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A B S T R A C T

Atherosclerosis remains a leading cause of morbidity and mortality worldwide, driven by complex molecular 
mechanisms involving gene regulation and post-transcriptional processes. Emerging evidence highlights the 
critical role of epitranscriptomics, the study of chemical modifications occurring on RNA molecules, in athero
sclerosis development. Epitranscriptomics provides a new layer of regulation in vascular health, influencing 
cellular functions in endothelial cells, smooth muscle cells, and macrophages, thereby shedding light on the 
pathogenesis of atherosclerosis and presenting new opportunities for novel therapeutic targets. This review 
provides a comprehensive overview of the epitranscriptomic landscape, focusing on key RNA modifications such 
as N6-methyladenosine (m6A), 5-methylcytosine (m5C), pseudouridine (Ψ), RNA editing mechanisms including 
A-to-I and C-to-U editing and RNA isoforms. The functional implications of these modifications in RNA stability, 
alternative splicing, and microRNA biology are discussed, with a focus on their roles in inflammatory signaling, 
lipid metabolism, and vascular cell adaptation within atherosclerotic plaques. We also highlight how these 
modifications influence the generation of RNA isoforms, potentially altering cellular phenotypes and contrib
uting to disease progression. Despite the promise of epitranscriptomics, significant challenges remain, including 
the technical limitations in detecting RNA modifications in complex tissues and the need for deeper mechanistic 
insights into their causal roles in atherosclerotic pathogenesis. Integrating epitranscriptomics with other omics 
approaches, such as genomics, proteomics, and metabolomics, holds the potential to provide a more holistic 
understanding of the disease.

1. Introduction

Cardiovascular diseases (CVDs) remain one of the leading causes of 
death worldwide. Among these, conditions driven by the progression of 
atherosclerosis account for a significant proportion of global morbidity 
and mortality in both men and women [1]. Despite remarkable advances 
in therapeutic strategies, including the introduction of lipid-lowering 
agents such as PCSK9 inhibitors, which have substantially reduced 
LDL-C levels and mitigated the lipid-driven components of atheroscle
rosis, challenges persist [2]. Atherosclerosis is not merely a lipid storage 

disease but rather a multifaceted, progressive condition driven by a 
complex interplay of dysregulated lipid metabolism, endothelial 
dysfunction, chronic inflammation, and immune cell activation. Key 
immune cells involved in this process include monocytes, macrophages, 
dendritic cells, T cells (particularly CD4+ and CD8+ T cells), B cells, and 
innate lymphoid cells. Additionally, the disease is characterized by the 
dysregulation of vascular smooth muscle cells (SMCs) and extensive 
remodeling of the extracellular matrix (ECM) [3], both of which 
contribute to plaque formation, progression, and instability. The intri
cate crosstalk among these pathological processes underlies the 
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development of atherosclerotic lesions, ultimately leading to cardio
vascular complications such as myocardial infarction and stroke.

The CANTOS trial, for example, demonstrated that targeting the in
flammatory axis with anti-inflammatory interventions could provide 
significant cardiovascular benefits in patients with well-controlled LDL 
cholesterol [4]. However, no specific therapies are yet available to 
directly address endothelial dysfunction, chronic vascular inflamma
tion, or vascular smooth muscle cell dysfunction, highlighting an unmet 
clinical need. Addressing these aspects is critical for developing 
comprehensive therapies to reduce the residual risk associated with 
atherosclerosis.

Epitranscriptomics has emerged as an exciting and rapidly expand
ing field of research that seeks to uncover how chemical modifications 
on RNA molecules influence cellular processes. These RNA modifica
tions form a rich and dynamic regulatory landscape, with over 100 
distinct modifications identified to date [5]. While historically, RNA 
modifications were primarily associated with roles in transfer RNAs 
(tRNAs) and ribosomal RNAs (rRNAs), recent studies have revealed their 
profound influence on messenger RNAs (mRNAs), long non-coding 
RNAs (lncRNAs), circular RNAs (circRNAs), and microRNAs (miRNAs) 
[5]. These modifications are classified broadly into two categories: 
reversible and irreversible.

Reversible modifications, such as N6-methyladenosine (m6A) and 5- 
methylcytosine (5mC), can be dynamically added and removed during 
the lifespan of an RNA molecule (Table 1). This regulation is mediated 
by enzymes categorized as “writers” (responsible for adding modifica
tions), “erasers” (responsible for removing them), and “readers” (which 
recognize and interpret these modifications to mediate downstream ef
fects) [6]. These modifications impact critical RNA processes, including 
stability, translation, and splicing, thereby influencing cellular function. 
In contrast, irreversible modifications involve changes to the RNA 
nucleotide sequence itself, such as adenosine-to-inosine (A-to-I) RNA 
editing (Table 1). These modifications, once established, cannot be 
reversed and may lead to permanent alterations in RNA function.

RNA splicing, in particular, has garnered significant attention in the 
context of RNA modifications [7]. Differential splicing events, 

influenced by epitranscriptomic regulation, can generate distinct RNA 
isoforms, some of which may have opposing biological functions. This 
adds an additional layer of complexity to post-transcriptional regula
tion, emphasizing the therapeutic potential of targeting RNA modifica
tions to fine-tune isoform expression and function in disease contexts.

Emerging evidence shows that RNA modifications play a significant 
role in atherosclerosis by regulating processes such as endothelial 
dysfunction, chronic inflammation, vascular smooth muscle cell dysre
gulation, and in the dynamic regulation of the ECM remodeling, driven 
in part by RNA modifications in stromal cells such as fibroblasts [8], 
alters ECM composition and stiffness, influencing the behavior of 
vascular smooth muscle cells (VSMCs) and immune cells like macro
phages. This modulation of ECM properties can affect plaque stability 
and progression, with profound implications for vascular integrity. 
Recent studies have highlighted the significance of ECM remodeling in 
atherosclerosis pathophysiology [5,9]. This review explores recent in
sights into the epitranscriptomic mechanisms underlying these pro
cesses. Furthermore, we discuss their implications for RNA splicing and 
how these modifications could serve as potential therapeutic targets for 
improving the management of atherosclerosis-related diseases. By 
shedding light on these mechanisms, we aim to provide a framework for 
future research and therapeutic development in the context of vascular 
pharmacology.

2. Overview of Epitranscriptomic mechanisms

2.1. RNA modifications: the core components

As of today, advancements in high-throughput sequencing technol
ogies and diverse biochemical assays have significantly expanded the 
field of epitranscriptomics, revealing over 170 chemical RNA modifi
cations across various RNA species, including messenger RNA (mRNA), 
transfer RNA (tRNA), ribosomal RNA (rRNA), and non-coding RNA 
(ncRNA) [10]. Among these modifications, some are considered core 
components due to their distinctive properties and essential roles in 
cellular processes and disease mechanisms. For example, N6- 

Table 1 
Comprehensive overview of RNA Modifications/RNA editing and their associated enzymes: Writers, Erasers, and Readers.

Enzymes

Writers Erasers Readers

RNA 
modifications

N6-methyladenosine 
(m6A)

Methyltransferase Like 3 (METTL3) 
Methyltransferase Like 14 (METTL14) 
Wilms Tumor 1 Associated Protein (WTAP) 
Vir Like m6A Methyltransferase Associated (VIRMA)

Fat Mass and Obesity 
Associated Protein (FTO) 
AlkB Homolog 5 (ALKBH5)

YTH domain family (YTHD): YTHDF1, 
YTHDF2, YTHDF3, YTHDC1… 
Insulin Like Growth Factor 2 mRNA 
binding proteins (IGFBP) 
Heterogenous Nuclear Ribo- 
nucleoproteins (HNRNPs)

5-methylcytosine (m5C) NOP2/Sun RNA methyltransferase family (NSUN) (e.g., 
NSUN1, NSUN2, NSUN3, NSUN4) 
DNA methyltransferases (DNMT1, DNMT2, DNMT3)

Tet family of dioxygenases 
(Tet1, Tet2, Tet3) 
AlkB Homolog 1 (ALKBH1)

Aly/REF export factor (ALYREF)

Pseudouridine (Ψ) Pseudouridine synthases (PUS) 
H/ACA small nucleolar ribonucleoprotein (snoRNP)

- MetRS [60]

2′-O-methylation (Nm) Fibrillarin - Piwi family proteins 
Argonaute 2 (AGO2) [61]

N1-methyladenosine 
(m1A)

Nucleomethylin (NML) 
TRNA Methyltransferase (TRMT16B, TRMT61A 
complex)

Fat Mass and Obesity 
Associated Protein (FTO) 
AlkB Homolog 5 (ALKBH5) 
or 3 (ALHBH3)

Heat-responsive protein 12 (HRSP12)

2’-O-ribose-methylation 
(2’Ome)

Fibrillarin 
Complex with several proteins and C/D-box snoRNAs

- -

RNA editing Adenosine-to-Inosine 
(A-to-I)

Adenosine deaminase acting on RNA (ADAR) family: 
ADAR1, ADAR2, and ADAR3.

-

Cytosine-to-uridine (C- 
to-U)

Members of the apolipoprotein B mRNA editing enzyme 
catalytic polypeptide-like (APOBEC) family 
Apobec-1 complementation factor (ACF) 
CUG-binding protein 2 (CUGBP2) 
Glycine-arginine-tyrosine-rich RNA-binding protein 
(GRY-RBP) 
Heterogeneous nuclear ribonucleoprotein (hnRNP)-C1.
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methyladenosine (m6A), the most abundant and extensively studied 
modification in eukaryotic mRNA, regulates crucial processes such as 
mRNA stability, splicing, and translation. Similarly, modifications like 
5-methylcytosine (m5C) and pseudouridine (Ψ) have gained attention 
for their contributions to RNA structural stability and function. Beyond 
these well-characterized modifications, others, such as 2′-O-methylation 
and N1-methyladenosine (m1A), are increasingly being recognized for 
their potential roles [11]. Despite the growing list of known modifica
tions, many remain poorly understood, with their functional signifi
cance and mechanisms yet to be uncovered, underscoring the 
complexity and vast potential of epitranscriptomics. 

• N6-methyladenosine (m6A)

Among the myriad of RNA modifications identified, N6- 
methyladenosine (m6A), has emerged as the most prevalent and func
tionally versatile internal modification in eukaryotic messenger RNA 
and non-coding RNA. M6A perfectly exemplifies the dynamic nature of 
RNA modifications, functioning as a reversible chemical mark deposited 
by a multicomponent methyltransferase complex, commonly referred to 
as “writers,” which includes core enzymes such as Methyltransferase 
Like 3 (METTL3) and Methyltransferase Like 14 (METTL14), along with 
auxiliary factors like Wilms Tumor 1 Associated Protein (WTAP) and Vir 

Like m6A Methyltransferase Associated (VIRMA) (Fig. 1A). Removal of 
m6A is mediated by specialized demethylases, known as “erasers,” such 
as Fat Mass and Obesity Associated Protein (FTO) and AlkB Homolog 5 
(ALKBH5) (Fig. 1A). The functional output of m6A is dictated by 
“reader” proteins including members of the YTH domain family (YTHD), 
Insulin Like Growth Factor 2 mRNA binding proteins (IGFBP) and 
Heterogenous Nuclear Ribonucleoproteins (HNRNPs) which recognize 
m6A marks and mediate downstream effects such as mRNA translation, 
stabilization, or degradation (Fig. 1A) [11]. Moreover, emerging evi
dence suggests that RNA modification enzymes can exert functions 
beyond their canonical roles. METTL3, primarily known as an m6A 
writer, has been shown to directly regulate transcription in an m6A- 
independent manner, potentially influencing pro-atherosclerotic gene 
expression [12]. The specific roles of m6A modifiers in atherosclerosis 
will be discussed in details below.

This modification governs key physiological processes, including 
RNA stability, translation, and splicing. For instance, m6A enhances 
mRNA degradation by recruiting specific decay factors, thereby con
trolling gene expression levels. In translation, it modulates the efficiency 
of protein synthesis, influencing cellular responses and adaptation. 
Furthermore, m6A plays a pivotal role in alternative splicing by inter
acting with splicing factors, enabling the generation of different protein 
isoforms critical for functional diversity [5]. 

Fig. 1. Epitranscriptomic RNA modification - N6-methyladenosine (m6A) and Adenosine to Inosine (A-to-I) RNA editing. This figure illustrates two major 
types of RNA modifications: A: N6-methyladenosine (m6A) RNA modification and Adenosine-to-Inosine (A-to-I) RNA editing (bottom panel). N6-methyladenosine 
(m6A) RNA modification: The m6A modification involves the addition of a methyl group (-CH₃) to the N6 position of adenosine residues in mRNA. This process is 
mediated by m6A writers (methyltransferases) including METTL3, METTL14, WTAP, HAKAI, and VIRMA, which catalyze m6A deposition. The modification can be 
recognized by m6A readers such as YTH domain proteins, IGF2BPs, and HNRNPs, which influence RNA stability, translation, and splicing. Conversely, m6A erasers 
(FTO, ALKBH5, ALKBH3) are demethylases that remove the m6A mark, thereby modulating RNA function dynamically. B: Adenosine-to-Inosine (A-to-I) RNA editing: 
This process involves the enzymatic conversion of adenosine (A) to inosine (I) in RNA transcripts, catalyzed by adenosine deaminases acting on RNA (ADARs), 
including ADAR1, ADAR2, and ADAR3. This modification plays a critical role in transcriptome diversification, influencing codon changes, RNA stability, and 
splicing. Figure is created with BioRender.
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• 5-methylcytosine (m5C)

While m6A is one of the most extensively studied RNA modifications 
due to its broad regulatory roles, it is far from the only modification 
shaping the dynamic landscape of RNA biology. Other modifications, 
such as 5-methylcytosine (m5C), also play crucial roles in RNA stability, 
processing, and functions. m5C involve the addition of a methyl group to 
the cytosine base of RNA, and is regulated by a system of “writers”, 
“readers” and erasers similar to m6A mechanisms (Table 1) [11].

Over 10 m5C methyltransferases have been identified, including the 
NOP2/Sun RNA methyltransferase family (NSUN) (e.g., NSUN1, 
NSUN2, NSUN3, and NSUN4), as well as DNA methyltransferases 
(DNMT1, DNMT2, DNMT3) [13].

The removal of m5C marks is mediated by erasers like the Tet family 
of dioxygenases (Tet1, Tet2, Tet3. Additionally, ALKBH1 functions as a 
direct RNA demethylase, specifically targeting m5C on mRNAs and 
influencing their degradation, stability, or translation. Readers of m5C, 
like ALYREF, bind to m5C sites and mediate downstream regulatory 
functions, particularly in mRNA export. However, much remains to be 
uncovered regarding additional m5C readers and their precise mecha
nisms. A deeper understanding of m5C readers is essential to unravel the 
full complexity of this critical RNA modification.

The m5C RNA modification is widely distributed across various types 
of RNA in eukaryotes and plays crucial roles in RNA synthesis, pro
cessing, translation, stability, degradation, mitochondrial function and 
energy metabolism…Dysregulation of m5C has been linked to various 
diseases, particularly cancer, where m5C methylation is associated with 
poor prognosis, tumor progression, and drug resistance [14]. 

• Pseudouridine (Ψ)

Another abundant RNA modification is pseudouridine (Ψ), where the 
ribose sugar attaches to the base through a different type of bond. This 
modification is catalyzed by a diverse class of enzymes called pseu
douridine synthases (PUS) (Table 1) [15]. The H/ACA small nucleolar 
ribonucleoprotein (snoRNP) complex also plays a pivotal role in pseu
douridylation, particularly in ribosomal RNA (rRNA) and small nuclear 
RNA (snRNA) [16]. In rRNA, this modification enhances stability, 
folding, and ribosomal function, while in snRNA, it ensures accurate pre- 
mRNA splicing.

Deficiency in pseudouridine modification, or even mutations in H/ 
ACA snoRNP components, particularly dyskerin, are associated with 
diseases like dyskeratosis congenita and telomeropathies. The complex 
also contributes to telomere maintenance by modifying the RNA 
component of telomerase, underscoring its critical role in RNA biology 
and cellular homeostasis. Pseudouridine is broadly distributed across 
various RNA types, including rRNA, tRNA, mRNA, and non-coding RNA 
(ncRNA). It plays essential roles in tRNA function, translation, splicing, 
and RNA-protein interactions. Despite its prevalence and importance, 
the full scope of Ψ's biological significance remains poorly understood, 
necessitating further investigation. 

• Others (e.g., 2′-O-methylation, N1-methyladenosine…)

Several other RNA modifications exist beyond m6A, m5C, and 
pseudouridine. One example is 2′-O-methylation (Nm), which involves 
the addition of a methyl group to the 2′ hydroxyl of the ribose sugar. This 
modification can occur on all bases and in various types of RNA, with a 
predominance in rRNA and tRNA. The methyl group is transferred by 
specific methyltransferases, such as Fibrillarin (Table 1) [17]. Compared 
to other RNA modifications, Nm appears to be largely irreversible, 
because no erasers have been identified to date [18]. Dysregulation of 
Nm has been linked to various diseases, including Prader-Willi syn
drome, cancers, autoimmune diseases, and Alzheimer's disease [17].

m1A, also known as N1-methyladenosine, results from the methyl
ation of adenosine at the N1 position. It has a unique set of enzymes for 

its regulation but shares common similarities with m6A, such as the 
common erasers FTO, ALKBH members and being recognized by readers 
from the YTH protein family, m1A specific writers are nucleomethylin 
(NML), and RNA type-specific writers like TRMT16B for mitochondrial 
tRNA and rRNA or TRMT61A complex for mRNA and mitochondrial 
tRNA for instance. Beyond its role in RNA metabolism, emerging evi
dence suggests that m1A-modifying enzymes, particularly the TRMT6/ 
TRMT61A complex, contribute to broader metabolic regulation, 
including cholesterol homeostasis and mitochondrial function. TRMT6/ 
TRMT61A has been shown to influence cholesterol metabolism in the 
liver [19], an essential process linked to atherosclerosis development. 
Cholesterol dysregulation is a key driver of plaque formation, and al
terations in tRNA modifications could impact lipid metabolism by 
affecting translation efficiency of key enzymes involved in sterol 
biosynthesis and transport. Additionally, TRMT6/TRMT61A-mediated 
m1A methylation in mitochondrial tRNA plays a crucial role in mito
chondrial respiration and oxidative phosphorylation [20]. Given that 
mitochondrial dysfunction is a hallmark of vascular smooth muscle cell 
(VSMC) dedifferentiation and foam cell formation in atherosclerosis, 
dysregulation of TRMT6/TRMT61A could contribute to metabolic stress 
within the vasculature, further promoting disease progression [11,21]. 
This shared machinery highlights a dynamic interplay between these 
two RNA modifications in regulating RNA metabolism and function.

Overall, RNA modifications are involved in diverse biological pro
cesses, including RNA stability, translation, and splicing, and their 
dysregulation has been implicated in the development of numerous 
diseases, highlighting their importance in both health and diseases. 

• 2’-O-ribose-methylation (2′Ome)

2′O-methylation (2’Ome) is an important modification that stabilizes 
RNA, supporting ribosome function and RNA splicing. It is added to ri
bosomal RNAs (rRNAs) and small nuclear RNAs (snRNAs) by the 
methyltransferase fibrillarin (Table 1), which is part of a complex with 
several proteins and C/D-box snoRNAs. These snoRNAs help guide the 
methylation process by base-pairing with target RNA sequences. [22] It 
has been shown that there is heterogeneity in the degree of rRNA 
methylation, which impacts translation of specific mRNAs, leading to 
altered cell fate decisions in neuronal differentiation, for example [23]. 
To the best of our knowledge, effects of heterogeneity of rRNA 
methylation on atherogenesis and cardiovascular disease has not yet 
been investigated.

Not all snoRNAs have known rRNA or snRNA targets, however. Such 
snoRNAs are usually referred to as ‘orphan snoRNAs’. A cluster of 41 
orphan snoRNAs transcribed from the 14q32 DLK1-DIO3 locus was 
shown to play a role in cardiovascular disease [24] and heart failure risk 
expression of these snoRNAs is increased in coronary bypass grafts that 
failed due to atherosclerosis, and their plasma levels are associated with 
platelet function in patient with peripheral artery disease. In mRNAs, 
the 14q32 snoRNA SNORD113–6, was shown to guide methylation of 
both mRNAs and tRNAs influencing arterial fibroblast cell-cell and cell- 
matrix interactions, fibroblast-induced matrix contraction and fibroblast 
migration [9]. The same snoRNA also guides methylation of tRNALeu(
TAA), protecting it from site-specific degradation under ischemia and 
oxidative stress.

Earlier studies also indicate a potential role for canonical C/D box 
snoRNAs in atherosclerosis, albeit through non-canonical mechanisms. 
For example, snoRNA U60, was shown to regulate intracellular choles
terol trafficking, independently of its canonical function, which is to 
guide methylation of the 28S rRNA [25]. Cholesterol trafficking is an 
essential process for cellular homeostasis and maintenance, but a po
tential link to atherosclerosis is easily made. Similarly, the canonical C/ 
D box snoRNAs U32a, U33 and U35a protect from lipotoxic and 
oxidative stress, again independent of their canonical functions [26].

Although evidence for a direct role of 2’Ome in atherogenesis and 
progression of atherosclerotic lesions is lacking, the above-mentioned 
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studies do provide a foundation for further investigations of C/D box 
snoRNA and 2’Ome, both canonical and noncanonical, in 
atherosclerosis.

2.2. RNA editing

RNA editing is a co/post-transcriptional modification that introduces 
specific changes to RNA sequences, significantly diversifying the tran
scriptome and affecting regulation of gene expression [27]. Among 
various types of RNA editing, adenosine-to-inosine (A-to-I) and cytosine- 
to-uracil (C-to-U) conversions are the most studied in mammals 
(Table 1) [28–30]. Depending on the type of RNA being edited and the 
specific positions within the transcript that are modified, RNA editing 
can impact RNA stability, localization, and the efficiency of transcript 
processing and turnover. Emerging evidence underscores the critical 
role of RNA editing as a regulator of gene expression, functioning both 
autonomously and in synergy with RNA interference pathways. In 
coding regions, editing can introduce non-synonymous changes, leading 
to protein recoding or premature stop codons. These modifications 
diversify the proteome and influence key cellular functions, under
scoring RNA editing's role as a dynamic regulator of transcript and 
protein diversity [31–37].

Adenosine-to-inosine (A-to-I) RNA editing, mediated by the adeno
sine deaminase acting on RNA (ADAR) family of enzymes, represents the 
most prevalent form of editing in vertebrates (Fig. 1B) [34]. ADAR en
zymes, including ADAR1, ADAR2, and ADAR3, are key players in this 
process. ADAR1 exists in two primary isoforms: a 150 kDa isoform 
induced by interferons and a constitutively expressed 110 kDa isoform. 
The 150 kDa isoform shuttles between the nucleus and cytoplasm, where 
it binds endogenous double-stranded RNAs (dsRNAs) to prevent their 
recognition by melanoma differentiation-associated gene 5 (MDA5) and 
subsequent activation of the mitochondrial antiviral signaling (MAVS)- 
dependent type I interferon response. In contrast, the 110 kDa isoform 
primarily localizes to the nucleus and facilitates nuclear RNA editing. 
Both isoforms play critical roles in modulating immune responses and 
maintaining cellular homeostasis [38–41]. ADAR1 and ADAR2 catalyze 
the site-specific deamination of adenosine-to-inosine in dsRNA sub
strates, selectively targeting repeat-rich regions such as Alu elements 
and long interspersed nuclear elements (LINEs). The density of editing 
sites is particularly high in introns and untranslated regions (UTRs), 
especially the 3’UTRs of protein-coding genes [34,42,43]. ADAR3, 
which is primarily expressed in the brain, has no proven catalytic ac
tivity [44], but appears to act as a regulatory modulator of RNA editing, 
potentially inhibiting ADAR1 and ADAR2 activity on certain substrates, 
thereby contributing to the fine-tuning of the editing landscape [45].

Cytosine-to-uridine (C-to-U) RNA editing, catalyzed by members of 
the apolipoprotein B mRNA editing enzyme catalytic polypeptide-like 
(APOBEC) family, is a highly specific enzymatic process that modifies 
a single cytidine within RNA molecules in single-stranded RNA regions 
[46,47]. A prominent example is the editing of apolipoprotein B (APOB) 
mRNA, producing distinct protein isoforms essential for lipid meta
bolism. ApoB-48, produced in the intestine, is essential for chylomicron 
assembly and dietary fat absorption, while apoB-100, synthesized in the 
liver, facilitates the formation of very low-density lipoprotein (VLDL) 
and low-density lipoprotein (LDL), key players in cholesterol transport. 
The editing of apoB mRNA introduces a premature stop codon, trun
cating apoB-48 to 48 % of the full-length apoB-100, thereby altering its 
interaction with receptors and enabling distinct physiological functions 
[48]. Unlike A-to-I editing, which primarily occurs in dsRNA regions, C- 
to-U editing depends on auxiliary proteins and cofactors to achieve site 
specificity. Apobec-1 works in conjunction with apobec-1 complemen
tation factor (ACF), which recognizes RNA substrates. Additional pro
teins such as CUG-binding protein 2 (CUGBP2), glycine-arginine- 
tyrosine-rich RNA-binding protein (GRY-RBP), and heterogeneous nu
clear ribonucleoprotein (hnRNP)-C1 contribute to the regulation of 
editing activity [49].

RNA editing significantly impacts immune responses and endothelial 
cell integrity, both of which are central to atherosclerosis pathogenesis 
[50]. In immune cells, adenosine-to-inosine (A-to-I) RNA editing, 
mediated by ADAR enzymes, influences the expression and stability of 
transcripts encoding cytokines, chemokines, and immune receptors. 
This regulatory mechanism plays a critical role in modulating inflam
matory signaling pathways and maintaining immune homeostasis, 
which are essential for the recruitment and activation of inflammatory 
cells at sites of vascular injury [51]. The enzyme ADAR1 is central to this 
regulation, as it suppresses the recognition of endogenous double- 
stranded RNA (dsRNA) by innate immune receptors such as melanoma 
differentiation-associated protein 5 (MDA5). This suppression may 
occur through ADAR1's catalytic activity of RNA editing, which prevents 
the accumulation of unedited dsRNA [52–54], or through its ability to 
bind dsRNA and physically interact with receptors like RIG-I, thereby 
modulating their activation [55]. When RNA editing is impaired, un
edited dsRNA accumulates, triggering aberrant activation of type I 
interferon (IFN) responses and interferon-stimulated genes (ISGs), 
thereby exacerbating inflammation [35,52–54,56,57]. Additionally, in 
endothelial cells, RNA editing modulates the stability of transcripts that 
govern cell adhesion, migration, and barrier function [58].

Advances in RNA sequencing technologies and analysis strategies 
have enabled precise detection and analysis of RNA editing, unraveling 
its complexity and therapeutic potential. High-throughput methods such 
as single-cell and long-read sequencing now capture cell-specific editing 
events with unprecedented resolution. These advancements have 
revealed RNA editing's dual role in gene regulation and disease pa
thology [59].

2.3. The role of RNA modifications and RNA editing in alternative 
splicing

Introns in precursor mRNAs are removed by RNA splicing to form 
mature mRNA. This process may occur via either constitutive splicing or 
alternative splicing mechanisms. Whilst in constitutive splicing all exons 
are retained and introns removed, in alternative splicing different 
combinations of exons can be retained or skipped resulting in diverse 
mRNA isoforms for the same gene. Alternative RNA isoforms have been 
shown to be tissue specific [62], to vary between developmental stages 
[63] and between healthy and disease states [64]. Alternative RNA 
splicing can be broadly subdivided into five subtypes: (i) Exon skipping 
where one or more exons and their adjacent introns are skipped, (ii) 
intron retention where a part or all of an intron sequence is retained 
within the mature transcript, (iii) selection between mutually exclusive 
exons where either one or another exon are retained but never both 
together, (iv) the use of alternative 5′ or 3′ splice site recognition se
quences to give longer or shorter versions of the same exon and (v) back 
splicing which results in circularization of the RNA (circRNA) [65].

Epigenetic changes, at both histone [66] and RNA [67] level have 
been shown to influence alternative splicing contributing to different 
layers of RNA regulation. Histone modifications alter chromatin struc
ture and regulate splicing by influencing the rate of transcription 
[66,68] or by altering spliceosome recruitment [69]. On the other hand, 
RNA modifications which are often added to the mRNA as it is being 
transcribed can directly change availability of splice site recognition 
sequences.

Pre-mRNA molecules are not linear molecules but take up secondary 
structures by intramolecular base pairing. This may sequester the 
sequence elements needed for binding to the spliceosome or to RNA 
Binding Proteins (RBP) by including such sequences within the inac
cessible double stranded regions of the folded mRNA molecule. In such 
instances, when the secondary pre-mRNA molecule is more stable than 
the intermolecular bonding of the RNA-spliceosome or RNA-RBP com
plex, the binding sites within the double stranded portion are rendered 
unavailable, favouring splicing of alternative RNA isoforms [70]. RNA is 
subject to many chemical modifications which regulate mRNA splicing 
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and function(reviewed in [67]) through modifications of RNA-RNA and 
RNA-protein interactions.

N6-methyladenosine (m6A) is among the commonest mRNA internal 
modifications [71,72] and the most studied. The methylation of Aden
osine (A) residues alters the energetic requirements for the formation of 
hydrogen bonds between A and Uracil (U) in double stranded RNA 
conformations due to steric hindrance caused by the additional methyl 
group. Thus, m6A destabilizes double stranded regions of RNA [73] 
making their sequences more accessible to RBPs and therefore splicing 
[74]. Additionally m6A modifications near splice junctions have been 
associated with faster splicing kinetics, [75] whilst intronic m6A mod
ifications appear to slow down the rate of splicing.

Notwithstanding various studies that have attempted to map m6A 
modifications through knockdown of the enzymes that write these 
modifications, [75,76] data is severely lacking for modified nucleotides 
within introns which contain most splicing regulatory elements. Data is 
also often limited to highly expressed genes leaving much to be 
discovered in the field of splicing regulation by mRNA modifications 
[67].

Pseudouridine (Ψ), N5 methlycytidine (m5C), and N1 methyadeno
sine (m1A), modifications and their role in splicing are far less studied. 
The RNA-modifying enzymes that write these modifications also modify 
tRNA. Thus the typical experimental set-up that knocks down the en
zymes that make these RNA modifications also abolishes tRNA modifi
cations changing tRNA stability and function [77]. Unfortunately 
changes to the tRNA pool will invariably affect splicing through changes 
in translation and availability of splicing factors. Thus, new methods 
need to be explored to enable in depth studies of these modifications on 
only RNA splicing. One such proposed method uses short-term chemical 
inhibitors, rather than gene knockdowns or conditional knockouts, to 
study the effects of blocking RNA-modifying enzymes on splicing [78]. 
Alternative methods, not dependent on the availability of suitable 
chemical inhibitors, utilize ligand induced-degrons which trigger the 
ubiquitin-proteasome pathway to degrade enzymes fused with a degron 
tag [79,80].

However, Ψ, an isomer of uridine, has been shown to limit the 
flexibility of single stranded RNA molecules [81] and to stabilize double 
stranded RNA [82]. Thus the incorporation of Ψ, particularly within 
polypyrimidine tracts located immediately upstream of the 3′ ends of 
introns, decreases splicing efficiency due to reduced binding of the 
spliceosome U2 auxiliary factor at the splice acceptor site [83]. It has 
also been suggested that intronic mRNA modifications, specifically m5C 
sites, mark improperly spliced RNA and sequester these molecules in the 
nucleus [84] where they are degraded without being exported to the 
cytoplasm, or degraded immediately upon export. It is not yet clear at 
which point in the splicing process these intronic m5C modifications are 
introduced into the mRNA and how they affect the fate of the mRNA 
molecule.

Finally, and more directly, Adenosine Deaminases Acting on RNA 
(ADARs) convert Adenosine (A) residues to Inosine (I) in double 
stranded RNA molecules [85]. Inosine is recognized structurally as 
Guanosine (G), thus the conversion of AA→AI within the pre-mRNA 
molecules generates novel 3′ splice sites. Similarly, a change of AU → 
IU creates a novel 5′ splice site and both create new transcript isoforms. 
The converse, the destruction of a canonical splice site recognition 
sequence, is also possible through the conversion of AG → IG [43,86,87].

3. RNA modifications and RNA editing in cellular adaptation 
and pathological processes in vascular tissue

3.1. Roles of RNA Modifications in atherosclerosis

3.1.1. The role of m6A modifiers in atherosclerosis
RNA modifications are under constant, active regulation in response 

to signals and stressors which include factors relevant to vascular dis
ease such as ischemia, exposure to cytokines and oxidized LDL (ox-LDL) 

[5]. This dynamic regulation is best understood for m6A for which 
writers, erasers and readers have been identified and studied. Tran
scriptome wide m6A modifications have been identified in both human 
and mouse cells. m6A modifications are found most often close to stop 
codons and within large internal exons. The methylation marks are 
highly conserved and most of them are stable in response to stimuli. 
However, a subset has been shown to change in response to stimuli [88]. 
In the context of vascular tissue, changes in m6A patterns influence gene 
expression, angiogenesis, inflammation and atherosclerotic plaque 
development.

The m6A writers N6-methyladenosine methyltransferase (METTL3) 
and Methyltransferase-like 14 (METTL14) have been shown to influence 
mRNA stability and through this a number of physiological and patho
logical processes within the vasculature. Increased levels of METTL3 
have been reported with increasing fibrosis in cardiac fibroblasts in in 
vitro models when cultured fibroblasts are exposed to TGF-β1 as well as 
in vivo in MI mouse models [89]. Higher levels of m6A methylation have 
also been observed in human cardiomyopathy [90] and METTL3- 
dependent m6A modifications have been shown to regulate athero
genic gene expression within vascular tissue and trigger atherosclerosis 
in response to disturbed blood flow and oscillatory stress at vessel 
branch points [91]. Inflammation induced by ox-LDL significantly in
creases m6A modifications in macrophages (RAW 264.7 cell line) and 
HUVECs [92]. Knockdown of METTL3 inhibits m6A modification and 
dampens the inflammatory response. METTL3 downregulation also de
lays progression of atherosclerosis in an atherosclerosis mouse model 
and prevents angiogenesis in developing mouse embryos by regulating 
JAK2 expression via the m6A reader IGF2BP1 [93]. Similarly, knock
down of METTL14 decreases m6A content in ox-LDL exposed HUVECs 
and resulted in a decrease in plaque size in APOE− /− mice on a high fat 
diet [92]. Recent research has elucidated a significant connection be
tween oscillatory shear stress and the expression of METTL3 in endo
thelial cells, providing deeper insights into the mechanisms underlying 
atherosclerosis development [91]. Oscillatory shear stress, character
ized by its disturbed flow patterns, is a critical factor that induces 
endothelial dysfunction, thereby contributing to the initiation and pro
gression of atherosclerotic lesions. Under these conditions, there is an 
upregulation of METTL3 leading to increased m6A modifications which 
results in the stabilization and upregulation of NLRP1 transcripts and 
the degradation and downregulation of KLF4 transcripts, both of which 
are pivotal in promoting atherogenic responses. Importantly, silencing 
METTL3 has been shown to mitigate these effects, underscoring its 
central role in the pathogenesis of atherosclerosis. .

In addition to METTL3, METTL14 is also recognized as important 
driver of atherosclerotic process. Reducing Mettl14 expression in mac
rophages has been shown to encourage their shift towards the anti- 
inflammatory M2 phenotype, while also decreasing foam cell forma
tion and migration capabilities [94]. This effect is associated with a 
reduction in Myd88 and IL-6 levels, as Mettl14 influences Myd88 mRNA 
stability through m6A modifications. Additionally, Myd88 modulates IL- 
6 transcription by altering nuclear p65 distribution, rather than through 
direct m6A modification of IL-6. In animal models, knocking out the 
Mettl14 gene led to a significant decrease in macrophage-driven 
inflammation and atherosclerotic plaque development. These findings 
suggest that Mettl14 plays a crucial role in macrophage-mediated 
inflammation in atherosclerosis via the NF-κB/IL-6 signaling pathway, 
highlighting its potential as a therapeutic target for treating the disease.

The m6A eraser ALKB homolog 5 (ALKBH5) is expressed in cardiac 
microvascular endothelial cells and becomes significantly upregulated 
under states of hypoxia. When ALKBH5 is upregulated, due to hypoxia, 
global m6A marks decrease and the expression of WNT5A is dysregu
lated. This causes a decrease in endothelial cell proliferation and 
migration. Knockdown of the eraser in hypoxic cells reverses the 
phenotype with preservation of m6A marks and the promotion of 
angiogenesis [95]. Recent research has identified the m6A demethylase 
FTO as a significant mediator of statin effects in human endothelial cells 
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[96]. Atorvastatin treatment has been observed to reduce FTO protein 
expression in ECs. Silencing the FTO in endothelial cells enhances the 
expression of Kruppel-like factor 2 (KLF2) and endothelial nitric oxide 
synthase (eNOS), while reducing tumor necrosis factor-alpha (TNFα)- 
induced expression of vascular cell adhesion molecule 1 (VCAM-1) and 
intercellular adhesion molecule 1 (ICAM-1) [96]. This leads to decreased 
monocyte adhesion to endothelial cells. Conversely, overexpressing FTO 
increases VCAM-1 and ICAM-1 levels and decreases KLF2 and eNOS 
expression, counteracting atorvastatin's beneficial effects on KLF2 and 
eNOS induction. Mechanistically, FTO interacts with KLF2 and eNOS 
transcripts, modulating their expression in an m6A-dependent manner. 
Following FTO silencing, increased m6A modifications in the 3′ un
translated regions of KLF2 and eNOS transcripts enhance their stability 
through YTHDF3 binding, leading to elevated protein expression of 
KLF2 and eNOS.

3.1.2. m6A Modification in atherosclerosis
Among the emerging molecular mechanisms implicated in athero

sclerosis progression, m6A RNA modifications have garnered significant 
attention. Recent studies comparing carotid artery tissues from healthy 
individuals and those with atherosclerosis highlight the altered expres
sion of m6A methylases, demethylases, and binding proteins in athero
sclerotic samples [97]. Gene Ontology (GO) and KEGG pathway analyses 
revealed these m6A regulators' involvement in cholesterol metabolism, 
the PPAR signaling pathway, smooth muscle cell proliferation, the 
MAPK cascade, and inflammatory responses [98]. These findings un
derscore the potential of m6A as a critical regulator of atherosclerosis, 
linking it to key cellular processes and offering promising therapeutic 
targets.

Endothelial dysfunction is one of the earliest events in atheroscle
rosis development, disrupting vascular homeostasis and enabling 
monocyte adhesion and infiltration. The regulation of endothelial 
function by m6A modifications is exemplified by METTL14, an m6A 
methyltransferase whose expression is induced by TNF-α. METTL14 
enhances FOXO1 mRNA translation through YTHDF1 recognition, 
driving the expression of adhesion molecules and promoting 
endothelial-monocyte interactions [99].

MicroRNAs also contribute to endothelial dysfunction, and their 
regulation via m6A modifications further highlights the epitran
scriptomic landscape's complexity. METTL3 facilitates the maturation of 
microRNAs such as miR-18a-5p and let-7e-5p, which enhance endo
thelial function and angiogenesis [100]. Similar mechanisms are 
observed in atherosclerotic contexts, where METTL3 and METTL14 
regulate the biogenesis of microRNAs like miR-19a and miR-375-3p, 
impacting cell proliferation, vascular integrity, and plaque stability 
[101].

Vascular smooth muscle cells (VSMCs) play a dual role in plaque 
stability, switching between contractile and synthetic phenotypes in 
response to pathological stimuli. m6A modifications orchestrate this 
phenotypic switch. METTL3-driven biogenesis of miR-375-3p promotes 
VSMC proliferation and plaque vulnerability by suppressing PDK1, a key 
regulator of cell survival and metabolism [102]. Additionally, m6A- 
modified UCHL5 mRNA enhances its stability and expression, acti
vating the NLRP3 inflammasome and driving inflammation in VSMCs 
[103]. These findings reveal how m6A-mediated regulatory mechanisms 
contribute to the dynamic interplay between VSMCs and the inflam
matory environment in atherosclerosis. VSMCs also play a critical role in 
the neointima formation. Recent studies have shown that METTL3 is 
upregulated in the neointima following vascular injury, both in animal 
models and human patients [104]. The deficiency of METTL3 in VSMCs 
significantly attenuates neointima formation, supporting the hypothesis 
that METTL3-mediated m6A RNA modification promotes VSMC prolif
eration and migration. Beyond their established roles in VSMC pheno
typic modulation and inflammatory responses, RNA modifications such 
as m6A may also regulate transcription and translation efficiency of key 
genes in vascular pathology. For instance, METTL3-mediated m6A 

methylation of SGK1 mRNA promotes its stability and transcription, 
leading to increased VSMC proliferation and migration, processes that 
contribute to neointima formation and vascular remodeling [104]. 
Additionally, Dong et al. [105] demonstrated that METTL3 facilitates 
VSMC phenotypic switching via m6A-dependent regulation of MRTFA 
translation through YTHDF3, thereby promoting atherosclerotic pro
gression. These studies show the complex interplay between m6A 
methylation and VSMC plasticity.

The immune system is deeply intertwined with atherosclerosis, with 
macrophages playing a central role in plaque formation and progression. 
The METTL3-STAT1 axis, for instance, stabilizes STAT1 mRNA through 
m6A modifications, driving M1 macrophage polarization and ampli
fying pro-inflammatory signaling [106]. Conversely, METTL14 dampens 
inflammatory responses in endothelial cells, inhibiting atherosclerotic 
plaque formation [99]. These contrasting roles reflect the nuanced 
regulatory capacity of m6A in inflammatory pathways.

Programmed cell death mechanisms are crucial in atherosclerosis, 
contributing to plaque formation and instability. Apoptosis, or pro
grammed cell death, is modulated by m6A modifications. METTL3 
hypermethylates NPC1L1 mRNA, promoting endothelial apoptosis and 
accelerating atherosclerotic plaque development [107]. In contrast, the 
m6A eraser FTO reduces m6A levels on ULK1, stabilizing the protein and 
promoting autophagy—a protective mechanism in cells under stress 
[108]. METTL3-mediated autophagy regulation in VSMCs further un
derscores the dual role of m6A in maintaining vascular homeostasis 
[109].

Pyroptosis, an inflammatory form of cell death, is similarly influ
enced by m6A modifications. m6A-modified lncRNA MALAT1 promotes 
macrophage pyroptosis by degrading USP8 mRNA, exacerbating 
inflammation [110]. Interestingly, external factors such as exercise 
mitigate these effects by modulating m6A-dependent pathways, sug
gesting lifestyle interventions could influence epitranscriptomic regu
lation. Additionally, H19 was identified as the primary target lncRNA 
molecule of METTL3-mediated m6A modification in the pathogenesis of 
atherosclerosis. METTL3-mediated m6A modification regulates H19 
expression, thereby aggravating atherosclerosis by activating pyropto
sis, further highlighting the critical role of m6A modifications in in
flammatory processes associated with cardiovascular diseases [111].

Ferroptosis, a form of cell death driven by iron-dependent oxidative 
stress, also intersects with m6A regulation. METTL3-mediated m6A 
modifications on GPX4 destabilize this critical antioxidant protein, 
promoting ferroptosis and plaque progression [112]. More recently, the 
role of m6A modification gained increasing attention in atherosclerosis 
with new discoveries pointing to m6A-associated ferroptosis-related 
genes [113] including NOX4, CDO1 and SLC3A2 which are involved in 
the disease, m6A modified and correlated with immune cell activity, 
suggesting their potential role in ferroptosis-related pathways. These 
mechanisms demonstrate how m6A modifications regulate diverse cell 
death pathways, each contributing to the multifaceted nature of 
atherosclerosis.

Ischemia and hypoxia are key drivers of atherosclerosis-related 
complications. m6A modifications emerge as significant regulators of 
these processes (Woudenberg et al. (BJP, in press). In intracranial 
atherosclerosis, METTL4-mediated methylation of miR-494-3p de
stabilizes plaques by suppressing tight junction protein ZO1, impairing 
endothelial barrier integrity. In ischemic myocardial tissues, METTL3 
expression and m6A levels are elevated, suppressing autophagic flux and 
increasing apoptosis under hypoxic conditions. These findings highlight 
the centrality of m6A in cellular responses to ischemic stress, with im
plications for both vascular and cardiac health.

Recent studies have highlighted clonal hematopoiesis of indetermi
nate potential (CHIP) as an emerging risk factor for cardiovascular 
diseases, including atherosclerosis. CHIP is characterized by the clonal 
expansion of hematopoietic stem cells harboring somatic mutations, 
with TET2 mutations being the most common. These mutations are 
thought to contribute to a chronic inflammatory state, which plays a 
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significant role in the pathogenesis of atherosclerosis [114]. RNA 
modifications, such as m6A, in hematopoietic cells may influence the 
inflammatory pathways that are central to atherosclerosis development. 
For example, TET2-mutant clones have been shown to promote the 
activation and polarization of pro-inflammatory macrophages [115] 
which might contribute to plaque formation and instability. Addition
ally, RNA modifications in these cells may regulate the expression of 
inflammatory cytokines and adhesion molecules, further enhancing the 
inflammatory microenvironment in atherosclerotic plaques. This 
mechanism opens the door for targeting the underlying RNA modifica
tions in hematopoietic cells, such as those occurring in TET2-mutant 
clones, and be a novel therapeutic strategy to mitigate inflammation 
and plaque progression in atherosclerosis.

Among the emerging strategies targeting m6A, recent studies have 
focused on METTL3 inhibitors, such as STM2457, which have shown 
potential in preclinical models for mitigating vascular inflammation 
[116]. By inhibiting METTL3, these compounds can modulate the 
expression of key inflammatory mediators, providing a novel approach 
to counteract the inflammatory processes driving atherosclerosis. The 
development of specific and potent inhibitors or activators targeting 
m6A regulators and non-coding RNAs (ncRNAs) is essential. These tools 
could play a key role in validating the functional importance of the 
identified targets and may eventually be translated into therapeutic 
agents.

3.1.3. m5C, Pseudouridine and m1A in atherosclerosis
Other types of RNA modification also found their link with the 

development and progression of atherosclerotic plaques. Different 
studies highlighted the potential link between m5C -related molecules 
and atherosclerosis. Vascular inflammation is a critical step in the 
development of atherosclerosis. The Intercellular Adhesion Molecule 1, 
ICAM-1, a cell surface protein expressed primarily on endothelial cells, 
which are the inner lining of blood vessels. During inflammatory con
ditions, such as atherosclerosis, the expression of ICAM-1 is upregulated 
in response to pro-inflammatory signals like cytokines and oxidative 
stress. In 2016, it has been shown that the NOP2/Sun domain family, 
member 2 (NSUN2) deposes m5C methylation on ICAM-1 mRNA, thus 
upregulating expression of ICAM1 and increasing leukocyte adhesion to 
the endothelium [117]. Although the role of other RNA modifications in 
the pathophysiology of atherosclerosis remains largely unexplored, their 
study could represent a valuable avenue for advancing the under
standing of disease mechanisms and identifying novel therapeutic 
targets.

Other forms of RNA methylation such as m1A also participate in 
vascular remodeling processes. In aortic aneurysm data sets, proteins of 
the m1A writing machinery were found to be dysregulated when 
compared to healthy aortic tissue [118]. Similarly in an acute stroke 
mouse model, m1A levels in brain tissue were decreased over time 
following an ischemic event, most likely due to increased levels of the 
m1A eraser ALKBH3. The 5′ m7G methyl cap and 2’Ome marks were also 
reduced [119]. Global RNA m5C marks as well as m5C -related meth
yltransferases, such as NSUN2, NSUN5 and the export adapter Aly/REF, 
were also increased in aortic aneurysm tissue when compared to healthy 
aorta [120] suggesting a potential role for m5C in the formation of 
aneurysms.

3.2. Roles of A-to-I RNA modifications in atherosclerosis

Over the past decade, the understanding of A-to-I RNA editing's role 
in health and disease has expanded significantly. However, its contri
bution to cardiovascular diseases, particularly atherosclerosis, remains a 
relatively nascent area of research. Atherosclerosis, a chronic inflam
matory condition characterized by the accumulation of lipid-laden 
plaques within arterial walls, underpins many cardiovascular events, 
including myocardial infraction and acute ischemic stroke. Emerging 
evidence suggests that A-to-I RNA editing intersects with key 

atherogenic processes, such as lipid metabolism, inflammatory signaling 
and endothelial function, potentially influencing plaque development 
and stability. By elucidating these connections, we seek to highlight the 
therapeutic potential of targeting RNA editing pathways in the preven
tion and treatment of vascular diseases. As this field evolves, it offers 
exciting prospects for developing precision medicine approaches 
tailored to the epitranscriptomic landscape of atherosclerosis.

3.2.1. Impact on inflammatory signaling and lipid metabolism in 
atherosclerotic plaques

Inflammation has increasingly been recognized as a pivotal factor in 
the development of atherosclerosis and its complications [121,122]. 
Despite extensive research employing diverse methodologies [121,122] 
[120,121] [120,121] [120,121] [12,13] [119,120] the primary drivers 
of inflammatory signaling in these conditions remain unclear. RNA 
editing has emerged as a contributor to the inflammatory cascade, with 
ADAR1 p150 expression being notably regulated by interferon signaling 
[56,57,123–125].

Evidence from Mendelian interferonopathies highlights the broader 
implications of ADAR1 in vascular health. Rare genetic variants causing 
loss of function in ADAR1 or gain of function in MDA5 are linked to 
conditions such as Aicardi-Goutières Syndrome and Singleton-Merton 
Syndrome, both characterized by severe vascular calcification and 
inflammation [53,126]. These findings underscore the critical role of 
RNA editing and dsRNA sensing in vascular disease and highlight po
tential parallels in atherosclerosis.

Deregulated ADAR1 activity, exacerbates chronic inflammation in 
vascular tissues by promoting aberrant RNA editing events that upre
gulate key pro-inflammatory mediators. Notably, increased editing at 
the conserved Insulin-like growth factor binding protein 7 (IGFBP7) 
gene site and Alu elements correlates with heightened inflammation and 
disease progression. RNA editing promotes vascular inflammation 
through pathways such as IFN, IL-1, and IL-6 signaling, contributing to 
monocyte recruitment and plaque formation [127].

Another significant example that uncovers a link between RNA 
editing and inflammatory signaling in atherosclerotic plaques is the 
editing of NEAT1, a long non-coding RNA (lncRNA) involved in endo
thelial inflammation. NEAT1 expression, elevated in CAD and athero
sclerotic plaques, is induced by TNF-α, promoting vascular 
inflammation through key pro-inflammatory markers. ADAR1-mediated 
A-to-I RNA editing enhances NEAT1 stability by modulating AUF1 
binding to inosine-rich regions. Silencing ADAR1 or AUF1 reduces 
NEAT1 levels and attenuates TNF-α-induced inflammation, suggesting a 
regulatory axis where ADAR1-driven RNA editing influences NEAT1- 
mediated inflammatory signaling in atherosclerosis, independent of 
traditional cardiovascular risk factors [128].

A link between RNA editing and inflammatory signaling in athero
sclerosis is highlighted through ADAR1-mediated inosine modifications 
and ENDOV function. Elevated ADAR1 and inosine levels in plaques 
enhance inflammatory responses, as ENDOV cleaves inosine-containing 
RNA, promoting CCL2-mediated monocyte recruitment. EndoV defi
ciency in mice reduces plaque size, lipid content, and inflammation, 
linked to attenuated CCL2 signaling and increased CD47 expression, a 
key inflammation regulator [129].

In addition to inflammatory signaling, RNA editing can have a po
tential connection to lipid metabolism in atherosclerotic plaques. Edit
ing quantitative trait loci (edQTLs) have been identified as genetic 
determinants of plasma lipid profiles. In disease-relevant tissues, risk 
variants colocalize with RNA editing QTLs (edQTLs), reducing dsRNA 
editing and contributing to inflammation-driven diseases like dyslipi
demia and atherosclerosis. These dsRNAs, including Alu elements and 
cis-natural antisense transcripts (cis-NATs), act as potent immunogenic 
substrates for MDA5 [123]. Additionally, editing of transcripts encoding 
key lipid transporters has been associated with altered cholesterol efflux 
and foam cell formation—processes integral to atherogenesis [130].

These findings underscore RNA editing as a central mechanism 
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linking immune dysregulation to atherosclerotic disease, providing a 
novel target for therapeutic intervention. 

• Influence on Endothelial and Smooth Muscle Cell Function

Endothelial cells (ECs) and smooth muscle cells (SMCs) play pivotal 
roles in the pathogenesis of atherosclerosis, contributing to both the 
progression and stabilization of plaques [131–133].

Smooth muscle cells (SMCs) can adapt to their environment by 
shifting from a contractile state to a proliferative one when exposed to 
signals from vascular endothelial or inflammatory cells. This trans
formation, while contributing to plaque growth in atherosclerosis, also 
plays a stabilizing role in advanced plaques by reinforcing the fibrous 
cap and reducing rupture risk [134,135]. Evidence suggests that 
ADAR1-mediated RNA editing may influence this phenotypic switch. 
During platelet-derived growth factor (PDGF)-BB-induced transition, 
intronic RNA editing of SMC markers such as SMC myosin heavy chain 
(MYH11) and smooth muscle α-actin (ACTA2) leads to their pre-mRNA 
accumulation, accompanied by decreased mature mRNA and protein 
levels. This reduction, potentially caused by alternative splicing, aligns 
with hallmark features of the phenotypic switch [136]. Although these 
findings suggest a regulatory role for RNA editing in SMC biology, 
further in vitro and in vivo studies are needed to elucidate the under
lying mechanisms, including the involvement of alternative splicing 
variants.

Furthermore, RNA editing on the pre-mRNA of Filamin A by ADAR2 
has proven to be a crucial mechanism for maintaining smooth muscle 
cell function. This process introduces a Q-to-R codon change at the end 
of exon 42, which is necessary for regulating key contraction pathways, 
including phospholipase C (PLC) and Rho-associated protein kinase 
(ROCK) signaling. Lack of editing in Filamin A pre-mRNA produces a 
Filamin A isoform that only encodes a glutamine (Q) residue. This 
alteration disrupts the localization of p190RhoGAP, impairs PLC and 
ROCK activity, increases MLC phosphorylation, and leads to aortic 
hypercontractility. These effects contribute to thickening of the smooth 
muscle layer and increased perivascular collagen deposition, ultimately 
resulting in persistently high diastolic blood pressure and left ventricular 
hypertrophy in mice [137]. This A-to-I editing event also affects endo
thelial cell function and the endothelial response to VEGFA. Filamin A 
editing in endothelial cells leads to reduced endothelial cell migration 
and reduced angiogenesis, both in tumor models, as well as in a mouse 
model for peripheral artery disease [138]. Intraplaque angiogenesis can 
lead to plaque destabilization, thereby aggravating atherosclerotic dis
ease [139], but angiogenesis is also a crucial process in blood flow re
covery after acute cardiovascular disease. 

• Potential Contributions of A-to-I Editing to RNA Stability and 
Translation Efficiency in Atherosclerotic Lesions

Adenosine-to-inosine (A-to-I) RNA editing can also impact RNA 
stability and translation efficiency, two crucial factors in regulating gene 
expression within atherosclerotic plaques. Stellos et al. [58] uncovered a 
novel mechanism involving ADAR1-mediated clustered RNA editing 
within the 3’ UTR of the cathepsin S (CTSS) mRNA, a gene with known 
pro-inflammatory role in vascular function and atherosclerosis 
[140–142]. The edited regions were located within inverted Alu repeats 
in the CTSS 3’ UTR, forming double-stranded RNAs essential for A-to-I 
editing [143,144]. These editing-induced structural changes, create 
loops in the RNA structure that facilitate the binding of Human Antigen 
R (HuR), a single-stranded RNA-binding protein [58]. HuR binding 
stabilizes the CTSS mRNA, enhancing its expression at both the mRNA 
and protein levels, with functional consequences for vascular endothe
lial cells [145,146]. Interestingly, hypoxia and inflammation were 
identified as key regulators of ADAR1-mediated editing of CTSS, 
encompassing various stages of cardiovascular disease. In more detail, 
editing of CTSS is increased under hypoxic or pro-inflammatory 

conditions in vitro, and in individuals with coronary or carotid athero
sclerotic disease [58]. Another example of the role of A-to-I RNA editing 
in enhancing RNA stability is highlighted by NEAT1, a long non-coding 
RNA involved in endothelial inflammation. As described in detail 
earlier, ADAR1-mediated RNA editing stabilizes NEAT1 by increasing 
AUF1 binding to inosine-rich regions, a mechanism crucial in promoting 
pro-inflammatory signaling in atherosclerotic plaques [128]. 

• The Role of RNA Modifications and Editing in MicroRNA Biology and 
Their Implications for Atherosclerosis

A-to-I RNA editing also intersects with microRNA (miRNA) biology, 
which plays a central role in post-transcriptional gene regulation. 
miRNAs regulate the expression of target genes by binding to comple
mentary sequences in mRNA molecules, leading to their degradation or 
translational repression. RNA editing can influence miRNA biology 
through both direct and indirect mechanisms. Directly, A-to-I editing of 
miRNA precursor molecules can affect their maturation, stability, and 
target specificity, altering the repertoire of genes they regulate. Indi
rectly, RNA editing can modify the binding sites for miRNAs within the 
3’ UTRs of mRNA targets, affecting miRNA accessibility and the regu
lation of those transcripts [147].

RhoA and cell division control protein 42 homolog (Cdc42) are key 
members of the Rho GTPase family, which are widely expressed and 
play critical roles in cellular processes. The activity of RhoA is regulated 
by Rho GTPase-activating protein 26 (ARHGAP26), which converts the 
active GTP-bound form of RhoA to its inactive GDP-bound state, influ
encing various Rho-related pathways, including those implicated in 
cardiovascular diseases [148,149]. Interestingly, the 3’ UTR of ARH
GAP26 transcript undergoes significant A-to-I RNA editing by ADAR1, 
which disrupts the binding sites for miR-30b-3p and miR-573. This 
mechanism enhances the ability of ARHGAP26 to negatively regulate 
RhoA and Cdc42, a critical cell cycle regulator. In the absence of ADAR1- 
mediated A-to-I RNA editing, this regulatory mechanism is compro
mised, leading to increased RhoA-GTP activity and a loss of proper RhoA 
control [150].

Another example of the interplay between A-to-I editing and miRNA 
regulation can be found in the arylhydrocarbon receptor (AhR), known 
to contribute to atherosclerosis development [151]. More specifically, 
ADAR1-mediated editing in the 3’ UTR of AhR mRNA creates a recog
nition motif for miR-378. The enhanced interaction between miR-378 
and the edited AhR mRNA leads to the repression of both AhR mRNA 
and protein expression [152].

A direct interaction between RNA editing and miRNA is evident in 
the role of ADAR2-mediated editing in cardiac health, as evident by 
Altaf et al. [153]. ADAR2 editing affects both coding and non-coding 
RNAs, including miRNAs, which play a pivotal role in heart develop
ment and function. In ADAR2-deficient mouse hearts, small RNA 
sequencing revealed a significant reduction in miR-29b levels. miR-29b 
is known to inhibit cardiac fibrosis through the TGF-β/Smad3 pathway, 
suggesting that the loss of ADAR2 editing disrupts miR-29b regulatory 
functions, potentially promoting fibrosis [153]. In addition to miR-29b, 
other miRNAs, including the let-7 family exhibited significant down
regulation in ADAR2-deficient mouse hearts [153]. Dysregulated 
expression of let-7 miRNAs has been associated with various cardio
vascular diseases, including fibrosis, hypertrophy, myocardial infarc
tion, and atherosclerosis [154–156].

A different study identified increased RNA editing in the primary 
transcript of miR-487b-3p in mouse gastrocnemius muscle lysates, as 
well as in primary human arterial fibroblasts, following ischemia [157]. 
The critical editing event was found to occur within the seed region of 
the mature miRNA, which plays a crucial role in determining mRNA 
target specificity [157,158]. As a result, the alteration in the seed region 
changes the miRNA binding preferences, leading to the de-repression of 
several proangiogenic genes that are no longer complementary to the 
edited seed sequence of miR-487b-3p. Using both in vitro and in vivo 
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assays, this study revealed that angiogenesis and arterial sprouting were 
driven specifically by the edited variant of miR-487b-3 [158]. A few 
years later, the same authors demonstrated that A-to-I RNA editing oc
curs in 35 miRNAs associated with vascular activity [159]. Notably, 
under ischemic conditions, levels of specific primary miRNAs from 
vascular fibroblasts and endothelial cells, along with their editing rates, 
showed a significant increase. In some mature miRNAs, editing was 
detected within the seed region, altering their target specificity and 
enhancing angiogenesis in both in vitro and ex vivo settings. Editing of 
vasoactive microRNAs depended on both ADAR1 and/or ADAR2 in a 
microRNA-specific manner. Furthermore, silencing ADAR1 or ADAR2 
resulted in a substantial reduction of expression of most vasoactive 
miRNAs. These findings highlight ADAR's pivotal role in vascular re
sponses and its potential as a therapeutic target in atherosclerosis.

In conclusion, miRNAs, which have been widely proposed as po
tential biomarkers and effectors of cardiovascular diseases (CVD) 
[160,161], are increasingly recognized for their susceptibility to RNA 
editing events in the context of atherosclerosis and cardiovascular 
ischemia. These findings not only expand our understanding of RNA 
editing as a crucial layer of gene regulation but also highlight the po
tential of edited miRNAs as novel biomarkers or therapeutic targets for 
atherosclerosis and related cardiovascular diseases. Further exploration 
of these interactions could pave the way for advanced diagnostic and 
treatment strategies in CVD management. 

• Potential Contributions of A-to-I Editing in circular RNAs Biology 
and Their Implications for Atherosclerosis

Emerging research highlights the significant roles of circRNAs in the 
development and progression of cardiovascular diseases [162]. Notable 
examples include circANRIL, which exerts atheroprotective effects in 
endothelial cells, circDLGAP4, which is associated with beneficial out
comes in ischemic stroke, and circTLK1, which is linked to adverse ef
fects in the same condition [163–165]. Increased RNA editing in intronic 
regions has been shown to reduce circRNA levels [166], potentially 
contributing to structural heart diseases such as heart failure and dilated 
cardiomyopathy, as well as to atherosclerosis [162,167,168].

A recent study highlights the critical role of A-to-I RNA editing in 
regulating the formation of circular RNAs (circRNAs) in the human 
heart, particularly under conditions of heart failure. A key finding is the 
marked reduction in RNA editing, particularly within intronic Alu ele
ments of protein-coding genes, in failing hearts. This decrease in editing 
was attributed to reduced levels of ADAR2 and was associated with an 
increase in circRNA levels, with circAKAP13 being one of the most 
significantly upregulated circRNAs. Functional experiments further 
revealed that overexpression of circAKAP13 in human-induced plurip
otent stem cell-derived cardiomyocytes (hiPSC-CMs) impaired sarco
mere regularity, indicating its potential pathological role in heart 
failure. Restoration of ADAR2 reversed these effects, decreasing circRNA 
levels and restoring RNA editing activity [33].

4. Challenges and future perspectives

Epitranscriptomic research is rapidly advancing, revealing tremen
dous potential for unraveling pathophysiological processes and devel
oping novel therapeutic interventions. However, to fully harness its 
capabilities, significant challenges must be addressed at both technical 
and conceptual levels.

Recent advances in sequencing technology have enabled high- 
throughput discovery of epitranscriptomic signatures across the tran
scriptome. RNA modifications like N6-methyladenosine (m6A) were 
identified using immunoprecipitation-based approaches, such as meRIP- 
seq, which rely on antibodies to enrich modified RNA fragments for 
sequencing. While these methods facilitated the initial discovery of m6A 
modifications within DRACH motifs [169], they have limitations in 
resolution and specificity. The advent of Oxford Nanopore Technologies 

(ONT) and its direct RNA sequencing approach represents a significant 
leap forward [170,171]. This technology provides direct information on 
RNA modifications through changes in electrical current during 
sequencing, complemented by bioinformatics pipelines. Additionally, 
the integration of adaptive sampling in ONT sequencing allows for the 
real-time enrichment of low-abundance RNAs, such as non-coding 
RNAs. This feature enhances the detection of rare transcripts by selec
tively focusing sequencing efforts on these target sequences [172]. This 
capability is especially useful for profiling plaque heterogeneity, where 
low-abundance RNA species can provide critical insights into the mo
lecular dynamics of atherosclerosis. While currently limited to identi
fying m6A and 5-methylcytosine (5mC), rapid advancements in 
computational methods are expected to expand its capabilities to 
include other modifications like inosine (A-to-I editing) and pseudour
idine. Despite these breakthroughs, several technical limitations persist. 
Direct RNA sequencing requires substantial amounts of starting mate
rial, which restricts its use for low-input samples. Additionally, the 
current protocols are dependent on polyadenylated RNAs, thereby 
excluding non-poly(A)-tailed RNAs, such as certain long non-coding 
RNAs (lncRNAs) and circular RNAs (circRNAs), from analysis. Further
more, existing ONT protocols are not yet capable of studying small RNA 
species, such as miRNAs, leaving their modification landscapes largely 
unexplored. Additionally, the validation of specific RNA modification 
sites, remains challenging due to technical constraints. Techniques like 
reverse transcription-based qPCR, which leverage the reduced retro
transcription efficiency of enzymes like BstI at methylated sites, offer a 
promising and cost-effective alternative for residue-specific m6A quan
tification [173]. BstI polymerase struggles to retrotranscribe RNA at 
m6A-modified residues due to the conformational hindrance caused by 
the methyl group, resulting in diminished efficiency at these sites. 
However, the sensitivity of the method to detect subtle differences in 
methylation levels and their applicability to diverse RNA contexts 
require further optimization.

To address these challenges, single-cell RNA sequencing (scRNA-seq) 
offers a powerful approach for resolving cellular heterogeneity. Unlike 
bulk sequencing, which averages gene expression across populations, 
scRNA-seq enables the analysis of individual cells, allowing for the 
identification of rare or distinct subpopulations. This is particularly 
important in complex tissues like atherosclerotic plaques, where 
different VSMC subpopulations and macrophage subsets exhibit unique 
roles in disease progression [174]. By providing insights into cell-type- 
specific epitranscriptomic signatures, single-cell sequencing can un
cover how RNA modifications contribute to cellular behavior and the 
overall pathology of atherosclerosis, potentially revealing new thera
peutic targets.

Beyond technological challenges, understanding the biological 
relevance of specific RNA modifications remains limited. Most studies 
focus on global changes in m6A levels using knockout or overexpression 
of key enzymes, such as METTL3 or FTO. While these approaches pro
vide valuable insights, they often overlook the nuanced effects of indi
vidual RNA modification sites. Investigating the functional impact of 
single modifications is crucial, particularly as observed changes in m6A 
levels in biological systems are often subtle (10–30 %). Determining 
whether such differences exert significant regulatory effects and how to 
study them remains an open question. One promising strategy involves 
introducing target RNAs with and without specific modifications into 
cells to measure phenotypic outcomes. For instance, modified and un
modified miRNAs have been transfected to assess their functional dif
ferences, yielding intriguing insights [175]. Another approach leverages 
CRISPR technology, which can be coupled with RNA modification en
zymes. Using guide RNAs to direct catalytically inactive CRISPR- 
associated proteins, such as dCas13b, to specific RNA sites enables 
precise targeting of RNA modification enzymes [176]. Writers or 
erasers, can then be recruited to edit specific RNA transcripts at defined 
locations. This approach allows researchers to study the effects of in
dividual RNA modifications on cellular processes without affecting 
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global RNA modification levels.
Epitranscriptomics is beginning to transition from bench research to 

clinical applications, offering exciting therapeutic possibilities. For 
instance, RNA editing has emerged as a promising strategy for treating 
genetic disorders. One notable example is the application of adenosine- 
to-inosine (A-to-I) editing to correct mutations responsible for diseases 
like Alpha-1 Antitrypsin Deficiency (AATD) [177]. This genetic disor
der, caused by the E342K mutation in the SERPINA1 gene, leads to 
misfolded alpha-1 antitrypsin (AAT) protein and associated lung and 
liver pathology. Targeted oligonucleotide platforms, such as Wave Life 
Sciences' WVE-006 and Korro Bio's KRRO-110™ [178], recruit endog
enous ADAR enzymes to specifically edit the mutated RNA, restoring 
functional AAT protein production and addressing the root cause of the 
disease. These pioneering efforts highlight the therapeutic potential of 
RNA editing and epitranscriptomic modulation. Extending these tech
nologies to treat atherosclerosis-related diseases could open new fron
tiers in cardiovascular medicine by targeting RNA modifications that 
influence endothelial dysfunction, inflammation, and smooth muscle 
cell behavior.

To fully realize the potential of epitranscriptomics in transforming 
therapeutic strategies for atherosclerosis and other diseases, several key 
advancements are needed. First, the development of more sensitive and 
versatile technologies is crucial. This includes improving methods for 
low-input and non-poly(A)-dependent RNA sequencing, as well as 
establishing protocols capable of analyzing small RNAs and other 
challenging RNA classes. Second, there is a need to deepen our under
standing of site-specific modification effects. This entails shifting the 
focus from global RNA modifications to single-site analyses, supported 
by functional assays and innovative tools like CRISPR-based RNA edit
ing. Additionally, integrating epitranscriptomics with other omics 
approaches—such as genomics, transcriptomics, proteomics, and 
metabolomics—can provide a comprehensive view of regulatory net
works in both health and disease. Finally, translating these insights into 
therapeutic applications, including RNA-targeting drugs for athero
sclerosis and other complex conditions, represents a promising frontier 
for the field.

5. Conclusion

The role of epitranscriptomic marks in physiology and disease 
development, including atherosclerosis, has only recently been recog
nized. Changes in RNA methylation status, RNA editing or alternative 
splicing associated with disease development, remain to be fully char
acterized. The discovery of new molecular tools to assess or reproduce 
RNA modifications in experimental conditions has allowed a greater 
knowledge of the functional role of these modifications in the mainte
nance and dysregulation of vascular homeostasis. With the excitement of 
the research community around the RNA World consecutive to mRNA- 
based vaccines against COVID-19, strengthened by three recent Nobel 
Prizes dedicated to non-coding RNAs, RNA modifications and RNA 
editing, the RNA field is in a booming phase and may become the next 
generation of molecular targets for “theranostic” approaches [179]. 
Combined with other omics data in a multiomics manner, epitran
scriptomics may help advance personalized healthcare to reduce the 
burden of atherosclerotic cardiovascular disease.
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