
1 

 

Emerging role of microRNAs in dilated cardiomyopathy: evidence regarding etiology 1 

 2 

Running head: microRNAs and dilated cardiomyopathy 3 

Number of words: 5453 4 

Number of figures: 3 5 

Number of tables: 1 6 

 7 

Maria Calderon-Dominguez 1§, Thalía Belmonte 1§, Maribel Quezada-Feijoo 2,3, Monica 8 

Ramos-Sánchez 2,3, Juan Fernández-Armenta 1,4, Amparo Pérez-Navarro 1, Sergi Cesar 5 9 

Luisa Peña Peña 6, Àngela Vea 7, Vicenta Llorente-Cortés 7,8,9, Alipio Mangas 1,10, 11, David 10 

de Gonzalo-Calvo 7,8,9 # *, Rocio Toro 1, 10,11# * 11 

 12 

# § equally contributed. 13 

 14 

1 Biomedical Research and Innovation Institute of Cadiz (INiBICA), Research Unit, Puerta 15 

del Mar University Hospital, University of Cadiz, Spain. 16 

2 Cardiology Department, Cruz Roja Central Hospital, Madrid, Spain.  17 

3 Alfonso X University (UAX), Madrid, Spain  18 

4 Cardiology Department, Puerta del Mar Universitary Hospital, Cádiz, Spain. 19 

5 Pediatric Cardiology, Sant Joan de Déu Hospital, Barcelona, Spain. 20 

6 Cardiology Department, Virgen del Rocio Universitary Hospital, Seville, Spain. 21 

7 Institute of Biomedical Research of Barcelona (IIBB) - Spanish National Research 22 

Council (CSIC), Barcelona, Spain.  23 

8 Biomedical Research Institute Sant Pau (IIB Sant Pau), Barcelona, Spain. 24 

9 CIBERCV, Institute of Health Carlos III, Madrid, Spain. 25 



2 

 

10 Internal Medicine Department, Puerta del Mar Universitary Hospital, Cádiz, Spain. 26 

11 Medicine Department, School of Medicine, University of Cadiz, Cadiz, Spain. 27 

 28 

Corresponding authors:  29 

David de Gonzalo-Calvo, Ph.D 30 

Institute of Biomedical Research of Barcelona (IIBB) - Spanish National Research 31 

Council (CSIC) 32 

Hospital de la Santa Creu i Sant Pau. C/ Sant Antoni Maria Claret 167, Pavelló del Convent, 33 

08025 Barcelona, Spain 34 

Tel: +34935565891 35 

E-mail: david.degonzalo@gmail.com 36 

 37 

Rocio Toro, M.D, Ph.D, MSc 38 

Medicine Department. School of Medicine. Edifício Andrés Segovia 3º Floor.  39 

Biomedical Research and Innovation Institute of Cádiz (INiBICA). 40 

 C/Dr Marañón S/N. 21001 Cádiz, Spain 41 

Tel: +3495601245, Fax: +34956015423 42 

E-mail: rocio.toro@uca.es; rociotorogreen@gmail.com 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

mailto:david.degonzalo@gmail.com
mailto:rocio.toro@uca.es
mailto:rociotorogreen@gmail.com


3 

 

ABSTRACT 51 

Dilated cardiomyopathy (DCM) is a heart muscle disease characterized by 52 

ventricular dilation and systolic dysfunction in the absence of abnormal loading conditions 53 

or coronary artery disease. This cardiac disorder is a major health problem due to its high 54 

prevalence, morbidity and mortality. DCM is a complex disease with a common phenotype 55 

but heterogeneous pathological mechanisms. Early etiological diagnosis and prognosis 56 

stratification is crucial for the clinical management of the patient. Advances in imaging 57 

technology and genetic tests have provided useful tools for clinical practice. Nevertheless, 58 

the assessment of the disease remains challenging. Novel non-invasive indicators are still 59 

needed to assist in decision-making. 60 

microRNAs (miRNAs), a group of small non-coding RNAs, have been identified 61 

as key mediators of cell biology. They are found in a stable form in body fluids and their 62 

concentration is altered in response to stress. Previous research has suggested that the 63 

miRNA signature constitutes a novel source of non-invasive biomarkers for a wide array 64 

of cardiovascular diseases. Specifically, several studies have reported the potential role of 65 

miRNAs as clinical indicators among the etiologies of DCM. However, this field has not 66 

been reviewed in detail. Here, we summarize the evidence of intracellular and circulating 67 

miRNAs in DCM and their usefulness in the development of novel diagnostic, prognostic 68 

and therapeutic approaches, with a focus on DCM etiology. Although the findings are still 69 

preliminary, due to methodological and technical limitations and the lack of robust 70 

population-based studies, miRNAs constitute a promising tool to assist in the clinical 71 

management of DCM. 72 

 73 

 74 
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1. Dilated cardiomyopathy: a heterogeneous entity encompassing a common 125 

phenotype 126 

Dilated cardiomyopathy (DCM) is a heart muscle disease defined as left ventricular 127 

(LV) or biventricular dilatation and systolic dysfunction that are not explained by abnormal 128 

loading conditions (hypertension or valve disease) or coronary artery disease (CAD) 129 

sufficient to cause global systolic impairment.1 DCM is a common form of cardiomyopathy 130 

with an estimated prevalence range from 1/2500 up to 1/250.2 It is a significant health 131 

concern in adult and pediatric populations. DCM constitutes the third most common cause 132 

of heart failure (HF) and the leading cause of heart transplantation and is associated with 133 

high rates of morbidity and mortality.3 More than a single disease entity, DCM constitutes 134 

a cardiac phenotype that arises from multiple etiologies.4 Indeed, DCM has been 135 

considered the outcome of several pathological pathways (Figure 1). Therefore, after 136 

identifying morphologically enlarged LV and systolic dysfunction, recognition of the 137 

underlying disease mechanism is crucial to properly manage the DCM patient, e.g. specific 138 

treatment or the need for family screening or prognosis prediction.2 139 

To date, the influence of underlying molecular etiology has not been sufficiently 140 

considered in the management of DCM patient.5 Indeed, a lack of knowledge about the 141 

pathophysiology means there is no unique classification of the disease. Various efforts have 142 

been made to classify cardiomyopathies, including DCM, 1 but there is no clear consensus. 143 

The European Society of Cardiology proposed a genetic and non-genetic classification, 144 

including etiologies such as peripartum, anti-neoplastic therapies, drug or alcohol abuse or 145 

myocarditis, among others.6 In this context, a multidisciplinary approach is required to 146 

reach the diagnosis. Many health professionals should be involved, including cardiologists, 147 

radiologists and geneticists.7 Nonetheless, overlapping phenotypes often make differential 148 

diagnosis unclear. This situation represents a major challenge in the cardiology arena.  149 
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In recent years, management of DCM patients has improved due to 150 

pharmacological and non-pharmacological advances.8 Consequently, the identification of 151 

pre-symptomatic DCM patients and patients with established and latent DCM could reduce 152 

the clinical burden of the disease.4 However, diagnosis and risk stratification are still a 153 

challenge. Myocardial biopsies are a potential and powerful diagnostic tool. However, their 154 

application is limited due to invasiveness and poor accuracy in certain scenarios.8 155 

Transthoracic echocardiography (TTE) has been traditionally used for DCM diagnosis due 156 

to its non-invasiveness and widespread availability, in spite of its inter- and intra-observer 157 

variability and the lack of etiological patterns defined for DCM. 9 Indeed, TTE can reach a 158 

DCM diagnosis but cannot determine a morphological or functional pattern for each 159 

underlying pathogenic mechanism, and it fails to detect preclinical stages without clinical 160 

expression of the disease.9 Cardiac magnetic resonance (CMR) has emerged as the gold-161 

standard tool for structural and functional evaluation of cardiomyopathies.10 Its advantages 162 

include high spatial resolution, unrestricted imaging planes and lack of ionizing radiation. 163 

Conversely, the potential of CMR to be optimally integrated into clinical practice has been 164 

limited in part by the long total scan time, the contrast agents used and the presence of 165 

claustrophobia or metal devices.11 A blood-borne test could provide relevant insight into 166 

pathological processes: necrosis, inflammation and remodeling, among others. However, 167 

there are still several hurdles that need to be overcome. For example, troponins have been 168 

used to determine myocyte death, mostly in ischemic cardiomyopathy.12 Although “organ-169 

specific”, this established clinical test is not “disease-specific”.13 Therefore, it does not 170 

provide information on DCM pathophysiology. In relation to the family of natriuretic 171 

peptides, the N-terminal pro-B-type natriuretic peptide (NT pro-BNP) seems to be a very 172 

efficient biomarker to assist clinical decision-making in HF.14 However, although it is 173 

highly sensitive, the specificity is low.13 C-reactive protein (CRP) is a biochemical marker 174 
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of inflammation with clinical utility in DCM.15 Studies have shown a link between CRP 175 

concentrations and several cardiovascular disorders such as CAD and stroke.16,17 Similar 176 

to troponins and NT-proBNP, its usefulness in identification of underlying DCM etiology 177 

is limited.  178 

The heterogeneity of DCM pathophysiology, the limitations of imaging 179 

cardiovascular tests, the complications of myocardial biopsy and the lack of specific 180 

biomarkers to confirm the etiology create a need for novel approaches to identify 181 

pathological mechanisms and support clinical decision-making. In this paper, we aim to 182 

discuss state-of-the-art research into microRNAs (miRNAs) in DCM, from their role in the 183 

disease to their potential usefulness as indicators and therapeutic tools, with special 184 

emphasis on the etiologies of DCM. It should be noted that the term DCM has been used 185 

to describe the disease independently of the etiology. The specific etiologies have been 186 

clearly defined in the text.  187 

 188 

2. microRNAs  189 

 miRNAs are short non-coding RNAs (ncRNAs) with around 19-25 nucleotides that 190 

induce silencing of gene expression at the post-transcriptional level (Figure 2). miRNAs 191 

may target over 60% of protein-coding genes.18 The mechanisms of action are based on 192 

protein synthesis inhibition or messenger RNA (mRNA) degradation by binding to 193 

complementary sequences, mainly in the 3- untranslated region (3’-UTR), but also the 5’-194 

untranslated region (5-UTR) and the amino acid coding sequence (CDS) region. A direct 195 

interaction with other ncRNAs and viral RNA has also been described.19,20 To date, over 196 

2500 human mature miRNAs have been annotated in the miRBase database (Release 22.1, 197 

October 2018, http://www.mirbase.org/).21 miRNAs are usually expressed in complex 198 

networks that enable subtle control of cellular phenotype. An individual miRNA can target 199 

http://www.mirbase.org/
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hundreds of distinct mRNAs, and a single mRNA can be regulated by multiple miRNAs. 200 

These small ncRNAs are involved in almost all biological processes, including 201 

proliferation, development, differentiation, metabolism, immunity, inflammation, 202 

apoptosis, autophagy, stress response and cell cycle control.22–26 As such, studies from 203 

independent laboratories have suggested the crucial role of deregulation of miRNA 204 

expression in the pathogenesis of numerous diseases, including cardiovascular disorders.27–205 

30 The disruption of the Dicer allele, an endonuclease essential in miRNA biogenesis, in 206 

cardiac progenitors is associated with a poorly developed ventricular myocardium and 207 

embryonic lethality.31 Interesting, Chen et al. 32 demonstrated that cardiac-specific 208 

knockout of Dicer not only leads to HF and postnatal lethality, but also to DCM. Dicer 209 

expression was decreased in end-stage DCM and failing hearts in humans, and therapeutic 210 

interventions such as LV assist devices increase the expression of Dicer and improved 211 

cardiac function. For further information about miRNAs as novel regulators in cardiac 212 

physiology and pathophysiology, see other excellent reviews.33–35 213 

 In addition to their intracellular localization, miRNAs have been detected in the 214 

extracellular space and circulation.36–39 Extracellular miRNAs are transported in protein or 215 

lipoprotein complexes 40,41 or packed into extracellular vesicles (exosomes, microvesicles 216 

and apoptotic bodies).36,42 Similar to other soluble factors, various pieces of evidence have 217 

suggested a potential role of extracellular miRNAs in cell-to-cell communication, mainly 218 

at paracrine level 43 and probably at endocrine level.44 Extracellular miRNAs seem to be 219 

implicated in physiological responses and in the onset of cardiovascular disease.45,46  220 

From a clinical perspective, extracellular miRNAs have interesting biochemical 221 

properties.47 They have a long half-life within the sample, can be obtained by minimally 222 

invasive techniques in samples used in clinical laboratories (e.g. serum and plasma) and 223 

can be quantified through standard techniques such as quantitative reverse transcription 224 
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PCR (qPCR). Global profiles can be obtained in a single experiment using next-generation 225 

sequencing or microarrays. Furthermore, miRNA-based tests have been described as a 226 

cost-effective alternative for risk assessment and disease monitoring.48 Importantly, 227 

extracellular ncRNAs have been proposed as useful tools for clinical practice. In 2012, the 228 

FDA approved the prostate cancer antigen 3 (Progensa® PCA3 assay) to diagnose prostate 229 

cancer. Indeed, circulating miRNAs constitute potential non-invasive biomarkers with a 230 

clinical application.49,50 Alterations in the circulating miRNA profile have been well-231 

correlated with a number of cardiovascular conditions, including CAD, myocardial 232 

infarction (MI), HF and cardiomyopathies.51–53 Therefore, the circulating levels of these 233 

ncRNAs emerged as a promising source of clinical indicators for the diagnosis and 234 

prognosis of DCM.  235 

 236 

3. microRNAs and dilated cardiomyopathy 237 

Several publications have explored the relationship between miRNA profiles and 238 

DCM without a detailed definition of the etiological mechanism (Table 1). In general, 239 

this condition has been associated with altered expression of the miRNA profile in the 240 

myocardium. For instance, genome-wide profiling of miRNAs in human LV identified 241 

miR-17-5p, miR-28 and miR-106a as differentially expressed in DCM samples compared 242 

to control samples.54 These miRNAs were not deregulated in ischemic cardiomyopathy or 243 

aortic stenosis samples. The expression of miRNAs seems to be differentially regulated 244 

depending on the location. Using human cardiac tissues from patients, Wang et al. 55 245 

observed that miR-21 was upregulated in the apex, left and right ventricles of patients with 246 

DCM compared with normal cardiac tissues. Conversely, miR-29a, miR-29b, miR-29c, 247 

miR-133a and miR-133b were significantly downregulated in these locations. Intracellular 248 

miRNAs may not only be indicative of the mechanisms affected in the disease but could 249 
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also play a role in diagnosis and prognosis. A correlation between miR-133a expression 250 

levels in endomyocardial biopsies with fibrosis, myocyte necrosis, LV function and clinical 251 

outcome has been observed in patients with inflammatory DCM.56 In the same type of 252 

samples, expression levels of let-7i, miR-126, and miR-155 were downregulated, and miR-253 

21 was upregulated, in patients with DCM compared to subjects without LV dysfunction 254 

as control subjects.57 The authors demonstrated that low let-7i levels were a strong 255 

independent predictor of cardiac death and HF (relative risk, RR = 3.76, 95% confidence 256 

interval, CI = 1.04-13.63). Recently, miRNA expression in LV has been proposed as a 257 

useful tool to distinguish between types of cardiomyopathies: hypertrophic 258 

cardiomyopathy (HCM) and DCM.58 miR-1-3p and miR-27a were differentially expressed 259 

between both types of samples and showed an optimal discrimination performance: area 260 

under the receiver operating characteristic (ROC) Curve (AUC) = 0.850 for miR-1-3p and 261 

AUC = 0.860 for miR-27a. The use of miRNAs as therapeutic agents has also been 262 

proposed. The long‐term delivery of adeno-associated viral‐mediated intraventricular miR‐263 

669a reduced adverse remodeling and enhanced systolic fractional shortening of the LV in 264 

a transgenic model of chronic muscular dystrophy-associated DCM.59 265 

Some studies have evaluated the potential of circulating miRNAs as easily 266 

accessible biomarkers of DCM in clinical contexts. In 2010, Voellenkle et al. 60 compared 267 

the miRNA expression pattern of peripheral blood mononuclear cells (PBMC) isolated 268 

from healthy individuals and chronic HF patients affected by ischemic cardiomyopathy 269 

and non-ischemic DCM. The authors reported a specific miRNA signature in non-ischemic 270 

DCM patients. The bioinformatic analysis predicted miRNA targets in molecular pathways 271 

that are intimately associated with chronic HF, which suggests that miRNAs participate in 272 

the pathophysiology of the disease. In particular, miR-107, miR-139, and miR-142-5p 273 

displayed 21, 16, and 29 potential mRNA targets in patients with non-ischemic DCM. The 274 

https://www-sciencedirect-com.sire.ub.edu/topics/medicine-and-dentistry/heart-death
https://www.ncbi.nlm.nih.gov/pubmed/?term=Voellenkle%20C%5BAuthor%5D&cauthor=true&cauthor_uid=20484156
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SON DNA binding protein, a protein involved in cell proliferation and apoptosis, was 275 

targeted by more than one miRNA. The specific downregulation in the expression levels 276 

of circulating miR-142-3p was observed in patients with stable compensated DCM and 277 

with decompensated congestive HF secondary to DCM compared to patients with 278 

isolated diastolic dysfunction with preserved systolic function.61 In the same study, miR-279 

124-5p was highly upregulated in patients with stable compensated DCM but not in 280 

patients with isolated diastolic dysfunction or decompensated congestive HF. Rubiś et al. 281 

62 suggested that the circulating levels of miRNAs linked to fibrosis (miR-21, miR-26, 282 

miR-29, miR-30 and miR-133a) are similar between DCM patients with different durations 283 

of the condition: new-onset DCM with and without fibrosis, and chronic DCM with and 284 

without fibrosis. Nonetheless, some of these candidates could offer information about 285 

fibrotic mechanisms. In acute HF due to DCM, expression levels of serum exosomal miR-286 

92b-5p were upregulated in patients compared to controls.63 The levels of this miRNA were 287 

correlated with different functional parameters and provided an interesting discriminative 288 

value (AUC = 0.808), which suggests its role as a diagnostic biomarker. Plasma miR-3135b 289 

and miR-5571-5p also provided optimal discriminative potential to distinguish between 290 

healthy controls and DCM patients (AUC = 1.00 and 0.91, respectively).64 In the field of 291 

prognostication, plasma levels of miR-185 have been proposed as a biomarker in newly 292 

diagnosed patients with DCM.65 Patients with high miR-185 levels showed improvements 293 

in LV ejection fraction (LVEF) and LV end diastolic diameter (LVEDD), and a significant 294 

decline in both cardiovascular mortality and total admissions for HF re-hospitalizations 295 

during a one-year follow-up period.  296 

Profound deregulation in the circulating miRNA profile has been observed in 297 

childhood DCM. The circulating profile of miR-27b-3p, miR-126-3p, miR-142-5p and 298 

miR-143-3p seems to discriminate between patients with DCM from healthy subjects.66 299 

https://www-ncbi-nlm-nih-gov.sire.ub.edu/pubmed/?term=Rubi%C5%9B%20P%5BAuthor%5D&cauthor=true&cauthor_uid=27889210
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Interestingly, Miyamoto et al. 67 identified specific serum miRNAs that can be used for risk 300 

stratification in children with DCM. Using an array for 754 miRNAs and RT-qPCR 301 

validation, the authors found a differential expression profile of miR-155, miR-636, miR-302 

639 and miR-646 in patients who were transplanted or died compared with patients who 303 

recovered their ventricular function. All four miRNAs were highly predictive of transplant 304 

need (AUC for the presence of any one of the four miRNAs = 0.875). 305 

In summary, DCM is intimately associated with an altered intracellular and 306 

circulating miRNA profile compared to healthy controls and other cardiac conditions or 307 

cardiomyopathies such as HCM. Findings from different investigations suggest miRNAs 308 

as biomarkers and potential therapeutic tools, and simultaneously, as a source of knowledge 309 

to explore pathological mechanisms linked to the disease. 310 

 311 

4. microRNAs and dilated cardiomyopathy etiology 312 

In the current section, we summarize the results obtained by several publications 313 

that explored the association between intracellular and circulating miRNAs within DCM 314 

etiologies (Table 1). Only studies that clearly define the DCM etiology have been 315 

included.  316 

 317 

4.1. microRNAs and ischemic dilated cardiomyopathy 318 

Although the inclusion of ischemic DCM is contradictory with the definition of 319 

DCM,1 in this review we have also considered this etiology due to its clinical relevance. 320 

Ischemic DCM is one of the most common types of DCM. Approximately half of DCM 321 

patients may have an ischemic cause.2 Most patients with ischemic DCM have known 322 

CAD, which is associated with the development of LV remodeling and dysfunction. The 323 

main difference between ischemic and non-ischemic DCM is the presence of 324 
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atherosclerotic lesions in the coronary arteries of patients with ischemic DCM and the 325 

absence of this lesion in patients with non-ischemic DCM. Unlike idiopathic genetic DCM 326 

and depending on dysfunctional tissue viability, LV function can be improved in ischemic 327 

DCM.68 328 

Some research has described intracellular expression patterns of miRNAs in 329 

patient-based studies and animal models of ischemic DCM. In 2008, Sucharov et al. 69 330 

analyzed the miRNA expression profile in samples obtained from non-failing, idiopathic 331 

DCM and ischemic DCM patients. Using a microarray approach, the authors identified a 332 

profile of miRNAs deregulated in both idiopathic DCM and ischemic DCM patients or 333 

specifically in each disorder. After subsequent RT-qPCR validation, they reported the 334 

upregulation of miR-100 and miR-195 and the downregulation of miR-92 and miR-133b 335 

in tissue samples from both idiopathic and ischemic hearts. Greco et al. 70 explored the 336 

miRNA expression profiles in LV biopsies from diabetic and non-diabetic patients affected 337 

by non-end stage ischemic DCM. Both groups were compared with control subjects. The 338 

authors reported 17 miRNAs differentially expressed in diabetic and/or non-diabetic 339 

samples compared with control subjects. Six miRNAs, miR-34b, miR-34c, miR-199b, 340 

miR-210, miR-223 and miR-650, were differentially expressed between both patient 341 

groups. One of the miRNAs upregulated in both patient classes, miR-216a, was inversely 342 

correlated with LVEF. Using in vitro and bioinformatics approaches, the miRNA 343 

intracellular profile was linked to several pathological mechanisms related to HF, some of 344 

them specific for diabetic patients: free radical scavenging, oxidative stress, cardiac 345 

damage, cardiac dysfunction, cardiac fibrosis and HF. Recently, the possible role of miR-346 

1, miR-133a and miR-34a in LV dilation and subsequent LV dysfunction was explored in 347 

an in vivo model of MI in young and old mice.71 An age-dependent effect was observed. 348 
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Indeed, the three miRNAs were increased in aged mice. MI-injury in aged mice caused a 349 

further increase of miR-1 levels, a finding that was not observed for young mice. 350 

A recent study by Onrat et al. 72 tested the potential of plasma miRNAs to 351 

distinguish between ischemic DCM and idiopathic DCM. Using RT-qPCR-based 352 

technologies, the authors sought to investigate the expression profiles of 30 miRNAs in 353 

patient groups and healthy controls. They reported that the expression levels of let-7b-5p, 354 

let-7c-5p, miR-24-3p, miR-28-5p, miR-100-5p, miR-103-3p, miR-125b-5p and miR-214-355 

3p were upregulated in DCM groups compared to controls and suggested that circulating 356 

miR-15b-5p and miR-106a-5p allow the discrimination of patients with ischemic and 357 

idiopathic DCM. 358 

 359 

4.2 microRNAs and non-ischemic dilated cardiomyopathy 360 

Non-ischemic DCM comprises various etiologies that are not related to CAD. 361 

This condition includes pathogenic mechanisms concluding in a common phenotype. 362 

Non-ischemic DCM could be inherited. Various environmental factors and pathological 363 

insults are implicated in the pathogenesis: inflammatory processes, viral and non-viral 364 

infections, toxins, mechanical load or nutritional deficiencies, among others.73 The 365 

identification of the precise etiological mechanisms could allow for specific treatment 366 

targeted to the underlying cause.2 367 

 368 

microRNAs and idiopathic dilated cardiomyopathy 369 

A clinical diagnosis of idiopathic DCM is assigned when after etiological 370 

assessment the identifiable cause of DCM is not found, including the genetic origin. 371 

Unfortunately, no robust epidemiological data are available on the prevalence of idiopathic 372 

DCM. Nonetheless, it has been estimated that idiopathic DCM may constitute more than 373 
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70% of all diagnoses of non-ischemic cardiomyopathies.2 The prognosis of this condition 374 

has been improved due to novel pharmacological therapies and device-based therapeutic 375 

strategies developed in recent decades.74 Accurate diagnosis of idiopathic DCM is 376 

therefore fundamental.  377 

Reduced catecholamine sensitivity is considered an early HF characteristic, which 378 

is related to deregulation of the expression of several contractile proteins in DCM patients. 379 

In 2011, using genome-wide miRNA expression profiling in endomyocardial biopsy 380 

specimens, Funahashi et al. 75 demonstrated that 32 intracellular miRNAs were deregulated 381 

in idiopathic DCM patients with reduced catecholamine sensitivity compared to preserved 382 

catecholamine sensitivity patients. In particular, the expression of miR-422 was 383 

upregulated and expression levels of miR-10, miR-300, miR-302 and miR-323 were 384 

downregulated in reduced catecholamine sensitivity patients. The authors suggested the 385 

potential of miRNAs as therapeutic targets for chronic HF. Sucharov et al. 76 reported 386 

miRNA profile changes dependent on the response to β-blocker treatments in 387 

endomyocardial biopsies of idiopathic DCM patients. The miRNA differential expression 388 

was related to the presence or absence of a reverse-remodeling response to the therapy. In 389 

the presence of a reverse-remodeling response, miR-1-3p, miR-21-5p, miR-199a-5p, miR-390 

208a-3p, miR-208b-3p and miR-591 were deregulated at 3 and 12 months of treatment. 391 

Bioinformatic analyses predicted alteration in molecular pathways related to apoptosis, 392 

cardiac myocyte cell death, hypertrophy and HF. 393 

As shown above and similar to results from Onrat et al.,72 publications have 394 

suggested a specific pattern of circulating miRNAs in patients with idiopathic DCM. Using 395 

a genome-wide miRNA microarray on PBMC samples, Gupta et al. 77 identified several 396 

members of the miR-548 family that were downregulated in ambulatory patients with 397 

chronic stable HF with idiopathic DCM compared to healthy controls. The authors 398 
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concluded that alteration in the miR-548 family signature in PBMC could help to detect 399 

early HF and proposed that miR-548 targets are enriched in molecular pathways associated 400 

with cardiovascular disease, including cardiac fibrosis hypertrophy, fibrosis and 401 

necrosis/cell death. In children between 2 months and 192 months old with isolated 402 

idiopathic DCM the expression levels of plasma miR-454 and miR-518f were significantly 403 

higher than in control subjects.78 Conversely, the expression levels of 10 miRNAs 404 

including miR-99b, miR-147, miR-155, miR-194, miR-205, miR-218 miR-302a, miR-544, 405 

miR-618 and miR-875-3p were significantly lower in DCM patients than in the control 406 

subjects.  407 

 408 

microRNAs and familial dilated cardiomyopathy  409 

 Recent studies have proposed that nearly 60% of DCM cases have a genetic cause.79 410 

Nevertheless, the clinical presentation and phenotypic variation of familial DCM make its 411 

diagnosis complex.79–82 Indeed, approximately 25% of patients with idiopathic DCM are 412 

likely to have a genetic basis for disease.82 Over 400 pathogenic variants have been 413 

identified in over 60 genes. Titin (TTN) and Lamin A/C (LMNA) are the main genes 414 

responsible for familial DCM.79 415 

Early recognition of carriers with pathogenic mutations could allow therapeutic 416 

interventions to prevent adverse events. Furthermore, a more rigorous assessment of DCM 417 

etiology is of clinical interest in terms of family or genetic screening, counselling and 418 

prognosis.4,83 However, current diagnosis of familial DCM has limitations.6 The clinical 419 

phenotype does not provide any real clue to detect the underlying genotype. A clinical 420 

screening of first-degree relatives is required during the screening protocol of familial 421 

DCM, but a detailed family history may not be conclusive in certain circumstances (i.e., 422 

small families, low number of living family members, not all relatives are available, 423 
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incomplete low and/or age-related penetrance or variable phenotypes, among others). 424 

Molecular genetic testing is becoming more widely available, although the diagnosis of 425 

familial DCM rarely begins with the identification of genetic mutations. Additionally, the 426 

cost, relatively low yield of screening known disease genes and the inability to predict 427 

clinical outcomes are limitations for genetic testing in clinical practice. Thus, the 428 

development of novel biomarkers for familial DCM, and particularly transcriptome-based 429 

approaches,84 could provide a new scenario for patient management. Despite the high 430 

epidemiological relevance of familial DCM, studies analyzing the relationship between 431 

intracellular and circulating miRNAs in patients with the disease are scarce.  432 

 In 2017, Zhou et al. 85 performed a miRNA profiling approach in myocardium 433 

samples from an inducible DCM mouse model carrying a human TTN mutation. The 434 

authors described the upregulation in the expression levels of cardiomyocyte-enriched 435 

miR-208b. Loss-of-function and gain-of-function studies using locked nucleic acid (LNA)-436 

modified miR-208b mimics and antimiR-208b demonstrated a key role of this miRNA in 437 

remodeling and pathogenesis of DCM. Based on their findings, miR-208b may constitute 438 

a novel therapeutic target for DCM. Interestingly, results were validated in heart tissue 439 

of the LV apex from patients with severe DCM. 440 

 Recently, we explored the potential of circulating miRNAs to identify patients with 441 

pathogenic LMNA mutations that are responsible for familial DCM.86 After comprehensive 442 

screening of plasma miRNAs, we reported the signature of four miRNAs, let-7a-5p, miR-443 

142-3p, miR-145-5p and miR-454-3p, that was upregulated in carriers of pathogenic 444 

LMNA mutations compared to control subjects with wild-type variants (Figure 3). These 445 

circulating miRNAs, and their combination in a score, allowed discrimination between 446 

carriers of pathogenic LMNA mutations and subjects with wild-type variants, including 447 

patients with idiopathic DCM (AUC from 0.713 to 0.836). The discriminative potential 448 

https://www-sciencedirect-com.sire.ub.edu/topics/medicine-and-dentistry/left-ventricular-apex
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was higher than that observed for the established clinical test NT-proBNP (AUC = 0.578). 449 

In addition, we demonstrated that the four miRNAs and their subsequent score allowed 450 

discrimination between healthy subjects and carriers who were phenotypically negative for 451 

DCM and between idiopathic DCM patients and carriers who were phenotypically positive 452 

for DCM, which could have a direct impact on the clinical management of the disease. 453 

Eleven molecular pathways were enriched with the predicted targets of our miRNA 454 

signature, including pathways intimately associated with cardiac pathophysiology: TGF-455 

beta, FoxO and Wnt signaling pathways. 456 

The use of circulating miRNAs as biomarkers has also been recently proposed in 457 

BAG3-related familial DCM.87 Using sequencing in whole blood samples, the authors 458 

identified a profile of miRNAs composed by miR-154-5p, miR-182-5p, miR-3191-3p, 459 

miR-6769b-3p and miR-6855-5p that showed different expression levels in carriers of 460 

pathogenic BAG3 mutations and subjects with wild-type variants. In addition, miR-154-461 

5p, miR-182-5p and miR-6855-5p were deregulated in BAG3 carriers that were 462 

phenotypically positive for DCM when compared to carriers that have not developed the 463 

condition. These miRNAs were also correlated with echocardiographic variables including 464 

A wave, left atrium length and left atrium area. 465 

 466 

microRNAs and infectious dilated cardiomyopathy 467 

The persistence of viral infection, mainly coxsackievirus B, adenovirus, 468 

parvovirus B19 and human herpes virus 6,88 within cardiomyocytes has been associated 469 

with the development and progression of DCM.89 Viral infections of the heart have been 470 

proposed as one of the underlying causes of inflammatory cardiomyopathies in developed 471 

countries. Up to 40% of the DCM has been associated with inflammation or viral 472 

infection.90 473 
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In 2012, Kühl et al. 91 tested whether miRNAs are differentially expressed in 474 

endomyocardial tissue specimens from patients with latent and reactivated erythrovirus 475 

infection, specifically parvovirus B19. After a profiling phase including 906 human 476 

miRNAs, the authors identified 29 miRNAs that are extremely deregulated in patients 477 

with latent and reactivated viral infection. Using a bioinformatic approach, they proposed 478 

that these miRNAs regulate the expression of 1330 mRNAs that are mainly associated with 479 

cardiomyopathies and inflammatory response related pathways. More recently, Xu et al. 480 

92 evaluated the potential role of miR-21 in viral myocarditis and DCM. The expression 481 

levels of the miRNA were increased in cardiac myocytes from viral myocarditis and 482 

DCM patients and from a mouse model infected with Coxsackievirus B3 in comparison 483 

with control samples. The levels of its target gene sprouty homolog 1 (SPRY1), a negative 484 

feedback regulator of the MAPK signaling pathway, were decreased in viral myocarditis 485 

and DCM samples. After an in vitro approach, they proposed that the expression of miR-486 

21 may contribute to the pathogenesis of both conditions and suggested a potential 487 

therapeutic approach by modulating the levels of the miRNA.  488 

Sun et al. 93 have evaluated the profile of miRNAs in peripheral blood of 489 

Coxsackievirus B3-infected mice. Using a microarray approach, the authors demonstrated 490 

that specific miRNAs were differentially expressed in the peripheral blood of infected 491 

mice, and that the expression pattern varied with infection duration; 96 differentially 492 

expressed (33 upregulated and 63 downregulated) on day 3 after infection and 89 493 

differentially expressed (37 upregulated and 52 downregulated) on day 6 after 494 

infection. Validation using RT-qPCR indicated that miR-216a and miR-710 were 495 

upregulated and miR-337 was downregulated on day 3 after infection. miR-216a and miR-496 

713 were reported to be upregulated and miR-191 was downregulated on day 6 after 497 

infection. Bioinformatic analysis predicted several potential pathological roles of 498 

https://www-ncbi-nlm-nih-gov.sire.ub.edu/pubmed/?term=K%C3%BChl%20U%5BAuthor%5D&cauthor=true&cauthor_uid=22872003
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differentially expressed miRNAs including DCM, HCM and arrhythmogenic right 499 

ventricular cardiomyopathy. 500 

 501 

microRNAs and hypertensive dilated cardiomyopathy 502 

Chronic high blood pressure can lead to DCM resulting in a hypertensive DCM. 503 

The prevalence of hypertensive DCM is estimated as 44% of all idiopathic DCM.94 504 

Strikingly, hypertensive DCM has a more rapid, favorable response to optimized therapy 505 

in terms of LV reverse remodeling than idiopathic DCM. Patients with hypertensive 506 

DCM have better long-term survival free from adverse outcomes, including 507 

cardiovascular death, heart transplant, arrhythmias and ventricular assist devices. 508 

Huang et al. 95 have recently demonstrated that transgenic overexpression of miR-509 

18 in cardiomyocytes protects against DCM during hypertension-induced HF. The 510 

p53/miR-18/heat shock factor 2/IGF-IIR axis was a critical regulator of cardiomyocyte 511 

hypertrophy in vitro and in vivo, and miR-18 was proposed as a therapeutic tool against 512 

hypertension-induced HF. The role of intracellular miRNAs in the regulation of the 513 

pathophysiological mechanism linked to hypertension-induced HF has been corroborated 514 

by an independent study.96 Downregulation in the expression levels of members of the 515 

miR-221/222 family in mice led to increased fibrosis and LV dilation and dysfunction. Of 516 

note, the expression levels of miR-221 and miR-222 were downregulated in myocardial 517 

biopsies of patients with severe fibrosis and DCM compared to matched patients with non-518 

severe fibrosis.  519 

 520 

microRNAs and toxic dilated cardiomyopathy 521 

Alcohol and chemotherapeutic agents are the most common causes of toxic non-522 

ischemic DCM. In particular, alcoholism may represent one of the main factors 523 
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responsible for non-ischemic DCM in Western countries, accounting for 23–37% of 524 

DCM cases.97  525 

Deregulation in the expression levels of specific miRNA signatures, in addition to 526 

other ncRNAs such as circular RNAs (circRNAs), has been reported in a murine alcoholic 527 

cardiomyopathy model. In heart samples, Yang et al. 98 demonstrated the differential 528 

expression of 19 miRNAs and 265 circRNAs in the alcohol-treated group compared with 529 

the control group. Bioinformatic analysis suggested that the molecular pathways that are 530 

affected are mainly associated with carbohydrate metabolism. Wang et al. 99 explored in 531 

vitro the induction of cardiomyocyte apoptosis due to ethanol exposure in rat 532 

cardiomyocytes. Ethanol exposure caused apoptosis and reduced expression of alcohol 533 

detoxification enzyme aldehyde dehydrogenase 2 (ALDH 2). These effects were 534 

concomitant with higher intracellular miR-378a-5p levels. Moreover, the overexpression 535 

of miR-378a-5p in cardiomyocytes led to ethanol-induced apoptosis and ALDH 2 536 

reduction, which suggests that miR-378a-5p plays a role in cardiomyocyte apoptosis in this 537 

condition.  538 

 539 

microRNAs and peripartum dilated cardiomyopathy 540 

Peripartum cardiomyopathy (PPCM), also known as postpartum cardiomyopathy, 541 

is an uncommon form of DCM that present with signs of HF during the last month of 542 

pregnancy or up to five months postpartum.100 Related to the etiological factors, further 543 

studies are needed as the fundamental molecular processes are still uncertain. However, a 544 

critical role for late-gestational hormones on the maternal vasculature and a possible 545 

genetic basis has been proposed.101  546 

Halkein et al. 102 demonstrated that the cathepsin D-cleaved 16kDa form of nursing 547 

hormone prolactin (16K PRL), which may mediate PPCM,103 induces the expression of 548 
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miR-146a in endothelial cells and stimulates the release of miR-146a-loaded exosomes. 549 

This miRNA seems to participate in cell-to-cell communication. Indeed, exosomal miR-550 

146a released by the endothelial cell was incorporated by cardiomyocytes in vitro and in 551 

vivo regulating their metabolism. In the same study, miR-146a levels in LV tissue were 552 

higher in patients with PPCM than in non-failing organ donors or patients with end-stage 553 

heart failure due to DCM. Interestingly, plasma miR-146a expression was elevated in 554 

PPCM patients but not in patients with DCM, which suggest a potential diagnostic 555 

approach. Additionally, in patients who recovered after being treated with standard therapy 556 

for HF, miR-146a plasma levels were within the normal range. Therefore, miR-146a could 557 

be used as a novel tool to monitor disease recovery. 558 

 559 

5. Perspectives 560 

Over the last decade, an explosion of research on miRNAs has been observed. A 561 

considerable number of miRNAs are being identified as pathological mediators of DCM. 562 

Interestingly, specific alterations in their intracellular and circulating profiles seem to 563 

correlate with DCM and its various etiologies. Considering the evidence shown here, 564 

miRNAs are emerging as a helpful tool to explore the underlying pathological mechanism 565 

and for clinical decision-making.49 The incorporation of miRNAs into current clinical 566 

workflows may provide substantial benefits to the patient and healthcare systems. Once the 567 

DCM phenotype is identified using current diagnostic tools, an easily-accessible and cost-568 

effective test based on miRNAs may be useful for the identification of the specific 569 

underlying etiology which ultimately could affect the clinical management of the patient 570 

in terms of prognostication and therapy. The use of miRNAs as a gatekeeper for the 571 

inclusion or exclusion of patients with suspected DCM in subsequent invasive studies 572 

should also be considered. In addition, the potential of miRNAs to identify patients with 573 
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pathogenic mutations associated with DCM in large population screenings, even when 574 

these subjects have not developed the disease, constitutes an alternative that should not be 575 

discarded. 576 

Although miRNAs have been extensively studied in a wide array of diseases, 577 

numerous limitations must be addressed before they are incorporated into clinical practice, 578 

especially in the field of biomarkers. For instance, standard, reproducible, comparable 579 

methodology is still required when extracellular miRNAs are analyzed. Circulating 580 

miRNA quantification is influenced by sample collection, RNA isolation methods and the 581 

procedures and techniques used for miRNAs quantification and data analysis. All these 582 

variables contribute to the discrepancy in published miRNA studies.53 Most of the studies 583 

presented here were performed in a small number of subjects with limited power to obtain 584 

convincing results. In addition, in most cases the research compared healthy controls with 585 

diseased patients, which could overestimate the accuracy of miRNAs as indicators. It is 586 

fundamental to explore the potential of miRNAs as biomarkers in patients with different 587 

DCM etiologies, a context that is closer to the real clinical problem. Larger, multicenter 588 

and multiethnic studies are needed to fully evaluate the potential clinical application of 589 

miRNAs in DCM. Furthermore, and like other biomarkers, it is crucial to analyze the role 590 

of miRNAs as indicators in conjunction with a full clinical assessment and comparison 591 

with established biochemical tests.104 The confounding of non-disease factors, 592 

demographic and clinical characteristics and pharmacological treatments on miRNA levels 593 

should also be considered when the studies are designed. The information provided by 594 

ongoing clinical trials is therefore crucial to clinically adopt circulating miRNAs as 595 

biomarkers of cardiac disease in the medium- and long-term (www.clinicaltrials.gov; 596 

NCT03090763, NCT03635255, NCT03855891), and more specifically as indicators of 597 
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DCM (www. clinicaltrials.gov; NCT03076580) and conditions related to DCM (www. 598 

clinicaltrials.gov; NCT02109692, NCT02672683). 599 

Importantly, the biology of ncRNAs in the circulation is far from being completely 600 

understood.105 Indeed, the mechanisms that mediate their secretion, transport and function 601 

in the target cell remain an active research area. Although the findings presented here point 602 

to a key role of miRNAs in the molecular pathways implicated in each DCM etiology, 603 

additional efforts are needed to determine their precise function. Additionally, the 604 

evaluation of molecular mechanisms and signaling pathways regulated by intracellular 605 

miRNAs in DCM pathology requires the acquisition of cardiac biopsies. However, these 606 

are performed in the end stages of the disease when it is clinically manifest. Consequently, 607 

reliable in vitro and in vivo models are essential to describe the molecular and biological 608 

processes mediated by intracellular and extracellular miRNAs in the various etiologies.  609 

 610 

6. Conclusions 611 

 miRNAs are an attractive tool to facilitate the understanding of the disease 612 

mechanism, the identification of novel biomarkers for clinical management and the 613 

development of therapeutic strategies. Additional research is still needed to further explore 614 

the clinical application of miRNAs in DCM and their respective etiologies. 615 
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FIGURE LEGENDS 923 

Figure 1. Classification of dilated cardiomyopathy, modified from Merlo et al. 8.  924 

 925 

Figure 2. Biogenesis and function of microRNAs. The microRNAs are transcribed by 926 

Pol II resulting in the pri-microRNA that has a distinctive hairpin structure. The pri-927 

microRNA is processed by Drosha/GCR8 to produce the pre-microRNA. By Exportin 928 

5/RanGTP action, the pre-mRNA is exported to the cytoplasm where it is cleaved by the 929 

action of Dicer/TRBP producing a microRNA duplex of about 20 bp. Finally, the 930 

microRNA duplex is loaded into protein argonaute-2 (AGO2). One chain is degraded, and 931 

the other chain constitutes the mature microRNA. The microRNA with AGO and other 932 

proteins constitute the RNA-induced silencing complex (RISC) complex. Together, they 933 

act as regulators of gene expression at post-transcriptional level. 934 

 935 

Figure 3. Potential clinical application of circulating microRNAs in the identification 936 

of patients with pathogenic LMNA mutations responsible for dilated cardiomyopathy. 937 

Proposed model for the clinical application of circulating miRNAs as a tool to assist in the 938 

diagnosis of patients with dilated cardiomyopathy (DCM) caused by LMNA pathogenic 939 

mutations. LMNAMUT carrier: patients with pathogenic LMNA mutations responsible for 940 

DCM, LMNAWT control: LMNA-wild-type healthy controls, LMNAWT iDCM patient: 941 

LMNA wild-type idiopathic DCM patients. 942 

 943 

 944 


