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Abstract Systemic sclerosis (SSc) is an autoimmune
connective tissue disease characterized by vascular inju-
ry, activation of the immune system, and diffuse tissue
fibrosis. The precise etiology of SSc is undetermined,
but there is evidence suggestive of a connection be-
tween environmental factors and SSc pathogenesis. In
general, harmful environmental factors are sensed by
the epigenetic regulatory mechanisms that alter host
gene expression leading to the emergence of disease-
specific phenotype. There are three epigenetic mecha-
nisms involved in gene regulation: DNA methylation,
histone modifications, and microRNAs. Although there
is evidence that SSc phenotype could be, to a some
degree, determined by genetic variants, it is clear now
that non-genetic factors outweigh the genetic risk in
SSc. Accordingly, the environment can trigger epigenet-
ic regulation that in turn establishes a molecular frame-
work linking environmental exposures to genetics, lead-
ing to the disease process, possibly in a genetically
predisposed host. Although we have just begun to ap-
preciate the potential role of epigenetics in SSc, many
important and promising clues have been observed. In
this review, we will summarize the work that has been
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done in the field of epigenetic regulation in SSc, and
we will discuss possible factors and mechanisms that
may lead to epigenetic dysregulation in SSc.
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Introduction

Systemic sclerosis (scleroderma, SSc) is a complex mul-
tisystem autoimmune disease that is characterized by
dysregulation of the immune system, endothelial dys-
function, and activation of fibroblasts (FB), leading to
tissue fibrosis and organ dysfunction [1]. The etiology
or the initial trigger(s) in SSc remains elusive. Although
study of genetic factors have considerably advanced our
understanding of SSc, it is clear that SSc pathogenesis
cannot be attributed solely, or largely, to inherited ge-
netic variants due to the modest effect size of known
genetic risk loci in SSc. The very low concordance rate
of SSc among monozygotic twins, which is in the same
range as in dizygotic twins (~5 % concordance rate),
supports this conclusion [2]. In contrast, there is strong
evidence that environmental factors contribute to the
risk of SSc. This is based on the observations of geo-
graphic clustering of SSc [3, 4] and the demonstration
of substantial epigenetic aberrancies in specific gene re-
gions and at the genome-wide level. Therefore, it is
plausible to consider a scenario where environmental—
genetic interactions orchestrated by regulatory epigenetic
mechanism(s) may mediate SSc pathogenesis.

In this review, we will summarize the growing evi-
dence that supports the central role of epigenetic regu-
lation in the pathogenesis of SSc. In each section, we
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will start by defining the variable epigenetic regulatory
mechanisms, and then, we will present an up-to-date
review of the available data regarding epigenetic dysreg-
ulation in FB, microvascular endothelial cells (MVECs),
and immune cells (B cells and T cells).

The epigenetic mechanisms

It is interesting to note that while the human genome is
characterized by the same genetic code throughout all
somatic cells, the cells are different in different organs
and tissues due to the unique expression profile of spe-
cific sets of gene transcripts. Epigenetics refers to sys-
tem that governs the long-term stable regulation of gene
expression profile that does not involve changes in gene
sequences [5]. Epigenetic mechanisms regulate and or-
chestrate these transcription patterns in each cell; there-
fore, aberrations in the epigenetic regulation can give
rise to specific cellular phenotypes that are imprinted
and in due course define a given disease state.

Epigenetics have emerged as the most likely mecha-
nism to clarify non-genetic inheritance, where conven-
tional genetics do not explain how two alleles with the
same genetic code show different states of inheritance
[6]. Transmission of epigenetic marks during cell repli-
cation allows descendent cells to maintain the same ex-
pression patterns and differentiation, so epigenetic regu-
lation plays a key role in the maintenance of cellular
phenotype and perhaps disease state in a condition like
SSc. Thus, it is likely that a phenotypically and struc-
turally abnormal FB, such as SSc-FB, would maintain
an activated phenotype by an epigenetic mechanism.

The human genome is composed of chromatin, which
is densely organized in small units, called nucleosomes.
Each nucleosome is composed of four histone proteins
and 146 nucleotides that wrap around the histone pro-
teins. Spatiotemporal interactions between transcriptional
factors and their cognate recognition sites on the ge-
nome, along with chemical modification of DNA and
histone modifications, mediate the implementation of
the gene expression program by altering the chromatin
configuration in a highly coordinated manner. This in
turn has direct implication on accessibility of transcrip-
tional factors and the transcriptional machinery to gene
regulatory regions and, by doing so, repress or activate
expression of a given gene.

Next, we will discuss the three mechanisms for epi-
genetic regulation and the evidence for the contribution
of these mechanisms to FB activation, MVEC dysfunc-
tion, and activation of the immune system in SSc.
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DNA methylation

Chemical modifications of DNA have been recognized as key
epigenetic mechanisms for maintenance of the cellular special-
ized state and cellular memory. Such DNA modifications include
canonical 5-methylcytosine, 5-hydroxymethylcytosine, 5-
formylcytosine, and 5-carboxycytosine [7].

DNA methylation is a chemical modification process that
consists of the addition of a methyl group to the 5th carbon on
cytosine bases in cytosine-guanine (CpG) dinucleotides. DNA
methylation in gene regulatory regions is by and largely associ-
ated with transcriptional repression. DNA methylation can be
established de novo by two methyltransferases, DNMT3A and
DNMT3B, and can be stably propagated during DNA replica-
tion by the maintenance DNA methyl transferase 1 (DNMT1)
[8]. It is generally accepted that CpG methylation in regulatory
gene regions is associated with silencing of gene expression by
direct interference with the binding of transcription factors to
recognition elements that contain a CpG dinucleotide [9], or
through recruitment of methylated DNA-binding factors (such
as the methylated DNA-binding domain (MBD)-containing pro-
teins) [10] (Fig. 1). Inheritance of CpG dinucleotides methyla-
tion is governed by the balance between DNMT1 and DNA
demethylation. Active demethylation is mediated by the ten-
eleven translocation (TET) oxidases [11], through its ability to
oxidize 5-methylcytosine to 5-hydroxymethylcytosine and fur-
ther to formyl and carboxyl methylcytosine, while passive DNA
demethylation is achieved by cell replication in the absence of
DNMT1 maintenance activity.

Fig.1 Representative scheme of the effect of CpG site methylation in the
gene regulatory regions on gene expression. a Unmethylated cytosines in
gene regulatory regions are associated with permissive chromatin
structure that allows binding of transcription factors (7F) to the gene
promoter; therefore, this effect is associated with transcriptional activity.
b Methyl-CpG-binding domain proteins (MBD) bind to symmetrically
methylated CpG sites, which physically interfere with binding of TF to
their cognate binding sites. Also, MBD recruit a variety of histone
deacetylases (HDAC), which remove the acetyl group on histone tails,
and induce remodeling of chromatin to a compact chromatin structure that
further interferes with binding of TF and transcriptional machinery to
gene regulatory regions
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a.

Alteration DNA methylation in SSc-FB

There is a growing evidence that support the role of

DNA methylation in the generation SSc-FB phenotype.
Work from our group and others confirmed the presence
of substantial modifications in DNA methylation patterns
in SSc-FB at the genome-wide and candidate-gene levels.

1.

Divergence of the methylome in dcSSc versus lcSSc-
FB

Recently, a genome-wide DNA methylation study
evaluated DNA methylation levels across over 485,
000 CpG sites in the genome of diffuse cutaneous
systemic sclerosis (dcSSc) and limited cutaneous sys-
temic sclerosis (IcSSc) FB compared to healthy con-
trol FB [12]. There were significant differences in
DNA methylation patterns in the two subsets of
SSc, where only 6 % of all the differentially methyl-
ated CpG sites were common between dcSSc and
1cSSc subsets. This observation suggests that the dif-
ference between the two subsets is not only related to
the clinical manifestations and outcome but also indi-
cates different underlying pathogenesis of dcSSc and
1cSSc, as reflected by different gene ontologies and
pathways that were enriched by the differentially
methylated genes. Yet, it is interesting here to note
that the gene ontology analysis of the hypomethylated
genes (transcriptionally active) demonstrated similar-
ity in the two subsets with significant enrichment in
biological pathways related to extracellular matrix
(ECM) interactions, focal adhesion, and vascular
smooth muscle function.
Altered DNA methylation maintenance factors in SSc

There is evidence of altered levels of epigenetic
maintenance mediators in SSc-FB, specifically, in-
creased expression levels of DNMT1, methyl-CpG
DNA-binding protein 1 (MBD-1), MBD-2, and
methyl-CpG-binding protein 2 (MeCP-2) were noted
in SSc-FB [13]. These observations may partly ex-
plain the ability of cultured SSc-FB to maintain the
profibrotic phenotype over multiple generations by
cellular epigenetic inheritance.
Aberrancies of DNA methylation in collagen and
ECM protein-encoding genes

Tissue fibrosis is the most prominent clinical man-
ifestation of SSc. Fibrosis is the result of excessive
production of collagen and ECM components and
defective remodeling of ECM. Genome-wide DNA
methylation studies have confirmed hypomethylation
and overexpression of two collagen genes
(COL23A41, COL4A2) in dcSSc- and 1¢SSc-FB com-
pared to control FB, in addition to hypomethylation
of several other collagen genes in each subset

separately [12]. Also, TNXB was shown to be
hypomethylated in dcSSc and 1cSSc-FB [12]. TNXB
encodes a member of the tenascin family of extracel-
lular matrix glycoproteins, which are involved in ma-
trix maturation [14]. These observations indicate that
methylation status of the collagen and ECM protein-
encoding genes is intimately involved in ECM accu-
mulation in SSc.
Aberrancies of DNA methylation in transcription fac-
tors that are involved in collagen gene expression

Fli-1, which is encoded by FLII gene, is a tran-
scription factor that negatively regulates collagen pro-
duction by FB. Previous studies demonstrated down-
regulation of FLi-1 in SSc skin and cultured SSc-FB
compared with healthy controls [15]. Therefore, it
appears that reduced levels of Fli-1 may partially be
responsible for increased collagen synthesis and ex-
pansion of the ECM in SSc. We evaluated DNA
methylation patterns of the promoter region of FLII
in SSc-FB and found significant methylation in the
CpG sites in FLII promoter region [13]. Moreover,
the addition of 5-azacytidine (5-AZA), which is a
universal demethylating agent (DNMT1 inhibitor),
resulted in increase FLI] expression and simulta-
neous reduction in type I collagen expressions level
in SSc-FB. These observations demonstrate that
DNA methylation aberrancies contribute to excessive
collagen production in SSc-FB by epigenetic repres-
sion of an anti-fibrotic transcription factor. Moreover,
there is evidence indicating that epigenetic regulation
may favor the enhanced expression of genes encoding
for transcription factors that positively regulate colla-
gen production. Accordingly, RUNX1 and RUNX2
are transcription factors that induce the expression of
SOX5 and SOX6, which leads to the induction of
type II collagen expression [16, 17]. RUNX3, another
member of the RUNX family, is also likely to con-
tribute to collagen synthesis in association with
RUNX2 [18]. Hypomethylation of RUNX1, RUNX2,
and RUNX3 associated with overexpression of at least
RUNX3 in SSc has been established [12].
Altered DNA methylation in the TGF-{3 signaling
pathway

It is generally accepted that activation of the
TGF-f3 signaling pathway plays a key role in FB ac-
tivation and myofibroblast differentiation [19, 20].
Genome-wide DNA methylation studies have shed a
light on altered DNA methylation in genes that are
important in activation of the TGF-f signaling path-
way. For instance, /TGA9, which encodes for an alpha
integrin 9, is hypomethylated and overexpressed in
SSc-FB compared to controls [12]. There is a
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bidirectional interaction between integrins and
TGF-f3 signaling in fibrosis, with TGF-f3 inducing
integrin expression, and several integrins directly
control TGF-f3 activation [21]. Overexpression of
ITGAY supports previous observations of upregula-
tion of integrins in SSc-FB [22-24], and lung FB
from patients with idiopathic lung fibrosis [25], but
this is the first experimental evidence to demonstrate
that epigenetic regulation can mediate the overexpres-
sion of one of the integrin proteins. Moreover, and in
the same study [12], ADAMI12 was found to be
hypomethylated and overexpressed in SSc-FB.
ADAM]1 2 contributes to the fibrosis through augment-
ing TGF-f3 signaling [26-29]. Thus, in light of these
observations, there appears to be a role for epigenetics
in upregulation of ITGA9 and ADAM]I?2 that in turn
contributes to persistent activation of the TGF-f3 path-
way leading to tissue fibrosis.
Alterations of DNA methylation in the Wnt/[3-catenin
signaling pathway

There is an increasing interest in the role of the
Wnt/3-catenin signaling pathway as key profibrotic
pathways in SSc [30, 31]. The canonical Wnt/f3-
catenin signaling is activated by the overexpression
of Wnt proteins and by the downregulation of the
endogenous Wnt antagonists. Epigenetic effects on
the Wnt/ 3-catenin pathway in SSc were demonstrat-
ed at two levels: (i) epigenetic silencing of genes
encoding the endogenous Wnt inhibitors Dickkopf-
related protein 1 (DKK/) and secreted frizzled-
related protein 1 (SFRP/) mediated by hypermethy-
lation of the promoter region of DKKI and SFRP! in
SSc-FB [32] and (ii) hypomethylation of prominent
genes in the Wnt/3-catenin pathway; specifically, hy-
pomethylation of CTNNA2 and CTNNBI in dcSSc-
FB and CTNNA3 and CTNND2 in 1¢SSc-FB com-
pared to control FB [12]. These findings suggest that
epigenetics alteration leads to decrease expression of
Wnt antagonists and increase expression of Wnt li-
gands, which results in persistent activation of Wnt/
[3-catenin pathway signaling in SSc.

b. Aberrancies of DNA methylation in SSc-MVECs

MVEC injury is a critical event in the pathogenesis of

SSc, and epigenetic dysregulation can contribute to
MVEC dysfunction [33]:

1.

DNA methylation alterations in nitric oxide synthesis

The constitutively expressed endothelial NOS
(NOS3) is the main source of steady state production
of nitric oxide (NO) in the vascular endothelium and
is pivotal for its function. It has been demonstrated
that there are intrinsic defects in the production of NO
by MVEC:s isolated from SSc patients [34]. NO is a
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potent vasodilator and an inhibitor of smooth muscle
cell growth. Also, NO has an antithrombotic, anti-
platelet, and anti-oxidation properties [35]. There is
evidence for underexpression of NOS3 in SSc-
MVECs and that the promoter region of NOS3 is
hypermethylated in SSc-MVEC compared to controls
[36]. This finding indicates that the epigenetic con-
tributes to MVEC dysfunction in SSc.
2. MVEC apoptosis
Enhanced MVEC apoptosis is a key event in the
pathogenesis of SSc vasculopathy that frequently pre-
cede the onset of fibrosis [37]. Bone morphogenetic
proteins (BMPs) are a group of proteins that consti-
tute morphogenetic signals and orchestrate tissue ar-
chitecture through coordinating cell survival and dif-
ferentiation. Bone morphogenic protein receptors
(BMPR) are signaling molecules that belong to the
transforming growth factor-f3 superfamily. BMP sig-
naling through bone morphogenic protein receptor 11
(BMPRII) favors MVEC survival and apoptosis re-
sistance. There is evidence for reduced expression of
BMPRII in SSc-MVECs in comparison to healthy
controls [38]. Of interest, the promoter region of
BMPRII is heavily methylated in SSc-MVECs com-
pared to healthy controls. In the same study, treatment
with 5-AZA normalized BMPRII expression levels
and restored SSc-MVEC response to apoptosis to nor-
mal levels. Therefore, it seems that DNA methylation
may play a role in MVEC response to apoptosis in
SSc by epigenetic repression of BMPRII.
DNA methylation defects in T lymphocytes
There is enormous evidence for abnormal regulation of
the immune system in SSc, with abnormal trafficking of
immune cells in the skin in early stages of SSc, overex-
pression of many pro-inflammatory cytokines, and pres-
ence of SSc-specific autoantibody responses, among
many other immune abnormalities. We will explore here
the available evidence for the role of DNA methylation in
specific pathways that affect T cells function in SSc.

1. Female sex predominance and CD40L methylation in
SSc T lymphocytes
DNA methylation is a natural physiological pro-
cess that maintains silencing of genes that are not
particularly needed for a specific cell type, and it is
also an innate process for inactivation of one X chro-
mosome in order to keep a balance among genes
encoded on the X chromosome in females [39].
CD40 is a member of TNF receptor superfamily that
serves as a costimulatory molecule found on antigen-
presenting cells and is required for their activation.
The ligand for CD40 (CD40L) is expressed predom-
inantly on the surface of activated T lymphocytes.
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The main function of CD40L is to regulate B cell
function by engaging CD40 on the B cell surface.
Lian and colleagues evaluated the expression levels
and DNA methylation within the CD40L gene, which
is located on the X chromosome, in men and women
with SSc¢ compared to healthy controls. The authors
demonstrated increased expression of CD40L in fe-
male SSc patients in association with demethylation
of the promoter region of CD40L in CD4+ T cells
[40]. This study showed that there is no difference
in CD40L expression levels between male SSc pa-
tients and male controls. The same observation of
hypomethylation and overexpression of CD40L was
reported in SLE [41]. These data argue for the pres-
ence of fault in the epigenetic program that leads to
skewed inactivation of X chromosome in SSc [42],
leading to increase expression of methylation-
sensitive genes that are located on X chromosome in
female patients that may explain the female predom-
inance in SSc.
DNA methylation and CD70/CD27 costimulatory ax-
is in SSc T lymphocytes

The CD70/CD27 axis has gained interest in auto-
immune diseases because of its capacity to regulate
immune activation and immune tolerance [43]. CD70
is a costimulatory molecule that is expressed on the
surface of activated lymphocytes and plays an impor-
tant role in regulating B and T cell activation [43].
Jiang et al. demonstrated upregulation of CD70 ex-
pression in SSc-CD4+ T cells in association with hy-
pomethylation of CD70 promoter gene [44]. Overall,
the data suggest that DNA methylation aberrancies
contribute to the overexpression of this costimulatory
molecule that, in turn, leads to a cascade of T cell and
B cell activation and plasma cell proliferation, which
may lead to a break in immune tolerance in SSc.
DNA methylation defects in lymphocyte function-
associated antigen-1

Integrin, alpha L (/TGAL) encodes for CDl1a,
which is an «-chain subunit of the lymphocyte
function-associated antigen-1. CD11a is one of the
costimulatory molecules expressed in CD4+ T cells,
as well as B cells, neutrophils, and macrophages, that
contribute to T cell proliferation and the recruitment
of inflammatory cells. There is evidence for overex-
pression of CD11a in SSc peripheral blood cells [45].
Recently, Wang et al. confirmed the overexpression
of ITGAL in SSc CD4+ T cells, which correlated with
disease activity, and identified lower methylation
levels in the promoter region of /TGAL. Furthermore,
treatment of CD4+ T cells with 5-AZA decreased
ITGAL promoter methylation levels and increased
ITGAL expression to a level comparable to normal

CDA4+ T cells. Moreover, the co-culture of 5-AZA-

treated CD4+ T cells with B cells and FB led to in-

creased production of IgG and collagen genes, re-

spectively [46].
Aberrancies of the histone code in SSc

Chromosomes are complex structures that are
composed of chromatin that consist of DNA and
protein structures that are packaged into small sub-
units called nucleosomes. Each nucleosome repre-
sents DNA that wraps around two pairs of the four
core histones (H2A, H2B, H3, H4). In general, post-
transcriptional modification of the histone proteins
determines the chromatin state by changing chroma-
tin configuration and therefore accessibility of tran-
scription factors to the gene regulatory regions. A
variety of post-translational modifications of the N-
terminal histone tails occurs in mammalian cells,
including histone acetylation, methylation, phosphor-
ylation, ubiquitination, ADP-ribosylation, and bio-
tinylation, to name a few. The most commonly stud-
ied histone modifications are acetylation and meth-
ylation. Histone acetylation is catalyzed by histone
acetyltransferase (HAT) and is deacetylated by the
histone deacetylase enzymes (HDAC). Acetylation
of histones is believed to be associated with a per-
missible chromatin structure that signals a state of
activation through increased accessibility of the tran-
scriptional machinery to the DNA. On the other
hand, trimethylation of lysine 27 on histone H3
(i.e., H3K27me3) represents a potent repressive
mark that is associated with an unfavorable chroma-
tin structure for gene transcription.

1. Aberrancies of histone modification in SSc-FB

We have discussed DNA hypermethylation and
repression of FLII in SSc-FB earlier in this review.
It is interesting here to note that there is also a signif-
icant reduction in histones H3 and H4 acetylation in
SSc-FB [13], suggesting the presence of defects in the
histone code in SSc-FB and that cross-talk between
DNA methylation and histone modification changes
can be involved in the generation of the activated FB
phenotype in SSc.

Kramer et al. [47] recently evaluated the role of
histone code modifications in FB activation in vitro,
by studying the effect of manipulation of H3K27me3
in SSc-FB using 3-deazaneplanocin (DZNep), an in-
hibitor of S-adenosylmethionine-dependent methyl-
transferase that inhibit the formation of H3K27me3
[48]. The authors demonstrated increased levels of
H3K27me3 in SSc-FB [47]. Furthermore, they
showed that the inhibition of H3K27me3 by DZNep
lead to increased levels of collagen production.
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Interestingly, inhibition of H3K27me3 by DZNep al-
so exacerbated fibrosis in bleomycine mouse model
of fibrosis.
Histone code modifications in B lymphocytes

B cells play a unique role in SSc pathogenesis as
shown by the presence of disease-specific autoanti-
bodies. Very little is known about the epigenetic al-
terations in SSc B lymphocytes. However, it has been
shown that there is a global H4 hyperacetylation and
H3 lysine 9 (H3K9) hypomethylation that are associ-
ated with downregulation of histone deacetylases
HDAC?2 and HDACY7 in SSc-B cells when compared
to control B cells [49]. The aforementioned modifica-
tions of the histone code favor permissive chromatin
architecture leading to enhanced gene expression. It is
not clear at this stage what is the functional effect of
these changes on the B lymphocyte function, but it is
suggested that this histone code in SSc B lympho-
cytes might enhance the overexpression of
autoimmunity-related genes in SSc [49].

e. Aberrant expression of MicroRNAs in SSc

MicroRNAs (miRNAs) have emerged as key regulators of
gene expression in general. MicroRNAs are small (around
18-22 nucleotides) non-coding RNA molecules that negative-
ly modulate gene expression by binding to the 3’ untranslated
region (UTR) of the target messenger RNAs (mRNAs), which
leads to direct degradation of target mRNAs, resulting in post-
transcriptional repression of target gene expression [50].

Aberrant expression of miRNAs in SSc is likely to be a
critical factor in the pathogenesis of SSc, based on findings of
aberrant expression of miRNAs that are associated with pro/
anti-fibrosis effect:

MiR-29 in SSc

The human miR-29 family of microRNAs consists
of three mature members, miR-29a, miR-29b, and
miR-29c. Strong anti-fibrotic effects for miR-29 have
been demonstrated in many organs including the heart
[51], kidney [52], lung [53], and other organs. It is
suggested that miR-29 target several genes involved
in the expansion of the extracellular matrix and the
development of tissue fibrosis [54]. Downregulation
of miR-29a and miR-29b was demonstrated in SSc-
FB and skin, as well as in FB from bleomycin-
induced skin fibrosis model [55]; this was associated
with overexpression of collagen genes that increased
upon further downregulation of miR-29 by the knock-
down of miR-29. The precise mechanism that leads to
downregulation of miR-29 in SSc is not clear, but
there is evidence to suggest that TGF-31 mediates
this effect. Interestingly, it was also observed that
the forced overexpression of miR-29a significantly
reduces collagen expression levels. Taken together,
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these data argue for an anti-fibrotic role for miR-29
and indicate that this and other miRNAs may prove to
be valuable options to explore as a therapeutic strate-
gy for SSc in the future.
MiR-21

TGF-{3 signaling pathway can mediate fibrosis by
the activation of its downstream mediators, SMAD2
and SMAD?3, but it also can negatively regulate fibro-
sis by activation of the inhibitory factor SMAD7. Zhu
and colleagues identified an upregulation of miR-21
in SSc-FB and skin [56]. The putative targets for miR-
21 are SMAD7 and COL1A1. The overexpression of
miR-21 in SSc-FB results in decrease levels of
SMAD?7, whereas the knockdown of miR-21 in-
creased SMAD7 expression level [57, 58]. On the
other hand, miR-145, which target SMAD?3, is down-
regulated in SSc-FB [56]. Therefore, it appears that
downregulation of anti-fibrotic miRNAs, like miR-
145, and upregulation of profibrotic miRNAs, like
miR-21, are important in shifting the balance of
TGF-3 signaling toward a profibrotic one. Altered
expression of several other miRNAs in SSc with pu-
tative targets in the TGF-3 downstream pathway
(such miR-146, miR-503) has been also
demonstrated.
miR-196a

Downregulation of miR-196a is seen in SSc-FB
[59]; the putative target for miR-196a is type I colla-
gen; hence, reduced miR-196a expression results in
the overexpression of type I collagen adding yet an-
other impetus to tissue fibrosis. Other anti-fibrotic
miRNAs that target type I collagen (such as miR let-
7a and miR-129-5p) are also downregulated in SSc-
FB.
Divergence of microRNA regulation between the two
SSc subsets

Zhu and colleagues evaluated the expression levels
of 875 miRNAs in skin biopsies from patients with
dcSSc and 1cSSc. The authors identified differential
expression of 42 individual miRNAs in dcSSc and 60
miRNAs in 1eSSc compared to controls. Out of these
miRNAs, 21 miRNAs were common between the
two subsets of SSc [56]. This study supports the no-
tion of significant divergent epigenetic regulation in
the two subsets of SSc, similar to divergence of the
methylome in FB from diffuse and limited SSc sub-
sets [12].
miRNA aberrant expression in MVECs

Most of the studies that evaluated miRNA expres-
sion in SSc have focused on dermal FB, and few
studies evaluated the extent of aberrant miRNA ex-
pression in SSc-MVECs. It appears that miR-152 is
downregulated in SSc-MVECs, and the target for
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miR-152 is DNMT1 [60]. Forced expression of miR-
152 in control MVECs led to decrease expression
level of DNMT1, whereas inhibition of miR-152 ex-
pression in control MVECs led to enhanced DNMT1
expression and lower expression levels of NOS3 to
levels similar to what is seen in SSc-MVEC. These
data indicate that miR-152 plays a role in SSc-MVEC
phenotype probably through the maintenance of
DNA methylation inheritance pattern.

Epigenetics and the environment

Epigenetic regulation is paving the way to a better understand-
ing of gene—environment interactions by providing molecular
mechanisms that can influence gene expression and cellular
phenotype. Traditional research that focused on genetic risk
effects without consideration for the role of the environment is
unlikely to explain susceptibility to complex diseases, espe-
cially an autoimmune disease like SSc. Therefore, it is imper-
ative to take into account the role of the environment in in-
ducing and/or perpetuating a multifaceted disorder like SSc.
Figure 2 provides a schematic representation of the role of
gene—environment interactions in pathogenesis of SSc.

Epigenetic changes in response to certain environmental
influences can be inherited mitotically in somatic cells, and
the epigenome can be transmitted transgenerationally to many
generations, which may explain its long-term effects on gene
expression and disease susceptibility and maintenance of the
abnormal disease phenotype. As an example, rats fed a
protein-restricted diet during pregnancy exhibited elevated
blood pressure and MVEC dysfunction, as did their offspring
and even grand-offspring mice [61].

Fig. 2 Schematic representation
demonstrating our current
understanding of pathogenesis of
SSc, where environmental

factor(s), some are known such as

Genetic factor

The environmental factors that are involved in the patho-
genesis of SSc are categorized into external factors (e.g., ex-
posure to organic solvents, silica, UV light, toxins, diet, drugs,
and infective agents, particularly human cytomegalovirus)
and internal factors (e.g., hypoxia, oxidative stress, aging,
and sex hormones) [62].

Much of the current evidence for a role of the environment
in SSc come from epidemiological and, to a lesser extent,
experimental data that linked a number of occupational expo-
sures to the development of SSc, including data suggesting
higher SSc risk in individuals with high exposure to silica dust
[63], epoxy resins [64], benzene [65], and meta-
phenylenediamine [66], and others.

The causality issue

Despite the success of epigenetic studies in identifying epige-
netic aberrancies associated with many diseases, a substantial
proportion of the causality remains unexplained, that is,
whether a particular epigenetic profile is a cause or a conse-
quence of the disease. Part of the challenge for unraveling the
cause and effect issue includes the retrospective design of
most epigenetic studies, where epigenetic aberrancies are
identified in a group of patients with an established disease
compared to findings in healthy control subjects. The ideal
approach should be a prospective longitudinal cohort-
designed study, where the epigenetic profile is evaluated ini-
tially in disease-free, or disease at risk subjects over the course
of many years before disease onset [67]. Cost and intensive
labor are major hurdles at this stage that limit implementing
prospective epigenetic studies, but as technology advances
and cost declines, it certainly will be easier to achieve these
goals in the near future. At this stage, we believe that we need
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to consider epigenetic variation as both a cause and possibly a
consequence of the disease. We have yet to demonstrate ex-
actly how a dysregulated epigenome leads to the development
of SSc, and we have to evaluate how much the genotype
influence epigenetic variations.

The future of SSc epigenetics

We now have an ever-growing number of reported epigenetic
alterations in SSc, and this offers a chance to understand SSc
pathogenesis in a new light, increase sensitivity and specificity
of future diagnostic tests considering epigenetic marks as po-
tential biological markers, and offer pharmacological strate-
gies for SSc. Here, we will point out some gaps in knowledge
that should be addressed in future studies to advance the field
of SSc epigenetics.

The nature of the master regulator that initiates,
maintains, and perpetuates epigenetic aberrancies lead-
ing to what we call “SSc phenotype” remains elusive
at this stage. Still, it appears that this master regulatory
program is initiated by disease trigger(s) and can im-
print disease phenotype in targeted cells for multiple
generations or even permanently. The examples that
we suggested for candidate regulators of the epigenetic
mechanisms in SSc in this review are based on some
experimental evidence, but it also includes many un-
proven assumptions. It is clear now that further compre-
hensive studies are needed to address this issue.

As we proceed with understanding the effect of the envi-
ronment on gene function, which could be mediated by one of
the epigenetic mechanisms, the future is promising for char-
acterizing the pathogenic environment in SSc and other auto-
immune diseases. The first step toward understanding this
interaction is the characterization of the expression profiles
of epigenetically labile genes that are susceptible to specific
environmental exposures in controlled experimental design.
Next, we need to study which epigenetically labile genes are
likely to be involved in enhanced susceptibility to SSc. To
achieve that, we should encourage epigenetic profiling of
large SSc patient cohorts.

Another problem that needs to be addressed is the
stability of the epigenetic markers over time. Before
we can consider epigenetic regulation as a biomarker
for SSc, we need to confirm that these changes are
indeed stable over time. Therefore, we need to perform
epigenetic profiling at different stages of the disease.
This will have a direct implication on the utility of
epigenetic marks as diagnostic or prognostic biomarkers
and what threshold we should use for a meaningful
epigenetic change in SSc.

‘We are looking forward to the implementation of advanced
technology such as single cell epigenetic profiling in SSc,

@ Springer

which is a feasible approach for epigenetic investigation at
this stage [68]. Although, epigenetic profile at the level of a
single cell is a valuable tool in understanding the impact of
epigenetic changes on the emergence of pathologic cellular
phenotype, the confounding issue here is the potential effects
of clonal heterogeneity that exist in normal tissues with mul-
tiple heterogeneous cell types that can complicate the interpre-
tation of such studies. These questions and many others will
need to be resolved before we adopt this and other investiga-
tional approaches.

Until recently, the only known epigenetic mark of DNA
itself was the methylation of cytosines in the CpG pairs, but
there is emerging evidence that there are other DNA chem-
ical modifications such as hydroxymethylation of cytosines
[69]. It is not clear at this stage if there are aberrancies in
hydroxymethylation of cytosine in SSc and whether
hydroxymethylation may in itself act as a regulator of gene
transcription or perhaps it is a mechanism for demethylation
of cytosine in SSc. We anticipate that there is a significant
role for cytosine hydroxymethylation by TET protein in
SSc, especially in the setting of the persistent oxidative
stress state that can affect the function of TET proteins, as
TET proteins are particularly sensitive to oxidative stress
and perhaps to many other environmental conditions [70].

Monozygotic twins who are discordant for a disease repre-
sent a useful resource for epigenetic studies in general, as this
study design eliminates confounders such as age, sex, ethnic-
ity, and most importantly genetic variation. However,
recruiting large number of SSc discordant monozygotic twins
for a well-powered epigenetic study is a challenge due to low
prevalence of SSc.

Conclusion

Epigenomics is an emerging field that adds an extra layer
of complexity to our understanding of human disease and
environment-gene interaction. SSc is a complex autoim-
mune disease, where it appears that there is dynamic in-
teractions between diverse arrays of environmental factors,
leading to epigenetic dysregulation in a genetically suscep-
tible host. We have explored several lines of evidence that
confirm substantial epigenetic modifications in SSc, partic-
ularly in FB, MVECs, B cells, and T cells, that involve
fundamental pathways that are integral to the pathogenesis
of SSc such as the TGF-3 and downstream pathways and
Wnt/(3-catenin signaling pathway. Studies focused on
uncovering the potential pathogenic triggers in SSc and
the mechanisms by which these triggers induce epigenetic
alterations are warranted. The epigenetic field is still in its
infancy, and this field is already generating fascinating and
fundamental questions about SSc that we could not have
imagined just a few years ago.
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