Bzl SPANDIDOS
7] ,§, PUBLICATIONS

INTERNATIONAL JOURNAL OF EPIGENETICS 1: 5, 2021

HAT/HDAC: The epigenetic regulators of
inflammatory gene expression (Review)

SURBHI SWAROOP", ANANDI BATABYAL" and ASHISH BHATTACHARJEE

Department of Biotechnology, National Institute of Technology, Durgapur, West Bengal 713209, India

Received April 6,2021; Accepted July 21, 2021

DOI: 10.3892/ije.2021.5

Abstract. Inflammation is a condition through which the body
responds to infection or tissue injury. It is typically charac-
terized by the expression of a plethora of genes involved in
inflammation, that are regulated by transcription factors, tran-
scriptional co-regulators, and chromatin remodeling events.
Differential mitotically heritable patterns of gene expres-
sion without changes in the DNA sequence are essentially
controlled by epigenetic regulation. Epigenetic mechanisms,
such as histone modifications and DNA methylation have a
profound effect on inflammatory gene transcription. Histone
protein modifications, which include acetylation and the
ubiquitination of lysine residues, the methylation of lysine and
arginine, and the phosphorylation of serine have been found to
modulate chromatin dynamics, thus altering the levels of gene
expression. Histone acetyltransferases (HATSs) and histone
deacetylases (HDACSs) regulate the addition and removal of
acetyl groups from lysine residues on histones respectively.
Nuclear factor (NF)-xB, tumor necrosis factor (TNF)-a and
interleukin (/L)-6 are the pro-inflammatory genes known
to promote inflammatory responses in cells. By contrast,
15-lipoxygenase-1 (I5-LOX-1) and monoamine oxidase-A
(MAO-A) are the genes that can act against inflammation in
certain specific conditions. 15-LOX-1, a lipid peroxidative
enzyme, is associated with the development of inflamma-
tory disorders, such as atherosclerosis, rheumatoid arthritis,
asthma and renal injury. MAO-A catalyzes degradation of
biogenic amines and has been reported to cause oxidative
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stress, atherosclerosis and neuroinflammation. 15-LOX-1
has been shown to be co-expressed along with MAO-A, in
both primary human monocytes and A549 lung carcinoma
cells upon treatment with Th2 cytokines, such as IL-4 and
IL-13. The present review aimed to discuss the HAT- and
HDAC-mediated epigenetic machinery which governs the
expression of pro-inflammatory genes, such as /L-6, TNF-a.,
etc., as well as the expression of anti-inflammatory genes,
such as 15-LOX-1 and MAO-A, responsible for modulating
the process of inflammation. On the whole, the present review
aims to provide deeper insight into the underlying molecular
mechanisms involved in the epigenetic regulation of inflam-
mation, which may have novel implications in designing small
molecule inhibitors that target the epigenetic machinery for
the effective treatment of a variety of inflammation-related
diseases.
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1. Introduction

Deciphering the genetic code has led to the elucidation of the
fundamental mechanisms underlying the translation of the
information encoded within genes to proteins. More recently,
as studies were undertaken by different researchers to under-
stand the complex molecular underpinnings of development
in an organism, striking variations in gene expression were
observed in different cell types of the same individual. These
mitotically inheritable modifications are essentially modulated
by epigenetic regulators, which include alterations to histone
proteins along with the DNA sequence in the genome. Apart
from DNA methylation, other epigenetic regulators such as
methylation, acetylation, ubiquitination and the phosphoryla-
tion of histones have a profound effect on the modulation of
gene expression (1). Moreover, studies using yeast and mice
have demonstrated that the chromatin remodeling complexes,
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which utilize energy derived from ATP hydrolysis for the
movement of nucleosomes, thus affecting histone-DNA inter-
action, are responsible for changes in chromatin compaction
and subsequently, have a profound effect on the gene transcrip-
tion machinery (2). Different proteins, which include histones,
nuclear receptors, transcription factors and enzymes, undergo
acetylation at the lysine residues, a common post-translational
modification, which helps control their functions within
cells (3,4). Previous research has indicated that histone acety-
lation is linked to increased transcriptional activity, whereas
histone deacetylation can lead to the downregulation of gene
expression or gene silencing (5).

Histone deacetylases (HDACS) are typically categorized
into class I (includes HDACI, 2, 3, 8 and 11) and class II
(includes HDAC4, 5, 6, 7,9 and 10) and are instrumental in the
dissociation of acetyl groups from the lysine residues located
on N-terminal ends of histone proteins in nucleosomes (5,6).
Histone acetyltransferases (HATSs) are enzymes involved
in histone acetylation by the transfer of acetyl groups from
acetyl-CoA to lysine residues located on the histones (7).
They are primarily categorized into the Type-A and Type-B
superfamilies. While Type-A HATs are involved in the
acetylation of histone proteins in nuclear chromatin, Type-B
HATs play a role in the acetylation of free histones in the
cytoplasm (8). HATs and HDACs, conserved in yeast, flies,
worms and humans, are tightly co-regulated, and this has been
found to be an indicator of cell fate during proliferation and
differentiation (9-12).

An equilibrium can be observed between histone acety-
lation and deacetylation in cells, and a perturbations in the
balance can lead to development of a wide array of inflam-
matory disorders. In a previous study by Tsaprouni et al (13),
the authors reported an upregulation of histone acetylation in
murine models of inflammatory bowel disease (IBD), wherein
the localization of histone proteins with acetylated lysine
residues 8 and 12 was detected in the inflamed mucosal tissue
of trinitrobenzene sulphonic acid (TNBS)-induced mice (that
mimic the immunopathological properties of Crohn's disease);
they also detected the localization of acetylated histone H4
in inflamed tissue and Peyer's patches in dextran sodium
sulfate (DSS)-treated murine models (that mimic the immuno-
pathological features of ulcerative colitis) (13). Smith er al (14)
outlined the plausible signaling pathways involved in neuronal
degeneration mediated by pro-inflammatory Thl cytokines,
such as interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-a.
and interferon (IFN)-y upon inflammation, injury, infection,
etc. caused to microglial cells in the central nervous system
(CNS). This thus indicated new possibilities of targeting
these cytokines for the amelioration of neurodegenerative
diseases (14). Previously published studies have demonstrated
that upon the alternative activation of primary monocytes by
Th2 cytokines, such as IL-4 and IL-13, some specific genes,
namely monoamine oxidase A (MAO-A), 15-lipoxygenase
(I15-LOX-1), etc. are induced, which are associated with several
cardiovascular and inflammation-related disorders (15-17).
Moreover, a co-induction of the MAO-A and 15-LOX-1 genes
has been found in human monocytes, as well as in A549 lung
cancer cells following treatment with IL-4/IL-13 (17). These
observations have opened avenues for the investigation of
the basic mechanisms involved in the epigenetic control of

inflammation. In the present review article, the epigenetic
regulation of the differential expression of genes which
are crucial for inflammation is discussed, with a focus on
histone acetylation/deacetylation through HATs and HDACs.
In addition, the present review also discusses into the latest
developments in therapeutic strategies that harness the histone
acetylation machinery to combat a wide range of inflamma-
tory disorders.

2.Role of HAT and HDAC in regulating pro-inflammatory
gene expression

HATs and HDACs are prominent players involved in regu-
lating the expression of a vast array of genes, which are
widely expressed during inflammation in the human genome,
leading to altered immune responses. Through the enhanced
recruitment of transcription factors to the gene promoters or
through nucleosome remodeling, these enzymes perform their
regulatory functions. A detailed study of these gene expression
control strategies may help to identify potent intermediates in
the signaling cascade, leading to the expression and activity
of these genes, which may help to design possible methods of
manipulation of these pathways or manipulate potent signaling
intermediates for therapeutic application against inflamma-
tory disorders. Among the numerous genes that play a role
in promoting inflammation, TNF-a, IL-6 and nuclear factor
(NF)-xB are important candidates, which have been implicated
in the pathogenesis of myriad diseases. In this section, the
authors aim to discuss some of the molecular underpinnings
of HAT and HDAC-mediated expression of these genes during
inflammation.

TNF-a. TNF-a is produced predominantly from myeloid cells
and T-cells (18) and acts as a key regulator of an array of biological
processes, which typically include inflammation, proliferation
and apoptosis of macrophages, osteoclast formation, etc. (19,20).
The lipopolysaccharide (LPS)-induced release of TNF-a in
primary human monocytes, as well as in the human monocytic
cell line, THP-1, has been reported by Schildberger et al (21), and
is considered to be a well-accepted model system for studying
the regulation of TNF-a gene expression.

Previous studies have demonstrated that the development
of cells of myeloid lineage from embryonic stem cells to mono-
cytes is accompanied by alterations in the epigenome at the
TNF-a locus through changes in histone 3 lysine 4 methylation
and histone 4 acetylation (22). A plausible explanation for the
increase in histone acetylation leading to the enhanced expres-
sion of TNF-a in cells may be due to the fact that transcription
factors are recruited preferentially to the TNF-a promoter
or through the action of chromatin-remodeling complexes,
which can identify acetylated histone tails and subsequently
modulate their interaction with the transcription machinery
to control gene expression. Studies have identified nuclear
factor of activated T cells (NFAT), Ets-1, Elk-1, Spl, Egr-1 and
ATF-2-Jun binding sites within the TNF-o promoter for the
assembly of transcription factors (23-25). Different HATs act
as co-activators of TNF-a expression, which include cAMP
response element-binding protein (CREB) and P300 (23-25).

The HAT-mediated transcriptional activation of TNF-a
in LPS-treated macrophages in vivo requires the binding
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Figure 1. TNF-a expression is regulated by HATs/HDACs in monocytes/macrophages. LPS-mediated signal is carried to the cell by TLR4 via the CD14 protein.
Signal transduces into the nucleus through i) MAPK11; ii) INK; and iii) ERK-based pathways. The ERK pathway, mediated by Tpl2, a pro-inflammatory
MAP3KS8, along with the other two pathways, transmit the LPS signal to the nucleus. CBP/p300-based HAT activity induces binding of ATF2, NF-«B, Spl,
Egrl, Elk1 and Etsl to their respective binding sites within the TNF-a promoter, which results in an increased expression of TNF-a. HDACS8, a member of the
family of HDACs, blocks the binding of ATF2 and NF-«B to their respective positions within TNF-a and also inhibits phosphorylation of MAPKI11, together
resulting in a downregulation of TNF-a expression. HAT, histone acetyltransferase; HDAC, histone deacetylase; TLR4, Toll-like receptor 4; Tpl2, tumor

progression locus 2; LPS, lipopolysaccharide.

of ATF-2-c-jun, Spl, Egr-1, Elk-1 and Ets-1 factors to their
respective binding sites within the TNF-a promoter. CBP and
p300 enzymes, containing transactivation domains, have been
reported to play a pivotal role in mediating LPS-induced TNF-a
expression in macrophages via the co-activation of the complex
formed by the transcription factors mentioned above (24), which
is illustrated in Fig. 1. Further investigation may help speculate
the mechanistic details of transactivation-dependent TNF-a
gene expression by HATs. The study by Lee et al (26) suggested
that the treatment of monocytic cell lines with HDAC inhibitors
(HDAC:s) resulted in a profound increase in TNF-a production.
Their study further observed that the increase in TNF-a produc-
tion in less mature cell lines required treatment of the cells
with multiple HDACis, whereas the most mature cells could
be induced to produce TNF-a upon induction by only a single
HDAC:. This observation coupled with ChIP assays suggested
that the developmental stage of the cells may play a role in deter-
mining the acetylation profile of the histone proteins, which in
turn may influence TNF-a gene expression in those cells (26).
The findings by Mahlknecht et al (27) shed light onto the control
of TNF-a production both at mRNA and protein level, wherein

HDAC3 was implicated in downregulating TNF-a expression
in LPS-treated monocytic cells by repressing the phosphoryla-
tion of MAPK11 and interfering with the binding of ATF-2 and
NF-«B transcription factors to respective binding sites in the
TNF-a promoter. The nucleo-cytoplasmic transport of TNF-a
mRNA is controlled by a MEK/ERK dependent pathway in
LPS-treated mouse macrophages and it has been found that this
is crucial for the post-transcriptional expression of TNF-a (28).
Notably, tumor progression locus 2 (Tpl2), a pro-inflammatory
serine/threonine kinase kinase kinase 8 (MAP3KS) (29), has
been observed to mediate TNF-a expression through the ERK
pathway upon induction by LPS (28).

IL-6.1L-6, a cytokine known primarily for promoting inflam-
mation, helps in the modulation of immune response to injury
and inflammation by promoting B cell differentiation, the acti-
vation of macrophages, thymocytes and natural killer (NK)
cells, as well as by stimulating T-cell differentiation (30).
Studies have observed that IL-6 signaling through classical
pathway occurs by involving transmembrane IL-6 receptor
(IL-6R) that regulate the anti-inflammatory response and are
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typically characterized by the regeneration of epithelial cells
in the intestine and repression of epithelial apoptosis (31,32).

The expression of IL-6, which has been impli-
cated in the pathogenesis of paraquat (1,1'-dimethyl-4,
4'-bipyridinium)-induced pulmonary fibrosis, has been
observed to be stimulated by the HAT activity of p300 protein,
along with the detection of acetylated lysine residues on histones
(H3K9ac) at the IL-6 promoter in the presence of HDAC:I.
Moreover, a reduction in IL-6 transcription by the CRISPR-ON
transcription activation system in the presence of a HAT
inhibitor and increased transcription in presence of an HDACi
has been observed (33). These findings, taken together, provide
evidence for a HAT/HDAC-mediated epigenetic regulation of
IL-6 expression. Kruppel-like factor 4 (KLF4), a zinc-finger
transcription factor, activated by p300/CREB-mediated
acetylation (34) is involved in regulating the expression of
IL-6 by binding with the /L-6 promoter at specific sites (35).
Their study also reported that KLF4-deficient cells exhibited
a decrease in acetylation, which led to the conclusion that this
transcription factor regulates IL-6 expression by chromatin
remodeling at the /L-6 promoter (35).

The overexpression of IL-6 has been detected in osteo-
arthritis-affected human synovial fibroblasts stimulated by
CCN4 (also known as WNT-inducible signaling pathway
protein-1; WSP-1) (36). Another study by Yang et al (37)
reported the increased expression of IL-6 in synovial fibro-
blasts from osteoarthritis patients. An investigation into the
epigenetic mechanisms involved in the regulation of IL-6 in
osteoarthritis has uncovered some interesting observations.
The same study reported the presence of hyperacetylated
histones (H3K9/K14 and H4K12) in the /L-6 promoter region
in osteoarthritis synovial fibroblasts compared to normal
fibroblasts (37). This finding, coupled with the observation that
the treatment of the synovial fibroblasts with anacardic acid, a
common HAT inhibitor, led to an inhibition of histone acetyla-
tion and a decrease in binding of HAT1 and CREB binding
protein (CBP) to IL-6 promoter binding sites (37), provide
evidence for the involvement of HATs in modulating IL-6
expression in human synovial fibroblasts of an osteoarthritic
model.

In contrast to other findings that demonstrate the upregu-
lation of IL-6 expression by HDAC inhibition, Makki and
Haqqi (38) reported the downregulation of IL-6 expression
in IL-1B-treated chondrocytes from osteoarthritis-affected
individuals by suberoylanilide hydroxamic acid (SAHA,
a pan-HDAC inhibitor). The study proposed that HDACi
suppressed IL-6 expression by inducing the expression of
monocyte chemotactic protein-induced protein-1 (MCPIP1),
which is a negative regulator of IL-6 transcription (38,39).
This was achieved through the enhanced interaction of
CCAAT/enhancer-binding protein o (CEBPa) transcription
factor with the MCPIPI promoter and through the attenuation
of the inhibitory effect of miR-9 on MCPIP1 expression (38).
The controversial results for the regulation of IL-6 expression
is context-dependent and in the majority of the cases, HDAC
inhibition results in the induction of positive regulators of
IL-6 transcription, whereas in this particular case, IL-6 tran-
scription is downregulated due to the induction of a negative
regulator as discussed above (38,39). Moreover, HDACis have
been shown to inhibit IL-6R expression and IL-6 production

in LPS-treated macrophages in murine models of experi-
mental colitis (40). This has been shown to be accompanied
by a lowered count of Thl17 cells, owing to the altered polar-
ization of CD4* cells downstream of IL-6R. The reduced
expression of IL-6R resulted in decreased signal transducer
and activator of transcription (STAT)3 phosphorylation
and the downregulation of RAR-related orphan receptor y
(RORYT), a transcription factor essential for polarization into
Th17 cells (40). A diagrammatic representation of the puta-
tive HAT/HDAC-mediated molecular underpinnings of IL-6
expression is presented in Fig. 2.

NF-kB. NF-«B is a eukaryotic transcription factor that plays
a central role in regulating inflammatory responses to injury
or microbial infection through the recruitment of macro-
phages and phagocytic leukocytes. Studies have documented
the connection between the onset of NF-kB activation and
inflammation-associated metabolic disorders, such as athero-
sclerosis and rheumatoid arthritis (41). An understanding of
the key regulatory networks that control NF-kB expression
and activity is essential to comprehending the mechanisms
through which this transcription factor functions in the patho-
genesis of different disease states.

The acetylation of the RelA (also known as p65) subunit
of NF-«xB, involved in NF-xB heterodimer formation and its
activation, has been shown to occur at lysine residues 218, 221
and 310 by the HAT activity of p300/CREB-binding protein
(CBP) in vivo (42). Chen et al (42) further reported that the
acetylation of lysine 221 was crucial for the DNA binding of
homodimeric RelA and mutation in the lysine 221 residue
resulted in the significant attenuation of NF-xB binding with
the kB enhancer. It was also observed that the acetylation of
lysine 221 coupled with lysine 218 upregulated NF-«xB expres-
sion by weakening the NF-kB-IkBa assembly (42). In addition,
acetylated lysine 310 is known to be an important player in
NF-kB transcription, wherein Brd4, a member of the bromo-
domain and extra-terminal domain (BET) family of proteins
acts as a co-activator by binding to RelA following TNF-a
stimulation (43). In addition, P300/CBP-associated factor
(PCAF) along with p300, acetylates lysine 122 and 123 on the
p50 subunit of NF-kB (44). Furia ef al (45) demonstrated the
acetylation of the NF-kB-p50 subunit alone or in association
with p65 by p300/CBP, under the influence of the HIV-1 Tat
protein. The acetylation of lysine 410 and 413 residues within
DNA binding sites of the STAT1 transcription factor has been
found to be crucial for the STAT1-mediated transcription of
NF-kB p65 (46).

Apart from HATS, the expression of NF-kB is profoundly
influenced by HDAC activity, a putative mechanistic
model of which is depicted in Fig. 3. Members of the
HDAC family, namely HDAC1 (47), HDAC2 (47) and
HDAC3 (48) play important roles in modulating NF-xB
levels. Ashburner et al (47) suggested that HDACI attenuated
TNF-oa-induced NF-kB expression via its interaction with the
p65 subunit of NF-xB, while HDAC?2 exerted the same effect,
although indirectly through binding with HDACI1. Another
study by Leus ef al (48) indicated that in RAW 264.7 murine
macrophages stimulated with LPS/IFN-v, treatment with the
HDAC3-specific inhibitor, RGFP966, led to the decreased
transcription of p65, without an alteration in the acetylation
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Figure 2. Epigenetic regulation of IL-6 expression in monocytes/macrophages. MD2 and CDI14 proteins help to relay LPS-induced signals to TLR4 located
within the plasma membrane of monocytes/macrophages. i) SHP1 binds to TIR, the cytoplasmic domain of TLR4, and exhibits PTK activity. The phosphoryla-
tion of Erk1/2 by PTKSs helps in transcriptional co-activation of the /L-6 gene by C/EBP. ii) PTKs induce the phosphorylation and subsequent dissociation of
IxB from p50 and p65 subunits of NF-«B, facilitated by CBP/p300 bound to PCAF and/or by TSA. The binding of acetylated p50 and p65 to NF-xB binding
sites within the DNA, besides acetylation of histones within the nucleus by the action of TSA, promotes the expression of the /L-6 gene. MD2, myeloid
differentiation factor 2; CD14, cluster of differentiation 14; LPS, lipopolysaccharide; TLR4, Toll-like receptor 4; PTK, phosphotyrosine kinase.

of p65. It was previously reported that resveratrol (a SIRT1
activator), suppressed the transcriptional activity of the c/[AP-2
gene, a crucial regulator of NF-kB expression upon induction
by TNF-a (49), by binding to its promoter (49). The study
further mentioned that the interaction of SIRT1 deacetylase
with the c/AP-2 promoter was accompanied by a loss of
acetylated histone (H3K14) marks in cells treated with TNF-a
and resveratrol (49,50). Moreover, a reduction in the level of
p300 protein, which can acetylate lysine 310 residue on RelA
protein, coupled with a loss of acetylation at RelA lysine 310
upon treatment with resveratrol, along with the other results,
indicated that SIRT1 protein played a role in controlling the
expression of NF-kB (50). SIRT6, another NAD*-dependent
deacetylase, which is crucial for maintaining the hypoacety-
lated chromatin profile at telomeres through the removal of
histone 3 lysine 9 (H3K9) mark (51), has been implicated in the
repression of genes regulated by NF-kB activity by binding to
their respective promoters, following TNF-a treatment (52). It

has also been demonstrated that SIRT6 occupies RelA-binding
sites in the promoters of these genes and that it plays a role
in the deacetylation of nucleosomes, leading to the decreased
affinity of RelA for the nucleosomes, thus implying that SIRT6
is a potent regulator of NF-«kB transcription by modulation of
the chromatin state (52).

A detailed investigation into the regulatory mechanisms of
some of these genes involved in inflammation, namely TNF-a,
IL-6, IFN-y, TGF-{3, etc. may help to identify potent signaling
pathways that maybe manipulated to treat inflammatory
disorders and may thus aid in the design of novel therapeutic
strategies and/or drugs.

3.Role of HAT and HDAC in regulating anti-inflammatory
gene expression

Macrophages act as the first line of defense in organisms
against pathogens and have a distinctive capability to change
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Figure 3. Epigenetic regulation of NF-xB in monocytes/macrophages. TLR4 located within the monocyte/macrophage plasma membrane transmits the LPS-mediated
signal to the cell. The association of IKBa with the pS0 and p65 subunits of NF-xB and the phosphorylation of IKBa leads to degradation of IKBa. i) Acetylation
of p65 is induced by p300/CBP activity at lysine residues 218,221, and 310 and of pS0 by p300/PCAF activity at lysine residues 122 and 123. STAT1 acetylation at
lysine residues 410 and 413, coupled with acetylation of p5S0 and p65, triggers expression of NF-kB. ii) Deacetylation of p65 is induced by HDAC1 and by HDAC2
by indirectly binding to HDACI, thus leading to downregulation in NF-«xB expression. HDAC3, besides SIRT1 and SIRT6, are among other HDACs that help to
reduce the transcriptional level of NF-kB. TLR4, Toll-like receptor 4; LPS, lipopolysaccharide; HDAC, histone deacetylase; PCAF, P300/CBP-associated factor.

their phenotype based on cytokine microenvironment.
During alternative activation, macrophages shift to an
M2 phenotype following activation with TH2 cytokines
(IL-4/IL-13) (53). Alternatively activated macrophages play a
critical role in the protection of the host during any damage by
decreasing/suppressing inflammatory response and promoting
tissue repair and wound healing. A number of genes involved in
inflammatory resolution are overexpressed by these cytokines
in monocytes, such as 15-LOX-1, fibronectin (FN), MAO-A,
coagulation factor XIII (FXIII), heat shock protein (HSPS),
etc. (54). Among these, 15-LOX-1, MAO-A, scavenger receptor
CD36, FN and FXIII genes with potential anti-inflammatory
properties are highly upregulated during alternative activa-
tion (54). Since HATs and HDACS plays a significant role in
the epigenetic regulation of several genes and are also involved
in progression of a number of diseases, such as cancer and
neurodegenerative disorders, the present review article mainly
focuses on 15-LOX-1 and MAO-A gene expression, and their
epigenetic regulation by HATs and HDACs.

15-LOX-1, the lipid peroxidative enzyme. The human ALOX15
gene has two isoenzymes; Reticulocyte-type (15-LOX-1)
and epidermis-type 15-lipoxygenase-2 (15-LOX-2) (55). The

reticulocyte-type 15-lipoxygenase (15-LOX-1) is an enzyme
that peroxidises lipids and acts on various free/esterified
polyunsaturated fatty acids specifically linoleic acid and
arachidonic acid and converts them to their hydroperoxy
derivatives (56). This enzyme is known to be involved in
various physiological processes, such as membrane remod-
eling, cell differentiation, inflammation and apoptosis (57).
The deregulated expression of this gene may be involved in
various types of cancers and inflammation-related diseases.
The elevation in the expression of the /5-LOX-1 gene may lead
to oxidative stress and membrane degradation. Thus, this gene
is expressed only in specific human cells and its expression is
highly controlled (57).

The ALOX1I5 gene is present on chromosome 17, p13.3
locus and consists of 14 exons. This enzyme is present in the
cytosol and maybe associated with some organelles, such as
mitochondrial membranes and endoplasmic reticulum (58).
Previous research has revealed the downregulation of the
15-LOX-1 gene in a number of types of cancer, such as colon,
esophageal, breast, pancreatic and lung cancer (59).

i) Regulation of 15-LOX-1 expression by Th2 cytokines.
It has already been well-established, that IL-4/IL-13 induces
15-LOX-1 expression through STAT6 in eosinophils, mast



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

cells, dendritic cells, reticulocytes, activated monocytes and
bronchial epithelial cells (60). In human monocytes, 15-LOX-1
induction by IL-13 requires the activation of JAK2 and TYK?2
tyrosine kinases along with STAT6 dimerization and nuclear
import (61). Additionally, the phosphorylation of STAT1 and
STAT?3 by p38 MAPK activation has been demonstrated to be
significant for IL-13-induced 15-LOX-1 expression in primary
human monocytes (16).

ii) Regulation of 15-LOX-1 expression by HAT/HDAC
activity. In a number of types of cancer, 15-LOX-1 is tran-
scriptionally repressed and treatment with HDACis reactivates
its induction and restores apoptosis by inhibiting tumor cell
growth through its metabolites, 13-S-HODE and 15-HETE.
Non-steroidal anti-inflammatory drugs (NSAIDs) and other
non-specific HDACis [e.g., sodium butyrate and suberoylani-
lide hydroxamic acid (SAHA)] increased 15-LOX-1 expression
in colorectal cancer cells (62). In addition, SAHA has been
shown to induce /5-LOX-1 gene in various colorectal cancer
cells, such as Caco 2, SW 480 and HCT 116 (63). Sodium
butyrate,an HDACI, has also been reported to induce 15-LOX-1
expression in A549 cells (64). Similar results were observed in
the study by Kamitani et al (65), where they demonstrated an
upregulation in 15-LOX-1 expression in colorectal cancer cells
treated with sodium butyrate and that this upregulation was
linked to the state of histone acetylation (65). This observation
suggests that deacetylation processes are more prevalent than
acetylation in resting cancer cells, leading to the suppression
of 15-LOX-1 gene transcription.

A recent study by Ho er al (66) elucidated that HDAC
and HAT inhibitors act as epigenetic regulators of
15-LOX-1 expression in SH-SY5Y human neuroblastoma cells.
Treatment with HDAC inhibitors, such as trichostatin A (TSA)
or sodium butyrate significantly enhanced /5-LOX-1 expres-
sion at the mRNA level in SH-SYSY cells. The results were
consistent when they used specific class I HDAC inhibitors,
such as MS-275 and depsipeptide, indicating a role of class I
HDAC S such as HDACs 1, 2, 3 and 8 in regulating /5-LOX-1
expression in these cells (66). However, treatment with other
HDAC:is, such as TMP 195 (class Ila-specific HDACi) and
tubacin (class IIb HDACS6 inhibitor) did not exert any effect on
15-LOX-1 mRNA expression in these cells, suggesting that they
were not involved in /5-LOX-1 gene expression (66). They also
demonstrated the involvement of p300 HAT and perhaps Tip60
HAT, but not GCN5 HAT in increasing /5-LOX-1 expression
at the mRNA level in SH-SYSY cells (66). In eukaryotes, HATs
and HDAC: play a significant role in several aspects of cellular
homeostasis and also regulate the expression of different genes.

Transcription factors, such as STAT6, NF-1, GATA,
activator protein 2 (AP-2) and p-1 have binding sites at the
5'-flanking region of the /5-LOX-1 gene promoter (66). pS3,
GATALI and E2F1 are among few transcription factors which
are acetylated outside their DNA binding site, resulting in
enhanced DNA binding. It has also been demonstrated that
STATG6 interacts with CREB-binding protein and an associated
protein, named p300 exhibiting HAT activity, thus acetylating
STATG (64). 15-LOX-1 gene is an alluring molecular target,
and its re-expression/reactivation by modulating the acetyla-
tion and deacetylation of certain histones, DNA, or proteins in
cancer cells can inhibit tumorigenesis. These results suggest
the involvement of both HAT and HDAC in /5-LOX-1 gene
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expression; however, the mechanisms involved are not yet
well understood. Based on previous studies, the mechanisms
involved in 15-LOX-1 expression involving HATs and HDACs
are discussed below.

iii) Role of transcription factor STAT6. The study by
Shankaranarayanan et al (64) demonstrated that STAT6
acetylation (in addition to phosphorylation) was required for
15-LOX-1 gene transcription in IL-4-treated A549 cells. IL-4
treatment increased the activity of cellular acetyltransfer-
ases, particularly of CBP/p300, which is responsible for the
acetylation of nuclear histones H3, as well as the transcription
factor STAT6, leading to 15-LOX-1 gene transcription (64).
In another study, it was demonstrated that SAHA, an HDAC;,
induced 15-LOX-1 transcription in colorectal cancer cells (63),
whereas in another study, it was demonstrated that it decreased
the expression of STAT6 and phospho-STAT6 in cutaneous
T-cell lymphoma cell lines (67).

This observation raises a question about the contribution of
STAT6 in 15-LOX-1 gene transcription, as SAHA decreases
STAT6 expression, whereas it induces 15-LOX-1 expression.
However, as demonstrated in the study by Zuo et al (68),
STAT-6 was necessary for IL-4-induced but not for depsipep-
tide (HDACi)-induced 15-LOX-1 transcriptional activation in
colon cancer cell lines, suggesting that IL-4 and HDACis func-
tion via different pathways. It was also demonstrated that the
activation of 15-LOX-1 transcription by depsipeptide occurred
much earlier than that by IL-4 in A549 lung cancer cells (68).

iv) Chromatin remodeling (histone acetylation and
demethylation by HDACi). HDAC inhibitors, such as SAHA or
MS-275 have been reported to increase acetylation of specific
sites on the core of H3 and H4 histones (69). Depsipeptide, (a
specific HDAC1 and HDAC?2 inhibitor), activates 15-LOX-1
transcription by inducing /5-LOX-1 promoter chromatin remod-
eling, that is, histone H3 and H4 acetylation by KAT3B (p300).
As previously demonstrated, the knockdown of p300 (histone
acetyltransferase) by siRNA attenuated H3 and H4 acetylation
in the /5-LOX-1 promoter and thus suppressed the activation
of 15-LOX-1 expression by depsipeptide (68). Furthermore, the
binding of KDM3A (a demethylase of H3K9me2) with 15-LOX-1
promoter was enhanced significantly by depsipeptide, leading to
the activation of 15-LOX-1 transcription in Caco-2 cells (68).
Thus, both the acetylation, as well as methylation of histones,
which are independent of STAT6, act as critical epigenetic regu-
lators for 15-LOX-1 transcription.

v) Role of transcription factor GATA-6. GATA is a family
of six (1-6) transcriptional regulation proteins with significant
contributions in controlling cellular differentiation during
vertebrate embryogenesis; GATA expression is enhanced at the
time of proliferation and is reduced during the differentiation
of intestinal cells (69). The expression of GATA-6 is high in
a number of cancer cell lines, such as gastric, colon and lung
cancer cells (70-73). The presence of a GATA binding site at
-240 of the 5'-flanking region in the /5-LOX-1 promoter of
Caco-2 cells was confirmed by Kamitani ez al (74). A high
expression of GATA-6 and its binding to the GATA site was
detected in Caco-2 cells, while it was not present in cells
treated with NaBT (a HDACI), indicating that the decreased
expression of GATA-6 was very likely linked with the regula-
tion of 15-LOX-1 expression and GATA-6 probably acted as the
negative regulator (repressor) for the 15-LOX-1 gene (74). The
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downregulation of GATA-6 during the transcriptional activa-
tion of 15-LOX-1 by sodium butyrate and NSAIDs emphasizes
the fact that GATA-6 functions as a transcriptional repressor by
binding at the /5-LOX-1 promoter. Furthermore, it was found
that the downregulation of specific GATA-6 through a siRNA
approach inhibited its binding to the /5-LOX-1 promoter, but
could not induce 15-LOX-1 transcription (72). These observa-
tions indicate that the downregulation of GATA-6 alone is not
sufficient for the induction of the /5-LOX-1 gene; however, it
does augment the potential of HDACi and NSAIDs to express
15-LOX-1 (72).

Based on these studies, it can be concluded that the
transcriptional repression of 15-LOX-1 in cancer cells is
multi-factorial and does not solely depend on GATA-6. Most
probably, GATA-6 contributes to the transcriptional silencing
of 15-LOX-1 by inhibiting the binding of activator proteins,
indicating that there may be a possibility of some uncharacter-
ized proteins of the GATA family or related proteins, that bind
to the GATA site and induce the 15-LOX-1 transcription.

vi) Recruitment of the nucleosome remodeling and
deacetylase (NURD) complex. The involvement of specific
HDACS (HDAC1 and HDAC?2) in 15-LOX-1 gene upregulation
has been shown by using inhibitors and siRNA knockdown
experiments. However, HDAC3 (a member of class] HDAC)
does not have a significant effect on /15-LOX-1 gene regulation.
These outcomes indicate a mechanistic link between HDAC1
and HDAC?2 up-regulation and 15-LOX-1 downregulation (75).

Since HDACs do not bind with DNA directly and can be
recruited to promoters as a part of transcription repression
complex, the same group of researchers further proposed
the involvement of NuRD, a repression complex recruited
to the 15-LOX-1 promoter region between -215 and -283 bp,
leading to 15-LOX-1 transcriptional repression in colon cancer
cells; HDACis can activate gene transcription via NuRD
dissociation from a promoter (75). HDAC1, HDAC2, Mi2,
metastasis-associated proteins (MTA1 and MTA?2) are the key
components of this complex, and all MTA family members
consists of a GATA zinc finger DNA binding domain (76). In
various human cancers, such as colon cancer, MTA I expression
is increased at the mRNA level (77), and promotes lymphoma
and breast tumorigenesis in the mouse model (76). An upregu-
lation in 15-LOX-1 expression was observed when the essential
components of the NuRD complex, such as HDAC1, HDAC2
and MTA1 were downregulated via the siRNA approach (75).
These studies led to the conclusion that HDAC1 and HDAC2,
together with MTAL, act as part of the NuRD complex and
suppress 15-LOX-1 transcription, contributing to colonic
tumorigenesis.

vii) Role of DNA methylation on 15-LOX-1 gene expression.
It is well known that there is anomalous promoter methyla-
tion during tumorigenesis, leading to the silencing of several
tumor suppressor genes. The /5-LOX-1 gene promoter has
CpG islands which are methylated in various types of cancer,
such as lung, epidermoid, cervical, lymphoma and prostate
cancer (60,78). Thus, to establish an association between
DNA methylation and 15-LOX-1 transcription, Liu et al (60)
demonstrated that the disruption of DNA methylation by
5-aza-2-deoxycytidine (5-aza-dc), a DNA methyltransferase
(DNMT) inhibitor, facilitated histone acetylation at the
15-LOX-1 promoter by TSA or IL-4, leading to a significant

increase in 15-LOX-1 expression in L428 lymphoma cells.
However, the hypomethylating agent, 5-aza-dc, has been
shown to induce 15-LOX-1 expression in colon cancer
cells (79); these findings are contradictory to those of the study
by Kamitani et al (65), who demonstrated that 5-aza-dc could
not activate 15-LOX-1 transcription in the same cell lines.

In another study, it was shown that 15-LOX-1 expression was
not associated with /5-LOX-1 promoter DNA demethylation
and thus, promoter demethylation by DNMT1 and DNMT3b
double knockout did not restore 15-LOX-1 expression in
colorectal cancer cell lines (80). However, the dissociation of
DNMTI1 by a HDACi (SAHA) from the /5-LOX-1 promoter
was essential for 15-LOX-1 induction (80). It can thus be
concluded that /5-LOX-1 promoter methylation does not
play a predominant role in the silencing of the gene. DNMT1
however, seems to play a significant role as a co-repressor of
15-LOX-1 transcription, as it may bind with the same region
in the 15-LOX-1 promoter, where HDAC1 and HDAC?2 are
recruited as components of the NURD complex (80,81).

MAO-A, a pro-oxidative enzyme is involved in several
pathological disorders. MAQ is a flavoenzyme, present on the
outer membrane of the mitochondria, responsible for catalyzing
the oxidative deamination of biogenic and dietary amines in
the brain and peripheral tissues, changing them to their corre-
sponding aldehydes and generating hydrogen peroxide (H,0,)
as the by-product (82,83). MAO exists in two isoforms, MAO-A
and MAO-B, both of them present on the X-chromosome, and
have specificities for substrate and inhibitors (82).

MAO-A is overexpressed in alternatively activated mono-
cytes/macrophages and the enzyme has been employed in the
breakdown of certain neurotransmitters, such as epinephrine,
norepinephrine, serotonin and dopamine (84). It has also been
reported that MAO-A is involved in reactive oxygen species
(ROS) generation in alternatively activated monocytes/macro-
phages (84). The high production of ROS has been implicated
in the pathogenesis of several human diseases involving cancer,
as well neurodegenerative, cardiovascular, inflammation- and
ageing-related disorders (85-87). The downregulation of
MAO-A has been observed in various types of cancer cells,
such as cholangiocarcinoma, esophageal squamous cell
carcinoma and hepatocellular carcinoma (88,89). In addi-
tion, a previous study demonstrated that MAO-A expression
was suppressed in hepatocellular carcinoma via epigenetic
modulations, such as methylation and histone acetylation (89).
Of note, the overexpression of MAO-A has been observed in
certain types of cancer, such as renal cell carcinoma and pros-
tate cancer, suggesting that the regulatory pathway and role of
MAO-A differs in various cancer types (90-92).

i) Role of HATs and HDACs in MAO-A expression. In a
previous study, valproic acid (VPA), an HDAC inhibitor, was
shown to play a prominent role in the regulation of chromatin
remodeling and gene expression, and activated MAO-A
gene expression via the activation of AKT/FOXOI signaling
pathway in the human neuroblastoma BE (2) C cell line (93).
VPA demonstrated the ability to activate selective signaling
pathways, such as PI3K/AKT and some other extracellular
kinase pathways. Cells pre-treated with LY294002, a potent
PI3K inhibitor, exhibited a deceased induction of MAO-A by
VPA indicating a regulatory role of AKT. The induction of
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Figure 4. Inhibition of HDAC activity facilitates various gene transcription such as 15-lipoxygenase, MAO-A, etc. in cancer cells. During the resting stage, HDACs
have an increased expression in many types of cancers, including ovarian, breast, bladder, and other cancers. Thus, in this hypothetical model, it can be deduced that the
increased HDAC activity removes acetyl groups from histones which are hyperacetylated initially and suppress gene transcription in cancer cells. However, whenever
the HDAC activity is inhibited by using HDACis, such as SAHA the histone again becomes hyperacetylated leading to the expression of these genes. Similar to SAHA,
HDAC esiRNA has a similar effect on the expression of these genes, showing its involvement in /5-LOX-1 and MAO-A gene transcription. HDAC, histone deacetylase;
HDAC:s, histone deacetylase inhibitors; 15-LOX-1, 15-lipoxygenase-1; MAO-A, monoamine oxidase-A; SAHA, suberoylanilide hydroxamic acid.

MAO-A by VPA was also attenuated by the knockdown of
endogenous FOXOLI by the corresponding siRNA (93).

In addition to PI3K and AKT, VPA treatment was previ-
ously shown to increase the association of Spl (a pivotal
transcriptional activator of MAO-A) with the histone acetyl-
transferase p300 (94). It was also found that the catalytic and
promoter activities of MAO-A were increased by 2-fold by
both sodium butyrate and TSA (HDAC inhibitors) in human
neuroblastoma BE (2) C cell lines, which supports the hypoth-
esis that the induction of MAO-A by VPA was possibly due
to modulation of acetylation status of MAO-A promoter (93).

As an upregulation of MAO-A gene expression by HDAC
inhibition was observed in the human neuroblastoma BE (2)
C cell line, it can be hypothesized that the treatment of A549
lung carcinoma cells with the HDAC inhibitor SAHA or
transfection of A549 cells with HDAC esiRNA will enhance
the expression of the MAO-A gene (Fig. 4). However, further
experiments are required to confirm the involvement of HDAC
in MAO-A gene expression.

ii) Role of STAT3 acetylation. MAO-A is expressed through
the JAK-STAT pathway involving STAT3 as one of the major
components in monocytes and A549 lung cancer cells (17).
It has been reported that the acetylation status of STAT3
has a marked impact on the epigenetic regulation of cancer
cells (95). Hence, it can be hypothesized at this stage that there
may be a link between STAT3 acetylation and /5-LOX-1 and
MAO-A gene expression in monocytes and A549 lung cancer
cells. However, since there is a co-induction of /5-LOX-1
and MAO-A gene expression following IL-13 stimulation
in A549 cell lines, a decreased 15-LOX-1 and MAO-A gene
expression may occur, as well following the downregulation of
HAT activity by HDACi treatment. A plausible diagrammatic
representation of the JAK/STAT signaling pathway, where
the acetylation of STATs leads to the enhanced expression of
genes, such as MAO-A, 15-LOX-1, etc. is presented in Fig. 5.

4. Conclusion and future perspectives

The human immune system can play significant pro- and
anti-tumorigenic roles at all stages of tumorigenesis, and it has
become evident that an inflammatory microenvironment is an
essential component of almost all tumors. Histone acetylation
and deacetylation are epigenetic modulators of inflammatory
gene expression, which are instrumental in controlling immune
responses that the body exhibits against cancer and autoimmune
disorders (96). The present review discussed the roles of HATs
and HDACS in regulating the expression of key pro-inflam-
matory genes, namely TNF-a, IL-6 and NF-xB, along with
anti-inflammatory genes, such as /5-LOX-1 and MAO-A.

The tumor-inducing potential of TNF-a has been
well-elucidated in the study by Wu and Zhou (97), wherein
it was suggested that this cytokine played crucial role to
play in tumor initiation, cell proliferation, and survival as
well as tumor angiogenesis. NF-kB activation was reported
to be pivotal for TNF-a mediated cell proliferation (97).
The experimental findings by Dobreva et al (98) provide
evidence of the decreased TNF-a production in SAHA
(HDAC inhibitor)-treated human PBMCs following adminis-
tration with LPS. Taken together, these reports suggest that
the inhibition of HDAC activity may hold great therapeutic
potential in combating cancer. Moreover, the role of IL-6 in
cancer metastasis via the induction of STAT3 phosphorylation
has been previously studied (99). In alternatively activated
macrophages and A549 cells, the decrease in acetylation at
the IL-6 promoter region has been reported to have led to a
decline in IL-6 transcription (100). These results, coupled with
the findings of the study by Zhao et al (99), indicate that the
modulation of IL-6 activity may be targeted to treat certain
types of cancer like lung adenocarcinoma.

Anti-inflammatory genes are found to be suppressed in
a number of cancer types. Thus, the re-expression of these
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Figure 5. A plausible signaling pathway depicting the role of STAT3 acetylation on MAO-A and 15-LOX-1 gene expression in monocytes and A549 lung cancer
cells. The binding of IL-13 with the receptor leads to the activation of a number of signaling proteins, including JAK kinases such as JAK2 and TYK?2 and
transcription factors such as STATs. The activation of JAK phosphorylates the intracellular domains of the receptor, resulting in the phosphorylation of STATS.
Following phosphorylation, STAT3 and STAT6 become dimerized and translocate to the nucleus, where they are acetylated by HAT. Acetylated STATSs bind
to the specific binding site present on the DNA facilitating /5-LOX-1 and MAO-A gene transcription. STAT, signal transducer and activator of transcription;

MAO-A, monoamine oxidase-A; 15-LOX-1, 15-lipoxygenase-1.

genes by manipulating HATs or HDACsS activity/expression
may be a novel approach for combating cancer. The present
review article aimed to discuss the mechanisms through
which HDACs and HATs regulate 15-LOX-1 and MAO-A
gene expression. HDAC:s, such as SAHA, TSA, or sodium
butyrate induce /5-LOX-1 gene transcription in various types
of cancer, such as colorectal, lung carcinoma and neuroblas-
toma (63-66). Depsipeptide, a specific HDAC1 and HDAC2
inhibitor, also alters the chromatin remodeling by histone (H3
and H4) acetylation and significantly increases the recruitment
of KDM3A, a demethylase of H3K9me?2, to the 15-LOX-1
gene promoter leading to increased expression of 15-LOX-1 in
Caco-2 cells (68). Thus, it can be concluded that both histone
acetylation, as well as /5-LOX-1 promoter demethylation, are
necessary requirements for its expression. Furthermore, various
previous studies performed on colon cancer cells, revealed that
15-LOX-1 suppression in cancer cells was complex and seemed
to involve numerous layers of repression mechanisms involving
GATA-6 (72,74), DNMT-1 (80,81), the NURD complex (75)
and histone methylation, specifically the H3K9me2 repression
modification (68). However further studies are warranted to

explore the interaction between the various repression mecha-
nisms to get a clear picture of the pathway.

In addition to histone acetylation, the present review also
discusses the acetylation of transcription factors, STAT3 and
STATG6. Previously it was demonstrated that the acetylation
of STAT6 by CBP/p300 in IL-4 stimulated A549 lung cancer
cells played a role in 15-LOX-1 gene expression (64).

Similarly, STAT3 plays a major role in the epigenetic repres-
sion and de-repression of numerous genes. Thus, the present
review aimed to elucidate its role in anti-inflammatory genes,
such as 15-LOX-1 or MAO-A and hypothesized that IL-13 may
induce HAT activity, leading to an increase in STAT3 acety-
lation which may play a role in /5-LOX-1 and MAO-A gene
transcription. However further investigations are required to
confirm this hypothesis.

In the human neuroblastoma BE(2)C cell line, the MAO-A
gene was induced by valproic acid, a HDACi via the stimu-
lation of the AKT/FOXOI signaling pathway (93). Similar
results were found with sodium butyrate and TSA in these
cell lines (93). It was shown in a study that the induction of
MAO-A by VPA was due to the increased association of Spl,
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a key transcriptional activator of MAO-A with the histone
acetyltransferase p300 in human neuroblastoma cells (94).

These observations and results suggest that epigenetic
modifications, such as the acetylation/deacetylation of
histones, DNA methylation, phosphorylation, etc. has a
profound effect on the regulation of genes involved in inflam-
mation, and alterations in the expression of these genes
by epigenetic defects may lead to cancer development and
progression. However, these epigenetic abnormalities can be
reversed by the use of epigenetic drugs, such as HDACis or
DNMT inhibitors, etc. A combination of surgery, epigenetic
drugs, radiotherapy, immunotherapy, chemotherapy and
targeted therapies have emerged as more effective methods for
the treatment of cancer (101-103). Even combination epigenetic
therapy involving two or more different types of the epigenetic
drug has proven to be a promising approach in the treatment of
cancer with less side-effects (104,105).
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