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Abstract

Suboptimal intrauterine development has been linked to predisposition to cardiovascular disease in 

adulthood, a concept termed ‘developmental origins of health and disease’. Although the exact 

mechanisms underlying this developmental programming are unknown, a growing body of 

evidence supports the involvement of epigenetic regulation. Epigenetic mechanisms such as DNA 

methylation, histone modifications and micro-RNA confer added levels of gene regulation without 

altering DNA sequences. These modifications are relatively stable signals, offering possible 

insight into the mechanisms underlying developmental origins of health and disease. This review 

will discuss the role of epigenetic mechanisms in heart development as well as aberrant epigenetic 

regulation contributing to cardiovascular disease. Additionally, we will address recent advances 

targeting epigenetic mechanisms as potential therapeutic approaches to cardiovascular disease.
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Developmental origins of health and disease

Since the early studies in the 1980s, factors contributing to an adverse intrauterine 

environment have been linked to increased risk of disease in adulthood. Initial studies on the 

developmental origins of adult disease, performed by Barker et al., revealed a possible link 

between intrauterine adversity and an increased risk of cardiovascular disease in adulthood 

[1]. Subsequent studies confirmed that intrauterine insults such as undernutrition, hypoxia, 

microbial toxins and chemical agents increased the risk of cardiovascular and metabolic 

disorders later in life, including metabolic syndrome, type 2 diabetes mellitus, hypertension 

and ischemic heart disease [2]. As a result of these studies, Hales and Barker developed the 

‘thrifty phenotype hypothesis’ to explain this phenomenon [3]. This hypothesis proposes 
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that, when confronted with a suboptimal intrauterine environment, the developing fetus 

makes irreversible adaptation to ensure survival in such an environment. Following birth, 

however, these changes can prove to be maladaptive, rendering the neonate and growing 

individual susceptible to disease development. Although the exact mechanisms translating 

unfavorable intrauterine conditions into susceptibility to cardiovascular and metabolic 

diseases are not yet known, recent studies on the role of epigenetic modifications have 

provided valuable insights into the developmental origins of health and disease. In this 

review, we summarize recent progress made in our understanding of major epigenetic 

mechanisms and their roles in regulating heart development and disease.

Epigenetic mechanisms

Epigenetic regulatory mechanisms are, by definition, capable of modulating gene expression 

without altering DNA sequences. These mechanisms can act at genomic (DNA methylation) 

or nucleosomal and chromatin (histone modifications, chromatin remodeling complexes) 

levels. In addition, a post-transcriptional level of regulation is conferred by small, noncoding 

RNAs termed micro-RNAs (miRs). Although these regulatory systems have distinct 

mechanisms, there is considerable functional overlap and crosstalk among them. This review 

will address the roles of DNA methylation, histone modifications and miRs in heart 

development and disease. For in-depth reviews of the roles of chromatin remodeling 

complexes in heart development and disease see [4,5].

DNA methylation

DNA methylation: location and function—DNA methylation is the only known 

epigenetic regulatory mechanism that affects the DNA molecule directly. It has been 

implicated in gene imprinting, X-chromosome inactivation, the regulation of tissue-specific 

gene expression, cell development, genomic stability and modulation of splicing events 

[6,7]. DNA methylation most often occurs in mammals at the fifth carbon of cytosine 

nucleotides located within CG dinucleotides, termed CpG sites. These CpG sites are 

distributed throughout the genome in genic and intergenic regions. Genic regions include the 

promoter and gene body, whereas intergenic regions include distal regulatory elements as 

well as repetitive elements [8,9]. Promoter methylation is generally repressive and the extent 

of promoter methylation is inversely related to the CpG density of the promoter. This 

observation prompted the classification of promoters into two groups based on CpG density: 

high CpG density (HCG) and low CpG density (LCG) promoters [10]. HCG promoters 

make up [s1]72% of promoters in the human genome. These promoters contain clusters of 

CpG sites termed CpG islands, which are largely devoid of methylation, resulting in overall 

hypomethylation of HCG promoters. These promoters are associated with genes expressed 

by cells from all or most tissues (housekeeping genes) [10]. By contrast, LCG promoters do 

not contain CpG islands and are associated with lineage or tissue-specific gene regulation 

[10–12]. Furthermore, there is evidence to suggest that methylation of gene bodies could 

provide fine-tuning of promoter methylation patterns, and the combination of promoter 

hypomethylation and gene body methylation is positively correlated to gene expression [13]. 

Methylation of gene bodies, defined as the region of the gene beyond the first exon [14], is 

associated with a higher level of gene expression in dividing cells [8]. Furthermore, CpG 
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sites are more common in exons than introns [10], and recent studies suggest that gene body 

methylation might play a part in pre-mRNA splicing [15,16]. CpG methylation in intergenic 

regions affects distal regulatory elements, such as enhancers [9] and repetitive elements.

Although the exact mechanisms translating the methylation code into gene repression or 

expression are unknown, two mechanisms have been proposed and well-studied: (i) 

promoter cytosine methylation prohibits the binding of transcription factors, thus inhibiting 

transcription of the downstream gene; (ii) cytosine methylation is recognized by DNA 

methyl-binding proteins (MBPs) that orchestrate chromatin remodeling necessary for gene 

activation or inhibition. The latter mechanism depends upon the detection of 5-

methylcytosine (5mC) by DNA MBPs, of which there are three known families, reviewed in 

[7]. The methyl-binding domain (MBD) family of MBPs comprises MeCP2 and MBD1–6. 

Only MBDs1, 2 and 4 have been shown to bind methylated DNA. The set and ring finger 

associated (SRA) domain family includes ubiquitin PHD[s2] ring finger (UHRF)1 and 2. Of 

these, UHRF1 is notable for its essential role in DNA methyltransferase (DNMT)1-mediated 

maintenance of DNA methylation. Finally, zinc finger family proteins Kaiso and zinc finger 

protein (ZFP)57 are MBPs responsible for maintenance of methylation of imprinted genes 

[7].

DNA methylation: reprogramming phases—In mammalian development, there are 

two phases of DNA methylation erasure and reestablishment or reprogramming. The first 

episode of DNA methylation erasure occurs in the blastocyst following fertilization [17]. 

The second episode of DNA methylation occurs in primordial germ cells (PGCs) traveling 

to the gonadal ridge for development into gametocytes [18]. These DNA methylation 

reprogramming phases are thought to prime cells for lineage specification and differentiation 

processes, as well as prohibit the transgenerational propagation of disadvantageous 

epimutations [19]. Certain regions of the genome retain their methylation patterns and 

escape demethylation during these phases. Imprinting control regions (ICRs) escape DNA 

methylation erasure during the blastocyst stage, but they are fully reprogrammed during the 

PGC reprogramming episode. By contrast, transposable elements including intracisternal A-

particles (IAPs) escape methylation erasure during both reprogramming phases, highlighting 

the importance of repression of these elements [17,19]. These crucial phases of DNA 

methylation reprogramming are dependent on cellular machinery responsible for deletion, 

reintroduction and maintenance of these methylation marks.

DNA methylation: enzymatic regulation—DNMTs are a family of enzymes 

responsible for maintaining and/or introducing DNA methylation marks. The DNMT family 

comprises three main members: DNMT1, DNMT3A and DNMT3B. A fourth member, 

DNMT3L, lacks catalytic activity and is thought to regulate the activities of DNMT3A and 

DNMT3B. DNMT1, together with the DNA MBP UHRF1, maintains DNA methylation 

during replication. DNMT3A and DNMT3B are responsible for de novo DNA methylation 

during gamete development and during blastocyst implantation, respectively. In addition, 

these enzymes have been implicated in maintenance of DNA methylation [19,20].

DNA demethylation can occur by passive or active means. Passive DNA demethylation 

occurs via exclusion of DNMT1 and UHRF1 from the nucleus, resulting in replication-
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dependent loss of methylation marks. Although no enzyme is yet known that directly 

converts 5mC to cytosine via active DNA demethylation, indirect demethylation 

mechanisms have been described, reviewed in [19]. The ten-eleven-translocation (TET) 

family members TET1–3 oxidize 5mC to 5-hydroxymethylcytosine (5hmC). These TET 

proteins are also capable of oxidizing 5hmC to 5-formylcytosine (5fC) or 5-

carboxylcytosine (5caC). These oxidation products are then diluted by passive 

demethylation, because they are not detected by DNMT1. Alternatively, they can be actively 

removed by DNA glycosylases and base excision repair machinery. Other mechanisms of 

active demethylation have been described, including activation-induced cytidine deaminase 

(AID) or apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC)-

mediated conversion to either 5-hydroxymethyluridine or thymidine, followed by base 

excision repair [19].

Histone modifications

Histone modification: type and function—Histone proteins (H1, H2A, H2B, H3 and 

H4) are major organizational and regulatory units of chromatin. DNA is wrapped around 

histone octamers, composed of two each of histones H2A, H2B, H3 and H4, to form 

nucleosome cores. Histone H1 facilitates internucleosomal organization, resulting in higher 

order chromatin packaging [21]. Although histones were initially believed to have only 

structural and/or mechanical roles in chromatin packaging, it is now known that post-

translational modifications to these proteins are a crucial mechanism of gene regulation [22]. 

These modifications are usually made on amino-terminal histone tails, but they have been 

reported to occur on the core of the protein as well. Modifications include acetylation 

[s3]methylation, phosphorylation, sumoylation, ubiquitination, biotinylation and ADP-

ribosylation [22,23]. Modification of a histone protein can alter nucleosome structure by: (i) 

changing the electrostatic charge of the protein and thus its interaction with the DNA; (ii) 

recruiting ‘reader’ proteins capable of remodeling chromatin; or (iii) directly modulating the 

organization of higher-order chromatin [24]. Similar to DNA methylation, the location of 

histone marks greatly influences their regulatory function. In the case of histones, however, 

the function of the epigenetic mark varies by location on the histone itself, as well as by 

location relative to the underlying gene structure (promoter, gene body, etc.). In addition, 

studies suggest that the function of histone modifications is also influenced by the number of 

marks placed at a particular location (e.g. methylation marks) [24]. In this review, we will 

focus on two major types of histone modification: acetylation and methylation, and the 

enzymes that regulate their placement and removal.

Histone modification: enzymatic regulation—Histone acetylation occurs most 

commonly on lysine residues, and results in neutralization of the positive charge and 

decreasing the histone affinity for the negatively charged DNA molecule. This process is 

carried out by a family of enzymes called histone acetyltransferases (HATs), of which there 

are two main subtypes: type A and type B. Five families are known to belong to the type A 

HATs: GCN5-related acetyltransferases (GNAT); MOZ, YBF2/SAS3, SAS2 and TIP60 

(MYST); CBP/p300; transcription factor III C (TFIIIC) and TAF1; [s4]and nuclear receptor 

cofactor (NRCF) enzymes. Type A HATs modify histones actively incorporated into 

nucleosomes, whereas type B HATs typically modify cytosolic histones before their 

Martinez et al. Page 4

Drug Discov Today. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



incorporation into the chromatin structure. These HATs include HAT1, HAT2, Rtt109, 

HatB3.1 and HAT4 [25]. Removal of histone acetylation is accomplished by histone 

deacetylases (HDACs), which reestablish the positive lysine charge, enhancing histone–

DNA binding [26]. HDACs can be classified into three main groups based on sequence 

similarities, expression, location and enzymatic activity [4]. Class I consists of HDACs 1–3 

and 8; class IIa includes HDACs 4, 5, 7 and 9; and class IIb includes HDACs 6 and 10. 

Classes III and IV also exist for HDACs, with class III being composed of the sirtuin family 

and class IV including only one HDAC: HDAC 11 [27].

Histone methylation most often occurs at lysine and arginine residues. Because methylation 

does not alter histone charge, its function is associated with the number of methyl groups 

placed on a particular histone site [26]. Histone methylation is catalyzed by histone 

methyltransferases (HMTs) and reversed by histone demethylases, including members of the 

Jumonji family as well as lysine-specific demethylase (LSD)-1. These enzymes vary in their 

capacities to place or remove mono-, di- or tri-methyl groups [26].

miRs

miRs are single-stranded noncoding RNAs of approximately 19–25 nucleotides in length. 

They are capable of complementary base pairing with mRNA sequences, which they repress 

or target for degradation, depending on the degree of complementarity. Thus, they are 

classified as a post-transcriptional type of epigenetic regulatory mechanism [28].

miRs: biogenesis—The biogenesis of miRs begins with RNA-polymerase-II-mediated 

transcription of DNA, resulting in a long (>1 kb) primary transcript, or pri-miR [28]. This 

process can be guided by miR-specific promoters (intergenic miRs) or by promoters for 

protein-coding genes (intragenic miRs) [29,30]. The pri-miR folds into a stem loop structure 

and is then cleaved at the base of the stem loop by the endonuclease Drosha/DGRC8 into a 

60–90 nucleotide stem loop intermediate, called the miR precursor, or pre-miR This 

cleavage reaction results in a 2–3 nucleotide overhang ending in a 5′ phosphate, which is 

detected by the cytoplasmic endonuclease Dicer following Ran-GTP- and exportin-5-

mediated pre-miR export from the nucleus. In the cytoplasm, Dicer proceeds to cleave both 

strands of the duplex approximately two helical turns away from the base of the stem loop, 

effectively removing the terminal base pairs and loop of the pre-miR. This process also 

leaves a 5′ phosphate end and 2–3 nucleotide overhang. The duplex, approximately 20 base 

pairs long, includes the mature miR and its complement, the miR* sequence. This duplex is 

then loaded on [s5]the RNA-induced silencing complex (RISC), the helicase and 

endonuclease components of which un-zipper the duplex and degrade the miR* strand [28].

miRs: mechanism of action—Once properly loaded into the RISC, the miR is 

responsible for guiding the complex to target mRNA. This is accomplished by the 

nucleotides at positions 2–8 in the miR, termed the seed region, which interact with the 3′ 

untranslated region (UTR) of target mRNA [31,32]. The degree of complementarity of the 

miR to the target mRNA determines the final outcome of the mRNA: degradation or 

translational inhibition. Perfect complementarity with the target mRNA results in cleavage 

and degradation, whereas partial complementarity results in translational repression. 
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Notably, the seed region of the miR will always have perfect complementarity with the 

target mRNA, regardless of outcome based on the remaining miR sequence. Argonaute 

(Ago)2, a member of the RISC, has important roles in this process. Ago2 is responsible for 

correct positioning of the miR within the RISC, as well as cleaving the target mRNA and/or 

recruiting proteins involved in translational repression according to the outcome dictated by 

the miR [33].

Epigenetics and heart development

The development of the heart is a complex process involving coordinated cellular 

proliferation, migration, differentiation and programmed cell death as well as structural 

remodeling including looping and septation (Figure 1). In rodents, this process begins with 

the migration of lateral plate mesoderm-derived cardiomyocyte progenitors to the cardiac 

region on either side of the midline at embryonic day 6.5 (E6.5). The first wave of 

cardiomyocytes to populate this region is termed the primary heart field; a later group of 

cardiomyocytes arriving to the region is termed the second heart field. The primary heart 

field, in addition to its contributions to the left ventricle (LV) and parts of the atria, is 

thought to provide a scaffold for the development of the second-heart-field-derived right 

ventricle, outflow tract and significant portions of the atria. Primary heart field cells migrate 

across the midline at E7.5 and fuse to form the cardiac crescent. This is followed by fusion 

of the arms of the cardiac crescent on E8.0, forming the primitive heart tube, which is the 

first functional organ to develop in the embryo. In response to endocardial and epicardial 

signals, cardiomyocytes proliferate and cause uneven growth and remodeling in the 

primitive heart tube. Subsequently, rightward looping results in the proper relative 

orientation of the ventricles, atria and future outflow tract. Cardiac neural crest cells 

orchestrate the outflow tract septation and patterning of aortic arch arteries. Septation of the 

ventricles and valve formation form the four-chambered heart by E15 [34,35]. Spatio-

temporal gene regulation is paramount to the success of this developmental process. Even 

subtle alterations in this process can have detrimental effects on the future cardiovascular 

health of the individual. For example, early terminal differentiation of cardiomyocytes, 

resulting in nondividing (or very slowly proliferating) cardiomyocytes, reduces total heart 

cardiomyocyte cell number in adulthood and increases vulnerability to ischemic injury [36]. 

Proper gene regulation during heart development is accomplished by several key 

transcription factors, including GATA4, TBX5 and Nkx2.5 [37]. Of importance, epigenetic 

mechanisms have been implicated in the direct regulation of gene expression patterns as 

well as indirectly by modulating transcription factor expression and function during heart 

development [37].

DNA methylation and heart development

The importance of DNA methylation in heart development was first suggested by studies 

involving mice lacking key enzymes regulating DNA methylation and demethylation. These 

studies demonstrated that the absence of DNMT1 led to global hypomethylation and early 

embryonic death [38–41]. DNMT3A–null mice survive until birth but die around 4 weeks of 

age, whereas DNMT3B–null mice die during gestation [42]. These observations are 

consistent with the studies showing that DNMT3A is abundant in differentiated cells, 
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whereas DNMT3B is present at high levels in early embryos [20,43]. Tet1-null mice are 

viable [44], although they have reduced body size at birth and are subfertile [45]. Absence of 

Tet2 has no effects on embryogenesis; however, it has profound effects on hematopoiesis 

[46–49]. These mice eventually succumb to myeloid leukemia at 4–6 months of age [20]. 

Inactivation of zygotic Tet3 results in defective DNA methylation erasure and embryonic 

developmental failure [50]. Together, these results indicate that balance between DNA 

methylation and demethylation is imperative for proper mammalian development.

DNA methylation patterns and dynamics have been described throughout various 

developmental processes, including gametogenesis, hematopoiesis and stem cell 

differentiation, as well as various disease processes [6]. However, the role of DNA 

methylation in regulating heart development is relatively understudied. Most of what is 

known about its role in heart development is extrapolated from organism-wide development 

or from embryonic stem cell (ESC) studies. Although general rules of DNA methylation 

apply to heart tissues [51], recent studies suggest that other predictions could be limited to 

certain cardiac cell subsets or spatio-temporal contexts. For instance, it is known that 

genomic methylation status decreases during cellular development and differentiation 

[12,13,52,53], with exceptions including pluripotency-associated gene promoters such as 

those of Oct4 and Nanog [6]. Furthermore, inhibition of DNA methylation in ESCs using 5-

azacytidine (5-azaC) has been shown to induce cardiomyocyte differentiation [54]. 

However, recent studies of murine embryonic heart development have shown that heart 

development is associated with increases and decreases (greater increases than decreases) in 

DNA methylation, particularly of cardiac-specific genes [55]. In addition, perturbations in 

normal developmental conditions, such as hypoxia, have been shown to induce premature 

terminal differentiation of fetal rat cardiomyocytes by increasing DNA methylation, an 

effect abolished by administration of 5-azaC [56]. These findings are consistent with studies 

of postnatal cardiac development in rats, which demonstrate increases in DNA methylation 

in cardiomyocytes, as well as increased DNMT1, MBD1–3 and MeCP2, over the weeks and 

months following birth. Furthermore, these studies report an increase in DNA synthesis in 

cardiomyocytes treated with 5-azaC, corresponding to an earlier stage of development, as 

confirmed by increased atrial natriuretic peptide (ANP) and β-myosin heavy chain (β-MHC) 

and reduced α-MHC expression [57]. Recent evidence has also implicated DNA 

methylation in outflow tract septation through promoter regulation of the VANGL2 gene. 

VANGL2 is essential for the polarization of cells at the outflow tract, because homozygous 

mutation of the gene in mice results in a phenotype resembling Tetralogy of Fallot 

(overriding aorta, double-outlet right ventricle and ventricular septal defects). Indeed, 

VANGL2 promoter methylation has been found to be elevated in patients with Tetralogy of 

Fallot compared with healthy controls [58]. The role of DNA methylation in heart 

development probably varies by genomic location within cells, by cell type within the 

developing heart, as well as across various stages of development. Further work is needed to 

elucidate the role of DNA methylation in the regulation of heart development.

Histone modifications and heart development

Recent evidence supports a prominent role for epigenetic histone modifications in normal 

and aberrant development. Histone acetyltransferase p300 knockout mice exhibit prominent 
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cardiovascular defects and embryonic lethality [59,60]. It has been hypothesized that this 

could be caused by a loss of transcriptional coactivation of GATA5, an essential 

transcription factor in heart development [4]. Histone deacetylation has also been studied in 

heart development. HDAC1 and 2 appear to have redundant roles in cardiac development, 

because only double knockout mice display cardiac defects. Mice lacking HDAC1 and 2 die 

early in neonatal life from arrhythmias and dilated cardiomyopathy [61]. Studies have 

shown that these outcomes are due in part to the loss of inhibition of fetal calcium channel 

signaling through If and T-type calcium channels, as well as contractile proteins such as α-

skeletal actin [61]. HDAC3 has also been linked to heart development, particularly to 

cardiomyocyte metabolism and proliferation. Loss of HDAC3 results in impairment of 

glucose metabolism and skewing toward increased lipid metabolism [62]. Overexpression of 

HDAC3 promotes cardiomyocyte proliferation via reduction of cell cycle inhibitors. Similar 

to HDAC1 and 2, HDAC5 and 9 are functionally redundant and do not cause notable cardiac 

defects when deleted individually. However, combined loss of HDAC5 and 9 results in 

ventricular septal defects and embryonic or neonatal lethality [63]. In addition to histone 

acetylation and deacetylation, histone methylation status also influences cardiac 

development. SMYD1, a histone methyltransferase, has been implicated in heart 

development, because mice lacking SMYD1[s6] exhibit hypoplastic right ventricles and 

embryonic lethality [64]. Interestingly, Hand2 and Irx4 transcription factors are also reduced 

in these mice, suggesting that SMYD1-mediated histone methylation is necessary for the 

expression of these essential cardiac transcription factors [64,65]. Members of the histone 

demethylase Jumonji family have been implicated in septation, because their deletion results 

in ventricular septal defects and outflow tract defects [66–68]. In addition, other lysine 

demethylases such as LSD-1 have also been shown to cause ventricular septal defects 

[69,70]. Together, these findings illustrate the pervasive roles of histone modifications in 

heart development.

miR-mediated regulation of cardiomyogenesis

Cardiac development is intricate, involving the differential expression of multiple factors 

including miRs. This differential regulation, along with spatio-temporal distribution of these 

miRs, provides insight into their importance during development. In zebrafish, miR 

expression has been shown to increase during the development in a tissue-specific manner 

with most expression occurring after organogenesis [71]. miRs are generally conserved 

sequences directly involved in regulating target mRNA expression. The conservation further 

highlights the importance in development. In the heart and skeletal muscle, miR-1 and 

miR-133 expression increases during the development from the embryonic to neonatal stage, 

albeit to levels still significantly lower than adult tissues [72,73]. In Drosophila, mutations 

resulting in the loss of miR-1 are lethal and are observed to result in severe defects in muscle 

genes such as MHC. miR-1 is associated with differentiation, indicated by expression of 

myogenic markers including myogenin and MHC [72]. The differentiation induced by 

miR-1 is also associated with a loss of proliferation and a reduction in protein synthesis [74]. 

Insertion of miR-1 at the single-cell stage results in tissue disorganization, decreased 

proliferation and the complete absence of cardiac tissue [72]. A number of targets of miR-1 

have been identified that are essential to cardiac development including HDAC4, an 

inhibitor of skeletal muscle gene expression [72], Hand2 [75], GJA1 [76] and KCNJ2 [76]. 
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miR-1 and miR-133 originate from a common bicistronic transcript. miR-133 is also an 

important regulator of gene expression, with an opposing effect to miR-1, noted to stimulate 

proliferation and inhibit the expression of myogenin and MHC [72]. Unlike mutations in 

miR-1, loss of miR-133 does not result in lethality of all effected animals, with about 24% 

surviving into adulthood [77]. However, the surviving adults display signs of fibrosis, 

cardiac contractility abnormalities, cardiomyopathy and aberrant proliferation [77]. Cyclin 

D2 and serum response factor (SRF) have been identified as targets of miR-133 [72]. 

Knockdown of miR-133 results in increased expression of cyclin D2, providing a 

mechanism by which miR-133 suppresses proliferation [77]. The knockdown of miR-133 is 

also associated with the re-induction of fetal genes, further supporting its role as a regulator 

of maturation and development [74]. Another miR involved in differentiation is miR-499, a 

cardiac-specific miR that can induce differentiation when in culture with human 

cardiomyocyte progenitor cells (hCMPCs) [78]. SOX6, a regulator of cell fate during 

development, is a target of miR-499 resulting in inhibition of its function. Other heart-

specific miRs include miR-206 and miR-208. An intriguing observation in animals with loss 

of miR-208 is the failure to induce cardiac remodeling in response to stress, thus 

demonstrating the necessity of miR-208 for fibrosis and hypertrophic growth [79]. Together, 

these findings illustrate the essential roles that miRs have in heart development.

Epigenetics mechanisms in cardiovascular disease

Heart failure (HF) is the final outcome of a variety of cardiovascular pathologies, including 

hypertension, valvular diseases, cardiomyopathy, arrhythmias, atherosclerosis/coronary 

artery disease and myocardial infarction [80]. Many of these cardiac stressors trigger similar 

pathophysiologic events such as cardiomyocyte loss, hypertrophy of remaining 

cardiomyocytes and proliferation and activation of cardiac fibroblasts resulting in increased 

extracellular matrix deposition (fibrosis). This process is collectively referred to as cardiac 

remodeling. This remodeling also alters normal cardiac conduction circuitry, resulting in an 

increased propensity for arrhythmias. At the molecular level, the development of HF is 

characterized by changes in gene expression including the reduction of normal adult cardiac 

muscle proteins such as α-MHC and sarcoplasmic reticulum Ca2+-ATPase (SRCA) and 

concomitant reactivation of the ‘fetal gene program’ consisting of genes such as atrial 

natriuretic peptide (ANP), brain natriuretic peptide (BNP) and β-MHC [81]. HF occurs when 

the heart is incapable of maintaining adequate blood flow to the body owing to impairment 

of the physico-mechanical pump action of the heart [82].

The overlapping mechanisms of cardiac demise have been proposed to participate in a 

‘unifying pathway’ [83], culminating in altered gene expression profiles characteristic of 

end-stage HF, regardless of the primary contributing pathology. However, recent studies 

suggest that certain gene regulatory mechanisms, such as epigenetic mechanisms, have 

distinct activities depending on the specific pathology, despite their common culmination in 

HF (Figure 2). In other words, whereas pathologies contributing to HF share a variety of 

cellular processes, epigenetic mechanisms represent disease-specific targets for therapeutic 

approaches. Here, we address the roles of DNA methylation, histone modifications and miR-

mediated gene regulation in key pathologies contributing to HF.
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Hypertension

LV afterload is the pressure that the LV must overcome to eject blood into the aorta. 

Increased LV afterload can be caused by hemodynamic alterations such as high blood 

pressure (hypertension) or mechanical obstruction such as aortic stenosis. Under such 

conditions of chronically increased LV afterload, the heart undergoes remodeling processes, 

such as dilation and hypertrophy, to ensure adequate blood circulation. Eventually, however, 

increased cardiomyocyte loss and reduced contractility compromise the function of the 

organ, leading to HF. Because approximately one-third of the adults in the USA have 

hypertension [84], the detrimental impact of this disease will become increasingly apparent 

in the coming years, emphasizing the need for better preventive measures and therapeutic 

modalities to slow the progression of this disease to HF.

DNA methylation—Patients with essential hypertension were found to have lower levels 

of global 5mC in peripheral blood cells than healthy control individuals. Furthermore, the 

levels of 5mC correlated to the stage of hypertension [85]. Interestingly, promoter 

methylation of 11βHSD2, the gene encoding 11 β-hydroxysteroid dehydrogenase 2 

(11βHSD2), has been shown to be elevated in the peripheral blood mononuclear cells of 

patients with essential hypertension [86]. 11βHSD2 is responsible for the breakdown of 

cortisol to cortisone that is biologically inactive. Reduced activity of 11βHSD2 leads to 

cortisol-mediated activation of mineralocorticoid receptors and increased blood pressure 

[87]. In addition, other key mediators of blood pressure regulation, such as somatic 

angiogensin-converting enzyme (sACE), are influenced by DNA methylation in human cell 

lines [88,89]. Taken together, these studies suggest that aberrant DNA methylation could 

play a causative part in essential hypertension in a gene-specific manner, and that an overall 

reduction in global methylation is indicative of disease progression.

Histone modifications—A variety of histone modifications have been implicated in the 

pathophysiology of hypertension. Methylation or acetylation changes are observed in over 

half of the genes differentially expressed after cardiac pressure overload [90]. 

Hypermethylation of H3 by disruptor of telomeric silencing-1-like (DOT1L), a 

methyltransferase, increases expression of hypertension-promoting telomeric genes [91]. 

However, DOT1L also plays an antihypertensive part by inhibiting amiloride-sensitive renal 

epithelial sodium channel (ENaC) expression. Aldosterone is capable of inhibiting DOT1L, 

thus increasing ENaC expression and raising blood pressure [92]. Hypermethylation of H3 

caused by a lack of LSD-1 has also been associated with increased propensity for 

hypertension in animal models [93]. Histone acetylation status also has an impact on blood 

pressure regulation. For example, H3 acetylation in the area postrema causes upregulation of 

sympathetic outflow from the rostral ventrolateral medulla and raises blood pressure set 

point [94]. Additionally, inhibition of HDAC8 via β2-adrenergic receptor stimulation has 

been shown to increase H3 and H4 acetylation, resulting in glucocorticoid-mediated 

suppression of the WNK4 gene. WNK4 is a serine/threonine kinase that downregulates 

expression of sodium chloride transporters (NCC) and ENaCs [95,96].

miR-mediated regulation—miRs are involved in the development of hypertension as 

well as the cardiac remodeling that occurs as the heart adapts to overcome the high pressure 
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in the vasculature. Certain miRs influence vascular tone, contributing to increased afterload, 

whereas other miRs promote pathological cardiac remodeling in response to the increased 

blood pressure. Other miRs contribute to vascular dysregulation as well as cardiac responses 

to this increased pressure.

In the vasculature, miR-143 and miR-145 play important parts in regulating tone by 

maintaining the normal phenotype and function of vascular smooth muscle cells (VSMCs) 

[97]. Under pathological circumstances, VSMCs undergo a phenotypic change from 

contractile to synthetic/proliferating cells, an event underlying hypertension and 

atherosclerosis. However, although miR-143 and miR-145 appear to be important mediators 

of vascular tone, their role in chronic vascular stress such as hypertension is less clear. 

Deletion or inhibition of miR-143 and miR-145 results in reduced blood pressure, although 

the mechanism of this hypotensive effect is not understood. Indeed, it would seem that 

elimination of miR-143 and miR-145 would promote VSMC differentiation to the secretory 

phenotype, with a concomitant increased risk of atherosclerosis and coronary artery disease 

[97]. This effect could be counteracted by the differential effects of these miRs on other cell 

types, such as endothelial cells, within the vasculature. Thus, more work is needed to 

elucidate how miR-143 and miR-145 contribute to maintenance of blood pressure and to 

what extent this mechanism can be targeted to treat hypertension. miR-133 is the most 

highly expressed miR in human cardiac tissue [98]. In the context of heart disease, miR-133 

is thought to counteract cardiac hypertrophy, because in vivo antagomir-mediated miR-133 

inhibition induces hypertrophy [74]. Approximately half of miR-133a-1 and miR-133a-2 

knockout mice die during early development owing to ventricular–septal defects, and 

surviving double knockout mice eventually develop dilated cardiomyopathy and HF [77]. 

Interestingly, a study of acute increased LV afterload caused by transverse aortic 

constriction found that overexpression of miR-133a in vivo improved myocardial fibrosis 

and diastolic function, but had no effects on hypertrophy or mRNA expression profiles [99]. 

Thus, the mechanism of miR-133a in cardioprotection under conditions of increased LV 

afterload remains unclear. The second most abundant miR in the human heart is miR-1, 

which is transcribed from bicistronic units along with the other members of the miR-133 

family (miR-133a, miR-133b and miR-206) [100]. miR-1 has an inhibitory effect on cardiac 

hypertrophy that is mediated by targeting of the calcineurin/NFAT [101] and insulin-like 

growth factor (IGF)-1 signaling pathways [102].

Other miRs can contribute to vascular contributions to hypertension as well as cardiac 

remodeling in response to hypertension. For example, miR-21 is upregulated in vascular 

neointimal lesions, post-myocardial infarction tissues and hypertrophic hearts [103–108]. 

Studies have shown that miR-21 has an important role in regulating vascular neointimal 

lesion formation by promoting proliferation and reducing apoptosis of VSMCs [109]. In 

addition, miR-21 promotes cardiac remodeling by influencing the extracellular signal-

regulated kinase/mitogen-activated protein kinase (ERK/MAPK) pathway in cardiac 

fibroblasts [108], although the contribution of this pathway is not essential because 

inhibition or deletion of miR-21 does not completely attenuate stress-dependent cardiac 

remodeling [110]. Interestingly, miR-21 appears to promote the viability of cardiomyocytes 

by regulating programmed cell death protein 4 (PDCD4) [109]. These cell-type differential 
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effects could help explain the seeming inconsistencies relating to miR-21 function in cardiac 

remodeling: while miR-21 promotes fibroblast-mediated remodeling of the heart in response 

to cardiac stress and presumed increased cell death it also prevents cardiomyocyte cell 

death, thus altering the dynamics of the remodeling process.

Cardiomyopathies

Cardiomyopathies, or disorders of the myocardial component of the heart, can be either 

primary (idiopathic) or secondary to ischemia or myocardial infarction. In addition, they can 

be described on the basis of structural remodeling that occurs as part of the progression to 

HF, including ventricular dilation and hypertrophy.

DNA methylation—Two studies have recently described DNA methylation patterns in 

hearts from patients undergoing cardiac transplantation for primary or secondary 

cardiomyopathies [111,112]. Genomic profiling of DNA methylation in end-stage failing 

hearts from patients with primary or secondary cardiomyopathies revealed significant 

hypomethylation at promoter regions and hypermethylation at gene body regions compared 

with control hearts. Notably, no differences were found in intergenic regions, including 

enhancer regions [112]. In a second study, Haas et al. identified differential methylation in 

pathways related to cardiac disease, as well as differential methylation of several key genes, 

in hearts from patients with primary cardiomyopathy compared with hearts from control 

individuals [111].

Histone modifications—Histone acetylation and methylation have also been investigated 

in the context of cardiomyopathies. In particular, studies on the effects of deletion of 

histone-modifying enzymes have yielded insight into the roles of these epigenetic marks in 

preventing cardiomyopathies. For instance, deletion of HDAC1, 2 or [s7]3 each resulted in 

dilated cardiomyopathy [61,62]. Similarly, deletion of histone methyltransferase DOT1L 

causes dilated cardiomyopathy and systolic dysfunction in humans through reduced 

dystrophin transcription. Furthermore, restoration of dystrophin transcription via 

adenovirus-mediated expression alleviates the effects of DOT1L deletion [113].

miR-mediated regulation—A study of genetic polymorphisms in pre-miRs (hsa-

miR-196a2, hsa-miR-499 and hsa-miR-146a) found that polymorphisms in hsa-miR-196a2 

and hsa-miR-499 were associated with an increased risk of dilated cardiomyopathy [114]. 

Studies by Matkovich et al. later reported that miR-499 expression is elevated in human and 

murine cardiac hypertrophy and cardiomyopathy, and that induction of miR-499 expression 

results in HF and promotes cardiac remodeling in a pressure-overloaded animal model 

[115]. miR-146a has recently been linked to peripartum cardiomyopathy, acting as an 

essential mediator of 16 kDa N-terminal prolactin fragment (16KPRL)-driven suppression 

of NRAS signaling in endothelial cells. In addition, miR-146a can be delivered to 

cardiomyocyte cells through endothelial-cell-derived exosomes, resulting in impaired 

metabolism of the recipient cardiomyocyte cell. Interestingly, this study found that 

miR-146a is elevated in the plasma of patients with peripartum cardiomyopathy, but not 

patients with dilated cardiomyopathy [116]. Studies from patients with dilated 

cardiomyopathy have revealed that miRs can be used as clinical diagnostic and prognostic 
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indicators [117]. It has been demonstrated that miR-208 is a predictor of progression to HF 

and cardiac death [118]. At the cellular level, miR-208 is thought to regulate the expression 

of β[s8]-MHC, raising the possibility that miR-208 might promote the reactivation of the 

fetal cardiac gene profile [105,118]. Overexpression of miR-208 has been shown to induce 

cardiac hypertrophy and fibrosis in response to pressure-overload stress [105,118], 

suggesting it might have multidimensional roles in the progression of cardiomyopathy to 

HF.

Arrhythmia

Because the conduction of the heart depends on the propagation of the electrical signal 

through and between cells, proper structural integrity and ion channel function are essential. 

Thus, arrhythmias can be caused by disruption of the cardiac conduction system by 

structural changes (fibrosis) or ion channel dysfunction [119].

In addition to its roles in the development and potential utility in diagnosis of dilated 

cardiomyopathy, miR-208 can also influence vulnerability to cardiac arrhythmias. miR-208a 

is required for connexin-40 expression, because miR-208a knockout mice expressed 

significantly reduced levels of the gap junction protein, resulting in abnormal electrical 

activation of atrial contraction. Indeed, electrocardiograms from miR-208a–null mice lack P 

waves preceding QRS complexes, indicating that these mice experience atrial fibrillation 

[120]. Reports that miR-328 targets cardiac L-type calcium channel subunits α-1c and β-1 

also implicated miR-328 in contributing to vulnerability to atrial fibrillation. This was 

confirmed by studies that overexpressed miR-328 in dogs and mice, inducing atrial 

fibrillation, and by antagomir-mediated reversal of this atrial fibrillation vulnerability 

[120,121]. See [119] for an extensive review of other miRs (including miR-1, miR-133 and 

miR-212) contributions to cardiac arrhythmias.

Atherosclerosis and coronary artery disease

Atherosclerosis, or vascular inflammation, is a chronic disease process that occurs when 

vascular endothelial cell homeostasis is disrupted (termed endothelial dysfunction) and 

lipids accumulate within blood vessels, leading to immune-cell-mediated fatty plaque 

formation [122]. VSMCs also participate in the process of plaque formation by undergoing 

phenotypic modulation from contractile cells to secretory/proliferative cells responsible for 

production of extracellular matrix and proinflammatory cytokines. These plaques can occur 

anywhere in the systemic vasculature and are the primary cause of coronary artery disease 

(CAD). CAD, in turn, is a major contributor to myocardial ischemia and HF.

DNA methylation—Global DNA methylation is reduced in peripheral blood cells of 

patients with atherosclerosis [123]. It is also reduced in VSMCs from atherosclerotic lesions 

and during VSMC phenotypic modulation [124]. However, increased DNA methylation of 

the promoter region of the atheroprotective estrogen receptor (ER)-α gene, resulting in ER-α 

silencing, has been observed in VSMC phenotypic modulation [125]. Thus, whereas global 

DNA methylation is often indicative of disease state, differential DNA methylation patterns 

occur at gene-specific regions. Regarding CAD, a study by Baccarelli et al. in 2010 reported 

reduced DNA methylation of long interspersed nucleotide element-1 (LINE-1) repetitive 
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elements in peripheral blood cells of patients with ischemic heart disease. Furthermore, 

lower LINE-1 methylation levels correlated with increased risk for ischemic heart disease, 

stroke and overall mortality [126].

Histone modifications—Growing evidence suggests that histone acetylation is correlated 

to vascular inflammation. Multiple studies have shown that HDAC inhibitors reduce 

proinflammatory cytokine levels in vivo, including interleukin (IL)-1β , tumor necrosis 

factor (TNF)-α and IL-6 [127,128]. In addition, various studies have undertaken to address 

the role of histone modifications in VSMC phenotypic modulation and proliferation in 

response to these cytokines, as reviewed in [129]. Furthermore, histone modifications have 

been implicated in endothelial cell function and dysfunction, particularly in the regulation of 

endothelial nitric oxide synthase (eNOS). Histone acetylation of H3 and H4 as well as 

methylation of H3 at NOS3, the gene encoding eNOS, promoter regions in endothelial cells 

results in activation of the gene [130]. However, in VSMCs, which do not normally express 

eNOS, these activating epigenetic marks are missing [130]. However, under hypoxic 

conditions, endothelial dysfunction ensues as a result of a loss of activating histone marks at 

the NOS3 promoter region, resulting in a decline in eNOS production [131]. Thus, histone 

modifications govern multiple aspects of atherogenesis, including inflammation, VSMC 

phenotypic modulation and endothelial dysfunction.

miR-mediated regulation—Several miRs have been reported to be involved in the 

development or control of atherosclerosis. miRs can also be useful in diagnosing CAD, 

perhaps even facilitating the identification of nonclassically-presenting (atypical) CAD 

[132]. miR-126 is one of the most highly expressed miRs in endothelial cells [133]. It is 

thought to have an atheroprotective role in the vasculature by targeting vascular endothelial 

growth factor (VEGF) signaling [134]. miR-181b has also been shown to oppose the 

progression of atherosclerosis, but this miR does so by inhibiting nuclear factor (NF)-κB 

activity. NF-κB is a pivotal transcription factor responsible for regulating many 

proinflammatory cytokines and adhesion molecules across diverse cell types. miR-181b has 

been reported to inhibit NF-κB nuclear translocation in endothelial cells, resulting in 

decreased expression of vascular cell adhesion molecule (VCAM)-1 and E-selectin [135]. 

Similarly, miR-10a negatively regulates NF-κB activation in endothelial cells by attenuating 

the MAP3K7 and TAK1-mediated disinhibition of NF-κB [136]. The role of miR-155 in 

atherosclerosis is less clear. miR-155 has been regulated [s9]by the transcription factor Ets1 

in endothelial cells, resulting in reduced proinflammatory signaling molecules such as 

VCAM-1 and MCP [137]. The antiatherogenic roles of miR-155 are highlighted by the 

finding that peripheral blood miR-155 levels are lower in patients with CAD than their 

healthy counterparts [138]. However, atherogenic roles for miR-155 have also been 

described, including upregulation of chemokines, reduction of anti-inflammatory T 

regulatory cells and enhanced helper T cell type 1 (TH1) cell response [139]. Other miRs 

also appear to promote atherogenesis, including miR-33, which promotes dyslipidemia by 

impairing cholesterol efflux by targeting ATP-binding cassette (ABC) transporters [140]. 

Inhibition of miR-33 reverses atherosclerotic progression [141].

Martinez et al. Page 14

Drug Discov Today. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Therapeutic implications: targeting epigenetic mechanisms to treat 

cardiovascular disease

DNA methylation

DNA methylation inhibitor 5-azaC has shown significant benefits in the treatment of 

hematological diseases including malignancies. In cardiovascular research, 5-azaC has 

received increased attention as a result of findings that reported the DNA methylation 

inhibitor promotes the differentiation of cardiomyocytes from mesenchymal stem cells 

[142–144], although at low frequencies [145]. However, the potential benefits of 5-azaC in 

cardiac regeneration studies are limited by toxicity, including myeloid suppression and 

induction of cardiomyocyte cell death. Interestingly zebularine, another cytidine analog, has 

less toxicity compared with 5-azaC, making it a promising candidate for studies on 

cardiomyocyte differentiation from ESCs. Indeed, elegant work by Horrillo et al. has 

recently demonstrated that zebularine promotes cardiomyocyte differentiation from ESCs 

with increased expression of cardiac-specific genes [146]. It remains to be determined 

whether these findings will translate into advances in the development of stem-cell-based 

therapy for degenerative cardiac diseases.

Histone modifications

Most of the work done on the therapeutic potential of histone modifiers in cardiovascular 

disease has focused on HDAC inhibitors. These inhibitors include the commonly used 

antiepilepsy drug valproic acid (an HDAC6 and HDAC8 inhibitor), the small molecule 

MPT0E014 (HDAC1, 2 and 6 inhibitor) and HDAC class I and II inhibitors TSA and 

suberoylanilide[s10] hydroxamic acid (SAHA). These agents have been found to reduce 

fibrosis and cardiac remodeling in preclinical models of HF, although their mechanisms are 

not clear [147,148]. In addition, curcumin, a turmeric derivative, exerts antifibrotic and 

antihypertrophic effects by inhibiting HDAC1, 3 and 8 and suppressing p300 activity, 

respectively [147].

miR-mediated regulation

Although there is growing evidence of miR expression alterations correlating to 

cardiovascular diseases [149], several miRs have emerged as potential therapeutic targets. 

For example, miR-15 inhibition improves cardiac function in animal models of HF by 

reducing infarct size, fibrosis and remodeling [149]. Also, inhibition of miR-208a has been 

shown to improve survival and cardiac function in a hypertension-induced HF rat model 

[150]. In addition, other miRs have been shown to slow or inhibit cellular processes 

contributing to disease, such as cardiomyocyte apoptosis and fibroblast activation [151]. 

Future work must be conducted to evaluate the effects of targeting and/or introducing miRs 

on the functional outcome of cardiovascular diseases.

Concluding remarks

Epigenetic mechanisms of gene regulation represent a breakthrough in modern science and, 

in our understanding of intra- and inter-cellular processes, contribute to normal development 

as well in most, if not all, diseases. These mechanisms offer novel perspectives on 
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approaches to therapy for diseases ranging from developmental defects to aging processes to 

cancer. In this review, we have addressed key roles of DNA methylation, histone acetylation 

and methylation, and miR-mediated regulation in heart development and disease in an 

attempt to introduce the reader to the most recent work in this field as well as pivotal 

findings that continue to cultivate further progress in the prevention and treatment of 

cardiovascular disease.
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Highlights

• Epigenetic mechanisms influence gene expression at key cardiac developmental 

stages and during major cellular events

• Epigenetic mechanisms can directly contribute to the development of 

cardiovascular diseases

• Epigenetic mechanisms represent novel and promising targets for therapeutic 

development in the treatment of cardiovascular diseases
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Figure 1. The roles of major epigenetic mechanisms in key stages of heart development
Cardiac progenitors derived from lateral plate mesoderm migrate to the cardiogenic region 

to form the cardiac crescent and later the primitive heart tube. Cardiac looping ensures 

proper orientation of the future atria, ventricles and outflow tract. Finally, development of 

the conduction and valvular systems, as well as septation of atria, ventricles and outflow 

tract, results in the four-chambered heart. Cardiomyocyte terminal differentiation, which 

occurs well after the formation of the four-chambered heart, determines final cardiac 

contractile endowment. Epigenetic regulatory mechanisms have been described in all stages 

of heart development. miRs have been shown to regulate cellular differentiation processes in 

early heart development (miR-1 and miR-499) as well as cardiomyocyte proliferation and 

terminal differentiation (miR-133). Histone modifications regulate right ventricle 

development (SMYD1) as well as cardiac septation (Jumonji and LSD-1) and 

cardiomyocyte function and proliferation (HDACs 1–3). DNA methylation also contributes 

to outflow tract septation[s14] and cardiomyocyte proliferation and terminal differentiation. 

Abbreviations: HMT, histone methyltransferases; DNAme, DNA methylation; HDM, 

histone demethylases; HDAC, histone deacetylases; LSD-1, lysine-specific demethylase; 

miR, micro-RNA.
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Figure 2. Epigenetic mechanisms in cardiovascular diseases contributing to heart failure
Regardless of anatomical location, epigenetic mechanisms are emerging as crucial 

orchestrators of cardiovascular diseases, including previously idiopathic diseases such as 

essential hypertension or certain cardiomyopathies. (a) Epigenetic mechanisms associated 

with hypertension and arrhythmias. Differential DNA methylation or expression of miRs 

detectable in the peripheral blood of patients suffering from left ventricular afterload or 

conduction disorders can aid in the early detection and diagnosis of disease. In addition, 

identifying epigenetic mechanisms that contribute to hypertension or arrhythmias (such as 

methylation of histone H3 or miR-328) or have protective effects (miR-133, miR-1, 

miR-208a) could aid in the development of therapies for these diseases. (b) Epigenetic 

mechanisms associated with coronary artery disease and cardiomyopathies. Epigenetic 

mechanisms can have prognostic value (such as methylation of LINE repetitive elements) or 
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potentially protective effects (H3 acetylation/methylation or H4 acetylation) in coronary 

artery disease. In addition, DNA methylation and miR expression can serve as diagnostic 

and prognostic tools for cardiomyopathies.
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