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Abstract

Aims Additional evidence has indicated a correlation between N6-methyladenosine (m6A) RNA methylation and car-
diovascular disease. Nevertheless, the alterations in RNA methylation modification and the expression of numerous
genes remains unclear. This study aimed to identify the role of m6A in ST-segment elevation myocardial infarction
(STEMI).

Methods Two microarray datasets (GSE123342 and GSE59867) were downloaded from the GEO database. After
merging the data and batch normalization, differentially expressed regulators were identified using the limma
package. Subtyping consistency analysis was performed to group samples. The random forest algorithm and sup-
port vector machine were used to identify diagnostic biomarkers. Immune infiltration and inflammation levels
among the subtypes were assessed using a single-sample gene set enrichment analysis.

Results A total of 15 key differential m6A regulators (RBM 158, ELAVL1, ALKBH5, METTL16, ZC3H13, RBM15, YTHDC1,
YTHDC2, YTHDF3, HNRNPC, FMR1, LRPPRC, HNRNPA2B1, RBMX, FTO) were identified using the random forest classifier
and were found to be highly correlated by PPl analysis. Two distinct RNA modification patterns (cluster A and B) were
validated based on the expression levels of the 15 key m6A regulators. GO and KEGG annotations showed that immu-
nity and inflammation pathways were enriched. Immune infiltration analysis revealed that cluster 2 had higher
immune activation than cluster 1. Further analysis showed that cluster 2 had a higher inflammation level, with IL-4
and IL-33 showing differential expression (p <0.05).

Conclusion A set of 15 m6A RNA methylation regulators could alter the STEMI microenvironment to improve risk
stratification and clinical treatment.

Keywords Bioinformatics information, m6A RNA methylation, ST-segment elevation acute myocardial infarction,
Immunology, Inflammation level

Introduction
Approximately 750,000 instances of ST-segment eleva-
tion myocardial infarction (STEMI) are identified each
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to modestly improve the prognostic accuracy of clinical
risk assessment for STEMI. The current diagnostic gold
standard, the high-sensitivity troponin T assay (hsTnT),
has this major limitation. Between sixty and seventy per-
cent of healthy individuals residing in the community,
especially older adults, exhibited detectable levels of
hsTnT [2]. Hence, the identification of novel predictive
biomarkers and potential therapeutic targets necessitates
comprehensive data from biological systems, with RNA
methylation markers emerging as promising candidates.

RNA methylation, specifically N6-methyladenosine
(m6A) methylation, is a common epigenetic modifica-
tion found in the 3’ UTR and stop codon of mRNAs [3].
The m6A modification of mRNA plays a crucial role in
various biological processes, including spermatogenesis,
stem cell maintenance, circadian clock regulation, and
cancer progression, by regulating different aspects of
mRNA life [4] 5.

Nevertheless, there remains a dearth of knowledge
regarding the modifications and role of RNA methylation
in individuals suffering from ST-elevation myocardial
infarction (STEMI). In order to address this knowledge
gap, we undertook an integrative examination of the
transcriptome and RNA methylome in peripheral blood
samples obtained from STEMI patients, with the aim
of elucidating variations in RNA methylation and their
impact on gene expression during the progression of
STEMI. Ultimately, our study identified potential bio-
markers for diagnosis and targets for therapeutic inter-
vention related to RNA methylation.

Materials and methods

Gene expression profile data collection

Two profiling datasets, GSE123342 (n=22 for healthy
people and n=170 for STEMI patients) and GSE59867
(n=44 for healthy people and n=390 for STEIMI
patients), were obtained from the NCBI Gene Expression
Omnibus database (GEO, https://www.ncbi.nlm.nih.gov/
geo/). The raw data underwent preprocessing through
background correction and quantile normalization utiliz-
ing a robust multi-array average algorithm [6].

Selection of key m6A methylation regulators

A total of 26 m6A-related gene regulators, including
9 writers (METTL3, METTL14, METTL16, WTAP,
VIRMA, ZC3H13, RBM15, RBM15B, and CBLL1), 15
readers (YTHDCI1, YTHDC2, YTHDF1, YTHDEF2,
YTHDF3, HNRNPC, FMR1, LRPPRC, HNRNPA2BI,
IGFBP1, IGFBP2, IGFBP3, RBMX, ELAVL1, and
IGF2BP1), and 2 erasers (FTO and ALKBHS5), were
analyzed in this study. We merged and batch-normal-
ized the GSE123342 and GSE59867 databases using the
Perl 5.32.1001 and R packages (sva and limma 3.40.6).
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The Limma package was used to identify correlations
between the m6A RNA methylation regulators. The com-
prehensive gene expression matrix was obtained after
merging the GSE123342 dataset and the GSE59887 data-
set and batch normalization. Statistical significance was
defined as p<0.05. Heatmaps and box plots were con-
strued to determine differentially expressed genes, which
were being highlighted as DEGs. Finally, the chromo-
somal locations of the differentially expressed m6A regu-
lators were characterized with Circos software.

Construction and verification of the nomogram

The “rms” package in R software was used to construct
predictive nomograms based on the expression values of
six key m6A regulators. The calibration curve assessed
the predictive power of the nomogram.

Consensus clustering for STEMI samples

Classification of STEMI samples based on genes asso-
ciated with m6a methylation by the “Consensus Clus-
ter Plus” package in the R software [7]. The ideal cluster
number was identified using the consensus matrix (CM)
and cumulative distribution function (CDF) curves of the
consensus score [8]. We also performed principal com-
ponent analysis (PCA) with different clusters.

Assessment of biological variables among various
differently expressed gene of different cluster with STEMI
patients

Gene Ontology (GO) analysis is a standard method for
conducting large-scale functional enrichment studies
covering biological processes, molecular functions, and
cellular components [9]. Kyoto Encyclopedia of Genes
and Genome (KEGG) is a widely used database for stor-
ing information on genomes, biological pathways, dis-
eases, and pharmaceuticals [9]. GO annotation analysis
and KEGG pathway enrichment analysis of the differen-
tially expressed genes were performed using the R’s clus-
terProfiler package [9], and p<0.05 for false discovery
rate was considered statistically significant.

Protein—protein interaction (PPI) network construction

and hub genes identification

A PPI network was constructed using the online STRING
database (STRING, version 11.5; https://cn.string-db.
org) to predict interactive relationships between differen-
tially expressed genes. Cytoscape 3.8.2 was employed for
PPI network visualization and hub gene analysis.

Immunity and inflammation infiltration analysis

ssGSEA is an extension of genomic enrichment analysis
(GSEA) to determine the intensity of immune cell infil-
tration. The tool can be used to define enrichment scores
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that provide a representation of the absolute level of
enrichment of genomes in each sample in a given dataset.
Using the “GSVA” R package, we performed ssGSEA to
examine differences in immune cell infiltration between
the two groups and determine whether there was any
correlation between the two subtypes [10].

Results

Screening and identification of differentially expressed
m6A regulators

The available numerical expression values of patients
with STEMI and healthy controls from GSE123342 and
GSE59867 after sample merging and batch normalization
were analyzed to identify differentially expressed m6A
regulators. As shown in the box plot (Fig. 1A) and heatmap
plot (Fig. 1B), there were 3 upregulated (RBM15B, ELAVLI,
ALKBH5) and 12 downregulated (METTL16, ZC3H13,
RBM15, YTHDC]1, YTHDC2, YTHDEF3, HNRNPC, FMR1,
LRPPRC, HNRNPA2B1, RBMX, FTO) m6A regulators in
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STEMI patients compared with healthy controls. The chro-
mosomal location of a gene can provide information about
its developmental history, including gene replication pat-
terns and gene reproduction events[11]. A total of 26 m6A-
related genes were allocated on 15 chromosomes, with the
maximum number of genes located on chromosome 17
(n=2) and X (n=2) (Fig. 1C). The PPI network was used
to elucidate gene—gene interaction networks. The results
showed that the 15 differentially expressed m6A regulators
had a higher number of differentially expressed m6A regu-
lators (Fig. 1D).

Random forest screening and assessment of a nomogram
model

The residual in random forest (RF) is smaller than that
in the SVM; therefore, the RF was validated for later
research (Fig. 2A). 15 key m6A regulators with signifi-
cance>2 was identified for follow-up analysis (Fig. 2B).
Predictive nomograms were constructed on the basis of
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Fig. 1 Screening and identification of differentially expressed m6A-related genes. A Box plot of differentially expressed m6A regulators. B Heatmap
of differentially expressed m6A regulators. C Circos plot showing the location of genes in 22 chromosomes. D Protein—protein interaction networks.
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Fig. 2 Random forest screening and assessment of a nomogram model. A Boxplots of residuals. B Random forest screening and assessment
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expressions with significance greater than 2 (Fig. 2C).
According to the calibration curves, the error between
the predicted STEMI risk and the actual STEMI risk is
very low, indicating the nomogram model is very accu-
rate (Fig. 2D). Decision curve analysis (DCA) showed
that the Kaplan-Meier curve was higher than the gray
line. The findings indicated that the nomogram continues
to demonstrate significant clinical utility in forecasting
the morbidity of patients with STEMI (Fig. 2E).
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Validation STEMI patient subgroup based on differently
expressed m6A regulators

A consensus clustering analysis was conducted utilizing
differentially expressed m6A genes in order to delineate
unique RNA methylation prognostic molecular subtypes
of STEMI. According to the CDF and CDF delta area
curves, the area under the CDF curve was stable across
2 categories (Fig. 3A, B). The color-coded heat map
and PCA results are shown in Fig. 3C. This represents
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Fig. 3 Validation STEMI patient subgroup based on differently expressed m6A regulator. A CDF curve of samples in the STEMI cohort for k=2-9.B
Relative change in the area under the CDF curve for k=2-9. C Sample clustering heatmap when consumption k=2. D Principal component analysis
of the transcriptome profiles cluster A and cluster B, showing a remarkable difference in the transcriptome between different modification patterns
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consensus (k=2), which displays a clear distribution
between cluster A and cluster B (Fig. 3D).

Biological GO pathway and immune infiltration level
among different cluster with STEMI patients

Subsequently, an analysis was conducted to investigate
the involvement of differentially expressed genes (DEGs)
in biologically significant functions within subgroups
categorized based on m6A-related genes. GO analysis
revealed enrichment of DEGs in pathways associated
with regulating immune responses (Fig. 4A and B). Based
on the findings of the functional analysis, we conducted
a more in-depth investigation into the correlation of
immune cell infiltration levels within the two clusters.
Our analysis revealed that a majority of immune cells
(19/23) exhibited varying degrees of infiltration in the
distinct clusters (Fig. 4C). Compared to cluster A, clus-
ter B exhibited elevated levels of immune cell infiltration,

ONTOLOGY
= g Process
Celulyr Cerponert
Moiecular Funcion

Numoer of Genes
™ Numoer of Seiect
A Rioh Factor10-1)

lea ,

ol R *
B B 0

0251

Immune infiltration

0.00

wne response-regulating cell surface receptor signaling pathway

Page 6 of 9

particularly dendritic cells, natural killer cells, mac-
rophages, mast cells, and neutrophils (p<0.001). Fur-
thermore, an analysis was conducted on the correlation
between 15 differentially expressed m6A regulators and
23 immune cells. It was found that a majority of m6A-
related genes exhibit a strong correlation with immune
cell infiltration, particularly LRPPRC and HNRNPA2B1
(Fig. 4D).

Biological KEGG pathway and inflammation level

among different cluster with STEMI patients

The analysis of KEGG data revealed that DEGs pre-
dominantly enriched two pathways: the immune-related
pathway, such as B cell receptor signaling, and the
inflammation reaction pathway, such as TNF, IL-17, and
other pathways (Fig. 5A). Following the analysis of KEGG
results, we conducted a comprehensive evaluation of the
association between the differentially expressed genes
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and levels of inflammation. It was observed that the
expression levels of IL-4 and IL-33 were significantly ele-
vated in cluster B compared to cluster A (Fig. 5B). These
results confirm that inflammation plays an important
role in methylation, especially IL-4 and IL-33.

Discussion

In summary, this novel study synthesized RNA methyla-
tion expression datasets from STEMI patients to identify
epigenetic alterations associated with STEMI. Initially,
our analysis identified three upregulated and twelve
downregulated differentially expressed m6A regulators in
correlation with the progression of STEMI disease. Sub-
sequently, consensus clustering analysis demonstrated
the potential classification of patients into two distinct
groups based on the expression levels of m6A-related
regulators. Changes in numerous methylation modifi-
cation sites are observed during this stage, impacting
the expression of genes downstream. It is hypothesized
that m6A modification patterns significantly influence
the development of the STEMI immune microenviron-
ment. Notably, inflammatory factors IL-4 and IL-33 have
been implicated in STEMI through an m6A modification
pattern.

Lack of sensitivity and specificity are major limitations
in the assessment of STEMI. Despite its crucial role in
the evaluation of STEMI patients, there has been a con-
sistent decrease in the sensitivity of cardiac troponin
concentration in systemic venous blood; novel polygenic
diagnostic biomarkers have the potential to address this
limitation. In our study, a random forest algorithm was
employed to identify 15 diagnostic markers linked to
m6A, demonstrating high stability and accuracy in diag-
nosing STEMI. Cardiomyocytes subjected to hypoxia/

reoxygenation (H/R) exhibited heightened autophagic
activity and reduced apoptosis following silencing of
METTL3 [12]. Arcidiacono et al. observed an increase
in the fluorescence intensity of the METTL16 protein
in a-actinin positive cells in the cardiomyocytes group
compared to the control group [13]. Significantly, a novel
diagnostic nomogram was developed and validated for
risk prediction in patients with STEMI utilizing a panel
of 15 biomarkers. This approach facilitated improved cat-
egorization of STEMI patients.

Many biological processes observed in STEMI patients
involve inflammation and immune cell infiltration. Based
on GO enrichment analysis, two clusters of STEMI were
shown to have differentially expressed genes related to
immune response-regulating and immune response-acti-
vating signaling pathways. Based on KEGG enrichment
analysis, two clusters of STEMI differentially expressed
genes were associated with human T-cell leukemia
virus 1 (HTLV-1) infection and TNF signaling. HTLV-1,
first diagnosed in 1980 in a patient with cutaneous lym-
phoma, can cause inflammatory diseases [14]. Another
study reported that HTLV-1 causes atherosclerosis by
inducing inflammation [15]. Emerging research indicates
that dysregulation of immune-inflammatory pathways,
including IL-4 and TNE, play a significant role in the
pathogenesis of various diseases, such as panic disorder
and kidney transplant rejection [16—18]. There is a lack of
existing data regarding immune-inflammatory pathway
methylation in individuals with ST-segment elevation
myocardial infarction (STEMI). Our research represents
the inaugural investigation into the potential promotion
of methylation through elevated levels of interleukin-4
(IL-4) and interleukin-33 (IL-33), leading to the onset
of STEMI Significantly, our findings propose that the
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targeting of IL-4 and IL-33 may offer protective benefits
against methylation in STEMI patients.

In recent years, several important molecules associ-
ated with immune cells have been discovered as potential
novel biomarkers for application in disease diagnosis and
prognosis [19]. Li et al. [20] discovered that the molecu-
lar markers PPBP, CXCL12, and CCL4 were associated
with immune cell infiltration in valvular atrial fibrillation.
RBMX is involved in alternative splicing and was initially
recognized as a constituent of the spliceosome. More
recently, RBMX has been demonstrated to be involved in
DNA damage repair, sister chromatid cohesion, and the
assembly of higher-order ribonucleoprotein complexes to
maintain genomic stability [21]. The role of RBMX in car-
diovascular diseases has yet to be definitively established.
Our research findings indicate that key immune-related
genes are involved in the pathogenesis of STEMI, as iden-
tified through heat map analysis. The dark blue module
depicted in the box plot demonstrates a strong asso-
ciation with infiltrating immune cells, indicating a high
negative correlation between LRPPRC and HNRNPA2B1
with various immune cell types, including dendritic cells,
macrophages, neutrophils, and mast cells. RBMX expres-
sion was lower in m6A cluster A compared to cluster B,
indicating its potential role in STEMI pathogenesis and
suggesting new treatment targets.

Our study has some limitations primarily due to poten-
tial misunderstandings and biases that may have arisen
during the unsupervised clustering process, attribut-
able to the restricted sample size. Consequently, further
research utilizing larger sample sizes is imperative. Fur-
thermore, substantial prospective studies with a meticu-
lous follow-up methodology are essential to confirm the
clinical viability of the suggested biomarkers.

Conclusion

In conclusion, our thorough analysis of m6A modifica-
tions has revealed their significant impact on the intri-
cate immune infiltration patterns observed in STEMI.
Furthermore, through unsupervised clustering, we have
identified two distinct subtypes of m6A modifications
that have the potential to differentiate between varying
degrees of STEMI severity. Inmunophenotyping STEMI
patients may therefore facilitate the development of more
targeted immunotherapy approaches for individuals
exhibiting pronounced immune responses. Additionally,
the modulation of m6A modifications has been shown to
influence the expression of inflammation-related genes
such as IL-4 and IL-33, presenting a promising new ave-
nue for therapeutic intervention in STEMIL.
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