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Cardiovascular personalised medicine and 
biomarkers

As we move towards the era of cardiovascular personalised 
medicine (1), the development of novel and useful tools to 
support individualised patient care is assuming increasing 

importance (2). This new paradigm will provide a robust 
framework to inform diagnosis and prevention, and to guide 
therapy. A personalised approach will ultimately lead to 
improved clinical outcomes and increased quality of life for 
patients, as well as cost-effective benefits for healthcare systems. 
In this context, the identification of reliable biomarkers to assist 
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in the decision-making process and risk assessment is a key 
step for translational and clinical research (3).

The National Institutes of Health working group defined 
a biomarker as a characteristic that is objectively measured 
and evaluated as an indicator of normal biological processes, 
pathological processes or pharmacological responses to 
therapeutic interventions (4). According to Morrow and 
de Lemos (5), novel biomarkers should fulfil a number of 
criteria to be useful in clinical practice. Namely, they should 
be measurable in routine practice with high accuracy, 
reproducibility and reasonable cost; should add new 
information that is not already available; and should assist 
the clinician to manage patients in decision-making and 
enhancing clinical care. This definition includes variables 
of a diverse nature. Nonetheless, the identification of non-
invasive and easily accessible biomarkers should especially 
be considered in the cardiovascular field. Biopsy-based 
methods have limited applicability due to their invasiveness. 
Imaging methods increase the cost of medical care, require 
specialised centres and personnel, can jeopardize patient 
outcomes (exposure to radiation) and in some cases are 
impractical for large-scale population screening. The 
relatively simple withdrawal procedure for liquid biopsies 
suggests such biomarkers as the most intriguing method.

Previous examples have illustrated the successful 
development of circulating biomarkers in the cardiovascular 
arena. Cardiac troponin (cTnT) has emerged as a potent 
tool for the diagnosis of acute coronary syndrome (6). 
Nonetheless, recent data still casts some doubts as to whether 
circulating biomarkers support clinical decision-making (7). 
The Guiding Evidence Based Therapy Using Biomarker 
Intensified Treatment in Heart Failure (GUIDE-IT) study, 
a large prospective and multicentre clinical trial designed to 
compare the optimized guideline-recommended therapy and 
the N-terminal prohormone of brain natriuretic peptide (NT-
proBNP)-guided therapy in high-risk patients with heart 
failure (HF), was prematurely terminated because of the lack 
of differences between treatment groups (8). Genetics has been 
explored in recent years. Although useful for evaluating disease 
susceptibility and providing mechanistic insights, the inherited 
genome provides an incomplete picture of the phenotype (9). 
Additional approaches are needed for the development of 
biomarkers in cardiovascular personalised medicine. 

Non-coding transcriptome in biomarker 
development

The transcriptome represents all genes expressed in a cell 

in a given biological state. According to results from the 
Encyclopedia of DNA Elements (ENCODE) Project (10), it 
has been suggested that while 80% of the human genome is 
transcribed, only 1–3% represents protein-coding genes (11). 
Transcripts that do not encode proteins represent the vast 
majority of the human transcriptome (97–99%): non-coding 
RNAs (ncRNAs). ncRNAs play a significant role in a wide 
array of cellular processes and have been proposed as a main 
cause of biological complexity (12).

The ncRNA landscape provides vast opportunities 
for personalised medicine (9,13). The ncRNA signature 
may be indicative of the physiological and pathological 
status of the subject. The deregulation of the ncRNA 
profile is a hallmark of several human diseases, including 
cardiovascular disease (CVD) (14-16). Furthermore, the 
ncRNA patterns correlate with patient phenotype and may 
be informative of the interaction between the genotype 
and lifestyle-environmental factors, such as diet, physical 
activity, psychosocial stress or pollution (17-19). Therefore, 
ncRNAs may represent a novel source of information 
beyond traditional variables or genome biomarkers. 
Overall, the non-coding transcriptome has emerged as a 
new source of indicators for clinical practice (20). In 2012, 
the Food and Drug Administration (FDA) approved the 
long non-coding RNA (lncRNA) prostate cancer antigen 
3 (PCA3), the Progensa® PCA3 assay, as a urine-based 
molecular diagnostic test. PCA3 is a lncRNA that is highly 
overexpressed in prostate cancer and can be detected in 
urine (21). Different meta-analyses have demonstrated 
that urine PCA3 can be used to guide diagnosis with an 
acceptable sensitivity and specificity (22,23).

A search of the scientific literature clearly indicates 
that circulating microRNAs (miRNAs) and lncRNAs are 
the main classes of ncRNAs that have been studied as 
biomarkers of CVD (24-27). Recent advances in RNA 
sequencing (RNA-Seq) and bioinformatic analysis have 
drawn attention to another promising member of the 
ncRNA family: circular RNAs (circRNAs). Although 
previous publications have addressed the potential of 
circRNAs as cardiovascular biomarkers, this research 
field has not been revised in detail. Here, we intend to 
summarize current knowledge of circRNAs as biomarkers 
for the diagnosis and prognostication of cardiovascular 
conditions. 

circRNAs

CircRNAs are single-stranded, covalently closed RNA 
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molecules that lack free caps or poly(A) tails. These 
circRNAs are generated by back-splicing, which links a 
downstream 5' splice site to an upstream 3' splice site, 
forming a closed, continuous loop. The biogenesis of 
circRNAs is not fully understood [for more information 
about circRNA biogenesis: (28)], but the circRNAs 
represent a heterogeneous group of transcripts that are 
mainly formed by exons and can also be derived from 
intronic, non-coding, antisense, untranslated or intergenic 
genomic regions (29). Their size ranges from hundreds 
to thousands of nucleotides. Many putative circRNAs 
with distinct expression profiles can be produced from 
a single gene (30). Although circRNAs were previously 
described as rare compared to linear RNA, various studies 
have demonstrated that circular isoforms can be the 
predominant transcript isoform for a number of genes (30). 
Furthermore, their expression is not necessarily correlated 
with the expression of the linear transcripts from which 
the circRNA is derived, suggesting a complex regulatory 
mechanism (31). Although they are predominantly 
cytoplasmic (29), their presence has also been described 
in the nucleus (32). CircRNA expression appear to be 
associated with the proliferative status of cells, and their 
levels are higher in differentiated cells, such as in the  
brain (33).

Circular transcripts were first described in the 1970s. 
Nonetheless, they were initially considered artefacts or non-
functional, accidental transcription by-products. Recently, 
RNA-Seq data identified and characterised the ubiquitously 
expression of thousands of circRNAs in human cells (34). 
The circRNAs are expressed in many species from yeast to 
humans, and are highly conserved in eukaryotes (31,34), 
pointing to a key role in relevant biological processes. 
Evidence of possible functions is continuously emerging. 
circRNAs harbour miRNA binding sites (35) and can act as 
miRNA sponges in competing endogenous RNA (ceRNA) 
networks (36), thus affecting gene expression. Strikingly, 
they can also stabilize miRNAs and serve as miRNA 
reservoirs (37). CircRNAs regulate RNA transcription by 
binding to RNA polymerase II (32) or DNA (38), and can 
interact with RBPs to regulate their function (39). Although 
still controversial, these circular transcripts could function 
as coding transcripts (40).

The involvement of circRNAs at the onset and 
development of many conditions has been proposed, 
including CVD [reviewed in (41,42)]. Thus, circRNAs have 
emerged as promising therapeutic targets and biomarkers of 
disease. 

circRNAs as novel biomarkers with clinical 
application

The circRNAs possess various chemical and biological 
properties that are useful to become a new entity of clinical 
indicators. The circRNAs are highly stable, due to the 
lack of 3’ and 5’ terminal ends that are exposed to the 
degradation by exoribonucleases and certain RNA folding 
(34,43). Indeed, cellular circRNAs exhibit half-lives longer 
than 48 h, which are higher than those for linear RNAs (34).

There are a plethora of examples in the literature 
that suggest the cell- and developmental stage- and 
disease-specific expression of circRNAs. Maass et al. (44)  
identified 2,339 unique circRNAs in platelets when 
comparing 20 human cell types and tissues. These 
results were corroborated by an independent study that 
demonstrated that the most abundant circRNA in platelets, 
Plt-circR4, was exclusively expressed in platelets when 
comparing 10 different cell lines (45). The proportion of 
circRNAs in megakaryocytes differs from that observed in 
platelets (46). The results in alternative cell-types support 
cell and developmental specificity. Indeed, 939, 333 and 
194 circRNAs were exclusively expressed in CD19+ 
cells, CD34+ cells and neutrophils, respectively (29).  
Specific circular isoforms from the same gene have 
been observed in various tissues (44). The expression 
profiles of circRNA show specific changes in pathological 
conditions and have been linked to cellular processes 
such as proliferation, migration and cell death (47,48). 
Interestingly, a transient middle cerebral artery occlusion in 
mice induced a specific pattern of circRNA deregulation in 
the penumbral cortex at 6, 12, and 24 h of reperfusion (49) 
which suggests the spatiotemporal expression of circRNAs 
in pathological conditions. Furthermore, unique circRNAs, 
such as fusion-circRNAs (f-circRNAs) derived from cancer-
associated chromosomal translocation, have been detected 
in leukaemia (50). These circRNAs represent an interesting 
diagnostic tool for clinical practice. Notably, circRNAs 
are relatively well-conserved in a broad range of species, 
which facilitates investigation in various cellular and animal 
models.

The circRNAs are easily detected in clinical standard 
samples using relatively accessible methodologies: RNA-
Seq, microarray, and reverse transcription droplet digital 
polymerase chain reaction (RT-ddPCR), some of which are 
used in clinical laboratories, such as reverse transcription 
real-time quantitative PCR (RT-qPCR) (51-54). Using a 
RNA-Seq approach in two biological replicates, Memczak 
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et al. (55) identified more than 4,000 unique circRNA 
candidates in clinical whole blood specimens, with 
approximately 2,400 circRNAs reproducibly detected. The 
circRNAs have also been described in platelets, leukocytes 
and red blood cells (44,46). The circRNA signature of 
blood components could be used in biomarker-based 
studies. Although the exact number of circRNAs in plasma 
and serum samples is still controversial, various studies 
have described the presence of cell-free circRNAs in the 
circulation. Sequencing of ribosomal RNA-depleted total 
RNA demonstrated the expression of 57 and 39 circRNAs in 
plasma and serum, respectively (44). A microarray analysis 
demonstrated the presence of a mean number of 18,293 
circRNAs (range, 16,185–18,954) in 21 plasma samples 
from eight cancer patients (56). The detection of thousands 
of circRNAs in the cell-free compartment constitutes an 
advantage in terms of information provided compared to 
the main ncRNAs evaluated in biomarker-based studies, 
miRNAs, hundreds of which can be reliably detected in 
plasma/serum samples (57). The circRNAs have also been 
detected in other clinically relevant specimen, such as 
saliva (58) and gastric juice (59). Additionally, extracellular 
vesicles could also be used as a reservoir of circRNA-based 
biomarkers. Cellular export via extracellular vesicles may be 
a common property of many cell types, as demonstrated by 
different studies that have detected circRNAs in exosomes 
and/or microvesicles released from different cell types 
(60-62). Li et al. (63) identified 1,215 circRNAs in human 
exosomes isolated from serum obtained from healthy 
donors. Authors reported that the incubation of serum at 
room temperature for up to 24 h had a minimal effect on 
circRNA expression levels, which provides a clue about the 
possible stability of extracellular circRNAs. Additionally, 
the same study described the presence of human circRNAs 
in the serum of a xenograft mouse model of MHCC-
LM3 cancer cells. In particular, human circRNA CDYL 
correlated with tumour mass, suggesting the potential of 
circRNAs as biomarkers of disease. 

Similar to their intracellular counterparts, extracellular 
circRNAs can be modulated by various physiological and 
pathological states. For example, a temporal dynamic 
regulation of circulating circRNAs has been observed for 
the three trimesters of pregnancy (52). A number of studies 
have suggested that extracellular circRNA levels in clinical 
specimens are biomarkers of diverse pathological conditions 
(54,60,64-78), especially in cancer (51,53,56,63,79-87) 
(summarized in Figure 1). Interestingly, Broadbent  
et al. (88) reported the expression of protozoan circRNAs 

during the blood stages in the development of malaria. 
Therefore, exogenous circRNAs should also be considered 
in biomarker development. 

circRNAs as biomarkers of CVD

The use of novel ‘omic’ approaches have allowed the 
identification of thousands of circRNAs in cardiovascular 
cells and tissues from humans and different animal models 
(89-91). Specific circRNAs have been reported to be 
deregulated in pathological conditions such as ischaemic 
disease, HF and cardiomyopathy (89,92-94). It could be 
hypothesised that in conditions of cellular stress or injury, 
circRNAs are actively secreted in extracellular vesicles or 
passively released upon cell necrosis (Figure 2), and thus, their 
circulating profile may be indicative of pathological processes 
in the cardiovascular system. Nevertheless, since CVD has 
a complex etiopathology that involves a great number of 
cells and tissues, circRNAs of a non-cardiovascular origin 
should also be considered. For example, circRNAs have been 
implicated in the regulation of inflammatory responses and 
the binding of leukocytes to endothelium cells (95). Although 
still in its infancy, previous results in this area suggest the 
potential of circRNAs as biomarkers of cardiovascular 
conditions (Figure 1). In this section, we will review 
publications that have proposed circRNAs as diagnostic and 
prognostic cardiovascular biomarkers.

 circRNAs and atherosclerotic-related disease

Coronary artery disease (CAD) is the leading cause of 
death worldwide. The identification of novel biomarkers 
of atherosclerotic-related conditions is a hot topic in 
cardiovascular research (96). In this context, ncRNAs 
have been extensively investigated as biomarkers of 
atherosclerotic-related conditions over the last decade 
(97,98). Zhao et al. (76) evaluated the potential of peripheral 
blood circRNAs as biomarkers of CAD. Using a microarray 
approach, they first observed 22 circRNAs that were 
differentially expressed between 12 CAD patients and 
12 matched control subjects. Then, the 5 circRNAs with 
the highest fold changes were validated in a cohort of 30 
control subjects and 30 patients with different CAD severity 
using RT-qPCR. One of these deregulated circRNAs, 
hsa_circ_0124644, showed a high discrimination ability 
[AUC (95% CI) =0.872 (0.785–0.960)]. The results were 
confirmed in an independent cohort consisting of 137 
CAD patients and 115 control subjects [AUC (95% CI) 
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=0.769 (0.710–0.827)]. The blood levels of the circRNA 
hsa_circ_0082081, hsa_circ_0113854 hsa_circ_0124644 
and hsa-circRNA5974-1 were correlated with the severity 
of CAD, pointing to a possible role of circRNAs as 
biomarkers of the disease stage. Using a multimarker 
approach, authors demonstrated that the combination 
of the circRNA hsa_circ_0124644 and other candidate, 
hsa_circ_0098964, improved the diagnostic value [AUC 
(95% CI) =0.811 (0.756–0.865)]. Supporting a causal 
relationship, but did not demonstrate, the results of gene 
ontology enrichment suggested the participation of hsa_
circ_0124644 in atherosclerosis progression through the 
regulation of various cellular processes, including apoptosis 
and intercellular adhesion. In a similar study, Pan et al. (69) 
evaluated plasma ceRNA expression profiles to identify 
novel diagnostic biomarkers of CAD. Again, based on a 
microarray approach, the authors identify 24 circRNAs 
that are differentially expressed, 18 that are upregulated 

and 6 that are downregulated, among three pairs of plasma 
samples from control subjects and CAD patients. Nine 
of these circRNAs, hsa_circ_0006323, hsa_circ_0032970, 
hsa_circ_0051172, hsa_circ_0054537, hsa_circ_0057576, 
hsa_circ_0068942, hsa_circ_0082824, hsa_circ_0083357 
and hsa_circ_0089378, have binding sites for one miRNA, 
miR-130a-3p, that regulated the mRNA transient receptor 
potential cation channel subfamily M member 3 (TRPM3). 
Of note, miR-130a-3p was previously associated with 
coronary atherosclerosis (99). Although the in vivo relevance 
of these findings should be explored, the results suggested 
that the identification of regulatory networks including 
circRNAs could be a novel source of biomarkers and 
therapeutic targets.

The circRNAs appear to be biomarkers themselves as 
well as in combination with other ncRNAs. CircR-284 is a 
circRNA expressed in human vascular smooth muscle cells 
(VSMCs) and carotid plaques that have a binding site for 

Figure 1 Summary of circRNAs proposed as biomarkers of different conditions.
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miR-221 (60). Remarkably, the serum ratio of circulating 
circR-284 to miR-221 has been demonstrated to be 
elevated in patients with urgent ischemic cerebrovascular 
event within the previous 5 days (N=17) compared to 
asymptomatic patients (N=24) (60). Furthermore, this 
ratio was an excellent diagnostic test for carotid plaque 
rupture leading to an acute ischaemic event in a validation 
study with 112 patients [AUC (95% CI) =0.98 (0.96–1.00), 
sensitivity =93.0%, specificity =97.0%]. The relative levels 
of circR-284 to miR-221 were not associated with clinical 
variables, including age, sex, BMI, smoking, or different 
medications, which boosts its possible clinical application as 
a biomarker. Whether this ratio has any biological relevance 
deserves further investigation.

circRNAs and hypertension

Hypertension is a complex and multifactorial disease that 

constitutes one of the main risk factors for CVD. Some 
studies have previously evaluated the association between 
the circulating circRNA signature and this condition. 
Using a microarray analysis, Wu et al. (73) explored 
the expression profile of circRNAs in the plasma of 5 
hypertensive patients and 5 healthy controls. Fifty-nine 
circRNAs were identified as differentially expressed in 
hypertensive patients. Based on the fold-change and P 
value, 4 circRNAs (hsa-circ-0000437, hsa-circ-0008139, 
hsa-circ-0005870 and hsa-circ-0040809) were selected for 
further validation in a cohort of 49 hypertensive patients 
and 49 healthy individuals using RT-qPCR. Consistent 
with microarray findings, the plasma levels of hsa-
circ-0005870 were downregulated in hypertensive patients. 
Authors established the predicted hsa-circ-0005870 
targeted circRNA-miRNA-mRNA network based on 
sequence-pairing prediction. The results yielded a network 
of a total of 5 miRNAs and 849 mRNAs that were predicted 

Figure 2 Proposed model for the mobilisation of extracellular circRNAs; circRNA may be released from cells into the bloodstream by 
incorporation into microvesicles, exosomes and apoptotic bodies. The circRNAs may be released during necrosis.
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to interact with this circRNA. KEGG (Kyoto Encyclopedia 
of Genes and Genomes) pathway analysis pointed to a role 
in the TGF-beta signalling pathway, a key pathological 
mechanism in hypertension (100). In an additional study, 
Bao et al. (64) evaluated the circRNA signature in blood 
samples from patients with essential hypertension (EH). 
Following microarray analysis, they reported that hsa_
circ_0037911 was differentially expressed in a case-control 
study of 100 EH patients and 100 age- and gender-
matched healthy subjects. In logistic regression models, 
hsa_circ_0037911 demonstrated a higher association with 
EH than other established clinical variables. Nonetheless, 
additional analyses are needed to elucidate whether is a 
biomarker of hypertension. Indeed, the discrimination 
ability is poor (AUC =0.627) compared to other circRNA-
based studies and has_circ_0037911 showed differences 
according to gender, smoking and alcohol drinking among 
EH patients.

 circRNAs and aneurysm

Intracranial aneurysm (IA) is a serious neurological condition 
with poor prognosis and high mortality rates (101). At 
present, the management of IA is limited by the clinical 
tools available for diagnosis and prognosis. Therefore, 
there is great interest in the development of new 
biomarkers that could allow the identification of patients 
at high risk for adverse outcomes. A recent study has 
evaluated the potential of a circRNA, hsa_circ_0021001, 
as a diagnostic and prognostic biomarker of IA in a cohort 
of 223 cases of IA patients and 131 healthy volunteers (71). 
In this case, the selection of hsa_circ_0021001 was based 
on the circ2Traits database (http://gyanxet-beta.com/
circdb/), which predicted an association between circRNA 
and IA. Using a RT-qPCR approach in peripheral blood 
samples, the authors observed that hsa_circ_0021001 
expression in IA patients was significantly lower compared 
to healthy controls and that this circRNA showed good 
discrimination ability [AUC (95% CI) =0.87 (0.784–0.963), 
sensitivity =81.0%, specificity =92.0%]. Cox regression 
models demonstrated that hsa_circ_0021001 expression, 
together with other established clinical variables, was 
a prognostic risk factor for IA. Interestingly, hsa_
circ_0021001 expression was independent of a number 
of risk factors, including age, gender, size of aneurysm, 
hypertension history, smoking, alcohol consumption, 
coronary heart disease, blood glucose, and aneurysm 

location, which suggests that this circRNA can provide 
additional information over established clinical variables.

circRNAs and cardiovascular outcomes 

In recent years, various studies have explored the circulating 
circRNA signature as a tool to identify patients at risk of 
cardiovascular adverse events. The findings point to the 
circRNAs as novel indicators to accurately identify patients 
at risk of adverse outcomes. Vausort et al. (72) explored the 
prognostic potential of the circRNA that was designated the 
myocardial infarction associated circular RNA (MICRA) as 
a predictor of LV dysfunction after 3 to 4 months of acute 
myocardial infarction (MI) in whole blood samples from 
two independent cohorts (total sample size =642). First, 
the authors demonstrated that peripheral blood levels of 
MICRA were lower in MI patients than in healthy controls. 
Then, multivariate logistic regression analysis revealed 
that lower levels of MICRA were associated with a higher 
risk of LV dysfunction [OR (95% CI) =0.10 (0.04–0.25) 
for univariate model, OR (95% CI) =0.08 (0.03–0.24) 
for multivariate model]. Furthermore, MICRA provided 
an incremental value to predict HF development over 
established clinical variables and biomarkers, including 
age, sex, cardiovascular risk factors, cTnT, NT-proBNP 
and CPK, among others [IDI (95% CI) =0.07 (0.02–0.12)]. 
These findings were corroborated in a validation cohort 
and replicated in a later study (N=472) using an alternative 
risk stratification system (70). Interestingly, the authors 
hypothesised a possible sponge effect of miR-150, a miRNA 
previously reported as a biomarker of LV remodelling after 
MI by the same group (102). 

Zhang et al. (74) recently revealed that the plasma levels 
of hsa_circRNA_025016 before surgery predicted new-
onset atrial fibrillation (AF) after isolated off-pump coronary 
artery bypass grafting. First, a microarray approach was 
used with plasma samples collected 1 week before surgery 
for 15 pairs of patients with new-onset AF and patients 
who did not develop AF matched for age, sex, smoking, left 
atrial diameter, end-diastolic volume, and statin use. The 
authors selected 9 candidates. After further testing via RT-
qPCR, two circRNAs, hsa_circRNA_025016 [OR (95% CI) 
=1.355 (1.250–1.468)] and hsa_circRNA_404686 [OR (95% 
CI) =1.098 (1.009–1.195)], were stably detected in plasma 
and were differentially expressed between study groups 
and predicted AF (N=365). The hsa_circRNA_025016 
showed good predictive performance in a training cohort 

http://gyanxet-beta.com/circdb/
http://gyanxet-beta.com/circdb/
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of 365 patients [AUC (95% CI) =0.802 (0.777–0.811), 
sensitivity =79.4%, specificity =77.6%]. The results were 
corroborated in a validation cohort of 284 patients. The 
hsa_circRNA_025016 was also upregulated in patients 
with coronary heart disease compared with the healthy 
controls. Pathway analysis predicted possible participation 
in insulin secretion pathway. Although the results from this 
observational study do not support a causal relationship 
in this pathway, a positive correlation between circRNA 
plasma levels and fasting blood glucose was reported in both 
cohorts.

Limitations and perspectives

Similar to other members of the ncRNA family, it is 
anticipated that there would be a low reproducibility 
and a large discrepancy between groups. This situation 
could not be linked to the poor performance of ncRNAs 
as a biomarker, but novel technological platforms and 
additional efforts are needed for the standardization of the 
methodology and process automation. 

Multicentre studies with higher geographical dispersion 
and larger populations are fundamental to validate previous 
findings. A detailed biomarker study should be performed 
to explore sensitivity and specificity. The results should 
be confirmed and validated in a number of specimens 
and independent cohorts. Circulating levels of circRNAs 
may be affected by multiple factors. Therefore, adequate 
control of confounding variables, including age, sex, 
cardiovascular risk factors, medication, disease stage and 
others, is needed. In addition, comparison with current 
diagnostic and prognostic biomarkers is a key step to 
evaluate the real potential of circRNAs in clinical practice, 
in terms of biomarker performance and cost-effectiveness. 
In this sense, most studies have been focused on a single 
circRNA. It may be interesting to explore single circRNAs, 
or a signature of circRNAs, in conjunction with clinical and 
physical assessment and established biomarkers, to provide 
better characterisation of the disease or outcome of interest. 
Recent advances in systems biology could be a useful tool 
for this purpose. The evaluation of circRNAs as tools to 
predict and monitor therapy should also be performed to 
fully evaluate their potential in cardiovascular personalised 
medicine.

The assessment of RNA in bodily fluids has strong 
methodological limitations, mainly due to their low 
concentration. Furthermore, it is still unclear which is the 
real half-life in extracellular fluids (103). RNA-Seq is the 

reference method in circRNA discovery. Nonetheless, this 
technique has relevant limitations: detection efficiency, 
cost, sample volume, RNA integrity and the complex 
interpretation of the data. There are also great differences 
among the algorithms proposed in the literature (104). 
The circRNA microarrays could be an interesting  
alternative (56). Contrary to RNA-Seq, microarrays 
can only detect known circRNAs. RT-qPCR is primary 
methodology used in large population studies. However, 
there is  poor agreement between RNA-Seq- and 
microarray-based technologies and this technique (105). 
The implementation of more accurate methodologies, such 
as RT-ddPCR, appears to be fundamental.

The high variability among groups in the isolation 
procedures, detection-platforms and data analysis limits the 
replicability of results across different laboratories. Several 
studies have used different normalisation approaches, 
some with serious limitations for circulating ncRNAs 
analysis: GAPDH (71) and 18S (74). Because circRNAs are 
expressed in blood cells, haemolysis should be considered in 
the analysis of expression levels. There is a strong variability 
in the nomenclature used. The genomic position should 
be provided in the publications. In addition, the use of a 
reference database, similar to with miRBase (http://www.
mirbase.org/) in the case of miRNAs, will be a necessary 
step in the future.

Different questions related to the biology of extracellular 
circRNAs must still be addressed. A causal link between 
extracellular circRNAs and the underlying CVD is 
currently lacking. Indeed, this situation is still unresolved 
for other members of the ncRNA family. Nonetheless, 
although recommended, biomarkers need not contribute 
to the disease mechanism to have utility. Candidates may 
function as mediators of disease, bystanders that are not 
associated with the disease, or integrators of multiple 
sources of information that are linked to the disease. 
Future studies should investigate the cellular source, its 
metabolism in the extracellular space and the modulation 
of recipient cell behaviours in addition to mechanisms that 
mediate circRNA production and secretion. Furthermore, 
whether the release is cardiovascular-specific or other 
tissues and organs are also implicated deserves further 
attention. It could be interesting to study the development 
of a circRNA tissue map, similar to those generated for 
miRNAs (106). Whether changes in extracellular circRNAs 
reflect corresponding changes in the cells or tissues of 
interest should also be evaluated. A low correlation has 
been demonstrated for other members of the ncRNA  

http://www.mirbase.org/
http://www.mirbase.org/
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family (99). Finally, the circRNA presence in extracellular 
vesicles could be a protective mechanism that, together 
with their stability, precludes degradation by RNases 
in extracellular fluids. Nonetheless, the association of 
extracellular circRNAs with RNA-binding proteins or 
lipoproteins has not been evaluated.

Conclusions

The evidence presented here suggests the tremendous 
potential of circRNAs in cardiovascular biomarker research. 
However, their performance as clinical indicators is just 
beginning to be elucidated. 
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