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Rheumatoid arthritis (RA) is an autoimmune disease. The etiology of RA remains
undetermined and the pathogenesis is complex. There remains a paucity of ideal
therapeutic drugs and treatment strategies. The epigenetic modifications affect and
regulate the function and characteristics of genes through mechanisms, including DNA
methylation, histone modification, chromosome remodeling, and RNAI, thereby exerting a
significant impact on the living state of the body. Recently, the phenomenon of epigenetic
modification in RA has garnered growing research interest. The application of
epigenetically modified methods is the frontier field in the research of RA pathogenesis.
This review highlights the research on the pathogenesis of RA based on epigenetic
modification in the recent five years, thereby suggesting new methods and strategies for
the diagnosis and treatment of RA.

Keywords: DNA methylation, histone modification, acetylation, inflammation, traditional chinese medicine

INTRODUCTION

Rheumatoid Arthritis (RA) is a common autoimmune disease with certain specific pathological
features, including joint deformities and dysfunction caused by chronic inflammation of the
polyarticular synovium, formation of pannus, destruction of cartilage, and the subchondral bone
(1, 2). Approximately 1% of people, worldwide, are affected by RA, a frequent cause for the loss and
disability of the adult labor force. Currently, the pathogenesis of RA, which is mainly related to
immune disorders, remains unclear (3). The morphological and gene expression patterns of RA
synovial fibroblasts (RASF) are different from those of the normal synovial fibroblasts, are the key
factors for the development of RA (4). In the absence of cellular and humoral immunity, RASF
maintains its activated phenotype and destroys the cartilage, but its morphology and gene
expression pattern are different from that of normal synovial fibroblasts, thus indicating that
epigenetic modification plays a crucial role in RA pathogenesis (5). Based on the positivity of
anticitrullinated antibodies, RA can be classified into two categories, ACPA+ and ACPA- (6).
Genome-wide association analysis confirms that genetic variations are associated with RA incidence
in different populations. However, these mutations only explain RA susceptibility in a small
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proportion of the ACPA+ population; the situation is much
worse for the ACPA- RA population. Although smoking is the
most vital environmental risk factor in the pathogenesis of RA,
the relationship of immunity, lifestyle, genetic and
environmental factors with their specific roles in the
pathogenesis of RA remain unclear. Thus, epigenetic factors
may be an important connecting link for genetics and gene
expression, thereby facilitating the understanding of the
pathogenesis of RA (7, 8).

The term “epigenetics” was first proposed by a British
scientist, Waddington, in 1942. It refers to changes in the
expressions and functions of genes resulting in heritable
phenotypes even when the DNA sequences remain unchanged
(9). There are three kinds of epigenetic modifications: (1) elective
transcription and expression regulation of genes, such as through
DNA methylation, chromatin remodeling, and genomic
imprinting; (2) post-translational modifications of proteins,
including histone methylation and acetylation; chemical or
other modifications of histones, and covalent modifications of
non-histone proteins; (3) post-transcriptional regulation of
genes, including non-coding RNA, miRNAs, antisense RNAs,
introns, and riboswitches in the genome (10). Epigenetics plays a
significant role in autoimmune diseases including RA, as many
studies show (11). This review summarizes the recent findings, in
the last five years, on the roles and regulatory mechanisms
underlying different epigenetic modifications in the
development of RA, which may offer a new scientific
perspective for the diagnosis and therapy of RA.

THE EPIGENETIC REGULATORY
ROLES IN RA

DNA Methylation

DNA methylation is the most commonly occurring post-
replication DNA modification in mammals, and consequently, is
also one of the most extensively investigated epigenetic
modifications (12). Under the action of DNA methyltransferases,
the methyl group is covalently embedded on the fifth carbon atom
of cytosine to form 5-methylcytosine (5-mc) (13). Generally, DNA
methylation occurs in CpG islands in the promoter regions of
housekeeping genes, wherein the guanine dinucleotides (CpG) are
highly aggregated (14, 15). Hypermethylation in the promoter
region is related to gene silencing or gene inactivation, while its
hypomethylation activates transcriptional activity and promotes
gene expression (16). According to the differences in their
structures and functions, the methyltransferases were classified
into three categories, namely, DNMT1, DNMT3a, and DNMT3b
(17). DNMT1 is primarily responsible for maintaining the
methylation status and is necessary for the de novo methylation
of non-CpG sites (18). DNMT3a and DNMT3b exert important
effects during embryonic development, and DNMT3b possesses a
high density of CpG sites and can methylate the distal centromeric
sites (19).

Previous studies show that the significantly altered feature of
DNA methylation in synovial fibroblasts and peripheral blood

mononuclear cells (PBMCs) of RA patients is the extensively
hypomethylated genomic DNA. For example, the
hypomethylation of the GC rich CpG island sequences on the
promoter of the DNA of the long interspersed nuclear element in
RASF affects the physiological and pathological processes,
including adhesion plaque formation, cell adhesion, cross
endothelial migration, and interactions with the extracellular
matrix, thereby participating in the processes of the whole body
or local joint inflammation in RA. All DNA hypomethylations in
RASEF are caused by the increase in the polyamine metabolism and
a concomitant decrease in the levels of s-adenosine-l-methionine;
not only do the patterns of DNA methylation change in RA but the
promoter region of a single gene also undergo methylation,
including those of the chemokine (CXC motif), ligand 12. The
promoter demethylation of IL-6 and IL-10 genes in a single CpG
sequence contribute to the increase in cytokine levels as the disease
progresses. In addition, DNA methylation on chromosome 10
promotes the activation of fibroblast-like synovial cells (FLS) in RA
pathogenesis (20). Inhibitors of DNA methylation suppress the
release of cytokines and chemokines, as also the activation of FLS,
thereby reducing the paw swelling. A recent study reports that the
secreted frizzled-related protein 2 (SFRP2) is significantly
downregulated in rats with RA (21). Over-expression of SFRP2
inhibits RA pathogenesis and suppressed the canonical Wnt
signaling in fibroblast-like synovial cells (FLS) of RA rats (21).
Interestingly, the level of expression of DNMT1 in RA rats is
negatively correlated with that of SFRP2. Quantitative
methylation-specific PCR confirms direct methylation of the
SFRP2 promotor by DNMTI1, thereby regulating FLS
proliferation and fibronectin expression in a rat RA model.
Therefore, the combination of DNMT1 and DNA methylation
may be a promising therapeutic strategy for RA patients with
down-regulated SFRP2 expression.

To investigate the epigenetic patterns of T lymphocytes in RA
synovium, Firestein et al. analyzed the DNA sequence methylation
patterns of CD3+ T cells in peripheral blood and synovial tissue
from patients with RA and osteoarthritis (OA) (22). The
differential sites of DNA methylation identified for RA and OA
in the CD3+ T cells were 4615 and 164, respectively, while
differentially methylated genes were 832 and 36, respectively.
Further analyses showed that the differences in T-cell
methylation were mainly related to their distribution (blood and
synovium), and the differential modification pathways between
RA blood and synovial T cells were mainly involved in
complement activation, integrin cell surface interaction, and the
p53 signaling pathway. Therefore, the specific immune
characteristics of RA joints may be caused by the selective
accumulation of the T-cell populations or the expansion of
differentially labeled adaptive immune cells. Bernatsky et al.
analyzed the differences in DNA methylation patterns between
ACPA+ and ACPA- subjects and found 402 differentially
methylated regions (DMRs) exerting genetic influence. These
DMR-related genes were mainly enriched in pathways related to
the Epstein-Barr virus infection and immune responses (23).

Analyses of the whole-genome DNA methylation and mRNA
expression profiles of PBMCs from patients with RA show that
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approximately 1,046 DNA methylation sites are closely
associated with the pathogenesis of RA (24). Liebold et al,
using 5-mC based flow cytometry, report that the PBMCs
from RA patients show a significant overall DNA
hypomethylation state relative to healthy people (25). The
global methylation pattern may be a promising biomarker for
therapeutic monitoring and prediction of the outcomes of
inflammatory diseases. In addition, there are differences in the
DNA methylation status in the B- and T- lymphocyte
populations of patients with RA (26). Most differentially
methylated positions (DMPs) in RA patients at the initial
stages after treatment with disease-modifying antirheumatic
drugs show increased DNA methylation, while most DMPs in
RA patients at remission stages of MTX treatment showed
reduced DNA methylation (27, 28). Therefore, the differential
DNA methylation patterns are closely associated with the
pathological processes of RA and can be used as the candidate
biomarkers for evaluating the first-line drug responses in RA.
The unbalance between T-regulatory (Treg)/T-helper (Th) 17 is
engaged in the development of epigenetically-mediated
autoimmune diseases. Relative hypermethylation of T-reg-
specific demethylation region gene level and the
hypomethylation of the retinoic acid-related orphan receptor
(ROR)-C, have been reported to be detected in the early stages of
active RA. Treg/Th17 imbalance is associated with stage, and
aberrant patterns of DNA methylation may contribute to the
pathogenesis of RA (29). Taken together, these findings suggest
that altered methylation of RA factors is involved in the
pathogenesis and progression of RA (Figure 1).

Histone Modification

Histone modification is a post-translational modification of a
specific site on histones in chromatin. Acetylation, methylation,
phosphorylation, and ubiquitination are all included within the

modifications of the histone tails; among which acetylation is the
most common (Figure 2). HDACs are considered to play a
significant role in the activation or silent regulation of pro-
inflammatory genes, and their inhibitors are often used to study
the pathogenesis of RA.

The expression and activity of class I HDACs are found to
decrease in PBMCs of RA patients, which are implicated in
disturbing the balance between the activities of HDAC and
HATSs (30). The hyperacetylation state caused by the decreased
activity and expression of HDACs promotes the pro-
inflammatory processes and ultimately leads to RA. Therefore,
the HDAC activity and histone H3 acetylation status in PBMCs,
are potential biomarkers for evaluating the disease activity. Mice
with a T cell-specific deficiency of HDAC1 (HDAC1-cKO) were
found to be resistant to the development of collagen-induced
arthritis (CIA) and unaltered antibody response to type II
collagen (31). Inflammatory cytokines, IL-17 and IL-6, were
significantly reduced in the serum of HDACI-cKO mice.
Under the condition of high Th17, HDAC selective inhibitors
inhibited chemokine receptor 6 (CCR6) upregulation in a mouse
model and human CD4+ T-cells. Therefore, HDACI is not only
a key factor in the pathogenesis of CIA but also a promising
target for the treatment of RA patients.

SIRT1, is a type 3 histone deacetylase that, possesses anti-
inflammatory properties. Activated SIRT1 promotes the
phosphorylation of adenosine monophosphate-activated protein
kinase a(AMPKo)/acetyl-CoA carboxylase in macrophages
treated with interleukin IL-4, thereby upregulating the M2
genes, such as MDC, FceRII, MrCl, and IL-10 expression (32).
Moreover, activated SIRT1 downregulates the LPS/y interferon-
mediated NF-kB activity by inhibiting p65 acetylation and M1
genes (including CCL2, iNOS, IL-12p35, and IL-12p40) expression.
This indicates that SIRT1 can reduce the inflammatory responses
in RA by regulating M1/M2 macrophages polarization; thereby,
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FIGURE 1 | DNA methylation and RA. Changes in the methylation status of RA-related are involved in regulating the pathogenesis and progression of RA.
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FIGURE 2 | Schematic diagram of histone modifications mediating RA progression. Acetylation (HDAC1, SIRT1), methylation (DOTL1, HKDM, JMJD3), or
ubiquitination (USP5) of RA-related proteins mediates the expression of RA factors (IL-17, IL-6, AMPK, IL-10, IL-1B, NF-xB, TRAF6, EZH2, RUNX1, SMAD? IL-4,
CCRS, etc.), thereby affecting the proliferation, invasion, and apoptosis of RA-related cells.

SIRT1 is a potential target for the treatment of RA. In previous
studies, high transcript and protein levels of DOT1L were detected
in the synovial tissues of RA patients. The results of
immunohistochemistry and western blotting proved a 13.8-fold
or 15.5-fold increase in methylation of H3K79 in synovial tissue of
RA patients, respectively (33). The role of DOTIL and H3K79 in
initiating and maintaining gnomically active transcription
important functions, indirectly demonstrating that histone
modifications contribute to the pathogenesis of RA.

Abnormal histone lysine methylation (HKM) in RASF
indicates that histone lysine methyltransferase (HKMT) and
demethylase (HKDM) are dysregulated in RASF. Upon TNFo
stimulation, the expressions of four HKDMs, including FBXL10,
NO66, ]MJD2D, and FBXLI11, catalyzing the methylations of
H3K4, H3K9, or H3K36 in RASF is higher than that of OASF.
Therefore, the HKM modifying enzyme participates in altering
HKM, leading to the changes in RASF gene expressions, thereby
affecting the processes of RA (34). The JumonjiC histone
demethylase (JMJD3) family is implicated in the regulation of
the FLS proliferation and activation, which is associated with
joint destruction and pathological processes in RA (35). JMJD3
expression is significantly upregulated in RA-FLS; in FLS, these
enhanced levels are induced by the platelet-derived growth factor
(PDGF), as it promotes proliferation and migration of FLS.
Inhibiting the activity of JMJD3 significantly reduces FLS
proliferation and migration. Knockdown of JMJD3 eliminates
PDGF-induced PCNA expression in FLS; additionally, it reduces
the inflammatory responses of SFs treated with IL-1B (36).
Therefore, JMJD3 plays an essential role in the development of
RA. Hence, targeting JMJD3 may serve as a new strategy for the
diagnosis and treatment of RA.

Ubiquitination is an essential protein post-translational
modification mechanism whose main role includes protein
degradation and its functional regulation. The expression of
ubiquitin-specific protease 5 (USP5) is significantly
upregulated upon stimulation with IL-1B which increases the
USP5 levels in a time-dependent manner in RA-FLS (37).
Overexpression of USP5 significantly stimulates the production
of pro-inflammatory cytokines and activation of the related
nuclear factor kappa B (NF-xB) signaling pathway. USP5
interacts with the tumor necrosis factor receptor-related factor
6 (TRAF6), an E3 ubiquitin ligase, and a key cytoplasmic
signaling adaptor involved in the regulation of key biological
processes. Thus, USP5 inhibits polyubiquitination and stabilizes
TRAF6. Inhibition of TRAF6 can reduce collagen-induced bone
loss and MMP expression in rats with RA; thus, TRAF6 may be
an alternative treatment target for RA (38). Low levels of
chromatin modifier zeste homolog 2 (EZH2) expression were
detected in PBMCs and CD4+ T-cells from RA patients, which
may be attributed to the partial neutralization of EZH2
expression by anti-IL17 antibodies. The downregulation of the
EZH2 activity suppresses the differentiation of the Tregs and
transcription FOXP3. Moreover, it downregulates the RUNXI,
while upregulating the expression of SMAD7 in CD4+ T cells
(39). In addition, aberrations of EZH2 in CD4+ T-cells may
contribute to the lack of Tregs in RA patients.

Long non-coding RNA maternally expressed gene 3 (MEG3)
is a tumor suppressor that is also imprinted and involved in the
occurrence of several tumors. Li et al. report that MEG3 levels are
down-regulated in synovial tissues and FLS in a complete
Freund’s adjuvant (CFA) induced rat RA model.
Overexpression of MEG3 decreased the levels of NLRC5 and
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inflammatory cytokines. The data for methylation-specific PCR
suggest that the MEG3 gene promoter is significantly methylated
in the CFA-induced synovial tissue and FLS. However, DNA
methyltransferase 1 (DNMT1) is reported to be significantly
upregulated in the CFA-induced synovial tissues and cells,
suggesting that methylation inhibitors can attenuate the
hypermethylation of the MEG3 promoter. Therefore, the
imprinted gene MEG3 affects the processes of RA by targeting
NLRCS5 in an effect to regulate the levels of methylation (40).

MicroRNA-Mediated Pathogenesis of RA
miRNAs are endogenous non-coding single-stranded small RNAs
of about 22 nucleotides in length. These are widely present in all
organisms. Binding to the 3’-untranslated region of the target
genes, miRNAs act as a post-translational repressor of the gene
leading to its degradation or translational repression. miRNAs are
involved in regulating approximately 30% of all gene expression
and translation patterns crucial for life processes of cellular
proliferation, differentiation, metabolism, inflammation, and
apoptosis. Recent studies show that miRNAs participate in
epigenetic regulation by regulating the levels of DNA
methylation or changing histone modifications, which in turn
affect the onset and progression of RA (Table 1). The miRNA-
targets are repeatable in Grand (https://grand.networkmedicine.
org/). A glossary of genes and form symbols is shown in Table 2.
HDACI1 was reported to be highly expressed in synovial
tissues of CIA, while miR-124 and MARCKS were lowly
expressed. Silencing or inhibiting HDACI can increase the
expression of MARCKS and miR-124 by promoting the H3
and H4 acetylation of promoter regions of miR-124 and the
MARCKS. miR-124 reduces the proliferation of synovial cells
and inflammation of the synovium by inhibiting the JAK/STAT
signaling pathway in CIA. Therefore, increasing the expressions
of miR-124 and MARCKS by silencing HDAC1 to reduce
synovial cell proliferation and synovial inflammation in CIA is

a promising new strategy for RA treatment as evidenced from the
results in the mouse model (41). In addition, miR-449 exerts a
protective effect against RA by targeting HDACI to inhibit the
proliferation of RASFs and induce their apoptosis (54).

The lentivirus, Lv-miR-126, significantly increases miR-126
expression in RASF, and simultaneously, promotes the
proliferation of RASF and inhibits cellular apoptosis. In addition,
decreased levels of PIK3R2 and increased levels of those of PI3K
and p-AKT were detected in RASFs overexpressing miR-126. Co-
transfection of anti-miR-126 and PIK3R2 siRNA constructs
further increased PI3K and p-AKT levels while enhancing RASF
proliferation and reducing apoptosis. The luciferase reporter gene
assays indicate that miR-126 directly interacts with PIK3R2. In
general, overexpression of miR-126 expresses PIK3R2 and
apoptosis and promotes the proliferation of RASF (42). In
another study, inhibition of miR-126 expression was found to
significantly upregulate TNF-o, IFN-y, and IL-23R levels in RA
patients. Correspondingly, the overexpression of miR-126 in FLS
enhanced the levels of IL-23R, TNF-q, and IFN-y, indicating that
miR-126 negatively regulates the expressions of IL-23R, TNF-q,
and IFN-y, thereby affecting the processes of RA (42).

Jiang et al. show that long-chain non-coding RNA growth
arrest-specific transcript 5 (GAS5) can ameliorate RA
progression by inducing apoptosis in RA-FLS. Further
mechanistic examination showed that the overexpression of
miR-128-3p or HDAC4 knockdown attenuated the inhibitory
effects of GAS5 or anti-miR-128-3p on the development of RA.
GAS5, a miR-128-3p sponge, upregulates the expression of
HDAC4. Thus, GAS5 partially regulates HDAC4 through miR-
128-3p to inhibit inflammation in synovial tissues (44). miR-138,
which is highly expressed in the serum and synovial tissues of RA
patients, negatively regulates HDAC4 to mediates the activities
of NF-xB, PGRN, and RA-related inflammatory cytokines in an
acetylation-dependent manner. High expression of miR-138 in
the serum and synovial tissues of RA patients negatively

TABLE 1 | Representative miRNAs associated with RA pathogenesis and progression.

miRNAs Expression Source Type Effect Reference
miR-124 upregulation RA patients  synovial tissues Inhibit cell proliferation promote apoptosis (41)
miR-126 upregulation RA patients  Serum, synovial tissue and synovial fluid  Inhibit apoptosis promote proliferation (42)
miR-128-3p upregulation RA patients PBMC Regulate the activity of inflammatory factors (43)
miR-138 upregulation RA patients  synovial tissues Regulate the activity of inflammatory factors (44)
miR-145-5p downregulation  RA patients  synovial tissues Promote cell proliferation and inflammatory factor expression (45)
miR-155-5p downregulation  RA patients  plasma up-regulation of pro-inflammatory cytokines (46)
miR-17 downregulation  RA patients  synovial tissues Anti-inflammatory and anti-erosion 47)
miR-410-3p downregulation  RA patients  synovial tissues Inhibit cell proliferation promote apoptosis (48)
miR-21 upregulation RA patients  synovial tissues Inhibit cell invasion and inflammatory factor expression (49)
miR-221-3p upregulation RA patients PBMC Promote inflammatory factor expression (50)
miR-23b upregulation RA patients  fibroblast-like synoviocytes Inhibit inflammatory cytokine expression (51)
miRNA-340-5p  downregulation  RA patients  serums, synovial tissues, FLSs Inhibit cell proliferation promote apoptosis (52)
miR-431-5p downregulation  RA patients  synovial tissues, FLSs Inhibit cell proliferation promote apoptosis (53)
miR-449 downregulation  RA patients  synovial tissues Inhibit cell proliferation promote apoptosis (54)
miR-4701-5p downregulation  RA patients  FLSs Inhibit cell proliferation promote apoptosis (55)
miR-574-5p upregulation RA patients  synovial fluid promote bone destruction (56)
miR-590-5p downregulation  RA patients  synovial tissues, FLSs Inhibit cell proliferation and invasion (57)
miR-6089 downregulation  RA patients  FLSs, synovial tissues Inhibit cell proliferation induce apoptosis (58)
miR-613 downregulation  RA patients  Synovial tissues Inhibit cell proliferation and invasion promote apoptosis (59)
miR-650 downregulation  RA patients  Synovial tissues Inhibit cell proliferation and invasion promote apoptosis (60)
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TABLE 2 | The glossary of all genes and formal symbols is mentioned in this paper.

Genes Formal symbols
DNMT1 DNMT1
DNMT3a DNMTS3A
DNMT3b DNMT3B
SFRP2 SFRP2
TP53 TP53
RORC RORC
HDAC1 HDACH
IL-6 IL-6
IL-17 IL-17
CCR6 CCR6
IL-1B IL1B
TNF-o TNF
VEGF VEGFA
EGF EGF
JUN C-Jun
AGXT AGXT
RLP3 RLP3
AHCY AHCY
NFKB1 NFKB1
PGE2 PGE2
RANKL TNFSF11
PDK1 PDK1
AKT AKTA
TRAF6 TRAF6
Ubc13 UBE2N
HDAC6 HDAC6
IL-12 IL-12
IL-10 IL-10
MMP2 MMP2
MMP9 MMP9
PIBK PIK3CA
MMP1 MMP1
MMP3 MMP3
CcCL2 CCL2
CXCL8 CXCL8
CXCL10 CXCL10
NR1D1 NR1D1
AKT2 AKT2
DKK1 DKK1
MAP2K3 MAP2K3
STAT3 STAT3
JAK3 JAK3
CXCL13 CXCL13
TLR4 TLR4
FOXP3 FOXP3
JAKT JAK1
IL-23R IL-23R
MARCKS MARCKS
XIAP XIAP
Notch Notch1
NLRC5 NLRC5
MEG3 MEG3
SMAD7 SMAD7
EZH2 EZH2
IL-8 IL-8
TRAF2 TRAF2
CIAP2 BIRC3
PGRN GRN
HDAC4 HDAC4
GAS5 GAS5
IFN-y IFNG
PIK3R2 PIK3R2
JMJID3 KDM6B

Definitions

DNA (Cytosine-5-)-Methyltransferase 1

DNA (Cytosine-5-)-Methyltransferase 3 Alpha
DNA (Cytosine-5-)-Methyltransferase 3 Beta
Secreted Frizzled Related Protein 2

Tumor Protein P53

RAR Related Orphan Receptor C

Histone Deacetylase 1

Interleukin 6

Interleukin 17

C-C Motif Chemokine Receptor 6

Interleukin 1 Beta

Tumor Necrosis Factor

Vascular Endothelial Growth Factor A

Epidermal Growth Factor

Jun Proto-Oncogene, AP-1 Transcription Factor Subunit
Alanine-Glyoxylate And Serine-Pyruvate Aminotransferase
Ribosomal Protein L3
S-Adenosyl-L-Homocysteine Hydrolase

Nuclear Factor Kappa B Subunit 1

Prostaglandin E Receptor 2

TNF Superfamily Member 11 2

Pyruvate Dehydrogenase Kinase 1

AKT Serine/Threonine Kinase 1

TNF Receptor Associated Factor 6

Ubiquitin Conjugating Enzyme E2 N

Histone Deacetylase 6

Interleukin 12

Interleukin 10

Matrix Metallopeptidase 2

Matrix Metallopeptidase 9
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha
Matrix Metallopeptidase 1

Matrix Metallopeptidase 3

C-C Motif Chemokine Ligand 2

C-X-C Motif Chemokine Ligand 8

C-X-C Motif Chemokine Ligand 10

Nuclear Receptor Subfamily 1 Group D Member 1
AKT Serine/Threonine Kinase 2

Dickkopf WNT Signaling Pathway Inhibitor 1
mitogen-activated protein kinase kinase 3

Signal Transducer And Activator Of Transcription 3
Janus Kinase 3

C-X-C Motif Chemokine Ligand 13

Toll Like Receptor 4

Forkhead Box P3

Janus Kinase 1

Interleukin 23 Receptor

Myristoylated Alanine Rich Protein Kinase C Substrate
X-Linked Inhibitor Of Apoptosis

Notch Receptor 1

NLR Family CARD Domain Containing 5
Maternally Expressed 3

SMAD Family Member 7

Enhancer Of Zeste 2 Polycomb Repressive Complex 2 Subunit
Interleukin 8

TNF Receptor Associated Factor 2

Cellular Inhibitor Of Apoptosis 2

Granulin Precursor

Histone Deacetylase 4

Growth arrest-specific transcript 5

Interferon Gamma

Phosphoinositide-3-Kinase Regulatory Subunit 2
JmjC Domain-Containing Protein 3

(Continued)
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TABLE 2 | Continued

Genes Formal symbols Definitions
USP5 USP5 Ubiquitin-specific protease 5

RUNX1 RUNX1 RUNX Family Transcription Factor 1
FBXL10 KDM2B F-Box And Leucine-Rich Repeat Protein 10
NO66 RIOX1 Ribosomal Oxygenase 1

JMJID2D KDM4D Jumonji Domain-Containing Protein 2D
FBXL11 KDM2A F-Box And Leucine-Rich Repeat Protein 11
DOTIL DOT1L DOT1 Like Histone Lysine Methyltransferase
SIRT1 SIRT1 Sirtuin 1

iINOS NOS2 Nitric Oxide Synthase 2

CcCL2 CCL2 C-C Motif Chemokine Ligand 2

MDC CCL22 C-C Motif Chemokine Ligand 22

FeeRll FCER2 Fc Epsilon Receptor I

MrC1 MRC1 Mannose Receptor C-Type 1

AMPK o PRKAA1 Protein Kinase AMP-Activated Catalytic Subunit Alpha 1
ACACA ACACA Acetyl-CoA Carboxylase Alpha

regulates HDAC4, which in turn regulates NF-kB and PGRN in
an acetylation-dependent manner, thereby affecting the RA-
related inflammatory cells and RA factors (61).

miR-145-5p is the target miRNA of the long non-coding RNA,
PVTI. The expressions of PVT1 and miR-145-5p are negatively
correlated in the synovial tissues of RA patients; thus, the
expression of miR-145-5p was reduced, whereas the expression
of PVT1 increases significantly. In addition, the tumor necrosis
factor-o, (TNF-o) stimulates an increase in PVT1 in RA-FLS and
suppresses the level of miR-145-5p. Knockdown of PVT1 inhibits
TNE-a-induced over-proliferation of RA-FLS, suppressed
interleukin (IL)-1B, and IL-6 production, and suppressed NF-«xB
activation mediated by miR-145-5p. The above findings show that
PVT1 regulates the apoptotic and inflammatory responses of RA-
FLS by targeting miR-145-5p (45).

Ahmed et al. show that miR-17 negatively regulates TNF-o. by
mediating the protein ubiquitination processes in RASF. miR-17
increases the polyubiquitination of K48-linked TRAF2, cIAP1, and
cIAP2 stimulated by TNF-o. in RASF. Therefore, the destruction of
TRAF2 by miR-17 reduces the ability of TRAF2 to bind to cIAP2,
thereby reducing TNF-o-induced nuclear translocation of NF-
KBp65, c-Jun, and STAT3, and production of IL-6, IL-8, MMP-1,
and MMP-13 in RASF (62). In addition, miR-17 inhibits the
proteins of the IL-6 family by directly targeting JAK1 and STAT3
signaling cascades, thereby exerting anti-inflammatory and anti-
erosion effects. MicroRNA-17 directly targets the 3’-untranslated
regions of STAT3 and JAK]I, resulting in a decrease in the mRNA
and protein expressions of STAT3 and JAK1 (47).

In response to TNF-o stimulation, the expression of long
non-coding RNA NEAT1 is upregulated in the synovial tissues
and RA-FLS. It promotes cell proliferation and inflammatory
cytokines secretion. NEAT1 directly binds and negatively
regulates the miR-410-3p expression (48). Inhibition of miR-
410-3p can partially rescue the inhibitory effects on cell viability
induced by NEAT1 depletion in RA-FLS. Knocking out NEAT1
attenuates the TNF-a-induced proliferation and inflammatory
cytokines production in RA-FLS; simultaneously, it promotes
cellular apoptosis through miR-204-5p (63). These findings
suggest that NEAT1 may serve as a sponge of multiple
miRNAs and is a potential treatment target for RA.

Treg transcription factor FoxP3 shows high expression in
inactive RA and repression in active RA, while the Th17
transcription factor RORc shows the opposite trend, as shown
in some previous studies (64). The upregulation of miR-21
increases the proportion of Tregs and decreases that of the
Th17 cells, thereby regulating the Treg/Th17 balance and
resulting in favorable progression of RA (65). In addition, high
levels of miR-21 can inhibit the expressions of IL-6 and IL-8 by
suppressing the Wnt signaling pathway, thereby alleviating the
symptoms of RA (66).

Evidence suggests that macrophages with an inflammatory
phenotype (M1) predominate in the synovium of RA relative to
those with the anti-inflammatory phenotype (M2). Regardless of
RA patients or healthy individuals, the expressions of miR-221-
3p and miR-155-5p in M1 are significantly higher relative to the
M2 macrophages. miR-221-3p promotes IL-6 and IL-8 secretion
in M2-macrophages but suppresses those of IL-10, CXCL13,
JAK3, and the activation of pSTAT3. JAK3, a target of miR-221-
3p, is involved in mediating the functions of the inflammatory
M2-macrophages induced by TLR4 (50).

Wang et al. report that plasma levels of miR-23b are
significantly higher in RA patients relative to healthy controls.
Meanwhile, plasma miR-23b expression is significantly related
with levels of hemoglobin (HDb), total bilirubin (TBIL), direct
bilirubin (DBIL), indirect bilirubin (IBIL), total cholesterol (TC),
and low-density lipoprotein cholesterol (LDL-C level is
negatively correlated) (P <0.05). After receiving appropriate
treatments, the plasma miR-23b level decreased in RA patients.
Therefore, circulating miR-23b may be a promising biomarker
for evaluating RA disease activity (51).

The expression of miRNA-340-5p is significantly downregulated
in the serum, synovial tissue, and RA-FLS of patients with RA. The
overexpression significantly inhibited cell proliferation and
inflammatory factor expression in RA-FLS and promotes
apoptosis (52). Similarly, miR-431-5p is down-regulated in the
synovial tissue and FLS of RA patients. Overexpressed miR-431-
5p can inhibit the proliferation of cells and promote cellular
apoptosis, indicating its prospect in the treatment of RA (53).

Long non-coding RNAs play a key role in several autoimmune
diseases, including rheumatoid arthritis (RA). Zheng et al. identified
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a long intergenic non-protein-coding RNA162 (LINC00162, also
known as IncRNA PICSAR: p38 inhibited cutaneous squamous cell
carcinoma associated lincRNA), which is highly expressed in RA-
FLS and RA synovial fluid (55). Inhibition of LINC00162
significantly alters the proliferation, migration, invasion, and
production of pro-inflammatory cytokines from RA-FLS cells.
Further studies show that miR-4701-5p acts as a sponge of
LINC00162 and regulates its function. Therefore, miR-4701-5p
may be a potential treatment target for RA.

Characterized by synovial inflammation and joint
destruction, RA is a chronic autoimmune disease. Intercellular
communication in the synovial microenvironment is mediated
by small cell-derived extracellular vesicles (SEVs) as they carry
microRNAs. Saul et al. show that sEVs in the synovial fluid of RA
patients significantly promote osteoclast differentiation through
miR-574-5p-mediated activation of TLR7/8. miR-574-5p is a key
mediator in RA pathogenesis and may be a potential target in the
fight against bone destruction (56).

Zhao et al. report that miR-590-5p alleviates RA by inhibiting
the MAPK signaling pathway. miR-590-5p inhibits the expression
of mitogen-activated protein kinase kinase 3 (MAP2K3) in RA-FLS
post-transcriptionally, thereby inhibiting FLSs proliferation and
invasion. Inhibitors of miR-590-5p or its sponge linc02381
enhance the MAP2K3 expression and activation of p38 and AP-1
in the MAPK signaling pathway, thereby aggravating the
pathogenesis of RA. Therefore, upregulation or overexpression of
miR-590-5p can alleviate the pathogenesis of RA (57).

Compared to the healthy controls, the expression of miR-
6089 was significantly lower in the synovial tissue and FLS of RA
patients. Upregulation or overexpression of miR-6089 in RA-FLS
inhibits cell proliferation and induces apoptosis along with the
expressions of cleaved-caspase-3, -8, and -9 proteins. In addition,
AKT1 serves as a direct target of miR-6089. miR-6089 regulates
inflammation through the AKT1/NF-«B signaling pathway (67).
As a result, miR-6089 may be a promising target for the
prevention and treatment of RA.

The Dickkopf Wnt Signaling Pathway Inhibitor 1 (DKKI) is
the main regulator of joint remodeling. DKK1 is upregulated in
RA tissues and RASF, thereby aggravating joint destruction. The
significantly downregulated miR-613 in RA tissues and RASF
can bind to and suppress the DKKI1 expression. miR-613 or
DKK1 knockdown inhibits the proliferation and invasion of
RASF and induces its apoptosis. Hence, one of the
mechanisms for alleviating or treating RA is to inhibit the
proliferation and invasion of RASFs and induce apoptosis by
regulating DKK1 expression (59).

In RASFs from 16 patients with rheumatoid arthritis (RA)
and 13 patients with joint trauma who underwent joint
replacement surgery, miR-650 was down-regulated, whereas
AKT2 was up-regulated (60). Detection of the dual-luciferase
reporter genes revealed that miR-650 is specifically bound to the
3’-untranslated region of AKT2, thereby downregulating AKT2
expression. Further downregulation of miR-650 or upregulation
of AKT2 in RASF increases cell proliferation, migration, and
invasion while decreasing the occurrence of apoptosis. Therefore,
suppressing the expression of AKT2 in RASF may be the

mechanism by which miR-650 may function as a potential
therapeutic target for RA.

THE EFFECTS OF COMPOUNDS ON
EPIGENETIC REGULATION OF RA

The Effect of Epigenetic Inhibitors on RA
Cho et al. show that the histone deacetylase (HDAC) inhibitor,
suberoylanilide hydroxamic acid (SAHA), reduces the clinical score
and the incidence in mice with collagen-induced arthritis (CIA).
SAHA relieves CIA by specifically inhibiting Th17 cell
differentiation and Th17 cell-related transcription factors
expression through NRID1. Therefore, the histone deacetylase
(HDAC) inhibitor, SAHA, may be a potential therapeutic agent
for RA (68). Similarly, Song et al. report that the overexpression of
HDACS6 in macrophages results in the enhanced expressions of
TNEF-o and IL-6. Downregulation or the treatment with HDAC6
inhibitor, CKD-506, significantly reduces the TNF-o. and IL-6
production from the PBMCs of activated RA patients. CKD-506
directly or indirectly inhibits the proliferation of Tefts by regulating
the functions of iTregs. In addition, CKD-506 improves the clinical
arthritis score of AIA rats in a dose-dependent fashion. Moreover,
the combination of CKD-506 and methotrexate also produce a
synergistic effect on RA (69). Recently, the anti-RA activity of M808,
a selective inhibitor of HDACS, has been evaluated. M808 down-
regulates the production of IL-1(B-related RA factors, including
MMP-1, MMP-3, IL-6, CCL2, CXCL8, and CXCL10. M808
increases the clinical arthritis score of AIA mice in a dose-
dependent style. Besides, M808-induced HDACS6 inhibition is
implicated in milder synovial inflammation and joint destruction.
Therefore, HDAC6 inhibitors may be used as potential therapeutic
drugs for RA (70).

Choudhary et al. report that the HDACI inhibitor, phenethyl
isothiocyanate (PEITC), possesses potential anti-RA activity. The
preventive treatment using PEITC reduces paw edema, total
arthritis index, mobility score, stair climbing ability, behavioral
parameters, and bone erosion in rats with CFA-induced arthritis
in a dose-dependent manner. In addition, PEITC expressively
downregulates the level of TNF-o in the synovial tissues of the
CFA rats (71).

Trichostatin A (TSA), an inhibitor of HDACs, also exhibits
potential anti-RA activity. TSA significantly inhibits the
proliferation, invasion, and apoptosis of RA-FLS under
hypoxic conditions. Further mechanistic verification shows
that the anti-RA activity of TSA is related to the inactivation
of PI3K/AKkt signaling evidenced by the suppression of the matrix
metalloproteinases (MMP-2 and MMP-9) and PI3K expression,
as well as the phosphorylation of Akt (72).

Since pan-HDACI inhibits all of the 11 Zn2+-dependent
HDACs and causes a wide range of side effects, it was
hypothesized that specific inhibitors of histone deacetylase 6
(HDACG6i) are would have fewer side effects. Therefore,
Mahboobi et al. developed a new selective drug, Marbostat-100,
that targets HDAC6. Marbostat-100 can effectively improve arthritis
induced by type II collagen and shows good drug resistance (73).
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The E3 ligase, TNF receptor-related factor 6 (TRAF6), is
involved in chronic immune stimulation in several diseases,
including autoimmune disorders, inflammation, and cancer.
TRAF6 is highly expressed in patients with RA and SLE, and it
interacts with Ubcl3 to activate the NF-«B signaling pathway,
thereby promoting the processes of RA. Brenke et al. developed
the first inhibitor of TRAF6-Ubc13 protein-protein interaction,
C25-140. C25-140 strongly inhibits the activation of NF-xB
signaling in a variety of immune and inflammatory signaling
pathways in both human and mouse primary cells. Notably, C25-
140 has been shown to reduce inflammation in preclinical mouse
models and improve the autoimmune RA status (74).

As mentioned above, GSK-J4, as an inhibitor of JMJD3,
suppresses inflammatory responses by suppressing IL-13-induced
upregulation of TLR2 and COX-2 (36). Furthermore, GSK-J4
regulates osteoclastogenesis and differentiation. The number of
TRAP+ multinucleated cells was significantly reduced in the
presence of lower concentrations of GSK-J4, with little effect on
cell viability. After continuous daily intraperitoneal injection of
GSK-J4 (20 mg/kg body weight, n = 8) for 40 days, the severity of
arthritis in CIA mice was significantly reduced.

The Effects of Traditional Chinese
Medicine-Mediated Epigenetic
Regulation on RA
The classic traditional Chinese medicine (TCM), Wutou
Decoction (WTD), has been clinically used for thousands of
years and has proven to be reliably efficient and safe in the
treatment of RA. WTD exerts anti-inflammatory effects by
regulating DNA methylation and histone modification. The
mRNA level expressions of DNMT1 and DNA methylation in
CIA rats treated by WTD gavaging were found to be significantly
downregulated. In addition, WDT increases the level of H3
acetylation in PBMCs (75). In-depth mechanistic studies show
that the five herbs in WTD exert synergistic anti-arthritis effects
in RA. Among them, aconite (AC) is the main anti-inflammatory
active substance; the auxiliary component, ephedra (EP), can
significantly inhibit the NF-xB-mediated inflammatory
responses. Another auxiliary ingredient, astragalus (AS),
whether used alone or in combination with AC, significantly
upregulates the expression of Nrf2. Nevertheless, WTID is better
than any combination of ingredients in the treatment of RA (76).
Tripterygium wilfordii is extensively used in TCM for the
treatment of autoimmune diseases, such as RA and systemic
lupus erythematosus. The structure-optimized analog of its
extract, (5R)-5-hydroxy triptolide (LLDT-8), has high
immunosuppressive and low toxicity capacities. Notably,
LLDT-8 also inhibits the differentiation of Th1 and Th17 cells,
thereby impacting the immune responses in RA patients. He
et al. showed that significant differential expression of 394 genes
(281 downregulated and 113 upregulated) was found in FLS
under LLDT-8 treatment. KEGG enrichment analysis indicated that
20 pathways associated with immune response were significantly
enriched, including cytokine-cytokine receptor interaction
(P=4.61x10""), chemokine signaling pathway (P=1.01x10"°), and
the TNF signaling pathway (P = 2.79 x 104 (77).

The main active substance isolated from the oldest and most
commonly used Chinese medicine, astragalus, is astragalus total
flavonoids (TFA), which increases FCA-induced weight in rats,
reduces primary foot swelling, and arthritis index, as well as the
thymus and spleen indexes. Mechanistic studies show that TFA
inhibits the production of TNF-a, IL-1B, PGE2, and RANKL,
and promotes that of OPG in rat serum induced by FCA. These
results show that the OPG/NF-kB pathway is one of the main
mechanisms underlying the effects of astragalus against FCA-
induced RA (78). In addition, previous studies report that
astragaloside IV (AST) increases miR-17-5p expression in FLS,
and downregulates those of IncRNA LOC100912373, PDK1, and
p-AKT in an effect to inhibit cell proliferation (79).

Xu et al. explored the mechanism of action of the Baihu
Guizhi Decoction in a model of histopathological heat joint pain
(PA). The Baihu Guizhi Decoction improves foot swelling and
pathological damage and significantly inhibits the expressions of
IL-1B8, TNF-o, EGF, VEGF, IL-17, and IL-12p70 in the PA
model. In addition, the mRNA levels of methylated genes
AHCY, RPL3 were down-regulated, while the mRNA levels of
Agxt were up-regulated. Therefore, Baihu Guizhi Decoction can
alleviate RA by regulating the unique synovial gene methylation
pattern in the PA model (80).

CONCLUSION AND OUTLOOK

From the foregoing discussion, it is clear that epigenetics plays a
significant regulatory role in the processes of gene transcription and
is participate of the onset and progression of several diseases.
Epigenetics is closely related to the pathological mechanism
underlying RA, and we summarized the representative DNA
methylation, histone modification patterns, and miRNAs in RASF
over the past 5 years (Figure 3). However, the study of epigenetics in
the pathogenesis of RA is still in its infancy, and more research is
needed to further analyze its roles underlying the progression of RA.
Although pan-hypomethylation in RA has been demonstrated, key
pathogenic and therapeutic proteins, as well as genes, need to be
identified. Histone acetylation inhibitors, in particular the HDAC1
antagonists, show good anti-inflammatory effects in the laboratory,
and more experiments are still needed to verify their therapeutic
effects in clinical settings. In addition, investigations to verify the
role of other modifications of histones, such as ubiquitination and
phosphorylation, in RA, are potential research directions. On the
other hand, the toxicity/side effects of rheumatoid arthritis drugs
due to the induction of epigenetics should be concerned. For
example, the neurotoxicity of methotrexate is caused by changes
in epigenetic modifications that it induces during myelination (81).
Epigenetic changes that miRNA-mediated is directly implicated in
the aberrant expression of RA-related genes and ultimately
determine the reversibility of cellular functions and
pharmacology. TCM plays a vital role in the health of the
Chinese people and even human beings, especially in the global
fight against COVID-19 (82-85). However, due to the complex
components of TCM, the epigenetic modification of RA caused by
TCM is a comprehensive effect of multiple pathways, multiple
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FIGURE 3 | RA-related epigenetic modification and drug intervention.
targets, and multiple mechanisms. Therefore, it is necessary to FUNDING

create more effective research methods to clarify the mechanism
of action of TCM in the treatment of RA, and to provide theoretical
and data references for the modernization of TCM. An in-depth
understanding of the epigenetic regulatory mechanisms of RA will
help identify new markers, signaling pathways, and target drugs/
TCM, leading to new strategies for the diagnosis and treatment
of RA.

AUTHOR CONTRIBUTIONS

CY and G-JY conceived and designed the whole project. CY, DL,
and ZZ drafted the manuscript. DT, YZ, and LZ revised the
manuscript. All authors reviewed and approved the
final manuscript.

REFERENCES

1. Guo Q, Wang Y, Xu D, Nossent J, Pavlos NJ, Xu J. Rheumatoid Arthritis:
Pathological Mechanisms and Modern Pharmacologic Therapies. Bone Res
(2018) 6:15. doi: 10.1038/541413-018-0016-9

2. Macfarlane E, Seibel MJ, Zhou H. Arthritis and the Role of Endogenous
Glucocorticoids. Bone Res (2020) 8:33. doi: 10.1038/s41413-020-00112-2

3. Yap HY, Tee SZ, Wong MM, Chow SK, Peh SC, Teow SY. Pathogenic Role of
Immune Cells in Rheumatoid Arthritis: Implications in Clinical Treatment
and Biomarker Development. Cells (2018) 7:161. doi: 10.3390/cells7100161

4. Mousavi MJ, Karami J, Aslani S, Tahmasebi MN, Vaziri AS, Jamshidi A, et al.
Transformation of Fibroblast-Like Synoviocytes in Rheumatoid Arthritis;
From a Friend to Foe. Auto Immun Highlights (2021) 12:3. doi: 10.1186/
s13317-020-00145-x

5. Mazzone R, Zwergel C, Artico M, Taurone S, Ralli M, Greco A, et al. The
Emerging Role of Epigenetics in Human Autoimmune Disorders. Clin
Epigenet (2019) 11:34. doi: 10.1186/s13148-019-0632-2

The work was supported by the General Scientific Research
Project of Education of Zhejiang Province (Y202147351),
Multidisciplinary interdisciplinary innovation team for
multidimensional evaluation of southwestern characteristic
Chinese medicine resources (NO. ZYYCXTD-D-202209), the
Starting Research Fund of Ningbo University (421912073),
National Natural Science Foundation of China (82104477,
U19A2010, and 81891012), special support from China
Postdoctoral Science Foundation (2019M663456 and
2019TQ0044), Xinglin Scholar Research Promotion Project of
Chengdu University of TCM (BSH2019008), the Macao Science
and Technology Development Fund (Macau Centre for Research
and Development in Chinese Medicine, 007/2020/ALC), the
Research Fund of University of Macau (CPG2022-00005-ICMS).

6. Scherer HU, Haupl T, Burmester GR. The Etiology of Rheumatoid Arthritis.
J Autoimmun (2020) 110:102400. doi: 10.1016/j.jaut.2019.102400
7. Hammaker D, Firestein GS. Epigenetics of Inflammatory Arthritis. Curr Opin
Rheumatol (2018) 30:188-96. doi: 10.1097/bor.0000000000000471
. Payet M, Dargai F, Gasque P, Guillot X. Epigenetic Regulation (Including
Micro-RNAs, DNA Methylation and Histone Modifications) of Rheumatoid
Arthritis: A Systematic Review. Int | Mol Sci (2021) 22. doi: 10.3390/
ijms222212170
9. Harvey ZH, Chen Y, Jarosz DF. Protein-Based Inheritance: Epigenetics
Beyond the Chromosome. Mol Cell (2018) 69:195-202. doi: 10.1016/
j.molcel.2017.10.030
10. Frias-Lasserre D, Villagra CA. The Importance of ncRNAs as Epigenetic
Mechanisms in Phenotypic Variation and Organic Evolution. Front Microbiol
(2017) 8:2483:2483. doi: 10.3389/fmicb.2017.02483
11. Nemtsova MV, Zaletaev DV, Bure IV, Mikhaylenko DS, Kuznetsova EB,
Alekseeva EA, et al. Epigenetic Changes in the Pathogenesis of Rheumatoid
Arthritis. Front Genet (2019) 10:570. doi: 10.3389/fgene.2019.00570

oo

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 859400


https://doi.org/10.1038/s41413-018-0016-9
https://doi.org/10.1038/s41413-020-00112-2
https://doi.org/10.3390/cells7100161
https://doi.org/10.1186/s13317-020-00145-x
https://doi.org/10.1186/s13317-020-00145-x
https://doi.org/10.1186/s13148-019-0632-2
https://doi.org/10.1016/j.jaut.2019.102400
https://doi.org/10.1097/bor.0000000000000471
https://doi.org/10.3390/ijms222212170
https://doi.org/10.3390/ijms222212170
https://doi.org/10.1016/j.molcel.2017.10.030
https://doi.org/10.1016/j.molcel.2017.10.030
https://doi.org/10.3389/fmicb.2017.02483
https://doi.org/10.3389/fgene.2019.00570
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yang et al.

Epigenetic Regulation in Rheumatoid Arthritis

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Aristizabal M]J, Anreiter I, Halldorsdottir T, Odgers CL, Mcdade TW,
Goldenberg A, et al. Biological Embedding of Experience: A Primer on
Epigenetics. Proc Natl Acad Sci USA (2020) 117:23261-9. doi: 10.1073/
pnas.1820838116

Kumar S, Chinnusamy V, Mohapatra T. Epigenetics of Modified DNA Bases:
5-Methylcytosine and Beyond. Front Genet (2018) 9:640. doi: 10.3389/
fgene.2018.00640

Karouzakis E, Raza K, Kolling C, Buckley CD, Gay S, Filer A, et al. Analysis of
Early Changes in DNA Methylation in Synovial Fibroblasts of RA Patients
Before Diagnosis. Sci Rep (2018) 8:7370. doi: 10.1038/s41598-018-24240-2
Lim WJ, Kim KH, Kim JY, Jeong S, Kim N. Identification of DNA-Methylated
CpG Islands Associated With Gene Silencing in the Adult Body Tissues of the
Ogye Chicken Using RNA-Seq and Reduced Representation Bisulfite
Sequencing. Front Genet (2019) 10:346. doi: 10.3389/fgene.2019.00346
Pfeifer GP. Defining Driver DNA Methylation Changes in Human Cancer. Int
J Mol Sci (2018) 19. doi: 10.3390/ijms19041166

Tajima S, Suetake I, Takeshita K, Nakagawa A, Kimura H. Domain Structure
of the Dnmt1, Dnmt3a, and Dnmt3b DNA Methyltransferases. Adv Exp Med
Biol (2016) 945:63-86. doi: 10.1007/978-3-319-43624-1_4

Sun J, Yang J, Miao X, Loh HH, Pei D, Zheng H. Proteins in DNA Methylation
and Their Role in Neural Stem Cell Proliferation and Differentiation. Cell
Regener (2021) 10:7. doi: 10.1186/s13619-020-00070-4

Nowialis P, Lopusna K, Opavska J, Haney SL, Abraham A, Sheng P, et al.
Catalytically Inactive Dnmt3b Rescues Mouse Embryonic Development by
Accessory and Repressive Functions. Nat Commun (2019) 10:4374.
doi: 10.1038/541467-019-12355-7

Li XF, Wu S, Yan Q, Wu YY, Chen H, Yin SQ, et al. PTEN Methylation
Promotes Inflammation and Activation of Fibroblast-Like Synoviocytes in
Rheumatoid Arthritis. Front Pharmacol (2021) 12:700373:700373.
doi: 10.3389/fphar.2021.700373

Miao C, Chang J, Dou J, Xiong Y, Zhou G. DNA Hypermethylation of SFRP2
Influences the Pathology of Rheumatoid Arthritis Through the Canonical
Wnht Signaling in Model Rats. Autoimmunity (2018) 58:1-14. doi: 10.1080/
08916934.2018.1516760

AiR, Boyle DL, Wang W, Firestein GS. Distinct DNA Methylation Patterns of
Rheumatoid Arthritis Peripheral Blood and Synovial Tissue T Cells. ACR
Open Rheumatol (2021) 3:127-32. doi: 10.1002/acr2.11231

Shao X, Hudson M, Colmegna I, Greenwood CMT, Fritzler MJ, Awadalla P,
et al. Rheumatoid Arthritis-Relevant DNA Methylation Changes Identified in
ACPA-Positive Asymptomatic Individuals Using Methylome Capture
Sequencing. Clin Epigenet (2019) 11:110. doi: 10.1186/s13148-019-0699-9
Zhu H, Wu LF, Mo XB, Lu X, Tang H, Zhu XW, et al. Rheumatoid Arthritis-
Associated DNA Methylation Sites in Peripheral Blood Mononuclear Cells.
Ann Rheum Dis (2019) 78:36-42. doi: 10.1136/annrheumdis-2018-213970
Liebold I, Griitzkau A, Gockeritz A, Gerl V, Lindquist R, Feist E, et al.
Peripheral Blood Mononuclear Cells are Hypomethylated in Active
Rheumatoid Arthritis and Methylation Correlates With Disease Activity.
Rheumatol (Oxford) (2021) 60:1984-95. doi: 10.1093/rheumatology/keaa649
Guderud K, Sunde LH, Flam ST, Mahlen MT, Mjaavatten MD, Lillegraven S,
et al. Rheumatoid Arthritis Patients, Both Newly Diagnosed and Methotrexate
Treated, Show More DNA Methylation Differences in CD4(+) Memory Than
in CD4(+) Naive T Cells. Front Immunol (2020) 11:194. doi: 10.3389/
fimmu.2020.00194

De Andres MC, Perez-Pampin E, Calaza M, Santaclara FJ, Ortea I, Gomez-
Reino J], et al. Assessment of Global DNA Methylation in Peripheral Blood
Cell Subpopulations of Early Rheumatoid Arthritis Before and After
Methotrexate. Arthritis Res Ther (2015) 17:233. doi: 10.1186/s13075-015-
0748-5

Nair N, Plant D, Verstappen SM, Isaacs JD, Morgan AW, Hyrich KL, et al.
Differential DNA Methylation Correlates With Response to Methotrexate in
Rheumatoid Arthritis. Rheumatol (Oxford) (2020) 59:1364-71. doi: 10.1093/
rheumatology/kez411

Huang Y, Wang H, Ba X, Chen Z, Wang Y, Qin K, et al. Decipher
Manifestations and Treg /Th17 Imbalance in Multi-Staging Rheumatoid
Arthritis and Correlation With TSDR/RORC Methylation. Mol Immunol
(2020) 127:1-11. doi: 10.1016/j.molimm.2020.08.002

LiY, Zhou M, Lv X, Song L, Zhang D, He Y, et al. Reduced Activity of HDAC3
and Increased Acetylation of Histones H3 in Peripheral Blood Mononuclear

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Cells of Patients With Rheumatoid Arthritis. ] Immunol Res (2018)
2018:7313515. doi: 10.1155/2018/7313515

Goschl L, Preglej T, Boucheron N, Saferding V, Miiller L, Platzer A, et al.
Histone Deacetylase 1 (HDACI1): A Key Player of T Cell-Mediated Arthritis.
J Autoimmun (2020) 108:102379. doi: 10.1016/j.jaut.2019.102379

Park SY, Lee SW, Lee SY, Hong KW, Bae SS, Kim K, et al. SIRT1/Adenosine
Monophosphate-Activated Protein Kinase o Signaling Enhances Macrophage
Polarization to an Anti-Inflammatory Phenotype in Rheumatoid Arthritis.
Front Immunol (2017) 8:1135. doi: 10.3389/fimmu.2017.01135

He D, Liu J, Hai Y, Zhu Q, Shen Y, Guo S, et al. Increased DOT1L in Synovial
Biopsies of Patients With OA and RA. Clin Rheumatol (2018) 37:1327-32.
doi: 10.1007/s10067-017-3941-x

Araki Y, Aizaki Y, Sato K, Oda H, Kurokawa R, Mimura T. Altered Gene
Expression Profiles of Histone Lysine Methyltransferases and Demethylases in
Rheumatoid Arthritis Synovial Fibroblasts. Clin Exp Rheumatol (2018)
36:314-6.

Jia W, Wu W, Yang D, Xiao C, Su Z, Huang Z, et al. Histone Demethylase
JMJD3 Regulates Fibroblast-Like Synoviocyte-Mediated Proliferation and
Joint Destruction in Rheumatoid Arthritis. FASEB ] (2018) 32:4031-42.
doi: 10.1096/1j.201701483R

Wu W, Qin M, Jia W, Huang Z, Li Z, Yang D, et al. Cystathionine-y-Lyase
Ameliorates the Histone Demethylase JMJD3-Mediated Autoimmune
Response in Rheumatoid Arthritis. Cell Mol Immunol (2019) 16:694-705.
doi: 10.1038/s41423-018-0037-8

Luo XB, Xi JC, Liu Z, Long Y, Li LT, Luo ZP, et al. Proinflammatory Effects of
Ubiquitin-Specific Protease 5 (USP5) in Rheumatoid Arthritis Fibroblast-Like
Synoviocytes. Mediators Inflammation (2020) 2020:8295149. doi: 10.1155/
2020/8295149

Guo J, Cao X, Ma X, Hao C, Wu L, Zhang M, et al. Tumor Necrosis Factor
Receptor-Associated Factor 6 (TRAF6) Inhibition Modulates Bone Loss and
Matrix Metalloproteinase Expression Levels in Collagen-Induced Rheumatoid
Arthritis Rat. Ann Palliat Med (2020) 9:4017-28. doi: 10.21037/apm-20-1894
Xiao XY, Li YT, Jiang X, Ji X, Lu X, Yang B, et al. EZH2 Deficiency Attenuates
Treg Differentiation in Rheumatoid Arthritis. J Autoimmun (2020)
108:102404. doi: 10.1016/j.jaut.2020.102404

Liu YR, Yang L, Xu QQ, Lu XY, Ma TT, Huang C, et al. Long Noncoding RNA
MEG3 Regulates Rheumatoid Arthritis by Targeting NLRCS5. J Cell Physiol
(2019) 234:14270-84. doi: 10.1002/jcp.28126

Meng Q, Pan B, Sheng P. Histone Deacetylase 1 is Increased in Rheumatoid
Arthritis Synovium and Promotes Synovial Cell Hyperplasia and Synovial
Inflammation in the Collagen-Induced Arthritis Mouse Model via the
microRNA-124-Dependent MARCKS-JAK/STAT Axis. Clin Exp Rheumatol
(2021) 39:970-81.

Gao J, Kong R, Zhou X, Ji L, Zhang ], Zhao D. Correction to: MiRNA-126
Expression Inhibits IL-23R Mediated TNF-o. or IFN-y Production in
Fibroblast-Like Synoviocytes in a Mice Model of Collagen-Induced
Rheumatoid Arthritis. Apoptosis (2019) 24:382. doi: 10.1007/s10495-018-
1503-6

Xia Z, Meng F, Liu Y, Fang Y, Wu X, Zhang C, et al. Decreased MiR-128-3p
Alleviates the Progression of Rheumatoid Arthritis by Up-Regulating the
Expression of TNFAIP3. Biosci Rep (2018) 38:BSR20180540. doi: 10.1042/
BSR20180540

Peng T, Ji D, Jiang Y. Long Non-Coding RNA GAS5 Suppresses Rheumatoid
Arthritis Progression via miR-128-3p/HDAC4 Axis. Mol Cell Biochem (2021)
476:2491-501. doi: 10.1007/s11010-021-04098-1

Tang J, Yi S, Liu Y. Long non-Coding RNA PVT1 can Regulate the
Proliferation and Inflammatory Responses of Rheumatoid Arthritis
Fibroblast-Like Synoviocytes by Targeting microRNA-145-5p. Hum Cell
(2020) 33:1081-90. doi: 10.1007/s13577-020-00419-6

Kolarz B, Ciesla M, Dryglewska M, Rosenthal AK, Majdan M.
Hypermethylation of the miR-155 Gene in the Whole Blood and Decreased
Plasma Level of miR-155 in Rheumatoid Arthritis. PloS One (2020) 15:
€0233897. doi: 10.1371/journal.pone.0233897

Najm A, Masson FM, Preuss P, Georges S, Ory B, Quillard T, et al.
MicroRNA-17-5p Reduces Inflammation and Bone Erosions in Mice With
Collagen-Induced Arthritis and Directly Targets the JAK/STAT Pathway in
Rheumatoid Arthritis Fibroblast-Like Synoviocytes. Arthritis Rheumatol
(2020) 72:2030-9. doi: 10.1002/art.41441

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 859400


https://doi.org/10.1073/pnas.1820838116
https://doi.org/10.1073/pnas.1820838116
https://doi.org/10.3389/fgene.2018.00640
https://doi.org/10.3389/fgene.2018.00640
https://doi.org/10.1038/s41598-018-24240-2
https://doi.org/10.3389/fgene.2019.00346
https://doi.org/10.3390/ijms19041166
https://doi.org/10.1007/978-3-319-43624-1_4
https://doi.org/10.1186/s13619-020-00070-4
https://doi.org/10.1038/s41467-019-12355-7
https://doi.org/10.3389/fphar.2021.700373
https://doi.org/10.1080/08916934.2018.1516760
https://doi.org/10.1080/08916934.2018.1516760
https://doi.org/10.1002/acr2.11231
https://doi.org/10.1186/s13148-019-0699-9
https://doi.org/10.1136/annrheumdis-2018-213970
https://doi.org/10.1093/rheumatology/keaa649
https://doi.org/10.3389/fimmu.2020.00194
https://doi.org/10.3389/fimmu.2020.00194
https://doi.org/10.1186/s13075-015-0748-5
https://doi.org/10.1186/s13075-015-0748-5
https://doi.org/10.1093/rheumatology/kez411
https://doi.org/10.1093/rheumatology/kez411
https://doi.org/10.1016/j.molimm.2020.08.002
https://doi.org/10.1155/2018/7313515
https://doi.org/10.1016/j.jaut.2019.102379
https://doi.org/10.3389/fimmu.2017.01135
https://doi.org/10.1007/s10067-017-3941-x
https://doi.org/10.1096/fj.201701483R
https://doi.org/10.1038/s41423-018-0037-8
https://doi.org/10.1155/2020/8295149
https://doi.org/10.1155/2020/8295149
https://doi.org/10.21037/apm-20-1894
https://doi.org/10.1016/j.jaut.2020.102404
https://doi.org/10.1002/jcp.28126
https://doi.org/10.1007/s10495-018-1503-6
https://doi.org/10.1007/s10495-018-1503-6
https://doi.org/10.1042/BSR20180540
https://doi.org/10.1042/BSR20180540
https://doi.org/10.1007/s11010-021-04098-1
https://doi.org/10.1007/s13577-020-00419-6
https://doi.org/10.1371/journal.pone.0233897
https://doi.org/10.1002/art.41441
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yang et al.

Epigenetic Regulation in Rheumatoid Arthritis

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Wang Y, Hou L, Yuan X, Xu N, Zhao S, Yang L, et al. LncRNA NEAT1 Targets
Fibroblast-Like Synoviocytes in Rheumatoid Arthritis via the miR-410-3p/YY1
Axis. Front Immunol (2020) 11:1975. doi: 10.3389/fimmu.2020.01975

Xiong G, Huang Z, Jiang H, Pan Z, Xie J, Wang S. Inhibition of microRNA-21
Decreases the Invasiveness of Fibroblast-Like Synoviocytes in Rheumatoid
Arthritis via TgfB/Smads Signaling Pathway. Iran ] Basic Med Sci (2016)
19:787-93.

Quero L, Tiaden AN, Hanser E, Roux J, Laski A, Hall J, et al. miR-221-3p
Drives the Shift of M2-Macrophages to a Pro-Inflammatory Function by
Suppressing JAK3/STAT3 Activation. Front Immunol (2019) 10:3087:3087.
doi: 10.3389/fimmu.2019.03087

Liu X, Ni§, Li C, Xu N, Chen W, Wu M, et al. Circulating microRNA-23b as a
New Biomarker for Rheumatoid Arthritis. Gene (2019) 712:143911.
doi: 10.1016/j.gene.2019.06.001

Zhang S, Meng T, Tang C, Li S, Cai X, Wang D, et al. MicroRNA-340-5p
Suppressed Rheumatoid Arthritis Synovial Fibroblast Proliferation and
Induces Apoptotic Cell Number by Targeting Signal Transducers and
Activators of Transcription 3. Autoimmunity (2020) 53:314-22.
doi: 10.1080/08916934.2020.1793134

Wang Y, Zhang K, Yuan X, Xu N, Zhao S, Hou L, et al. miR-431-5p Regulates
Cell Proliferation and Apoptosis in Fibroblast-Like Synoviocytes in
Rheumatoid Arthritis by Targeting XIAP. Arthritis Res Ther (2020) 22:231.
doi: 10.1186/s13075-020-02328-3

Guo J, Cao X, Zhao W, Zhu H, Ma X, Hao C, et al. MicroRNA-449 Targets
Histone Deacetylase 1 to Regulate the Proliferation, Invasion, and Apoptosis
of Synovial Fibroblasts in Rheumatoid Arthritis. Ann Palliat Med (2021)
10:7960-9. doi: 10.21037/apm-21-1383

Bi X, Guo XH, Mo BY, Wang ML, Luo XQ, Chen YX, et al. LncRNA PICSAR
Promotes Cell Proliferation, Migration and Invasion of Fibroblast-Like
Synoviocytes by Sponging miRNA-4701-5p in Rheumatoid Arthritis.
EBioMedicine (2019) 50:408-20. doi: 10.1016/j.ebiom.2019.11.024

Hegewald AB, Breitwieser K, Ottinger SM, Mobarrez F, Korotkova M, Rethi B,
et al. Extracellular miR-574-5p Induces Osteoclast Differentiation via TLR 7/8
in Rheumatoid Arthritis. Front Immunol (2020) 11:585282. doi: 10.3389/
fimmu.2020.585282

Wang ], Zhao Q. Linc02381 Exacerbates Rheumatoid Arthritis Through
Adsorbing miR-590-5p and Activating the Mitogen-Activated Protein
Kinase Signaling Pathway in Rheumatoid Arthritis-Fibroblast-Like
Synoviocytes. Cell Transplant (2020) 29:963689720938023. doi: 10.1177/
0963689720938023

Lin S, Wang S, Zhang Z, Lu Y, Yang M, Chen P, et al. MiRNA-6089 Inhibits
Rheumatoid Arthritis Fibroblast-Like Synoviocytes Proliferation and Induces
Apoptosis by Targeting CCR4. Arch Physiol Biochem (2020) 1-8. doi: 10.1080/
13813455.2020.1773862

LiuL, Zuo Y, Xu Y, Zhang Z, Li Y, Pang J. MiR-613 Inhibits Proliferation and
Invasion and Induces Apoptosis of Rheumatoid Arthritis Synovial Fibroblasts
by Direct Down-Regulation of DKKI1. Cell Mol Biol Lett (2019) 24:8.
doi: 10.1186/511658-018-0130-0

Xu X, Chen H, Zhang Q, Xu J, Shi Q, Wang M. MiR-650 Inhibits
Proliferation, Migration and Invasion of Rheumatoid Arthritis Synovial
Fibroblasts by Targeting AKT2. BioMed Pharmacother (2017) 88:535-41.
doi: 10.1016/j.biopha.2017.01.063

Shao L, Hou C. miR-138 Activates NF-xb Signaling and PGRN to Promote
Rheumatoid Arthritis via Regulating HDAC4. Biochem Biophys Res Commun
(2019) 519:166-71. doi: 10.1016/j.bbrc.2019.08.092

Akhtar N, Singh AK, Ahmed S. MicroRNA-17 Suppresses TNF-o Signaling
by Interfering With TRAF2 and Ciap2 Association in Rheumatoid Arthritis
Synovial Fibroblasts. J Immunol (2016) 197:2219-28. doi: 10.4049/
jimmunol.1600360

Xiao J, Wang R, Zhou W, Cai X, Ye Z. LncRNA NEAT1 Regulates the
Proliferation and Production of the Inflammatory Cytokines in Rheumatoid
Arthritis Fibroblast-Like Synoviocytes by Targeting miR-204-5p. Hum Cell
(2021) 34:372-82. doi: 10.1007/s13577-020-00461-4

Nowak A, Lock D, Bacher P, Hohnstein T, Vogt K, Gottfreund J, et al. CD137
+CD154- Expression As a Regulatory T Cell (Treg)-Specific Activation
Signature for Identification and Sorting of Stable Human Tregs From In
Vitro Expansion Cultures. Front Immunol (2018) 9:199. doi: 10.3389/
fimmu.2018.00199

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Jin S, Chen H, Li Y, Zhong H, Sun W, Wang J, et al. Maresin 1 Improves the
Treg/Th17 Imbalance in Rheumatoid Arthritis Through miR-21. Ann Rheum
Dis (2018) 77:1644-52. doi: 10.1136/annrheumdis-2018-213511

Liu XG, Zhang Y, Ju WF, Li CY, Mu YC. MiR-21 Relieves Rheumatoid
Arthritis in Rats via Targeting Wnt Signaling Pathway. Eur Rev Med
Pharmacol Sci (2019) 23:96-103. doi: 10.26355/eurrev_201908_18635

Yang J, Cheng M, Gu B, Wang J, Yan S, Xu D. CircRNA_09505 Aggravates
Inflammation and Joint Damage in Collagen-Induced Arthritis Mice via miR-
6089/AKT1/NF-xb Axis. Cell Death Dis (2020) 11:833. doi: 10.1038/s41419-
020-03038-z

Kim DS, Min HK, Kim EK, Yang SC, Na HS, Lee SY, et al. Suberoylanilide
Hydroxamic Acid Attenuates Autoimmune Arthritis by Suppressing Th17
Cells Through NR1D1 Inhibition. Mediators Inflammation (2019)
2019:5648987. doi: 10.1155/2019/5648987

Park JK, Jang YJ, Oh BR, Shin J, Bae D, Ha N, et al. Therapeutic Potential of
CKD-506, a Novel Selective Histone Deacetylase 6 Inhibitor, in a Murine
Model of Rheumatoid Arthritis. Arthritis Res Ther (2020) 22:176.
doi: 10.1186/s13075-020-02258-0

Park JK, Shon S, Yoo HJ, Suh DH, Bae D, Shin ], et al. Inhibition of Histone
Deacetylase 6 Suppresses Inflammatory Responses and Invasiveness of
Fibroblast-Like-Synoviocytes in Inflammatory Arthritis. Arthritis Res Ther
(2021) 23:177. doi: 10.1186/s13075-021-02561-4

Choudhary N, Gupta R, Bhatt LK. Anti-Rheumatic Activity of Phenethyl
Isothiocyanate via Inhibition of Histone Deacetylase-1. Chem Biol Interact
(2020) 324:109095. doi: 10.1016/j.cbi.2020.109095

Zhang Y, Zhang B. Trichostatin A, an Inhibitor of Histone Deacetylase,
Inhibits the Viability and Invasiveness of Hypoxic Rheumatoid Arthritis
Fibroblast-Like Synoviocytes via PI3K/Akt Signaling. ] Biochem Mol Toxicol
(2016) 30:163-9. doi: 10.1002/jbt.21774

Sellmer A, Stangl H, Beyer M, Griinstein E, Leonhardt M, Pongratz H, et al.
Marbostat-100 Defines a New Class of Potent and Selective Antiinflammatory
and Antirheumatic Histone Deacetylase 6 Inhibitors. ] Med Chem (2018)
61:3454-77. doi: 10.1021/acs.jmedchem.7b01593

Brenke JK, Popowicz GM, Schorpp K, Rothenaigner I, Roesner M, Meininger
I, et al. Targeting TRAF6 E3 Ligase Activity With a Small-Molecule Inhibitor
Combats Autoimmunity. J Biol Chem (2018) 293:13191-203. doi: 10.1074/
jbc.RA118.002649

Liu YF, Wen CY, Chen Z, Wang Y, Huang Y, Hu YH, et al. Effects of Wutou
Decoction on DNA Methylation and Histone Modifications in Rats With
Collagen-Induced Arthritis. Evid Based Complement Alternat Med (2016)
2016:5836879. doi: 10.1155/2016/5836879

Xie Y, Mai CT, Zheng DC, He YF, Feng SL, Li YZ, et al. Wutou Decoction
Ameliorates Experimental Rheumatoid Arthritis via Regulating NF-kB and
Nrf2: Integrating Efficacy-Oriented Compatibility of Traditional Chinese
Medicine. Phytomedicine (2021) 85:153522. doi: 10.1016/
j.phymed.2021.153522

Guo S, Liu ], Jiang T, Lee D, Wang R, Zhou X, et al. (5r)-5-Hydroxytriptolide
(LLDT-8) Induces Substantial Epigenetic Mediated Immune Response
Network Changes in Fibroblast-Like Synoviocytes From Rheumatoid
Arthritis Patients. Sci Rep (2019) 9:11155. doi: 10.1038/s41598-019-47411-1
Liu XY, Xu L, Wang Y, Li JX, Zhang Y, Zhang C, et al. Protective Effects of
Total Flavonoids of Astragalus Against Adjuvant-Induced Arthritis in Rats by
Regulating OPG/RANKL/NF-xb Pathway. Int Immunopharmacol (2017)
44:105-14. doi: 10.1016/j.intimp.2017.01.010

Jiang H, Fan C, Lu Y, Cui X, Liu J. Astragaloside Regulates IncRNA
LOC100912373 and the Mir-17-5p/PDK1 Axis to Inhibit the Proliferation
of Fibroblast-Like Synoviocytes in Rats With Rheumatoid Arthritis. Int ] Mol
Med (2021) 48. doi: 10.3892/ijmm.2021.4963

Chen H, Ju SH, Wei JP, Fu WJ, Zheng H, Xu SJ. [Effect of Baihu Guizhi
Decoction on Characteristic Methylation Genes Expression of Pyretic
Arthralgia Rat Model]. Zhongguo Zhong Yao Za Zhi (2017) 42:332-40.
doi: 10.19540/j.cnki.cjemm.20161222.013

Chen YC, Sheen JM, Wang SC, Hsu MH, Hsiao CC, Chang KA, et al.
Methotrexate Neurotoxicity Is Related to Epigenetic Modification of the
Myelination Process. Int ] Mol Sci (2021) 22. doi: 10.3390/ijms22136718

Dai YJ, Wan SY, Gong SS, Liu JC, Li F, Kou JP. Recent Advances of
Traditional Chinese Medicine on the Prevention and Treatment of COVID-
19. Chin ] Nat Med (2020) 18:881-9. doi: 10.1016/s1875-5364(20)60031-0

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 859400


https://doi.org/10.3389/fimmu.2020.01975
https://doi.org/10.3389/fimmu.2019.03087
https://doi.org/10.1016/j.gene.2019.06.001
https://doi.org/10.1080/08916934.2020.1793134
https://doi.org/10.1186/s13075-020-02328-3
https://doi.org/10.21037/apm-21-1383
https://doi.org/10.1016/j.ebiom.2019.11.024
https://doi.org/10.3389/fimmu.2020.585282
https://doi.org/10.3389/fimmu.2020.585282
https://doi.org/10.1177/0963689720938023
https://doi.org/10.1177/0963689720938023
https://doi.org/10.1080/13813455.2020.1773862
https://doi.org/10.1080/13813455.2020.1773862
https://doi.org/10.1186/s11658-018-0130-0
https://doi.org/10.1016/j.biopha.2017.01.063
https://doi.org/10.1016/j.bbrc.2019.08.092
https://doi.org/10.4049/jimmunol.1600360
https://doi.org/10.4049/jimmunol.1600360
https://doi.org/10.1007/s13577-020-00461-4
https://doi.org/10.3389/fimmu.2018.00199
https://doi.org/10.3389/fimmu.2018.00199
https://doi.org/10.1136/annrheumdis-2018-213511
https://doi.org/10.26355/eurrev_201908_18635
https://doi.org/10.1038/s41419-020-03038-z
https://doi.org/10.1038/s41419-020-03038-z
https://doi.org/10.1155/2019/5648987
https://doi.org/10.1186/s13075-020-02258-0
https://doi.org/10.1186/s13075-021-02561-4
https://doi.org/10.1016/j.cbi.2020.109095
https://doi.org/10.1002/jbt.21774
https://doi.org/10.1021/acs.jmedchem.7b01593
https://doi.org/10.1074/jbc.RA118.002649
https://doi.org/10.1074/jbc.RA118.002649
https://doi.org/10.1155/2016/5836879
https://doi.org/10.1016/j.phymed.2021.153522
https://doi.org/10.1016/j.phymed.2021.153522
https://doi.org/10.1038/s41598-019-47411-1
https://doi.org/10.1016/j.intimp.2017.01.010
https://doi.org/10.3892/ijmm.2021.4963
https://doi.org/10.19540/j.cnki.cjcmm.20161222.013
https://doi.org/10.3390/ijms22136718
https://doi.org/10.1016/s1875-5364(20)60031-0
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yang et al.

Epigenetic Regulation in Rheumatoid Arthritis

83. Huang K, Zhang P, Zhang Z, Youn JY, Wang C, Zhang H, et al. Traditional
Chinese Medicine (TCM) in the Treatment of COVID-19 and Other Viral
Infections: Efficacies and Mechanisms. Pharmacol Ther (2021) 225:107843.
doi: 10.1016/j.pharmthera.2021.107843

Lyu M, Fan G, Xiao G, Wang T, Xu D, Gao J, et al. Traditional Chinese Medicine
in COVID-19. Acta Pharm Sin B (2021) 11:3337-63. doi: 10.1016/
japsb.2021.09.008

Zhao Z, Li Y, Zhou L, Zhou X, Xie B, Zhang W, et al. Prevention and
Treatment of COVID-19 Using Traditional Chinese Medicine: A Review.
Phytomedicine (2021) 85:153308. doi: 10.1016/j.phymed.2020.153308

84.

85.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yang, Li, Teng, Zhou, Zhang, Zhong and Yang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 859400


https://doi.org/10.1016/j.pharmthera.2021.107843
https://doi.org/10.1016/j.apsb.2021.09.008
https://doi.org/10.1016/j.apsb.2021.09.008
https://doi.org/10.1016/j.phymed.2020.153308
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Epigenetic Regulation in the Pathogenesis of Rheumatoid Arthritis
	Introduction
	The Epigenetic Regulatory Roles in RA
	DNA Methylation
	Histone Modification
	MicroRNA-Mediated Pathogenesis of RA

	The Effects of Compounds on Epigenetic Regulation of RA
	The Effect of Epigenetic Inhibitors on RA
	The Effects of Traditional Chinese Medicine-Mediated Epigenetic Regulation on RA

	Conclusion and Outlook
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


