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Background: N°®-methyladenosine (m6A) is the most prevalent non-cap
reversible modification present in messenger RNAs and long non-coding
RNAs, and its dysregulation has been linked to multiple cardiovascular
diseases, including cardiac hypertrophy and atherosclerosis. Although limited
studies have suggested that m6A modification contributes to abdominal aortic
aneurysm (AAA) development, the full landscape of m6A regulators that
mediate modification patterns has not been revealed.

Methods: To distinguish the m6A methylation subtypes in AAA patients, an
unsupervised clustering method was carried out, based on the mRNA levels of
17 m6A methylation regulators. Differentially expressed genes were identified
by comparing clusters. An m6Ascore model was calculated using principal
component analysis and structured to assess the m6A methylation patterns of
single samples. Subsequently, the relationship between the m6Ascore and
immune cells and the hallmark gene set was analyzed. Finally, pairs of
circRNA-m6A regulators and m6A regulators-m6A related genes were used
to establish a network.

Results: We identified three m6A methylation subtypes in the AAA samples. The
m6Acluster A and C were characterized as more immunologically activated
because of the higher abundance of immune cells than that in m6Acluster B.
The m6Acluster B was less enriched in inflammatory pathways and more
prevalent in pathways related to extracellular matrix stability. Subsequently,
we divided the individual samples into two groups according to the m6Ascore,
which suggested that a high m6Ascore predicted more active inflammatory
pathways and higher inflammatory cell infiltration. A network consisting of
9 m6A regulators and 37 circRNAs was constructed.

Conclusion: This work highlighted that m6A methylation modification was
highly correlated with immune infiltration of AAA, which may promote the
progression of AAA. We constructed an individualized m6Ascore model to
provide evidence for individualized treatments in the future.
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1 Introduction

Characterized by the segmental and permanent dilatation of
the abdominal aorta by over 50% and the consistent weakening of
the aortic wall (Thompson et al., 2002), AAA is a common but
which, although typically
asymptomatic, has a mortality rate exceeding 80% after

devastating vascular disease
rupture (Golledge and Norman, 2011). At present, open
surgical repair and endovascular placement of a stent graft are
the mainstays of treatment for AAA, even though only 10% of
patients are eligible for surgery (Vandestienne et al., 2021). There
are no pharmacological therapies to limit the progression or
reduce the risk of rupture (Chaer et al., 2020), and treatment of
the latter remains a challenge.

Since the high mortality of ruptured AAA evokes public
concern, emerging basic research has focused on the
etiopathogenesis to suppress its deterioration. AAA is mainly
characterized by the disintegration of the extracellular matrix
(ECM), infiltration of inflammatory cells, dysfunction of vascular
smooth muscle cells (VSMCs) including phenotypic switch,
apoptosis, necroptosis and senescence (Lu et al, 2021), and
production of excessive reactive oxygen species (ROS) that
cause the destruction of the aortic wall and result in its
progressive dilatation (Davis et al., 2015; Golledge, 2019;
Gurung et al, 2020). In addition, AAA is an inflammatory
have confirmed a host of
the which

demonstrated their significant roles in AAA (Raffort et al,

condition. Previous studies

inflammatory cells infiltrating aortic  walls,
2017; Yuan et al, 2020). For instance, macrophages severely
disequilibrate reparative tissue restoration and destructive tissue
remodeling by impairing extracellular matrix remodeling and
promoting and resolving inflammatory responses (Murray and
Wynn, 2011; Raffort et al., 2017). Neutrophils participate in
biological processes in AAA, including oxidative stress,
inflammation of adventitia, proteolytic degradation of the
tunica media and intraluminal thrombogenesis (Plana et al,
2020). However, a comprehensive profile of inflammatory
cells in AAA remains to be elucidated.

Chemical modification on RNA molecules is common in
eukaryotic cells, of which m6A modification is the most
abundant type (Boccaletto et al., 2018; Wang et al., 2020). The
reversible m6A modification can influence the process of RNA
maturation and cleavage and involve in its metabolism (Zhang
et al., 2020a). Recently, there have been novel insights into the
variation of m6A methylation in AAA progression (He et al,
2019). METTL3, a writer of m6A modification, is involved in
AAA formation by promoting mature miR-34a expression,
thereby decreasing the expression of SIRTI (Zhong et al,
2020). Further studies have revealed that dysregulation of
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m6A methylation might induce AAA progression (He et al.,
2019) or rupture (Fu et al., 2022). Although promising, studies on
the underlying mechanism of m6A for potential AAA therapy are
lacking.

In this study, we characterized AAA samples into three
different classes that revealed distinctive m6A patterns. The
immune environment and inherent biological pathways varied
in each pattern. Therefore, an individualized m6Ascrore was
established to quantify the m6A modification levels in each
sample. Given the intrinsic m6A pattern differences, a circular
RNA (circRNA) mediating m6A regulators network was
the
Together, these findings lay the foundation for future

constructed  for regulation of m6A modifications.

immunotherapeutic investigations of AAA.

2 Materials and methods

2.1 Download of abdominal aortic
aneurysm dataset and preprocessing

The gene expression profile of AAA was retrospectively
obtained from the Gene Expression Omnibus (GEO) online
database. In total, 3 AAA cohorts, GSE98278, GSE47472, and
GSE57691, comprising 111 AAA patients and 18 normal donors,
were selected for in-depth study. Another cohort, GSE7084,
containing 7 AAA patients and 8 normal donors, was
retrieved for validation. Additionally, a cohort GSE144431,
consisting of four AAA patients and four healthy donors was
acquired for differentially expressed circRNA analysis. The batch
effect was corrected by the “ComBat” method of the SVA
package (Leek et al, 2012). The defined different expressed
genes (DEGs) were identified based on the screening criteria
of |log2FC| > 1 and adjusted. Significance was defined as
p-value <0.05.

2.2 Sample acquisition

This study was approved by the Institutional Ethics
of the First Affiliated
Hospital of Sun Yat-sen University (authorized number:
[2020]326). The study conformed to the Declaration of
Helsinki.
5 patients who underwent open aortic aneurysm repair, and

Committee for Clinical Research

Aneurysmal specimens were collected from

normal aorta samples were obtained from 5 healthy donors
without abdominal aortic disease. After divided the tissues
into vascular tissues were fixed with

segments, some

paraformaldehyde (4%) for follow-up immunohistochemistry,
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and other parts were frozen in liquid nitrogen for follow-up RNA
extraction and western blot analysis.

2.3 Quantitative real-time polymerase
chain reaction

Total RNA from the normal aorta and AAA tissues was
extracted using the TRIzol method (Invitrogen, Thermo Fisher
Scientific. Co., Ltd.). Next, cDNA was synthesized using an Evo
M-MLV Mix Kit (Accurate Biology, AG11728, Hunan, China).
Quantitative analyses were performed using qRT-PCR according
to the SYBR Green method (Accurate Biology, AG11701, Hunan,
China). The relative fold changes of three m6A regulators were

calculated using the 2744°"

method. Primers used in this study
are provided in supplementary material

Table S1).

(Supplementary

2.4 Western blotting

After collection, the aorta samples were lysed and the protein
content quantified using the BCA protein determination method
(Fudebio-tech, FD 2001, China). Proteins were separated by SDS-
PAGE electrophoresis. The primary antibodies are listed below:
anti-ALKBH5 (Proteintech, catalog, 16837-1-AP, Wubhan,
China), anti-METTLI4 (Proteintech, catalog, 80790-1-AP,
Wuhan, China), and anti-YTHDFI (Proteintech, catalog,
17479-1-AP, Wuhan, China). GAPDH (Proteintech, catalog,
60004-1-Ig, Wuhan, China) was used as an internal reference.
Finally, the immunoreactive signal was detected with a
chemiluminescent detection substrate (Merck, WBKLS0500,
Germany).

2.5 Immunohistochemistry staining of
mM6A methylation regulators

In brief, the sections of vascular segments were heated at 60°C
for 1 h, washed in xylene 3 times for 15 min each, then hydrated
in 85% and 75% ethanol for 5 min each, followed by 3 washes in
PBS. Antigen retrieval procedure was implemented by heating
the sections in a microwave oven for 3 min using sodium citrate
buffer. The sections were then incubated in the dark with 3%
H,O, for 25 min and washed with PBS 3 times for 5 min each.
The sections were incubated with 3% bovine serum albumin
(BSA) to block the tissue evenly for 30 min in a humidified
chamber at room temperature. Subsequently, sections were
incubated with anti-ALKBH5 (Proteintech, catalog, 16837-1-
AP, Wuhan, China), anti-METTLI4 (Proteintech, catalog,
80790-1-AP, Wuhan, China), and anti-YTHDFI (Proteintech,
catalog, 17479-1-AP, Wuhan, China) at 4°C overnight. Next, the
sections were treated with a secondary immunofluorescence
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antibody. The sections were stained according to the THC kit
protocol of Servicebio, and hematoxylin was used to visualize
nuclei. Finally, the integrated optical density (IOD) values of the
sections, which denote the staining intensity, were observed
under a microscope (Olympus, Japan) and analyzed by Fiji
software.

2.6 Consensus clustering expression
pattern of 17 m6A regulators

By retrieving the literatures, 17 relevant regulators were
identified m6A
modification modules. These 17 m6A regulators included six
writers (WTAP, RBM15, METTLI14, CBLL1, ZC3HI13, and
METTL3), two erasers (FTO and ALKBH5), and nine readers

and analyzed for recognizing diverse

(YTHDCI, YTHDC2, LRPPRC, HNRNPC, HNRNPA2BI,
YTHDF1, YTHDF2, YTHDF3, and ELAVLI). Consensus
clustering of AAA  was conducted wusing the

ConsensusClusterPlus algorithm, and classification stability
was ensured by conducting 1,000 repetitions (Wilkerson and
Hayes, 2010). Principal component analysis of the transcription
profiles was performed using R package, FactoMineR. The
mRNA level of these regulators was visualized using the R
package, pheatmap.

2.7 Estimation of immune characteristics
of abdominal aortic aneurysm

To estimate the immune environment in AAA, a single-
sample gene set enrichment analysis (ssGSEA) was conducted.
The gene sets retrieved from the study by Charoentong, which
incorporated multiple human immune cell subtypes (natural
killer T cells, macrophages, activated dendritic cells, activated
CD8 T cells, and regulatory T cells; Supplementary Table S2)
were used for cell marking (Plana et al., 2020; Wang et al,,
2020). Enrichment scores were used for individual sample
estimation. The correlation between m6A regulators and
immune cells was evaluated using Spearman’s correlation

analysis.

2.8 Gene set variation analysis and
functional enrichment analysis

GSVA was performed between m6A modification patterns
using the R package GSVA. Conceptually, GSVA is a
nonparametric and unsupervised method that evaluates
alterations in biological processes or signaling pathway activity
in a single sample (Hanzelmann et al.,, 2013). The gene set of
set

“c2.cp.kegg.v7.5.1.symbols.gmt” and hallmark gene

(h.all.v7.5.1.symbols.gmt) were acquired from the MSigDB
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database. Moreover, the mRNA expression of immune
checkpoints (Supplementary Table S3) and human leukocyte
antigen (HLA) molecules (Supplementary Table S4) in each
sample captured from the current literature were estimated
(Zhao et al, 2021). The activated and repressed pathways
were further analyzed using the R package limma (Ritchie
2015). The

statistically  significant,

et al, signaling pathway was considered
with adjusted  threshold

(p-value <0.05). Biological function enrichment for mé6A-

an

related DEGs was implemented using the clusterProfiler R
package, with a cutoff value of adjusted p-value <0.05. The
top 30 enriched biological processes are shown as dot plots.

2.9 ldentification of m6A patterns related
gene signature

Based on the expression of 17 m6A molecules, AAA samples
were divided into three distinct m6A associated patterns in order
to recognize m6Acluster-related genes. DEGs between different
modification patterns were identified on the basis of [log2FC| >
0.5 and adjusted (p-value <0.001).

The m6Ascore was defined and constructed to quantify the
m6A modification level of each patient. The establishment
procedures of m6A gene signature were mentioned in brief:
Firstly, 625 DEGs were recognized from above different
mo6Aclusters. Secondly, a consensus clustering method based
on the transcript profiles of these DEGs was used to classify
Next,
transformation of these genes was implemented, followed by

the patients into several gene clusters. Z-score
PCA analysis. Principal components 1 and 2, which maintained
the features that contributed the most to the variance, were
chosen to construct the signature scores. Finally, as in previous
studies, the following formula was adopted to define the

mo6Ascore (Sotiriou et al., 2006; Zhang et al., 2020b):
m6Ascore = Z (PCli + PC2i)

where i is the expression level of m6A methylation pattern-
related DEGs.

2.10 Characteristics of immune and
transcriptome traits in m6Ascore
phenotypes

Spearman’s correlation analysis was performed to quantify
the correlation between the m6Ascore and immune infiltration,
hallmark gene set, HLA molecules, and immune checkpoints.
Based on the median of all m6Ascore, the patients were classified
into high and low m6Ascore groups. Kruskal-Wallis test was
performed to estimate the enrichment score of immune
infiltration, HLA molecules, and immune checkpoints between
these two groups. The differentially expressed circRNAs were
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screened out with a threshold of |log2FC| > 2 and p-value <0.05.
The circRNAs-m6A regulators and m6A regulators-m6A related
genes interacting pairs were downloaded from the ENCORI
database to further analyze the circRNA-mediated regulatory
network in m6A related genes (Li et al., 2014).

2.11 Statistical analyses

The  Shapiro-Wilk test and Bartlett
homogeneity test were used to determine the normality and

normality

homogeneity of variance, respectively. The Wilcoxon test or
Kruskal-Wallis test was used to compare nonparametric
variables, while the t-test or one-way ANOVA was used to
compare parametric variables. Spearman’s correlation
analysis was used to calculate correlation coefficients. The
effectiveness of the model was confirmed using a receiver
operating characteristic curve (ROC). All statistical analyses
were two-sided, and p < 0.05 was considered statistically

significant.

3 Results

3.1 Transcriptional alterations of 17 m6A
methylation regulators in AAA

After systematically reviewing published articles related
to m6A methylation, a total of 17 m6A regulatory genes in
AAA were recognized and selected for further analysis,
and 9 The
mechanism of m6A RNA methylation and the potential

including 6 writers, 2 erasers, readers.
molecular functions of m6A regulators for RNA are
summarized (Figure 1A). Based on the Metascape web
tool, 17 m6A methylation regulators were annotated for
involving RNA modification and metabolism (Figure 1B).
The

regulators in normal and AAA samples were compared to

different expression of these m6A methylation

verify their transcriptional alterations (Figure 1C). Some
m6A methylation regulators (e.g., ALKBH5, HNRNPC,
METTL14, YTHDFI, and YTHDEF2) had significantly lower
expression in AAA tissues than in normal aorta arteries,
that of m6A
regulators plays in the formation and

suggesting imbalanced  expression

a vital role

progression of AAA.

3.2 Clinical features of 17 m6A methylation
regulators

The predictive value of 17 m6A methylation regulators

in AAA patients was calculated using the univariate logistic
regression model (Supplementary Table S5). The m6A gene
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FIGURE 1

Transcriptional alterations of 17 m6A methylation regulators in AAA. (A) The schematic diagram of dynamic and reversible process of m6A RNA
methylation. (B) The biological process annotations of 17 m6A methylation regulators analyzed by Metascape website tool. (C) Boxplot of the
discrepant expression of m6A methylation regulators between AAA and control artery samples. AAA: blue; Control: red. (ns: no significance, *p <

0.05, **p < 0.01, ***p < 0.001).

regulatory network was

employed to

depict

the

comprehensive landscape of m6A methylation regulator
connections and interactions, as well as their predictive
value in patients with AAA (Figure 2A). 14 regulators (e.g.,
HNRNPC, METTL14, YTHDFI, YTHDF2, ALKBHS5) were
considered as risk factors for AAA, while 3 regulators were
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These m6A
significant correlations not only in the same functional

favorable factors. regulators presented
category but also among readers, writers, and erasers.
The expression of ZC3HI3 (a writer) was inversely
correlated with that of FTO (an eraser), HNRNPA2BI,

HNRNPC, LRPPRC, YTHDF2, YTHDFI (readers), and
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FIGURE 2

Clinical features of 17 m6A methylation regulators. (A) The interaction network among m6A methylation genes. The circle size represents the
effect on the prediction and scale by p-value. Risk factors: pink; Favorable factors: blue; Erasers: green; Readers: orange; Writers: purple. The orange
and purple lines represent positive and negative correlations, respectively (p < 0.001). (B) Forest plot of multiple logistic regression of 5 m6A
methylation regulators. Blue dots represent the odd ratio of each regulator. (C,D) ROC curve of m6A regulators in predicting the occurrence of
AAA. (C): training set, (D) validation set. AUC: area under the curve. Cl: 95% confidence interval.
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METTL3 and RBM15 (writers), and the expression level of
METTLI14 was inversely correlated with FTO and YTHDF]I.
Five regulators were identified as statistically promising risk
factors by univariate logistic regression analysis. However,
only ALKBH5, METTL14, and YTHDFI were found to be
significant risk factors in multiple logistic regression
analysis (Figure 2B). Therefore, ROC evaluation was
subsequently performed to explore the accuracy of
in AAA
diagnosis. The results of the training set (Figure 2C) and
showed that these m6A
regulators could predict the occurrence of AAA well, and

prediction of these three m6A regulators

validation set (Figure 2D)

the regulator combination model greatly improved the
predictive power.

3.3 Validation of expression of ALKBHS5,
METLL14, and YTHDF1

To further verify the reliability of the bioinformatics
analysis and ensure the authenticity of the results, a
validation cohort comprising five AAA patients and five
healthy donors was enrolled. As expected, the mRNA levels
of ALKBH5, METTL14, and YTHDFI were notably decreased
in the AAA samples (Figures 3A-C). Congruously, the protein
levels of the three regulators were also downregulated in AAA
tissues (Figures 3D,E). Furthermore, we detected the
expression of ALKBH5, METTLI4, and YTHDFI in
histological sections, which indicated that the distribution
of these regulators was relatively low in AAA samples
(Figure 3F, Supplementary Figures SIA-C). These results
demonstrated that the authentic expression of m6A
regulators was consistent with the mining data, based on
which further analysis was convincing.

3.4 Identification of three m6A
methylation patterns based on
17 reqgulators

To determine the expression patterns of these 17 m6A
regulators, consensus clustering was performed, and three
clusters were separated. Three qualitatively different
methylation patterns, including 53 cases in mé6Acluster_A,
39 cases in mo6Acluster B, and 19 cases in mé6Acluster C,
were identified (Figure 4A). Obviously, mé6Acluster_B was
significantly different from the other two clusters in the
transcriptional profile of m6A regulators, according to the
PCA analysis (Figure 4B). However, m6Acluster_C is similar
to mo6Acluster_A. Most methylation regulators, including
readers, writers and erasers had dramatically decreased
transcriptional  levels in  m6Acluster_B, followed by

mo6Acluster_A and m6Acluster_C (Figure 4C).
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3.5 Three methylation subtypes associated
with distinct immune infiltration and
molecular backgrounds

Some studies have shown significant relevance between immune
cell activity and modified methylation (Liu et al,, 2021a; Song et al,
2021). Therefore, a comprehensive bioinformatic analysis was
performed to reveal the difference in immune activity between
methylation subtypes. Based on the analysis of immune cell
infiltration among the three different methylation patterns,
mo6Acluster B was remarkably different from the other two
clusters (Figure 5A). m6Acluster B had fewer plasmacytoid
dendritic cells than m6Acluster_A and m6Acluster_C, suggesting a
weak function of active in this
group. Additionally, activated CD8" T cells, along with other types
of T cells and B cells, were less abundant in m6Acluster B than in the

antigen-presenting  cells

other two clusters. Known as immune suppressive cells (Tesi, 2019),
myeloid-derived suppressor cells (MDSC) were significantly lower in
m6Acluster_B, which is contrary to our hypothesis. An intensive
correlation between m6A molecules and immune cells was
determined using Spearman’s correlation analyses (Figure 5B). For
example, a substantial portion of effector T cells and B cells are
positively related to the majority of regulators. Notably, there was a
negative correlation between type 17T helper cells and most
regulators. To determine the molecular background differences
among the three methylation subtypes, hallmark gene sets
associated with AAA progression were used for GSVA analysis
(Figure 5C). Compared to m6Acluster_ A and m6Acluster_C,
mo6Acluster B was less enriched in inflammatory response,
oxidative stress, mitosis, protein synthesis, fatty acid metabolism,
and apoptosis. GSVA enrichment analysis was conducted based on
the KEGG pathway to verify the enrichment results further. The
m6Acluster_B was more enriched in glycosaminoglycan biosynthesis
and degradation related to the composition of the extracellular matrix,
but less enriched in amino acid metabolism, protein export, and RNA
degradation than m6Acluster_A (Figure 5D). On the other hand,
m6Acluster_C was enriched in immune response, protein export, and
RNA degradation, but decreased in biometabolism-related pathways
(Figure 5E). These results indicate that different methylation patterns
are closely related to biological behavior in AAA, and the relatively
high activity of methylation regulators may be critical for improving
the inflammatory microenvironment in AAA.

3.6 Generation of a quantized model for
scoring methylation subtypes of individual
abdominal aortic aneurysm patients

To understand the biological feature differences among the
three m6Aclusters comprehensively, 626 DEGs were identified
by comparing the three distinct m6Aclusters (Figures 6A-C).
Gene Ontology (GO) term enrichment analysis revealed that
these DEGs were mainly enriched in immune cell differentiation
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and activation, nucleocytoplasmic transport, and biosynthetic
processes (Figure 6D). According to these DEGs, three clusters
termed geneCluster_A, geneCluster_B, and geneCluster_C were
separated from each other (Supplementary Figure S2A). Most
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methylation regulators were markedly upregulated in
geneCluster_A (Supplementary Figure S2B). Similarly, the
transcriptional profile of geneCluster_A was different from

that of cluster B and C (Supplementary Figure S2C). To
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portray and quantify the methylation pattern of single AAA
patients precisely and conveniently, a score model, named

m6Ascore, was constructed based on the principal
components 1 and 2 of these DEGs. The m6Ascore in
m6Acluster_C was remarkably higher than that in

mo6Acluster_A and mé6Acluster B (Figure 6E). Next, AAA
patients were divided into two groups based on the median of
mo6Ascore in all samples. As a result, samples in the high
mé6Ascore group were primarily from m6Acluster_A, while the
majority of samples from méAcluster_B and méAcluster_C were
included in the low m6Ascore group (Figure 6F).
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3.7 Distinction of immune environment
and transcriptome characteristics in
m6Ascore subgroups

The correlation between immune cells and the m6Ascore
was further analyzed to determine the role of mé6Ascore-related
phenotypes in immune cell infiltration (Figure 7A). The
m6Ascore score positively correlated with most T helper and
effector T cells. The Kruskal-Wallis test revealed that activated
B cells, CD4 T cells, and CD8 T cells were dramatically
abundant in the high m6Ascore group (Figure 7B). The
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FIGURE 5

Three methylation subtypes associated with distinct immune infiltration and molecular backgrounds. (A) Comparison of the abundance of
infiltrating immune cells among three m6Aclusters. (B) The Spearman correlation analysis between regulators and immune cells. (C) GSVA
enrichment analysis among three m6Aclusters based on the hallmark gene sets. (D,E) GSVA enrichment analysis among three distinct m6Aclusters
based on KEGG pathways. Red: activated pathway. Blue: inhibited pathways. Ns: no significance, *p < 0.05, **p < 0.01, ***p < 0.001.
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correlated with inflammatory response, STAT3 signaling, and
MTOR signaling, and negatively correlated with oxidative
phosphorylation, fatty acid metabolism, heme metabolism,

correlation between the hallmark gene set and the m6Ascore
was also studied to better demonstrate the characteristics of the
mo6Ascore (Figure 7C). Notably, the m6Ascore was positively
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and bile acid metabolism, indicating that the m6Ascore was
involved in immunoregulation. Further, we found patients with
higher m6Ascore were in higher immune checkpoint response
S3A) and HLA
(Supplementary Figure S3B). Since individual m6Ascore for

(Supplementary  Figure expression
patients were calculated based on the m6A related signature, the
alteration of the expression profile could change the mé6Ascore.
Mounting evidence implies that circRNAs play an important
role in regulating gene expression by directly binding to
proteins (Huang et al., 2020a; Okholm et al., 2020; Zhou
2020)
modifications by interacting with m6A regulators (Chen
et al,, 2021; Tang and Lv, 2021; Issah et al., 2022). Therefore,
the potential circRNAs that might affect the m6A related
signature were identified using a cutoff value of |log2FC| >

et al, and participating in m6A methylation

2 and p-value <0.05. In total, 37 were identified as significantly
differentially expressed circRNAs (DEcircRNA), including
12 downregulated circRNAs. We
examined the interaction between DEcircRNAs and m6A

25 upregulated and

regulators based on the circRNAs-m6A regulators-mRNA
network, which comprised 37 circRNAs, 9 m6A regulators,
and 588 m6A related genes (Figure 7D). The results revealed
that most m6A related genes were likely regulated by circRNAs
that could interact with m6A regulators.

4 Discussion

AAA is a common but life-threatening disease
characterized by dilatation of the abdominal aorta
(Golledge and Norman, 2011; Vandestienne et al., 2021).
There is still no effective non-surgical treatment for this
the
pathogenesis. However, inflammation has been suggested to

disease, owing to limited understanding of its
play a central role in its development (Yuan et al., 2020). A
host of inflammatory cells, such as macrophages and
lymphocytes, infiltrate and produce
inflammatory cytokines (e.g., IL-1 and NLRP3), leading to
the loss of structural stability and dilation of the walls
(Investigators, 2017; Ma et al, 2022). As the most

abundant type of RNA modification in eukaryotic cells,

the aortic walls

dynamic m6A modification commands a host of cellular
biological processes including alternative splicing, mRNA
translation, and RNA stability (Yang et al., 2018). It has
been reported that aberrant expression of m6A modified
proteins or abnormal m6A modified levels could result in
disturbed RNA metabolism and influence gene expression
that are in close contact with the development of AAA (Li
et al,, 2021; Peng et al, 2022). However, the association
m6A
response in AAA progression remains unclear.

between overall characterization and immune

Owing to fatal outcomes, numerous biomarkers or models
have been explored to predict the development and progression of
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AAA. A systematic review showed that serum elastin peptides
(SEP) and plasmin-antiplasmin (PAP) complexes have the
with  AAA,
metalloproteinase 9 (MMP9) and interferon-gamma (INF-y) are

strongest  association and matrix-degrading
promising for use in clinical applications (Urbonavicius et al,
2008). Another large cohort study determined that several novel
microRNAs (miRs) presented expression alterations in AAA
patients compared to those in normal patients (Wanhainen
et al, 2017). Furthermore, an exponential growth model was
able to provide useful information about aneurysm size
progression using spherical diameter (Akkoyun et al, 2021).
However, there are still no relevant predictors that can achieve
clinical translation. In the current study, ROC analysis showed that
three m6A regulators, ALKBH5, METTLI4, and YTHDFI, could
predict AAA occurrence. In particular, the model combining these
three m6A regulators achieved an area under the curve (AUC) of
0.964, which was much higher than that of previously studied
predictors or models. These results highlighted that the
imbalanced expression of m6A regulators contributed to the
pathogenesis of AAA, and they were able to offer a new
perspective and act as a reliable tool to assist in predicting the
development of AAA. To our surprise, these three genes in this
study, ALKBH5, METTL14, and YTHDFI, showed a trend of
down-regulation in AAA. This was most likely due to the different
functions of them and polygenic involvement in regulating the
methylation level, which indicated that gene expression levels of
several m6A regulators alone cannot reflect the degree of m6A
methylation modification completely. As a m6A demethylase,
ALKBH5 may lead to an increase in the overall level of RNA
methylation in AAA. METTLI14, a m6A writer protein, promote
RNA m6A modification by assist with METTL3. However, m6A
medication in RNA leads to its splice, transport, degradation and
translation that are mediated by the readers (Li et al, 2022a).
Analogously, down-regulation of METTLI14 was regarded as risk
factor and correlated with poor prognosis (Yang et al., 2020).
Despite regulating RNA translation, the role of YTHDFI which
whether is beneficial or harmful for AAA progression is not clear.
Therefore, more experimental evidences are needed to support this
result.

At present, it is suggested that inflammation initiates the
pathological process of AAA, followed by degradation of the
ECM (Lattanzi, 2020). However, some studies have indicated that
media ECM degradation caused by various physical and chemical
factors aggravates inflammation and immune cell infiltration (Cai
et al, 2021). Both inflammation and ECM degradation are early
pathological changes in AAA formation (Quintana and Taylor,
2019). In the current study, three distinct m6A expression patterns
were identified in the AAA samples. Among them, the
mo6Acluster_B showed the lowest m6A regulators expression. The
mo6Acluster _A and _C were characterized by more intensive
immune cell infiltration, while the m6Acluster B was more
enriched in pathways related to extracellular matrix stability.
These differences between the m6Aclusters may be due to
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significant pathological and molecular heterogeneity in AAA, such
as cellular heterogeneity and imbalanced m6A methylation
expression. The three most prominent inflammatory cells
in the aortic wall
lymphocytes, and mast cells (Yuan et al, 2020). Acting in a

involved of AAA are macrophages,
pathogenic and reparative role in AAA, macrophages participate
in various aspects of the tissue healing response, such as dynamic
accommodation of inflammation and extracellular matrix
remodeling (Raffort et al,, 2017). No differences were detected in
the macrophage numbers between the three m6Aclusters in this
study. This may be explained by the fact that macrophage
heterogeneous subsets existed but could not be further identified.
The number of mast cells is positively correlated with AAA size
(Swedenborg et al, 2011). Thus, inhibitors of mast cell
degranulation, such as tranilast, have been used to slow AAA
progression (Tsuruda et al, 2008). However, a similar difference
was not found between our three méAclusters, which was probably
caused by size homogeneity between them. Another study showed
that T cells, rather than macrophages, were the main leukocyte
subset in AAA, and they were abundant in perivascular adipose
tissue (PVAT) (Sagan et al, 2019). These T cells secrete
inflammatory factors such as IFN-y, IL-4 and IL-5 to promote
the expression of MMPs and induce apoptosis of VSMCs (Li et al.,
2019). There were significant differences in various T cells among
these three m6Aclusters, indicating that m6A methylation regulators
may be related to the effect of different T cell profiles. Therefore, it
would be intriguing to further investigate whether any m6A
methylation regulators might be involved in inhibiting or
promoting the inflammation and ECM degradation of AAA by
regulating various T cell subsets.

Inflammation, particularly immune infiltration by activated
macrophages, plays a vital role in the development and rupture
of AAA (Cheuk and Cheng, 2008). Compared with the positive
control AAA wall tissue, the expression of IL-1f3, IL-6, IL-10, MIP-2,
neutrophil and macrophage infiltration, and total MMP9 activity
were significantly increased in the ruptured AAA wall (English
et al, 2015). Genes with inflammatory and immune functions,
including interleukin 8 (IL-8), prostaglandin-endoperoxidase
synthase 2 (COX2), selectin E (SELE), and prokineticin 2
(PROK2), were confirmed to be overexpressed in aneurysm
rupture lesions (Choke et al, 2009). These inflammatory cells
and factors, that might be regulated by m6A methylation
regulators, could degrade the ECM, leading to AAA rupture.
Altering RNA decay, ALKBH5-mediated m6A demethylation
enhanced the migration capability of neutrophils, resulting in
changes in target protein expression, including increased
NLRPI2 expression and decreased PTGER4 expression (Liu
et al,, 2022). Interacting with FOXO1, METTLI4 acts directly on
the promoter regions of ICAM-1 and VCAM-1 to upregulate their
transcription, thereby mediating the inflammatory response of
endothelial cells in atherosclerosis (Jian et al., 2020). Recognizing
and binding to the m6A methylation site, YTHDFI promotes the
translation of SOCS3 mRNA, thus inhibiting the JAK2/STAT3
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pathway and decreasing the secretion of inflammatory factors,
leading to anti-inflammatory regulation in Treponema pallidum
(TP) infection (Li et al., 2022b). Thus, it can be seen that m6A
regulators in the regulation of
inflammation. Based on the results of m6Aclusters, the current

methylation are pivotal
study constructed a score model, termed méAscore, revealing the
role of m6Ascore-related phenotypes in immune cell infiltration in
AAA patients. Expectedly, mé6Acluster_C had the highest
m6Ascore, suggesting that a more active m6A methylation
related  phenotype the of
inflammation in AAA. Thus, the m6Ascore could reflect the
degree of immune infiltration and thereby help predict AAA

contributed  to exacerbation

rupture. Nevertheless, more experiments are required to verify
the clinical efficacy of the m6Ascore in predicting AAA rupture.

As a type of non-coding RNA, some circRNAs have been
confirmed to participate in the development of AAA. For
example, hsa_circ_0087352 was reported to promote the
inflammatory response of macrophages in AAA by adsorbing
hsa-miR-149-5p (Murray and Wynn, 2011). Three other
circRNAs, hsa_circ_0011449, hsa_circ_0081968 and hsa-let-7f-
5p, were found to be correlated with the occurrence of AAA by
regulating some other inflammatory cytokines, such as SOD2 and
CCR7 (Zhang et al, 2021). Recently, the crosstalk between
circRNAs and m6A methylation is gradually being revealed.
CircRNAs can regulate m6A methylation by altering the
expression or influencing the function of m6A writers, erasers,
and readers (Wang et al, 2021). For instance,
circRNANOTCH1 competitively binds to METTLI4 against
NOTCH1 mRNA, which attenuates the decline in NOTHCI
(Shen et al, 2021). Moreover, circZbtb20 ablated the m6A
modification of Nr4al mRNA by recruiting ALKBH5 (Liu
et al, 2021b), whereas circSTAGI captured ALKBH5 and
suppressed its translocation into the nucleus (Huang et al,
2020b). The identified 37
differentially expressed circRNAs and constructed a circRNAs-

current  study significantly
m6A regulators-mRNA network consisting of 37 circRNAs,
9 m6A regulators, and 588 m6A related genes. This suggests
that circRNAs can modulate and change the m6A pattern of
AAA. Therefore, these circRNAs and m6A regulators are
expected to become clinically novel predictive biomarkers
for AAA.

Although the analysis results suggested that an individualized
mo6Ascore was helpful for quantifying the degree of immune
infiltration and clinical prediction of aneurysm rupture, the GEO
database lacks relevant clinical data and cannot be studied
further. Therefore, further experimental verification should be
performed to uncover regulatory mechanisms and relationships.

5 Conclusion

This work highlighted that m6A modification was highly
correlated with immune infiltration of AAA, which may promote
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the progression of AAA. We constructed an individualized

m6Ascore to provide evidence and guidelines for

individualized treatments in the future.
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