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Abstract

MicroRNA-21 (miR-21) is a highly expressed microRNA (miRNA) in cardiovascular system.

Recent studies have revealed that its expression is deregulated in heart and vasculature under

cardiovascular disease conditions such as proliferative vascular disease, cardiac hypertrophy and

heart failure, and ischemic heart disease. miR-21 is found to play important roles in vascular

smooth muscle cell proliferation and apoptosis, cardiac cell growth and death, and cardiac

fibroblast functions. Accordingly, miR-21 is proven to be involved in the pathogenesis of the

above-mentioned cardiovascular diseases as demonstrated by both loss-of-function and gain-of-

function approaches. Programmed cell death 4 (PDCD4), phosphatase and tensin homology

deleted from chromosome 10 (PTEN), sprouty1 (SPRY1), and sprouty2 (SPRY2) are the current

identified target genes of miR-21 that are involved in miR-21-mediated cardiovascular effects.

miR-21 might be a novel therapeutic target in cardiovascular diseases. This review article

summarizes the research progress regarding the roles of miR-21 in cardiovascular disease.
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Introduction

MicroRNAs (miRNAs) are endogenous, noncoding, single-stranded RNAs of ~22

nucleotides encoded by short inverted repeats within the genome. The first miRNA, lin-4,

was discovered in Caenorhabditis elegans in 1993 [1, 2]. The presence of miRNAs in

vertebrates was confirmed in 2001 [3]. Currently, more than 800 miRNAs have been cloned

and sequenced in humans [4], and the estimated number of miRNA genes is as high as 1,000

in the human genome [5]. miRNAs regulate their target gene expression by degradation,

translational inhibition, or translational activation of their target mRNAs [6, 7]. As a group,

miRNAs may directly regulate more than 30% of the genes in a cell [8].

The biological functions of some miRNAs including miR-21 have been well investigated

during the past 5 years [4, 9]. miR-21 is encoded by a single gene and displays a strong

evolutionary conservation across a wide range of vertebrate species. The human miR-21

gene is mapped to chromosome 17q23.2, where it overlaps with the protein-coding gene

VMP1 (or TMEM49). However, the primary transcript containing miR-21 (i.e., pri-miR-21)

is independently transcribed from a conserved promoter that is located within the intron of

the overlapping protein-coding gene [10, 11]. Unlike some other selectively expressed

miRNAs, miR-21 is universally expressed in mammal organ systems such as the heart, the
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spleen, the small intestine and the colon [12]. The biological roles of miR-21 are well

demonstrated in tumor studies [9, 10]. Indeed, miR-21 has been found to be overexpressed

in many tumor samples. Moreover, many functional studies of miR-21 have identified that

miR-21 has oncogenic activity and can be classed as an oncomir.

More recently, the roles of miR-21 in cardiovascular biology and disease have received

significant attention [13]. miR-21 has been found to be highly expressed in all main types of

cardiovascular cells, including vascular smooth muscle cell (VSMC) [14], endothelial cell

[15], cardiomyocyte [16], and cardiac fibroblast [17]. Interestingly, miR-21 is aberrantly

expressed in many cardiovascular diseases [13]. Moreover, miR-21 has been found to play

important roles in these cardiovascular disorders in recent studies by both loss-of-function

and gain-of-function approaches. Furthermore, the potential target genes involved in

miR-21-mediated cardiovascular effects have started to be identified. This review article

summarizes the research progress regarding the roles of miR-21 in cardiovascular disease.

miR-21 in Proliferative Vascular Disease

Neointimal lesion formation is a common pathological lesion found in diverse proliferative

vascular diseases, such as atherosclerosis, coronary heart disease, postangioplasty restenosis,

and transplantation arteriopathy. Using a well-established neointimal formation model, we

determined the miRNA expression profile in rat carotid artery after angioplasty [14]. We

found that multiple miRNAs were differentially expressed in rat carotid arteries with

neointimal growth after angioplasty. Among the aberrantly expressed miRNAs, miR-21

expression had more than a fivefold increase in balloon-injured arteries compared with that

in normal control vessels. Knock-down of the overexpressed miR-21in balloon-injured rat

carotid arteries inhibited neointimal lesion growth significantly [14]. In cultured VSMCs in

vitro and in rat carotid arteries in vivo, we identified that anti-apoptotic and proliferative

effects on VSMCs were the major cellular mechanisms involved in miR-21-mediated

vascular neointimal growth. In respect to the molecular mechanisms, phosphatase and tensin

homology deleted from chromosome 10 (PTEN) [14] and programmed cell death 4

(PDCD4) [18] were two major target genes responsible for miR-21-mediated cellular effects

on VSMCs. It is well known that PTEN is expressed in cardiomyocytes, fibroblasts,

endothelial cells, and vascular smooth muscle cells where it modulates cell survival/

apoptosis, hypertrophy, contractility, and metabolism via its target molecules,

phosphoinositide-3 kinases (PI3Ks) and Akt [19]. Thus, PTEN is a critical molecule in the

development of many cardiovascular diseases [19]. PDCD4 has been known as a tumor

suppressor gene and potential target for anticancer therapies for several years [20]. Recent

studies have revealed that PDCD4 is also involved in cardiovascular biology by regulating

the apoptosis of vascular smooth muscle cells and cardiac cells [18, 21]. The upregulation of

miR-21 in proliferative vessels was further confirmed in a mouse ligation model [22]. These

observations indicate clearly that miR-21 is involved in the pathogenesis of proliferative

vascular disease (Fig. 1) [23].

miR-21 in Cardiac Hypertrophy and Heart Failure

Cardiac hypertrophy is a common pathological response to a number of cardiovascular

diseases, such as hypertension, ischemic heart disease, vascular disease, and endocrine

disorder [24]. Cardiac hypertrophy often leads to heart failure, and is a major determinant of

mortality and morbidity in cardiovascular diseases. miRNAs are important regulators for the

differentiation and growth of cardiac cells, and it is therefore reasonable to hypothesize that

miRNAs play important roles in cardiac hypertrophy and heart failure. The miRNA

expression profiles were well demonstrated in mouse hearts in which cardiac hypertrophy

was induced by transverse aortic constriction (TAC) or calcineurin transgenic approach [16,
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25–28]. In these studies, miR-21 was found to be significantly upregulated in hypertrophic

animal hearts.

The biological role of miR-21 in cardiac hypertrophy has been determined by several recent

studies, although the results are still controversial [16, 28–32] (Fig. 1). Thum et al. reported

that miR-21 was not highly expressed in cardiac myocytes [29]. However, our studies

revealed that miR-21 was still abundant in cardiac cells [16, 21, 31]. One of the potential

reasons for the controversial results is that the expression of miR-21 in cardiac myocytes is

related to the development. Indeed, the expression of miR-21 in neonatal rat cardiac

myocytes is much higher than that in adult cardiac myocytes [29]. Additional experiments

using the adult cardiac myocytes will be required in miR-21 studies. In cultured cardiac

cells, we identified that inhibition of miR-21 had a significant negative effect on

cardiomyocyte hypertrophy [16]. The finding was further confirmed by another group [30].

More recently, one excellent study had demonstrated that miR-21 was a critical regulator for

cardiac cell outgrowth, which is a morphological change that accompanies cardiac

hypertrophy [32]. These investigators revealed that miR-21 inhibition could block β-
adrenergic receptor (βAR) stimulation-induced cardiomyocyte outgrowth. In contrast, the

cardiomyocyte outgrowth was significantly enhanced by overexpression of miR-21. They

further identified that miR-21-mediated cardiomyocyte outgrowth was related to its target

gene SPRY2. The in vivo effect of miR-21 on cardiac hypertrophy was reported by Thum et

al. [29]. These investigators demonstrated that downregulation of miR-21 in adult mouse

hearts by an antagomir approach was able to reduce cardiomyocyte size and the heart weight

under the hypertrophy-inducing condition.

Cardiac fibrosis is a pathological component of cardiac hypertrophy and heart failure. The

expression of miR-21 in cardiac fibroblasts is much higher than that in cardiomyocytes.

Interestingly, Thum et al. found that miR-21 was significantly upregulated in cardiac

fibroblasts of the failing hearts [29]. Upregulation of miR-21 in response to cardiac stress

was shown to enhance ERK-MAP kinase signaling, leading to fibroblast proliferation and

fibrosis. Conversely, silencing of miR-21 using an antagomir in a mouse cardiac

hypertrophy and failure model reduced cardiac ERK-MAP kinase activity, inhibited

interstitial fibrosis, and attenuated cardiac dysfunction. Remarkably, miR-21 inhibition not

only prevented cardiac hypertrophy but also was capable of reversing cardiac remodeling in

response to stress. SPRY1, a potent inhibitor of the Ras/MEK/ERK pathway, was found to

be a direct target of miR-21, and mediated the effect of miR-21 on cardiac fibroblasts (Fig.

1) [29].

miR-21 in Ischemic Heart Disease

Acute myocardial infarction (AMI) has long been the leading cause of morbidity and

mortality in developed countries. The expression signature of miRNAs in the late phase of

AMI (3 and 14 days after AMI) was identified by van Rooij et al [33]. These investigators

found that the expression of miR-21, miR-214, and miR-223 was increased in the border

zone of the infarcted hearts. In our recent study, we detected the cardiac miRNA expression

profile in the early phase of AMI [31]. We found that miR-21 expression was significantly

down-regulated in infarcted areas, but was upregulated in border areas in the infarcted rat

hearts at 6 h and 24 h after AMI. Interestingly, overexpression of miR-21 via adenovirus-

mediated gene transfer decreased myocardial infarct size at 24 h after AMI. The protective

effect of miR-21 against ischemia-induced cardiac cell death and myocardial infarction was

mediated, at least in part, by its target gene, PDCD4 and its downstream molecule, activator

protein 1 (AP-1; Fig. 1).
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Yin et al. identified a protective effect of miR-21 against ischemia/reperfusion (I/R)-induced

heart damages in an in vitro mouse model [34, 35]. They found that myocardial infarct size

was significantly reduced by treatment with heat-shock- or preconditioning-induced

miRNAs including miR-21. They further demonstrated that upregulation of heat-shock

protein 70 (HSP70) and of the endothelial and inducible nitric oxide synthases might be

responsible for these miRNAs-mediated cardiac protection [34, 35]. However, it is still

unclear that how injection of mature miRNAs could achieve their therapeutic effects,

because our unpublished data suggested that administration of some other mature miRNAs

might fail to regulate their target genes. In contrast, these target genes were successfully

regulated by either their pre-miRNAs or adenovirus-expressing these miRNAs. Thus, the

effect of mature miRNAs may vary based on individual miRNAs. The effect of mature

miR-21 on its target genes should be verified in future studies. In addition, unlike exosomes-

linked or chemically modified miRNAs, the naked miRNAs are not stable in circulating

blood. The therapeutic effect of miR-21 might not be induced by naked miR-21.

Nevertheless, more studies should be performed in order to identify the mechanisms

involved in these mature miRNAs-induced therapeutic effects in vivo. For the upregulation

of a miRNA in vivo, one promising approach is to use adeno-associated virus (AAV) as

demonstrated by a recent report [36].

Cardiac fibrosis is a remodeling feature in hearts with ischemic heart disease. Roy et al.

demonstrated that miR-21 had a predominant effect on cardiac fibroblasts during heart

remodeling in response to I/R in the mouse hearts [17]. They identified that PTEN is a direct

target of miR-21 in cardiac fibroblasts. Modulation of miR-21 had a significant effect on the

expression of matrix metalloprotease-2 (MMP-2) via its target PTEN (Fig. 1) [17]. It should

be noted that the biological roles of MMP-2 are not limited to fibrosis. In fact, MMP-2 has

emerged as a key protease in various pathologies associated with oxidative stress, including

myocardial ischemia–reperfusion, heart failure, atherosclerosis, aneurysm pathogenesis,

angiogenesis [37–41].

miR-21 in Human Cardiovascular Disease

The sequence of mature miR-21 is conserved across a wide range of vertebrate species.

However, the gene location of miR-21 in genome is different between human and other

vertebrate species. For example, human miR-21 gene is located in chromosome 17, whereas

in rat and mouse miR-21 gene is at chromosome 10, chromosome 21 respectively. Unlike

human cancer tissues, human tissues with cardiovascular diseases are not easy to be

obtained. Currently, only four studies have been performed to study the potential

involvement of miR-21 in human cardiovascular diseases [26, 29, 30, 42]. Van Rooij et al.

reported that no expression change of miR-21 was found in hearts from patients with heart

failure, compared with that in control human hearts [26]. Using microarray analysis, Ikeda et

al. also did not found any significant changes of miR-21 expression in human hearts with

ischemic cardiomyopathy, dilated cardiomyopathy, or aortic stenosis [42]. In contrast, Thum

et al. reported that the expression of miR-21 in human hearts from patients with heart failure

was much higher than that in normal human control hearts [29, 30]. The reasons for the

different results in human hearts are still unclear. The differences in patient selections,

disease stages, and sensitivities of the miR-21 detecting methods might be responsible for

the different results. More studies using the human cardiovascular tissues from patients with

cardiovascular diseases should be performed in the future. Alternatively, other resources

such as blood cells and circulating miRNAs could be used to determine the roles of miR-21

in cardiovascular diseases in humans.
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Conclusion and Perspective

Both basic and clinical studies have revealed that miR-21 may play important roles in

diverse cardiovascular diseases. Identification and validation of miRNA targets is of

fundamental importance for the comprehensive understanding of miRNA functions and the

potential therapeutic applications in cardiovascular diseases [43]. However, only four target

genes of miR-21 have been described in cardiovascular system thus far (Fig. 1). The

combination of computational analysis, bioinformatics, and cardiovascular experimental

approaches will be needed for the miR-21 target gene study [44]. It should be noted that the

major target genes of miR-21 may be cell-specific [45]. For example, Spry1 is not a miR-21

target gene in cardiomyocytes [32]; however, it is the target gene of miR-21 in cardiac

fibroblasts [29]. miR-21 is also expressed in vascular endothelial cells and white blood cells.

However, no studies have been performed in this research area. As endothelial cells and

white blood cells are important in the development of cardiovascular disease, identifying the

biological roles of miR-21 in these cells should be performed. It is well established that the

expression of miRNAs is tightly controlled and is tissue, developmental stage, and disease

specific [46]. However, we are currently unclear about how the expression miR-21 is

regulated in diseased hearts and vessels. miR-21 is a broadly expressed miRNA in human

tissues, development of new technologies and methods to specifically modulate miR-21

expression in cardiovascular cells will be critical for its therapeutic applications in

cardiovascular diseases.
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Fig. 1.
The roles of miR-21in cardiovascular disease and their potential mechanisms
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