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Abstract Autoimmune diseases occur when the immune sys-
tem loses tolerance to self-antigens, inducing inflammation
and tissue damage. The pathogenesis of autoimmune diseases
has not been elucidated. A growing mountain of evidence
suggests the involvement of genetic and epigenetic factors in
the development of these disorders. Genetic mapping has
identified several candidate variants in autoimmune condi-
tions. However, autoimmune diseases cannot be explained
by genetic susceptibility alone. The fact that there is only
20 % of concordance for systemic lupus erythematosus
(SLE) in homozygotic twins is an indication that epigenetics
and environment may also play significant roles. Epigenetics
refer to inheritable and potentially reversible changes in DNA
and chromatin that regulate gene expression without altering
the DNA sequence. The primary mechanisms of epigenetic
regulation include DNA methylation, histone modification,
and non-coding RNA-mediated regulation. The regulation
on gene expression by epigenetics is similar to that by tran-
scription factors (TFs), and the normal execution of biological
event is controlled by a combination of epigenetic modifica-
tions and TFs. These two mechanisms share similar regulatory
logistics and cooperate in part by influencing activity of the
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binding sites of target genes. In addition, the promoters of TFs
have been found themselves to be modified by epigenetic
regulators and TFs can also induce epigenetic changes.
There is a two-way street in which interplay between epige-
netic regulation and TFs plays a role in the pathogenesis of
SLE, rheumatoid arthritis, type 1 diabetes, systemic sclerosis,
and multiple sclerosis. Understanding of pathogenesis of these
autoimmune diseases will help define potential targets for
therapeutic strategies.
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Introduction

The immune system is a complex and sophisticated network
that protects our bodies from external threats, such as bacteria,
fungi, and viruses. Moreover, this network is capable of clear-
ing apoptotic material and undesirable self-components
through phagocytosis by dendritic cells and macrophages.
This by itself does not induce an immune response, leading
to a phenomenon of self-tolerance. However, under certain
abnormal conditions, the immune system may lose tolerance
to self-materials and attack self-tissues and organs, causing
autoimmunity. The pathogenesis of autoimmunity has not
been well elucidated [1]; however, studies of dizygotic twins
and families have revealed a genetic component to autoimmu-
nity [2]. But, this cannot explain all cases of autoimmunity.
Indeed, only about 20 % concordance for systemic lupus ery-
thematosus (SLE) has been found in homozygotic twins, sug-
gesting a role for both environmental and epigenetic factors in
the onset of autoimmune disorders [3—5]. Currently, the field
of epigenetics has received intensive attention worldwide,
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because it may serve as a supplementary explanation for ge-
netics in human diseases and because it can be induced by
environmental exposures, which in theory, may be relatively
easier to change or reverse than genetic hardwiring.

Gene transcription controls all of the actions of a cell, and it
can be regulated by epigenetic modifications. Not surprising-
ly, epigenetic modifications may also occur on the gene loci
that encode certain transcription factors (TFs) and thereby
serve as an additional regulatory factor for biological process-
es and cellular function. The interaction between epigenetic
modifications and key TFs in regulating the immune system
and their roles in the pathogenesis of some autoimmune dis-
eases, such as SLE, rheumatoid arthritis (RA), type 1 diabetes
(T1D), systemic sclerosis (SSc), and multiple sclerosis (MS),
are critical areas of research and may provide potential thera-
peutic targets for autoimmune diseases and inspire further
research in this field.

Epigenetics

Epigenetic modifications are reversible and potentially herita-
ble changes occurring in genomic DNA and chromatin that do
not alter DNA sequence. The types of epigenetic modifica-
tions include DNA methylation, histone modification, and
microRNA (miRNA)- and long non-coding RNA (IncRNA)-
mediated regulation. Currently, epigenetics is a popular and
important area of investigation in the pathogenesis of autoim-
mune disease such as SLE, RA, and T1D [6-9]. In addition to
the discordance in the incidence of SLE between homozygotic
twins, the influence of environmental triggers (e.g., infection,
UV exposure, drugs) and the predominance in females empha-
size the importance of aberrant epigenetic modifications in the
pathogenesis of SLE [3]. In addition, certain types of drugs,
including 5-azacytidine and procainamide [10], which have
been reported to induce SLE, can also cause epigenetic chang-
es. Similar observations have been made in other autoimmune
diseases; e.g., abnormal gene expression has been observed in
RA synovial fibroblasts (RASF) without genetic mutations,
suggesting the involvement of epigenetic modifications [11],
and sunlight, Epstein-Barr virus (EBV) infection [12, 13], and
miRNAs [14, 15] have been implicated in the pathogenesis of
MS. These observations strongly suggest that aberrant epige-
netic regulation plays an important role in the pathogenesis of
autoimmune disorders [16—19].

DNA Methylation and Interactions with Transcription
Factors

DNA methylation is a biochemical process in which a methyl
group is added to a cytosine or adenine at the 5’ position of a
CpG dinucleotide, converting the cytosine to a methyl-
cytosine [20]. The methyl group represses gene expression
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when it is present in a gene and permits transcription when it
is absent. DNA methylation is involved in many biological
processes, including cell development, cell differentiation,
and immune responses. The process of DNA methylation is
regulated by methyltransferase such as DNA methyltransfer-
ase 1 (DNMT1), DNMT3a, and DNMT3b, and each performs
specific functions. DNMT1 maintains the methylation status
during cell replication, whereas DNMT3a and 3b usually in-
duce de novo methylation [21]. DNA hypermethylation si-
lences gene expression. In contrast, DNA demethylation re-
activates the expression of silenced genes, which is also reg-
ulated by enzymes, such as ten-eleven translocation
methylcytosine dioxygenase 1 (TET1), TET2, and TET3
[22]. In mammalian cells, DNA methylation is restricted to
regions of high CpG dinucleotide content, termed CpG
islands, which are typically located in promoter regions [23].
The interplay between TFs and DNA methylation consists of
four distinct mechanisms (Fig. 1):

CpG Methylation Methyl groups interfere with the binding
of TFs. Many TFs are sensitive to DNA methylation due to
their binding sites in genomic DNA containing CpG pairs.
When these CpG pairs are methylated, the TFs fail to bind
DNA and active transcription processes are blocked. Two ba-
sic models have evolved: in the first, DNA methylation can
directly repress transcription by blocking transcriptional acti-
vators from binding to cognate DNA sequences [24]; in the
second, the methyl-CpG-binding domain (MBD) proteins me-
diate transcriptional suppression by binding to methylated se-
quences and further altering the chromatin structure by
forming a co-repressor complex [25]. This mechanism has
been supported by non-systematic experimental evidence that
the methylation of E-box (CACGTG) sequences inhibits the
binding of N-Myc to the promoter of EGFR [26], and the
methylation of PEG3 gene promoter prevents the binding of
YY1 [27]. In contrast, methylated cytosine residues can attract
both activating [28] and repressing [29] TFs. For example, the
methylation of the CRE sequence promotes the DNA binding
of C/EBPa and, in turn, activates the transcription of a set of
genes involved in adipocyte differentiation [28]. However,
recent advances suggest that the ability of the methylation of
certain TF binding sites to prevent TF binding is restricted to
special cases [30], with most CpG islands remaining
nonmethylated regardless of gene expression. Genome-wide
studies focusing on CpG islands have uncovered numerous
instances of methylation of CpG islands in normal somatic
cells. CpG islands in the germline are almost invariably
nonmethylated, but a small proportion acquires methylation
in somatic tissues [31, 32] (Fig. 1a).

Methylation of Transcription Factors The promoter region
of TFs is methylated, leading to transcriptional repression. For
example, RORC is an essential TF gene for Th17 cell
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differentiation and has been found to be regulated by DNA
methylation during the polarization process [33]. In addition,
several of the transcription factor genes, such as SP/1, GATA3,
TCF-7, Etv5, c-maf, and TBX21, have been shown to be dif-
ferentially methylated in specific cell lineages and stages of
the hematopoietic cascade [34] (Fig. 1b).

Recruitment of DNA Methyltransferases and Ten-Eleven
Translocation Methylcytosine Dioxygenases Induced by
Transcription Factors In addition, DNA methyltransferases
and demethylases are usually recruited by TFs. For example,
TETS3 is recruited by REST, a TF that induces gene transcrip-
tion [35]. Some TFs can interact with DNMT1 to induce the
recruitment of DNMT1 on DNA sites usually bound by TFs
and promote the DNA methylation maintenance of CpG lo-
cated on or in the vicinity of these sites. However, the findings
published by Hervouet et al. demonstrate that DNMT1 inter-
acts with TFs to promote the inheritance of site-specific DNA
methylation, while the DNMT1-PCNA-UHRF1 complex pro-
motes the inheritance of DNA methylation without site pref-
erence. Fifty-eight TFs, including NF-kappa B (NF-kB)-p65
and STAT1, have been identified that interact with recombi-
nant DNMTT1 [36] (Fig. 1c).

Transcription Factor Promoted Transcription of DNA
Methyltransferases and Ten-Eleven Translocation
Methylcytosine Dioxygenases TFs promote the expression
of methyltransferases and demethylases. Another group re-
ported that STAT3 promotes DNMT1 expression by binding
promoter 1 and enhancer 1 of the DNMT gene in malignant T
lymphocytes [37]. This finding was supported by treatment of
the malignant T lymphocytes with STAT3 siRNA, which

abrogated expression of DNMT1, inhibited cell growth, and
induced programmed cell death (Fig. 1d).

Histone Modifications and Interactions
with Transcription Factors

Histone modifications are another important epigenetic mech-
anisms for regulating gene expression. DNA is packaged into
the nucleus as chromatin, and the nucleosome is the basic
subunit of the chromatin. Each nucleosome is formed by
146 base pairs (bp), or two turns, of DNA wrapped around
a histone core and contains two copies each of H2A, H2B,
H3, and H4. The histones present small protein tails that
protrude from the nucleosome and are accessible to
modifications, including methylation, acetylation, and
ubiquitination [38]. Each modification has specific functions.
For example, the acetylation of histone H3K9 enhances tran-
scription, whereas the methylation of histone H3K9 sup-
presses transcription. Among these modifications, acetylation
has been the most intensively studied. Acetylation is regulat-
ed by histone acetyltransferases (HATs) and histone
deacetylases (HDAC). HAT transfer acetyl groups to lysine
residues which lead to gene activation, HDAC removes ace-
tyl groups, resulting in gene silencing [39]. Unlike acetyla-
tion, histone methylation occurs on either arginine or lysine
residues and is regulated by histone methyltransferases
(HMTs) and histone demethylases (HDMs). The effects of
methylation are modulated by both the position of the mod-
ified residue and the number of methyl groups. It is well
known that the H3K4me3 modification enhances gene ex-
pression, whereas H3K9me3 and H3K27me3 modification
leads to gene repression [40, 41].

@ Springer



336

Clinic Rev Allerg Immunol (2016) 50:333-344

The interaction between histone modifications and TFs can
also be divided into four distinct categories (Fig. 2):

1. Histone modifications interfere with the binding of TFs to
their target DNAs. For example, histone deacetylation
confers a heterochromatic configuration that prevents
TFs from binding to the DNA. In contrast, histone acety-
lation causes a euchromatic configuration and promotes
the affinity of DNA and TFs [42] (Fig. 2a).

2. Histone modification enzymes regulate TFs. This mecha-
nism is supported by the findings that HDAC3 interacts
with and regulates GCMa, which is a TF that regulates
development [43] (Fig. 2b).

3. TFs interact with HATs and HDACs directly and recruit
these enzymes to their target DNA loci to regulate gene
transcription, for example, YY1, a sequence-specific
DNA binding transcription factor that activates and re-
presses many genes through acetylation by p300 and
deacetylation by HDACs [44] (Fig. 2c).

4. TFs regulate the expression of histone modification en-
zymes. For example, NF-kB was recently found to regu-
late the expression of SIRT1 [45] (Fig. 2d).

Fig. 2 Four forms of interplay
between histone modification and
TFs. a To form heterochromatin,
the histone deacetylation of
histone tails caused by HDAC
enzymes in association with DNA
methylation (M) confers a dense
configuration of DNA that
prevents its transcription. In the
euchromatic state, histone tails are
acetylated by HAT enzymes in
association with DNA
demethylation to promote gene H Istone
expression. b TFs can be either tail

modified before binding to
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miRNAs and Interactions with Transcription Factors

miRNAs are small, non-coding RNAs (21-23 bp long) and
function as posttranscriptional and posttranslational regulators
of gene expression. miRNAs perform their functions by bind-
ing to the 3’-untranslated region (UTR) of the messenger RNA
(mRNA) of a target gene, causing mRNA cleavage, transla-
tional repression, or translational arrest [46, 47]. Over 2000
miRNAs are registered in the human miRNA databases, and
up to 1000 of them control one third of the transcriptome and
regulate cell differentiation, cell cycle, apoptosis, and immune
responses [48—50]. Based on their functions, it is not surpris-
ing that they play important roles in the innate and adaptive
immune systems and thus may be involved in autoimmune
disorders [51, 52].

miRNA transcripts are generated by RNA polymerase I in
the nucleus to compose primary miRNAs (pri-miRNAs),
which are then recognized by nuclear enzymes, such as
Drosha, and form ~70-nucleotide hairpin precursor miRNAs
(pre-mRNAs). The mature miRNAs are cleaved from pre-
mRNAs by the enzyme Dicer and form a duplex 18-23 nu-
cleotides in length. One of these two strands with lower

TF/TF

RNAPOLY’

TFITF

RNAPOLY

Euchromatin

‘ deacetylated TFs

) ®

_—

Transcript HDACs

@ Springer

HDACs + ‘
‘ regulate

Transcription



Clinic Rev Allerg Immunol (2016) 50:333-344

337

stability in the 5’ end will be associated with the RNA-induced
silencing complex (RISC), the place where miRNAs bind to
the mRNA targets. The predominant regulatory effect of
miRNAs is to repress their target mRNAs [53, 54].

miRNAs and Transcription Factors

In complex multicellular organisms, TFs do not work alone
but together in a cooperative network [55]. There is increasing
evidence to support the hypothesis that miRNA is one of these
cooperators, and miRNAs are the principal class of gene reg-
ulators together with TFs. Gene transcription occurs when TFs
bind to cis-regulatory sites, which are usually situated up-
stream of protein-coding genes. Then, one or more miRNAs
bind to the cis-regulatory sites as well, often in the 3' UTR of
the mRNA, and repress protein translation [56]. Thus, TFs
regulate gene expression at the transcriptional level and
miRNA function at the posttranscriptional level. However,
recent studies observed that miRNAs provided genetic switch
mechanisms to essentially repress target gene expression by
altering TF function and TF-mediated actions [57]. For exam-
ple, miR-493-5p, miR-124/506, and TF SP1 have been found
to be involved in a TF-miR co-regulation network [22].

In addition, miRNAs and TFs have been found to form
autoregulatory feedback loops, in which the expression of
one affects either the presence or the absence of the other.
These loops consist of unilateral or reciprocal negative feed-
back and double-negative feedbacks [58] (Fig. 3). In a unilat-
eral negative feedback loop, expression of TFs is negatively
controlled by the miRNAs, while the miRNAs are positively
regulated by TFs. In a reciprocal negative feedback loop, the
expression of the TF is repressed by the miRNAs and the
miRNAs themselves are inhibited by the TFs. In double-
negative feedback loops, the TF-regulated miRNAs are direct-
ly responsible for transcriptional activation and inactivation,
while the miRNAs themselves are regulated by TFs [56].

Fig. 3 miRNA-TF feedback a
loops. a Unilateral feedback loop.

b Reciprocal negative feedback

loop. ¢ Double-negative feedback

loop. Activation (=——3);

inhibition (—)

/N b
" N

Long Non-Coding RNAs and Interactions
with Transcription Factors

With the recent technical advances in genome-wide studies, it is
becoming increasingly obvious that the majority (over 98 %) of
the human genome is transcribed into non-protein-coding
RNAs (ncRNAs) [59, 60]. In addition to miRNAs, a large num-
ber of long ncRNAs, greater than 200 nt in length, have been
identified, but only a minority of them have been assigned func-
tions. Based on their genomic proximity to protein-coding
genes, IncRNAs are divided into five types: sense, antisense,
intronic, intergenic, and bidirectional IncRNAs [61]. Unlike
miRNAs, IncRNAs can both negatively and positively regulate
gene expression and may function by forming IncRNA/RNA,
IncRNA/protein, or IncRNA/chromatin interactions [62, 63].
IncRNAs are currently the focus of intense research because
multiple lines of evidence suggest that IncRNAs contribute to
a range of human diseases, from neurodegeneration to cancer,
by altering their primary structure, secondary structure, and ex-
pression levels [64, 65]. However, only a few IncRNAs have
been found to regulate immune responses [65—609], including T
cell differentiation, dendritic cell functions, and cytokine pro-
duction, and therefore play a role in autoimmune disorders in a
cell-type specific manner [70].

The mechanisms by which IncRNAs regulate gene expres-
sion are still incompletely understood. Recent advances sug-
gest that IncRNAs regulate gene expression at the pre-tran-
scriptional, transcriptional, and posttranscriptional level. For
example, IncRNAs can mediate epigenetic changes by
recruiting chromatin-remodeling complexes, including
PRCI1, PRC2, G9a, and MLL, to specific locations in the
genome [71, 72]. IncRNAs regulate dendritic cell differentia-
tion by binding directly to STAT3 in the cytoplasm, which
promotes STAT3 phosphorylation on tyrosine-705 by
preventing STAT3 from further binding to and being dephos-
phorylated by SHP1 [67]. At the transcriptional level, some
IncRNAs, such as 7SK [73], have been revealed to directly
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affect the loading and activity of either RNA polymerase II or
general TFs and to further influence the general output of
mRNAs. In addition, IncRNAs, such as NRON [74], serve
as either co-factors or inhibitors to regulate the activity of
particular TFs. At the posttranscriptional level, antisense
IncRNAs are capable of modulating mRNA editing, transport,
translation, and degradation and can mediate alternative splic-

ing of the mRNA by forming RNA duplexes [75, 76] (Fig. 4).

IncRNAs are involved in many biological process and var-
ious diseases. In this review, we focus on their actions in the
immune system, which is an area where their function is only
just beginning to be studied. A recent study revealed highly
dynamic and cell-specific expression patterns for IncRNAs
during T cell differentiation. Many IncRNAs are found to be
bound and controlled by the key TFs T-bet, GATA-3, STAT4,
and STAT6, which are the principal TFs for Thl and Th2
differentiation [68].

The Interaction of Transcription Factors
and Aberrant Epigenetic Modifications
in Autoimmune Diseases

Systemic Lupus Erythematosus

SLE is a multisystem autoimmune disorder that predominate-
ly affects women (the female to male ratio is 9 to 1) during
their reproductive age [77, 78]. It is characterized by diverse
autoantibodies in the blood circulation [79], together with
autoreactive T and B lymphocytes [80, 81]. Although the di-
rect cause of SLE remains unidentified, many factors are be-
lieved to contribute to autoimmunity in SLE, including genet-
ic susceptibility, epigenetics, hormones, and environmental
factors [82—85]. SLE occurs when an individual with genetic
susceptibility to lupus encounters environmental triggers such
as sunlight, drugs, or infection. The role of DNA methylation
in SLE first attracted worldwide attention in the 1960s and has
since become the subject of intense research [86]. In humans,
DNA demethylation has been found in SLE CD4" T cells, but
not in either CD8'T cells or peripheral blood mononuclear
cells (PBMCs) [87, 88]. However, the global DNA methyla-
tion and histone modification status may not reflect real gene
expression but may instead reflect the activation status of the
cells.

Although epigenetic modifications such as DNA meth-
ylation, histone modifications [89], miRNAs [90, 91], and
IncRNA expression [92] are well documented as critical
players in the pathogenesis of SLE, only a few studies
have focused on the interaction between TFs and epige-
netic modifications [88]. Recently, our colleagues Zhao et
al. have observed that regulatory factor X-box 1 (RFX1),
a TF belonging to the regulation factor for X-box protein
family, is decreased in SLE CD4" T cells and regulates
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DNA methylation in CD4" T cells [93]. In this study, we
found that RFX1 can recruit DNMT1, HDACI, and sup-
pressor of variegation 3—9 (Drosophila) homolog 1
(SUV39HI1) to target gene promoter. RFXI1
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downregulation contributes to DNA hypomethylation and
histone H3 hyperacetylation and decreased H3K9 tri-
methylation in CD11a and CD70 promoter regions in lu-
pus CD4" T cells, which leads to CD11a and CD70 over-
expression, thereby triggering an autoimmune response
[93, 94].

One of our important findings is the role of TF E4BP4
in SLE and its epigenetic mechanism. We observed that
E4BP4 directly regulates CD40L expression by binding to
the promoter region and altering the histone acetylation
and methylation of the CD40L loci. The effect of
E4BP4 has been proven by its overexpression in lupus
CD4" T cells which inhibited the activation and self-
reactivity of the T cells [95]. In addition, Tsokos et al.
also reported that the TF CREMw recruited DNMT3a to
the /L2 promoter and favored a permissive chromatin con-
formation at the IL17A locus. These findings led to the
increased expression of IL-2 and IL-17 in naive, central
memory, and effector memory CD4" T cells, which might
contribute to the pathogenesis of SLE [96]. More recently,
our group observed a role for miR-1246 in the regulation
of TF Early B cell factor 1 (EBF1), which regulated the
development, activation, and proliferation of B cells by
activating the AKT signaling pathway, suggesting a regu-
latory role for miR-1246 in the development of SLE [97].

Rheumatoid Arthritis

RA is a chronic and systemic inflammatory autoimmune
condition that primarily affects the joints and is character-
ized by the progressive destruction of joints [98]. The
synovial fibroblasts (SF) have been identified as the main
player in the initiation of the disease [99]. Epigenetic reg-
ulation is also a novel field of research in RA, but there
are many lines of evidence supporting its role in the path-
ogenesis of this disease [100]. These epigenetic mecha-
nisms include DNA hyper-methylation [101], aberrant
histone modification [102], and differentially expressed
miRNAs [103] and IncRNAs [104]. However, most of
the evidence regarding the interaction between TFs and
these modifications is restricted to indirect evidence from
the NF-kB pathway.

SIRT6, a member of the HDAC sirtuin family, has been
found to interact with the NF-«kB subunit RelA, to sup-
press NF-kB-dependent gene expression by deacetylating
H3K9 [105], and to further inhibit the activity of NF-kB
target gene-related immune responses that may contribute
to RA [100]. There is additional indirect evidence from
the study of death receptor 3 (DR-3), a protein that causes
apoptosis and activation of NF-kB. The DR-3 promoter
was found to be hyper-methylated in RA, causing the
synovial cells to be resistant to apoptosis [106, 107].
However, as the interplay between TFs and epigenetics

has been well studied in T cell differentiation [108] and
RA is a Thl- and Thl7-associated disease [109], increas-
ing studies may be conducted on this relationship in near
future.

Type 1 Diabetes

T1D is a T cell-mediated autoimmune disorder in which T
cells cannot distinguish self-pancreatic cells, especially
the beta cells, from dangerous pathogens and consequent-
ly destroy the pancreas [110]. As with many other auto-
immune diseases, T1D develops in genetically susceptible
individuals whose immune function is modulated by en-
vironmental factors [111, 112]. Epigenetic mechanisms
partially explain the influence of environment agents, es-
pecially the diet, on T1D [113, 114]. It has been reported
that hypomethylation of the transcription factor HOXA9
contributes to T1D [115], and a recent study on discordant
monozygotic twins showed that global DNA hypomethy-
lation within gene promoter regions may contribute to
T1D [114, 116]. In addition, the TF NF-«kB is also upreg-
ulated by H3K4 methyltransferase and causes an increase
in inflammatory gene expression in diabetic mice [117].
Enhanced NF-kB-p65 gene expression also resulted from
increased H3K4mel and reduced H3K9 methylation
[118]. Moreover, DNA methylation was found to block
the binding of IRF7 to Foxp3, which reduced the number
of regulatory T cells and contributed to the pathogenesis
of TID [119, 120]. In an autoimmune diabetes mouse
model, Foxp3 was found to be unable to interact with
the HAT Tip60, the histone deacetylase HDAC7, and the
Ikaros family zinc finger 4, Eos, which led to reduced
Foxp3 acetylation and enhanced K48-linked
polyubiquitylation, contributing to Treg cell insufficiency
that subsequently enables autoimmunity [121].

Systemic Sclerosis

SSc is a rare, connective tissue disease of unknown etiol-
ogy that is characterized by the accumulation of collagen
deposits in the skin and other tissues with a progressive
vasculopathy [122]. Similar to other rheumatoid diseases,
SSc has been reported to result in part from epigenetic
modifications [123] based on evidence including the
downregulation of miR-29a in SSc fibroblasts [123, 124]
and abnormal DNA methylation level on CD4" T cells
and on certain autoimmune-related genes, such as
Foxp3, CD40L, and CD1la in CD4" T cells from SSc
patients [125-128]. In SSc, hypermethylated CpG islands
are found in the Flil promoter, which is a transcription
factor that inhibits collagen production. The reduced ex-
pression of Flil increases collagen synthesis and promotes
collagen accumulation and the tissue fibrosis that is a
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Table 1  Summary of the interplay between TFs and epigenetic modifications in autoimmune diseases

TFs Expression level The interplay between epigenetic modifications and TFs Diseases Ref.

RFX1 Decreased Recruiting DNMT1, HDAC, and SUV39H1 to the promoter regions SLE [93, 94]
of the CD11a and CD70 genes in CD4" T cells

E4BP4 Increased Altering histone acetylation and methylation of the CD40L loci SLE [95]

CREM« Increased Recruiting DNMT3a to /L2 promoter SLE [96]

EBF1 Increased Regulated by miR-1246 SLE [97]

RelA Increased Regulated by SIRT6 RA [105]

DR-3 Decreased Downregulation by DNA hypermethylation RA [106, 107]

HOXA9 Increased Upregulation by DNA hypomethylation T1D [115]

NF-xB Increased Upregulation by H3K4 methyltransferase T1D [117]

NF-kB-p65 Increased Regulated by H3K4mel T1D [118]

Foxp3 Decreased Downregulation by hypermethylation T1D [119]

Flil Decreased Downregulation by Hypermethylation SSc [129, 130]

Foxp3 Increased or decreased Upregulation or downregulation by DNA hypomethylation or SSc [127,131]
hypermethylation, respectively.

SMAD3, SMAD4 Decreased Inhibition of DNA binding to SMAD3/4 by HDAC inhibitor TSA SSc [132]

IRF1 Decreased Deacetylated by HDAC sirtuin 1 MS [22]

Foxp3 Decreased Downregulation by hypermethylation MS [135]

STATS Decreased miR-155 MS [137]

characteristic feature of SSc [129, 130]. Moreover, in-
creased DNA methylation is observed at the Foxp3 locus,
which is the key TF that regulates Treg cell generation,
contributing to the reduced number of Treg cells in SSc
[127]. However, hyper-methylation of the Foxp3 locus
has also been reported in SSc and is thought to be regu-
lated by X chromosomal inactivation [131]. In addition,
the HDAC inhibitor trichostatin A (TSA) reportedly in-
hibits the TGF-f3-induced activation of the TFs SMAD3
and SMAD4, which are the downstream of TGF-f3, and
influences the signaling pathways involved in fibrosis
[132], indicating the involvement of this interaction in
SSc.

Multiple Sclerosis

MS is an inflammatory condition characterized by immune
system reactivity against myelin in the central nervous system
that results in varying degrees of either relapsing or progres-
sive neurological degeneration. Epigenetic mechanisms are
implicated in the pathogenesis of MS [15, 133]. In epigenetic
studies, it is reported that the HDAC sirtuin 1 deacetylates
interferon regulatory factor 1 (IRF1), leading to fewer of the
Th17 cells that play a critical role in MS [134]. Increased
DNA methylation is also observed at the Foxp3 locus, de-
creasing Treg activity and further contributing to MS [135].
In addition, both hypomethylation at the 1117A/Infg loci and
increased methylation at the 114/Foxp3 loci are found and
contribute to the imbalance of Thl and Th2 responses in MS
[136]. Interestingly, miR-155 deficiency in Treg cells results
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in enhanced suppressor of cytokine signaling 1 (SOCS1) ex-
pression, with impaired activation of signal transducer and
activator of transcription 5 (STATS) TF in response to limiting
amounts of IL-2 [137], dampening the Treg activity in MS.

Conclusions

The field of epigenetics is growing and providing novel in-
sights into the pathogenesis of autoimmune diseases. This
exciting progress in epigenetic research has enabled us to ex-
plore new explanations for the etiology of these diseases.
Increasing evidence supports the involvement of abnormal
epigenetic regulation mediated by TFs in the pathogenesis of
autoimmune diseases, and technological advances enable
epigenomic analysis on a large scale and the investigation of
interaction between epigenetic mechanisms and TFs in
genome-wide studies. Although a lot of evidence on certain
epigenetic regulation in diseases has been reported in recent
decades, not many reports have explored the upstream and
downstream players of these epigenetic regulations, not to
mention the interplay of TFs and epigenetic modifications
(recent progress is summarized in Table 1). Moreover, to date,
not much progress has been made on understanding this dy-
namic interplay of TFs and epigenetic modifications in the
context of autoimmune conditions. Further study is needed
to better understand the regulation of TFs and epigenetic
mechanisms in the pathogenesis of autoimmune diseases
and identify the optimal therapeutic targets.
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