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ABSTRACT

As a group of autoimmune diseases, systemic sclerosis (scleroderma, SSc) is prominent in the imbalance
of immune homeostasis, micro-vessels dominant obliteration, and the skin and/or internal organs
fibrosis. Although the precise mechanisms are still unknown, increasing data have shown that epigenetic
dysregulation, which can link genetics and environmental stress, represents a promising field in SSc
investigation. The objective of this review is to sum up the current information on the epigenetic alteration

in SSc, including DNA methylation, histone modification, and microRNA.
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Introduction

Systemic sclerosis (scleroderma, SSc) was first reported
by Carlo Curzio in 1753 (1), with the disease becoming
well-documented by 1842 (2). As a rare connective tissue
disease (ranging from 7 to 700 cases per million), SSc is
characterized by vascular anomaly, chronic inflammation,
and fibrosis process. Significant female bias (> 80%) (3),
racial discrepancy (4), and geographic clustering (5) are
observed in SSc, which suggests that environmental,
genetic, and hormonal factors may contribute to the
initiation and development of this disease.

The precise mechanism of how these external
environmental factors, such as silica, ketones, ultraviolet
light, trichloroethylene, aromatic and chlorinated
solvents, white spirits, and welding fumes, can induce
an autoimmune attack is still unknown. The complexity
of the issue is further enhanced by the possibility that
environmental factors may not only induce cellular and
tissue damages associated with both innate and adaptive
immunity, but also alter fibroblasts and microvascular
endothelial cell phenotype or function.

Without causing alterations in the DNA sequence,
epigenetics can cause heritable phenotypic changes (6, 7),
which is vital in the regulation of gene expression and
development. Major mechanisms of epigenetic gene
regulation, such as chromatin remodeling, histone
modification, DNA methylation, transcriptional regulation
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by non-coding RNA, and gene imprinting, can provide
plausible links between environmental factors and
disease predisposition and perpetuation. It is possible
that epigenetics plays a vital role in the pathogenesis
of SSc. It is worth noting that with the development
of high throughput omics, it is testified that epigenetic
mechanisms can lead to downstream effects on modulation
of chromatin architecture and regulate gene transcription.
As only a few epigenetic studies have been performed
in SSc, the recent progress in DNA methylation, histone
modification, and microRNAs are reviewed in this paper
(Figure 1).

DNA methylation

Most DNA methylation occurs at the 5-position of
cytosine residues in a short canonical sequence 5'-CG-3’
(CpQG) enriched in promoter regions, which arises from
de novo DNA methyltransferases (DNMTs), such as
DNMT3A and DNMT3B during development. This
methylation pattern could be inherited and maintained
by epigenetic maintenance mediator, DNMTI, in
proliferating cells (8). Hence, DNA methylation can
be considered as a stable epigenetic mark that usually
represses gene expression (9). Increasing investigations
have indicated that DNA methylation dysregulation
is involved in pathogenesis of SSc in fibroblasts,
microvascular endothelial cells, and lymphocytes.

DNA methylation in fibroblasts
At a global level, BeadChip array analysis has
identified 2710 differentially regulated CpG sites in SSc
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Figure 1. Possible roles of epigenetic mechanisms involved in systemic sclerosis pathogenesis. Genetic disposition and
environmental factors can alter DNA (de-)methylation, histone modifications and microRNAs regulation, which can contribute to systemic
sclerosis associated fibroblasts activation, vasculopathy, and immune dysregulation. Abbreviation: Methyl-CpG binding protein 2, MeCP-2;
methyl-CpG DNA binding protein,MBD-1; Friend leukemia integration factor 1, FLI-1; bone morphogenic protein receptor 1, BMPRII;
nitric oxide synthase 1, NOS1; histone deacetylases 4, HDAC4; angiopoietin 2, ANGPT2; interleukin 17 receptor, IL-17RA; catenin alpha
3, CTNNAS; intercellular adhesion molecule 2, ICAM2; sidekick cell adhesion molecule 1, SDK1; coagulation factor Il thrombin receptor,
F2R; FYN proto-oncogene, Src family tyrosine kinase, FYN; phosphoprotein membrane anchor with glycosphingolipid microdomains 1,
PAG1; protein kinase C eta, PRKCH; DNA (cytosine-5)-methyltransferase 1, DNMT1; 3-Deazaneplanocin A, DZNep; JMJ domain-

containing protein 3 , JMJD3.

fibroblasts when compared with healthy controls. It
is further demonstrated that most of the affected CpG
sites (61%) are hypomethylated and associated with
extracellular matrix metabolism (10). Methyl-CpG
binding protein 2 (MeCP-2), methyl-CpG DNA binding protein
(MBD)-1, and MBD-2 show increased expression, which
can function as epigenetic maintenance mediators. All of
these indicate that epigenetic inheritance is also involved
in the development of SSc.

In addition to reduced acetylation of H3 and H4,
several CpG islands within Friend leukemia integration
factor 1 (FLI-1), a pro-fibrotic signaling cascade relevant
transcription factor, are hypermethylated in both cultured
primary SSc fibroblasts and skin biopsies compared with
healthy control (11). Inhibition of DNMTs by 2-deoxy-
S-azacytidine (5-Aza) can remove methyl groups from
CpG islands of FLI-1 promoter region and reactivate the
expression of FLI-1 and down-stream type I collagen
production in SSc fibroblasts. In addition to the aberrant
activation of fibroblasts, epigenetic silencing of FLI-1 can
cause SSc relevant vascular pathogenesis.

Suppressor of cytokine signaling 3 (SOCS-3), as an anti-
fibrotic mediator and endogenous inhibitor of Janus kinase 2
(JAK2), can down-regulate transforming growth factor
(TGF)-B induced collagen secretion, fibroblast activation,
myofibroblast differentiation, and fibrosis formation
(12). SOCS-3 knockdown can activate JAK2/STAT3
signaling and induce the differentiation of fibroblasts
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into myofibroblasts. SOCS-3 is down-regulated in SSc
fibroblasts through promotor hypermethylation, which
may lead to persistent activation of fibroblasts and further
fibrosis. The canonical Wnt signaling plays a central role
in SSc fibrosis (13, 14). The balance lying between Wnt
ligands and endogenous Wnt antagonists can regulate
canonical Wnt signaling activation. In SSc, owing to
overexpressed Wnt ligands and epigenetic silencing of
Wnt antagonists, such as Dick-kopfl (DKK1) and secreted
frizzled-related protein-1 (SFRP1), such balance is shifted
toward activation (15, 16). At the same time, 5-Aza
treatment can increase DKK1 and SFRP1 expression,
inhibit canonical Wnt signaling, and exert anti-fibrotic
effects.

DNA methylation in microvascular endothelial
cells (MVECs)

Bone morphogenic protein (BMP) can interact with bone
morphogenic protein receptor II (BMPRII) to coordinate
the survival, proliferation, and differentiation of SSc
MVEGCs. A significantly decreased expression of BMPRII
is observed in MVECs due to heavily methylated CpG
sites in the promoter region of BMPRII after bisulfite
conversion sequencing (17). The administration of
5-Aza to SSc MVECs can restore the decreased BMPRII
expression and the impaired apoptotic response to
oxidation injury and serum starvation. All of these indicate
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that the epigenetic modulation of BMPRII signaling might
have a fundamental role in the sensitivity of MVECs to
apoptosis and vasculopathy.

A genome-wide MVECs (isolated from seven diffuse
cutancous SSc patients) DNA methylation assay has
identified 1,625 hypermethylated CpG sites (910 genes)
and 830 hypomethylated CpG sites (485 genes), which
show a significant negative correlation between gene
expression and DNA methylation status. Among them,
nitric oxide synthase 1 (NOS1), DNMT3A, DNMT3B,
histone deacetylase 4 (HDAC4), and angiopoietin 2
(ANGPT2) are the common hypermethylated genes,
while interleukin (IL)-17RA, catenin alpha 3 (CTNNA3),
intercellular adhesion molecule 2 (ICAM?2), and sidekick
cell adhesion molecule 1 (SDK1) are the common
hypomethylated genes. Of note, high methylation in
the NOS3 promoter region can lead to reduced NOS3
expression in SSc MVECs, which can be reversed by the
administration of 5-Aza (18).

DNA methylation in peripheral blood mononuclear
cells (PBMCs)

Genome-wide DNA methylation and transcriptome
integration analysis with a machine learning algorithm
have identified six methylation-regulated differentially
expressed genes in PBMCs of SSc, which can distinguish
SSc from healthy control with 100% accuracy. Among
these six genes, Coagulation Factor I Thrombin Receptor
(F2R), FYN Proto-Oncogene, Src Family Tyrosine
Kinase (FYN), Phosphoprotein Membrane Anchor With
Glycosphingolipid Microdomains 1 (PAG1), and Protein
Kinase C Eta (PRKCH) are differentially expressed
in SSc with interstitial lung disease compared to SSc
without interstitial lung disease (19). The whole blood
DNA methylation integrated analysis in discordant twins
reveals that diffused cutaneous SSc-associated CpGs
are enriched at the encyclopedia of DNA elements,
roadmap, and blueprint-derived regulatory regions, which
indicates a potential role in the initiation of this disease.
Notably, the dominant enriched regions in macrophages
and monocytes can act on fibrosis, indicating that the
dysregulated cellular function can be related to altered
epigenetic mechanisms in diffuse cutaneous SSc (20).

In SSc CD4'T cells, global hypomethylation can
be attributed to the significantly decreased DNMT1
expression, which may alter the reactivation of
endoparasitic sequences and lead to autoimmunity. It is
intriguing to find the methylation divergence between
fibroblasts and MVECs (increased methylation) and
CD4'T cells (decreased methylation). Although further
investigation is required to understand the detailed
mechanisms, it is reported that extracellular signal-
regulated kinase (ERK) defect may regulate T cell DNA
methylation in arthritis and lupus (21). Such a mechanism
may also function in SSc CD4 T cells.

Demethylation can be observed in the promoter of
CDA40L on the inactive X chromosome derived from
female SSc CD4'T cells, which indicates impaired DNA
methylation maintenance and reactivation of the normally
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silenced X chromosome (22). Of note, CD40L expression
is up-regulated in SSc fibroblasts obtained from affected
CD4'T cells and skin, especially in female SSc patients
(23, 24). CD40L is testified to take part in fibrosis,
adhesion of endothelial cells, and B cell activation. Such
gender-biased epigenetic alteration can explain the female
tendency in SSc.

Co-stimulation is fundamental to develop an optimized
immune response. Demethylation of CD11a and CD70
promoter regions contributed to CD11la and CD70
overexpression in CD4'T cells, which may also be
involved in the development of SSc (25, 26). Furthermore,
knockdown of SOCS-3 in T cells in the donor graft
exacerbates sclerodermatous graft versus host disease (27, 28).
All of these indicate that DNA methylation alteration can
induce the development of SSc.

Histone modifications

As the essential component of the nucleosome, histones
can be classified into four types (H2A, H2B, H3, and
H4), which are known to be modified by acetylation
and methylation to regulate chromatin architecture.
Histone acetylation usually leads to transcriptional
activation, while the inhibition or activation effect of
histone methylation mainly depends on the position
of lysine methylation. For example, H3K27 tri-
methylation (H3K27me3) could decrease the relevant
gene expression, while histone H3 lysine 4 (H3K4)
methylation can increase the associated gene expression
(29). 1t is interesting to find that DNA methylation can
lead to methyl binding domain (MBD) and further HDAC
recruitment, which indicates the mechanical linkage of
DNA methylation and histone modifications.

Treatment with trichostatin (TSA), an HDAC inhibitor
available for the myelodysplastic disease, can attenuate the
expression and accumulation of collagen I, extracellular
matrix, and fibronectin in SSc fibroblast-induced skin
fibrosis (11, 30, 31). Similarly, TSA administration can
increase H3 and H4 acetylation on the NOS3 promoter
region accompanied by up-regulated NOS expression in
SSc MVECs (32).

The pro-fibrotic transcription effects of 3-Deazaneplanocin
A (DZNep, C-c3Ado), an inhibitor of histone
methyltransferase enhancer of Zeste homolog 2
(EZH2), might result from its stimulation on Fos-related
Antigen 2 (Fra2) to foster the release of tissue inhibitor
of metalloproteinases (TIMP) and the promotion of
fibroblast-to-myofibroblast differentiation (33). Fra2
transgenic mice would spontaneously develop skin and
lung fibrosis, vascular smooth muscle proliferation, and
pulmonary arteries obliteration. In line with these results,
increased expression of Fra2 can be detected in skin-
infiltrating macrophages and perivascular regions of SSc
patients (34).

Significantly decreased H3 and H4 acetylation and
increased H3K27me3 are detected on the Fli-1 promoter
region of SSc fibroblasts, which could result in the
inhibition of Fli-1. It is also demonstrated that H3K27me3
inhibition could stimulate collagen release in
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SSc fibroblasts (27, 35). Although H3K27me3
is considered stable, ubiquitously transcribed
tetratricopeptide repeat on chromosome X (UTX) and
JMJ domain-containing protein 3 (JMJD3) have recently
been testified to have potent H3K27 demethylase activity
(36, 37). A TGF-B dependent JMJD3 upregulation and
associated H3K27me3 de-methylation might exert pro-
fibrotic functions in SSc. As a histone methyltransferase,
absent, small or homeotic disc 1 (ASH1) can mediate
H3K4 methylation and regulate COL1A1 (pro-
fibrotic gene) and TGF-p associated gene expression
in hepatic fibrosis. Up-regulated ASH1 is observed in
SSc fibroblasts, which indicates ASH1 may mediate the
pathogenesis of SSc (29).

Global histone H3K9 hypomethylation and global
histone H4 hyperacetylation are observed in SSc B cells
compared with healthy control, which correlates with
skin thickness and disease activity (38). Relatively low
levels of H3K27me3 can be observed in the CD4'T cells
of SSc patients when compared with healthy control.
JMID3 is over-expressed in CD4'T cells of SSc patients,
accompanied by lower levels of H3K27me3. All of
these indicate that JMJD3 may be vital to decipher the
mechanism related to histone modifications (39). Altered
chromatin marks in SSc monocytes can be enriched
with antiviral pathways, interferon, and immune system,
and present with recurrent binding sites for interferon
regulatory factor (IRF)-1 and signal transducer and
activator of transcription (STAT)-1, which is correlated
with their interferon signature.

microRNA (miRNA, miR)

As a small (about 22 nucleotides) non-coding RNA
molecule, tissue-specific or cell intrinsic miRNA can
function in RNA silencing and gene post-transcriptional
regulation (40-42).

miR-29 is the first miRNA detected in the skin
fibroblasts derived from SSc patients, whose down-
regulation contributes to the pathogenesis of SSc.
Irritation of fibroblasts derived from normal skin with pro-
fibrotic molecules, such as platelet-derived growth factor
(PDGF) and TGF-B, can decrease miR-29 secretion;
while the restoration of miR-29 can reduce collagen
release (43). TGF-B can up-regulate miR-21 expression
in SSc fibroblasts (44). The over-expression of miR-

Table 1. Exosomes derived microRNA for SSc.
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21 can decrease SMAD Family Member 7 (Smad-7)
expression, while miR-21 knockdown can increase Smad-
7 expression (45), which indicates that miR-21 can exert a
pro-fibrogenic effect by negatively regulating Smad-7.

Nine pro-fibrotic miRNAs are upregulated, while
14 anti-fibrotic miRNAs are down-regulated within
exosomes isolated from the serum of diffuse cutaneous
SSc patients (Table 1). The dose-dependent paracrine
pro-fibrotic effects of such miRNAs are also confirmed
when cultured with normal human dermal fibroblasts to
alter the pro-fibrotic gene expression and increase type I
collagen production (46). It is worth noting that miR-92a
level in serum is higher in SSc¢ patients when compared
with healthy control, and correlates with telangiectasia
severity, but not with SSc activity (47). On the other
hand, circulating miR-142, miR-146, miR-145, miR-
21, miR-29b, and miR-31 do correlate with the severity
of SSc (48-51). Moreover, miR-29a can directly down-
regulate mRNA and protein expression of type I and
type III collagen. miR-155 expression in PBMC strongly
correlates with lung function tests in SSc-associated
interstitial lung disorder, and miR-155 knock-out mice
develop milder lung fibrosis and survive longer (52). All
of these indicate that some miRNAs, especially exosome
derived, can be expected to serve as prognostic and
diagnostic markers for precision medicine (53).

It is noteworthy that histone deacetylation and
methylation also take part in the regulation of miRNA
transcription (54). Such interactions should be regarded in
the treatment of SSc with epigenetic modulators, whose
effects are considered as the diffuse and unknown off-site
effect. Exosomes can be utilized as cargos to transduce
the inter-cellular information associated with epigenetic
alteration, such as DNA methylation, histone modification,
miRNA, and long intergenic non-coding RNA (LincRNA)
(55-58), to reflect the status of donor cells and imprint
recipient cells (53, 59). Although further refinements to
exosome-based drug delivery systems are needed to meet
the clinical scale, elaborate design can ensure direct and
specific target, which will contribute to limit the diffuse
effect of epigenetic modulators.

Conclusions
Epigenetics can imprint short-term signals or stress into
longer-lasting, more stable, and inherited phenotypic

Detected microRNAs

Function implication

9 upregulated exosomes-derived miRNAs (miR-21-5p, miR-503-5p, miR-155-5p,

Profibrotic function

miR-29a-3p, miR-17-5p, miR-let-7g-5p, miR-23b-5p, miR-150-5p, and miR-215-5p)

14 downregulated exosomes-derived miRNAs (miR-200a-3p, miR-140-5p, miR-92a-

Anti-fibrotic function

3p, miR-29b-3p, miR-223-3p, miR-26b-5p, miR-196a-5p, miR-145-5p, miR-200b-3p,
miR-let-7a-5p, miR-125b-5p, miR-133a-3p, miR-146a-5p, and miR-129-5p )

Note: The dysregulation of microRNAs derived from exosomes isolated from the serum of diffuse cutaneous systemic sclerosis
(scleroderma, SSc) patients, which has been reported by Wermuth PJ. et al (46).
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changes. Thus, epigenetic treatment strategies may be able
to treat or even reverse tissue fibrosis through rescuing the
imprinted genes. Exosome-based epigenetic modulator
delivery maybe a new direction in SSc clinical practice.
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