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ABSTRACT  Epigenetics is usually defined as the study of changes in phenotype and gene expression not
related to sequence alterations, but rather the chemical modifications of DNA and of its associated
chromatin proteins. These modifications can be acquired de novo, being inherited, and represent the way
in which genome and environment interact. Recent evidence points to the involvement of epigenetic
changes in the pathogenesis of pulmonary hypertension, as they can partly explain how environmental
and lifestyle factors can impose susceptibility to pulmonary hypertension and can explain the phenotypic
alteration and maintenance of the disease state.

In this article, we review the epigenetic regulatory mechanisms that are mediated by DNA methylation,
the post-translational modifications of histone tails and noncoding RNAs in the pathogenesis of
pulmonary hypertension. Furthermore, pharmacological interventions aimed at epigenetic regulators/
modifiers and their outcomes in different cellular and preclinical rodent models are discussed. Lastly, the
remaining challenges and future directions in which to explore epigenetic-based therapies in pulmonary
hypertension are discussed.
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Introduction

Pulmonary hypertension is a progressive disease of multifactorial aetiology, which has a poor prognosis
and results in right heart failure. Based on pathogenetic background and histopathological appearance, five
categories of pulmonary hypertension have been defined in the latest World Health Organization
classification: 1) pulmonary arterial hypertension (PAH); 2) pulmonary hypertension due to left heart
disease; 3) pulmonary hypertension due to lung diseases and/or hypoxia; 4) chronic thromboembolic
pulmonary hypertension (CTEPH); and 5) pulmonary hypertension with unclear multifactorial
mechanisms. Each of these categories encompasses several subcategories [1]. For example, category 1
pulmonary hypertension (PAH) includes idiopathic (IPAH), heritable and drug- and toxin-induced PAH
as well as PAH associated with a variety of conditions (including connective tissue diseases, HIV infection,
portal hypertension and congenital heart disease), schistosomiasis, pulmonary veno-occlusive disease
(PVOD), pulmonary capillary haemangiomatosis and persistent pulmonary hypertension of the newborn
(PPHN). When considered together, all variants of pulmonary hypertension may affect up to 100 million
people worldwide.

Pathobiology of pulmonary hypertension

The vascular pathology of pulmonary hypertension is characterised by pulmonary vasoconstriction and by
abnormal (“pseudomalignant”) inward remodelling processes, which may affect all vessel layers (intima,
media and adventitia) [2]. These remodelling processes result in severe loss of the cross-sectional area and
a concomitant increase in right ventricular afterload. Intimal changes include initial endothelial injury/
apoptosis, endothelial cell proliferation, invasion of the intima by (myo)-fibroblast-like cells, enhanced
matrix deposition, and, in varying degrees, obstruction of the vascular lumen by unique plexiform lesions.
Vascular smooth muscle cell (SMC) proliferation is a prominent feature in virtually all pulmonary
hypertension entities, causing intimal thickening of the intra-acinar muscular resistance vessels [3, 4] and
muscularisation of the normally nonmuscularised precapillary arterioles. In several forms of pulmonary
hypertension, these structural abnormalities are accompanied by marked hypertrophy of the adventitia,
with (myo)-fibroblast proliferation/invasion and enhanced matrix deposition being observed. Overall, these
structural changes suggest a switch from “quiescent” toward “pro-proliferative”, “apoptosis-resistant” and
“pro-inflammatory” vascular cell phenotypes. As a functional consequence, the pulmonary vascular
resistance drastically increases, causing enhanced afterload for the right ventricle with right heart
hypertrophy and failure as further cardiac sequelae of the disease [5-7].

Current therapies

There are three currently approved therapeutic strategies for the treatment of PAH with vasodilatory
properties: prostacyclin (prostaglandin I,) and its analogues (iloprost, treprostinil and selexipag) [8-11],
phosphodiesterase 5 inhibitors (sildenafil and tadalafil) [12, 13] and endothelin receptor antagonists
(ERAs) (bosentan) [14]. Further advances have been made with the introduction of novel compounds,
such as macitentan and riociguat. The first of these is an orally active ERA with improved tolerability and
reduced liver toxicity compared to bosentan [15, 16]. Riociguat is a soluble guanylate cyclase stimulator,
improving nitric oxide production, recently approved by the US Food and Drug Administration to treat
adults with PAH and persistent, recurrent or inoperable CTEPH [17, 18]. Although symptomatic
improvement among patients with PAH is often observed with therapy, haemodynamic changes are
typically modest, and most patients continue to have significant pulmonary hypertension despite maximal
therapy [19]. Moreover, the unmet clinical need is even more pronounced in pulmonary vascular disorders
outside the PAH group, which are more frequent by several orders of magnitude. These include those with
underlying heart or lung disease and CTEPH, for which no single medical treatment is currently approved.
Hence, deciphering the molecular mechanisms that drive and sustain the maladaptive inward vascular
remodelling processes as well as right ventricular maladaptation in pulmonary hypertension is
indispensable for the development of therapeutic approaches to prevent or reverse such processes.

Importantly, recent compelling evidence suggests that the vascular cells cultured from hypertensive lung
vessels manifest and maintain a hyperproliferative, apoptosis-resistant, pro-inflammatory and pro-fibrotic
phenotype when transferred outside the vascular microenvironment, demonstrating the presence of
“imprinted” phenotypic changes [20]. It was postulated that these changes could be a consequence of both
genetic changes and/or “maladaptive” epigenetic mechanisms (establishment of an “epigenetic memory”),
akin to cancer: maladaptive epigenetic mechanisms may include histone modifications (methylation and
acetylation) and changes in DNA methylation and noncoding RNA profiles (i.e. changes to the miRome).
In this article, we review the epigenetic regulatory mechanisms in the physiology of pulmonary vasculature
as well as in the pathogenesis of pulmonary hypertension. Furthermore, the pharmacological interventions
aimed at epigenetic regulators/modifiers and their outcomes in different cellular, preclinical rodent models
and future directions are discussed.
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Moreover, we focus on the advances made in understanding the roles of epigenetic regulators in the
pathogenesis of pulmonary hypertension and the progress toward designing effective treatments targeting
the epigenome.

Epigenetics

Epigenetics is usually defined as the study of changes in phenotype and gene expression not related to
alterations in the sequence, but rather the chemical modifications of DNA and of its associated chromatin
proteins. These modifications can be acquired de novo, being inherited, and represent the way in which
genome and environment interact. Epigenetic modifications are mediated by DNA methylation,
post-translational modifications of histone tails and noncoding RNAs, with the first two representing the
predominant phenomena. The involvement of these mechanisms in the pathogenesis of many diseases,
including cancer and neurodevelopmental and hereditary disorders is well recognised, while, to date, only
little evidence of their contribution to pulmonary hypertension is available [21-23].

DNA methylation

The methylation of DNA is a common mechanism used by cells to “switch off” gene expression. In
mammalian cells, DNA methylation occurs at cytosine residues, mainly of CpG dinucleotides, where a methyl
group is covalently attached to the C5 position of the nucleobase. This modification is set and maintained by
the DNA methyltransferases (DNMT) 1, 3a and 3b. Three principal mechanisms have been shown to be
involved in the regulation of gene repression by DNA methylation: 1) the methyl group may directly prevent
the binding of transcriptional regulators; 2) it may lead to the specific binding of methyl-CpG binding
proteins that interfere with the recruitment of transcription factors; or 3) these methyl-CpG binding proteins
may able to recruit large protein complexes, which control the accessibility of DNA through modification of
the chromatin structure [24]. CpG sites are distributed unevenly throughout the genome, including all types
of sequences: promoter regions, gene bodies, intergenic sequences and repetitive elements. In healthy somatic
cells, up to 90% of CpG dinucleotides (that is, 3-6% of all cytosines) are methylated, except for promoter
CpG islands, which appear to be protected from methylation. DNA methylation is an important event in
numerous physiological cellular processes, including embryonic development, genomic imprinting,
X-chromosome inactivation and preservation of chromosome stability, but a growing number of human
diseases have been associated with aberrant DNA methylation as well [25, 26].

DNA methylation in pulmonary hypertension

Recent literature suggests an involvement of aberrant DNA methylation in the pathogenesis of pulmonary
hypertension (figure 1). An increased expression of DNMT1 and DNMT3B and the hypermethylation of
the CpG island in the promoter region of the superoxide dismutase (SOD)2 gene were observed in the
lungs and isolated pulmonary arterial SMCs (PASMCs) of fawn-hooded rats, a strain in which PAH
occurs spontaneously. This epigenetic silencing of SOD2 contributes to the activation of hypoxia inducible
factor (HIF)1 and creates a pro-proliferative, apoptosis-resistant state [27]. Yang et al. [28] demonstrated
that reduced levels of global DNA methylation are associated with the loss of the cyclin-dependent kinase
inhibitor p21 in the pulmonary vasculature of fetal lambs exposed to high-altitude long-term hypoxia.
This may be the cause of the excessive PASMC proliferation observed in these fetuses, leading to
pulmonary arterial remodelling and pulmonary hypertension in the newborn lambs. Furthermore, an
analysis of genomic DNA extracted from human peripheral blood mononuclear cells and explanted lungs
showed increased methylation of the granulysin (GNLY) gene in patients affected by PVOD in contrast to
PAH, allowing discrimination between the two groups [29].

Histone modifications

The eukaryotic genome is organised into a DNA-protein complex known as chromatin, whose basic unit is
the nucleosome, an octamer composed by two copies of each of the core histone proteins (H2A, H2B, H3
and H4) around which DNA is wrapped. Histones can be post-translationally modified within the 10-30
amino acids at the N-terminal domain (also called the histone “tail”) extending from the nucleosomal
surface, thus modulating chromatin folding and the binding of regulatory proteins. From a chemical point
of view, histone modifications can be divided in two main groups. The first comprises those modifications
leading to the addition or removal of small organic substituents (acetylation, methylation, phosphorylation,
deamination and palmitoylation), while the second group includes elaborate and large organic molecules
(ubiquitylation, SUMOylation, biotinylation, glysosylation and ADP-ribosylation) [30, 31].

Histone acetylation

Among these, acetylation was the first described and is one of the most widespread modifications of
histones. It involves the addition of an acetyl group, catalysed by histone acetyltransferases (HATSs) from
the cofactor acetyl-CoA to a lysine residue of the histone tail, especially those in H3 and H4. Generally,
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FIGURE 1 Mechanism for epigenetic regulation of mitochondrial superoxide dismutase (SOD)2 in pulmonary
arterial smooth muscle cells: the higher expression of DNA methyltransferase (DNMT)1 and DNMT3B leads
to the hypermethylation of CpG islands in the promoter of the SOD2 gene and its downregulation. This
impairs H,0,-mediated redox signalling, activates hypoxia-inducible factor (HIF)-10, and creates a
proliferative, apoptosis-resistant state. DNA hypermethylation is also responsible for the epigenetic silencing
of the granulysin (GNLY] gene.

this modification neutralises the positive charge of lysine residues, weakening the charge-dependent
interactions between histone and DNA and increasing the accessibility to the transcription machinery [32].
Conversely, histone deacetylation favours transcriptional repression by allowing chromatin compaction.
Acetylated histones can also act as binding sites for the transcriptional co-activator proteins that may
further modify the chromatin structure [33]. Apart from histone acetylation, transcription factors can be
directly acetylated and deacetylated, which can have positive and negative consequences on gene
transcription [34]. Importantly, acetylation is not a permanent modification, but instead a dynamic
process determined by the antagonistic actions of two large families of enzymes: HATs and histone
deacetylases (HDACs) (table 1) [32].

Histone acetylation in pulmonary hypertension

Aberrant histone acetylation and deacetylation have been described in pulmonary hypertension. For
example, an increased H3 and H4 acetylation at the proximal promoter region of endothelial nitric oxide
synthase (eNOS), which leads to increased levels of eNOS, is shown in pulmonary arterial endothelial cells
(PAEC:s) isolated from PPHN rat model [35]. This study suggests that the epigenetic regulation of eNOS
plays an important role in the pathogenesis of PPHN. In fibroblasts isolated from the distal pulmonary
arteries of chronically hypoxic hypertensive calves an increased expression and activity of class I HDACs
(HDAC1, HDAC2 and HDAC3) was observed, and the specific inhibition of these deacetylases was able to
suppress the production of pro-inflammatory mediators [36]. Similar findings were observed in the
PASMCs of fetal lambs exposed to high-altitude long-term hypoxia. In fact, the level of H4 acetylation,
together with global DNA methylation, was reduced, and treatment with the HDAC inhibitor trichostatin
A (TSA) was able, on one hand, to suppress platelet-derived growth factor (PDGF)-induced PASMC
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TABLE 1 Classification of histone acetyltransferases (HATs) and histone deacetylases (HDACs)

Category Name Involvement in diseases
HAT type A GNAT Cancer (breast, lung and prostate), hepatocellular carcinoma, leukaemia, melanoma,
rhabdomyosarcoma and hepatitis
P300/CBP Cancer (breast, lung, prostate and colorectal), leukaemia, lymphomas and Alzheimer’s disease
MYST Lung and kidney cancer, cardiac hypertrophy and ataxia telangiectasia
Basal TF Cancer
NRCF Cancer
HAT Type B HAT 1 Lymphomas, sarcoma and hepatocellular carcinoma
HAT 2 N/A
HAT 4 N/A
(Naab0)
HDACs class | HDAC1 Cancer (breast, prostate and ovarian), hepatocellular carcinoma, hepatitis, leukaemia and
Huntington’s disease
HDAC2 Cancer (prostate, pancreas, lung and colon) and hepatocellular carcinoma
HDAC3 Cancer (breast, lung and colon), leukaemia, multiple sclerosis and Huntington's disease
HDACS8 Hepatocellular carcinoma, leukaemia, hypertension and Cornelia de Lange syndrome
HDACs class lla HDAC4 Cancer (breast, lung and prostate), leukaemia, lymphoma and ataxia telangiectasia
HDAC5 Cancer (breast and lung), leukaemia, neuroblastoma and Alzheimer's disease
HDAC7 Cancer (breast and colorectal) hepatocellular carcinoma, leukaemia and cystic fibrosis
HDAC9 Cancer (breast, lung and colorectal), leukaemia, schizophrenia and obesity
HDACs class Ilb HDAC6 Cancer, leukaemia and multiple and amyotrophic lateral sclerosis
HDAC10 Lung cancer and schizophrenia
HDACs class lll [sirtuins) SIRT 1 Cancer, leukaemia, multiple and amyotrophic lateral sclerosis, bronchopulmonary dysplasia and
Parkinson’s disease
SIRT 2 Cancer, Parkinson’s and Huntington's diseases, obesity and diabetes
SIRT 3 Cancer, Alzheimer’s disease, obesity and diabetes mellitus
SIRT 4 B-cell lymphoma and diabetes mellitus
SIRT 5 Cancer (breast, pancreatic and head and neck] and schizophrenia
SIRT 6 Cancer (colon, breast and pancreatic)
SIRT 7 Breast and thyroid cancer and hepatocellular carcinoma
HDACs class IV HDAC11 Breast cancer, Hodgkin’s lymphoma, amyotrophic lateral sclerosis and Huntington’s disease

HATs are categorised into two types: type A (nuclear) and type B [cytoplasmic). Type A HATs are further divided into five families: GNAT, p300/
CBP, MYST, basal transcription factors (TF) and nuclear receptor cofactors [NRCF). Type B HATs are further divided into HAT1, HAT2 and HATA4.
HDACs are divided into four major subclasses: |, lla, [lb and IV (zinc-dependent) and class IIl, also called sirtuins (SIRT; nicotinamide adenine

dinucleotide-dependent).

DOI: 10.1183/13993003.01714-2015

proliferation and migration and, on the other, to restore the DNA methylation, suggesting an interplay
between histone modifiers and DNA methylation [28]. Recently, the mitochondria-localised deacetylase
sirtuin (SIRT)3 expression was found to be reduced in human IPAH PASMCs [37]. Using SIRT3
knockout mice, the authors showed that the decreased SIRT3 expression is associated with the suppression
of mitochondrial function, inhibition of apoptosis and activation of several pulmonary
hypertension-related transcription factors, such as HIFlo, signal transducer and activator of transcription
(STAT)3 and nuclear factor of activated T-cells (NFAT)c2 [37]. In addition, transgenic mice lacking SIRT1
catalytic activity exhibited greater susceptibility to pulmonary hypertension in response to chronic hypoxia
(personal communication; M. Taha, University of Ottawa, Ottawa, Canada). PAH-PASMCs were shown to
have an activation of poly(ADP-ribose) polymerase (PARP)I, a critical enzyme implicated in DNA repair,
allowing proliferation despite the presence of DNA-damaging insults, eventually leading to PAH [38]. As
SIRT1 and PARP1 are competing for nicotinamide adenine dinucleotide, increased PARP1 can explain the
decreased SIRT1 activity that may subsequently promote PAH.

In line with these findings, several compounds with HDAC inhibitory activity have been explored as
therapeutic strategies for pulmonary hypertension. Valproic acid (VPA), a class I HDAC inhibitor used as
an antiepileptic and anticancer drug, and suberoylanilide hydroxamic acid (SAHA), a broad-spectrum
HDAC inhibitor approved for the treatment of T-cell lymphoma, were shown to be therapeutically
beneficial in experimental models of pulmonary hypertension. In fact, treatment with VPA or SAHA, even
after the establishment of pulmonary hypertension, reduced mean pulmonary arterial pressure, right
ventricular hypertrophy and vascular remodelling [39]. More recently, sodium butyrate, a pan-HDAC
inhibitor with antineoplastic/antiproliferative properties was also shown to be able to reduce in vitro
PDGF-induced human PASMC proliferation and migration [40]. In contrast, treatment with TSA, a
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broad-spectrum HDAC inhibitor, did not decrease the already established right ventricle hypertrophy in a
rat pulmonary artery banding (PAB) model, but instead further reduced the cardiac output and increased
dilatation, leading to right ventricle failure [41], implying that HDAC inhibitors can give rise to unwanted
side-effects, which can be partly explained by the additional pharmacological activities of these inhibitors.
For example, VPA was shown to regulate ion channels, glycogen synthase kinase-3p and mitogen-activated
protein kinases [42]. For these reasons, selective small-molecule inhibitors of HDACs have also been
investigated. MGCDO0103, highly selective for class I HDACs (HDAC1, HDAC2 and HDAC3), and
MS-275, highly selective for HDACI, were used in a chronic hypoxia-induced pulmonary hypertension rat
model in which they were able to reduce pulmonary arterial pressure and only modestly reduce right
ventricular hypertrophy [43]. In contrast, treatment with resveratrol, a SIRT1 (a class Il HDAC) pathway
activator, was shown to both prevent and attenuate monocrotaline-induced pulmonary hypertension in
rats due to its antiproliferative and anti-inflammatory effects on PASMCs [44, 45]. At the current stage of
knowledge, it seems clear that in vivo studies involving the modulation of HDACs by more or less specific
inhibitor compounds lead to unpredictable “off-target” effects, accentuating the need for
nonpharmacological validation approaches, such as the use of genetically modified animals.

Histone methylation

Histone methylation involves the addition of methyl groups to lysine or the arginine residues of histone
tails using S-adenosyl methionine as a methylating agent. It has a high degree of selectivity and possesses a
dual role in gene expression, activating or repressing gene expression, depending on the methylated
residue and the number of attached methyl groups. Lysine can be mono-, di- or trimethylated by histone
methyltransferase (HMT or PKMT), while arginine residues can only be mono- or dimethylated by
protein arginine methyltransferases. Like acetylation, histone methylation is a dynamic process, and the
removal of the methyl groups is mediated by demethylases. Two evolutionarily conserved families of
histone demethylases (the LSD demethylases and the JMJC demethylases), which utilise different reaction
mechanisms to establish demethylation, have been identified [31].

Histone methylation in pulmonary hypertension

Histone methylation is less explored than histone acetylation in pulmonary hypertension. Increased
expression of the enhancer of zeste homologue (EZH)2, which has an HMT activity, was found in
proliferating PASMCs and associated with progression of pulmonary hypertension in a hypoxia-induced
mouse model [46]. Similarly, the treatment of ovine fetal PASMCs with BIX-01294, a specific inhibitor of
the HMT GY9a (an enzyme responsible for H3K9me2/histone H3 dimethylation at position lysine-9) was
shown to reduce PDGF-induced proliferation, migration and contractility in the above-mentioned cells [47].

Noncoding RNAs

Noncoding RNAs are transcripts of genes not encoding for proteins. They are divided into two classes
based on an arbitrary length cut-off. Those <200 nucleotides in length are referred to as small noncoding
RNAs, while those with more than this are known as long noncoding RNAs [438].

MicroRNAs

MicroRNAs (miRNAs) are small noncoding RNA molecules of ~22 nucleotides, regulating the
post-translational modifications of gene expression, thus playing an important role in development and in
physiological processes [49]. During miRNA biogenesis, a long primary transcript (pri-miRNA) is
generated in the nucleus and subsequently converted by the RNAse III endonuclease Drosha into a
smaller molecule of 60-70 nucleotides (pre-miRNA). It is then transported into the cytoplasm, where it is
again processed by another RNA endonuclease, named Dicer, giving rise to the mature miRNA duplex.
This molecule is rapidly incorporated into a ribonucleoprotein complex, known as the RNA-induced
silencing complex, containing members of the conserved Ago protein family, and unwound. Only one of
the strands (guide strand) is stably associated with the Ago protein, whereas the other one (passenger
strand) is discarded [50]. This miRNA recognises and binds the so called “seed” sequence located in the 3’
untranslated terminal regions (UTRs) of the mRNAs. The degree of this complementarity plays a
fundamental role in the regulatory mechanism: a perfect match allows the Ago-catalysed cleavage of the
mRNA strand, whereas a central mismatch promotes the repression of mRNA translation [49].

Thousands of miRNAs across different species have been identified, and a nomenclature system has therefore
been adopted [51]. miRNAs are named using the “mir” prefix followed by a dash and a unique identifying
number that is assigned sequentially. let-7 and lin-4 are obvious exceptions, and these names are retained for
historical reasons [51]. The latest miRBase release, 21 (R21), contains 28645 experimentally validated
miRNA genes expressing 35828 mature miRNA in 223 species [52]. Moreover, miRNA genes have been
clustered based on intergenic distance; they are considered to be in a cluster when they are situated in a
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region typically <1-2 kb [53]. Several experimental studies suggest a relationship between the expression of
aberrant miRNAs and the pathogenesis of a variety of diseases, ranging from diabetes mellitus to cardiac
hypertrophy and from cancer to pulmonary hypertension. Lu et al. [54] found evidence that miRNAs
derived from clustered miRNA genes tend to have similar functional roles and disease associations.

MicroRNAs in pulmonary hypertension

The first evidence of the involvement of miRNAs in the pathogenesis of pulmonary hypertension came
from a screening of rat lungs after exposure to chronic hypoxia or monocrotaline. A reduced expression of
Dicer in both animal models and the downregulation of miR-22, miR-30 and let-7f was identified, whereas
miR-322 and miR-451 were found to be upregulated [55]. The same regulation was observed in vitro by
using rat pulmonary arterial fibroblasts (PAFs) and PASMCs as well as human PAFs and PAECs exposed
to hypoxia and/or the growth factors involved in pulmonary hypertension, such as transforming growth
factor-p and bone morphogenetic protein (BMP). Furthermore, the miR-21 downregulation observed in the
monocrotaline model was confirmed in human lung tissues and serum from patients with IPAH [55].
Nevertheless, several differences were observed between the two animal models, for example, miR-21 and
let-7a expression; this is not completely unexpected considering the differential pathobiology induced by
hypoxia and monocrotaline [55]. This feature has been addressed in a successive study where the
expression pattern of seven miRNAs that were already reported to be involved in the development of
pulmonary hypertension was analysed between three different rodent models (monocrotaline- and hypoxia
plus SU5416-exposed rats and hypoxia-exposed mice) and human samples [56]. In this study, marked
disparities in the expression of the miRNAs were reported, mostly in plasma samples, where only miR-424
showed concordant changes between the human and at least one animal model [56]. Recently, BErRTERO et
al. [57] showed that the miR-130/131 family is induced in multiple models of pulmonary hypertension as
well as in human samples, giving us a first description of a functional hierarchy of miRNAs relevant to
pulmonary hypertension, as the family is able to repress miR-204 and miR-424/503. In the context of
CTEPH, CueN et al. [58] proved that the susceptibility to the disease conferred by a deletion/insertion
polymorphism in the 3" UTR of the fibrinogen-o. gene (FGA) involves miR-759. In fact, it targets the
polymorphic allele and decreases the stability of the FGA mRNA. Microarray analysis of human plasma
samples has revealed 35 differentially expressed circulating miRNAs in CTEPH samples. Particularly, let-7b
expression is reduced in CTEPH samples, compared to donors, and inversely correlates with the plasma
levels of vasoconstrictor endothelin-1 and transforming growth factor-p receptor-1 expression in PAECs.
Through the modulation of these molecules, let-7b regulates the migration of PAECs and PASMCs [59].

Many miRNAs are expressed in a cell- and tissue-specific manner, controlling the proliferation, apoptosis and
differentiation of different cell types. In recent years, several studies have explored the regulation and putative
role of miRNAs in the physiology and pathophysiology of pulmonary circulation. Although it is a challenge to
attribute miRNA effects to specific cell types, for comprehensibility, we ascribed miRNA effects to specific
vascular cell types (PAECs, PASMCs and PAFs) (table 2). In fact, to date, the miRNAs previously linked to
pulmonary hypertension have been associated primarily with discrete cell-specific mechanisms and
phenotypes. miRNAs involved in pulmonary hypertension are summarised in table 3 and figure 2.

MicroRNAs in PAECs

Analysis of miRNAs expressed in endothelial cells has revealed that miR-21 is one of the most highly
expressed miRNAs in these cells [83]. Recently, it was shown that in healthy endothelium, miR-21
represses the programmed cell death (PDCD)4 factor/caspase-3 pathway, controlling endothelial apoptosis.
In fact, in miR-217/~ mice, the constitutive activation of the PDCD4/caspase-3 axis in PAECs led to the
onset of pulmonary hypertension, whereas mice that overexpress miR-21 are partially resistant to chronic
hypoxia plus Su5416-induced pulmonary hypertension [84]. Moreover, in human PAECs, interleukin-6

TABLE 2 In vivo approaches to inhibition of histone deacetylases (HDACs)

Targets Animal models References
VPA Class | PAB, MCT, Hox rats [39, 40]
SAHA Class I, Il and IV Hox rats [39]
TSA All HDACs PAB [41]
MGCDO0103 Class | Hox rats [43]
MS-275 Class | Hox rats [43]

VPA: valproic acid; SAHA: suberoylanilide hydroxamic acid; TSA: trichostatin A; PAB: pulmonary artery
binding; MCT: monocrotaline-induced pulmonary hypertension; Hox rats: chronic hypoxia-induced rat model.
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TABLE 3 MicroRNAs involved in pulmonary hypertension

MicroRNA Regulation Cell type Target References
Human MCT rats Hypoxia rats Other models
miR-150 | l [60]
miR-21 1 [55] 1 [55] No change [55] 1 PASMCs PDCD4/caspase 3 [55, 61-63]
1 [62] PAECs DDAH1
BMPR2
miR-27a 1 PAECs PPAR-y [64]
miR-17 1 PAECs p21/JAK [65]
miR424/503 l | l PAECs FGF2/FGFR1 [66]
miR-130/131 1 PAECs miR424/503 [57, 67]
PASMCs PPAR-y
miR-204 | | l PASMCs SHP2 [55, 68, 69]
BRD4
miR-206 | l PASMCs HIF 1o [70, 71]
Notch3
miR-9 PASMCs [72]
miR-138 1 PASMCs Mst1 73]
miR-328 | | PASMCs CaV1.2 [74]
IGF-1R
miR-223 | | l PASMCs PARP-1 [75-77]
RV RhoB/MCL2
IGF-1R
Let-7b 1 PAECs ET-1 [59]
PASMCs TGF-BR1
Let-7d l PASMCs p21 [78]
miR-124 | No change No PAFs, PASMCs PTBP1 [79, 80]
change NFATc1
l CAMTA1
miR-126 | RV SPRED-1 [81]
miR-208 | RV MED13 [82]

MCT: monocrotaline; PASMCs: pulmonary arterial smooth muscle cells; PDCD: programmed cell death protein; PAECs: pulmonary arterial
endothelial cells; DDAH: dimethylarginine dimethylaminohydrolase; BMPR: bone morphogenetic protein receptor; PPAR: peroxisome
proliferator-activated receptor; JAK: Janus kinase; FGF: fibroblast growth factor; FGFR: FGF receptor; SHP: Src homology 2 domain-containing
phosphatase; BRD: bromodomain-containing protein; HIF: hypoxia-inducible factor; Mst1: serine/threonine kinase 4; CaV1.2: L-type calcium
channel a1C; IGF-1R: insulin-like growth factor-1 receptor; PARP: poly(ADP-ribose]polymerase; RV: right ventricle; RhoB: Ras homologue
gene family member B; MCL: myosin light chain; ET: endothelin; TGF-BR: transforming growth factor-B receptor; PAFs: pulmonary arterial

fibroblasts; PTBP: polypyrimidine tract-binding protein; NFAT: nuclear factor of activated T-cells; CAMTA:

activator; SPRED: sprout-related EVH1 domain-containing protein; MED: mediator complex.

calmodulin-binding transcription

regulates the expression of miR-17-5 and miR-20a through STAT3 signalling. These miRNAs were found
to be responsible for the downregulation of the BMP receptor-2 protein, but not mRNA levels, considered
a pathogenetic hallmark of pulmonary hypertension [85].

Another miRNA cluster that has received great attention in recent years is the miR-17/92 cluster. In
endothelial cells, for example, members of the miR-17/92 cluster were found to regulate endothelial cell
functions; in particular, miR-92a represses integrin o5, directly inhibiting eNOS [86], while miR-17 targets
p21 and Janus kinase 1 [65]. Importantly, the evaluation of the therapeutic efficacy and anti-remodelling
potential of miR inhibitors (antagomirs), which were specifically designed to block miR-17 (A-17), miR-21
(A-21) and miR-92a (A-92a) in various experimental models of pulmonary hypertension, demonstrated
that A-17 improves heart and lung function in experimental pulmonary hypertension by interfering with
lung vascular and right ventricular remodelling [61]. Thus, the inhibition of deregulated miRNAs may
represent a novel therapeutic concept to ameliorate the disease state in pulmonary hypertension. In
addition, Kim et al. [66] demonstrated the crucial role of a miRNA-based endothelial mechanism that
underlies the reciprocal dysregulation of apelin (APLN) and fibroblast growth factor (FGF)2 signalling in
PAH. In PAH-PAECs, reduced levels of APLN are associated with the downregulation of miR-424 and
miR-503 expression and with increased FGF2 and FGF receptor 1 expression, leading to the
hyperproliferation of PAECs. Moreover, the reconstitution of miR-424 and miR-503 in vivo ameliorated
pulmonary hypertension in experimental models. Later, BerterRO et al. [57] showed that the APLN-
miR424/503-FGF2 axis is under the control of the miR-130/301 family. Moreover, the same family
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FIGURE 2 MicroRNAs associated with pulmonary hypertension. Many microRNAs are expressed in a cell- and
tissue-specific manner, controlling the proliferation, apoptosis and migration of different cell types. PAEC:
pulmonary arterial epithelial cell; PASMC: pulmonary arterial smooth muscle cells; PAF: pulmonary arterial
fibroblasts; STAT: signal transducer and activator of transcription; BMPR: bone morphogenetic protein
receptor; FGF: fibroblast growth factor; FGFR: FGF receptor; PDCD: programmed cell death protein; SHP:
Src homology 2 domain-containing phosphatase; NFAT: nuclear factor of activated T-cells; PPAR: peroxisome
proliferator-activated receptor; SPRY: sprouty; PTBP: polypyrimidine tract-binding protein; PTEN: phosphatase
and tensin homologue.

regulates the production of vasoactive factors, such as endothelin-1, by controlling peroxisome
proliferator-activated receptor (PPAR)-y [67].

MicroRNAs in PASMCs

miRNAs also play an important role in SMCs. In fact, the cell-specific deletion of Dicer is embryonically
lethal and associated with reduced SMC proliferation and differentiation, causing reduced contractility and
haemorrhages [87]. miR-21 expression was found to be induced by hypoxia in human PASMCs, and,
through the post-transcriptional suppression/downregulation of its unique targets such as PDCD4, sprouty
(SPRY)2 and PPARo, it regulates cell proliferation and migration [88]. Our group has demonstrated
similar pro-proliferative effects and p21 regulation by miR-17 in PASMCs as observed in PAECs [61].

CoURBOULIN et al. [68] demonstrated miR-204 downregulation in chronic hypoxic and monocrotaline-exposed
rat lung as well as in human samples, where it correlates with disease severity, thus supporting its possible use
as a biomarker for PAH. STAT3 activation suppresses miR-204 expression and the consequent upregulation
of its target bromodomain-containing protein (BRD)4 [69]. These changes are in part responsible for the
activation of transcription factors such as NFAT and HIF1 in cultured PAH-PASMCs, enhancing their
proliferation and resistance to apoptosis [68]. Importantly, the administration of synthetic miR-204 [68] or
the pharmacological inhibition of BRD4 [69] significantly reduced disease severity in animal models of
pulmonary hypertension. Moreover, the miR-130/301 family was shown to control the STAT3-miR-204 axis
by repressing PPARy [57].

Similarly, miR-206 was found to be significantly downregulated in lung tissues from a hypoxia-induced
Sprague Dawley rat model of pulmonary hypertension and in hypoxia-exposed PASMCs. However, there
was no correlation between miR-206 downregulation and the duration of hypoxia exposure in vivo,
suggesting that it could be involved in the onset stage of hypoxia-induced pulmonary hypertension [70].
miR-206 directly binds the HIF-1oo 3'-UTR and affects the expression of the Fhl (four and a half LIM
domains)-1 protein, a HIFlo target already known to be elevated in pulmonary hypertension and involved
in the regulation of the migration and proliferation of PASMCs [89]. In hypoxic conditions, HIFla is
responsible for the mir-9 upregulation that is involved in the hypoxia-induced dedifferentiation of
PASMCs by repressing multiple endogenous SMC marker genes and by promoting proliferation [72].
miR-138 expression is also increased by hypoxia via HIFlo and, through the negative regulation of the
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serine/threonine kinase, mammalian sterile 20-like kinase (Mst)1 contributes to the activation of the Akt
pathway and the regulation of apoptosis of PASMCs by preventing caspase activation [73]. miR-223
expression is reduced in human lungs from hypertensive patients and specifically in PASMCs due to the
normoxic activation of HIFla [75, 76]. miR-223 downregulation promotes poly(ADP-ribose)polymerase
(PARP)1 expression, a well-known player in the DNA repair machinery and highly activated in pulmonary
hypertension, contributing to cell proliferation and apoptosis resistance [75]. miR-223 also affects vascular
remodelling by negatively regulating the insulin-like growth factor-1 receptor [77], RhoB and myosin light
chain (MCL)2 expression [76]. In line with these findings, hypoxia-exposed miR-223 knockout mice
showed a more pronounced pulmonary hypertension phenotype [77], and its ectopic delivery reverses
pulmonary hypertension in the monocrotaline rat model [75, 76].

In silico analysis performed on PASMCs isolated from CTEPH patients revealed 18 differentially expressed
miRNAs. Among them, let-7d showed the strongest downregulation and has been implicated in cell
proliferation by regulating p21 [78].

MicroRNAs in PAFs

WAaNG et al. [79] showed that mir-124 expression is reduced in fibroblasts isolated from calves and humans
with severe pulmonary hypertension contributing to the highly proliferative, migratory and inflammatory
phenotype through the modulation of monocyte chemotactic protein-1 expression. The effects of mir-124
are mediated via direct binding to the mRNA of polypyrimidine tract-binding protein (PTBP)1 and the
subsequent regulation of Notchl/PTEN/FOXO03/p21Cipl and p27Kipl signalling. Interestingly, HDAC
inhibitors restored miR-124 levels to near normal and reversed the characteristics of the activated phenotype.
These findings suggest a mechanistic link between HDACs and miRNAs. Another study claims that mir-124
is also downregulated by hypoxia in human PASMCs, acting as an inhibitor of the NFAT pathway [80].

MicroRNAs in the right ventricle

Right ventricular failure is the major cause of mortality for patients with pulmonary hypertension. Several
groups have been working on understanding the underlying molecular mechanisms and have provided
evidence of deregulated miRNAs in the right ventricle.

PAULIN et al. [82] determined the expression of 377 miRNAs in the right ventricle of a monocrotaline rat
model and found that the myocardium-specific miR-208 was reduced during the progression of right
ventricle hypertrophy. miR-208 downregulation in right ventricle cardiomyocytes is mediated by myocyte
enhancer factor (Mef)2c, a transcription factor essential for heart development and, along with tumour
necrosis factor-a, leads to an increase in the Med13-NcoR1 axis, resulting in Mef2 repression. Thus, Mef2
is not able to promote compensation and triggers the entrance of right ventricle cardiomyocytes into the
decompensation phase [82].

In the hypoxia-induced pulmonary hypertension mouse model, St1 et al. [77] reported decreased miR-223
expression in right ventricle tissues, and its cardiac-specific restoration using an adeno-associated virus
overexpression of miR-223 improved cardiac function. In addition, in human heart samples, one study
showed an association between miR-126 downregulation and right ventricle failure [81]. In right ventricle
tissue-derived endothelial cells, miR-126 expression is reduced by DNA hypermethylation, causing the
induction of SPRY-related EVHI1 domain-containing protein (SPRED)1, a negative regulator of the
vascular endothelial growth factor signalling pathway [81]. These studies point out the crosstalk of DNA
methylation and miRNA expression in the initiation and progression of pulmonary hypertension and right
ventricle dysfunction.

Long noncoding RNAs

Long noncoding RNAs (IncRNAs) are noncoding RNA molecules (>200 nucleotides) involved in
controlling gene expression by functioning as scaffolds for chromatin-modifying complexes and nuclear
bodies and as enhancers and mediators of long-range chromatin interactions [48, 90]. Several IncRNAs
have been identified in humans and mice, and their aberrant regulation has been associated with various
diseases [91-96]. In the context of pulmonary hypertension, only lately has their role begun to be
investigated. Microarray analysis in lung tissues from a hypoxic pulmonary hypertension rat model has
revealed a total of 362 differentially expressed IncRNAs [97]. With the same approach, 185 IncRNAs were
found to be dysregulated in the pulmonary artery endothelium samples of CTEPH patients as compared
with healthy controls [98]. Recently, increased expression of the IncRNA, named NONHSATO07364, was
observed in CTEPH lungs and was involved in the angiogenic process, similar to the platelet-activating
factor acetyl hydrolase 1B1 (PAFAH1B1), with which it shares 92% similarity [99].
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Research challenges and novel ideas/hypotheses

Pulmonary hypertension is a complex disease that is mediated by the interplay of a predisposed genetic
background, an epigenetic state and injurious events. As discussed above, recent evidence points to the
involvement of epigenetic changes in the pathogenesis of pulmonary hypertension. These epigenetic
changes in part may explain how environmental (hypoxia and altitude) and lifestyle factors (diet,
phentermine-fenfluramine and amphetamines) can impose aberrant gene expression patterns in an
individual’s lifetime that can result in increased risk of pulmonary hypertension. As mentioned, apart from
genetic changes, epigenetic changes may result in the phenotypic alteration and maintenance of the
disease state. Previous studies have demonstrated that epigenetics is closely associated with the
development of hypoxic PAH following intrauterine growth retardation/maternal undernutrition during
pregnancy. In addition, brahma-related gene (Brg)l and brahma (Brm), two catalytic components of the
mammalian chromatin remodelling complex and components of the histone H3 lysine 4 methyltransferase
complex, provide the crucial epigenetic link to the induction of hypoxia-induced cell adhesion molecules
and leukocyte adhesion that engenders the endothelial malfunction and pathogenesis of hypoxia-induced
pulmonary hypertension [100-102].

As described earlier, extensive analysis of miRNA regulation in pulmonary hypertension has been performed.
With regard to histone modifications, we are just starting to comprehend the regulation of histone-modifying
enzymes; that is, gene expression in disease states, mostly from human lung tissue and in lungs and right
ventricles from rats exposed to hypoxia [39]. Li et al. [36] have shown the increased expression and activity of
class I HDAC:s in fibroblasts from the pulmonary arteries of chronically hypertensive calves. As these changes
can happen in a site-specific manner, systemic evaluation of compartment- and cell-specific histone
modifying enzymes (HDACs, HAT, HMT and others) in experimental and human pulmonary hypertension
and the isoform selective functions/role of these modifying enzymes in pulmonary vascular and right
ventricle remodelling need to be conducted in detail. We have to understand how the combination of
different histone modifications (acetylation and methylation) appearing on different histones at different
times can mediate a unique cellular response, referred as the “histone code”, employing novel and
high-throughput technologies and methods such as chromatin immunoprecipitation (ChIP) sequencing,
ChiP-ChiP and DNA methylation status employing bisulfite sequencing. Improved resources and
methodologies would allow epigenome mapping in normal and disease states and will provide key
mechanistic insights into perturbed regulatory pathways.

Importantly, a better understanding of the intricate intersecting pathways between DNA methylation,
miRNAs and histone modifications will be critical, because, in recent years a growing number of studies,
mostly from the cancer field, have demonstrated that epigenetic modifications do not function alone, but
instead work together and can cross-regulate each other. Early studies have demonstrated a link between
DNA methylation and histone modifications mediated by a group of proteins that specifically recognise
methylated CpG sites, called methyl-CpG binding proteins. They are able to bind to methylated DNA and
recruit a protein complex containing HDACs and HMTs, leading to a DNA-methylation-induced change
of the chromatin structure [103-105]. In particular, genome-scale DNA methylation studies have shown a
correlation between DNA methylation and the absence of H3K4 methylation and vice versa, probably due
to the de novo Dnmt3a specifically recognising unmethylated H3K4 [106, 107]. Similarly, miRNAs can
direct DNA methylation at loci from which they are produced as well as in trans at their target genes
[108]. They can also play an important role in the control of DNA methylation or histone modification.
Understanding these regulatory networks will enhance our knowledge of the epigenetic contribution to
disease, thereby enabling the discovery of novel preventative and treatment strategies.

Modifications of DNA and histones are reversible, making them good targets for therapeutic intervention
[109]. In corroboration, the inhibition of HDACs, miRNAs and DNMTs have gained attention as potential
therapeutic targets. However, for epigenetic modulation therapies, the lack of specificity for treatment is an
important issue. For example, the increased global DNA demethylation via the use of nonselective DNMT
inhibitors can contribute to increased chromosomal instability with the possibility of being transmitted
between generations [109]. Therefore, developing DNA methylation inhibitors that target specific genes or
groups of genes associated with pulmonary hypertension is worth further investigation. As miRNA
inhibitors are currently being tested for different indications in clinical trials [110] (https:/clinicaltrials.
gov/ct2/results?term=microRNA&Search=Search), the clinical development as a new therapy for
pulmonary hypertension might therefore be imminent. It will be important to define, for potential
therapeutic purposes, the optimal mimic delivery strategy that leads to effective and safe administration to
the pulmonary vascular compartment in vivo.

In contrast, the role of HDACs and the use of their inhibitors in the context of pulmonary hypertension are
still controversial. Treatment with the HDAC inhibitors VPA and SAHA as well as class I HDAC inhibitors
was able to reduce pulmonary arterial pressure, right ventricular hypertrophy and vascular remodelling in
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experimental models of pulmonary hypertension [39, 43]. K et al. [111] have shown that myocyte enhancer
factor 2-increased activity in PAH PAECs is due to the nuclear accumulation of HDAC4 and HDAC5 and
that their pharmacological inhibition is able to rescue experimental pulmonary hypertension models.

However, one major issue raised about the therapeutic potential of HDAC inhibitors in pulmonary
hypertension is their unwanted side-effects on the right ventricle. BoGaarDp et al. [41] have described
reduced HDAC activity in lung tissues combined with increased activity in the hypertrophic hearts of
pulmonary hypertension model animals. Furthermore, they showed that the use of the pan-inhibitor TSA
has no beneficial effects, but that it worsens right ventricular function and increases cardiac fibrosis in PAB
rat models. This can be due to their lack of specificity, in particular their lack of isoform selectivity, and
lack of known targets. Thus, the isoform-selective HDAC inhibitors need to be evaluated for preclinical and
clinical efficacy. Similarly, we need to resolve HDAC interactions with other nonhistone proteins and
identify the genomic targets of HDAC complexes in the disease state so that new therapies can be directed
toward HDAC complexes. Moreover, we need to learn about the different ways that HDAC inhibitors affect
gene expression; that is, the HDAC-mediated and non-HDAC-mediated effects of pan-HDAC inhibitors
need to be studied in detail. Drugs that target HMT and HDMs enzymes are considered more specific than
HDAGC: in that they target fewer residues [112]. However, work on these enzymes is still in its infancy and
more work is necessary to determine their specificities and the stabilities of the changes they exert.
Furthermore, a deep understanding of the exact mechanisms of the gene regulation involved in vascular
and cardiac remodelling in pulmonary hypertension is essential for the development of specific
pharmacological modulators that will allow the development of more precise therapeutic strategies.
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