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Background: Aberrant expression of N6-methyladenosine (m6A) RNA modification reg-
ulators plays a critical role in a variety of human diseases. However, their implication in
abdominal aortic aneurysm (AAA) remains largely unknown. Herein, we sought to explore
the general expression pattern and potential functions of m6A regulators in AAA.
Methods: We analyzed gene expression data of m6A regulators in human AAA and normal
tissues from public GEO database. The R package and other tools such as m6A2Target
database, Gene ontology (GO) functional and Kyoto encyclopedia of genes and genomes
(KEGG) pathway analyses, gene set variation analysis (GSVA), Search Tool for the Retrieval
of Interacting Genes (STRING), starBase, miRDB and Cytoscape software were applied for
bioinformatics analysis to investigate the downstream molecular mechanisms and upstream
regulatory mechanisms for distinctly expressed regulators. Quantitative real-time PCR (qRT-
PCR) and enzyme-linked immunosorbent assay (ELISA) were performed to validate the
expression of key m6A regulators in our collected human AAA specimens.

Results: We found that METTL14 and HNRNPC were the downregulated m6A regulators,
and RBM15B was the upregulated methylation transferase in human AAA. The modified
genes were primarily enriched in RNA catabolic process, regulation of translation, focal
adhesion, transcription coregulator activity, ribosome, RNA transport, cell cycle, et al.
METTL14, HNRNPC and RBM15B levels were correlated with the immune infiltration
degree of Tcm, macrophages, mast cells, Tgd and NK CD56bright cells. A total of 154 and
76 target genes of three regulators were separately involved in body metabolism and
autophagy in AAA disease, and their interactive relationships and hub genes were identified.
The IncRNA-miRNA-mRNA interaction regulatory networks were also constructed for
METTL14, HNRNPC and RBMI15B. Based on our clinical tissue and serum samples,
METTL14 exhibited lower expression levels in AAA and its rupture type, and low
METTL14 expression was associated with high levels of WBC and CRP (all P < 0.05).
Conclusion: Our study presents an overview of the expression pattern and functional
significance of m6A regulators in human AAA. Our findings will provide a valuable resource
that may guide both mechanistic and therapeutic analyses about the role of key m6A
regulators in AAA.
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Introduction
Abdominal aortic aneurysm (AAA) is a life threatening, complicated and multi-
factorial disease that develops because of the interaction between environmental

risk factors and genetic predisposition.' Inflammation, vascular smooth muscle cell
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(VSMC) apoptosis, extracellular matrix degradation, and
increased oxidative stress are the major histopathological
features of AAA.> Immune inflammatory cells have been
found to be in the central position of the whole process of
AAA formation.® Recent researchers suggest that body
metabolism is closely related to the initiation and devel-
opment of AAA, while autophagy is an essential process
mediating proper vascular function.*> However, the com-
plete mechanisms underlying AAA have not yet been
elucidated.

As an emerging research field of post-transcriptional
gene regulation, N6-methyladenosine (m6A) modification
of RNA is widely present in eukaryotic cells, and has been
focused for its important part in a variety of biological
processes.”” M6A modification exhibits dynamic and
reversible changes and is controlled by “writers” (methyl-
transferases), “erasers” (demethylases), and “readers”
(methyl-binding proteins). M6A “writers” and “erasers”
determine the m6A modification on a specific mRNA,
and “readers” can recognize and bind to modification
sites and transmit the code to downstream effectors.®
Many m6A regulators have been identified to play crucial
roles in RNA methylation process, thereby affecting RNA
functions, such as stability, translation, degradation, trans-
port, and splicing.” A number of studies showed that m6A
regulators were implicated in the pathogenesis of various
malignancies.'® "> Moreover, emerging evidence indicated
that the dysregulation of m6A regulators was closely
linked with the initiation and progression of specific car-
diovascular diseases, including cardiac hypertrophy,
ischemic heart disease, heart failure, vascular calcification,
and pulmonary hypertension.'®> Recently, He et al found
a significant increase of m6A level in human AAA tissues
and observed the aberrant expression of certain m6A reg-
ulators involved in m6A modification.'* Zhong et al
revealed a vital role of METTL3/m6A-mediated miR-34a
maturation in AAA formation.'> Although above findings
may suggest a new view on the mechanism of m6A
modification in AAA, the general expression characteris-
tics of all m6A regulators in AAA and potential down-
stream/upstream molecular mechanisms for key mo6A
regulators are largely unclear.

Bioinformatics study on the data derived from gene
chips has become a promising and efficient tool to screen
the significant genetic or epigenetic variations associated
with multiple diseases.'® For the first time, we attempted
to use public dataset to evaluate the distinct expression
pattern of m6A regulators in human AAA tissues. With

further bioinformatics analyses, including differential
expression, target gene prediction, functional enrichment
analysis, protein—protein interaction (PPI) and competing
endogenous RNA (ceRNA) network construction, we
sought to construct the whole picture of m6A regulators
in AAA disease. Finally, the expression and clinical sig-
nificance of key AAA-related m6A regulators were vali-
dated in our collected samples. Our pilot study could
provide clues for further researches concerning the mole-
cular mechanism of epigenetic alterations in clinical AAA,
which would be essential in identifying novel targets for
early detection and treatment of AAA.

Materials and Methods
Data Collection and Screening of

AAA-Related m6A Regulators

The mRNA expression profiling dataset GSE47472
(human), which included 14 AAA and 8 normal aortic
samples, was downloaded from the GEO database. The
differentially expressed genes (DEGs) were identified with
the statistical threshold of |log,Fold Change (FC)[>0.7 and
P<0.05 by the “limma” R package. Currently, seventeen
genes, including ALKBHS, FTO, HNRNPA2BI,
HNRNPC, IGF2BP1, IGF2BP2, IGF2BP3, METTLI14,
METTL3, RBMI15, RBMI15B, RBMX, YTHDCI,
YTHDC2, YTHDF1, YTHDF2 and YTHDEF3, are
regarded as common m6A RNA methylation regulators.
Then, DEGs and these m6A regulators were overlapped,
and the overlapped genes were the differentially expressed
m6A regulatory genes (DEMRGs) and defined as key
AAA-related m6A regulators. Subsequently, a volcano
plot was drawn to visualize the expression of DEGs and
a heatmap diagram was constructed to exhibit the expres-
sion of m6A regulators in AAA and normal aortic tissues.

Functional Annotation of AAA-Related
m6A Regulators

Based on GSE47472 dataset, Pearson correlation analysis
was conducted with R to search the co-expressed genes of
DEMRGs in AAA tissues using the cut-off criteria of |R|
>0.5 and P<0.05. The m6A2Target database (http://
moéba2target.canceromics.org) was applied to predict the
target genes of DEMRGs.'” The genes obtained from the
intersection of the co-expressed genes and predicted tar-

gets were identified as target genes modified by key AAA-
related m6A regulators. Then, we performed Gene ontol-
ogy (GO) enrichment analysis, which contained terms of
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biological processes (BP), cellular components (CC) and
molecular functions (MF), and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis using
“clusterProfiler” within R package. The P. adjust and
q value less than 0.05 were regarded as significant
categories.

Because cell immunity was closely related with AAA
risk, we used gene set variation analysis (GSVA) in the
“limma” package in R to assess the score of each of the
24 types of immune cell subpopulations in AAA
samples,'® and further analyzed the relationship between
key mo6A regulators and immune cells. Meanwhile,
a total of 1660 human metabolic genes from the meta-
bolic pathways were downloaded from KEGG database,
while a total of 608 autophagy-related genes were inte-
grated from HADD database and the GO AUTOPHAGY
gene set in GSEA website. Above genes were separately
overlapped with target genes of AAA-related m6A reg-
ulators. Then, PPI network was analyzed on the over-
lapped genes using the Search Tool for the Retrieval of
Interacting Genes (STRING) database with a confidence
score >0.4 as the cutoff criterion, and subsequently
visualized in Cytoscape software v3.8.1. Additionally,
we used CentiScaPe plugin of Cytoscape to determine
the hub genes associated with metabolism or autophagy
in PPL

CeRNA Network Construction for
AAA-Related m6A Regulators

In the co-expression gene analysis based on GSE47472
dataset, we could obtain the long non-coding RNAs
(IncRNAs) associated with DEMRGs. Then, the interac-
tions between microRNAs (miRNAs) and DEMRGs were
predicted using starBase and miRDB databases, and the
overlapped miRNA-mRNA pairs were selected. In addi-
tion, miRNAs that targeted IncRNAs were predicted using
starBase database. Finally, IncRNA-miRNA-mRNA net-
works were constructed based on the miRNAs interacting
with both IncRNAs and DEMRGs, and the visualization of
ceRNA networks was through Cytoscape software v3.8.1.

Our Clinical Specimens

Fourteen AAA tissue samples were obtained from full-
thickness aneurysmal abdominal aortic tissues during the
open surgical repair, whereas four non-aneurysmal
abdominal aortas were acquired from organ donors during

kidney transplantation in the First Hospital of China

Medical University. All donated kidneys were from post-
mortem multiorgan donors whose living first-degree rela-
tives voluntarily gave written informed consent, and this
was conducted in accordance with the Declaration of
Istanbul. After surgery, tissues were immediately sepa-
rated into RNase-free centrifuge tubes and stored at —80°
C until RNA isolation. In addition, the blood samples of
30 AAA patients and 30 gender and age matched controls
were collected from our hospital with standardized sterile
tubes, and centrifuged at 3500 r/min for 10 min at 4°C.
The serum was separated and stored at —80°C until used
further. The clinical parameters of AAA patients were
collected from the medical records. We excluded the sub-
jects who had Marfan syndrome, traumatic AAA, pre-
vious aortic surgery, malignant tumor, hematological
disease, infectious disease, autoimmune disease, myocar-
dial infarction or severe organ failure. The study was
approved by the Ethics Committee of the First Hospital
of China Medical University (Shenyang, China) and con-
ducted in accordance with the Declaration of Helsinki.
Written
participants.

informed consent was obtained from all

Quantitative Real-Time PCR (qRT-PCR)

qRT-PCR was conducted to validate the DEMRGs in
tissue samples. Under the manufacturer’s instructions,
total RNA was reverse-transcribed to cDNA using
PrimeScript™ RT reagent kit (Takara, Dalian, China) and
qRT-PCR was performed using the SYBR Premix Ex
Taq™ II (Takara, Dalian, China). B-actin was used as the
reference gene and the relative expression levels of
mRNAs in tissues were calculated with the 2744¢T

method. The specific primers are presented in Table 1.

Enzyme-Linked Immunosorbent Assay

(ELISA)
The protein expression of DEMRGs with differential
mRNA levels was determined by ELISA in serum sam-
ples. And serum levels were detected using human ELISA
Kits (Shanghai Enzyme Research Biotechnology Co., Ltd.,
China) strictly in line with the manufacturer’s instructions.

Statistical Analysis

The statistical analyses were carried out using SPSS 17.0
software. Quantitative data were expressed as means = SD.
The independent-sample #-test, Mann—Whitney U-test, y* test
or Fisher’s exact test was applied for the comparisons between
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Table | Primer Sequences of qRT-PCR

Gene Sequence (5' to 3')
METTLI4 F: GTTGGAACATGGATAGCCGC
R:CAATGCTGTCGGCACTTTCA
HNRNPC F: CCTTACCATCAAACACGATGGC
R: ACTTCGAAAAGATTGCCTCCACA
RBMI5B F: ATCTTTCAGAGTACGCTCAGAC
R: CTAGGATATGCATAGACGTGGG
B-actin F: ATGTGGCCGAGGACTTTGATT
R: AGTGGGGTGGCTTTTAGGATG

Abbreviations: F, forward; R, reverse.

groups as appropriate. Spearman test was utilized for correla-
tion analysis. P value <0.05 was considered statistically

significant.

Results
Identification of Key AAA-Related mé6A

Regulators

Based on GSE47472 dataset, the distinct expression ana-
lysis of genes between AAA tissues and controls was
conducted, as shown in the volcano plot of DEGs
(Figure 1). And the expression pattern of m6A regulators
is presented in Figure 2 and Table S1. The results revealed
that three mo6A regulators (METTL14, RBMI5B and
HNRNPC) were differentially expressed between AAA
and control tissues. Specifically, the lower expression of
METTL14 and HNRNPC and higher level of RBM15B
were found in AAA tissues than those in normal aortas.
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Figure | The volcano plot of differentially expressed genes (DEGs) between AAA
and control tissues based on GSE47472 dataset.

Notes: Red color indicates upregulated mRNAs in AAA, blue color indicates
downregulated mRNAs in AAA, and black color indicates mRNAs with no differ-

ential expression.
Abbreviation: AAA, abdominal aortic aneurysm.

Potential Functions of the Modified
Genes by AAA-Related m6A Regulators

The results of co-expression analysis showed that METTL14
expression was remarkably correlated with 4181 genes, and
HNRNPC and RBMI5B levels had a significant co-
expression relationship with 13,355 and 8659 genes in
AAA tissues, respectively. Table S2 shows the genes possi-
bly modified by METTL14, HNRNPC and RBMI15B
through m6A2Target database. Thus, a total of 219, 383
and 1182 genes were separately regulated by METTL14,

Expression value
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Figure 2 The expression pattern of common méA regulators in AAA and control tissues based on GSE47472 dataset.
Notes: (A) Heatmap of gene expression in AAA and control samples. (B) Box plots for gene expression between AAA and control group. ***P<0.001.

Abbreviation: AAA, abdominal aortic aneurysm.
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HNRNPC and RBM15B through m6A RNA modification in
AAA disease (Table S3). Furtherly, GO and KEGG analyses
were performed on these genes to interpret the clustering
results from the perspective of fundamental biological pro-
cesses. Finally, we observed a total of 429 GO terms and 7
KEGG pathways. The GO analysis showed that genes were
mainly involved in RNA catabolic process, regulation of
translation, protein targeting, ribosomal subunit, cell-
substrate junction, focal adhesion, ubiquitin-like protein
ligase binding, transcription coregulator activity, et al
(Figure 3A and Table 2). In addition, three m6A regulators
also participated in the regulation of immune response, gly-
colytic process, regulation of carbohydrate catabolic process,
ATPase activity and regulation of autophagy (Figure 3A and
Table 2). The KEGG results showed that these modified
genes were enriched in ribosome, coronavirus diseases-
COVID-19, RNA transport, protein processing in endoplas-
mic reticulum, cell cycle, et al (Figure 3B and Table 2).

Association Between AAA-Related m6A
Regulators and Immune Infiltration,
Metabolism and Autophagy

Correlation analysis showed that the infiltration degree of
Tem, macrophages and mast cells was positively corre-
lated with HNRNPC and METTL14 expression but nega-
tively associated with RBMI15B expression, whereas
infiltrating Tgd and NK CD56bright cells had a negative
relationship with HNRNPC and METTL14 but a positive
link with RBM15B (Figure 4).
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Moreover, in the target genes of METTL14, HNRNPC
and RBMI15B, a total of 154 genes were involved in
metabolism and 76 genes were correlated with autophagy
in AAA disease (Figure SA and Table S4). Further PPI
network analysis showed the interactive relationships
among these metabolism or autophagy related genes
(Figure 5B), and the top 20 hub genes were selected
according to node degree (Table 3).

Construction of ceRNA Regulatory
Network for AAA-Related mé6A

Regulators

The results of co-expression analysis showed that a total of
26, 96 and 62 IncRNAs were associated with METTL14,
HNRNPC and RBMI15B, respectively. After predicting
miRNA-mRNA and IncRNA-miRNA interaction pairs,
16 miRNAs for METTL14, 9 miRNAs for HNRNPC and
8 miRNAs for RBM15B were identified in both interac-
tions and then used for IncRNA-miRNA-mRNA network
construction. The ceRNA regulatory networks for AAA-
related m6A regulators are presented in Figure 6.

Validation and Clinical Relevance of Key
m6A Regulators in AAA

The baseline characteristics of subjects included in our
study are presented in Table 4. Using qRT-PCR, we exam-
ined the mRNA expression of METTL14, HNRNPC and
RBMI5B in aortic tissues. METTL14 mRNA was con-
firmed to be significantly downregulated in AAA samples

Cysteine and methionine metabolism{
Ubiquitin mediated proteolysis {

Cell cycle

RNA transport
Coronavirus disease - COVID-19
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I

o
w
IS
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Figure 3 GO function and KEGG pathway enrichment analyses on the genes modified by key AAA-related méA regulators.
Notes: (A) GO analysis showed the major enriched categories for BF, CC and MF. (B) The significant KEGG pathways.
Abbreviations: BP, biological processes; CC, cellular components; MF, molecular functions.
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Table 2 The Major GO Terms and Significant KEGG Pathway Enrichment Analysis on the Modified Genes by METTL14, HNRNPC
and RBMI5B in AAA

ID Description P value P. adjust Count
BP

GO:0006401 RNA catabolic process 6.70E-15 7.62E-12 82
GO:0006417 Regulation of translation 3.28E-11 1.39E-08 78
GO:0006605 Protein targeting 1.08E-10 4.11E-08 76
GO:0022613 Ribonucleoprotein complex biogenesis 2.18E-09 7.30E-07 77
GO:1901987 Regulation of cell cycle phase transition 7.16E-07 1.20E-04 70
GO:0043470 Regulation of carbohydrate catabolic process 2.10E-04 7.41E-03 18
GO:0045088 Regulation of innate immune response 6.77E-04 1.71E-02 41
GO:0010506 Regulation of autophagy 1.30E-03 2.74E-02 44
GO:0006096 Glycolytic process 1.68E-03 3.28E-02 19
GO:004603 | ADP metabolic process 1.74E-03 3.37E-02 20
CcC

GO:0044391 Ribosomal subunit 6.97E-12 2.63E-09 45
GO:0005840 Ribosome 3.78E-10 8.73E-08 53
GO:0035770 Ribonucleoprotein granule 6.68E-10 1.16E-07 49
GO:0030055 Cell-substrate junction 9.97E-09 1.15E-06 68
GO:0005925 Focal adhesion 2.52E-08 2.49E-06 66
GO:0016607 Nuclear speck 3.58E-08 3.09E-06 64
GO:0098687 Chromosomal region 1.22E-06 6.03E-05 54
GO:0005667 Transcription regulator complex 1.02E-05 3.35E-04 58
GO:1904949 ATPase complex 9.52E-04 1.50E-02 15
GO:0034708 Methyltransferase complex 1.28E-03 1.96E-02 18
MF

GO:0044389 Ubiquitin-like protein ligase binding 2.37E-10 2.40E-07 6l
GO:0031625 Ubiquitin protein ligase binding I.15E-09 5.84E-07 57
GO:0003712 Transcription coregulator activity 9.37E-09 3.16E-06 79
GO:0003735 Structural constituent of ribosome 4.86E-08 1.23E-05 41
GO:0140297 DNA-binding transcription factor binding 1.46E-07 2.46E-05 58
GO:0003713 Transcription coactivator activity 6.60E-06 9.54E-04 44
GO:0061629 RNA polymerase lI-specific DNA-binding transcription factor binding 7.17E-05 6.05E-03 41
GO:0045296 Cadherin binding 8.54E-05 6.65E-03 48
GO:0008094 DNA-dependent ATPase activity 4.56E-04 2.01E-02 20
GO:0016887 ATPase activity 7.80E-04 2.68E-02 54
KEGG

hsa03010 Ribosome 1.45E-07 4.57E-05 36
hsa05171 Coronavirus disease - COVID-19 2.14E-05 3.37E-03 41
hsa03013 RNA transport 5.33E-05 5.58E-03 34
hsa04141 Protein processing in endoplasmic reticulum 1.32E-04 1.04E-02 31
hsa04110 Cell cycle 2.71E-04 1.60E-02 24
hsa04120 Ubiquitin mediated proteolysis 3.05E-04 1.60E-02 26
hsa00270 Cysteine and methionine metabolism 3.81E-04 1.71E-02 13

Abbreviations: GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological processes; CC, cellular components; MF, molecular functions.

in comparison with control aortas (0.61+£0.32 vs 1.11  could be observed that METTL14 was in lower expression
+0.62, P=0.040) (Figure 7A). When AAA cases were in rupture cases compared to non-rupture group (0.34
further classified into non-rupture and rupture groups, it +0.19 vs 0.72+0.30, P=0.037) (Figure 7A). However,
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Figure 4 The correlations between METTLI4, HNRNPC and RBMI5B and immune infiltrates in AAA tissues.
Notes: Red color indicates positive correlation, and blue color indicates negative correlation.

Abbreviation: AAA, abdominal aortic aneurysm.

neither HNRNPC nor RBMI15B expression exhibited
a statistical difference between AAA and control group,
although there was a trend toward down-regulation for
HNRNPC (0.64+0.39 vs 1.09+£0.54, P=0.076) and up-
regulation for RBMI15B (1.70£1.29 vs 1.21£0.72,
P=0.353) in AAA tissues (Figure 7B and C).

According to the median value of METTL14 mRNA
level, AAA patients were further divided into low and high
METTLI14 expression groups. As shown in Table 5, AAA
cases with low METTL14 expression had higher levels of
WBC and CRP than those with high METTL14 expression,
and the low expression of METTL14 mRNA was more
likely to occur in ruptured AAA patients (all P<0.05).

Furtherly, we verified METTL14 protein expression in
serum specimens. Similar to the results of tissue mRNA
expression, serum METTL14 levels were significantly
lower in AAA cases and rupture group compared to controls
(60.35+18.08 vs 72.63+19.58, P=0.014) and non-rupture

group (53.23+12.95 vs 67.47+20.01, P=0.028), respectively
(Figure 8A). In addition, we evaluated the association
between serum METTL14 expression and clinical features
in AAA patients, and found that serum METTL14 was
negatively related to circulating WBC (r=—0.458, P=0.011)
and CRP (r=—0.398, P=0.029) (Figure 8B and C).

Discussion

As a new dimension of gene expression regulation, m6A
RNA methylation has attracted extensive attention and
intense interest among the research community. In recent
years, researchers have discovered that m6A regulators are
of great importance in the occurrence, development and
prognosis of kinds of human diseases. Although the pivo-
tal role of m6A modification in cardiovascular disorders
has been emphasized, study of m6A regulators in AAA
field remains in its initial stage.'” To the best of our
knowledge, this was the first systematic bioinformatics
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Figure 5 The network for metabolism/autophagy related genes modified by key AAA-related méA regulators.

Notes: (A) Association between metabolism/autophagy related genes and key AAA-related méA regulators. Green color represents méA regulators, blue color represents
metabolism-related genes, and yellow color represents autophagy-related genes. (B) Protein—protein interaction (PPl) network among metabolism and autophagy-related
genes. Blue color represents metabolism-related genes, and yellow color represents autophagy-related genes. Larger node indicates higher degree.

analysis of the landscape of m6A regulators in AAA dis-
ease, which could offer reliable directions for future-

Table 3 List of the Top 20 Hub Genes Associated with
Metabolism or Autophagy

Metabolism Autophagy
Gene Name Degree Gene Name Degree
TPII 36 GAPDH 67
LDHA 35 MYC 47
LDHB 34 PTEN 46
MDHI 28 HSPA8 42
SDHC 27 HIFIA 31
NDUFABI 27 EP300 30
SHMTI 25 HSPAS 29
Cs 25 SQSTMI 25
UQCRC2 24 HSP90ABI 25
PHGDH 24 VEGFA 23
NDUFS3 22 MCLI 19
AHCY 22 ABLI 19
DLD 21 RAB7A 18
ATP5FI 21 CDKN2A 18
ADSS 21 PARPI 17
EZH2 21 TSC2 16
ITPA 20 EEFIAI 16
PLCGI 20 RACI 16
NDUFs8 18 DNMIL 15
HPRTI 18 P4HB 14

specific experimental researches of AAA and novel oppor-
tunities for developing effective therapies.

At first, the expression profile of common mo6A reg-
ulators between AAA tissues and normal aortic tissues
was described. The results based on public GEO data
showed that two “writers” (METTL14 and RBMI15B)
and one “readers” (HNRNPC) had statistical significance,
suggesting their possible functional importance in AAA.
The m6A methyltransferases are responsible for catalyz-
ing the formation of m6A modification.'> METTL14
serves as a supporting enzyme to strengthen the catalytic
effect of m6A RNA methylation.'*> RBM15B is the para-
log of RBM15 and has been confirmed to bind METTL3
relying on the meditation of WTAP.*® As an RNA-
binding protein of HNRNP family, HNRNPC is mainly
located in cell nucleus and plays a regulatory role in the
acceleration of pre-miRNA processing.”’ Some research-
ers have verified the essential role of METTL14 in car-
diac homeostasis, brain and immune system
development, and skeletal function.® Wang et al demon-
strated that increased RBM15B expression was relevant
to ovarian cancer cell metastases and HNRNPC was
a predictor of paclitaxel resistance.”” However, Fang
et al found that RBM15B expression was negatively
correlated with multiple immune signatures in renal

carcinoma,23 while Guo et al revealed that HNRNPC
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Figure 6 Competing endogenous RNA (ceRNA) network for METTLI4, HNRNPC and RBMI5B.
Notes: Orange color indicates méA regulators, blue color indicates miRNAs, and green color indicates IncRNAs.

was abnormally up-regulated in lung cancer and related to
worse outcomes.”'

To further
mechanisms and functions involved in AAA-related m6A

illustrate the downstream molecular
regulators, we selected a set of genes that might be regu-
lated by METTL14, HNRNPC and RBMI15B through
mo6A modification in AAA. The most enriched GO terms
were RNA catabolic process, regulation of translation,
ribosomal subunit, cell-substrate junction, focal adhesion,
ubiquitin-like protein ligase binding, transcription coregu-
lator activity, et al. The pathways enriched by KEGG were

linked to ribosome, coronavirus diseases-COVID-19,

RNA transport, cell cycle, et al. Some of these functions
and pathways have been reported to accelerate the onset
and development of AAA.** For example, Zhang et al
found that perturbed ribosomal DNA transcription and
induction of nucleolar stress in SMCs that elicited cell
cycle arrest could contribute to the pathogenesis of
AAA,*® while Harada et al showed that focal adhesion
kinase facilitated sustained aortic inflammation and AAA
progression by modulating macrophage behavior.*
A recent study has reported that COVID-19 may theoreti-
cally influence AAA disease through multiple SARS-CoV
-2-induced mechanisms, but whether and to what extent
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Table 4 Baseline Characteristics of Subjects Included in Our Study

Tissue mMRNA Expression Serum Protein Expression

Characteristics AAA (n=14) Control (n=30) AAA (n=30) P value
Age, years 61.64+8.28 69.33+£8.02 68.4+9.30 0.679
Male, n (%) 12(85.7%) 25(83.3%) 25(83.3%) 1.000
Heart rate, bmp 81.25+10.75 74111113 81.50+14.86 0.037
Smoking, n (%) 4(28.6%) 8(26.7%) 12(40.0%) 0.779
SBP, mmHg 140.00+25.66 140.07+25.60 139.53+£21.32 0.930
DBP, mmHg 90.86+8.13 80.47x13.66 83.13+13.15 0.444
FPG, mmol/L 6.38+2.93 5.78%1.40 6.04+1.52 0.486
TC, mmol/L 4.70£1.17 4.81£1.02 4.66x1.16 0.611
TG, mmol/L 1.41£0.57 2.01%2.16 1.95+2.02 0917
LDL-C, mmol/L 3.05+0.93 2.98+0.75 2.93+0.90 0.837
HDL-C, mmol/L 1.10£0.46 1.19+.024 1.07+0.39 0.173
WBC, x10°/L 9.10+£5.24 6.36+1.52 8.66+4.38 0.013
Cr, umol/L 80.00+32.36 76.17+39.17 83.93+33.65 0413
CRP, mg/L 77.50+103.42 10.97£17.95 42.44+52.12 0.021
Hcy, umol/L 15.72x11.65 14.94+8.48 17.53+11.08 0.471
D-dimer, ug/mL 3.94+6.37 - 4.76+6.23 -
Cys-c, mg/L 1.07+0.35 - 1.26+0.58 -
Maximal AAA diameter, cm 5.95%1.92 - 6.52+2.16 -
Ruptured AAA, n (%) 4(28.6%) - 15(50.0%) -

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting serum glucose; TC, total cholesterol; TG, triglyceride; LDL-C, low-density
lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; WBC, white blood cell; Cr, creatinine; CRP, C-reactive protein; Hcy, homocysteine; Cys-c, cystatin c;

AAA, abdominal aortic aneurysm.

the COVID-19 pandemic will influence the prevalence,
progression, and lethality of AAA is unclear.”’

It was intriguing to note that above target genes were
also enriched in biological processes linked with regula-
tion of immune response, body metabolism and autophagy,
which implied the connection between AAA-related m6A
regulators and immunity, metabolism and autophagy.
Studies have demonstrated that a host of immune cells
can infiltrate into aortic walls of AAA, in which the roles
of T lymphocytes and macrophages are predominantly
studied.®> In AAA tissues, correlation analysis between
AAA-related m6A regulator expression and infiltrating
immune cell score suggested that METTLI14 or
HNRNPC downregulation and RBMI15B upregulation
might inhibit the infiltration of Tcm, macrophages and
mast cells, and promote several immune cell aggregation,
such as Tgd and NK CD56bright cells. This indicated the
important and connecting role of abnormal METTL14,
RBM15B and HNRNPC expression in epigenetic modifi-
cation and immune infiltration implicated in AAA
pathogenesis.

Currently, body metabolic disorders have been discov-
ered to be closely associated with the occurrence and
development of AAA by affecting the pathological

processes of amino acid, lipid and carbohydrate metabo-
lism in vivo.* Qureshi et al demonstrated the utility of
metabolic profiling in identifying potential AAA biomar-
kers and elucidating pathways underlying aneurysmal
disease.”® In addition, there exists an associative link
between dysregulated autophagy and human AAA, and
growing evidence highlights the protective but dysfunc-
tional role of autophagy in AAA formation.*’ Loss of
autophagy could promote VSMCs death and vascular
inflammation, and aggravate AAA.® Our analysis
revealed a total of 154 metabolism-related genes and 76
autophagy-related genes modified by AAA-related m6A
regulators, suggesting the possible biological functions of
mo6A regulators in AAA through modulating relevant gene
expression in metabolism/autophagy pathway. Furtherly,
PPI results showed that many of the modified genes
involved in metabolism or autophagy had functional inter-
actions, and hub genes were also selected. Some metabolic
process-related genes, such as AHCY, CYPI19Al,
DNMT3A and EZH2, have been reported to participate
in AAA’'3* For identified autophagy-related genes,
MCLI1, HIF1A, VEGFA, PARP1, AFT4 and CANX are
essential for the survival and function of vascular cells and
underlie AAA.>*° Meanwhile, recent studies proved
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Figure 7 The mRNA expression of METTLI4, HNRNPC and RBMI5B in our collected tissue samples.
Notes: (A) METTLI4 mRNA expression was significantly downregulated in AAA and rupture groups compared to control and non-rupture groups, respectively. *P<0.05.
(B) HNRNPC and (C) RBMI5B mRNA expression showed no significant differences between AAA and control groups, and between rupture and non-rupture groups.

Abbreviation: AAA, abdominal aortic aneurysm.

that EZH2 expression was regulated through m6A mod-
ification in heat stress response and cancer
progression,***! and VEGFA and PARPI levels could be

modulated in cancer cells in a m6A-dependent

manner.*>* However, whether m6A modification
mediated by m6A regulators could influence the expres-
sion of essential metabolism/autophagy-related genes and

thus contribute to AAA formation deserves further study.

The dysregulation of m6A regulator expression also
has an important impact on the occurrence and progression
of cardiovascular diseases.'*> LncRNAs and miRNAs are
a class of non-coding RNAs, and IncRNAs can serve as
competing endogenous RNA (ceRNA) and sponge
miRNA to regulate the expression of a series of
mRNAs.** Based on this ceRNA theory, IncRNA-
miRNA-mRNA networks for METTL14, HNRNPC and

Table 5 Association Between Tissue mRNA Expression of METTLI4 and Clinical Features in AAA Patients

METTLI14 mRNA Expression
Characteristics Low (n=7) High (n=7) P value
Age, years 61.71£10.59 61.57£6.02 0.976
Male, n (%) 7 (100%) 5 (71.4%) 0.231
Heart rate, bmp 78.33+4.46 84.17£14.62 0.372
Smoking, n (%) 2 (28.6%) 2 (28.6%) 0.720
SBP, mmHg 137.57x16.15 142.43£33.93 0.738
DBP, mmHg 88.57+5.68 93.14+9.94 0.312
FPG, mmol/L 7.41+3.87 5.34£1.05 0.197
TC, mmol/L 4.82x1.68 4.60+0.60 0.754
TG, mmol/L 1.60+0.61 1.24+0.53 0.274
LDL-C, mmol/L 3.20£1.40 2.92+0.24 0.602
HDL-C, mmol/L 0.99+0.39 1.20+0.52 0.415
WBC, x10°/L 11.89+5.39 6.31£3.51 0.011
Cr, umol/L 82.29+42.88 77.71£20.46 0.803
CRP, mg/L 136.71£120.20 26.74+53.29 0.035
Hcy, umol/L 19.89+15.83 11.54+2.43 0.231
D-dimer, ug/mL 3.52+6.24 4.36+6.97 0.8l6
Cys-c, mg/L 1.05+0.36 1.10+0.37 0.804
Maximal AAA diameter, cm 5.59£1.30 6.30£2.45 0.512
Ruptured AAA, n (%) 4 (57.1%) 0 0.035

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting serum glucose; TC, total cholesterol; TG, triglyceride; LDL-C, low-density
lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; WBC, white blood cell; Cr, creatinine; CRP, C-reactive protein; Hcy, homocysteine; Cys-c, cystatin c;

AAA, abdominal aortic aneurysm.
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Scatter plots for the correlation of serum METTLI4 with WBC and CRP in AAA patients.
Abbreviations: AAA, abdominal aortic aneurysm; WBC, white blood cell; CRP, C-reactive protein.

RBM15B were constructed through bioinformatics analy-
sis to determine the interaction among the IncRNAs,
miRNAs and mRNAs in AAA disease. Our results implied
that ceRNA networks could provide novel clues for
exploring the underlying regulatory mechanisms of key
moOA regulators in the formation of AAA.

Furtherly, we detected the expression levels of
METTL14, HNRNPC and RBMI15B in our collected
human samples, and found lower METTL14 expression in
AAA subjects than that in controls. Interestingly, METTL14
was also markedly downregulated in rupture AAA group
compared with non-rupture group. AAA cases with low
METTL14 mRNA expression were prone to have higher
levels of WBC and CRP. Similarly, serum protein expression
of METTL14 displayed a negative association with circulat-
ing WBC and CRP in AAA patients. Our findings indicated
that decreased METTL 14 expression might be implicated in
the disease progression and more severe inflammatory status,
and METTL14 could be a promising biomarker and effective
therapeutic target for AAA. However, He et al revealed no
significant difference in the mRNA expression of METTL14
between human AAA tissues and healthy aortas,'* whereas
Zhong et al found that METTL 14 was significantly elevated
in mouse AAA models.'® Some data revealed that METTL14
expression was downregulated in colorectal cancer, liver
cancer, gastric cancer and bladder cancer, and reduced
METTLI14 was associated with poor overall survival.*>*®
Tissue and cellular specificity for methyltransferase activa-
tion under certain conditions may account for these
discrepancies.*’

Several limitations should be acknowledged. First, our
bioinformatics results were mainly based on the public

chip data. Second, the sample size of our collected tissues
was small, especially for normal aortas, which might be
the reason why we found no significant differences in
HNRNPC and RBM15B mRNA expression. Third, there
was a lack of in vitro validation by molecular experiments.
Further loss-of-function studies are necessary to elucidate
the specific functions and mechanisms of m6A regulators
in AAA disease.

Conclusions

We used a series of bioinformatics methods to investigate the
gene expression features and potential functions of moA reg-
ulators in human AAA, and try to construct downstream/
upstream regulatory networks for key AAA-related m6A reg-
ulators. Further results verified by our clinical tissue and blood
samples suggested that the low expression of METTL14 was
connected with a high risk for AAA presence and its rupture.
The present study paves the way for future researches with the
aim to explore the pathogenic mechanisms and novel thera-
peutic strategies for AAA, targeting m6A regulators.
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