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Abstract

Epigenetic changes are heritable changes in gene expression, without changing the DNA sequence.
Epigenetic processes provide a critical link between environmental insults to the airway and
functional changes that determine how airway cells respond to future stimuli. There are three
primary epigenetic processes: histone modifications, DNA modification, and non-coding RNAs.
Airway smooth muscle (ASM) has several important roles in the development and maintenance of
the pathological processes occurring in asthma, including inflammation, remodelling and
contraction/hyperresponsiveness. In this review, we describe the evidence for the role of epigenetic
changes in driving these processes in ASM cells in asthma, with a particular focus on histone
modifications. We also discuss how existing therapies may target some of these changes and how
epigenetic processes provide targets for the development of novel asthma therapeutics. Epigenetic
marks may also provide a biomarker to assess phenotype and treatment responses.



Introduction

Asthma is characterised by chronic airway inflammation and tissue remodelling which contribute to
the different clinical phenotypes of the disease. Airway smooth muscle (ASM), is present in the
central and peripheral airways. The traditional view of ASM function was that it was merely a
contractile organ, contracting in response to mediators and neurotransmitters and relaxing in
response to endogenous relaxants or bronchodilator drugs. Over the last 30 years it has become
clear that its function is more complex. Increased ASM thickness is a prominent feature of asthma
and the increased ASM mass has several important synthetic functions and is an abundant source of
chemokines, growth factors, lipid mediators and matrix modifiers. Collectively these functions
contribute to airway inflammation, airway remodelling and airway hyperresponsiveness.

Epigenetics

When human cells are subjected to environmental stimuli an epigenetic signature is left which
modifies the response to subsequent stimulation. Epigenetic changes are heritable changes that
regulate gene expression, which do not involve changes in DNA sequence’. Three primary epigenetic
processes exist: DNA modification (methylation/hydroxymethylation); histone modifications and
non-coding RNAs. A schematic diagram with the summary of key epigenetic modifications is shown
below (Figure 1). Epigenetics is key in integrating environmental exposure and genetics and has
become an important area of focus for asthma research. Epigenetic changes in ASM could prime the
airways to respond abnormally to different asthmagens thus perpetuating inflammation and
worsening remodelling.

Most epigenetic research on ASM cells in asthma has concentrated on histone modifications,
particularly histone acetylation and histone methylation. The role of other histone modifications
(phosphorylation, ubiquitylation, sumoylation, and citrullination) is less well explored. Histone
acetylation occurs at lysine residues within the N-terminal tail of histone proteins, balanced by the
competing activity of histone acetyltransferases (HATs) and histone deacetyltransferases (HDACs).
Increased histone acetylation is associated with increased gene expression. Histone methylation is
more complex, occurring at lysine and arginine residues with the histone N-terminal tail. Lysine
residues can be mono, di or trimethylated, while arginine residues can be mono or di-methylated.
Arginine dimethylation occurs symmetrically or asymmetrically. The effect of histone methylation on
gene expression is dependent on the residue methylated and the extent/orientation of the
methylation. The enzymes responsible are histone lysine methyltransferases (HKMTs) and protein
arginine methyltransferases (PRMTs).

Histone Modification and Asthmatic airway inflammation

Airway inflammation is a prominent characteristic of asthma. Airway biopsies show increased
numbers and activation of mast cells, macrophages, eosinophils, T-lymphocytes, basophils, dendritic
cells and neutrophils 2. ASM cells contribute via the production of inflammatory mediators, including
histamine, prostanoids, leukotrienes, cytokines, chemokines, and endothelins 3. Several studies
have explored how histone modifications regulate ASM’s synthetic functions.

Histone acetylation

HAT activity is increased in bronchial biopsies from individuals with asthma compared to healthy
controls subjects, while HDAC activity is reduced *. Abnormalities in the HAT/HDAC ratio may
contribute to airway inflammation in asthma. Several chemokine genes responsible for inflammatory
cell recruitment are regulated by histone modifications in ASM. These include eotaxin, CXCL-8 and
CXCL-10. Eotaxin is a potent eosinophil chemoattractant °. Our group has demonstrated that the
TNF-a induced expression of eotaxin in ASM cells occurs via protein kinase C (PKC) Bll, which recruits
histone acetyltransferase p300/CBP-associated factor (p/CAF) to increase histone H4 acetylation at
the promoter °.



CXCL8 is a neutrophil chemoattractant >. ASM from asthmatic subjects hypersecretes CXCL8 due to
H3 lysine 18 acetylation at the CXCL8 promoter, mediated by increased recruitment of the HAT p300
7. Bromodomain and extraterminal (BET) proteins are a family of proteins which recognise acetylated
histone lysine residues, and BET inhibition reduces CXCL8 secretion from ASM ’, via disruption of
BRD4 and RNA polymerase Il association with the promoter (Figure 2b). TNF-a increases acetylated
histone H4 at the CXCL8 promoter in human ASM cells, but it is not known if this is abnormal in
asthma ®.

CXCL10, a mast cell and T lymphocyte chemoattractant, is induced by TNF-a and IFN-y in ASM cells
via histone H4 acetylation at its promoter °. TNF-a and IFN-y have a synergistic effect which is
mediated by the transcriptional co-activator CREB binding protein.

Histone acetylation at cell adhesion molecule promoters may also contribute to airway
inflammation. Vascular cell adhesion molecule-1 (VCAM-1) is responsible for recruitment and
infiltration of polymorphonuclear leukocytes °. VCAM-1 upregulation in human ASM by TNF-a,
endothelin-1 and IL-1B, is mediated by HAT p300 and histone H4 acetylation *°*2. Moreover, HDAC4
regulates TNF-a- and IL-1pB- induced VCAM-1 expression via a p300-independent pathway ***2.

COX is responsible for prostaglandin synthesis from arachidonic acid. °. Unlike constitutive COX-1,
COX-2 is inducible by pro-inflammatory stimuli >. The transcriptional regulation of COX-2 by
bradykinin and IL-1B in human ASM cells is associated with histone H4 lysine acetylation in a
stimulus-specific manner 3. Bradykinin and IL-1B both enrich acetylated histone H4 lysine residue
AcK8-associated COX-2 promoter DNA in ASM cells whereas only Bradykinin enriches AcK16-, AcK5-
associated COX-2 promoter DNA B,

Collectively these studies show a close relationship between HAT activation, histone H3 and H4
acetylation and production of several chemokines and inflammatory proteins in ASM cells either in
cells from patients with asthma or from cells from normal subjects stimulated with asthma-relevant
cytokines.

Histone methylation

There is less information on how histone methylation regulates chemokine production in ASM.
Expression of the histone arginine methyltransferase PRMT1 is increased in severe asthma, in lung
sections and isolated ASM cells **, due to miR-19a deficiency % Furthermore, PRMT1 expression is
upregulated in the lungs of rats with antigen-induced pulmonary inflammation *°.

Histone Modifications and Asthmatic airway remodelling

Histone modifications also regulate ASM remodelling in asthma. BET bromodomain inhibitors pre-
vent fetal calf serum and TGF-B-induced cell proliferation in ASM cells from asthma and healthy sub-
jects '°. Interestingly asthmatic cells are partially resistant to the effect of BET inhibitors. HDAC8
regulates ASM cytoskeleton dynamics *’. Histone arginine modifications may also be important.
PRMT1 inhibition (AMI-1) decreases ASM cell activity, proliferation, extracellular matrix (ECM) depo-
sition, and cell migration and reduces a-SMA, collagen type I, and fibronectin expression **. Fur-
thermore, PRMT1 inhibition (AMI-1) decreases airway and alveoli lesions, mucus secretion, and col-
lagen deposition in rats with antigen-induced pulmonary inflammation, suggesting a role for PRMT1
in asthmatic airway remodelling *.

Several proteins involved in remodelling are also modified by histone changes and in some instances
these processes are dysregulated in asthma. VEGF, an angiogenic molecule, contributes to bronchial
vascular remodelling and chronic inflammation, and is overexpressed in asthmatic sputum and tissue
9 VEGF is hypersecreted by ASM cells in asthma due to abnormalities in histone lysine methylation
at its promoter %°, namely increased H3K4me3 and decreased H3K9me3. This is due to failed G9A



recruitment, which prevents trimethylation of lysine 9 on histone H3 and subsequently the repres-
sion of VEGF transcription via regulation of Sp1 and RNA polymerase Il binding %° (Figure 2a).

Matrix metalloproteinases (MMPs) degrade ECM and basement membranes . MMP-9 is a
gelatinase which is increased in the lungs in asthma™ and TNF-a - induced MMP-9 upregulation in
ASM requires histone H3 acetylation, mediated by p300 .

Histone Modification and Asthmatic ASM contractility

Increased ASM contractility in asthma is associated with airway hyperresponsiveness (AHR) *.
Histone modifications have a role in regulating ASM contractility. Trichostatin A (TSA), an HDAC
inhibitor, abrogates methacholine-induced AHR in mice, and inhibits agonist-induced contraction in
human precision-cut lung slices 2 possibly by disrupting Ca®* release . TSA attenuates AHR, in a
mouse asthma model *. HDAC8 also regulates ASM contractility *’. HDAC inhibitors suberoylanilide
hydroxamic acid (SAHA), diamide (1), and MGCDO0103 inhibit antigen-induced contraction of
sensitised guinea pig tracheal rings, as well as histamine, 5-hydroxytryptamine and carbachol
induced contraction. MGCD0103 also reduces sodium fluoride-, KCI- and peroxyl radical generator-
induced contraction of guinea pig tracheal rings **. However, it should be noted that These HDAC
(and HAT) inhibitors are blunt pharmacological tools with potential off target effects and the results
should probably be viewed with caution. HATs and HDACs can target proteins other than histones,
which is an additional challenge to overcome when interpreting HAT/HDAC inhibitor effects.

Effect of current asthma treatments on histone modifications

Glucocorticoids and long and short-acting ,-agonists are the mainstay of the treatment of chronic
asthma. Combination therapy with glucocorticoids and long-acting B,-agonists is effective in
managing asthma symptoms and reducing asthma exacerbations ». Both glucocorticoids and B,-
agonists can modify histone acetylation in ASM. B,-agonists and glucocorticoids, repress TNF-a-
induced eotaxin gene transcription by selective inhibition of histone H4 acetylation and NF-kB p65
binding to the eotaxin promoter in human ASM cells *°. The combination of the two drug groups is
additive, suggesting a mechanism whereby B,-agonists could potentiate the effect of glucocorticoids
in reducing asthma exacerbations *. However, there are unanswered questions: it is not clear
whether glucocorticoids and B,-agonists act on HATs, whether B,-agonists effect is CREB- dependent
or whether it is mediated via HDACs, as described in some cells 2%.

Theophylline has been used in asthma treatment for over 70 years albeit mainly as an add on
treatment *°. Theophylline relaxes ASM by phosphodiesterase (PDE) inhibition, but also induces
HDACs which may contribute to its anti-inflammatory properties. **. Montelukast, a cysteinyl
leukotriene receptor antagonist, enhances the LPS-induced expression of the anti-inflammatory
cytokine IL-10 in human myeloid dendritic cells, via histone H3 acetylation *'. Montelukast inhibits
TNF-a-stimulated CXCL8 expression via NF-kB p65-associated HAT activity in phorbol myristate
acetate (PMA)-differentiated U937 cells *.. No studies have looked at histone modifying effects of
theophylline and montelukast in ASM. PPARy agonists (which are used for diabetes) suppress
TNFa-induced eotaxin gene transcription through inhibition of histone H4 acetylation in human ASM
cells ® but a clinical study in asthma was cut short due to concerns regarding carcinogenic effects of
this class of drugs.

Other epigenetic mechanisms and their role in mediating ASM changes in asthma

DNA methylation and non-coding RNAs have also been implicated in the regulation of ASM cell
function in asthma with more published work on non-coding RNAs.



DNA methylation

The degree of DNA methylation differs between ASM from healthy and asthmatic individuals and
varies with disease severity. Genes associated with differentially methylated positions in healthy
versus non-severe asthma subjects at baseline are involved in the regulation of cell proliferation and
apoptosis, while the differences between samples from severe asthma and healthy subjects are
associated with ASM contraction, proliferation and endocytosis. **> Human ASM Phosphodiesterase
AD (PDE4D) overexpression is increased in asthma, due to PDE4D promoter hypomethylation *.
PDE4D methylation decreases cell proliferation and migration and reduces the phosphorylation level
of downstream effectors of Ca2+ signalling, including myosin light chain kinase and p38 MAP kinase.
Furthermore in rat ASM, the DNA methyltransferase inhibitor (DNMTi) 5-Aza-2'-deoxycytidine (Aza-
CdR, or Decitabine) inhibits PDGF-induced increase in contractility, migration and proliferation * via
effects on DNA methyltransferase 1 (DNMT1).

Non-coding RNAs

Non-coding RNAs (ncRNAs) are transcribed from DNA but not translated but can regulate the
transcription, stability or translation of protein-coding genes *°. The most widely studied ncRNAs are
microRNAs (miRNAs). These are 19-24 nucleotide-long, single-stranded RNAs, which induce
translational repression and/or messenger RNA (mRNA) degradation by sequence-specific binding to
the 3'-untranslated region (3'-UTR) of target mRNA **. Multiple ncRNAs can alter several ASM
functions (summarised in Table 1 *!). MiRNAs modify synthetic functions (miR-143-3p, miR-145,
miR-708, miR-140-3p, miR-221, miR-146a, miR-155), contractility (miR-145, miR-133a, miR-708), and
proliferative functions (miR-150, miR-139-5p, miR-23b, miR-143-3p, miR-145, miR-135a, miR-103,
miR-203, miR-221, miR-21, miR-138, miR-638, miR-217) in ASM cells, by acting on diverse cellular
targets (BCYRN1, SMAD3, NFATc1, TRPC1, PI3 kinase, c-Abl, PDK1, RhoA, JNK MAPK, D1, NOR1,
ZEB1).

Therapeutic implications

Histone modifications and other epigenetic modifications are emerging targets for the development
of novel asthma treatments. The reversibility of epigenetic changes makes them ideal targets.
Interestingly, many drugs used in asthma treatment, including corticosteroids, [,-agonists,
theophylline and montelukast, although not designed to target epigenetic changes, have some
effects on histones and histone modifying enzymes. It would be beneficial if novel drugs for asthma
were capable of targeting histone modifying enzymes at specific, pro-inflammatory promoters or
possibly the promoters of several genes with similar cell functions.

There are no selective HAT inhibitors currently available for human studies but there is some
intriguing data using Curcumin which is a HAT inhibitor *’. Curcumin decreases IL-1B- induced
eotaxin and MCP-1 release from HASM cells *, inhibits platelet-derived growth factor (PDGF)-
induced proliferation of rat ASM and reduces ASM mass in mouse asthma models by upregulating
caveolin-1 expression and blocking ERK activation >*. Interestingly, a pilot study showed that
curcumin reduces airway obstruction in asthma patients >*. Curcumin has off target effects,
however, and more selective HAT inhibitors are needed.

The HDAC inhibitors Vorinostat (suberanilohydroxamic acid, SAHA) and Romidepsin, have been
approved for cutaneous T-cell lymphoma treatment >°, and have shown promising results in HIV
infection *. Belinostat and Panobinostat are HDACi approved for treatment of peripheral T-cell
lymphoma and multiple myeloma respectively *>. BET inhibitors have been investigated for their
potential use in several cancers and atherosclerosis *°. It would be interesting to study them in
asthma.



Although there are no approved drugs targetting histone methylation, several are in development.
Pinometostat, a H3K79 methyltransferase DOTI1L inhibitor, shows promising results in several
leukaemias *’. Tazemetostat is an EZH2 inhibitor is currently in trials for several cancers >’ as are
inhibitors of histone demethylase LSD1 °’. Histone arginine methylation and PRMTs are relatively
new targets. However, already some compounds look promising GSK3326595, a PRMTS5 inhibitor, is
in clinical trials for treatment of solid tumours and non-Hodgkin's lymphoma 2.

Targeting other epigenetic modifications could also be beneficial in asthma. MiRNAs are small, with
known sequences and are often conserved among species, makes them very attractive in terms of
drug development *°. Both miRNA mimics and inhibitors are currently in clinical trials for use in
cancers and HCV infection *°. MRG-201 a miRNA-29 mimic, is in phase Il clinical trials in pulmonary
fibrosis, ®°. Decitabine (Aza-CdR) and azacytidine are DNMTi used for myelodysplastic syndrome .
Hydralazine and procainamide, which have a long history of use in treatment of hypertension and
cardiac arrhythmia, respectively, also have DNMTi activity ®.

As well as providing therapeutic targets epigenetic marks could be useful in disease phenotyping and
as a biomarker of disease progression or response to treatment: nasal DNA methylation marks are
related to disease severity and corticosteroid treatment response .

Conclusions

ASM has a crucial role in the development and perpetuation of inflammation, remodelling and
hyperresponsiveness in asthma. Although epigenetic research in asthma is still in its infancy
evidence is emerging to suggest that histone modifications and other epigenetic mechanisms, have a
crucial role in regulating ASM functions. We suggest that ASM epigenetic changes are drivers of
inflammation and remodelling rather than just being adaptive responses to these processes.
Consistent with this hypothesis ASM ablation by thermoplasty has beneficial effects in asthma. ASM
cells from patients with asthma have dysregulated histone acetylation and methylation at the CXCL8
and VEGF promoters respectively which are likely to contribute to inflammatory cell influx and
remodelling in asthmatic airways. Targeting these and other dysregulated epigenetic mechanisms
could provide novel approaches for the future asthma treatments. Selective inhibitors of many
epigenetic processes are in development for several chronic inflammatory diseases and cancers.
Although our review has focussed on ASM changes, the effect of these agents in asthma will depend
on the role of different epigenetic targets in regulating the functions of multiple cell types in the
airways. This is an exciting area, which is likely to reap future rewards.
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Table 1: Review of the role of miRNAs in ASM. Species is denoted as human (H), rat (R), mice (M)

miRNA Role in ASM reference
miR-25 Upregulates KLF4 expression in cytokine-stimulated ASM (H) 37
Regulates bronchial smooth muscle (BSM) hyperresponsiveness, by
miR-133a negatively regulating the expression of RhoA, one of the key proteins 38
of BSM contraction (M)
. Enhances proliferation and IL-6 release in ASM from patients with se- 37
miR-221
vere asthma (H)
miR-10a Reduces mitogen-induced proliferation, via targeting PI3 kinase (H) 3
miR-708 Inhibits TNF-a-induced CD38 expression in ASM, through binding to 39
3’UTR of CD38 and regulating JINK MAPK and PI3K/AKT signalling (H)
miR-146a Negatively regulates COX-2 and IL-1f (H) 3
miR-155 Enhances COX-2 expression and PGE2 secretion (H) 37
. Reduces ASM proliferation via altering the expression of PDK1 and 20
miR-138 . . .
regulation of PI3K signalling (H)
miR-203 Inhibits ASM cell proliferation, controlling c-Abl expression, which in 37
turn modulates ERK1/2 activation (H)
Increases cell proliferation and migration and upregulates type | colla-
miR-145 gen and contractile protein MHC, negatively regulates pro- 4142
inflammatory cytokine release by targeting SMAD3 (H)
. Enhances proliferation and migration by reducing PTEN expression 23
miR-21 L .
activation of PI3 kinase (H)
miR-708, miR- | Downregulates TNF-a —induced pro-inflammatory gene expression 44
140-3p (H)
miR-135a Negatively modulate the proliferation via TRPC1 (R) s
Inhibits airway remodelling by suppressing proliferation and ECM pro-
miR-143-3p | tein deposition in TGF-B1l-activated cells through the negative regula- a6
tion of NFATc1 signalling (H)
. Inhibits airway remodelling, by suppressing proliferation via SMAD3 47
miR-23b .
targeting (M)
miR-26a Induces ASM cell hypertrophy (H) 37
miR-139-5p | Suppresses proliferation and promotes apoptosis (H) s
miR-150 Reduces viability, proliferation and migration, via downregulation of 29
BCYRN1 (R)
miR-638 Inhibits ASM cell proliferation and migration through targeting cyclin 50
D1 and NOR1 (H)
miR-217 Represses TGF-Bl-induced ASM cell proliferation and migration 51

through targeting ZEB1 (H)




Figure legends

Figure 1: Epigenetic modifications- summary. Three main epigenetic mechanisms are DNA
methylation, histone modifications, and noncoding RNAs. Histones are organized in the units of
octamers, which are composed of two copies each of histones H2A, H2B, H3, and H4, wrapped by
147 base pairs of DNA. Histones have N- terminal tails, which protrude through the DNA and contain
multiple residues, susceptible to undergo a series of posttranslational modifications, such as
acetylation, phosphorylation, sumoylation, ubiquination and methylation. These modifications
regulate gene expression, and can lead to either gene transcription or repression, depending on the
type of modification and its site. DNA methylation describes the addition of the methyl group to the
C5 position of cytosine residues, primarily where cytosine is followed by a guanine (CpG sites). CpG
islands are the regions of human genome with the high content of CpG sites - hypermethylation of
CpG islands is associated with transcriptional repression, while hypomethylation in these regions
leads to active transcription. Finally, non-coding RNAs (ncRNAs) are RNA molecules, which are not
translated into proteins, but are able to regulate the transcription, stability or translation of protein-
coding genes. They include long non-coding RNA (IncRNA), microRNA (miRNA), short interfering RNA
(siRNA), and others, such as piwi-interacting RNA (piRNA). They exert their effect by interacting with
messenger RNA (mRNA), histone modifying complexes, DNA methyltransferases, and various other
proteins.

Figure 2: Abnormalities in histone modifications lead to hypersecretion of (A) VEGF and (B) CXCLS,
from asthmatic airway smooth muscle (ASM) cells. (A) In non-asthmatic cells, a repressive complex is
composed of H3K9me3, the histone methyltransferases G9A and SUV39H1, and low levels of
Spl. H3K9me3 and G9A recruitment repress VEGF transcription and maintain low levels of VEGF
secretion. The asthmatic VEGF promoter lacks G9A recruitment and the repressive complex. Instead,
transcriptionally active complex is formed at the promoter, with H3K4me3, increased RNA
polymerase I, TAF1, and elevated levels of Spl. (B) The hypersecretion of CXCL8 from asthmatic
ASM cells is caused by increased RNA polymerase Il, C/EBPB, and p65 binding and by aberrant
presence of H3K18Ac and p300 at the asthmatic promoter. Then histone acetylation reader proteins
Brd3 and Brd4 are necessary to induce CXCL8 transcription.
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