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Abstract

Cardiovascular disease remains the number one cause of death and disability worldwide despite
significant improvements in diagnosis, prevention, and early intervention efforts. There is an
urgent need for improved understanding of cardiovascular processes responsible for disease
development in order to develop more effective therapeutic strategies. Recent knowledge gleaned
from the study of epigenetic mechanisms in the vasculature has uncovered new potential targets
for intervention. Herein, we provide an overview of epigenetic mechanism, and review recent
findings related to epigenetics in vascular diseases, highlighting classical epigenetic mechanism
such as DNA methylation and histone modification as well as the newly discovered non-coding
RNA mechanisms.
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1. Introduction

All vasculature-associated pathologies, including atherosclerosis, stenasis, peripheral artery
diseases (PAD) and aortic aneurysm, belong to the vast category of cardiovascular diseases
(CVDs). CVDs are responsible for 31% of global deaths, and are considered the main cause
of death and disability worldwide (https://www.who.int/en/news-room/fact-sheets/detail/
cardiovascular-diseases-(cvds)). This has pushed the vascular biology research field to
identify the molecular mechanisms behind these pathological events and to develop
innovative therapeutic approaches.

Regardless of the specific vascular pathology, altered gene expression is central to disease
initiation and progression. Many factors contribute to the manifestation of these complex
events including mechanical, inflammatory, autonomic, and neuroendocrine. However, for
diseases of the vessel to initiate and progress, cells resident to the vascular wall, either
endothelial, smooth muscle, or fibroblast, must engage stimulus coupled mechanisms to alter
gene expression and activate pathologic phenotypes [1, 2]. These processes are often primed
for dysregulation in diabetes and other metabolic disorder.

Events that modulate gene transcription are often dependent on the re-organization of
chromatin. These processes are defined as epigenetic mechanisms which classify heritable
changes that, independently from the DNA sequence, alter gene expression by inducing
chemical modification of nucleotides, and histone proteins [3]. Recently, the definition of
epigenetics has expanded to include non-coding RNA-dependent mechanisms [4, 5].
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Although current knowledge regarding epigenetic mechanisms in CVVD development is still
limited, the dramatic improvement in DNA/RNA sequencing capacity has facilitated the
definition of the epigenetic landscape for several key epigenetic marks and associated
proteins in multiple pathological contexts. We expect that these discoveries will translate to
the clinic in the form of improved diagnostics and therapeutics [6]. In this review, we will
focus on both chemical alterations of DNA and histones, as well as epigenetic mechanisms
mediated by non-coding RNAs. Furthermore, for readers new to the field of epigenetics, we
highly recommend a visit to www.thesgc.org for additional resources.

2. Basic principles of epigenetics

2.1 DNA methylation and hydroxymethylation

Methylation is a common chemical modification of DNA, which occurs on the fifth carbon
of the cytosine DNA base (5-mC) in CpG islands. This modified carbon faces the major
groove of the DNA double helix, which is a hot spot for transcription factor binging. The
presence of 5-mC in promoter and enhancer DNA is associated with gene silencing. This is
most often attributed to 5-mC reader domains, CXXC and methyl-CpG-binding domain
(MBD), in proteins of various silencing complexes [7, 8]. However, there is also an apparent
biophysical effect of DNA methylation as /n vitro studies indicate that more force is required
to separate DNA strands containing 5-mC [9]. A current conundrum in this field is the fact
that 5-mC is often enriched in the gene bodies of actively expressed genes (e.g. [10, 11]).

DNA methylating enzymes (DNA Methy! transferases or DNMTSs) have been well studied in
recent years and excellent reviews are available (e.g. [3, 12]). Similarly, much is known
regarding the processes that remove methyl marks from DNA [13]. The Ten-Eleven
Translocation (TET) family of dioxygenases catalyse the oxidation of 5-mC to 5-
hydroxymethyl cytosine (5-hmC). TET enzymes further catalyse oxidation of 5-hmC to 5-
formyl cytosine (5-fC) and 5-carboxy! cytosine (5-caC) which can then be converted to un-
methylated cytosine by Thymine DNA Glycosylase (TDG) in base excision repair [14].
Remarkably, these intermediate oxidation states of 5-mC appear to have dramatically
different effects on gene expression (e.g. [15]). For instance, 5-mC reader proteins such as
MBD1/2 and MeCp-2 Protein (MECP2) that repress transcription at methylated CpG
islands, do not bind 5-hmC [16]. 5-hmC, 5-fC and 5-caC are found in the promoters of
highly expressed genes and 5-fC has been shown to distort the double helix structure of
DNA, leading to recruitment of DNA binding proteins [17]. Several key questions regarding
5-hmC remain unanswered. What regulatory mechanisms are at work to govern the stability
of these oxidized forms (5-hmC, 5-fC, and 5-caC), are they dynamic, and what are the
potential “readers” of these oxidized forms? In addition, the DNA base Adenine has also
been found to be methylated robustly in lower level organisms, though few mammalian
examples have surfaced (e.g. [18]).

2.2 Histone post-translational modifications (HPTMs)

Active roles for dynamic histone acetylation and methylation in the regulation of
transcription were first proposed in the 1960s [19]. A number of chemical modifications
including acetylation, mono-di-and tri-methylation, phosphorylation, SUMOylation, and
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ubiquitination, have been shown to have functional roles on key amino acid residues in the
unstructured N- or C-Terminal tails of core histone proteins [20]. With improvements in
mass spectrometry, data analysis capabilities, and the desire to look, there has been rapid
expansion of identified post-translational modifications found on histones. These include
many larger acyl molecules and intermediates of metabolism such as crotonylation,
succinylation, butyrylation, beta-hydroxybutyrylation, and manyolation, all of which are also
carried by Coenzyme A (CoA) [21, 22]. Several recent reports indicate that these
modifications facilitate biologically relevant gene expression changes, particularly in
response to changes in metabolism (e.g. [23, 24]). More study is necessary to determine
importance of these mechanisms in the context of animal biology and disease, though
current findings are exciting and molecular mechanisms that differentiate them from other
modifications are being uncovered (e.g. [25]). Acetylation and methylation are by far the
most thoroughly studied histone modifications and have typically opposing effects on gene
expression (Figure 1).

Histone Lysine Acetylation: Histone acetyl transferases (HATS, e.g. p300) catalyse the
addition of two-carbon acetyl groups to lysine residues from acetyl-CoA [26]. Histone
deacetylases (HDACs) catalyse removal of acetyl groups from lysine residues and are
distributed among four classes (Class 1, lla, llb, I11, and IV) [27]. Class 11l HDACs are also
known as sirtuins and will not be major component of this review. It is important to note that
though we discuss class specific HDAC inhibitors in subsequent sections, Class Ila HDACs
(HDAC:Ss 4/5/7/9) have very week deacetylase activity compared to other HDACs and the
field is unsettled regarding target proteins of class Ila HDAC catalytic activity. The notion
that the catalytic domain actually functions as a reader domain has gained traction in recent
years. Several important interacting partners have been established for class Ila HDACs
including Myocyte Enhancer Factor-2 (MEF2), Serum Response Factor (SRF), as well as
Class | HDACs found in transcription repressive complexes (reviewed in [28]).

The positive charge found on lysine residues under physiological conditions facilitates
histone - DNA interaction as DNA is negatively charged. Addition of an acetyl group to the
lysine residue masks the positive charge and relaxes the histone - DNA interaction, causing
more accessible DNA. This mechanism of gene activation has been overshadowed in recent
biomedical studies due to the characterization of acetyl-lysine reader domains and improved
small molecule inhibitors thereof (e.g. [29]).

BROMO, YEATS, and some PHD domains are specialized three-dimensional pockets in a
number of proteins that bind to acetyl-lysine residues, allowing for assembly of large
transcription regulating complexes based on the presence of histone lysine acetylation [30].
One such complex includes the bromodomain and extra-terminal domain containing (BET)
protein, BRD4. BRD4 binds acetyl-lysine residues on chromatin and recruits components of
the positive transcription elongation factor p (P-TEFB) complex, which facilitates
phosphorylation and activation of RNA Polymerase 1l for mRNA synthesis [31]. Some
acetyl-lysine binding proteins have additional reader domains for other modifications and
can also have enzymatic activity (e.g. P300). This enables intricate cross talk, feed-forward
waves of chromatin modification, and the ability of methylated or acetylated nuclear
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proteins (e.g. transcription factors) to target epigenetic readers and modifiers to specific
locations in the genome (Figure 2).

It is important to note that in the limited study to date, larger and/or more negatively charged
modifications (e.g. succinylation) have been associated with more robust gene activation
than acetylation [32]. This may highlight the importance of the previously mentioned gene
activation mechanism via masking of the lysine positive charge. This positive charge is
completely reversed (—1) by succinylation, potentially causing an even more relaxed histone
- DNA association.

Histone Lysine Methylation: Three forms of methylation are found on lysine residues;
mono-, di-, and tri-methylation [33]. Enzymes that catalyse the addition of methyl groups
are known as lysine methyl transferases (KMTs). KMTs include the EZH, SETD, PRDM,
PRMT, METTL, and MLL enzyme families. Enzymes that catalyse removal of methyl
marks are termed lysine demethylases (KDMs) and include members of UTX/Y, JARID1,
JMJD, LSD, PHF and FBXL enzyme families (though many have been renamed to a KDM
nomenclature, e.g. IMID2A=KDMA4A). Generally, there is more diversity in the regulators
and readers of methyl-lysine than acetyl-lysine as is illustrated by the fact that MBT, PHD,
PWWP, BAH, CW, SPINDLIN, TUDOR, and CHROMO domain containing proteins can
bind methyl-lysine residues vs BROMO, YEATS, and some PHD domains for acetyl-lysine.

Importantly, if a lysine residue is methylated it cannot be acetylated, at least on the same
histone subunit. Hence, methylated lysine residues are typically associated with silencing
and implying that KMT activity is recruited to silence genes and KDM activity is recruited
to activate genes. Notable exceptions to this general pattern are K4, K36, K79 residues of
histone H3. Mono-, di-, and tri-methylated lysine 4 residues of H3 (or H3K4me, H3K4mez2,
H3K4me3) are associated with active genes and these marks are found in the promoters,
gene bodies and enhancers of activated genes [34]. H3K4 methylation enrichment at super
enhancers also occurs, with H3K4me3 being found at broad peak super enhancers associated
with cell lineage specific and tumour suppressor genes (e.g. [35]). Key players in H3K4
methylation include, writers: SET1/7, MLL1-4, SMYD1/2 and PRDMS9, readers: CHD1,
BPTF, TAF3, ING4 and erasers: LSD1/2, NO66, and JARID1A-D. For a comprehensive
review of methyl-lysine regulation, see [34].

“Epigenetic memory” is a concept in biology that is dependent on the mechanisms already
introduced, though hinges on the longevity of DNA and histone modifications, and is
important for vascular biology in several ways. First, proliferating cells must be able to
“remember” what type of cell they are to be as they complete DNA replication, and hence
what genes they should express. The initial testing of BET protein inhibition with JQ1 as a
potential therapeutic in cancer was guided by this concept. By blocking the ability of BRD4
to bind acetyl lysine residues that were retained or immediately restored following cell
division, could one make the cells “forget” they were an aggressive cancer cell [29]? Though
subsequent study has elucidated multiple mechanisms by which BET protein inhibition
elicits benefit, multiple successful preclinical studies and preliminary results from clinical
trials of BET inhibition in cancer indicate the answer was a clear, yes [36]. Similar logic has
been successfully applied to proliferating cells in aggravated blood vessels [37-39]. Second,
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exposure to environmental factors that result in gene expression changes via epigenetic
mechanisms, even transiently, may predispose cells to more rapid or lower threshold
activation upon subsequent insult [40]. This is most often considered in the context of
former smokers [41] and diabetics [42], but also has implications for other individuals. Here
also, previous exposure to antigens, inflammatory milieu, or hyperglycaemia are clearly
important in immune cell activation and immune surveillance, which are major components
of atherosclerosis. Finally, the concept of epigenetic memory is crucial in determining what
genes are and are not accessible for expression in a given cell. This is largely determined
during the normal course of development and is dependent on transcription factor expression
and DNA and histone modifications. An elegant study recently showed that DNA CpG
hypomethylation at previously activated enhancers served as a long-lived tag for gene
reactivation even though histone methyl and acetyl modifications had been lost [43].

2.3 Non-coding RNAs as epigenetic modulators

Non-coding RNAs (ncRNAs) are able to modulate gene expression through many different
mechanisms. In term of classification, the easiest organization is based on their length,
therefore two major groups are distinguished: small (<200nt) and long ncRNAs (>200nt).
Small ncRNAs includes regulatory elements, whose expression is spatial and temporally
regulated, such as microRNAs (miRNAs) and PIWI RNAs (piRNAs) and the more stably
expressed housekeeping ncRNAS, such as small nucleolar RNAs (snoRNAs) and transfer
RNAs (tRNAs) [44]. The classification of long ncRNAs is more complex and can be based
on genomic localization or specific function [45].

The best-characterized small ncRNA elements are miRNAs [46]. miRNAs are single-
stranded molecules of approximatively 22 nucleotides, and are well conserved across
species. They are generally involved in the negative regulation of gene expression by
binding to the 3’ un-translated region (3’UTR) of target genes [47]. miRNAs are transcribed
by RNA polymerase Il into a primary miRNA (pri-miRNAs) of around 1000bps, that might
contain multiple miRNAs [48]. In the nucleus, the pri-miRNA is then cleaved by the RNAse
I11 Drosha into a precursor miRNA (pre-miRNA) of 70 nucleotides, that is sub-sequentially
transported into the cytoplasm by the Exportin 5 system [49]. Here, the pre-miRNA is
further digested by the RNAse 111 Dicer in a 22bp double-stranded miRNA, and then opened
as a single-stranded mature miRNA that is finally loaded into the Argonaute (Ago) protein.
Together with the target messenger RNA (mRNA), this forms the RNA-induced silencing
complex (RISC) [5]. The role of miRNAs in cardiovascular system has been thoroughly
studied [50], allowing the definition of several pre-clinical applications, that hopefully, will
be soon translated to the clinic [51].

piRNAs are another family of small regulatory ncRNAs. These elements of around 30
nucleotides are enriched in mammals and show less species conservation than miRNAs [52].
In terms of mechanism of action, the available information is very limited: it is known that
piRNAs are able to bind a specific sub-group of Ago proteins. These protein-piRNAs
complexes are then able to interfere with the activity of transposable elements in particular
germ line cells [53]. piRNA research is still in its infancy, and more study is needed to
evaluate any potential role in vascular diseases.
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Another important class of NcRNAs is that of the long ncRNAs [54]. Beside their length,
long ncRNAs differ from small ncRNA, and in particular from miRNAs, because they are
generally phylogenetically very poorly conserved. To better classify these molecules, a
nomenclature based on their genomic location is preferred (Figure 3):

a. Sense IncRNAs: located and transcribed from the sense strand of a protein-
coding gene;

b. Antisense IncRNAS. located and transcribed from the antisense strand of a
protein-coding gene;

c. Exonic IncRNAS. located in exons of protein-coding genes:
d. intronic IncRNAs: located in introns of protein-coding genes;
e. enhancer IncRNA (eRNAs) : derived by enhancer region of specific protein-

coding genes;

f. intergenic IncRNAs (LincRNAS): located between two genes with an
independent transcription regulation;

g. bidirectional promoter IncRNASs. regulated by the same promoter of a gene but
transcribed in the opposite direction;

h. Circular IncRNA (circRNAS): derived by exonic or intronic sequences that
circularize following an alternative splicing of linear transcripts.

Long ncRNAs are transcribed, similarly to a normal gene, by RNA polymerase Il or 111 [55].
Following transcription, long ncRNAs are then often 5’-capped, spliced and their final
mature form characterized by the attachment of a polyadenylated tail. They are expressed at
lower levels than protein coding mRNAs and usually, with few exceptions [56], do not
contain an open reading frame (ORF). Long ncRNAs are present in both the cytoplasm and
nucleus [57]. In the nucleus, long ncRNAS are able to regulate both silencing and activation
of target genes, via modulation of other epigenetic machinery [58]. Cytosolic long ncRNA
are able to regulate MRNA translation and stability [59], and modulate protein localization
[60] (Figure 4). Although several studies have been published describing the roles of specific
long ncRNAs in vascular diseases, the field is clearly in its infancy. Several classes of long
ncRNAs have only been studied at the level of one or two specific members out of the
thousands that exist. Additional RNA related epigenetic mechanisms have emerged, though
are less well characterized in the vasculature. For a pertinent review on RNA methylation
and RNA-editing, see [61].

3. Epigenetic regulation of vascular diseases

Endothelial cell (EC) dysfunction as well as vascular smooth muscle cell (VSMC)
dedifferentiation, proliferation, and migration are critical components to CVD manifestation.
Each of these phenotype changes is resultant to broad changes in gene expression. Given the
coordinated and interacting roles of DNA/histone methylation and histone acetylation in
regulating gene expression, it is not surprising that inhibition of DNMTSs, TETs, KMTs,
KDMs, HDACs, or HATS, can prevent many of the cell phenotype changes associated with
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CVD. However, establishing efficacy in intact animal models has been less successful due to
the complexity of disease. The remainder of this review focuses on epigenetic studies
employed in intact animal models of cardiovascular diseases.

3.1 Atherosclerosis

Atherosclerosis is a major cause of morbidity and mortality in the Western world. It’s
pathological roots involve imbalanced lipid metabolism together with a maladaptive immune
response and alterations of vascular cells within the arterial wall. Clinically, atherosclerosis
is characterized by a chronic inflammatory response occurring at predilection sites with
altered laminar flow, such as branch points [62], at which we observe a progressive
reduction of the vessel lumen diameter due to the buildup of plaques, mainly formed by
three cell types: ECs, VSMCs and inflammatory cells. During atherosclerosis development,
ECs undergo a series of molecular modifications that trigger the formation of plaques:
expression of adhesion molecules such as vascular adhesion molecule-1 (VCAM1),
intracellular adhesion molecule-1 (ICAM1) and E-selectin, that help the recruitment of
leukocyte to the vessel wall [63]. VSMCs with a mature contractile phenotype contribute to
the maintenance of vascular function and tone, while in pathological conditions, they
undergo to a phenotypic switch acquiring migratory/proliferative capacities [64].
Atherosclerosis development is dependent on the recruitment of circulating monocytes in
response to the endothelium activation. Once monocytes transvasate, they differentiate into
macrophages, which accumulate lipids and can create a chronic inflammatory environment
[65].

Acetylation related studies: Dynamic regulation of histone posttranslational
modifications in atherosclerosis progression has been suspected for some time (e.g. [66]).
The role of HDACs and HATSs have been robustly studied in the regulation of SRF and
Myocardin (MYOCD) dependent VSMC gene activation [67-69]. Despite anti-proliferative
and anti-migratory effects in cultured VSMCs, systemic panHDAC inhibitor (targeting Class
I, 11, IV HDACS) treatment exacerbated atherosclerosis in LDL receptor knockout mice fed a
western diet [70]. It is though this exacerbation was due to altered macrophage cholesterol
uptake and scavenging through CD36. Another study also demonstrated that targeting of
class I HDACs would not be beneficial in atherosclerosis. Here, HDAC3 was selectively
disrupted in endothelial cells, which resulted in larger atherosclerotic plaques [71]. Strong
preclinical studies have led to HDAC inhibition being proposed as a possible therapeutic
strategy for human heart failure (e.g. [72, 73]). Though HDAC inhibitors are already in the
clinic for treatment of certain cancers and also Duchenne Muscular Dystrophy, whether or
not HDAC inhibition in humans might worsen atherosclerosis remains an open question. A
large caveat to this potential concern is that the animal models used to investigate HDACs in
atherosclerosis are severe and designed to generate measurable disease. However, it may be
necessary to determine if atherosclerotic effects of pan and class | HDAC inhibition 1) do
occur in humans and 2) can be overcome by anti-atherosclerotic therapies such as statins.
Given confusion regarding the benefits of statin therapy in systolic heart failure (e.g. [74,
75]), perhaps diastolic heart failure is the preferred patient population for initial trials of
HDAC inhibition in such context as statin therapy appears to be exclusively associated with
benefit in this population [76].
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Specifically targeting non-class | HDACs may be a useful strategy for treating
atherosclerosis. For instance, mice lacking the class Ila HDAC, HDACY, were protected
from atherosclerosis, potentially through a mechanism also tied to macrophage phenotype
and cholesterol handling [77].

Disruption of acetyl-lysine and bromodomain protein-protein interactions with a small
molecule inhibitor, JQ1, prevented atherosclerosis in LDL receptor deficient mice through
anti-inflammatory action in endothelial cells and macrophages [37]. Targeting this family of
BET proteins (acetyl-lysine readers), especially BRD4, has dramatically reduced NF- xB
and AP-1 dependent inflammation signalling in multiple contexts (e.g. [78, 79]). It is
important to note that JQ1 and most available small molecule BET protein inhibitors act on
both of the bromodomains in this protein family, which are characterized by two tandem n-
terminal bromodomains.

Specific inhibition of only the second Bromodomain in BET proteins via RVX-208 also
showed promising anti-atherosclerotic preclinical results via its ability to increase expression
of ApoA-1 and improve lipid profiles [80]. However, RV X-208 failed to provide benefit in
the clinic when assessing apoA-1, HDL-C, or atheroma volume [81]. Post hoc analysis has
revealed a significant reduction in major adverse cardiovascular events (MACE) for patients
randomized to the RV X-208 treatment group and a phase-I11 trail (BETonMACE) is
underway. Several studies indicate the potential MACE protective effects of RV X-208 may
be mediated through modulation of vascular calcification, kidney function, and the
complement cascade [82-84]. BD1 and BD2 of BRD4 do exhibit differential binding
affinities to acetyl-histone proteins as well as acetyl-lysine residues on non-histone proteins.
This may explain unique phenotype effects of selective bromodomain inhibition (reviewed
in [85]), though more work is required in this area to fully characterize what BET protein
mechanisms are engaged or not by selective bromodomain inhibition.

Methylation related studies: Histone methylation likely also plays a key role in
atherosclerosis. Over expression of the histone methyl transferase, Enhancer of Zeste
Homolog 2 (EZH2) in ApoE deficient mice caused significantly more atherosclerosis and
inhibited cholesterol efflux via regulation of the ABCA1 gene [86]. EZH2 is known to
methylate H3K27 residues, leading to gene silencing. Protein expression of the H3K4
demethylating enzyme KDM5D (JARID1D) was significantly up regulated (log2 fold
change > 6) in aortas from three animal models of atherosclerosis and was doubled in human
aorta samples from patients with atherosclerosis relative to controls. Importantly, H3K4me3
was reduced in the same diseased human samples with a significant negative correlation
between KDM5D expression and H3K4me3 abundance [87]. Despite EZH2 being a methyl
transferase and KDM5D being a demethylase, the end result of their activities given
different substrate preferences results in gene silencing. Can this be taken to indicate that
increased gene silencing results in atherosclerosis? Likely not, as dedifferentiation of
VSMCs at least is associated with broad gene activation. However, much work remains in
understanding how these and other epigenetic modifying enzymes are target to specific gene
loci in response to specific stimuli.
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Many DNA CpG islands are hypermethylated in human atherosclerotic plaques [88, 89]. A
more recent report also indicates hypomethylation at select loci. Genes associated with
hypomethylation vs hypermethylation in these samples were linked to different functional
associations [90]. This indicates a mechanism for target specificity in recruitment and
activation of DNA methylation regulators that correspond with phenotypic impact of
particular gene sets.

Endothelial cell DNA methytransferase (e.g. DNMT1) expression and activity is increased
in response to atherogenic insults such as oxidized low-density lipoproteins. This
corresponds to increased CpG methylation in the promoters of key protective genes such as
Kruppel-like Factor 2 (KLF2), leading to cell proliferation and inflammatory signalling [91].
Similarly, in VSMCs, treatment with platelet growth factor (PDGF-BB), fibroblast growth
factor (FGF) or 10% FBS (all de-differentiating stimuli) leads to increased expression of
Ubiquitin Like with PHD And Ring Finger Domains 1 (UHRF1) through suppression of a
microRNA. UHRF1, a partner protein of DNMT1 (also up regulated by these treatments),
stimulates DNA methylation by DNMT1 at key pro-differentiation genes. Importantly,
UHRF1 expression was also increased in atherosclerosis. When UHRF1 was genetically
targeted with shRNA encoding virus, neointima was reduced in an ApoE deficient mouse
restenosis model [92]. Given the VSMC phenotype effect, this axis of potential therapeutic
targets is likely to be relevant in atherosclerosis, restenosis, and potentially aneurysm.

Macrophage DNA methylation patterns are also altered in atherosclerosis, highlighting DNA
methylation regulation as an attractive target in atherosclerosis given similar involvement in
all three key cell types. DNMT1 over expression specifically in macrophages stimulates
inflammation and atherosclerosis via apparent suppression of Peroxisome Proliferator-
Activated Receptor (PPAR) [93] and Kriippel-like Factor 4 (KLF4) [94]. Similarly, chemical
inhibition of DNMTSs via 5-Axa-2’-deoxycytidine blocks atherosclerosis formation [77].
Also, strong evidence supports the role of a DNA demethylating enzyme, TET2, in
activating VSMC pro-differentiation genes MYOCD, SRF, and Myosin Heavy Chain 11
(MYH11) [95].

ncRNA studies: Multiple ncRNAs have been implicated in activation of the endothelium,
including miRNAs. For instance, miR-17-3p targets VCAML, while miR-31 targets E-
selectin, though specific roles for these miRNAs are not well defined in atherosclerosis [96].
miR-126, the most abundant miRNA expressed by ECs, was initially identified as a direct
regulator of VCAML1 [97]. Subsequent studies have also demonstrated the role of miR-126
in controlling endothelial flow-dependent angiogenesis in atherogenic conditions [98, 99].
EC cytokine secretion is mainly regulated by pathways controlled by the NF-xb
transcription factor [100]. miR-181b is a critical regulator of this pathway via its ability to
directly control expression of the NF-xb nuclear transporter, importin-a3 in ECs [101, 102].
Another miRNA involved in EC-specific cytokine communication is miR-146, which targets
ELAV Like RNA Binding Protein 1 (ELAVL1). This short ncRNA is activated by tumor
necrosis factor-a (TNF-a) and interleukin-1 (IL-1) in both humans [103] and mice [104].

Similar to miRNAs, long ncRNAs play important roles in atherosclerosis development.
Retinal ncRNA 3 (RNCR3) is upregulated in ECs of atherosclerotic plaques both in mice
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and humans [105]. In murine models, targeting of RNCR3 aggravates atherosclerosis
development in the aorta, and increases systemic inflammation.

Another important long ncRNA involved in atherosclerosis development is an antisense
noncoding RNA found in the Inhibitors of Cyclin Dependent Kinase 4 (INK4) locus known
as ANRIL. ANRIL acts locally to bind to the Polycomb repression complexes 1 and 2
(PRC1 and 2), inducing H3K27 trimethylation and silencing of the INK4 locus [106].
Interestingly, ANRIL is expressed by all three-principal cell components of atherosclerotic
plaques: ECs, VSCMs, and monocyte-derived macrophages [107]. Therefore, the level of
ANRIL expression has been directly associated with the severity of atherosclerosis [108].

miRNA involvement in VSMC de-differentiation, proliferation and migration, in the context
of atherosclerosis has been well studied. miR-143 and miR-145 are considered pivot
regulators of VSMC phenotypic switching. In human and mouse pathological vessels both
miRNAs are down-regulated [109], and miR-143 and —145 knockout mice exhibit reduced
VSMC contractility and function [109-113]. In line with these studies, ectopic delivery of
miR-145 through a lentiviral system reduces atherosclerotic plaques in ApoE deficient mice
[114]. Opposing the miR-143/145 cluster, miR-221 and miR-222 expression is induced by
vascular injury, atherosclerosis [115], and PDGF treatment, leading to decreased VSMC-
specific contractile gene expression [116]. Accordingly, the acute loss of miR-221 and
miR-222 has been directly associated with plaque rupture as disarrayed VSMCs within the
plaque likely regain contractile function [117].

Compared to miRNAs, knowledge regarding the role of VSMC long ncRNAs in
atherosclerosis is very limited. Recently, next-generation sequencing experiments, identified
a VSMC-enriched IncRNA named Smooth Muscle Enriched Long Noncoding RNA
(SMILR), for its ability to modulate VSMC proliferation. SMILR is deregulated in unstable
human carotid plaques, and it was also found in plasma of atherosclerotic patients. Plasma
SMILR content correlated with the level of circulating C-Reactive Protein, a marker for the
inflammatory status of unstable plaques [118].

Again, recent work with a relatively unstudied class of IncRNAs named circRNAs has
further illuminated ncRNA mediated mechanisms in VSMC biology. These elements do not
possess strand polarities, being generated by a back-splicing of linear RNAs [119]. Although
they were discovered over 40 years ago [120], it was thought that these RNA circles derived
from mis-splicing events and had no biological function [121]. However, multiple labs have
demonstrated that circRNAs derive from guided splicing events and play fundamental roles
in the development of pathological conditions including those of the cardiovascular system
[122-124]. Though circRNAs can have multiple functions, they are perhaps most well
known as endogenous miRNA sponges [125, 126]. In this regard, Hall et al. identified a
specific circRNA conserved in human and mouse, highly expressed by VSMCs that is able
to specifically inhibit the activity of miR-145. This circRNA derives from alternate splicing
of the Lipoprotein Receptor 6 (LRP6) gene, and through comprehensive /n vitroand in vivo
approaches, the authors showed its role VSMC phenotypic switching and its involvement in
vascular disease, including atherosclerosis [127].
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Multiple miRNAs have been identified that regulate macrophage mediated cholesterol
engulfment. For instance, miR-27a/b family regulates macrophage cholesterol homeostasis
by directly targeting proteins involved in cholesterol esterification (Acetyl-CoA
Acetyltransferase 1, Low-density lipoprotein receptor and scavenger receptor class B
member 3), and efflux (ATP-binding cassette Al) [128]. miR-146 and miR-125a-5p regulate
macrophage cytokine production and cholesterol uptake, directly targeting Toll-like receptor
4 (TLR4) [129] and Oxysterol binding protein-like 9 [130]. Furthermore, miR-145 is able to
control atherosclerosis development by controlling the ATP-binding cassette A1 cholesterol
transporter and therefore macrophages infiltration in atherosclerotic plaques [131].
Inflammation and innate immune responses in atherosclerosis are also regulated by long
ncRNAs. Recently, a IncRNA proximal to the Cox2 gene (IncCox2) has been identified
through whole-transcriptome analysis. In this study, mouse bone marrow-derived
macrophages were stimulated with TLR ligands and IncCox2 was the most significantly
induced transcript. Very interestingly, IncCox2 was found in chromosomal regions in which
there was a higher expression of other immune genes, such as Prostaglandin-Endoperoxide
Synthase 2 (Cox2), strongly indicating that these transcripts were co-regulated [132].

3.2 Vascular stenosis

Vascular stenosis/restenosis is a common process that develops following endovascular
procedures, including stent placement in the coronary circulation and in bypass grafts.
Stenosis mainly depends on the re-activation/de-differentiation of VSMCs, triggered by EC
damage, that migrate to the site of injury and generate neointima [133].

Acetylation related studies: Complex interactions between critical VSMC
differentiation factors such as SRF and MYOCD with class 1la HDACs have been
appreciated for some time (e.g. [134]). In 2011, pan HDAC inhibition was shown to
impressively block stenosis in an arterial balloon angioplasty model [135]. However, there
have been relatively few studies directly targeting specific HDACSs in restenosis (e.g. [136]
and [137]), that might capitalize on beneficial effects in VSMC pathologic behaviours while
avoiding apparent class | HDAC complications in endothelial and macrophage populations
mentioned in the discussion of atherosclerosis above. Again, disruption of the acetyl-lysine -
BET bromodomain, protein-protein interaction via JQ1 has proven effective at robustly
blunting restenosis [37, 39].

Given the central role of VSMCs in restenosis biology [64], many of the histone methylation
and DNA methylation strategies mentioned above to target VSMCs in atherosclerosis are
also effective in restenosis models. In a carotid artery ligation model, an HDAC9-
metastasis-associated lung adenocarcinoma transcript 1 (MALAT1)-EZH2 complex was
recently described that mediated silencing of VSMC pro-differentiation genes. Targeting any
of the members of this complex resulted in blunted restenosis [138]. Consistent with the pro-
differentiation aspect of inhibiting this complex, similar strategies show promise in
experimental models of aneurysm [138, 139].

NcRNA mechanisms: In neointimal formation, the modulation of RNA-mediated
pathways is also very important, and indeed several studies have correlated miRNA
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modulation and neointimal formation in response to vascular damage [140]. Potentially, the
up-regulation of miRNAs associated with VSMC differentiation and down-regulation of
those modulating VSMC de-differentiation might blunt neointimal formation [141]. Among
miRNAs identified in stenosis, miR-143 and miR-145 play a central role. As mentioned
above, these miRNAs control the VSMC phenotypic switch, and normalization of their
expression in damaged vessels strongly reduces in stenosis formation [109, 142]. miR-21
has been also implicated in promoting VSMC switch toward a proliferative phenotype in
response to vascular injuries. Inhibition of miR-21 expression reduces neointimal formation
in response to balloon injury in rat carotids [143]. The long ncRNA lincRNA-p21 is also
involved in neointimal formation. /n7 vivo down-regulation of linc-RNA-p2lincreases the
size of stenotic formations via regulation of p53-dependent apoptosis in VSMCs
[144].However, although much work has been done regarding epigenetics in neointimal
formation, no epigenetic-based drugs have been approved for clinical use in this patient
population.

3.3 Hypertension

One of the largest risk factor for cardiovascular disease development is hypertension. For
many patients, hypertension goes untreated or is ineffectively controlled, which leads to
many cardiovascular complications. Hypertension results from complex interactions
between genes and environmental factors, and recent evidence implicate epigenetic
mechanisms in disease pathology [145, 146]. Many factors contribute to hypertension
including renal, autonomic, neuroendocrine, and vessel diameter/compliance. The vast
majority of genetically driven hypertension cases for which causal relationships have been
determined are associated with renal or neuroendocrine regulation of blood volume [147].
However, other GWAS studies suggest additional association with mechanisms acting in the
vessel wall [148].

Acetylation related studies: HDAC inhibition with valproic acid (\VPA) attenuated
hypertension in the SHR rat while reducing NF-xB and ATR-1 expression [149]. VPA was
also able to reduce blood pressure and hyperglycemia in a rat model of Cushing Syndrome
[150]. Here, it was shown that class | HDACs deacetylate the glucocorticoid receptor (GR),
potentially de-restricting its transcriptional activity. It should be noted that HDAC mediated
regulation of hypertension appears to be model specific, as others have not found HDACi
mediated effects on blood pressure (e.g. [73]). Like other vascular pathologies mentioned
above where HDAC inhibition and BET inhibition tend to have similar beneficial effects,
BET inhibition with JQ1 potently reduced systolic and diastolic pressures in spontaneously
hypertensive rats, while also reducing NF-xB signalling [151]. Though it is still not entirely
clear why inhibition of deacetylases and inhibition of acetyl lysine reader proteins tend to
result in similar effects, two scenarios dominate speculation in the field. First, HDAC
mediated de-acetylation of transcription factors like GR may allow increased transcriptional
activity. When HDACSs are inhibited, so is transcriptional activity of the transcription factor,
and when BET proteins are inhibited, particularly BRD4, subsequent RNA Polymerase Il
activation is also blocked. The second scenario is dependent on the fact that HDAC catalytic
activity is required to free BRD4 from acetyl-lysine bound configurations for chromatin
redistribution.
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Methylation related studies: Peripheral blood mononuclear cell (PBMC) epigenetic
status has been proposed as having a “canary in the coal mine” type reporter quality on the
general sta tus of health (either metabolic or inflammatory disease state). This PBMC utility
is well illustrated in hypertension, where global and gene specific alterations in DNA
methylation are observed [152]. Key genes with altered methylation in PBMCs from
hypertensive subjects include Angiotensin Il Converting Enzyme 1 (ACE-1) [153],
Hydroxysteroid 11-Beta Dehydrogenase 2 (HSD11B2) [154], and Sodium Channel
Epithelial 1 Alpha and Beta Subunits (SCNN1A/B) [155]. Additional epigenetic alterations
have been seen in target tissues (adrenal, kidney, or aorta) including for Solute Carrier
Family 12 Member 2 (Slc12a2), Angiotensin Il Receptor Type 1 (AT1bR), ACE-1 and
HSD11B2 (reviewed in [152]).

ncRNA mechanisms: In this puzzle of gene regulation, genes that respond to the renin-
angiotensin-aldosterone system (RAAS) have been studied, in particular for their potential to
be direct miRNA targets. The angiotensin 1a receptor (Atgrla) gene presents as a very
interesting example given genetic variation among the population in its 3’UTR. miR-155
preferentially binds the A allele of Atgrla, leading to a reduction of its expression; on the
other hand, in individuals carrying the C variation, miR-155 does not control RNA
translation of Atgrla and therefore these patients exhibit a greater pressure in response to
angiotensin 11 [156].

Literature investigating long ncRNASs in the regulation of blood pressure is still limited
[157]. One noteworthy study by Leung and colleagues identified a long ncRNA (Lnc-
Ang362) that was modulated in VSMCs following angiotensin 1l stimulation. This long
ncRNA is proximal to miR-221 and miR-222, two short ncRNA that, as mentioned above,
regulate VSMC proliferation [115]. The three ncRNAs are similarly upregulated by
angiotensin Il stimulation and knockdown of Lnc-Ang362 reduces the expression of the
miR-221 and miR-222, suggesting that they are co-regulated with the IncRNA. Furthermore,
the knockdown of Lnc-Ang362 reduces VSMC proliferation, as do miR-221 and miR-222
modulation [158]. In a very recent study, Lin et al. performed a profile of circulating
IncRNAs comparing hypertensive versus normotensive individuals [159]. In hypertensive
patients, AK098656 was the most upregulated IncRNA. Furthermore, the authors studied the
molecular mechanism involving AK098656, finding that it promotes a VSMC synthetic
phenotype, by directly regulating the lysosomal degradation of MYH11 and fbronectin-1
(FN1) [159].

3.4 Vascular aneurysm

An aneurysm is defined as a dilation of a vessel to greater than 1.5 times its normal size
[160]. All vessels can develop such pathology; however, the aortic aneurysm is the most
dangerous condition. Aortic aneurysms are most commonly located in the abdomen (AAA)
but can also be found in the thoracic aorta (TAA). Normally the specific vascular
enlargement does not cause any symptoms except when a rupture occurs [161]. In the event
of rupture however, patients develop massive internal bleeding resulting in death unless
immediately treated. AAA and TAA are mainly associated with problems of extracellular
matrix (ECM) integrity [162]. For instance, the imbalance between ECM degradation and
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deposition leads to an increased fragility of the aorta with the consequential dilatation.
However, molecular mechanisms of this condition are not well understood. Perhaps this is
most clearly illustrated by incomplete understanding of how syndromes driven by
transforming growth factor § (TGF- B) signalling loss of function mutations (Loey Dietz
Syndrome) and by mutations leading to increased TGF- B bioavailability and signalling
(Marfan Syndrome) both cause aortic aneurysm [163].

Acetylation related studies: Some insights have been gained by focusing on the
regulation of SMAD Family Member 2 (SMAD2) expression. SMAD2 expression,
phosphorylation and nuclear localization is increased in human and animal model aneurysm
samples. This is associated with increased H3K9/14 acetylation and H3K4 methylation at
the SMAD?2 locus [164] that directed expression of a larger SMAD2 isoform. Differential
association between MY C repressive and P53/P300 activating complexes at the SMAD2
locus was also seen in VSMCs from normal vs aneurysm containing thoracic aortas [165].
Interestingly, another group has shown that SMAD3 overexpression in VSMCs can shift
TGF-p treatment from a pro-differentiation stimulus to a de-differentiation stimulus in the
context of restenosis [166]. It is likely that SMAD protein dosing and/or alternate SMAD
transcripts, fine tune gene expression programs downstream of TGF-f stimulation,
potentially regulating ECM composition. Nearly 30% of thoracic aortic aneurysms have
identified genetic roots [167]. Additional key proteins in aneurysm biology have been
identified through GWAS studies and include extracellular matrix proteins and modifiers,
VSMC contractile proteins, and TGF- signalling molecules [168]. Epigenetic mechanisms
that regulate the expression the genes encoding these critical proteins will likely also prove
dominant determinants for the progression of aneurysm. In addition to targeting the
HDAC9- MALAT1-EZH2 complex mentioned in stenosis section above [139], others have
also shown benefits of inhibiting HDACSs in aneurysm. In this study, a class | HDAC
inhibitor (MS-275) and a class lla HDAC inhibitor (MC-1568) were tested in an
experimental model of aortic aneurysm where Angiotensin Il was given to ApoE null mice.
While both inhibitors reduced aneurysm size, the class Ila inhibitor dramatically improved
survival [169].

NcRNA studies: ncRNASs have been identified as important regulators of ECM cellular
metabolism as well. In AAA pathogenesis, the miR-29 family has been thoroughly studied.
miR-29b is significantly downregulated in both human and mouse AAA specimens [170],
while important component of ECM, direct targets of miR-29b, such as collagens (Collal,
Col3al, Col5al), and elastin (EIn) are up-regulated [170]. Additional miRNAs known to be
regulators of aneurysm include: the above-mentioned miR-143 and miR-145, for direct
impact on VSMC biology, and they are indeed modulated in AAA human formations [109];
and miR-24, as a key regulator of vascular inflammation in AAA development [171]. Very
few publications have investigated the role of long ncRNAs in aneurysm. Those that have
been studied include the previously discussed ANRIL [172] and HIF1 alpha-antisense RNA
1 (HIF1A-AS1) which is upregulated by Brahma-related gene 1 (BRG1) over expression
[173] and in TAAs [174].
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3.5 Pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is an expanding public health problem. This
pathology is characterized by increased blood pressure in the pulmonary circulation and
consequential pathological hypertrophy of the right ventricle. PAH is a very complex disease
in which there is a massive remodelling of the pulmonary vasculature due to pulmonary
artery smooth muscle cell (PASMC) proliferation, pulmonary artery endothelial cell (PAEC)
dysfunction and inflammatory cell infiltration in the arterial wall [175].

Acetylation related studies: HDAC inhibition, which is potently anti-proliferative [176]
and antiinflammatory [177], has been effective at reducing pulmonary artery pressures and
right sided cardiac remodeling. This effect has been demonstrated using various HDAC
inhibitors including valproic acid, SAHA [178], MGCD0103, MS275 [179], MC1568 [180],
and tubastatin A [181]. Valproic acid, MGCDO0103, and MS275 are selective for Class |
HDACSs. MC1568 is a class lla HDAC inhibitor while Tubastatin A is a Class Ilb HDAC
inhibitor. SAHA is classified as a pan HDAC inhibitor (excluding Class I11/Sirtums), as is
the compound Tricostatin A (TSA). Unlike other HDAC inhibitors employed in PAH
models, TSA treatment has failed to provide beneficial effects [182, 183]. It is quite
remarkable that inhibition of these HDAC classes independently resulted in reduced PAH
and it remains unclear why two pan HDAC inhibitors produced opposing results, though one
reason could be potential toxicity of high dose TSA. Again, related to histone acetylation,
inhibition of BET bromodomains with JQ1 reduced pulmonary and RV pressures while
reducing pulmonary vessel diameters in a Sugen-5416/hypoxia PAH model [38].

Methylation related studies: Investigation of histone methylation regulators in PAH has
been very limited. In a hypoxia model of PAH, it was shown that the Myocardin Related
Transcription Factor A (MRTF-A) targeted H3K4 methy! transferases, ASH2 and WDR5, to
activate pro-inflammatory genes. When ASH2 or WDRS5 were disrupted selectively in
endothelial cells, pulmonary hypertension was reduced along with a corresponding reduction
in medial layer thickness of pulmonary vessels [184]. Critical roles for H,O, regulating
superoxide dismutase-2 (SOD2) and H202 responsive Hypoxia Inducible Factor 1 Subunit
Alpha (HIF1a) have been established in PAH, particularly those forms driven by hypoxia.
DNA methylation has been shown to be a potent silencer of Superoxide Dismutase 2
(SOD2) gene expression in PAH which is likely linked to increased expression of DNMT1
and DNMT3B. The DNMT inhibitor, 5-aza-2’-deoxycytidine has been shown to increase
SOD2 expression and slow PASMC proliferation [185].

ncRNA studies: In PAH, the interaction between PASMCs and PAECs is fundamental
[186], and miRNAs play a critical role in this communication. For instance, miR-143 and
miR-145 are physically transferred from PASMCs to PAECs via multiple mechanisms [187,
188]. miR-143 and miR-145 can be packaged into exosomes for secretion mediated transfer,
or directly transferred through cell protrusions called tunnelling nanotubes. Tunnelling
nanotube mediated transfer is stimulated by TGF-p , allowing the modulation of the
angiogenic and proliferative capacities of ECs, and therefore regulating their physio-
pathological behaviour [189].
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At least two long ncRNAs are known modifiers of PAH. One is MALAT1, which regulates
EC physiology [190]. This long ncRNAs is induced by hypoxia, and its pharmacological
inhibition reduces blood flow recovery and capillary density following hind limb ischemia.
Furthermore, a single nucleotide polymorphism (SNP) located in the MALAT1 sequence is
able to influence the risk of PAH development in humans [191]. Another EC-enriched long
ncRNA named ncRNA n342419 (MANTIS), may also be important in the pathogenesis of
PAH. MANTIS is downregulated in patients with idiopathic PAH and in rats treated with
monocrotaline. It is thought this IncRNC regulates endothelial cell phenotype via its ability
to interact with the chromatin remodelling protein, BRG1 [192].

3.6 Vascular complication of diabetes

Diabetes mellitus collectively describes a number of metabolic diseases characterized by
hyperglycemia. Over 300 millions of persons worldwide are affected by diabetes: 10% of
those patients have type 1 diabetes (insulin-dependent), while 90% of patients have type 2
defined also as noninsulin-dependent diabetes [193]. It is likely that the number of people
diagnosed with type 2 diabetes will rise in the next decades as a consequence of lifestyle
patterns contributing to obesity [194]. The main causes of death and disability in diabetic
patients are vascular diseases. Chronic hyperglycemia contributes to trigger endothelial
dysfunction, diabetic nephropathy, cardiomyopathy, and retinopathy as well as
atherosclerotic. Indeed, in patients with diabetes the incidence/prevalence of, and mortality
from, atherosclerosis-induced cardiovascular diseases are 2—8-fold higher than in those
without diabetes [195, 196].

Acetylation related studies: The acetylation of histone and non-histone proteins is
clearly affected by hyperglycemia. Remarkably, at the homogenate level, activity of Zn*
dependent HDACS (e.g. [197]) and multiple HATSs (e.g. [198]) can be increased in these
conditions. Outcomes of the activation of these opposing forces is theoretically dependent
upon many factors, including enzyme targeting subcellular domains and regulatory complex
association. Generally, however, much work remains to understand how individual HATs
and HDAGCS are specifically directed to target proteins in cardiovascular systems.
Differential O-GIcNAcalation of epigenetic enzymes in diabetes has been proposed to
modify their activity and regulatory complex assembly, including for HDACs [199]. Another
biochemical consequence of prolonged hyperglycemia is the accumulation of advanced
glycation endproducts (AGEs) [200]. It is thought that AGEs decrease the expression of
class 11 HDACs, SIRT1 and SIRT3 ([201, 202). Class Il HDACSs/Sirtuins are intimately
coupled to cellular metabolism via NAD™ regulation and there role in diabetes associated
diseases have been thoroughly reviewed in [203] and [204]. Hyperglycemia induced histone
acetyl transferase activity has been linked to increased lysine acetylation and activation of
inflammatory genes in monocytes, including from human diabetic patients (e.g. [205] and
[198]). Also, expression the 66-kDa Src Homology domain containing protein (p66Shc) has
been strongly associated with diabetes induced ROS and inflammation in endothelial cells
and monocytes. Acetylation of histone proteins in the p66shc locus and of the p66shc
protein itself have been linked to hyperglycemia induced regulation of epigenetic modifier
enzymes ([206, 207]).
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In terms of epigenetic mechanism regulating diabetes, HDACs have been a major focus of
research. Overwhelming evidence supports HDAC inhibition as enhancing insulin secretion,
decreasing inflammation, and improving insulin sensitivity via mechanisms that include up
regulation of glucose transporters (reviewed in [208]). Interestingly, BET protein inhibition
appears to promote insulin production ([209, 210]) and Beta cell differentiation, though may
suppress insulin gene expression in chronic treatment settings ([211]).

Methylation related studies: Given the increased inflammation associated with diabetes,
it is not surprising that hyperglycemia/T2D causes increased NF-xB dependent gene
expression and increased expression of NF- kB (e.g. p65 subunit). This is associated with
increased H3K4 methylation (activating) in the p65 locus. Genetic targeting of the histone
methyl transferase, Set7, blunted local H3K4 methylation and blocked hyperglycemia
induced p65 expression /n vitroand in vivo ([212, 213]). Additional methylation related
studies have been conducted in diabetic retinopathy models and are reviewed in [203].

ncRNA studies: Among the genes modulated by diabetes, ncRNAs represent a large class.
For instance, miR-221 and —222, that we have already discussed for vascular restenosis
[115], are also upregulated in VSMCs and arteries of diabetic mice [214]. Furthermore,
abnormal VSMC proliferation in response to arterial injury in diabetic rats is blunted by the
knock-down of both miRNAs [214]. EC miRNAs modulated in hyperglycemic conditions
have also been identified. MiR-146 is upregulated in early diabetic retinopathy in rats,
through a mechanism involving NF- kB as a direct miR-146 target [215]. On the other hand,
hyperglycemia causes the downregulation of miR-200b, by directing controlling the activity
of PRC2 and therefore the level of H3 lysine-27 trimethylation mark on the miRNA
promoter [216].

The role of IncRNA-myocardial infarction-associated transcript (MIAT), a very well
conserved IncRNA, has been investigated in diabetes mellitus-induced microvascular
dysfunction [217]. In this study, Yan et al demonstrated that MIAT is expressed in several
retinal layers in humans and rats. Furthermore, MIAT expression was positively modulated
in ECs exposed to high glucose and in diabetic retinas. Interestingly, inhibition of MIAT was
able to improve diabetes mellitus-induced vascular leakage as well as visual function in
diabetic rats [217].

Another IncRNA studied in diabetes is the maternally expressed gene (Meg3), which is
involved in diabetes-related microvascular dysfunction. ECs exposed to high glucose and
oxidative stress downregulated MEG3 expression, and a similar modulation has been also
observed in retinas of streptozotocin-induced diabetic mice [218]. Meg3 knock-down
activates EC proliferation /n vitro by modulating the Phosphoinositide 3-kinases (P13K)/
Protein Kinase B (AKT) pathway, while /n7 vivo this worsens vascular leakage in the retina
of mice [218].

These examples highlight several ncRNA mechanisms in diabetes aggravated vascular
conditions, however further studies are needed to definitively establish whether ncRNAs
might be considered as therapeutic options in such pathological settings.
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Innovative therapeutic approaches.

Accumulating evidence for the role of ncRNAs in vascular disease development has
triggered interest in developing RNA targeting therapeutic approaches to treat such
pathologies. While drugs based on chemical inhibitors against epigenetic enzymes have been
discussed above, here we will consider innovative therapeutics designed on ncRNAs. The
translation of ncRNA pre-clinical results to humans has been limited by hurdles in delivery,
organ selectivity and long-term safety.

For miRNA-based therapeutics, the possibilities are to use miRNA inhibitors or mimics, in
order to, respectively, reduce or restore the ncRNA level. Inhibition might be achieved by
different technologies :

a. small molecule inhibitors;
b. anti-miRNA oligodeoxyribonucleotides.

The first approach is based on the use of low molecular-weight compounds, designed to
target the miRNA machinery at different levels, including maturation and/or degradation.
For instance, small molecules can impair Dicer activity, inhibiting miRNA maturation and
its subsequent processing. The first proof of concept for this approach was accomplished by
Gumireddy et al. who demonstrated the capacity of the small molecule diazobenzene 1 to
directly inhibit miR-21 action [219].

However, the most widely used methods to inhibit miRNA expression are based on direct
anti-miRNA approaches. This technology relies on the use of short antisense
oligonucleotides complementary to the specific miRNA. Annealing of the antisense
sequence to the mature target miRNA induces the formation of a stable duplex, impairing
the function of the ncRNA by its direct degradation [220]. Over the last decade, the
chemistry behind such molecules has been extensively improved in order to increase their
cellular uptake, nuclease resistance, and binding specificity [221, 222]. For instance,
addition of a 2’-O-methyl or 2’-O-methoxyethyl group to the 2’-ribose of the RNA
backbone stabilizes the oligonucleotide. This prevents its nuclease degradation outside of the
cell as well as the consequent endonucleolytic activity of the RISC complex, thus leading to
an irreversible inhibition of the miRNA [223]. Beside this antagomir molecule design,
another important anti-miRNA technology includes that of locked-nucleotides (LNAS). This
chemical modification relies on the formation of a methylene bridge between the 2 oxygen
and the 4 carbon of the ribose ring. This modified nucleotide structure is able to profoundly
increase the affinity towards a complementary single-stranded RNA molecule [222]. The
high specificity of LNA oligonucleotides allows lower anti-miRNA doses, therefore limiting
possible side effects. Thus, the first clinical trial on human was based on an anti-miR-122
molecule based on LNA chemistry [224].

A large amount of work has shown that the level of miRNAs in pathological conditions is
reduced [50]. In line with such consideration, therapeutic strategies aimed at miRNA
restoration were required. For this purpose, miRNA mimics are the most widely utilized
approach. Mimics are synthetic double- or triple-stranded RNA molecules with one strand
identical to the mimicked miRNA [225]. In term of chemical modifications, strategies exist
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to improve miRNA mimic properties, despite restrictions in the available modifications
relative to antagomirs.

Given the importance of INCRNASs in vascular diseases, they hold potential as novel
therapeutic targets despite several significant translation hurdles. The principal limit is that
the majority of IncRNAs are not evolutionarily conserved between human and the studied
animal models. Thus, directly testing human IncRNAs is, in many cases, challenging. In
addition, information regarding molecular kinetics of INcRNAs is still limited. The available
methods to target INcRNASs are based on therapeutic silencing using RNAI with antisense
oligos and GapmeRs. The first approach is mainly used to knock-down cytoplasmic RNAs,
while GapmeRs are more suitable for IncRNAs located in the nucleus. In terms of chemistry,
the antisense oligos, except the length, is identical to what we have described for miRNAs.
However, GapmeRs are hybrid molecules: they are LNA/DNA antisense oligonucleotides
with perfect sequence complementary to their INCRNA target. Once in cells, they sequester
their target within a highly stable DNARNA heteroduplexes that leads to RNase H mediated
target degradation.

Safe and effective in vivo delivery is necessary before consideration as a therapeutic strategy
[226]. Unfortunately, several limitations exist here as well, including natural barriers such as
the circulatory system, kidney filtration, immune cell surveillance, and non-specific tissue
uptake. Alternate strategies include delivery via viral vectors for both loss- and gain-of
function approaches, such as lentivirus and adeno-associated virus (AAV). However, this
approach may raise safety concerns due to potential random insertion of the viral genome
into the host genome as well as the persistent expression of the inserted gene [227]. A very
powerful alternative approach may be the association of the above mentioned technologies
with advancing nanomedicine delivery technologies. This approach involves the use of
nanoparticles (NPs), which are any particulate material with a size between 1 and 100 nm.
NPs can be loaded with various chemical compounds depending on hydrophobicity of the
compound and the nanoparticle. Since these molecules can be also linked to specific
superficial elements, such as antibodies or aptamers [228], they can become “smart”
nanocarriers designed to target specific types of diseased cells, and thus release the
therapeutic drug within the diseased region. This combined approach has great potential for
drug delivery and circumvents the limitations of conventional medicine. However, despite
use of such technology in the cancer field, examples of NP-delivered drugs or nucleic acids
for the treatment of the cardiovascular diseases has been limited [229], but it is rapidly
becoming a hot topic for future clinical applications in this area [230].

5. Concluding remarks

Epigenetic mechanisms play a central role in the development of vascular diseases. This
involves multiple mechanisms, driven by external stimuli, that sum to modulate gene
expression. Among those, we have discussed classical epigenetics mechanisms, such as
DNA methylation and histone modifications, and also more recently uncovered paradigms
based on the biology of ncRNAs. Extreme enhancements in next generation sequencing
methodology have driven more complete understanding of complex regulatory systems in
which DNA and histone modifications are critical. Similar ingenuity cleared technical and
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conceptual hurdles in the word of ncRNAS, which has rapidly yielded near exponential
expansion and continuing discovery of new classes of these players. From a research
perspective, the number of unstudied and uncharacterized ncRNAs is astounding. Also,
given the diversity of effects seen with specific HDAC and BET protein inhibitors in
vascular disease, there is a clear need for additional class and/or isoform specific inhibitors
of other epigenetic readers, writers and eraser proteins. Moreover, a better understanding of
how these modifiers are targeted to specific genes and how these mechanisms of targeting
might differ based on cell type and physiologic state is needed. We are optimistic that
epigenetic therapies will soon enter the clinic for prevention and treatment of cardiovascular
disease.
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Highlights :

. Cardiovascular disease remains the leading cause of death worldwide and
novel therapeutic strategies are needed.

. Epigenetic based therapies for cardiovascular disease show promise in
preclinical models but remain under-developed clinically.

. Additional class and isoform specific small molecule inhibitors for epigenetic
proteins are needed.

. The field has only scratched the surface of long non-coding RNA research in
cardiovascular disease.
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Figure 1. lllustration of histone H3 lysine modification effect on gene expression.
The nucleosome is composed of double stranded DNA wrapped around a “hairy hockey

puck” comprised of core histone proteins and their unstructured N- and C- terminal tails (H3
tail is exaggerated for illustration purposes). Acetylation and methylation of lysine residues
on core histone proteins are mutually exclusive modifications on the same residue of the
same subunit. Histone lysine acetylation is associated with increased gene expression at the
indicated residues. Histone lysine methylation is associated with gene activation when found
at H3K79, H3K36 and H3K4 but is generally associated with gene silencing at other
residues. In the boxes, a list of writers and erases is included.
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Figure 2. lllustration of feed-forward chromatin remodeling to activate or silence expression.
Signal dependent PTMs on transcription factors and catalytic enzymes cooperate with

histone PTMs to govern complex assembly. Chromatin associated complexes and select
enzymes can facilitate feedforward expansion of activating or repressing PTM patterns. The
HAT, p300 serves as an example whereby acetyl-lysine residues recruit p300 via its
bromodomain to multiply local histone acetylation. The resultant chromatin landscape
facilitates gene activation by recruiting another acetyl-reader, BRD4, to activate RNA Pol II.
Conversely, EZH2, a KMT, adds repressive methyl marks to H3K27 and is found in the PRC
complex which contains methy-lysine readers and DNMTs that coordinate histone and DNA
methylation.
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Figure 3. Schematic classification of the different types of IncRNAs.
LncRNAs are defined according to their genomic position in relation to adjacent coding

genes and other genomic elements: LncRNAS are represented in pink, enhancer in orange,
promoter in light blue, exon in green, while intron in red. Arrows indicate transcription
starting sites.

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Stratton et al.

Page 40

% 1
- —  —
i i —

Sense —

% Antisense
llllg_ ["Exon | %
Exonic
\nn_ ISR Exon |
Intronic
\m;?

Enhancer IncRNA

—/\—
\unh N [Genez]
‘ Intergenic
‘% \uu_ C—

\rul
Bidirectional Promoter

Figure 4. Cellular functions of INcCRNAs.
LncRNAs modulate gene expression by different mechanisms: in the nucleus INcRNAs

might guide transcription factors (TFs) to specific sites in the genome (1) or sponge TFs
repressing their function (2); They can induce histone modifications, guiding chromatin
remodeling complexes in specific genomic loci (3) or influence enhancer activity (4);
LncRNAs can regulate nucleo-cytoplasmic movement of both nuclear factor of activated T
cells (NFAT) (5) or modulate pre-mRNAs splicing (6); In the cytoplasm, IncRNAS can
influence mMRNA stability (7), can sponge miRNAs (8), can control translational events (9),
or act as a scaffold in proteins complexes (10); They might also function in the stabilization
of ribonucleoprotein (RNP) complexes (11); a new class of IncRNAs, named circular RNAs
(circRNAs), can act as miRNA sponges, or regulate the maturation of ribosomal RNAs (12);
Finally, some IncRNAs facilitate cell-to-cell communication (13).
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