'." frontiers

in Pharmacology

REVIEW
published: 31 January 2022
doi: 10.3389/fphar.2022.813659

OPEN ACCESS

Edited by:
Gabriella Aviello,
University of Naples Federico I, Italy

Reviewed by:

Antonella Fazio,

University Medical Center Hamburg-
Eppendorf, Germany

Celia Escudero-Hernandez,
University Medical Center Schleswig-
Holstein, Germany

*Correspondence:
De-feng Li
1df830712@163.com
Li-sheng Wang
wanglsszrmyy@163.com
Jun Yao
yao.jun@szhospital.com
Yu-qiang Nie
eynieyugiang@scut.edu.cn

These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Gastrointestinal and Hepatic
Pharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 12 November 2021
Accepted: 06 January 2022
Published: 31 January 2022

Citation:

Xu J, Xu H-m, Yang M-f, Liang Y-j,
Peng Q-z, Zhang Y, Tian C-m,

Wang L-s, Yao J, Nie Y-q and Li D-f
(2022) New Insights Into the Epigenetic
Regulation of Inflammatory

Bowel Disease.

Front. Pharmacol. 13:813659.

doi: 10.3389/fphar.2022.813659

Check for
updates

New Insights Into the Epigenetic
Regulation of Inflammatory Bowel
Disease

Jing Xu', Hao-ming Xu'?, Mei-feng Yang?!, Yu-jie Liang®, Quan-zhou Peng*, Yuan Zhang®,
Cheng-mei Tian®, Li-sheng Wang™*, Jun Yao™, Yu-giang Nie'* and De-feng Li”*

"Department of Gastroenterology and Hepatology, Guangzhou Digestive Disease Center, Guangzhou First People’s Hospital,
School of Medicine, South China University of Technology, Guangzhou, China, 2Department of Hematology, Yantian District
People’s Hospital, Shenzhen, China, ®Shenzhen Kangning Hospital, Shenzhen, China, “Department of Pathology, Shenzhen
People’s Hospital (The Second Clinical Medical College, Jinan University, The First Affiliated Hospital, Southern University of
Science and Technology), Shenzhen, China, °Department of Medical Administration, Huizhou Institute of Occupational Diseases
Control and Prevention, Huizhou, China, ®Department of Emergency, Shenzhen People’s Hospital (The Second Clinical Medical
College, Jinan University, The First Affiliated Hospital, Southern University of Science and Technology), Shenzhen, China,
“Department of Gastroenterology, Shenzhen People’s Hospital (The Second Clinical Medical College, Jinan University, The First
Affiliated Hospital, Southern University of Science and Technology), Shenzhen, China

Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the colonic mucosa.
Environmental factors, genetics, intestinal microbiota, and the immune system are all
involved in the pathophysiology of IBD. Lately, accumulating evidence has shown that
abnormal epigenetic changes in DNA methylation, histone markers, and non-coding RNA
expression greatly contribute to the development of the entire disease. Epigenetics
regulates many functions, such as maintaining the homeostasis of the intestinal
epithelium and regulating the immune system of the immune cells. In the present
study, we systematically summarized the latest advances in epigenetic modification of
IBD and how epigenetics reveals new mechanisms of IBD. Our present review provided
new insights into the pathophysiology of IBD. Moreover, exploring the patterns of DNA
methylation and histone modification through epigenetics can not only be used as
biomarkers of IBD but also as a new target for therapeutic intervention in IBD patients.

Keywords: inflammatory bowel disease, epigenetics, inflammatory, DNA methylation, histone modifications, miRNA

INTRODUCTION

As a chronic inflammatory disease, inflammatory bowel disease (IBD) is characterized by recurrent
abdominal pain and diarrhea, and its subtypes include ulcerative colitis (UC) and Crohn’s disease
(CD). The incidence of IBD has been increasing day by day, especially in developing countries
undergoing industrialization and urbanization, which brings a great burden to the country and
society (Burisch and Munkholm, 2015). IBD is a heterogeneous disease, and its pathogenesis remains
largely unknown. However, it is considered to be mainly related to heredity, environment, immunity,
and gut microbiota.

Studies on genetic factors have revealed some susceptibility gene loci related to IBD, while they are
not decisive factors for the etiology, complexity, and evolution of IBD (Jostins et al., 2012; Gordon
et al,, 2015). Environmental factors, especially epigenetic factors, may participate in the occurrence
and development of IBD and play an important role in the research of disease pathogenesis (Chen
et al., 2017; Trevifio et al., 2020). About 70% of IBD risk sites are the same as other autoimmune

Frontiers in Pharmacology | www.frontiersin.org 1

January 2022 | Volume 13 | Article 813659


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.813659&domain=pdf&date_stamp=2022-01-31
https://www.frontiersin.org/articles/10.3389/fphar.2022.813659/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.813659/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.813659/full
http://creativecommons.org/licenses/by/4.0/
mailto:ldf830712@163.com
mailto:wanglsszrmyy@163.com
mailto:yao.jun@szhospital.com
mailto:eynieyuqiang@scut.edu.cn
https://doi.org/10.3389/fphar.2022.813659
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.813659

Xu et al.

Epigenetic Regulation of Inflammatory Bowel Disease

Genetic

MGG

Environmental factors ) ey —_—

Epigenetic

SBED00

uc

\‘ ~Normal samples

UC samples i )

FIGURE 1 | The diagram shows different factors of epigenetics in I1BD.

diseases, such as psoriasis and rheumatoid arthritis, indicating
that genetic factors provide limited indication (Zhernakova et al.,
2009). The role of non-genetic factors in IBD has been well
proved. As two major phenotypes of IBD, UC and CD have
different clinical phenotypes, endoscopic manifestations, and
pathological features. Most studies have shown that these two
subtypes of IBD can be developed under the same genetic,
environmental, and intestinal flora conditions, highlighting the
contribution of epigenetic factors to IBD (Goodrich et al., 2014).
Besides, the specific phenotype may be related to some special
environments. However, the underlying specific mechanism
remains to be explored (Figure 1). Epigenetics refers to the
regulation of gene expression without changing genetic
information. Because of its heritability, reversibility and

dynamics, epigenetics is more beneficial to participate in the
development, differentiation, and function of the host. In
addition, the correlation between epigenetics and IBD is
helpful for early diagnosis and disease classification of patients,
providing a new research direction and treatment choice for IBD.
In the present work, to emphasize the importance of epigenetic
mechanisms for IBD, we reviewed the effects of DNA
methylation, histone modification, non-coding RNA (ncRNA),
and epigenetic modification on T and B immune cells in IBD.

The Epigenetic Mechanism of IBD

Epigenetics refers to the mechanism of regulating gene expression
without changing the DNA sequence, and its process mainly
includes DNA methylation, histone modification, ncRNA and
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chromatin interaction. Epigenetics is affected by the
environment, and the changes such as DNA methylation, can
be stably inherited between cell generations. An epigenetic
mechanism has various regulatory modes for gene expression
and plays an important role in the equilibrium of host
development, differentiation, and function. In addition, we can
more comprehensively understand the pathogenesis and
treatment of IBD by combining different approaches.

DNA Methylation in IBD

DNA methylation is the most stable and easy to use epigenetic
change. It involves the addition of a methyl group at the fifth
carbon position of cytosine residue, which is the most common
covalent modification. A cut of DNA called CpG island is usually
located in a specific region of the genome, such as the promoter or
the first exon of a gene. It is rich in CpG dinucleotides but almost
always unmethylated. The addition of methyl in DNA
methylation is catalyzed by DNA methyltransferase (DNMT),
and such as process also depends on dietary substrate and
cofactors (Jeltsch et al, 2021). There are many types of
DNMTs, such as DNMT1, DNMT3A and DNMT3B. DNMT1
mainly helps maintain the pre-existing DNA methylation profile
and methylation pattern, while DNMT3A and DNMT3B are

mainly used for de novo methylation of unmethylated substrates
(Jeltsch et al., 2021).

DNA methylation is associated with the addition of methyl
groups to nucleotides, and it usually silences gene expression
transcriptionally (Quigley, 2012). As the correlation between
DNA methylation and IBD pathogenesis have been well
established, the epigenetic modification was considered as a
key regulatory factor of gene transcription. In fact, DNA
methylation in gene promoters was functionally associated
with the regulating of gene expression in patients of UC, and
providing a new insights into the development and pathogenesis
of IBD (Tahara et al., 2009a, Tahara et al., 2009b; Gonsky et al.,
2009). With the discovery of 5-hydroxymethylcytosine and its
oxidized derivatives in mammalian cells, epigenetic changes such
as hydroxymethylation of cytosine have also been confirmed to
play an important role in the occurrence and development of
diseases (Orr et al, 2012; Chen et al, 2015). However, in
inflammatory diseases, knowledge in this direction remains to
be explored by scholars. Besides, some DNA methylation analysis
methods are mainly based on sodium bisulfite transformation,
while they cannot distinguish DNA methylation from DNA
hydroxymethylation, and the results may confuse their
separate effects (Figure 2).
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By analyzing the normal aging colon, researchers have found
that the loss of methylated genome gradually occurs with the
increase of age (Arasaradnam et al., 2008). This result shows that
the methylation status of DNA is related to age. There are also
studies showing that age-related methylation accounts for 70% of
abnormal gene-specific methylation in the colon. Besides, it is
suggested that this is a non-random process, and DNA
methylation may be predictable. In addition, the methylation
of the tumor suppressor gene ESR1 promoter in the normal
human colon is increased with age, which also supports the view
that age interferes with the methylation homeostasis of the host
(Issa et al., 1994).

It has been mentioned that the DNA methylation process
depends on dietary substrates and cofactors, and many studies
support that diet may change genome expression and induce host
epigenetic modification stably without changing DNA structure
(Lee, 2015). For example, the active ingredients in green tea can
reverse abnormal methylation. It proves that diet plays an
important role in regulating diseases through an epigenetic
mechanism. In addition, epigenetic modification is a dynamic
process, in which specific dietary factors may cause changes in
tissue function, and it is beneficial to the development of diseases.
Studies on dietary auxiliary factors and methyl donors have
further confirmed the correlation between diet and epigenetic
modification (Fernandez-Twinn et al., 2015; Navarro et al., 2017).
Besides, vitamin D condition was considered as one of the
environmental or dietary associations with the activity of IBD
(Lim et al., 2005). And a study found that the monoubiquitination
of histone H2B can promote the inflammation through decreased
Vitamin D Receptor activity, and which maybe the biomarker of
whether to receive Vitamin D supplements of IBD patients
(Kosinsky et al., 2021).

The composition of intestinal flora is dynamic and will change
with age, environment and the quantity and quality of
components in the diet. A large number of studies have
shown the close relationship between intestinal flora and
disease occurrence and development. For example, a recent
study has linked the intake of polyunsaturated fatty acids with
differentially methylated CpG related to metabolism and
inflammation (Arpén et al., 2017). The diet lacking fiber will
lead to the decrease of short-chain fatty acids (SCFAs) from flora,
resulting in the change of epigenetic mechanism (Krautkramer
et al, 2016). Another study showed the effects mediated by
microbiota on maturation of DNA methylation characteristics
and transcriptome changes. They found that gut microbiota can
dynamically regulate the intestinal transcriptome during
postnatal development and targets part of microbially
responsive genes by corresponding DNA methylation
condition (Pan et al., 2018). Consistently, Camp et al. found
microbiota only targets specific genes, instead of changing the all
chromatin structure to lead gene expression (Camp et al,, 2014).
In conclusion, the role of intestinal flora and its metabolites in the
epigenetic mechanism of diseases remains to be explored.

Many clinical and basal studies showed that epithelial-
mesenchymal transition (EMT) contributes to the pathogenesis
and development of IBD (Flier et al., 2010; Scharl et al., 2011). For
instance, CDH1, a gene that encoding epithelial cells marker
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E-cadherin, was downregulated in the area of active UC
(Karayiannakis et al., 1998). And another cadherin protein
encoding gene CDH13 was methylated in colorectal cancer,
which is the one of the complication of UC (Wang et al,
2012). In addition, a study showed that the activity in the
methylation condition of EMT-related genes is related to the
severity of clinical phenotypes in UC (Tahara et al., 2014). Indeed,
they found that positive associations between
hypermethylation of EMT-related genes including CDX1, miR-
1247, CDH1, and the severity of clinical UC phenotypes like
refractory and severe Mayo endoscopic subscore. These also
showed the potential biomarker value of hypermethylation
genes, but more intensive study still be needed to perform.

As a unique disease of humans, IBD has a complex
pathogenesis. Many factors may be involved in the occurrence
and development of IBD. Epigenetics is an important research
direction in the pathogenesis of IBD, and its dynamic and
reversible characteristics are beneficial to the classification,
diagnosis and treatment of IBD. In the epigenetic study of
IBD, DNA methylation is one of the most studied directions
(Ventham et al., 2016; Howell et al., 2018; Somineni et al., 2019;
Gasparetto et al., 2021). The first study on the methylation status
of IBD patients was reported in 1996 (Gloria et al., 1996). It is
found that the DNA level of rectal mucosa in UC patients is lower
compared with the normal control group. Compared with
inactive UC patients, the DNA methylation level in active UC
patients is lower. These results indicate that colon inflammation
or mucosal proliferation in IBD patients is related to the
hypomethylated DNA spectrum. However, compared with
healthy people, UC patients have relative hypermethylation of
genome (Arasaradnam et al., 2010). The results of two studies on
the methylation status of UC patients are inconsistent, which may
be attributed to different methods for quantifying methylation of
genomic DNA and different proportion of UC patients in the
active stage. The accurate and specific methylation characteristics
of IBD patients still need to be studied and determined. The
treatment of anti-inflammation like melatonin, probiotics, can
regulate the DNA methylation status of intestinal epithelial cells
and colitis model (Zhang et al., 2017; Mannino et al., 2019).
Recently, the study of newly diagnosed IBD patients in pediatrics
shows that the epigenetic characteristics of colon mucosa in UC
patients are significant, and most of them disappear after the
treatment-induced mucosal inflammation is reduced (Harris
et al, 2014). This finding indicates that most DNA
methylation changes in untreated pediatric IBD patients are
secondary to the inflammatory process of UC. Moreover,
abnormal DNA methylation will no longer exist when the
disease activity is decreased. Besides the non-specific changes
caused by inflammation, cellular heterogeneity may also be one of
the reasons for the low specificity of methylation characteristics in
IBD patients compared with the control group.

Some studies have focused on the changes of enzymes that
catalyze DNA methylation, especially DNMT. Franke et al. have
found that IBD is related to the genetic polymorphism of the
DNMT3A gene (Franke et al., 2010). In addition, the expressions
of DNMT1 and DNMT3B in inflammatory mucosa of UC
patients at the active stage are higher compared with samples

several
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of the corresponding quiescent stage (Saito et al., 2011). In
general, the results indicate that DNA methylation may play
an important role in the pathogenesis of IBD.

At present, most studies on DNA methylation focus on the
specific methylation characteristics of host genes. In UC patients,
the DNA methylation changes of gene promoters are related to
the regulation of gene expression. However, the effect of UC on
gene-specific methylation in inflammatory mucosa is not clear,
and most of them focus on methylation changes of colorectal
cancer (CRC)-related genes. Most studies on UC have reported
the hypermethylation of ESR-1 and N-33 genes, suggesting their
correlation with UC. Besides, some studies have revealed that the
DNA methylation levels of three genes AGTR1, WNT2 and
SLIT2 in UC patients are increased, which is related to the
increased risk of tumor development (Koizumi et al, 2012).
Hypermethylation of SLIT2 and EYA4 genes can be used as
markers for the early identification of tumors or dysplasia in IBD
patients (Azuara et al., 2018). Moreover, some candidate gene
studies have described new differentially methylated genes mainly
involved in innate immunity in IBD patients, including PAR2,

ER, IFNYy, IRF5, ABCB1 (Tahara et al., 2009a; Gonsky et al., 2009;
Balasa et al., 2010).

In addition to identifying the progression of IBD by the
methylation status of individual genes, other researchers have
indicated that we can conduct total epigenome-wide association
studies (EWAS)-related research using genome-wide related
research methods to observe the correlation between disease
progression and differentially methylated genes in IBD
patients. By wusing a high-throughput DNA methylation
method to detect peripheral blood mononuclear cells of IBD
patients, a previous study has shown that there is an IBD-related
differentially methylated region (DMR) in the TRIM39-RPP2
promoter region, which is proved to be hypomethylated in the
colon of pediatric UC patients. Meanwhile, this study has also
shown that hypermethylation of TRAF6 in IBD patients is related
to the decreased expression of the TRAF6 gene in peripheral
mononuclear cells (McDermott et al., 2016). Besides, EWAS can
detect the changes in methylation status in peripheral blood and
intestinal tissues of CD patients. Researchers have identified
many significantly altered methylation sites, and verified that
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these differentially expressed methylation sites are different in
transcription through a posterior cohort (Hisler et al., 2012;
Nimmo et al., 2012). In addition, some researchers have shown
that the inflammatory and non-inflammatory parts of the rectum
in UC and CD patients have different DNA methylation
characteristics (Cooke et al., 2012). We found that the DNA
methylation profiles of GSE27899 (including 10 UC samples and
10 healthy controls) was obtained from GEO databases, and
revealed 48 differential DNA methylation (fold change (FC) > 2
and adj p < 0.05) (Figure 3). In general, different disease types
and different disease activities will show different DNA
methylation characteristics, and a specific methylation
characteristic as a non-invasive biomarker will be of great
significance to the diagnosis of IBD. However, due to the
heterogeneity of analyzed cells, disease subtypes and
individuals, the methylation profiles in these studies are
difficult to repeat and have little consistency. To solve this
problem, it is necessary to refine the grouping and unify the
organization sources when analyzing the results, to obtain more
realistic methylation characteristics.

Histone Modification in IBD

Histone modification plays an important role in the occurrence
and development of IBD (Rosen et al., 2011; Tsaprouni et al.,
2011; Scarpa and Stylianou, 2012). The nucleosome is the basic
structural unit of chromatin, and histone and 147 base pairs of the
DNA combine to form nucleosome structure (Johnstone, 2002).
Histones mainly include five types: H2A, H2B, H3, H4 and H1.
As the main protein component of chromatin, histones play a role
in gene regulation. When histone is loosely attached to DNA, the
chromatin formed at this time is called euchromatin, and
transcription factors can contact DNA very well. When
histone is compressed, it forms heterochromatin with DNA.
Moreover, the chromatin at this time is equivalent to silent
chromatin, preventing transcription factors from approaching
DNA. There are various types of histone modification, and 12
types have been identified at present (Johnstone, 2002), including

acetylation, methylation, ubiquitination, phosphorylation,
glycosylation, or citrullination (Figure 2).
Among the post-translational histone modifications,

acetylation and methylation are the most studied post-
translational modifications (Zhang et al, 2015). The
acetylation and deacetylation of histone are mainly catalyzed
by two enzymes, namely histone acetyl transferases (HATs) and
histone deacetylases (HDACs). These two enzymes play an
important role in cell function, especially cell proliferation and
apoptosis. In addition, there is a positive correlation between
histone modification and gene expression, and the research
mainly focuses on lysine acetylation at the tail of H3 and H4
(Gardner et al,, 2011). When histone is acetylated, chromatin is
loose, which is related to transcription activity. When histone is
deacetylated, chromatin is compressed, and the transcription
activity is decreased, suggesting that the acetylation state of
histone can be regulated by modulating the above two-
mentioned enzymes to control the function of the host. There
is little research on post-translational histone modification in
IBD. In the DSS-induced colitis model, HDAC inhibitor can

Epigenetic Regulation of Inflammatory Bowel Disease

increase the expression of the Foxp3 gene and improve the
inhibitory function of regulatory T cells in mice with colitis,
thus alleviating the inflammation phenotype (de Zoeten et al,
2010). In the mouse model of colitis induced by another chemical
agent, HDAC inhibitor can induce apoptosis and inhibit pro-
inflammatory factors, thus playing a protective role. It is also
found that in the inflammatory mucosa of mice with colitis,
histone 4 acetylation is higher compared with non-inflammatory
tissues, while the causal relationship between H4 acetylation and
inflammatory activation remains largely unclear. However, the
data related to IBD are controversial, and a lot of research is
needed to further clarify it. The balance between HDACs and
HATs may be related to IBD, whereas the adjustment of this
balance is not clear.

In addition, histone modification in IBD may be an indicator
of the interaction between intestinal microorganisms and the
host. For example, the SCFAs produced by most symbiotic
bacteria, such as Akkermansia muciniphila, Clostridium
butyricum, and Faecalibacterium prausnitzi, in the intestinal
tract of the host are considered as an HDAC inhibitor, which
can inhibit HDAC activity by increasing HAT activity, while they
possess anti-inflammatory effect and epithelial barrier
maintenance effect in various animal models (Lukovac et al,
2014). Moreover, they can inhibit the differentiation of pro-
inflammatory macrophages in a manner related to HDAC
(Lukovac et al., 2014).

In histone methylation, methyl groups are added to lysine
and spermatic acid by histone methyltransferase, thus
inhibiting or activating transcription activity according to
the position of targeted amino acids. The targeted enzyme
may regulate abnormal gene expression and play a regulatory
role in the occurrence of diseases. However, at present, it is
unclear whether histone modification is the primary or
secondary change. The correlation between the abnormal
composition of intestinal flora and the occurrence and
development of IBD has been confirmed by a large number
of studies. Recent studies have found that there is a correlation
between the microbial composition of colon mucosa and DMR
in IBD patients (Kraiczy et al., 2016). For example, the
decreased abundance of Roseburia in the intestinal tract of
UC patients is related to the reduced methylation of the
KHDC3L gene. These results suggest that epigenetics and
intestinal flora may work together to regulate the
occurrence of IBD.

NcRNA in IBD

NcRNA is an important discovery in epigenetics, which can be
divided into long ncRNA, medium ncRNA, short ncRNA, and
microRNA (miRNA) according to the length (Nie et al., 2012).
NcRNA is involved in cell proliferation and differentiation, which
can interfere with mRNA translation and induce mRNA
degradation, or regulate gene expression through interaction
with DNA or protein (Aalto and Pasquinelli, 2012; Nie et al.,
2012). In addition, the importance of miRNA in IBD also be
interpreted by studies (He et al., 2016; James et al., 2020). In
conclusion, ncRNA research plays an essential role in the
mechanism of IBD.
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The expression profile can successfully distinguish IBD patients
from healthy controls. The transcription characteristics and
clinically relevant parameters of IncRNA indicate that IncRNA
has the potential as a biomarker of IBD (Mirza et al.,, 2015).
Another study also found differences expression levels of various
IncRNAs (KIF9-AS1, LINC01272 and DIO30S) were detected in
tissue and plasma samples of patients with IBD (Wang et al,
2018). Subsequently, receiver operating characteristic (ROC)
curve analysis was used to determine the specificity and
sensitivity of these IncRNAs, and identify it as potential
diagnostic biomarkers for IBD.

The Correlation Between miRNA and 1BD

As one of the most studied mechanisms in IBD, miRNA is an
endogenous single-stranded ncRNA consisting of 17-25
nucleotides, which is folded by single-stranded RNA to form a
short hairpin structure. It is detected in introns, exons, or
regulatory sequences of genomes, which are mainly located in
intergenic regions (Lee et al., 1993; Galatenko et al., 2018). The
miRNA recognizes mRNA target sites (usually in 3’ untranslated
regions) through complementary base pairing, thus regulating
inflammatory response and release of inflammatory factors (Kim
et al., 2017; Gruszka and Zakrzewska, 2018; Perconti et al., 2019).
Gene can be regulated by miRNAs, some of which can regulate
DNA methylation or histone modification. For instance, Fabbri
et al. show a regulatory function of miR-29s on DNMT3A, which
led to the inhibition of tumorigenicity (Fabbri et al., 2007). On the
contrary, these two epigenetic processes can also regulate the
production of miRNAs.

In IBD, miRNA is involved in regulating the pathogenesis of
UC, including regulation of immune cells, intestinal epithelial
barrier, and the homeostasis between the intestinal flora and host.
It has been found that miRNA is the key regulator of intestinal
immunity, and it participates in innate immunity and adaptive
immunity. In response to inflammation, miRNA can influence
the maturation and differentiation of immune cells. For example,
the miRNA-223 derived from bone marrow can reduce the
release of IL-1B by inhibiting NLRP3, thus alleviating mouse
colitis (Neudecker et al., 2017). When intestinal macrophages and
dendritic cells lack miR-223, a pro-inflammatory phenotype will
appear (Zhou et al, 2015). In addition, when the exosomes
containing miRNA-155 are released into the intestinal tract,
the host macrophages are induced to polarize towards MI,
and colitis is aggravated (Wei et al., 2020). Other studies have
found that activated neutrophils can promote the release of miR-
23a and miR-155, which play a pro-inflammatory role (Figure 4)
(Butin-Israeli et al., 2019).

The intestinal barrier and intestinal flora are also important
links in the pathogenesis of IBD. It is found that miRNA can also
regulate the intestinal epithelial barrier and participate in the
steady-state regulation between intestinal microorganisms and
the host. Activation of the Th17 pathway can induce the release of
miR-223 and then target Claudin-8 to destroy the tight junction
in the intestinal epithelial barrier (Wang et al., 2016a). In the
aspect of intestinal flora homeostasis regulation, researchers have
found that Fusobacterium nucleatum can inhibit the expressions
of miR-18a and miR-4802 by activating TLR4/MYD88 pathway,
and then reduce the inhibition of miRNA on its target gene to
activate the process of autophagy (Yu et al., 2017). SCFAs, one of
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the metabolites of intestinal microbes, can also promote the
expression of miRNA in B cells, and regulate the
differentiation of B cells (Sanchez et al., 2020). In addition, the
host can also regulate the structure and growth of intestinal flora
through miRNA. Liu et al. have shown that miR-30 d in feces can
target Akkermansia muciniphila and increase the abundance of
modified bacteria by up-regulating lactase expression (Liu et al.,
2019). Besides, some miRNAs, such as miR-199a-5p and miR-
1226, can regulate the proliferation of Fusobacterium nucleatum
and segmental filamentous bacteria (Ji et al., 2018). These findings
show that miRNA plays an important role in the interaction
between host and intestinal flora, providing new ideas for
maintaining intestinal homeostasis.

The Role of miRNA in the Diagnosis, Monitoring and
Prognosis of IBD

At present, colonoscopy and pathological examination are the
gold standards in the diagnosis of UC, while there are some
limitations in the early diagnosis of UC due to their invasiveness
and the possibility of complications. Therefore, we need to find a
non-invasive and more convenient method to diagnose and
monitor the prognosis of UC. By analyzing the miRNAs in
feces, blood, and tissue samples, the researchers have indicated
that some miRNAs can be used as biomarkers (Figure 3) (Wu
et al.,, 2011; Zahm et al., 2011; Oikonomopoulos et al., 2016). For
example, the expressions of miR-21 and miR-92a in UC plasma
are up-regulated, which can well distinguish active UC from
healthy controls and IBD patients. The specificity of the two
indicators is 92 and 100%, respectively, and the sensitivity is 88%
(Oikonomopoulos et al., 2016). However, the expression of miR-
21 is positively correlated with the severity of the disease and
closely related to the development of inflammation. In addition,
miR-375 is also reported to be highly expressed in the plasma of
UC patients. Contrary to its low expression in colon tissues of UC
patients, this well supports the role of miR-375 as a potential
marker for UC diagnosis. Basic research has also found that miR-
375 can affect the growth and invasion of colon cells, and
overexpression of miR-375 will enhance apoptosis and
necrosis (Alam et al, 2017; Garrido-Mesa et al., 2018).
Moreover, miR-19b is found to be down-regulated in active
CD. Among them, cytokine signaling inhibitor 3 (SOCS3) is
predicted as a potential target. Further examination using
intestinal tissue samples has verified that miR-19b is negatively
correlated with the expression of SOCS3 at the protein level in
active CD patients (Cutler et al., 2015). Besides, the expression of
miR-10a in IBD inflammatory mucosa is significantly decreased,
showing that it plays a role by targeting NOD2 and IL-12/IL-
23p40 (Levine et al., 2013).

One of the main features of IBD is that it is prone to recurrent
attacks, which is of great significance for monitoring IBD during
its active stage and evaluating its prognosis. Some studies have
shown that miRNA in plasma and feces is closely related to the
activity of IBD. For example, miRNA-146a has been reported to
be down-regulated in UC, which is significantly correlated with
disease activity index and endoscopic activity. According to basic
research, the miRNA-146a may alleviate colon inflammation by
targeting TRAF6 and NF-kB signaling pathways (Wang et al,
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2019; Garo et al.,, 2021), and it can inhibit the activation of pro-
inflammatory M1 macrophages, as well as the production and
release of pro-inflammatory factors through the TLR4 pathway
(Deng et al., 2019). Moreover, the results show that the expression
of miR-223 is positively correlated with the disease activity of UC.
MiR-223 in feces can well distinguish IBD patients in the active
stage and remission stage, and the sensitivity and specificity are 80
and 93%, respectively (Schonauen et al., 2018). Besides, some
studies have evaluated the response of IBD patients to treatment
according to the expression of miRNA. By screening the
responses to anti-TNF-a and glucocorticoid treatment,
researchers have selected five miRNAs related to the treatment
response from serum (Batra et al., 2020). A prospective study by
Kalla et al. has reported that miR-3615 and miR-4792 in blood
T cells contribute to the prognosis of UC (Kalla et al., 2020).
However, most of the current studies only focus on detecting the
changing trend of miRNA expression, and more quantitative
analyses still need to be carried out.

The Epigenetic Mechanism of T Cells,

B Cells and IECs in IBD
T Cells
Helper T (Th) cells have been identified as key participants in
IBD. Cytokines are necessary participants for helper T cells to
differentiate into subtypes, and epigenetic modification plays an
important role in such a process. Studies have shown that DNA
methylation regulates cytokine expression during helper T cell
differentiation, thus regulating signal transduction and tissue
factor network, and also promoting the maturation of
cytokines in Thl cells, Th2 cells, and Th17 cells (Stadhouders
et al., 2018). Meanwhile, a large number of studies have explored
the changes of DNA methylation and histone modification level
of the IFNG locus during Th1 differentiation and IL4 locus during
Th2 differentiation (Nielsen and Tost, 2013). Gonsky et al. found
that IBD patients who required surgery had decreased IFNG
methylation, compared with that of non-surgical patients. And
the decreasing IFNG methylation level was negatively correlated
with the level of IFN-y in UC patients (Gonsky et al., 2011).
Histone modification can impact the acting effector cytokines of
Th17 cells (Hagihara et al., 2019). And TGFp and IL6 can regulate
the transfer of Thl cells to Thl7 cells by regulating Runxl
expression and H3K9 acetylation (Ueno et al., 2015). Another
study found that the deficiency of one of the histone
acethyltransferases can downregulate Th17-associated genes,
even in a DSS-induced colitis model (Yang et al,, 2018). In
addition, regulating the expression of the transcription factor
Foxp3 by changing the chromatin histone acetylation condition
may be the key of Treg function, which maybe have an important
effect on regulating IBD (von Knethen et al., 2020). Consistently,
three histone modification of the Foxp3 protein can affect the
stability, and then regulate Treg cells function and the
development of IBD (Dominguez-Villar and Hafler, 2018).
LncRNA and miRNA also plays an important role in the
differentiation and development of Th cells. Nest is a IncRNA
gene which expressed in immune cells and seemed to be involved
in inflammation. Studies showed Nest can alter the expression of
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IFN-y, and the expression of Nest was associated with severity of
UC patients (Gomez et al., 2013; Padua et al., 2016). In addition,
miRNA can also regulate the differentiation and function of
Tregs, Th17 cells, Thl cells and other immune cells in
adaptive immunity. Studies showed that miRNAs can
influence the development of Th17 cells or differentiation into
regulatory T cells by targeting some genes, such as BCL6, STAT1
and SOCSI1 (Urich et al., 2015). Besides, some miRNAs like miR-
22 can promote the differentiation of Th17 cells and it had a
increasing level in the peripheral blood and intestinal mucus of
IBD patients (Pei et al., 2018). And miR-155 can induce Th17
differentiation by targeting Jarid2 (Xu et al., 2017), the colitis
model in miR-155-deficient mice had a decreasing levels of Thl
cells, Th17 cells, dentritic cells, which compared with WT mice
(Singh et al., 2014). Macrophages will differentiate into M2
phenotype when they lack miR-155, and inhibit the
differentiation of Thl and Thl7 cells (Hou et al., 2017; Li
et al., 2018); and miR-155, miR-34a, miR-18a, miR-7 can also
contribute to stabilize the suppressor function of Tregs (Fayyad-
Kazan et al.,, 2012; Dooley et al., 2013; Lu et al., 2015). In addition,
miR-21 can also promote the differentiation and function of Th2
cells (Murugaiyan et al., 2015; Wang et al., 2016b). Furthermore,
miR-21 can regulate the expression of Foxp3, STAT3, STATS,
which involved in the imbalance of Th17 cells and Tregs (Dong
et al., 2014).

B Cells

B cells in intestinal mucosa can produce immunoglobulin,
providing the first line of defense for host immunity
(Brandtzaeg, 2010). Studies on the correlation between IBD
and B cells have been reported, and IBD lesions also promote
IgG production (Brandtzaeg et al., 2006). It has been found that
the level of B cells in the blood of IBD patients is increased, and
the expression of TLR2 and IL8 are increased (Noronha et al,
2009). In addition, SCFAs derived from intestinal flora, such as
butyric acid, can regulate the transformation of immunoglobulin
types by regulating histones and exert immune regulatory effects
on hosts (White et al, 2014). The development and
differentiation of B cells are also affected by an epigenetic
mechanism. For example, the development and differentiation
of CD8"'B cells in adaptive immunity can be regulated by some
miRNAs (Xu and Zhang, 2016; Yang et al, 2016). Generally
speaking, only very few studies have been carried out on the effect
of epigenetics on B cells in IBD. More basic experiments are
needed to clarify the influence of epigenetics on B cells to provide
a new direction for the research of pathogenesis and treatment
of IBD.

Generally speaking, regulating epigenetics to modulate the
immune microenvironment may be an effective method to treat
IBD, while its effectiveness and accuracy still need a lot of
experiments. Moreover, the causal relationship between
epigenetics and immune cell differentiation or functional
changes in IBD patients is still unclear. There are many
targets in epigenetic mechanisms, especially miRNA. The anti-
inflammatory effect may be the comprehensive expression after
acting on a variety of immune cells. Therefore, the specific
regulatory mechanism of epigenetics needs to be explored.

Epigenetic Regulation of Inflammatory Bowel Disease

Intestinal Epithelial Cells
The single layer of intestinal epithelial cells and the tight junctions

between them form the mucosal barrier. The intestinal epithelial
cells are well-organized and each performs a different function,
including producing mucin to defend luminal microbes,
facilitating nutrient absorption. A study reported the result of
epigenomics sequencing from matched inflamed and non-
inflamed mucosa of colon, and found that classification of
disease can be improved by epithelial DNA methylation. And
the characteristics of epithelial DNA methylation also was
associated with inflammation and gut microbiota (Ryan et al,
2020). In addition, the epigenetic regulation disorder happened in
the intestinal epithelial cells is also important in the pathogenesis
and development of IBD. Liu et al. found that SETD2, which is a
trimethyltransferase of histone H3K36, can regulate oxidative
stress to relieve inflammation in mice (Liu et al., 2021).
Specifically, increasing susceptibility to DSS-induced colitis
would be came out after specific knockout Setd2 in villus cells.
Besides, the expression of miR-301a is up-regulated in the
intestinal epithelium of active IBD patients. Studies also show
that miR-30la can reduce the expression of cadherin-1 by
targeting BTGI, thereby destroying the intestinal barrier
function and promoting the occurrence of inflammation and
tumor (He et al.,, 2017).

MULTI-OMICS APPROACHES IDENTIFIES
EPIGENETIC MODIFICATION IN IBD

Epigenetics is heritable and reversible, and it participates in the
development, differentiation balance and function of host cells
(Wawrzyniak and Scharl, 2018). Epigenetics also plays an
important regulatory role in the occurrence and development
of IBD influenced by many factors, which help improve the
cognition of disease pathogenesis and provide new ideas for
diagnosis and treatment. However, it is still not enough to
explain the pathogenesis of IBD by a single factor.

At present genome-wide techniques, such whole-genome
bisulfite-seq were used for DNA methylation profiles. As
chromatin  modification and accessibility are another
important aspect of epigenetic changes. One of the most
widely used techniques to capture the accessibility of
chromatin is called the use of sequencing-accessible chromatin
analysis (ATAC-seq), DNase-seq and FAIRE-seq, which can be
used to detect chromatin binding Sites and specific transcription
factors. Other techniques, such as array-based and sequencing-
based methods, ChIP-chip and ChIP-seq are used to identify
post-translational modifications of histones bound to DNA
regions or domains, including methylation, acetylation, etc.

Multi-omics integration analysis has emerged with the wide
application of high-throughput technologies. Researchers can
obtain large-scale omics data from different molecular levels
such as genome, transcriptome, proteome, interactionome,
epigenome, single-cell multiomics and microbiome. Multi-
omics integrated data analysis has revolutionized biology and
promoted our deep understanding of the biological processes and
molecular mechanisms of IBD. Meanwhile, the unbiased data-
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driven integration strategy and the powerful bioinformatics tool
will be favor to integrate multiple-omes (de Souza et al., 2017).
For example, Satangi ef al. have identified the DMRs in patients
with primary CD from peripheral blood leukocytes. These DMRs
and IBD-susceptible single nucleotide polymorphisms (SNPs) are
significantly co-located, indicating that their genetic origins may
be consistent (Adams et al., 2014). And the results show the
interaction between genome and epigenetic group, suggesting
that genetic changes promote epigenetic changes (Richards,
2006). In addition, Hasler and his colleagues have identified
61 disease-related genes in 20 pairs of monozygotic twins by
combining transcriptomics, differential methylation region
assessment and genome-wide methylation quantitative variable
position assessment (Hésler et al., 2012). They have shown that
most genes play a role in the immune process, which is consistent
with previous studies on the genetic mechanism of UC. The
results demonstrate the ability to explore the pathogenesis of UC
by combining transcriptome and methylation providing a novel
idea for the study of UC. In addition, the analysis for epigenome
regulation at the single-cell level is the forefront of the omics in
the epigenetic field. For instance, the single-cell multiomics can
profile transcriptome and histone modification or open
chromatin simultaneously, to reveal the dynamic changes in
gene regulation (Harada et al., 2021). Generally speaking, the
interaction of multiple groups may be more conducive to
exploring the pathogenesis of IBD providing a new choice for
disease prevention, early diagnosis and treatment.

CONCLUSION

More and more research support the importance of non-genetic
factors, especially epigenetic factors, in the pathogenesis of IBD.
DNA methylation is one of the most stable and abundant
mechanisms epigenetics research, which is of great
significance to study the pathogenesis of IBD. However, DNA
methylation may be affected by other factors, thus resulting in non-
specific changes. Setting control will help improve this problem.
Moreover, refined sample processing can make the methylation
changes of different cell types clearer. At present, it is not clear
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GLOSSARY

AGTRI1 angiotensin II receptor type 1
ABCBI1 ATP binding cassette subfamily B member 1
BTG]1 BTG anti-proliferation factor 1.
CD Crohn’s disease

CDH cadherin

CDX1 caudal type homeobox-1

CRC colorectal cancer

DNMT DNA methyltransferase

DMR differentially methylated region
DSS dextran sodium sulfate

EWAS epigenome-wide association studies
ESR erythrocyte sedimentation rate

EMT epithelial-mesenchymal transition
ER estrogen receptor

EYA4 EYA transcriptional coactivator and phosphatase 4
FC fold change

Foxp3 forkhead box P3

GEO Gene Expression Omnibus

HATS histone acetyl transferases

H3K®9 histone 3 lysine 9

H3K36 histone 3 lysine36

HDAC:s histone deacetylases

IFNYy interferon gamma

IRF5 interferon regulatory factor 5

IBD Inflammatory bowel disease
IncRNA long noncoding RNA

IL-8 interleukin 8

IL4 interleukin 4

IL6 interleukin 6
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IL-1p interleukin 1 beta

IL-12 interleukin 12

IL-23 interleukin 23

mMiRNA microRNA

MYD88 myeloid differentiation primary response gene 88
NLRP3 NLR family pyrin domain containing 3
NF-kB nuclear factor kappa B

ncRNA non-coding RNA

NOD2 nucleotide binding oligomerization domain containing 2
PAR2 F2R like trypsin receptor 1

Runx1 RUNX family transcription factor 1

SLIT?2 slit guidance ligand 2

SCFAs short-chain fatty acids

SNPs single nucleotide polymorphisms

STAT signal transducer and activator of transcription
SETD2 SET domain containing 2

SOCS3 cytokine signaling inhibitor

TRAF6 TNF receptor associated factor 6

Th17 T helper 17T helper 17

TLR4 toll like receptor 4

TNF-a tumour necrosis factor alpha

Th1 T helper 1

Th2 T helper 2

Th17 T helper 17T helper 17

TGEF transforming growth factor beta

Tregs regulatory T cells

TLR2 toll like receptor 2

UC ulcerative colitis

WNT2 Wnt family member 2

WT wild type.
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