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Abstract

Arrhythmogenic cardiomyopathy (ACM/ARVC) is an inherited myocardial disease
characterized by progressive fibro-fatty replacement, ventricular arrhythmias, and an
increased risk of sudden cardiac death. In addition to mutations in desmosomal genes,
growing evidence suggests that microRNAs (miRNAs) actively contribute to disease
pathogenesis by regulating key processes such as fibrosis, cell adhesion, and cardiac
remodeling. This systematic review analyzed the main miRNAs identified in studies of
human cardiac tissue and animal models of ARVC. Materials and Methods: Studies based
on human myocardial tissue analysis (including autopsy and biopsy samples) and animal
models of arrhythmogenic cardiomyopathy were included, using RNA sequencing, small
RNA sequencing, miRNA arrays, and RT-qPCR. Studies on circulating miRNAs and
narrative reviews were excluded. miRNAs were analyzed in relation to their functional
pathways and their role in disease pathogenesis. Results: The synthesis of studies on
human and animal cardiac tissue reveals a consistent miRNA signature associated with
arrhythmogenic cardiomyopathy. MiR-21-5p and miR-29b-3p are associated with fibrosis
and extracellular matrix remodeling, whereas miR-133a-b and miR-130a are linked to
cardiomyocyte integrity loss and desmosomal dysfunction. A second group of miRNAs,
including miR-217-5p, miR-708-5p, and miR-135b, regulates key pathways such as Wnt/f3-
catenin and Hippo signaling, contributing to structural remodeling and loss of cellular
identity. Furthermore, downregulation of miR-499-5p is associated with mitochondrial
dysfunction and cellular vulnerability, while the miR-142-3p, miR-182-5p, and miR-183-
5p clusters contribute to differential molecular signatures compared with other
cardiomyopathies. Overall, miRNAs converge on three main pathogenic axes: myocardial
fibrosis, desmosomal impairment, and remodeling of cellular signaling pathways.
Conclusions: The available evidence indicates that arrhythmogenic cardiomyopathy is
regulated by a coordinated network of miRNAs that actively drives myocardial damage
progression. These miRNAs represent not only biomarkers but also functional mediators
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of disease, suggesting potential diagnostic and therapeutic applications based on tissue-
specific molecular signatures, including in post-mortem settings.

Keywords: arrhythmogenic cardiomyopathy (ARVC); microRNAs (miRNA); myocardial
fibrosis; desmosomal dysfunction; cardiac remodeling

1. Introduction

Arrhythmogenic cardiomyopathy (ACM) is an inherited myocardial disease,
typically transmitted as an autosomal dominant trait, characterized by ventricular
electrical instability, progressive loss of cardiomyocytes, and fibro-fatty replacement of
the myocardium. Its estimated prevalence ranges from approximately 1:2000 to 1:5000
individuals, and it is particularly relevant in young subjects and athletes because of the
increased risk of sudden cardiac death [1-4]. Historically described as a disease
predominantly affecting the right ventricle, ACM is now recognized to encompass right-
dominant, biventricular, and left-dominant phenotypes. From a pathological perspective,
fibro-fatty replacement may initially develop at the subepicardial level and involve
regions classically included in the so-called “triangle of dysplasia”, subsequently
extending toward the endocardium and, in more advanced stages, involving the left
ventricle as well [2,5]. Clinical manifestations include ventricular premature beats,
ventricular tachycardia, palpitations, syncope, heart failure, and sudden cardiac death [6—
8]. The genetic basis of the disease is frequently represented by variants in genes encoding
desmosomal proteins, including PKP2, DSP, DSG2, DSC2, and JUP, although non-
desmosomal genes have also been described. Diagnosis remains multiparametric and
integrates clinical, electrocardiographic, arrhythmic, morpho-functional,
histopathological, and genetic data, according to the Task Force Criteria and the more
recent Padua criteria [5,7,9].

However, incomplete penetrance, phenotypic variability, and gene-elusive forms
suggest that genetic mutation alone is insufficient to explain the entire clinical spectrum
of the disease [3,10]. ACM-associated variants impair not only the mechanical adhesion
between cardiomyocytes but also intracellular signaling pathways. In particular,
suppression of the Wnt/B-catenin pathway and activation of the Hippo pathway have
been associated with adipogenesis, fibrosis, apoptosis, and disruption of the intercalated
discs [10]. These processes contribute to the progressive thinning of the myocardial wall,
contractile dysfunction, and electrical instability, predisposing to ventricular arrhythmias
[2,7]. For along time, ACM was predominantly interpreted as a disease of cardiomyocytes.
More recent evidence, however, indicates a significant involvement of the cardiac
microenvironment, including cardiac stromal cells, fibroblasts, and immune cells [10].
Cardiac stromal cells derived from patients with ACM express desmosomal proteins and
exhibit an increased propensity toward adipogenic differentiation, suggesting that fibro-
fatty remodeling arises from a multicellular network more complex than myocardial
damage alone [10-13]. In this context, microRNAs (miRNAs) represent a regulatory layer
of particular interest. These are small non-coding RN As, approximately 19-25 nucleotides
in length, capable of modulating gene expression through binding to target transcripts,
promoting mRNA degradation, or inducing translational inhibition [10]. In the
cardiovascular context, they participate in cellular differentiation, fibrosis, inflammation,
cell death, electrical homeostasis, and structural remodeling [14]. In ACM, their relevance
is twofold: they may contribute to disease pathogenesis by regulating critical signaling
pathways and, at the same time, serve as measurable biomarkers in tissue, blood, or post-
mortem samples. This study aims to systematically synthesize investigations that have
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analyzed miRNAs in human myocardial tissue, autopsy or biopsy samples, and animal
models of arrhythmogenic cardiomyopathy, with particular attention to their diagnostic
implications and potential applications in post-mortem molecular diagnostics.

2. Materials and Methods

The review was conducted in accordance with the PRISMA 2020 recommendations
for reporting systematic reviews [15]. Original studies analyzing miRNAs in human
myocardial tissue, including autopsy and biopsy samples, or in experimental animal
models of ACM, were included. Studies based on gene expression profiling
methodologies such as RNA sequencing, small RNA sequencing, miRNA arrays, and RT-
qPCR were considered eligible (Figure 1). Studies based exclusively on circulating
miRNAs, narrative reviews, editorials, letters, case reports, and works lacking original
data on cardiac tissue or relevant experimental models were excluded. The bibliographic
search was conducted in electronic databases including PubMed/MEDLINE, Scopus, and
Web of Science, using combinations of keywords related to “arrhythmogenic
cardiomyopathy”, “arrhythmogenic right ventricular cardiomyopathy”, “microRNA”,
“miRNA”, “cardiac tissue”, “myocardium”, “animal model”, “RNA sequencing”’, and
“RT-qPCR.” Two independent reviewers performed title/abstract and full-text screening,
with discrepancies resolved by consensus. Extracted data included author and year,
experimental model, sample type, analytical technique, identified miRNAs, direction of
expression, proposed pathways or targets, and interpretative relevance. The studies
included in Table 1 represent the main original works analyzing miRNAs in human
myocardial tissue, patient-derived cardiac cells, autopsy samples, experimental models,
or integrated INcRNA-miRNA-mRNA regulatory networks in arrhythmogenic
cardiomyopathy. In particular, the contributions of Zhang et al. [14], Mazurek et al. [16],
Rainer et al. [17], Calore et al. [18], Bueno Marinas et al. [19], Bonet et al. [20], and Li et al.
[13]. were included, as they are directly focused on the role of miRNAs and post-
transcriptional regulation in ACM/ARVC.

Quality Assessment

Given the translational nature of the included studies, which comprised analyses of
human myocardial tissue, cardiac stromal cells, animal models, and transcriptomic
datasets, conventional risk-of-bias tools designed for randomized clinical trials or
observational epidemiological studies were considered inappropriate. Therefore, a
domain-based methodological quality assessment was performed (Table 2). Each study
was evaluated according to the following domains: adequacy of arrhythmogenic
cardiomyopathy diagnosis and case characterization; appropriateness of control selection;
sample size and representativeness; methodological description of miRNA extraction,
quantification, and normalization procedures; appropriateness of statistical analyses,
including correction for multiple testing where applicable; validation of findings in
independent cohorts, tissues, or experimental models; and completeness of outcome
reporting. For each domain, studies were classified as presenting low, moderate, or high
risk of methodological bias. An overall quality judgment (high, moderate, or low quality)
was subsequently assigned based on the collective assessment of all domains. Attention
was given to sample size, tissue source, and independent validation, as these represent
major sources of variability in myocardial miRNA research.

https://doi.org/10.3390/genes17060725



Genes 2026, 17, 725

4 of 10

Identification of studies via databases and registers

Records removed before screening:

Duplicated records removed (n = 22)

Records marked as ineligible by auto-

\
)
= Records identified from:
o
= Databases Pubmed (n = 42)
o
= Database Scopus (n = 34)
(=4
§ Web of Science (n = 26)
N——
o
£ Records screened
[}
g (n=75)
(7]

Reports assessed for eligibility
(n=42)

>
=
2
=
i

\ 4

Duplicates excluded (n = 33)

Studies on circulating miRNAs
(n=18)
Narrative reviews, editorials, com-

ments (n = 9)

Full-text articles excluded, with reasons

(n=24)

Not based on human or animal
cardiac tissue (n = 10)

Methods not compliant (no RNA-
seq / small RNA-seq / RT-gPCR)

- (n=28)
5 o . .
= Studies included in review - Not focused on arrhytmogenic
© (n=7)
ic
Figure 1. The selection of papers following the PRISMA protocol.
Table 1. Studies on tissue miRNAs or using experimental models of arrhythmogenic cardiomyo-
pathy.
Author miRNAs Iden- Expression
Model 1 Techni T Path
(Year) odel/Sample echnique tified Change # arget/Pathway Note
Human, right ven- .
21 val
tricular myocar-  S-Poly(T) Plus qRT- mil:;f:'ti(eile Wnt-Hippo; as-
dium; 24 ARVC PCR on 7 11 1.10 |; miR- sociation with  First extended profiling
Zhang et al. vant: miR-21- . ;
(2016) [14] hearts from trans- 1078 5p miR-135b 21-5p adipose on ARVC human cardiac
plantation vs.24  miRNAs, with ni/R 34a-5p " 1.miR-135b | and myocardial tissue [9].
autopsy/donor con- individual validation miR-212-3p fibrosis

trols

https://doi.org/10.3390/genes17060725



Genes 2026, 17, 725

5 of 10

Mazurek *

aMHC-miR-130a
transgenic mouse
model; ventricular

Phenotyping, West-
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Overexpression of miR-
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etal. (2017) myocardium of re.scence, . miR-130a 1 Desmosome —in- tricular dilation, PVC, fi-
[16] miR-130a inducible histology, luciferase tercalary disc ~ brosis, and lipid accumu-
mice vs. controls say lation [7].
Human, cardiac
stromal cells from Important study because
Rainer et al'endomyocardial bi- TagMan Low-Density miR-520c-3p, Cell adhesion, it shifts the focus from the
opsy; profiling: 3 Array, RNA-seq, RT- miR-29b-3p,  All 1 (>4x) ECM, collagen, cardiomyocyte to the stro-

(2018) [17]

ACM vs. 3 controls; qPCR miR-1183 ephrin signaling mal-fibrotic compartment
validation: 8 [10].
ACM vs. 5 controls
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rine cardiac 24 deregulated iR-217-5 Strong evidence of Wnt
Calore et al model carrying RNA-seq miRNA miRNAs; Main: m¥R-708_5p K su ission and earl
‘DSG2 p.Q558; Tg-+ miR-217-5p, m% 708-5p 1, Wnt/B-catenin PP . ary
(2019) [18] hOh bioinformatic miR-708-5 miR-499-5p miRNA signature in a des-
Q hearts vs. . P l mosomal model [11].
non-transgenic miR-499-5p
hearts.
10 miRNAs
Human, right ven- shared tissue-
tricle + Rerlpheral blood; vali- Mixed profile; Pathway B.rldgmg st'qdy be’fweer.l
blood; discovery: 9 . dated panel: . tissue and circulating bi-
Bueno Ma- R 84-miRNA array, . Some directions ACM-correlated;
rinas et al RV ACM tissues, NGS/small RNA-se miR-122-5p, diverge enotype-related omarkers; useful, but only
- 9 ACM blood sam- & miR-133a-3p, & genolyp a part of the circulating

(2020) [19]

qPCR
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hearts; 4 ACM fro- miR-145-5p, .
Bonet et al. . RNA-seq + . oxidative stress, mRNA study on autopsy
zen RV biopsies vs. | . miR-486-5p, 31,51 ..
(2024) [20] interactome miRNA- | apoptosis, in-  hearts ACM; very relevant
4 post-mortem con- miR-486-3p, . . -
mRNA . flammation, for forensic medicine [13].
trols miR-125a-5p,
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* Mazurek et al. (2017) [16] is presented as an example of mechanistic research relevant to the dis-

cussed biological pathways. This study was not included in the systematic review quality assess-

ment and is therefore not included in Table 1. # Upward (1) and downward (|) arrows indicate

upregulation and downregulation of RNA expression, respectively.
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Table 2. Quality assessment.

Stud Human Tissue/Ani- Case Defi- Controls Sample Molecular Validation Overall
y mal Model nition Size Methods Quality
[ler]mg etal (2016)Humar1 myocardium Low risk  Low risk lr\i/IScl)<derate Low risk Low risk High
Rainer et al. Human cardiac stro- . . Moderate . . .
(2018) [17] Low risk  Low risk risk Low risk Moderate risk High
Calore et al. . . . Moderate . . .
(2019) [18] Murine ACM model Lowrisk  Low risk risk Low risk Low risk High

Bueno Ma-rinas et
al. (2020) [19]

Human ACM cohort Low risk  Low risk Lowrisk  Low risk Moderate risk High

Bonet et al. (2024) Human post-mortem

. Lowrisk Lowrisk Highrisk Low risk Moderate risk Moderate
[20] myocardium
T - o
Li et al. (2024) [13] umar.l tissue + bioin Low risk Moderate Moderate Low risk Moderate risk Moderate
formatic datasets risk risk

Mazurek * et al.
(2017) [16]

Narrative review

Not appli- Not appli- Not appli-

cable cable cable Not applicable Not applicableExcluded

* Mazurek et al. (2017) [16] is presented as an example of mechanistic research relevant to the dis-
cussed biological pathways. This study was not included in the systematic review quality assess-

ment.

3. Results

The synthesis of the included studies highlights a miRNA signature associated with
arrhythmogenic cardiomyopathy, although with substantial heterogeneity across experi-
mental models, sample types, and analytical platforms. When findings are interpreted ac-
cording to biological themes, partially overlapping patterns emerge, with both consistent
and contrasting results across studies [14,16,17,19,20].

3.1. Signaling Pathway-Related miRNAs (Wnt/Hippo)

With regard to miRNAs associated with signaling pathways (Wnt/Hippo), Zhang et
al. identified in human right ventricular myocardial samples 21 validated differentially
expressed miRNAs, including upregulated miR-21-5p and downregulated miR-135b, as-
sociated with Wnt/Hippo signaling as well as myocardial adipogenesis and fibrosis [14].
Consistently, in the DSG2 p.Q558* transgenic murine model, Calore et al. identified 24
deregulated miRNAs, including upregulated miR-217-5p and miR-708-5p and downreg-
ulated miR-499-5p, linked to suppression of the Wnt/f-catenin pathway, an early event
potentially involved in fibro-adipogenic transition [18]. Although the specific miRNAs
differ between studies, a consistent finding is the involvement of Wnt-related pathways,
while the variability in individual miRNA profiles represents a point of divergence.

3.2. Desmosome-Related miRNAs

With regard to miRNAs associated with desmosomal integrity, the functional role of
miRNAs emerges particularly clearly in the aMHC-miR-130a murine model. In this
model, cardiac overexpression of miR-130a directly represses DSC2 and induces an ar-
rhythmogenic cardiomyopathy (ACM)-like phenotype characterized by right ventricular
dilation, ventricular premature beats, fibrosis, and lipid accumulation [16]. This finding
provides consistent mechanistic evidence linking miRNA dysregulation to desmosomal
impairment. However, a contrasting element is that this evidence is primarily derived
from animal models and has not been consistently confirmed in human studies.

https://doi.org/10.3390/genes17060725



Genes 2026, 17, 725

7 of 10

3.3. Fibrosis-Related miRNAs

With regard to miRNAs associated with fibrosis and extracellular matrix remodeling,
Rainer et al. demonstrated increased expression of miR-520c-3p, miR-29b-3p, and miR-
1183 in cardiac stromal cells, associated with extracellular matrix organization, collagen
regulation, and cell adhesion [17]. These findings are consistent with those of Bonet et al.,
who identified enrichment in pathways related to extracellular matrix organization, in-
flammation, and apoptosis, supported by negatively correlated miRNA-mRNA pairs.
Thus, fibrotic and extracellular matrix pathways represent a coherent and reproducible
biological signal across studies. Nevertheless, the specific miRNAs involved are not iden-
tical, highlighting inter-study variability [20].

Finally, the comparison between tissue and circulating miRNAs further underscores
both consistency and discrepancy. Bueno Marinas et al. identified a circulating panel of
six miRNAs with potential biomarker value (miR-122-5p, miR-133a-3p, miR-133b, miR-
142-3p, miR-182-5p, and miR-183-5p). However, the tissue-blood comparison suggests
that circulating miRNA profiles only partially reflect myocardial remodeling. This repre-
sents a consistent limitation across studies, indicating that circulating miRNAs capture
both cardiac-specific and systemic responses, thereby contributing to heterogeneity [19].

Opverall, the studies converge on key pathogenic processes, including Wnt/Hippo sig-
naling, desmosomal integrity, and fibrotic remodeling, while diverging in the specific
miRNAs identified, likely reflecting differences in experimental design, biological sam-
ples, and disease stages.

4. Discussion

Overall, the available data support a network-based view of ACM, in which genetics,
cell adhesion, intracellular signaling, stromal remodeling, inflammation, and post-tran-
scriptional regulation interact dynamically. miRNAs do not appear to be mere epiphe-
nomena of myocardial injury, but rather potential intermediate regulators of central pro-
cesses such as fibrosis, adipogenesis, apoptosis, mitochondrial dysfunction, and interca-
lated disc disruption. In the forensic setting, post-mortem cardiac investigation requires
an integrated approach capable of distinguishing structural pathology, trauma, genetic
alterations, and potential arrhythmic substrates [4,21,22]. The first pathogenic axis in-
volves fibrosis and extracellular matrix remodeling. miR-21-5p and miR-29b-3p emerge
as relevant candidates due to their association with fibrosis, collagen regulation, and stro-
mal responses [14,17]. In human samples, fibrosis does not appear to be merely a terminal
consequence of myocyte loss, but rather a structural component of the pathological phe-
notype, sustained by interactions among cardiomyocytes, fibroblasts, and stromal cells
[17,20].

A second axis involves desmosomal integrity. The miR-130a model demonstrates
that modulation of DSC2 can lead to desmosome disruption and the emergence of an
ACM-like phenotype [16]. This finding is particularly important because it directly links
miRNA-mediated regulation to a classical structural gene of the disease, suggesting that
the reduction in desmosomal proteins may arise not only from genetic variants but also
from post-transcriptional mechanisms. A third axis involves the Wnt/3-catenin and Hippo
signaling pathways. Suppression of Wnt signaling, observed both in experimental models
and human samples, represents a key event in the transition toward a fibro-adipogenic
phenotype [10,14,18]. miRNAs appear to act as intermediate regulators of this suppression,
modulating both upstream and downstream components of the pathway. In parallel,
dysregulation of the Hippo pathway contributes to loss of tissue homeostasis, apoptosis,
and activation of maladaptive transcriptional programs [14]. Integrated miRNA-mRNA
analyses show that miRNAs operate within highly interconnected networks: a single
miRNA can modulate multiple targets, and the same gene can be regulated by several
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miRNAs. This regulatory redundancy may help explain the phenotypic heterogeneity of
ACM even in the presence of similar genetic variants [20]. This perspective is consistent
with the clinical variability of the disease, which includes right-dominant, biventricular,
and left-dominant phenotypes [2,4,5]. From a translational perspective, circulating miR-
NAs offer important theoretical advantages: they are accessible through minimally inva-
sive methods, potentially repeatable over time, and can be integrated with clinical, genetic,
and imaging data [10,19]. However, their biological significance remains complex. Some
circulating miRNAs may reflect myocardial injury, fibrosis, or inflammation, whereas oth-
ers originate from immune cells, stromal cells, or systemic responses to cardiac stress
[10,19]. For this reason, circulating miRNAs should be interpreted as integrative bi-
omarkers rather than unambiguous indicators of a single pathological process. From the
perspective of post-mortem molecular diagnostics, tissue miRNAs have specific potential.
Analysis of autopsy samples could integrate histology, genetics, and immunohistochem-
istry in cases of sudden death with suspected ACM, particularly when morphological al-
terations are early, focal, or inconclusive [4,20]. The work by Li et al. further extends this
framework, extending the analysis from single miRNA deregulation to the construction
of an IncRNA-miRNA-mRNA ceRNA network in ARVC. The study identified hub genes
and IncRNAs, including COL1A1, COL5A1, FBN1, BGN, XIST, and LINC00173, primarily
associated with extracellular matrix organization, collagen deposition, and fibrosis,
thereby reinforcing the hypothesis that non-coding RNA regulation contributes to struc-
tural remodeling in the disease [13]. However, forensic applications require rigorous
standardization of sampling procedures, post-mortem interval, tissue preservation, RNA
extraction methods, normalization strategies, and interpretative thresholds.

5. Limitations

The available literature presents several limitations. The first is methodological het-
erogeneity: studies differ in sample type, collection and storage procedures, analytical
platforms, data normalization, and statistical strategies. This makes direct comparison of
results difficult and may explain the limited convergence among proposed miRNA signa-
tures. In addition, most studies are characterized by small sample sizes (often n < 4-24),
which reduces statistical power and further limits the reproducibility and generalizability
of findings.

The second limitation is the clinical heterogeneity of the cohorts. The ACM label en-
compasses right-dominant, biventricular, and left-dominant phenotypes; patients with
known mutations and gene-elusive cases; and those at early and advanced disease stages.
It is plausible that different subtypes exhibit distinct miRNA profiles and that the lack of
fine phenotyping reduces the ability to identify reproducible signals.

The third limitation is the scarcity of longitudinal studies. Most data are cross-sec-
tional and allow association of a given miRNA with disease presence, but do not define
its prognostic value or its ability to monitor disease progression, arrhythmic burden, or
therapeutic response.

The fourth limitation concerns pre-analytical variables, particularly in studies based
on autopsy material. Factors such as post-mortem interval (PMI) and tissue handling may
significantly influence miRNA stability. RNA degradation represents a relevant issue in
post-mortem samples and may affect the reliability of expression profiles, which is partic-
ularly critical in forensic applications.
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6. Conclusions

The available evidence indicates that miRNAs play a relevant role in arrhythmogenic
cardiomyopathy, both as biological modulators of crucial signaling pathways and as po-
tential biomarkers. Studies in cardiac tissue and animal models suggest the involvement
of miRNAs in the regulation of desmosomal integrity, Wnt/(3-catenin and Hippo path-
ways, as well as fibrosis, adipogenesis, inflammation, and mitochondrial dysfunction. De-
spite these promising findings, the translation of miRNAs into clinically or forensically
reliable biomarkers for ACM remains incomplete. The main barriers include methodolog-
ical heterogeneity, limited cohort sizes, lack of longitudinal studies, and insufficient func-
tional validation of many candidate miRNAs. The future of the field will depend on mul-
ticenter, standardized studies capable of integrating genomics, epigenomics, tran-
scriptomics, imaging, clinical phenotyping, and post-mortem data. In summary, miRNAs
do not appear to be mere bystanders of the disease: for several of them, there is compelling
evidence suggesting an active role in ACM pathogenesis. However, before they can be
considered mature tools for clinical practice or post-mortem molecular diagnostics,
broader, prospective, and functional validation is still required.
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