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Role of eRNASs in Cardiovascular Diseases
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Abstract: Enhancer RNAs (eRNAs), a class of non-coding RNAs transcribed from enhancer re-
gions, have emerged as critical regulators of gene expression in cardiovascular diseases (CVDs),
which are among the leading causes of morbidity and mortality in China. The pathogenesis of
CVD is complex, involving precise regulation of diverse biological processes. Recent advances
in epigenetics have highlighted the pivotal role of eRNAs in gene regulation. This review sum-
marizes the fundamental characteristics of eRNAs and their mechanisms of action in CVD, fo-
cusing on how they regulate gene expression through enhancer-promoter looping, chromatin re-
modeling, and transcriptional control. Key eRNAs, including IRENES, CARMEN, LINC00607,
HERNAT1, PSMB8-AS1, and WISPER, are discussed in detail, emphasizing their roles in patho-
logical processes, such as cardiac development, vascular remodeling, atherosclerosis, and fibro-
DOL: sis. These eRNAs interact with transcription factors and others to influence cardiovascular gene
10.2174/011573403X375542250529182602 regulatory networks. Advances in high-throughput sequencing have identified eRNAs as poten-

tial biomarkers and therapeutic targets in CVDs, offering implications for diagnosis, treatment,
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and precision medicine. For instance, targeting CARMEN may attenuate atherosclerosis, while
LEENE could address endothelial dysfunction. Despite their therapeutic potential, further studies
are needed to elucidate the mechanisms underlying eRNAs function and their roles in CVD
pathogenesis. A deeper understanding of eRNAs may pave the way for novel therapeutic strate-
gies in cardiovascular medicine.
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1. INTRODUCTION an urgent need to develop new and effective targeted thera-
pies for more precise risk stratification and disease manage-
ment, which requires an in-depth understanding of the under-
lying molecular mechanisms that drive the progression of

CVDs [6-8].

In recent years, with the advancement of genomic re-
search, the importance of precise gene expression regulation
in cardiovascular function has become increasingly evident.
Epigenetics has provided novel insights into understanding
these regulatory mechanisms, and a growing body of evi-
dence suggests that epigenetic modifications play a critical
role in the pathogenesis of many cardiovascular diseases [9,
10], particularly in how gene expression is regulated through
DNA regulatory elements. These elements, including pro-

Cardiovascular diseases (CVDs) are one of the leading
causes of mortality worldwide, posing a significant threat to
public health [1]. CVDs encompass a wide range of condi-
tions, including coronary heart disease (CHD), hypertension,
cardiac hypertrophy, and heart failure (HF), imposing a sub-
stantial burden on individual health and global healthcare
systems. The etiology of cardiovascular diseases is complex
and involves multiple biological mechanisms. Pathological
processes, such as autophagy and apoptosis, have been
shown to play a significant role in the onset of cardiovascu-
lar diseases across various species [2-5]. Therefore, there is
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moters, enhancers, silencers, and insulators, are central to
gene expression control. Among them, enhancers have gar-
nered significant attention. First described in 1981, the en-
hancer was cloned from the simian virus 40 (SV40) and con-
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sists of a 72 base-pair (bp) DNA sequence that increases the
expression of associated genes in a cis-regulatory manner,
independent of distance and orientation [11, 12]. Enhancers
are critical for maintaining cardiovascular development and
function [13, 14], and variations in enhancer sequences can
lead to abnormal heart development [15, 16]. For example,
the second heart field enhancer influences the cardiac gene
regulatory network involving GATA6 and NKX2-5, affect-
ing conotruncal defects caused by outflow tract malfor-
mations [17]. Cardiac development is governed by complex
gene regulatory networks, known as cardiac gene regulatory
networks (GRNs), which orchestrate the spatial and temporal
regulation of intricate biological processes. Enhancers sup-
port these gene regulatory networks, enabling precise spatio-
temporal patterns of gene expression in response to devel-
opmental and environmental stimuli [18]. It was not until
2010 that research on enhancers became a focal point. When
researchers found that RNA polymerase II could aggregate
at enhancer elements and was able to respond dynamically to
signaling, and through the use of high-throughput sequenc-
ing, it was discovered that enhancers are widely transcribed
into a type of non-coding RNA transcript called enhancer
RNA [19, 20].

In recent years, there has been increasing attention on the
study of enhancer RNAs (eRNAs) due to their unique bio-
logical properties and functions, particularly in gene expres-
sion regulation [21-23]. eRNAs function primarily by inter-
acting with RNA polymerase II, transcription factors, and
RNA-binding protein [24-26], facilitating the formation of
enhancer-promoter loops [27], which, in turn, activate the
expression of target genes. Additionally, eRNAs enhance
chromatin accessibility by altering the spatial conformation
of chromatin, thereby promoting the binding of RNA poly-
merase I to specific genomic loci [28]. Notably, eRNAs can
also be synthesized before the transcription of target genes
and interact with the negative elongation factor complex,
thereby facilitating productive transcriptional elongation
[29]. Research has shown that eRNAs play a critical role in
cell-specific gene expression, particularly under pathological
conditions. Abnormal eRNA expression has been closely
linked to the dysregulated activation of disease-related genes
in conditions, such as cancer, immune disease, and cardio-
vascular diseases [30-32]. As a result, eRNAs hold great
promise as potential diagnostic and therapeutic targets for
human diseases.

As eRNAs continue to be investigated across various
fields, their roles in the heart remain largely unexplored.
This review summarizes the fundamental characteristics and
biological functions of eRNAs, with a particular focus on
their molecular mechanisms and functions in the context of
cardiovascular diseases. A deeper understanding of these
mechanisms will enhance our knowledge of regulatory net-
works and highlight the potential clinical applications of
eRNAs as biomarkers for cardiovascular diseases.

1.1. Search Strategy

We performed a comprehensive literature search in the
PubMed database using the keyword "enhancer RNA" com-
bined with "cardiovascular disease" or its related terms (e.g.,
"atherosclerosis", "heart failure") from database inception to
December 2024. Studies were included if they directly in-
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vestigated the role of enhancer RNAs (eRNAs) in the patho-
genesis, diagnosis, or treatment of cardiovascular diseases,
covering experimental models (in vitro, in vivo, or clinical
studies) and mechanistic explorations of eRNA functions.

2. BASIC CHARACTERISTICS AND BIOLOGICAL
FUNCTIONS OF ERNAS

eRNAs are most simply defined as non-coding tran-
scripts produced within a valid enhancer region. eRNAs can
be generated as non-polyadenylated, bidirectional, and un-
stable transcripts [19, 33, 34]. They can also be produced as
longer, unidirectional, polyadenylated, relatively stable, and
sometimes spliced transcripts, which are often referred to as
enhancer-associated long non-coding RNAs (IncRNAs) [20,
35-38]. Regions producing eRNAs are typically enriched
with specific epigenetic marks, such as a high ratio of
H3K4mel (monomethylation) to H3K4me3 (trimethylation)
and H3K27ac (acetylation) marks [34, 39, 40]. These marks
are closely associated with enhancer activity, indicating that
these regions are in an open chromatin state, which facili-
tates transcription factor binding. As most eRNAs are pri-
marily non-polyadenylated and unstable, they are prone to
rapid degradation. Consequently, they are mainly localized
within the nucleus and enriched in chromatin-associated
fractions [19, 20, 33, 41]. eRNAs do not encode proteins,
and their structural characteristics suggest that eRNAs play a
unique and crucial role in gene regulation.

In addition, there is a more active type of enhancer
known as a super-enhancer, which is similarly enriched with
high levels of RNA polymerase II (RNA Pol IT) [19] (Fig. 1).
Transcription factors associated with super-enhancers exhibit
higher conservation across different species, with a conser-
vation rate twice that of typical enhancer sites [42]. Super-
enhancers surpass regular enhancers in terms of transcrip-
tional activity, genomic coverage, transcription factor con-
centration, cell specificity, sensitivity to perturbations, and
disease relevance, demonstrating stronger gene regulatory
capabilities and potential therapeutic applications [43-46].
Super-enhancers can produce super-enhancer RNAs
(seRNAs), most of which are unidirectionally polyadenylat-
ed, rendering them more stable and with a longer half-life
compared to non-polyadenylated eRNAs [47]. seRNAs can
regulate transcription in both cis and trans manners to coor-
dinate precise patterns of gene expression [42, 46, 48]. In
summary, super-enhancers play a crucial role in gene regula-
tion and have significant potential for developing treatments
for various diseases by influencing gene expression in spe-
cific ways, which could lead to new therapeutic approaches.

eRNAs were originally considered to be transcriptional
noise enhancers [49]. Studies have shown that eRNAs are
rapidly degraded by cells due to their short length, which
supports the "noise hypothesis". Indeed, most eRNAs are
unstable, and their identification relies on various high-
sensitivity sequencing and analytical techniques [50]. Preci-
sion Nuclear Run-On Sequencing (PRO-seq) [51] and Glob-
al Run-On Sequencing (GRO-seq) [52] are crucial methods
for identifying eRNAs. Chromatin Immunoprecipitation Se-
quencing (ChIP-seq) [53], Cap Analysis of Gene Expression
Sequencing (CAGE-seq) [54], and Transient Transcriptome
sequencing (TT-seq) [55, 56] are also widely used in eRNA
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research. Additionally, the BruUV-seq method employs ul-
traviolet light to introduce transcription-blocking DNA dam-
age, followed by bromouridine labeling of nascent RNA and
subsequent deep sequencing to identify and enhance eRNA
signal peaks [57]. Another high-sensitivity method for de-
tecting unstable eRNAs is the adaptive CAGE approach
(NET-CAGE), which involves lysing and isolating nascent
RNA and using cap-trapping technology for 5' end sequenc-
ing [58]. Furthermore, the CRISPR/Cas9 system can be uti-
lized to insert or delete DNA fragments at loci to study the
role of eRNAs in gene regulation and cellular processes [59].
Fluorescence in situ hybridization (FISH) can also be em-
ployed with specific probes to detect eRNAs, confirming
their presence and colocalization [60]. Advanced imaging
protocols for single-molecule fluorescence in situ hybridiza-
tion (smFISH) allow for the visualization and localization of
RNA molecules within cells [61, 62]. These methods pro-
vide comprehensive, rich tools for studying eRNAs, advanc-
ing our understanding of enhancer RNA functions and their
roles in gene regulation.

The multifaceted functions of eRNAs in gene regulation
have become a significant focus of research in recent years.
Studies have shown that enhancers and promoters form loop
structures within which high levels of eRNAs are expressed.
eRNAs interact with the cohesin complex and the mediator
complex to stabilize these structures and modulate the ex-
pression of target genes [63, 64] (Fig. 1). In estrogen-
dependent transcriptional activation, eRNAs enhance the
strength of enhancer-promoter loops, contributing to gene
activation [65]. Moreover, eRNA plays a pivotal role in
chromatin remodeling and gene regulation. It acts as a chro-
matin modifier, regulating chromatin remodeling in various
genomic regulatory regions to facilitate gene activation and
dosage regulation [28, 66]. Mechanistically, eRNA interacts
with chromatin-modifying enzymes, such as CBP/p300,
leading to an increase in H3K27 acetylation and a decrease
in H3K4 trimethylation, thereby promoting gene transcrip-
tion. This chromatin modification pattern favors a more open
chromatin conformation, facilitating gene expression. Fur-
thermore, these modifications offer potential therapeutic
strategies for CBP/p300-associated diseases, including can-
cer and neurodegenerative disorders [67]. This modification
renders chromatin more active, facilitating gene expression.
Additionally, eRNAs are involved in the formation of chro-
matin loops, a process essential for gene regulation [68, 69].
eRNAs regulate the heparanase (HPSE) gene and drive the
chromatin-modifying hnRNPU/p300/EGR1/HPSE axis in
cancer, promoting cancer progression [70]. Secondly, eR-
NAs influence gene transcriptional activity by interacting
with transcription factors or transcriptional regulators [68,
71, 72]. For example, the eRNA CARMEN binds to the tran-
scription factor GATA, thereby activating the expression of
cardiac-specific genes (such as NKX2.5 and MESP1) and
maintaining the differentiation state and function of cardiac
cells [73]. The eRNA of RGSI1 recruits the transcription fac-
tor FOXJ3 to precisely activate RGS1 expression and further
promotes osteoclast differentiation via the PLC-IP3R-
dependent Ca®* signaling pathway, accelerating the patho-
logical progression of rheumatoid arthritis, leading to bone
destruction and aggravated inflammation [25]. Moreover,
eRNA can promote the recruitment of RNAPII and other
transcription factors, enhancing the transcriptional activity of
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promoter regions [74]. It also facilitates the release of the
NELF from the RNAPII complex, thereby increasing tran-
scription elongation efficiency and precisely regulating gene
expression [29]. Notably, the functions of eRNA are not
limited to transcriptional regulation; it may also indirectly
affect mRNA stability and translation efficiency through
transcriptional activation of enhancer regions, thus partici-
pating in post-transcriptional regulation [75, 76]. These func-
tions highlight the significant roles that eRNAs play in vari-
ous aspects of gene regulation, from enhancer regulation to
chromatin remodeling, transcription, and post-transcriptional
regulation. Collectively, these findings underscore the criti-
cal role of eRNAs, as products of enhancers, in regulating
gene expression through multiple mechanisms, emphasizing
their indispensable position in gene expression regulation
[27].

3. ERNAS IN CARDIOVASCULAR DISEASES

With the advent of new high-throughput genomics and
epigenomics technologies, many researchers are now explor-
ing novel frontiers of enhancer-associated long non-coding
RNAs (IncRNAs) in cardiac development and disease. The
mechanisms of several well-studied eRNAs involved in car-
diovascular diseases, including IRENES, CARMEN,
LINC00607, HERNA, PSMBg-AS1, and WISPER, are
summarised in Table 1. These factors function not only as
eRNAs but also as cardiac enhancers and the expression of
their target genes. Numerous studies have shown that the
discovery of eRNAs mechanisms provides a promising ther-
apeutic target for the treatment of cardiovascular diseases.

3.1. IRENES

IRENES (Intergenic Regulatory Element Nkx2-5 Enhanc-
ers) are IncRNAs transcribed from the enhancers of the cardi-
ac GRN determinant transcription factor (TF) Nkx2-5. Nkx2-5
mutations have been recognized as a major cause of congeni-
tal heart defects (CHDs) [17]. Nkx2-5 is a gene that plays a
critical role in heart development and cardiac homeostasis,
with its expression being tightly regulated both temporally and
spatially during carcinogenesis. The Nkx2-5 locus contains an
enhancer region that encodes two eRNAs, namely IRENE-SS
and IRENE-div. These two eRNAs have contrasting functions
in regulating Nkx2-5 expression. IRENE-SS functions as a
classical eRNA with transcriptional activator properties, re-
cruiting NKX2-5 to its gene enhancer to promote Nkx2-5
transcription. Conversely, IRENE-div acts as a non-
conventional eRNA with transcriptional repressor functions,
enhancing enhancer acetylation and reducing SIRT1 binding
to inhibit Nkx2-5 transcription. The balance between these
two eRNAs is crucial for the regulation of Nkx2-5 expression
and the normal development and homeostasis of cardiomyo-
cytes [60]. Additionally, Nkx2-5 can transcriptionally regulate
Tbx5/GLS2/ferroptosis in cardiomyocytes by directly binding
to its super-enhancer and the IncRNA Snhg7, thereby enhanc-
ing their activation. This mechanism plays a significant role in
cardiac hypertrophy [77].

3.2. CARMEN

CARMEN (cardiac mesoderm enhancer-associated
noncoding RNA), also known as CARMEN, is a noncoding
RNA associated with cardiac mesodermal enhancers,
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Fig. (1). The enhancer and promoter form a loop structure, within which high levels of eRNA are expressed. eRNA interacts with the cohesin
complex and the mediator complex to establish and stabilize the enhancer-promoter loop. (A higher resolution / colour version of this figure

is available in the electronic copy of the article).

Table 1. The role of eRNAs in cardiovascular diseases.
Identified eRNAs Target Gene Disease Type Mechanism References
IRENE-SS promotes Nkx2-5 transcription, while IRENE-
IRENES Nkx2-5 CHD div inhibits Nkx2-5 transcription by reducing SIRT1 bind- [60]
ing.
CARMEN regulates the phenotype transformation of
CARMEN miR-143, miR-145, AS, AAA, and HTN sTnooth r.nuscle.: cells and- re.lated disease processes throu.gh (80, 82, 83]
SRF interaction with transcription factors, such as myocardin
and SRF.
LINC0060 lat dothelial cell functi d -
LINC00607 c-Mye AS and CVDs C ‘7 regulates ‘en o e. ia ce. unction and vascu (88, 91]
lar formation through interactions with c-Myc and BRG1.
LEENE regulates endothelial cell function and vascular
LEENE eNOS HTN and CAD formation by enhancing eNOS transcription and interact- [95, 96]
ing with LEO1 and MYC.
HERNA1 regulates hypoxic responses and pathological
i inding to the h; ia-i ible fact
HERNAI Syt17, SMG1 AS and HCM gene expression l?y bilndlng o the yPO)-ua 1nfiu<-:1b e factor [98, 99]
HIF-1lo and activating gene transcription within the en-
hancer-promoter region.
PSMB8-ASI accelerates monocyte and macrophage adhe-
sion and vascular inflammation by activating the NO-
PSMBg-AS1 PSMB 9 CVD . . [104]
NO/PSMBY/ZEB axis to promote the expression of
VCAMI and ICAM1.
WISPER Wisp2 AOS and CM WISPEB stabili?es th.e transcripts O.f c?llagen S}.fnthesis [106, 107]
genes by interacting with the RNA-binding protein TIAR.
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initially identified in studies of cardiac differentiation [73]. It
has been implicated in both cardiac development and vascu-
lar biology. CARMEN, originally termed MIR143HG,
serves as the host gene for miR-143 and miR-145, which are
generated through alternative splicing. The miR-143/145
cluster primarily regulates smooth muscle cell (SMC) differ-
entiation and phenotypic switching in response to vascular
injury and remodeling [78]. In the context of atherosclerosis,
CARMEN has been reported to drive VSMCs toward a pro-
proliferative, pro-migratory, and dedifferentiated phenotype
via the miR-143/145 axis in vitro [79]. In mouse models
with CARMEN knockout induced by CRISPR-Cas9, the
absence of CARMEN accelerated the progression of athero-
sclerosis, emphasizing its regulatory role. Furthermore,
CARMEN was found to colocalize with the nuclei of
VSMCs in both murine and human atherosclerotic plaques,
and its deletion in low-density lipoprotein receptor-deficient
(LDLR-/-) mice significantly reduced the size of atheroscle-
rotic lesions. Mechanistically, CARMEN interacts with se-
rum response factor (SRF) to regulate VSMC plasticity,
thereby mediating the development of atherosclerosis [80].
Intriguingly, other studies suggest that CARMEN promotes
the contractile phenotype of VSMCs via interaction with the
transcriptional cofactor myocardin, independent of the miR-
143/145 pathway. Notably, CARMEN deletion exacerbated
vascular injury in mouse models, while its overexpression
partially restored vascular function in a rat model of arterial
injury [81].

Beyond atherosclerosis, CARMEN has been implicated
in other cardiovascular pathologies. During cardiac devel-
opment, CARMEN interacts with the core components of
polycomb repressive complex 2 (PRC2), SUZ12, and EZH2
to regulate the differentiation of cardiac progenitor cells
(CPCs) and cardiac specification [73]. In abdominal aortic
aneurysms (AAAs), CARMEN prevents aneurysm formation
by modulating SRF activity and inhibiting the phenotypic
switching of VSMC [82]. Moreover, in hypertensive pa-
tients, CARMEN expression is significantly upregulated and
positively correlated with left ventricular mass index [83]. In
addition to this, one of the CARMEN isoforms, CARMEN-
201, is essential for SMC formation. C-201 represses the
expression of cardiomyocyte-associated transcription factors,
including ISL1, IRX1, IRXS, and SFRP1, by interacting
with the transcription factor REST. This prevents CPCs from
developing into cardiomyocytes and instead promotes their
differentiation into SMCs [84].CARMN has also been exten-
sively studied in other areas, including colorectal cancer
[85], cervical cancer [86], and breast cancer [87]. These
findings underscore the importance of studying CARMEN as
an enhancer RNA (eRNA), given its multifaceted roles
across various systems and diseases. Its diverse functions
provide promising avenues for exploring CARMEN as a
potential biomarker and therapeutic target in the diagnosis
and treatment of human diseases.

3.3. LINC00607

LINCO00607, a long non-coding RNA (IncRNA) derived
from a super-enhancer, has recently been identified and is
enriched in cell types associated with atherosclerosis [88].
Predominantly expressed in endothelial cells (ECs) and
VSMCs in human arteries [89], LINC00607 plays a signifi-
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cant role in regulating endothelial cell functions, such as
angiogenesis, VEGF production, and wound healing, as well
as VSMC functions, including cell proliferation and migra-
tion. Notably, c-Myc has been identified as an upstream
transcriptional regulator of LINC00607, acting as a stimulus-
dependent transcription factor that inhibits LINC00607 tran-
scription under high glucose conditions. Consequently,
LINCO00607 may contribute to vascular dysfunction in condi-
tions, such as diabetes, and inhibitors of LINC00607 can
reverse the dysfunction induced by high glucose and TNFa
in endothelial cells [89]. Further research is required to elu-
cidate the molecular mechanisms through which LINC00607
regulates its downstream targets and its involvement in dif-
ferent cell types and environments.

LINCO00607 expression levels are also associated with en-
dothelial dysfunction and vascular inflammation. By interact-
ing with the pro-inflammatory and pro-fibrotic gene SER-
PINE1, LINCO00607 plays a crucial role in regulating endothe-
lial cell functions [90]. Additionally, LINC00607 is involved
in endothelial dysfunction and endothelial-to-mesenchymal
transition (EndoMT). It interacts with genes, such as SMAD3,
COLA4, and CTGF, which promote these processes. Further-
more, research has demonstrated that LINC00607 affects en-
dothelial cell function by regulating gene expression and
chromatin accessibility, thereby influencing angiogenesis and
vascularization. Knockdown of LINCO00607 results in the
downregulation of several genes associated with the VEGF
signaling pathway. LINC00607 maintains the transcription of
ERG target genes by interacting with the chromatin remodel-
ing factor BRG1, affecting chromatin accessibility and the
availability of transcription factor binding sites, thus regulat-
ing gene transcription [91]. In summary, these studies suggest
that LINC00607 may represent a potential therapeutic target
for cardiovascular diseases.

3.4. LEENE

LEENE (IncRNA that enhances eNOS expression) is a
recently discovered IncRNA involved in endothelial cell
homeostasis, identified through its epigenetic regulation of
vascular endothelium [92]. LEENE is differentially regulated
by pulsatile shear stress and oscillatory shear stress, and its
expression is upregulated by KLF2 and KLF4. LEENE en-
hances endothelial nitric oxide synthase (eNOS) transcrip-
tion through chromatin interaction, thereby promoting nitric
oxide production and modulating endothelial cell (EC) func-
tion [93]. In the development of atherosclerosis, LEENE
alleviates the transcriptional inhibition of ABCA1 by pro-
moting the degradation of Forkhead Box O1 (FoxO1), there-
by enhancing cholesterol efflux, reducing lipid accumula-
tion, and mitigating the progression of atherosclerosis [94].
Additionally, LEENE plays a crucial role in the pathophysi-
ology of hypertension. In an Angll-induced hypertension
model, LEENE-deficient mice exhibited more severe hyper-
tension, cardiac hypertrophy, fibrosis, and kidney damage,
suggesting that LEENE may be an important regulator of
blood pressure. However, its exact mechanism of action re-
quires further investigation [95].

Beyond its role in atherosclerosis and hypertension,
LEENE also plays a pivotal regulatory role in peripheral ar-
tery disease and ischemic lesions related to diabetes. Research
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has shown that LEENE interacts with LEO1, a key component
of the RNA polymerase II-associated factor complex, and the
critical angiogenesis transcription factor MYC, promoting the
transcription of pro-angiogenic genes KDR and NOS3, thus
regulating angiogenesis and tissue perfusion [96]. Moreover,
in high-glucose environments, LEENE expression is sup-
pressed, leading to impaired angiogenic capacity. However,
increased LEENE levels can enhance ischemic repair, provid-
ing a potential therapeutic target for ischemic diseases related
to diabetes [97]. Although multiple studies have revealed the
role of LEENE in cardiovascular diseases, its precise regulato-
ry mechanisms and potential clinical applications still require
further exploration.

3.5. HERNA1

HERNAI1 (hypoxia-inducible enhancer RNA) represents
a novel cardiac-specific non-coding RNA that is robustly
induced under pathological stress. As an eRNA, HERNA1
plays a crucial role in modulating gene programs related to
growth, metabolism, and contraction in disease contexts.
HERNAT1 is produced via the direct binding of hypoxia-
inducible factor 1 alpha (HIF-1a) to hypoxia response ele-
ments within the enhancer-promoter region. This binding
facilitates the induction of adjacent genes, including synap-
totagmin XVII (Sytl7) and SMG1, which are implicated in
the hypoxic response. The interaction of HERNA1 with the
promoter regions of Sytl7 and Smgl triggers hypoxia-
responsive transcriptional activity, leading to pathological
growth, glycolytic phenotype, and Sytl7-driven contractile
dysfunction, which are characteristic of pressure-overload
cardiomyopathy. Studies have demonstrated that inhibition
of HERNAT1 post-disease onset can reverse left ventricular
hypertrophy and dysfunction, thereby enhancing overall sur-
vival rates. Consequently, HERNA1 emerges as a potential
molecular target for cardiovascular disease therapy [98, 99].

3.6. PSMB8-AS1

PSMB8-AS1 has garnered attention as an eRNA associ-
ated with various malignancies [100-102]. Emerging evi-
dence also implicates its involvement in autoimmune diseas-
es, such as systemic lupus erythematosus [103]. Recent find-
ings have indicated that PSMB8-AS1 plays a crucial role in
the progression of cardiovascular diseases. Notably,
PSMBS8-ASI levels are significantly elevated in the serum of
patients with coronary artery disease, with a marked increase
in expression observed within atherosclerotic plaques.
PSMB8-AS1 promotes the adhesion of monocytes and mac-
rophages and accelerates vascular inflammation. Mechanis-
tically, PSMB9 mediates PSMB8-AS1-induced expression
of VCAM1 and ICAM1. Downregulation of PSMBg-AS1 or
inhibition of the NONO/PSMBY/ZEB1 axis has been found
to exert protective effects against atherosclerotic cardiovas-
cular disease [104]. As a PSMB9 inhibitor, KZR-616 has
entered phase III clinical trials for the treatment of lupus
nephritis [105]. Developing novel enhancer-associated long
non-coding RNA-based strategies to combat atherosclerotic
cardiovascular diseases is of paramount importance.

3.7. WISPER

WISPER (Wisp2 super-enhancer—associated RNA) is a
polyadenylated, multi-exon transcript enriched in cardiac
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fibroblasts (CFs). WISPER expression is upregulated in re-
sponse to stress conditions, such as myocardial infarction
(MI). It exerts its function through interaction with the RNA-
binding protein TIAR (TIA1l cytotoxic granule-associated
RNA-binding protein), leading to the stabilization of tran-
scripts bound to TIAR, including the prolyl 4-hydroxylase 2
(Plod2) gene involved in collagen synthesis. Knockdown of
WISPER in CFs results in decreased expression of Plod2
and other ECM-related genes, leading to reduced collagen
production and fibrosis. Beyond its role in CFs, WISPER
also acts as a sponge for microRNAs (miRNAs) targeting
fibrosis-related genes. By sequestering these miRNAs,
WISPER prevents their inhibitory effects on fibrosis-related
genes, thereby further promoting fibrosis. In animal models,
prophylactic depletion of WISPER using GapmeRs (anti-
sense oligonucleotides) reduces cardiac fibrosis post-MI.
Knockout of the WISPER gene results in decreased expres-
sion of ECM-related genes and improved cardiac function.
In summary, WISPER plays a crucial role in regulating car-
diac fibrosis through its interaction with TIAR, stabilization
of ECM-related transcripts, and sequestration of fibrosis-
associated miRNAs. Its depletion shows potential as a thera-
peutic strategy to reduce cardiac fibrosis and remodeling
[106, 107].

CONCLUSION

In recent years, with the advent of new high-throughput
genomics and epigenomics technologies, there has been a
growing interest in new frontiers of enhancer landscapes and
associated IncRNAs in cardiac development and disease
[108-110]. The pathogenesis of cardiovascular diseases is a
complex biological process that is tightly regulated by mul-
tiple pathways. Dysregulation of these pathways is mediated
by genetic and epigenetic changes in both protein-coding
genes and non-coding regulatory elements, which have been
shown to play roles in cardiovascular diseases [15, 16]. eR-
NAs are involved in the complex cardiac gene regulatory
networks (GRNS) in the cardiovascular system, and compre-
hensive studies on eRNAs can reveal mechanisms of cardio-
vascular diseases. For example, the expression of eRNAs is
associated with major regulatory factors in cardiac develop-
ment, such as Mespl, NKX2.5, and Gata4. Moreover,
IncRNAs have the potential for reprogramming factors, ena-
bling the direct reprogramming of non-cardiomyocytes, such
as cardiac fibroblasts, into cardiomyocytes. eRNAs hold
great potential in cardiac regeneration [60].

Beyond cardiac regeneration, the coordinated spatiotem-
poral execution of cardiac gene regulatory networks (GRNs)
is crucial during heart development and the onset of CVDs.
eRNAs interact with specific transcription factors (TFs) to
participate in these GRNs and modulate the progression of
CVD. Key TF genes, such as Mespl, Nkx2.5, GATAA4,
TBXS5, Hand2, and SRF, play essential roles in cardiac gene
regulation. Within these networks, the long non-coding RNA
(IncRNA), Bvht, has emerged as an important regulatory
locus-transcribed IncRNA, previously identified to be en-
riched in cardiac-specific enhancers [111]. Bvht acts up-
stream in the transcriptional regulation of Mespl by modu-
lating SUZ12, a component of Polycomb Repressive Com-
plex 2 (PRC2). During cardiomyocyte differentiation,
SUZ12 targets and binds to promoter regions of cardiac-
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Fig. (2). Enhancer RNAs (eRNAs) play a crucial role in the regulation of cardiac genes, forming a regulatory network that includes key tran-
scription factor (TF) genes, such as Mespl, Nkx2.5, Tbx5, Hand2, and SRF. Within this network, Bvht acts upstream by regulating Mesp1.
Specifically, Bvht modulates SUZ12, a component of the Polycomb Repressive Complex 2 (PRC2), which is composed of SUZ12, EZH2,
and EED. Through its interaction with SUZ12, Bvht further influences the promoter regions of cardiac-specific genes, such as Mespl,
Hand2, and Nkx2.5, playing a key role in cardiomyocyte differentiation. Fendrr is another molecule that interacts with the PRC2 compo-
nents, EZH2 and SUZ12, which is critical for heart development. Additionally, the eRNA CARMEN interacts with PRC2 components
SUZ12 and EZH2, contributing to cardiomyocyte differentiation. CARMEN also associates with SRF, playing a role in the regulation of
atherosclerosis. The Tbx5-associated eRNA RACER, by binding to chromatin, may stabilize the connection between enhancers and promot-
ers, directly contributing to the regulation of the calcium-handling gene Ryr2, thereby affecting cardiac rhythm. Nkx2.5 and its associated
eRNAs, IRENE-SS and IRENE-div, are also crucial in the regulation of heart development. There is also molecular interaction between the
key cardiac transcription factors NKX2.5 and TBXS. Together, these essential TFs and eRNAs form a regulatory network governing cardiac

gene expression. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

specific genes, such as Mespl, Hand2, and Nkx2-5. The
binding of SUZ12 to these promoters is critical for regulat-
ing the epigenetic state and expression levels of these genes
[32]. Numerous IncRNAs have been shown to interact with
PRC2; one such transcript, Fendrr, essential for heart and
body wall development in both humans and mice, interacts
with the PRC2 components EZH2 and SUZ12. Fendrr facili-
tates the accumulation of PRC2 at target gene promoters
(such as Foxfl and Pitx2), thereby increasing H3K27me3 (a
repressive mark) levels and inhibiting the expression of these
genes [112]. Similarly, the eRNA CARMEN interacts with
SUZ12 and EZH2, components of PRC [73]. Additionally,
Hand?2, a critical transcription factor for reprogramming fibro-
blasts into cardiomyocytes, is tightly regulated by upstream
enhancers. The Hand2-associated long non-coding RNA, re-
ferred to as upper hand (Uph), functions by regulating the
Hand2 gene expression during cardiac development [113].
Furthermore, Tbx5-associated eRNA RACER, by binding to
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chromatin, may stabilize the enhancer-promoter interactions
and directly modulate the expression of the calcium-regulating
gene Ryr2 [114]. Molecular interactions also exist between the
cardiac transcription factors NKX2.5 and TBXS [115]. These
key TFs interact with eRNAs, forming a comprehensive car-
diac gene regulatory network (Fig. 2).

eRNAs also show potential clinical applications in the
diagnosis and treatment of cardiovascular diseases (CVDs)
[116]. For example, in Fabry disease (FD), which frequently
affects the heart, the expression of enhancer RNAs can be
monitored for diagnosis and therapeutic purposes [117]. In
patients with atherosclerosis, the associated vascular in-
flammation may be altered by controlling eRNA expression,
thereby improving prognosis [80]. Cardiac fibroblast-
specific eRNA expression may be regulated to reduce fibro-
sis [107]. For example, endothelial nitric oxide synthase may
play an important role in cardiovascular physiology by cata-
lyzing the production of nitric oxide. eRNA molecules like
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LEENE could be used as therapeutic targets to control hy-
pertensive disorders [96].

Therefore, research on these non-coding transcriptional
regions is crucial for the treatment of cardiovascular diseas-
es. Although the number of identified eRNAs is still limited,
they have already shown great potential as new therapeutic
strategies for cardiovascular diseases. Thus, it is necessary to
further investigate the relationship between eRNAs and car-
diovascular diseases. In the future, a deeper understanding of
the mechanisms by which eRNAs regulate gene expression
and their specific roles in the pathogenesis of diseases will
help identify new therapeutic targets and biomarkers for car-
diovascular diseases. Through these studies, eRNAs are ex-
pected to become an important component of precision med-
icine and personalized therapy, offering new breakthroughs
in the prevention, diagnosis, and treatment of cardiovascular
diseases.

AUTHORS’ CONTRIBUTIONS

The authors confirm their contribution to the paper as
follows: study conception and design: CS; draft manuscript:
YL, JC, and XL; validation: HT and XF. All authors re-
viewed the results and approved the final version of the
manuscript.

LIST OF ABBREVIATIONS

CHD = Coronary Heart Disease
CVDs = Cardiovascular Diseases
eRNAs = Enhancer RNAs

GRNs = Gene Regulatory Networks
HF = Heart Failure

IncRNAs = Long Non-coding RNAs

CONSENT FOR PUBLICATION
Not applicable.

FUNDING

This work was supported by grants from the National
Natural Science Foundation of China (No. 62302206), Hu-
nan Provincial Health High-Level Talent Scientific Research
Project (No. R2023131), Natural Science Foundation of Hu-
nan Province (No. 2023JJ30547, 2023JJ60051, and
2023JJ40594), Health Research Project of Hunan Provincial
Health Commission (No. W20241008 and W20243224),
Innovation Platform and Talent Program (No. 2023TP1047),
Clinical Research 4310 Program of the First Affiliated Hos-
pital of the University of South China (No.
20214310NHYCGO03).

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

Declared none.

€1573403X375542

Current Cardiology Reviews, 2026, Vol. 22, No. 2

DECLARATION

Some clipart icons appearing in Figures 1 and 2 were
generated using BioRender (https:// biorender.com).

REFERENCES

[1] Joseph P, Leong D, McKee M, ef al. Reducing the global burden of
cardiovascular disease, Part 1. Circ Res 2017; 121(6): 677-94.
http://dx.doi.org/10.1161/CIRCRESAHA.117.308903 PMID:
28860318

[2] Zhang Y, Yin K, Wang D, ef al. Polystyrene microplastics-induced
cardiotoxicity in chickens via the ROS-driven NF-kB-NLRP3-
GSDMD and AMPK-PGC-1a axes. Sci Total Environ 2022; 840:
156727.
http://dx.doi.org/10.1016/j.scitotenv.2022.156727 PMID:
35714743

[3] Zhao H, Wang Y, Liu J, ef al. The cardiotoxicity of the common
carp (Cyprinus carpio) exposed to environmentally relevant con-
centrations of arsenic and subsequently relieved by zinc supple-
mentation. Environ Pollut 2019; 253: 741-8.
http://dx.doi.org/10.1016/j.envpol.2019.07.065 PMID: 31344536

[4] Hou L, Dong H, Zhang E, ef al. A new insight into fluoride induces
cardiotoxicity in chickens: Involving the regulation of
PERK/IREI/ATF6 pathway and heat shock proteins. Toxicology
2024; 501: 153688.
http://dx.doi.org/10.1016/j.t0x.2023.153688 PMID: 38036095

[5] Li S, Zhao H, Wang Y, et al. Regulation of autophagy factors by
oxidative stress and cardiac enzymes imbalance during arsenic
or/and copper induced cardiotoxicity in gallus gallus. Ecotoxicol
Environ Saf 2018; 148: 125-34.
http://dx.doi.org/10.1016/j.ecoenv.2017.10.018 PMID: 29035754

[6] Pearson TA, Smith SC, Poole-Wilson P. Cardiovascular specialty
societies and the emerging global burden of cardiovascular disease:
A call to action. Circulation 1998; 97(6): 602-4.
http://dx.doi.org/10.1161/01.CIR.97.6.602 PMID: 9494032

[7] Mensah GA, Roth GA, Fuster V. The global burden of cardiovas-
cular diseases and risk factors. ] Am Coll Cardiol 2019; 74(20):
2529-32.
http://dx.doi.org/10.1016/j.jacc.2019.10.009 PMID: 31727292

[8] Coronado F, Melvin SC, Bell RA, Zhao G. Global responses to
prevent, manage, and control cardiovascular diseases. Prev Chronic
Dis 2022; 19: 220347.
http://dx.doi.org/10.5888/pcd19.220347 PMID: 36480801

[9] van der Harst P, de Windt LJ, Chambers JC. Translational perspec-
tive on epigenetics in cardiovascular disease. ] Am Coll Cardiol
2017; 70(5): 590-606.
http://dx.doi.org/10.1016/j.jacc.2017.05.067 PMID: 28750703

[10] Muka T, Koromani F, Portilla E, ef al. The role of epigenetic modi-
fications in cardiovascular disease: A systematic review. Int J Car-
diol 2016; 212: 174-83.
http://dx.doi.org/10.1016/j.ijcard.2016.03.062 PMID: 27038728

[11] Banerji J, Rusconi S, Schaffner W. Expression of a B-globin gene
is enhanced by remote SV40 DNA sequences. Cell 1981; 27(2):
299-308.
http://dx.doi.org/10.1016/0092-8674(81)90413-X PMID: 6277502

[12] Moreau P, Hen R, Wasylyk B, Everett R, Gaub MP, Chambon P.
The SV40 72 base repair repeat has a striking effect on gene ex-
pression both in SV40 and other chimeric recombinants. Nucleic
Acids Res 1981; 9(22): 6047-68.
http://dx.doi.org/10.1093/nar/9.22.6047 PMID: 6273820

[13] Wamstad JA, Wang X, Demuren OO, Boyer LA. Distal enhancers:
New insights into heart development and disease. Trends Cell Biol
2014; 24(5): 294-302.
http://dx.doi.org/10.1016/j.tcb.2013.10.008 PMID: 24321408

[14] Anene-Nzelu CG, Lee MCJ, Tan WLW, Dashi A, Foo RSY. Ge-
nomic enhancers in cardiac development and disease. Nat Rev
Cardiol 2022; 19(1): 7-25.
http://dx.doi.org/10.1038/s41569-021-00597-2 PMID: 34381190

[15] Jindal GA, Bantle AT, Solvason JJ, et al. Single-nucleotide vari-
ants within heart enhancers increase binding affinity and disrupt
heart development. Dev Cell 2023; 58(21): 2206-2216.e5.
http://dx.doi.org/10.1016/j.devcel.2023.09.005 PMID: 37848026

11



Current Cardiology Reviews, 2026, Vol. 22, No. 2

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

12

Parisi C, Vashisht S, Winata CL. Fish-Ing for enhancers in the
heart. Int J Mol Sci 2021; 22(8): 3914.
http://dx.doi.org/10.3390/ijms22083914 PMID: 33920121
Yamaguchi N, Chang EW, Lin Z, ef al. An anterior second heart
field enhancer regulates the gene regulatory network of the cardiac
outflow tract. Circulation 2023; 148(21): 1705-22.
http://dx.doi.org/10.1161/CIRCULATIONAHA.123.065700
PMID: 37772400

Dupays L, Mohun T. Spatiotemporal regulation of enhancers dur-
ing cardiogenesis. Cell Mol Life Sci 2017; 74(2): 257-65.
http://dx.doi.org/10.1007/s00018-016-2322-y PMID: 27497925
Kim TK, Hemberg M, Gray JM, et al. Widespread transcription at
neuronal activity-regulated enhancers. Nature 2010; 465(7295):
182-7.

http://dx.doi.org/10.1038/nature09033 PMID: 20393465

De Santa F, Barozzi I, Mietton F, et al. A large fraction of extra-
genic RNA pol II transcription sites overlap enhancers. PLoS Biol
2010; 8(5): €1000384.
http://dx.doi.org/10.1371/journal.pbio.1000384 PMID: 20485488
Statello L, Guo CJ, Chen LL, Huarte M. Gene regulation by long
non-coding RNAs and its biological functions. Nat Rev Mol Cell
Biol 2021; 22(2): 96-118.
http://dx.doi.org/10.1038/s41580-020-00315-9 PMID: 33353982
Mangiavacchi A, Morelli G, Orlando V. Behind the scenes: How
RNA orchestrates the epigenetic regulation of gene expression.
Front Cell Dev Biol 2023; 11: 1123975.
http://dx.doi.org/10.3389/fcell.2023.1123975 PMID: 36760365
Bose DA, Berger SL. eRNA binding produces tailored CBP activi-
ty profiles to regulate gene expression. RNA Biol 2017; 14(12):
1655-9.
http://dx.doi.org/10.1080/15476286.2017.1353862
28891741

Liu F. Enhancer-derived RNA: A primer. Genomics Proteomics
Bioinf 2017; 15(3): 196-200.
http://dx.doi.org/10.1016/j.gpb.2016.12.006 PMID: 28533025
Yuan L, Jiang N, Li Y, Wang X, Wang W. RGS1 enhancer RNA
promotes gene transcription by recruiting transcription factor
FOXJ3 and facilitates osteoclastogenesis through PLC-IP3R-
dependent Ca® response in rheumatoid arthritis. Inflammation
2025; 48(1): 447-63.
http://dx.doi.org/10.1007/s10753-024-02067-6 PMID: 38904871
Huang Z, Yu H, Du G, et al. Enhancer RNA Inc-CES1-1 inhibits
decidual cell migration by interacting with RNA-binding protein
FUS and activating PPARy in URPL. Mol Ther Nucleic Acids
2021; 24: 104-12.

http://dx.doi.org/10.1016/j.0mtn.2021.02.018 PMID: 33738142
Tan H, Liu T, Zhou T. Exploring the role of eRNA in regulating
gene expression. Math Biosci Eng 2021; 19(2): 2095-119.
http://dx.doi.org/10.3934/mbe.2022098 PMID: 35135243

Mousavi K, Zare H, Dell’Orso S, et al. eRNAs promote transcrip-
tion by establishing chromatin accessibility at defined genomic lo-
ci. Mol Cell 2013; 51(5): 606-17.
http://dx.doi.org/10.1016/j.molcel.2013.07.022 PMID: 23993744
Schaukowitch K, Joo JY, Liu X, Watts JK, Martinez C, Kim TK.
Enhancer RNA facilitates NELF release from immediate early
genes. Mol Cell 2014; 56(1): 29-42.
http://dx.doi.org/10.1016/j.molcel.2014.08.023 PMID: 25263592
Cai YM, Lu ZQ, Li B, ef al. Genome-wide enhancer RNA profil-
ing adds molecular links between genetic variation and human can-
cers. Mil Med Res 2024; 11(1): 36.
http://dx.doi.org/10.1186/s40779-024-00539-2 PMID: 38863031
Ren C, Liu F, Ouyang Z, et al. Functional annotation of structural
ncRNAs within enhancer RNAs in the human genome: Implica-
tions for human disease. Sci Rep 2017; 7(1): 15518.
http://dx.doi.org/10.1038/s41598-017-15822-7 PMID: 29138457
Plaisance I, Perruchoud S, Fernandez-Tenorio M, ef al. Cardiomy-
ocyte lineage specification in adult human cardiac precursor cells
via modulation of enhancer-associated long noncoding RNA ex-
pression. JACC Basic Transl Sci 2016; 1(6): 472-93.
http://dx.doi.org/10.1016/j.jacbts.2016.06.008 PMID: 29707678
Andersson R, Gebhard C, Miguel-Escalada I, ef al. An atlas of
active enhancers across human cell types and tissues. Nature 2014;
507(7493): 455-61.

http://dx.doi.org/10.1038/nature12787 PMID: 24670763

PMID:

€1573403X375542

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

Lietal

Kaikkonen MU, Spann NJ, Heinz S, ef al. Remodeling of the en-
hancer landscape during macrophage activation is coupled to en-
hancer transcription. Mol Cell 2013; 51(3): 310-25.
http://dx.doi.org/10.1016/j.molcel.2013.07.010 PMID: 23932714
Koch F, Fenouil R, Gut M, et al. Transcription initiation platforms
and GTF recruitment at tissue-specific enhancers and promoters.
Nat Struct Mol Biol 2011; 18(8): 956-63.
http://dx.doi.org/10.1038/nsmb.2085 PMID: 21765417

Kim A, Zhao H, Ifrim I, Dean A. Beta-globin intergenic transcrip-
tion and histone acetylation dependent on an enhancer. Mol Cell
Biol 2007; 27(8): 2980-6.
http://dx.doi.org/10.1128/MCB.02337-06 PMID: 17283048

Melgar MF, Collins FS, Sethupathy P. Discovery of active enhanc-
ers through bidirectional expression of short transcripts. Genome
Biol 2011; 12(11): R113.
http://dx.doi.org/10.1186/gb-2011-12-11-r113 PMID: 22082242
Hah N, Murakami S, Nagari A, Danko CG, Kraus WL. Enhancer
transcripts mark active estrogen receptor binding sites. Genome
Res 2013; 23(8): 1210-23.

http://dx.doi.org/10.1101/gr.152306.112 PMID: 23636943

Djebali S, Davis CA, Merkel A, et al. Landscape of transcription in
human cells. Nature 2012; 489(7414): 101-8.
http://dx.doi.org/10.1038/nature11233 PMID: 22955620
Heintzman ND, Hon GC, Hawkins RD, et al. Histone modifica-
tions at human enhancers reflect global cell-type-specific gene ex-
pression. Nature 2009; 459(7243): 108-12.
http://dx.doi.org/10.1038/nature07829 PMID: 19295514

Core LJ, Waterfall JJ, Gilchrist DA, et al. Defining the status of
RNA polymerase at promoters. Cell Rep 2012; 2(4): 1025-35.
http://dx.doi.org/10.1016/j.celrep.2012.08.034 PMID: 23062713
Hah N, Benner C, Chong LW, Yu RT, Downes M, Evans RM.
Inflammation-sensitive super enhancers form domains of coordi-
nately regulated enhancer RNAs. Proc Natl Acad Sci USA 2015;
112(3): E297-302.

http://dx.doi.org/10.1073/pnas.1424028112 PMID: 25564661
Wang X, Cairns MJ, Yan J. Super-enhancers in transcriptional
regulation and genome organization. Nucleic Acids Res 2019;
47(22): gkz1038.

http://dx.doi.org/10.1093/nar/gkz1038 PMID: 31724731

Molvaer OI, Albrektsen G. Alternobaric vertigo in professional
divers. Undersea Biomed Res 1988; 15(4): 271-82.

PMID: 3212844

Vasileva AV, Gladkova MG, Ashniev GA, et al. Super-enhancers
and their parts: From prediction efforts to pathognomonic status.
Int J Mol Sci 2024; 25(6): 3103.
http://dx.doi.org/10.3390/ijms25063103 PMID: 38542080

Wu M, Shen J. From super-enhancer non-coding RNA to immune
checkpoint: Frameworks to functions. Front Oncol 2019; 9: 1307.
http://dx.doi.org/10.3389/fonc.2019.01307 PMID: 31824865
Giesen-Crouse E, Fandeleur P, Welsch C, et al. Binding of loop
diuretics to their renal receptors: Use as a screening model for po-
tential diuretic activity. Fundam Clin Pharmacol 1988; 2(3): 145-
57.
http://dx.doi.org/10.1111/j.1472-8206.1988.tb00628.x
3402896

Xiao S, Huang Q, Ren H, Yang M. The mechanism and function of
super enhancer RNA. Genesis 2021; 59(5-6): €23422.
http://dx.doi.org/10.1002/dvg.23422 PMID: 34028961

Kowalczyk MS, Hughes JR, Garrick D, et al. Intragenic enhancers
act as alternative promoters. Mol Cell 2012; 45(4): 447-58.
http://dx.doi.org/10.1016/j.molcel.2011.12.021 PMID: 22264824
Song C, Zhang G, Mu X, ef al. eRNAbase: A comprehensive data-
base for decoding the regulatory eRNAs in human and mouse. Nu-
cleic Acids Res 2024; 52(D1): D81-91.
http://dx.doi.org/10.1093/nar/gkad925 PMID: 37889077

Wang J, Zhao Y, Zhou X, Hiebert SW, Liu Q, Shyr Y. Nascent
RNA sequencing analysis provides insights into enhancer-mediated
gene regulation. BMC Genomics 2018; 19(1): 633.
http://dx.doi.org/10.1186/s12864-018-5016-z PMID: 30139328
Hah N, Danko CG, Core L, ef al. A rapid, extensive, and transient
transcriptional response to estrogen signaling in breast cancer cells.
Cell 2011; 145(4): 622-34.
http://dx.doi.org/10.1016/j.cell.2011.03.042 PMID: 21549415

PMID:



Role of eRNAs in Cardiovascular Diseases

[53]

[54]

[53]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Blinka S, Reimer MH, Pulakanti K, Pinello L, Yuan GC, Rao S.
Identification of transcribed enhancers by genome-wide chromatin
immunoprecipitation sequencing. Methods Mol Biol 2017; 1468:
91-109.

http://dx.doi.org/10.1007/978-1-4939-4035-6_8 PMID: 27662872
Murakawa Y, Yoshihara M, Kawaji H, ef al. Enhanced identifica-
tion of transcriptional enhancers provides mechanistic insights into
diseases. Trends Genet 2016; 32(2): 76-88.
http://dx.doi.org/10.1016/j.tig.2015.11.004 PMID: 26780995
Michel M, Demel C, Zacher B, et al. TT-seq captures enhancer
landscapes immediately after T-cell stimulation. Mol Syst Biol
2017; 13(3): 920.

http://dx.doi.org/10.15252/msb.20167507 PMID: 28270558
Schwalb B, Michel M, Zacher B, et al. TT-seq maps the human
transient transcriptome. Science 2016; 352(6290): 1225-8.
http://dx.doi.org/10.1126/science.aad9841 PMID: 27257258
Magnuson B, Veloso A, Kirkconnell KS, et al. Identifying tran-
scription start sites and active enhancer elements using BruUV-seq.
Sci Rep 2015; 5(1): 17978.

http://dx.doi.org/10.1038/srep17978 PMID: 26656874

Hirabayashi S, Bhagat S, Matsuki Y, et al. NET-CAGE character-
izes the dynamics and topology of human transcribed cis-
regulatory elements. Nat Genet 2019; 51(9): 1369-79.
http://dx.doi.org/10.1038/s41588-019-0485-9 PMID: 31477927
Roux BT, Lindsay MA, Heward JA. Knockdown of nuclear-
located enhancer RNAs and long ncRNAs using locked nucleic ac-
id GapmeRs. Methods Mol Biol 2017; 1468: 11-8.
http://dx.doi.org/10.1007/978-1-4939-4035-6_2 PMID: 27662866
Salamon I, Serio S, Bianco S, et al. Divergent transcription of the
Nkx2-5 locus generates two enhancer RNAs with opposing func-
tions. iScience 2020; 23(9): 101539.
http://dx.doi.org/10.1016/j.is¢i.2020.101539 PMID: 33083767
Shibayama Y, Fanucchi S, Mhlanga MM. Visualization of enhanc-
er-derived noncoding RNA. Methods Mol Biol 2017; 1468: 19-32.
http://dx.doi.org/10.1007/978-1-4939-4035-6_3 PMID: 27662867
Rahman S, Zorca CE, Traboulsi T, ef al. Single-cell profiling re-
veals that eRNA accumulation at enhancer—promoter loops is not
required to sustain transcription. Nucleic Acids Res 2017; 45(6):
3017-30.

http://dx.doi.org/10.1093/nar/gkw1220 PMID: 27932455

Wang R, Tang Q. Current advances on the important roles of en-
hancer RNAs in molecular pathways of cancer. Int J Mol Sci 2021;
22(11): 5640.

http://dx.doi.org/10.3390/ijms22115640 PMID: 34073237

Kim YW, Lee S, Yun J, Kim A. Chromatin looping and eRNA
transcription precede the transcriptional activation of gene in the -
globin locus. Biosci Rep 2015; 35(2): ¢00179.
http://dx.doi.org/10.1042/BSR20140126 PMID: 25588787

Li W, Notani D, Ma Q, et al. Functional roles of enhancer RNAs
for oestrogen-dependent transcriptional activation. Nature 2013;
498(7455): 516-20.

http://dx.doi.org/10.1038/nature12210 PMID: 23728302

Chen T, Dent SYR. Chromatin modifiers and remodellers: Regula-
tors of cellular differentiation. Nat Rev Genet 2014; 15(2): 93-106.
http://dx.doi.org/10.1038/nrg3607 PMID: 24366184

Bose DA, Donahue G, Reinberg D, Shiekhattar R, Bonasio R,
Berger SL. RNA binding to CBP stimulates histone acetylation and
transcription. Cell 2017; 168(1-2): 135-149.e22.
http://dx.doi.org/10.1016/j.cell.2016.12.020 PMID: 28086087
Shiekhattar R. Opening the chromatin by eRNAs. Mol Cell 2013;
51(5): 557-8.

http://dx.doi.org/10.1016/j.molcel.2013.08.033 PMID: 24034693
Pezone A, Zuchegna C, Tramontano A, ef al. RNA stabilizes tran-
scription-dependent chromatin loops induced by nuclear hormones.
Sci Rep 2019; 9(1): 3925.
http://dx.doi.org/10.1038/s41598-019-40123-6 PMID: 30850627
Jiao W, Chen Y, Song H, et al. HPSE enhancer RNA promotes
cancer progression through driving chromatin looping and regulat-
ing hnRNPU/p300/EGR1/HPSE axis. Oncogene 2018; 37(20):
2728-45.

http://dx.doi.org/10.1038/s41388-018-0128-0 PMID: 29511351

de Lara JCF, Arzate-Mejia RG, Recillas-Targa F. Enhancer RNAs:
Insights into their biological role. Epigenet Insights 2019; 12:
2516865719846093.

€1573403X375542

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

[83]

[84]

[85]

(86]

Current Cardiology Reviews, 2026, Vol. 22, No. 2

http://dx.doi.org/10.1177/2516865719846093 PMID: 31106290
Arnold PR, Wells AD, Li XC. Diversity and emerging roles of
enhancer RNA in regulation of gene expression and cell fate. Front
Cell Dev Biol 2020; 7: 377.
http://dx.doi.org/10.3389/fcell.2019.00377 PMID: 31993419
Ounzain S, Micheletti R, Arnan C. CARMEN, a human super
enhancer-associated long noncoding RNA controlling cardiac spec-
ification, differentiation and homeostasis. J Mol Cell Cardiol 2015;
89(Pt A): 98-112.

http://dx.doi.org/10.1016/j.yjmcc.2015.09.016 PMID: 26423156
Han Z, Li W. Enhancer RNA: What we know and what we can
achieve. Cell Prolif 2022; 55(4): ¢13202.
http://dx.doi.org/10.1111/cpr.13202 PMID: 35170113

Kim TK, Hemberg M, Gray JM. Enhancer RNAs: A class of long
noncoding RNAs synthesized at enhancers. Cold Spring Harb Per-
spect Biol 2015; 7(1): a018622.
http://dx.doi.org/10.1101/cshperspect.a018622 PMID: 25561718
Ding M, Liu Y, Liao X, Zhan H, Liu Y, Huang W. Enhancer RNAs
(eRNAs): New insights into gene transcription and disease treat-
ment. J Cancer 2018; 9(13): 2334-40.
http://dx.doi.org/10.7150/jca.25829 PMID: 30026829

Zhang Q, Song C, Zhang M, et al. Super-enhancer-driven IncRNA
Snhg7 aggravates cardiac hypertrophy via Tbx5/GLS2/ferroptosis
axis. Eur J Pharmacol 2023; 953: 175822.
http://dx.doi.org/10.1016/j.ejphar.2023.175822 PMID: 37277029
Vacante F, Denby L, Sluimer JC, Baker AH. The function of miR-
143, miR-145 and the MiR-143 host gene in cardiovascular devel-
opment and disease. Vascul Pharmacol 2019; 112: 24-30.
http://dx.doi.org/10.1016/j.vph.2018.11.006 PMID: 30502421
Vacante F, Rodor J, Lalwani MK, et al. CARMN loss regulates
smooth muscle cells and accelerates atherosclerosis in mice. Circ
Res 2021; 128(9): 1258-75.
http://dx.doi.org/10.1161/CIRCRESAHA.120.318688
33622045

Ni H, Haemmig S, Deng Y, ef al. A smooth muscle cell-enriched
long noncoding RNA regulates cell plasticity and atherosclerosis
by interacting with serum response factor. Arterioscler Thromb
Vasc Biol 2021; 41(9): 2399-416.
http://dx.doi.org/10.1161/ATVBAHA.120.315911
34289702

Dong K, Shen J, He X, et al. CARMN is an evolutionarily con-
served smooth muscle cell-specific LncRNA that maintains con-
tractile phenotype by binding myocardin. Circulation 2021;
144(23): 1856-75.
http://dx.doi.org/10.1161/CIRCULATIONAHA.121.055949
PMID: 34694145

Liu S, Zhou H, Han D, ef al. LncRNA CARMN inhibits abdominal
aortic aneurysm formation and vascular smooth muscle cell pheno-
typic transformation by interacting with SRF. Cell Mol Life Sci
2024; 81(1): 175.

http://dx.doi.org/10.1007/s00018-024-05193-4 PMID: 38597937
Kontaraki JE, Marketou ME, Kochiadakis GE, et al. The long non-
coding RNA s MHRT, FENDRRand CARMEN, their expression
levels in peripheral blood mononuclear cells in patients with essen-
tial hypertension and their relation to heart hypertrophy. Clin Exp
Pharmacol Physiol 2018; 45(11): 1213-7.
http://dx.doi.org/10.1111/1440-1681.12997 PMID: 29917257
Plaisance I, Chouvardas P, Sun Y, ef al. A transposable element
into the human long noncoding RNA CARMEN is a switch for car-
diac precursor cell specification. Cardiovasc Res 2023; 119(6):
1361-76.

http://dx.doi.org/10.1093/cvr/cvac191 PMID: 36537036

Zhu M, Xu T, Ji L, Jiang B, Wu K. MIR143HG promotes methyla-
tion of transcription factor HOXB7 promoter by recruiting methyl-
transferase DNMT1 to prevent the progression of colon cancer.
FASEB J 2024; 38(1): ¢23378.
http://dx.doi.org/10.1096/1].202301060RRR PMID: 38127104
Wang L, Zhao H, Fang Y, Yuan B, Guo Y, Wang W. LncRNA
CARMN inhibits cervical cancer cell growth via the miR-92a-
3p/BTG2 /Wnt/B-catenin axis. Physiol Genomics 2023; 55(1): 1-
15.
http://dx.doi.org/10.1152/physiolgenomics.00088.2022
36314369

PMID:

PMID:

PMID:

13



Current Cardiology Reviews, 2026, Vol. 22, No. 2

(87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[1o1]

14

Sheng X, Dai H, Du Y, et al. LncRNA CARMN overexpression
promotes prognosis and chemosensitivity of triple negative breast
cancer via acting as miR143-3p host gene and inhibiting DNA rep-
lication. J Exp Clin Cancer Res 2021; 40(1): 205.
http://dx.doi.org/10.1186/s13046-021-02015-4 PMID: 34162418
Wu Z, Yin H, Guo Y, Yin H, Li Y. Detection of cell-type-enriched
long noncoding RNAs in atherosclerosis using single-cell tech-
niques: A brief review. Life Sci 2023; 333: 122138.
http://dx.doi.org/10.1016/j.1fs.2023.122138 PMID: 37805167
Sriram K, Luo Y, Yuan D, et al. Vascular regulation by super
enhancer-derived LINC00607. Front Cardiovasc Med 2022; 9:
881916.

http://dx.doi.org/10.3389/fcvm.2022.881916 PMID: 35837599
Calandrelli R, Xu L, Luo Y, ef al. Stress-induced RNA—chromatin
interactions promote endothelial dysfunction. Nat Commun 2020;
11(1): 5211.

http://dx.doi.org/10.1038/s41467-020-18957-w PMID: 33060583
Boos F, Oo JA, Warwick T, et al. The endothelial-enriched
IncRNA LINC00607 mediates angiogenic function. Basic Res Car-
diol 2023; 118(1): 5.
http://dx.doi.org/10.1007/s00395-023-00978-3 PMID: 36700983
Man HSJ, Marsden PA. LncRNAs and epigenetic regulation of
vascular endothelium: Genome positioning system and regulators
of chromatin modifiers. Curr Opin Pharmacol 2019; 45: 72-80.
http://dx.doi.org/10.1016/j.coph.2019.04.012 PMID: 31125866
Miao Y, Ajami NE, Huang TS, et al. Enhancer-associated long
non-coding RNA LEENE regulates endothelial nitric oxide syn-
thase and endothelial function. Nat Commun 2018; 9(1): 292.
http://dx.doi.org/10.1038/s41467-017-02113-y PMID: 29348663
Xu C, Meng J, Yu XH, et al. TNFAIP1 promotes macrophage lipid
accumulation and accelerates the development of atherosclerosis
through the LEENE/FoxO1/ABCA1 pathway. J Physiol Biochem
2024; 80(3): 523-39.
http://dx.doi.org/10.1007/s13105-024-01018-x PMID: 38878215
Tang X, Lai CH, Malhi NK, er al. Genetic deletion of the
LINC00520 homolog in mouse aggravates angiotensin ii-induced
hypertension. Noncoding RNA 2023; 9(3): 31.
http://dx.doi.org/10.3390/ncrna9030031 PMID: 37218991

Tang X, Luo Y, Yuan D, ef al. Long noncoding RNA LEENE
promotes angiogenesis and ischemic recovery in diabetes models. J
Clin Invest 2023; 133(3): e161759.
http://dx.doi.org/10.1172/JCI161759 PMID: 36512424

Mimura I, Nangaku M. Epigenetic regulation of angiogenesis and
ischemic response by long noncoding RNA LEENE in diabetes.
Kidney Int 2023; 104(6): 1048-50.
http://dx.doi.org/10.1016/j.kint.2023.06.025 PMID: 37419449
Mirtschink P, Bischof C, Pham MD, ef al. Inhibition of the hypox-
ia-inducible factor lo—induced cardiospecific HERNA1 enhance-
templated RNA protects from heart disease. Circulation 2019;
139(24): 2778-92.
http://dx.doi.org/10.1161/CIRCULATIONAHA.118.036769
PMID: 30922078

Mirtschink P, Krek W. Hypoxia-driven glycolytic and fructolytic
metabolic programs: Pivotal to hypertrophic heart disease. Biochim
Biophys Acta Mol Cell Res 2016; 1863(7): 1822-8.
http://dx.doi.org/10.1016/j.bbamcr.2016.02.011 PMID: 26896647
Zhang H, Zhu C, He Z, Chen S, Li L, Sun C. LncRNA PSMBS-
ASI contributes to pancreatic cancer progression via modulating
miR-382-3p/STAT1/PD-L1 axis. J Exp Clin Cancer Res 2020;
39(1): 179.

http://dx.doi.org/10.1186/513046-020-01687-8 PMID: 32891166
Shen G, Mao Y, Su Z, Du J, Yu Y, Xu F. PSMB8-ASI1 activated
by ELK1 promotes cell proliferation in glioma via regulating miR-
574-5p/RAB10. Biomed Pharmacother 2020; 122: 109658.
http://dx.doi.org/10.1016/j.biopha.2019.109658 PMID: 31812014

€1573403X375542

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

(11

[112]

[113]

[114]

[115]

[116]

[117]

Lietal

Hu T, Wang F, Han G. LncRNA PSMBS8-ASI acts as ceRNA of
miR-22-3p to regulate DDIT4 expression in glioblastoma. Neurosci
Lett 2020; 728: 134896.
http://dx.doi.org/10.1016/j.neulet.2020.134896 PMID: 32151711
Wu J, Deng LJ, Xia YR, et al. Involvement of N6-methyladenosine
modifications of long noncoding RNAs in systemic lupus erythe-
matosus. Mol Immunol 2022; 143: 77-84.
http://dx.doi.org/10.1016/j.molimm.2022.01.006 PMID: 35051888
Li S, He RC, Wu SG, ef al. LncRNA PSMBS8-AS1 instigates vascu-
lar inflammation to aggravate atherosclerosis. Circ Res 2024;
134(1): 60-80.
http://dx.doi.org/10.1161/CIRCRESAHA.122.322360
38084631

Muchamuel T, Fan RA, Anderl JL, et al. Zetomipzomib (KZR-
616) attenuates lupus in mice via modulation of innate and adaptive
immune responses. Front Immunol 2023; 14: 1043680.
http://dx.doi.org/10.3389/fimmu.2023.1043680 PMID: 36969170
Micheletti R, Plaisance I, Abraham BJ, et al. The long noncoding
RNA Wisper controls cardiac fibrosis and remodeling. Sci Transl
Med 2017; 9(395): eaai9l18.
http://dx.doi.org/10.1126/scitranslmed.aai9118 PMID: 28637928
Czajka C. Lnc-ing fibroblasts to cardiac fibrosis. Science 2017,
356(6344): 1243.2-.
http://dx.doi.org/10.1126/science.356.6344.1243-b
28642406

Ounzain S, Pezzuto I, Micheletti R, ef al. Functional importance of
cardiac enhancer-associated noncoding RNAs in heart development
and disease. J Mol Cell Cardiol 2014; 76: 55-70.
http://dx.doi.org/10.1016/j.yjmcc.2014.08.009 PMID: 25149110
Alexanian M, Ounzain S. Long noncoding RNAs in cardiac devel-
opment. Cold Spring Harb Perspect Biol 2020; 12(11): a037374.
http://dx.doi.org/10.1101/cshperspect.a037374 PMID: 31932317
Han L, Yang L. Multidimensional mechanistic spectrum of long
non-coding RNAs in heart development and disease. Front Cardio-
vasc Med 2021; 8: 728746.
http://dx.doi.org/10.3389/fcvim.2021.728746 PMID: 34604357
Kostrzewska A, Sobieszek A. Diverse actions of cadmium on the
smooth muscle myosin phosphorylation system. FEBS Lett 1990;
263(2): 381-4.

http://dx.doi.org/10.1016/0014-5793(90)81419-O PMID: 2335243
Grote P, Wittler L, Hendrix D, ef al. The tissue-specific IncRNA
Fendrr is an essential regulator of heart and body wall development
in the mouse. Dev Cell 2013; 24(2): 206-14.
http://dx.doi.org/10.1016/j.devcel.2012.12.012 PMID: 23369715
Anderson KM, Anderson DM, McAnally JR, Shelton JM, Bassel-
Duby R, Olson EN. Transcription of the non-coding RNA upper-
hand controls Hand2 expression and heart development. Nature
2016; 539(7629): 433-6.

http://dx.doi.org/10.1038/nature20128 PMID: 27783597

Yang XH, Nadadur RD, Hilvering CRE, ef al. Transcription-factor-
dependent enhancer transcription defines a gene regulatory net-
work for cardiac rhythm. eLife 2017; 6: €31683.
http://dx.doi.org/10.7554/eLife.31683 PMID: 29280435

Armengol J. High frequency ventilation in acute lung injury. Br J
Anaesth 1989; 63(7): 11S-5S.

http://dx.doi.org/10.1093/bja/63.7.11 PMID: 2692676

Ounzain S, Pedrazzini T. The promise of enhancer-associated long
noncoding RNAs in cardiac regeneration. Trends Cardiovasc Med
2015; 25(7): 592-602.

http://dx.doi.org/10.1016/j.tcm.2015.01.014 PMID: 25753179
Al-Obaide MA, Islam S, Al-Obaidi I, Vasylyeva TL. Novel en-
hancer mediates the RPL36A4-HNRNPH?2 readthrough loci and GLA
gene expressions associated with fabry disease. Front Genet 2023;
14: 1229088.

http://dx.doi.org/10.3389/fgene.2023.1229088 PMID: 38155709

PMID:

PMID:



	Role of eRNAs in Cardiovascular Diseases
	1. INTRODUCTION
	2. BASIC CHARACTERISTICS AND BIOLOGICALFUNCTIONS OF ERNAS
	3. ERNAS IN CARDIOVASCULAR DISEASES
	Fig. (1).
	Table 1.
	CONCLUSION
	Fig. (2)
	AUTHORS’ CONTRIBUTIONS
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	DECLARATION
	REFERENCES



