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Simple Summary: Cardiac fibrosis is a vital pathophysiologic change in heart disease, which eventu-
ally leads to heart failure. Several molecular mechanisms positively or negatively regulate myocardial
fibrosis, among which long noncoding RNAs have gained increased attention. We summarize the
contributions of lncRNAs to miRNA expression, TGF-β signaling, and ECMs synthesis, with a partic-
ular attention on the exosome-derived lncRNAs in the regulation of adverse fibrosis as well as the
mode of action of lncRNAs secreted into exosomes. We also discuss how the current knowledge on
lncRNAs can be applied to develop novel therapeutic strategies. This study may provide clues for
the prevention and therapy of cardiac fibrosis.

Abstract: Cardiac fibrosis remains an unresolved problem in cardiovascular diseases. Fibrosis of the
myocardium plays a key role in the clinical outcomes of patients with heart injuries. Moderate fibrosis
is favorable for cardiac structure maintaining and contractile force transmission, whereas adverse
fibrosis generally progresses to ventricular remodeling and cardiac systolic or diastolic dysfunction. The
molecular mechanisms involved in these processes are multifactorial and complex. Several molecular
mechanisms, such as TGF-β signaling pathway, extracellular matrix (ECM) synthesis and degradation,
and non-coding RNAs, positively or negatively regulate myocardial fibrosis. Long noncoding RNAs
(lncRNAs) have emerged as significant mediators in gene regulation in cardiovascular diseases. Recent
studies have demonstrated that lncRNAs are crucial in genetic programming and gene expression during
myocardial fibrosis. We summarize the function of lncRNAs in cardiac fibrosis and their contributions to
miRNA expression, TGF-β signaling, and ECMs synthesis, with a particular attention on the exosome-
derived lncRNAs in the regulation of adverse fibrosis as well as the mode of action of lncRNAs secreted
into exosomes. We also discuss how the current knowledge on lncRNAs can be applied to develop novel
therapeutic strategies to prevent or reverse cardiac fibrosis.
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1. Introduction

The essential function of the heart is to supply sufficient blood to peripheral organs
and tissues during both normal and stress conditions. Normal arrangement of individual
cardiomyocytes and constant transmission of contractile force are necessary to maintain
cardiac structure and function. Cardiac fibrosis is initially beneficial for cardiac structure
maintaining and contractility through controlling the arrangement of cardiomyocytes and
maintaining normal structure of left ventricle. However, sustained fibrosis will lead to
stiffness of the ventricular wall and generally progress to deterioration of both cardiac
systolic and diastolic function [1,2]. The pathophysiologic mechanisms of cardiac fibrosis
are diverse and complex [3]. In myocardial infarction or myocarditis, necrotic cardiomy-
ocytes are usually replaced by scar tissue. This type of fibrosis is considered as replacement
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fibrosis, which reflects the regenerative capacity of the heart upon injury. In addition to
cardiac structural damage, replacement fibrosis predominantly reduces systolic dysfunc-
tion as compared with diastolic function [4]. The other type of cardiac fibrosis is diffuse
myocardial fibrosis, which is characterized by the excessive deposition of collagen fibers
(such as collagen I, II, III, and IV) or other extracellular matrix proteins such as fibronectin
(FN) and matrix metalloproteinases (MMPs). This type of fibrosis is usually present in
chronic cardiovascular diseases, such as hypertension, diabetic cardiomyopathy, atrial
fibrillation, and hypertrophic cardiomyopathy [1,5–7]. On the converse of replacement
fibrosis, diffuse myocardial fibrosis typically reduces left ventricular diastolic function and
is less pronounced on systolic function [8]. The differential pathophysiology and clinical
course of cardiac fibrosis resulting from the changed structural quality and various fibrillary
composition should be considered separately when exploring their pathophysiological
processes [9,10].

Activated cardiac fibroblasts (CFs) as well as myofibroblasts are the main cellular effec-
tors in the occurrence and progression of cardiac fibrosis. CFs are a subclass of interstitial
cells, which produce several ECM proteins, including collagens of types I, III, IV, and V [11,12].
Under normal conditions, the ECMs not only serve as a mechanical scaffold to maintain
cardiomyocyte architecture, but also control the transmission of contractile force [13]. In
the injured heart, the proliferation and differentiation of fibroblasts into myofibroblasts lead
to excessive ECMs synthesis and deposition, which disrupt the arrangement of myocytes
and conversely attenuate the transmission of contractile force [14,15]. In addition, the in-
creased proliferation of fibroblasts or myofibroblasts also contribute to the progress of fibrosis.
Apart from the fibroblasts, other cell populations, such as myocytes, endothelial cells, and
inflammatory cells, etc., may also contribute to the pathogenesis of myocardial fibrosis [16,17].
Fibroblasts dynamically interact with the various cardiac cell populations in various ways,
such as mechanical, chemical, and electrophysiological, to alter gene expression and cellular
behavior [18]. Endothelial cells, immune cells, and vascular smooth muscle cells also secrete
molecular signals that regulate the growth or apoptosis of CFs and control fibroblast behaviors
or gene expression [16]. Myocardial fibrosis is multifactorial, with various cell populations,
factors, and signaling pathways involved.

Over the past few years, various noncoding RNAs, such as miRNAs, circRNAs, and
lncRNAs, have been identified with significant roles in cardiac fibrosis. Long non-coding
RNAs (lncRNAs) are a class of nucleic acids with lengths of more than 200 nt which have no
capacity to code proteins or peptides. They play crucial roles in the progress of embryonic
development, cell growth, and differentiation through regulating gene expression at the
transcriptional level, post-transcriptional level, or maintaining the stability of RNAs or
proteins [19,20]. To date, with development of next-generation sequencing, an increasing
number of lncRNAs have been identified with significant roles in the pathogenesis of
myocardial fibrosis [21–23]. In this study, we summarize the functions and mechanisms
of lncRNAs in cardiac fibrosis and discuss the underlying signaling pathways, with a
particular emphasis on the exosome-derived lncRNAs in regulation of fibrosis as well as
the mode of lncRNAs secreted into exosomes. Better understanding of the functions of
lncRNAs might lead to novel therapeutic approaches for reversing cardiac fibrosis and
preventing detrimental outcomes.

2. Characteristics of lncRNAs

The ENCODE project indicates that up to 80% of the human genome do not have the
function of coding proteins, which may play a significant role in regulating gene expres-
sion [24]. The transcripts of most of these genes are non-coding RNAs (ncRNAs) including
rRNAs, tRNAs, circRNAs, microRNAs, and lncRNAs, etc. [25–27]. The FANTOM consor-
tium produces a comprehensive picture of the mammalian transcriptome and publishes
34,030 lncRNAs in mice based on the cDNA sequencing [28]. The number of known human
lncRNA transcripts are over 173,000 based on data from the NONCODE database [29,30].
According to the association with annotated protein-coding genes, lncRNAs are classi-
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fied as intergenic transcripts, and sense or antisense transcripts that overlap other coding
genes [31,32]. According to the association with subcellular structures, lncRNAs are also
classified as chromatin-associated RNAs, chromatin-interlinking RNAs, nuclear bodies
associated RNAs and cytoplasmic transcripts [32–34] (Figure 1). Although there are a high
number of lncRNAs continually being identified, most are not validated and their functions
are largely unknown.

Biology 2023, 12, x FOR PEER REVIEW 3 of 15 
 

 

transcriptome and publishes 34,030 lncRNAs in mice based on the cDNA sequencing [28]. 

The number of known human lncRNA transcripts are over 173,000 based on data from 

the NONCODE database [29,30]. According to the association with annotated protein-

coding genes, lncRNAs are classified as intergenic transcripts, and sense or antisense 

transcripts that overlap other coding genes [31,32]. According to the association with 

subcellular structures, lncRNAs are also classified as chromatin-associated RNAs, 

chromatin-interlinking RNAs, nuclear bodies associated RNAs and cytoplasmic 

transcripts [32–34] (Figure 1). Although there are a high number of lncRNAs continually 

being identified, most are not validated and their functions are largely unknown. 

 

Figure 1. Classification of lncRNAs according to the subcellar localization. LncRNAs resident in the 

nucleus mainly function through regulating chromatin imprinting, controlling genes at 

transcriptional or post-transcriptional levels, or serving as enhancers. Cytoplasm-located lncRNAs 

through binding with proteins or RNAs to regulate miRNAs expression, mRNA stability or 

translation, and protein modification. 

LncRNAs have a great diversity of important functions in body development, 

regulation of the cell cycle and apoptosis, cellular metabolism, inflammatory response, 

and tissue homeostasis [35–37]. They have been found with vital roles in mammalian gene 

regulation through various pathways, such as genomic imprinting, chromatin 

modification, mRNA decay, protein translation, and miRNA sponges [38–41]. Nuclear 

lncRNAs usually regulate gene expression through chromatin modification. For instance, 

the X inactive-specific transcript (Xist) gene regulates mammal X chromosome activation 

through producing a long noncoding RNA that modifies underlying chromatin and 

reduces X-linked gene expression [42–44]. LncRNA NORAD controls genomic stability 

through sequestering PUMILIO (pumilio-fem3-binding factor) proteins, which represses 

the stability and translation of mRNAs. Silencing of NORAD, PUMILIO drives 

chromosomal instability by inhibiting DNA repair [45,46]. Some lncRNAs also control 

gene expression by regulating the stability of mRNAs or modification of proteins. For 

example, lncRNA ZFAS1 is elevated in colorectal cancer. Knockdown of ZFAS1 decreases 

the RNA stabilization of SNORD12C/78 and NOP58 through binding with snoRNP to 

induce 2′-O-Me of 28S rRNA, which eventually inhibits the proliferation and invasion of 

colorectal cancer cells [47]. LncRNA LINRIS is up-regulated in colorectal cancers. LINRIS 

Figure 1. Classification of lncRNAs according to the subcellar localization. LncRNAs resident in the
nucleus mainly function through regulating chromatin imprinting, controlling genes at transcrip-
tional or post-transcriptional levels, or serving as enhancers. Cytoplasm-located lncRNAs through
binding with proteins or RNAs to regulate miRNAs expression, mRNA stability or translation, and
protein modification.

LncRNAs have a great diversity of important functions in body development, regula-
tion of the cell cycle and apoptosis, cellular metabolism, inflammatory response, and tissue
homeostasis [35–37]. They have been found with vital roles in mammalian gene regulation
through various pathways, such as genomic imprinting, chromatin modification, mRNA
decay, protein translation, and miRNA sponges [38–41]. Nuclear lncRNAs usually regulate
gene expression through chromatin modification. For instance, the X inactive-specific
transcript (Xist) gene regulates mammal X chromosome activation through producing
a long noncoding RNA that modifies underlying chromatin and reduces X-linked gene
expression [42–44]. LncRNA NORAD controls genomic stability through sequestering
PUMILIO (pumilio-fem3-binding factor) proteins, which represses the stability and trans-
lation of mRNAs. Silencing of NORAD, PUMILIO drives chromosomal instability by
inhibiting DNA repair [45,46]. Some lncRNAs also control gene expression by regulat-
ing the stability of mRNAs or modification of proteins. For example, lncRNA ZFAS1 is
elevated in colorectal cancer. Knockdown of ZFAS1 decreases the RNA stabilization of
SNORD12C/78 and NOP58 through binding with snoRNP to induce 2′-O-Me of 28S rRNA,
which eventually inhibits the proliferation and invasion of colorectal cancer cells [47].
LncRNA LINRIS is up-regulated in colorectal cancers. LINRIS reduces IGF2BP2 mRNA
expression levels by inhibiting the ubiquitin of IGF2BP2 on K139 sites to maintain its
stability [48]. Another function of lncRNA is the competitive endogenous RNA (ceRNA).
LncRNAs might suppress the activity of microRNA (miRNA) through serving as sponge
RNAs, which lead to miRNA target gene expression increasing [49]. A new lncRNA, named
MAR1 (muscle anabolic regulator 1), is significantly up-regulated in myogenesis. MAR1
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enhances skeletal muscle strength by sponging miR-487b to regulate Wnt5A expression [50].
Another example of this type of lncRNA is Mirf. Silencing of Mirf promotes autophagy
by reducing miR-26a expression in vivo and in vitro [51]. Although non-protein coding
potential is a significant characteristic of lncRNAs, some of them might function in biologi-
cal processes through producing peptides or proteins [52]. LncRNA DWORF (dwarf open
reading frame) encodes a peptide of 34 amino acids. Silencing of DWORF in skeletal muscle
inhibits Ca2+ clearance and suppresses the Ca2+ adenosine triphosphatase activity [53].

In the cardiovascular system, several lncRNAs, such as H19, HOTAIR, MIAT, etc., are
abundantly expressed in myocardial tissues [37,54–56]. Previous studies have detected and
characterized the expression and function of lncRNAs under physiological conditions or
in disease states [57–59]. Several lncRNAs have been found with potential roles in heart
disease or their expression levels are correlated to disease progression, especially in cardiac
fibrosis [60,61]. In this review, the functions, mechanisms, and therapeutic potential of
lncRNAs in regulating myocardial fibrosis are summarized and discussed in detail.

2.1. LncRNAs Serve as ceRNAs in Controlling Cardiac Fibrosis

Competing endogenous RNAs (ceRNAs) usually regulate gene expression via spong-
ing microRNAs (miRNAs) at the post-transcriptional levels. LncRNAs might serve as
ceRNAs to control miRNA expression and subsequently regulate mRNAs translation
and degradation [62]. Homeostatic imbalance in lncRNA–miRNA interaction results in
physiological alterations inside the cells and tissues leading to the occurrence of the heart
disease [23,63]. To date, significant functions of lncRNA–miRNA interaction in the patho-
genesis of myocardial fibrosis are reported by several studies (Figure 2).
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Figure 2. LncRNAs regulate cardiac fibrosis by serving as miRNA sponges. Various lncRNAs have
been identified with crucial roles in cardiac fibroblasts by regulating miRNAs expression, which
subsequently controls the target gene’s expression, and eventually regulates cardiac fibrosis.

In diabetic cardiomyopathy (DCM) [64], lncRNA Kcnq1ot1 (KCNQ1 antisense tran-
script 1) is significantly up-regulated in myocardial tissues or cardiac fibroblasts treated
with glucose. Silencing of Kcnq1ot1 represses the TGF-β signaling pathway via sponging
miR-214-3p to suppress the target gene caspase-1 expression [65]. Another example of
lncRNA–miRNA interaction in DCM is lncRNA GAS5. Knockdown of GAS5 efficiently
attenuates cardiomyocyte injury and myocardial fibrosis via negatively regulating miR-
26a/b-5p expression [66]. Similar molecular mechanisms are also observed in myocardial
infarction (MI) [67]. Pro-fibrotic lncRNA (PFL) expression is elevated in the heart of mice
induced by MI. Overexpression of PFL promotes cardiac fibrosis through increasing the
viability of CFs and promoting the transition of fibroblast into myofibroblast via sponging
let-7d, leading to increased platelet-activating factor receptor (PTAFR) expression [68].
LncRNA small nuclear RNA host gene 7 (SNHG7) is up-regulated in the infarcted area
from left ventricle of mice after MI. Luciferase assay indicates that SNHG7 function through
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sponging miR-34-5p, which leads to the increased expression of ROCK1 (Rho-associated,
coiled-coil domain containing protein kinases) [69]. LncRNA–miRNA interaction is also
reported in atrial fibrillation (AF). Increased expression of lncRNA plasmacytoma variant
translocation 1 (PVT1) is detected in AF and positively correlated with collagens expression
levels. PVT1 overexpression aggravates Ang-II-induced atrial fibroblasts proliferation,
collagens production, and TGF-β1 signaling activation by sponging miR-128-3p to facil-
itate specificity protein 1 (Sp1) expression [70,71]. LncRNA nuclear-enriched abundant
transcript 1 (NEAT1) is up-regulated in atrial tissues of AF patients. NEAT1 knockdown
improves Ang II-induced mouse atrial fibrosis via negatively regulating miR-320 expression
leading to the up-regulation of neuronal PAS domain protein 2 (NPAS2) [72]. The above
studies have revealed specific lncRNAs which when elevated function as miRNA sponges
to mediate fibrotic processes associated with varied cardiac diseases.

However, the underlying mechanisms are largely undefined, and some concerns
should be under consideration when exploring the role of lncRNA–miRNA interaction in
myocardial fibrosis. Firstly, the physiological interactions between lncRNAs and miRNAs
in normal CFs are rarely illuminated. LncRNAs, down-regulated in myocardial fibrosis,
might disturb the physiological lncRNA–miRNA interaction networks, thus promoting the
expression of miRNAs, and subsequently repressing the downstream mRNA translation.
Secondly, the abundance of lncRNAs resident in the cells should be sufficient. Low levels
of lncRNAs might fail to completely sponge high abundant miRNAs. Moreover, ceRNA
activity is also influenced by other multiple factors such as the subcellular localization of
ceRNA components, binding affinity of miRNAs to lncRNAs, RNA secondary structures,
and RNA-binding proteins [73–75].

2.2. LncRNAs Regulate Cardiac Fibrosis through TGF-β Signaling Pathways

Transforming growth factor β (TGF-β) stimulation triggers CFs proliferation and
activation, including ECM proteins synthesis and deposition as well as fibroblast-to-
myofibroblast differentiation [76,77]. The TGF-β receptor is a dimeric receptor complex
whose activation promotes the phosphorylation of Smad2/3 transcription factors through
the canonical signaling pathway [78]. Phosphorylated Smads (Smad2, 3, and 4) transfer
signal messages to the nucleus and promote gene transcription [79,80]. Fibroblast-specific
silencing of TGF-β receptors markedly reduce the pressure overload-induced fibrotic
response [81–83]. Knockout of Smad2/3 in fibroblasts reduces the expression of fibrosis-
related genes and alleviates injury-induced cellular proliferation within the heart [84,85].

The essential interplay between lncRNA and TGF-β signaling has been widely re-
ported [86]. TGF-β upregulates lncRNA expression in various cancers such as lung cancer,
breast cancer, and hepatocellular carcinoma [87–89]. In addition to being effectors of TGF-β
signaling, several lncRNAs are reported to regulate TGF-β signaling pathway through
various mechanisms. For example, lncRNA LINC00941 stimulates epithelial-mesenchymal
transition by directly binding with Smad4 and competing with β-trcp (beta-transducing
repeat containing E3 ubiquitin) to prevent the degradation of Smad4 protein, which even-
tually activates the TGF-β signaling pathway [90]. However, the interaction between
lncRNAs and TGF-β signaling in myocardial fibrosis is rarely discussed in detail.

In myocardial fibrosis, TGF-β stimulates several lncRNAs expression in vitro and
in vivo. The increased expression of Neat1 is detected in the heart tissue from transverse aor-
tic constriction surgery-induced mice and TGF-β1 treated cardiac fibroblasts. Neat1 recruits
Ezh2 to the promoter of Smad7 resulting in decreased Smad7 expression [91]. LncRNA Safe
is up-regulated in TGF-β-induced cardiac fibrosis and myocardial infarction [92]. However,
the underlying mechanism of TGF-β in regulating lncRNAs expression is not currently
known. Smad2/3 proteins phosphorylated by TGF-β might be involved in provoking
the transcription of lncRNAs. In addition, activation of the TGF-β receptors also initiate
noncanonical signaling to promote the activation of the MAPK, p38, JNK1/2, and ERK1/2
signaling pathways [93,94], which are crucial factors in regulating fibrosis-associated gene
expression. More work is still required to answer these questions.
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Conversely, lncRNAs also stimulate the activation of TGF-β signaling pathway. The
expression of long noncoding RNA AK081284 is up-regulated in cardiac fibroblasts treated
with IL-17 or high glucose. Overexpression of AK081284 in cardiac fibroblasts promotes
the production of collagens and TGF-β1, while AK081284 silencing reduces collagen and
TGF-β1 expression [95]. LncRNA Cfast (cardiac fibroblast-associated transcript) is signifi-
cantly up-regulated during myocardial infarction. Silencing of Cfast results in reduction
of fibrosis-related gene expression and the transdifferentiation of myofibroblasts into fi-
broblasts. Cfast inhibits the interaction between COTL1 (coactosin-Like protein 1) and
TRAP1 (transforming growth factor-β receptor-associated protein 1), which eventually
activates the TGF-β signaling pathway [96]. In addition, overexpression of lncRNA GAS5
suppresses TGF-β-induced fibroblast to myofibroblast differentiation. GAS5 directly binds
and promotes SMAD3 binding to protein phosphatase 1A (PPM1A), and thus accelerates
SMAD3 dephosphorylation in fibroblasts induced by TGF-β [97]. Increased expression of
lncRNA Safe is detected in fibrotic ventricular tissues induced by myocardial infarction.
Knockdown of Safe prevents TGF-β-induced fibroblast to myofibroblast transition and
extracellular matrix proteins production by inhibiting neighboring gene SFRP2 (secreted
frizzled-related protein 2) expression [92].

The potential mechanisms involved in these processes must also be systematically
explored. LncRNAs resident in the nuclear of fibroblasts may regulate TGF-β signaling
pathway-associated gene expression through epigenic or transcriptional regulation. Cyto-
plasmic lncRNAs may regulate gene expression by controlling the translation or metabolism
of RNAs or proteins.

2.3. LncRNAs Control Cardiac Fibrosis by Regulating ECM Gene Expression

In myocardium, excessive synthesis and deposition of extracellular matrix (ECM) pro-
teins are the significant characteristics of myocardial fibrosis. Cardiac ECMs are primarily
composed of fibrillar collagens, especially for type I and III, which are the principal proteins
in maintaining cardiac structure and function [98]. Cardiac ECMs also contain nonstruc-
tural matricellular glycoproteins, proteoglycans, and glycosaminoglycans. The synthesis
and degradation of ECMs are predominately regulated by metalloproteinases (MMPs) [99].
The balance between ECMs synthesis and degradation is of crucial importance in cardiac
structural integrity and formation of fibrosis. However, to date, few studies systematically
elaborate the functions and mechanisms of lncRNAs in these processes.

In myocardial fibrosis, lncRNAs display potential functions in regulating the expres-
sion of ECM genes. Bioinformatics analysis indicates that the differentially expressed
lncRNAs and extracellular matrix (ECM) protein coding genes revealed a strong associ-
ation between lncRNAs and ECMs [100]. LncRNA H19 directly binds and antagonizes
YB-1 (Y-Box binding protein 1) under hypoxia, which results in the de-repression of colla-
gen 1A expression and cardiac fibrosis [101]. Myocardial infarction associated transcript
(MIAT) is up-regulated in myocardial infarction heart tissues. Down-regulation of MIAT
alleviates cardiac fibrosis and improves cardiac function by regulating the expression of the
fibrosis-related regulators [102]. LncRNA Wisper (Wisp2 super-enhancer-associated RNA)
expression is enriched in CFs and elevated in a murine model of MI. Wisper regulates
cardiac fibroblasts survival and behavior by regulating lysyl hydroxylase 2 expression [70].
Silencing of lncRNA Meg3 prevents cardiac MMP-2 production, decreases cardiac fibro-
sis, and improves diastolic function in mice induced by transverse aortic constriction
surgery [103]. Knockdown of lncRNA MALAT1 prevents fibroblast proliferation, and
ECMs production in AngII-treated cardiac fibroblasts [23].

Although these studies indicate that ECM genes are dysregulated upon lncRNAs
stimulation, it seems more likely that the synthesis of ECMs is a common change of
myocardial fibrosis induced by lncRNAs. Whether lncRNA have a direct role in controlling
ECM genes expression is still a mystery.
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2.4. Exosome-Derived LncRNAs Regulate Cardiac Fibrosis

A number of studies have indicated that lncRNAs significantly regulate fibrosis by
being expressed within fibroblasts and have a direct effect on ECM gene expression, TGF-β
signaling pathway, and proliferation of fibroblasts or transition to myofibroblast. These
effects are also proposed to be mediated by paracrine communication between donor and
recipient cells, especially in cardiomyocytes and fibroblasts. Increasing evidence attaches
much importance of noncoding RNAs, such as miRNAs, circRNAs, and lncRNAs, in the
communication between cells by way of extracellular vesicle-mediated transfer from donor
cells to the recipient cells [104–107]. This has been considered an important behavior of
cardiac cells to communicate with each other and respond to cardiac injuries [108,109]. Pre-
vious studies have already confirmed the existence of exosomes in heart tissues and vessel
walls using electron micrographs [110]. Fibroblasts and cardiomyocytes might interact with
each other through the transfer of extracellular vesicles containing lncRNAs [111].

Involvement of lncRNAs in the crosstalk between cardiac fibroblasts and other cell
populations have already been reported in recent years. Exosomes-containing lncRNA
ZFAS1 induces cardiac fibrosis via the Wnt4/β-catenin signal pathway by sponging miR-
4711-5p in cardiac fibroblasts [112]. LncRNA MIAT is up-regulated in serum-derived
extracellular vesicles (EVs) from AF patients. MIAT aggravates the atrial remodeling and
promotes AF by binding with miR-485-5p [113]. Neat1 is obviously up-regulated by P53
and HIF2A in cardiomyocytes in response to hypoxia and is enriched in cardiomyocyte-
derived exosomes. Neat1 is essential for cell survival and fibroblast functions. Genetic
knockout of Neat1 impairs cardiac function during myocardial infarction [111] (Figure 3
and Table 1).
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Figure 3. LncRNAs regulate cardiac fibrosis through promoting ECMs production, activating TGF-
β signaling pathways or secreting into exosomes. Panel A: On the one hand, TGF-β regulates
lncRNAs expression (left) and on the other hand lncRNAs also stimulate TGF-β activation (right).
Panel B: LncRNAs regulates ECMs (collagens, SMA, and MMPs) production through various path-
ways. Panel C: Exosome-derived lncRNAs released from donor cells are accepted by fibroblasts and
regulate cardiac fibrosis by targeting miRNAs.

Table 1. The functions and mechanisms of lncRNAs in cardiac fibrosis.

LncRNA Name Expression Experimental
Model Targeted Genes Effects Exosomes

Kcnq1ot1 Up-regulated DCM miR-214-3/Caspase1 TGF-β1 signaling No

GAS5 Up-regulated DCM miR-26a/b-5p/
Caspase3 Fibrosis and apoptosis No

PFL Up-regulated MI Let-7d/PTAFR TGF-β1-induced fibrogenesis No
SNHG7 Up-regulated MI miR-34-5p/ROCK1 Fibroblast-to-myofibroblast transition No

PVT1 Up-regulated AF miR-128-3p/SP1 TGF-β1 signaling No
NEAT1 Up-regulated AF miR-320/NPAS2 Atrial fibrosis No

AK081284 Up-regulated DCM TGF-β1 Collagen I and III production No
CFAST Up-regulated MI COTL1 Enhances TGF-β signaling No
SAFE Up-regulated MI SFRP2 Fibroblast to myofibroblast transition No
H19 Up-regulated MI YB-1 Reduction of collagen 1A expression No

Wisper Up-regulated MI LH2 CF behavior and survival No
Meg3 Down-regulated MMP-2 Diastolic performance No
ZFAS1 Up-regulated DCM miR-4711-5p Wnt4/β-catenin signal pathway Yes
MIAT Up-regulated AF miR-485-5p Atrial remodeling Yes
Neat1 Up-regulated MI CDK1 Fibroblast and cardiomyocyte survival Yes

DCM: Diabetic cardiomyopathy. MI: Myocardial infarction. AF: Atrial fibrillation.
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2.5. The Way of LncRNAs Secreted into Exosomes

A variety of vesicles with different sizes and contents have been identified in the
eukaryotic cells and tissues, including exosomes, micro-vesicles, ectosomes, apoptotic
bodies, etc. [114]. Exosomes are a class of vesicles with diameters of 40 nm to 100 nm, which
can be secreted by almost all cells and tissues in the body. The generation of exosomes is
complex and diverse, and several molecules and physiological process are involved. In
brief, vesicular endosomes uptake proteins or RNAs, followed by fusion with plasma mem-
brane. Then, the vesicles (exosomes) are released from the donor cells by exocytosis [108].
Exosomes can fuse with live cells, transferring their cargo of lipids, glucose, proteins,
and RNAs to the acceptor cells. To date, the functions of exosomal miRNAs have been
well studied in various disease conditions, such as cancers, inflammation responses, and
cardiovascular diseases. However, how RNAs (miRNAs and lncRNAs) are released into
exosomes is still under investigation. Studies indicate that the specific motifs recognized
by the RNA-binding proteins (RBPs) might be the determinant of miRNAs secreting into
exosomes. For example, the ‘GGAG’ motif involved in miRNAs is bound by hnRNPA2B1
(a heterogeneous nuclear riboprotein), which directs miRNA trafficking to exosomes [115].

One database, named exoRBase, indicates that almost 15,500 lncRNAs have been
identified in human blood exosomes [116]. How these lncRNAs are secreted into the
exosome is rarely illuminated. Specific motifs present in certain lncRNAs may guide their
sorting to exosomes through the interaction with specific RNA-binding proteins. Other
reports find that lncRNA sorting to exosomes is regulated by changes of targeted transcript
levels in the receiving cells [117]. Studies also indicate that lncRNAs with 3′ end uridylated
appear over-represented in exosomes [118]. In addition, lncRNAs may also conversely
regulate the secretion of exosomes. The biogenesis and secretion of exosomes involve
various sorting machineries, including endosomal sorting complex required for transport
(ESCRT)-dependent processes [119]. Phosphorylation of synaptosome associated protein
23 (SNAP23) increases exosome production and secretion [120]. For instance, lncRNA
HOTAIR promotes the secretion of exosomes through inhibiting VAMP3 and SNAP23
colocalization to induce multivesicular bodies (MVBs) fusion with plasma membrane [121].

Although exosome-associated lncRNAs have been recently reported with potential
roles in the pathogenesis of disease such as cardiac fibrosis, some concerns still need to be
considered when studying the functions of lncRNAs resident in exosomes. Unlike miRNAs,
lncRNAs always have a long sequence or complex secondary structure, which may limit
their secretion into exosomes. LncRNAs usually bind with several proteins or miRNAs,
which may hinder their secretion into exosomes. In addition, the present evidence about
lncRNAs resident in exosomes is usually obtained from qPCR experiments, which might
make the results unreliable.

2.6. LncRNAs Serve as Potential Therapeutic Targets

In the last few years, many efforts have been made on the application of RNA-based
therapeutics in clinical practice. Chemically modified oligonucleotides and cellular RNAs
are important parts of lncRNA-targeted therapeutics [122]. Antisense oligonucleotides
(ASOs), a set of single-stranded DNA molecules, are complementary to target mRNA. ASOs
cause mRNA degradation or pre-mRNA splicing to block protein translation [123,124]. An
interesting development in biological progress is the use of natural antisense transcripts
oligonucleotide. Several lncRNAs are the antisense transcripts of coding genes and are
fully complementary to the target mRNA, which may be applied for natural antisense
oligonucleotide. For example, over-expression of lncRNA BDNF-AS (antisense of brain-
derived neurotrophic factor, BDNF) reduces BDNF expression, while silencing of this
transcript increases BDNF expression and promotes neuronal differentiation [125].

MiRNA sponges are RNA molecules that contain several specific sequences which
are complementary to miRNAs [126–128]. MiRNA sponges can be ideal tools for loss-of-
function studies in science research. For instance, miR-181-sponge containing 10 repeated
complementary miR-181 sequences significantly suppresses miR-181 expression in H9c2
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cells and leads to decreased production of reactive oxygen species by upregulating target
mRNA mt-COX1 expression [129]. In the heart, silencing of miR-34a using miRNA sponges
is protective, whilst sustained inhibition of miR-34 may be deleterious due to its tumori-
genicity [130]. Obese mice benefit from miR-122 antisense oligonucleotides treatment, as
reflected by the decreased plasma cholesterol levels and liver steatosis improvement [131].
The miRNA-sponge characterization of lncRNAs indicates the potential possibility for
clinical treatment.

Overall, lncRNAs are attractive approaches for disease treatment in clinical practice,
such as heart failure, hypertension, and cardia fibrosis. To date, no lncRNA-associated
drugs have been applied in clinical trials due to the limited efficacy and potential toxicity.

3. Conclusions

Myocardial fibrosis is the final step in cardiac remodeling in several cardiovascular
diseases, such as myocardial infraction, diabetic cardiomyopathy, atrial fibrillation, and
heart failure. Excessive fibrosis in heart tissue renders the myocardium stiffer mechani-
cally and contributes to the deterioration of both systolic and diastolic function. Various
molecules and signaling pathways are involved in the formation of cardiac fibrosis. TGF-β
signaling pathway and ECMs produced by the activated fibroblasts or myofibroblasts play
significant roles in the pathogenesis of cardiac fibrosis [132]. Modulation of TGF-β signaling
and ECM gene expression is a vital contribution of lncRNAs in this process. However,
details of the mechanisms which enable lncRNAs to regulate TGF-β or ECMs production
remain a mystery. LncRNAs may partly function via chromatin modification, transcription
regulation, and post-transcriptional modification in myocardial fibrosis [133]. Besides the
direct roles of lncRNAs in fibroblasts or myofibroblasts, they also function through indirect
ways by interacting with other cell types, for example, releasing into exosomes to alter
cellular behaviors. Non-coding RNAs such as miRNAs, circRNAs, and lncRNAs have
been identified as present in the exosomes derived from other cell populations (myocytes,
endothelial cells, etc.). Exosome-containing lncRNAs released from the donor cells are
ingested by the fibroblasts, which may influence the progress of fibrosis [134,135]. Our
understanding of non-coding RNAs involved in cell-to-cell interactions in cardiac fibrosis
is still relatively limited. A comprehensive understanding of the function and mechanisms
of lncRNAs in myocardial fibrosis holds the key for disease prevention and treatment.

Since the discovery of lncRNAs as master regulators in cardiac fibrosis, their utilization
for myocardium remodeling diagnosis and clinical treatment strategies is increasingly
employed. However, no ongoing clinical trials are currently underway due to the dose-
effect, off-target effects, and potential toxicity. The mechanistic importance as well as
diagnostic and therapeutic utility of lncRNAs in cardiac fibrosis needs to be further studied.

Author Contributions: X.N. designed this study and wrote the original draft. J.F. provided help
and advice on the manuscript writing. D.W.W. updated and revised the original draft. All authors
contributed to editorial changes in the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China (grant num-
bers 82100399 and 82100400) and the Project funded by the China Postdoctoral Science Foundation
(grant number 2021M701315). The funders have no role in the study design, data collection and
analysis, manuscript preparation, or publication decision.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data are created or analyzed in this study. Data sharing is not
applicable to this article.

Acknowledgments: We thank our colleagues at Wang’s group for their technical assistance during
this investigation.

Conflicts of Interest: The authors declare no conflict of interest.



Biology 2023, 12, 154 10 of 15

References
1. López, B.; Ravassa, S.; Moreno, M.U.; José, G.S.; Beaumont, J.; González, A.; Díez, J. Diffuse myocardial fibrosis: Mechanisms,

diagnosis and therapeutic approaches. Nat. Rev. Cardiol. 2021, 18, 479–498. [CrossRef]
2. Tallquist, M.D. Cardiac Fibroblast Diversity. Annu. Rev. Physiol. 2020, 82, 63–78. [CrossRef]
3. Weber, K.T.; Pick, R.; Jalil, J.E.; Janicki, J.S.; Carroll, E.P. Patterns of myocardial fibrosis. J. Mol. Cell. Cardiol. 1989,

21 (Suppl. 5), 121–131. [CrossRef] [PubMed]
4. Kong, P.; Christia, P.; Frangogiannis, N. The pathogenesis of cardiac fibrosis. Cell. Mol. Life Sci. 2014, 71, 549–574. [CrossRef]
5. Horckmans, M.; Bianchini, M.; Santovito, D.; Megens, R.T.A.; Springael, J.Y.; Negri, I.; Vacca, M.; Di Eusanio, M.; Moschetta, A.;

Weber, C.; et al. Pericardial Adipose Tissue Regulates Granulopoiesis, Fibrosis, and Cardiac Function after Myocardial Infarction.
Circulation 2018, 137, 948–960. [CrossRef]

6. Prabhu, S.D.; Frangogiannis, N.G. The Biological Basis for Cardiac Repair after Myocardial Infarction: From Inflammation to
Fibrosis. Circ. Res. 2016, 119, 91–112. [CrossRef]

7. Epelman, S.; Liu, P.; Mann, D. Role of innate and adaptive immune mechanisms in cardiac injury and repair. Nat. Rev. Immunol.
2015, 15, 117–129. [CrossRef]

8. Plehn, J.F.; Biederman, R. Diffuse Myocardial Fibrosis in Dilated Cardiomyopathy: Risk Marker, Risk Factor, or Does it Matter?
JACC Cardiovasc. Imaging 2022, 15, 591–593. [CrossRef] [PubMed]

9. Zhang, M.; Sui, W.; Xing, Y.; Cheng, J.; Cheng, C.; Xue, F.; Zhang, J.; Wang, X.; Zhang, C.; Hao, P.; et al. Angiotensin IV
attenuates diabetic cardiomyopathy via suppressing FoxO1-induced excessive autophagy, apoptosis and fibrosis. Theranostics 2021,
11, 8624–8639. [CrossRef] [PubMed]

10. Marques, F.Z.; Nelson, E.; Chu, P.Y.; Horlock, D.; Fiedler, A.; Ziemann, M.; Tan, J.K.; Kuruppu, S.; Rajapakse, N.W.;
El-Osta, A.; et al. High-Fiber Diet and Acetate Supplementation Change the Gut Microbiota and Prevent the Development of
Hypertension and Heart Failure in Hypertensive Mice. Circulation 2017, 135, 964–977. [CrossRef]

11. Maisch, B. Extracellular matrix and cardiac interstitium: Restriction is not a restricted phenomenon. Herz 1995, 20, 75–80.
12. Tallquist, M.D.; Molkentin, J. Redefining the identity of cardiac fibroblasts. Nat. Rev. Cardiol. 2017, 14, 484–491. [CrossRef]
13. Spinale, F.G. Matrix metalloproteinases: Regulation and dysregulation in the failing heart. Circ. Res. 2002, 90, 520–530. [CrossRef]
14. Powell, D.W.; Mifflin, R.C.; Valentich, J.D.; Crowe, S.E.; Saada, J.I.; West, A.B. Myofibroblasts. I. Paracrine cells important in

health and disease. Am. J. Physiol. Cell Physiol. 1999, 277, C1–C19. [CrossRef] [PubMed]
15. Tomasek, J.J.; Gabbiani, G.; Hinz, B.; Chaponnier, C.; Brown, R.A. Myofibroblasts and mechano: Regulation of connective tissue

remodelling. Nat. Rev. Mol. Cell Biol. 2002, 3, 349–363. [CrossRef] [PubMed]
16. Sun, X.; Nkennor, B.; Mastikhina, O.; Soon, K.; Nunes, S.S. Endothelium-mediated contributions to fibrosis. Semin. Cell Dev. Biol.

2020, 101, 78–86. [CrossRef]
17. Howard, C.M.; Baudino, T. Dynamic cell-cell and cell-ECM interactions in the heart. J. Mol. Cell. Cardiol. 2014, 70, 19–26.

[CrossRef]
18. Deb, A. Cell-cell interaction in the heart via Wnt/β-catenin pathway after cardiac injury. Cardiovasc. Res. 2014, 102, 214–223.

[CrossRef] [PubMed]
19. Tan, Y.T.; Lin, J.F.; Li, T.; Li, J.J.; Xu, R.H.; Ju, H.Q. LncRNA-mediated posttranslational modifications and reprogramming of

energy metabolism in cancer. Cancer Commun. 2021, 41, 109–120. [CrossRef]
20. Nojima, T.; Proudfoot, N. Mechanisms of lncRNA biogenesis as revealed by nascent transcriptomics. Nat. Rev. Mol. Cell Biol.

2022, 23, 389–406. [CrossRef]
21. Ilieva, M.; Uchida, S. Long Non-Coding RNAs in Cardiac and Pulmonary Fibroblasts and Fibrosis. Noncoding RNA 2022, 8, 53.

[CrossRef] [PubMed]
22. Yang, Z.; Jiang, S.; Shang, J.; Jiang, Y.; Dai, Y.; Xu, B.; Yu, Y.; Liang, Z.; Yang, Y. LncRNA: Shedding light on mechanisms and

opportunities in fibrosis and aging. Ageing Res. Rev. 2019, 52, 17–31. [CrossRef] [PubMed]
23. Huang, S.; Zhang, L.; Song, J.; Wang, Z.; Huang, X.; Guo, Z.; Chen, F.; Zhao, X. Long noncoding RNA MALAT1 mediates cardiac

fibrosis in experimental postinfarct myocardium mice model. J. Cell Physiol. 2019, 234, 2997–3006. [CrossRef] [PubMed]
24. ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human genome. Nature 2012, 489, 57–74.

[CrossRef] [PubMed]
25. Elkon, R.; Agami, R. Characterization of noncoding regulatory DNA in the human genome. Nat. Biotechnol. 2017, 35, 732–746.

[CrossRef] [PubMed]
26. Mattick, J.S. Non-coding RNAs: The architects of eukaryotic complexity. EMBO Rep. 2001, 2, 986–991. [CrossRef]
27. Yip, C.W.; Sivaraman, D.M.; Prabhu, A.V.; Shin, J.W. Functional annotation of lncRNA in high-throughput screening. Essays

Biochem. 2021, 65, 761–773.
28. Maeda, N.; Kasukawa, T.; Oyama, R.; Gough, J.; Frith, M.; Engström, P.G.; Lenhard, B.; Aturaliya, R.N.; Batalov, S.;

Beisel, K.W.; et al. Transcript annotation in FANTOM3: Mouse gene catalog based on physical cDNAs. PLoS Genet. 2006, 2, e62.
[CrossRef]

29. Derrien, T.; Johnson, R.; Bussotti, G.; Tanzer, A.; Djebali, S.; Tilgner, H.; Guernec, G.; Martin, D.; Merkel, A.; Knowles, D.G.; et al.
The GENCODE v7 catalog of human long noncoding RNAs: Analysis of their gene structure, evolution, and expression. Genome
Res. 2012, 22, 1775–1789. [CrossRef]

http://doi.org/10.1038/s41569-020-00504-1
http://doi.org/10.1146/annurev-physiol-021119-034527
http://doi.org/10.1016/0022-2828(89)90778-5
http://www.ncbi.nlm.nih.gov/pubmed/2534137
http://doi.org/10.1007/s00018-013-1349-6
http://doi.org/10.1161/CIRCULATIONAHA.117.028833
http://doi.org/10.1161/CIRCRESAHA.116.303577
http://doi.org/10.1038/nri3800
http://doi.org/10.1016/j.jcmg.2022.01.013
http://www.ncbi.nlm.nih.gov/pubmed/35393063
http://doi.org/10.7150/thno.48561
http://www.ncbi.nlm.nih.gov/pubmed/34522203
http://doi.org/10.1161/CIRCULATIONAHA.116.024545
http://doi.org/10.1038/nrcardio.2017.57
http://doi.org/10.1161/01.RES.0000013290.12884.A3
http://doi.org/10.1152/ajpcell.1999.277.1.C1
http://www.ncbi.nlm.nih.gov/pubmed/10409103
http://doi.org/10.1038/nrm809
http://www.ncbi.nlm.nih.gov/pubmed/11988769
http://doi.org/10.1016/j.semcdb.2019.10.015
http://doi.org/10.1016/j.yjmcc.2013.10.006
http://doi.org/10.1093/cvr/cvu054
http://www.ncbi.nlm.nih.gov/pubmed/24591151
http://doi.org/10.1002/cac2.12108
http://doi.org/10.1038/s41580-021-00447-6
http://doi.org/10.3390/ncrna8040053
http://www.ncbi.nlm.nih.gov/pubmed/35893236
http://doi.org/10.1016/j.arr.2019.04.001
http://www.ncbi.nlm.nih.gov/pubmed/30954650
http://doi.org/10.1002/jcp.27117
http://www.ncbi.nlm.nih.gov/pubmed/30146700
http://doi.org/10.1038/nature11247
http://www.ncbi.nlm.nih.gov/pubmed/22955616
http://doi.org/10.1038/nbt.3863
http://www.ncbi.nlm.nih.gov/pubmed/28787426
http://doi.org/10.1093/embo-reports/kve230
http://doi.org/10.1371/journal.pgen.0020062
http://doi.org/10.1101/gr.132159.111


Biology 2023, 12, 154 11 of 15

30. Fang, S.; Zhang, L.; Guo, J.; Niu, Y.; Wu, Y.; Li, H.; Zhao, L.; Li, X.; Teng, X.; Sun, X.; et al. NONCODEV5: A comprehensive
annotation database for long non-coding RNAs. Nucleic Acids Res. 2018, 46, D308–D314. [CrossRef]

31. Kopp, F.; Mendell, J. Functional Classification and Experimental Dissection of Long Noncoding RNAs. Cell 2018, 172, 393–407.
[CrossRef] [PubMed]

32. Yousefi, H.; Maheronnaghsh, M.; Molaei, F.; Mashouri, L.; Reza Aref, A.; Momeny, M.; Alahari, S.K. Long noncoding RNAs and
exosomal lncRNAs: Classification, and mechanisms in breast cancer metastasis and drug resistance. Oncogene 2020, 39, 953–974.
[CrossRef] [PubMed]

33. Mondal, T.; Rasmussen, M.; Pandey, G.K.; Isaksson, A.; Kanduri, C. Characterization of the RNA content of chromatin. Genome
Res. 2010, 20, 899–907. [CrossRef]

34. Mao, Y.S.; Zhang, B.; Spector, D. Biogenesis and function of nuclear bodies. Trends Genet. 2011, 27, 295–306. [CrossRef] [PubMed]
35. Wang, Y.; Sun, X. The functions of LncRNA in the heart. Diabetes Res. Clin. Pract. 2020, 168, 108249. [CrossRef]
36. Bhan, A.; Soleimani, M.; Mandal, S. Long Noncoding RNA and Cancer: A New Paradigm. Cancer Res. 2017, 77, 3965–3981.

[CrossRef] [PubMed]
37. Liang, Y.; Rong, X.; Luo, Y.; Li, P.; Han, Q.; Wei, L.; Wang, E. A novel long non-coding RNA LINC00355 promotes proliferation of

lung adenocarcinoma cells by down-regulating miR-195 and up-regulating the expression of CCNE1. Cell Signal. 2020, 66, 109462.
[CrossRef]

38. Qian, X.; Zhao, J.; Yeung, P.Y.; Zhang, Q.C.; Kwok, C.K. Revealing lncRNA Structures and Interactions by Sequencing-Based
Approaches. Trends Biochem. Sci. 2019, 44, 33–52. [CrossRef]

39. Schmitz, S.U.; Grote, P.; Herrmann, B. Mechanisms of long noncoding RNA function in development and disease. Cell. Mol. Life
Sci. 2016, 73, 2491–2509. [CrossRef]

40. Chen, L.L. Linking Long Noncoding RNA Localization and Function. Trends Biochem. Sci. 2016, 41, 761–772. [CrossRef]
41. Johnson, S.J.; Cooper, T. Overlapping mechanisms of lncRNA and expanded microsatellite RNA. Wiley Interdiscip. Rev. RNA 2021,

12, e1634. [CrossRef] [PubMed]
42. Brockdorff, N.; Bowness, J.; Wei, G. Progress toward understanding chromosome silencing by Xist RNA. Genes Dev. 2020,

34, 733–744. [CrossRef]
43. Yu, B.; Qi, Y.; Li, R.; Shi, Q.; Satpathy, A.T.; Chang, H.Y. B cell-specific XIST complex enforces X-inactivation and restrains atypical

B cells. Cell 2021, 184, 1790–1803. [CrossRef] [PubMed]
44. Engreitz, J.M.; Pandya-Jones, A.; McDonel, P.; Shishkin, A.; Sirokman, K.; Surka, C.; Kadri, S.; Xing, J.; Goren, A.;

Lander, E.S.; et al. The Xist lncRNA exploits three-dimensional genome architecture to spread across the X chromosome. Science
2013, 341, 1237973. [CrossRef]

45. Lee, S.; Kopp, F.; Chang, T.C.; Sataluri, A.; Chen, B.; Sivakumar, S.; Yu, H.; Xie, Y. Noncoding RNA NORAD Regulates Genomic
Stability by Sequestering PUMILIO Proteins. Cell 2016, 164, 69–80. [CrossRef] [PubMed]

46. Elguindy, M.M.; Mendell, J. NORAD-induced Pumilio phase separation is required for genome stability. Nature 2021, 595, 303–308.
[CrossRef]

47. Wu, H.; Qin, W.; Lu, S.; Wang, X.; Zhang, J.; Sun, T.; Hu, X.; Li, Y.; Chen, Q.; Wang, Y.; et al. Long noncoding RNA ZFAS1
promoting small nucleolar RNA-mediated 2’-O-methylation via NOP58 recruitment in colorectal cancer. Mol. Cancer 2020, 19, 95.
[CrossRef]

48. Wang, Y.; Lu, J.H.; Wu, Q.N.; Jin, Y.; Wang, D.S.; Chen, Y.X.; Liu, J.; Luo, X.J.; Meng, Q.; Pu, H.Y.; et al. LncRNA LINRIS stabilizes
IGF2BP2 and promotes the aerobic glycolysis in colorectal cancer. Mol. Cancer 2019, 18, 174. [CrossRef]

49. Thomson, D.W.; Dinger, M. Endogenous microRNA sponges: Evidence and controversy. Nat. Rev. Genet. 2016, 17, 272–283.
[CrossRef]

50. Zhang, Z.K.; Li, J.; Guan, D.; Liang, C.; Zhuo, Z.; Liu, J.; Lu, A.; Zhang, G.; Zhang, B.T. A newly identified lncRNA MAR1 acts as
a miR-487b sponge to promote skeletal muscle differentiation and regeneration. J. Cachexia Sarcopenia Muscle 2018, 9, 613–626.
[CrossRef]

51. Liang, H.; Su, X.; Wu, Q.; Shan, H.; Lv, L.; Yu, T.; Zhao, X.; Sun, J.; Yang, R.; Zhang, L.; et al. LncRNA 2810403D21Rik/Mirf
promotes ischemic myocardial injury by regulating autophagy through targeting Mir26a. Autophagy 2020, 16, 1077–1091.
[CrossRef] [PubMed]

52. Quinn, J.J.; Chang, H. Unique features of long non-coding RNA biogenesis and function. Nat. Rev. Genet. 2016, 17, 47–62.
[CrossRef] [PubMed]

53. Nelson, B.R.; Makarewich, C.A.; Anderson, D.M.; Winders, B.R.; Troupes, C.D.; Wu, F.; Reese, A.L.; McAnally, J.R.; Chen, X.;
Kavalali, E.T.; et al. A peptide encoded by a transcript annotated as long noncoding RNA enhances SERCA activity in muscle.
Science 2016, 351, 271–275. [CrossRef]

54. Lai, Y.; He, S.; Ma, L.; Lin, H.; Ren, B.; Ma, J.; Zhu, X.; Zhuang, S. HOTAIR functions as a competing endogenous RNA to regulate
PTEN expression by inhibiting miR-19 in cardiac hypertrophy. Mol. Cell. Biochem. 2017, 432, 179–187. [CrossRef] [PubMed]

55. Zhu, X.H.; Yuan, Y.X.; Rao, S.L.; Wang, P. LncRNA MIAT enhances cardiac hypertrophy partly through sponging miR-150. Eur.
Rev. Med. Pharmacol. Sci. 2016, 20, 3653–3660. [PubMed]

http://doi.org/10.1093/nar/gkx1107
http://doi.org/10.1016/j.cell.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29373828
http://doi.org/10.1038/s41388-019-1040-y
http://www.ncbi.nlm.nih.gov/pubmed/31601996
http://doi.org/10.1101/gr.103473.109
http://doi.org/10.1016/j.tig.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21680045
http://doi.org/10.1016/j.diabres.2020.108249
http://doi.org/10.1158/0008-5472.CAN-16-2634
http://www.ncbi.nlm.nih.gov/pubmed/28701486
http://doi.org/10.1016/j.cellsig.2019.109462
http://doi.org/10.1016/j.tibs.2018.09.012
http://doi.org/10.1007/s00018-016-2174-5
http://doi.org/10.1016/j.tibs.2016.07.003
http://doi.org/10.1002/wrna.1634
http://www.ncbi.nlm.nih.gov/pubmed/33191580
http://doi.org/10.1101/gad.337196.120
http://doi.org/10.1016/j.cell.2021.02.015
http://www.ncbi.nlm.nih.gov/pubmed/33735607
http://doi.org/10.1126/science.1237973
http://doi.org/10.1016/j.cell.2015.12.017
http://www.ncbi.nlm.nih.gov/pubmed/26724866
http://doi.org/10.1038/s41586-021-03633-w
http://doi.org/10.1186/s12943-020-01201-w
http://doi.org/10.1186/s12943-019-1105-0
http://doi.org/10.1038/nrg.2016.20
http://doi.org/10.1002/jcsm.12281
http://doi.org/10.1080/15548627.2019.1659610
http://www.ncbi.nlm.nih.gov/pubmed/31512556
http://doi.org/10.1038/nrg.2015.10
http://www.ncbi.nlm.nih.gov/pubmed/26666209
http://doi.org/10.1126/science.aad4076
http://doi.org/10.1007/s11010-017-3008-y
http://www.ncbi.nlm.nih.gov/pubmed/28316060
http://www.ncbi.nlm.nih.gov/pubmed/27649667


Biology 2023, 12, 154 12 of 15

56. Liu, L.; An, X.; Li, Z.; Song, Y.; Li, L.; Zuo, S.; Liu, N.; Yang, G.; Wang, H.; Cheng, X.; et al. The H19 long noncoding RNA is a
novel negative regulator of cardiomyocyte hypertrophy. Cardiovasc. Res. 2016, 111, 56–65. [CrossRef] [PubMed]

57. Greco, S.; Salgado Somoza, A.; Devaux, Y.; Martelli, F. Long Noncoding RNAs and Cardiac Disease. Antioxid. Redox Signal. 2018,
29, 880–901. [CrossRef]

58. Lozano-Vidal, N.; Bink, D.; Boon, R. Long noncoding RNA in cardiac aging and disease. J. Mol. Cell Biol. 2019, 11, 860–867.
[CrossRef]

59. Scheuermann, J.C.; Boyer, L. Getting to the heart of the matter: Long non-coding RNAs in cardiac development and disease.
EMBO J. 2013, 32, 1805–1816. [CrossRef]

60. Li, H.; Trager, L.E.; Liu, X.; Hastings, M.H.; Xiao, C.; Guerra, J.; To, S.; Li, G.; Yeri, A.; Rodosthenous, R.; et al. lncExACT1 and
DCHS2 Regulate Physiological and Pathological Cardiac Growth. Circulation 2022, 145, 1218–1233. [CrossRef]

61. Viereck, J.; Bührke, A.; Foinquinos, A.; Chatterjee, S.; Kleeberger, J.A.; Xiao, K.; Janssen-Peters, H.; Batkai, S.; Ramanujam, D.;
Kraft, T.; et al. Targeting muscle-enriched long non-coding RNA H19 reverses pathological cardiac hypertrophy. Eur. Heart J.
2020, 41, 3462–3474. [CrossRef] [PubMed]

62. Wang, H.; Huo, X.; Yang, X.R.; He, J.; Cheng, L.; Wang, N.; Deng, X.; Jin, H.; Wang, N.; Wang, C.; et al. STAT3-mediated
upregulation of lncRNA HOXD-AS1 as a ceRNA facilitates liver cancer metastasis by regulating SOX4. Mol. Cancer 2017, 16, 136.
[CrossRef] [PubMed]

63. Ghafouri-Fard, S.; Abak, A.; Talebi, S.F.; Shoorei, H.; Branicki, W.; Taheri, M.; Akbari Dilmaghani, N. Role of miRNA and lncRNAs
in organ fibrosis and aging. Biomed. Pharmacother. 2021, 143, 112132. [CrossRef]

64. Tanwar, V.S.; Reddy, M.A.; Natarajan, R. Emerging Role of Long Non-Coding RNAs in Diabetic Vascular Complications. Front.
Endocrinol. 2021, 12, 665811. [CrossRef] [PubMed]

65. Yang, F.; Qin, Y.; Lv, J.; Wang, Y.; Che, H.; Chen, X.; Jiang, Y.; Li, A.; Sun, X.; Yue, E.; et al. Silencing long non-coding RNA
Kcnq1ot1 alleviates pyroptosis and fibrosis in diabetic cardiomyopathy. Cell Death Dis. 2018, 9, 1000. [CrossRef] [PubMed]

66. Zhu, C.; Zhang, H.; Wei, D.; Sun, Z. Silencing lncRNA GAS5 alleviates apoptosis and fibrosis in diabetic cardiomyopathy by
targeting miR-26a/b-5p. Acta Diabetol. 2021, 58, 1491–1501. [CrossRef]

67. Varzideh, F.; Kansakar, U.; Donkor, K.; Wilson, S.; Jankauskas, S.S.; Mone, P.; Wang, X.; Lombardi, A.; Santulli, G. Cardiac
Remodeling After Myocardial Infarction: Functional Contribution of microRNAs to Inflammation and Fibrosis. Front. Cardiovasc.
Med. 2022, 9, 863238. [CrossRef]

68. Liang, H.; Pan, Z.; Zhao, X.; Liu, L.; Sun, J.; Su, X.; Xu, C.; Zhou, Y.; Zhao, D.; Xu, B.; et al. LncRNA PFL contributes to cardiac
fibrosis by acting as a competing endogenous RNA of let-7d. Theranostics 2018, 8, 1180–1194. [CrossRef]

69. Wang, J.; Zhang, S.; Li, X.; Gong, M. LncRNA SNHG7 promotes cardiac remodeling by upregulating ROCK1 via sponging
miR-34-5p. Aging 2020, 12, 10441–10456. [CrossRef]

70. Micheletti, R.; Plaisance, I.; Abraham, B.J.; Sarre, A.; Ting, C.C.; Alexanian, M.; Maric, D.; Maison, D.; Nemir, M.; Young, R.A.; et al.
The long noncoding RNA Wisper controls cardiac fibrosis and remodeling. Sci. Transl. Med. 2017, 9, eaai9118. [CrossRef]

71. Cao, F.; Li, Z.; Ding, W.M.; Yan, L.; Zhao, Q.Y. LncRNA PVT1 regulates atrial fibrosis via miR-128-3p-SP1-TGF-β1-Smad axis in
atrial fibrillation. Mol Med. 2019, 25, 7. [CrossRef] [PubMed]

72. Dai, H.; Zhao, N.; Liu, H.; Zheng, Y.; Zhao, L. LncRNA Nuclear-Enriched Abundant Transcript 1 Regulates Atrial Fibrosis via the
miR-320/NPAS2 Axis in Atrial Fibrillation. Front. Pharmacol. 2021, 12, 647124. [CrossRef] [PubMed]

73. Qi, X.; Zhang, D.H.; Wu, N.; Xiao, J.H.; Wang, X.; Ma, W. ceRNA in cancer: Possible functions and clinical implications. J. Med.
Genet. 2015, 52, 710–718. [CrossRef] [PubMed]

74. Xu, J.; Xu, J.; Liu, X.; Jiang, J. The role of lncRNA-mediated ceRNA regulatory networks in pancreatic cancer. Cell Death Discov.
2022, 8, 287. [CrossRef]

75. Chiu, H.S.; Martínez, M.R.; Komissarova, E.V.; Llobet-Navas, D.; Bansal, M.; Paull, E.O.; Silva, J.; Yang, X.; Sumazin, P.; Califano,
A. The number of titrated microRNA species dictates ceRNA regulation. Nucleic Acids Res. 2018, 46, 4354–4369. [CrossRef]

76. Saadat, S.; Noureddini, M.; Mahjoubin-Tehran, M.; Nazemi, S.; Shojaie, L.; Aschner, M.; Maleki, B.; Abbasi-Kolli, M.; Rajabi
Moghadam, H.; Alani, B.; et al. Pivotal Role of TGF-β/Smad Signaling in Cardiac Fibrosis: Non-coding RNAs as Effectual Players.
Front. Cardiovasc. Med. 2020, 7, 588347. [CrossRef]

77. Hu, H.H.; Chen, D.Q.; Wang, Y.N.; Feng, Y.L.; Cao, G.; Vaziri, N.D.; Zhao, Y.Y. New insights into TGF-β/Smad signaling in tissue
fibrosis. Chem. Biol. Interact. 2018, 292, 76–83. [CrossRef]

78. Khalil, H.; Kanisicak, O.; Prasad, V.; Correll, R.N.; Fu, X.; Schips, T.; Vagnozzi, R.J.; Liu, R.; Huynh, T.; Lee, S.J.; et al. Fibroblast-
specific TGF-β-Smad2/3 signaling underlies cardiac fibrosis. J. Clin. Investig. 2017, 127, 3770–3783. [CrossRef]

79. Wang, L.; Wang, H.L.; Liu, T.T.; Lan, H.Y. TGF-Beta as a Master Regulator of Diabetic Nephropathy. Int. J. Mol. Sci. 2021, 22, 7881.
[CrossRef]

80. Yoshida, K.; Matsuzaki, K.; Murata, M.; Yamaguchi, T.; Suwa, K.; Okazaki, K. Clinico-Pathological Importance of TGF-β/Phospho-
Smad Signaling during Human Hepatic Fibrocarcinogenesis. Cancers 2018, 10, 183. [CrossRef]

81. Györfi, A.H.; Matei, A.; Distler, J. Targeting TGF-β signaling for the treatment of fibrosis. Matrix Biol. 2018, 68, 8–27. [CrossRef]
[PubMed]

82. Wei, Y.; Kim, T.J.; Peng, D.H.; Duan, D.; Gibbons, D.L.; Yamauchi, M.; Jackson, J.R.; Le Saux, C.J.; Calhoun, C.; Peters, J.; et al.
Fibroblast-specific inhibition of TGF-β1 signaling attenuates lung and tumor fibrosis. J. Clin Investig. 2017, 127, 3675–3688.
[CrossRef] [PubMed]

http://doi.org/10.1093/cvr/cvw078
http://www.ncbi.nlm.nih.gov/pubmed/27084844
http://doi.org/10.1089/ars.2017.7126
http://doi.org/10.1093/jmcb/mjz046
http://doi.org/10.1038/emboj.2013.134
http://doi.org/10.1161/CIRCULATIONAHA.121.056850
http://doi.org/10.1093/eurheartj/ehaa519
http://www.ncbi.nlm.nih.gov/pubmed/32657324
http://doi.org/10.1186/s12943-017-0680-1
http://www.ncbi.nlm.nih.gov/pubmed/28810927
http://doi.org/10.1016/j.biopha.2021.112132
http://doi.org/10.3389/fendo.2021.665811
http://www.ncbi.nlm.nih.gov/pubmed/34234740
http://doi.org/10.1038/s41419-018-1029-4
http://www.ncbi.nlm.nih.gov/pubmed/30250027
http://doi.org/10.1007/s00592-021-01745-3
http://doi.org/10.3389/fcvm.2022.863238
http://doi.org/10.7150/thno.20846
http://doi.org/10.18632/aging.103269
http://doi.org/10.1126/scitranslmed.aai9118
http://doi.org/10.1186/s10020-019-0074-5
http://www.ncbi.nlm.nih.gov/pubmed/30894138
http://doi.org/10.3389/fphar.2021.647124
http://www.ncbi.nlm.nih.gov/pubmed/34040522
http://doi.org/10.1136/jmedgenet-2015-103334
http://www.ncbi.nlm.nih.gov/pubmed/26358722
http://doi.org/10.1038/s41420-022-01061-x
http://doi.org/10.1093/nar/gky286
http://doi.org/10.3389/fcvm.2020.588347
http://doi.org/10.1016/j.cbi.2018.07.008
http://doi.org/10.1172/JCI94753
http://doi.org/10.3390/ijms22157881
http://doi.org/10.3390/cancers10060183
http://doi.org/10.1016/j.matbio.2017.12.016
http://www.ncbi.nlm.nih.gov/pubmed/29355590
http://doi.org/10.1172/JCI94624
http://www.ncbi.nlm.nih.gov/pubmed/28872461


Biology 2023, 12, 154 13 of 15

83. Wang, Q.; Yu, Y.; Zhang, P.; Chen, Y.; Li, C.; Chen, J.; Wang, Y.; Li, Y. The crucial role of activin A/ALK4 pathway in the
pathogenesis of Ang-II-induced atrial fibrosis and vulnerability to atrial fibrillation. Basic Res. Cardiol. 2017, 112, 47. [CrossRef]

84. Chen, X.; Long, L.; Cheng, Y.; Chu, J.; Shen, Z.; Liu, L.; Li, J.; Xie, Q.; Liu, H.; Wu, M.; et al. Qingda granule attenuates cardiac
fibrosis via suppression of the TGF-β1/Smad2/3 signaling pathway in vitro and in vivo. Biomed. Pharmacother. 2021, 137, 111318.
[CrossRef] [PubMed]

85. Shen, Z.; Shen, A.; Chen, X.; Wu, X.; Chu, J.; Cheng, Y.; Peng, M.; Chen, Y.; Weygant, N.; Wu, M.; et al. Huoxin pill attenuates my-
ocardial infarction-induced apoptosis and fibrosis via suppression of p53 and TGF-β1/Smad2/3 pathways. Biomed. Pharmacother.
2020, 130, 110618. [CrossRef]

86. Yousefi, F.; Shabaninejad, Z.; Vakili, S.; Derakhshan, M.; Movahedpour, A.; Dabiri, H.; Ghasemi, Y.; Mahjoubin-Tehran, M.;
Nikoozadeh, A.; Savardashtaki, A.; et al. TGF-β and WNT signaling pathways in cardiac fibrosis: Non-coding RNAs come into
focus. Cell Commun Signal. 2020, 18, 87. [CrossRef]

87. Yuan, J.H.; Yang, F.; Wang, F.; Ma, J.Z.; Guo, Y.J.; Tao, Q.F.; Liu, F.; Pan, W.; Wang, T.T.; Zhou, C.C.; et al. A long noncoding
RNA activated by TGF-β promotes the invasion-metastasis cascade in hepatocellular carcinoma. Cancer Cell 2014, 25, 666–681.
[CrossRef]

88. Pachera, E.; Assassi, S.; Salazar, G.A.; Stellato, M.; Renoux, F.; Wunderlin, A.; Blyszczuk, P.; Lafyatis, R.; Kurreeman, F.; de
Vries-Bouwstra, J.; et al. Long noncoding RNA H19X is a key mediator of TGF-β-driven fibrosis. J. Clin. Investig. 2020,
130, 4888–4905. [CrossRef]

89. Janakiraman, H.; House, R.P.; Gangaraju, V.K.; Diehl, J.A.; Howe, P.H.; Palanisamy, V. The Long (lncRNA) and Short (miRNA) of
It: TGFβ-Mediated Control of RNA-Binding Proteins and Noncoding RNAs. Mol. Cancer Res. 2018, 16, 567–579. [CrossRef]

90. Meng, X.M.; Nikolic-Paterson, D.; Lan, H. TGF-β: The master regulator of fibrosis. Nat. Rev. Nephrol. 2016, 12, 325–338. [CrossRef]
91. Ge, Z.; Yin, C.; Li, Y.; Tian, D.; Xiang, Y.; Li, Q.; Tang, Y.; Zhang, Y. Long noncoding RNA NEAT1 promotes cardiac fibrosis in heart

failure through increased recruitment of EZH2 to the Smad7 promoter region. J. Transl. Med. 2022, 20, 7. [CrossRef] [PubMed]
92. Hao, K.; Lei, W.; Wu, H.; Wu, J.; Yang, Z.; Yan, S.; Lu, X.A.; Li, J.; Xia, X.; Han, X.; et al. LncRNA-Safe contributes to cardiac fibrosis

through Safe-Sfrp2-HuR complex in mouse myocardial infarction. Theranostics 2019, 9, 7282–7297. [CrossRef]
93. Derynck, R.; Zhang, Y. Smad-dependent and Smad-independent pathways in TGF-beta family signalling. Nature 2003,

425, 577–584. [CrossRef] [PubMed]
94. Weng, J.; Tu, M.; Wang, P.; Zhou, X.; Wang, C.; Wan, X.; Zhou, Z.; Wang, L.; Zheng, X.; Li, J.; et al. Amiodarone induces cell

proliferation and myofibroblast differentiation via ERK1/2 and p38 MAPK signaling in fibroblasts. Biomed. Pharmacother. 2019,
115, 108889. [CrossRef]

95. Zhang, Y.; Zhang, Y.Y.; Li, T.T.; Wang, J.; Jiang, Y.; Zhao, Y.; Jin, X.X.; Xue, G.L.; Yang, Y.; Zhang, X.F.; et al. Ablation of interleukin-
17 alleviated cardiac interstitial fibrosis and improved cardiac function via inhibiting long non-coding RNA-AK081284 in diabetic
mice. J. Mol. Cell. Cardiol. 2018, 115, 64–72. [CrossRef]

96. Zhang, F.; Fu, X.; Kataoka, M.; Liu, N.; Wang, Y.; Gao, F.; Liang, T.; Dong, X.; Pei, J.; Hu, X.; et al. Long noncoding RNA Cfast
regulates cardiac fibrosis. Mol. Ther. Nucleic Acids 2021, 23, 377–392. [CrossRef]

97. Tang, R.; Wang, Y.C.; Mei, X.; Shi, N.; Sun, C.; Ran, R.; Zhang, G.; Li, W.; Staveley-O’Carroll, K.F.; Li, G.; et al. LncRNA GAS5
attenuates fibroblast activation through inhibiting Smad3 signaling. Am. J. Physiol. Cell Physiol. 2020, 319, C105–C115. [CrossRef]

98. Li, L.; Zhao, Q.; Kong, W. Extracellular matrix remodeling and cardiac fibrosis. Matrix Biol. 2018, 68, 490–506. [CrossRef]
[PubMed]

99. Chaudhuri, O.; Cooper-White, J.; Janmey, P.A.; Mooney, D.J.; Shenoy, V.B. Effects of extracellular matrix viscoelasticity on cellular
behaviour. Nature 2020, 584, 535–546. [CrossRef]

100. Huang, Z.P.; Ding, Y.; Chen, J.; Wu, G.; Kataoka, M.; Hu, Y.; Yang, J.H.; Liu, J.; Drakos, S.G.; Selzman, C.H.; et al. Long non-coding
RNAs link extracellular matrix gene expression to ischemic cardiomyopathy. Cardiovasc. Res. 2016, 112, 543–554. [CrossRef]

101. Choong, O.K.; Chen, C.Y.; Zhang, J.; Lin, J.H.; Lin, P.J.; Ruan, S.C.; Kamp, T.J.; Hsieh, P.C.H. Hypoxia-induced H19/YB-1 cascade
modulates cardiac remodeling after infarction. Theranostics 2019, 9, 6550–6567. [CrossRef] [PubMed]

102. Qu, X.; Du, Y.; Shu, Y.; Gao, M.; Sun, F.; Luo, S.; Yang, T.; Zhan, L.; Yuan, Y.; Chu, W.; et al. MIAT Is a Pro-fibrotic Long Non-coding
RNA Governing Cardiac Fibrosis in Post-Infarct Myocardium. Sci. Rep. 2017, 7, 42657. [CrossRef]

103. Piccoli, M.T.; Gupta, S.K.; Viereck, J.; Foinquinos, A.; Samolovac, S.; Kramer, F.L.; Garg, A.; Remke, J.; Zimmer, K.; Batkai, S.; et al.
Inhibition of the Cardiac Fibroblast-Enriched lncRNA Meg3 Prevents Cardiac Fibrosis and Diastolic Dysfunction. Circ. Res. 2017,
121, 575–583. [CrossRef] [PubMed]

104. Barile, L.; Moccetti, T.; Marban, E.; Vassalli, G. Roles of exosomes in cardioprotection. Eur. Heart J. 2017, 38, 1372–1379. [CrossRef]
105. Mathiyalagan, P.; Sahoo, S. Exosomes-Based Gene Therapy for MicroRNA Delivery. Methods Mol. Biol. 2017, 1521, 139–152.
106. Ruan, Y.; Lin, N.; Ma, Q.; Chen, R.; Zhang, Z.; Wen, W.; Chen, H.; Sun, J. Circulating LncRNAs Analysis in Patients with Type 2

Diabetes Reveals Novel Genes Influencing Glucose Metabolism and Islet β-Cell Function. Cell. Physiol. Biochem. 2018, 46, 335–350.
[CrossRef]

107. Tao, S.C.; Rui, B.Y.; Wang, Q.Y.; Zhou, D.; Zhang, Y.; Guo, S.C. Extracellular vesicle-mimetic nanovesicles transport LncRNA-H19
as competing endogenous RNA for the treatment of diabetic wounds. Drug Deliv. 2018, 25, 241–255. [CrossRef] [PubMed]

http://doi.org/10.1007/s00395-017-0634-1
http://doi.org/10.1016/j.biopha.2021.111318
http://www.ncbi.nlm.nih.gov/pubmed/33556875
http://doi.org/10.1016/j.biopha.2020.110618
http://doi.org/10.1186/s12964-020-00555-4
http://doi.org/10.1016/j.ccr.2014.03.010
http://doi.org/10.1172/JCI135439
http://doi.org/10.1158/1541-7786.MCR-17-0547
http://doi.org/10.1038/nrneph.2016.48
http://doi.org/10.1186/s12967-021-03211-8
http://www.ncbi.nlm.nih.gov/pubmed/34980170
http://doi.org/10.7150/thno.33920
http://doi.org/10.1038/nature02006
http://www.ncbi.nlm.nih.gov/pubmed/14534577
http://doi.org/10.1016/j.biopha.2019.108889
http://doi.org/10.1016/j.yjmcc.2018.01.001
http://doi.org/10.1016/j.omtn.2020.11.013
http://doi.org/10.1152/ajpcell.00059.2020
http://doi.org/10.1016/j.matbio.2018.01.013
http://www.ncbi.nlm.nih.gov/pubmed/29371055
http://doi.org/10.1038/s41586-020-2612-2
http://doi.org/10.1093/cvr/cvw201
http://doi.org/10.7150/thno.35218
http://www.ncbi.nlm.nih.gov/pubmed/31588235
http://doi.org/10.1038/srep42657
http://doi.org/10.1161/CIRCRESAHA.117.310624
http://www.ncbi.nlm.nih.gov/pubmed/28630135
http://doi.org/10.1093/eurheartj/ehw304
http://doi.org/10.1159/000488434
http://doi.org/10.1080/10717544.2018.1425774
http://www.ncbi.nlm.nih.gov/pubmed/29334272


Biology 2023, 12, 154 14 of 15

108. Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Thery, C. Specificities of secretion and uptake of exosomes and other extracellular
vesicles for cell-to-cell communication. Nat. Cell Biol. 2019, 21, 9–17. [CrossRef]

109. Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.J.; Lotvall, J.O. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659. [CrossRef]

110. Chaturvedi, P.; Kalani, A.; Medina, I.; Familtseva, A.; Tyagi, S.C. Cardiosome mediated regulation of MMP9 in diabetic heart:
Role of mir29b and mir455 in exercise. J. Cell. Mol. Med. 2015, 19, 2153–2161. [CrossRef]

111. Kenneweg, F.; Bang, C.; Xiao, K.; Boulanger, C.M.; Loyer, X.; Mazlan, S.; Schroen, B.; Hermans-Beijnsberger, S.; Foinquinos, A.;
Hirt, M.N.; et al. Long Noncoding RNA-Enriched Vesicles Secreted by Hypoxic Cardiomyocytes Drive Cardiac Fibrosis. Mol.
Ther. Nucleic Acids 2019, 18, 363–374. [CrossRef]

112. Wang, Y.; Cao, X.; Yan, L.; Zheng, Y.; Yu, J.; Sun, F.; Lian, Z.; Sun, L. Exosome-derived long non-coding RNA ZFAS1 controls
cardiac fibrosis in chronic kidney disease. Aging 2021, 13. [CrossRef]

113. Chen, Y.; Chen, X.; Li, H.; Li, Y.; Cheng, D.; Tang, Y.; Sang, H. Serum extracellular vesicles containing MIAT induces atrial fibrosis,
inflammation and oxidative stress to promote atrial remodeling and atrial fibrillation via blockade of miR-485-5p-mediated
CXCL10 inhibition. Clin. Transl. Med. 2021, 11, e482. [CrossRef] [PubMed]

114. Raposo, G.; Stahl, P. Extracellular vesicles: A new communication paradigm? Nat. Rev. Mol. Cell Biol. 2019, 20, 509–510. [CrossRef]
115. Villarroya-Beltri, C.; Gutierrez-Vazquez, C.; Sanchez-Cabo, F.; Perez-Hernandez, D.; Vazquez, J.; Martin-Cofreces, N.; Martinez-

Herrera, D.J.; Pascual-Montano, A.; Mittelbrunn, M.; Sanchez-Madrid, F. Sumoylated hnRNPA2B1 controls the sorting of miRNAs
into exosomes through binding to specific motifs. Nat. Commun. 2013, 4, 2980. [CrossRef] [PubMed]

116. Li, S.; Li, Y.; Chen, B.; Zhao, J.; Yu, S.; Tang, Y.; Zheng, Q.; Li, Y.; Wang, P.; He, X.; et al. exoRBase: A database of circRNA, lncRNA
and mRNA in human blood exosomes. Nucleic Acids Res. 2018, 46, D106–D112. [CrossRef] [PubMed]

117. Squadrito, M.L.; Baer, C.; Burdet, F.; Maderna, C.; Gilfillan, G.D.; Lyle, R.; Ibberson, M.; De Palma, M. Endogenous RNAs
modulate microRNA sorting to exosomes and transfer to acceptor cells. Cell Rep. 2014, 8, 1432–1446. [CrossRef] [PubMed]

118. Koppers-Lalic, D.; Hackenberg, M.; Bijnsdorp, I.V.; van Eijndhoven, M.A.J.; Sadek, P.; Sie, D.; Zini, N.; Middeldorp, J.M.; Ylstra,
B.; de Menezes, R.X.; et al. Nontemplated nucleotide additions distinguish the small RNA composition in cells from exosomes.
Cell Rep. 2014, 8, 1649–1658. [CrossRef]

119. Hurley, J.H.; Hanson, P. Membrane budding and scission by the ESCRT machinery: It’s all in the neck. Nat. Rev. Mol. Cell Biol.
2010, 11, 556–566. [CrossRef]

120. Puri, N.; Roche, P. Ternary SNARE complexes are enriched in lipid rafts during mast cell exocytosis. Traffic 2006, 7, 1482–1494.
[CrossRef]

121. Yang, L.; Peng, X.; Li, Y.; Zhang, X.; Ma, Y.; Wu, C.; Fan, Q.; Wei, S.; Li, H.; Liu, J. Long non-coding RNA HOTAIR promotes
exosome secretion by regulating RAB35 and SNAP23 in hepatocellular carcinoma. Mol. Cancer 2019, 18, 78. [CrossRef] [PubMed]

122. Crooke, S.T.; Witztum, J.L.; Bennett, C.F.; Baker, B.F. RNA-Targeted Therapeutics. Cell Metab. 2018, 27, 714–739. [CrossRef]
[PubMed]

123. Crooke, S.T. Molecular Mechanisms of Antisense Oligonucleotides. Nucleic Acid Ther. 2017, 27, 70–77. [CrossRef] [PubMed]
124. Lim, K.H.; Han, Z.; Jeon, H.Y.; Kach, J.; Jing, E.; Weyn-Vanhentenryck, S.; Downs, M.; Corrionero, A.; Oh, R.; Scharner, J.; et al.

Antisense oligonucleotide modulation of non-productive alternative splicing upregulates gene expression. Nat. Commun. 2020,
11, 3501. [CrossRef]

125. Modarresi, F.; Faghihi, M.A.; Lopez-Toledano, M.A.; Fatemi, R.P.; Magistri, M.; Brothers, S.P.; van der Brug, M.P.; Wahlestedt,
C. Inhibition of natural antisense transcripts in vivo results in gene-specific transcriptional upregulation. Nat. Biotechnol. 2012,
30, 453–459. [CrossRef]

126. Lima, J.F.; Cerqueira, L.; Figueiredo, C.; Oliveira, C.; Azevedo, N.F. Anti-miRNA oligonucleotides: A comprehensive guide for
design. RNA Biol. 2018, 15, 338–352. [CrossRef]

127. Kluiver, J.; Slezak-Prochazka, I.; Smigielska-Czepiel, K.; Halsema, N.; Kroesen, B.J.; van den Berg, A. Generation of miRNA
sponge constructs. Methods 2012, 58, 113–117. [CrossRef]

128. Wronska, A. The Role of microRNA in the Development, Diagnosis, and Treatment of Cardiovascular Disease: Recent Develop-
ments. J. Pharmacol. Exp. Ther. 2023, 384, 123–132. [CrossRef]

129. Das, S.; Kohr, M.; Dunkerly-Eyring, B.; Lee, D.I.; Bedja, D.; Kent, O.A.; Leung, A.K.; Henao-Mejia, J.; Flavell, R.A.; Steenbergen,
C. Divergent Effects of miR-181 Family Members on Myocardial Function Through Protective Cytosolic and Detrimental
Mitochondrial microRNA Targets. J. Am. Heart Assoc. 2017, 6, e004694. [CrossRef]

130. Bernardo, B.C.; Gregorevic, P.; Ritchie, R.H.; McMullen, J.R. Generation of MicroRNA-34 Sponges and Tough Decoys for the
Heart: Developments and Challenges. Front. Pharmacol. 2018, 9, 1090. [CrossRef]

131. Esau, C.; Davis, S.; Murray, S.F.; Yu, X.X.; Pandey, S.K.; Pear, M.; Watts, L.; Booten, S.L.; Graham, M.; McKay, R.; et al. miR-122
regulation of lipid metabolism revealed by in vivo antisense targeting. Cell Metab. 2006, 3, 87–98. [CrossRef] [PubMed]

132. Rockey, D.C.; Bell, P.; Hill, J. Fibrosis—A common pathway to organ injury and failure. N. Engl. J. Med. 2015, 372, 1138–1149.
[CrossRef] [PubMed]

133. Zhang, K.; Han, X.; Zhang, Z.; Zheng, L.; Hu, Z.; Yao, Q.; Cui, H.; Shu, G.; Si, M.; Li, C.; et al. The liver-enriched lnc-LFAR1
promotes liver fibrosis by activating TGFβ and Notch pathways. Nat. Commun. 2017, 8, 144. [CrossRef]

http://doi.org/10.1038/s41556-018-0250-9
http://doi.org/10.1038/ncb1596
http://doi.org/10.1111/jcmm.12589
http://doi.org/10.1016/j.omtn.2019.09.003
http://doi.org/10.18632/aging.202599
http://doi.org/10.1002/ctm2.482
http://www.ncbi.nlm.nih.gov/pubmed/34459123
http://doi.org/10.1038/s41580-019-0158-7
http://doi.org/10.1038/ncomms3980
http://www.ncbi.nlm.nih.gov/pubmed/24356509
http://doi.org/10.1093/nar/gkx891
http://www.ncbi.nlm.nih.gov/pubmed/30053265
http://doi.org/10.1016/j.celrep.2014.07.035
http://www.ncbi.nlm.nih.gov/pubmed/25159140
http://doi.org/10.1016/j.celrep.2014.08.027
http://doi.org/10.1038/nrm2937
http://doi.org/10.1111/j.1600-0854.2006.00490.x
http://doi.org/10.1186/s12943-019-0990-6
http://www.ncbi.nlm.nih.gov/pubmed/30943982
http://doi.org/10.1016/j.cmet.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29617640
http://doi.org/10.1089/nat.2016.0656
http://www.ncbi.nlm.nih.gov/pubmed/28080221
http://doi.org/10.1038/s41467-020-17093-9
http://doi.org/10.1038/nbt.2158
http://doi.org/10.1080/15476286.2018.1445959
http://doi.org/10.1016/j.ymeth.2012.07.019
http://doi.org/10.1124/jpet.121.001152
http://doi.org/10.1161/JAHA.116.004694
http://doi.org/10.3389/fphar.2018.01090
http://doi.org/10.1016/j.cmet.2006.01.005
http://www.ncbi.nlm.nih.gov/pubmed/16459310
http://doi.org/10.1056/NEJMra1300575
http://www.ncbi.nlm.nih.gov/pubmed/25785971
http://doi.org/10.1038/s41467-017-00204-4


Biology 2023, 12, 154 15 of 15

134. Bang, C.; Antoniades, C.; Antonopoulos, A.S.; Eriksson, U.; Franssen, C.; Hamdani, N.; Lehmann, L.; Moessinger, C.; Mongillo,
M.; Muhl, L.; et al. Intercellular communication lessons in heart failure. Eur. J. Heart Fail. 2015, 17, 1091–1103. [CrossRef]
[PubMed]

135. Zanotti, S.; Gibertini, S.; Blasevich, F.; Bragato, C.; Ruggieri, A.; Saredi, S.; Fabbri, M.; Bernasconi, P.; Maggi, L.;
Mantegazza, R.; et al. Exosomes and exosomal miRNAs from muscle-derived fibroblasts promote skeletal muscle fibro-
sis. Matrix Biol. 2018, 74, 77–100. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/ejhf.399
http://www.ncbi.nlm.nih.gov/pubmed/26398116
http://doi.org/10.1016/j.matbio.2018.07.003

	Introduction 
	Characteristics of lncRNAs 
	LncRNAs Serve as ceRNAs in Controlling Cardiac Fibrosis 
	LncRNAs Regulate Cardiac Fibrosis through TGF- Signaling Pathways 
	LncRNAs Control Cardiac Fibrosis by Regulating ECM Gene Expression 
	Exosome-Derived LncRNAs Regulate Cardiac Fibrosis 
	The Way of LncRNAs Secreted into Exosomes 
	LncRNAs Serve as Potential Therapeutic Targets 

	Conclusions 
	References

