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Abstract

Cardiovascular diseases (CVDs) involve structural and functional abnormalities of the
heart and blood vessels, in which genetic factor plays a significant role. Non-coding RNAs
(ncRNAs), as important products of genetic material, are important contributors to CVDs.
They mainly regulate the expression of targets and participate in various biological
processes such as cell proliferation, cell apoptosis, and signal transduction. Genetic
variation in ncRNAs can affect the expression levels of ncRNAs themselves and their
downstream targets, leading to the dysregulation of biological processes and contributing
to the occurrence and development of CVDs. This review aims to summarize the current
research status of ncRNA genetic variation in CVDs and clarify the functions and biological
mechanisms of ncRNA genetic variation involved in CVDs.

INTRODUCTION

The cardiovascular diseases (CVDs), a leading cause of morbidity and mortality
worldwide, encompass a range of disorders affecting the heart and blood vessels,
such as ischemic cardiomyopathy, non-ischemic cardiomyopathy, and heart failure'"..
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CVDs are characterized primarily by structural and functional alterations in the heart or blood vessels. The
pathogenesis of CVDs is influenced by multiple factors, with genetic factor playing a dominant role.
Non-coding RNAs (ncRNAs), which constitute nearly 98% of genetic material, do not encode protein but are
key regulators of gene expression. The impact of ncRNA variation on CVDs has attracted increasing
attention.

Based on length, ncRNAs can be classified into microRNA (miRNA), PIWI-interacting RNA (piRNA),
circular RNA (circRNA), long non-coding RNA (IncRNA), and others. ncRNAs regulate gene expression by
targeting mRNAs to inhibit protein synthesis, participate in epigenetic regulation of chromatin, and also
engage in mutual regulatory networks among themselves. For example, both IncRNAs and circRNAs can act
as miRNA sponges, which capture miRNAs and prevent their binding to target mRNAs"*.

The type of ncRNA genetic variation includes single nucleotide polymorphisms (SNPs) and indels. SNP, a
point genetic variation caused by base substitution, represents the most common variation in ncRNA.
Genetic variation in ncRNAs may alter their own biogenesis, including the changes in expression levels and
the formation of different isoforms!®”’. Moreover, ncRNAs genetic variation can affect the binding to their
targets, because of the alterations in secondary structures and nucleotide changes in target binding regions,
even the creation of new binding sites'™*. Consequently, ncRNA genetic variation can disrupt normal
regulatory functions, thereby promoting or suppressing the progression of CVDs.

The associations between ncRNA variation and CVDs have been reported in numerous studies. Herein, we
summarize currently documented ncRNA variations implicated in CVDs [Table 1], and elaborate on selected
examples. This review focuses on the critical roles of ncRNA genetic variation in the pathogenesis of CVDs,
overviews and discusses the pathogenic effects and mechanisms through which ncRNA genetic variation
contributes to CVDs. A literature search has been performed on PubMed, Web of Science by selecting one
keyword from each of the following three groups and combining them for search. Group 1 includes
“non-coding RNA”, “micro-RNA”, “IncRNA”, “circRNA”, “piRNA”, group 2 consists of disease names
including “cardiovascular diseases”, “coronary artery diseases”, “hypertrophic cardiomyopathy”, “dilated
cardiomyopathy” and so on, and group 3 includes “variation”, “mutation”, “SNP”, etc. There is no date
restriction in writing review article.

NCRNA GENETIC VARIATION AND ISCHEMIC CARDIOMYOPATHY

Ischemic cardiomyopathy mainly refers to coronary artery diseases (CADs), which is caused by myocardial
ischemia resulting from coronary atherosclerosis. The pathological process involves multiple cell types, such
as endothelial cells, smooth muscle cells, and macrophages”””’. ncRNAs coordinate complex molecular
networks in CADs and regulate various biological processes including lipid metabolism, inflammatory
response, cell proliferation, and cell apoptosis'*’. Instead, ncRNA variations disrupt their regulatory function.

Dysregulated lipid metabolism and the consequent increase in plasma lipoprotein levels represent a major
etiological factor in CADs, particularly involving abnormalities of low-density lipoprotein (LDL)!"".
Numerous studies have shown association between ncRNA variations and dyslipidemia. For example,
miR-155 inhibits the cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) signaling pathway
then promoting lipid metabolism!*”, and has been reported as a novel biomarker of CAD'**\. Rs767649 can
influence its expression as a common variation of miR-155. A research based on a Chinese Tibetan
population shows that carriers of the miR-155 rs767649 variant exhibit significantly higher serum miR-155
levels and lipid concentrations compared to controls*’. Cholesterol as a major lipid plays a crucial role in the
pathogenesis of CADs. The IncRNA MALAT1 can promote cholesterol accumulation via regulating the
miR-17-5p/ABCA1 axis*. MALAT1 rs619586 A>G variant reported in a Chinese population is significantly
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Table 1. ncRNA variations in CVDs
Name ncRNA type Disease SNP variation Reference
rs10757278, rs7341786, rs7341791 [10]
Coronary artery disease rs10811650, rs496892, rs564398, rs6475606 [mJ
ANRIL IncRNA
rs1333049 (2]
Hypertensive heart disease rs10757274, rs2383206, rs10757278, rs1333049 [13]
DSP-AS1 IncRNA Arrhythmogenic cardiomyopathy rs2744389 [14]
FENDRR/FOXF1  IncRNA Hypertrophic cardiomyopathy rs40384, rs39529, rs39527 [15]
GAS5 IncRNA Coronary artery disease rs145204276 [16]
Coronary artery disease rs4929984 [171
H19 IncRNA Hypertrophic cardiomyopathy rs2107425 [18]
Dilated cardiomyopathy rs217727 [19]
KCNQ10T1 IncRNA Hypertensive heart disease rs10832417, rs3782064, [8]
let-7f IncRNA Heart failure rs10877887 [20]
Linc-VWF IncRNA Coronary artery disease rs1558324 [21]
rs2850711 [22]
LINCO0305 IncRNA Coronary artery disease
rs2676671 [23]
rs619586 [24]
MALAT1 IncRNA Coronary artery disease
rs664589 [25]
mirl-2 miRNA Hypertrophic cardiomyopathy rs9989532 [26]
miR-133 miRNA Hypertrophic cardiomyopathy 79T>A [27]
miR-133a miRNA Heart failure rs8089787 [20]
miR-137 miRNA Valvular heart disease rs1625579 [28]
miR-143/miR-145 miRNA Coronary artery disease rs41291957 [6]
mir-146a miRNA Coronary artery disease rs2910164, rs2431697 [29]
miR-155 miRNA Hypertensive heart disease rs767649 [30]
miR-196a miRNA Coronary artery disease rs11614913 [31]
miR-22 miRNA Hypertensive heart disease rs7223247 [32]
miR-29a miRNA Heart failure rs157907 [33]
miR-204 miRNA Valvular heart disease rs718447 [34]
miR-208b miRNA Hypertrophic cardiomyopathy rs45489294 [26]
mir-367 miRNA Hypertrophic cardiomyopathy rs13136737 [26]
ul7c [35]
mir-499 miRNA Heart failure
rs3746444 [36]
mir-590 miRNA Hypertrophic cardiomyopathy rs6971711 [37]
TTN-AS1 IncRNA Dilated cardiomyopathy rs1001238 [38]

ncRNA: Non-coding RNA; SNP: single nucleotide polymorphism; IncRNA: long non-coding RNA; miRNA: microRNA; CVDs: cardiovascular diseases;
ANRIL: antisense non-coding RNA at the INK4 locus.

associated with a decrease in total cholesterol, and may play a protective role*. The MALAT1 rs3200401

variant in a Chinese Han population has similar function to influence the total cholesterol*”. Furthermore,
ncRNAs can influence lipid levels by targeting and regulating genes related to lipid metabolism. But variation
disrupting this regulation may lead to CADs. For instance, the miR-4513 rs2168518 G>A variant reduces the
expression of miR-4513, resulting in increased levels of its target genes MTMR3 and BNC2 both of which are
associated with lipid metabolism, thereby affecting serum LDL and total cholesterol levels'*’.
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On the other hand, elevated blood lipid levels promote the deposition of LDL in blood vessels, triggering
vascular inflammation'*”). The inflammatory response induces endothelial dysfunction and macrophage
infiltration, further accelerating the progression of CADs. The activation of inflammation is strictly
regulated, while ncRNA variation may disrupt this regulation. The miR-146a has been proved as an
anti-inflammatory factor in many research!***). But the miR-146a rs2910164 G>C variant leads to decrease of
its expression and overactivation of inflammation in atrial fibrillation that results in the occurrence of
ischemic events™. And this variant prevents miR-146a from binding to the 3’UTR of the IKBA gene, leading
to activation of the NF-xB inflammatory pathway and accelerating CADs"™'\. Another variant rs2431697 of
miR-146a also was reported to be associated with a higher risk of CADs in a Chinese population by
influencing its expression and function™’. The IncRNA LINC00305 regulates anti-inflammatory factor
miR-124 as a miRNA sponge®”. A research shows that individuals carrying the LINC00305 rs2850711 A>T
variant have higher activation levels of NF-«xB and inflammation than controls"”?’. We also find a
CAD-related variant rs2676671 of LINC00305 reported in ncRNAVar database””!, but the underlying
mechanisms remain uninvestigated. Furthermore, variation can disrupt these interactions of ncRNAs
engaging in mutual regulatory networks, thereby influencing inflammatory responses. For instance, the
IncRNA MALAT1 rs664589 C>G variant alters the regulatory capacity of MALAT1 toward miRNAs,
including miR-1972, miR-194, miR-4717, and others then increasing the risk of ischemic events in a Chinese
population™!. In CADs, as the barrier of vessel, endothelial cells not only exhibit dysfunction caused by
inflammation, also show dysregulation of its proliferation and apoptosis. ncRNA variations may play a
significant role in this dysregulation. The IncRNA GAS5 rs145204276 variant affects endothelial proliferation
and apoptosis via GAS5/miR-21/PDCD4 pathway, associated with the risk of CADs"*.

The proliferation and phenotypic switching of vascular smooth muscle cells (VSMCs) also play crucial roles
in the progression of CADs. The IncRNA ANRIL, an antisense ncRNA located at the locus of the
cyclin-dependent kinase inhibitor (CDKN2a/b) gene, inhibits the expression of CDKN2a/b and then
regulates cell proliferation. The ANRIL rs1333049 variant is an independent determinant factor of CADs in
Chinese population!?’. Meanwhile, a study on stroke in Chinese population found that this variant increases
ANRIL expression, which enhances the inhibitory effect on CDKN2a/b and promotes the proliferation of
VSMCs'*?l. Therefore, the ANRIL rs1333049 variant likely contributes to the progression of CADs by
affecting the proliferation of VSMCs. Conversely, ANRIL G>A variants in rs7341786 or rs7341791 result in
increased formation of circular ANRIL (circANRIL) which loses its inhibitory effect on CDKN2a/b, reduces
cell proliferation, and exerts a protective role in CADs"". Besides, ncRNAs regulate cell proliferation-related
signaling pathways, and variations in these ncRNAs can lead to abnormal proliferation. For example, the
IncRNA H19 rs4929984 C>A variant upregulates H19 expression level, which promotes VSMC proliferation
and inhibits apoptosis via the MAPK and NF-«B signaling pathways"**. Also, phenotypic switching of
VSMCs is a key process in CADs. The miR-143/miR-145 targets a network of transcription factors to
promote VSMC differentiation and proliferation”””!. But the miR-143/miR-145 rs41291957 G>A variant,
located at upstream of miR-143, upregulates miR-143/miR-145 expression, inhibits the phenotypic switching
of VSMCs, and thus exhibits a protective effect in CADs!“.

NCRNA GENETIC VARIATION AND NON-ISCHEMIC CARDIOMYOPATHY

Non-ischemic cardiomyopathy, unlike ischemic cardiomyopathy, is characterized by the absence of ischemic
injury. According to the main affected organs or systems, it is categorized into primary cardiomyopathy and
secondary cardiomyopathy. Primary cardiomyopathy is confined to or predominantly involves the
myocardium, whereas secondary cardiomyopathy manifests as pathological cardiomyopathy changes that
form part of numerous systemic disorders and typically involve multiple organs'*.. ncRNAs also play
regulatory roles in non-ischemic cardiomyopathy, and alterations in their regulatory functions caused by
ncRNA genetic variation can influence the progression of non-ischemic cardiomyopathy.
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ncRNA genetic variation and primary cardiomyopathy

Primary cardiomyopathy can be further classified into hypertrophic cardiomyopathy, dilated
cardiomyopathy, arrhythmogenic cardiomyopathy, left ventricular noncompaction cardiomyopathy, among
others. This section focuses on the role of ncRNA variations in hypertrophic cardiomyopathy, dilated
cardiomyopathy, and arrhythmogenic cardiomyopathy.

ncRNA genetic variation and hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is the most common inherited structural heart disease, characterized
by left ventricular hypertrophy. The core pathogenesis is sarcomeric dysfunction , which manifests as
hypercontractility, leading to cardiomyocyte hypertrophy, disarray, and myocardial fibrosis. Approximately
60% of HCM patients carry pathogenic variations in sarcomeric protein genes, such as beta-myosin heavy
chain (MYH7)"” and myosin binding protein (MYBPC3)"*. NcRNAs directly regulate the expression of
sarcomeric proteins, variations in these ncRNAs may disrupt such regulation to play a significant role in
HCM progression. For example, miR-208b directly binds to SOX-s, a transcriptional repressor of MYH?7,
thereby upregulating the expression of MYH7""\. Meanwhile, study in the Czech population has shown that
the frequency of miR-208b rs45489294 C>A variant is significantly higher in HCM patients compared to
healthy individuals®. This suggests that miR-208b variation may predispose carriers to HCM by influencing
MYH?7 expression, although direct experimental confirmation is still lacking.

Calcium ions are key regulators of muscle contraction and relaxation, making calcium handling particularly
crucial in cardiomyocytes. ncRNAs are involved in regulating calcium handling proteins, while variation can
alter this regulatory function, thereby inhibiting or promoting calcium signal. For example, the IncRNA H19
acts as a sponge for miR-675, inhibiting miR-675 targeting to the ion channel phosphorylation protein
CaMKIID, thus influencing ion channel regulation and calcium handling'*. In a study about HCM patients
from northern Spain, the H19 rs2107425 T>C variant was found to be more prevalent in the patient group
with higher H19 expression levels''®. This suggests that H19 variation may affect calcium handling by
regulating the phosphorylation status of ion channels, though this remains to be experimentally validated.
Additionally, ncRNAs can directly act on proteins involved in calcium signaling, but ncRNA variations may
lead to dysregulation. For instance, calcineurin, a key mediator of calcium signaling, interacts with miR-133
to mutually regulate their expression levels'*’). The 79T>A point variation in miR-133 gene has been
identified on atrial fibrillation, which alters the processing of miR-133, leading to the accumulation of the
normally degraded miR-133-5p and consequent changes in regulated targets™. This suggests that miR-133
variant in HCM may induce calcineurin levels and disrupt calcium signaling.

Overload of cardiomyocyte sarcomeric proteins can lead to hypertrophy and fibrosis which is the key
processes of HCM. ncRNAs are involved in regulating cardiac hypertrophy and fibrosis, and variation can
disturb these regulations. For example, miR-590 can regulate the transforming growth factor p (TGF-p),
Activin and protein kinase B (AKT) signaling pathways, thereby participating in the modulation of cardiac
phenotypes. The miR-590 rs6971711 C>T variant in the African-American population, results in decreased
levels of mature miR-590 without affecting the expression of pri-miR-590 and pre-miR-590, and decreases
the inhibitory capacity of miR-590 on its targets, promoting cardiomyocyte hypertrophy and fibrosis, thus
contributing to HCM"".

ncRNA genetic variation and dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is characterized by left ventricular dilation and persistent systolic
dysfunction in the absence of abnormal loading conditions or CADs. In contrast to HCM, which is
characterized by increased contractility but impaired relaxation, DCM is primarily defined by impaired
myocardial contractility. Similar to HCM, sarcomeric protein genes are major pathogenic genes in DCM,
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such as MYH7!?), titin (TTN)!**. Besides, DCM-associated pathogenic genes also include cytoskeletal protein
genes, mitochondrial homeostasis-related genes, such as filamin C (FLNC)"* and dna] heat shock protein
family member C19 (DNAJC19)"*". Correspondingly, ncRNA variation disrupts the direct regulatory effects
of ncRNAs on sarcomeric proteins. For example, IncRNA TTN-AS1 is an antisense transcript of TTN gene,
which can bind to TTN mRNA and regulate TTN expression'*. In addition, the TTN-AS1 rs1001238 T>C
variant on skeletal muscle was found to alter its own structure, which may exacerbate muscle damage and
inflammation by affecting molecules related to sarcomeric structure!*”. This suggests that TTN-AS1 variation
may promote the development of DCM by altering the regulation of TTN, leading to changes in sarcomeric
structure.

Mitochondrial function can be impaired by mutations in mitochondrial homeostasis-related genes and
sarcomeric or cytoskeletal protein genes, leading to insufficient energy supply for cardiomyocytes and
exacerbating DCM progression. ncRNAs are involved in the regulation of mitochondrial function, and
variation in ncRNAs can result in dysregulation. For example, the IncRNA cytochrome B (CYTB), located at
cardiomyocyte mitochondria, can act as a sponge for miR-103 to regulate reactive oxygen species (ROS)
generation, thereby participating in the modulation of mitochondrial function*®’. However, currently no
reports indicate the effects of ncRNA variation on mitochondrial function in DCM. Besides, the IncRNA
H19 inhibits anti-apoptosis gene PA2G4 via targeting miR-675 to promote cardiomyocyte apoptosis, which
accelerates the progression of DCM!*’.. The rs217727 variant of H19 reported in a German population is
significantly associated with DCM, because variant may disrupt its secondary structure and lead to key
region failing to bind targets""”. This suggests that the H19 variation changes its structure and the interaction
with its targets, then playing an important role in DCM via influencing the regulation of apoptosis.

ncRNA genetic variation and arrhythmogenic cardiomyopathy

Arrhythmogenic cardiomyopathy (ACM) is characterized that myocardium is replaced by the fibrofatty
infiltration, along with cardiomyocyte loss and inflammation. ACM is an inherited cardiomyopathy that
most of the mutations causing ACM is located at genes encoding desmosomal proteins, such as desmoplakin
(DSP)"™), so ACM is also named desmosomal disease. Compared with ncRNA, its variation may loss the
function to regulate desmosomal proteins. For instance, IncRNA DSP-AS1 rs2744389 variant reported in an
Italy population participates in ACM via a DSP-independent pathway, because DSP-AS1 can regulate DSP
mRNA and protein levels but the variant not!".

Furthermore, the instability of intercellular junctions caused by desmosomal proteins is associated with the
Wnt and Hippo signaling pathways. ncRNAs can participate in ACM by targeting these pathways, but the
variation disrupts. For instance, the lincRNA-p21 targets p-catenin involving in the Wnt signaling pathway,
then playing a regulatory role in ACM"""?. Additionally, IncRNA RP11-323N12.5 and circYap regulate the
transcriptional initiation and mRNA stability of YAP1, respectively, thereby participating in the Hippo
pathway”>”*l. However, no related variations have been reported to date.

ncRNA genetic variation and secondary cardiomyopathy
Secondary cardiomyopathy is typically systemic disorders. This section focuses on the role of ncRNA
variations in hypertensive heart diseases and valvular heart diseases.

ncRNA genetic variation and hypertensive heart diseases

Hypertensive heart diseases (HHDs) are characterized by cardiac structural or functional impairment caused
by long-term hypertension, involving left ventricular hypertrophy, systolic and diastolic dysfunction, and
other pathological changes. Numerous ncRNAs have been implicated in the pathogenesis of HHDs. Left
ventricular hypertrophy in HHDs is primarily attributed to cardiomyocyte proliferation and fibrosis. miR-1
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sl IncRNA ERBB4-IR"" and circ_0005372"""" have all been reported to participate in biological processes
such as cardiomyocyte proliferation, migration, and myocardial fibrosis in HHDs.

The miR-22 rs7223247 variant, located at downstream of miR-22, plays a significant role in HHDs via
affecting left ventricular mass reported in a British Caucasian population®. And miR-22 has been proven to
be associated with HCM in animal models, by regulating the expression levels of calcium ion transporter
protein SERCA2A and muscle-restricted genes to influence calcium homeostasis and myofibrillar protein
content”. This suggests that miR-22 variation may disrupt calcium homeostasis and decrease myofibrillar
protein content then aggravating HHDs. Besides, there are various ncRNA variations in HHDs focusing on
their association with disease susceptibility. For example, the IncRNA KCNQ1OT1 has been reported to
promote HHDs via targeting miR-301b and Tcf7"”). And the KCNQ1OT1 rs10832417 variant may alter its
secondary structure and its binding to target miRNAs, resulting in decrease of KCNQ1OT1 expression,
potentially reducing the risk of hypertension'™. The IncRNA GAS5 participates in HHD development by
regulating miR-21, activating the PI3K/AKT signaling pathway and its downstream targets'*".. Meanwhile,
the GAS5 rs145204276 variant located in the promoter region changes the binding site of transcriptional
factor and resulting in higher levels of GAS5'®'. This suggests that the variation in GAS5 may alter its
expression levels and downstream signaling pathway, thereby contributing to HHDs, although there are no
evidences to date. However, significant gaps remain in our understanding of ncRNA variations in HHDs.
For instance, study has shown that IncRNA ANRIL variants (rs10757274, rs2383207, rs10757278, and
rs$1333049) are all associated with the risk of HHDs!"”). Similarly, the miR-155 rs767649 variant was reported
to be associated with susceptibility of HHDs"*\. But, the precise mechanisms by which these ncRNA variation
contributes to HHDs remain unclear and require further investigation.

ncRNA genetic variation and valvular heart diseases

Valvular heart diseases (VHDs) primarily affect the mitral and aortic valves, and to a lesser extent the
tricuspid and pulmonary valves. VHDs are characterized by extensive tissue remodeling, including
calcification, endothelial dysfunction®. Calcific aortic valve diseases (CAVDs) are the most prevalent among
VHDs. Cardiac valves consist of valvular endothelial cells (VECs) and valvular interstitial cells (VICs), and
the differentiation of VICs into osteoblast-like cells is a hallmark of valvular calcification. ncRNAs in VHDs
are involved in regulating biological processes such as tissue remodeling, like circRNA circARHGAP10 and
miR-25 both of which target osteogenic differentiation and influence CAVDs!***. MiR-204 has been
identified as a core regulatory factor in CAVDs and occupies a central position in the regulatory network. Its
expression is modulated by various IncRNAs such as TUG1 and MALAT1, and it regulates osteogenic
differentiation by directly targeting the TGF-p/BMP2 pathway and downstream genes like RUNX2 and
SMAD4*>#*, Study has shown that the rs718447 A>G variant in the upstream flanking region of miR-204,
decreases its expression. This suggests that miR-204 variant may influence its expression, disrupt its
regulatory functions and influence VHD progression, although there are no reports linking miR-204 variant
to VHDs yet. Additionally, miR-137 participates in endothelial osteogenic differentiation, as a downstream
target of IncRNA OIP5-AS1"7. MiR-137 rs1625579 variant is located at seed sequence and downregulates
miR-137 expression levels®. This suggested that miR-137 variation may change its expression levels to
influence endothelial osteogenic differentiation, and then play a role in VHD.

NCRNA GENETIC VARIATION AND HEART FAILURE

Heart failure (HF) is characterized by impaired cardiac blood-pumping capacity caused by structural and/or
functional abnormalities of the heart, which fails to pump enough blood to meet tissue metabolic demands.
HF involves diverse etiologies, risk factors, and comorbidities™®*!. Given that most CVDs manifests as HF at
the terminal stage, most ncRNAs associated with HF have already been elucidated in other CVDs. For
instance, miR-499 regulates sarcomeric contraction via Myh7b"'and has been investigated in ACM"", HCM
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21 and VHDs"’. Furthermore, plasma levels of miR-499 are significantly elevated in HF patients"*. This
finding suggested that miR-499 may participate in HF pathogenesis. Consistent with this, the U17C variant
located at the 3’ end of miR-499(outside the seed sequence), induces miR-499 to aberrantly recruit target
genes into the RNA-induced silencing complex (RISC), thereby improving cardiac function via modulating
the homeostasis of cardiac mRNAs and proteins™!. Similarly, miR- 499 rs3746444 A>G variant affects its
maturation process, changing anti-apoptosis function and influencing HF"®.

On the other hand, HF represents the end stage of not only CVDs but also various metabolic diseases,
including type 2 diabetes mellitus (T2DM) and chronic kidney diseases (CKDs). NcRNA variations play a
significant role in this kind of HF. MiR-133a regulates Akt signaling pathway, to improve cardiac function
and inhibit HF*". But a study about an Italy population demonstrated that miR-133a rsg089787 variant leads
to cardiac diastolic dysfunction, which enhance the progression of HF in patients with T2DM"**). MiRNA
let-7a targeting TGFBR3 regulates p38 MAPK signaling pathway and apoptosis, playing a significant role in
HF®". However, the let-7f rs10877887 variant was reported to increase the risk of HF in T2DM patients!**’.
MiR-27a was reported to inhibit mitophagy mediated by PINK1/Parkin pathway via targeting AMPKo2™",
and miR-124 targeting CD151 negatively regulates cardiac angiogenesis and cardiac function in HF"”, But,
the research in an Italy population shows that the miR-27a rs895819 variant as a protective effect, and the
miR-124 rs531564 as a risk effect, are associated with HF via influencing the progression of T2DM!**. The
miR-146a can regulate MMP2/16-MLCK3-p-MLC2 contractile axis increasing the risk of HF and the
miR-146a rs2910164 variant is associated with T2DM, which may influence HF reported in a Pakistani
population” . The miR-605 regulates TDRG1/TNFRSF21 influencing TGEF-p signaling pathway and the
miR-605 rs2043556 variant also was reported to affect the regulation of mature miRNAs and mRNA targets,
then playing a significant role in T2DM, which may regulate HF"*"'*?), Otherwise, CKDs are another
metabolic disorder causing HF. The miR-29a was reported to target PPARS signaling pathway, and the
miR-29a rs157907 A>G variant may compromise its own stability, thereby being significantly associated with
a high CKD risk, which means a high HF risk®'*/,

DISCUSSION

The pathogenesis of CVDs exhibits a dual nature of complexity: it arises from the involvement of multiple
biological processes within a single disease entity and is compounded by the sharing of common pathological
mechanisms among distinct cardiovascular disorders. In the same disease, variants in a ncRNA can
participate in different biological processes, like the IncRNA MALAT1. In CADs, the MALAT1 rs619586
variant influences total cholesterol, while MALAT1 rs664589 variant affects inflammatory response”***. This
phenomenon may be caused by ncRNA variants with different secondary structures and targets, also variants
may have different functions in different type of cells. Moreover, the same biological process is involved in
distinct CVDs. Sarcomeric proteins are essential for heart muscle and their abnormalities can lead to CVDs,
like HCM"*, DCM"**!, HE""**/, But the difference lies in the distinct sarcomeric proteins involved in different
diseases. MiR-208b variation directly targets the sarcomeric protein MYH7 in HCM"), TTN-AS1 variation
targets the sarcomeric protein TTN in DCM"”, and miR-499 variation regulates sarcomeric protein Myh7b
in HEP. Calcium, as key signaling molecules in muscle cells, their concentration in the cytoplasm is strictly
regulated. Abnormalities of calcium can affect cardiomyocyte contraction, leading to HCM"*”, DCM""**,
HHD"”, HE""*). H19 variation regulates calcium/calmodulin-dependent protein kinase II (CaMKIID) to
influence calcium concentration, leading to HCM"*. In HHD, miR-22 variation can regulate calcium
transport protein SERCA2A™,

The widespread distribution of ncRNAs across different cell types means that the same ncRNA may be
involved in distinct cardiovascular diseases. For example, the IncRNA ANRIL rs1333049 variant promotes
disease progression in both CADs!""" and HHDs!"”\. Similarly, the IncRNA H19 rs217727 variant increases the
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risk of both CADs!"*? and DCM"™!. This may be due to the fact that they participate in the same biological
processes across different diseases and perform analogous functions, but further research is still needed to
reveal the underlying mechanisms. On the other hand, the same ncRNA variation may exert completely
opposite effects in different populations. For instance, when miR-146a rs2910164 is substituted to G, it is
associated with increased CAD risk in the Turkish population'*), whereas it confers reduced risk in the
Chinese population"'. Although this opposite effect is attributed to population-specific, the underlying
mechanisms remain to be fully elucidated. Extending beyond our focus on specific cardiovascular diseases,
evidence suggests that ncRNA variation participates in a broader spectrum of cardiovascular disorders. For
example, the miR-26 rs2910164 and rs4636297 variants are the risk factors for acute myocardial infarction in
the Pakistani population"'?!. Similarly, the miR-618 rs2682818 variant increases the risk of ischemic stroke'.

NcRNA variation influences disease pathogenesis mainly through two aspects: effects on their own
expression and alterations in their regulatory functions. The effects on expression are manifested as follows:
(a) Variation in transcriptional regulatory regions such as enhancers, silencers, or promoters (e.g. the
IncRNA PCAT19 rs11672691 variant is located at an enhancer element region and contributes to prostate
cancer by altering the binding site of the transcription factor HOXA2""""); (b) copy number variations (e.g.
an increased copy number of IncRNA LINCo01133 is associated with poor prognosis in hepatocellular
carcinoma'™); (c) Effect on the maturation process, especially miRNA (e.g. miR-27a rs11671784 variant
disrupts the maturation process from pre-miR-27a to mature miR-27a, decreasing the risk of gastric
cancer"”); (d) altered isoform formation (e.g. the IncRNA ANRIL rs10757278 variant results in the
generation of isoform circANRIL""); (e) structural changes (e.g. the IncRNA KCNQ1OT1 rs10832417
variant alters secondary structure and is correlated with HHDs'®\. Alteration in regulatory functions: (a)
Changes in binding to target miRNAs, especially miRNA sponge IncRNA and circRNA (e.g. the base G in
IncRNA TINCR rs2288947 is the target binding of miR-1247, while the base C in TINCR rs8113645 becomes
the binding site of miR-30c"*”); (b) Changes in binding to target mRNAs (e.g. miR-146a rs2910164 is located
at the binding site, which alters the binding to IKBA"®*"); (c) Alterations in binding to target proteins [e.g.
IncRNA antihypertrophic interrelated transcript (AHIT)"?" and IncRNA UC.323!"?! both directly bind
proteins involved in histone methylation, suggesting that variation in AHIT and UC.323 could disrupt
epigenetic regulation]. Besides, by studying how ncRNA variations affect themselves, we can elucidate the
effects of primary structure changes on secondary structure, knowledge which in turn informs the study of
coding RNA mutations. Simultaneously, investigation of the ncRNA variations provides insights into the
disease mechanisms involving the ncRNAs, highlighting its critical role.

Research on ncRNA variations can discover the pathogenesis of diseases. The IncRNA ANRIL, identified
from a CVD risk locus on chromosome 9p21.3, can promote atherosclerosis via
miR-181b-5p-TMEM106B-NHE1-lysosomal pH axis!">"'**). Many variations in ANRIL have been proven to
be associated with CVDs, like rs1333049, rs7341786, rs7341791, which perfects the elucidation of disease
mechanisms"”'"?. Besides, study on ncRNA variations provides a new approach for identifying biomarkers
associated with CVDs. The IncRNA IGBP1P1 was identified as a key regulator of cardiomyocyte size and
cardiac function via association analysis between variations and potential target genes'"**’. However, most
research has focused on ncRNAs, and research on variation remains limited. With the development of
next-generation sequencing technologies and structural prediction models, studies on the functional
variations of ncRNAs will continue to increase in the future. On the other hand, ncRNA variations are the
potential candidates of targeted therapy. Currently, most of targeted therapies based on ncRNA rely on
siRNA or ASO-mediated mechanisms, both of which exert therapeutic effects by silencing target genes. For
example, Inclisiran(ALN-PCSsc) is a siRNA targeting proprotein convertase subtilisin-kexin type 9 (PCSK9),
to treat atherosclerosis by reducing LDL-cholesterol levels'?”. Studies on ncRNA variations indicate that
therapeutic efficacy can be attained by generating siRNA or ASO variations with altered target gene
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specificity, which may serve as a promising research direction and therapeutic strategy in the future.
Moreover, TP53 Y220C variation has been used to treat cancer, via restoring TP53 suppressor function by a
compound rezatapopt!**. This suggests that specific compounds targeting ncRNA variants can be identified
and screened for therapeutic applications according to ncRNA variations.

CONCLUSION

This review summarizes current research on ncRNA variation in CVDs and their impacts on related
biological mechanisms. However, much of the existing work focuses on associations between ncRNA
variants and disease risk, often without clarifying the functional consequences or precise pathogenic
mechanisms. Investigating how ncRNA variants alter n.cRNA biogenesis, target gene regulation, and
signaling pathway activation will enhance our understanding of cardiovascular disease pathogenesis and may
facilitate the discovery of novel diagnostic biomarkers and therapeutic targets.
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