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Abstract

The mechanisms responsible for vascular disease development have been
investigated for many decades, but we are far from a complete identification of
all involved molecular processes. This still remains a major unmet need
and despite significant improvements in diagnosis, prevention, and early inter-
vention, cardiovascular pathologies are still the leading cause of death and
disability worldwide. Epigenetics guides gene expression through the regulation
of transcription independently of the genetic code. Those regulatory mechanisms
are essential to numerous processes, such as cell growth, development, and
differentiation, and they might depend on environmental adaptation, aging, and
disease states. The current knowledge on the epigenetic mechanisms regulating
vascular physiopathology has uncovered new potential targets for intervention.
Herein, we provide an overview of the epigenetic landscape and its role in
vascular diseases, highlighting the impact of DNA methylation and histone
modification as well as non-coding RNA mechanisms.

Abbreviation

5mC 5-methyl-Cytosine
5-aza 5-azacytidine
3’UTR 30-Untranslated region
circRNA Circular RNA
CVD Cardiovascular disease
DNMT DNA methyltransferase
EC Endothelial cell
EndMT Endothelial-to-mesenchymal transition
HDL High-density lipoprotein
LDL Low-density lipoprotein
lncRNA Long ncRNA
miRNA, miR microRNA
MRE miRNA Recognition Element
nt Nucleotides
ORF Open reading frame
PAH Pulmonary artery hypertension
pre-miRNA Precursor miRNA
pri-miRNA Primary miRNA
PVOD Venous-occlusive disease
SNP Single nucleotide polymorphism
TSS Transcription start site
VSMC Vascular smooth muscle cell
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20.1 Introduction: The Constant Burden of Cardiovascular
Disease

All vasculature-associated diseases, including atherosclerosis and pulmonary hyper-
tension, belong to the vast category of cardiovascular diseases (CVDs). CVDs are
the principal cause of death and disability worldwide [1], and are indeed responsible
for 31% of global deaths (https://www.who.int/en/news-room/fact-sheets/detail/
cardiovascular-diseases-(cvds)). Over the last decade, progresses in diagnosis, pre-
vention, and treatment have considerably improved overall survival. However, the
number of people diagnosed with CVDs remains very constant worldwide [2]. This
fact already triggering some innovative ideas many years ago, suggesting that not all
cases of CVD morbidity could be explained by common risk factors, such as blood
lipids, hypertension, and diabetes [3]. Nonetheless, the probability of developing
vasculature-associated diseases might depend, besides the environmental risk factors
cited above, also on genetic variations, which should not to be confused with genetic
mutations, such as those observed in pathologies like familial hypercholesterolemia
[4]. Among those variations are the single nucleotide polymorphisms (SNPs), whose
association with vascular pathologies is a complex challenge that must be integrated
with specific sets of risk factors. However, all this information is not sufficient to
explain the great penetrance of vasculature-associated diseases in the global popula-
tion; additional elements need to be included in the global picture. The first theori-
zation of such innovative events was proposed in the middle of the twentieth century
by the British developmental biologist Conrad Waddington. Indeed, with no idea of
the mechanisms, he coined a new term: epigenetic landscape [5]. Waddington
proposed the existence of biological phenomena on top of genetic variability, as
essential modulators of cell fate determination [6].

In eukaryotic organisms, organ development is tightly regulated by coordinated
steps of gene expression activation and repression that follow precise time and space
events in cells sharing the same DNA sequence [7]. This phenomenon modulates the
extreme level of folding of chromatin needed to fit chromosomes into the nucleus
and also the changes necessary so that genes can be either accessible to regulator
elements and be transcribed (areas called euchromatin) or tightly packed and inactive
(heterochromatin) [8]. Transformation of euchromatin to heterochromatin and vice
versa contributes to gene regulation and defines today’s meaning of the term
epigenetics, which is more complex compared to Waddington’s definition:
epigenetics now refers to those heritable changes that, rather than depending on
changes of the DNA sequence, influence how chromatin structure affects gene
expression. Those are principally based on chemical modification of DNA—in
particular, on cytosine—and histone proteins; more recently, processes regulated
by non-coding RNAs have also been added to those classified as epigenetic
mechanisms [9, 10].

Although the understanding of the epigenetic mechanisms associated with
vasculature-associated diseases is still in its infancy, it is advancing very fast due
to great improvements in DNA sequencing capacity. Thus, today we foresee that the
knowledge generated by studying the role of epigenetics in vasculature-associated

20 Epigenetics and Vascular Disease 477

https://www.who.int/en/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/en/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)


diseases may be soon translated into new therapeutic approaches [11, 12]. The
concept of epigenetics is quite intriguing for the field of human epidemiology. As
a plethora of studies has assessed the central role of epigenetic modifications in
human disease etiology, it is becoming evident how epigenetics might link environ-
mental factors and lifestyle to pathology onset and progression [13]. In light of the
crucial role of epigenetics, the study of its epidemiology permits a better identifica-
tion of the interindividual variables impacting differential gene expression and
disease susceptibility, augmenting the armamentarium of physicians and researchers
working in several scientific fields, including the cardiovascular one [14].

In this chapter, we give an overview of the role of epigenetics as the main
non-genetic component of vascular disease risk, focusing on the chemical alteration
of DNA and histones and the activity of non-coding RNAs in the development of
these pathologies.

20.1.1 Etiology and Pathobiology of Vascular Diseases

Vasculature-associated diseases comprise a wide variety of conditions affecting
primarily blood vessels, including atherosclerosis, restenosis, aneurysm, and differ-
ent hypertensive syndromes, such as pulmonary artery hypertension (PAH), among
others [15].

While the specific pathophysiologic processes underpinning injury development
might differ from one pathology to another, they still share common genetic and
non-genetic molecular determinants [16]. Disease initiation and progression are
defined by alterations in the transcriptional program of the cells residing within the
vessel wall—namely endothelial cells (ECs), vascular smooth muscle cells
(VSMCs), and fibroblasts—and the impaired communication with inflammatory
cells recruited to the site of injury. Indeed, sustained exposure to stressors fosters
vascular remodeling through the establishment of disease-prone cellular phenotypes,
by disrupting intra- and inter-cellular responses [11].

EC de-regulation and activation leads to endothelial dysfunction and deteriora-
tion [17]. Similarly, VSMCs undergo profound phenotypic changes, transitioning
towards a synthetic, non-contractile state while gaining migratory properties along
with excessive extracellular matrix (ECM) deposition and alteration of the apoptotic
program [18]. Furthermore, immune cell (mainly monocytes/macrophages) differ-
entiation, activation, and polarization within vascular lesions nurture disease
progression [19].

Of note, several lines of research have elucidated that the impact of VSMC
plasticity on vascular disease might vary in a context-dependent fashion. As such,
VSMC proliferation and migration can be harmful or beneficial, whereas apoptosis,
senescence, and switching to a more macrophage-like phenotype can promote
inflammation and disease progression [20].

To further complicate matters, these pathologies can, in turn, lead to secondary
injures, such as heart failure, myocardial infarction, and ventricular hypertrophy.
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Additionally, their progression might be hastened by complications such as diabetes
and metabolic disorders [21].

Here, we will discuss the role of epigenetics in two specific pathologies: athero-
sclerosis and PAH.

20.1.2 Atherosclerosis

Atherosclerosis is the main clinical manifestation of CVDs and underlies the major-
ity of cardiovascular complications, remaining the leading cause of morbidity and
mortality worldwide [22, 23]. It is a chronic inflammatory disease that preferentially
develops in specific points of vessels, known as predisposition sites, such as the
branching points of large arterial trees and the inner curvature of the aortic arch [24].

Atherogenesis onset is characterized by the infiltration in the arterial wall of
low-density lipoproteins (LDLs), which are then retained in the endothelium and
oxidized. These oxidized LDLs (oxLDLs) trigger endothelial dysfunction at
atheroprone sites, impairing laminar flow, promoting inflammatory cell infiltration
and adhesion, and rearranging VSMC phenotype, eventually leading to arterial wall
thickening, narrowing of the vascular lumen, accumulation of lipids, and the forma-
tion of plaques [23, 25]. Lesion progression can trigger plaque rupture or erosion,
causing ischemic events, such as ischemic stroke and myocardial infarction (MI).
Indeed, as the atheromatous plaque evolves, it is stabilized by a fibrous cap, but at
later stages becomes thinner and susceptible to rupture, resulting in the aforemen-
tioned acute events [11, 15].

Additionally, pathologies such as coronary artery disease (CAD) and restenosis
display similar or related features, being therefore classified as atherosclerosis-
related conditions. More in detail, CAD is a localized form of atherosclerosis
affecting coronary vessels. The main treatment option is surgical angioplasty
associated with drug-eluting stent placement [26]. However, the efficacy of this
solution can be temporary, favoring the formation of in-stent obstructions, called
stenosis/restenosis, in the first 6 months post-surgery, as reported in 25–50% of cases
[27]. At the cellular level, restenotic obstructions mainly rely on EC activation and
the re-activation/de-differentiation of VSMCs that migrate to the site of injury,
causing neointimal hyperplasia [28].

20.1.3 Pulmonary Artery Hypertension

Hypertension is a disorder that depends on complex genetic and environmental
factors. PAH is characterized by progressive pulmonary vascular remodeling that
gradually leads to narrowing of the vessel, increased pulmonary artery resistance,
and imbalance between vasoconstriction and vasodilatation, events that eventually
result in right ventricular maladaptive hypertrophy, heart failure, and premature
death [29–31].
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PAH can be classified into different subcategories, including idiopathic PAH,
heritable PAH, and PAH associated with other diseases [32]. However, as mentioned
above, all types of PAH share common aspects, including PAEC proliferation;
PASMC proliferation, migration, and contraction; inflammation; and fibroblast
proliferation, activation, and migration [32].

During PAH pathogenesis, vascular remodeling is guided by several molecular
processes, with dysregulation evident across the different layers of the vessel wall;
such mechanisms include, but are not limited to, a hypoxic microenvironment,
growth factor changes, signaling pathway modulation, metabolic imbalance, and
epigenetic modifications [33]. At the cellular level, it is characterized by alterations
of PAEC biology, leading to a dysfunctional endothelium and endothelial-to-mes-
enchymal transition (EndMT). Further alterations pertain to apoptosis resistance,
phenotype conversion, proliferation, and migration of PASMCs, alongside fibroblast
accumulation [34–36].

Of note, PASMCs and PAECs are the principal cell types contributing to the
pathogenesis of PAH, and their dysregulation is significantly involved in the vascu-
lar remodeling occurring during systemic hypertension and PAH, correlating with
the detection of specific sub-cellular populations [15].

20.2 DNA Methylation and Vascular Diseases

Through the chemical modification of nuclear DNA and its interactors, epigenetics
translates the influence of the environment into gene expression regulation. Appro-
priate packaging of genomic DNA within the nucleus is of pivotal importance for
proper gene transcription. DNA is tightly organized in wrapped structures, known as
chromatin, containing an equal mass of proteins (histones) [37]. DNA rolls up with
histone octamers, consisting of two H2A-H2B dimers surrounding H3-H4 dimers, to
form nucleosomes [38]. The solid interactions among nuclear DNA, histones, and
linker RNA lead to the formation of a nucleoprotein complex: this chromatin can be
defined as euchromatin or heterochromatin, depending on its level of
compaction [39].

DNA methylation is the best-characterized chemical modification. It is a ubiqui-
tous epigenetic mechanism that occurs when a methyl group derived from S-
adenosyl-methionine is bound to position 5 of the cytosine ring, forming
5-methyl-cytosine (5mC) [40]. This heritable modification can occur at cytosine-
guanine dinucleotide sites, called CpG islands, and it is commonly associated with
repression and gene silencing [41], especially if it is happening at transcription start
sites (TSSs), by preventing transcription factors (TFs) from approaching DNA
[42]. This modification is commonly catalyzed by the activity of a family of enzymes
named DNA methyltransferases (DNMTs) [43]. This family comprises three active
members, identified in mammalian cells as DNMT1, DNMT3A, and DNMT3B
[43, 44]. Among them, DNMT1 is broadly expressed in mammalian cells and has
a role in the maintenance of the mitotic inheritance of methylated DNA [45]. The
Ubiquitin-like with PHD and Ring Finger Domains 1 (UHRF1) has a crucial role in
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this process, favoring DNMT1 in the recognition of hemimethylated DNA [46]. On
the other hand, DNMT3A and DNMT3B are the main factors responsible for de
novo methylation [47], which commonly occurs in early embryos [48] and at
different stages of development [49].

Conversely, the removal of 5mC, also known as DNA demethylation, leads to
DNA transcription and can be achieved through passive or active mechanisms. As
easily perceivable, passive demethylation occurs due to a lack of activity of DNMT1
during cell division [50]. On the other hand, active demethylation occurs through
direct enzymatic removal of the methyl group from 5mC. First described in 2009, it
was reported that ten-eleven translocation (TET) methylcytosine dioxygenases fam-
ily plays a crucial role in DNA demethylation via the enzymatic oxidation of 5mC to
generate 5-hydroxymethylcytosine (5hmC) in a Fe(II)- and α-ketoglutarate (α-KG)-
dependent manner [51]. 5hmC is a crucial intermediate that is gradually replaced by
unmethylated cytosines through several mechanisms. In particular, the oxidation
reaction can proceed to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)
[52, 53]. Furthermore, the pathway is continued by thymine-DNA glycosylase
(TDG), which recognizes and excises 5caC (and also 5fC) from DNA. The latter
reaction depends on base excision repair (BER), engaged for completing the DNA
demethylation cycle [54] (Fig. 20.1). Although 5hmC has broadly been
characterized as an intermediate state of the demethylation process, it emerged to
represent a crucial epigenetic mark; increasing data are suggesting that 5hmC may
represent a stable epigenetic mark [55]. 5hmC distribution was reported to have a
pivotal role in the acquisition of cellular imprinting during cellular differentiation,
but of outmost importance, it is associated with the recruitment of TFs, and therefore
is entitled to actively regulate gene transcription processes [56, 57].

Besides its involvement in physiological processes, the regulation of DNA
methylation is one of the crucial epigenetic mechanisms in the development and
progression of cancer, where its patterns are globally disrupted [58]. In recent
decades, many other pathologies have broadly been related to DNA methylation
impairment; among them, cardiovascular pathologies are prominent.

20.2.1 Atherosclerosis and DNA Methylation

Due to their strong dependence on environmental stimuli, epigenetic modifications
have been progressively associated with atherosclerosis development. Thus, they are
of pivotal interest for therapeutic and biomarker outcomes.

Decades of studies described that DNA hypomethylation seems to be
preponderated during atherosclerosis progression [59, 60]. Nonetheless, focal
DNA hypermethylation is now considered of crucial importance in atherosclerosis
development [61, 62]. In particular, several reports describe how the regulation of
DNA methylation can broadly affect atherosclerosis development and progression
by directly targeting all the layers within the vessel, affecting ECs, immune cells, and
VSMCs.
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Fig. 20.1 Illustration of DNA methylation and histone modification effects on gene
expression. Top: Mechanisms of DNA methylation and demethylation. During differentiation
processes, DNA undergoes different chemical modifications. De novo methylation is mediated
primarily by DNMT3A and DNMT3B. Upon DNA replication, newly synthesized strands lack
methylation marks, but DNMT1 rapidly restores the correct methylation on a newly synthesized
DNA. Adult patterns of methylation are erased by epigenetic mechanism involving TET enzymes.
Bottom: The nucleosome is composed of double-stranded DNA wrapped around a core of histone
proteins. Modifications such as acetylation and methylation of lysine residues on core histones are
mutually exclusive. Acetylation on lysines is always associated with increased gene expression.
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EC damage can be considered the first pathological trigger for atherosclerosis
development, where oxidative stress, lipid deposition, and transcription of inflam-
matory mediators play a crucial role [63]. In the context of oxidative stress, the
aberrant transcription of Src homology 2 domain-containing protein (p66Shc)
contributes to mitochondrial dysfunction, increased apoptosis, and endothelial func-
tional alteration [64]. This pathological effect was prevented by the restoration of
DNMT3B activity that resulted in p66Shc repressed transcription [65].

Treatment of ECs in vitro with oxLDL was reported to directly induce DNMT1-
mediated methylation of Kruppel-like factor 2 (KLF2), abrogating endothelium-
dependent vascular homeostasis, and so inducing a pro-atherogenic phenotype
[66]. In addition, it induced increased methylation of the promoter regions of Src
homology 2-containing protein tyrosine phosphatase 1 (SHP-1) [67]. Atherogenic
stimuli are reported to induce a strong increase in expression of antioxidative
enzymes (SOD2, catalase, and GPx) in infiltrating immune cells and migrating
VSMCs, via altering 5mC status [68, 69].

Nonetheless, VSMCs were described to display a pro-atherogenic phenotype
after SOD2 inhibition mediated by induction of DNA methylation; this effect was
completely prevented with 5-azacytidine (5-aza), a very well-known DNMT1 inhib-
itor [70]. In line with this finding, UHRF1 was found to regulate the pro-atherogenic
phenotype of VSMCs, directly cooperating with DNMT1, as a downstream target of
platelet growth factor-BB (PDGF-BB) treatment [71].

20.2.2 Pulmonary Artery Hypertension and DNA Methylation

Epigenetics is involved in the development of PAH [72], so it may be a potential
therapeutic target to ameliorate the clinical outcome of this severe disease
[73]. Global alteration of DNA methylation status is reported to be clearly linked
with PAH development and progression. In particular, the promoter region of the
superoxide dismutase (SOD)2 gene was found to be hypermethylated through the
activity of DNMT1 and DNMT3B in PASMCs isolated from spontaneously devel-
oping PAH (fawn-hooded) rats [74] and plexiform regions of PAH patients [75],
overall contributing to the activation of hypoxia-inducible factor (HIF)1-α, and thus
inducing a pro-proliferative and apoptosis-resistant state. This pathological pheno-
type can be abolished with the administration of 5-aza, which blunted DNA methyl-
ation on the SOD2 gene at different loci [75].

Furthermore, in PAECs, strong hypermethylation was found at the promoter of
several genes and microRNAs involved in lipid metabolism, including ABCA1,
ABCB4, ADIPOQ, miR-26A, and BCL2L11. ABCA1 was found to have reduced

⁄�

Fig. 20.1 (continued) Lysine methylation is associated with gene activation when found at H3K4,
and H4K40, but is associated with gene silencing at H3K27, H3K9, and H4K20
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expression at the mRNA and protein levels, leading to novel therapeutic
possibilities [76].

Global DNA methylation level reduction was also observed in fetal lambs
exposed to long-term high-altitude hypoxia: this was associated with loss of the
cyclin dependent kinase inhibitor (CDKN1A, p21), which caused aberrant PASMC
proliferation in these fetuses, leading to PAH in the newborn [77].

Moreover, the presence of differential epigenetic marks was demonstrated
between pulmonary venous-occlusive disease (PVOD) patients and PAH patients.
This was due to hypermethylation of the granulysin (GNLY) gene, a cytosolic
antimicrobial peptide found in the gDNA of explanted lungs and peripheral blood
mononuclear cells [78]. This finding is noteworthy due to the lack of knowledge on
this pathology, allowing early diagnosis and rapid discrimination of the two groups
of patients.

20.3 The Histone Code and Vascular Diseases

As already described in previous paragraphs, genetic information is finely regulated
by environmental stimuli and the accessibility of gene promoters to TFs.

Histones are the key component of chromatin and are rearranged in a spiral
secondary structure known as a solenoid [79]. There are four types of histone
protein: H2A, H2B, H3, and H4. They share a common structure, composed of a
globular domain surrounded by flexible, protruding domains (also known as amino
(N)- and carbon(C)-terminal tails). An octamer of dimers of each type of histone
forms the main essence of chromatin: the nucleosome [37]. Within the three-
dimensional structure of the solenoid, additional H1 histone proteins cooperate in
the maintenance of chromosomal stability [80] As first discovered by the epigenetic
pioneer Emil Heitz [81], there are two different chromatin states characterized by
different accessibility capacities: euchromatin is related to active transcription
because of its less compact and more accessible structure; on the other hand,
heterochromatin is a tightly compact structure where transcription is prevented.

The protrusion of the N-terminal tails of all histones and of the C-terminal tails of
H2A histones permits reversible covalent modifications, known as post-translational
modifications (PTM), to control DNA accessibility and to regulate gene transcription
[82]. Histone PTMs (hPTMs) include a wide variety of chemical modifications and
constitute the so-called “histone code” [83] (Fig. 20.1). More in depth, lysine
(K) was the first discovered to be acetylated or methylated [84], but further acylation,
biotinylation, crotonylation, formylation, malonylation, sumoylation, and
ubiquitination were discovered to collectively regulate conversions on this amino
acid [85]. Arginine (R) can be either deiminated (converted to citrulline) or (mono-,
di-, and tri-) methylated [86]. Serine (S), threonine (T), and tyrosine (Y) can be
phosphorylated [87] and S and T can also be glycosylated [88]. In this complex
scenario, hPTMs are the product of the dynamic activity of particular enzymes that
deposit chemical modifications (writers), decipher the mark (readers), or proficiently
remove the labels (erasers).
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Mass spectrometry (MS) was the first approach able to decipher how epigenetic
modifications could affect chromatin accessibility and, thus, regulate gene transcrip-
tion. Taking advantage of the vastly technical benefits of high-throughput
technologies, a more precise overview of histone marks has been possible in recent
decades. Here, we will discuss the three main hPMTs: acetylation, methylation, and
phosphorylation.

Histone Acetylation
Acetylation occurs predominantly on K residues of H3 and H4 histones. Histones
exhibit a positive ionic charge that strongly interacts with negative acetyl groups,
leading to a weak interaction with DNA, and enhancing chromatin accessibility.
Acetylated histones are favorable binding sites for bromodomain-containing
proteins (BRDPs), which orchestrate assembly of the transcriptional machinery
[89]. Acetylation is predominantly enriched in peculiar regions inside the promoter
and at the 50 side of the coding sequences. Of note, H3 acetylation on K9 and K27
(H3K9ac and H3K27ac) is generally associated with enhancers and promoters of
active genes.

Histone deacetylation is mediated by histone deacetylases (HDACs), generating a
more compact structure of the nucleosome and, thus, leading to transcription
impairment [90]. This mark can be reverted through the action of histone acetyl
transferases (HATs; CBP/p300, MYST, and GNAT), which induce chromatin
relaxation [90]. Of note, unbalance in the activity of these two families of
“switchers” leads to aberrant acetylation patterns and the development of CVDs
[91]. Indeed, abnormal histone acetylation is implicated in many diseases, including
hypertension [92], PAH [93] and ventricular hypertrophy [94]. Therefore,
approaches aimed at manipulating the acetylation/deacetylation balance, preventing
an aberrant PTM state, might be an innovative therapeutic strategy for these
pathologies. Overall, HDAC inhibitors have demonstrated to be protective agents
in the development of several CVDs [95].

Histone Methylation
In contrast to acetylation, which is a clear mark of transcriptional activation,
methylation of K and R residues can have different impacts on gene transcription.
The most extensively studied histone lysine methylation sites are H3K4, H3K9,
H3K27, H3K36, H3K79, and H4K20, although many other methylated lysine
residues are present on H1, H2A, H2B, and at other H3 and H4 loci [96].

Histone methylation is mediated by lysine- and arginine-methyltransferases
(KMTs, and PRMTs, respectively), taking advantage of S-adenosyl-L-methionine
(SAM) as the methyl-donor. These enzymes can add up to three methyl groups,
resulting in mono-, di-, or tri-methylation of lysines, and mono- or di-methylation of
arginines. Generally, monomethylated lysine improves transcription, whereas the
addition of further methyl groups can have a different effect depending on the
residue (e.g., H3K4me2–3, H3K36me3, and H3K79me2–3). In addition, high plas-
ticity in the recruitment of reader enzymes induces either gene transcription or
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repression based on the methylation level at the residue (e.g., H3K4me2 and
H3K4me3) [97].

Histone demethylases (HDMs) are the principal effectors of methyl group
removal from arginine and lysine residues [98]. This process takes place through
the activity of FAD-dependent amine oxidases [99] or FeII and α-KG-dependent
dioxygenases [100].

Histone Phosphorylation
Despite being the first modification to be characterized, histone phosphorylation is
somewhat less well understood than acetylation and methylation. Like with acetyla-
tion, phosphorylation produces a negative charge, reducing the positive charge
carried by histones and leading to increased accessibility of chromatin. Histone
phosphorylation is transient and dynamically coordinated by kinases and is mainly
associated with gene activation mediated by specific TFs [101]. Histone phosphory-
lation has broadly been related to apoptosis, DNA repair, chromatin rearrangements
during cellular division, and gene transcription [102]. Of note, one of the most
studied phosphorylation sites is H3S10, which once phosphorylated by Aurora B,
recruits enzymes that block H3K9 methylation; HATs then acetylate the lysine
residue, further increasing transcriptional activity, in a mechanism known as
phosphor-acetylation [103].

20.3.1 Atherosclerosis and Histone Modifications

Epigenetic de-regulation is a clear and well-known hallmark of atherosclerosis
development. Global reduction in H3K27 tri-methylation was observed at a late
stage in atherosclerotic plaques. Nevertheless, this was not related to alterations in
global levels of the corresponding histone methyltransferase EZH2, the catalytic
subunit of the polycomb repressive complex 2 (PRC2). Similarly, neither alterations
in BMI1, a PRC1 complex component, which binds to H3K27me3, nor the expres-
sion of the histone demethylase JMJD3, which removes the methyl marks on
H3K27, were reported [104]. In addition, H3K27me3 reduction was also reported
to affect NF-κB activation in human coronary artery ECs, resulting in an increase in
inflammatory status due to the aberrant transcription of adhesion molecules and
cytokines [105].

G9a, another well-known epigenetic enzyme, is able to operate H3K9 mono- and
di-methylation. In hyperhomocysteinemic ApoE�/� mice treated with methionine,
G9a was reduced together with H3K9me2, resulting in the promotion of apoptosis in
macrophages and increased plaque stability [106].

In VSMCs and macrophages of human carotid arteries, histone
hyperacetylation—with a consequent reduction in methylation levels at H3K9 and
H3K27—was reported to be a clear mark of atherosclerotic severity [107]. Further-
more, increased HAT-mediated histone acetylation was a potential regulator of
VSMC differentiation due to the recruitment of serum response factor (SRF) and
its cofactor, myocardin [108], that further mediate the activation of CArG box
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elements of VSMC-specific marker genes [109]. Moreover, HDAC3 deficiency in
myeloid cells was reported to improve plaque stability by increasing collagen
deposition, and has been proposed as a macrophage polarization inducer, favoring
the alternatively activated macrophage phenotype. These cells secrete TGFβ1, which
can be considered a trigger promoting collagen deposition by VSMCs [110].

HDAC inhibitors have been proposed as intriguing suppressors of atherosclerosis
development due to transcriptional reduction of a subset of inflammatory genes (e.g.,
TLR-induced IL-12p40 secretion in dendritic cells). They have been also described
to induce other pro-atherogenic genes (e.g., COX-2 expression), suggesting that
further efforts are needed to better describe their role in atherosclerosis [111].

Nonetheless, epigenetic mechanisms dynamically arrange gene expression, with
the mutual relation between hPTMs and DNA modifications being of outmost
importance. In particular, synergistic effects have been reported between
DNMT3A/3B and H3K9 or H3K36 methylases (SETDB1, SUV39H1/2, EHMT1/
2, and SETD2); in contrast, DNA methylation is completely abrogated by H3K4
mono-, di-, and tri-methylation [112].

In addition, H3K27 methylation (operated by EZH2) stimulated foam cell forma-
tion in ApoE�/� mice, improving atherosclerosis development. In particular, EZH2
enrolls DNMT1 and methyl CpG-binding protein-2 (MeCP2). The DNMT1-MeCP2
complex then promotes the methylation of the ATP-binding cassette transporter A1
(ABCA1) promoter, whose inhibition improves atherosclerosis [113].

20.3.2 Pulmonary Artery Hypertension and Histone Modifications

Over the past decades, increasing evidence has suggested that hPTMs, and espe-
cially aberrant histone acetylation, influences PAH development. Of note,
epigenetics-based therapies directly targeting histone acetylation could be innova-
tive approaches for the treatment of PAH.

Firstly, EZH2, which operates H3K27-specific methylation, was found
upregulated in human PASMCs, regulating proliferation, migration, and anti-
apoptotic processes [114].

Transcriptional regulator myocardin-related transcription factor A (MRTF-A)
interacts with NF-κB, halting H3K4 methyltransferase on cell adhesion molecule
(CAM) promoters in response to hypoxia. This complex then promotes ICAM-1,
VCAM-1, and E-selectin transcription, improving leukocyte migration to the pul-
monary vascular wall [115].

Moreover, in the monocrotaline (MCT)-induced PAH rat model, the histone
methyltransferase nuclear receptor binding SET domain 2 (NSD2) was recently
found to be involved in the development of the disease. In particular, NSD2
knockdown reduced H3K36me2, with an effect on pulmonary arterial remodeling
through autophagy inhibition, pulmonary artery pressure normalization, and right
ventricular hypertrophy reversion [116].

Histone acetylation also plays a critical role in PAH. Idiopathic PAH patients and
chronically hypoxic rats had upregulated HDAC1 and HDAC5 in several tissues,
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including heart, lung, and pulmonary arteries [117]. Increased histone acetylation is
further induced by hypoxia and modulates hypoxia-inducible factor-1α (HIF-1α)
binding levels in the endothelin-1 (ET-1) gene core promoter region in spontane-
ously hypertensive rats (SHR) [118]. In line with this, HDAC inhibitors were
reported to attenuate hypertensive responses in SHRs [119]. Furthermore, valproic
acid (VPA) prevented hypertension development via reduction of mineralocorticoid
receptor (MR) transcription by increasing its acetylation [120]. In addition,
trichostatin A (TSA), another HDAC inhibitor, effectively reduced blood pressure
and vascular inflammation in SHRs [121].

An increased accumulation of HDAC4 and HDAC5 in the PAEC nuclei of PAH
patients was reported to impair myocyte enhancer factor 2 (MEF2) activity, inducing
connexin 37 (Cx37), connexin 40 (Cx40), KLF2, and KLF4, and resulting in an
improvement in cell proliferation [122]. Moreover, PASMCs had increased levels of
HDAC3 and HDAC6, regulating SOD3 expression and inhibiting BAX-induced cell
death programs, and thus enhancing cell proliferation [123]. Furthermore, a global
increase in acetylation was observed in Angiotensin (AII)-treated VSMCs. AII is a
strong vasoconstrictor directly responsible for triggering hypertension. AII-treated
VSMCs had elevated HDAC5 phosphorylation in a time- and dose-dependent
manner. This led to HDAC5 export out of the nucleus, causing a reduction in
MEF2 transcription [124].

20.4 ncRNAs and Vascular Diseases

Once acknowledged that only approximately 2% of the mammalian genome
possesses a coding potential, the past decades have seen increased interest in
non-coding transcripts. Initially considered to be artifacts, these molecules are now
recognized as active players in the gene regulation machinery [125]. With the advent
of new-generation sequencing, the catalog of non-coding RNAs (ncRNAs) and the
understanding of their functions in cardiovascular health and disease has grown
exponentially [126–128].

ncRNAs can be classified into two major groups based on their size: small (<200
nucleotides) and long (>200 nucleotides) ncRNAs [129, 130]. Small ncRNAs
comprise regulatory elements, such as microRNAs (miRNAs, miRs) and Piwi
RNAs (piRNAs), and the more stably expressed housekeeping ncRNAs, such as
small nucleolar RNAs (snoRNAs) and transfer RNAs (tRNAs). The classification of
long ncRNAs (lncRNAs) is more complex and can be based on genomic localiza-
tion, specific function, and mechanism of biogenesis. Of note, a particular class of
lncRNA defined as circular RNAs (circRNAs) has gained increasing interest in
experimental biology because of its peculiar features [131–134]. Alternatively,
ncRNAs can be classified on the basis of their role into infrastructural (i.e., small
nuclear and nucleolar RNAs, ribosomal RNAs) and regulatory RNAs (i.e., miRNAs,
lncRNAs, piRNAs, and small interfering RNAs) [135]. Notably, it has been reported
that regulatory ncRNAs may actively participate in gene regulation by modulating
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chromatin structure, adding another layer of complexity to the epigenetic landscape
of vessel biology [136, 137].

Increasing evidence has demonstrated the importance of ncRNAs during the
development of different pathologies, including those of the vascular system
[15]. While the current knowledge on miRNAs is extensive, further investigation
is required to elucidate the contribution of lncRNAs to vascular pathophysiology
[125, 138].

miRNAs are small ncRNAs with a size of ~20 nucleotides (nt) that regulate gene
expression at the post-transcriptional level. miRNAs play an essential role in
controlling several pathways and biological processes, such as development, differ-
entiation, apoptosis, and survival [139]. Because they have critical roles in the
regulation of gene expression during normal physiology, being involved in many
different biological processes, their malfunction has been directly associated with
many diseases, including those of the vascular system [140, 141].

In the nucleus, miRNAs are first transcribed into a typical hairpin primary
miRNA (pri-miRNA) structure by RNA polymerase enzymes, namely Pol
II. Then, the pri-miRNA is specifically recognized and cleaved by the microproces-
sor complex DGCR8/Drosha, producing precursor miRNAs (pre-miRNAs).
Pre-miRNAs are exported to the cytoplasm by the Exportin 5 (XPO5)/RanGTP
complex, where they are further processed by Dicer, which removes the terminal
loop, resulting in an intermediate miRNA duplex. Interestingly, the directionality of
the strands determines the name of the mature miRNA form: the 5p strand arises
from the 50 end of the pre-miRNA hairpin, while the 3p originates from the 30 end.
This duplex is further processed by the Argonaute (AGO) protein family. Although
both strands can be loaded onto AGO proteins, generally, the strand with lower 50

stability or 50 uracil is preferentially utilized and is considered the guide strand. The
non-loaded strand, called the passenger strand, is unwound from the guide strand
and eventually degraded. The guide strand is loaded onto the RNA inducing
silencing complex (RISC), finally enabling mRNA target recognition. miRNA and
RISC promote the recruitment of poly(A)-binding proteins, which shorten the poly
(A) tail of mRNAs [141] (Fig. 20.2). Once the miRNA is loaded onto the RISC,
miRNA:mRNA interaction can occur. The miRNA binds its mRNA target in a
sequence-specific manner, suppressing gene expression by either blocking the
translational mechanism or activating nucleolytic mRNA degradation mainly
through targeting the 30-untranslated region (3’UTR) of the target gene [129]. The
specific sequence in the 3’UTR mRNA target recognized by the miRNA is known as
the miRNA Recognition Element (MRE), which includes a region of ~8 nt at the 50

end called the seed sequence [129, 142, 143] (Fig. 20.2).
LncRNAs represent a large and heterogeneous class of ncRNAs, comprising a

wide catalog of transcripts that differ in their biogenesis, genomic origin, and
function [126, 144]. Most lncRNAs are synthesized via spliceosome-mediated
processes on Pol II and Pol III, and present 50-caps as well as 30 polyadenylated
(polyA) tails [145, 146]. LncRNAs are usually subject to splicing events, being
presumably transcribed and processed similarly to mRNAs [145], from which they
differ mainly by the absence of translational coding potential. Mature transcripts are
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low-copy number molecules with specific sub-cellular localization [131, 147]. Of
note, this is merely a general definition, as several exceptions have been reported so
far. For instance, lncRNAs of intergenic origin differ from mRNA-like lncRNAs due
to the lack of a polyA tail. Additionally, a few lncRNAs have been shown to contain
functional cryptic open reading frames (ORFs) that may give rise to small
peptides [148].

Generally, lncRNA sequences are poorly conserved among species; however, this
might be compensated by the maintenance of structural properties warranting

Fig. 20.2 MicroRNA
biogenesis. A microRNA is
transcribed as pri-microRNA,
which matured first in a
pre-microRNA and finally in
the mature microRNA. The
latest binds the 3’UTR of the
target gene inhibiting gene
expression
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conserved functionality [149]. Additionally, their expression is closely modulated at
developmental stages, displaying tissue and cell specificity as well, this being
suggestive of their involvement in gene regulation [130, 150].

Based on their direction with respect to the coding gene, lncRNAs transcripts are
categorized as sense, antisense, exonic, and intronic. Other well-known forms are
promoter bidirectional non-coding lncRNA, enhancer lncRNAs (eRNAs), intergenic
lncRNA (lincRNAs), and circular RNAs (circRNAs) [151, 152] (Fig. 20.3). More-
over, these transcripts can act via cis- or trans-regulatory circuits [22, 153]. Herein,
we present a partial description of their biological functions, which might be only the
tip of the iceberg of the roles of lncRNAs in biological systems. LncRNAs can
function as: (1) signals, responding to specific stimuli in the intra- and/or extracellu-
lar milieu; (2) decoys, sequestering biological active molecules and altering chroma-
tin accessibility; (3) scaffolds, participating in specific functional multi-riboprotein
complexes; (4) guides, orchestrating chromatin-modifying complexes; (5) mediators,
contributing to 3D nuclear organization; and (6) molecular sponges, sequestering
active miRNA molecules to inhibit and fine-tune their function [131, 144]
(Fig. 20.3).

This class of ncRNA is, therefore, emerging as a fundamental player in the
regulation of gene expression at the chromatin, DNA, transcriptional, and post-
transcriptional levels in health and disease [15, 154]. As lncRNAs impact incidence
and outcome of human diseases, a better understanding of their putative roles in
vascular pathobiology merits further investigation [125, 155]. Indeed, key findings
in the field warrant the potential use of these molecules in a clinical setting, as further
described in this chapter.

Finally, among lncRNA transcripts, it is worth mentioning circRNAs in further
detail. Like the vast majority of RNAs, circRNAs are generally transcribed by Pol II
as a pre-messenger RNA (pre-mRNA) [156]. However, unlike linear transcripts,
circRNAs undergo an alternative splicing event, namely back-splicing, promoting
the formation of RNA loops. This tail-to-head folding exploits canonical splicing
sites and proceeds from an upstream 50 splice site (acceptor) to a downstream 30 one
(donor) [133, 134]. Consequently, covalently closed RNAs, displaying neither 5–30

polarity nor a polyA tail, are generated. Given their structure, circRNAs are more
stable than linear RNAs and less sensitive to RNAse R exoribonuclease degradation
[157]. Finally, RNA loops can be secreted in exosome vesicles in response to
specific stimuli and, subsequently, detectable in body fluids, such as serum and
saliva [22]. Hence, circRNAs are promising candidates for human disease prognosis,
prevention, and treatment.

In conclusion, compelling evidence has shown that ncRNAs such as miRNAs,
lncRNAs, and circRNAs could be exploited for the development of new RNA-based
therapeutics. Indeed, despite the limitations of such approaches, they represent a
valuable tool for the generation of novel strategies in vascular disease.
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Fig. 20.3 Schematic classification of the different types and functions of lncRNAs. Left:
LncRNAs are classified according to their genomic position: Exon are represented in green and
orange, enhancer in light green, promoter in pink, while intron in gray. Arrows indicate transcrip-
tion starting sites. Right: LncRNAs modulate gene expression by different mechanisms: in the
nucleus they might guide TFs to promoter region (1) or sequester TFs inhibiting their function (2);
They can also modulate chromatin structure by acting as scaffold (3) or guide (4)
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20.4.1 Atherosclerosis and miRNAs

Atherosclerosis is an inflammatory disease in which hypercholesterolemia plays a
central role in pathologically activating vascular cells and the immune system
[158, 159]. These processes might be further accelerated by conditions such as
diabetes mellitus and hypertension [160]. Carotid and coronary artery disease are
two major atherosclerotic conditions and are the primary cause of stroke and heart
attack, respectively. miRNAs are involved in every stage of the biological processes
responsible for atherosclerosis development. Indeed, numerous miRNAs (miR-21-
5p,�34a-5p,�146a-5p,�146b-5p,�210-3p) have been found to be upregulated in
plaques from aorta, carotid, and femoral artery [161].

A detailed analysis of the single vessel layers shows how miRNAs are specific for
the endothelium, infiltrating immune cells, and VSMCs. For instance, several
miRNAs have been associated with dysfunction of the endothelium in vascular
diseases. miRNAs involved in endothelium senescence include miR-34a, �217,
and -146a, whereas others like miR-200c, �126, �10a, and -181b are modulated
by oxidative stress and pro-inflammatory factors [160, 162]. Adhesion molecules are
dysregulated by the misexpression of miRNAs such as miR-126, �31, and �17–3p
[162]. Interestingly, the endothelium has been also found to secrete microparticles
containing miRNAs, such as miR-19b, which affects other cellular components
during plaque formation [163].

During atherosclerosis development, oxLDLs are loaded into monocytes/
macrophages and VSMCs within the intimal layer, leading to the formation of
foam cells and activated VSMCs. The role of macrophages during cellular adhesion,
lipid uptake, and inflammatory responses has an important impact on plaque devel-
opment. Several miRNAs, such as miR-99b,�152,�125a-5p, and�155, have been
observed to be modulated in monocytes/macrophages within atherosclerotic
plaques, influencing important steps, such as the accumulation of foam cells
[160, 162]. Also, miR-10a plays a role in the pro-inflammatory contribution to the
malfunctional endothelial phenotype during atherosclerosis [164]. In addition,
miR-21 has been found to be increased in monocytes, driving atherosclerosis
progression [165]. As for ECs, also macrophages are able to transfer miRNAs
(i.e., miR-146a, �128) through extracellular vesicles [165]. However, macrophages
might also secret miRNAs in conjunction with high-density lipoprotein (HDL);
indeed, in human plasma, miR-210 has been found dysregulated in atherosclerosis
patients [165].

Atherosclerotic lesions are also characterized by the presence of migratory
VSMCs in the intimal layer. Some examples of miRNAs with an important impact
on VSMC phenotypic switching during disease development are miR-143/145,
�22, �21, �221/222, and � 128 [159, 160, 165]. Furthermore, during the final
phase of atherosclerosis, involving plaque destabilization and rupture, those
structures are characterized by a rich content of inflammatory macrophages and
VSMCs. The levels of miR-322, �100, �127,�133a/b, and �145 are, for instance,
significantly higher in patients with destabilized plaques [160, 165]. Moreover,
VSMC differentiation—promoted by the progression of fatty streaks into a fibrous
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cap—is regulated by miRNAs, such as miR-26a, which targets transforming growth
factor-β (TGF β), a critical factor for VSMC differentiation and apoptosis
[162]. Other short ncRNAs, such as miR-29b, are involved in the regulation of
VSMC migration, by targeting metalloproteases (MMPs), and contractility, by
targeting critical genes, such as KLF4 in the case of miR-145 or �128 [162, 166].

20.4.2 Atherosclerosis and lncRNAs

In contrast to miRNAs, lncRNA investigation has not delivered a wealth of informa-
tion on their role in atherosclerosis. Nonetheless, based on a handful of key studies, it
is understood that lncRNAs can alter the onset and progression of atherosclerosis by
affecting a wide array of processes governing the transcriptional program of all three
principal cell components of atherosclerotic plaques [28, 150].

A paradigmatic example is the antisense ncRNA known as ANRIL, found in the
Inhibitors of Cyclin Dependent Kinase 4 (INK4) locus [167]. ANRIL functions as a
guide lncRNA binding specific subunits of the Polycomb repression complexes
1 and 2 (PRC1 and 2) and mediates interaction with target promoters [167]. This
fosters H3K27 tri-methylation and transcriptional repression of the INK4 locus in
cis. Interestingly, ANRIL exerts its atheroprotective function also in trans
[167, 168]. Additionally, it is expressed and modulated by all the three principal
cell components, so is directly associated with the severity of atherogenesis and
lesion progression [169, 170].

Different lncRNAs (i.e., PUNISHER, LEENE, sONE) have been found to partic-
ipate in EC differentiation, homeostasis, and function [171–173]. Additionally,
several others have been identified in atherogenesis, for instance, MALAT1,
MEG3, LINC00323–003, and MIR503, as well as the circRNAs cZNF292,
cAFF1, cDENND4C, and cTHSD1, which are differentially expressed upon
hypoxic conditioning, a stimulus known to evoke EC dysfunction [22, 174,
175]. Nonetheless, only a few have been extensively characterized so far. Human
metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) was one of the
first lncRNAs studied in human disease. It is highly expressed in vascular endothe-
lium and is de-regulated in several CVDs upon distress signals. Indeed, its down-
regulation produces a shift from a proliferative to a migratory phenotype, causing
aberrant vessel growth in vivo [176]. Coherently, profound cell cycle dysregulation
was revealed by gene expression profiling [176]. Nonetheless, recent literature
suggests that its role on atherosclerositic deterioration is due to increased accumula-
tion of hematopoietic cells [176, 177].

SENCR is a vascular cell-specific lncRNA expressed in human ECs and VSMCs
and plays a role in EC differentiation and homeostasis [178, 179]. Interestingly,
Baker’s laboratory uncovered that SENCR may be involved also in endothelium
dysfunction. Indeed, its expression is significantly reduced in ECs isolated from
patients with premature CAD compared to control subjects, suggesting a central role
in atherosclerosis [180]. In addition, SENCR protects against vascular damage by
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participating in adherent junction maintenance, membrane integrity, and permeabil-
ity of ECs [179].

Aberrant phenotypic transition and apoptosis impairment of VSMCs are central
events in atherogenesis initiation and progression. Along with miRNAs, lncRNAs,
and circRNAs participate in the fine-tuning of VSMC biology. This can be achieved
either independently or through epigenetic networks. For instance, circLRP6/miR-
145 axis modulation is essential for VSMC homeostasis and may play a role in
atherogenesis as well [181].

Lnc-Ang362 is an AII-induced lncRNA that enhances aberrant cell growth in
VSMCs. It is co-transcribed with miR-221 and -222, well known for their detrimen-
tal effect on vessel biology [182]. In light of this, the effects of lnc-Ang362 on
proliferation may likely be due to its role as the host transcript of the 2 miRNAs.
Noteworthy, as these molecules are modulated in the same manner, further studies
might cement lnc-Ang362 as a therapeutic target in atherosclerosis [183]. Similarly,
the lncRNA SMILR concurs in atherogenesis by promoting aberrant cell prolifera-
tion via modulation of CENPF mRNA. While its overexpression results in
neointimal hyperplasia, its disruption ex vivo promoted adverse vascular remodeling
[184]. The above-mentioned lncRNA SENCR was first described in human coronary
artery VSMCs. In this context, SENCR contributes to maintain cell differentiation
by acting on cell contraction-related genes such as myocardin (Myocd), while
reducing the pro-migratory gene signature (Midkine/Pleiotrophin). Therefore, it
can counteract the pathological migration of VSMCs to the neointima during
atherosclerotic lesion formation [178].

Inflammation and innate immune responses are also crucial events in atheroscle-
rosis and act mainly through the modulation of monocyte and macrophage function.
Myocardial infarction associated transcript (MIAT) is upregulated in vulnerable
atherosclerotic plaques and fosters persistent, aberrant immune responses. Of note,
MIAT ablation alleviates injury progression by acting on the miR-149-5p/CD47 axis
and promoting macrophage clearance capacity (efferocytosis), thus reducing
the inflammatory burden [185]. Concordantly, the monocyte- and macrophage-
enriched lncRNA PELATON is upregulated in vulnerable plaques and is localized
at inflammation sites. Its knockdown ameliorated atherosclerosis progression by
promoting macrophage phagocytosis by acting in trans, and unlike MIAT,
PELATON did not affect efferocytosis. Further studies on its coding potential may
provide deeper insight into its role in macrophages [186].

RAPIA is a lncRNA that is highly expressed in advanced stages of atherosclero-
sis; its silencing protects against the worsening of vascular conditions by reducing
proliferation and triggering the apoptotic program in macrophages via the miR-183-
5p/ITGB1 pathway [187].

Finally, the already mentioned lncRNA MALAT1 is a modulator of the innate
immunity response and is atheroprotective. Further studies are needed to better
define its mechanism of action; nonetheless, it seems to maintain vascular function-
ality via a network of ncRNA-mediated processes involving mascRNA and
NEAT1 [188].
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20.4.3 Pulmonary Artery Hypertension and miRNAs

Different studies have indicated the involvement of miRNAs during PAH develop-
ment. Normalization of some of these ncRNAs has been reported to blunt experi-
mental pulmonary hypertension.

Considering lung as a bulk tissue, screening analyses were performed to evaluate
miRNA modulation in PAH patients. A first study, for instance, measured
337 miRNAs in PAH and control lungs, identifying six statistically significantly
upregulated miRNAs (miR-450a, �145, �302b, �27b, �367, and � 138), while
only one, miR-204, was found to be down-regulated in pathological specimens
[189]. The authors then linked miR-204 to a fundamental pathway able to sustain
PASMC proliferation and resistance to apoptosis, which involves the signal trans-
ducer and activator of transcription 3 (STAT3), the protein tyrosine phosphatase
non-receptor type 11 (SHP2) expression, the proto-oncogene tyrosine-protein kinase
(Src), and nuclear factor of activated T cells (NFAT) [189].

Among miRNAs playing a role in PASMCs, we also have the miR-17–92 cluster.
It contains six miRNAs (miR-17, miR-18a, miR-19a, miR-19b, miR-20a, and
miR-92a) transcribed as one common pri-miRNA [190]. miR-17–92 expression
was found reduced in PASMCs from patients with PAH [191], and was associated
with decreased levels of SMC differentiation proteins, such as α-smooth muscle
actin (α-SMA), transgelin (SM22α), and calponin, indicating a direct correlation
between an SMC differentiation phenotype and miR-17–92 expression [191].

Another polycistronic miRNA cluster involved in PAH development is miR-143/
145, a highly specific ncRNA expressed by SMCs of different origins [192]. Its
expression is increased in human PAH as well as in the hypoxia-induced mouse
model of PAH [193]. miR-143/145 cluster expression in PAH relies on down-
regulation of bone morphogenetic protein receptor type II (BMPR2). Indeed,
transforming growth factor-β (TGF-β) and bone morphogenic protein 4 (BMP4)
activate Myocd expression and nuclear translocation of Myocd-related transcription
factors (MRTFs), respectively, resulting in increased expression of miR-143 or
miR-145, with concomitant repression of KLF4 expression, leading to the activation
of a contractile gene program in SMCs [194]. Finally, negative manipulation of
miR-145, but not miR-143, inhibited hypoxia-induced PAH in mice [193].

The miR-17-92 cluster has been shown also to control endothelium dysfunction
in PAH. The development of familial PAH might depend on mutations of BMPR2
[195]. The link between this gene and the pathology relies on miR-17–5p and
miR-20a, two members of the miR-17–92 cluster that directly target BMPR2 in
PAECs. Interleukin 6 (IL-6) upregulates miR-17/92 expression through increased
transcriptional activity of STAT3 [196]. Thus, inhibition of BMPR2 upregulates
miR-17–92 expression, which then induces PAEC proliferation and reduces their
apoptotic rate, resulting in the development of PAH.

Very recently, a study from Zhang and colleagues demonstrated that miR-483 is
down-regulated in the serum of idiopathic PAH patients, with a direct inverse
correlation with the severity of the pathology. They also demonstrated that
miR-483 directly regulates several genes, including TGF-β, TGF-β receptor
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2 (TGFBR2), β-catenin, connective tissue growth factor (CTGF), interleukin-1β
(IL-1β), and endothelin-1 (ET-1), all of which are involved in PAH pathogenesis.
Finally, an in vivo approach demonstrated that EC-specific miR-483 overexpression
in a model of PAH was able to blunt the typical clinical outcomes, such as increased
pulmonary vascular pressure and right ventricular hypertrophy [197].

20.4.4 Pulmonary Artery Hypertension and lncRNAs

The modulation of lncRNAs evoked by stimuli such as hypoxia and oxLDL is
involved in de-regulation of PAECs, causing endothelium dysfunction and
EndMT. Some examples of modulated ncRNAs are GATA6-AS, H19,
MIR210HG, MEG9, MALAT1, and MIR22HG [198, 199], although their contribu-
tion to pulmonary hypertrophy is still largely unknown.

Additionally, PASMCs contribute to PAH progression via aberrant proliferative
and migration and impairment of apoptosis. These phenotypic changes are sustained
by a variety of cytokines and growth factors (i.e., PDGF-BB, NOTCH, Ang II, IL-1,
FGF-2, and IGF-1) and lead to aberrant vascular remodeling [33].

The hypoxia-induced lncRNA of the Hoxa cluster antisense RNA 3 (lncRNA
Hoxaas3) is upregulated in pulmonary hypertension. It promotes pathology progres-
sion by boosting PASMC over-proliferation and accelerating the cell cycle; hence, it
may be a suitable therapeutic target to weaken damage progression [200].

The lncRNA regulated by PDGF-BB and TGF-β, namely LnRPT, has been
identified in rat PASMCs and described as a putative therapeutic tool. Mechanisti-
cally, LnRPT controls PASMC proliferation by inhibiting the Notch pathway.
Coherently, this regulatory capacity is reduced upon PDGF-BB-mediated LnRPT
down-regulation. Additional studies may provide further insight into the use of
LnRPT in PAH treatment [201].

In contrast, the lncRNA H19 is upregulated upon PDGF-BB stimulation in a
rodent model of hypoxic-induced damage. It participates in PAH progression by
promoting cell proliferation and inflammation through the regulation of the
miR-let7b/AT1R axis [202].

The lincRNA Cox2 plays an important role in the modulation of innate immunity
by activating or repressing specific responsive genes in mouse macrophages, thereby
regulating inflammatory processes [203]. Interestingly, it is upregulated in the
peripheral blood of PAH patients and is also modulated in PASMCs upon exposure
to hypoxia. Its detrimental effect on PAH development is considered to function via
miR-let7A/STAT3 axis regulation [204].

20.5 Conclusion

The body of evidence discussed in this chapter strongly indicates that chromatin
modifications are directly involved in the pathogenesis of CVDs. This is particularly
important since, over the past years, the incidence of CVDs has increased greatly.
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Fortunately, the research focusing on CVDs has grown in step, with many studies
aimed at understanding the role of epigenetic processes in CVD development. It is,
then, easy to understand that the definition of personalized epigenetic patterns can
help to diagnose the causes of such pathologies and, thus, to identify tailor-made
therapeutic approaches. Furthermore, recent technologic advances both in terms of
data generation and analysis have allowed the scientific community to create detailed
epigenetic maps of CVDs, providing clinical practice with new tools to link envi-
ronmental effects with traditional risk factors: this includes also the possibility to
eventually predict individual response to drug treatments.

Fully deciphering the epigenetic networks of the vasculature is, however, still far
from completion. Thorough comprehension of the links between epigenetic
mechanisms and specific tissue transcriptional programs is needed. This is particu-
larly important for the development of therapies aimed at normalizing altered
programs in specific cell types of the vessels. Indeed, the final aim would be to
target epigenetic mechanisms in specific tissue compartments to avoid undesirable
effects provoked by the modulation of gene expression elsewhere. Therefore, further
studies are critically needed in order to personalize these new types of therapies.
Because they are able to target all the types of epigenetic mechanisms discussed
above, current RNA-based therapeutics might be able to fulfill this unmet need: these
include silencing RNAs (siRNAs), antisense oligonucleotides (ASOs), lnRNAs,
miRNAs, RNA aptamers, single guide RNAs (sgRNAs) for CRISPR/Cas9 systems,
etc. These methodologies can target any gene, including those codifying proteins
with no enzymatic activity; this is in contrast with classical drugs, which are not able
to do so. This sheds a very positive light on the possibility of being able to tackle the
majority of diseases of the cardiovascular system in the near future.
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