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Abstract
Cardiovascular diseases remain the leading causes of mortality and disability, with heart failure being the end stage of various 
cardiovascular diseases. The well-established biological pathogenesis of heart failure includes cardiomyocyte hypertrophy, cardiac 
fibrosis, and endothelial dysfunction. Despite advanced therapies, mortality from heart failure remains high. Therefore, novel tar-
gets and therapeutic strategies for heart failure are urgently needed. The discovery of microRNAs (miRNAs) and long non-coding 
RNAs (lncRNAs) extends understanding of the pathophysiological mechanisms of diseases and provides new perspectives on 
potential clinical applications. Emerging evidence shows that miRNAs and lncRNAs may be located in different subcellular frac-
tions and possess various regulatory functions; this deepens the understanding of miRNA and lncRNA functions. Furthermore, 
miRNA- or lncRNA-based therapies may be optimized based on their subcellular functions. In this review, we have summarized 
the diverse functions of subcellular miRNAs and lncRNAs and the current clinical applications of miRNAs and lncRNAs in the 
treatment of heart failure.
Keywords: microRNA; Long non-coding RNA; Heart failure; Subcellular compartments; Clinical application

Correspondence to: Chen Chen, Department of Cardiology, Tongji Hospital, Tongji 
Medical College and State Key Laboratory for Diagnosis and Treatment of Severe 
Zoonotic Infectious Diseases, Huazhong University of Science and Technology, No. 
1095 Jiefang Avenue, Wuhan, Hubei 430030, China  
E-Mail: chenchen@tjh.tjmu.edu.cn

Copyright © 2026 The Chinese Medical Association, produced by Wolters Kluwer Health, LLC. 
under the CC-BY-NC-ND license. This is an open access article distributed under the terms of the 
Creative Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where 
it is permissible to download and share the work provided it is properly cited. The work cannot be 
changed in any way or used commercially without permission from the journal.

Chinese Medical Journal 2026;XX(XX)

Received: 28-07-2025; Online: 17-07-2026  Edited by: Rongman Jia

10.1097/CM9.0000000000004177

Introduction

Heart failure is a clinical syndrome caused by func-
tional or structural cardiac abnormality, accompanied 
by elevated natriuretic peptide levels and pulmonary or 
systemic congestion.[1] Because of the high morbidity and 
mortality, as well as a significantly impaired quality of 
life, heart failure remains a major global public health 
burden.[2–3] Heart failure is a common chronic end-stage 
resulting from various heart diseases, including ischemic 
heart disease, cardiomyopathy, and hypertension.[4–5]

Although heart failure has diverse etiologies, it typically 
shares common pathophysiological changes in cardiomyo-
cytes, fibroblasts, endothelial cells, and the extracellular 
matrix. Early-stage cardiomyocyte hypertrophy is usually 
compensatory; however, in later stages, this is accompa-
nied by cardiomyocyte elongation and death, leading to 

ventricular dilation.[6] During heart failure, proliferation 
and activation of fibroblasts result in interstitial collagen 
deposition, reducing ventricular compliance.[7] Endothe-
lial cell dysfunction impairs vasodilation, decreasing 
cardiac perfusion and increasing afterload.[8]

Despite advances in understanding the pathophysiology 
and treatment of heart failure, its prevalence continues 
to rise, and prognosis remains poor.[2] Therefore, it is 
urgent to identify new biomarkers and novel therapeutic 
approaches for heart failure.

Although 80% of the human genome is transcribed, pro-
tein-coding genes account for only 1%; the majority of 
the transcriptional products are described as non-coding 
RNAs (ncRNAs).[9–10] Since their discovery, ncRNAs have 
been identified as important regulators in cardiovascular 
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development and in the processes of cardiovascular  
diseases.[11] Among them, microRNAs (miRNAs) and long 
non-coding RNAs (lncRNAs) are the most extensively 
studied.[12]

miRNAs are small, single-stranded ncRNAs with a length of 
approximately 22 nucleotides (nt).[13] Studies have demon-
strated that miRNAs are widely distributed throughout 
various subcellular fractions.[14–15] The function of miR-
NAs in the cytoplasm has been widely studied. Generated 
in the nucleus and then transported into the cytoplasm, 
miRNAs are commonly loaded into the RNA-induced 
silencing complex (RISC), where they mediate gene 
silencing by binding to the 3′ untranslated region (UTR) 
of target messenger RNA (mRNA) molecules, leading to 
mRNA degradation or translational repression.[16–17] In 
addition to the cytoplasmic mechanism, an increasing 
number of studies have found that miRNAs in other sub-
cellular compartments also play important roles in cells. 
For example, miRNAs in the nucleus can regulate nuclear 
transcripts and alternative splicing.[18–19]

Importantly, increasing evidence shows that the subcel-
lular localization of miRNAs is not a simple reflection of 
their distribution, but a key factor that determines their 
functions. The same miRNA can have distinct molecular 
functions depending on the subcellular compartment where 
it exists. For instance, microRNA-320 (miR-320) acts as a 
conventional translational repressor in the cytoplasm.[20] 
However, when it is transported into the nucleus, it switches 
to a transcriptional activator that directly binds to gene pro-
moters and drives transcription.[21] Similarly, miR-126-5p 
functions as a canonical post-transcriptional silencer in the 
cytoplasm.[22] However, in the nucleus of endothelial cells 
under shear stress, miR-126-5p directly binds to caspase-3 
in an aptamer-like manner to inhibit apoptosis, a mechanism 
entirely independent of mRNA targeting.[23] These exam-
ples illustrate that subcellular localization fundamentally 
reshapes the mode of action of miRNAs, converting them 
from post-transcriptional regulators into transcriptional 
modulators or direct protein interactors.

lncRNAs are RNAs longer than 200 nt that lack protein- 
coding potential.[24–25] The functions of lncRNAs are com-
plex and diverse, and are closely related to their subcellular 
localization. For instance, in the nucleus, lncRNAs act as 
molecular scaffolds, while in the cytoplasm, they modify 
the stabilization of mRNA and regulate translation.[26–27]

In the nucleus, lncRNAs may directly interact with chro-
matin through triplex or R-loop structures to regulate 
transcription, recruit chromatin-modifying complexes 
such as polycomb repressive complex 2 (PRC2) to silence 
or activate specific gene loci, or modulate alternative splic-
ing by recruiting splicing factors to precursor mRNAs.[28–30] 
In the cytoplasm, lncRNA shifts to post-transcriptional 
roles, stabilizing mRNAs by recruiting RNA-binding 
proteins, acting as miRNA sponges to relieve transla-
tional repression, or interfering with ribosome-associated 
factors to modulate global translation.[31–33] In mitochon-
dria, lncRNAs directly bind to metabolic enzymes and 
enhance their activity through allosteric mechanisms.[34] 
This localization-dependent functional flexibility reveals 

that subcellular localization is not a simple consequence 
of lncRNA biogenesis, but an active determinant that 
decides the specific molecular function of lncRNAs.

Studies have shown that both miRNAs and lncRNAs play 
important roles in the cardiovascular system. For example, 
conditional knockout of Dicer, which encodes the rate-limit-
ing enzyme for miRNA maturation, in cardiomyocytes of 
3-week-old mice led to atrial enlargement and early death. 
When it was knocked out in cardiomyocytes of adult mice, 
rapid and dramatic biventricular enlargement occurred.[35] 
Multiple lncRNAs have been demonstrated to be essential 
for cardiovascular development. For instance, lncRNAs 
such as TERMINATOR, ALIEN, and PUNISHER were,  
respectively, expressed in undifferentiated pluripotent stem  
cells, cardiovascular progenitors, and differentiated endothe-
lial cells, and played key roles during their corresponding 
developmental stages.[36]

The subcellular localization of ncRNA as a key driver is 
important for understanding heart failure in the context 
of clinical translation. First, it reveals previously hidden 
disease mechanisms. For example, miR-92a-3p and miR-
212/132 both can promote cardiac hypertrophy. However, 
miR-92a-3p functions in the nucleus by driving patho-
logical myosin heavy chain 7 (MYH7) expression by a 
transcriptional activation mechanism that is invisible to 
conventional cytoplasm-focused studies and fundamentally 
different from the post-transcriptional silencing mediated 
by cytoplasmic miR-212/132 targeting forkhead box O3 
(FoxO3). Without the subcellular perspective, these two 
mechanistically distinct pathways would be indistinguisha-
ble.[37–38] Besides, it redefines therapeutic target selection. 
A miRNA whose pathological effect is primarily in the 
nucleus requires nuclear-penetrating delivery systems, 
whereas a cytoplasmic miRNA mechanism can be targeted 
by conventional antisense oligonucleotides (ASOs). Ignor-
ing subcellular localization may lead to therapeutic failure 
due to drug delivery to the wrong compartment.

Therefore, in this review, we adopt subcellular localization 
of ncRNAs as the central organizing framework. Rather 
than simply cataloguing ncRNAs by disease mechanism 
or molecular type, we organize the roles of miRNAs and 
lncRNAs across subcellular compartments within the three 
key cell types involved in heart failure. Through this frame-
work, we aim to demonstrate how subcellular localization 
determines ncRNA function in heart failure, identify mecha-
nistic gaps overlooked by conventional perspectives, and 
discuss how this spatial understanding may guide the opti-
mization of ncRNA-based diagnostics and therapeutics.

Important Roles of Cardiomyocytes, Fibroblasts, and 
Endothelial Cells in Heart Failure

Cardiomyocytes

Cardiomyocyte hypertrophy is a hallmark of heart failure. 
To maintain perfusion of organs, the heart and individual 
cardiomyocytes enlarge in response to increased preload 
and afterload. Different from reversible physiological 
hypertrophy occurring during exercise, pathological 
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hypertrophy induced by chronic hypertension or myo-
cardial infarction is irreversible and characterized by 
lengthening of individual cardiomyocytes with impaired 
function. Pathological hypertrophy of cardiomyocytes 
leads to ventricular dilatation and wall thinning, which 
finally results in systolic dysfunction and heart failure.[39–40]

In the normal heart, the proportion of dead cardiomyocytes 
is extremely low, whereas in the failing heart, the number of 
dying cardiomyocytes increases remarkably.[41] Cardiomyo-
cyte death is the core progression of heart failure. Because 
of the limited regenerative ability of the adult mammalian 
cardiomyocytes, damaged and dead cardiomyocytes are 
replaced by scar rather than proliferating cardiomyocytes, 
leading to irreversible cardiac dysfunction.[42]

Fibroblasts

Cardiac fibrosis is primarily mediated by activated cardiac 
fibroblasts and can be divided into three types: replace-
ment fibrosis, interstitial fibrosis, and perivascular fibrosis. 
When cardiomyocytes are damaged, fibroblasts migrate 
to the site of injury, proliferate, and are activated into 
reparative myofibroblasts, which secrete collagen to form 
scars, resulting in replacement fibrosis.[7,43] Although 
replacement fibrosis is usually reparative and prevents 
fatal mechanical complications such as cardiac rupture, 
the scar tissue lacks the ability of rhythmic contractile 
function of healthy cardiomyocytes, resulting in contractile 
dysfunction. Interstitial fibrosis is characterized by diffuse 
fibrillar collagen accumulation throughout the myocar-
dial interstitium, while perivascular fibrosis is defined by 
collagen deposition around the adventitia of microvessels. 
These two types of fibrosis commonly coexist in heart 
failure associated with pressure overload, such as that seen 
with hypertension or aortic stenosis, and can reduce left 
ventricular compliance and impair diastolic function.[44–45]

Endothelial cells

The myocardial microvascular system is crucial for main-
taining homeostasis. In heart failure, vasodilation of the 
coronary and peripheral arteries is both impaired, leading 
to impaired myocardial contractility and increased cardiac 
afterload, which in turn exacerbates heart failure.[46–47] 
In addition, reduced capillary density has been observed 
in the hearts of patients with heart failure, resulting in 
myocardial hypoxia and cardiac dysfunction.[48] Both 
processes are related to endothelial cells. On the one 
hand, endothelial cell dysfunction reduces vasodilatory 
response to blood flow and vasodilators; on the other 
hand, endothelial cell death leads to microvascular rare-
faction.[12,49] Therefore, reversing endothelial dysfunction 
and promoting angiogenesis have protective roles in the 
treatment of heart failure.

Biogenesis of miRNA

Canonical miRNA biogenesis

The typical miRNA biogenesis initiates in the nucleus 
with the production of primary miRNAs (pri-miRNAs) 

by RNA polymerase II (Pol II).[50–51] The classical pri-miR-
NAs are characterized by a hairpin-shaped secondary 
structure, with a stem composed of two complementary 
RNA sequences at a length of approximately 35 base pair 
(bp), a terminal loop at the top, and unpaired single-strand 
RNA segments present at both sides of the base of the 
hairpin.[52–53] Once generated, pri-miRNAs are cleaved by 
the microprocessor complex, consisting of Drosha and its 
cofactor DiGeorge syndrome critical region 8 (DGCR8), 
into a short hairpin-like structure with a 2-nt 3′ overhang, 
named precursor miRNAs (pre-miRNAs).[54–58] After 
cleavage, the pre-miRNAs are transported to the cyto-
plasm from the nucleus by Exportin 5 (Xpo5), a member 
of Ran-dependent nuclear transport receptor.[59–61] In 
the cytoplasm, a miRNA duplex is processed from pre- 
miRNAs by DICER,[62–64] an RNase III enzyme whose 
stability, processing efficiency, and cleavage site selection 
are influenced by two double-stranded RNA-binding 
proteins, trans-activation response RNA-binding protein 
(TRBP), and protein activator of interferon-induced 
protein kinase R (PACT).[65–67] The miRNA duplexes are 
loaded into Argonaute (Ago) proteins with the assistance 
of heat shock protein 70 (Hsp70) and heat shock protein 
90 (Hsp90) chaperones, which keep the conformation 
of Ago open.[68–69] Two strands of the duplex are then 
separated into the “guide” and “passenger” strands by 
two characteristics: base identity and thermodynamic 
stability.[70–71] The strand with 5′ termini being uracil or 
adenine, or whose 5′ end is thermodynamically unstable, 
tends to be selected as the guide strand by Ago.[72] With 
the passenger strand removed, the remaining guide strand 
and Ago proteins compose RISC, which is responsible for 
target gene-silencing.[73]

Non-canonical miRNA biogenesis

Besides the canonical route, miRNAs can be generated 
bypassing DROSHA, DICER, or utilize alternative path-
ways. For example, some spliced introns, such as mirtrons, 
escape immediate degradation and form a hairpin-shaped 
structure after debranching, bypassing processing by DRO-
SHA.[74–75] Drosha-independent miRNAs can also come 
from 5′ methylguanosine-capped pre-miRNAs directly  
transcribed by Pol II.[76] In addition, partial small nucleo-
lar RNAs (snoRNAs), such as H/ACA box snoRNA 
ACA45[77] and transfer RNAs (tRNAs), such as isoleu-
cine tRNA,[78] can serve as sources of miRNAs bypassing 
Drosha. There are also DICER-independent cases. For 
instance, after being processed by DROSHA, pre-miR-451 
is directly cleaved by AGO2 and subsequently trimmed 
by the 3′-to-5′ exoribonuclease PARN rather than being 
processed by DICER, because its unusually short hairpin 
cannot be recognized by DICER.[79–80]

The biogenesis pathway determines the initial subcellular 
destination of each miRNA. Canonical processing delivers 
mature miRNAs predominantly to the cytoplasm via Xpo5, 
whereas specific sequence motif or association with nuclear 
import adaptors can redirect miRNAs to the nucleus.[81–82] 
Importantly, during heart failure, perturbations in biogenesis 
components such as altered Xpo5 expression[83] or changes 
in AGO2[84] may impair nuclear import efficiency and 
redistribute miRNAs across subcellular compartments, 
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shifting their functions from post-transcriptional silencing 
to other non-classical functions. In the following sections, 
we first describe the distinct functions of miRNAs in each 
subcellular compartment, and then demonstrate how these 
compartment-specific functions are co-opted during heart 
failure progression.

Biogenesis of lncRNA

Similar to the process of generation of mRNA, many 
lncRNA species are transcribed by Pol II,[85] undergo 
splicing and folding, with 5′ end m7G caps and 3′ poly(A) 
tails.[86] In addition to the classical maturation processes 
involving 5′ m7G capping and 3′ polyadenylation, lncR-
NAs can also be cleaved by RNase P, generating a mature 
3′ end.[87–88] They may be capped at both ends or at the 5′ 
end by snoRNAs,[89–91] or may form circular structures to 
avoid degradation.[92] For example, the 3′ end of NEAT1 
and MALAT1 form a triplex structure, processed by 
RNase P.[93–94] The 5′ ends of 5′ snoRNA-capped and 3′ 
polyadenylated long non-coding RNA (SPAs) are capped 
by snoRNA-associated ribonucleoproteins and contain 
3′ poly(A) tails.[91] Both the 5′ and 3′ ends of a sno-ln-
cRNA are wrapped by snoRNA structures; the lncRNA 
sequence lies between the sequences of snoRNA. It lacks 
the conventional m7G caps and poly(A) tails.[89]

Although several species of lncRNAs possess an mRNA-
like structure, lncRNAs prefer to remain in the nucleus 
rather than the cytoplasm, for unknown reasons. The 
phosphorylation state of the C-terminus of Pol II C-ter-
minal domain (CTD) corresponds to different stages of 
transcription. For example, S5P is associated with early 
elongation, 5′ capping, and active splicing, while S2P is 
related to late elongation and 3′ end processing.[95–96] 
Mammalian native elongating transcript sequencing (mNET- 
seq) reveals that several lncRNA genes are transcribed 
by Pol II with abnormal phosphorylation status. Pol II 
tends to pause more at the transcription start site (TSS) of 
protein-coding genes with specific phosphorylation signals, 
while these signals in lncRNA genes are weaker and more 
evenly distributed. The transcription end site (TES) of 
protein-coding genes show a strong threonine 4 phospho-
rylation (T4P) signal, indicating that Pol II terminates at 
these sites. In contrast, with more scattered termination 
signals, Pol II is shown to terminate at multiple positions 
at lncRNA genes. The above findings indicate that the 
transcription process of lncRNAs is less precise than that 
of mRNAs. This type of lncRNA exhibits low efficiency 
during co-transcriptional splicing, and its transcription 
termination is not dependent on polyadenylation signals, 
resulting in the transient accumulation of lncRNA on 
chromatin and subsequent rapid degradation by the RNA 
exosome.[85]

The splicing efficiency of lncRNAs is lower than that of 
mRNAs.[97] Their internal splicing signals are weaker, 
and the distance from the 3′ splice site to the branch 
point is longer.[98] Studies have shown that splicing can 
significantly promote nuclear export of mRNAs. The 
coupling of splicing and nuclear export is widespread and 
conserved in higher eukaryotes. Therefore, weak splicing 
is related to strong nuclear retention of lncRNAs.[99]

Some chromatin-located lncRNAs possess many U1- 
binding motifs, which recruit U1 small nuclear ribonucleo-
protein particles (snRNP) to Pol II that is transcriptionally 
active. Mutation of the U1-binding sequence, depletion of 
the U1-snRNP component SNRNP70, or inhibition of Pol 
II transcription all weaken the chromatin association 
of lncRNAs. This suggests that lncRNAs are attached 
to chromatin through the binding of U1-snRNP to their 
U1-binding motifs.[100]

There are also motifs in lncRNA sequences that recruit 
specific nuclear factors that can assist in nuclear reten-
tion, as well as enhance the function of lncRNAs. For 
instance, an element in 42 nt length, called SINE-derived 
nuclear RNA localization element (SIRLOIN), including 
three C-rich segments from the Alu sequence, promotes 
lncRNA accumulation in the nucleus by binding with 
heterogeneous nuclear ribonucleoprotein K (hnRNP 
K) When hnPNP K is knocked down in MCF-7 human 
breast cancer cells cells, lncRNAs with SIRLOIN tend to 
export to the cytoplasm.[101]

The biogenesis and processing pathways described ear-
lier are not merely background information but directly  
determine the subcellular fate of lncRNAs. Unlike mRNAs, 
lncRNAs exhibit a strong tendency toward nuclear 
retention due to their inefficient splicing, atypical Pol 
II phosphorylation patterns, and presence of specific 
nuclear retention motifs such as SIRLOIN and U1-bind-
ing sequences. These features establish biogenesis-driven 
subcellular localization. lncRNAs with efficient splicing 
and canonical processing are more likely to be exported 
to the cytoplasm, where they engage in post-transcrip-
tional regulation. Those with weak splicing signals or 
nuclear retention elements remain in the nucleus, where 
they participate in chromatin remodeling, transcriptional 
regulation, and alternative splicing.[27] Importantly, 
during heart failure, pathological stimuli may alter the 
expression or activity of splicing factors, nuclear export 
machinery, and RNA-binding proteins, potentially redis-
tributing lncRNAs across subcellular compartments, 
thereby shifting their functional output.

Functions of miRNAs in Different Subcellular Localizations

Classical function of miRNAs in cytoplasm

Classical post-transcriptional gene silencing

The most extensively studied and well-defined function 
of miRNAs is to promote mRNA degradation or inhibit 
mRNA translation by binding to the 3′ UTR of target 
mRNAs through sequence complementarity.

For sequence complementarity, miRNAs usually recog-
nize the target mRNAs by their “seed region” located at 
the second–seventh nt of miRNAs. In addition, another 
pairing at the eighth nucleotide can enhance bind-
ing. Therefore, the second–eighth region is also called 
“extended seed”. If the first base of target mRNAs oppo-
site miRNAs is an adenosine, or there is supplementary  
pairing at 13th–16th nucleotide of miRNAs, the interaction 
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may be further improved.[102–103] miRNA target sites, 
also known as microRNA response elements (MREs), are 
not only situated at the 3′ UTR region of mRNAs, but can 
also be found in the 5′ UTR region or coding sequence 
region. Bioinformatics algorithms predict that each mRNA 
possesses four or five MREs.[103–104]

After recognition, miRNAs may suppress gene expression 
by two different models. On the one hand, miRNAs may 
induce mRNA slicing. The Ago proteins possess four key 
domains: the N-terminal, Piwi/Argonaute/Zwille (PAZ),  
middle, and P-element-induced wimpy testis (PIWI) 
domains.[105–107] The PIWI domain has an RNase H-like 
structure with nuclease activity and can directly cleave tar-
get mRNA.[105] Among the four human Ago proteins, only 
AGO2 possesses strong slicing activity.[108] However, this 
slicing action is rare in humans because it requires nearly 
perfect pairing between miRNA and its target mRNA, 
which rarely occurs in animals. In contrast, this pathway 
commonly occurs in plants. On the other hand, the more 
common effects of miRNAs in animals are translational 
repression.[109–110] Trinucleotide repeat-containing protein 
6 (TNRC6) directly binds to Ago proteins and recruits 
the carbon catabolite repression 4–negative on TATA-less 
(CCR4–NOT) complex and poly(A)-specific ribonuclease 
subunit 2–poly(A)-specific ribonuclease subunit 3 (PAN2–
PAN3), thereby removing the poly(A) tail at the end of 
mRNAs and triggering rapid decay.[111–112] Besides, 
TNRC6 with CCR4–NOT complex not only recruits 
DEAD-box helicase 6 (DDX6), promoting mRNA decap-
ping, but also recruits 4E–T to compete with eukaryotic 
translation initiation factor 4G (eIF4G), for binding to the 
cap-binding protein eIF4E, thereby inhibiting translation 
initiation.[113] Dissociation of poly(A)-binding protein is 
also induced by TNRC6, preventing the translation initia-
tion complex eIF4F, which is composed of eIF4E, eIF4G, 
and eIF4A, from binding to the 5′ cap, thereby blocking 
translation initiation.[114]

Regulation of non-conventional MREs

miRNAs bind to target mRNAs through seed sequences 
and the MREs within the 3′ UTR region of mRNAs. 
However, recent studies have identified non-conventional 
MREs, characterized by the following features: Pairing is 
not limited to the seed region or MREs may be located 
in the coding sequence (CDS) or other non-3′ UTR 
regions.[115–116] This interaction demands extensive pair-
ing at the 3′ side instead of the seed region and requires 
only Ago proteins rather than GW182. Ribosome pro-
filing shows that these MREs cause transient ribosome 
stalling rather than mRNA destabilization.[117]

miRNAs interacting with non-Ago proteins

From the traditional perspective, miRNAs mainly work 
in RISC by binding to Ago proteins, to interact with 
mRNAs, and result in translation inhibition or mRNA 
decay.[118] However, a part of mature miRNAs interacts 
with non-Ago proteins.[119] Early studies found that miR-
NAs competitively bind to non-Ago proteins. And certain 
miRNAs form a secondary structure similar to RNA 

aptamers, resembling artificially designed nucleic acid 
aptamers that specifically bind to proteins.[120]

Functions of miRNAs in the Nucleus

Although miRNAs and RISC components are commonly 
located in the cytoplasm, they are also present in the 
nucleus. Their nuclear localization can be achieved by 
two mechanisms. Some miRNAs contain specific motifs 
that may promote their nuclear localization. For instance, 
human miR-29b is predominantly located in the nucleus 
rather than the cytoplasm, mainly due to the hexanucleotide 
terminal motif AGNGUN at miR-29b.[81] Besides, Ago 
proteins can be transported into the nucleus by binding 
to adaptor proteins, which carry a nuclear localization 
signal.[121] When miRNAs are imported into the nucleus, 
they activate transcription or inhibit transcription by 
interacting with promoters or enhancers.

Transcriptional regulation by interaction with promoters

There are three types of interactions between miRNAs 
and gene promoters.[82]

(1) RNA–RNA model: miRNAs can bind to the non-cod-
ing transcripts derived from the promoter region with the 
help of Ago proteins, altering the modification status of 
histones, as a scaffold to recruit epigenetic modifiers.

(2) RNA–DNA hybrid model: Guided by Ago proteins, 
miRNAs can bind to the unwinding single-stranded DNA 
at the gene promoters, which may affect the assembly of 
the pre-initiation transcription complex and the binding 
of transcription factors (TFs). For transcriptional activa-
tion, miRNAs directly bind TATA-box motifs, which are 
thymine–adenine–thymine–adenine-rich core promoter 
elements, of specific genes, helping the formation of 
pre-initiation transcription complexes.[122] In contrast, the 
interaction of miRNAs with DNA-binding motifs of TFs 
causes transcription regression.[123]

(3) RNA–DNA triplex model: Some purine- or pyrimi-
dine-rich miRNAs can form a triple-helix structure in 
the major groove of purine-rich double-stranded DNA 
through Hoogsteen or reverse Hoogsteen pairing. The 
formation of such structures can influence DNA confor-
mation, promoting or inhibiting the binding of TFs.[124]

miRNAs serve as enhancer triggers

An enhancer is a short non-coding DNA sequence, 
100–1000 bp in length, which belongs to cis-regulating ele-
ments playing a key role in initiating transcription.[125–126] 
miRNAs also target enhancer regions to regulate the 
expression of nearby genes. For example, miRNAs regulate 
histone modifications such as increased histone H3 lysine 
27 acetylation (H3K27ac) and decreased H3K9me3. 
Besides, they promote the binding of p300 and RNAPII to 
enhancers, both of which are markers of enhancer activa-
tion. Furthermore, this process requires the involvement 
of AGO2 protein.[127]
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Nuclear RNA interference

Studies show that in human cells, the RNA interference-re-
lated proteins such as AGO2, DICER, and GW182 are not 
only located in the cytoplasm but also in the nucleus, and 
are able to assemble delicate protein complexes. However, 
the process by which duplex small RNAs load onto Ago 
proteins is absent, and known loading factors are lacking 
in the nuclear fraction. Therefore, the assembly of RISC 
and loading of small RNAs happen only in the cytoplasm. 
Once finished, the complex is transported into the nucleus 
with the help of the chaperone proteins importin 8, mex-3 
RNA binding family member A (MEX3A), and TNRC6A, 
since AGO2 lacks a nuclear localization signal.[128] Simi-
lar to RISC in the cytoplasm, the nuclear RISC targets 
transcripts, lncRNAs, and pre-miRNAs. For instance, 
nuclear miR-9-5p targets lncRNA MALAT1 in myeloid 
cells.[129] miR-709 is able to regulate pri-miR-15a/16-1 in 
the nucleus.[130]

Functions of miRNAs in the Mitochondria

Mitochondria have their own circular DNA, which encodes 
37 genes: 13 protein-coding genes involved in oxidative 
phosphorylation, 22 tRNA genes, and two rRNA genes.[131]  
Although mitochondria themselves do not generate miRNAs, 
AGO2 protein is present in mitochondria; meanwhile, 
other RISC components, such as GW182, are absent.[132]  
Nuclear-encoded miRNAs can enter mitochondria and tar-
get mitochondrial-encoded genes,[133–134] either enhancing 
or inhibiting their expression, thereby playing an impor-
tant role in various biological processes.[135]

miRNAs in Different Subcellular Localizations during Heart 
Failure

Having established that miRNAs possess distinct molecular 
functions in different subcellular compartments, we now 
examine how these compartment-specific functions are 
engaged during heart failure. Importantly, the pathologi-
cal processes of heart failure are compartment-specific: 
Pathological transcriptional reprogramming occurs in 
the nucleus, aberrant protein synthesis operates in the 
cytoplasm, and metabolic dysfunction originates in the 
mitochondria. By mapping miRNAs to these subcellular 
compartments within cardiomyocytes, fibroblasts, and 
endothelial cells, a more precise understanding can be 
achieved of their roles in heart failure. The following sec-
tions are organized by cell type, and within each cell type, 
by subcellular compartment.

Cytoplasmic miRNAs in cardiomyocytes

As described in the previous sections, cytoplasmic miR-
NAs primarily function through post-transcriptional gene 
silencing by RISC, including mRNA degradation and 
translational repression via 3′ UTR binding. In addition, 
miRNAs in the cytoplasm interact with non-Ago pro-
teins through aptamer-like secondary structures, directly 
modulating protein activity independent of mRNA tar-
geting. In the context of cardiomyocyte hypertrophy and 
dysfunction, both of these cytoplasmic mechanisms are 
actively engaged, as illustrated by the following examples.

To identify miRNAs directly related to cardiac hyper-
trophy, a precursor-miRNA library was transfected into 
neonatal rat cardiomyocytes, and changes in cardiomyocyte 
size and B-type natriuretic peptide (BNP) secretion were 
measured at the same time. As a result, 26 miRNAs that 
promoted cardiac hypertrophy were selected, ten of which 
also strongly increased BNP secretion. Among them, miR-
212 showed the strongest effect and, together with miR-132, 
belonged to the evolutionarily conserved miR-212/132 family. 
In vivo and in vitro studies showed that miR-212/132 pro-
moted cardiac hypertrophy by binding to the 3′ UTR of 
FoxO3, inhibiting its expression [Figure 1A].[12]

miR-1-3p directly binds to cardiac membrane proteins, 
especially the inward-rectifier potassium channel Kir2.1. 
The binding site of miR-1-3p on the Kir2.1 channel was 
identified to be located at the C-terminus of the protein, 
mainly through the pore-facing G-loop of Kir2.1; the 
core sequence AAGAAG of miR-1-3p was beyond the 
canonical miRNA seed region. This interaction resulted 
in quick and significant IK1 suppression in cardiomyocytes 
at a biophysical level. And a human single-nucleotide 
polymorphism of miR-1-3p associated with arrhythmia 
damaged this biophysical modulation, but retained its 
RNA interference function [Figure 1B].[142]

Nuclear miRNAs in cardiomyocytes

As outlined earlier, nuclear miRNAs regulate gene expres-
sion through multiple mechanisms, including binding to 
promoter-associated transcripts, direct interaction with 
promoter DNA, and nuclear RNA interference targeting 
nuclear transcripts. During pathological cardiac remodeling, 
these nuclear mechanisms are co-opted to drive abnormal 
transcriptional programs, particularly the reactivation 
of fetal gene expression that is central to heart failure 
progression. The following examples demonstrate how 
nuclear miRNAs contribute to cardiac hypertrophy through 
transcriptional regulatory mechanisms that are different 
from cytoplasmic post-transcriptional silencing.

In transverse aortic constriction (TAC)-operated mouse 
models, miR-92a-3p bound to ankyrin repeat domain 1 
(Ankrd1) sense promoter-associated transcripts (PATs), 
recruiting nuclear AGO2 to the Ankrd1 promoter DNA, 
ultimately enhancing Ankrd1 transcription. In turn, 
nuclear ankyrin repeat domain 1 (ANKRD1) recaptured 
key features of cardiac remodeling by activating patho-
logical MYH7 expression [Figure 1C].[37]

miR-665 was enriched in the nucleus of cardiomyocytes; 
expression of miR-665 was improved both in TAC-oper-
ated mouse models and in cultured cardiomyocytes treated 
with phenylephrine. Nuclear miR-665 aggravated heart 
failure by inhibiting the phosphatase and tensin homolog 
(PTEN) expression. Mechanistically, miR-665 may directly  
suppress PTEN transcription by binding to its promoter, 
resulting in suppression of PTEN expression. Further-
more, when AGO2 protein was knocked down by siRNA, 
the miR-665-induced reduction in PTEN expression was  
reversed, indicating that this regulatory effect was dependent 
on the presence of AGO2 [Figure 2D].[143]
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miR-320-3p was upregulated in both type 2 diabetes 
mellitus db/db mouse models and patients with heart 
failure. miR-320-3p was more abundant than other 
candidates such as miR-340-5p and miR-34a-5p in the 
heart. Furthermore, in multiple diabetes-related models, 
including db/db model and high-fat diet (HFD)-induced 
diabetic mice, miR-320-3p expression increased before 
cardiac dysfunction. Further experiments showed that 
overexpression of miR-320-3p exacerbated heart failure, 
while its inhibition attenuated it in db/db mice. Through 
in situ hybridization, miR-320-3p was found to be located 
in the nucleus in cardiomyocytes. The cytoplasmic and 
nuclear fractions were separately examined, revealing that 
miR-320-3p expression in the nucleus was significantly 
upregulated, while its level in the cytoplasm remained 
unchanged. In the diabetic heart, miR-320-3p bound to 
AGO2. The complex was then activated and translocated 
into the nucleus, where it served as a RNA-induced 
transcriptional activation (RITA) complex to bind the 
promoter of CD36 and, together with Pol II, activated 

CD36 transcription, which was responsible for increased 
fatty acid uptake [Figure 1E].[144]

Mitochondrial miRNAs in cardiomyocytes

miR-181c is transcribed in the nucleus, assembled in the 
cytoplasm, and eventually transported to the mitochondria  
of cardiomyocytes. Immunoprecipitation experiments revealed  
that AGO2 protein in the mitochondria bound both mito-
chondrially encoded mitochondrially encoded cytochrome 
c oxidase I (mt-COX1) mRNA and miR-181c. Luciferase 
reporter assays demonstrated that miR-181c binds to the 
3′ UTR of mt-COX1 mRNA. Overexpression of miR-
181c precursor in neonatal rat ventricular myocytes did 
not change the mRNA levels of mt-COX1, but signifi-
cantly reduced its protein levels, indicating that miR-181c 
regulated mt-COX1 primarily by repressing its translation. 
These results show that miRNAs enter mitochondria and 
regulate the mitochondrial genome under physiological 
conditions [Figure 1F].[135]

Figure 1: Subcellular compartment-specific miRNA mechanisms in cardiomyocytes during heart failures. (A) Classical cytoplasmic pathway. The miR-212/132 family, loaded onto AGO2 
within the RISC complex, binds to the 3′ UTR of FoxO3 mRNA, repressing FoxO3 protein expression and thereby promoting cardiac hypertrophy. (B) Non-classical protein binding in the 
cytoplasm. miR-1-3p directly interacts with the Kir2.1 inward-rectifier potassium channel protein at its C-terminal G-loop domain via the non-seed core sequence AAGAAG, resulting in 
suppression of the IK1 current and predisposing to arrhythmia. (C) Nuclear transcriptional activation by miR-92a-3p. In the nucleus, miR-92a-3p binds to Ankrd1 sense PATs, recruiting 
AGO2 and RNA Pol II to the Ankrd1 promoter, thereby enhancing Ankrd1 transcription. Upregulated nuclear ANKRD1 subsequently activates pathological MYH7 expression, contributing 
to cardiac remodeling. (D) Nuclear transcriptional inhibition by miR-665. miR-665, enriched in the cardiomyocyte nucleus, binds to the PTEN promoter in an AGO2-dependent manner, 
suppressing PTEN transcription and aggravating heart failure. (E) Nuclear transcriptional activation by miR-320-3p. In the diabetic heart, miR-320-3p forms a complex with AGO2 that 
translocates into the nucleus, functioning as an RNA-induced transcriptional activation (RITA) complex. This complex binds the CD36 promoter and cooperates with RNA Pol II to activate 
CD36 transcription, leading to increased fatty acid uptake. (F) Mitochondrial translational inhibition by miR-181c. Nuclear-encoded miR-181c is transported into the mitochondria, 
where it binds mt-COX1 mRNA via AGO2, repressing mt-COX1 protein translation without affecting its mRNA level. (G) Mitochondrial translational activation by miR-143-3p/miR-21-5p. 
Mitochondrial AGO2, guided by miR-143-3p and miR-21-5p, recruits the translation elongation factor TUFM to enhance translation of mt-CYTB from the mitochondrial genome. During 
diabetic cardiomyopathy, decreased expression of these miRNAs and reduced mitochondrial AGO2 entry leads to mt-CYTB suppression, mt-ROS accumulation, and heart failure. Ankrd1: 
Ankyrin repeat domain 1; AGO: Argonaute; CD36: CD36 molecule; FoxO3: Forkhead box O3; lncRNAs: Long noncoding RNAs; miR: microRNA; miR-143-3p: microRNA-143-3p; miR-51-5p: 
microRNA-51-5p; miR-181c: microRNA-181c; miRNAs: microRNAs; mt-COX1: Mitochondrially encoded cytochrome c oxidase I; mt-CYTB: Mitochondrially encoded cytochrome b; MYH7: 
Myosin heavy chain 7; PATs: Promoter-associated transcripts; Pol II: RNA polymerase II; PTEN: Phosphatase and tensin homolog; RISC: RNA-induced silencing complex; TUFM: Mitochondrial 
translation elongation factor Tu; UTR: Untranslated region.
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A previous study demonstrated that AGO2 exists in mito-
chondria.[132] This study showed that mitochondrial AGO2 
in cardiomyocytes enhanced translation of mitochondrially 
encoded CYTB (mt-CYTB) from the mitochondrial genome 
with the help of miR-143-3p and miR-21-5p to recruit 
mitochondrial translation elongation factor Tu (TUFM). 
During diabetic cardiomyopathy, the expression of miR-
143-3p and miR-21-5p and the entry of AGO2 into 
mitochondria were decreased, resulting in suppression of 
mt-CYTB. The decreased mt-CYTB caused mitochondrial 
reactive oxygen species (mt-ROS) accumulation and dia-
betic heart failure [Figure 1G].[84]

Cytoplasmic miRNAs in fibroblasts

In the β1-adrenergic receptor transgenic mouse model 
of heart failure, miRNA profiling of hearts shows that 
miR-21 was most prominently upregulated during the 
progression of heart failure. miR-21 is also found to be 
markedly upregulated in failing hearts of humans. Using 
in situ hybridization and separate analysis of cardiac cell 
components, miR-21 was found to be expressed mainly 
in cardiac fibroblasts, while its expression in cardiomyo-
cytes was extremely low. In fibroblasts, miR-21 inhibitors 
increased the apoptosis of these cells. In transgenic mice 
with cardiomyocyte-specific overexpression of miR-21, no 
significant phenotypic changes were observed, indicating 
that miR-21 had limited functions in cardiomyocytes. In 
the TAC mouse model, inhibition of miR-21 with antago-
mir-21 remarkably improved cardiac fibrosis and cardiac 
dysfunction. Bioinformatics analysis identified sprouty 
RTK signaling antagonist 1 (SPRY1) as a downstream 
target of miR-21. Luciferase reporter assays showed 
that the luciferase activity of a vector containing the 3′ 
UTR of SPRY1 3′ UTR decreased significantly when 
miR-21 was co-transfected, demonstrating direct binding.  
However, miR-21 did not significantly reduce SPRY1 
mRNA levels, but it markedly inhibited SPRY1 protein 
expression, indicating that miR-21 acted through transla-
tional repression.[145]

Nuclear miRNAs in fibroblasts

Mature miR-9 is detected in the nucleus and is enriched 
at promoters and intronic regions. Sequence alignment 
shows that miR-126-5p, miR-9, and miR-29b-3p share a 
conserved sequence region reported as the nuclear shut-
tling motif from miR-29b-3p. Analysis of miR-9 levels 
in cell fractionations of different cell types revealed that 
miR-9 was enriched in the nuclei of fibroblasts. Mecha-
nistically, miR-9 helped the formation of G-quadruplex 
(G4) structures at super-enhancers and promoters of 
transforming growth factor beta 1 (TGF-β1)-responsive 
genes. Once TGFB1 signaling was stimulated, miR-9 
promoted G4 formation, increased Histone H3 lysine 4 
trimethylation (H3K4me3) modification, and chromatin 
looping, bringing super-enhancers and promoters into 
close physical proximity, thereby increasing gene tran-
scription. Since TGFB1 signaling is a critical pathway in 
fibrosis, miR-9 plays a role in the fibrosis pathway.[145]

To provide a systematic overview of the subcellular local-
ization and functional roles of miRNAs discussed above, 
Table 1 summarizes the key miRNAs implicated in heart 
failure, organized by cell type and subcellular compart-
ment.[23,37,38,84,135,142,145–148,257,258] For each miRNA, the 
table lists its direct targets, functional consequences, and 
the experimental models used for validation.

Cytoplasmic miRNAs in endothelial cells

miR-15a and miR-16 are transcribed from the miR-15a/
miR-16-1 cluster; they are induced during ischemia. The 
analysis of miRcode showed that miR-15a and miR-16 
can bind to the CDS of Tie2 mRNA. Further experi-
ments revealed that miR-15a and miR-16 overexpression 
decreased Tie2 protein expression but did not affect 
Tie2 mRNA levels. In human umbilical vein endothelial 
cells, Tie2 was an angiogenesis regulator. Therefore, miR-
15a and miR-16 inhibited post-ischemic angiogenesis by 
suppressing Tie2 in a non-classical way [Figure 2A].[147]

Figure 2: Compartment-specific miRNA mechanisms in endothelial cells: ischemia and shear stress. (A) Cytoplasmic miRNA function in endothelial cells. Under hypoxia, the miR-15a/
miR-16-1 cluster is activated. Mature miR-15a and miR-16 are loaded onto AGO2 within RISC and bind to the CDS region of Tie2 mRNA, repressing Tie2 protein expression without 
affecting its mRNA level, thereby inhibiting post-ischemic angiogenesis. (B) Nuclear miRNA function in endothelial cells. Under shear stress, miR-126-5p binds AGO2 and Mex3a on the 
surface of autophagosomes. The complex is transported into the nucleus via Mex3a. Once inside, miR-126-5p dissociates from AGO2 and directly binds to caspase-3 in an aptamer-like 
manner, preventing its dimerization and activation, thereby inhibiting endothelial cell apoptosis. AGO: Argonaute; CDS: Coding sequence; lncRNAs: Long noncoding RNAs; miR: microRNA; 
miRNAs: MicroRNAs; RISC: RNA-induced silencing complex; UTR: Untranslated region.



Chinese Medical Journal 2026;XX(XX) www.cmj.org

9

Nuclear miRNAs in endothelial cells

Under conditions of shear stress, miR-126-5p binds to 
AGO2 and interacts with another protein, Mex3a. This 
complex forms on the surface of autophagic vesicles and 
is transported into the nucleus with the help of Mex3a. 
Once translocated, using its own seed sequence in an 
aptamer-like manner, miR-126-5p dissociates from AGO2 
and directly binds to the histone protease, caspase-3, 
preventing it from dimerization and activation. Thus, cell 
apoptosis is inhibited [Figure 2B].[23,148]

Functions of lncRNAs in Different Subcellular Compartments

lncRNA function in the nucleus

lncRNA function in cis

Many lncRNAs are not randomly located within the 
genome, but in specific conserved patterns such as being 
antisense to, or divergent from, protein-coding genes. This 
suggests the unique biological significance of lncRNA 
organization wherein lncRNAs may have evolved to 

Table 1: Subcellular localization and functions of key miRNAs in heart failure.

miRNA name Cell type
Subcellular 
localization Key function in HF Direct target Experimental model Reference

miR-212/miR-132 Cardiomyocytes Cytoplasm Promote pathological cardiac hypertro-
phy; Increase BNP secretion

mRNA: 3′ UTR of FoxO3 In vitro: Neonatal rat 
cardiomyocytes; in vivo: 
mouse models

[38]

miR-1-3p Cardiomyocytes Cytoplasm Direct biophysical suppression of IK1 
current via Kir2.1 channel; Associ-
ated with arrhythmia risk

Protein: C-terminus of Kir2.1 
channel

In vitro: cardiomyocytes [142]

miR-92a-3p Cardiomyocytes Nucleus Enhances Ankrd1 transcription; 
Promotes pathological cardiac 
remodeling and MYH7 expression

Non-coding RNA: Ankrd1 
sense promoter-proximal 
transcripts; Recruits nuclear 
AGO2 to Ankrd1 promoter 
DNA

In vivo: TAC mouse model [37]

miR-665 Cardiomyocytes Nucleus Aggravates heart failure by suppressing 
PTEN transcription

DNA: PTEN gene promoter In vivo: TAC mouse model; 
in vitro: cardiomyocytes 
treated with phenylephrine

[257]

miR-320 Cardiomyocytes Nucleus Forms RITA complex with AGO2; 
Activates CD36 transcription; 
Increases fatty acid uptake in  
diabetic cardiomyopathy

DNA: CD36 gene promoter In vivo: db/db mice; HFD-in-
duced diabetic mic

[258]

miR-181c Cardiomyocytes Mitochondria Represses translation of mitochondri-
al-encoded mt-COX1; Regulates 
mitochondrial function under 
physiological conditions

mRNA: 3′ UTR of mitochon-
drial mt-COX1

In vitro: neonatal rat 
ventricular myocytes

[135]

miR-143-3p/miR-
21-5p

Cardiomyocytes Mitochondria Enhance translation of mitochon-
drial mt-CYTB by recruiting TUFM 
via mitochondrial AGO2; Decreased 
expression leads to mt-ROS accumu-
lation and diabetic heart failure

mRNA: mitochon-
drial mt-CYTB; Recruits 
TUFM

In vivo: diabetic cardiomyo-
pathy models

[84]

miR-21 Fibroblasts Cytoplasm Promotes cardiac fibrosis and dysfunc-
tion; Inhibits fibroblast apoptosis; 
Represses translation of SPRY1

mRNA: 3′ UTR of SPRY1; 
Translational repression 
without mRNA degradation

In vivo: β1-adrenergic 
receptor transgenic mice; 
TAC mouse model; failing 
human hearts

[146]

miR-9 Fibroblasts Nucleus Promotes fibrosis by facilitating 
G4 structure formation at 
super-enhancers and promoters of 
TGFB1-responsive genes; Increases 
H3K4me3 modification and 
chromatin looping

DNA/Chromatin: super-en-
hancers and promoters of 
TGFB1-responsive genes; 
Promotes G4 structure 
formation

In vitro: fibroblasts [145]

miR-15a/miR-16 Endothelial cells Cytoplasm Inhibit post-ischemic angiogenesis by 
suppressing Tie2 protein expression

mRNA: CDS of Tie2 mRNA; 
Protein suppression without 
mRNA level change

In vitro: human umbilical 
vein endothelial cells 
(ischemia model)

[147]

miR-126-5p Endothelial cells Nucleus Inhibits cell apoptosis under shear  
stress by preventing caspase-3  
dimerization and activation

Protein: Caspase-3; Direct 
binding in aptamer-like 
manner using seed sequence; 
Dissociates from AGO2 in 
nucleus

In vitro: endothelial cells 
(shear stress conditions); 
complex formation with 
AGO2 and Mex3a

[23,148]

AGO: Argonaute; CD36: Cluster of differentiation 36; CDS: Coding sequence; FoxO3: Forkhead box O3; HF: Heart failure; HFD: High-fat diet; IK1: Inward rectifier 
potassium current 1; lncRNAs: Long noncoding RNAs; miR: MicroRNA; miRNAs: microRNAs; mt-COX1: Mitochondrially encoded cytochrome c oxidase I; mt-CYTB: 
Mitochondrially encoded cytochrome b; mt-ROS: Mitochondrial reactive oxygen species; MYH7: Myosin heavy chain 7; PTEN: Phosphatase and tensin homolog; RISC: 
RNA-induced silencing complex; RITA: RNA-induced transcriptional activation; SPRY1: Sprouty RTK signaling antagonist 1; TAC: Transverse aortic constriction; 
TGFB1: Transforming growth factor beta 1; TUFM: mitochondrial translation elongation factor Tu; UTR: Untranslated region.
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conveniently regulate the expression of neighboring genes, 
to adapt to different physiological or environmental condi-
tions.[136] Divergent lncRNAs, widespread in mammalian 
genomes, are a typical example. They share the same 
promoter region with a protein-coding gene or are located 
adjacent to the same promoter, forming a “head-to-head” 
structure. However, the lncRNAs and protein-coding 
genes are transcribed in opposite directions. This is a com-
mon structural basis for cis-regulation.[137] cis-regulation 
can occur in three modes: DNA-elements-dependent reg-
ulation in cis, transcript-dependent regulation in cis, and 
transcription- or splicing-dependent regulation in cis.

DNA-elements-dependent regulation in cis

Here, the regulation is actually caused by DNA regula-
tory elements within the lncRNA promoter region or the 
lncRNA genes themselves and is neither related to the 
process of transcription nor the presence of RNA. In this 
case, the deletion of the DNA element rather than the 
knockdown at the RNA level has an impact.

To confirm this kind of regulation, certain lncRNAs must 
be deleted at the DNA level, inhibited at the transcrip-
tional level, and suppressed at the RNA level, followed 
by a careful observation of the changes in expressions 
of neighboring genes. Meteor lncRNA is an example; 
by analyzing the three-dimensional interactions between 
embryonic stem cell (ESC)-specific enhancers and mesen-
doderm-specifying TF loci, an important enhancer region 

called Meteor was identified, where lncRNAs were also 
transcribed. When the Meteor locus was deleted, ESCs 
differentiated into the neuroectoderm rather than mesen-
doderm during development, with a global change in gene 
expression profiles. When transcription at the Meteor 
locus was activated by guide RNAs (gRNAs), expression 
of both Meteor lncRNAs and downstream target genes 
related to mesendoderm specification was increased. To 
prematurely terminate Meteor lncRNA transcription, a 
poly(A) signal was inserted downstream of the lncRNA 
TSS without disturbing the integrity of the DNA enhancer. 
The results showed that disrupting Meteor lncRNA 
expression did not affect target gene expression. Next, the 
short interfering RNA (siRNA) was used to specifically 
decrease the expression of the Meteor lncRNA without 
influencing DNA integrity and transcription activity; it 
did not affect the expression of target genes. This suggests 
that the expression of the lncRNA itself does not matter. 
It is the Meteor DNA enhancer region, rather than the 
lncRNA transcript, which is essential for the regulation 
of targeted genes related to mesendoderm specification 
[Figure 3A].[138]

Transcription-dependent regulation in cis

The regulatory functions of some lncRNA loci mainly rely 
on the processes of transcription or splicing themselves, 
rather than on the mature lncRNA molecules or their 
sequences. These processes can regulate the expression of 

Figure 3: Nuclear lncRNAs regulate gene expression through cis-regulation, trans-regulation, and alternative splicing modulation during heart failure. (A) DNA-element-dependent 
cis-regulation. The Meteor locus contains a DNA enhancer element from which lncRNAs are also transcribed. The enhancer element itself, rather than the lncRNA transcript, drives 
transcriptional activation of neighboring mesendoderm-specifying genes such as Eomes. (B) Transcription-dependent cis-regulation. Transcriptional activation at the Handsdown (Hdn) 
locus represses the expression of the neighboring Hand2 gene. This regulation depends on the act of transcription by Pol II at the Hdn locus, not on the Hdn lncRNA transcript itself.  
(C) Transcript-dependent cis-regulation via R-loop formation. lncRNA-Smad7 forms an R-loop structure with single-stranded DNA at the Bmp2 promoter, mediating transcriptional repres-
sion of Bmp2 and promoting cardiomyocyte differentiation. (D) Trans-regulation by decoy mechanism. lncRNA Chaer directly binds to the catalytic subunit EZH2 of the PRC2 complex, 
sequestering PRC2 away from hypertrophy-related gene loci. This reduces H3K27me3 repressive marks and facilitates the activation of hypertrophy-related genes. (E) Trans-regulation 
by recruitment of repressive modifiers. lncRNA uc.323 binds to EZH2 and recruits the PRC2 complex to the CPT1b promoter, increasing H3K27me3 modification and suppressing CPT1b 
transcription, thereby protecting against cardiac hypertrophy. (F) Splicing promotion. Trdn-as directly binds to splicing factors (SRSF1, SRSF10) and the Triadin precursor mRNA simulta-
neously, recruiting splicing factors to ensure the production of correct Triadin protein isoforms essential for cardiac calcium homeostasis. (G) Splicing inhibition. lncRNA DCRT binds to the 
RNA-binding protein PTBP1, blocking PTBP1-mediated exon 3 skipping of NDUFS2 pre-mRNA. In the presence of DCRT, normal full-length NDUFS2 is produced; without DCRT, aberrant 
exon skipping generates the pathological NDUFS2-S isoform associated with mitochondrial damage in DCM. CPT1: Carnitine palmitoyltransferase 1; DCM: Dilated cardiomyopathy; DCRT: 
Dilated cardiomyopathy repressive transcript; EZH2: Enhancer of Zeste Homolog 2; lncRNAs: Long noncoding RNAs; miRNAs: microRNAs; NDUFS2: NADH:Ubiquinone Oxidoreductase 
Core Subunit S2; Pol II: RNA polymerase II; PRC2: Polycomb Repressive Complex 2; PTBP1: Polypyrimidine Tract Binding Protein 1; RISC: RNA-induced silencing complex; TF: Transcription 
factor; UTR: Untranslated region.
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neighboring genes by affecting chromatin state, TF bind-
ing, or other mechanisms.

Some enhancer RNAs act in this manner. The difference 
between transcript-dependent regulation and DNA- 
element-dependent regulation is that the activation of 
transcription affects the expression of neighboring genes. 
Handsdown (Hdn) is an example in cardiomyocytes. 
The lncRNA locus Hdn in mice was identified close to 
Hand2 gene locus and was found to be expressed early 
in cardiac cells. When the Hdn locus was deleted, Hand2 
gene expression increased, indicating that Hdn repressed 
Hand2 in cis. When the Hdn transcript was signifi-
cantly suppressed by GapmeRs, Hand2 gene expression 
remained unchanged. However, when the Hdn locus 
was strongly activated by dCas9–VP64 with MS2–p65–
HSF1 system, which significantly increased transcription 
without altering the genomic sequence, the expression of 
Hand2 and related genes decreased. Conversely, when 
HdnpA-MAZ/pA-MAZ was used to terminate Hdn transcrip-
tion, the expression of Hand2 increased, which was the 
opposite effect of Hdn transcription activation. The key 
finding was that the transcriptional activation of the Hdn 
locus itself, rather than the function of the lncRNA that 
it produced, can repress the expression of the neighboring 
Hand2 gene [Figure 3B].[139]

Transcript-dependent regulation in cis

Chromatin exists in two states: active and repressive. The 
active chromatin is permissive to transcription, whereas 
repressive chromatin is less accessible for transcription. 
These states determine whether a gene can be expressed. 
lncRNAs can help bring chromatin modifiers such as 
architectural proteins or histone-modifying enzymes to 
the regions near neighboring genes, making this part of 
the DNA either active or silent. Through this mecha-
nism, lncRNAs regulate the expression of nearby genes 
locally. The typical feature of this mechanism is that the 
deletion of lncRNA locus and premature transcriptional 
termination of lncRNA do not influence the expression of 
neighboring genes, but siRNAs or ASOs do.

lncRNA function in trans

Besides affecting nearby genes, lncRNAs also regulate 
distant genes. There are two ways through which they can 
modify the chromatin environment; indirectly, they rely 
on proteins that are able to bind both RNA and DNA, or 
directly, they target specific DNA sequences for binding.

Protein–lncRNA interaction on chromatin

Many lncRNAs are directly located in the chromatin and  
interact with chromatin-associated proteins. Such interactions 
can either promote or inhibit the binding and function of  
these proteins at specific DNA regions, thereby regulating gene 
expression. For instance, lncRNAs recruit histone-modify-
ing enzymes that activate gene expression or factors that 
cause gene silencing. In addition, some lncRNAs act as 
“decoys” that sequester proteins that repress gene expres-
sion, thereby promoting gene expression.

DNA–lncRNA interaction on chromatin

An important characteristic of lncRNAs is that they 
can form hybrid structures with DNA, which influence 
chromatin accessibility. This kind of interaction usually 
occurs as triplexes or R-loops. The key distinguishing 
feature between the triplex and R-loop structures is that 
the R-loop is sensitive to the digestion of RNase H, while 
the triplex is not.

lncRNA-Smad7 is an example of an identifying feature 
of the R-loop structure in promoter regions. In mouse 
embryonic stem cells, knockdown of lncRNA-Smad7 
did not affect stem cell survival or basic characteristics 
but prevented them from cardiomyocyte differentiation 
in terms of increased proliferation but poor maturation. 
This demonstrated that lncRNA-Smad7 is essential for 
promoting the maturation of stem cells into mature car-
diomyocytes. Electrophoretic mobility shift assay (EMSA) 
showed that lncRNA-Smad7 preferred to bind to the 
ss(TG)17 repeat in single-stranded DNA rather than to the 
ds(CA:TG)17 in double-stranded DNA form, in the Bmp2 
promoter in vitro. In in vitro EMSA experiments, the 
complex formed by lncRNA-Smad7 and Bmp2 promoter 
DNA was recognized by the S9.6 antibody, showing a 
supershift, and was eliminated by RNase H treatment. 
This result demonstrated that lncRNA-Smad7 and Bmp2 
promoter DNA formed an R-loop rather than a triplex 
due to susceptibility to RNase H digestion. In DNA–RNA 
immunoprecipitation followed by quantitative PCR (DRIP- 
qPCR) and DNA–RNA immunoprecipitation sequencing 
(DRIP-seq) experiments, the R-loop in the Bmp2 promoter 
region was dependent on the presence of lncRNA-Smad7. 
The R-loop that lncRNA-Smad7 formed at the Bmp2 
promoter region mediated transcriptional repression of 
Bmp2 [Figure 3C].[28]

Roles in alternative splicing

RNA splicing is a highly-regulated process, where spli-
ceosomes, cis-acting elements, and trans-acting splicing 
factors are all involved and cooperate with each other 
to remove introns and join exons together to produce a 
mature mRNA.[140–141]

Recent studies have found that during the progression of 
heart failure, lncRNAs regulate alternative splicing events. 
For example, lncRNAs may recruit and stabilize splicing 
factors to promote the splicing of precursor mRNAs, 
or compete with splicing factors for binding, thereby  
preventing these factors from associating with their target 
pre-mRNAs.

lncRNA function in cytoplasm

Interaction with proteins and RNAs

lncRNAs influence protein function by interacting with 
RNA-binding motifs or specific structures of proteins and 
forming lncRNPs, which in turn regulate mRNA degrada-
tion and translation. In addition, lncRNAs interact with 
other RNAs by base pairing, subsequently recruiting pro-
tein complexes to promote mRNA degradation, maintain 
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its stability, or influence translation, ultimately regulating 
the fate of mRNA.

miRNA sponges

An important post-transcriptional regulatory function of 
lncRNAs is acting as miRNA sponges. lncRNAs contain 
multiple binding sites that are complementary to miR-
NAs, allowing them to sequester miRNAs and reduce 
the opportunities for miRNAs to bind to their original 
mRNA targets. As miRNAs normally suppress mRNA 
expression and promote its degradation, lncRNAs that 
absorb miRNAs may indirectly increase the expression 
levels of mRNA targets of miRNAs. Whether lncRNAs 
effectively serve as miRNA sponges depends on their own 
abundance and their quantitative relationship with miR-
NAs. If the expression levels of lncRNAs are much lower 
than those of miRNAs, their sponge effect is limited. It is 
when their expression is sufficiently high that they may 
have a significant influence on gene expression.

lncRNA in mitochondria

Some lncRNAs are localized in mitochondria and encoded 
either by nuclear genes or by the mitochondrial genome 
itself.[149–150] These lncRNAs play important roles in regu-
lating mitochondrial energy metabolism, programmed 
cell death, and communication between the mitochondria 
and the nucleus.[151] Studies have shown that lncRNAs 
influence the development of heart failure by regulating 
mitochondrial activity.

lncRNAs in Different Subcellular Localizations in Heart Failure

Having established the diverse molecular mechanisms 
that lncRNAs can execute in different subcellular compart-
ments, we now examine how these compartment-specific 
functions are engaged during heart failure. In addition to 
being classified based on their genomic location, lncRNAs 
can also be divided into two categories according to their 
cellular functions: those that act in cis, affecting the expres-
sion and/or chromatin state of neighboring genes, and those 
that work in trans, having functions at distant genomic loci 
or in different subcellular compartments. In the following 
sections, we organize lncRNAs by cell type and subcellular 
compartment to illustrate how the same organizational 
principle demonstrated for miRNAs that subcellular locali-
zation fundamentally determines functional output, applies 
equally to lncRNAs in the context of heart failure.

Nuclear lncRNAs in cardiomyocytes

In contrast to the post-transcriptional mechanisms operating 
in the cytoplasm, nuclear lncRNAs in cardiomyocytes 
regulate gene expression at the transcriptional and co- 
transcriptional levels. As described earlier, these mechanisms 
include recruiting or sequestering chromatin-modifying 
complexes, modulating alternative splicing by interact-
ing with splicing factors and pre-mRNAs, and forming 
direct RNA–DNA interactions at specific genomic loci. 
During pathological cardiac remodeling, these nuclear 
mechanisms are co-opted to drive aberrant epigenetic 

reprogramming and splicing dysregulation that are cen-
tral to heart failure progression.

During the progression of cardiomyocyte hypertrophy, 
lncRNA Chaer functioned in trans in the nucleus, acting 
as a decoy to prevent inhibitory proteins from approach-
ing hypertrophy-related genes. Among the abnormally 
expressed lncRNAs detected in the hearts of mice subjected 
to pressure overload, lncRNA Chaer was highly enriched 
in the heart and displayed significant dynamic changes 
during disease progression. When Chaer gene was deleted 
by clustered regularly interspaced short palindromic 
repeats (CRISPR)-Cas9, knockout mice showed no car-
diac phenotypes under resting conditions. However, under 
pressure overload, these mice showed greatly attenuated 
cardiac hypertrophy, fibrosis, and dysfunction, indicating 
that Chaer was essential for such pressure-induced car-
diac pathology. The function of Chaer was independent 
of its neighboring gene Hopx, involved in trans-acting 
regulation. Chaer directly bound to the catalytic subunit 
enhancer of zeste homolog 2 (Ezh2) of the PRC2 complex, 
which is responsible for epigenetic modification. The 
binding of Chaer to PRC2 disturbed the normal localiza-
tion of PRC2 within the genome. As a result, the histone 
modification H3K27me3 mediated by PRC2, a signature 
of gene silencing, was also suppressed. Therefore, the inhi-
bition of methylation by Chaer facilitated the activation 
of hypertrophy-related genes [Figure 3D].[30]

uc.323 is a protective lncRNA in cardiac hypertrophy, 
which acts in trans in the nucleus to recruit repressive 
chromatin modification enzymes to inhibit the expression 
of hypertrophy-related genes. Transcribed ultraconserved 
regions (T-UCRs) are lncRNAs transcribed from ultra-
conserved regions (UCRs) in the genome. These regions 
possess completely identical DNA sequences across mam-
mals. Therefore, they may be associated with important 
and conserved biological functions. Microarray analysis 
showed that expression of uc.323, a T-UCR, decreased 
during cardiac hypertrophy in a TAC mouse model. In 
vitro experiments demonstrated that high expression of 
uc.323 protected cardiomyocytes from hypertrophy, while 
uc.323 knockout mice developed cardiac hypertrophy. 
uc.323 was mainly localized in the nucleus and directly 
bound to EZH2, a histone methyltransferase and core 
component of the PRC2 complex, to increase H3K27me3 
of CPT1b, inhibiting its transcription. As a result, cardiac 
hypertrophy was suppressed [Figure 3E].[152]

Trdn-as is an lncRNA that functions in the nucleus to pro-
mote alternative splicing of Triadin by recruiting splicing 
factors to the precursor mRNA of triadin. Abnormal cal-
cium homeostasis was associated with arrhythmias and 
heart failure, and the triadin protein played an important 
role in maintaining Ca2+ homeostasis. Multiple isoforms 
were generated from Triadin through alternative splicing, 
and the correct ratio of these isoforms was crucial for 
maintaining cardiac health. Trdn-as, an lncRNA specifi-
cally expressed in cardiomyocytes, was found to regulate 
the alternative splicing of Triadin. Mice with knockout of 
Trdn-as were more likely to develop calcium metabolism 
disorders, arrhythmias, and premature death. Mechanis-
tically, Trdn-as can directly bind to splicing factors such 
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as SRSF1, SRSF10, and the precursor mRNA of triadin 
through base pairing, simultaneously. By recruiting 
splicing factors to the triadin precursor mRNA, Trdn-as 
ensured the production of proper triadin protein isoforms, 
protecting cardiac function [Figure 3F].[153]

Different from Trdn-as, lncRNA DCRT prevented 
alternative splicing by blocking the interaction of polypy-
rimidine tract binding protein 1 (PTBP1) and precursor 
mRNA of NDUFS2, which encodes NADH:ubiquinone 
oxidoreductase core subunit S2. DCM is characterized 
by left ventricular enlargement and persistent systolic 
dysfunction. The lncRNA DCRT was found to be highly 
enriched in normal heart tissue; however, its expression 
was significantly decreased in the myocardium of patients 
with DCM. DCRT knockout mice were generated by 
CRISPR-Cas9 technology. They spontaneously developed 
cardiac dysfunction and heart enlargement, accompanied 
by mitochondrial damage. Chromatin isolation by RNA 
purification assays identified that DCRT RNA mainly 
bound to the RNA-binding protein PTBP1, and they 
colocalized in the nucleus of cardiomyocytes. PTBP1 is an 
RNA-binding protein that primarily participates in exon 
skipping during pre-mRNA splicing. Through single- 
molecule long-read sequencing, RNA immunoprecipita-
tion sequencing (RIP-seq), and quantitative polymerase 
chain reaction (qPCR), it was found that DCRT inhibited 
PTBP1-induced skipping of the third exon of the NDUFS2 
gene. Aberrant splicing of NDUFS2 produced a short 
isoform, namely NDUFS2-S. The levels of this abnormal 
NDUFS2-S isoform were significantly increased in DCM 
models and hearts of human patients, mediating mito-
chondrial damage in cardiomyocytes [Figure 3G].[154]

Cytoplasmic lncRNAs in cardiomyocytes

As described in the preceding sections, cytoplasmic lncRNAs 
regulate gene expression through multiple post-tran-
scriptional mechanisms, including direct interaction with  
proteins to modulate mRNA stability and translation, 
base-pairing with mRNAs to recruit regulatory complexes, 
and sequestering miRNAs as ceRNAs/sponges. In the 
context of cardiomyocyte hypertrophy and dysfunction, 
all three of these cytoplasmic mechanisms are actively 
engaged, as illustrated by the following examples.

The lncRNA CARDINAL was found to be specifically 
expressed in the heart and inhibited whole mRNA trans-
lation by interfering with the function of developmentally 
regulated GTP-binding protein 1 (DRG1), a ribosome- 
associated protein that promoted mRNA translation. 
CARDINAL bound to DRG1 and prevented DRG1 from 
forming a complex with its chaperone DFRP1. Formation 
of the DRG1–DFRP1 complex stabilized DRG1 protein 
and promoted translation in the whole cell. CARDINAL 
inhibited the formation of this complex, resulting in 
decreased DRG1 protein levels and thus helped main-
tain protein translation at normal levels. Under stress 
conditions such as hypertension, the expressions of both 
CARDINAL and DRG1 were upregulated. Although 
CARDINAL continued to suppress protein translation 
in cardiomyocytes by binding with DRG1, it could no 
longer fully counteract the translation-promoting effect 

of DRG1 due to the greater increase in DRG1 levels. This 
led to an overall increase in protein translation and pro-
tein accumulation in cardiomyocytes, resulting in cardiac 
hypertrophy [Figure 4A].[31]

lncRNA CHKB-DT functioned in the cytoplasm of cardio-
myocytes by recruiting proteins to stabilize the mRNA 
of ALDH2, which encodes aldehyde dehydrogenase 
2. Expression of lncRNA CHKB-DT was significantly 
decreased both in patients with dilated cardiomyopathy 
(DCM) and in mice with heart failure induced by TAC. 
Heterozygous knockout of CHKB-DT in cardiomyocytes 
led to cardiac enlargement and dysfunction and reduced 
the contractile capacity of primary cardiomyocytes. Mecha-
nistically, CHKB-DT physically binds to ALDH2 mRNA. 
Through separate truncation experiments on CHKB-DT 
and ALDH2 mRNA, it was found that the 700–1218 
nt sequence of CHKB-DT directly binds to the 1–500 nt 
sequence of ALDH2 mRNA. By recruiting the fused in 
sarcoma (FUS) protein via a “GGUG” motif, CHKB-DT 
protected ALDH2 mRNA from degradation [Figure 4B].[32]

lncRNA Gm15834 acted as a miRNA sponge in the 
cytoplasm of cardiomyocytes. It was upregulated in vivo 
in the TAC mouse model and in vitro in the angiotensin 
II (AngII)-induced cardiac hypertrophy model. lncRNA 
Gm15834 was mainly localized in the cytoplasm of car-
diomyocytes. It contained binding sites for miR-30b-3p, 
preventing the suppression of the downstream of miR-
30b-3p, autophagy protein Unc-51-like kinase 1 (ULK1), 
which led to enhanced autophagy and aggravated cardiac 
hypertrophy [Figure 4C].[33]

Mitochondrial lncRNAs in cardiomyocytes

Beyond the nucleus and cytoplasm, a subset of lncRNAs 
localizes to the mitochondria, where they regulate meta-
bolic enzyme activity through direct protein binding and 
allosteric modulation. Given that metabolic remodeling is 
a hallmark of heart failure, mitochondrial lncRNAs rep-
resent a mechanistically distinct layer of regulation that 
cannot be captured by studies that are focused solely on 
nuclear or cytoplasmic compartments.

In one study, mouse hearts were fractionated into 
mitochondrial and non-mitochondrial components. A  
mitochondria-enriched lncRNA was identified by RNA- 
seq, referred to as mitolnc. mitolnc was knocked out by 
two different strategies, either by deleting the mitolnc 
locus or by inserting a poly(A) cassette into its first exon.  
Neither approach affected the expression of the neighbor-
ing gene PCBP1 nor caused any obvious developmental 
abnormalities. Mechanistically, mitolnc contained a con-
served sequence motif in its first exon. However, mitolnc 
directly bound to branched-chain keto acid dehydroge-
nase E1 subunit alpha (BCKDHA), a key subunit of the 
branched-chain α-keto acid dehydrogenase (BCKDH) 
complex, without altering the mitochondrial localiza-
tion or increasing the inhibitory phosphorylation of 
BCKDHA. Instead, mitolnc enhanced BCKDH function 
through allosteric activation. In other words, mitolnc 
bound to the enzyme and induced conformational changes  
that increased enzymatic activity. Inhibition of mitolnc led 
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to reduced BCKDH activity, resulting in the accumulation 
of BCAAs and ultimately causing cardiac hypertrophy. 
Therefore, mitolnc plays an important role in maintaining 
normal cardiac metabolism and physiology [Figure 4D].[34]

Cytoplasmic lncRNAs in endothelial cells

Endothelial dysfunction, characterized by impaired angiogene-
sis and increased vascular permeability, is a key contributor 
to heart failure progression. In the cytoplasm of endothe-
lial cells, lncRNAs regulate angiogenic capacity through 
post-transcriptional mechanisms, particularly by modu-
lating protein–protein interactions that control mRNA 
stability.

The lncRNA HDRACA plays a key role in high-density 
lipoprotein (HDL)-regulated angiogenesis. HDRACA 
expression was downregulated by the regulation of nor-
mal HDL, allowing the protein Ras-interacting protein 
1 (RAIN) to bind to the protein vigilin and preventing 
it from binding to proliferating cell nuclear antigen 
(PCNA) mRNA. As a result, the stability and expression 
of PCNA mRNA were increased, which in turn promoted 
endothelial cell proliferation and angiogenesis. In con-
trast, HDRACA is not effectively downregulated by the 
dysfunctional HDL, resulting in binding to RAIN and 
blockage of the interaction between RAIN and vigilin. 
Therefore, vigilin was able to bind to PCNA mRNA, 

leading to decreased stability and expression of PCNA 
mRNA, thereby inhibiting angiogenesis. In summary, 
lncRNA HDRACA regulated the interaction between 
RAIN and vigilin, affecting the stability of PCNA mRNA 
and its capacity for angiogenesis [Figure 4E].[155]

Nuclear lncRNAs in endothelial cells

In the nucleus of endothelial cells, lncRNAs use distinct  
mechanisms from their cytoplasmic counterparts. As demon-
strated later, nuclear lncRNAs form triplex structures with 
genomic DNA to recruit transcriptional repressor com-
plexes, directly modulating the chromatin environment 
at specific gene loci. This mechanism is fundamentally 
different from the regulation of cytoplasmic mRNA sta-
bility described earlier, further illustrating how subcellular 
localization determines the mode of action of lncRNAs.

HIF1α-AS1 is an lncRNA that forms a triplex structure 
in endothelial cells, acting in trans to recruit inhibitory 
proteins to suppress gene expression. The Triplex-Seq 
technique was used to selectively identify lncRNAs 
involved in the formation of triplex structures. To exclude 
conventional RNA–DNA hybrids such as R-loops, RNase 
H was used to screen RNA–DNA complexes resistant to 
digestion. To further validate these candidate lncRNAs, 
RIP experiments were performed in human endothelial 
cells with an anti-double-stranded DNA antibody, with 

Figure 4: lncRNAs regulate heart failure through distinct mechanisms in different subcellular compartments of cardiomyocytes and endothelial cells. (A) Cytoplasmic lncRNA CARDINAL 
inhibits translation by protein interaction in cardiomyocytes. CARDINAL binds to the ribosome-associated protein DRG1, preventing DRG1 from forming a complex with its chaperone 
DFRP1. This leads to decreased DRG1 protein levels and reduced overall mRNA translation, maintaining normal protein homeostasis in cardiomyocytes. (B) Cytoplasmic lncRNA CHKB-DT 
stabilizes ALDH2 mRNA in cardiomyocytes. CHKB-DT physically binds to ALDH2 mRNA and recruits the FUS protein, blocking ALDH2 mRNA degradation and protecting cardiac function. 
(C) Cytoplasmic lncRNA Gm15834 acts as a miRNA sponge in cardiomyocytes. Gm15834 contains multiple binding sites for miR-30b-3p, sequestering miR-30b-3p and relieving its 
suppression on the autophagy protein ULK1, leading to enhanced autophagy and aggravated cardiac hypertrophy. (D) Mitochondrial lncRNA mitolnc stimulates BCKDH by allosteric 
activation in cardiomyocytes. mitolnc directly binds to BCKDHA, a key subunit of the BCKDH complex, inducing conformational changes that enhance enzymatic activity and promote 
branched-chain amino acid catabolism. (E) Cytoplasmic lncRNA HDRACA inhibits angiogenesis in endothelial cells. When dysfunctional HDL fails to downregulate HDRACA, HDRACA binds 
to RAIN and blocks the interaction between RAIN and vigilin. Free vigilin then binds to PCNA mRNA, promoting its degradation and inhibiting angiogenesis. (F) Nuclear lncRNA HIF1α-AS1 
suppresses gene transcription in endothelial cells via triplex formation. HIF1α-AS1 forms a triplex structure with double-stranded DNA at target gene loci and recruits the repressive 
HUSH complex, suppressing the expression of EPHA2 and ADM. ADM: Adrenomedullin; ALDH2: Aldehyde dehydrogenase 2; BCKDH: Branched-chain α-keto acid dehydrogenase; DRG: 
Developmentally regulated GTP binding protein 1; EPHA2: EPH receptor A2; FUS: Fused in sarcoma; HDL: High-density lipoprotein; HUSH: Human silencing hub PCNA: Proliferating cell 
nuclear antigen; RAIN: Ras-interacting protein 1; ULK1: Unc-51 Like Autophagy Activating Kinase 1.
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or without RNase H treatment. After RNase H digestion, 
HIF1α-AS1 was found to be the strongest triplex-asso-
ciated lncRNA. HIF1α-AS1 is located on the antisense 
strand of the HIF1A gene and is an oxygen-dependent 
lncRNA whose expression decreases under hypoxic condi-
tions in endothelial cells. Acting as an adapter, HIF1α-AS1 
recruits a repressive complex known as human silencing 
hub (HUSH) to specific genomic loci, suppressing the 
expression of genes such as erythropoietin-producing 
hepatoma (EPH) receptor A2 (EPHA2) and Adrenomedul-
lin (ADM) [Figure 4F].[29]

To summarize the diverse subcellular functions of lncR-
NAs in heart failure, Table 2 compiles the key lncRNAs 
discussed in this review, categorized by cell type and 
subcellular localization.[28,29,30–34,139,152–155] The table 
highlights their direct molecular targets, functional roles 
in heart failure pathogenesis, and the corresponding 
experimental evidence supporting each mechanism.

Integrative Conceptual Framework: A Compartment-Based 
Regulatory Model for ncRNAs

The mechanisms described earlier for miRNAs and lncR-
NAs can be unified into a compartment-based regulatory 
model [Figure 5]. In the cytoplasm, both miRNAs and 
lncRNAs converge on post-transcriptional control of 
mRNA fate. miRNAs act primarily through RISC-me-
diated translational repression and mRNA decay, and 
lncRNAs through direct mRNA stabilization/destabiliza-
tion, protein sequestration, or as miRNA sponges. In the 
nucleus, miRNAs and lncRNAs both regulate transcription, 
but through fundamentally different molecular functions: 
miRNAs, guided by AGO2, interact with promoter-asso-
ciated RNAs (paRNAs) or DNA to modulate TF access 
and histone modifications; lncRNAs, by contrast, exploit 
their greater length and structural complexity to act 
either in cis or in trans. Notably, the cis/trans distinction 
is largely specific to lncRNAs, reflecting their genomic 
positional relationship with target genes, a feature not 
shared by miRNAs, which are typically encoded at loci 
distant from their targets. In the mitochondria, miRNAs 
regulate mitochondrial gene expression by binding with 
AGO2, while lncRNAs affect metabolic enzyme activity 
by allosteric regulation.

Intercellular ncRNA Crosstalk Through Extracellular Vesicles 
in Heart Failure

In the previous sections, the subcellular functions of miR-
NAs and lncRNAs within individual cardiac cell types 
during heart failure have been discussed. However, these 
cell types do not function in isolation. The heart is a highly 
integrated organ in which cardiomyocytes, fibroblasts, 
and endothelial cells are in close physical proximity and 
engage in continuous bidirectional communication to 
maintain cardiac homeostasis. During heart failure pro-
gression, this intercellular crosstalk becomes dysregulated 
and contributes to pathological remodeling.

A major route for such communication is via extracel-
lular vesicles (EVs), which include primarily exosomes  

(30–150 nm) and microvesicles (100–1000 nm). EVs trans-
fer bioactive cargo, notably miRNAs and lncRNAs, from 
donor to recipient cells, enabling cell-type-to-cell-type 
reprogramming of gene expression and contributing to 
the pathogenesis of heart failure.[156]

Cardiomyocyte EVs may be enriched in miR-217 under 
pressure-overload conditions. Once delivered to fibro-
blasts, miR-217 drives fibroblast proliferation and collagen 
synthesis.[157] Besides miRNAs, cardiomyocyte-derived 
exosomal lncRNAs also participate in this process. lncRNA 
Neat1, elevated after myocardial ischemia, functions in 
recipient fibroblasts, promoting expression of profibrotic 
genes.[158] Activated cardiac fibroblasts also secrete EVs that 
directly remodel cardiomyocyte signaling, contributing to 
hypertrophy and dysfunction. An example is fibroblast-de-
rived exosomal miR-21-3p. In cardiomyocytes, miR-21-3p 
silences sorbin and SH3 domain containing 2 (SORBS2) 
and PDZ and LIM domain 5 (PDLIM5), promoting car-
diac hypertrophy.[159]

Endothelial cells and cardiomyocytes further engage in 
reciprocal EV-mediated ncRNA exchange that shapes 
cardiomyocyte survival and vascular angiogenesis. Endothe-
lial exosomal miR-210 improves hypoxia tolerance by  
inhibiting ferroptosis.[160] miR-320 derived from cardiomyo-
cytes impairs angiogenesis by suppressing the expression 
of insulin-like growth factor 1 (IGF1), heat shock protein 
family B (small) member 6 (HSPB6) , and ETS proto-on-
cogene 2 (Ets2).[161]

The functional outcome of an ncRNA is determined 
not only by its subcellular localization within the cell of 
origin but also by its subcellular destination in recipient 
cells following intercellular transfer. Several lines of evi-
dence suggest that EV-delivered ncRNAs may function 
in multiple subcellular compartments of recipient cells, 
including the nucleus. For example, some miRNAs can 
translocate to the nucleus through a mechanism involving 
AGO2 in association with importin 8 and Mex3a. It is 
therefore possible that exosomal miRNAs, once released 
into the cytoplasm of recipient cells, may similarly be 
imported into the nucleus to exert transcriptional regula-
tory functions. Although direct experimental evidence for 
this specific hypothesis is currently lacking, the nuclear 
import machinery for miRNA–AGO2 complexes is well 
established, and the possibility of nuclear functions for 
EV-delivered miRNAs represents an exciting frontier. Simi-
larly, exosomal lncRNAs, such as Neat1, that are known 
to function in the nucleus, may potentially be re-imported 
into the nucleus of recipient cells to exert chromatin- or 
splicing-regulatory functions. The subcellular sorting 
mechanisms that determine whether an EV-delivered 
ncRNA remains in the cytoplasm or is transported to 
the nucleus and mitochondria of the recipient cell remain 
largely unknown and represent a critical knowledge gap.

Clinical Implications of miRNAs and lncRNAs

miRNAs and lncRNAs as biomarkers of heart failure

The sensitive expression changes in miRNAs and lncR-
NAs in pathological tissues make them ideal biomarkers 
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Table 2: Subcellular localization and functions of key lncRNAs in heart failure.

ncRNA name Cell type
Subcellular 
localization Key function in HF Direct targets Experimental models References

CARDINAL Cardiomyocytes Cytoplasm Inhibits whole mRNA translation by interfering 
with DRG1; Under stress, cannot fully 
counteract DRG1’s translation-promoting 
effect, leading to protein accumulation and 
cardiac hypertrophy

Protein: DRG1;  
Prevents DRG1-
DFRP1 complex 
formation

In vivo: hypertension-induced 
stress models

[31]

CHKB-DT Cardiomyocytes Cytoplasm Stabilizes ALDH2 mRNA by recruiting FUS 
protein; Protects against cardiac enlargement 
and dysfunction; Maintains cardiomyocyte 
contractility

mRNA: ALDH2  
mRNA;  
Protein: FUS

In vivo: TAC mouse model; 
Heterozygous CHKB-DT 
knockout mice; Clinical: 
DCM patients

[32]

Gm15834 Cardiomyocytes Cytoplasm Acts as miRNA sponge; Enhances autophagy 
by preventing miR-30b-3p from suppressing 
ULK1; Aggravates cardiac hypertrophy

miRNA: miR-30b-3p; 
Indirectly upregulates 
ULK1

In vivo: TAC mouse model; In 
vitro: angiotensin II-induced 
cardiac hypertrophy model

[33]

Chaer Cardiomyocytes Nucleus Functions in trans as a decoy; Binds PRC2 
complex to disrupt its genomic localization; 
Reduces H3K27me3 modification; Activates 
hypertrophy-related genes; Essential for 
pressure-induced cardiac pathology

Protein: Ezh2; Disrupts 
PRC2-mediated 
H3K27me3 histone 
modification

In vivo: pressure overload 
mouse model; CRISPR-Cas9 
Chaer knockout mice

[30]

uc.323 Cardiomyocytes Nucleus Protective T-UCR; Functions in trans; Recruits 
EZH2 to increase H3K27me3 at CPT1b 
promoter; Inhibits CPT1b transcription; 
Suppresses cardiac hypertrophy

Protein: EZH2; DNA/
Chromatin: CPT1b

In vivo: TAC mouse model; 
uc.323 knockout mice; in 
vitro: cardiomyocytes

[152]

Trdn-as Cardiomyocytes Nucleus Promotes alternative splicing of Triadin 
pre-mRNA by recruiting splicing factors; 
Maintains proper triadin isoform ratios; 
Essential for Ca2+ homeostasis; Prevents 
arrhythmias and premature death

RNA: Triadin precursor 
mRNA; Proteins: 
SRSF1, SRSF10

In vivo: Trdn-as knockout mice 
(develop Ca2+ metabolism 
disorders, arrhythmias, 
premature death)

[153]

DCRT Cardiomyocytes Nucleus Prevents aberrant alternative splicing of 
NDUFS2 by blocking PTBP1 binding; Inhibits 
PTBP1-induced exon 3 skipping; Prevents 
production of abnormal NDUFS2-S isoform; 
Protects mitochondrial function; Prevents 
DCM development

Protein: PTBP1; RNA: 
NDUFS2 precursor 
mRNA

In vivo: CRISPR-Cas9 DCRT 
knockout mice; Clinical: 
DCM patients

[154]

Handsdown 
(Hdn)

Cardiomyocytes Nucleus Transcription-dependent cis-regulation; 
Transcriptional activation of Hdn locus 
represses neighboring Hand2 gene expression; 
Regulation depends on transcription process, 
not mature lncRNA transcript

DNA/Chromatin:  
Hand2 gene locus

In vitro: cardiac cells; Tran-
scriptional manipulation 
experiments (dCas9-VP64, 
GapmeRs, HdnpA-MAZ/pA-MAZ)

[139]

lncRNA- 
Smad7

Mouse  
embryonic  
stem cells

Nucleus Forms R-loop at Bmp2 promoter; Mediates 
transcriptional repression of Bmp2; Essential 
for stem cell maturation into cardiomyocytes; 
Prevents increased proliferation and poor 
maturation

DNA: Bmp2 promoter In vitro: mouse embryonic stem 
cells; EMSA, DRIP-qPCR/
DRIP-seq experiments

[28]

mitolnc Cardiomyocytes Mitochondria Mitochondria-enriched lncRNA; Contains 
conserved sequence

Protein: BCKDH In vivo: mitolnc knockout mice [34]

HDRACA Endothelial cells Cytoplasm Regulates HDL-mediated angiogenesis by  
modulating RAIN-vigilin interaction, 
affecting PCNA mRNA stability and  
endothelial cell proliferation

Protein: RAIN

Indirect effect on: PCNA 
mRNA stability via 
vigilin

In vitro: endothelial cells with 
normal HDL vs. dysfunc-
tional HDL treatment

[155]

HIF1α-AS1 Endothelial cells Nucleus Acts in trans to recruit HUSH repressive 
complex to suppress gene expression under 
normoxic conditions; forms triplex structure

DNA: Genomic loci of 
EPHA2 and Adre-
nomedullin genes

In vitro: human endothelial 
cells under normoxic 
vs. hypoxic conditions; 
Techniques: Triplex-Seq, 
RIP with anti-dsDNA 
antibody ± RNase H

[29]

ALDH2: Aldehyde dehydrogenase 2; BCKDH: Branched-chain α-keto acid dehydrogenase; bp: Base pair; CARDINAL: Myocardin-adjacent long noncoding RNA; 
Cas9: CRISPR-associated protein 9; Chaer: Cardiac hypertrophy-associated epigenetic regulator; CHKB-DT: Choline kinase beta divergent transcript; CPT1b: Carnitine 
palmitoyltransferase 1B; CRISPR: Clustered regularly interspaced short palindromic repeats; dCas9–VP64: Nuclease-deactivated CRISPR-associated protein 9 fused to the 
VP64 transcriptional activation domain; DCM: Dilated cardiomyopathy; DCRT: Dilated cardiomyopathy repressive transcript; DFRP1: DRG family regulatory protein 
1; DRG1: Developmentally regulated GTP-binding protein 1; DRIP-qPCR/DRIP-seq: DNA–RNA immunoprecipitation followed by qPCR/sequencing; dsDNA: Double-
stranded DNA; EMSA: Electrophoretic mobility shift assay; EPHA2: EPH receptor A2; EZH2: Enhancer of zeste homolog 2; FUS: FUS RNA-binding protein; H3K27me3: 
Histone H3 lysine 27 trimethylation; HDL: high-density lipoprotein; HdnpA-MAZ/pA-MAZ: Hdn pA-MAZ knock-in, carrying a 99-bp pA-MAZ transcriptional stop signal 
(polyadenylation signal from the MAZ locus); HDRACA: High-density lipoprotein-regulated angiogenesis in coronary artery disease; HF: Heart failure; HIF1α-AS1: 
HIF1A antisense RNA 1;PCNA: Proliferating cell nuclear antigen; HUSH: Human silencing hub; lncRNAs: Long noncoding RNAs; MAZ: MYC-associated zinc finger 
protein; miR: microRNA; miRNAs: microRNAs; ncRNAs: Non-coding RNAs; NDUFS2: NADH:ubiquinone oxidoreductase core subunit S2; NDUFS2-S: NDUFS2 short 
isoform; PRC2: Polycomb repressive complex 2; PTBP1: Polypyrimidine tract-binding protein 1; qPCR: Quantitative polymerase chain reaction; RAIN: Ras-interacting 
protein 1; RIP: RNA immunoprecipitation; RNase H: Ribonuclease H; SRSF: Serine/arginine-rich splicing factors; TAC: Transverse aortic constriction; TRDN-AS: Triadin 
antisense long noncoding RNA; T-UCR: Transcribed ultraconserved region; ULK1: Unc-51 like autophagy activating kinase 1.
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for disease states.[184] To accurately detect the changes 
in miRNA and lncRNA levels in different tissues and 
under various preservation conditions, various techniques 
such as PCR and next-generation sequencing have been  
developed, making the quantitative detection of miRNAs 
and lncRNAs possible. Besides, miRNAs and lncRNAs 
can be detected in cells, subcellular fractions, and a variety 
of body fluids such as serum, plasma, saliva, and urine, 
making them suitable for liquid biopsy applications.[185] 
It is their sensitive response to disease states, ease of pres-
ervation, and the ability to be detected using minimally 
invasive methods that make them highly promising as 
biomarkers.

miRNAs as biomarkers

A study enrolled a total of 953 patients with symptomatic 
chronic heart failure, covering a wide range of clinical 
characteristics such as age, renal function, heart failure 
classification, and etiology. Among them, 782 patients 
completed follow-up testing after 3 months. During the 
follow-up, baseline levels of miR-132 were found to be 
negatively correlated with the risk of cardiovascular death 
and heart failure hospitalization, but not with all-cause 
mortality. After adjusting for N-terminal pro-B-type 
natriuretic peptide (NT-proBNP), miR-132 alone remained 
independently associated with the risk of heart failure 
hospitalization, especially in patients with ischemic heart 
failure. Involving miR-132 in a multivariable risk model 
improved the prediction of heart failure hospitalization 
risk profoundly, though it provided limited improvement 
in predicting cardiovascular death. These findings suggest 
that miR-132 holds potential for enhancing interventions 
aimed at reducing heart failure rehospitalizations.[186]

A total of 47 myocardial tissue samples were included in a 
study consisting of 21 patients with DCM at the end-stage 
of heart failure, 13 patients with ischemic cardiomyopa-
thy at the end-stage of heart failure, eight controls without 
heart disease, and five fetal heart tissue samples. In addi-
tion to tissue samples, peripheral blood samples were 
also obtained from three cohorts: 13 healthy controls, 51 
patients with advanced heart failure, and 14 patients with 
stable heart failure. Small RNA-sequencing technology 
was used to analyze the miRNA expression profiles in 
myocardial tissue and plasma/serum. Cardiac-specific 
protein biomarkers such as cardiac troponin I (cTnI) and 
BNP were measured and analyzed with miRNA levels. In 
the peripheral blood of patients with advanced heart failure, 
the levels of cardiac/skeletal muscle-specific miRNAs so- 
called myomirs, including miR-208a, miR-208b, miR-
499, miR-1-1, and miR-133b, were significantly increased 
up to 140-fold, consistent with the elevation of the 
myocardial injury marker cTnI. This result suggests their 
potential as biomarkers of myocardial injury, with diag-
nostic performance comparable to that of cTnI. However, 
myomirs did not have an advantage in reflecting cardiac 
function when compared with BNP, indicating that they 
mainly represent myocardial injury rather than cardiac 
function in heart failure.[187]

A total of 113 heart transplant recipients were enrolled 
in another study, including a test cohort of 60 cases com-
posed of 30 patients with biopsy-proven acute rejection 
and 30 matched controls without rejection, and a vali-
dation cohort of 53 cases consisting of 31 patients with 
rejection and 22 without rejection. In the test cohort, 
RNA was extracted from paired cardiac transplant biopsy 
tissue and serum samples, and qPCR was performed to 

Figure 5: Compartment-based regulatory model for miRNAs and lncRNAs. Schematic summary of how miRNAs and lncRNAs regulate gene expression across subcellular compartments. 
Cytoplasm: miRNAs are loaded into RISC and bind the 3′ UTR of target mRNAs to induce translational repression and/or mRNA decay. Cytoplasmic lncRNAs modulate mRNA fate by 
promoting mRNA stabilization or destabilization, sequestering RNA-binding proteins, or acting as miRNA sponges. Nucleus: AGO2-guided miRNAs interact with chromatin to influence 
transcription by modulating TF access and altering histone marks such as H3K27ac and H3K9me3, resulting in activation or repression. Nuclear lncRNAs regulate gene expression through 
cis or trans mechanisms, including DNA-element-, transcription-, or transcript-dependent cis regulation, and trans actions as scaffolds/guides/decoys, formation of DNA–RNA triplexes 
or R-loops, and control of alternative splicing. Mitochondria: miRNAs, together with AGO2, regulate mitochondrial transcripts and metabolic output, whereas mitochondrial lncRNAs can 
directly modulate metabolic enzyme activity through allosteric regulation that shifts enzyme conformation between inactive and active states. AGO: Argonaute; lncRNAs: Long noncoding 
RNAs; miRNAs: microRNAs; mt-mRNA: mitochondrial messenger RNA; Pol II: RNA polymerase II; RISC: RNA-induced silencing complex; TF: Transcription factor; UTR: Untranslated region.
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detect the expression of 14 miRNAs related to allograft 
rejection, endothelial activation, inflammation, and tissue  
specificity. Differentially expressed miRNAs were screened 
by unsupervised clustering and principal component 
analysis. The discrimination capability of serum miRNAs 
for rejection was assessed using receiver operating charac-
teristic (ROC) curve analysis. The findings were then 
validated in the validation cohort. In cardiac transplant 
biopsy tissue, seven miRNAs, including miR-10a, miR-21, 
miR-31, miR-92a, miR-142-3p, miR-155, and miR-451, 
were found to be significantly different between the 
rejection and control groups. Among the sera samples, 
four miRNAs, including miR-10a, miR-31, miR-92a, and 
miR-155, still showed significant differences. miR-31, 
miR-92a, and miR-155 in serum were elevated in the 
rejection group, while miR-10a was reduced. These four 
serum miRNAs demonstrated excellent discrimination 
ability for rejection. In the validation cohort, these four 
miRNAs distinguished patients with and without rejec-
tion effectively. These results demonstrate their potential 
as non-invasive biomarkers for cardiac transplant rejec-
tion.[188]

To evaluate the diagnostic performance of miRNAs in both 
heart failure with reduced ejection fraction (HFrEF) and 
heart failure with preserved ejection fraction (HFpEF), a 
meta-analysis included 45 relevant studies for qualitative 
analysis, among which 29 studies were included in the 
quantitative meta-analysis. The overall study population 
consisted of 3419 patients with CHF (chronic heart failure) 
and 2590 controls, including healthy individuals and non- 
CHF patients. The analysis showed that traditional bio-
markers performed better than miRNA testing alone. A 
combination of miRNAs with traditional biomarkers 
further improved diagnostic performance. For HFrEF, a 
panel of eight miRNAs was selected, achieving a diagnos-
tic AUC of 0.91, with a sensitivity of 0.85 and a specificity 
of 0.88. For HFpEF, seven miRNAs were selected, with a 
diagnostic AUC of 0.79, sensitivity of 0.82, and specificity 
of 0.61.[189]

A total of 2763 participants were enrolled in a pro-
spective observational cohort study, and 398 circulating 
extracellular RNAs were measured in the plasma. During 
follow-up, left ventricular remodeling was assessed by 
left ventricular mass, end-diastolic volume, and left atrial 
diameter using echocardiography, and new-onset heart 
failure events were recorded. Twelve extracellular RNAs 
were found to be associated with left ventricular mass 
and at least one other cardiac structural parameter, such 
as left atrial diameter or end-diastolic volume. Among 
them, three miRNAs, miR-17, miR-20a, and miR-106b, 
were strongly associated with the risk of heart failure. For 
each twofold increase of miR-17, miR-20a, and miR-106b 
levels, the risk of new-onset heart failure was reduced by 
approximately 15%, and this association remained signifi-
cant after adjustment for multiple risk factors.[190]

lncRNAs as biomarkers

A cross-sectional study enrolled 40 patients after heart 
transplantation, including 12 cases without rejection (0R), 
16 cases with mild rejection (1R), and 12 cases with 

moderate to severe rejection (≥2R). Whole transcriptome 
analysis of serum lncRNAs and paired endomyocardial  
biopsy were performed. The types and expression levels of  
circulating lncRNAs in serum were detected and compared 
among different acute cellular rejection (ACR) grades (0R,  
1R, ≥2R). Fifty-seven lncRNAs were identified as potential 
biomarkers for ACR among all 11,062 detected lncR-
NAs. Six of them, lncRNA AC008105.3, AC006525.1, 
AC011455.8, AL359220.1, AC025279.1, and HAGLR 
showed significant differential expression across ACR 
grades, with expression levels increasing alongside the 
severity of rejection. Five lncRNAs demonstrated out-
standing diagnostic abilities for 1R and ≥2R grades of 
ACR. In particular, AL359220.1 and AC025279.1 were 
independent predictors for moderate to severe ACR 
(≥2R) and were expected to become novel biomarkers for 
rejection after heart transplantation.[191]

Three groups were included in another study, consisting 
of 95 healthy volunteers, 149 patients with a non-acute 
myocardial infarction (AMI), defined as patients with 
similar clinical manifestations but not diagnosed with 
AMI, and 103 AMI patients with ischemic time ≤12 h. 
Peripheral whole blood samples were collected, and qPCR 
was used to detect 15 cardiovascular disease-related 
lncRNAs. The differential expressions of the 15 lncRNAs 
among the healthy volunteers, non-AMI, and AMI groups 
were compared. Among them, only lncRNA ZFAS1 and 
CDR1AS showed significant differences between patients 
with AMI and other groups. ZFAS1 levels in peripheral 
blood in AMI patients were significantly decreased, which 
was 25.7% lower than that in the non-AMI group and 
39.2% lower than that in healthy volunteers. CDR1AS 
levels were significantly increased, which was 2.2 times 
higher than that in the non-AMI group and 2.0 times 
higher than that in healthy volunteers. Besides, ZFAS1 
was negatively correlated with myocardial injury mark-
ers such as aspartate aminotransferase (AST), lactate 
dehydrogenase (LDH), and creatine kinase (CK), while 
CDR1AS was positively correlated. However, neither of 
them showed significant associations with cardiovascular 
risk factors such as hypertension, diabetes, or smoking 
history. In conclusion, both lncRNAs had some sensitivity 
and specificity for the early diagnosis of AMI. When com-
bined, they may show greater diagnostic value.[192]

In one study, lncRNA LIPCAR was identified as an inde-
pendent predictive factor for cardiovascular death. The 
study included three independent patient cohorts, adding 
up to 788 patients. Two hundred and forty-six patients 
belonged to the post-myocardial infarction left ventricular 
remodeling cohort. They suffered from AMI and left ven-
tricular (LV) remodeling, which was defined as an increase 
in LV end-diastolic volume >20% and were assessed after 
1-year follow-up. Three hundred and forty-four patients 
belonged to the chronic systolic heart failure (HF) cohort. 
A hundred and ninety-eight patients with chronic systolic 
heart failure belonged to the heart failure prognosis 
cohort. They were followed up for 3 years and divided 
into cardiovascular death and surviving groups to validate 
the ability of lncRNA to predict mortality risk. lncRNA 
microarray analysis of plasma RNA was conducted on 
patients with MI with and without LV remodeling, and 
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15 candidate lncRNAs with high abundance and ≥3-fold 
change were selected. Among them, seven were detected 
in all samples. These seven lncRNAs were then validated 
by real-time quantitative PCR in the 246 patients with 
MI. uc022bqs.1 (LIPCAR) and uc004cos.4 were found 
to be significantly downregulated, and able to predict 
ventricular remodeling in the future.

LIPCAR was then measured in 344 patients with chronic 
heart failure to analyze its association with the risk of 
cardiovascular mortality. LIPCAR was downregulated 
at the early stages after MI and gradually upregulated 
with disease progression at the 1st, 3rd, and 12th months. 
LIPCAR increased remarkably, especially in patients 
who developed LV remodeling and chronic HF. Thus, the 
expression level of LIPCAR can distinguish patients who 
may develop ventricular remodeling in the future.

In addition to being a predictor of ventricular remode-
ling, LIPCAR has also been found to be an independent 
predictive factor for cardiovascular death. In 198 patients 
with heart failure, the association between expression levels 
of LIPCAR and 3-year cardiovascular mortality was 
assessed. Multivariate analysis showed that the higher 
the LIPCAR levels, the higher the risk of cardiovascular 
death over the subsequent 3 years was, after adjusting for 
multiple clinical risk factors. Further analysis showed that 
LIPCAR was a prognostic factor, independent of tradi-
tional risk factors such as age, sex, etiology, New York 
Heart Association (NYHA) classification, left ventricular 
ejection fraction (LVEF), and BNP.[193]

However, two studies have raised issues about the inde-
pendent predictive value of LIPCAR. One study included 
234 patients with hypertensive heart disease, all with a 
long-term history of hypertension and established chronic 
heart failure. They were followed up for an average of 
4.73 years. Based on estimated glomerular filtration 
rate (eGFR), the patients were divided into two groups: 
non-chronic kidney disease (CKD) group (n = 134) and 
CKD group (n = 100). Analysis of the overall population 
showed that LIPCAR levels were positively correlated 
with age and negatively correlated with eGFR. Univariate 
analysis showed that elevated levels of LIPCAR were asso-
ciated with an increased risk of rehospitalization for heart 
failure and cardiovascular death. However, multivariate 
analysis revealed that these associations were primarily 
influenced by eGFR. When eGFR was adjusted, the 
independent association between LIPCAR and outcomes 
disappeared. This suggests that the independent predic-
tive value of LIPCAR was influenced mainly by renal 
function. Subgroup analysis showed that the group with 
high LIPCAR levels had a higher risk of heart failure for 
rehospitalization and composite endpoints in non-CKD 
group; however, only the risk of rehospitalization for 
heart failure was independently associated with LIPCAR. 
In the CKD group, there was no significant association 
between high levels of LIPCAR and any outcome.[194]

In a study using the Gruppo Italiano per lo Studio della 
Sopravvivenza nell’Insufficienza Cardiaca–Heart Failure 
(GISSI-HF) cohort, where 967 patients with symptomatic 
chronic heart failure were enrolled and followed up for 

3.9 years on average, high LIPCAR levels were found to 
be associated with an increased risk of cardiovascular 
hospitalization, in the univariate analysis. However, this 
association was no longer significant after multivariate 
adjustment. In addition, there was no significant rela-
tionship between LIPCAR levels and endpoints such as 
all-cause mortality, cardiovascular death, or hospitaliza-
tion for heart failure. These results suggest that LIPCAR 
may be more suitable as a marker for the health status 
of patients rather than as an independent prognostic pre-
dictor. The study pointed out that the positive findings in 
the previous study may be attributed to the small sample 
size.[195]

miRNA-related therapeutic strategies against heart failure

Currently, there are two main therapeutic strategies based 
on ncRNAs. The first approach is ncRNA antagonism, 
which is mainly used in conditions where ncRNAs 
exacerbate diseases. Antisense RNAs are used to inhibit 
the expression or block the function of target ncRNAs. 
The second approach is known as ncRNA replacement 
therapy, which is applied when ncRNAs play a protective 
role in disease. Small RNAs are introduced to restore the 
expression or compensate for the function of the target 
ncRNAs.[196]

According to whether they are double-stranded or sin-
gle-stranded and their different mechanisms of action, 
ncRNAs involved in ncRNA therapy can be divided into 
three categories: ASOs, RNA duplexes, and aptamers.[197]

ASOs are single-stranded oligonucleotides with a length 
of 17–22 nt, composed of deoxyribonucleotides or ribonu-
cleotides.[198–199] According to the mechanisms of action, 
ASOs can be divided into gapmer ASOs and steric block 
ASOs. In addition, if ASOs are designed to bind to miR-
NAs and inhibit their function, they are referred to as 
antagomiRs.[200]

Gapmer ASOs typically have a structure in which 8– 
10 deoxynucleotides, without any modification, are located 
in the central region and flanked by 2′-modified nt. The 
central DNA sequence binds to the target mRNA via 
complementary pairing to form a DNA–RNA hybrid, 
which recruits RNase H and triggers RNA degradation. 
The 2′-modified nt increase the affinity of ASOs for the 
target RNA and prevent them from nuclease degradation, 
thus prolonging their life span.[201]

Steric block ASOs are fully modified oligonucleotides 
without the 8–10 deoxynucleotide core. Because RNase 
H is sensitive to modifications in the deoxynucleotide 
core, steric block ASOs do not mediate RNA degradation 
but instead function by sterically blocking key proteins. 
Their most common application is to regulate alternative 
splicing by blocking regulatory proteins near splice junc-
tions.[202–203]

Duplex RNA refers to double-stranded RNA molecules 
that function by RNA interference, mainly including 
siRNA and miRNA mimics.[204] Unlike ASOs, which rely 
on RNase H for degradation, duplex RNAs act mainly 
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via the RISC complex to achieve gene silencing. miRNA 
mimics are designed to imitate the activity of endogenous 
miRNAs and are usually partially complementary to their 
target mRNAs. Similar to endogenous miRNAs, they 
usually target multiple mRNAs simultaneously, leading to 
RISC-mediated deadenylation and translational repres-
sion of the target mRNAs.[197]

CDR132L is a synthetic locked antisense oligonucleo-
tide (ASO) with a fully phosphorylated backbone that 
targets miR-132. Previous studies have shown that both 
miR-212 and miR-132 directly target the TF FoxO3, 
which has anti-hypertrophic and pro-autophagic effects. 
Mice deficient in miR-212/132 were resistant to heart 
failure induced by pressure overload, whereas cardio-
myocyte-specific overexpression of the miR-212/132 led 
to pathological cardiac hypertrophy, heart failure, and 
death. Injection of antagomir drugs to inhibit miR-132 
can reverse cardiac hypertrophy and heart failure in 
mice.[38]

A Phase Ib clinical trial of CDR132L (NCT04045405) 
enrolled a total of 28 patients with chronic heart failure. 
Twenty patients were randomly assigned to the CDR132L 
group, and eight patients to the placebo group. The 20 
patients in the CDR132L group were further divided into 
four subgroups, each receiving different doses (0.32, 1.00, 
3.00, or 10.00 mg/kg) of CDR132L by intravenous injec-
tion. Patients were followed up for 4 months to assess 
safety, tolerability, pharmacokinetics, pharmacodynamics, 
as well as several biomarkers and clinical parameters 
related to heart failure. Results showed that CDR132L 
caused a sustained reduction of plasma miR-132 levels 
in a dose-dependent manner. Besides, compared with the 
placebo group, patients in the CDR132L treatment group 
showed improvement in cardiac function indicators such 
as decreased NT-proBNP levels and increased LVEF, 
cardiac fibrosis, and biomarkers related to heart failure. 
In addition, CDR132L exhibited a favorable safety pro-
file.[205]

A multicenter, randomized, double-blind, placebo-con-
trolled Phase II clinical trial (NCT05350969) of CDR132L 
is currently ongoing. The trial is planned to enroll 280 
patients with left ventricular dysfunction and remodeling 
after AMI and would receive different doses of CDR132L 
(5 and 10 mg/kg) intravenously for a total of three injec-
tions, with each dose given 28 days apart. The study aims 
to assess the efficacy and safety of CDR132L on cardiac 
remodeling and outcomes related to heart failure in 
addition to standard therapy. The main endpoint is the 
improvement in left ventricular end-systolic volume index 
at 6 months, while secondary endpoints include changes 
in LVEF, NT-proBNP levels, and other heart failure-re-
lated indicators, as well as safety.[206]

Challenges and Limitations

Limitations of disease models and translational relevance

It should be noted that current research on the roles of 
ncRNAs in heart failure is based predominantly on rodent 

models such as the TAC mouse model and diabetic db/db 
model, which differ significantly from human heart failure. 
First, the physiological characteristics of mouse hearts dif-
fer substantially from those of humans, which may affect 
the expression and regulatory patterns of ncRNAs.[162] For 
example, the mouse heart rate is approximately 600 beats 
per minute, while that of humans is approximately 70 
beats per minute. Second, the mouse disease models may 
not simulate the pathological process of human diseases 
entirely. Basic research relies predominantly on single-fac-
tor models such as TAC for pressure overload or coronary 
ligation for ischemia, which are established in young, 
genetically homogeneous animals free of comorbidities. 
In contrast, human heart failure clinically presents as a 
complex syndrome driven by multifactorial etiologies, 
where patients frequently present with comorbidities 
such as ageing, metabolic disorders, and mixed pathol-
ogies such as co-existing ischemia and hypertension.[163] 
Lacking in clinical complexity, the robustness of transla-
tional findings is limited in standardized animal models. 
For instance, while miR-21 demonstrates a consistent 
pro-fibrotic role in controlled TAC mouse models,[146,164] 
its expression and functional correlation in human heart 
failure patients exhibit significant variability.[165–166] This 
variation is likely attributed to the high heterogeneity of 
clinical etiologies and the influence of confounding factors 
that are absent in standardized laboratory mouse models.

Inconsistencies in functional studies of ncRNAs

It is noteworthy that functional studies of certain ncRNAs 
have yielded contradictory conclusions. Taking miR-21 as 
an example, the study by Thum et al[147] demonstrated 
that miR-21 promotes cardiac fibrosis by targeting SPRY1, 
whereas Patrick et al,[167] using genetic knockout models, 
found that miR-21 deficiency did not affect the cardiac 
response to pressure overload. These discrepancies may 
arise from three reasons. First, there are differences in 
experimental approaches. Chemical inhibitors such as 
antagomirs may have off-target effects, while genetic 
knockout may trigger compensatory mechanisms. Second, 
the animal backgrounds are different; different mouse 
strains may respond differently to cardiac stress. Finally, 
disease models also differ; the role of miRNAs may differ 
between acute and chronic stress models.

Limitations of research methods for ncRNAs

Limitations in miRNA research methods

Several limitations of current research methods should 
be considered. First, although luciferase reporter assays 
are widely used to validate direct binding between miR-
NAs and target mRNAs, this method is performed in 
artificial overexpression systems and may not fully reflect 
regulatory relationships under endogenous conditions, 
and the mutation of 3′ UTR may create another miRNA 
binding site.[168] Second, the miRNA overexpression or  
inhibition strategies employed in many studies may result 
in non-physiological miRNA concentrations, potentially  
generating false-positive results or off-target effects.[168] 
Third, the inconsistent sources of cardiomyocytes used  
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across different studies, such as neonatal rat cardiomyocytes, 
and human induced pluripotent stem cell-derived cardio-
myocytes, may reduce the comparability of results.[169]

Limitations in lncRNA research methods

Although studies of subcellular localization of lncRNAs 
are emerging, it is important to know that methodological 
challenges remain in identifying lncRNA localization and 
function. The identification of lncRNA–protein interac-
tions often relies on RNA immunoprecipitation (RIP) or 
crosslinking and immunoprecipitation (CLIP) techniques, 
which may be affected by non-specific binding and 
crosslinking artifacts.[170] The conformation of lncRNA– 
DNA interactions, particularly triplex structures and 
R-loops, needs precise controls, including RNase H sen-
sitivity assays to distinguish between these two types of 
structures.[171] Furthermore, functional studies of lncR-
NAs using knockdown by siRNA or ASO vs. knockout 
via CRISPR-Cas9 approaches may yield different results, 
as knockdown targets the mature transcript while knockout 
may affect the DNA regulatory elements or the act of 
transcription itself. These distinctions are particularly 
important for lncRNAs that function in cis, where the 
DNA locus, transcription process, and RNA transcript 
may each contribute independently to gene regulation.[172] 
Additionally, the function of lncRNAs as miRNA sponges 
requires certain stoichiometric conditions to be met.[173] 
The expression levels of lncRNAs must be comparable to 
those of their target miRNAs.However, some studies have 
failed to adequately verify this prerequisite.

Technical challenges in subcellular localization studies

Accurate determination of the subcellular localization of 
ncRNAs is a precondition for understanding their functions; 
however, existing methods face several technical challenges 
that require cautious interpretation of relevant data.

Contamination in subcellular fractionation

Nuclear-cytoplasmic fractionation is the most commonly 
used method for studying subcellular localization of 
ncRNAs; however, this approach faces challenges of 
cross-contamination between fractions. During cell lysis, 
cytoplasmic RNA may remain in the nuclear fraction, 
leading to false-positive conclusions of nuclear localiza-
tion.[174] Similarly, nuclear membrane rupture may cause 
nuclear RNA to leak into the cytoplasmic fraction.[175] 
Studies show that different lysis buffer components, 
centrifugation conditions, and operation times may all 
affect purity.[176] Therefore, reliable nuclear-cytoplasmic 
fractionation experiments should follow quality control 
measures using Western blotting to detect nuclear marker 
proteins, such as Lamin B1, Histone H3, and cytoplasmic 
marker proteins, such as glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), to assess purity.[177]

Challenges in mitochondrial RNA research

Mitochondrial isolation faces more complex technical 
challenges. Mitochondrial fractions obtained by traditional 

differential centrifugation typically contain contamination  
from endoplasmic reticulum, lysosomes, and peroxisomes.[178] 
Although density gradient centrifugation may improve 
purity, it may cause mitochondrial damage and RNA 
degradation.[179] Furthermore, physical contact sites exist  
between the outer mitochondrial membrane and endoplasmic  
reticulum called mitochondria-associated endoplasmic reticu-
lum membranes, making it difficult to separate the two 
organelles completely.[180] Therefore, studies of mitochon-
drial ncRNAs should use mitochondrial marker proteins, 
such as voltage-dependent anion channel (VDAC), 
cytochrome c oxidase subunit IV (COX IV), or HSP60 and 
endoplasmic reticulum marker proteins, such as Calnexin, 
to verify purity, use RNase A to remove mitochondrial 
membrane-associated RNAs, and combine immunofluo-
rescence co-localization experiments for verification.[181]

Limitations of in situ detection methods

Fluorescence in situ hybridization (FISH) and in situ 
hybridization (ISH) can detect RNA localization while 
maintaining cell integrity, avoiding contamination issues 
associated with fractionation. However, these methods 
also have limitations. Probe design specificity directly 
affects the reliability of results, especially for ncRNAs 
with similar sequences. Besides, detection sensitivity for 
low-abundance RNAs is limited. Fixation and permeabi-
lization processes may affect the localization of RNA.[182] 
In addition, the resolution of confocal microscopy, which 
is approximately 200 nm, is insufficient to distinguish 
certain adjacent subcellular structures. Single-molecule 
fluorescence in situ hybridization (smFISH) technology 
developed in recent years has improved detection sensitivity 
and specificity[183]; however, this technique has not yet 
been widely applied in the cardiovascular field.

Challenges of miRNAs and lncRNAs as Biomarkers

Although the results discussed above are promising, 
several critical challenges remain before miRNAs and 
lncRNAs can be translated into clinically reliable bio-
markers for heart failure.

Specificity

A main concern is the limited disease specificity of many 
candidate ncRNA biomarkers because most miRNAs 
and lncRNAs are not specifically expressed in the heart 
but are broadly expressed across multiple tissues and 
pathological conditions. For instance, miR-155, identi-
fied as a biomarker in cardiac transplant rejection,[188] 
is also a biomarker of metabolic disorders and malignant 
diseases.[207–210] Similarly, myomirs such as miR-208b, 
miR-499, and miR-133b are expressed in both cardiac and 
skeletal muscle, suggesting that their circulating levels may 
be elevated not only by myocardial injury but also by exer-
cise-induced muscle damage or rhabdomyolysis.[211–213] 
These findings highlight the following challenge: Changes 
in circulating ncRNA levels often represent a mixed signal 
from multiple organs and disease processes, making it dif-
ficult to attribute them specifically to heart failure without 
careful adjustment for confounders.
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Stability

Although circulating miRNAs are generally considered 
relatively stable due to their encapsulation in EVs, or 
binding to AGO proteins and lipoproteins, their levels 
are highly sensitive to the processing methods used before 
measurements.[214–217] Sample type, such as serum versus 
whole blood, choice of anticoagulant, and processing 
time may all introduce essential variability.[218–220] Among 
them, hemolysis is a particularly important factor, as 
red blood cells contain high concentrations of certain 
miRNAs such as miR-451 and miR-16, and even mild 
hemolysis can dramatically change the circulating miRNA 
profile.[221] Furthermore, there is no optimal endogenous 
reference gene for normalization of circulating miRNA 
levels. Commonly used references, such as U6 snRNA and 
miR-16, have limitations, and the choice of normalization 
may significantly influence the results. The levels of serum 
U6 show large individual variation and changes in some 
diseases.[222] miR-16 often serves as an endogenous reference 
but is sensitive to hemolysis, resulting in variability in nor-
malization.[223] For lncRNAs, the situation is even more 
challenging. Compared with miRNAs, the abundance of 
lncRNAs is normally lower in circulation, and they are 
more likely to be degraded by RNase due to their greater 
length and less association with protective carriers.[224] 
This lower stability and abundance make their reliable 
quantification in plasma or serum technically more diffi-
cult and more prone to inter-assay variability.

Advantages over existing biomarkers

From a clinical perspective, it is important to note that 
most studies of ncRNAs have shown that a single type 
of miRNA or lncRNA is not superior to established 
biomarkers such as NT-proBNP and BNP. As demon-
strated in the meta-analysis discussed earlier, traditional 
biomarkers still exhibited better diagnostic performance 
compared with miRNAs alone; the addition of miRNAs to 
traditional biomarkers provided only modest incremental 
improvement.[186] Similarly, myomirs showed comparable 
diagnostic performance to cTnI for myocardial injury but 
had no advantage over BNP for assessing cardiac func-
tion.[187] Given the higher cost and technical complexity 
of ncRNA-based assays compared with conventional 
immunoassays for natriuretic peptides and troponins, the 
value of ncRNAs as biomarkers in routine clinical work-
flows remains to be developed.[225]

Challenges of miRNA-based therapeutic strategies

Although the results of early clinical ncRNA-based thera-
pies for heart failure are encouraging, several important 
problems must be addressed before these approaches can 
be broadly applied in clinical practice.

Tissue-targeted delivery

Efficient and specific delivery of ncRNA therapeutics to 
cardiomyocytes still remains a significant barrier to clinical 
translation. Compared with the liver, which naturally accu-
mulates most systemically delivered ncRNA drugs due to 

its anatomical features and abundant receptor-mediated 
uptake pathways, the heart lacks such favorable pharma-
cokinetic properties.[226] Currently, the most widely used 
delivery systems, including lipid nanoparticles (LNPs) and  
N-acetylgalactosamine (GalNAc) conjugates, are primarily 
optimized for hepatic delivery and show limited cardiac 
targeting.[227] Adeno-associated viruses (AAVs), particularly 
AAV9, have shown relatively higher cardiac transduction 
efficiency; however, their clinical application is limited 
by immune responses, packaging capacity, and serious 
adverse events.[228] CDR132L, administered via systemic 
intravenous injection without any cardiac-targeting moiety, 
has raised questions about what fraction of the adminis-
tered dose actually reaches the myocardium and how 
much is taken up by the liver, kidneys, and other organs. 
Insufficient cardiac accumulation not only reduces thera-
peutic efficacy but also increases the dosage required, 
which in turn increases the risk of systemic toxicity. Novel 
strategies such as cardiac-homing peptide conjugates and 
antibody-oligonucleotide conjugates targeting cardiac 
surface markers are under active investigation but remain 
in early preclinical stages.[229–230]

Off-target effects

The multi-target nature of miRNAs presents a unique 
challenge for therapeutic specificity. A single miRNA 
typically targets hundreds of mRNAs across diverse 
biological pathways, which becomes a disadvantage as a 
therapeutic strategy.[231] For CDR132L, the therapeutic 
target miR-132 is not only involved in cardiac hypertro-
phy and fibrosis but also plays important roles in neuronal 
development, synaptic plasticity, immune regulation, and 
angiogenesis.[232–234] Therefore, systemic inhibition of miR- 
132 may potentially impair normal neurological function, 
immune responses, or vascular homeostasis. Effects may 
not be apparent in short-term clinical trials but may 
emerge with prolonged treatment.

Perspective

The studies summarized in this review demonstrate that 
miRNAs and lncRNAs are not merely passive byproducts 
of transcription but are spatially organized, functionally 
versatile regulators, and their biological activities are fun-
damentally determined by their subcellular localization. 
In heart failure, the same ncRNA can exert entirely dif-
ferent—and sometimes opposing—effects depending on 
whether it resides in the cytoplasm, nucleus, or mitochon-
dria. This principle has profound implications for both 
basic science and clinical translation; however, several 
critical challenges and opportunities remain.

Unresolved questions and future directions

Although the roles of miRNAs and lncRNAs in different 
subcellular compartments during heart failure have been 
increasingly recognized, several key questions remain 
unanswered.

The mechanisms of subcellular redistribution of ncRNAs 
during heart failure progression are poorly understood. 
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Several studies have documented that the subcellular 
localization of specific ncRNAs shifts during disease. 
For instance, miR-320 is upregulated in the nucleus but 
remains unchanged in the cytoplasm of diabetic cardio-
myocytes.[144] miR-126-5p is translocated into the nucleus 
of endothelial cells under shear stress.[23] However, what 
upstream signals trigger such redistribution, whether this 
is a general phenomenon across ncRNAs and different 
cell types during heart failure, and whether it is reversible 
upon therapeutic intervention, remain largely unknown. 
Further systematic profiling of subcellular ncRNA distri-
bution at different stages of heart failure, combined with 
single-cell resolution, will be an important step.

The transport machinery for ncRNAs entering the mitochon-
dria is not yet clearly elucidated. Although it is established  
that nuclear-encoded miRNAs can transport into the 
mitochondrial matrix and regulate mitochondrial gene 
expression,[132,135] the role of molecular carriers such as 
hPNPase remains controversial,[235] and recognition signals 
of this transport process have not been identified. Whether 
specific RNA-binding proteins or mitochondrial outer 
membrane channels mediate this import, and whether this 
pathway is altered in failing hearts, remains to be explored.

The cell-type specificity of ncRNA subcellular localization 
is another problem that requires consideration. Some of 
the ncRNAs tend to be enriched in a specific cell type. For 
example, miR-21 is predominantly expressed in cardiac 
fibroblasts with minimal expression in cardiomyocytes,[146] 
and miR-9 is enriched in the nucleus of fibroblasts.[145] 
However, most studies have examined ncRNA locali-
zation in only one cell type at a time. A comprehensive 
comparison of the subcellular distribution and function of 
the same ncRNA across cardiomyocytes, fibroblasts, and 
endothelial cells within the failing heart is lacking.

From a clinical perspective, the subcellular localization of 
ncRNAs has important implications for therapeutic design 
that have not been fully considered. Current ncRNA-based 
therapeutic approaches, such as ASO, miRNA mimics, or 
inhibitors, are generally designed to target intracellular 
ncRNAs as a whole, rather than ncRNAs with specific 
subcellular localization. The same ncRNA may have 
distinct, and even independent functions, depending on 
its subcellular localization within the same cell. For exam-
ple, miR-1 has been reported to be protective in cardiac 
injury and is therefore considered a potential therapeu-
tic target.[236] However, another study has shown that 
miR-1 may also localize to the cell membrane and modu-
late cardiac electrophysiology through direct interactions 
with ion channel proteins.[142] This suggests that although 
therapeutic manipulation of miR-1 may produce minimal 
adverse effects in the short term, long-term intervention 
may disrupt its membrane-related electrophysiological 
regulation and increase the risk of arrhythmias. There-
fore, developing compartment-specific delivery strategies 
represents another important challenge in this field.

Addressing these questions requires more precise experiments 
and technologies such as accurate subcellular fractionation, 
single-cell and spatial transcriptomics, live-cell imaging of 
ncRNA trafficking, and compartment-specific gain- and 

loss-of-function approaches. Such efforts will not only 
deepen our understanding of ncRNA biology in heart failure 
but also make a difference in the area of ncRNA-based 
diagnosis and therapies.

Methodological bottlenecks

The development of subcellular ncRNA biology requires  
overcoming several technical limitations. Current subcellular  
fractionation protocols inevitably introduce cross-contamina-
tion between compartments, and the yield of ncRNAs from 
purified organelles is often insufficient for comprehensive 
profiling.[181] single-molecule fluorescence in situ hybridi-
zation (smFISH) provides spatial resolution but is limited 
in throughput and cannot easily distinguish functional 
ncRNAs from passively diffusing transcripts.[237] Emerg-
ing spatial transcriptomics platforms such as multiplexed 
error-robust fluorescence in situ hybridization (MER-
FISH) hold promise for mapping ncRNA localization 
at subcellular resolution in intact tissue sections, but their 
application to short ncRNAs such as miRNAs remains tech-
nically challenging due to the limitation of probe design.[238] 
Furthermore, functional validation of compartment-specific 
ncRNA activities requires tools that can manipulate ncRNA 
levels within a defined compartment without affecting other 
compartments. However, this is not yet reliably achieved by 
current ASO and CRISPR-based approaches.

Challenge of subcellular compartment-targeted delivery

The function of an ncRNA is inseparable from its subcel-
lular location. Therefore, effective ncRNA-based therapies 
may require delivery not only to the correct cell type but 
also to the correct subcellular compartment within that 
cell. Current delivery platforms, including LNPs, GalNAc 
conjugates, and AAV vectors, predominantly achieve a cyto-
plasmic or endosomal release of their cargo. Although this 
is sufficient for targeting cytoplasmic mRNA degradation 
pathways, it may be insufficient for therapeutic strategies 
that require nuclear or mitochondrial ncRNA targets.

For nuclear-targeted delivery, the conjugation of ASO or  
miRNA mimics/inhibitors with nuclear localization signal  
peptides has shown proof-of-concept efficacy; however,  
endosomal entrapment and inefficient nuclear localization 
remain major hurdles.[239–241] For mitochondrial-targeted 
delivery, triphenylphosphonium-modified nanocarriers have 
been explored, leveraging the mitochondrial membrane 
potential to drive accumulation.[242] The MITO-Porter 
system with mitochondrial fusogenic lipid envelopes has 
also been developed, acting through membrane fusion.[243] 
However, these approaches face challenges, including 
toxic effects via increased proton leak, and may have 
limited benefits in vivo.[244] Therefore, the development 
of clinical-grade, compartment-specific delivery platforms 
represents one of the most important translational bottle-
necks in the field.

A subcellular perspective as a driver of clinical translation

Subcellular ncRNA profiling can refine biomarker discovery 
and diagnostic precision. Current circulating ncRNA biomarker 
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studies typically measure total plasma or serum levels of 
candidate miRNAs or lncRNAs without considering their 
subcellular origin in the diseased tissue. However, the 
compartment from which an ncRNA is released may carry 
distinct diagnostic information. For example, the selective 
enrichment of mitochondrial-derived miRNAs in circu-
lation may serve as a specific indicator of mitochondrial 
dysfunction and bioenergetic failure in cardiomyocytes, dis-
tinguishing mitochondrial-driven heart failure phenotypes 
from those driven primarily by fibrosis or inflammation. 
Taking subcellular origin into consideration may therefore 
improve the specificity of ncRNA-based liquid biopsies, ena-
bling a more precise differentiation of patients and diseases.

In addition, the subcellular perspective may guide more 
rational therapeutic target selection. The same ncRNA 
may be protective in one compartment and pathogenic in 
another. This knowledge is critical for therapeutic design. 
Globally inhibiting or overexpressing a multifunctional 
ncRNA without considering its compartment-specific 
activities can neutralize beneficial functions while tar-
geting deleterious ones, or vice versa. By mapping the 
compartment-specific functional profiles of candidate 
therapeutic ncRNAs, researchers can identify the precise 
subcellular localization in which an intervention is needed 
and design strategies that modulate ncRNA activity in 
a compartment-selective manner. This approach may 
substantially reduce off-target effects and improve the 
therapeutic effects of ncRNA-based drugs.

Collectively, these considerations argue that the subcel-
lular localization of ncRNAs should be integrated into 
the translational roadmap for ncRNA-based heart failure 
therapies, from biomarker discovery to therapeutic design.

Translational extensions beyond heart failure

The subcellular ncRNA framework established in this 
review for heart failure has broad relevance to other diseases 
in which ncRNA-mediated regulation of signaling path-
ways, mitochondrial function, and cellular remodeling 
may play a central pathogenic role. We highlight three 
important disease contexts where future investigation is 
particularly warranted.

In pulmonary arterial hypertension (PAH), progressive 
pulmonary vascular remodeling leads to right ventricular 
failure. Numerous ncRNAs involved in left ventricular 
hypertrophy, fibrosis, and endothelial dysfunction are 
similarly dysregulated in the pulmonary vasculature 
and right ventricle.[245] miR-132, for example, promotes 
both cardiomyocyte hypertrophy and pulmonary artery 
smooth muscle cell proliferation.[246] Nuclear lncRNAs 
that regulate chromatin remodeling in cardiac fibroblasts 
may likewise drive epigenetic reprogramming of pulmo-
nary vascular cells. Given that mitochondrial dysfunction 
and glycolytic shift are hallmarks of PAH,[247] mitochon-
drial miRNAs controlling oxidative phosphorylation may 
serve as shared therapeutic targets in left heart failure and  
PAH-associated right ventricular failure. A systematic map-
ping of subcellular ncRNAs in pulmonary vascular cells 
and RV cardiomyocytes is required to define such com-
partment-specific targets.

Metabolic diseases and diabetic complications: In diabetes 
mellitus and its cardiovascular complications, subcellular 
ncRNA biology is tightly linked to disease mechanisms. 
Diabetic cardiomyopathy is characterized as mitochon-
drial dysfunction, impaired fatty acid oxidation, ROS 
overproduction, and cardiomyocyte apoptosis, which are 
all influenced by mitochondrial and cytoplasmic ncRNAs.[248] 
For instance, miRNAs that target mitochondrial-encoded 
oxidative phosphorylation subunits may contribute to the 
bioenergetic deficit observed in diabetic hearts. In dia-
betic nephropathy, lncRNAs regulating TGF-β signaling 
in proximal tubular cells resemble profibrotic lncRNAs 
in cardiac fibroblasts.[249–250] Furthermore, circulating 
ncRNAs released from metabolically stressed tissues may 
serve as systemic mediators of inter-organ crosstalk in 
diabetes, and their subcellular origin may determine their 
stability, cargo content, and signaling capacity in recipient 
cells.[251–252] Integrating subcellular ncRNA biology may 
therefore yield novel biomarkers and therapeutic strate-
gies for treating metabolic disease.

Male infertility and mitochondrial ncRNA biology: Sper-
matogenesis is highly energy-demanding and depends on 
mitochondrial oxidative phosphorylation.[253] Mitochon-
drial dysfunction, such as excess ROS and reduced ATP, 
is a recognized driver of poor sperm motility and male 
infertility.[254] Mature sperm are known to contain diverse 
ncRNAs, particularly miRNAs, which play important 
roles in fertilization and early embryonic development.[255] 
Given that mitochondrial miRNAs have been well-charac-
terized in somatic cells such as cardiomyocytes, where 
they regulate genes associated with oxidative phospho-
rylation,[135,256] it is possible that similar mitochondrial 
ncRNA networks exist in spermatogenic cells. However, 
the subcellular localization and functional roles of miRNAs 
specifically within sperm mitochondria remain largely 
unexplored, representing a significant knowledge gap and 
translational frontier.
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