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Abstract

Purpose of review—To provide an overview of the biological processes implicated in
chromatin-based pathways that control endothelial gene expression patterns in both health and
disease and highlight how these processes are relevant to cardiovascular disease.

Recent findings—Epigenetics refers to chromatin-based pathways important in the regulation
of gene expression and includes three distinct, but highly interrelated, mechanisms: DNA
methylation, histone density and posttranslational modifications, and RNA-based mechanisms. It
is of great interest that epigenetic regulation of genes enriched in the vascular endothelium is a
prominent regulatory pathway. How environmental cues within the vasculature, such as
hemodynamic forces or hypoxia, influence these epigenetic mechanisms will be reviewed.

Summary—Although a newer area for study, exciting new evidence identifies that epigenetic
processes are highly dynamic and respond to a myriad of environmental stimuli. Integrating
chromatin-based pathways into our understanding of gene expression offers newer insight into
disease processes.
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Introduction

The chromosomal theory of inheritance, for which Thomas Hunt Morgan won the Nobel
Prize in 1933, argued for the critical role of the chromosome in heredity. When first
proposed, however, it was not immediately accepted. Such concerns grew with the
recognition that the A, C, G, and T nucleotide content of the static genetic DNA was, for the
most part, identical in normal diploid cells. How could an endothelial cell, a vascular smooth
muscle cell (VSMC), or a cardiac myocyte exhibit a distinct cellular phenotype if the DNA
was identical across cell types? Broadly defined, epigenetics refers to chromatin-based
mechanisms important in the regulation of gene expression that do not involve changes to
the DNA sequence per se.
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Epigenetics provides a newer perspective for understanding how gene expression is
perturbed in prevalent diseases of the human vascular system characterized by a
dysfunctional endothelium. These pathways offer a new perspective on gene regulation that
extends the classic cis/ trans paradigm and helps to explain some of its limitations. The
genomics era has exploited genotype/phenotype associations as they relate to the
susceptibility of diseases, especially complex ones like atherosclerosis. These genome-wide
association studies (GWASSs) have sought to identify genetic determinants of cardiovascular
disease. However, two major dilemmas with these studies have emerged: they identified loci
which do not correspond to protein-coding genes [1°,2°] and the effects and contribution of
environmental factors such as diet, exercise, socioeconomic status, and developmental
stresses are ignored [3°]. This review provides a background on epigenetic processes in
health and disease, and highlights relevant processes to the development of cardiovascular
disease using the endothelial cell as a model cell for discussion.

Epigenetic processes

The International Human Epigenome Consortium (IHEC) was launched in January 2010 and
reminds us that a greater understanding of epigenetic mechanisms is coming to the forefront.
This large-scale project aims to catalogue the epigenetic marks, especially DNA methylation
and histone modifications, in hundreds of cell types [4]. Common usage today defines
epigenetics as chromatin-based mechanisms that can alter gene expression without changes
to the DNA sequence per se [5°,6,7°] (Fig. 1).

DNA methylation

The idea that a heritable, postreplicative modification of DNA, or DNA methylation, can
function to control gene expression was first described in the 1970s and 1980s [8,9]. This
key work was seminal in defining an inverse correlation between gene activity and DNA
methylation, demonstrated that this postsynthetic modification of DNA could be passed on
during mitosis and DNA replication, and defined that DNA methylation silences genes
through changes in chromatin structure [10,11]. Although some key processes are still
murky, especially DNA demethylation pathways, we know the relevance is high. Differential
DNA methylation, its presence or absence, contributes fundamentally to cell differentiation,
embryonic development, stem cell biology, X-chromosome inactivation and genomic
imprinting processes, and cancer pathogenesis [12,13]. It is remarkable how little we know
about DNA methylation in cardiovascular disease. We have hints of relevance, but we do not
have wisdom.

In vertebrates, DNA methylation occurs at carbon 5 of cytosine, almost exclusively at CpG
dinucleotides, and can lead to transcriptional repression. Methyl groups may sterically
hinder transcription factor binding [14]. A good example is hypoxia-inducible factor (HIF),
which has a CpG dinucleotide in the c/s-recognition element. Other #rans-factors are not
affected by CpG methylation (e.g. Sp1). The family of methyl-CpG-binding proteins,
including MeCP2, can block access of transcription factors to the promoter by interacting
with methylated CpG sites or by recruiting other histone-modifying enzymes that repress
transcription [15-19]. Genetic defects in MeCP2 result in the neurodevelopmental disorder,
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Rett syndrome. Proteins have been characterized that preferentially bind to unmethylated
CpG dinucleotides, which may have important functions in preserving nonmethylated
regions of chromatin (e.g. Cfp1, a cysteine-rich CXXC domain protein) [20,21"°]. Further
characterization of the proteins that interpret CpG marks will aid in elucidating how
chromatin modifications can regulate gene expression.

Mammals have three DNA methyltransferases (DNMTs), namely DNMT1, DNMT3a, and
DNMT3b, which catalyze the addition of a methyl moiety specifically at CpG dinucleotides
[13]. DNMT1 is regarded as the maintenance methyltransferase. DNMT1 permits
conservative transmission of an epigenetic mark via remethylation of a hemimethylated
nascent DNA strand. It is interesting that the fidelity of this process is very high. Yet, and
perhaps important in disease, compared with conservation of A, C, G, T fidelity with DNA
replication, DNA methylation of methyl-cytosine is log orders less efficient. DNMT3a and
3b are de-novo methyltransferases and play crucial roles in embryonic development [14].
These enzymes can set down new patterns of DNA methylation on unmethylated DNA.

Two processes of DNA demethylation have been described — passive (replication
independent) and active (replication dependent) pathways [22]. Interestingly, the recent
discovery that 5-methylcytosine can be oxidized to 5-hydroxymethylcytosine in mammals
by the TET1, TET2, and TET3 enzymes has suggested intriguing possibilities, especially as
the biological role of this modification remains unknown [23,24]. Some argue that the
production of 5-hydroxymethylcytosine may be an intermediate in DNA demethylation
pathways, highlighting an important area of focus for future studies.

Histone posttranslational modifications

Chromatin is compacted DNA wound around histone and nonhistone proteins. The
nucleosome serves as the fundamental repeating unit, composed of an octamer of two copies
of each of the histone proteins H2A, H2B, H3, and H4. Numerous covalent modifications
are possible, especially on the N-termini of histone tails [25]. Two of the best known marks
include lysine acetylation and lysine methylation [26] (Table 1). Hyperacetylated histones
H3 and H4 are found at the promoter regions of genes and are correlated with transcriptional
activation. In contrast, trimethylation of lysine 27 or lysine 9 on histone H3 has been shown
to result in gene silencing [25] (Fig. 2). One well characterized chromatin domain consists
of trimethylation of histone H3 lysine 4 at the promoter of the gene and trimethylation of
histone H3 lysine 36 on the body of the gene, commonly referred to as the K4-K36
chromatin domain, which, along with RNA polymerase 11 binding, defines transcriptionally
active regions of the genome [27]. Recently, these K4-K36 domains have been helpful in
functionally characterizing chromatin, and have been especially useful in identifying large
numbers of previously uncharacterized promoters for genes [28,29]. Important areas to
follow are the relevance of these paradigms for genes that are active in cells of the
cardiovascular lineage and the relative importance of these transcriptional control pathways
as mediators of disease.

Two families of proteins that mediate the addition and removal of acetylated lysines are
histone acetyltransferases (HATS) and histone deacetylases (HDACS) [30]. HDACs are
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organized into four classes of proteins, based on their homology to yeast HDACS: class |
(HDAC1-3, HDACS), class Il (HDAC4-7, HDAC9-10), class Il (SIRT1-7), and class IV
(HDAC11) [25]. Tri-chostatin A (TSA) is a pharmacological inhibitor of class | and 11
HDACSs and, among other approaches, can be used to address the functional relevance of
histone acetylation with respect to gene expression.

RNA-based mechanisms

A newer area of epigenetics encompasses RNA-based mechanisms, which include gene
regulation through long noncoding RNAs (IncRNAS). These are functionally distinct from
small noncoding RNAs, such as micro-RNAs. One of the most studied INcRNAs is the 17 kb
Xistnuclear RNA, which is expressed exclusively from the inactivated X-chromosome (Xi)
in women, and is essential for its silencing in XX female cells [31]. Also, exciting findings
using K4-K36 chromatin domain signatures to demarcate transcriptional units have
identified the existence of thousands of INcRNAs in mammalian cells with broad cellular
functions [29]. Since the initial reports in 2008 and 2009, emphasis has focused on defining
their functional interactions with chromatin-modifying complexes [32]. One such IncCRNA,
HOTAIR, was found to regulate the expression of developmental HOX genes and has since
been implicated in increasing the invasiveness and metastasis of breast cancer [33,34™°].

Epigenetic regulation of vascular endothelium genes

We and others have demonstrated a loss of endothelial nitric-oxide synthase (eNOS)
expression in human endothelial cells overlying advanced atherosclerotic lesions [35,36].
Significantly, decreased eNOS mRNA and protein levels are observed in endothelial cells
overlying the neointimal lesion [35]. In contrast, we found increased expression of all three
nitric-oxide synthase (NOS) isoforms (eNOS, iNOS, and nNOS) in the atherosclerotic
neointima, including increased eNOS mRNA expression in neointimal macrophages and
vascular smooth muscle cells [35]. How can eNOS be repressed in endothelial cells, where it
is normally expressed, while in the same tissues one can observe loss of the gene repression
of eNOS in VSMC, where it is not normally expressed?

Investigations into the transcriptional processes regulating two nitric oxide synthase
enzymes, eNOS and inducible nitric-oxide synthase (iNOS), have elucidated classical cis/
trans mechanisms of control. The significance of chromatin-based mechanisms in the
transcriptional regulation of eNOS became apparent in a series of transient transfection
experiments. eNOS promoter—reporter insertional transgenes are restricted in expression to
endothelial cells in the murine setting [37-39]. Surprisingly, transfected episomes displayed
robust expression, regardless of cell type, in culture [40]. We demonstrated an epigenetic
basis for this differential expression by identifying hypomethylated CpGs in the eNOS
promoter of eNOS-expressing endothelial cells, in stark contrast to dense DNA methylation
in non-eNOS-expressing cells (e.g. VSMC) [40]. Further studies have interrogated the
histone modifications present at the eNOS proximal promoter, and found an enrichment of
acetylated histones H3 and H4 and methylated lysine 4 of histone H3, modifications
associated with actively transcribed chromatin in endothelial cells [41]. The functional
relevance of these pathways was addressed. Treatment of VSMC with inhibitors of DNA
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methyltransferase activity, such as 5-azacytidine, led to increases in eNOS mRNA in these
cells. Furthermore, treatment of VSMC with inhibitors of HDAC activity, such as
trichostatin A, led to increases in eNOS mRNA in these cells and increased H3 and H4
acetylation at the eNOS proximal promoter. Taken together, these studies indicated that
several epigenetic processes work in concert to regulate the endothelial cell-restricted
expression of eNOS. An important conceptual realization is that the eNOS gene is being
actively silenced in VSMC by repressive epigenetic marks. Not surprisingly, chromatin
immunoprecipitation assays indicate that MeCP2 and HDAC-1 and HDAC-2 are basally
engaged at the eNOS promoter in VSMC. The reason this concept is important is that it
represents a paradigm shift. Most studies in the cardiovascular system have emphasized the
role of classical cisl trans pathways in the transcriptional activation of cell-restricted genes in
the cell type in which they are expressed. These epigenetic studies now focus attention on
cell types in which the genes are not expressed.

The inducibility of iINOS in response to cytokine stimulation in cultured human cells is
highly cell-type specific [42-45]. In cultured human endothelial cells, in which iNOS is
noninducible, dense methylation of the iNOS proximal promoter has been noted [46]. This
was in contrast to iNOS-inducible cultured human cell types, where light methylation was
observed. In addition, we showed dimethylation and trimethylation of H3K9 at the iNOS
proximal promoter in noninducible cell types, providing further evidence for cell-type
specific epigenetic regulation. Therefore, the transcriptional hypo-responsiveness of the
iNOS gene in human umbilical vein endothelial cells (HUVECSs) was mediated, in part, via
epigenetic pathways. As iNOS is expressed in endothelial cells in atherosclerotic lesions, it
raises the intriguing possibility that alterations in epigenetic pathways are operative in this
gene activation.

There is newer evidence that altered epigenetic states are involved in atherogenesis. Global
and gene-specific changes in DNA methylation are associated with disease states, especially
in cancer [47,48°]. Early studies have noted aberrant DNA methylation patterns in the
atherosclerotic ApoE-null mouse model, in which it was found that DNA methylation
patterns were abnormal even prior to the formation of macrovascular lesions [49]. Although
these findings are preliminary, the observed changes in DNA methylation (hypermethylation
and hypomethylation) occurred in transcribed genomic regions [49].

Epigenetics during development

There is a need for a greater understanding of the role of epigenetics in embryonic
development, as reprogramming of cells into a specific lineage for research or clinical
applications will be extremely valuable. During normal development, epigenetic marks in
the genome are removed and then re-established, a process known as reprogramming [50].
The differentiation of embryonic stem cells (ESCs) is accompanied by widespread changes
in gene expression profiles of many genes [51]. Epigenetic mechanisms contribute to the
transcriptional control of these genes, the balance of which may impact cell identity and
self-renewal capability [52]. Human ESCs display a uniqgue DNA methylation pattern [53].
The loci of lineage-specific factors are repressed by chromatin modifiers, helping to
maintain a pluripotent state. Polycomb group (PcG) protein complexes, which are
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transcriptional repressors, turned out to be chromatin-modifying complexes. PcG proteins
function in regulating genes involved in differentiation, lineage-specific genes, and
embryonic development through formation of two complexes, PRC1 and PRC2 [54]. PRC2
activity is primarily associated with trimethylation activity of H3K27 [55,56]. Profiling of
ESCs localized H3K27me3 marks to inactive promoter regions, along with components of
the PRC2 complex [54]. Interestingly, H3K4me3 was also found at a number of inactive
promoters in ESCs, particularly at genes encoding transcription factors important for lineage
specification [57]. The presence of both activating and silencing marks at the same promoter
region is thought to poise the gene for activation upon differentiation, and may be critical for
maintaining pluripotency.

Newer studies are investigating the potential for the in-utero environment to alter epigenetic
marks. Dietary protein restriction of pregnant rats can lead to hypertension and endothelial
dysfunction in the offspring [58]. Remethylation of homocysteine to methionine is a key
step in the synthesis of the universal methyl donor S-adenosyl methionine (SAM) and is
dependent on folate. Although not fully understood, folate deficiency can lead to
abnormalities in DNA methylation. A diet with folate supplementation prevents increased
blood pressure and improves endothelial function [59]. Studies like this suggest that in-utero
exposure to maternal atherosclerotic risk factors can prime the vasculature of the fetus to
severely aggravate neointima formation in adult life. The contribution of epigenetic
pathways to these environmental ‘stressors’ warrants further study.

Epigenetics and environmental cues: hypoxia and shear stress

Hypoxia has major effects on endothelial phenotype. In general, hypoxia decreases global
transcriptional activity. The HIF transcription paradigm is an ancient eukaryotic response
that allows cells to adapt to changes in oxygen supply or availability. Evidence suggests that
epigenetic pathways may also be relevant. For example, hypoxia induces a global decrease
in H3K9 acetylation in various cells as a possible consequence of HDAC upregulation
[60,61]. Consistent with decreased global transcriptional activity under hypoxic conditions,
increased global H3K9 methylation, a repressive histone mark, has been observed across
different cells and is attributed, in part, to increased G9a histone methyltransferase
expression [62]. Considering the importance of chromatin structure to the cell-specific
expression of eNOS, it was anticipated that expression of the NOS3 gene in disease states
might involve changes to chromatin structure. Hypoxia decreases expression of eNOS, in
part, via transcriptional repression. Hypoxia caused a rapid and sustained decrease in H3/H4
acetylation of eNOS proximal promoter histones [63"°]. Surprisingly, this was mediated via
histone eviction from the eNOS proximal promoter during hypoxia. This was followed by
the subsequent reincorporation of histones that lacked H3/H4 acetylation. The fact that
histone density, as well as histone posttranslational modifications, can be dynamically
regulated by cellular oxygen content is highly relevant to diseases of the cardiovascular
system. Little is known about whether DNA methylation levels are altered at specific genes
under hypoxic conditions to regulate transcription.

The vascular endothelium is constantly exposed to the physical forces of circulation
(especially shear stress), which can regulate the expression patterns of a unique set of genes
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[64,65]. This is partly attributed to frans-factor binding to the shear stress response element
(SSRE), a ciselement found in promoter or enhancer regions of shear stress-regulated genes
like KLFZ, VEGFRZ2, and eNOS/NOS3, among others [66]. It has also been demonstrated
that chromatin-based mechanisms contribute to the transcriptional regulation of a number of
these genes. In cultured HUVECS exposed to flow, an increase in global acetylation of
histones H3 and H4, as well as phosphorylation of serine 10 on histone H3 (H3S10), was
observed. In addition, the formation of a chromatin-remodeling complex capable of HAT
activity was detected [67]. It is very interesting that laminar shear stress can recruit HAT
activity in, or near, the SSRE in the human eNOS gene in vascular endothelial cells [68]. In-
vitro studies exhibited robust upregulation of eNOS expression in response to laminar flow,
as measured by increased Pol Il binding and rate of transcription of eNOS [69]. As laminar
flow can affect gene regulation via epigenetic pathways, disturbed flow may impinge on
them to regulate gene expression. Whether epigenetic pathways contribute to the
susceptibility of different regions in the vasculature to atherosclerosis is worth considering.
The merits of considering epigenetic pathways, models and paradigms warrants further
discourse.

Conclusion

The role of epigenetic pathways in controlling gene expression represents a fundamentally
new perspective on human cardiovascular disease. That epigenetic mechanisms are highly
dynamic processes that can adapt and respond to environmental cues, like hemodynamic
forces or hypoxia, is a newer paradigm. This perspective is especially exciting given the
potential for therapeutic intervention and reprogramming of cells at the epigenetic level.
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Key points

. Epigenetic mechanisms, specifically DNA methylation and specific histone
modifications, are important in regulating the expression of genes enriched
within the vascular endothelium.

. Epigenetic processes are dynamic processes that respond to cues such as the
physical forces of circulation and hypoxia.

. Epigenome mapping can help define relationships between our genes and the
environment.
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Figure 1. Chromatin-based mechanisms can regulate gene expression profiles
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Epigenetics encompasses three nuclear processes: (1) DNA methylation, (2) histone density
and posttranslational modifications, and (3) RNA-based mechanisms. DNA methylation
occurs symmetrically at CpG dinucleotides, and is responsible for gene silencing. Recently

described hydroxymethyla-tion is also present on DNA. Histone density can affect the
accessibility of the chromatin to chromatin remodelers and transcription factors.

Posttranslational modifications on N-terminal tails of histone proteins can modulate the
interactions of histone proteins with DNA. RNA-based mechanisms include the production

of long noncoding RNA (IncRNA), which can interact with chromatin and chromatin-
modifying complexes to regulate gene expression. Adapted with permission from [5°7].
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Figure 2. Signature chromatin domains at active and inactive gene promoters
Specific chromatin marks have been characterized at active (a) and inactive (b) genes, where

the arrow denotes the start of transcription. (a) Generally, activated promoters are
characterized by an absence of promoter DNA methylation (CpG sites shown as black lines),
an enrichment of hyperacetylated histones H3 and H4, H3K4me3 at the promoter and
H3K36me3 along the transcribed region. Transcribed regions do not demonstrate
H3K27me3 marks. (b) Inactive promoters are generally characterized by dense DNA
methylation (shown as filled circles at CG sites), increased histone density, and enrichment
of H3K27me3 and/or H3K9me3 marks.
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A summary of histone posttranslational modifications and their effects on gene expression

Table 1

Histone modification  Location Effect on gene expression
Histone H3
K9ac Promoter On
Kl4ac Promoter On
K4me3 Promoter On
K9me3 Promoter, heterochromatin ~ Off
K27me3 Promoter, heterochromatin ~ Off
K36me3 Transcribed region On
S10phos Promoter On/off
T6phos Promoter Off
T11phos Promoter Off
Histone H4
K5ac Promoter On
K8ac Promoter On
K12ac Promoter On
K16ac Promoter On
K20me3 Heterochromatin Off
Histone H2A
K119ub Promoter Off
Histone H2B
K120ub Unknown On

ac, acetylation; K, lysine; me3, trimethylation; phos, phosphorylation; S, serine; T, threonine; ub, ubiquitination.
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