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Abstract

Arrhythmogenic cardiomyopathy (ACM/ARVC) is an inherited myocardial disease charac-
terized 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 pathogene-
sis 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/β-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 in-
dicates 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 of disease, suggesting potential diagnostic
and therapeutic applications based on tissue-specific molecular signatures, including in
post-mortem settings.
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1. Introduction
Arrhythmogenic cardiomyopathy (ACM) is an inherited myocardial disease, typically

transmitted as an autosomal dominant trait, characterized by ventricular electrical insta-
bility, 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. Diag-
nosis 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 sug-
gest 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/β-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 dys-
function, and electrical instability, predisposing to ventricular arrhythmias [2,7]. For a long
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 RNAs, 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 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.

https://doi.org/10.3390/genes17060725

https://doi.org/10.3390/genes17060725


Genes 2026, 17, 725 3 of 11

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 mod-
els 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, narra-
tive reviews, editorials, letters, case reports, and works lacking original data on cardiac
tissue or relevant experimental models were excluded. The bibliographic search was con-
ducted in electronic databases including PubMed/MEDLINE, Scopus, and Web of Science,
using combinations of keywords related to “arrhythmogenic cardiomyopathy”, “arrhyth-
mogenic 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 car-
diac cells, autopsy samples, experimental models, or integrated lncRNA–miRNA–mRNA
regulatory networks in arrhythmogenic cardiomyopathy. In particular, the contribu-
tions 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 observa-
tional 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 di-
agnosis 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.
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Table 1. Studies on tissue miRNAs or using experimental models of arrhythmogenic cardiomyopathy.

Author (Year) Model/Sample Technique miRNAs Identified Expression Change # Target/Pathway Note

Zhang et al.
(2016) [14]

Human, right ventricular
myocardium; 24 ARVC
hearts from transplantation
vs. 24 autopsy/donor controls

S-Poly(T) Plus qRT-PCR on
1078 miRNAs, with
individual validation

21 validated miRNAs;
relevant: miR-21-5p,
miR-135b, miR-34a-5p,
miR-212-3p

11 ↑. 10 ↓; miR-21-5p
↑. miR-135b ↓

Wnt-Hippo;
association with
adipose
and myocardial
fibrosis

First extended profiling on
ARVC human cardiac
tissue [9].

Mazurek * et al.
(2017) [16]

aMHC-miR-130a transgenic
mouse model; ventricular
myocardium of miR-130a
inducible mice vs. controls

Phenotyping, Western blot,
immunofluorescence,
histology, luciferase assay

miR-130a ↑

Direct repression of
DSC2;
Desmosome—
intercalary disc

Overexpression of
miR-130a induces an
ACM-like phenotype with
right ventricular dilation,
PVC, fibrosis, and lipid
accumulation [7].

Rainer et al.
(2018) [17]

Human, cardiac stromal
cells from endomyocardial
biopsy; profiling: 3
ACM vs. 3 controls;
validation: 8
ACM vs. 5 controls

TaqMan Low-Density
Array, RNA-seq, RT-qPCR

miR-520c-3p,
miR-29b-3p, miR-1183 All ↑ (>4x)

Cell adhesion, ECM,
collagen, ephrin
signaling

Important study because it
shifts the focus from the
cardiomyocyte to the
stromal-fibrotic
compartment [10].

Calore et al.
(2019) [18]

Transgenic murine cardiac
model carrying DSG2
p.Q558; Tg-hQ hearts vs.
non-transgenic hearts.

RNA-seq miRNA
+
bioinformatic

24 deregulated miRNAs;
Main: miR-217-5p,
miR-708-5p, miR-499-5p

miR-217-5p ↑,
miR-708-5p ↑,
miR-499-5p ↓

Wnt/ß-catenin

Strong evidence of Wnt
suppression and early
miRNA signature in a
desmosomal model [11].

Bueno Marinas et al.
(2020) [19]

Human, right ventricle +
peripheral blood; discovery:
9 RV ACM tissues,
9 ACM blood samples,
4 controls;
validation on 90 ACM

84-miRNA array,
NGS/small
RNA-seq, qPCR

10 miRNAs shared
tissue-blood; validated
panel: miR-122-5p,
miR-133a-3p, miR-133b,
miR-142-3p, miR-182-5p,
miR-183-5p

Mixed profile; Some
directions diverge
between tissue
and blood

Pathway
ACM-correlated;
genotype-related and
Hippo signaling

Bridging study between
tissue and circulating
biomarkers; useful, but
only a part of the circulating
signal directly reflects the
myocardium [12].
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Table 1. Cont.

Author (Year) Model/Sample Technique miRNAs Identified Expression Change # Target/Pathway Note

Bonet et al.
(2024) [20]

Human, autopsy hearts;
4 ACM frozen RV biopsies
vs. 4 post-mortem controls

mRNA-seq + small
RNA-seq + interactome
miRNA-mRNA

8 miRNA DE:
miR-135a-5p,
miR-140-3p, miR-145-5p,
miR-486-5p, miR-486-3p,
miR-125a-5p, let-7e-5p,
let-7d-3p

3 ↑, 5 ↓

Mitochondrion/
respiration, oxidative
stress, apoptosis,
inflammation, ECM

First integrated
miRNA-mRNA study on
autopsy hearts ACM; very
relevant for forensic
medicine [13].

Li et al. (2024) [13]

ARVC human datasets and
non-failing controls from
GEO; validation of mRNA
and IncRNA in human
cardiac tissue

Bioinformatics analysis of
mRNA/IncRNA datasets,
DEmiR from previous
profiling, target prediction
with starBase,
IncRNA-miRNA-mRNA |
ceRNA network, PPI,
WGCNA, RT-qPCR

DEmiRs identified from
previous protiling
studies; ceRNA network
focused on molecular
interactions
IncRNA-miRNA-mRNA

Integrated differential
expression of DEM,
DEInc and DEmiR

ECM, fibrosis,
organization of the
extracellular matrix,
collagen; hubs:
COL1A1, COL5A1,
FBN1, BGN, XIST,
LINC00173.

Bioinformatic-integrative
study proposing an
IncRNA-miRNA-mRNA
regulatory network and a
predictive diagnostic
model for ARVC; useful
for linking miRNA, IncRNA
and fibrotic remodeling.

* Mazurek et al. (2017) [16] is presented as an example of mechanistic research relevant to the discussed biological pathways. This study was not included in the systematic review
quality assessment and is therefore not included in Table 1. # Upward (↑) and downward (↓) arrows indicate upregulation and downregulation of RNA expression, respectively.

Table 2. Quality assessment.

Study Human Tissue/Animal Model Case Definition Controls Sample Size Molecular Methods Validation Overall Quality

Zhang et al. (2016) [14] Human myocardium Low risk Low risk Moderate risk Low risk Low risk High

Rainer et al. (2018) [17] Human cardiac stromal cells Low risk Low risk Moderate risk Low risk Moderate risk High

Calore et al. (2019) [18] Murine ACM model Low risk Low risk Moderate risk Low risk Low risk High

Bueno Ma-rinas et al. (2020) [19] Human ACM cohort Low risk Low risk Low risk Low risk Moderate risk High

Bonet et al. (2024) [20] Human post-mortem myocardium Low risk Low risk High risk Low risk Moderate risk Moderate

Li et al. (2024) [13] Human tissue + bioinformatic datasets Low risk Moderate risk Moderate risk Low risk Moderate risk Moderate

Mazurek * et al. (2017) [16] Narrative review Not applicable Not applicable Not applicable Not applicable Not applicable Excluded

* Mazurek et al. (2017) [16] is presented as an example of mechanistic research relevant to the discussed biological pathways. This study was not included in the systematic review
quality assessment.
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Figure 1. The selection of papers following the PRISMA protocol.

3. Results
The synthesis of the included studies highlights a miRNA signature associated with

arrhythmogenic cardiomyopathy, although with substantial heterogeneity across exper-
imental models, sample types, and analytical platforms. When findings are interpreted
according 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 ex-
pressed miRNAs, including upregulated miR-21-5p and downregulated miR-135b, asso-
ciated with Wnt/Hippo signaling as well as myocardial adipogenesis and fibrosis [14].
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Consistently, in the DSG2 p.Q558* transgenic murine model, Calore et al. identified 24 dereg-
ulated miRNAs, including upregulated miR-217-5p and miR-708-5p and downregulated
miR-499-5p, linked to suppression of the Wnt/β-catenin pathway, an early event poten-
tially 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 αMHC-miR-130a murine model. In this model,
cardiac overexpression of miR-130a directly represses DSC2 and induces an arrhythmo-
genic 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.

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, inflam-
mation, and apoptosis, supported by negatively correlated miRNA–mRNA pairs. Thus,
fibrotic and extracellular matrix pathways represent a coherent and reproducible biolog-
ical signal across studies. Nevertheless, the specific miRNAs involved are not identical,
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 represents
a consistent limitation across studies, indicating that circulating miRNAs capture both
cardiac-specific and systemic responses, thereby contributing to heterogeneity [19].

Overall, the studies converge on key pathogenic processes, including Wnt/Hippo
signaling, desmosomal integrity, and fibrotic remodeling, while diverging in the specific
miRNAs identified, likely reflecting differences in experimental design, biological samples,
and disease stages.

4. Discussion
Overall, the available data support a network-based view of ACM, in which genet-

ics, cell adhesion, intracellular signaling, stromal remodeling, inflammation, and post-
transcriptional 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 intercalated
disc disruption. In the forensic setting, post-mortem cardiac investigation requires an inte-
grated approach capable of distinguishing structural pathology, trauma, genetic alterations,
and potential arrhythmic substrates [4,21,22]. The first pathogenic axis involves 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 stromal responses [14,17].
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In human samples, fibrosis does not appear to be merely a terminal consequence of my-
ocyte loss, but rather a structural component of the pathological phenotype, 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/β-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 suppres-
sion, 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
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 miRNAs
offer important theoretical advantages: they are accessible through minimally invasive
methods, potentially repeatable over time, and can be integrated with clinical, genetic, and
imaging data [10,19]. However, their biological significance remains complex. Some circu-
lating miRNAs may reflect myocardial injury, fibrosis, or inflammation, whereas others
originate from immune cells, stromal cells, or systemic responses to cardiac stress [10,19].
For this reason, circulating miRNAs should be interpreted as integrative biomarkers 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 immunohistochemistry in cases
of sudden death with suspected ACM, particularly when morphological alterations 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 lncRNA–
miRNA–mRNA ceRNA network in ARVC. The study identified hub genes and lncRNAs,
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 structural remodeling in
the disease [13]. However, forensic applications require rigorous standardization of sam-
pling 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.

https://doi.org/10.3390/genes17060725

https://doi.org/10.3390/genes17060725


Genes 2026, 17, 725 9 of 11

The second limitation is the clinical heterogeneity of the cohorts. The ACM label
encompasses 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-sectional
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
particularly critical in forensic applications.

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 poten-
tial biomarkers. Studies in cardiac tissue and animal models suggest the involvement of
miRNAs in the regulation of desmosomal integrity, Wnt/β-catenin and Hippo pathways,
as well as fibrosis, adipogenesis, inflammation, and mitochondrial dysfunction. Despite
these promising findings, the translation of miRNAs into clinically or forensically reliable
biomarkers for ACM remains incomplete. The main barriers include methodological het-
erogeneity, limited cohort sizes, lack of longitudinal studies, and insufficient functional
validation of many candidate miRNAs. The future of the field will depend on multicenter,
standardized studies capable of integrating genomics, epigenomics, transcriptomics, imag-
ing, 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 suggest-
ing 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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