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Background: Given high on-treatment mortality in heart failure (HF), identifying molecular 

pathways that underlie adverse cardiac remodeling may offer novel biomarkers and therapeutic 

avenues. Circulating extracellular RNAs (ex-RNAs) regulate important biological processes and 

are emerging as biomarkers of disease but less is known about their role in the acute setting, 

particularly in the setting of heart failure. 

Methods: We examined the ex-RNA profiles of 296 acute coronary syndrome (ACS) survivors 

enrolled in the Transitions, Risks, and Actions in Coronary Events Center for Outcomes Research 

and Education (TRACE-CORE) Cohort.  We measured 374 ex-RNAs selected a priori, based on 

previous findings from a large population study. We employed a two-step, mechanism-driven 

approach to identify ex-RNAs associated with echocardiographic phenotypes (left ventricular 

[LV] ejection fraction, LV mass, LV end-diastolic volume, left atrial dimension and left atrial 

volume index) then tested relations of these ex-RNAs with prevalent HF (N=31, 10.5%). We 

performed further bioinformatics analysis of microRNA predicted targets’ genes ontology 

categories and molecular pathways.  

Results: We identified forty-four ex-RNAs associated with at least one echocardiographic 

phenotype associated with HF. Of these forty-four exRNAs, miR-29-3p, miR-584-5p, and miR-

1247-5p were also associated with prevalent HF. The three microRNAs were implicated in the 

regulation p53 and TGF-β signaling pathways and predicted to be involved in cardiac fibrosis and 

cell death; miRNA predicted targets were enriched in gene ontology categories including several 

involving the extracellular matrix and cellular differentiation. 

Conclusions: Among ACS survivors, we observed that miR-29-3p, miR-584-5p, and miR-1247-

5p were associated with both echocardiographic markers of cardiac remodeling and prevalent HF. 
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Relevance for Patients: miR-29c-3p, miR-584-5p, and miR-1247-5p were associated with 

echocardiographic phenotypes and prevalent HF and are potential biomarkers for adverse cardiac 

remodeling in heart failure. 

Key Words: ex-RNAs, heart failure, cardiac remodeling, echocardiographic phenotypes, 

biomarkers  
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Introduction  

Heart failure (HF) is a rapidly rising public health problem that affects more than 37 million 

people world-wide with high morbidity and mortality [1,2]. It is a systemic disease, in which 

structural, neurohumoral, cellular, and molecular mechanisms that maintain physiological 

functions become pathological [3,4]. Together, these dysfunctional processes lead to increased 

cardiac remodeling, circulation redistribution and volume overload [5]. Key to prevention and 

treatment of HF is the understanding of maladaptive cellular responses that lead to this disease. In 

particular, there is an urgent need to better understand the molecular mechanisms by which this 

pathological response is coordinated. 

Small noncoding RNAs regulate signaling pathways that dictate physiological as well as 

pathological responses to stress. MicroRNAs (miRNAs) are small noncoding RNAs that modulate 

cardiac differentiation, proliferation, maturation, and pathological remodeling responses to 

environmental stimuli [6,7]. Extracellular RNAs (ex-RNAs) are endogenous small noncoding 

RNAs that exist in the plasma with remarkable stability and may reflect cellular states and cellular 

communication [8]. Although there are several reports implicating ex-RNAs in HF [9-11], the 

observations are biased due to the study of only a limited number of miRNAs.  In a broader and 

unbiased screen of circulating ex-RNAs, specific miRNAs were found to be expressed in the 

setting of HF, however, the expression of ex-RNAs in acute clinical settings remains unknown 

[12].  Data illustrating the expression of plasma ex-RNAs in the acute clinical setting could provide 

relevant ex-RNA biomarkers and shed light on the molecular mechanisms underlying clinical HF.  

Transthoracic echocardiography (TTE) is a useful noninvasive technique to assess cardiac 

function and for prognostication of HF [13]. Cardiac remodeling as measured by enlarged cardiac 
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chamber size, lower left ventricular ejection fraction (LVEF) or higher left ventricular mass (LV 

mass) is associated with incidence of HF [14-16]. Furthermore, changes in echocardiographic 

phenotypes are associated with rapid progression of the disease [17]. The high utility of 

echocardiographic parameters in the evaluation and prognostication of HF is due to its ability to 

define structural processes underpinning pathological cardiac remodeling. Although 

echocardiographic phenotypes associated with HF are well known, the molecular basis for 

pathological cardiac remodeling is less understood.   

To better understand the signaling pathways activated in HF, we examined ex-RNAs 

relevant to cardiac remodeling as well as clinical HF in a hospitalized patient population. We 

employed a two-step analysis model that leveraged echocardiographic phenotypes associated with 

cardiac remodeling and prevalent HF in ACS survivors from the Transitions, Risks and Action in 

Coronary Events (TRACE-CORE) cohort. In this study, we applied a mechanism-based 

framework to identify promising candidate ex-RNAs in the acute clinical setting to shed light on 

the molecular processes that drive HF. 

Methods 

Study population 

Details of the design, participant recruitment, interview processes, and medical record 

abstraction procedures used in Transitions, Risks and Action in Coronary Events (TRACE-CORE) 

study have previously been reported [18,19]. In brief, TRACE-CORE used a 6-site prospective 

cohort design to follow 2,187 patients discharged after an ACS hospitalization from April 2011 to 

May 2013 (Figure 1). Sites in Central Massachusetts included 2 academic teaching hospitals and 

a large community hospital. The other sites included 2 hospitals affiliated with a managed care 

organization in Atlanta, GA, and an academic medical center. At the sites in Central 
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Massachusetts, 411 blood samples were collected, processed as described previously and plasma 

was stored in -80 °C [8,20]. Of the plasma collected, 296 were of sufficient quality for RNA 

extraction and qPCR experiment. The institutional review boards at each participating recruitment 

site approved this study. All participants provided written informed consent. 

 

Ascertainment of HF  

Trained study staff abstracted participants' baseline demographic, clinical, laboratory, and 

electrocardiographic data and in-hospital clinical complications from available hospital medical 

records. Co-morbidities present at the time of hospital admission were identified from each 

participant's admission history and physical examination. Any patient with documentation of HF 

by a trained medical provider, was considered as having prevalent HF. 

 

ex-RNA Selection and Profiling 

As part of a transcriptomic profiling study, we collected venous blood samples from 296 

TRACE-CORE participants’ in-hospital admission. The methods for processing blood samples, 

storing plasma samples, and RNA isolation have previously been described [20]. We have 

previously published methods for quantification of ex-RNAs, which included miRNAs and small 

nucleolar RNAs (snoRNAs) [8]. ex-RNAs were selected a priori, based on previously generated 

data from the Framingham Heart Study [8]. The ex-RNA profiling of plasma was performed at the 

High-Throughput Gene Expression & Biomarker Core Laboratory at the University of 

Massachusetts Medical School. ex-RNA levels reported in quantification cycles (Cq) where higher 

Cq values reflect lower ex-RNA levels. This approach yielded 331 miRNAs and 43 snoRNAs. Full 
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details of ex-RNA profiling are described in Supplementary Information (Supplementary Table 

1).  

 

Echocardiographic Measurements 

Complete 2D echocardiograms were performed during hospitalization. Ejection fraction, 

2D volumes, and linear dimensions were measured according to ASE guidelines [21]. We 

quantified LV mass, LVEF, left ventricular end diastolic (LVED) volume, left atrial (LA) volume 

and left atrial volume index (LAVI) (Table 1). In brief, Simpson’s biplane summation of disks 

method was used to make measurements in apical 2-chamber and 4-chamber views.  LV mass was 

calculated by LV mass = 0.8 (1.04[LVID + PWTd + SWTd]3  – [LVID]3) + 0.6 g [22].  

 

Statistical Analyses 

A two-step analysis model was used to leverage echocardiographic phenotypes to identify 

candidate ex-RNAs and then examining ex-RNAs identified and prevalent HF. In step 1, we 

examined the relations between ex-RNAs with one or more echocardiographic phenotypes (Table 

2, Supplementary Table 2).  In step 2, we examined the associations of ex-RNAs identified from 

step 1 with prevalent HF (Table 3). Of note, the number of participants in each step differed as we 

did not have echocardiographic data available for all participants with plasma ex-RNA data. There 

are 143 cases with both ex-RNA and echocardiographic data in our TRACE-CORE cohort (Figure 

1).  We used this group to determine the ex-RNAs significantly related to one or more echo 

parameters.    Using this significant list of ex-RNAs, we queried for relationship with prevalent 

HF on the full 296 cases with ex-RNA data.    
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For step 1 of our analyses, we used ordinary least-squares linear regression to quantify 

associations between ex-RNA levels and one or more echocardiographic phenotypes in all 

participants. To account for multiple testing, we employed Bonferroni correction to establish a 

more restrictive threshold for defining statistical significance. We established a 5% false discovery 

rate (via the Benjamini-Hochberg false discovery rate approach) to screen associations between 

ex-RNAs and one or more echocardiographic phenotypes. The α for achieving significance was 

set at 0.05/340 = 0.000147 a priori. Note that Cq represents a log measure of concentration, with 

exponentiation factor 2. In step 2 of the analysis, we examined the associations of miRNAs 

identified from step 1, with prevalent HF using a logistic regression model. Here, we used the 

continuous Cq values to compare with prevalent HF (Table 3). 

Differentially expressed miRNAs were analyzed using miRDB, an online database that 

captures miRNA and gene target interactions [23,24].  We acknowledge our use of the gene set 

enrichment analysis (GSEA) software, and Molecular Signature Database (MSigDB) for gene 

ontology (GO) analysis [25]. The network and functional analyses  were generated through the use  

Qiagen’s Ingenuity Pathway Analysis (IPA) [26]. All statistics were performed with SAS software 

version 9.3 (SAS Institute) with a 2-tailed P value < 0.05 as significant. 

Results: 

Patient characteristics 

The baseline demographic, clinical, and echocardiographic characteristics of the 296 study 

participants are outlined in Table 1. Study participants were middle aged to older adults (mean age 

of 63 ± 11 and 68 ± 13 for the no HF [control group] vs the HF group, respectively). There was a 

male predominance; women represented 34% and 23% of control and HF groups, respectively. 

The patients with HF had a significant higher history of myocardial infarction, coronary heart 
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disease, hypertension, and atrial fibrillation (Table 1).  The HF group was more likely to have 

experienced STEMI as compared with NSTEMI. Furthermore, QRS intervals tended to be longer 

in the group with HF. Patients with HF had lower LEVF and displayed a concordant trend of higher 

LV mass, LVED volume, LA volume and LAVI.  The mean LV mass in patient with HF was 230 

± 8.9 gm as compared to180 ± 58.1gm those without prevalent HF (Table 1). 

 

Association of ex-RNAs with echocardiographic phenotypes 

A total of 374 ex-RNAs (331 miRNAs and 43 snoRNAs) were quantified in the plasma of 

TRACE-CORE participants included in our investigation. There were 44 ex-RNAs that associated 

with one or more echocardiographic parameters, independent of other clinical variables (Table 2).  

Three miRNAs that were associated with three or more echocardiographic traits, miR-190a-3p, 

miR-885-5p and miR-596 (Supplementary Table 2). 

 

Associations of ex-RNAs with prevalent HF 

ex-RNAs associated with echocardiographic phenotypes (n=44 miRNAs) were 

investigated for their relationships with prevalent HF using logistic regression models. Three were 

significantly associated with prevalent HF, miR-29c-3p, miR-584-5p, and miR-1247-5p, all of 

which were inversely correlated. In general, lower ex-RNAs levels correlated with higher odds of 

having prevalent HF (Table 2). However, this is not consistent across all identified ex-RNAs. We 

found twenty-one ex-RNAs that associated with prevalent HF via unadjusted logistic regression 

modeling (Table 3).  

 

Gene Targets of ex-RNAs Associated with prevalent HF 
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We investigated predicted targets of the three miRNAs associated with echocardiographic 

phenotypes and prevalent HF through miRDB. From this, 839 genes were predicted as targets for 

at least one miRNA. As miRNA are known to act in concert, we used the combined targets of miR-

29c-3p, miR-584-5p, and miR-1247-5p to perform further analysis [6]. Ingenuity Pathway 

Analysis (IPA) was utilized to identify the molecular network and cellular toxicity pathways 

regulated by predicted targets. Overlapping canonical pathways were mapped to allow for 

visualization of the shared biological pathways through the common genes (Figure 3). The nodes 

identified included p53 signaling, TGFβ signaling, role of macrophages, fibroblasts and 

endothelial cells in rheumatoid arthritis, IL6 signaling, role of osteoblasts, osteoclasts and 

chondrocytes in rheumatoid arthritis, role of NFAT in regulation of the immune response, and 

mouse embryonic stem cell pluripotency (Figure 2, Supplementary Table 3). Highlighted in Figure 

2 are pathways that were implicated in inflammation, fibrosis and cell death; the complete list in 

show in Supplementary Table 3. IPA identified predicted targets that are known to be involved in 

cellular toxicity based on previous reports.  Table 4 lists the predicted targets as well as the cellular 

toxicity pathway, e.g. cell death, cardiac fibrosis, p53 and TGFβ signaling. Notably, DICER1, 

TGFB2, HDAC1, THBS4, THBS2, PPARC1A were among the targets identified. Gene ontology 

(GO) terms enrichment analysis using the Molecular Signatures Database (MSigDB) showed that 

miRNAs associated with echocardiographic phenotype and prevalent HF have strong associations 

with genes involved in extracellular matrix, biological adhesion, and tissue development and 

cellular differentiation (Figure 3). We searched the literature for work exploring functions of miR-

29c-3p, miR-584-5p, and miR-1247-5p (Supplementary Table 4). Dysregulation of miR-29c-3p 

have been implicated in cardiac development and cardiac fibrosis. miR-584-5p, and miR-1247-5p 
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have been implicated in the regulation of cellular proliferation and apoptosis in several 

malignancies (Supplementary Table 4). 

 

Discussion 

In our investigation of ex-RNA profiles of 296 hospitalized ACS survivors in the TRACE-

CORE Cohort, we identified 44 plasma ex-RNAs associated with one or more echocardiographic 

traits. Furthermore, three of these ex-RNAs, miR-29c-3p, miR-584-5p, and miR-1247-5p, were 

associated with prevalent HF. While the association of miRNA and HF has been explored 

previously, our study uniquely examined the association between ex-RNA and HF in the acute 

clinical setting. We identified miR-29c-3p, miR-584-5p, and miR-1247-5p as regulators in cardiac 

remodeling and HF in patients hospitalized for ACS. Though miR-29 is a known to be 

downregulated in acute myocardial infarction and is a modulator of cardiac fibrosis [27], this is 

the first time miR-584-5p and miR-1247-5p have been implicated as having a role in HF. 

Echocardiographic phenotypes and cardiac remodeling in HF  

Lower LVEF and concurrent higher in LV mass, LVED volume, LA volume, LAVI reflect 

adverse cardiac remodeling [13,28,29]. Echocardiographic measures of cardiac remodeling have 

been shown to correlate with cellular hypertrophy as well as extracellular collagen deposition, 

metabolic dysregulation, and myocyte cell death [30]. Furthermore, changes in these 

characteristics prognosticate HF disease progression with unrivaled accuracy. Although HF 

involves several important pathological processes, we focused on cardiac remodeling as it is key 

in the evolution of HF. Here, we employed a mechanism-based approach to analyze the plasma 

miRome to tease out the complex components that contribute to cardiac remodeling in HF.  
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Association of ex-RNAs, cardiac remodeling and HF  

The association of ex-RNAs with structural remodeling has been explored recently [12]. 

However, few prior studies have examined quantitative echocardiographic phenotypes in humans 

in relation to plasma miRNA expression in the acute clinical setting. Consistent with previous data, 

our results revealed that miR-29c-3p is associated with cardiac remodeling [27]. We identified 44 

ex-RNAs with statistically significant associations with the pre-specified echocardiographic HF 

endo-phenotypes, 3 of which were also associated with prevalent HF. Functional analysis of 

downstream targets supports existing evidence that HF is coordinated via several signaling 

pathways, most notably p53 and TFG-β signaling. 

Cardiomyocyte cell death leads to cardiac dysfunction. Consistent with previous reports, 

we find that p53 signaling pathway is associated with prevalent HF [31]. p53 is a major inducer of 

apoptosis [32,33] which is upregulated in ventricular cardiomyocytes of patients with HF 

[31,34]. Promotion of p53 degradation prevents myocardial apoptosis [35]. We speculate that miR-

29c-3p, miR-584-5p, and miR-1247-5p targets such as CDK2 and HDAC1 to regulate p53 

signaling, and that decrease of these regulators results in upregulation on p53, which leads to an 

increase in apoptosis [36-38].  

One of the targets implicated in cardiac apoptosis is DICER1, a gene encoding a RNase III 

endonuclease essential for miRNA processing [39]. Chen et al. found that DICER is deceased in 

patient with end-stage dilated cardiomyopathy HF requiring left ventricular assist device (LVAD) 

compared to patients without HF [40]. Remarkably, DICER expression is increased post LVAD 

transplantation, correlating with improved cardiac function. Furthermore, they found that cardiac-

specific Dicer knockout in mouse model leads to rapid progressive dilated cardiomyopathy, HF, 

and postnatal lethality [40]. Dicer mutant mice show aberrant expression of cardiac contractile 
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proteins and profound sarcomere disarray. Existing literature supports our identification of 

DICER1, a predicted target of miRNA identified, as critical for cardiac structure and function.  

Our analysis suggests that TGF-β plays an integral part in adult patients with HF. Cardiac 

cell death subsequently leads to tissue fibrosis, which is in part coordinated via the TGF-β 

signalizing pathway [41,42]. TGF-β2 is a predicted target of identified miRNAs along with other 

genes (Table 4). TGF-β has been shown to down-regulate the miR-29 family, which in turn 

regulate expression of collagen type I, alpha 1 and 2 and collagen type III, alpha 1, all of which 

are involved in extracellular matrix production in the heart [27]. Additionally, TGF-β1 has been 

shown to induce endothelial cells to undergo endothelial-to-mesenchymal transition to contribute 

to cardiac fibrosis [43]. Serum TGF-β levels increase significantly in patients with hypertrophic 

cardiomyopathy.[44] Furthermore, myocardial TGF-β synthesis is consistently upregulated in 

animal models of heart failure. [45,46] 

GO categories analysis supported the hypothesis that miR-29c-3p, miR-584-5p, and miR-

1247-5p have regulatory roles in cardiac remodeling via TGF-β. The top five GO categories are 

proteinaceous extracellular matrix (GO:0005578), biological adhesion (GO:0022610), enzyme 

binding (GO:0031012), regulation of transcription from RNA polymerase promoter 

(GO:0006357) and tissue development (GO:0009888). Notably, there is a recurring theme of the 

GO term enrichment in extracellular matrix remodeling and cell differentiation, both of which has 

been shown to be regulated by TFG-β [47,48]. Together, our data support that miR-29c-3p, miR-

584-5p, and miR-1247-5p affect cardiac remodeling structurally by influencing cell death and 

fibrosis, in part via the p53 and TFG-β signaling pathways. 

Previously, we identified that miR-106b-5p, miR-17-5p, and miR-20a-5p 3 were 

associated with reduction in long-term incident HF. [12] In our current analysis, we found that 
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miR-17-5p was independently associated with prevalent HF. Wong et. al have examined the 

plasma miRome in patients with HF, heart failure with preserved ejection fraction (HFPEF) and 

heart failure with reduced ejection fraction (HFREF) and identified miRNAs associated with the 

clinical phenotypes. [49] We do not find overlap between our ex-RNAs and those previously 

identified to be associated with HF. This could be due to the fact that the Singapore Heart Failure 

Outcomes and Phenotype (SHOP) Cohort was a different racial and geographical cohort. 

Importantly, patients from the SHOP Cohort were recruited from the ambulatory setting, whereas 

our TRACE-CORE Cohort focused on patients in the hospitalized setting. Mick et al. examined 

ex-RNA associated with stroke or coronary heart disease [50]. There is no overlap in the ex-RNA 

identified to be associated with stroke, perhaps highlighting key differences between ACS and 

stroke.   

Strength and Limitations 

Our study has several strengths. We examined ex-RNA associations with 

echocardiographic traits and HF in a well-characterized cohort study. TRACE-CORE is a cohort 

hospitalized ACS survivors, which uniquely provided the expression profiles of plasma ex-RNA 

in the acute clinical setting.  In this study, our observations may reflect biomarker changes 

secondary to ACS rather than HF. However, we did not find any significant differences in ex-RNA 

due to AMI in our previous work [50]. As we used the same methodology to study ex-RNA in this 

study, the differential expression of ex-RNA observed are more likely secondary to heart failure 

status rather than ACS.  

Our study has several shortcomings, among which is its relative small sample size that is 

not racially or geographically diverse. We lack power to examine whether these three miRNAs 

were associated with heart failure subtypes, HFPEF or HFREF. Although we find that these miRs 
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are associated with echophenotypes and HF, we have not located the sources or understand the 

mechanism by which they are transported in the blood. Further experiments at the bench are needed 

to explore these key questions to improve understanding of the molecular processes by which these 

miRs regulate heart failure.   

 

Conclusion 

In our analysis of echocardiographic, clinical, and ex-RNAs data from ACS survivors 

enrolled in the TRACE-CORE Cohort, we observed that three ex-RNAs, miR-29c-3p, miR-584-

5p, and miR-1247-5p, were associated with echocardiographic phenotypes and prevalent HF. 

These ex-RNAs were predicted to mediate cardiac remodeling in part via the p53 and TFG-β 

signaling pathways. Further studies with a diverse cohort as well as basic experimentation are 

needed to validate our results. Our work establishes a mechanism-based framework for the 

identification of novel ex-RNAs biomarkers and downstream targets to attenuate cardiac 

remodeling that lead to HF. 
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Figure 1. Sample selection for the analyses from the Transitions, Risks and Action in Coronary 
Events (TRACE-CORE) study.  
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Figure 2. A network analysis of predicted targets of miR-29-3p, miR-584-5p, and miR-1247-5p 
as performed by IPA. Nodes represents signaling pathways, and lines are protein targets that are 
common between nodes. Nodes labelled with pathways are previously associated with 
inflammation, cardiac necrosis and fibrosis. p53 and TGF-β signaling pathways are highlighted in 
red as they are pathways consistent with GO term analysis. Full list of top 20 predicted pathway 
by IPA are available in Supplementary Table 4. 
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