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Abstract

Genome-wide association studies (GWAS) have become a powerful tool in the identification of 

disease-associated variants. Unfortunately, many of these studies have found that the estimated 

variability in cardiovascular disease risk cannot be fully explained by traditional paradigms of 

genetic variation in protein coding genes. Moreover, traditional views do not sufficiently explain 

the well-known link between cardiovascular disease and environmental influence. We posit that 

epigenetics, defined as chromatin-based mechanisms important in the regulation of gene 

expression that do not involve changes in the DNA sequence per se, represents the missing link. 

The nuclear-based mechanisms that contribute to epigenetic gene regulation can be broadly 

separated into three unique but highly interrelated processes: DNA methylation and 

hydroxymethylation; histone density and post-translational modifications; and RNA-based 

mechanisms. Together they complement the cis/trans perspective on transcriptional control 

paradigms in blood vessels. Moreover, it provides a molecular basis for understanding how the 

environment impacts the genome to modify cardiovascular disease risk over the lifetime of a cell 

and its offspring. This review provides an introduction to epigenetic function and cardiovascular 

disease, with a focus on endothelial cell biology. Additionally, we highlight emerging concepts on 

epigenetic gene regulation that are highly relevant to atherosclerosis and coronary artery disease.
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Introduction

According to a report by the American Health Association, in 2009, 1 in 3 deaths in the 

United States of America (USA) was attributed to cardiovascular disease (CVD), which 

translates to 1 death every 40 seconds[1]. CVD as a whole is estimated to cost the USA 

$312.4 billion that year, an amount that exceeded costs of any other disease group. 

Moreover, this burden is expected to worsen due to an aging population and a shift in 

environmental risk factors in developing and third-world populations toward diets with 

higher sodium and fat content. Unique regions of the human vasculature affected include the 

coronary arteries, carotid arteries, and the peripheral arterial network[2]. In particular, 

coronary artery disease (CAD), which disrupts oxygen-rich blood flow to the heart, is the 

most common type of heart disease and is the most common cause of death in both men and 

women in the US. Based on 2009 USA statistics, CAD alone accounts for approximately 1 

out of every 6 deaths, which projects to an estimated 386,000 deaths due to CAD [1].

CAD manifests from the progressive narrowing and either acute or chronic occlusion of 

blood vessels due to the gradual process of plaque formation, a process known as 

atherosclerosis[2]. As a result, stenosis of the vessel or thrombosis can occur and lead to 

angina pectoris and/or myocardial infarction (MI). Atherosclerosis is a complex 

inflammatory disease with well-defined genetic determinants as well as environmental risk 

factors supported by discordance between monozygotic twins, sexual dimorphism, parent-

of-origin dependent clinical differences, and a relatively late age of onset of disease 

manifestation[3]. The environmental factors likely influence progressive stages of 

atherosclerotic plaque formation through their interaction with the endothelium, the 

innermost lining of the vasculature system, causing endothelial dysfunction. Endothelial cell 

(EC) “dysfunction” represents a net liability to the host through the disruption of its 

homeostatic functions including vasomotor tone, leukocyte trafficking, and hemostasis[4]. 

Typically, endothelial dysfunction and lesion initiation is thought to be triggered by risks 

factors such as elevated blood pressure, diabetes, dyslipidemia, and smoking. Although 

these risk factors affect the circulatory system in a systemic manner, the development of 

lesions displays a focal distribution[5]. This pattern is not arbitrary as numerous studies have 

identified a role for hemodynamics in promoting atherosclerosis, particularly in CAD 

patients[6]. Investigating both the genetic and environmental basis of CAD will allow us to 

design new and more effective therapeutic strategies.

Heritability vs. Environment – Implications for Future Generations

Our knowledge of CAD has evolved in parallel with advances in our understanding of 

atherosclerosis as a whole. Atherosclerotic disease of the carotid and peripheral vasculature 

system share common determinants. Traditional risk factors that increase the risk of CAD 

are well established and include hypertension, dyslipidemia, and diabetes. It is still unclear, 

however, the molecular mechanisms that promote CAD in individuals affected by these 

environmental factors. Surprisingly, these environmental changes can have transgenerational 

effects. Furthermore, numerous studies have revealed a genetic predisposition for CAD, in 

particular twin studies that suggest a heritable component for the disease[7]. However, 

studies have revealed that approximately 8–13% of the estimated CAD heritability is 
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attributed to genetic variation alone[8]. We argue that the impact of gene-environment 

interactions have been underestimated and that the heritable component of CAD is not fully 

defined, but these challenges can potentially be resolved by applying the epigenetic theory 

of complex, non-Mendelian diseases.

The implementation of classical twin studies has proved to be a valuable tool in assessing 

the genetic contribution in many diseases, including CAD[7, 9]. The fundamental principle 

of these studies is that monozygotic twins (MZ) are nearly genetically identical, whereas 

dizygotic twins (DZ) only share approximately 50% of their genome. Therefore, if the 

concordance rate for a trait/disease is greater in MZ twins compared to DZ twins, a genetic 

component can be hypothesized for the disease phenotype. A 1994 study on 10,502 Swedish 

twin pairs revealed a genetic component in CAD as the mortality of a co-twin led to 

doubling of the relative hazard for death by CAD in MZ twins relative to DZ twins[7]. 

Similarly, a separate study on Danish twins also observed a strong genetic influence on 

mortality caused by CAD[10]. With respect to CAD, heritability of frailty (or liability to 

death) was found to be 0.55 and 0.53 for males and females, respectively. Although a 

genetic component is apparent, there was considerable discordance among MZ twins for 

death due to CAD. How can this discordance for CAD within MZ twin pairs be explained? 

Here we argue that gene-environment interactions are also important. Surprisingly, our 

understanding of the mechanistic links between environmental risk factors and CAD is 

poorly understood[9].

The application of genome-wide association studies (GWAS) has further expanded what we 

know about the role for genetics in the development of CAD. The ultimate purpose of these 

studies is to evaluate the association between genomic variation and phenotypic variation in 

a disease population, by identifying single-nucleotide polymorphisms (SNPs) or single-

nucleotide variants (SNVs) that are correlated with the disease[11]. Although GWAS are 

powerful tools for exploring the genetic architecture of non-Mendelian diseases in an 

unbiased manner, they do have some limitations. They are dependent on the “common 

disease, common variant” hypothesis which postulates that common diseases are attributable 

to common risk variants found within at least 1–5% of the total population[11]. However, 

for most common human diseases or complex traits, susceptibility risk variants only account 

for a modest increase in risk (1–1.5 fold) and explain only a small proportion of the 

estimated variability. For example, Maremberg et al. demonstrated that 30–60% of inter-

individual variability for CAD risk is attributable to genetic factors[7]. What accounts for 

this “missing heritability” in GWASs of complex diseases, such as CAD? We argue that 

epigenetic theory provides an alternative paradigm that accounts for, at least in part, the 

missing heritability of complex diseases. Interestingly, using a method designed to identify 

genomic susceptibility loci has instead identified epigenetic effectors as the major 

determinants of CAD liability. In 2007, multiple research groups identified a genomic 

susceptibility locus for CVD heritability within the intergenic non-coding region of 

chromosome 9p21 (Ch9p21)(reviewed in [12, 13]). This locus contains a long non-coding 

RNA (lncRNA), referred to as ANRIL (further discussed below), and is the most replicated 

marker of CAD & MI, independent from most traditional risk factors and its expression is 
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correlated with atherosclerotic lesions[14]. The finding that a long noncoding RNA may be 

relevant to CAD pathogenesis was surprising.

The evolving study of transgenerational epigenetics addresses the capacity of an offspring’s 

epigenetic profile to be influenced by environmental factors from preceding generations 

(Figure 1)[15]. Epigenetics is defined as chromatin-based mechanisms important in the 

regulation of gene expression that do not involve changes in the DNA sequence per se [3]. 

Epigenetic processes are known to be triggered by changes in the environment, allowing 

cells to rapidly adapt to their dynamic surroundings. These modifications can persist in 

subsequent generations and contribute to disease risk in individuals[15]. Additionally, gene 

imprinting refers to chromatin-based mechanisms that regulate the monoallelic expression of 

either the paternal or maternal gene in parent-of-origin fashion. There is evidence that 

transgenerational diseases can disrupt genomic imprinting and subsequently enhance risk for 

disease in future generations. The Dutch Hunger Winter Famine of 1944–45 is a prominent 

example of the influence of transgenerational epigenetics and gene imprinting on disease 

risk inheritance[16]. In offspring of mothers who were malnourished during this period, 

whole blood extracts were found to display reduced DNA methylation at the maternal 

insulin-like growth factor 2 (IGF2) gene. Interestingly, the offspring of these affected 

individuals developed CAD earlier than healthy subjects[17]. This evidence suggests that 

environmental factors from previous generations can confer susceptibility for diseases in the 

present day, perhaps through epigenetic mechanisms that are passed on through meiosis.

In conclusion, these three perspectives on CAD – discordance of MZ twins for CAD, 

missing heritability in GWASs, and transgenerational effects of the environment – 

demonstrate the limitations of using traditional disease models to understand the risk factors 

for CAD.

Gene Expression in Vascular Endothelium – The influence of environment, 

specifically hemodynamics, on EC phenotype

Epigenetics is an alternative perspective that may enable us to fully understand the genetic 

and environmental basis of CAD. Our present environment is abundant in risk factors that 

influence vascular health and disease and can initiate CVD in general, and CAD specifically. 

Within the context of CAD, the endothelium is a key intermediary between environmental 

stimuli and the progression of atherosclerosis. Due to their location along the blood vessel 

wall, ECs are constantly exposed to circulating humoural factors, blood cellular constituents, 

other vessel wall types and the physical forces of the circulation[18]. Endothelial cells are 

able to sense and respond to these distinct stimuli rapidly and respond accordingly to 

maintain vascular homeostasis and hemostasis. A good example is the ability of EC to 

release vasoconstrictors and vasodilators that control local vasomotor tone[19]. The 

development of atherosclerosis typically begins with the onset of inflammation due to a 

range of risk factors, such as elevated levels of low-density lipoprotein (LDL) cholesterol, 

high glucose, or smoking[5]. Chronic exposure to these environmental factors can result in 

“endothelial dysfunction” which is primarily characterized by a reduction in endothelial 

nitric oxide synthase (eNOS, NOS3) expression (further discussed below) and the 

bioavailability of nitric oxide (NO). Given NO’s anti-inflammatory and anti-atherosclerotic 
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properties, its reduction can exacerbate the inflammatory response which sets the stage for 

atherosclerosis[5]. Furthermore, endothelial dysfunction is associated with changes in other 

important genes which contribute to a pro-atherosclerotic phenotype. For example, there is a 

downregulation of several genes associated with “atheroprotection” including Kruppel-like 

factor 2 (KLF2), as well as the upregulation of genes that are pro-inflammatory such as 

endothelin-1[20, 21].

Although common risk factors for CAD, such as diabetes or smoking, affect the entire 

vasculature, there is compelling evidence in human and animal models that atherosclerotic 

lesions display a site-specific distribution[5]. This unexpected observation appears to be due 

to changes in the physical forces of the blood circulation, or “hemodynamics”. The 

endothelium is exposed to different forms of hemodynamic forces, but most attention has 

been on the influence of shear rate and shear stress on EC biology (Figure 2). The movement 

of blood can be modeled as a series of concentric layers called laminae. Shear rate 

(expressed as sec-1) is defined as the rate at which adjacent layers of fluid move with respect 

to each other[22]. On the other hand, shear stress (expressed as dynes/cm2) is the tangential 

frictional force per area generated at the surface of the endothelium by blood flow. With the 

assumption that blood is a Newtonian fluid, shear stress is dependent on the level of shear 

rate and viscosity of the fluid[21]. The relationship between hemodynamics and site 

propensity of atherosclerosis is centered on two unique patterns of arterial blood flow – 

atheroprotective and atheroprone flow – both of which have been modeled in vitro [20, 23]. 

Atheroprotective flow typically occurs in straight segments of the arterial network (e.g. 

descending thoracic aorta), where blood flow is laminar and associated with physiological 

levels of shear rate and shear stress. In contrast, atheroprone flow is characterized by 

turbulent flow that occurs at geometrical irregularities, such as bifurcations or curvatures 

(e.g. lesser curvature of aortic arch), resulting in flow reversal and low levels of shear rate/

stress. Importantly, human coronary arteries are known to experience atheroprone flow[23]. 

These distinct types of flow have a significant impact on EC gene expression and phenotype, 

and most importantly, inflammation. In response to low shear stress and/or oscillatory flow, 

ECs exhibit a dysfunctional phenotype [20]. There is a lack of understanding in how ECs 

respond and adapt to changes in environmental conditions, in particular the changes in blood 

flow, and we believe that the remarkable plasticity of ECs can be attributed to epigenetic 

mechanisms.

Epigenetics: Basic Mechanisms and the Endothelium

The haploid human genome is made up of approximately 3.3 billion DNA base pairs. Size 

variation reflects interindividual differences in copy number variation and sex-specific 

differences (i.e. x versus y chromosome length). Given the size of an individual base pair, 

the DNA strand from a single cell would span approximately two meters in length. The 

compaction of genomic DNA into the eukaryotic cell nucleus is a marvelous example of the 

packing of DNA into a DNA-protein complex referred to as chromatin. The human 

nucleosome, 146 bp of DNA wrapped around an octamer of core histone proteins, is 

composed of two molecules each of H2A, H2B, H3, and H4. Adjacent nucleosomes are 

linked by short stretches of linker DNA and the less conserved histone H1. The epigenetic 

theory constitutes the molecular effectors that regulate the structure and accessibility of 
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chromatin without changing the underlying A-C-G-T genetic code per se. They constitute a 

highly integrated and evolutionarily conserved system for regulated gene expression (Figure 

3) and will be individually elaborated in the following sections.

DNA methylation/hydroxymethylation

DNA methylation refers to the covalent modification of the 5-position of cytosine to 

generate 5-methylcytosine (5mC), commonly referred to as the “fifth base of DNA”[24]. 

The understanding of the establishment and function of DNA methylation has increased 

since its initial discovery in mammals by Hotchkiss in 1948[25]. Early work found that 5-

methylcytosine continues to base pair with guanine, is passed on semi-conservatively with 

DNA replication, and highly restricted to CpG dinucleotides in mammals. Although 

evolution of the mammalian genome has left it relatively CpG depleted due to spontaneous 

deamination of the methylated cytosine to thymine, the genome does contain regions that are 

not CpG depleted[26]. These are referred to as CpG islands. DNA methylation is 

traditionally viewed as a repressive mark associated with inhibition of transcriptional 

initiation when found adjacent to promoters. It is therefore important in silencing many 

developmental elements involved in genomic imprinting, X chromosome inactivation, 

mammalian embryogenesis and cellular differentiation. It also serves as a protective 

mechanism to silence repetitive DNA elements, which make up 25–40% of mammalian 

genomes, depending on how one defines “repetitive”. In general DNA methylation is a 

relatively stable covalent DNA modification[24].

In mammals, the DNA methyltransferase (DNMT) family of enzymes catalyze the addition 

of a methyl group from S-adenosyl methionine to the 5-position of cytosine. The ability of 

5-methylcytosine to be propagated throughout mitotic divisions is due to the maintenance 

methyltransferase, DNMT1[27]. DNMT1 shows preferentially binding to hemimethylated 

DNA, typically at the DNA replication fork, and methylates the complementary cytosine. 

Notably, DNMT1 has been shown to be relatively inefficient at maintaining the methylation 

of CpG, especially in CpG dense regions. In order to establish new methylation profiles after 

replication, the other two family members, DNMT3A and DNMT3B, are recruited to de 

novo methylate CpGs. They are thought to exert their main function in establishing 

methylation patterns on unmethylated DNA during embryogenesis and early 

development[27]. Although a stable mark, removal of DNA methyl groups can occur, 

especially during development. Passive DNA demethylation can occur in primordial germ 

cells and pre-implantation embryos, where a reduction in DNMT activity may be 

observed[28]. An area of more active research is on the site-specific removal of cytosine 

methylation, termed active DNA demethylation. This has been noted when DNA 

methylation levels change quickly, sometimes within hours. These are DNA replication-

independent cellular responses[29]. Active DNA demethylation has been proposed to occur 

through several pathways, but the most exciting is the recent discovery of the oxidative 

formation of 5-hydroxymethylcytosine, now known as the “sixth base of DNA”[30]. The 

ten-eleven translocation (TET) enzyme family (TET1, TET2 and TET3) act on 5-

methylcytosine to form 5-hydroxymethylation with the subsequent oxidative products 5-

formylcytosine or 5-carboxycytosine being produced[31]. The TET family may work in 

conjunction with the family of base excision repair glycosylases, to regenerate the initial 
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cytosine residue[32]. The function of 5-hydroxymethylcytosine is currently under active 

study as it was initially thought to be an intermediate in demethylation. However, 

accumulation in various cell types and its specific recognition by protein complexes may 

indicate that it also serves a purpose in gene regulation[33].

How does DNA methylation affect gene expression? In general, it is a repressive 

transcriptional mark. DNA methylation participates in gene repression currently via three 

distinct mechanisms. First, the presence of the methyl group is thought to directly inhibit 

DNA binding of some transcription factors such as CTCF, c-Myc, and HIF-1α[24]. 

Although seemingly important, few transcription factors have been identified to be affected 

by DNA methylation therefore, this remains an area for future focus. Second, the methyl 

group can also influence other aspects of epigenetic pathways, namely histone 

modifications. Recent evidence suggests that DNA methylation inhibits the formation of the 

activating histone 3 lysine 4 (H3K4) di- and tri-methyl marks. Lastly, methyl binding 

proteins (MBP) can bind specifically to methylated CpGs. The recruitment of these proteins 

is directly mediated by the presence of DNA methylation. Although the mechanism of 

repression is not fully understood, the members of this family (MBD1, MBD2, MBD3, 

MeCP2 and Kaiso) are thought to bind repressor proteins and histone deacetylases which 

mediate inactive chromatin signatures[24, 34]. Methylation is a stable repressive mark and 

shows semi-conservation with DNA replication, important for disease heritability in both 

parent and offspring.

Histone post-translational modifications

The second layer of epigenetic gene regulation resides in the histone proteins around which 

the DNA double helix is wound. These evolutionarily conserved proteins are comprised of a 

globular domain and histone tails. In particular the amino termini histone tails, provide a 

robust platform for a myriad of post-translational modifications that can inform gene 

expression[35]. To date, more than one hundred distinct modification sites have been 

characterized [36] Examples of well studied histone post-translational modifications include 

lysine acetylation and lysine methylation, among others (Table 1)[35]. Many of these marks 

are mutually exclusive for any given histone amino acid residue. For example, histone 3 

lysine 9 (H3K9) can either be acetylated or methylated, but not both.

Histone post-translational modifications are postulated to regulate gene expression through 

two broad mechanisms. First, histone post-translational modifications can alter the physical 

structure of chromatin and its accessibility to DNA-binding proteins, such as transcriptional 

regulators[37]. For example, the higher-order compaction of chromatin is prevented by 

histone lysine acetylation, whereby acetyl groups neutralize the basic charge of lysine 

residues making chromatin more open and accessible to DNA-binding proteins[37]. More 

important than the direct physical effect on the structure of chromatin, perhaps, is the 

regulatory information contained within the specific combinations of histone marks. The 

“histone code hypothesis” provides the mechanistic concept that a given combination of 

modifications is “read” by a combination-specific protein or protein complex to effectuate a 

specific gene expression outcome[38]. Given the myriad of histone modifications, there are 
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many permutations therefore deciphering the histone code remains a daunting, yet top 

priority for the epigenetics research community.

A series of histone code “readers”, “writers” and “erasers” are known[35]. Each 

modification is catalyzed by an increasingly well-characterized group of “writers” that can 

then be interpreted by a distinct group of “readers” [3, 35]. In mammalian cells, lysine 

acetylation is catalyzed by three families of histone acetyltransferases (HATs). Indeed, the 

demonstration that classical transcriptional coactivators possess intrinsic HAT activity 

helped to establish histone lysine acetylation as a permissive, epigenetic mark strongly 

correlated with transcriptional activation[35]. The removal of histone lysine acetylation is 

accomplished by four families of histone deacetylases (HDAC classes I-IV) or “erasers”. 

Experimentally, these families of HDACs are further categorized by their sensitivity to 

inhibition by the pharmacological agent, trichostatin A (TSA). Class I and II HDACs are 

TSA-sensitive, while class III and IV HDACs are TSA-insensitive. Importantly, HDAC 

inhibitors have found early clinical utility in the treatment of various cancers, 

neurodegenerative disease and inflammation [39]. Interestingly, HATs and HDACs 

demonstrate poor specificity for individual lysine residues and are recruited to target 

promoters in large, multiprotein complexes through a group of acetyl-lysine “readers” that 

contain a bromodomain[35].

Recent studies on histone lysine methylation underscore the tremendous complexity of 

epigenetic gene regulation. Unlike histone lysine acetylation, the downstream effects of 

lysine methylation on gene expression are residue-specific and context-dependent[3, 35, 37]. 

For example, histone H3 lysine 4 (H3K4) is strongly associated with transcriptional 

activation, while histone H3 lysine 9 (H3K9) is a classical stable repressive mark associated 

with heterochromatin formation and transcriptional silencing. Once again, these epigenetic 

modifications are controlled by distinct groups of “readers”, “writers” and “erasers”. Lysine 

methylation biology is even more finessed. An individual histone lysine residue can be 

mono-, di-, or trimethylated with profoundly distinct effects on mammalian gene expression. 

The functional relevance of these nuanced modifications is supported by their differential 

localization in the genome; for example, it has been suggested that H3K4 monomethylation 

preferentially localizes to enhancers and H3K4 trimethylation to active promoters.[3, 40].

In addition to considerable complexity of histone post-translational modifications, important 

roles for nucleosome density, ATP-dependent chromatin remodeling, and the regulated, 

replication-independent incorporation of histone variants in the control of mammalian gene 

expression have been noted[40, 41]. These additional layers of epigenetic control provide 

further complexity and sophisticating the highly responsive system superimposed on the 

static genetic code. Altogether, tremendous strides have been made in understanding the 

impact of specific histone post-translational and density modifications in the control of 

mammalian gene expression.

Epigenetic Model - eNOS

Given the role of EC dysfunction in the initiation, progression and clinical phenotype of 

atherosclerosis, investigating how gene expression is regulated in these cells and how these 

processes are perturbed in disease will provide newer insight into the pathogenesis of CAD. 
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A prominent feature of endothelial dysfunction is reduced eNOS expression in the 

neointimal coverings of advanced atheromatous plaques (Figure 4)[5, 42–44]. There are 

numerous risk factors that contribute to EC dysfunction through changes in eNOS [5, 42–

44]. Mechanistically, important transcriptional and post-transcriptional mechanisms for the 

control of eNOS mRNA levels have been identified[41, 46–48]. Although a critical 

biological process due to blood flow, hemodynamic forces at characteristic regions within 

the vasculature, such as arterial curvatures and bifurcations, also leads to differential 

expression of eNOS [5]. A decrease in eNOS activity and an increase in priming of the NF-

κB signal transduction cascade exist in mouse aortas at regions predisposed to 

atherosclerosis [5, 43].

After the cloning of the eNOS gene, the promoter was characterized and examined for 

mechanisms of endothelial cell-restricted expression [49–51]. The initial discovery of the 

role of epigenetics in eNOS gene expression came from the use of episomal eNOS 

promoter-reporter constructs. Interestingly, in vitro all cell types examined were able to 

express the construct, although the native eNOS gene was EC restricted[48]. This contrasted 

with stably integrated eNOS promoter-reporter transgenic mice that demonstrated a similar 

expression pattern to eNOS in humans[52]. Direct evidence of eNOS epigenetic regulation 

was observed in that the eNOS promoter showed DNA hypomethylation in ECs, but dense 

methylation in non-expressing cells, such as VSMC[48]. This DNA methylation was shown 

to be functionally relevant. This idea of endothelial-enriched expression due to differential 

DNA methylation was recently expanded to encompass several other important EC-enriched 

genes such as CD31, vWF and ICAM-2[53]. Further examination of the eNOS promoter 

revealed the presence of activating histone marks such as acetyl H3 and H4 and 

trimethylated H3K4, while non-EC lacked these marks[47]. The histone marks at the eNOS 

promoter can be regulated by the environment. Hypoxia, a classical cellular stress, causes a 

decrease in histone activating marks such as acetylation and H3K4 methylation under acute 

conditions, and additionally histone eviction. Under chronic hypoxia, the histone octamers 

returned to normoxic levels, but the basal activating marks were not present[41]. It is also 

worth highlighting that hypoxia upregulates the expression of an antisense eNOS gene, 

sONE (eNOS antisense, NOS3AS) that overlaps the 3′ end of the eNOS gene[54]. sONE has 

been shown to regulate eNOS levels at the post-transcriptional level[46, 54, 55]. Previous 

data have demonstrated that laminar flow induces eNOS expression through enhanced 

mRNA production, processing and stability[56]. Recent studies have also identified various 

epigenetic processes that are responsive to flow. These epigenetic change may play an active 

role in regulating eNOS expression. In response to laminar flow, there is increased 

acetylation of histones H3 and H4 at the promoter which is indicative of transcriptional 

activation[57]. Furthermore, HDACs can indirectly induce KLF2 and eNOS transcription in 

laminar shear stress[58]. Taken together, these data suggest that epigenetic mechanisms play 

a role in regulating eNOS expression in response to shear stress.

RNA-based mechanisms

The discovery of an extensive catalog of long RNA transcripts that do not code for proteins, 

termed long noncoding RNAs (lncRNAs), provides a new perspective on the importance of 

RNA in gene regulation. Long non-coding RNAs encompass the third layer of epigenetic 
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regulation. Although the field is in its infancy and the nuclear function of lncRNAs is the 

least understood epigenetic regulator, the discovery of lncRNAs has made us appreciate the 

other aspects of RNA function, mainly RNA transcription and secondary structure. 

LncRNAs can mediate activation or repression of target genes through DNA methylation 

and histone posttranslational modifications, as described above[59]. LncRNAs are 

functionally distinct from small non-coding RNAs, namely microRNAs, which primarily 

mediate posttranscriptional repression in the cytoplasm. Interestingly, unlike protein-coding 

genes, lncRNAs lack strong conservation across species, suggesting that they may be under 

rapid evolutionary divergence and key for speciation[59].

One of the earliest characterized lncRNAs is X-inactive specific transcript (XIST), which is 

involved in female X-chromosome inactivation in mammals. This lncRNA works in 

conjunction with repressive histone marks and DNA methylation to silence one of the two X 

chromosomes in female somatic cells[60]. Initially, Xist and other long non-coding RNAs 

were thought to be rare examples of this functional group of RNAs. A global and unbiased 

approach using chromatin state mapping identified unique signatures of H3K4 

trimethylation at promoters and H3K36 trimethylation, termed K4–K36 domains at actively 

transcribed genomic regions. This led to the identification of 1,600 human intergenic 

lncRNAs and has further expanded to more than 8,000 lncRNAs that may exist near or 

antisense to protein coding genes since 2007 [59, 61]. Most early work has focused on the 

functional identification of lncRNAs and their interaction with other epigenetic modifying 

machinery, but the effects of the genomic context has also become a prominent area of 

research[59, 62, 63].

Two excellent examples that encompass all the aspects of lncRNA function come from the 

HOX gene clusters. HOTAIR is expressed from the HOXC cluster on chromosome 12 in 

humans and acts in trans to regulate the expression of developmental genes in the HOXD 

locus on chromosome 2. It silences the HOXD cluster, in part, by recruiting polycomb 

repressive complex 2 (PRC2) which facilitates the addition of H3K27 trimethylation marks. 

In general, this is a labile repressive histone mark. The mechanism for how this targeting 

occurs remains unclear[62]. A second lncRNA found in the HOX gene cluster is HOTTIP, 

which is expressed at the distal tip of the HOXA locus and promotes transcription, in cis, of 

the adjacent HOXA genes. It activates these genes, in part, through its interaction with the 

histone methyltransferase MLL which mediates H3K4 trimethylation[63]. These two 

examples of lncRNAs provide good examples of lncRNAs with contrasting function, 

namely ones that act either in cis or trans to either activate or repress transcription, 

respectively. More complicated models exist, where the lncRNA overlaps or are present 

within introns of coding genes. Two notable examples exist in cardiovascular disease, 

namely, sONE and ANRIL, which will be discussed below. In general, the study of 

lncRNAs is just beginning. Their roles must be distinguished functionally from the 

biological effects of the adjacent protein coding genes.

Epigenetic Mediator - ANRIL

GWAS have identified lncRNAs that may be relevant to the genetic predisposition to CVD, 

especially ischemic stroke and CAD. This concept is important, as it was not previously 
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appreciated that long non-coding RNAs were mechanistically important in CAD. An 

excellent example, and one we discuss in detail, is ANRIL. The lncRNA Antisense Non-

coding RNA in the INK4 Locus (ANRIL, CDKN2B antisense RNA) is found within the 

INK/ARF gene cluster. It was first identified by a germ-line deletion in a melanoma-neural 

system tumor family in an unrelated discovery of the locus[64]. Only months afterward, the 

identification of several SNPs associated with a CAD risk were localized to a genomic 

region devoid of protein coding genes but in or near the ANRIL lncRNA[64–66]. One 

particular SNP (rs1333049) showed a modest effect size in heterozygotes (OR = 1.47 (95% 

CI 1.27–1.70) which was exaggerated in homozygotes (OR = 1.9 (95% CI 1.61–2.24)[64]. 

Two other SNPs in the locus were identified which exist in a cluster (rs10757274 and 

rs10757278). The former SNP is the strongest genetic predictor of early myocardial 

infarction and is not associated with established CAD risk factors such as lipoproteins or 

hypertension, making ANRIL a key candidate [66]. The latter SNP showed a modest effect 

size in myocardial infarction (OR = 1.26 (95% CI 1.16–1.36) in heterozygotes and is 

exaggerated in homozygotes (OR = 1.64 (95% CI 1.47–1.82). In CAD, rs10757278 shows a 

modest effect size (OR = 1.29 (95% CI 1.21–1.38), P=3.6×10−14)[65]. Moreover, this SNP 

was also identified in a GWAS studies for atherosclerotic diseases, a major component of 

CAD[14].

The ANRIL genomic locus spans approximately 42 kb on human chromosome 9p21. The 

molecular characterization of the encoded RNA has been complex due to the generation of 

multiple splice variants, both linear and circular[58]. Functional studies have found that 

ANRIL aids in cis recruitment of chromatin-modifying complexes, specifically, polycomb 

repressive complexes 1 and 2 (PRC1 and PRC2), to neighboring genes of the INK4b/ARF/

INK4a locus. These protein-coding genes were known to serve as important regulators of 

cellular division and senescence[13]. ANRIL regulates these genes by recruiting PRC2 to 

add H3K27 trimethylation repressive methylation marks. H3K27 trimethylation is then 

recognized by PRC1 which establishes H2AK119 monoubiquitylation to silence 

transcription[67]. It is believed that ANRIL transcription, antisense to ARF/INK4b, and 

secondary RNA structure formation are able to interact and direct PRC1 and PRC2 to the 

adjacent INK4/ARF locus to mediate the establishment of these repressive marks[58]. The 

presence of these epigenetic marks is associated with chromatin compaction and 

transcriptional repression of these protein-coding genes[35, 67]. One model suggests that the 

presence of the disease-associated SNP allele changes the abundance or function of ANRIL 

splice variants, resulting in their reduced ability to regulate the INK4/ARF locus SNPs 

within the risk locus, or functionally important variability in linkage disequilibrium, may 

play a role in ANRIL function[58].

The clinical implications and the basic science discovery of lncRNAs is just emerging. 

ANRIL is a specific example of a lncRNA which was identified through unbiased GWAS 

studies and is associated with a non-Mendelian human disease and offers an exciting newer 

perspective on CAD pathophysiology. Moreover, many unbiased GWAS studies have 

identified a significant proportion of hits that fall into genomic regions with no protein 

coding genes, termed “gene deserts” [68]. This raises a key concept, that a gene can be 
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implicated in the genetic cause of disease because it produces a functional RNA as an 

epigenetic modifier.

Future Directions

The use of epigenetic modifiers in the clinic has shown promise. DNMT inhibitors have 

been approved for myelodysplastic syndrome and acute myelogenous leukemia, while 

various HDAC inhibitors are being used for certain T-cell lymphomas[39]. Further use of 

epigenetic modifiers is bound to increase as our knowledge of epigenetics expands. 

Alternatively, epigenetic modifiers can also be used for prognostic purposes. For example, 

HOTAIR expression was found to be correlated with breast cancer metastasis and death, 

indicating that lncRNAs may serve a prognostic purpose and potentially a target in the 

future[59]. Importantly, there is work to suggest that HDAC inhibition may be of clinical 

use for CAD[39]. It would not be surprising if these findings may be further implicated in 

endothelial dysfunction and allow us to modulate important players in disease such as eNOS 

and ANRIL in diseased vasculature.

As noted by the famed physician William Osler in 1892, “Longevity is a vascular question, 

and has been well expressed in the axiom that ‘a man is only as old as his arteries.’”[69] As 

life expectancy increases, scientists must use new paradigms to help understand disease 

progression, especially in vascular diseases such as CAD. New therapies and approaches for 

CVD in general, and CAD specifically, are now urgently needed to help decrease the 

tremendous socioeconomic burden caused by this spectrum of diseases. Limitations, 

specifically the cis/trans paradigm, have arisen with classical models of transcription in 

vascular endothelial cells. It is well established that our environment has chronic effects on 

gene expression in endothelial cells. Epigenetic regulation in vascular endothelial cells has 

provided a molecular basis for understanding the environmental impacts on the genome and 

disease susceptibility[3, 70]. Most importantly, the dynamic nature of epigenetic 

modification in endothelial cells offers the possibility of therapeutic intervention for non-

Mendelian diseases such as CAD.
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5hmC 5-hydroxymethylcytosine

5mC 5-methylcytosine

AID/APOBEC activation-induced cytidine deaminase/apolipoprotein B mRNA-editing 

catalytic polypeptides

ANRIL antisense noncoding RNA in the INK4 locus
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BER base excision repair

CAD coronary artery disease

CVD cardiovascular disease

DNMT DNA methyltransferase

EC endothelial cell

eNOS endothelial nitric oxide synthase

GWAS genome-wide association study

GWAS genome-wide association studies

HAT histone acetyltransferase

HDAC histone deacetylase

HUVEC human umbilical vien endothelial cells

lncRNA long noncoding RNA

MI myocardial infarction

PRC1, 2 polycomb repressive complex 1, 2

SNP single-nucleotide polymorphism

SNV single-nucleotide variation

TET ten-eleven translocation

TSA trichostatin A

VSMC vascular smooth muscle cell
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Figure 1. Comparison of key facets of the genetic and epigenetic codes
Within a multicellular organism all cells show an identical genetic code, the static A-T-C-G 

bases, which are conserved with cellular replication in mitosis and meiosis. This has been 

conserved throughout evolution from single cells to multicellular organisms. Therapy for 

defects in the static DNA code is complicated due to the complexity of gene therapy in 

multicellular organisms. The epigenetic code is semi-conserved in meiosis and mitosis and 

shows rapid divergence across species. Notably, it is different in all cells of multicellular 

organisms, and responsive to the environment, making it a candidate target for 

pharmacologic intervention.
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Figure 2. Flow and endothelial phenotypes in the aortic arch
(A) Flow patterns of the aortic arch display both laminar flow in the greater curvature, and 

disturbed flow in the lesser curvature. (B) Dissection of the aortic arch reveals interesting 

phenotypic changes in endothelial cells (ECs). ECs of the greater curvature experiences 

laminar flow, exhibit eNOS expression and decreased p65 expression, an inflammatory 

mediator in ECs, and are less prone to atherosclerosis. These cells show a directional cell 

shape which correspond with directional flow. ECs of the lesser curvature of the aortic arch 

are prone to atherosclerosis, decreased eNOS expression and p65 enrichment. These ECs 

also experience disturbed flow and exhibit a disorganized pattern.
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Figure 3. Epigenetics can be separated into three distinct but highly interrelated processes: DNA 
methylation; histone density and post-translational modifications; and RNA-based mechanisms
DNA methylation refers to the addition of a methyl group to the 5-position of cytosine and 

is a repressive mark which occurs symmetrically almost exclusively in the context of CpG 

dinucleotides in mammals. 5-hydroxymethylation also occurs at CpG dinucleotides and is 

thought to act as an intermediate for active demethylation. Histone density and post-

translational modifications refers to the presence of histones and N-terminal histone tail 

post-translational modifications, respectively. These changes alter histone protein-DNA 

interactions and change chromatin structure to affect accessibility of transcription factors, 

modulating gene transcription. RNA-based mechanisms including long noncoding RNAs 

(lncRNAs) interact with chromatin and chromatin modifying complexes in cis or trans, to 

modulate gene expression.
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Figure 4. Large vessel occlusion is a major mechanism of coronary arterty disease
Proper gene expression in endothelial cells in healthy vasculature maintains an 

antithrombotic and antiatherogenic cellular phenotype. Epigenetics may play a role, as 

chromatin configuration, mediated by environmental influences can alter expression of key 

genes in endothelial cells. An open chromatin configuration would allow transcription of 

atheroprotective genes, such as eNOS, in healthy endothelium. In contrast, a dysfunctional 

endothelium could be characterized by a closed chromatin configuration with repressive 

epigenetic profile.
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Table 1

Well studied epigenetic modifications and their effect on gene transcription.

Mechanism Transcriptional Effect

DNA modifications

 Methylation (CpG dinucleotides) ↓

 Hydroxymethylation (CpG dinucleotides) ?

Histone posttranslational modifications

 Histone H3

  Acetylation (K9, K14) ↑

  Methylation

   K4 ↑

   K9 ↓

   K27 ↓

   K36 ↑

  Phosphorylation (S10) ↑/↓

 Histone H4

  Acetylation (K5, K8, K12, K16) ↑

  Methylation (K20) ↓

Long noncoding mRNA (lncRNA) mechanisms

 Repressive lncRNAs e.g. XIST, ANRIL, HOTAIR ↓

 Activating lncRNAs e.g. HOTTIP ↑

Abbreviations: K, lysine; S, serine
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