simultaneously,
the m6A modification level also remarkably decreased in
SMCs (69). Therefore, m6A modification was related to AD,
at least indirectly. However, the current research evidence is
still insufficient, and the in-depth effects of m6A should be
further studied.

To the best of our knowledge, this study is the first to
investigate the mechanism underlying the combination of m6A
and immune infiltration in AD. In terms of immune infiltration,
different correlation analyses were performed, which represented
one of the strengths of our research. Besides, verification
using two datasets and joint analysis also improved our result
accuracy. Nevertheless, certain limitations should be noted
in this study. First, bioinformatics methods use data in the
database, and the conclusions are almost completely affected
by the original samples. These conclusions are not verified
by experiments in vivo or ex vivo. In addition, the deep-level
mechanism of m6A in AD has not yet been illustrated. In
the future, it is desirable to verify our results based on in
vivo and in vitro experiments, so as to discover more clear
molecular mechanisms.

CONCLUSION

Compared with normal samples, a large number of genes with
m6Amodification and differential expression are detected in AD.
They are closely related to factors that cause AD such as smooth
muscle cells. We not only identify immune cell infiltration in AD
tissues, but also screen 7 hub genes regulated by m6A, namely,
DDX17, CTGF, FLNA, SPP1, MYH11, ITGA5 and CACNA1C.
These genes may become new biomarkers of AD, thus promoting
the development of subsequent research and treatment.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this
study. This data can be found at: GEO database
GSE52093: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
accGSE52093 GSE147027: https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE147027 GSE153434: https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE153434 SE92427: https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE92427.

AUTHOR CONTRIBUTIONS

FY and YH were involved in the conception and design of the
study. FY and KL was responsible for visualization and article
writing. CB provided scientific supervision. All authors reviewed
and approved the final manuscript.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 March 2022 | Volume 9 | Article 831561

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accGSE52093
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accGSE52093
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE147027
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153434
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE92427
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE92427
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Yin et al. m6A Genes in Aortic Dissection

FUNDING

This work was supported by the Fundamental Research Funds
for the Central University (grant number: DUT19RC(3)076),
the National Natural Science Foundation of China
(grant number: 81600370), and the China Postdoctoral
Science Foundation (grant number: 2018M640270)
for YH.

ACKNOWLEDGMENTS

We would like to thank the Gene Expression Omnibus
(GEO) database for the precious data used for free in
scientific research.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2022.831561/full#supplementary-material

Supplementary File 1 | The differentially expressed m6A-related genes in

data pre-processing.

Supplementary File 2 | Differentially expressed genes in GSE52093.

Supplementary File 3 | Differentially methylated m6A genes in GSE147027.

Supplementary File 4 | DEmiRs in GSE92427 and miRNA-mRNA pairs in

miRDB, RTarBase, and Starbase database.

Supplementary File 5 | GO and KEGG enrichment results.

Supplementary File 6 | ROC monofactor analysis in GSE153434.

REFERENCES

1. Levy D, Goyal A, Grigorova Y, Farci F, Le JK. Aortic Dissection. StatPearls

Treasure Island (FL) (2021).

2. Wu J, Xie E, Qiu J, Huang Y, JiangW, ZafarMA, et al. Subacute/chronic type A

aortic dissection: a retrospective cohort study. Eur J Cardiothorac Surg. (2020)

57:388–96. doi: 10.1093/ejcts/ezz209

3. Chiu P, Miller DC. Evolution of surgical therapy for Stanford

acute type A aortic dissection. Ann Cardiothorac Surg. (2016)

5:275–95. doi: 10.21037/acs.2016.05.05

4. Siddiqi HK, Bossone E, Pyeritz RE, Eagle KA. Chronobiology of acute

aortic syndromes. Heart Fail Clin. (2017) 13:697–701. doi: 10.1016/j.hfc.2017.

05.006

5. Alfson DB, Ham SW. Type B aortic dissections: current guidelines

for treatment. Cardiol Clin. (2017) 35:387–410. doi: 10.1016/j.ccl.2017.

03.007

6. Gao H, Sun X, Liu Y, Liang S, Zhang B, Wang L, et al. Analysis of hub

genes and the mechanism of immune infiltration in stanford type a aortic

dissection. Front Cardiovasc Med. (2021) 8:680065. doi: 10.3389/fcvm.2021.

680065

7. Takeda N, Morita H, Fujita D, Inuzuka R, Taniguchi Y, Nawata K, et al. A

deleterious MYH11mutation causing familial thoracic aortic dissection.Hum

Genome Var. (2015) 2:15028. doi: 10.1038/hgv.2015.28

8. Takeda N, Hara H, Fujiwara T, Kanaya T, Maemura S, Komuro I. TGF-beta

signaling-related genes and thoracic aortic aneurysms and dissections. Int J

Mol Sci. (2018) 19:2125. doi: 10.3390/ijms19072125

9. Li Y, Shao AZ, Jiang HT, Dong GH, Xu B, Yi J, et al. The prominent

expression of plasma matrix metalloproteinase-8 in acute thoracic

aortic dissection. J Surg Res. (2010) 163:e99–104. doi: 10.1016/j.jss.2010.

05.030

10. Lian R, ZhangG, Yan S, Sun L, ZhangG. Identification ofmolecular regulatory

features andmarkers for acute type A aortic dissection.ComputMathMethods

Med. (2021) 2021:6697848. doi: 10.1155/2021/6697848

11. Vats S, Sundquist K, Wang X, Zarrouk M, Agren-Witteschus S, Sundquist

J, et al. Associations of global DNA methylation and homocysteine levels

with abdominal aortic aneurysm: a cohort study from a population-

based screening program in Sweden. Int J Cardiol. (2020) 321:137–

42. doi: 10.1016/j.ijcard.2020.06.022

12. Han Y, Tanios F, Reeps C, Zhang J, Schwamborn K, Eckstein HH,

et al. Histone acetylation and histone acetyltransferases show significant

alterations in human abdominal aortic aneurysm. Clin Epigenetics. (2016)

8:3. doi: 10.1186/s13148-016-0169-6

13. Zhao LY, Song J, Liu Y, Song CX, Yi C. Mapping the epigenetic

modifications of DNA and RNA. Protein Cell. (2020) 11:792–

808. doi: 10.1007/s13238-020-00733-7

14. Qin Y, Li L, Luo E, Hou J, Yan G, Wang D, et al. Role of m6A RNA

methylation in cardiovascular disease (Review). Int J Mol Med. (2020)

46:1958–72. doi: 10.3892/ijmm.2020.4746

15. He Y, Xing J, Wang S, Xin S, Han Y, Zhang J. Increased m6Amethylation level

is associated with the progression of human abdominal aortic aneurysm. Ann

Transl Med. (2019) 7:797. doi: 10.21037/atm.2019.12.65

16. Meyer KD, Jaffrey SR. Rethinking mA readers, writers, and erasers. Annu

Rev Cell Dev Biol. (2017) 33:319–42. doi: 10.1146/annurev-cellbio-100616-

060758

17. Lin J, Zhu Q, Huang J, Cai R, Kuang Y. Hypoxia promotes vascular

smooth muscle cell (VSMC) differentiation of adipose-derived stem cell

(ADSC) by regulating mettl3 and paracrine factors. Stem Cells Int. (2020)

2020:2830565. doi: 10.1155/2020/2830565

18. Steen CB, Liu CL, Alizadeh AA, Newman AM. Profiling cell type abundance

and expression in bulk tissues with CIBERSORTx. Methods Mol Biol. (2020)

2117:135–57. doi: 10.1007/978-1-0716-0301-7_7

19. Rusk N. Expanded CIBERSORTx. Nat Methods. (2019)

16:577. doi: 10.1038/s41592-019-0486-8

20. Zhao K, Yang CX, Li P, Sun W, Kong XQ. Epigenetic role of N6-

methyladenosine (m6A) RNA methylation in the cardiovascular system. J

Zhejiang Univ Sci B. (2020) 21:509–23. doi: 10.1631/jzus.B1900680

21. Zhou X, Chen Z, Zhou J, Liu Y, Fan R, Sun T. Transcriptome

and N6-methyladenosine RNA methylome analyses in aortic

dissection and normal human aorta. Front Cardiovasc Med. (2021)

8:627380. doi: 10.3389/fcvm.2021.627380

22. Yao Q, Huang Y, Liu AD, Zhu M, Liu J, Yan H, et al. The vasodilatory effect of

sulfur dioxide via SGC/cGMP/PKG pathway in association with sulfhydryl-

dependent dimerization. Am J Physiol Regul Integr Comp Physiol. (2016)

310:R1073–80. doi: 10.1152/ajpregu.00101.2015

23. Lincoln TM, Wu X, Sellak H, Dey N, Choi CS. Regulation of vascular smooth

muscle cell phenotype by cyclic GMP and cyclic GMP-dependent protein

kinase. Front Biosci. (2006) 11:356–67. doi: 10.2741/1803

24. Milewicz DM, Trybus KM, Guo DC, Sweeney HL, Regalado E, Kamm K,

et al. Altered smooth muscle cell force generation as a driver of thoracic

aortic aneurysms and dissections. Arterioscler Thromb Vasc Biol. (2017)

37:26–34. doi: 10.1161/ATVBAHA.116.303229

25. Milewicz DM, Guo DC, Tran-Fadulu V, Lafont AL, Papke CL, Inamoto

S, et al. Genetic basis of thoracic aortic aneurysms and dissections:

focus on smooth muscle cell contractile dysfunction. Annu Rev Genomics

Hum Genet. (2008) 9:283–302. doi: 10.1146/annurev.genom.8.080706.

092303

26. Yang K, Ren J, Li X,Wang Z, Xue L, Cui S, et al. Prevention of aortic dissection

and aneurysm via an ALDH2-mediated switch in vascular smooth muscle cell

phenotype. Eur Heart J. (2020) 41:2442–53. doi: 10.1093/eurheartj/ehaa352

27. Kellner JN, Reinstein J, Meinhart A. Synergistic effects of ATP and RNA

binding to human DEAD-box protein DDX1. Nucleic Acids Res. (2015)

43:2813–28. doi: 10.1093/nar/gkv106

28. Fan Y, Chen Y, Zhang J, Yang F, Hu Y, Zhang L, et al. Protective

role of RNA helicase DEAD-box protein 5 in smooth muscle

cell proliferation and vascular remodeling. Circ Res. (2019)

124:e84–100. doi: 10.1161/CIRCRESAHA.119.314062

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 March 2022 | Volume 9 | Article 831561

https://www.frontiersin.org/articles/10.3389/fcvm.2022.831561/full#supplementary-material
https://doi.org/10.1093/ejcts/ezz209
https://doi.org/10.21037/acs.2016.05.05
https://doi.org/10.1016/j.hfc.2017.05.006
https://doi.org/10.1016/j.ccl.2017.03.007
https://doi.org/10.3389/fcvm.2021.680065
https://doi.org/10.1038/hgv.2015.28
https://doi.org/10.3390/ijms19072125
https://doi.org/10.1016/j.jss.2010.05.030
https://doi.org/10.1155/2021/6697848
https://doi.org/10.1016/j.ijcard.2020.06.022
https://doi.org/10.1186/s13148-016-0169-6
https://doi.org/10.1007/s13238-020-00733-7
https://doi.org/10.3892/ijmm.2020.4746
https://doi.org/10.21037/atm.2019.12.65
https://doi.org/10.1146/annurev-cellbio-100616-060758
https://doi.org/10.1155/2020/2830565
https://doi.org/10.1007/978-1-0716-0301-7_7
https://doi.org/10.1038/s41592-019-0486-8
https://doi.org/10.1631/jzus.B1900680
https://doi.org/10.3389/fcvm.2021.627380
https://doi.org/10.1152/ajpregu.00101.2015
https://doi.org/10.2741/1803
https://doi.org/10.1161/ATVBAHA.116.303229
https://doi.org/10.1146/annurev.genom.8.080706.092303
https://doi.org/10.1093/eurheartj/ehaa352
https://doi.org/10.1093/nar/gkv106
https://doi.org/10.1161/CIRCRESAHA.119.314062
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Yin et al. m6A Genes in Aortic Dissection

29. Jalal C, Uhlmann-Schiffler H, Stahl H. Redundant role of DEAD box

proteins p68 (Ddx5) and p72/p82 (Ddx17) in ribosome biogenesis and cell

proliferation.Nucleic Acids Res. (2007) 35:3590–601. doi: 10.1093/nar/gkm058

30. Gao R, Wang L, Bei Y, Wu X, Wang J, Zhou Q, et al. Long

noncoding RNA cardiac physiological hypertrophy-associated regulator

induces cardiac physiological hypertrophy and promotes functional recovery

after myocardial ischemia-reperfusion injury. Circulation. (2021) 144:303–

17. doi: 10.1161/CIRCULATIONAHA.120.050446

31. Pi L, Fu C, Lu Y, Zhou J, JorgensenM, ShenoyV, et al. Vascular endothelial cell-

specific connective tissue growth factor (CTGF) is necessary for development

of chronic hypoxia-induced pulmonary hypertension. Front Physiol. (2018)

9:138. doi: 10.3389/fphys.2018.00138

32. Aguiar DP, de Farias GC, de Sousa EB, de Mattos Coelho-Aguiar J,

Lobo JC, Casado PL, et al. New strategy to control cell migration

and metastasis regulated by CCN2/CTGF. Cancer Cell Int. (2014)

14:61. doi: 10.1186/1475-2867-14-61

33. Ungvari Z, Valcarcel-Ares MN, Tarantini S, Yabluchanskiy A, Fulop GA,

Kiss T, et al. Connective tissue growth factor (CTGF) in age-related vascular

pathologies. Geroscience. (2017) 39:491–8. doi: 10.1007/s11357-017-9995-5

34. Hishikawa K, Oemar BS, Tanner FC, Nakaki T, Fujii T, Luscher TF.

Overexpression of connective tissue growth factor gene induces apoptosis

in human aortic smooth muscle cells. Circulation. (1999) 100:2108–

12. doi: 10.1161/01.CIR.100.20.2108

35. Suh SJ, Moon SK, Kim CH. Raphanus sativus and its isothiocyanates inhibit

vascular smooth muscle cells proliferation and induce G cell cycle arrest. Int

Immunopharmacol. (2006) 6:854–61. doi: 10.1016/j.intimp.2005.11.014

36. Sayed A, Munir M, Bahbah EI. Aortic dissection: a review of the

pathophysiology, management and prospective advances. Curr Cardiol Rev.

(2021) 17:e230421186875. doi: 10.2174/1573403X16666201014142930

37. Reinstein E, Frentz S, Morgan T, Garcia-Minaur S, Leventer RJ, McGillivray

G, et al. Vascular and connective tissue anomalies associated with X-linked

periventricular heterotopia due to mutations in Filamin A. Eur J Hum Genet.

(2013) 21:494–502. doi: 10.1038/ejhg.2012.209

38. Morisaki T, Morisaki H. Genetics of hereditary large vessel diseases. J Hum

Genet. (2016) 61:21–6. doi: 10.1038/jhg.2015.119

39. Goumans MJ, Ten Dijke P. TGF-beta signaling in control of

cardiovascular function. Cold Spring Harb Perspect Biol. (2018)

10:a022210. doi: 10.1101/cshperspect.a022210

40. Chen Y,Wei X, Zhang Z, He Y, Huo B, Guo X, et al. Downregulation of filamin

a expression in the aorta is correlated with aortic dissection. Front Cardiovasc

Med. (2021) 8:690846. doi: 10.3389/fcvm.2021.690846

41. Pleskovic A, Santl Letonja M, Cokan Vujkovac A, Makuc J, Nikolajevic

Starcevic J, Petrovic D. Phosphoprotein 1 (osteopontin) gene (rs4754)

affects markers of subclinical atherosclerosis in patients with type 2

diabetes mellitus. Int Angiol. (2018) 37:64–70. doi: 10.23736/S0392-9590.17.

03853-6

42. Peter BF, Lidington D, Harada A, Bolz HJ, Vogel L, Heximer

S, et al. Role of sphingosine-1-phosphate phosphohydrolase 1

in the regulation of resistance artery tone. Circ Res. (2008)

103:315–24. doi: 10.1161/CIRCRESAHA.108.173575

43. Pucci L, Pointet A, Good JM, Davoine E, Cina V, Zanchi F, et al. A new

variant in the MYH11 gene in a familial case of thoracic aortic aneurysm.

Ann Thorac Surg. (2020) 109:e279–81. doi: 10.1016/j.athoracsur.2019.

07.030

44. Ruan J, Zhang L, Hu D, Qu X, Yang F, Chen F, et al. Novel Myh11

dual reporter mouse model provides definitive labeling and identification

of smooth muscle cells-brief report. Arterioscler Thromb Vasc Biol. (2021)

41:815–21. doi: 10.1161/ATVBAHA.120.315107

45. Xiao W, Li X, Ji C, Shi J, Pan Y. LncRNA Sox2ot modulates the progression of

thoracic aortic aneurysm by regulating miR-330-5p/Myh11. Biosci Rep. (2020)

40:BSR20194040. doi: 10.1042/BSR20194040

46. Crawford JD, Hsieh CM, Schenning RC, Slater MS, Landry GJ, Moneta GL,

et al. Genetics, pregnancy, and aortic degeneration. Ann Vasc Surg. (2016)

30:158 e5–9. doi: 10.1016/j.avsg.2015.06.100

47. Shynlova O, Williams SJ, Draper H, White BG, MacPhee DJ, Lye SJ. Uterine

stretch regulates temporal and spatial expression of fibronectin protein and

its alpha 5 integrin receptor in myometrium of unilaterally pregnant rats. Biol

Reprod. (2007) 77:880–8. doi: 10.1095/biolreprod.107.062356

48. Xing L, Xue Y, Yang Y, Wu P, Wong CCL, Wang H, et al. TMT-based

quantitative proteomic analysis identification of integrin alpha 3 and integrin

alpha 5 as novel biomarkers in pathogenesis of acute aortic dissection. Biomed

Res Int. (2020) 2020:1068402. doi: 10.1155/2020/1068402

49. Zhang Y, Tan N, Zong Y, Li L, Zhang Y, Liu J, et al. LncRNA

ENSMUST00000155383 is involved in the improvement of DPP-4

inhibitor MK-626 on vascular endothelial function by modulating cacna1c-

mediated Ca(2+) influx in hypertensive mice. Front Mol Biosci. (2021)

8:724225. doi: 10.3389/fmolb.2021.724225

50. Guauque-Olarte S, Messika-Zeitoun D, Droit A, Lamontagne

M, Tremblay-Marchand J, Lavoie-Charland E, et al. Calcium

signaling pathway genes RUNX2 and CACNA1C are associated

with calcific aortic valve disease. Circ Cardiovasc Genet. (2015)

8:812–22. doi: 10.1161/CIRCGENETICS.115.001145

51. Zhao BS, Roundtree IA, He C. Post-transcriptional gene

regulation by mRNA modifications. Nat Rev Mol Cell Biol. (2017)

18:31–42. doi: 10.1038/nrm.2016.132

52. Srikakulapu P, Hu D, Yin C, Mohanta SK, Bontha SV, Peng L, et al. Artery

tertiary lymphoid organs control multilayered territorialized atherosclerosis

B-cell responses in aged ApoE-/- mice. Arterioscler Thromb Vasc Biol. (2016)

36:1174–85. doi: 10.1161/ATVBAHA.115.306983

53. Rattik S, Mantani PT, Yao Mattisson I, Ljungcrantz I, Sundius L, Bjorkbacka

H, et al. B cells treated with CTB-p210 acquire a regulatory phenotype in

vitro and reduce atherosclerosis in apolipoprotein E deficient mice. Vascul

Pharmacol. (2018) 111:54–61. doi: 10.1016/j.vph.2018.09.002

54. Wildgruber M, Aschenbrenner T, Wendorff H, Czubba M, Glinzer A,

Haller B, et al. The “Intermediate” CD14(++)CD16(+) monocyte subset

increases in severe peripheral artery disease in humans. Sci Rep. (2016)

6:39483. doi: 10.1038/srep39483

55. Li X, Liu D, Zhao L, Wang L, Li Y, Cho K, et al. Targeted

depletion of monocyte/macrophage suppresses aortic dissection

with the spatial regulation of MMP-9 in the aorta. Life Sci. (2020)

254:116927. doi: 10.1016/j.lfs.2019.116927

56. Lu L, Tong Y, Wang W, Hou Y, Dou H, Liu Z. Characterization and

significance ofmonocytes in acute stanford type B aortic dissection. J Immunol

Res. (2020) 2020:9670360. doi: 10.1155/2020/9670360

57. Lin Y, Peng Y, Chen Y, Li S, Huang X, Zhang H, et al. Association

of lymphocyte to monocyte ratio and risk of in-hospital mortality in

patients with acute type A aortic dissection. Biomark Med. (2019) 13:1263–

72. doi: 10.2217/bmm-2018-0423

58. Chumachenko PV, Postnov AY, Ivanova AG, Afanasieva OI, Afanasiev

MA, Ekta MB, et al. Thoracic aortic aneurysm and factors affecting aortic

dissection. J Pers Med. (2020) 10:153. doi: 10.3390/jpm10040153

59. Wang X, Zhang H, Cao L, He Y, Ma A, Guo W. The role of macrophages in

aortic dissection. Front Physiol. (2020) 11:54. doi: 10.3389/fphys.2020.00054

60. Lian G, Li X, Zhang L, Zhang Y, Sun L, Zhang X, et al.

Macrophage metabolic reprogramming aggravates aortic dissection

through the HIF1alpha-ADAM17 pathway. EBioMedicine. (2019)

49:291–304. doi: 10.1016/j.ebiom.2019.09.041

61. Tarique AA, Logan J, Thomas E, Holt PG, Sly PD, Fantino E.

Phenotypic, functional, and plasticity features of classical and alternatively

activated human macrophages. Am J Respir Cell Mol Biol. (2015)

53:676–88. doi: 10.1165/rcmb.2015-0012OC

62. Shi GP, Lindholt JS. Mast cells in abdominal aortic aneurysms. Curr Vasc

Pharmacol. (2013) 11:314–26. doi: 10.2174/1570161111311030006

63. Laroumanie F, Korneva A, Bersi MR, Alexander MR, Xiao L, Zhong X, et al.

LNK deficiency promotes acute aortic dissection and rupture. JCI Insight.

(2018) 3:e122558. doi: 10.1172/jci.insight.122558

64. Riley KG, Pasek RC, Maulis MF, Dunn JC, Bolus WR, Kendall PL, et al.

Macrophages are essential for CTGF-mediated adult beta-cell proliferation

after injury. Mol Metab. (2015) 4:584–91. doi: 10.1016/j.molmet.2015.

05.002

65. Sallam T, Jones M, Thomas BJ, Wu X, Gilliland T, Qian K, et al.

Transcriptional regulation of macrophage cholesterol efflux and atherogenesis

by a long noncoding RNA. Nat Med. (2018) 24:304–12. doi: 10.1038/

nm.4479

66. Liu S, Zhuo L, Wang J, Zhang Q, Li Q, Li G, et al. METTL3 plays multiple

functions in biological processes. Am J Cancer Res. (2020) 10:1631–46.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 15 March 2022 | Volume 9 | Article 831561

https://doi.org/10.1093/nar/gkm058
https://doi.org/10.1161/CIRCULATIONAHA.120.050446
https://doi.org/10.3389/fphys.2018.00138
https://doi.org/10.1186/1475-2867-14-61
https://doi.org/10.1007/s11357-017-9995-5
https://doi.org/10.1161/01.CIR.100.20.2108
https://doi.org/10.1016/j.intimp.2005.11.014
https://doi.org/10.2174/1573403X16666201014142930
https://doi.org/10.1038/ejhg.2012.209
https://doi.org/10.1038/jhg.2015.119
https://doi.org/10.1101/cshperspect.a022210
https://doi.org/10.3389/fcvm.2021.690846
https://doi.org/10.23736/S0392-9590.17.03853-6
https://doi.org/10.1161/CIRCRESAHA.108.173575
https://doi.org/10.1016/j.athoracsur.2019.07.030
https://doi.org/10.1161/ATVBAHA.120.315107
https://doi.org/10.1042/BSR20194040
https://doi.org/10.1016/j.avsg.2015.06.100
https://doi.org/10.1095/biolreprod.107.062356
https://doi.org/10.1155/2020/1068402
https://doi.org/10.3389/fmolb.2021.724225
https://doi.org/10.1161/CIRCGENETICS.115.001145
https://doi.org/10.1038/nrm.2016.132
https://doi.org/10.1161/ATVBAHA.115.306983
https://doi.org/10.1016/j.vph.2018.09.002
https://doi.org/10.1038/srep39483
https://doi.org/10.1016/j.lfs.2019.116927
https://doi.org/10.1155/2020/9670360
https://doi.org/10.2217/bmm-2018-0423
https://doi.org/10.3390/jpm10040153
https://doi.org/10.3389/fphys.2020.00054
https://doi.org/10.1016/j.ebiom.2019.09.041
https://doi.org/10.1165/rcmb.2015-0012OC
https://doi.org/10.2174/1570161111311030006
https://doi.org/10.1172/jci.insight.122558
https://doi.org/10.1016/j.molmet.2015.05.002
https://doi.org/10.1038/nm.4479
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Yin et al. m6A Genes in Aortic Dissection

67. Wu S, Zhang S, Wu X, Zhou X. mA RNA methylation in cardiovascular

diseases. Mol Ther. (2020) 28:2111–9. doi: 10.1016/j.ymthe.2020.

08.010

68. Liu Q, Li M, Jiang L, Jiang R, Fu B. METTL3 promotes experimental

osteoarthritis development by regulating inflammatory response and

apoptosis in chondrocyte. Biochem Biophys Res Commun. (2019) 516:22–

7. doi: 10.1016/j.bbrc.2019.05.168

69. Qin Y, Qiao Y, Li L, Luo E, Wang D, Yao Y, et al. The mA methyltransferase

METTL3 promotes hypoxic pulmonary arterial hypertension. Life Sci. (2021)

274:119366. doi: 10.1016/j.lfs.2021.119366

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Yin, Zhang, Guo, Wu, Zhao, Li, Bian, Chen, Han and Liu.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 16 March 2022 | Volume 9 | Article 831561

https://doi.org/10.1016/j.ymthe.2020.08.010
https://doi.org/10.1016/j.bbrc.2019.05.168
https://doi.org/10.1016/j.lfs.2021.119366
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Comprehensive Analysis of Key m6A Modification Related Genes and Immune Infiltrates in Human Aortic Dissection
	Introduction
	Materials and Methods
	Data Sources
	Weighted Gene Co-expression Network Analysis
	Data Collection and Screening of Differentially Expressed m6A-Related Genes
	GO and KEGG Pathway Analysis
	PPI Network Construction and Hub Gene Identification
	The Relationship Analysis Between Differentially Expressed m6A Regulatory Genes and Hub Genes
	Analysis of Immune Cell Infiltration
	Analysis of the Correlations Between Hub Genes and Immune Cells

	Results
	WGCNA
	Identification of Differentially Expressed m6A-Related Genes
	Functional Enrichment Analyses of Differentially Expressed m6A-Related Genes
	PPI Network Construction and Hub Gene Identification
	The Relationship Between DEMRGs and Hub Genes
	Results of Immune Cell Infiltration

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


