1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Am Coll Cardiol. Author manuscript; available in PMC 2018 August 01.

-, HHS Public Access
«

Published in final edited form as:
JAm Coll Cardiol. 2017 August 01; 70(5): 590-606. doi:10.1016/j.jacc.2017.05.067.

Translational Perspective on Epigenetics in Cardiovascular
Disease

Pim van der Harst, MD, PhD&b.c, Leon J. de Windt, PhDY, and John C. Chambers, MD, PhD®f

aUniversity of Groningen, University Medical Center Groningen, Department of Cardiology,
Groningen, The Netherlands PUniversity of Groningen, University Medical Center Groningen,
Department of Genetics, Groningen, The Netherlands °Durrer Center for Cardiovascular
Research, Netherlands Heart Institute, Utrecht, The Netherlands 9Department of Cardiology,
CARIM School for Cardiovascular Diseases, Maastricht University, Maastricht, the Netherlands
eDepartment of Epidemiology and Biostatistics, Imperial College London, London, United
Kingdom ‘Ealing Hospital NHS Trust, Middlesex, United Kingdom

Abstract

A plethora of environmental and behavioral factors interact, resulting in changes in gene
expression and providing a basis for the development and progression of cardiovascular diseases.
Heterogeneity in gene expression responses among cells and individuals involves epigenetic
mechanisms. Advancing technology allowing genome-scale interrogation of epigenetic marks
provides a rapidly-expanding view of the complexity and diversity of the epigenome. In this
review, we discuss the expanding landscape of epigenetic modifications and highlight their
importance for our future understanding of disease. The epigenome provides a mechanistic link
between environmental exposures and gene expression profiles ultimately leading to disease. We
discuss the current evidence for transgenerational epigenetic inheritance and summarize the data
linking epigenetics to cardiovascular disease. Furthermore, we review the potential targets
provided by the epigenome for the development of future diagnostics, preventive strategies, and
therapy for cardiovascular disease. Finally, we provide some suggestions for future directions.
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INTRODUCTION

A plethora of environmental and behavioral factors are involved in the development and
progression of cardiovascular disease (CVD). Also, a large variety of genetic variations have
been associated with CVD. For some genetic variations, the causal pathway is clear; for
example, cardiomyopathies caused by disruptive mutations in genes involved in the
sarcomere. For many other cardiovascular traits and diseases, especially those involving
multiple cells or organ systems, the role of genetics is far more complex and our current
understanding limited. Examples include hypertension, dyslipidemia, atherosclerosis,
myocardial infarction, atrial fibrillation, and heart failure.

All cells carry essentially the same genetic information. Although there are a few
exceptions, the genetic information itself does not change during the life of an organism.
However, different cell types have highly heterogeneous gene expression profiles, resulting
in the large variety of cells, tissues, and organs with different functions throughout the
human body. Epigenetic mechanisms control these differences in gene expression.
Techniques for genome-scale analysis of epigenetic marks are now available. The
complexity and diversity of the epigenome is increasingly appreciated. Disease-related
epigenetic research was pioneered in the cancer field, but more recently, the cardiovascular
field is quickly catching up.

Three concepts of epigenetics might be of interest to our understanding of the development
and progression of CVD. First, epigenetics might provide a mechanistic link between
environmental exposures and gene expression profiles. For example, exposure of
inflammatory cells to stimuli, such as infectious agents and lipids, influences their
epigenomes and provides a link to development of atherosclerosis (1,2). Second, the
paradigm that the genetic sequence alone defines the heritability of CVD is being challenged
(3,4). The full spectrum and variability of heritability might also include heritable
information encoded in epigenomic variations. For example, accumulating evidence
suggests that influences of parental environmental exposures might be transmitted via
epigenetic mechanisms and eventually affect the offspring’s risk of developing diseases.
Third, the epigenome provides some novel classes of therapeutic targets, as it can be
modified by micronutrients, drugs, and other factors (5-7).

In this review, we provide a translational overview of epigenetic biology and the relevance of
epigenetics to cardiovascular physiology and disease, from fundamental concepts to the
clinical, population health, and pharmacotherapy perspectives.

PRIMER ON BASIC EPIGENETIC CONCEPTS

Epigenetics is the collective name for the genomic mechanisms that influence gene
expression, but do not involve variation in the DNA sequence itself. Epigenetic
modifications or events are of major importance for several key biological processes,
including differentiation of cells, imprinting, and inactivation of the X-chromosome.
Epigenetic modifications are, in general, plastic and responsive to external stimuli. Examples
of stimuli that have been identified as affecting the epigenome include prenatal malnutrition,
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ultraviolet radiation, and cigarette smoke. The induced changes vary from very transient to
long-lasting. Multiple epigenetic features can be propagated from one generation of cells to
the next. Some epigenetic features are directly linked to the DNA molecule itself (e.g., DNA
methylation), others relate to the dynamic remodeling of chromatin or modifications of its
associated proteins (e.g., post-translational histone modification), and others involve RNA
molecules (e.g., gene silencing by noncoding RNAs [ncRNAs] and RNA methylation)
(Figure 1). Here, we will briefly expand on 3 key epigenetic mechanisms: 1) DNA
methylation; 2) post-translational histone modification; and 3) ncRNA-based mechanisms.

DNA METHYLATION

Methylation of nucleotides is widespread, and common to both DNA and RNA (8). The
best-studied epigenetic mechanism is methylation of nuclear DNA (Figure 1). Of the 4 DNA
nucleotides (A, C, G, T), methylation of cytosine (C) is known as 5-methylcytosine (5mC),
and has been most thoroughly investigated in higher eukaryotes, including humans. 5mC
occurs predominantly at C followed by guanine (G) at so-called CpG sites. In human cells,
60% to 80% of the ~28 million CpG sites are typically methylated. Methylation is usually
linked to silencing of genes, as it can decrease the accessibility of chromatin and inhibit the
function of DNA-binding proteins or transcription factors (TFs) that are required for gene
expression. For example, DNA methylation competes with NRF1 (a TF) binding to its DNA
binding-site motif, suggesting that these methylation-sensitive TFs depend on the absence of
low levels of methylation (hypomethylation) (9) to induce gene expression. Also, tumor
necrosis factor (TNF)-a can increase DNA methylation in the SERCAZ2a promotor region,
which results in lower levels of SERCAZatranscripts (10). However, the role of DNA
methylation is more complex, with a variable directional relationship to gene expression that
can be context-dependent (11). More recent data suggest that the silencing function might be
limited and highly specific for certain targets. In the case of the CCCTC-binding factor (zinc
finger protein), demethylation did not result in extensive occupancy of the TF, suggesting
that methylation is not always a key determinant in gene silencing or expression (12).

CpG methylation in CpG-dense gene promotor regions (CpG islands at 5 transcriptional
start sites) has been well-studied, but only make up <10% of the total CpG sites and usually
have a low methylation status (<10%). Regions up to several kb distant are referred to as
CpG island shores, have a far more variable methylation status, and are also believed to have
regulatory relevance for gene expression and repression of retrotransposons (e.g., retrovirus-
like DNA sequences).

5mC PROGRAMMING BY DNA METHYLTRANSFERASES

Key in DNA programming of 5mC are the epigenetic modifying enzymes that deposit
(methylases) or remove (demethylases) these marks. Three highly-conserved DNA
methyltransferases (DNMTS) catalyze the addition of methyl groups to C to generate 5mC.
DNMT1 is essential to maintenance of established methylation patters; it recognizes hemi-
methylated DNA during replication and adds methyl groups to the nonmethylated daughter
strand. This process allows the 5mC marks to be retained during cell division and cell
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differentiation. The other 2 DNMTs (DNMT3A and DNTMS3B) are involved in de novo
methylation (13).

DNA METHYLATION BEYOND 5mC

In addition to the frequently-measured 5mC, intermediate forms have also been discovered
(e.g., 5-hydroxymethylcytosine, 5-formylcytosine, and 5-carboxylcytosine). These
intermediate forms are receiving increasingly more attention (14). Technological
improvements and lowering of detection limits have resulted in the demonstration that
methylation of the adenine (6mA) occurs not only in bacteria, but is also present at very low
abundance in other organisms, including Chlamydomonas (15), Drosophila (16), C. elegans
(17), and even in humans (at 0.00009%) (18). 6mA appears to prefer TAGG sites and, in
contrast to 5mC, 6mA methylation occurs widely across genomes and appears to be more
depleted in exonic regions. In higher eukaryotes, transcription start sites showed a strong
decrease in dA6m, in contrast to findings in Drosophila (16) and Chlamydomonas (15),
suggesting that this specific epigenetic modification might even have distinct functions
across eukaryotes. The functional role of 6mA, especially in humans, and possible
relationship to disease remains to be established. Finally, methylation is not unique to
nuclear DNA, but is also present in mitochondrial DNA and RNA. Bidirectional cross-talk
between nuclear and mitochondrial DNA via methylation may be essential for some critical
aspects of cell function (19), and RNA methylation occurs in both coding and noncoding
RNAs, influencing post-transcriptional control of RNA function (8).

POST-TRANSLATIONAL HISTONE MODIFICATIONS

Four different histone proteins (H2A, H2B, H3, and H4), structurally organized as octamers,
form the nucleosome around which the DNA is wound (Figure 1). The intimate interaction
of histones with DNA indeed implicates them in an important regulatory role of DNA-
dependent processes. Histone modifications emerge as fundamental players in the regulation
of nucleosome structure (also called the chromatin state), and thereby the accessibility of the
DNA to key proteins involved in gene transcription. Numerous histone modifications at
many amino-acid residue positions of the different histone tails are involved in generating a
complex regulatory code (Figure 1). Known functional histone modifications include
methylation, acetylation, glycosylation, carbonylation, ubiquitination, phosphorylation, and
several others. At least 15 different type of modifications have been identified to date for at
least 130 different sites on the histone tails. A dedicated nomenclature has been developed to
unambiguously specify the specific modification by listing: 1) the specific histone protein;
2) the modified amino-acid residue; and 3) the type of modification (20). Examples are
H3K27ac (acetylation of lysine 27 of histone H3), H3K4mel (mono-methylation of lysine 4
of histone H3) or H3K9me3 (tri-methylation of lysine 9 of histone H3). Some of these
modifications are short-lived, with half-lives ranging from a few minutes to a couple of
hours, whereas others are long-lasting and are maintained during cell division and
differentiation. These long-lasting modifications are also believed to be involved in
“epigenetic memory.”
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Histone modifications govern the interactions of DNA and result in the activation or
repression of gene transcription. Examples of frequently studied activation marks include
H3K27ac, H3K4me3, H3K4mel, and H3K36me3. Repressive marks include H3K27me3
and H3K9me3. Obviously, the true complexity of this regulatory “histone language” is that
regulation does not originate from a single modification, but from the large number or
combinatorial possibilities of modifications of the different histones, even within a single
octamer. When multiple modifications, both activating (H3K4me3) and repressive
(H3K27me3), co-occur, this is called “poised” (bivalent), and was first identified in the
promoters of developmental genes in embryonic stem cells. Technological advances now
allow the colocalization of these modifications on a single nucleosome to be identified using
high-throughput techniques. Extensive bivalency of hypomethylated CpGs have also been
discovered to coincide with inactive promoters of development regulators in nonembryonic
stem cells, and indicate a more common function in gene expression regulation (21,22). The
identity of left and right ventricular tissue and their gene expression profiles can also be
characterized by histone marks. For example, expression of the ANPand BA/P genes in the
left ventricle has been associated with higher levels of histone acetylation and methylation,
whereas SERCAZa expression does not differ between the left and right ventricle, and
aMHC expression in the left ventricle relative to the right ventricle correlated with H3K4
methylation (23).

The modified tails have also been suggested to function as docking sites and signaling
platforms for regulatory and remodeling proteins, thereby influencing chromatin
organization.

HISTONE PROGRAMMING

A plethora of enzymes can change histones by adding (“writers™) or removing (“erasers”)
modifications. Increasing data supports a role for these writer/eraser enzymes in cardiac
pathophysiology (24). Important “writers” are histone acetyltransferases (HATS) and
important “eraser” enzymes for the heart are class Il histone deacetylases (HDACSs), which
can have repressive effects on myocyte enhancer factor 2 (activity) and thereby affect the
cardiac hypertrophy response to stress signals (25). In addition to “eraser” enzymes, an
additional mechanism has more recently been identified that simply removes the histone
modifications by cleaving (or “clipping”) the tail, including its modification signal (26). The
proteins whose functions are affected due to these histone modifications are also referred to
as “reader” proteins (14).

The complexity of the regulation is not only driven by the many histone modification
variants and combinations, but is further increased by epigenetic mechanisms influencing
each other, resulting in a complex interplay (27). DNA methylation can be associated with
specific histone modifications, but they can also be mutually exclusive. The epigenetic
effects affect the accessibility of the DNA via the structural position of the nucleosome. The
position of one nucleosome affects neighboring nucleosomes, which jointly result in “open”
or “closed” chromatin structures. The many chromatin remodeling mechanisms are also
referred to jointly as the “Epigenetic Code REplication Machinery” (ECREM) (28).
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RNA-BASED MECHANISMS

Based on data from the Encyclopedia of DNA Elements (ENCODE), only 1.2% of human
DNA is estimated to encode protein-coding exons, but the vast majority of the genome is
transcribed at some point in at least 1 cell type (29,30). This majority of noncoding RNA
(ncRNA) (Figure 2) can be subdivided into constitutively-expressed transcripts involved in
structural “housekeeping” processes (e.g., transfer RNAs, ribosomal RNAs, small nuclear
RNAs small nucleolar RNAS) on the one hand, and ncRNAs involved in regulation of gene
expression and which are specifically expressed as a response to or during cell
differentiation, on the other (31). The rapidly-expanding class of regulatory ncRNAs include
microRNAs (miRNAs), small interfering RNAs (siRNAs), antisense RNAs (asRNAS), Piwi-
interacting RNAs (piRNAs), and long noncoding RNAs (IncRNAs) and can influence the
regulation of the chromatin state and influence expression of (coding) RNA(Figure 2)
(31,32). Regulatory ncRNAs are generally subdivided according to their length into short (<
200 nt, e.g., miRNAs, piRNASs), or long ncRNA (>200 nt, e.g., IncRNAs, circular RNAs
[circRNAs]). A substantial amount of data supports the notion that ncRNAs influence gene
expression via a variety of mechanisms at multiple control levels (transcription, as well as
translation). MiRNAs, with a size of ~20 nt, are the best-studied group of ncRNAs to date in
the cardiovascular system, and their main mechanism of action involves the repression of
translation of target messenger RNAs (mMRNASs) and concomitant suppression of their
cognate proteins (Figure 2). On occasion, miRNAs can also influence other epigenetic
phenomena by inhibiting relevant proteins/enzymes, remodeling chromatin, by changing
availability of the required substrates, or even by targeting the promoter (on DNA) itself and
thereby acting as transcriptional activators/repressors (33). Compared with miRNAs, the
mechanistic characterization of IncRNAs is still incomplete, in part because they are
evolutionarily poorly conserved at the nucleotide sequence level and due to the wide variety
of gene regulatory mechanisms described so far. Many IncRNAs can interact with
chromatin-modifying enzymes or transcription factors and play a role in chromatin
regulation (31) Some IncRNAs may show a backsplicing phenomenon that can give rise to
circRNAs, an RNA species that is stable, more tissue-specific, and evolutionarily conserved
(34,35). A subset of IncRNAs may code for micropeptides, illustrating the need to revise the
definition and classification of INcRNA species (36,37). Finally, the role of RNA
methylation provides another, largely unexplored, and potentially relevant layer of
complexity to the function and significance of ncRNA. Verification of the presence and/or
absence of methylation in the different RNA species, the enzymes involved, and the
consequences for regulation of gene expression should further increase our understanding of
their biological role (8,38).

THE EVIDENCE FOR TRANSGENERATIONAL EPIGENETIC INHERITANCE

The relationship between early growth and future risk of diseases, including diabetes,
metabolic syndrome, and CVD has been established in epidemiological studies. The
placenta is involved in early growth and has been linked to birth weight and also to multiple
diseases and disorders that develop later in life, including cardiovascular disease (3). This
mechanism of intrauterine exposure is often confused with “epigenetic inheritance”.
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To consider epigenetic inheritance as a potential mechanism of transgenerational influence,
it is important to realize that the egg that develops into a fetus was likely to have arisen in
the ovary of its mother when she was developing in the grandmother’s womb (3). This
provides a theoretical mechanism by which the environment, micronutrients, and other
factors can influence the third future generation via intrauterine exposures. This mechanism
of intrauterine exposure should not be confused with “true” transgenerational epigenetic
inheritance. True transgenerational epigenetic inheritance involves maintenance of an
epigenetic mark for at least 4 generations in a gestating female (or 3 via the paternal germ
line), and thus requires incomplete erasure of the epigenetic signature during developmental
reprogramming.

The difficulty with the evidence to date is that only a very few studies, including
experimental studies in animals, have focused on inheritance of epigenetic marks for this
duration or beyond (4). In humans, there is no direct evidence of transgenerational
epigenetic inheritance, except for the parent-of-origin specificity of genomic imprinting (4).
In addition, a considerable amount of variability in DNA methylation appears to be
explained sufficiently by the underlying genotypic variation, which might exceed the
influence of imprinting (39). The influence of genetic variance on methylation can be very
substantial, with up to 15% of the sites estimated to show genetic influence, nearly all in ¢/s,
and a majority (~75%) of the cis- methylation quantitative trait loci seems to contain only a
simple variation of the 2 CpG nucleotides (40). Interindividual variability of DNA
methylation might therefore be largely driven by cis-regulatory variations in the CpGs (41).
Finally, data from monozygotic, dichorionic twins (with each having their own placenta),
displayed greater within-pair expression discordance than monozygotic monochorionic
twins (sharing a placenta), suggesting the strong influence of the intrauterine environment
(42). Taken together, the available data suggest that the commonly perceived inheritance of
DNA methylation may be driven more by genetics and intrauterine exposures. Proof-of-
principle data supporting widespread transgenerational epigenetic inheritance is not
available (4).

Nevertheless, the idea that early life, including early (in utero) exposure to environmental
factors, such as nicotine, hormones, and nutrients, influences development, with long-lasting
effects on organ and tissue function (a phenomenon called developmental programming
(43,44)), also has major implications for our understanding of CVD development and
progression. In mammals, DNA demethylation in the parental gametes occurs by both active
demethylation by translocation (TET) proteins and passive loss of methylation during
subsequent cell divisions (4). DNA methylation marks are re-established during the
formation of primordial germ cells. However, a second general demethylation occurs after
fertilization in the developing embryo (45). Some regions (imprinted genes and
retrotransposable elements) are exempted from this phase of de- and re-methylation, in both
mice and humans, which allows them to maintain their parent-of-origin methylation state
(46). Whether this resistance to this second de- and re-methylation pathway provides an
evolutionary mechanism for transfer of epigenetic marks remains to be established, but in
theory, it is possible that intergenerational inheritance of transcriptionally-active
transposable elements plays a role in reducing the risk of germline mutations (4). A
frequently-cited example is the influence of maternal dietary genistein on DNA methylation
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of agouti, resulting in differences in fur color and obesity in offspring (47). These
developmental programming effects of obesity or diabetes via epigenetics might predispose
offspring to develop metabolic diseases in their later life by transmitting adverse
environmental exposures of parents to the next generation (48).

TRANSLATIONAL PERSPECTIVE

Many studies support the concept that changes in epigenetic factors influence biological
processes related to CVD development, including diabetes, hypertension, obesity,
atherosclerosis, atrial fibrillation, and heart failure. Characterization of these epigenetic
differences may enable identification of the genes and biological mechanisms involved in
cardiovascular physiology and disease, and further our understanding thereof.

Key in progressing our knowledge on how epigenetic changes might affect CVD is a deep
understand about what is normal, what is the reference. Indeed, large efforts are currently
ongoing to establish a reference for the human epigenome. ENCODE (49), the Epigenome
Roadmap (27), BLUEPRINT (50), and the overarching International Human Epigenome
Consortium (IHEC) are dedicated to providing reference maps for key cellular states. These
efforts also focus on harmonizing measurement techniques, bioinformatics standards, data
models, and analytical tools for organizing, integrating, and displaying the epigenome data
generated (51,52) With availability and easy use of analyses tools, it is becoming
increasingly feasible for many researchers to study the epigenome in different diseases states
(53). Reproducibility among laboratories is also improving, with DNA methylation profiling
now benchmarked across many laboratories, and with assays potentially sufficiently robust
to become applicable in clinical settings (54).

DNA METHYLATION

DNA hypomethylation and site-specific hypermethylation are very common in human
malignancies, but DNA methylation differences, both hypo- and hypermethylation, have also
been linked to many other, including cardiovascular, phenotypes.

Genome-wide DNA methylation profiling of atherosclerotic versus normal human aorta
revealed alterations in global DNA hypermethylation in both CpG and non-CpG contexts.
The identified locations have been mapped to genes with known roles in the vascular wall or
atherosclerosis (55,56). Globally hypomethylated chromosomal DNA is widely present in
atherosclerotic plaques (57). Prominent gene clusters linked to hypomethylation were
recently identified at chromosomes 9p21 and 1432, and linked to several clustered, up-
regulated miRNAs (57). However, a significant limitation with several of these studies are
the tissues used. These are usually fragmented specimens, consisting of a complex mixture
of cells. Cellular composition differed between diseased and healthy tissues, making it
difficult to understand whether differences in observed methylation profiles are simply
driven by changes in cellular composition.

Several studies examined the relationship of DNA methylation in heart failure, through
comparison of myocardial tissue from patients with cardiomyopathies and from normal
hearts. Although these studies are all characterized by remarkably small sample sizes, they
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report intriguing findings. For example, in an early study evaluating 8 cases with heart
failure compared with 6 controls, altered myocardial expression of 3 angiogenesis-related
genes (AMOTLZ2, PECAM1, ARHGAP24) was associated with differential methylation in
their gene body and 5 regions (58). In a further study by the same group, methylated DNA
immunoprecipitation sequencing of ventricular myocardial tissue from 4 heart failure
patients and 4 controls revealed extensive differences in DNA methylation in promoter and
intragenic CpG islands, in gene bodies, and also in H3K36me3-enriched genomic regions
between cases and controls. Reduced DNA methylation in gene promotor regions was
globally associated with up-regulated gene expression; as proof of principle, experimental
manipulation of methylation in the mouse HL1 cell line up-regulated expression of Dux, the
murine homologue of DUX4, the gene showing the strongest differential methylation
between heart failure cases and controls (59). Disturbances of both DNA methylation and
gene expression in heart failure have been confirmed in separate studies, supporting the view
of epigenomic control of expression of key genes in the development of, or myocardial
response to, heart failure. The cross-sectional and observational nature of the current human
studies precludes interpretation of whether these changes are the cause or consequence of
heart failure and, if consequence, whether they are adaptive or maladaptive.

To gain further insights, experiments have been performed in several animal models. In mice
susceptible to isoproterenol-induced cardiac dysfunction, differences in basal methylation
pattern before environmental stress were predictive of disease progression (60). Ablation of
Dnmt3a and -3b (required for de novo methylation) in genetically engineered mice did not
affect the phenotypic response to left ventricular pressure overload induced by transverse
aortic constriction, but did influence transcriptional responses. This implies that de novo
DNA methylation of cardiomyocytes may not be essential in the response to chronic cardiac
pressure overload (61).

Advancing our knowledge on specific environmental exposures may help us to understand
the potential role of targeted epigenetic interventions. Experiments in animals show that
nicotinic stimulation of acetylcholine receptors inhibits myocardial differentiation by down-
regulation of 7hx5and Gata4 in both differentiating embryonic bodies and in the offspring’s
heart, and this is accompanied by promoter hypermethylation (44). Physical exercise
influences the DNA methylation profile of adipose tissue in apparently healthy individuals,
including at a number of genes implicated in the development of type 2 diabetes (62).
Mitochondrial DNA methylation is inversely associated with metal-rich air exposure, and
modifies the relationship between exposure to air pollution and heart rate variability
outcomes (63). Toll-like receptor 2 (TLR2) methylation may also influence susceptibility of
cardiac autonomic activity to short-term fine particle exposure (64). These intriguing
findings support the view that exposures known to influence CVD may operate through
DNA methylation, and provide the justification for further work to unravel the complex
relationships involved.

HISTONE MODIFICATIONS

Global deletion of the histone deacetylases HDAC1 or HDACS3 results in embryonic death.
When HDAC?2 is silenced globally, it results in cardiac morphological abnormalities and

JAm Coll Cardiol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

van der Harst et al.

Page 10

death shortly after birth. However, when silencing of HDAC1 or HDAC?2 is restricted to the
cardiomyocytes, it appears to have no direct effect on heart development (24). HDAC3 loss
in cardiomyocytes does not directly influence cardiac development, but eventually results in
hypertrophy, as does HDAC2 overexpression (24). It is clear that multiple pathways are
controlled by the activities of different isoforms of HDAC and that multiple redundancies
exist. Histone deacetylases have been linked to atherosclerosis. HDAC2 has been suggested
to have a protective function, and is linked to improved endothelial function (65). HDAC2
can be down-regulated by oxidized low-density lipoprotein (LDL), resulting in increased
oxidative stress due to endothelial nitric oxide synthase (eNOS) uncoupling. In areas prone
to atherosclerosis, increased expression of HDAC3 is observed and relates to flow
disturbances. Knockdown of HDAC3 leads to reduced endothelial cell survival, more
atherosclerosis, and even rupture of vessels, implicating a role for HDAC3 in maintenance of
endothelial integrity (66).

HATs have also been linked to influence on the cardiovascular system. For instance, P300/
CBP-associated factor (PCAF is involved in arteriogenesis, the development of pre-existing
collateral arterioles into larger arteries (67). In a systematic evaluation of de novo mutations
in 362 cases of severe congenital heart disease, an excess of protein-altering de novo
mutations in genes expressed in the developing heart were identified (68). Interestingly, a
marked excess of de hovo mutations in genes involved in the production, removal, or reading
of H3K4 methylation or ubiquitination of H2BK120 (which is required for H3K4
methylation) and SMAD?2 (which regulates H3K27 methylation) were identified (68). These
observations suggest a central role for histone modifications in the etiology of congenital
heart disease (69).

Not only are the histone deacetylase enzymes linked to cardiovascular function, but so are
the histone modifications themselves. The archetypal endothelial gene eNVOS, which has a
central role in endothelial biology, is governed by a unique epigenetic signature. The eNOS
proximal promotor is enriched with H3K9Ac, H4K12Ac, H3K4me2, H3K4me3, and the
H2A. Dynamic changes in this signature are associated with the activation and repression of
eNOS in endothelial cells in response to environmental stimuli, especially hypoxia (70).
Mice deficient for the H3K36 methyltransferase exhibit vascular remodeling defects and are
embryonically lethal, suggesting a role for H3K36me3 in vascular biology (70,71).

Several studies have also mapped differences in histones in human cardiomyopathies
compared to controls hearts. Comparison of 10 normal with 10 dilated cardiomyopathy
hearts identified differences in 4 histone modifications (dimethyl-K4, dimethyl-K79, acetyl-
K14, and acetyl-K27) (72). Some data suggest that H3 modifications may be specific for
dilated cardiomyopathies. For example, H3K9 demethylation and heterochromatin protein 1
(HP1) dissociation in the promotor regions of the atrial natriuretic peptide (ANP)/B-type
natriuretic peptide (BNP) genes was associated with nuclear export of HDAC4 and
reactivation ANP gene expression in response to hemodynamic load and end-stage human
heart failure (73). The H3K36me3 (activator) mark was different in coding regions of the
genome of human end-stage cardiomyopathies (59).
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Calcium/calmodulin-dependent protein kinase Il, involved in cardiomyocyte calcium ion
homeostasis and reuptake, has also been implicated in epigenetic changes, linked to the
phosphorylation of histone H3 at serine-10 during pressure overload hypertrophy, and might
provide a mechanistic link to reactivation of the fetal cardiac gene program (74). Induction
of the fetal contractile protein gene program has been linked to the nuclear export of class 1l
HDACSs, which allow activation of fetal cardiac genes via the transcription factor MEF2
(75). Acetylation/deacetylation events seems to play an important role in the regulation of
cardiac growth and programmed gene expression in response to acute or chronic stressors
(76). Also, histone trimethyl demethylase is up-regulated in patients with hypertrophic
cardiomyopathies, and experimental data from transgenic mice suggest that overexpression
exacerbates the hypertrophic response (77).

NONCODING RNA

Data from deep-sequencing studies in the human heart have identified >1,000 miRNAs and
>3,500 IncRNAs that are expressed (78). Among ncRNAs, miRNAs represent the most
broadly-studied species, and are reported to be involved in cardiogenesis, vascular and blood
development, and a plethora of CVDs and conditions (79). Among those miRNAs studied in
genetic and pharmacological deletion models and most intensively considered for
therapeutic development approaches are miR-133, miR-132, and miR-199b, which regulate
various prohypertrophic intracellular signaling cascades and autophagy in heart muscle cells;
the muscle-specific miRNAs (myomiRs) miR-208a, miR-208b, and miR-499, which are
embedded in myosin genes and are responsible for cardiac muscle contractions; miR-21,
which regulates extracellular signal-related kinase (ERK)-mitogen-activated protein kinase
(MAPK) signaling in fibroblasts and controls cardiac fibrosis; and miR-92, which is
involved in angiogenesis and functional recovery in ischemic heart conditions (44,80).

A further characterization of distinct IncRNAs and their relation to CVD development is
only appearing to emerge. Examples include the Braveheart InNcRNA, required for
cardiovascular lineage commitment and essential for the central regulatory gene-networks
involved in governing cardiovascular cell fate. Braveheart IncRNA also functions upstream
of the MesP1 (mesoderm posterior) master gene involved in cardiovascular lineage
commitment. The IncRNA Fendrr is required for lateral mesoderm lineage differentiation.
Fendrr modifies chromatin gene signatures by binding to the trithorax group proteins
(TrxG)/mixed lineage leukemia (MLL) complex and polycomb repressive complex 2
(PRC2). A IncRNA transcript (Mhri) originating from the My#h7locus antagonizes Brgl
function. Brg1 expression is triggered by stress and it remodels chromatin to induce an
aberrant gene expression profile, resulting in a cardiac myopathy phenotype (80).

The myocardium transcriptome is regulated dynamically in heart failure and responds to
unloading of the heart by left ventricular assist device treatment (78,81). Interestingly,
IncRNA (78) and miRNA (81) expression profiles are reported to more sensitively respond
to treatment compared with mRNA. NcRNA normalization of expression appears to be
insufficient to result in complete normalization of the mRNA signature. Conceptually, this
might be of interest when considering therapeutic approaches using ncRNAs.
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The investigation of ncRNAS as circulating biomarkers in body fluids represents a new
diagnostic potential, where these molecules can be secreted in exosomes, microvesicles, or
apoptotic bodies, associated with high-density lipoprotein and other lipoprotein complexes,
or through passive leakage. Indeed, secreted ncRNAs appear stable, and can be easily
measured in blood, serum, cerebrospinal fluid, or urine. As such, miRNAs have been
demonstrated to act as intercellular communicators, where miR-21* is secreted in exosomes
derived from fibroblasts and accumulates in cardiomyocytes under hypertrophic conditions
(82), exosomal miR-146a derived from endothelial cells accumulates in cardiomyocytes in
peripartum cardiomyopathy (83) and exosomal miR-143/145 secreted by endothelial cells
influence smooth muscle cell function in atherosclerosis (84). Other ncRNAs distinguish
heart failure patients with reduced or preserved ejection fraction (85), different forms of
hypertrophic cardiomyopathies (86), or predict survival in heart failure patients (87).
Ongoing studies validate incidental findings in multicenter meta-studies using multiplexed
biomarker combinations and focus on the development of clinical-grade molecular
diagnostics detection platforms.

EPIDEMIOLOGICAL PERSPECTIVE

Hundreds, or even thousands, of CVD- and trait-associated DNA (genetic) variants have
been identified the last decade by genome-wide association studies (GWAS). Most of the
identified genetic variants are in the noncoding regions of the genome, often at a remarkable
distance from known protein-coding genes. The major challenge is, therefore, to determine
the likely causal gene or the causal mechanisms. Many cardiovascular GWAS variants have
been associated with histone marks or chromatin states (88,89). Interactions with distant
marks have been reported to partly overlap (share) at least one of their interactions in 60%,
but almost all (>99%) also have lineage- or cell-type-specific interactions (90). This suggests
that higher-order genome structures undergo coordinated remodeling during lineage
specification, dynamically reshaping transcriptional decisions (90). GWAS focused on
electrically-active myocardial mass, for example, have identified genetic loci that are
strongly enriched for certain histone marks (H3K27ac, H3K4me3, H3K4me, H3K36me3)
and are associated with chromatin states involved in active enhancers, promoters, and
transcription in the human heart; in contrast, no enrichment was observed for
transcriptionally-repressive histone marks (H3K27me3, H3K9me3) or states (89).
Enrichment of activating histone marks was also identified during differentiation of mouse
embryonic stem cells into cardiomyocytes (89). However, the genomic maps of epigenetic
modifications that are used in GWAS are usually derived from cell cultures or cells isolated
from a few individuals, an important limitation to their utility for understanding tissue- and
cell-specific processes (52).

Population-based epidemiological studies are increasingly exploring the role of epigenetic
modification in the development of CVD, and it potential role as a mediator of the actions of
DNA sequence variation and environmental exposures. Driven by feasibility, the most-
studied epigenetic modification is DNA methylation, occurring predominantly at the
symmetrical dinucleotide CpG. Studies of specific genetic loci show that genetic variants
influencing blood pressure are enriched for association with changes in DNA methylation at
multiple nearby CpG sites, suggesting that DNA methylation may lie on the regulatory
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pathway linking sequence variation to blood pressure (91). Separate studies suggest that
hypomethylation of long interspersed nucleotide element-1 (LINE-1, a repetitive sequence
found across the genome) is linked to prevalent and even incident heart disease and stroke
(92).

Epigenomic research is now rapidly progressing from candidates epigenetic studies in a few
individual cells towards the investigation of epigenomic variation in the population (93).
Epigenome-wide association studies (EWAS) provide a systematic approach, comparable to
GWAS, focused on uncovering epigenetic variants associated with diseases or phenotypes of
interest by taking advantage of microarrays capable of measuring DNA methylation at up to
850,000 sites (93). These EWAS have identified hundreds of CpGs, including H/F3A
(hypoxia-inducible factor 3A), associated with body mass index (94-96), ABCG1 (ATP-
binding cassette subfamily G member 1, PHOSPHO1 (phosphoethanolamine/
phosphocholine phosphatase), SOCS3 (suppressor of cytokine signaling-3), SREBFI (sterol
regulatory element-binding protein 1), and 7.XN/P (thioredoxin-intereacting protein) with
risk of future type 2 diabetes (97). CPT1A (carnitine palmitoyltransferase 1a), ABCGI,
TXNIP, and SREBFI were associated with lipid levels (98-102), as well as other traits,
including coronary heart disease (98,103) and atrial fibrillation (104). Some of the CpGs
were also confirmed in relevant tissues and linked to gene expression levels. For example,
the CpGs of SREBF1, ABCG1, SREBFI1, and HIF3A that were identified in blood were
different from those in adipose tissue and linked to gene expression levels (94,96,102).
Although these genes can be linked to biology, the reasons underlying these differences are
not known. A recent meta-analysis of EWAS on lipids in 3,296 individuals, followed by a
stepwise Mendelian randomization analyses, suggested that differential methylation was
induced by lipids and not by DNA methylation levels on lipids (1). The same strategy also
recently resulted in the suggestion that DNA methylation associated with body mass index is
predominantly the consequence, rather than the cause of adiposity (96). Thus, lipid levels or
adiposity might cause epigenetic changes in immune cells, which might provide a novel link
to atherosclerotic and other inflammatory diseases. In this regard, it is of interest to note that
CpG changes associated with body mass index (e.g., in the ABCG1 locus) do affect the
future risk of type 2 diabetes in normoglycemic individuals, which might help to identify
individuals at risk and indicate an role early in the etiology (96,97).

Multiple challenges remain regarding the design, conduct and interpretation of EWAS. Key
challenges include accounting for (or removing) variation in cellular composition, the
potential confounding impact of genetic background, and resolving whether associations
identified represent causal, consequential, or bystander effects. Although there are now well-
validated approaches for taking the cell-type mixture into account in population-based
studies on blood, proposed solutions for other tissues are unverified, and may remove both
true and false signals (93,105). Quantitative assessment of the contribution of epigenetic
factors to transcription, shows that cis-acting DNA sequence variation explains the majority
of transcriptional variances for the majority of genes, with relatively few independent
epigenetic influences for a small subset of biologically-relevant genes (106). These findings
suggest that cis-genetic variation should also be considered in EWAS.
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One key question is whether blood samples, which are usually used in epidemiological
studies, are indeed relevant for all targeted tissues, considering the epigenetic heterogeneity
at many of the identified loci, including the heart. EWAS studies are beginning to explore
this issue through robust analysis of tissue-specific, cell-specific, and cross-tissue variations
in methylation (96). Integration of the EWAS with GWAS and Mendelian randomization
analysis is also rapidly emerging as a tool for further understanding how genetics and
epigenetics are linked (93,96). Longitudinal studies of changes in DNA methylation and
their relationship to phenotypic pattern may also help to better understand casual
relationships (96).

THERAPEUTIC PERSPECTIVE

The redundancy of epigenetic regulation suggests that a single “magic bullet” to
epigenetically treat a cardiovascular condition is utopian (76). However, the concept of
targeting redundant systems is familiar to the cardiologist. Treating patients with
angiotensin-converting enzyme inhibitors, and angiotensin 11, -beta-adrenergic, and
aldosterone blockers is also based on multiple “hubs” of myocardial remodeling.

DNA METHYLATION

DNA methylation depends on dietary methyl donors, including folic acid and vitamins, for
which interventions could have an effect in certain individuals (93). Other (dietary)
compounds, such as polyphenols and catechins, likewise influence DNA methylation.
Consuming cacao (a polyphenol-rich source) reduces global DNA methylation in circulating
leukocytes of patients with cardiovascular risk factors (Central Illustration) (107). Epigenetic
effects are induced by some common drugs, including hydralazine, which interferes with
DNA methyltransferase and inhibits DNA methylation, or procainamide, which inhibits
DNA methyltransferase I. Their shared side effect of a lupus-like autoimmune disease is
indeed thought to be due to hypomethylation. Although these drugs are considered in cancer
therapy, the epigenetic potential for CVD remains to be determined.

Cellular data and data derived from experiments in spontaneously hypertensive rats, suggest
that the DNA methylation inhibitor 5-azacytidine can reduce the detrimental effects of TNF-
a on SECRAZaexpression (10) and might block expression of hypertrophic
cardiomyopathy genes (108). 5-Azacytidine (Central Illustration) might improve cardiac
hypertrophy, reduce cardiac fibrosis, and preserve diastolic dysfunction (7). Similarly, the
setting of hypertrophy induced by norepinephrine is associated with hypermethylation by an
increase of Dnmt activity of the left ventricle of rats (109). 5-Aza-2”-deoxycytidine (a Dnmt
inhibitor) causes a reversal of the changes in the cardiac proteome, decreased hypertrophy,
improved cardiac contractility, and abrogated susceptibility to ischemic injury in rats (109).
Although beyond the scope of this review, epigenetic interventions might also be relevant to
the induction of pluripotency and reprogramming of induced pluripotent cells (110). In the
future, epigenetic modifications of cardiomyocytes might be a target of precision medicine
for CVD, possibly via down-regulation of DNMTSs.
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Inhibitors of HDACS are potential compounds relevant to targeting cardiovascular conditions
(Central Illustration). Even nonspecific HDAC inhibitors that inhibit deacetylation of both
histones and nonhistone proteins, affecting sarcomeric protein acetylation, showed a
promising effect in treatment of cardiac hypertrophy in animal models (111).

Considering its role in activating the fetal gene program in heart failure, pharmacological
modulation of histone acetylation might also be an interesting therapeutic strategy (76).
Statins have been reported to inhibit HDAC activity (112), and several HDAC small-
molecule inhibitors are used in the treatment of several malignancies and some
inflammatory disorders. HDAC inhibitors used for heart disease might be of interest, as they
exhibit antiapoptotic, antiautophagic, anti-inflammatory, and antifibrotic characteristics, as
suggested by animal experimental studies (76). For example, in cellular experiments,
HDAC4 inhibitors appear to block hypertrophy and fetal gene activation in cardiomyocytes
(113), and have been reported to improve cardiac function and suppress cardiac remodeling
the mouse heart (5). Also, in the setting of ischemia/reperfusion injury and myocardial
infarction, HDAC inhibitors reduce myocardial infarct size and attenuate ventricular
remodeling in animal studies (114,115) and induce an increased angiogenic response (116).
The pan-HDAC inhibitor vorinostat is currently approved for treatment of cutaneous T cell
lymphoma, has been demonstrated to reduce ischemia/reperfusion injury in mice and
rabbits, and might be closest to a proof-of-principle study in humans (24). However, other
HDAC inhibitors (e.g., specific to HDAC1, HDAC2, HDAC3) also have been reported to
exert possible detrimental effects on, for example, vascular and endothelial function (65,66).
In addition to inhibitors of deacetylation, inhibitors of acetylation (HAT inhibitors) might
protect against ischemia/reperfusion injury (117,118) (Central Illustration). Therefore, it
appears that a carefully-selected and likely cell-specific target of histone modification is
important. To date, human trials in CVD are lacking, but more selective inhibitors, aimed at
avoiding systemic side effects, are under development (119,120).

NONCODING RNA

Influencing miRNA expression could represent a therapeutic strategy for multiple
cardiovascular conditions. For therapeutic purposes, 2 approaches exist to alter ncRNA
levels in disease settings. Depending on whether their activity is harmful or beneficial, their
function can either be enhanced or mimicked by delivery strategies, or inhibited by targeting
the RNA transcript with antisense oligonucleotides (ASO).

For example, ASO administration targeting endogenous miR-92a resulted in greater blood
vessel growth and the recovery of injured tissue after myocardial infarction (121).
Antisense-induced silencing of miR-208a during heart failure in rats caused by hypertension
prevented cardiac remodeling, and improved cardiac function and survival (122).
Restoration of miR-1 gene expression regressed cardiac hypertrophy in rats and led to a
marked reduction of myocardial fibrosis (123). Silencing of Chast (cardiac hypertrophy-
associated transcript) by a chimeric antisense oligonucleotide (gapmer) prevented and
regressed pressure overload—induced adverse cardiac remodeling in the mouse without signs
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of side effects (124). Recently, phase 1 data was published (6) and phase 2 clinical data was
presented on inclisiran (a chemically synthesized siRNA targeting PCSK9 mRNA). In the
phase 2 trial, 497 patients were treated with an investigational N-acetylgalactosamine—
conjugated RNA interference therapeutic being developed for the treatment of
hypercholesterolemia that targets proprotein convertase subtilisin/kexin type 9 (PCSK?9), a
genetically-validated protein regulator of LDL receptor metabolism. LDL-cholesterol levels
were reduced by >50% with injections that appear to be sufficient when administered only
once every 3 to 6 months.

FUTURE DIRECTIONS

Many cardiovascular risk factors and traits have been linked to epigenetic changes. However,
much of the available data on epigenetics, especially population-based, is from studies of
DNA methylation, typically using blood as a convenient source of DNA. Future research
needs to focus on more relevant cell types and other epigenetic modifications. Technological
advancements and improvements in detection limits will also enable exploration of low-
abundancy and other modifications of DNA in humans (18).

A thorough understanding of the dynamic cross-talk between epigenetic factors, the genome,
and the environment is lacking. Creating an integrated and comprehensive network of the
genome, epigenome, expressome, metabolome, proteome and phenome is on its way, and
will be essential in our understanding of health and disease. The rapidly-expanding data,
cataloguing of high-quality reference sets, and tools to interpret and analyze the data will
greatly facilitate future meaningful interpretations and the generation of novel hypotheses on
how epigenetic changes occur and are mechanistically related to altered gene expression and
eventually the phenotype. Advances in technology and development of novel strategies for
(epi)genome editing (e.g., using CRISPR-based methods) will allow these novel hypotheses
to be efficiently tested. The ultimate goal of increasing our epigenetic knowledge will be to
translate this to developing rational interventions and then put these to the test in trials.
There is a need to perform translational studies to test the effects of epigenetic
modifications, both as prognosticators and as therapies. Recent data linking methylation
changes to future onset of type 2 diabetes will allow the design, in the near future, of an
interventional trial targeting individuals at high risk (96). Examples of successful epigenetic
therapies are available in the cancer field. In addition to the more established RNA
interference therapies, other epigenetic strategies are to be developed in the cardiovascular
arena. The pan-HDAC inhibitor vorinostat is already approved to treat cutaneous T cell
lymphomas and might be able to reduce ischemia/reperfusion injury in both mice and
rabbits. Vorinostat might be the closest to a proof-of-principle study in humans (24).
However, specific therapies targeting specific epigenetic processes have not been designed
for CVDs.

CONCLUSIONS

We are still far from truly understanding the epigenomic “language” and how all elements
and modifications “communicate” with each other. Important uncertainties remaining
include the existence and significance of transgenerational, nongenetic or epigenetic,
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inheritance in the expression of phenotypes in humans. The view of the epigenome is rapidly
changing, with major new discoveries reported each year. Epigenomics is becoming a big
data science, with a potentially enormous impact on our understanding of CVD. Although
causality remains to be established and conflicting evidence exists, novel opportunities may
be provided for both diagnostic and therapeutic avenues. The impact of targeting epigenetic
mechanisms appears promising, but these therapies for CVD still await a long road ahead.
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Figure 1. Epigenetic Modifications and Their Location
Epigenetics is the collective name for the genetic effects resulting in gene expression but do

not involve variation in the DNA sequence itself. These include the chemical modifications
to DNA itself (DNA methylation), the histones (around which DNA is wound) or non-
coding RNA. Eight histone unit form chromatin, around which 146 bp of DNA is wound to
form the nucleosome. (A) The histone tails can have multiple marks. (B) Histone-modifying
enzymes. (C) DNA methylation occurs predominantly at the CpG islands. (Middle lower
box) Epigenetic marks are important determinant of the differentiation and cell fate during
development.

(Lower right corner) (A) Certain modifications can increase accessibility to DNA. (B)
Histone complexes can have modifications at multiple positions on the tail, jointly making
up the histone code. (C) Histone-remodeling complex slide histones in directions, making
the DNA accessible or not.
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A. RNA Classification
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B. Mechanisms of Action of Non-coding RNAs
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Figure 2. Noncoding RNA
(A) Schematic overview of the transcriptome and the classification of RNA as coding or

noncoding, with the different species of noncoding RNA. (B) Different mechanisms of
action of noncoding RNAs in epigenetic regulation. circRNA = circular RNA; IncRNA =
long noncoding RNA; Me = methyl; miRNA = microRNA; ORF = open reading frame;
piRNA = Piwi-interacting RNA, rasiRNA = repeat-associated small interfering RNA; RISC
= RNA-induced silencing complex; RNA pol = RNA polymerase; scaRNA = small Cajal
body-specific RNA; siRNA = small interfering RNA; snoRNA = small nucleolar RNA;
SnRNA = small nuclear RNA; tiRNA = transcription initiation RNA;
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Central lllustration. Potential Therapeutic Epigenetic Targets in Cardiovascular Disease
Examples of targeting epigenetic mechanisms in CVD. Possible targets include modifying

DNA methylation, changing the acetylation or deacytylation of histones, and miRNA or
IncRNA modificiations. DNMT = DNA methyltransferase; HAT = histone acetyltransferase;
HDAC = histone deacetylase; IncRNA = long noncoding RNA; miRNA = microRNA.
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