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Summary

We now appreciate that the vascular endothelium plays a crucial role in regulating normal blood
vessel physiology in the kidney. The gene products responsible are commonly expressed
exclusively, or preferentially, in this cell type. However, despite the importance of regulated gene
expression in the vascular endothelium, relatively little is known about the mechanisms that
restrict endothelial-specific gene expression to this cell type. Even less is known about how gene
expression might be restricted to endothelial cells of discrete regions of the kidney, such as the
glomerulus or vasa recta. Although significant progress has been made toward understanding the
regulation of endothelial genes through cis/trans paradigms, it has become apparent that additional
mechanisms also must be operative. Classic models of transcription in vascular endothelial cells,
specifically the cis/trans paradigm, have limitations. For instance, how does the environment have
chronic effects on gene expression in endothelial cells after weeks or years? When an endothelial
cell divides, how is this information transmitted to daughter cells? Chromatin-based mechanisms,
including cell-specific DNA methylation patterns and post-translational histone modifications,
recently were shown to play important roles in gene expression. This review investigates the
involvement of epigenetic regulatory mechanisms in vascular endothelial cell-specific gene
expression using endothelial nitric oxide synthase as a prototypical model.
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The endothelium forms the inner cellular lining of blood vessels and lymphatics and has a
complex and important role in the health of patients with kidney disease. Endothelial
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dysfunction in both the renal and systemic vasculature can be the cause, or occur as a result,
of renal dysfunction.1®

At the heart of phenotype and function lies the molecular signature of the cell. Although
endothelial cells (ECs) share functional and morphologic features, molecular studies have
shown that many “endothelial” protein/messenger RNA markers are not uniform in the
endothelium.®7 In fact, gene expression profiling of 52 cultured human ECs showed distinct
and characteristic tissue-specific profiles for cells from different regions.8 There are genes
specific to arterial versus venous ECs, genes that are specific to macrovascular cells versus
microvascular cells, and a broader correlation of tissue-specific endothelial gene expression
with genes involved in body plan development. Functionally, these gene expression patterns
reflect the numerous roles of ECs in normal physiology including regulation of vasomotor
tone, hemostasis, cell and nutrient trafficking, permeability of vessels, and growth of new
blood vessels.210

The expression of many of the key genes involved in these processes is unique, or highly
restricted, to the endothelium. Yet, surprisingly, the molecular mechanisms underlying how
endothelial-specific patterns of gene expression are established and maintained are poorly
understood. In this review we examine the mechanisms responsible for endothelial-specific
gene expression using endothelial nitric oxide synthase (eNOS) as a model.

VASCULAR ENDOTHELIUM IN THE KIDNEY

In support of its role in maintaining metabolic homeostasis, the kidney has a complex
vascular network that exemplifies the heterogeneity in endothelial structure and function.
Thus, the endothelium is differentially unique in the renal arteries, veins, glomerulus,
peritubular capillary plexus, postcapillary venule, ascending vasa recta, and descending vasa
recta. In glomerular capillary ECs, expression of the vascular endothelial growth factor
receptors is important in the development of fenestrations and regulation of EC
permeability.11-14 Glomerular capillary ECs also synthesize negatively charged molecules
that form the glycocalyx, a membrane-associated cell surface layer of proteoglycans,
glycosaminoglycans, glycoproteins, and glycolipids that participate in the charge selectivity
of the glomerulus.1® In response to functional requirements and the microenvironment,
eNOS is expressed more highly in the medullary vasa recta than in the glomerular and
peritubular capillaries,8 whereas von Willebrand factor is expressed more robustly in
arteries, veins, and peritubular capillaries versus glomerular capillaries.’

eNOS EXPRESSION IS IMPORTANT FOR NORMAL KIDNEY FUNCTION

eNOS is a well-characterized endothelial-specific genel819 that is important in the control
of blood vessel tone and remodeling,2%-22 hemostasis, 23 angiogenesis,24 and the
mobilization of endothelial progenitor cells.2> The product of eNOS is nitric oxide (NO),
which possesses vasodilatory, anti-inflammatory, and antithrombotic properties, among
others.26-29 Dysregulated expression of eNOS is important in atherosclerosis,3° an
important cause of morbidity and mortality in renal patients.31-34 Within a blood vessel
wall, focal dynamic changes in eNOS expression are associated with the development of
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atherosclerotic lesions. Within the aortic arch, eNOS expression is high in the greater
curvature, which in general is exposed to more uniform blood flow and has a low probability
of developing atherosclerosis; conversely, eNOS expression is low in the lesser curvature,
which is exposed to turbulent flow and has a higher probability of atherosclerosis (Fig. 1).
This is in contrast to the expression patterns of the inflammatory gene p65, a component of
nuclear factor xB, the expression of which is inverse compared with eNOS.3° Interestingly,
the expression of eNOS in development has been linked to the initiation of flow within the
circulation.36

Within the kidney, eNOS knockout mice develop focal pathologic defects including
glomerular hypoplasia and tubular cell death, leading to separation of glomeruli from
tubules.3” Over time, the kidneys develop a thrombotic microangiopathy with endothelial
cell loss, endothelial swelling, and intraluminal thrombi formation.38 In the setting of renal
disease models including diabetic nephropathy and anti— glomerular basement membrane
glomerulonephritis, deficiency of eNOS accelerates renal injury and the progression of
disease.38-40 These data have suggested that eNOS may have a protective role in renal
disease including diabetic nephropathy.41:42

The cell-specific expression of certain genes such as eNOS is critical to maintaining normal
cellular function and thus normal organ function. A key question, then, is how the cell-
specific expression of such genes is regulated in health, and dysregulated in disease.

MECHANISMS OF GENE REGULATION

The promise of the postgenome period argues that the key to human disease including
kidney disease, lies within our DNA sequence. Given that the DNA sequence of every
diploid human cell is the same, with the exception of T- and B-cell receptors in T and B
cells, respectively, as well as somatic mutations, other factors must govern the difference
between a glomerular endothelial cell and a renal artery vascular smooth muscle cell or a
mesangial cell. How then are cell-specific patterns of gene expression established? How
does the environment have chronic effects on gene expression in endothelial cells after
weeks or years? When an endothelial cell divides, how is this information transmitted to
daughter cells? The key question is how do cells with the same DNA sequence show
heterogenous patterns of gene expression?

Until recently, the study of gene regulation has focused on the concept of specific
transcription factors binding to canonical promoter elements to mediate transcriptional
programs. These traditional cis/trans paradigms, however, do not fully explain characteristics
of acquired renal diseases including differences between monozygotic twins, progression of
severity over time, and relative late onset of disease.3 Rather, emerging evidence suggests
that epigenetic mechanisms are implicated in the control of vascular endothelial gene
expression in health and disease.** It is now known that epigenetic mechanisms provide the
key link between genes and the environment, play a fundamental role in the regulation of
cell-specific gene expression, as well as the establishment and maintenance of cell fate.
These insights led to the launch of the International Human Epigenome Consortium, whose
goal is to map 1,000 reference epigenomes.*®
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DEFINITION OF EPIGENETICS

In its literal translation, “epi” means “above” and genetics refers to “the DNA code.” In the
broadest sense, epigenetics can be defined as chromatin-based mechanisms important in the
regulation of gene expression that do not involve changes in the DNA sequence per se.*6 An
important component of this definition is the concept that, in the absence of enzymatic
modification, epigenetic marks are stable and heritable through cellular division, either
mitosis or meiosis.

EPIGENETIC MECHANISMS

In mammalian systems, epigenetics encompasses three interconnected mechanisms that do
not alter the double-stranded base pairing of DNA. The major epigenetic mechanisms are
DNA methylation, histone density and post-translational modifications, and RNA-based
mechanisms (Fig. 2).4

DNA METHYLATION

DNA methylation occurs when a methyl group is added to the 5-position of cytosine to
create 5-methyl-cytosine. In mammals, this occurs most commonly in the context of a CG
dinucleotide, where a guanidine residue lies 3" to a cytosine on a strand of DNA, and, when
this occurs in promoter regions, generally is associated with gene repression. DNA
methylation in this context plays a fundamental role in a variety of different processes such
as genomic imprinting, X-chromosome inactivation, cancer, suppression of repetitive
elements, and, more recently, cell-specific gene expression (reviewed by Bird*").

Although not well understood, methylated cytosines found in non-CG contexts also have
been described in mammals.#448 In human beings, with the exception of CpG islands,
methylation occurs at 70% to 80% of all CpG dinucleotides in the human genome.*® CpG
islands are regions in the genome spanning approximately 1 kb that have a high CpG content
(relative to the overall C or G content), and generally are unmethylated. CpG islands span
the promoter regions of 60% to 70% of all human genes and approximately 40% of tissue-
specific genes (reviewed by lllingworth and Bird®Y).

DNA methylation is catalyzed by three DNA methyl-transferase (DNMT) enzymes:
DNMT1, DNMT3a, and DNMT3b each catalyze the transfer of a methyl group of S-
adenosylmethionine to the carbon 5 position of cytosine. DNMT1 is responsible for
maintenance methylation through recognition of hemimethylated DNA during DNA
replication, whereas DNMT3a and 3D are responsible for de novo DNA methylation during
development. DNA methylation is fundamental for embryonic development because mice
that lack DNMTSs are embryonic lethal.>1.52

There are three potential mechanisms by which DNA methylation leads to gene repression.
First, 5-methyl-cytosine can sterically hinder transcription factor binding with their c/s-
elements (reviewed by Miranda and Jones®3). Evidence for this repressive mechanism arises
from studies showing that certain transcription factors such as c-myc,>* hypoxia inducible
factor 1a,® and the insulator protein CCCTC-binding factor (CTCF)®® are sensitive to DNA
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methylation. However, other transcription factors such as Sp1°7 are not affected by DNA
methylation, indicating that there are other mechanisms at play. Second, DNA methylation
can recruit methyl-binding proteins such as methyl CpG binding protein 1 and 2 (MeCP1,
MeCP2),%8 and methyl-CpG-binding domain protein 1-4 (MBD1-4),5% which in turn hinder
other trans-factor binding. Finally, MeCP2 and MBD2 can recruit other chromatin-
modifying co-repressor complexes such as histone deacetylases (HDACs),%0:61 and histone
demethylases®3 to repress gene transcription further.

DNA DEMETHYLATION

The removal of the methyl group from cytosine, DNA demethylation, more recently has
been believed to occur in a variety of different processes, such as development,
tumorigenesis, neurogenesis, and the immune response. This process can occur via both
passive/replication-dependent or active/replication-independent fashion. Passive DNA
demethylation occurs when methyl groups are not added to the newly synthesized strand of
DNA during replication whereas active replication involves the removal of the methyl group
by putative demethylase enzymes (reviewed by Zhu®2). An exciting new discovery involves
the hydroxylation of 5-methyl-cytosine by tet methylcytosine dioxygenase (TET) family
enzymes, creating 5-hydroxymethyl-cytosine. 5-Hydroxymethyl-cytosine may serve as an
intermediate for DNA demethylation because it can be converted to cytosine.53:64

Intriguingly, and highly relevant to chronic kidney disease, Kim et al®® showed that
parathyroid hormone could induce protein kinase C—-mediated phosphorylation of MBD4,
leading to conversion of 5-methyl-cytosine to cytosine and activation of cytochrome p450
27B1 (CYP27B1) during vitamin D biosynthesis. This is the key enzyme in the biosynthesis
of vitamin D. Importantly, this report argues that phosphorylation of MBD4 allows it to
recognize 5-methyl-cytosine in addition to its function as a DNA glycosylase.

HISTONE PROTEINS

In the nucleus, DNA does not exist on its own; rather, it is coiled around octamers of histone
proteins to form nucleosomes. One nucleosome consists of 146 bp of DNA coiled around a
histone octamer made up of two molecules each of histone H2A, H2B, H3, and H4.
Adjacent nucleosome particles are connected via a shorter linker DNA sequence that
variably can associate with histone H1. In heterochromatin, these repeating structures are
tightly compacted with minimal linker DNA, whereas these structures are spaced more
loosely in euchromatin, allowing for greater access to the DNA. This basic unit of chromatin
then is compacted further into higher-order structures, ultimately forming a chromosome
(reviewed by Misteli66).

Histone proteins are composed of a globular domain, as well as amino-terminal tails, which
can undergo post-translational modifications that have a downstream effect on transcription
(reviewed by Kouzarides®7). These post-translational modifications (PTMs) include
acetylation, methylation, phosphorylation, sumoylation, ubiquitination, and adenosine
diphosphate ribosylation among others (reviewed by Kouzarides®” and Li et al®®). The
histone code hypothesis posits that the combination of these PTMs encodes regulatory
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information that is then “read” by proteins to generate a downstream response.59
Modifications such as the acetylation of H3 and H4, dimethylation or trimethylation of
histone 3 lysine 4 (H3K4) at the promoter, as well as methylation of histone 3 lysine 36
(H3K36) in the gene body, are associated with active transcription. In contrast, histone 3
lysine 9 trimethylation (H3K?9), histone 3 lysine 27 trimethylation (H3K27), and methylation
of histone 4 lysine 20 (H4K?20) at the promoter are repressive chromatin marks (reviewed by
Li et al®8) (Table 1). These modifications are dynamically regulated by opposing enzyme
complexes that add, or remove, PTMs. Specifically, histone acetyltransferases add acetyl
groups, whereas HDACs can remove acetyl groups (reviewed by Kouzarides®7). Similarly,
histone lysine methylation is regulated by histone methyltransferases such as the mixed
lineage leukemia (MLL) family members, and demethylases such as the jumonji domain
containing (JMJD) family members (reviewed by Li et al68).

Aside from histone modifications that affect the electrostatic attraction of DNA with the core
histone proteins, histone density is functionally relevant to transcription with lower histone
density at the transcription start site generally associated with active transcription. Eviction
of histones leading to lower histone density is mediated primarily through adenosine
triphosphate—remodeling complexes such as Switch/Sucrose nonfermenting (SWI/SNF).70
Intriguingly, studies performed in human beings have shown H3/H4 eviction during the
activation of vitamin D3-receptor-regulated genes.’”! Relevant to this review, hypoxia
represses transcription of the eNOS gene in vascular ECs, in part via regulating histone
density.”2

RNA-BASED MECHANISMS

The epigenetic marks described earlier are ubiquitous across cells types and the mechanisms
that direct their specificity is not well described. Recent evidence suggests that nuclear
RNA-based mechanisms can direct epigenetic memory.”3 In particular, long noncoding
RNAs (IncRNAS), to be distinguished from short non-coding RNAs such as microRNAs, can
regulate groups of genes by binding to chromatin-modifying complexes such as the
polycomb repressive complex 2 complex, which mediates H3K27 trimethylation, and mixed
lineage leukemia 1, which mediates H3K4 trimethylation.”3-> These IncRNAs are defined
as RNA molecules longer than 200 nt (reviewed by Mercer et al’3), which do not code for
protein, and function as an RNA molecule. Currently, thousands of INcRNAs have been
annotated and play roles in a variety of cellular processes in development and mature
cells.”®.77 These InNcRNAs were shown to have evolutionary conservation across 21
mammalian genomes, indicating their importance in higher-order mammals.”® In fact, some
IncRNAs are transcribed from regions of the genome identified by genome-wide association
studies to harbor disease-causing mutations including a region on chromosome 9 associated
with coronary artery disease.’®

One of the best studied long noncoding RNAs is X-inactivation—specific transcript, Xist,
which is expressed by the X-chromosome inactivation center, and is responsible for
inactivating one of the two female X-chromosomes in mammals (reviewed by Kanduri et
al”®). Furthermore, recent studies identified another ncRNA, HOX transcript antisense RNA
(HOTAIR), which is transcribed from the HOXC locus and acts in fransto repress
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transcription in the HOXD locus through the interaction with the polycomb repressive
complex 2.77 HOTAIR recently was implicated in breast cancer metastasis and mortality.8°

Along with histone modifications, IncRNAs also have been shown to play a role in RNA-
directed DNA methylation (reviewed by Payer and Lee81). Specifically, Xistantisense RNA,
Tsix, negatively regulates Xist by recruiting DNMT3a to the Xist promoter of the active X
chromosome, leading to DNA methylation and repression of Xist gene transcription.82
Collectively, these findings are beginning to uncover the fundamental role of IncRNAs in
gene regulation.

REGULATION OF eNOS: CIS/TRANS PARADIGM

A simple model to account for the cell-restricted expression of endothelial genes such as
eNOS is predicated on the classic c/s/trans paradigm of gene expression. In this model, cis-
DNA binding elements in the 5”-regulatory regions of genes specifically recruit trans-factors
(or transcription factors). To account for cell-specific expression this model requires that c/s-
DNA binding elements be present in the 5’-regulatory regions of target genes and that the
expression of the relevant trans-factors themselves be cell-restricted in expression. Although
some cis-elements such as Sp-1, forkhead, and Ets elements are enriched in endothelial
target gene promoters, these transcription factors are not.83:84 Indeed, there is no evidence
for an endothelial master regulator, which is both necessary and sufficient for the expression
of endothelial genes, unlike MyoD for skeletal muscle cells or peroxisome proliferator
activated receptor- y for adipocytes.8°-86

REGULATION OF eNOS: EPIGENETICS

To elucidate the factors involved in eNOS expression, we performed transient transfection
assays in endothelial cells (express eNOS) and vascular smooth muscle cells (VSMCs) (do
not express eNOS) with an episomal eNOS core promoter-luciferase reporter construct.8’
Intriguingly, both expressing and nonexpressing cell types displayed robust expression from
the episomal constructs.8” These experiments provided us with strong evidence that
nonexpressing cell types such as VSMCs contained the necessary #rans-factors required for
eNOS transcription. eNOS promoter-reporter transgenic mice containing the same eNOS
promoter sequences, however, where the promoter-reporter construct is integrated into the
genome, show an endothelial-restricted pattern of expression.88 These in vivo findings
indicated that chromatin structure and epigenetics may play an important role in keeping
eNOS switched off in nonexpressing cell types.

To determine if epigenetic mechanisms played a role in the endothelial-restricted pattern of
eNOS, we first determined if DNA methylation played a role in eNOS regulation. By using
sodium bisulfite genomic DNA sequencing to assay DNA methylation, we determined that
there was a differentially methylated region in the core promoter (-361 to +3).87
Specifically, the eNOS promoter was hypomethylated in ECs, but was hypermethylated in
nonexpressing cell types, such as human VSMCs and murine aortas.8” Furthermore, when
treated with 5-azacytidine, a DNMT inhibitor, robust expression of eNOS in VSMCs was
observed, indicating that promoter DNA methylation is involved directly in eNOS
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regulation.8” Moreover, the eNOS promoter in VSMCs (but not human umbilical vein
endothelial cells [HUVECs]) was enriched in the methyl-binding protein MeCP2, a
transcriptionally repressive mark.87 Taken together, these findings provide exciting evidence
that DNA methylation plays a key role in the maintenance of cell-specific gene expression
patterns.

Further, we showed that the eNOS core promoter in ECs was highly enriched in activating
histone marks such as acetylated H3 and H4, and H3K4 dimethylation and trimethylation.
These and other activating histone PTMs such as H4K12 acetylation and H3K9 acetylation
comprise an active “histone code” at the eNOS promoter in ECs.89

Importantly, blocking histone deacetylase activity using trichostatin A (TSA) in
nonexpressing cell types led to an increase in H3/H4 acetylation and an increase in steady-
state eNOS messenger RNA levels, indicating that similar to DNA methylation, histone
acetylation is fundamental for the regulation of eNOS.8° Taken together, these data provide
evidence that the chromatin accessibility to ubiquitously expressed frans-factors governed
through epigenetic regulation is critical for eNOS expression.

RNA-based mechanisms also play a role in eNOS regulation. We have found evidence of a
natural anti-sense transcript, SONE, that regulates eNOS via post-transcriptional
mechanisms. Interestingly, SONE participates both in the cell-specific expression of eNOS
and in the hypoxia-mediated decrease in eNOS steady-state messenger RNA levels.90.91
Furthermore, a small, 27-nt RNA originating from the variable number tandem region of
intron 4 can repress eNOS transcription in association with a reduction in activating
epigenetic marks such as H3K9 and H4K12 acetylation at the promoter and an increase in
repressive epigenetic marks such as DNA methylation at exon 3.92:93 Interestingly, copy
number variation of the eNOS variable number tandem region is associated with increased
risk of ischemic heart disease.%

EPIGENETICS, THE VASCULAR ENDOTHELIUM, AND KIDNEY DISEASE

Epigenetic mechanisms have become increasingly important as targets for both the treatment
and pathogenesis of human diseases. Recently, we found that the HDAC inhibitor vorinostat
decreased albuminuria and mesangial collagen IV deposition in a mouse model of diabetic
nephropathy. Interestingly, these effects were found to be dependent on eNOS expression in
the kidney.*2 Another HDAC inhibitor, TSA, is being studied as a promising treatment for
various cancers (reviewed by Carew et al9), as well as kidney diseases. TSA in combination
with retinoic acid inhibited renal cell carcinoma proliferation.9 TSA also reduced cyst
formation in polycystic kidney disease in mice,%7:98 attenuated macrophage infiltration and
fibrotic changes in tubulointerstitial injury,?® as well as inhibited renal fibroblast activation
and tubular cell apoptosis in tubulointerstitial fibrosis.1%0 These findings suggest a
prominent role for epigenetic mechanisms in the pathogenesis of kidney disease.

Intriguingly, recent studies have shown that DNA methylation of specific genes in cancer
can itself cause hereditary nonpolyposis colorectal cancer (HNPCC), and that this
modification can be inherited through the germline. In the absence of genetic mutation,
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allele-specific hypermethylation of the mismatch repair gene MutL homolog 1 (MLH1) led
to gene silencing and subsequent HNPCC. These epimutations were germline because they
were present in spermatozoa, as well as other somatic tissues such as buccal mucosa, hair
follicles, and peripheral blood.191 Similarly, germline allelic-specific and mosaic
hypermethylation of the mismatch repair gene mutS homolog 2 (MSH2) also was involved
in HNPCC. Three siblings carried the germline epimutation and developed early onset
HNPCC or endometrial cancers.192 Taken together these studies suggest that epimutations
themselves are heritable, and can increase susceptibility to disease. Clearly, this will be an
exciting area to explore.

The role of epigenetic mechanisms is not limited to the constitutive expression of important
endothelial genes such as eNOS as discussed earlier. The human inducible NOS (iNOS)
gene is not expressed constitutively but is inducible only in certain cell types. Cell types
such as ECs, which are strongly resistant to iNOS induction, have iNOS promoters with
extensive DNA methylation whereas cell types in which iNOS is inducible have
hypomethylated iNOS promoters.103 These mechanisms also are fundamental in mediating
the endothelial cellular response to external stimuli such as cytokine stimulation, shear
stress, and hypoxia,*3 which are factors that play an important role in the pathogenesis of
blood vessel diseases (Fig. 3).

For instance, laminar shear stress can increase eNOS expression in part, via epigenetic
alterations. Shear stress—mediated eNOS activation is mediated by increased p300 histone
acetyltransferase activity, which increases acetylation of p65, as well as acetylation of
histone H3 and H4 at the eNOS shear stress response element.194 Blocking p300 activity, on
the other hand, inhibits eNOS activation.194 Importantly, we showed that eNOS expression
is attenuated in regions of the mouse aorta predisposed to forming atherosclerotic lesions,3°
which may occur through dysregulation of p300 activity. Furthermore, other studies have
shown that shear stress induces the cAMP-response element-binding protein/CREB-binding
protein (CREB/CBP) complex, which has histone acetyltransferase activity and can activate
flow-responsive genes in HUVEC.105

With respect to hypoxia, our laboratory recently provided evidence that epigenetic
mechanisms were important in the endothelial response to oxygen deprivation. Specifically,
we found that hypoxia attenuated eNOS expression, concomitant with a decrease in histone
acetylation, as well as H3K4 methylation.”? Intriguingly, this occurred as a result of
hypoxia-induced eviction of acetylated histones at the eNOS promoter in ECs and
reincorporation of histone proteins that lacked activating PTMs. "2

SUMMARY

In this review, we have highlighted that the spatial and temporal regulation of gene
expression patterns is critical to the normal functioning of our cells. We present epigenetics
as a ubiquitous and powerful perspective from which to understand gene regulation,
particularly in endothelial cells. Epigenetics is attractive as a model because it includes a
mechanism by which the DNA sequence can interact with the environment and provides a
therapeutic target for re-establishment of normal gene expression patterns in disease. To
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date, the study of epigenetics is in its infancy and the field is ripe for discoveries that have
translational implications on vascular endothelial cells in kidney disease.
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Blood flow, expression of eNOS, and atherosclerotic lesions in the aortic arch. (A) The

lesser curvature of the aortic arch is exposed to turbulent flow and is more prone to

atherosclerosis. The greater curvature, on the other hand, is exposed to laminar flow and is
less prone to atherosclerosis. (B) The aorta is opened with a view of the endothelium. eNOS

expression (dots) is noticeably decreased in the lesser curvature.
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Cytosine DNA.
methylation

Figure 2.
Fundamental epigenetic mechanisms. Epigenetic mechanisms refer to three highly

interrelated mechanisms that regulate gene expression, as follows: (1) DNA methylation
refers to the covalent addition of a methyl group to the 5-position of cytosine in the context
of CpG dinucleotides in mammals; (2) histone density and post-translational modifications
affect chromatin structure: the fundamental repeating unit of chromatin is the nucleosome
that is comprised of an octamer of two each of four core histone proteins; and (3) nuclear
RNA-based mechanisms including long noncoding RNAs can direct chromatin structure.
Reprinted with permission from Yan et al.*3
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Epigenetics and environmental stimuli. Epigenetic pathways are important in the interface
between genes and the environment. Important environmental stimuli such as entry into the

Figure 3.

cell cycle, shear stress, cytokines, and hypoxia are important in the epi
vascular endothelial gene expression in health and disease.
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Abbreviations: K, lysine; S, serine.
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