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ABSTRACT

Atherosclerosis, which is the most common chronic disease of the coronary artery, constitutes
avascular pathology induced by inflammation and plaque accumulation within arterial vessel
walls. Both DNA methylation and histone modifications are epigenetic changes relevant

for atherosclerosis. Recent studies have shown that the DNA methylation and histone
modification systems are closely interrelated and mechanically dependent on each other.
Herein, we explore the functional linkage between these systems, with a particular emphasis
on several recent findings suggesting that histone acetylation can help in targeting DNA
methylation and that DNA methylation may control gene expression during atherosclerosis.
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INTRODUCTION

Coronary artery disease remains a leading cause of death globally. Atherosclerosis is the
most common chronic disease of the coronary artery. It is characterized by the adherence
of cells circulating in the blood to the endothelium, migration to the sub-endothelial

layer, and differentiation into macrophages. It is a process by which inflammation, fibrous
proliferation, and plaque build-up occur in the arterial wall. Inflammation is the main
process underlying atherosclerosis, which is associated with cell-to-cell interactions
involving multiple cell types, including endothelial cells, leukocytes, and smooth muscle
cells (SMCs).! Known risk factors for atherosclerosis include elevated circulating low-density
lipoprotein (LDL) and triglyceride levels, smoking, obesity, and aging. In response to these
stimuli, vascular endothelial cells—the cells composing the inner lining of blood vessels—
become activated and recruit monocytes from the circulation. Monocytes differentiate into
macrophages upon entering the vascular wall, and following the uptake of lipids, including
oxidized low-density lipoprotein (oxLDL), can further differentiate into foam cells, which
are retained underneath the endothelial layer.? Leukocytes, primarily macrophages, which
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have an important role in LDL uptake, are crucial players in the pathophysiological processes
leading to cardiovascular diseases, including myocardial infarction, as they lead to the
formation of foam cells in the intima.?

Epigenetics plays a pivotal role in regulating gene expression in development, in response

to cellular stress or in disease states, in virtually all cell types. Epigenetic modifications are
processes whereby a cell retains a memory of past cellular states and perturbations without
altering the DNA sequence itself. By remodeling the chromatin structure or gene expression,
epigenetic modifications cooperate with transcription factors and the translational
machinery in fine-tuning gene expression.* Recently, many clinicians and basic researchers
have proposed that the pathogenesis of atherosclerosis involves dynamic epigenetic
modifications. These epigenetic changes regulate gene expression in a cell type- and stage-
specific manner.>° The definition of epigenetics is the study of heritable changes in gene
expression that do not involve changes to the underlying DNA sequence (i.e., a change in
phenotype without a change in genotype). Epigenetic mechanisms include DNA methylation
and histone modifications, which consist of acetylation, methylation, phosphorylation,
deimination, ubiquitylation, sumoylation, and ADP ribosylation, and these modifications
affect the chromatin structure and create affinities for chromatin-associated proteins, thereby
modulating gene expression. MicroRNAs (miRNAs) are short, non-coding RNA molecules
that mediate RNA silencing and regulate gene expression. Therefore, miRNAs have also been
identified as components of the epigenetic machinery.

Much remains to be discovered regarding the epigenetic mechanisms that are operative in
atherosclerosis, which is partially due to the difficulty in analyzing specific cell types in the complex
milieu of the plaque. However, emerging technological advances, such as single cell assays for
transposase-accessible chromatin using sequencing (scATAC-seq) and multiple complementary
experimental systems for studying atherosclerosis, including genome-wide association studies
(GWAS), are rapidly transforming the approaches that can be utilized to understand the molecular
basis of this disease.” In this review, we primarily focus on the modifications of DNA methylation
and histone acetylation in cardiovascular atherosclerotic disease.

DNA METHYLATION

DNA methylation is a key biochemical process for regulating the activity of DNA. It involves
adding a methyl group to the fifth position of the pyrimidine ring of cytosine, generating
5-methylcytosine (SmeC), or to the number-6 nitrogen of the purine ring of adenine.
Methylation usually occurs at the gene promoter, and typically inhibits gene transcription.

This change can be inherited through cell differentiation and it is related to the pathogenesis

of various diseases. DNA methylation constitutes 3 processes: de novo methylation, 5SmeC
recognition, and active and passive demethylation. It was initially established that de novo DNA
methylation occurs at symmetric CpG sites, starts with DNA methyltransferase (DNMT) 3A/3B,
and is maintained by DNMT1 (Fig. 1). However, further research revealed that both DNMT3A/3B
and DNMT1 are needed for DNA methylation initiation and maintenance. DNA methylation
can inhibit gene transcription directly or indirectly. Methylation can directly interfere with

the binding of DNA and transcription factors, or it can attract proteins that bind specifically

to modify DNA, thereby blocking other transcription factors from binding the site.® The
transcription factors AP-2, c-Myc, cyclic AMP response element binding protein (CREB), EBP-
80, and E2F lose their affinity to genes when their binding sites are methylated.”®> Some indirect
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Fig. 1. The mechanism of DNA methylation and demethylation.
C, cytosine; 5meC, 5-methylcytosine; 5caC, 5-carboxylcytosine; 5fC, 5-formylcytosine; 5ShmC, 5-hydroxymethylcytosine; DNMT, DNA methyltransferase; TET, ten-
eleven translocation enzyme; TDG, thymine-DNA-glycosylase; BER, base excision repair.
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mechanisms exist that repress transcription. When proteins (repressors) bind preferentially
to methylated DNA, they reduce gene expression. For example, methyl-CpG-binding protein 1
and 2 (MeCP1 and MeCP2), despite their differences in binding stability to methyl-CpG, both
act as repressors that inhibit gene transcription.'®” The methyl-CpG-binding domain (MBD)
and nucleosome remodeling deacetylase (NuRD) protein constitute the chromatin remodeling
complex and bind to methylated CpG, which later turns off the transcription of the gene.
MeCP2 represses gene expression by introducing histone deacetylase (HDAC) 1 and 2 and
Sin3A to the gene, removing acetyl groups from acetylated histone tails. These 2 chromatin
remodeling complexes bind to methylated CpGs and repress transcription.'® DNA methylation
itself has been thought to be a stable and long-term epigenetic modification, but the discovery
of DNA demethylation and its mechanism revealed that this process is more complex and
dynamic than was initially envisioned. DNA demethylation can occur either passively or
actively.” Passive DNA demethylation occurs through DNA replication. When methylated
DNA is replicated with DNMT1 inhibited or absent, the new strand is synthesized without the
DNA methylation, and when this DNA double-strand is replicated once more, the new DNA,
synthesized using the strand without methyl group as the template, loses the remaining methyl
groups. While the passive DNA demethylation process is straightforward, much remains to

be discovered regarding active DNA demethylation, which is still controversial. Active DNA
demethylation can be distinguished by whether it is a genome-wide or a gene-specific event.
Genome-wide active DNA demethylation occurs in germ cells or gametes associated with
reproduction and development. Locus-specific active demethylation, in contrast, occurs in
somatic cells as a response to certain signals. Several possible mechanisms of DNA active
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demethylation have been proposed, including, enzymatic removal of methyl groups,?°? direct
excision of 5meC during base excision repair (BER),?* conversion of 5meC to thymine,
deamination with BER of the T/G mismatch by thymine-DNA glycosylase (TDG),** and
oxidative demethylation (Fig. 1).%%*

Oxidative demethylation (by an enzyme or ten-eleven translocation [TET]) or deamination
(by activation-induced cytidine deaminase or apolipoprotein B messenger RNA [mRNA]
editing enzyme, catalytic polypeptide-like) precedes TDG-related demethylation. 5meC is
deaminated by the enzymes above to become thymidine, which is further demethylated by
TDG through BER.*? As oxidative demethylation proceeds, 5meC is first oxidized by TET 1-3
to become 5-hydroxymethylcytosine (5ShmC), which is further oxidized into 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC) by the same TET family.®® During the process and at the
end of the process, TDG recognizes 5fC and 5caC, creates an apurinic/apyrimidinic site and
restores unmodified cytosine.>**

CROSSTALK BETWEEN DNA METHYLATION AND
HISTONE ACETYLATION

It is well known that DNA methylation and histone deacetylation both repress gene
transcription. When histones are acetylated, their electrostatic interactions with DNA
become weaker, resulting in relaxed chromatin, which upregulates transcription; the
opposite happens when histones are deacetylated by HDAC.?** Research has explored the
crosstalk between these 2 epigenetic activities, to reveal how one process affects the other,
and herein, we present examples of how they work to regulate gene transcription.

As described above, MeCP2 can bind to methylated DNA, and when it binds to methylated
cytosines, it also binds to chromatin. This led to the hypothesis that transcriptional
repression by DNA methylation might also occur due to chromatin structural changes, with
MeCP2 recruiting a chromatin-modifying corepressor. In rat brain nuclear extracts, it was
found that precipitates of MeCP2-bound proteins showed deacetylation activity. This finding
made it clear that there is an association between DNA methylation and histone deacetylation
via a methylated DNA binding protein, MeCP2.® The induction of histone deacetylation

by MeCP2 was further studied and found to have a connection with Sin3A, which interacts
with HDAC. Therefore, it has been demonstrated that MeCP2 consists of the MBD and
transcriptional repression domain (TRD), and that TRD interacts with Sin3A, which brings
HDAC to the histone of methylated DNA.*

In addition to relationship between DNA methylation and acetylation, it was found that
histone acetylation can induce DNA demethylation. The model described above, according
to which DNA methylation can induce histone deacetylation, can explain gene inactivation,
but is insufficient to explain the demethylation of the gene upon its activation. In an attempt
to find the link between these 2 processes, a model was proposed according to which active
chromatin induces associated DNA demethylation. When human lymphoma cell lines were
treated with phorbol myristate acetate and butyrate, which is an HDAC inhibitor, levels of
methylated CpG were decreased. This finding means that inhibition of histone deacetylation
induced demethylation of DNA.* Similarly, when HEK 293 cells were treated with
trichostatin A (TSA), which inhibits histone deacetylation, genes were demethylated actively
in a replication-independent manner.*
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DNA MODIFICATIONS IN ATHEROSCLEROSIS

As we described above, atherosclerosis is characterized by the adherence of cells circulating
in the blood to the endothelium, migration to the sub-endothelial layer, and differentiation
into macrophages. This results in a buildup of plaque inside the artery made up of fat, ions,
and proteins, which hardens over time and narrows the vessel. This can result in the blockage
of fresh, oxygen-rich blood from reaching the organs, and over time, a plaque can rupture
inside the artery, causing the catastrophic clinical manifestation of myocardial infarction or
ischemic stroke.*>* Recent studies of the pathogenesis of the disease have found that chronic
inflammation plays a major role in disease initiation and progression.* Since the pathogenesis
of atherosclerosis consists of endothelial dysfunction, intimal lipid deposition, SMC
proliferation, cell apoptosis and necrosis, and local and systemic inflammation,® we describe
herein the relationships between these pathogenic processes and epigenetic modifications.

Since atherosclerosis is an inflammation-related disease, like other cardiovascular

diseases, research into the role of epigenetics in the inflammation process is relevant for
understanding atherosclerosis. A study of patients with chronic kidney disease (CKD),
which is relevant since dialysis patients often experience the complication of cardiovascular
disease, compared oxidative stress biomarkers, homocysteine, and global DNA methylation
in peripheral blood leukocytes according to the level of inflammation. The results showed
that patients with inflammation had global DNA hypermethylation, which was significantly
associated with cardiovascular mortality even correcting for other factors such as age.*

Leukocytes are not the only cell type to have shown a correlation between DNA
hypermethylation and atherosclerosis. The genomic DNA methylation status of peripheral
lymphocytes in angiographically confirmed coronary artery disease (CAD) patients and
control individuals was compared utilizing a methylation-sensitive restriction enzyme.

The results of that study showed that genomic DNA methylation in the patients was
significantly higher than in the controls, and also found a positive correlation between

DNA hypermethylation and plasma levels of homocysteine in CAD patients.* It is clear that
atherosclerosis is inherently related to epigenetic changes, especially DNA methylation,

in light of the result that CAD patients had higher DNA methylation levels, which are also
correlated with homocysteine levels, a risk factor for atherosclerosis. Moreover, as mentioned
above, CKD patients on dialysis, who are also susceptible to atherosclerosis, have higher
DNA methylation levels. Later in this section, we will discuss studies of DNA methylation and
specific pathogenic steps of atherosclerosis.

The first step in the pathogenesis of atherosclerosis is endothelial cell activation. Endothelial
cells, as the first barrier of the disease, regulate hemostasis and thrombosis, local vascular
tone and redox balance, and acute and chronic inflammatory reactions. When they start to
malfunction, and their balance is disrupted, it leads to a downstream cascade of the disease,
including the permeation of blood monocytes to the endothelial cell layer and infiltration
into the intima and subintima. Endothelial cell activation is mediated by metabolic risk
factors such as hyperlipidemia,* and is linked with disturbed blood flow (DBF). It is also
known that prevalent abnormal blood flow at arterial branches and curvatures is a predictor
of early atherosclerotic lesions.* Further studies have found that DBF-related atherogenesis
is mediated by DNA methylation changes.>**? In an animal model of atherosclerosis

induced by DBF, significant upregulation of DNMT1 transcription was observed. To support
the hypothesis that DNMT1 plays a major role in the pathogenesis of atherosclerosis,
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DNMT1 activity was inhibited, which resulted in amelioration of endothelial dysfunction
and atherosclerosis. In an attempt to elucidate the mechanism of DBF-induced DNMT1
upregulation, signaling pathways that can take part in the conversion of mechanical stimuli
into electrochemical activity of the cells have been studied. Mammalian target of rapamycin
(mTOR) was demonstrated to be a major factor. When endothelial cells are pretreated with

rapamycin, inhibiting the mTOR pathway before DBF, phosphorylation of the mTOR effector
p70S6K was blocked. Additionally, DNMT1 expression was blocked in comparison with the
control group. These findings revealed that DBF-induced DNMT1 upregulation is mediated

by mTOR/p70S6K signaling. Further experiments screened for flow-sensitive genes highly
expressed in atherosclerotic plaques. In that study, cyclin A and connective tissue growth factor
induced the expression of DNMTT1 and it was found that it was upregulated upon BDFE.>* These

results suggest that endothelial cell activation and BDF can induce DNMT expression and DNA
methylation, which may change the gene expression pattern and aggravate atherosclerosis.

Endothelial dysfunction then results in the permeation of blood monocytes to the endothelial
cell layer and infiltration into the intima and subintima. The infiltrated monocytes then
differentiate into macrophages. In the process of macrophage differentiation, macrophages

are polarized from alternatively activated (M2) to classically activated (M1). M2 expresses
anti-inflammatory cytokines (e.g., interleukin [IL]-10 and arginase 1), while M1 expresses
proinflammatory cytokines (e.g., tumor necrosis factor-alpha [TNF-a], IL-6, and IL-1p).
Peroxisome proliferator-activated receptor-gamma (PPAR-y) plays an important role in
macrophage polarization, and the epigenetic mechanisms behind this were studied. When
DNMT1 was macrophage-specifically overexpressed in transgenic mice of atherosclerosis

model, proinflammatory cytokines in the macrophage and plasma were increased compared
to the control group and the progression of the disease was accelerated. In that study,

it was found that the proximal promoter of PPAR-y was hypermethylated by DNMT1.
Pharmacological activation of PPAR-y decreased proinflammatory cytokine production

and successfully prevented atherosclerosis development. The monocytes isolated from

the peripheral blood of atherosclerosis showed increased DNMT1 and decreased PPAR-y

expression. These results confirmed the detailed mechanism of how DNA methylation
increases inflammation in atherosclerosis (Table 1).%

Table 1. Epigenetic modifications in atherosclerosis

Enzymes

Function

Links to atherosclerosis

DNMT1

p300 acetyltransferase

HAT1
HDAC1
HDAC

DNA methylation

H4 acetylation

H3K14 acetylation

H3K9 acetylation

H3K9 acetylation

H3K27 acetylation

H3K9 acetylation

H3K14 acetylation

H3K27 acetylation

H3K9 deacetylation

H3K9 and H3K27 deacetylation

H4 deacetylation

Induces endothelial cell dysfunction under disrupted blood flow
Macrophage differentiation-PPAR-y

Accumulation of oxLDL-BRCAT

Increases IL-8 and MCP1 expression

Increases MMP-1, -3, -10, -12, -13 expression
Increases levels of acetylation in proportion to atherosclerosis lesion

Increases IL-6 expression

Increases NOX5 expression

Accumulation of cholesterol

Decreases IL-6 and CCL5 expression

Reduces the SMC proliferation rate

Decreases CD36, SRA, TNF-a, and VCAM-1 expression
Increases IL-1B, IL-6 levels

DNMT, DNA methyltransferase; PPAR-y, peroxisome proliferator-activated receptor-gamma; oxLDL, oxidized low density lipoprotein; IL, interleukin; MCP,
monocyte chemoattractant protein; MMP, matrix metalloproteinase; HAT, histone acetyltransferase; NOX5, NADPH5 oxidase; HDAC, histone deacetylase;
CCL5, C-C motif chemokine 5; SMC, smooth muscle cell; CD, cluster of differentiation; SRA, scavenger receptor A; TNF-a, tumor necrosis factor-alpha; VCAM-1,

vascular cell adhesion molecule-1.
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These differentiated and polarized macrophages then take up lipids and form foam cells.

The accumulated foam cells, along with the activated immune cells, release cytokines and
form atherosclerotic plaque. In the process of macrophage lipid uptake, oxLDL plays a crucial
role and the breast cancer type 1 (BRCAI) gene acts as a gatekeeper of atherosclerosis basally
expressed in endothelial cells. The role of BRCAI in an atherosclerotic model was studied using
an endothelial cell-specific knockout of BRCAI (endothelial cell-BRCA1-/-) in atherosclerosis-
induced mice. When BRCAI was overexpressed in the transgenic mice model, BRCAI
expression could rescue the cells from the effects of oxLDL.>* A study identifying differentially
methylated regions of atherosclerosis patients revealed that the BRCAI gene was significantly
more methylated than in healthy controls.* These 2 results imply that the hypermethylated
BRCAI gene in atherosclerosis patients has an impact on the pathogenesis of atherosclerosis by
changing the function of the gene, making it susceptible to the effects of oxLDL.

In addition to DNA methylation, DNA demethylation is also an important mechanism
explaining the pathogenesis of atherosclerosis. As shown in an atherosclerotic mice model,
TET2 overexpression significantly reduced atherosclerotic lesion formation, potentially by
oxidatively demethylating 5SmeC to 5ShmC in the endothelial vessel wall. This TET2-induced
rescue occurs via the upregulation of autophagy, as TET2 overexpression decreased the
methylation level of the promoters of autophagic flux-related genes.>

HISTONE MODIFICATIONS

Histones are fundamental components of the transcriptional regulatory machinery.

H2A, H2B, H3, and H4 histones assemble as an octamer and wrap DNA. Each histone is
composed of a C-terminal globular domain and an N-terminal tail domain. This tail domain
is unstructured and flexible, so this feature allows the histone tail to be altered by various
epigenetic modifiers, which function as a major component of gene expression regulation,
thereby controlling a number of biological processes such as proliferation, DNA replication,
and cellular death. The mechanisms through which histone modifications control gene
expression have been characterized. First, epigenetic modifications alter the binding
capacity between DNA and histones by changing their electrostatic charges. Second, they
serve as docking sites for transcriptional factors. Third, they reconstitute the structure of
chromatin. There are several epigenetic modifications, such as acetylation, methylation,
and phosphorylation, which all have distinct biological functions (Fig. 2). Despite their
significant function in controlling gene expression, the precise mechanism through which
they contribute to atherosclerosis remains elusive. Here, we focus on the interaction between
histone acetylation and atherosclerosis.

Histone acetylation

Histones are positively charged proteins due to their high content of lysine and arginine
residues. Acetylation usually occurs on lysine residues, neutralizing their positive charge and
thereby causing histones to drift away from DNA, which has a negative charge. The released
structure facilitates access to transcriptional machinery such as transcription factors and
RNA polymerase II.”” Thus, acetylation induces and enhances gene expression in general.
Histone acetylation and deacetylation are catalyzed by histone acetyltransferases (HATs) and
HDACS, respectively. HATs consist of 2 types: type A and type B. Type A HATs are mainly
localized at the nucleus and include the Gen5-related N-acetyltransferases, MYST (MOZ,
Ybf2, Sas2 and Tip60), and p300/CBP families. They acetylate nucleosomal histones by
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Fig. 2. A schematic diagram of histone modification.

(A) Histone acetylation: Acetylation and deacetylation are catalyzed by histone acetyltransferase and histone deacetylase, respectively. Acetyl-CoA is a source and
co-factor of acetylation. Histone acetylation occurs at lysine residues and it increases gene expression in general. (B) Histone methylation: Methylation is catalyzed
by histone methyltransferase. Histone demethylase reverses methylation. Methylation activates or represses gene expression depending on which residue is
methylated. K4 methylation activates gene expression. K27 methylation represses gene expression. (C) Histone phosphorylation; Phosphorylation is catalyzed

by kinases. Phosphorylation takes place on the C-terminal tail and N-terminal structure. ATP is a source of phosphorylation. Histone phosphorylation is not only
associated with gene expression control, but also chromatin condensation following cell cycle and DNA damage. Phosphatases remove phosphate groups.

Ac, acetylation; Me, methylation; P, phosphorylation.

transferring acetyl group from acetyl-CoA. Meanwhile, type B HATSs are located in the cytosol
and acetylate free histones or non-histone proteins. HDACs are classified into 4 classes:

class 1 (HDAC1,2,3,8), class 2 (2a: HDAC4,5,7,9; 2b: HDACG6,10), class 3 (SIRT), and class4
(HDAC11). They remove acetyl groups from acetylated proteins, consequently repressing
gene expression by condensing nucleosomes. HATs and HDACs are recruited to their distinct
target regions by specific transcriptional factors. In promoter regions, HATs acetylate
histones and recruit HAT-containing complexes to activate the transcriptional process. For
instance, H3K9ac and H3K27ac levels are associated with promoter and enhancer activities.
Furthermore, H3K27ac enhances not only the kinetics of transcriptional activation, but also
accelerates the transition of RNA polymerase II from the initiation state to the elongation
state.*® However, some researchers have revealed that histone acetylation can also repress
gene expression and is associated with heterochromatin assembly. Indeed, high levels of
H4K20ac were found at the transcriptional start site of minimally expressed genes and
silenced genes. This marker prevents access by transcriptional activators such as c-Myc,
STAT3, and p300 and recruits transcriptional repressors such as neuron-restrictive silencer
factor and repressor element I—silencing transcription.® Furthermore, H3K4ac is localized
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at pericentromeric heterochromatin. In this situation, H3K4ac is located just after H3K9me2
during the cell cycle. When H3K4 is not acetylated, the RNA-induced transcriptional
silencing complex is tightly bonded with H3K9me2 using Chp1, a chromodomain-containing
protein with high-affinity binding for H3K9me2. However, the acetylation of H3K4
destabilizes this interaction and sequentially recruits heterochromatin protein 1 homolog
Swi6/Chp2, causing heterochromatin to form. In other words, H3K4ac contributes to
heterochromatin formation by switching Chp/Clr4 to Swi6/Chp2 at adjacent H3K9me2.%

HISTONE ACETYLATION IN ATHEROSCLEROSIS

Numerous studies have attempted to elucidate the significance of epigenetic regulation as a
cause and result in the process of atherosclerosis. Therefore, studies have been conducted on
when and how histone modifications control the expression of genes, thereby exacerbating,
accelerating, or delaying the progress of atherosclerotic lesions. Because it has been assumed
that epigenetic changes are closely related with atherosclerosis, we will discuss the effects of
histone acetylation on atherosclerosis.

Dysfunction of vascular epithelial cells has been considered the initiation of atherosclerosis.
Among several stimuli, oxLDL is a key risk factor for activation of the endothelium. Increased
oxLDL levels induce the expression of adhesion molecules and the release of cytokines and
chemokines, enhancing the permeability of the endothelium. Monocytes are then attracted
and migrate. The infiltrated monocytes differentiate into macrophages and convert into
foam cells by taking up oxLDL. Emerging evidence shows that histone post-transcriptional
modifications, especially histone acetylation, trigger these processes (Fig. 3). oxLDL induces
the acetylation of IL-8, a pro-inflammatory cytokine, and the chemokine ligand monocyte-
chemoattractant protein-1 (MCP-1) promoter by recruiting p300 in endothelial cells. In this
process, the lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) accepts oxLDL
and transmits the signal through extracellular signal-regulated kinases 1/2 to activate
transcription. Furthermore, oxLDL reduces HDAC1 and HDAC?2 expression and their binding
affinities. Collectively, these mechanisms result in inflammatory activation. As clinically
applicable HMG-CoA reductases, statins partially reverse these effects by reducing nuclear
factor (NF)-kB p65/RelA, CREB, and RNA polymerase II recruitment at the IL8 and MCP-1
gene promoter.*

Inflammatory processes are accompanied by macrophage foam cell formation in the

artery wall, but the relationship between macrophage lipid loading and their response

to inflammatory stimuli is controversial. Recently it has been reported that oxLDL
downregulates TLR-induced pro-inflammatory responses in macrophages at the late stages
of TLR-induced proinflammatory gene expression through the reduction of NF erythroid 2
related factor 2 binding at IL-6 and the C-C motif chemokine 5 (CCL5) promoter. Although
oxLDL does not modulate lipopolysaccharide (LPS)-induced NF-kB or MAPK signaling,

it reduces p65/RelA binding affinity to IL-6 and the CCL5 promoter in LPS-stimulated
macrophages. The HDAC inhibitor, TSA, rescues this inhibitory effect.®* Furthermore, TSA
also increases the H4 acetylation level of the cluster of differentiation (CD) 36 promoter and
oxLDL uptake. Thus, histone acetylation is closely associated with the inflammation process
in atherosclerosis. In addition, scavenger receptor A, TNF-a, and vascular cell adhesion
molecule-1 RNA levels were elevated, but IL-1B and IL-6 levels were reduced, exacerbating
atherosclerosis. © Therefore, oxLDL loading of macrophages negatively regulates the

https://doi.org/10.12997/jla.2020.9.3.419 4927



Journal of
Lipid and

Epigenetic Modifications in Atherosclerosis Atherosclerosis

Monocyte

LDL
Permeability 1

p300

Lumen =)
o ¥
L ]

Acetylation ’.] %
L 4
“&E! .
N

Macrophage

G
- 3°

oxtpL a

IL-8, MCP1 1

Intima p300

IL-6, CCL5, CD36 1
. TSA— HDAC

HAT vs. HDAC B
1 A . a2 o
MMP expression & activity 1|

s L

S
Acetylation

HDAC inhibitor
TSA, SAHA, valproate, romidepsin

Fig. 3. Histone acetylation changes during the process of atherosclerosis.

Histone acetylation occurs at the promoter of pro-inflammatory cytokines. oxLDL increases IL-8 and MCP1 expression by histone acetylation in the endothelium.
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5; CD, cluster of differentiation; NOX5, NADPH5 oxidase; MMP, matrix metalloproteinase; AC, acetylation; HAT, histone acetyltransferase; HDAC, histone
deacetylase; TSA, trichostatin A; SAHA, suberoylanilide hydroxamic acid.

transcription of proinflammatory gene expression and implicates epigenetic mechanisms
such as HDAC activity. As a result, histone acetylation levels are altered by oxLDL, and the
effect of inflammation depends on the stage of atherosclerosis.

Accumulated foam cells and activated immune cells release cytokines, chemokines such as
IL-6, interferon gamma, CCL5, and CCL11, inducing the activation of SMCs. Activated SMCs
proliferate, migrate and form a fibrous cap to stabilize the plaque. During these processes,
significant upregulation of H3K9 and H3K27 acetylation in SMCs has been reported,* and
histone acetyltransferases and p300 enhance pro-inflammatory IL-6 expression.®® Under
inflammatory conditions, levels of p300 and HAT1 increase, and they catalyze acetylation

of the Nox5 gene promoter. Nox5 is a novel NADPH oxidase that generates superoxide.
Conversely, the HAT inhibitor CP'TH2 and C646 downregulate LPS-activated Nox5. This
finding indicates that histone acetylation occurs during atherosclerosis development and can
stimulate environmental factors that accelerate atherosclerosis.® Furthermore, TSA inhibits
proliferation of vascular SMCs via induction of p21.¢” The other 2 HDAC inhibitors, sodium
valproate and MS-275, prevent the expression of CD1a, a hallmark of mature dendritic cells
that disturbs proper dendritic cell differentiation by reducing the release of cytokines that
are needed for differentiation.*® Mitogenic stimuli induce HDAC1, HDAC2, and HDAC3
expression in SMCs, increasing the proliferation of SMCs. HDAC inhibition prevents
mitogen-induced SMC proliferation by modifying the expression of cyclin dependent

kinase inhibitors.® In hyperhomocysteinemia-related atherosclerosis, HDAC is increased,
thereby decreasing H3K9ac levels and promoting the accumulation of total cholesterol, free
cholesterol, and triglycerides in foam cells.”®
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In the late stage of atherosclerosis, apoptosis of SMCs and activation of metalloproteases
cause plaque rupture, resulting in significant morbidity and mortality. Matrix
metalloproteinases (MMPs) disassemble extracellular components, and therefore are
considered to be important enzymes in the disease process. The presence of MMP-1 has

been reported in atherosclerotic lesions.” And the increased MMP-3 levels have been

found to cause plaque rupture.” Several epigenetic studies have revealed that histone
acetylation is connected with MMP expression. Therefore, at this stage, histone acetylation
makes atherosclerosis aggressive via MMP expression. In human dermal fibroblasts, p300
acetyltransferase recruits the MMP-1 promoter, leading to induction of MMP-1 transcription.”
MMP cluster genes are coordinately increased in proportion to H3K9 acetylation.™ In
addition, sodium butyrate, an HDAC inhibitor, increases the secretion of pro-MMP9 and
pro-MMP2 via H4 hyperacetylation.” The increased expression and activity of MMPs are
obviously found in atherosclerosis plaques and promote plaque rupture.”>”*”” However, in
other studies, 2 HDAC inhibitors (TSA and sodium butyrate) inhibited the induction of MMP-
1and MMP-13.” Conversely, when HDAC levels were decreased in macrophages, stabilization
of atherosclerotic lesions was reported.” In other words, the regulation of MMP genes
according to histone acetylation shows different patterns depending on the cell type and the
timing of atherosclerosis, and the precise mechanisms should be further studied.

LDL receptor knockout mice showed a reduction of atherosclerosis lesions, an effect that
was accompanied by systemic deletion of HDAC9. This resulted in the downregulation of
inflammatory genes, such as those coding for IL-1 and Mcp1, and the upregulation of lipid
homeostatic genes such as Abcal, Abcgl, and Ppary.®° In HDAC3 conditional knockout mouse,
myeloid Hdac3 deficiency enhanced transforming growth factor-beta secretion to promote
collagen deposition, thereby inducing stable plaque formation.”

FUTURE CONSIDERATIONS

Much remains to be discovered regarding the epigenetic mechanisms that are operative

in atherosclerosis, and this is due in part to the difficulty in analyzing specific cell types

in the complex milieu of the plaque. However, emerging technological advances such as
scATAC-seq and multiple complementary experimental systems for studying atherosclerosis,
including GWAS, can be utilized to understand the molecular basis of this disease. The
pathogenesis of atherosclerosis is very complex and this disease occurs through multiple
processes. Therefore, a genome-wide analysis should be done in all samples prepared from
stages in the multi-step process of atherosclerosis.

CONCLUSION

Based on a synthesis of recent studies, DNA methylation and histone acetylation in all stages
of atherosclerosis play a key role in regulating the expression of inflammatory cytokines and
chemokines. They also control epigenetic modifications through a reciprocal mechanism. In
addition, anti-inflammatory treatment using drugs that control histone acetyltransferases or
HDAC has been tried in various studies. Much remains to be discovered regarding exact role
of DNA methylation and histone acetylation in atherosclerosis. However, it is indisputably
clear that epigenetic modifications play an important role in atherosclerosis, and further
studies will provide valuable information for atherosclerosis treatment.
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