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Abstract

The field of transcriptional regulation has revealed the vital role of chromatin modifiers in human diseases

from the beginning of functional exploration to the process of participating in many types of disease regulatory
mechanisms. Chromatin modifiers are a class of enzymes that can catalyze the chemical conversion of pyrimidine
residues or amino acid residues, including histone modifiers, DNA methyltransferases, and chromatin remodeling
complexes. Chromatin modifiers assist in the formation of transcriptional regulatory circuits between transcrip-

tion factors, enhancers, and promoters by regulating chromatin accessibility and the ability of transcription factors
to acquire DNA. This is achieved by recruiting associated proteins and RNA polymerases. They modify the physical
contact between cis-regulatory factor elements, transcription factors, and chromatin DNA to influence transcrip-
tional regulatory processes. Then, abnormal chromatin perturbations can impair the homeostasis of organs, tissues,
and cells, leading to diseases. The review offers a comprehensive elucidation on the function and regulatory mecha-
nism of chromatin modifiers, thereby highlighting their indispensability in the development of diseases. Furthermore,
this underscores the potential of chromatin modifiers as biomarkers, which may enable early disease diagnosis. With
the aid of this paper, a deeper understanding of the role of chromatin modifiers in the pathogenesis of diseases can
be gained, which could help in devising effective diagnostic and therapeutic interventions.
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Introduction

Dynamic changes in chromatin state result in unique
expression patterns of genes during development. Chro-
matin modifiers in open regions of chromatin assist in
forming transcriptional regulatory circuits among tran-
scription factors, enhancers, and promoters. This regula-
tion has a significant impact on chromatin accessibility
and the ability of transcription factors to acquire DNA,
which can affect human health and disease [1]. There
are various types of human diseases that undergo com-
plex pathological changes and processes. Recently, there
has been a significant amount of evidence that abnormal
gene transcriptional regulation processes are responsible
for the occurrence of diseases. However, the pathogen-
esis of human diseases still lacks adequate understand-
ing in our current knowledge. It is increasingly evident
that abnormal perturbations of chromatin modifiers are
strongly linked to disease, indicating the need for further
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exploration of potential mechanisms by which chroma-
tin modifiers are involved in human diseases [2, 3]. Such
exploration can beneficial for early prevention, diagnosis,
and treatment of diseases, thereby reducing the risk of
disease incidence and mortality.

Chromatin modifiers are a category of enzymes that
play a significant role in DNA and histones. They help
catalyze the chemical conversion of pyrimidine and
amino acid residues, such as cytosine in DNA and tyros-
ine, lysine, serine, and arginine in histones. A growing
number of studies have explored the characterization of
chromatin modifiers and their role in disease develop-
ment. However, it is crucial to note that there is a need
for more comprehensive and precise elucidation of these
modifiers. Moreover, they have been shown to be criti-
cal elements of transcriptional regulatory circuits, which
fall under trans-regulatory elements. The classification of
chromatin modifiers includes DNA methyltransferases
(DNMTs), histone modifiers such as histone methyltrans-
ferases (HMTs) and histone deacetylases (HDACs), and
chromatin-remodeling complexes [4]. In addition, chro-
matin modifiers do not affect transcriptional regulation
processes by changing the position and size of the DNA
sequence. Instead, they function by recruiting associ-
ated proteins and RNA polymerases to alter the degree of
physical contact between cis-regulatory factor elements,
transcription factors, and chromatin DNA. Chromatin
modifiers work with transcription factors, transcriptional
cofactors, CTCF, and DNA-related regulatory elements
to regulate important gene expression throughout each
growth cycle and differentiation. Studies have shown that
chromatin modifiers have the characteristics of “read-
ers’, “writers’, and “erasers”. They can bind to enhancers,
co-regulating super-enhancers, and are linked to chro-
matin remodeling, which transforms chromosomes into
transcriptionally active or inactive chromatin, causing
changes in the chromatin’s composition and structure [5,
6] (Fig. 1).

Chromatin modifiers are incorrectly regulated in the
presence of specific triggers, which affects gene tran-
scription and promotes the occurrence of diseases [7,
8]. For example, the deletion of KMT5B (HMT) in mus-
cle stem cells promotes the transcription of DNA in the
S phase, induces the accumulation of abnormal DNA
hybrids and transcription-replication conflict in onco-
genes, thereby promoting the continuous activation and
proliferation of quiescent muscle satellite cells and caus-
ing the formation of rhabdomyosarcoma [9]. Similarly,
chromatin remodeling is indispensable for regulating car-
diovascular development and disease pathogenesis. For
instance, the interaction of enhancers with promoters of
genes related to developmental regulation can be facili-
tated by histone acetyltransferase P300, which impacts
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mouse cardiomyocytes’ reprogramming and prolifera-
tion [10]. Chromatin remodeling can also regulate the
level of lactation after myocardial infarction, participate
in myocardial remodeling, and regulate the level of pyru-
vate metabolism of myocardial cells to affect myocardial
hypertrophy [11]. This series of evidence has shed light
on the critical role of chromatin modifiers in the devel-
opment and progression of human disease and has raised
new understanding of chromatin modifiers. Furthermore,
drugs targeting chromatin modifiers have been tested in
animal models of various diseases, and some have been
applied in clinical treatment. Also, the specific roles of
these drugs need further clarification.

In this review, we describe the link between chromatin
modifiers and human diseases using cardiovascular dis-
ease as the central example and aim to elucidate their dis-
rupting or protective effects on essential regulatory genes
in these diseases. We also reviewed recent insights into
the regulatory mechanisms of transcriptional regulatory
circuits by chromatin modifiers. Finally, we discuss the
main drug applications of targeted chromatin modifiers,
hoping that the emergence of new therapeutic strategies
will provide new prospects for the prevention, diagnosis,
and treatment of human diseases.

Role of chromatin modifiers in human diseases
Dysregulation of chromatin modifiers has been docu-
mented in various disease models, such as cardiovascular
diseases, cancers, neurological diseases, and immune dis-
eases. It is worth noting that maintaining human health
and stability requires cooperation between chromatin
modifiers and other transcriptional regulatory elements.
Chromatin modifiers exhibit characteristic changes when
exposed to external stimuli: they affect chromatin acces-
sibility to increase or decrease the degree of physical
contact between transcriptional regulatory circuits and
chromatin DNA. Such alterations may increase the risk
of related diseases, affect disease prognosis, and contrib-
ute to organ function. Therefore, it is essential to iden-
tify the regulatory mechanisms and targets of chromatin
modifiers involved in major human diseases.

Cardiovascular diseases

Several recent studies have highlighted the connection
between abnormal regulation of chromatin modifiers
and the development of cardiovascular disease. Cardio-
vascular disease is a major public health issues that poses
a risk to human life and well-being. At present, the pre-
vention model aims to effectively reduce or delay the
incidence of cardiovascular events by intervening in daily
life and controlling risk factors. Studies have shown that
chromatin modifiers may promote the occurrence and
progression of cardiovascular diseases by influencing
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Fig. 1 An overview of the regulation of genes by chromatin modifiers. Chromatin modifiers are involved in cardiac transcriptional regulatory
networks, as follows: Histone Acetyltransferase (HAT) loosens the DNA to the nucleosome, allowing promoters to enter, promoting transcriptional
activation, and thus initiating gene expression. HDAC regulates chromatin concentration and denies promoter entry and thus transcriptional
regulation. Histone phosphorylase adds a negative charge to histones, enhances the interaction of some regions of chromatin with transcription
factors, and adjusts the fine structure of chromatin, thereby affecting transcriptional regulation. HMT assists histone methylation and plays

arole in maintaining chromatin status and gene suppression. Histone demethylase (HDM) exerts demethylation function and activates
transcriptional regulation and expression of related genes. DNMT assists in DNA methylation modification by transferring the methyl group

of S-adenosylmethionine to the base of cytosine by covalent modification. ATPase-dependent chromatin remodeling complexes use

the energy released by ATP to subject the local or global chromatin structure to non-covalent regulation. This allows the sliding or repositioning
of nucleosomes in a dynamically changing state to recruit transcriptional coactivators and co-repressors for DNA promoters, thereby regulating

transcriptional processes

pathophysiological mechanisms such as glycolipid
metabolism, oxidative stress, inflammatory response, and
programmed cell death. Therefore, timely intervention in
the aberrant regulation of chromatin modifiers may delay
the onset of cardiovascular diseases.

Atherosclerosis

The characteristics of atherosclerosis include mac-
rophage movement, smooth muscle cell proliferation,
connective tissue matrix formation, and lipid accumu-
lation. It is noteworthy that chromatin modifiers can be
present in lipid infiltration, endothelial injury reactions,
or other atherosclerotic pathogenic pathways.

Chromatin modifiers aim to regulate atherosclerotic
plaque hyperplasia and disorders of lipid metabolism.
According to recent studies, the FOXP3 gene of regula-
tory T cells is modified by DNMT3b, with an increased
level of methylation, thereby affecting the content of oxi-
dized low-density lipoproteins in the blood and vascular
inflammation, reducing the proportion of collagen and
smooth muscle cells in blood vessels, and ultimately pro-
moting atherosclerosis [12, 13]. In addition, it is proved
that a specific bone marrow DOT1L knockout can affect
the biosynthesis of fatty acids and cholesterol in mac-
rophages, of which Srebfl and Srebf2 (sterol-regulated
binding factors) were the most inhibited; the DOTI1L
inhibitor SGC0946 (clinical EPZ-5676) has also been
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shown to have the same effect in human and mouse
macrophages [14]. The study also proved that DOT1L
deficiency could cause inflammatory storms and aggra-
vate the formation of inflammatory plaques. Past’s study
reported that the Baf60a (Baf subunit of the ATP chro-
matin remodeling complex SWI/SNF)-PPARa-PGCla
transcriptional complex regulates fatty acid oxidation
mechanisms in hepatocytes [15]. In mice with Baf60a
knockout fed with a high-fat diet, Baf60a affects the
occurrence of atherosclerosis by feedforward regulating
bile acid metabolic homeostasis and cholesterol absorp-
tion [16].

Chromatin modifiers target vascular smooth muscle
cell function and vascular shear stress to expedite disease
development. As evidenced by previous studies, HDAC3,
5, and 7 have been identified as being responsible for
promoting oscillatory shear stress in atherosclerotic
endothelial cells and inhibiting the shear flow pattern
of protective pulsating shear stress [17, 18]. Angioten-
sin II (Ang II) promotes HDAC3 to support the TGEp
(transforming growth factor p)—P38 (mitogen-activated
protein kinase) pathway to inhibit PPARYy expression
and accelerate lipid invasion in vascular smooth muscle
cells [19]. In healthy blood vessels, focal adhesion kinase
(FAK) is present mainly in vascular smooth muscle cells
and tissues, where it lowers the stability of DNMT3A,
increases the vascular smooth muscle contraction phe-
notype, and maintains arterial plasticity. However, the
dedifferentiation of vascular smooth muscle is accompa-
nied by a decrease in FAK expression in cells and tissues
and an increase in DNA methylation in diseased arteries
[20].

Chromatin modifiers also target inflammation and
oxidative stress in vascular endothelial injury. Recent
research has shown that DOTI1L changes the genomic
accessibility of NF-kB, regulates the expression of the
downstream inflammatory factors CCL5 and CXCL10 of
the NF-kB pathway, and prevents the occurrence of ath-
erosclerosis in mice [21]. The HMT SETDB2 is expressed
abundantly in the proinflammatory macrophages of ath-
erosclerotic plaques and is lost in hematopoietic cells,
exacerbating vascular inflammation [22]. High meth-
ylation levels of the dyferlin gene’s promoter activate its
transcription, enhancing monocyte activation in ath-
erosclerosis [23]. Atherosclerotic tissues are stimulated
to produce inflammatory factors like interleukin-1 by
SNF5 (a part of the SWI/SNF complex) [24]. Homocyst-
eine induces the expression of DNMT1 in extracellular
superoxide dismutase, thereby inhibiting the expression
of extracellular superoxide dismutase and increasing the
level of arterial oxidative stress, ultimately promoting
the development of atherosclerosis [25]. Another study
showed that after overexpression of DNMT1, Rnase6,
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which was originally upregulated in peripheral blood
samples and plaques, was downregulated, and the PI3K/
AKT/mTOR signaling pathway, in which Rnase6 par-
ticipates in activation, was inhibited; however, the area
of atheroma was reduced [26]. It can hypothesized that
chromatin modifiers can lead to different cell fates when
assisted by diverse transcription factors.

Myocardial infarction
Myocardial infarction (MI) poses a high risk of mortality
and disability, which is a threat to human safety and qual-
ity of life. Small extracellular vesicle (EVs) that promote
neovascularization after myocardial infarction can lose
their original cardioprotective effects in mice with diabe-
tes and myocardial infarction due to decreased H3K9Ac
levels and increased HDAC enzyme activity [27]. More-
over, high expression levels of DNMT3A and DNMT3B
and reduced expression of TET genes that contribute to
demethylation can detected in plasma-isolated and puri-
fied EVs of patients with acute coronary syndrome [28].
DYRKI1A (bispecific tyrosine regulatory kinase 1A),
which has the ability to regulate blood glucose, has been
found to phosphorylate HAT KAT6A and HMT WDR82
in myocardial infarction, thereby inhibiting histone acet-
ylation and methylation levels of cell cycle-related genes
and hindering post-myocardial infarction cardiac repair
[29-31]. Persistent myocardial hypoxia can exacerbate
myocardial necrosis after MI. The expression of DNMT1
and DNMT3B in human primary fibroblasts increased
in hypoxia, and the fibroblast phenotype changed to
synthetic, which increased the gene expression levels
of a-SMA and collagen to promote cardiac fibrosis [32].
UCP2 (mitochondrial uncoupling protein 2) can tar-
get Hatl expression and inhibit histone deacetylase in
hypoxia, which leads to a rise in cardiomyocyte energy
metabolism and protection of cardiac functions [33].
Chromatin modifiers are directed toward signaling
pathways like cardiomyocyte oxidative stress, myocardial
energy metabolism, and programmed cell death, which
contribute to the pathogenesis of myocardial infarction.
The myocardial infarction zone lacks sufficient energy
supply, which exacerbates the injury response of myo-
cardial infarction. Studies have shown that treatment
with sodium caprylate (medium-chain fatty acid) in rats
with myocardial infarction can promote HAT KAT2A
to increase the level of H3K9ac at the promoter of HO1
and NQOI1 genes, improving the antioxidative stress
and anti-apoptosis ability of cardiomyocytes [34]. Histi-
dine decarboxylase (associated with immunity and ROS
production) restricts the transcriptional expression of
the HMT PRMT1 by recruiting SWI/SNF complexes,
thereby avoiding myocardial damage caused by massive
ROS production [35]. Moreover, the expression of HDM
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KDM6A markedly elevates in myocardial infarction
tissues, and blocking KDM6A could prevent sodium-
calcium exchange and cardiomyocyte apoptosis in myo-
cardial infarction rats [36]. The upregulation of KMT2B
can activate the expression of NOX2 (nicotinamide
adenine dinucleotide phosphooxidase 2), a key gene of
multiple signaling pathways, thereby enhancing cardio-
myocyte apoptosis and expanding the infarct area [37].
KDMS3A regulation of the pyroptosis pathway has been
suggested to alleviate ischemia/reperfusion injury in car-
diac microvessels [38].

The objective of chromatin modifiers is to target car-
diac remodeling and disease prognosis after myocar-
dial infarction. A recent targeted deep sequencing study
showed that approximately 10% of patients diagnosed
with ST-elevation myocardial infarction carry mutations
driven by the TET2-CH and DNMT3A alleles. There is a
correlation between the changes detected in the plasma
samples of these patients and their prognosis, thus iden-
tifying new risk factors for cardiovascular disease [39].
The IncRNA ZFAS1 has been identified to have apparent
differential expression in myocardial infarction, which
binds to the promoter of Notchl and recruits DNMT3B
to the promoter of Notchl, triggering Notchl methyla-
tion and inhibiting the expression of Notchl, hindering
cardiac repair and cardioprotective function [40, 41].
Heart repair occurs almost simultaneously with heart
damage. Myocardial fibrosis is exacerbated after myo-
cardial infarction and manifests as the differentiation of
cardiac fibroblasts into myofibroblasts. The down-regula-
tion of DNMT1 expression and the expression of myofi-
broblast marker a-SMA were detected in the myocardial
infarction region, but the degree of a-SMA methylation
decreased. When DNMT1 is overexpressed, it causes an
increase in a-SMA methylation level and inhibits the dif-
ferentiation of cardiac fibroblasts into myofibroblasts,
which improves cardiac fibrosis [42]. MI rats upregulate
cardiomyocytes’ HMT Smydl expression after regu-
lar exercise to promote the optimization of pathological
remodeling of cardiomyocytes, resulting in compensa-
tory hypertrophy of cardiomyocytes and reducing the
level of oxidative stress [43]. Therefore, it can be consid-
ered that regular cardiac rehabilitation exercises in clini-
cal practice will be beneficial to the prognosis of patients
with ML

Hypertension

The occurrence and development of hypertension
involve various factors, polygenes, and multi-link inter-
actions. Chromatin modifiers geared toward regulating
hypertension with the renin—angiotensin—aldoster-
one system. In hypertensive mice treated with Ang II,
HDACS5 deletion significantly reduced systolic blood
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pressure and inhibited vascular smooth muscle cell
contraction [44]. Moreover, exposing a fetus to timed
glucocorticoids in utero increases the effects of HDAC
and DNMT on oxidative stress, affecting fetal cardio-
vascular gene programming and increasing the risk of
hypertension in the growing fetus [45, 46]. The par-
ticipation of DNMT3A in the prenatal accumulation
of glucocorticoids in pregnant women can increase
the chance of hypertension in offspring. In the dis-
ease mechanism, DNMT3A expression decreases the
inhibition of methylation of the promoter of angioten-
sin receptor la while increasing DNA demethylation
and promoting the expression of angiotensin recep-
tor la [12]. This genetic change is inherited by off-
spring, thereby increasing their genetic susceptibility.
In addition, prenatal exposure of pregnant women to
inflammatory stimuli can cause increased expression
of DNMT1 and DNMT3B in the offspring, increased
expression of inflammatory cytokines, and increased
prevalence of hypertension in the descendant [47].
Chromatin modifiers can have an impact on survival
and prognosis by affecting hypertension’s risk factors
and target organ function. A long-term high-salt diet will
increase the burden on blood vessels and is a risk factor
for hypertensive diseases. Therefore, a cumulative regu-
lation of chromatin modifiers must occur for the genes
involved in such eating habits. Yueyuan et al. screened
152 participants in a chronic salt-loading diet interven-
tion study to participate in a follow-up survey. A study
found that the expression of the HMT Set7 and the HDM
LSD1 in the serum of the salt-sensitive human group was
upregulated, and the blood pressure increased compared
to the baseline level of the normal group [48]. Set7 and
LSD1 are speculated to be involved in the development of
salt-sensitive hypertension. Of concern is that prolonged
intermittent hypoxia inhibits HDAC activity [49]. Espe-
cially for patients with obstructive sleep apnea syndrome,
it increases the likelihood that they will have high blood
pressure. Previous studies have demonstrated that the
CHD family proteins CHD1L and CHD9 promote phe-
notypic conversion and proliferation of vascular smooth
muscle cells in hypertensive patients, vascular oxida-
tive stress, and remodeling [50, 51]. G protein-coupled
receptor 37L1 expressed at the brush border boundary
of proximal tubular cells in the kidney inhibits DNMT1
expression through the PI3K/AKT/mTOR signal-
ing pathway, resulting in NHE3 promoter methylation
(sodium proton exchanger 3) disorder. This process
regulates blood pressure by promoting NHE3 expres-
sion and increasing sodium transport in the renal lumen
[52]. It can be concluded that DNMT in the kidney can
regulate the DNA methylation of genes related to hyper-
tension and inhibit the transcription initiation of related



Nie et al. Molecular Biomedicine (2024) 5:12

genes, thereby promoting or inhibiting the progression of
hypertension.

Myocardial hypertrophy

The protective or damaging effects of chromatin modifi-
ers on myocardial hypertrophy can be altered by changes
in cellular metabolism and neuroendocrine hormone lev-
els, as supported by strong evidence. High expression of
HAT P300, HMT NSD2, and DNMT1 was detected in a
model of myocardial hypertrophy induced by various fac-
tors, such as high glucose and phenylephrine levels [53—
56]. This suggests an association with the development
of myocardial hypertrophy. The expression of Brgl in
both TAC and isoprenaline-induced cardiac hypertrophy
models was upregulated, demonstrating that hypertrophy
signaling promotes the enrichment of Brgl to regulate
the transcriptional activator of the pro-hypertrophy gene,
GATA4, and promote cardiac hypertrophy [57]. Previ-
ous studies demonstrated that docosahexaenoic acid and
eicosapentaenoic acid directly inhibit the activity of P300,
prevent the hypertrophic response of cardiomyocytes
after P300-induced myocardial infarction, and improve
cardiac function [58]. The hypoglycemic drug Metformin
can also inhibit the progression of myocardial hypertro-
phy by inhibiting P300-regulated histone acetylation, but
overexpression of P300 can reverse the protective effect
of Metformin on the heart [59]. P300 can also form a
complex with GATA4 to increase the transcriptional
regulation of cardiac hypertrophy genes and promote the
occurrence of myocardial hypertrophy [60]. But another
HMT SUV39HL1 is recruited to the GATA4 promoter and
interacts with kindlin-2 (an integrin-interacting protein)
to inhibit the expression of GATA4, protecting the heart
from hypertrophy [61]. In addition, the HMT SET1 is
activated by angiotensin II stimulation and recruited to
the promoter of endothelin-1(a potent vasoconstrictor)
to initiate the transcription of endothelin-1 and promote
pathological myocardial hypertrophy [62]. PRMT5-regu-
lated histone H4R3me2s promoted cardiac hypertrophy
after impairment of isoprenaline-induced cardiac hyper-
trophy, but overexpression of PRMT5 reversed myocar-
dial hypertrophy [63].

Chromatin modifiers have an impact on myocardial
hypertrophy by affecting the level of epigenetic modifi-
cations. Numerous studies have confirmed that class II
HDACs (HDAC4, 5, 7, 9, 10) inhibit the development of
myocardial hypertrophy, while class I HDACs (HDACI,
2, 3, 8) have a positive effect on myocardial hypertro-
phy. Polyunsaturated fatty acids have also been reported
to protect the heart. For example, the lack of HDAC4
and HDACS5 leads to the weakening of cAMP-driven
inhibition of cardiomyocyte hypertrophy [64]. HDAC5
also inhibits the transmission of oxidation-reduction
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signals to inhibit the transcription of ROS-stimulated
NRF2-mediated promyotrophic signaling pathways [65].
After the physical binding of protein phosphatase 2A to
HDAC?2 to form a functional complex, HDAC?2 is regu-
lated by dephosphorylation, which inhibits the hypertro-
phy-promoting effect of HDAC2 [66]. Research suggests
that the HMT EZH2 is involved in maintaining cardiac
homeostasis. Upregulated hypertrophy-related and profi-
brotic genes can be detected in cardiomyocytes lacking
EZH2 [67]. EZH2 also is a target for many noncoding
RNAs involved in regulating myocardial hypertrophy
[68-70]. DNMT?3 is indispensable for developing cardiac
hypertrophy. Although mice with DNMT3A deletion in
cardiomyocytes showed smaller cardiomyocyte mor-
phology, hypertrophy-related genes were activated again
[71], indicating that the loss of DNMT3A did not lead
to the complete disappearance of cardiac hypertrophy.
Overexpression of NSD3 can inhibit atrial natriuretic
factor transcription, exert cardioprotective effects, and
inhibit the development of cardiac hypertrophy [72]. In
addition, the deletion of the HDMs KDM3A or JMJD2A
and the silencing of JMJD3 have been shown to attenuate
cardiac hypertrophy responses [73-75]. It is worth men-
tioning that if cardiomyocyte-specific lack the insulator
CTCE, it may promote the disappearance of chromatin
loops with enhancer-promoter interactions, leading to
the development of dilated cardiomyopathy [76]. This
loss causes alterations in chromatin structure, which is
dynamic in nature and induces aberrant regulation of
genes associated with cardiac hypertrophy. This phenom-
enon is hypothesized to be related to histone methylation
and DNA methylation.

Heart failure

Heart failure is not an isolated disease but an end stage
of various heart diseases. Multiple demonstrations have
shown that chromatin modifiers are powerful candidate
therapeutic intervention targets and diagnostic mark-
ers for heart failure. SIRT6 (HDAC) is a protective fac-
tor against the development of cardiac hypertrophy, and
a decrease in its expression has also been found in the
onset of heart failure [77]. HDAC9 can be detected in
advanced heart failure stages, and a higher cardiac func-
tion grade correlates with greater HDAC9 expression lev-
els, indicating that HDAC9 is positively correlated with
the severity of heart failure [78]. HDAC9 shows the best
potential as an indicator of the severity of heart failure.
HDAC4 dynamically adjusts the expression of cardiac
ANP and BNP under conditions that can dynamically
adjust cardiac preload and afterload, participating in the
development of the disease [79]. Tamoxifen-induced
double knockout of cardiomyocyte BRG1 and BRM genes
in mice aged 3—6 months can lead to rapidly progressive
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heart failure, which is lethal [80]. The HAT P300 is
involved in heart failure development. Inhibiting his-
tone H3K9 acetylation when P300 is silenced promotes
heart failure by cardiac hypertrophy, stimulation, stress
load, and other factors [59]. The HDM KDM5B, which
is involved in stress overload or myocardial infarction, is
significantly upregulated under pathological stress induc-
tion. KDM5B knockout improves cardiac remodeling,
myocardial fibrosis, and cardiac function [81].
Chromatin modifiers play a role in the end-state pro-
cess of various cardiovascular diseases, enhancing or
worsening cardiac insufficiency. Several studies [82,
83] have demonstrated somatic mutations in DNMT3A
and TET?2 in peripheral blood samples of patients with
chronic ischemic heart failure, suggesting that they are
associated with a poor prognostic outcome. HDAC1
and HDAC2 regulate ventricular arrhythmias in the
early stages of heart failure. HDAC2 silencing affects
the mRNA levels of calcium-activated potassium chan-
nels, resulting in delayed repolarization and prolonged
action potentials [84]. Silencing of the HMT SUV39H1
can block the protective effect of sacubitril/valsartan
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on myocardial injury and heart failure after myocardial
infarction [85]. SUV39H1 can bind to the promoter of
the HDAC SIRT1 to inhibit its transcription of SIRT1,
ultimately exacerbating the decline in cardiac func-
tion after ischemia—reperfusion injury. However, it can
improve damaged heart lesions and heart function when
silenced SUV39H1 ([86]. Intestinal dysbacteriosis after
myocardial infarction can affect HDAC activity by regu-
lating butyric acid production in the intestine, thereby
promoting the occurrence of cardiac insufficiency [87].
Cardioexcitatory contractile coupling requires the sar-
coplasmic reticulum to supply and recycle calcium ions
to assist in the contractile and diastolic movements of
the heart. In rats with diabetes mellitus and myocardial
infarction, downregulation of DNMT1 and DNMT3A
inhibits the methylation of the inophosphine promoter,
which in turn leads to impaired sarcoplasmic reticulum
calcium uptake, decreased myocardial contractility, and
worsened cardiac insufficiency [88]. In conclusion, dif-
ferential regulation of chromatin modifiers with a single
gene at different stages of heart failure is a good starting
point for research (Fig. 2).
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Cancer

The pathogenesis of cancer is still not fully understood,
making it a complex and multifactorial disease. Proto-
oncogenes and tumor suppressor genes balance each
other to maintain the relative stability of positive and
negative regulatory signals. Proto-oncogenes transform
normal cells into functional oncogenes in four ways:
acquisition of strong promoters and enhancers, chro-
mosomal translocations, gene amplification, and point
mutations, all of which are inseparable from the regu-
lation of chromatin modifiers. For example, crosstalk
between histone-modifying enzymes and enhancers
promotes the activation of proto-oncogenes, causing
tumors such as liver, breast, and colorectal cancers [89—
92]. The G protein-coupled receptor A2A activates the
proto-oncogene MYC to promote proline synthesis, and
the increased level of proline metabolism recruits his-
tone acetylases SIRT6 and SIRT7 to mediate the level of
H3 deacetylation in prostate cancer cells, triggering the
transformation of prostate adenocarcinoma into a neu-
roendocrine tumor [93]. Similarly, P300 synergizes with
BRD4 (transcriptional cofactor) to promote the activa-
tion of the proto-oncogene MYC in aggressive squamous
cell carcinoma [94].

However, the high DNA methylation level of tumor
suppressor genes or the dynamic changes in histone
acetylation of tumor suppressor genes can lead to gene
transcriptional repression, which disrupts the balance
between proto-oncogenes and tumor suppressor genes.
Kriippel-like factors are a highly conserved family of
transcription factors closely related to multiclass tumo-
rigenesis. First, Kleppel-like factor-9 (KLF9) can recruit
HDACI to reduce the level of acetylation at the binding
site of KLF9 to the matrix metallopeptidase 9 (MMP9)
promoter, thereby inhibiting the invasion and migration
of breast cancer cells [95]. Second, there is evidence that
combining KLF9 with Pabicistat (LBH589), an HDAC
inhibitor, can induce apoptosis in glioma stem cells and
multiple myeloma cells [96, 97]. KLF4 exhibits high levels
of DNA methylation in hepatocellular carcinoma, while
HDACS inhibits KLF4 promoter activity in lung tumors
[98, 99]. The above evidence suggests that members of
the Kriippel-like Factors family, such as KLF9 and KLF4,
are potent tumor suppressors. It also indicates that the
same transcription factor is regulated by different chro-
matin modifiers in distinct diseases. The Kriippel-like
Factors family is just one of the many tumor suppressors,
and there are many more tumor suppressor genes are
regulated by chromatin modifiers [100]. Uncovering the
molecular mechanisms that explain the cancer-promot-
ing or cancer-inhibiting properties of these chromatin
modifiers can establish a critical foundation for precision
medicine strategies to cancer treatment.
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Nervous system disease

The human brain has an extremely complex communica-
tion system - the nervous system, which not only receives
a large number of signals but also sends out a large num-
ber of instructions. However, the nervous system is sus-
ceptible to damage from disease and trauma, such as
cerebral endothelial injury and thrombosis due to inflam-
mation. Nerve cells can degenerate, leading to Alzhei-
mer’s disease or Parkinson’s disease. Bacteria or viruses
can infect brain tissue or spinal cord, causing encepha-
litis or meningitis. Healthy neurons maintain normal
function, while neurological diseases with poor prog-
nosis pose a serious threat to human life and quality of
life. Chromatin modifiers are closely related to neurode-
velopment. Recently published studies have confirmed
that patients with HMT SETD2 mutations present with
intellectual disability, developmental delay, and skeletal
system abnormalities as the main clinical manifestations
[101]. However, mutations in the domain between HMT
NSD1 exon 10 and 22 are associated with microcephaly
[102]. The above evidence suggests that histone methyl-
transferases are closely associated with neurodevelop-
mental disorders.

Chromatin modifiers are also involved in regulating
a person’s mood and memory. The plasma cholesterol
metabolite 27-hydroxycholesterol can induce an increase
in HDAC activity, leading to aggravated synaptic dam-
age in rats with Alzheimer’s disease (AD), resulting in
impaired memory [103]. Moreover, HDAC also affects
the crosstalk between endoplasmic reticulum-mitochon-
drial organelles in the hippocampus of AD mice and
aggravates the microglial inflammatory response in the
entorhinal cortex, causing cognitive impairment [104,
105]. In addition, mice with conditional knockout of the
HDAC9 gene from forebrain neurons reversed depres-
sive disorders caused by chronic restraint stress [106].
In addition, HDACI11 is also involved in regulating the
homeostasis of autophagy and nitric oxide in the micro-
glia of depression-like mice [107].

Ginsenoside nanoparticles induce the expression of
histone demethylases JMJD3 and UTX to increase the
levels of demethylation in the promoter regions of VEGE-
A and Jaggedl, thereby promoting angiogenesis in rats
with ischemic stroke [108]. Highly expressed DNMT1
and DNMT3A were detected in the spinal cord and skel-
etal muscle of mice with amyotrophic lateral sclerosis;
however, treatment with the DNMT inhibitor RG108
improved motor function and prolonged survival in the
affected mice [109].

Immunological disease
The classification of immune diseases is based on dis-
orders of immune regulation that impair the body’s
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immune function. Cytokine response, dysregulation
of the inflammatory response, enzyme system defect,
and T-cell dysfunction are the main mechanisms of
immune function homeostasis and imbalance. The
Tcf1, Gata3, Bclllb, and Runx transcription factor fam-
ilies are major players in the T cell development-related
transcriptional network. However, the aberrant regula-
tion of chromatin modifiers in these members leads to
T-cell development disorders and induces the occur-
rence of related diseases. For example, Tcfl is both a
transcription factor and a histone deacetylase (HDAC),
and the HDAC activity of Tcfl helps Ctlad inhibit
the function of follicular helper T cells, which has an
important impact on the design of vaccines [110, 111].
Moreover, the long subtype of Tcfl is associated with
the pathogenesis of acute viral infection [112]. Histone
methyltransferase mixed lineage leukemia 1 (MlII1) also
regulates the expression of Tcfl and promotes follicu-
lar helper T cell differentiation [113]. Both intranasal
and systemic administration of the HDAC inhibitor
Butyrate in patients with allergic airway inflammation
may inhibit type 2 innate lymphocyte proliferation
and IL-5 and IL-13 cytokine production by inhibiting
GATA3 expression [114].

Studies have confirmed that the recruitment of mono-
cytes and macrophages plays an important role in the
development of immune diseases. By comparing multiple
HDAC inhibitors, HDAC3 could inhibit the secretion of
cytokines such as TNFa and IL-6 in monocytes and M1
macrophages induced by Lipopolysaccharides, and also
reduced the tolerance of M1 macrophages to Lipopoly-
saccharides [115]. Sepsis can recruit a large number of
monocyte exosomes to induce DNMT aggregation and
induce immunosuppression [116]. Dysregulation of the
inflammatory response is inseparable from the disrupt-
ing action of inflammasomes (complexes of platform
proteins, adaptor proteins and effector proteins) [117].
Chromatin modifiers have a unique regulatory role in
activating and silencing inflammasome receptor pro-
teins. The results showed that the down-regulation of
microRNA 145 expression detected in atherosclerotic
plaques could induce NLRP3 inflammasome activation,
and the decrease in microRNA 145 expression was asso-
ciated with the enrichment of DNMT1 and the hyper-
methylation status of its promoter [118]. In addition,
other studies have shown that HDAC6 and HDAC?2 are
also involved in the activation of NLRP3 inflammasomes
in inflammatory diseases such as tuberculosis infection
[119, 120]. Glycolic acid stimulation of human immor-
talized keratinocytes induces DNMT3B recruitment in
NLRC4 inflammasome and inhibits the transcriptional
expression of NLRC4 and ASC, which may lead to the
blockage of NLRC4 inflammasome assembly [121].
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Types of chromatin modifiers

Chromatin changes dynamically in the growth and devel-
opment of eukaryotes, so changes in the external envi-
ronment or the internal environment of the body can
cause mutations in gene loci and even induce diseases.
There has been substantial research evidence that chro-
matin modifiers play an integral role in disease devel-
opment. Therefore, more comprehensive elucidation is
necessary to ascertain the diverse biological character-
istics and functional roles of separate chromatin modi-
fiers in illnesses. Chemical modifications of DNA and
non-coding RNAs, post-translational modifications of
histones, and higher-order chromatin structure are tra-
ditionally transcriptional modifications of gene expres-
sion. However, chromatin modifiers only regulate the
degree of physical contact between cis-regulatory factor-
transcription factor and chromatin DNA to change the
size of the chromatin open area, further promoting or
inhibiting transcription factor binding to gene enhanc-
ers and promoters. This regulation gives each cell type
dynamic and specific gene expression characteristics.
The mis-regulation of relevant epigenetic processes can
be caused by changes in transcriptional regulation, and
progressive, cumulative genomic changes always result
in disease states. It is predicted that the intervention of
abnormal chromatin modifier regulation will be benefi-
cial for human health. Currently, chromatin modifiers are
broadly classified into three groups: DNA methyltrans-
ferases, histone modifiers, and chromatin-remodeling
complexes.

Histone modifying enzymes

Histone-related modifications are classified mainly as
“writers, erasers, readers” Writers refer to enzymes that
regulate histone modification to relax or tighten the chro-
matin after responding to external stimuli [122]. Histone-
modifying enzymes have a dual role in regulating gene
expression. On the one hand, they loosen the attachment
of DNA to the nucleosome, which leads to the expan-
sion of the open region of chromatin. It allows transcrip-
tional regulatory programs to be activated. On the other
hand, these enzymes can cause chromatin structure to
condense, resulting in the shrinkage of the open region
and blocking promoter entry, thereby hindering the pro-
cess of transcriptional regulation. Histone-modifying
enzymes include HATs, HDACs, HMTs, histone demeth-
ylases (HDMs), histone phosphorylases, and others [4].
Nucleosomes are in a dynamic state where the addition
of acetyl groups to lysine residues by HATs can increase
the level of acetylation between histones and linker DNA,
enabling transcriptional activation and initiation of gene
expression. Conversely, HDACs can remove histone
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residues to increase contact between nucleosomes, caus-
ing chromatin condensation and inhibiting transcrip-
tional regulation. Both HATs and HDACs play important
roles in modifying chromatin structure and cell fate.

HATSs can divided into five categories according to
their different substrate recognition modes, regulatory
modes, and sequence homology: HAT1 (KAT1), Gen5/
PCAF (KAT2A/KAT2B) general control non-depressi-
ble 5, p300/CBP (KAT3B/KAT3A), MYST (KAT5) and
KAT11 [123]. Various HATs play an important role in
signal transduction pathways and molecular mecha-
nisms such as cancer cell transformation, cell adhesion,
DNA damage and repair, cell fate decision-making, and
mitochondrial fatty acid oxidation, which makes it a key
player in human diseases such as cancer, aging, neuro-
logical diseases, and cardiovascular diseases [124—126].
The corresponding enzyme of HAT is HDAC. It has
been shown that HDACs are classified into 4 categories,
namely Class I HDACs (HDAC], 2, 3, 8), Class Il HDACs
(HDAC4, 5, 7, 9, 10), Class III Sirt Family-Nicotinamide
Adenine Dinucleotide-Dependent Enzymes, and Class
IV HDAC11-Zinc-Dependent Enzymes [127]. The huge
HDAC family has a powerful functional role in regulating
biological processes like cardiac gene reprogramming,
tumor cell proliferation and migration, neuronal synaptic
vesicle endocytosis, drug design, stem cell fate, apoptosis,
etc., and has the ability to participate in the occurrence of
multi-system diseases and become promising drug devel-
opment targets [128—133].

Histone phosphorylases add negative charge to his-
tones, facilitate the interaction of chromatin regulatory
mechanisms with transcription factors, and adjust the
subtle structure of chromatin, thereby influencing tran-
scriptional regulation. It is closely related to biogenesis
processes such as cell growth, regulation of AKT signal-
ing pathway, chromosome condensation, DNA repair,
mitosis, and programmed cell death. For example, the
histone phosphorylase AURKA phosphorylates Ser10 of
histone H3 in the S phase of mitosis and counteracts the
production of R-loop in the treatment of MYCN-driven
neuroblastoma [134]. Additionally, AURKA also con-
nects to the regulation of DNA damage and cell cycle fol-
lowing radiation therapy [135, 136].

HMTs, which assist in histone methylation and modify
histone arginine or lysine residues, play a role in main-
taining chromatin status and are associated with DNA
repair, mitosis, and cell-cycle regulation [137, 138]. The
histone lysine methyltransferase family predominantly
regulates histone H3 N-terminal tails and H4 N-terminal
lysine residues, each of which undergoes methyl trans-
fer but forms a trimethylated derivative at most [139].
The protein arginine methyltransferase family (PRMTs)
catalyzes the formation of monomethylarginine and
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symmetric or asymmetric dimethylarginine by using
transfer methyl groups to replace potential hydrogen
bond donors in arginine residues [140]. In contrast, HDM
exerts a demethylating function to be primarily involved
in the transcriptional regulation and expression of activa-
tion-related genes [38]. Currently, HDM is mainly com-
posed of flavin adenine dinucleotide-dependent lysine
demethylase (KDM1) and a demethylase (KDM2-7) con-
taining o-ketoglutarate or iron(II)-dependent jumonji-C
domain. The balance of HMT and HDM activities allows
for fine transcriptional regulation in normal cells, but
when this equilibrium is broken, transcriptional regula-
tion is hampered. For example, KDM5B is associated
with the development of hypertension and is involved
in myocardial fibrosis and remodeling [141]. KDM5B
can also be involved in the immune escape mechanism
of melanoma in combination with HMT SETDBI1 [142].
PRMTS5 is elevated in various hematologic malignancies
and solid cancers and is responsible for maintaining mus-
cle development and regeneration under normal physi-
ology [143-146]. However, PRMT5 has more than just
a promoting effect in cancer, and it has been confirmed
that PRMTS5 has a tumor-suppressive effect in clear cell
renal cell carcinoma [147].

DNA methylases

DNMTs regulate DNA methylation and are involved in
transcriptional regulation and gene expression. DNMTs
assist in DNA methylation by transferring the methyl
group of S-adenosylmethionine to the cytosine base
via covalent modification. This regulatory activity is
located mostly in the promoters of short genomes rich
in CpG islands, inhibiting chromatin and gene expres-
sion. The DNMT family is divided into five categories:
1, 2, 3A, 3B, and 3L [28]. Studies have confirmed that
the UHRF protein family, zinc finger protein family,
and methyl CPG binding domain family can recognize
DNA methylation and bind methyl groups [148] DNA
demethylases help modify methyl groups and remove
methylation. Although no definitive DNA demethylases
have been identified, studies have shown that demeth-
ylation is achieved by TET enzymes [149]. Different
protein families play different transcriptional regula-
tory roles via methylation. For example, DNMTs have
been reported to inhibit the expression of FGFR1 to
promote metabolic disorders in the body, thereby dam-
aging cardiomyocytes and disrupting cardiac mito-
chondrial function [150]. In the programmed death of
pulmonary artery endothelial cells, new pathophysi-
ological evidence for hypoxic pulmonary hypertension
shows that FENDRR inhibits the DNA methylation of
DRP1 to inhibit cell pyroptosis. However, n6-methyl-
adenosine (m6A) modification and editing can reverse
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this phenomenon and increase pyroptosis in pulmo-
nary artery endothelial cells [151]. Under the interac-
tion of DNMT1 and HMT G9a, homocysteine inhibits
the expression of reticulo-oxidoreductase la (ERO1la),
activates the occurrence of endoplasmic reticulum
stress and hepatocyte apoptosis, causing liver injury
[152]. In addition, DNA methylases are also involved in
the progression of chronic kidney disease to renal cell
carcinoma [153].

ATPase-dependent chromatin-remodeling complexes

ATPase-dependent chromatin-remodeling complexes
utilize ATPases for ATP hydrolysis. The energy released
by ATP is used to disrupt histone-DNA interactions.
Because local or global chromatin structures are sub-
jected to non-covalent regulation, this allows the
dynamic sliding or repositioning of nucleosomes to
recruit transcriptional coactivators and corepressors
to DNA promoters for epigenetic regulation [154, 155].
In addition, ATPase-dependent chromatin-remode-
ling complexes include INO80, ACE, SWI/SNEF, chro-
modomain helicase DNA-binding (CHD), and ISWI,
which are associated with DNA repair, indicating a
link between repair and remodeling activity. Nota-
bly, histones are not covalently altered by the ATPase-
dependent chromatin-remodeling complex, which
functions via DNA-accessible regulation [156, 157].
ATPase-dependent chromatin-remodeling complexes
are associated with the occurrence and development
of coronary heart disease, heart failure, pathological
myocardial hypertrophy, and other cardiovascular dis-
eases. Although there are few studies on the regulation
of ATP-dependent nucleosome chromatin remodeling
complexes in cardiovascular diseases, they are rich in
research fields such as malignant tumors, lipid metab-
olism, immune regulation, DNA damage and repair,
and autophagy [158-161]. For example, the SWI/
SNF complex contains multiple subunits, and differ-
ent subunits drive the occurrence of different diseases.
AT-interacting domain-rich protein 1A (ARID1A) is
one of the SWI/SNF complex subunits that control the
development and regeneration of the bladder urothe-
lium. ARID1A mutation leads to self-inactivation but
induces the occurrence of bladder tumors and affects
the immune invasion process of bladder cancer, and
ARIDIA mutation is associated with poor prognosis
[162—-164]. Moreover, the deletion of ARID1A in the
tumor microenvironment activates cancer-associated
fibroblasts and drives the proliferation and migration of
lung cancer cells, but inhibits tumor cell autophagy and
enhances the sensitivity of immunosuppressive therapy
for EGFR-mutant lung adenocarcinoma [165, 166].
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Regulatory mechanisms of chromatin modifiers
Chromatin modifiers are a class of trans-acting factors
that can bind to cis-acting elements such as promoters,
upstream promoter elements, enhancers, and insulators
localized in open chromatin regions. This binding plays
a key role in regulating transcriptional efficiency or tran-
scriptional repression of genes. It is important to note
that chromatin modifiers do not code DNA sequences
for RNA and proteins (Fig. 3). Chromatin modifiers are
also part of the epigenetic regulators related to chroma-
tin accessibility, which affect the modified transcriptional
regulatory circuit and the post-transcriptional regulation
and protein translation process. Summarizing the modi-
fication mechanism of chromatin modifiers to key loci in
the transcriptional regulatory circuit is more conducive
to understanding their crucial position in the transcrip-
tional link of regulatory genes.

Firstly, chromatin modifiers are related to the activity
of enhancers. In cis-acting elements, the active enhancer
already has two typical recognizable histone markers:
histone H3 lysine 27 acetylation (H3K27ac) and histone
H3 lysine 4 monomethylation (H3K4mel) [167]. The
activation of enhancers in transcriptional regulation is
a process involving the participation of multiple chro-
matin modifiers, including MLL3 (KMT2C) and MLL4
(KMT2D) assisting each other to produce monometh-
ylation of H3K4, followed by recruitment of H3K4mel
to stimulate p300/CBP to increase H3K27ac levels [168].
DNA methyltransferases may regulate high levels of
methylation associated with transcriptional silencing.
For example, enhancer activity increased using PRO-
seq sequencing in Dnmtl, Dnmt3a, and Dnmt3b triple-
knockout mice, while enhancer activity decreased after
the same measurement after TET knockout [169].

Secondly, chromatin modifiers and CTCF interact
with each other to maintain the stability of the tran-
scriptional circuit. The chromatin insulator has the
ability to block long-range communication between
enhancers and promoters in the transcriptional regu-
latory loop, inhibiting the recruitment of related reg-
ulatory elements [170]. CTCE, which consists of an
N-terminal domain and 11 zinc finger domains, has
been found to be involved in the regulation of chroma-
tin accessibility by chromatin modifiers. Abnormali-
ties in chromatin modifiers have also been identified
as one of the factors responsible for the dysfunction
of CTCE. In HMT SETDBI1-deleted embryonic stem
cells, the deletion of H3K9me3 caused the chromatin
structure to become compact, which further promoted
the increased binding of CTCF to the transcriptional
regulatory loop and inhibited transcriptional regu-
lation [171]. Endometrial adenocarcinoma cells and
human cervical cancer cells have been found to contain



Nie et al. Molecular Biomedicine (2024) 5:12

transcriptional cofactors and
other regulatory elements
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Fig. 3 A panorama of chromatin modifiers involved in the formation of transcriptional regulatory loops. Chromatin modifiers work with enhancers,
upstream promoter elements, enhancers, insulators (CTCFs), transcription factors, transcription cofactors, and other transcriptional regulatory

elements to regulate transcriptional regulatory programs

HDAC1 and HDAC2, which help in the binding of
CTCF to DNA elements, maintain compactness of
chromatin structure, and inhibit transcription. How-
ever, when HDAC function is inhibited, histone acety-
lation reverses the occupancy of CTCF and promotes
chromatin structure relaxation to activate transcrip-
tion [172]. In addition, the observed increase in his-
tone acetylation levels in human non-small cell lung
cancer cells and human lymphoma cells can promote
the expression of DNMT1, cause hypermethylation at
the ICR binding site of CTCF-H19/IGF2, and reduce
the occupancy of CTCF at the ICR of H19/IGF2 [173].
Similarly, the SWI/SNF remodeling complex has been
found to be a chaperone for CTCF, which binds to the
central DNA-binding domain of the zinc finger [174].
In summary, CTCF and chromatin modifiers are syn-
ergistic or antagonistic to maintain chromatin struc-
ture and affect gene regulation. The intrinsic sequence
structure characteristics contained in cis-acting ele-
ments often directly determine the binding and mode
of action of chromatin modifiers, and the differential

regulation of chromatin modifiers in different biologi-
cal processes can also affect the activation of cis-acting
elements (Fig. 4).

Furthermore, chromatin modifiers and long non-cod-
ing RNAs (IncRNAs) regulate each other. IncRNAs have
a crucial role in the regulation of gene expression, both
in transcriptional and post-transcriptional regulation.
Moreover, they have an impact on the regulatory func-
tion of chromatin modifiers. For instance, EZH2 is a
target for many noncoding RNAs involved in the devel-
opment of heart failure. The IncRNA NEAT1 recruits
EZH2 to the Smad7 promoter, increases Smad7 methyla-
tion, and accelerates the development of heart failure and
ventricular remodeling [175]. Also, EZH2 can promote
the methylation level of mir-34a to inhibit the apoptosis
of cardiomyocytes after acute myocardial infarction and
improve myocardial injury [176]. In addition, IncRNA
ANRIL is upregulated in patients with coronary ath-
erosclerotic heart disease and promotes the binding of
WDR5 (the key subunit of the HMT H3K4MT complex)
to HDACS3 to form the WRD5-HDAC3 complex, which
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Fig. 4 Chromatin modifiers act in concert with super-enhancers, or CTCF, to coordinate the regulation of gene transcriptional expression. a In
terms of chromatin modifier and enhancer collaboration, KMT2C and KMT2 work together to increase H3K4me1, which helps to attract p300/CBP
and stimulate H3K27 production. This process activates enhancers and promotes transcription program initiation. However, enhancer activity can
be inhibited by DNMT1/2/3. The inhibitory effect of DNMT can be reversed by TET, which helps to promote enhancer activity. b The cooperation
between chromatin modifiers and insulator CTCF affects gene expression. HMT SETDB1 helps loose the chromatin structure by increasing H3K9me3
and hindering CTCF from binding to transcriptional regulatory loops, thus activating transcription. On the other hand, HDACT and HDAC2 assist
CTCF in binding to transcriptional regulatory loops, which keeps the chromatin structure compact and inhibits transcription. DNMT1 promotes
hypermethylation at H19ICR/IGF2, which prevents CTCF from binding to H19ICR/IGF2 and inhibits gene expression

regulates oxidative stress and increases reactive oxy-
gen species (ROS) levels [177]. This phenomenon con-
firms that IncRNAs can also direct synergistic regulation
between chromatin modifiers.

Finally, chromatin modifiers are functionally coopera-
tive and independent of each other. Cross-intercommu-
nication between DNA methyltransferases and histone
modifiers has been demonstrated in a variety of diseases
like hypertensive disorders, periodontitis, epilepsy, and
cancer [178-183]. In quiescent cells, monophosphoryla-
tion at nucleosome histone 3 (H3) and phosphoacetyla-
tion increased upon activation of proto-oncogene c-Jun.
H3 acetylation was not inhibited after treatment with
inhibition of H3 phosphorylation, and H3 acetylation was
significantly up-regulated after HDAC inhibitor treat-
ment, but the level of phosphoacetylation did not change
[184]. In addition, it was also observed that H3 was first

phosphorylated and then rapidly acetylated to produce
H3 phosphoacetylation in response to epidermal growth
factor and methyl acetyl phosphate [185, 186].

In this way, the parallel independent and synergistic
coupling connection between histone acetylation and
phosphorylation was confirmed. In 2003, Fischle et al.
discovered that the phosphorylation of histone H3 serine
10 (H3S10ph) in the mitotic interphase interferes with
the binding of chromatin protein 1 (HP1) to the adja-
cent H3K9me3 to maintain the regular operation of the
cell cycle, and defined this phenomenon as the binary
switch hypothesis [187]. In the binary switch hypothesis,
also known as the binary methylation-phosphorylation
switch, Aurora B and SUV39H1 have been identified to
maintain the kinetic equilibrium of heterochromatin
[188]. Subsequently, the acetylation level of H3K14 was
enhanced by the confirmation of a crosstalk relationship
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between histone phosphorylase and histone methyl-
transferase in Arabidopsis thaliana cells, whereas in the
opposite case, the prior increase in H3K14ac level did not
promote phosphorylation of H3S10 [189]. Thus, the ter-
tiary cyclic relationship between the three histone modi-
fications was revealed.

Emerging therapeutic strategies targeting
chromatin modifiers

There is mounting significant evidence to comprehend
the diverse molecular pathways and mechanisms that
cause diseases due to disorders in the role of chroma-
tin modifiers. Targeting the function and regulation of
chromatin modifiers can facilitate the development of
gene therapies aimed at these targets. Currently, the
WHO international clinical trial registry platform has
853 clinical research projects related to HDAC inhibi-
tors, 21 clinical research projects of EZH2, and 32 clini-
cal research projects about DNMT inhibitors. More than
1,000 articles are summarized about the therapy of chro-
matin modifier inhibitors, especially for cancer, hemato-
logic malignancies, and immunotherapy. It is clear from
these data that the field is gradually gaining interest from
researchers [190].

Chromatin modifiers provide greater targeting char-
acteristics and pharmacokinetics, less toxicity and side
effects, and easier treatment options in the treatment
prospect of chemical agents. For example, the treatment
of ejection fraction-preserving heart failure with suber-
oylanilide (class I and II HDAC inhibitors) increased
cardiomyocyte contractility, calcium processing rate,
myofilament calcium sensitivity, and other properties,
and improved mean pulmonary artery pressure and left
ventricular end-diastolic pressure [191, 192]. Another
class I HDAC selective inhibitor, sodium valproate, is a
new oral controlled-release formulation, CS1, which is
currently in phase 2 clinical trials. The results of phase 1
and phase 2 clinical trials demonstrate that CS1 exhibits
efficacy with a significant reduction in plasminogen lev-
els, improvement of coagulation function, and decreased
risk of bleeding in patients diagnosed with pulmonary
hypertension. Good safety and tolerability are observed
alongside these effects [193]. Moreover, CS1 is not
restricted by the maximum tolerated dose or dose-limit-
ing toxicity. DNMT inhibitors offer significant advantages
over conventional treatments for related malignancies.
Not only do they prolong median survival, but they also
have negligible toxicity and side effects. When combined
with carboplatin or nab-paclitaxel in the treatment of
nasopharyngeal carcinoma, DNMT inhibitors are effec-
tive in reducing the occurrence of bone marrow suppres-
sion [190]. Their proven efficacy and safety make DNMT
inhibitors a promising option for those seeking improved
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outcomes and reduced side effects in cancer treatment.
The newly discovered irreversible HDACG6 inhibitor, phe-
nylsulfonylfuroxan-based hydroxamate 4, has superior
anti-multiple myeloma activity compared to ACY-241, an
HDACS® inhibitor in clinical trials [194].

Certain medications used in clinical practice have
been observed to target chromatin modifiers and exhibit
potential anti-cancer effects. A case in point is the anti-
heart failure drug, sacubitrilat, which used to trigger
apoptosis in colon and breast cancer cells by signifi-
cantly downregulating the level of histone deacetylases
(HDACs) [195]. This discovery highlights the potential
to repurpose drugs to combat cancer. The hypoglycemic
drug metformin has been found to partially impede the
migration and invasion of prostate cancer cells by inhib-
iting HMT SUV39H1 [196]. Furthermore, it has been
discovered that metformin can also hinder the prolifera-
tion and migration of ovarian cancer cells by inhibiting
HMT EZH2 [197]. Then, metformin has been shown to
reverse the insensitivity of multidrug-resistant breast
cancer to chemotherapy drugs such as DOX through the
upregulation of histone acetylation [198]. These findings
suggest that metformin may have potential therapeutic
applications in the treatment of cancer, particularly in
the context of drug resistance. The development of dual
inhibitors targeting phosphoinositide 3-kinase (PI3K)
and HDAC for the treatment of acute myeloid leukemia
(AML) has been confirmed. These inhibitors have been
rigorously designed, and their efficacy has been demon-
strated to surpass that of their respective single-target
counterparts, owing to their superior metabolic stability.
The discovery of such inhibitors is a promising advance-
ment in the treatment of AML [199]. Medical research
continues to make noteworthy strides in this regard, and
it is hoped that further exploration in this area will lead
to the development of more effective cancer treatments.

In the investigation of traditional Chinese medicine
and natural medicine treatment methodologies, it has
been discovered that various plant extracts possess inhib-
itors of chromatin modifiers. An extract from a newly
discovered brown alga growing in the Sea of Japan, Eck-
lonia stolonifera Okamura extract (ESE), can be used to
treat phenylephrine-stimulated rat primary cardiomyo-
cytes, inhibiting histone acetylation levels, P300 activity,
and transcription of hypertrophy-related genes [200].
This finding suggests that ESE inhibits cardiomyocyte
hypertrophy by decreasing the level of histone acetyla-
tion regulated by P300. The classical inhibitor of P300
curcumin has been used in the treatment of cardiovas-
cular diseases, cancer, skin diseases, aging, nervous sys-
tem, immune abnormalities and other diseases. The
anti-cancer and anti-inflammatory effects of curcumin
are too numerous to enumerate. Curcumin has also been
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effective in lowering blood pressure, improving cardiac
function, and inhibiting ventricular remodeling in cardi-
ovascular diseases. For instance, the P300 inhibitor cur-
cumin inhibits hypertension-induced heart failure and
post-myocardial infarction heart failure by preventing
left ventricular systolic dysfunction in the heart failure
stage [201, 202]. The anthraquinone emodin, extracted
from plants, improves pathological myocardial hyper-
trophy in patients with heart failure by inhibiting HDAC
activity [203]. In addition, studies have shown that cur-
cumin inhibits the acetylation level of upstream genes,
thereby inhibiting the activation of myocardial hypertro-
phy and fibrosis-related genes, reducing the thickness of
the posterior wall of the heart and inhibiting left ventric-
ular hypertrophy in hypertensive rats [201]. Moreover,
another inhibitor of P300, L002, has been identified as
having the efficacy of alleviating myocardial fibrosis after
hypertension [204, 205].

The discovery and identification of new strategic points
for drug development and treatment of various diseases
has been a topic of interest in recent years. In this regard,
Gallic acid, Resveratrol, Clinacanthus nutan, Andro-
grapholide, ligistin, Wogonin, and Triptolide have been
identified as potential candidates for inhibiting their tar-
get chromatin modifiers [206-212]. The identification
of these inhibitors in plant extracts presents an intrigu-
ing avenue for further exploration and development of
novel therapies. Further research is necessary to deter-
mine the efficacy and safety of these plant extracts, and
to understand their mechanism of action in inhibiting
chromatin modifiers. Nonetheless, this discovery offers
a promising direction for the development of new treat-
ments based on natural compounds. Givinoistat, a pan-
histone deacetylase inhibitor (HDAC:i), has demonstrated
safety and efficacy in humans [213, 214]. This compound
exhibits anti-inflammatory and immunoregulatory activ-
ity against several inflammatory diseases, type 1 diabe-
tes and traumatic brain injury [215-218]. Furthermore,
Givinoistat has demonstrated anti-tumor activity against
hematologic malignancies and solid tumor cancers by
inducing apoptosis [219-222]. It should be noted that
Givinoistat has displayed a protective impact in man-
aging cardiovascular diseases, as suggested by recent
research studies. It relieves myocardial fibrosis, myocar-
dial decompensated hypertrophy, and promotes angio-
genesis, while exhibiting a cardioprotective effect [223].
However, Givinoistat has been observed to inhibit car-
diomyocyte apoptosis in myocardial infarction, contrary
to its pro-apoptotic effect in tumors. Additionally, Givi-
noistat has been found to have protective effects on left
ventricular diastolic function and cardiac remodeling in
hypertension and aging, highlighting its potential as an
anti-heart failure drug target [224, 225].
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Finally, the combination of chromatin modifiers and
vaccine biologics has also been proposed to not only
increase the titer of vaccines, but also increase safety
and immunogenicity. The protein vaccine system
(OVA +CpG) designed for melanoma not only prevents
tumor formation, but also improves survival benefit
after combining romidesine (HDAC inhibitor)-IBET151
(BET inhibitor) [226]. The DNMT inhibitor decitabine
increases the immune effect of the NY-ESO-1 vaccine in
ovarian cancer [227]. The treatment of HER2 breast can-
cer is currently being explored through a phase 1b clini-
cal trial, which incorporates an innovative combination
of the BN-Brachyury vaccine, bifunctional antibody pro-
tein, class I histone deacetylase inhibitors, and targeted
drugs. The quadruple drug has demonstrated a stronger
T cell immune response, as demonstrated by in vivo tri-
als in mice. However, the safety and efficacy of this treat-
ment are currently under evaluation. The results of this
trial will provide valuable insights into the potential of
this treatment for HER2 breast cancer [228]. In conclu-
sion, with the development of therapeutic approaches
that can normalize chromatin structure changes in gene
expression, we have the potential to revolutionize clini-
cal practice. By utilizing these approaches, we can unlock
new pathways for treatment and improve patient out-
comes. It is time to take advantage of this exciting field
of research and explore the possibilities chromatin modi-
fiers can offer. Figure 2 and Table 1 summarize the roles
and effects of major chromatin modifiers and their inhib-
itors in cardiovascular disease (Fig. 5 and Table 1).

Summary and perspective

Research on chromatin modifiers has undergone a para-
digm shift, moving from functional exploration to the
involvement of multiple types of disease regulatory
mechanisms. This transition underscores the substantial
contribution of chromatin modifiers to our understand-
ing of the pathogenesis of human disease. These findings
suggest that chromatin modifiers play a crucial role in
regulating gene expression, and their dysregulation may
lead to various disease states. Furthermore, they have
established the groundwork for creating novel therapeu-
tic approaches targeting chromatin modifiers, which have
the potential to treat a diverse range of diseases. Chroma-
tin is loosely bound to the chromatin structural proteins
and remains hyperdynamically active [241]. During cell
differentiation, accompanied by chromatin modification
and remodeling, chromatin transitions from a CG-rich
open state to a compact and inhibitory state involving
H3K27me3 and high DNA methylation, which increases
the possibility of later epigenetic event initiation [241,
242]. Genetic omics-related transcriptional regulatory
circuits are complex, diverse, profound, and publicly
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Fig. 5 Therapeutic effects of chromatin inhibitors in cardiovascular disease. Chromatin modifier inhibitors can improve vascular function, prevent
inflammation in vascular plaques, protect against the normal proliferation of smooth muscle cells, and reduce the risk of serious complications. It
can also help in maintaining normal blood pressure and cardiac output, improving myocardial contractility, and inhibiting cardiomyocyte apoptosis.
Additionally, it can alleviate myocardial fibrosis and collagen deposition, pathological cardiac hypertrophy, and remodeling, thereby improving

the prognosis of cardiovascular diseases

available. Abnormalities in transregulatory elements can
even cause genomic regulation to become out of control.

As discussed in the text, chromatin modifiers have
the potential as diagnostic targets, biomarkers, and
disease-prognosis prediction factors in drug develop-
ment and medical phenomena. Epigenetic changes are
acquired through gradual accumulation. Epigenetic
modifications and the assisting effects of chromatin
modifiers are reversible. Therefore, because of their
reversible characteristics, therapeutic strategies can be
developed to restore the normalization of changes in
gene expression and chromatin structure. In addition,
multiple pieces of evidence suggest that the efficacy of
chromatin modifier inhibitors is not limited to a single
disease. For instance, Givinostat has anti-inflammatory,
anti-immune, anti-tumor effects, and cardioprotec-
tive abilities. It has been found that drugs designed for
chromatin modifiers can be used in combination to
enhance their effectiveness in treating human diseases.

For example, a combination of HDAC SIRT6 agonists
and DNA methylase DNMT inhibitors can be used
in treatment regimens for coronary heart disease to
improve vascular conditions in coronary heart disease
[243]. Moreover, epigenetic changes can be transmitted
to the offspring, increasing the likelihood that the off-
spring of obese pregnant women will develop diabetes.
Studies have shown that increased exercise in pregnant
women can promote the expression of placental super-
oxide dismutase 3 to stabilize the promoter of glucose
metabolism regulated by histone H3K4me3 levels; thus,
restoring glucose metabolism disorders in offspring
is possible [244]. The current detection of chromatin
modifiers is extensive, and CTCF knockout technology
can help monitor gene expression and chromatin struc-
ture—induced phenotypic changes during growth and
disease development and check the integrity of modifi-
cations and chromatin accessibility [245].
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In conclusion, histone-modifying enzymes and DNMT
are involved in regulating chromatin structure, which in
turn affects gene transcription and translation. The com-
plex interaction between these elements has significant
implications for gene expression and the overall function-
ing of a cell or organism. DNMTs participate in the regu-
lation of chromatin structure, which in turn affects DNA
transcription and translation. The body enters a disease
state when DNA and histone post-translational modifica-
tions are abnormalized. Chromatin modifiers are asso-
ciated with chromatin remodeling, providing energy by
hydrolyzing ATP to disrupt the interaction between DNA
and histones in nucleosomes, thereby changing the compo-
sition and structure of chromatin. In addition, correlations
exist between chromatin modifiers. The parallel independ-
ent and synergistic coupling model between histone acety-
lation and phosphorylation, the binary switch hypothesis
between histone methylation and phosphorylation, and
the tertiary loop relationship between these three histone
modifications make epigenetic regulation profound, com-
plex, and exploratory.
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