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Abstract

With unknown etiology, scleroderma (SSc) is a multifaceted disease that comprises of immune 

activation, vascular complications, and excessive fibrosis in internal organs. Genetic studies, 

including candidate gene association studies, genome-wide association studies, and whole-exome 

sequencing have supported the notion that while modest, SSc patients are genetically predisposed 

to this disease. The strongest genetic association for SSc lies within the MHC region, with loci in 

HLA-DRB1, HLA-DQB1, HLA-DPB1, and HLA-DOA1 being the most replicated. The non-HLA 

genes associated with SSc are involved in various functions, with the most robust associations 

including genes for B and T cell activation and innate immunity. Other pathways include genes 

involved in extracellular matrix deposition, cytokines, and autophagy. Among these genes, IRF5, 

STAT4, and CD247 were replicated most frequently while SNPs rs35677470 in DNASE1L3, 

rs5029939 in TNFAIP3, and rs7574685 in STAT4 have the strongest associations with SSc. In 

addition to genetic predisposition, it became clear that environmental factors and epigenetic 

influences also contribute to the development of SSc. Epigenetics, which refers to studies that 

focus on heritable phenotypes resulting from changes in chromatin structure without affecting the 

DNA sequence, is one of the most rapidly expanding fields in biomedical research. Indeed 

extensive epigenetic changes have been described in SSc. Alteration in enzymes and mediators 

involved in DNA methylation and histone modification, as well as dysregulated miRNA levels all 

contribute to fibrosis, immune dysregulation, and impaired angiogenesis in this disease. Genes that 

were affected by epigenetic dysregulation include ones involved in autoimmunity, T cell function 

and regulation, TGFβ pathway, Wnt pathway, extracellular matrix, and transcription factors 

governing fibrosis and angiogenesis. In this review, we provide a comprehensive overview of the 

current findings of SSc genetic susceptibility, followed by an extensive description and a 

systematic review of epigenetic research that has been carried out to date in SSc. We also 
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summarize the therapeutic potential of drugs that affect epigenetic mechanisms, and outline the 

future prospective of genomincs and epigenomics research in SSc.
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1. Introduction

Systemic sclerosis (scleroderma, SSc) is a multisystem disorder with unknown etiology. It is 

characterized by early vascular injury, immune activation, and consequently fibrosis in the 

skin and internal organs. Tissue fibrosis often leads to organ dysfunction and is regarded as 

the major cause of disease-associated morbidity and mortality [1]. Although the overall 

survival in SSc has improved significantly over the years [2], mostly due to earlier diagnosis 

and routine evaluation of organ involvement, the therapeutic options for SSc are mainly 

symptom- and organ-based [3]. The lack of an efficacious treatment for SSc is partly due to 

the complex nature of the disease and the insufficient knowledge of the cause of this 

disorder.

Although there is clearly a genetic component in SSc as having a family history of SSc’ is 

one of the highest risk factors for the development of this disease [4], there is evidence that 

subjects with genetic predisposition to SSc also need additional environmental triggers for 

the disease (Figure 1). A twin study conducted by Feghali-Bostwick et al. showed that the 

concordance rate for SSc twins was low compared to other autoimmune diseases and no 

significant differences were observed between monozygotic and dizygotic twins [5]. 

Environmental factors, including exposure to silica, organic solvents, welding fumes, 

viruses, and drugs, have been implicated in the development of SSc [6]. The molecular 

mechanism of how these external factors trigger an autoimmune response is still not known. 

However it has been postulated that these factors induce cellular and tissue damage leading 

to loss of immune tolerance and affecting both innate and adaptive immunity [7]. In 

addition, these factors can potentially affect gene expression profiles and therefore the 

behavior of different cell types through epigenetic mechanisms, including DNA methylation, 

histone modifications, as well as microRNA (miRNA) regulation.

In this review, we will provide a comprehensive overview of recent developments in the 

involvement of genetics and epigenetics in SSc pathogenesis. The therapeutic implications 

as well as the recent advances in the tools for epigenomics research will also be discussed.

2. Genetic involvement

SSc is a complex disease in terms of genetic susceptibility. This is supported by the higher 

familial relative risk of the disease itself or autoimmune diseases [4, 8], low disease 

concordance but high concordance of autoantibodies produced in monozygotic twins [5], 

and multi-case SSc families that are concordant for SSc-specific autoantibodies as well as 

human leukocyte antigen (HLA) haplotypes [9]. Twin studies have been performed in 

several autoimmune diseases. These studies are useful to dissect whether a complex disease 
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is determined by genetic or environmental factors, especially for monozygotic twins who 

share identical genetic background. In autoimmune diseases, the concordance rate in 

monozygotic twins is far from 100% [10]; the concordance rates of monozygotic twin pairs 

in systemic lupus erythematosus, rheumatoid arthritis, multiple sclerosis, primary biliary 

cirrhosis, and SSc are 11.1% [11], 12.3% [12], 16.7% [13], 77% [14], and 4.2% [5], 

respectively. Among other autoimmune diseases, SSc has a lesser role for genetic 

susceptibility compared to primary biliary cirrhosis for example, which is highly genetically 

determined. However, monozygotic discordant twins were shown to be concordant for gene 

expression profiles in skin fibroblasts in SSc [15]. Nonetheless, during the last two decades, 

studies focusing on identifying genetic markers for SSc have expanded tremendously (Table 

1). Many Major Histocompatibility Complex (MHC) and non-MHC genetic variations have 

been found to be associated with SSc susceptibility. In this section we will discuss the novel 

genetic associations in SSc identified by candidate gene studies, genome-wide association 

studies (GWAS), Immunochip, and most recently exosome sequencing approaches.

2.1. HLA genes

As seen in other autoimmune diseases, the strongest genetic association for SSc lies within 

the MHC region. This region, located on chromosome 6, is high in gene density and the 

HLA alleles are highly polymorphic. Several studies have associated HLA polymorphism 

with SSc susceptibility, which was confirmed by multiples studies including GWAS [16–

20], pan-meta GWAS [21], and Immunochip studies [22]. This includes genes that belong to 

both HLA-Class I and HLA-Class II, with Class II genes associated with SSc more 

frequently than Class I (Table 1). Among these genes, HLA-DRB1, HLA-DQB1, HLA-
DPB1, and HLA-DOA1 were replicated in various studies [23].

The HLA genes or haplotypes identified in SSc genetic studies have been shown to be 

associated with autoantibody profiles, general susceptibility to SSc, disease subtypes, or 

certain SSc clinical features. Moreover, these HLA alleles not only determine SSc 

susceptibility, several studies also showed that some of them have a protective effect. It 

should also be noted that these associations can be common in different ethnicities, while 

others are specific to certain populations [24, 25]. The first GWAS in SSc reported that a 

SNP located in HLA-DQB1 had the strongest association [18]. Later studies confirmed its 

role in SSc. In a recent study by Furukawa et al., DQB1*03:01 was protectively associated 

with SSc in Japanese patients while DQB1*05:01 and DQB1*06:01 were associated with 

anti-centromere antibodies (ACA+) and anti-topoisomerase I antibodies (ATA+) positive 

SSc, respectively [26]. Similarly, in Mexican SSc patients DQB1*03:01 was associated with 

protection from SSc while DRB1*11:04 was shown to be associated with SSc susceptibility 

[27]. In contrast, DQB1*03:01 was found to be associated with SSc risk in European-

Americans,, Hispanics, and African-Americans [24]. In European-Americans, DQB1*05:01 
was associated with ACA+ and ATA+ SSc patients, while in African-Americans, 

DQB1*03:01 was associated with ATA+ SSc patients and DQB1*0501 was associated with 

ACA.

The Immunochip study published in 2014 provided a more comprehensive analysis of the 

HLA region and further dissected the association between the HLA region and SSc 
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serological subgroups (ACA+ or ATA+) [22]. The authors generated a model that included 6 

polymorphic amino acid positions and 7 SNPs; all of which explained all observed 

associations in the HLA region, either with SSc or autoantibody profile. In addition, the 

models included all the known SSc-related HLA alleles. Looking closer, the ACA model 

included HLA-DRB1 amino acid 13, HLA-DQA1 amino acid 69, and SNPs rs12528892 and 

rs6933319. The ATA model is built with HLA-DRB1 amino acids 67 and 86 and HLA-
DPB1 amino acids 76 and 96. The SSc model included both the ACA and ATA models as 

well as SNPs rs17500468, rs9277052, rs2442719, and rs4713605. Further examination of 

the identified amino acid residues revealed that some of them could affect the 3D structure 

of MHC or located in the binding pocket of MHC thus potentially affecting epitope binding, 

suggesting a functional relevance of the amino acid-associated positions. In addition, most 

of the SNPs were associated with cis-expression Quantitative Trait Loci (eQTLs) that are 

responsible for controlling various HLA genes.

2.2. Non-HLA genes

In addition to HLA genes, many variants in non-HLA loci are also associated with SSc 

(Table 1). Some of these genes were reported in only one study, while others have been 

replicated in multiple studies. These reported non-HLA genes associated with SSc are 

located on different chromosomes and are involved in various functions, with the most 

robust associations including genes for B and T cell activation and innate immunity. Other 

pathways include genes involved in extracellular matrix deposition, cytokines, and cell 

signaling.

2.2.1. Genes located in the MHC region—Two non-HLA associated genes were found 

in the MHC region but do not code for HLA proteins: PSORS1C1 [16] and NOTCH4 [17]. 

Little is known about PSORS1C1, however it has been associated with other autoimmune 

diseases, such as rheumatoid arthritis [28], lupus [29], and Behçet’s disease [30]. NOTCH 

proteins are transmembrane receptors and are involved in controlling fibrosis and vascular 

function [31, 32], and may play functional roles in SSc pathogenesis. NOTCH4 

polymorphism was associated with ACA+ or ATA+ in SSc [17]. A recent study by Cardinale 

et al. showed that a rare missense variant in the NOTCH4 gene was identified in a family 

with 3 generation history of SSc using whole exome sequencing (WES) [33].

2.2.2. Genes located outside the MHC region—The non-HLA genes identified that 

are associated with SSc include IRF genes, IL genes, genes that encode the cluster of 

differentiation (CD) molecules, TNF related genes, B-cell related genes, genes encoding 

enzymes, and genes involved in apoptosis, autophagy, and fibrosis (Table 1). Among these 

genes, IRF5, STAT4, and CD247 were replicated most frequently while SNPs rs35677470 in 

DNASE1L3, rs5029939 in TNFAIP3, and rs7574685 in STAT4 have the strongest 

associations with SSc [17]. Some SNPs were shown to be associated with SSc but others 

were associated with disease subtypes or autoantibodies. In addition, different SNP 

association exists in different populations. For example, SNP rs2056626 for CD247 was 

identified to be associated with SSc in European populations [16, 18, 34], but not in Han 

Chinese [35].
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SSc is a complex highly heterogeneous disease, and the genes that have been identified so 

far that are associated with SSc encompass a wide variety of functions. The IRF genes are 

involved in innate immunity. Type I interferons (IFNs) are essential for the innate immune 

system and increased IFN signature has been observed in SSc [36]. Several IFN regulatory 

factor (IRF) genes were identified in genetic studies in SSc (Table 1); IRF5 being the first 

identified [37], and IRF4 being the newest member [38]. Several genes are involved in 

adaptive immune responses including B and T cell function and cytokine production. 

BANK1 and BLK are B cell-related genes. BANK1 encodes a signaling molecule involved 

in B cell mobilization, and BLK encodes a tyrosine kinase crucial for B cell development 

and signaling. The association of BANK1 in SSc susceptibility was revealed by two 

independent candidate gene association studies, and later confirmed by whole-exom 

sequencing [39–41]. The association of BLK was established in both European and Japanese 

populations [21, 42–44].

Interestingly an additive effect for BANK1 and BLK was reported [44]. Several T cell-

associated genes have also been reported. CD247 encodes the zeta chain of the T cell 

receptor, and plays critical roles for signaling events in T cells after antigen activation. CSK 
and PTPN22 encode the C-Src tyrosine kinase and lymphoid tyrosine phosphatase (LYP), 

and both are involved in negatively controlling T cell activation. It has been reported that 

LYP directly interacts with CSK [45] and the PTPN22 SNP disrupts the interaction between 

the two [46], suggesting a functional relevance of these genes in SSc pathogenesis. A 

number of tumor necrosis factor (TNF)-α-related genes were also reported to have genetic 

association with SSc. TNFAIP3, TNIP1, and TNFSF4 encode for TNFα-induced protein 

(A20), TNFAIP3-interacting protein, and the T cell co-stimulatory molecule OX40 ligand 

(OX40L), respectively. Both A20 and TNIP1 are involved in negatively regulating the TNF-

induced NF-κB signaling pathway, while OX40L controls B- and T-cell proliferation and 

survival. Genetic association studies also highlighted the involvement of several IL-12-

related loci, including IL12A (IL-12 subunit), IL12RB1 and IL12RB2 (IL-12 receptor 

chains), TYK2 (tyrosine kinase in the JAK-STAT family for IL-12 signaling), and STAT4 
(transcription factor for IL-12 signaling), suggesting the relevance of this signaling pathway 

in SSc pathogenesis. In addition to the IL-12 pathway, STAT4 is also involved in IFN-

regulated signaling [47]. The association of STAT4 in SSc susceptibility was reported and 

confirmed in multiple studies [16–18, 21, 34, 48–53]. In addition, an additive effect was 

reported for STAT4 and IRF5 [48]. Its functional role in SSc pathogenesis was suggested in 

Stat4 knockout mice; Stat4 deficient mice showed decreased production of cytokines and 

were protected from bleomycin-induced fibrosis [54].

In addition to genes involved in immunity and inflammation, several SSc-associated SNPs 

were found in genetic loci related to apoptosis, autophagy, and fibrosis. DNASE1L3 encodes 

for a protein in the deoxyribonuclease I family that is responsible for DNA breakdown 

during apoptosis. Identified and replicated by two Immunochip studies, this gene is one of 

the genes that show the strongest non-HLA association for SSc [22, 52]. ATG is a gene 

involved in autophagy, an intracellular degradation system that maintains cellular 

homeostatic state by breaking down their own components or recycle nutrients [55]. The 

ATG SNP rs9373839 was reported in two pan-meta-GWAS studies and an Immunochip 

study [21, 22, 38]. PPARG encodes the peroxisome proliferator-activated receptor gamma 
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that is involved in adipogenesis and anti-fibrotic processes that showed functional impact in 

SSc [56]. Its role in SSc susceptibility was first described in a GWAS follow-up study and 

later reported in a candidate gene study [57, 58].

Both GWAS and Immunochip studies have advanced our understanding of SSc genetic 

susceptibility. However, these studies can only capture common variants. The contribution of 

rare variants in SSc susceptibility remains largely unknown. Whole-exome sequencing 

(WES) is a strategy to identify rare coding variants that may be relevant to disease risk and 

pathogenesis. The first WES study in SSc was performed by Gao et al. and reported a novel 

gene, ATP8B4, as a risk factor for the disease [59], however this association was not 

replicated in a follow up study [60]. In a recent study, Mak et al. identified 68 novel genes 

(both rare and common variants) that may contribute to diffuse SSc with or without 

interstitial lung disease using WES [41]. Pathway analysis revealed that the genes identified 

are enriched in the extracellular matrix pathway and the DNA repair pathway.

As we are starting to understand the genetic landscape of SSc, the functional relevance of 

these genetic variants and the impact of the environment are still lacking. One recent study 

investigated the interactions between genetic and environmental factors (silica particles) in 

SSc using a fibroblast model [61]. The authors reported that the SNP rs58905141 in 

TNFAIP3 was strongly and persistently associated with silica particles-stimulated MMP1 
and MMP3 expression in fibroblasts, suggesting a potential interaction of the SSc 

susceptibility locus in TNFAIP3 and silica particles, which might be associated with the 

development of SSc through inflammatory mechanisms.

3. Epigenetic mechanisms

Epigenetics, which was first envisioned by Conrad Waddington in 1942 [62], refers to 

heritable changes that affect gene expression independent of altering the DNA sequence. 

These critical events regulate DNA packaging and chromatin structure that coordinate gene 

transcription during various physiological processes such as cell differentiation, survival, as 

well as in response to external stimuli or biological changes, and explains how cells function 

with a limited number of genes but capable of doing so much more. The epigenome is in a 

metastable state; it can be stable under normal cellular events, however when there are 

environmental or pathological challenges it can dynamically alter its landscape to respond. 

Because of this, epigenetic concepts have been applied to not only genetic research but also, 

to name a few, physiology, autoimmunity, psychology, and cancer. Indeed, epigenetic 

research has gained its momentum in the past decade and in 2016 alone there were more 

than 7800 articles in PubMed using “epigenetic” as the search key word. Epigenetic 

mechanisms include methylation of DNA, modification of histones, as well as regulation by 

non-coding RNAs. In this section we will briefly discuss the basics of these mechanisms.

3.1. DNA methylation

DNA methylation is accomplished by addition of a methyl group from S-

adenosylmethionine (SAM) to the C5 position of cytosine nucleotides, with majority of it 

occurring at cytosine-phosphate-guanine dinucleotides (CpG). CpG-rich sequences, called 

CpG islands, are mainly located within the promoter regions of many genes. When 
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methylation occurs, it generates a more condensed DNA configuration thereby blocking the 

accessibility of transcription factors while attracting the methyl-CpG-binding domain 

proteins (MBDs), resulting in repression of gene transcription. In contrast, lower 

methylation at the promoter region leads to increase in transcription activity. Methylation is 

catalyzed by a family of DNA methyltransferases (DNMTs) that consists of 3 members: 

DNMT1, DNMT3A, and DNMT3B. These members have their unique sequences, 

expression patterns, as well as regulatory mechanisms [63]. DNMT1 is considered a 

maintenance methyltransferase as it is involved in sustaining the existing methylation pattern 

during cell division and DNA replication. DNMT3A and 3B are responsible for de novo 
methylation, mainly during embryonic development.

As all epigenetic mechanisms are dynamically controlled, DNA methylation can be 

reversible. Passive demethylation occurs during cell division, where methyl groups are lost 

during the DNA replication process [64]. Active demethylation is mediated through enzyme 

catalysis. Methyl cytosines are modified sequentially through hydroxylation, deamination, 

and/or oxidation, followed by DNA repair mechanisms [65]. The enzymes capable of active 

demethylation include the ten-eleven translocation (TET), the activation-induced cytodine 

deaminase/apolipoprotein B mRNA editing enzyme component 1 (AID/APOBEC), and the 

base excision repair (BER) [64]. The oxidized form of 5-methylcytosine (5-mC), the 5-

hydroxymethylcytosine (5-hmC), is often viewed as an indicator for active demethylation.

As described above, MBDs will bind to methylated CpG sites to act as transcriptional 

repressors. They play crucial roles in coordinating the interaction between DNA 

methylation, histone modifications, and chromatin structure. The MBD family includes 

eleven members: the methyl-CpG-binding protein (MeCP2) was the first that was 

discovered, in addition to MBD1-6, and SETDB1, SETDB2, BAZ2A, and BAZ2B [66–68]. 

Among these, only MeCP2 and MBD1-4 can bind to 5-mC, and therefore are considered 

core proteins in the MBD family. Although traditionally viewed as transcriptional 

repressors, growing evidence is supporting the notion that these proteins can also act as 

transcriptional activators [69].

3.2. Histone modification

While DNA is primarily methylated, histone proteins can undergo a wide array of post-

translational modifications, and this process represents another major epigenetic regulatory 

mechanism. Histones are highly conserved proteins that form the nucleosome cores, and 

together with 146 base pairs of DNA that wraps around it form the chromatin. Each 

nucleosome constitutes two copies of the core histones (H2A, H2B, H3, and H4) as well as 

linker histones (H2 and H5). The nucleosomes rearrange their structures frequently through 

DNA unwrapping and rewrapping and histone core disassembly and assembly. Gene 

expression depends largely on the interaction between the histones and their surrounding 

DNA: an open chromatin configuration is associated with transcriptional activation, while a 

closed chromatin conformation is connected with transcriptional repression. Histone 

modifications, which occur at specific amino acid residues in the side chains of histones, 

affect such interaction, thereby changing the chromatin structure and influencing its 

accessibility. These post-translational modifications include acetylation, methylation, 
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phosphorylation, ubiquitination, sumoylation, and ADP ribosylation. Among these “histone 

codes”, histone acetylation and methylation are best characterized.

Histone acetylation typically occurs at lysine residues on H3 or H4, and can present as 

mono-, di-, or tri-acetylation. This modification eliminates the positive charges on the 

histone side chains thus reducing the interaction between the histones and the negatively 

charged DNA, resulting in an open chromatin conformation with gene promoter regions 

more accessible to transcription factors, and ultimately increased gene transcription. Histone 

acetylation is supported by histone acetyltransferases (HATs), including P300/CBP, PCAF, 

and MYST, by transferring an acetyl group from acetyl coenzyme A to the NH3+ groups on 

lysine. On the other hand, histone deacetylation is catalyzed by a series of histone 

deacetylases (HDACs), including class 1, 2, and 4 HDACs, as well as sirtuins (SIRT1-7, also 

known as class 3 HDACs). As mentioned above, histone acetylation, which is promoted by 

HATs, leads to increase in gene expression through transcriptional activation. Therefore 

specific acetylated histone lysine residues can encode specific transcriptional functions. For 

example, acetylation of lysine 27 of H3 (H3K27ac) is considered an active enhancer mark 

and associated with transcriptional activation.

Histone methylation is another form of histone post-translational modification that occurs 

frequently. It can either increase or decrease gene transcription depending on the number of 

methyl groups that are added and the location of the amino acid being methylated. For 

instance, trimethylation of histone H3 at lysine 27 (H3K27me3) is repressive while 

H3k4me3 is an active mark for transcription. Histone methyltransferases (HMTs) and 

histone demethylases (HDMs) control the methylation status of histones [70]. There are 3 

classes of HMTs: SET domain lysine methyltransferase, non-SET domain lysine 

methyltransferase, and arginine methyltransferase [71]. As for HDMs, they are classified 

based on their demethylase domains: LSD1 domain and JmjC domain [70]. Each lysine or 

arginine can be modified by more than one HMT or HDM, and each HMT or HDM can 

work on different lysines or argninies. For instance, H3K27 can be methylated by EZH2 and 

demethylated by UTX or JMJD3, while EZH2 can also methylate H1K26, and JMJD3 can 

demethylate H3K4.

As mentioned above, histone modification patterns are regulated by enzymes that add and 

remove groups on different amino acid residues. Enzymes that add groups on histones (e.g. 

HATs and HMTs) are referred to as “writers” of the histone code, and ones that remove 

groups (e.g. HDACs and HDMs) are called “erasers”. In addition to directly affecting the 

histone-DNA or histone-histone interactions by these writers and erasers, histone 

modifications can also be targeted by “readers” or protein effectors to control gene 

transcription [72]. Although these histone readers have diverse structural differences, they 

contain one or more conserved domains that are capable of binding to specific histone 

modifications [73]. Several protein modular domains have been recognized: bromodomains 

bind to acetyl-lysines, PHD binds methyl-lysines, and “Royal Family” of reader modules 

including Tudor, chromo, PWWP, and MBT domains recognize methylated lysine or 

methylated arginine residues [74]. The interaction between readers and histone 

modifications are dynamic. Several readers can recognize one histone modification (e.g. 

H3K4me3 has 8 readers), while a single domain from a reader can recognize multiple 
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histone modifications (e.g. EED can read H3K9me3, H3K27me3, and H1K26me3 [74]). In 

addition, histone marks that possess opposite reactions can share the same binding motif 

[73], adding to the complexity of these proteins.

3.3. Non-coding RNAs

Non-coding RNAs (ncRNAs) lack the potential to encode proteins, but they are able to affect 

gene expression through a variety of mechanisms. This family of RNA is generally classified 

into 3 groups based on size: small ncRNAs (<50 nucleotides [nt]) that include microRNA 

(miRNA) and PIWI-interacting RNA (piRNA), medium-sized ncRNAs (<200 nt) such as 

small nucleolar RNA (snoRNA) and promoter-associated small RNAs (PASRs), and long 

ncRNAs (>200 nt) (lncRNAs) [75]. Among these non-coding RNAs, miRNAs and lncRNAs 

are the most studied in SSc pathogenesis.

miRNAs are approximately 22 nt in length and are synthesized in a step-wise fashion. 

Primary miRNAs which are longer transcripts are first transcribed from the non-coding 

regions of the genome [76]. They are processed by RNase III enzymes including Drosha and 

Dicer into mature double-stranded miRNAs. Each strand of the complimentary miRNA is 

subsequently incorporated in the RNA-induced silencing complex (RISC) to promote 

degradation of mRNA. This tightly regulated process allows the miRNAs to repress gene 

transcription through mRNA degradation or repression of mRNA translation.

lncRNAs are a group of heterogeneous non-coding transcripts that are more than 200 nt 

long, and believed to make up the largest portion of the non-coding transcriptome [77]. In 

addition to RNA silencing, lncRNAs are also involved in chromatin remodeling, 

transcriptional activation, post-transcriptional regulation, as well as DNA methylation [78].

It should be noted that the three epigenetic mechanisms mentioned above, DNA 

methylation, RNA-mediated silencing, or histone modifications, can act in concert to control 

chromatin state and gene transcription, and are therefore crucial for governing genomic 

functions.

4. Epigenetic impact in SSc pathogenesis

Scleroderma is considered an autoimmune disease that is characterized by three major self-

amplifying events: microvascular alterations, immune activation, and fibrosis in multiple 

organs (Figure 2). The prominent cell types that are involved in this complex process include 

microvascular endothelial cells (ECs), immune cells including lymphocytes and 

macrophages, as well as fibroblasts. Microvascular injury triggering endothelial activation 

marks the initiation of the disease process, resulting in reduction of capillaries and increased 

smooth muscle cell proliferation. Endothelial damage allows increased infiltration of 

inflammatory cells, which release pro-inflammatory and pro-fibrotic mediators such as 

transforming growth factor β (TGFβ) and interleukin 6 (IL-6). In addition to blood vessel 

extravasation, circulating immune cells are found to be altered in number and function, such 

as preferred Th2 and M2 polarization, as well as distinct serum autoantibodies present in 

patients. On the other hand, immersed in the pro-fibrotic milieu, resident fibroblasts are 

activated and are subsequently transformed into α-smooth muscle actin (αSMA) positive 
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myofibroblasts, which produce excessive extracellular matrix (ECM) proteins such as 

collagen.

As mentioned above, the pathogenesis of SSc cannot be explained by genetics alone. 

Growing evidence is now suggesting that epigenetics contributes to a variety of disease-

associated phenotypes, such as age of onset, disease severity, and response to medication. In 

this section, the recent advances regarding epigenetic research in SSc (as summarized in 

Figure 2) will be discussed in detail in the context of the various cell types involved in this 

disease.

4.1. DNA methylation

DNA methylation has been implicated to play a role in SSc. The DNA methylation status in 

various cell types involved in the triad of SSc pathogenesis, as well as the role of enzymes 

and MBDs, were documented (Table 2). It appears that global hypomethylation is common 

among various cell types (except for ECs, which have not been examined). In addition, a fair 

amount of differentially methylated genes has been reported (Table 3).

4.1.1 Immune system—Regulation of immune cell-specific transcription factors by DNA 

methylation has been implicated in SSc pathogenesis. One of the early studies showed a 

significant reduction in DNMT1, MBD3, and MBD4, leading to a global reduction of DNA 

methylation in CD4+ T cells from patients with SSc [79]. A later study revealed that the 

overexpression of CD40L in CD4+ T cells isolated from female SSc patients was due to 

DNA hypomethylation in the promoter and enhancer regions of CD40L [80]. Similarly, the 

highly expressed CD70 and CD11a in SSc CD4+ T cells was also due to demethylation of 

its promoter region [81, 82]. In the case of CD11a, the authors added mechanistic studies 

and reported that SSc CD4+ T cells and DNMT inhibitor-treated CD4+ T cells, both with 

CD11a overexpression, showed increased proliferation, influenced B cells to produce 

increased levels of IgG and normal fibroblasts to synthesize more collagen. Therefore, the 

functional consequence of CD11a overexpression may contribute to immune dysfunction 

and fibrotic processes in SSc patients. In contrast to the genes mentioned above, DNA 

hypermethylation was observed in the promoter region of forkhead fox protein 3 (FOXP3) in 

CD4+ T cells in patients with SSc, leading to a reduction in FOXP3 expression in these 

cells, and consequently lower numbers of Tregs [83]. Treating SSc CD4+ T cells with a 

DNMT inhibitor not only reduced DNA methylation levels, but also increased FOXP3 

expression and number of Tregs. These results contradicted the recent study reported by 

Almanzar et al, where they showed increased FOXP3 expression and the number of Tregs in 

SSc patients, with no significant change in DNA methylation in FOXP3 regulatory regions 

in peripheral blood mononuclear cells (PBMCs) [84]. They reported that Th17-specific 

transcription factors, RORC1 and 2, were hypermethylated in PBMCs. The DNA 

methylation results obtained from whole blood [85] was similar to what was published in 

CD4+ T cells: FOXP3 and CD70 were hypomethylated, however CD11a was 

hypermethylated instead, pointing to the importance of examining epigenetic changes in 

individual cell types. These studies suggest an epigenetic impact on immune dysregulation 

in SSc.
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In addition to immune regulation, DNA methylation is also involved in perturbation of X 

chromosome inactivation therefore the predominance of females among SSc patients. Selmi 

et al. immunoprecipitated methylated DNA from PBMCs from monozygotic twins 

discordant for SSc and hybridized them to a DNA methylation array that included promoters 

of all X chromosome genes [86]. They found 25 X chromosome sites that were consistently 

hypermethylated and 18 that were hypomethylated in affected twins. Genes that were 

affected include transcription factors, surface antigens, and genes related to cell 

proliferation, apoptosis, inflammation, as well as oxidative stress. These results, together 

with the study by Lian et al. that showed demethylation of the CD40L regulatory regions on 

the inactive X chromosome in CD4+ T cells from female SSc patients [80], support the 

notion that epigenetic mechanisms are indeed contributing to the gender bias in SSc.

4.1.2 Vascular dysfunction—The one report in DNA methylation in SSc ECs involves 

the bone morphogenetic protein type II receptor (BMPRII) [87]. Bone morphogenetic 

proteins belong to the TGFβ superfamily and signal through both canonical and non-

canonical pathways to mediate their effects in cell proliferation and development [88]. 

BMPRII is among the receptors that are involved in the canonical signaling cascade for its 

substrate. In SSc ECs, BMPRII expression was significantly lower than healthy ECs due to 

hypermethylation at its promoter region [87]. Reduced BMPRII levels might contribute to 

the apoptotic nature of SSc ECs, as knocking down BMPRII in healthy ECs rendered these 

cells more apoptotic.

4.1.3 Fibrosis—In one of the pioneer studies of epigenetics in SSc fibroblasts, Wang et al. 

showed that a number of epigenetic mediators were upregulated in SSc fibroblasts compared 

to normal fibroblasts, which was confirmed by subsequent studies (Table 2) [89–91]. This 

observation prompted them to examine whether epigenetics plays a role in SSc fibrosis [89]. 

They showed that addition of the DNMT inhibitor 2-deoxy-5-azacytidine (5-aza) and HDAC 

inhibitor trichostatin A (TSA) decreased collagen content in SSc fibroblasts, possibly 

through normalizing the hypermethylated and hypoacetylated promoter region of the 

collagen suppressor gene Friend leukemia integration 1 (FLI1), hence increasing Fli-1 

expression. The impact of DNA methylation on FLI1 expression was further confirmed by 

Bujor et al. [92]. They showed that the antifibrotic effect of ciprofloxacin, a broad spectrum 

antibiotic, in SSc dermal fibroblasts and SSc-interstitial lung disease lung fibroblasts 

stemmed from downregulation of DNMT1 and upregulation of FLI1. It was later shown that 

Kruppel-like factor 5 (KLF5), similar to FLI1, was epigenetically suppressed in SSc 

fibroblasts by hypermethylation at its promoter region and H3/H4 hypoacetylation [93]. The 

deficiency of the two transcription factors in animals led to enhanced fibrosis, vascular 

complications in the skin and lung, as well as immune dysfunction, suggesting crucial roles 

for FLI1 and KLF5 in SSc pathogenesis.

The canonical Wnt signaling pathway is involved in fibrosis and requires a tight control for 

Wnt proteins and their endogenous antagonists, so that β-catenin can ultimately accumulate 

in the cytoplasm and translocate into the nucleus to increase transcription. In SSc aberrant 

signaling and activation of the Wnt pathway has been reported [94, 95]. Dees et al. further 

investigated the impact of DNA methylation of two Wnt antagonists, DKK1 and SERP1 in 
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SSc fibrosis [96]. Hypermethylation at the promoter regions of DKK1 and SERP1 led to 

decreased expression of the two in SSc fibroblasts, and treating the cells with a DNMT 

inhibitor upregulated their expression. In the bleomycin mouse model, the DNMT inhibitor 

reactivated DKK1 and SERP1 that lead to inhibition of the Wnt pathway, thereby alleviated 

skin fibrosis.

Recent advance in technology allows examination of DNA methylation at a genome-wide 

level. Altorok et al. performed a genome-wide DNA methylation analysis in SSc patients 

with diffuse or limited disease, as well as age-, sex-, and ethnicity- matched healthy controls 

using the Illumina Infinium Human Methylation 450 BeadChip array, which covers over 

485,000 CpG sites in the entire genome [97]. A total of 2710 and 1021 differentially 

methylated CpG sites were identified in diffuse SSc and limited SSc, respectively, with a 

large proportion of them being hypomethylated (61% in diffuse and 90% in limited), 

agreeing with previous studies that showed global hypomethylation in various cell types, 

including fibroblasts, in SSc [79, 85, 98]. This unbiased approach identified genes that were 

affected by DNA methylation in SSc including ones that encode collagen, ECM, 

transcription factors, as well as genes that are involved in the TGFβ pathway and Wnt 

pathway (listed in Table 3), echoing and expanding the results from hypothesis-driven 

studies mentioned earlier. There were drastic differences in DNA methylation patterns in the 

two subsets of patients, with only 6% of differentially methylated CpG sites common 

between diffuse and limited SSc. This study not only identified novel genes that are 

implicated in SSc pathogenesis, but it also revealed how the two different disease subsets are 

epigenetically distinct.

In addition to dermal fibroblasts, one study also examined the role of DNA methylation 

using DNA methylation arrays in lung fibroblasts from SSc patients. Evans et al. observed 

that the expression of anti-fibrotic cyclooxygenease-2 (COX2) and its product prostaglandin 

E2 (PGE2) were lower in SSc lungs [99]. The ability of the DNMT inhibitor in normalizing 

the fibroblast phenotype suggested that DNA methylation was involved. Since differential 

methylation of COX2 was not observed in SSc fibroblasts compared with controls, an 

Illumina Infinium Human Methylation 450 array was used to identify genes with altered 

methylation status in patient fibroblasts compared to healthy controls. Chromosome 8 open 

reading frame 4 (c8or4) was identified as a hypermethylated and downregulated locus/gene 

in SSc fibroblasts. Further functional studies confirmed that c8or4 regulated COX2 

expression, serving as an indirect epigenetic regulator for the COX2 pathway.

As active demethylation had been recently discovered, the expression of TET and 5-hmC 

was characterized in SSc fibroblasts [98]. Upregulation of TET1 was observed, along with 

increased 5-hmc staining in SSc skin. However in another study, TET1 expression remained 

unchanged in SSc fibroblasts, suggesting more work needs to be done to elucidate the 

mediators for DNA demethylation [91].

4.2. Histone modification

Various studies have focused on the effect of histone modification in SSc pathogenesis. The 

aberrant expression of histone writers and erasers, along with histone codes in difference cell 

types were summarized in Table 2. While documentation of the changes in the histone codes 
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(mainly histone acetylation and methylation) and histone modifying enzymes were analyzed 

in immune cells, ECs, and fibroblasts, mechanistic studies were solely performed in fibrosis, 

with two recent reports in ECs. The detailed description of these studies and their 

implications will be discussed in this section, and the genes that are affected by histone 

modifications in SSc are summarized in Table 4.

4.2.1. Immune system—A comprehensive analysis examining the global histone 

acetylation/methylation status as well as enzymes involved was carried out in B cells 

isolated from controls and SSc patients [100]. Global H4 hyperacetylation and H3K9 

hypomethylation in SSc B cells were reported, associated with expression changes in 

JHDM2A, HDAC2, HDAC7, and SUV39H2. In addition, global H4 acetylation was 

positively correlated with disease activity while HDAC2 expression was negatively 

correlated with skin thickness, suggesting that these histone alterations might be pathogenic 

in SSc.

The HDM JMJD3 was overexpressed in CD4+ T cells from SSc patients, contributing to 

lower levels of H3K27me3 in these cells, since the HMTs EZH1 and EZH2, as well as HDM 

UTX that also affects H3K27me3 were not altered [101]. As mentioned above, these cells 

showed increased levels of CD40L, CD70, and CD11a due to demethylation at the promoter 

regions of these genes. The overexpressed JMJD3 hence lower H3K27me3 levels might 

work in concert with DNA methylation to control these genes.

4.2.2. Vascular dysfunction—HDACs control the acetylation state of histones and are 

also involved in angiogenesis [102]. We reported an increase in HDAC4 and 5 expression, 

and a reduction in HDAC6 expression in SSc ECs compared to normal ECs [103]. We then 

focused on the anti-angiogenic HDAC5, and showed that when HDAC5 was knocked down 

in SSc ECs, the ability of these cells to form tube-like structures on Matirgel was restored. 

To determine the mechanism, an assay for transposase-accessible chromatin using 

sequencing (ATAC-seq) was performed to assess how HDAC5 knockdown altered chromatin 

accessibility at a genome-wide level in SSc ECs. A total of 75 genes were located in regions 

with increase accessibility following HDAC5 knockdown. Using bioinformatics analysis, we 

narrowed the genes down to 25 genes that are involved in angiogenesis and/or fibrosis. 

Among the 8 genes that were also significantly upregulated after HDAC5 knockdown in SSc 

ECs, three genes, FSTL1, CYR61, and PVRL2, appeared to play functional roles in SSc EC 

angiogenesis. Overexpression of these genes individually led to increase in tube formation in 

SSc ECs, and knockdown of these genes individually together with HDAC5 resulted in 

decrease in tube-like structures.

The HMT EZH2 is the catalytic component of a multiprotein complex, polycomb repressive 

complex 2 (PRC2) which is involved in chromatin compaction and gene repression. It 

catalyzes H3K27me3. Transcriptomic studies suggest a relatively high expression of the 

EZH2 in ECs [104], which regulates the expression of multiple angiogenic pathways [105, 

106]. We showed that EZH2 was upregulated at the protein level in SSc ECs compared to 

normal ECs, accompanied with increased levels of H3K27me3 [107]. The effect of EZH2 in 

ECs isolated from normal subjects was examined and we showed that overexpression of 

EZH2 (18-fold increase in EZH2 mRNA) inhibited tube formation, while knockdown of 
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EZH2 (88% decrease in EZH2 mRNA) resulted in increase in tubes. Since EZH2 was 

overexpressed in SSc ECs, knocking down EZH2 in these cells led to increased tube 

formation. These data suggest that EZH2, possibly by repressing pro-angiogenic genes or 

activating anti-angiogenic genes, inhibits angiogenesis in SSc ECs.

4.2.3. Fibrosis—The studies that examined the impact of histone modifications in SSc 

fibrosis focused on (1) transcription factors (FLI1, KLF5, and Fos-related antigen 2 

[FRA2]); (2) the TGFβ pathway; (3) the Wnt pathway.

In addition to DNA methylation as mentioned earlier, H3 and H4 hypoacetylation at the 

promoter region of the collagen suppressor FLI1 also led to increased collagen synthesis in 

SSc fibroblasts, and treating the cells with both DNMT inhibitor 5-aza and HDAC inhibitor 

TSA led to decrease in collagen levels [89]. A later study confirmed the beneficial effect of 

TSA in SSc dermal fibroblasts and animal model of bleomycin-induced skin fibrosis [108, 

109]. In addition, the authors further showed that silencing HDAC7 in SSc fibroblasts was as 

effective as TSA in normalizing collagen content in these cells, however, silencing HDAC7 

was more specific as TSA altered the expression of connective tissue growth factor (CTGF), 

and intercellular adhesion molecule 1 (ICAM-1) while HDAC7 knockdown did not. Similar 

to FLI1, KLF5 was also epigenetically controlled by both DNA methylation and H3/4 

hypoacetylation in SSc fibroblasts [93]. Both downregulated in SSc, KLF5 and FLI1 

appeared to be crucial in triggering the three major manifestations in SSc (fibrosis, 

vascular/EC dysfunction, and autoimmunity). In contrast to the aforementioned anti-fibrotic 

transcription factors, FRA2, a profibrotic transcription factor, was epigenetically controlled 

by EZH2 [110]. Inhibition of EZH2 by 3-deazaneplanocin (DZNep) resulted in increase in 

collagen production in SSc dermal fibroblasts as well as exacerbation of fibrosis in animal 

models of SSc [110]. This is believed to be mediated through induction of Fra2. However, 

we took a similar approach and found that DZNep instead possesses anti-fibrotic properties 

[107]. In our hands, overexpression of EZH2 was accompanied with elevated H3K27me3 

levels, and SSc dermal fibroblasts treated with DZNep showed significant reduction in 

EZH2, collagen (COL), FRA2, and TGFβ. In addition, DZNep affected the DNA 

methylome in these cells, likely through its inhibitor effect on DNMT1, 3A, and MeCP2 

[107]. To examine whether EZH2 played a role in cell migration, a scratch wound assay was 

performed. SSc fibroblasts treated with DZNep showed a delay in wound closure at 48 hrs 

compared to the PBS treated cells. This suggests that EZH2 inhibition might reduce the 

invasiveness of SSc fibroblasts. These inhibition studies were supported by EZH2 

overexpression in normal dermal fibroblasts: overexpression of EZH2 in normal fibroblasts 

resulted in a pro-fibrotic phenotype, mimicking what was seen in SSc fibroblasts, and 

overexpression of EZH2 in normal fibroblasts led to increase in wound healing. The reasons 

for this apparent discrepancies between the two studies is not known. The DZNep doses 

used were similar in both in vitro studies, however Kramer et al. did not measure the 

expression of EZH2 therefore whether DZNep was effective in their study is not known 

[110].

Studies have shown that HAT p300 regulates fibrosis through myofibroblast transformation 

and ECM homeostasis acting as a transcriptional activator [111]. In SSc, p300 was 

upregulated in skin and fibroblasts, and is involved in TGFβ-mediated fibrosis [112, 113]. 
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TGFβ induced p300 expression through early growth response 1 (egr-1) in dermal 

fibroblasts. Increased p300 in these TGFβ induced cells was associated with p300 

recruitment and histone H4 acetylation at the COL1A2 locus, resulting in increased collagen 

expression. These results make p300 a desirable treatment target for TGFβ-mediated 

fibrosis.

In addition to HATs, HDACs have also been implicated in the TGFβ pathway. The role of 

class III HDAC sirtuin 1 (SIRT1) in SSc fibrosis is controversial, as two studies reported 

opposite results [114, 115]. Both studies showed downregulation of SIRT1 in SSc skin. 

However, Wei et al. suggested that SIRT1 mediated its potent anti-fibrotic effect through 

blockade of TGFβ-Smad-dependent transcription, in part by suppressing p300 [114]. The 

pro-fibrotic effect of TGFβ was ameliorated by the SIRT1 activator resveratrol, while 

knockdown or inhibition of SIRT1 showed pro-fibrotic effects. In the bleomycin skin 

fibrosis model, SIRT1 was also downregulated, and the extent of fibrosis and SIRT1 

expression could be normalized with resveratrol. In contrast, Zerr et al. suggested that TGFβ 
downregulated SIRT1 and activation of SIRT1 with resveratrol enhanced the profibrotic 

effect of TGFβ while knockdown of SIRT1 inhibited TGFβ/Smad signaling and collagen 

synthesis in fibroblasts [115]. Consistent with the in vitro study, mouse models with 

fibroblast-specific depletion of SIRT1 showed less fibrosis compared to control mice. The 

reason for the discrepancies between the two studies is not known. Although resveratrol has 

been used as SIRT1 activator, several studies have questioned its selectivity towards SIRT1 

and its effect could be dose-dependent [116, 117]. Indeed, the doses of resveratrol were 

different in the two studies, this might at least in part, explain the disagreement of the 

results.

The anti-fibrotic nuclear receptor NR4A1 was shown to be elevated in SSc skin [118]. Under 

normal wound healing conditions, TGFβ induced NR4A1 expression to halt fibroblast 

activation. In contrast, fibrotic conditions with persistent TGFβ activation inhibited the 

negative feedback mechanism by AKT- and HDAC-mediated NR4A1 repression and 

inactivation. This warranted the use of NR4A1 agonist cytosporone-B (Csn-B) in fibrosis 

animal models; this reagent alleviated tissue fibrosis through rebalancing TGFβ signaling.

As mentioned earlier, the Wnt/β-catenin pathway has been implicated in SSc fibrosis [94, 

95]. Wnt inhibitor factor 1 (WIF1), which was repressed in SSc fibroblasts, disrupts Wnt 

signaling by binding directly to Wnt ligands [119]. The reduction of WIF1 expression was 

due to oxidative DNA damage-mediated histone deacetylation, resulting in Wnt pathway 

activation, and ultimately enhanced fibrosis in SSc. The authors showed that this complex 

process involved the DNA damage checkpoint kinase ataxia telangiectasia mutated (ATM) 

and activation of transcription factors as well as signaling molecules.

4.3. Non-coding RNA

Since the first study in miRNA revealed that the downregulation of anti-fibrotic miR-29a in 

SSc fibroblasts contributes to SSc pathogenesis [120], numerous studies have focused on 

non-coding RNAs in different cell types and tissues affected by this disease (summarized in 

Table 5). The aberrant expression of pro-fibrotic and anti-fibrotic non-coding RNAs in SSc 

likely plays critical roles in the disease. This section encompasses the current understanding 
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of the cellular and molecular mechanisms of miRNAs reported in SSc, with specific focus 

on the target genes of these non-coding RNAs, as well as the biological processes that are 

associated with them.

4.3.1. Immune activation—Surprisingly, none of the studies published as of March 2017 

focused on non-coding RNAs in immune cells in SSc. Instead there are 3 studies that 

focused on how miRNAs were involved in immune mediators’ effect on dermal fibroblasts 

[91, 121, 122]. Nakashima et al. showed that IL-17A exert its’ anti-fibrotic effect through 

upregulation of miR-129-5p that downregulated COL1A1 [122]. However, this inhibitory 

pathway was suppressed by TGFβ in SSc dermal fibroblasts, amplifying the pro-fibrotic 

signals in these cells. In contrast to the anti-fibrotic effect of IL-17A, IL-13 promoted 

collagen deposition in SSc dermal fibroblasts via STAT6 [91]. miR-135b, which was 

downregulated in SSc dermal fibroblasts, modulated STAT6 expression. Therefore, the pro-

fibrotic effect of IL-13 in SSc was enhanced by downregulation of miR-135b and 

upregulation of STAT6. Interestingly miR-135b was repressed by methylation in SSc 

fibroblasts as inhibition of DNMT1 significantly induced miR-135b expression. This is a 

great example of how epigenetic mechanisms work together. In another study, the effect of 

miR-30a-3p on BAFF (B cell-activating factor) in SSc dermal fibroblasts was examined 

[121]. Stimulation with IFNγ or Poly(I:C) led to concomitant BAFF upregulation and 

miR-30a-3p downregulation in fibroblasts. After confirming that miR-30a-3p directly 

modulated IFNγ or Poly(I:C)-mediated BAFF expression, the authors showed that 

miR-30a-3p decreased BAFF secretion from dermal fibroblasts that resulted in lower B cells 

survival, indicating that fibroblasts can modulate autoimmune responses through miRNAs in 

SSc.

4.3.2. Vascular dysfunction—The only study that focused on the effect of miRNAs on 

vasculopathy in SSc was published by Iwamoto et al. [123]. The authors showed that 

miR-193b was significantly downregulated in SSc fibroblasts and skin, and that 

manipulation of miR-193b in SSc dermal fibroblasts altered urokinase-type plasminogen 

activator (uPA) expression, confirming that uPA is indeed targeted by miR-193b. The 

impaired uPA and uPA receptor (uPAR) pathway has been shown to be involved in EC 

dysregulated angiogenesis in SSc [124, 125], and mice null of uPAR showed enhanced 

fibrosis and increased EC apoptosis [126], supporting a role of this pathway in SSc 

pathogenesis. The authors showed that uPA not only induced vascular smooth muscle cell 

proliferation but also inhibited cell apoptosis. Downregulation of miR-193b led to increased 

uPA production, which could contribute to proliferative vasculopathy in SSc.

4.3.3. Fibrosis—As the TGFβ pathway is considered the master regulator for fibrosis, the 

majority of the non-coding RNA studies in SSc fibrosis evolved around it, either focusing on 

activation of this pathway, downstream signaling molecules involved such as Smads, or 

TGFβ-targeted genes.

Integrins, which are regulated by miRNAs, can activate the latent form of TGFβ. Honda et 

al. performed a miRNA PCR array to measure miRNAs in normal and SSc fibroblasts. 

Among the miRNAs that were significantly altered, the authors chose to focus on miR-150 

since its putative target was integrin β3, implicating its role in TGFβ activation [127]. In SSc 
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skin and dermal fibroblasts, miR-150 was downregulated. However, overexpression of 

miR-150 in SSc fibroblasts resulted in reduction of the upregulated intergrin β3, 

phosphorylated Smad3, as well as type I collagen. DNA methylation appears to be involved 

in the downregulation of miR-150 in SSc, as treating the fibroblasts with a DNMT inhibitor 

increased miR-150 expression.

In terms of TGFβ signaling, miR-21 appeared to exert its pro-fibrotic effect via Smad7 in 

SSc dermal fibroblasts [128, 129]. MiR-21 could be induced by TGFβ and in turn 

downregulates Smad7, which inhibits the pro-fibrotic signal of TGFβ. Therefore, miR-21 

can be viewed as an enhancer that amplifies the effect of TGFβ in SSc fibrosis. In contrast, 

downregulation of miR-145 was observed in SSc fibroblasts, while its predicted target 

Smad3 was upregulated [128]. It is possible that miR-145 substantiates TGFβ signaling 

through Smad3, however more mechanistic studies need to be performed to confirm this 

link. Similarly, miR-206, let-7g, miR-125b, miR-140-5p, and miR-23b were found to be 

differentially expressed in SSc dermal fibroblasts and their predicted targets include TGFβ, 

TGFβ receptor and SMAD5, however whether these miRNAs play functional roles in 

promoting fibrosis needs to be further validated [130].

Several non-coding RNAs were found to mediate their anti-fibrotic or pro-fibrotic effect 

through TGFβ-targeted genes. MiR-29a, which is a classical anti-fibrotic miRNA that has 

been extensively studied, was found to be downregulated in SSc skin and fibroblasts when 

compared to healthy controls [120]. Overexpression of this miRNA led to decreased type I 

and type III collagen in SSc dermal fibroblasts, and its expression can be modulated by 

TGFβ, platelet-derived growth factor (PDGF), or IL-4. Blockade of the TGFβ and PDGF 

pathways by imatinib significantly restored miR-29a expression both in vitro and in vivo. In 

a separate study, miR-29a appeared to prevent fibrosis via direct repression of TGFβ 
activated kinase 1 binding protein 1 (TAB1), which led to decreased tissue inhibitor of 

metalloproteinase 1 (TIMP1) and increased functional metalloproteinase 1 (MMP1) 

secretion to break down collagen [131]. In addition, miR-29a promoted apoptosis in SSc 

fibroblast via altering the expression of Bcl-2 family proteins which governs a cell fate 

decision whether to enter apoptosis or not [123]. All of these studies support miR-29a’s anti-

fibrotic role in SSc. In addition to miR-29a, TGFβ also negatively modulated miR-196a and 

let-7a expression in fibroblasts and affects the expression of their target type I collagen [132, 

133]. In contrast, TGFβ-mediated overexpression of lncRNA TSIX and miR-202-3p 

stabilized collagen mRNA and downregulated MMP1 expression, contributing to their pro-

fibrotic properties in SSc dermal fibroblasts [134, 135]. Discoidin domain receptors (DDRs) 

regulate ECM remodeling and DDR2 negatively regulates miR-196a to control collagen 

synthesis [136]. In SSc fibroblasts, TGFβ lowered both DDR2 and mir-196a expression 

leading to excessive collagen accumulation.

In addition to TGFβ, a few studies explored the involvement of miRNAs in other pathways. 

MiR-155 enhanced the signaling of Wnt/β-catenin and Akt pathways in SSc fibroblasts by 

directly targeting casein kinase 1α (CK1α) and src homology 2-containinginositol 

phosphatase-1 (SHIP1) [137]. Mice null of miR-155 or ones treated with miR-155 

antagonist showed reduced skin fibrosis accompanied with inhibition of Wnt/β-catenin and 

Akt pathways. MiR-130b appeared to exert its pro-fibrotic role in SSc by negatively 
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regulating peroxisome proliferator-activated receptor γ (PPARγ) thereby enhancing TGFβ 
signaling [138]. Activated Toll-like receptor 4 (TLR4) signaling downregulates miR-29 

while upregulating Smad2/3, ultimately contributing to SSc fibrosis [139]. 

Thrombospondin-2 (TSP-2) is known to regulate ECM synthesis, and downregulation of 

TSP-2 in SSc fibroblasts resulted in upregulation of miR-7 ultimately leading to decreased 

collagen production [140]. However this negative feedback loop is insufficient to control 

dysregulated fibrosis in SSc. It should be noted that skin miR-7 expression was 

downregulated in patients with localized scleroderma (LSc) but not diffuse SSc, suggesting 

that mechanistic involvement of miR-7 in the two disease subsets might be distinct [141].

4.3.4. Circulating non-coding RNAs—While most studies focused on intracellular 

miRNAs, there is growing evidence that miRNAs exist in extracellular environments, often 

times associated with proteins, lipids, or enclosed in vesicles [142]. Because of this, 

miRNAs are stable and can be detected in biological fluids including serum, plasma, saliva, 

and urine [143]. In addition, circulating miRNAs are easily accessible and can be quickly 

assayed by many methods, making them desirable candidates as biomarkers.

In SSc, several studies have focused on circulating miRNAs to examine whether they are 

involved in SSc pathogenesis (Table 5). The first report was published by Kawashita et al. 

showing that miR-29a was detectable in serum [144]. Although miR-29a targets COL1A1, 

the authors did not detect any significant differences in serum miR-29a levels between 

controls and SSc patients. However, lower miR-29a levels were associated with higher right 

ventricular systolic pressure in SSc patients, suggesting the involvement of this miRNA in 

the pathogenesis of pulmonary hypertension. Interestingly patients with scleroderma 

spectrum disorder (SSD), patients that did not fulfill ACR criteria for SSc but considered 

still at risk of developing SSc [145, 146], showed significantly lower amount of miR-29a 

compared to healthy controls or SSc patients. Despite the small number of SSD patients 

recruited, these data suggests that miR-29a might be useful in identifying patients with SSD.

MicroRNAs including miR-142-3p, miR-92a, and miR-135, were analyzed in serum [147, 

148], as their putative target was integrin αV which is involved in TGFβ activation therefore 

likely involved in SSc pathogenesis. Both miR-142-3p and miR-92a were elevated 

significantly in SSc patients (both diffuse and limited SSc) compared to healthy controls, 

while no changes were observed in patients with systemic lupus erythematosus (SLE), 

dermatomyositis (DM), or SSD. These results contradict a later study where plasma 

miR-142-3p was reduced significantly in SSc patients compared to controls [149]. The 

inconsistency might have arisen from using serum vs. plasma, in the former vs. latter study. 

No significant correlation between clinical or serological features and miR-142-3p was 

noted, although patient with elevated miR-142-3p levels appeared to have a shorter 

sublingual frenulum. As for miR-92a, it appears that patients with elevated levels of 

miR-92a had lower frequency of telangiectasia. Additional functional studies were carried 

out for miR-92a in dermal fibroblasts. The elevated expression of miR-92a can be reduced 

by knocking down TGFβ, and overexpression of miR-92a resulted in MMP-1 

downregulation [148].
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Later studies focused on examining a variety of miRNAs at the same time instead of one 

miRNA at a time. Tanaka et al. performed a comprehensive analysis on a panel of miRNAs 

in SSc serum that were predicted to target SSc-related genes in silico [150]. Nineteen of the 

95 miRNAs were significantly lower in SSc patients compared to healthy controls, with 

miR-30b being the most downregulated. This miRNA not only was inversely correlated with 

the modified Rodnan skin scores, but additional analysis also showed that it targets 

PDGFRβ. Its lower expression in both SSc skin and bleomycin-induced skin fibrosis model 

might indicate its role in promoting fibrosis in SSc through upregulation of the PDGFRβ 
pathway.

Honda et al. also performed a comprehensive analysis of dermal miRNA expression in 

fibroblasts isolated from both healthy controls or SSc patients using a miRNA PCR array 

that included 88 miRNAs [127]. They focused on miR-150 as its putative target was integrin 

β3, which is implicated in SSc pathogenesis. Significantly lower miR-150 levels were 

observed in SSc patients compared to healthy controls, and lower serum levels appear to be 

associated with more severe clinical manifestations. Follow up studies further showed that 

down-regulation of miR-150 resulted in up-regulation of both integrin β3 and type 1 

collagen expression in dermal fibroblasts, suggesting its involvement in promoting fibrosis 

in SSc.

A similar study was conducted using miRNA PCR array to examine the miRNA profiles in 

skin samples from SSc (including both diffuse and limited SSc), LSc, and keloid patients 

[133]. Ten out of the 88 miRNA showed significant changes in SSc/LSc skin compared to 

normal skin or keloid samples. As 5 of the 10 miRNAs belonged to the let-7 family, the 

authors focused on let-7a, which was the most down-regulated let-7 member in both SSc and 

LSc samples. Serum let-7a was significantly lower in SSc and LSc patients compared to 

controls, and let-7a levels were inversely correlated with the severity of the skin disease. 

Two additional studies using similar approaches further identified miR-7 and miR-196a to 

be down-regulated in LSc patients compared to healthy control [141, 151]. These studies 

indicate that these miRNAs may have the potential to serve as useful diagnostic markers for 

disease differentiation.

In addition to miRNAs, lncRNAs are also measurable in extracellular fluids. There is only 

one report that studied lncRNA in SSc so far. Wang et al. examined the serum levels of 

lncRNA TSIX in healthy controls, SLE, SSD, and SSc patients and found that this lncRNA 

was upregulated in patients with SSD and SSc (both diffuse and limited) [134]. Clinical 

correlation analysis suggested that higher TSIX levels are associated with higher ratio of 

dcSSc:lcSSc and higher modified Rodnan skin scores.

Although studies that focused on individual circulating non-coding RNAs were informative, 

they could not be always replicated and seemed to vary with different clinical or laboratory 

features, making it hard to draw an absolute conclusion as to whether or not they are suitable 

biomarkers for SSc. More recent studies started to examine miRNA “profiles” or “network” 

in serum and their relevance in clinical assessment. Koba et al. observed different miRNA 

expression patterns in SSc compared to healthy controls, and that combining miR-206 and 

miR-21 may be more informative in distinguishing SSc patients from healthy subjects than 
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either miRNA alone [152]. Wuttge et al. examined circulating miRNA expression profiles 

and their correlation with disease phenotype and autoantibody status [153]. They identified 4 

miRNAs (miR-223, -181b, -342-3p, -184) that were differentially expressed between diffuse 

SSc and limited SSc, and that 5 miRNAs (miR-409-3p, -184, -92a, -29a, -101) were 

differentially expressed in one or more autoantibody groups; both of which further 

confirmed by logistic regression and receiver operating characteristic curve analysis. Steen 

et al. were able to build a statistical model from 26 circulating miRNAs extracted from 120 

SSc patients to distinguish healthy controls, SSc, and SLE populations based on their 

miRNA profiles [149]. They found that a combination of the miR-17~92 cluster (including 

-17, -20a, -92a, -106a) that was significantly reduced in SSc and SLE, and miR-142-3p and 

-223 that were decreased in SSc but elevated in SLE, could discriminate between the control 

and diseased groups, and between the SSc and SLE groups. All these studies point to the 

merit of analyzing a cluster of circulating miRNA for better disease classification and 

prediction.

In addition to being a source of biomarkers, it is possible that circulating miRNAs transmit 

their signal to other cell types via exosomes [154]. It has been shown that SSc patients had 

lower amount of exosomes in sera [155]. In addition, the frequencies of vascular 

complications were significantly increased in patients with lower levels of serum exosomes 

[155]. In a recent study, the miRNA profiles in serum exosomes from SSc patients were 

examined [156]. These SSc exosomes appeared to be pro-fibrotic, as 6 pro-fibrotic miRNAs 

were upregulated while 10 anti-fibrotic miRNAs were downregulated compared to exosomes 

isolated from healthy serum. There were also significant differences in exosomal miRNA 

expression between diffuse and limited SSc. In addition, these SSc exosomes were able to 

induce pro-fibrotic genes in normal dermal fibroblasts, suggesting a role in maintaining and 

propagating the fibrotic potential of the disease to distal or unaffected sites.

Although circulating non-coding RNAs have their potential to be biomarkers for SSc, there 

are challenges that needs to be overcome. The choice of the biological fluid can significantly 

impact the expression profiles since each could be enriched for a distinct set of miRNAs. 

One example is the drastic difference of miR-142-3p levels assayed in SSc plasma and 

serum mentioned earlier [147, 149]. The difference of miRNA profiles between serum and 

plasma might be due to the use of heparin-coated tubes to isolate plasma, which would 

interfere with downstream steps that involve PCR protocols [157]. Contamination of 

intracellular RNA from plates or erythrocytes could introduce bias and should be minimized 

[158]. In addition, changes in non-coding RNAs in the skin and may not reflect similar 

changes in the circulation, adding to the difficulties in data interpretation. One other 

challenge for non-coding RNA profiling is the selection of the best analytical technique used 

(e.g. RT-qPCR and miRNA arrays), as well as the correct way, if any, to properly normalize 

non-coding RNA data to minimize technical variation (e.g. small nuclear RNA, specific 

mRNAs, and external spike-in synthetic oligonucleotide) [159, 160].

4.3.5. miRNA gene polymorphism—A miR-146a polymorphism tagged by the SNP 

rs2910164 (C/G) has been reported in skin samples that were collected from 52 SSc patients 

and 107 healthy controls in Japan [161]. Patients with the CC genotype had a significantly 
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higher prevalence of telangiectasia than in those with CG or GG genotype. This is the only 

study published to date regarding miRNA gene polymorphism in SSc.

5. Therapeutic implication

As most of the known epigenetic mechanisms are in metastable states, therapeutic 

interventions to reprogram the epigenomic landscape to improve human health seems 

promising. Indeed reversibility of epigenetic marks mediated by writers or erasers (DNMTs, 

HDACs, or HMTs etc) makes these enzymes attractive drug targets. As small molecule 

inhibitors are becoming more available, one should take into consideration their target 

specificity and cellular toxicity, along with their lack of cellular specificity.

The epigenetic modifiers that have been employed in SSc studies are summarized in Table 6. 

These modifiers include DNMT inhibitors 5-azacytidine (5-azaC, Vidaza) and 5-aza 

(Dacogen), pan-HDAC inhibitors TSA and Divalproex sodium, SIRT1 activator resveratrol, 

EZH2 inhibitor DZNep, and miRNAs or miRNA-containing exosomes. Other non-

epigenetic modifiers, such as the antibiotic ciprofloxacin, NR4A1 agonist Csn-B, tyrosine 

inhibitor imatinib, and proteasome inhibitor bortezomib, that originally were not anticipated 

to have epigenetic effects, turned out to modify various epigenetic mediators in SSc and 

alleviated tissue fibrosis.

The DNMT inhibitors irreversibly inactivate DNMTs and trigger their degradation [162]. 

The prototypical drugs include 5-azaC and 5-aza; both have been approved by the FDA to 

treat myelodysplastic syndrome and acute myeloid leukemia. Usage of these DNMT 

inhibitors in SSc appeared to be beneficial for stopping fibrosis, as all studies showed potent 

antifibrotic effect of these drugs targeting transcription factors, the Wnt pathway, the COX2 

pathway, and miRNAs [91, 93, 96, 99, 127]. They also modify the functions of immune 

cells, as shown in CD4+ T cells, where 5-azaC enhanced FOXP3 expression and regenerated 

Tregs [83]. However overall effects of these drugs can be mixed, since 5-azaC increased 

CD11a on CD4+ T cells that resulted in activation of B cells and induced collagen synthesis 

in fibroblasts [82].

Similar to DMNT inhibitors, HDAC inhibitor TSA showed promising antifibrotic effect both 

in vivo and in vitro in SSc [89, 108, 109, 119]. TSA, which is a pan-HDAC inhibitor, was 

the prototypic drug that was widely used in experiments. Suberoylanilide hydroxamic acid 

(SAHA; vorinostat) and depsipeptide (romidepsin), which are also pan-HDAC inhibitors, are 

currently approved by the FDA for cutaneous T cell lymphomas. Global inactivation of 

HDACs by these nonspecific inhibitors may not be ideal for a multifaceted disease such as 

SSc, since they may be beneficial for fibrosis treatment but may affect angiogenesis by 

inactivating pro-angiogenic HDACs [102]. Therefore specific HDAC inhibitors will be ideal 

for SSc, and this seems to be the trend for drug development, as recent development towards 

individual HDACs have been reported [163],

The role of other classes of epigenetic modifiers in treating SSc is less certain. As 

contradictory results were reported for SIRT1 [114, 115], the use of resveratrol as a possible 

anti-fibrotic is questionable. In addition to resveratrol, which is known have specificity 
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issues, new activators for SIRT1 have been identified [164]. Early phase clinical trials 

showed safe and well tolerated results for SRT2104 [165], and this new generation of SIRT1 

activators might show more conclusive results in SSc studies. Similar to SIRT1, the role of 

EZH2 in SSc fibrosis is not clear [107, 110]. Several drugs targeting EZH2 are now in 

clinical trials, and perhaps usage of these drugs that have better pharmacokinetic profiles and 

specificities in SSc studies would provide more insight for the involvement of KMTs such as 

EZH2 in SSc. Apparent involvement of miRNAs in SSc pathogenesis has been well 

documented (Table 5), and their therapeutic potential has been examined in animal studies 

[129, 133, 137, 155] and in clinical trials for fibrotic conditions (MRG-201, 

ClinicalTrials.gov Identifier: NCT02603224). Surprisingly, no studies examined histone 

readers such as the bromodomain and extra-terminal (BET) family in SSc. Small-molecule 

inhibitors for BET bromodomains have been identified [166] and several are in clinical trials 

for cancer [167]. It will be intriguing to examine whether these histone readers are 

dysregulated in SSc.

The recognition of epigenetics as an important contributor to SSc pathogenesis has advanced 

new avenues for drug development and therapeutic options for this devastating disease. 

Combinatorial therapy should be considered, either with epigenetic modifiers or 

conventional immunotherapy, to limit the side effects of treatment, and maximize the 

therapeutic effect of the combined drugs.

6. Conclusions and future prospective

We highlighted the rapid development of genetic and epigenetic research in the field of SSc 

pathogenesis in this review. Thanks to these studies, we are starting to understand the impact 

of genetic predisposition, epigenetic dysregulation, and environmental factors in this disease. 

Although the genetic architecture of SSc has been laid out, more work has to be done to 

identify specific disease-associated functional variants. There is a need for understanding the 

cause of ethnic differences in SSc susceptibility, as well as determining the role of rare 

variants in this disease. As more SSc susceptibility loci are being identified, studies should 

focus on interactions between genes as well as between genes and the environment in this 

complex disease. In addition, there is still a lot to be done to really understand what triggers 

the epigenetic changes in SSc. The relative contribution of each epigenetic mechanism, 

DNA methylation, histone modifications, and non-coding RNAs, has not been determined. 

There is a need to examine epigenetics in SSc ECs, and more mechanistic studies are 

required to determine the impact of histone changes in immune cells. In addition, whether 

epigenetic marks, such as circulating miRNAs, can be used as reliable biomarkers for SSc 

remains unclear. Finally, delineating the relationship between SNPs and epigenetic 

modifications may shed light on understanding the roles of genetic susceptibility variants 

that are located in noncoding regions of the genome.

The advancement of next-generation sequencing (NGS) technologies in the last decade have 

facilitated epigenomic profiling at high resolution, hence revolutionized the field of 

epigenetics. A great example is profiling histone marks at the genome level that allowed 

predictions for functional genetic elements. The histone patterns, such as H3K27ac and 

H3K4me1 as enhancers, have been included in the NIH Roadmap Epigenomics Consortium 
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to generate reference epigenomes and to establish the differences in epigenomic signature 

between normal and diseased cells [168]. Indeed, examining epigenetics at the genome-wide 

level has started to gain its popularity in SSc [97, 103]. In addition, as epigenetic 

mechanisms are often cell type specific and may differ within the same tissue (i.e. ECs vs. 

myofibroblasts in skin biopsy), it is important to perform epigenetic studies in isolated cells 

as opposed to whole tissue or a mixture of cells such as PBMCs. The recent breakthrough in 

technologies allowing epigenomics analysis at a single cell level will indeed pushed the field 

toward further understanding how a cell maintains its phenotype, its lineage commitment, 

and how it is perturbed in a disease setting [169]. Finally, NGS technologies in the form of 

miRNA-seq can be utilized to profile genome-wide expression of the miRNA transcriptome. 

This approach, unlike the qRT-PCR and miRNA array methods mentioned earlier, allows 

identification of novel miRNAs and pre-miRNAs [170]. However, caution must be drawn 

that sequencing bias that is inherent in different sequencing platforms might introduce reads 

that are not real miRNAs [171].

One major challenge in the epigenetic field is to discriminate between genes that are driving 

the disease epigenetically and genes that are altered in the disease process but not necessary 

pertinent for the disease to occur. Data generated by NGS such as RNA-seq, ChiP-seq, or 

ATAC-seq should be integrated through bioinformatics to allow a more comprehensive 

understanding of the epigenetic landscape that is crucial for the disease to occur, and to help 

decipher genes that are causative or correlative. One example is our study using ATAC-seq 

to determine the underlying mechanism for HDAC5 involvement in dysregulated 

angiogenesis in SSc (experiment schematic in Figure 3) [103]. Since knocking down 

HDAC5 increases acetylated histones and relaxes the chromatin, we assessed genome-wide 

chromatin accessibility in SSc ECs by ATAC-seq, and identified a list of genes that were 

altered under this condition. To find out genes that were pertinent in HDAC5-mediated 

angiogenesis, we narrowed down the list of genes through functional assays, eventually 

identifying 3 genes that were crucial in this process.

Because of the dynamic nature of the epigenome, it has become an attractive therapeutic 

target, especially in the cancer field. In SSc, various studies have indeed demonstrated the 

efficacy of DNMT inhibitors or HDAC inhibitors in alleviating fibrosis (Table 6). Given how 

epigenetic mechanisms control cellular development and maintain normal physiological 

behavior, it would be more beneficial to target specific epigenetic alterations instead of 

disturbing global modifications to lower toxicity and side effects while enhancing 

therapeutic efficacy.

The heterogeneity of SSc makes it a complex disease to understand and at the same time a 

difficult disease to treat. Recent focus on genetics and epigenetics research not only helped 

us apprehend this disease more, but also raised more questions. With the rapid development 

of epigenetic concepts, genomic and epigenomic methodologies, as well as drugs that target 

different epigenetic mechanisms, there is no doubt we are poised to have more progress in 

identifying novel therapeutic targets for SSc in the near future.

Tsou and Sawalha Page 23

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

Funding: This work was supported by the National Institute of Allergy and Infectious Diseases of the National 
Institutes of Health (grant number R01AI097134 and U19AI110502), the National Institutes of Health/National 
Institute of Arthritis and Musculoskeletal and Skin Diseases (grant number T32AR007080), and the Scleroderma 
Foundation.

References

1. Elhai M, Meune C, Avouac J, Kahan A, Allanore Y. Trends in mortality in patients with systemic 
sclerosis over 40 years: a systematic review and meta-analysis of cohort studies. Rheumatology 
(Oxford). 2012; 51:1017–26. [PubMed: 21900368] 

2. Barnes J, Mayes MD. Epidemiology of systemic sclerosis: incidence, prevalence, survival, risk 
factors, malignancy, and environmental triggers. Curr Opin Rheumatol. 2012; 24:165–70. [PubMed: 
22269658] 

3. Young A, Khanna D. Systemic sclerosis: a systematic review on therapeutic management from 2011 
to 2014. Current Opinion in Rheumatology. 2015; 27:241–8. [PubMed: 25775190] 

4. Arnett FC, Cho M, Chatterjee S, Aguilar MB, Reveille JD, Mayes MD. Familial occurrence 
frequencies and relative risks for systemic sclerosis (scleroderma) in three United States cohorts. 
Arthritis Rheum. 2001; 44:1359–62. [PubMed: 11407695] 

5. Feghali-Bostwick C, Medsger TA Jr, Wright TM. Analysis of systemic sclerosis in twins reveals low 
concordance for disease and high concordance for the presence of antinuclear antibodies. Arthritis 
Rheum. 2003; 48:1956–63. [PubMed: 12847690] 

6. De Martinis M, Ciccarelli F, Sirufo MM, Ginaldi L. An overview of environmental risk factors in 
systemic sclerosis. Expert Rev Clin Immunol. 2016; 12:465–78. [PubMed: 26610037] 

7. Gourley M, Miller FW. Mechanisms of Disease: environmental factors in the pathogenesis of 
rheumatic disease. Nat Clin Pract Rheum. 2007; 3:172–80.

8. Kuo CF, Luo SF, Yu KH, See LC, Zhang W, Doherty M. Familial risk of systemic sclerosis and co-
aggregation of autoimmune diseases in affected families. Arthritis Res Ther. 2016; 18:231. 
[PubMed: 27729087] 

9. Assassi S, Arnett FC, Reveille JD, Gourh P, Mayes MD. Clinical, immunologic, and genetic features 
of familial systemic sclerosis. Arthritis Rheum. 2007; 56:2031–7. [PubMed: 17530643] 

10. Selmi C, Lu Q, Humble MC. Heritability versus the role of the environment in autoimmunity. J 
Autoimmun. 2012; 39:249–52. [PubMed: 22980030] 

11. Jarvinen P, Aho K. Twin studies in rheumatic diseases. Semin Arthritis Rheum. 1994; 24:19–28. 
[PubMed: 7985034] 

12. Aho K, Koskenvuo M, Tuominen J, Kaprio J. Occurrence of rheumatoid arthritis in a nationwide 
series of twins. J Rheumatol. 1986; 13:899–902. [PubMed: 3820198] 

13. Bammer H, Schaltenbrand G, Solcher H. Examinations of twins in multiple sclerosis. Dtsch Z 
Nervenheilkd. 1960; 181:261–79. [PubMed: 13686504] 

14. Selmi C, Mayo MJ, Bach N, Ishibashi H, Invernizzi P, Gish RG, et al. Primary biliary cirrhosis in 
monozygotic and dizygotic twins: genetics, epigenetics, and environment. Gastroenterology. 2004; 
127:485–92. [PubMed: 15300581] 

15. Zhou X, Tan FK, Xiong M, Arnett FC, Feghali-Bostwick CA. Monozygotic twins clinically 
discordant for scleroderma show concordance for fibroblast gene expression profiles. Arthritis 
Rheum. 2005; 52:3305–14. [PubMed: 16200604] 

16. Allanore Y, Saad M, Dieude P, Avouac J, Distler JH, Amouyel P, et al. Genome-wide scan 
identifies TNIP1, PSORS1C1, and RHOB as novel risk loci for systemic sclerosis. PLoS Genet. 
2011; 7:e1002091. [PubMed: 21750679] 

17. Gorlova O, Martin JE, Rueda B, Koeleman BP, Ying J, Teruel M, et al. Identification of novel 
genetic markers associated with clinical phenotypes of systemic sclerosis through a genome-wide 
association strategy. PLoS Genet. 2011; 7:e1002178. [PubMed: 21779181] 

Tsou and Sawalha Page 24

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Radstake TR, Gorlova O, Rueda B, Martin JE, Alizadeh BZ, Palomino-Morales R, et al. Genome-
wide association study of systemic sclerosis identifies CD247 as a new susceptibility locus. Nat 
Genet. 2010; 42:426–9. [PubMed: 20383147] 

19. Zhou X, Tan FK, Wang N, Xiong M, Maghidman S, Reveille JD, et al. Genome-wide association 
study for regions of systemic sclerosis susceptibility in a Choctaw Indian population with high 
disease prevalence. Arthritis Rheum. 2003; 48:2585–92. [PubMed: 13130478] 

20. Zhou X, Lee JE, Arnett FC, Xiong M, Park MY, Yoo YK, et al. HLA-DPB1 and DPB2 are genetic 
loci for systemic sclerosis: a genome-wide association study in Koreans with replication in North 
Americans. Arthritis Rheum. 2009; 60:3807–14. [PubMed: 19950302] 

21. Martin JE, Assassi S, Diaz-Gallo LM, Broen JC, Simeon CP, Castellvi I, et al. A systemic sclerosis 
and systemic lupus erythematosus pan-meta-GWAS reveals new shared susceptibility loci. Hum 
Mol Genet. 2013; 22:4021–9. [PubMed: 23740937] 

22. Mayes MD, Bossini-Castillo L, Gorlova O, Martin JE, Zhou X, Chen WV, et al. Immunochip 
analysis identifies multiple susceptibility loci for systemic sclerosis. Am J Hum Genet. 2014; 
94:47–61. [PubMed: 24387989] 

23. Chairta P, Nicolaou P, Christodoulou K. Genomic and genetic studies of systemic sclerosis: A 
systematic review. Hum Immunol. 2017; 78:153–65. [PubMed: 27984087] 

24. Arnett FC, Gourh P, Shete S, Ahn CW, Honey RE, Agarwal SK, et al. Major histocompatibility 
complex (MHC) class II alleles, haplotypes and epitopes which confer susceptibility or protection 
in systemic sclerosis: analyses in 1300 Caucasian, African-American and Hispanic cases and 1000 
controls. Ann Rheum Dis. 2010; 69:822–7. [PubMed: 19596691] 

25. Beretta L, Rueda B, Marchini M, Santaniello A, Simeon CP, Fonollosa V, et al. Analysis of Class II 
human leucocyte antigens in Italian and Spanish systemic sclerosis. Rheumatology (Oxford). 
2012; 51:52–9. [PubMed: 22087014] 

26. Furukawa H, Oka S, Kawasaki A, Shimada K, Sugii S, Matsushita T, et al. Human Leukocyte 
Antigen and Systemic Sclerosis in Japanese: The Sign of the Four Independent Protective Alleles, 
DRB1*13:02, DRB1*14:06, DQB1*03:01, and DPB1*02:01. PLoS One. 2016; 11:e0154255. 
[PubMed: 27116456] 

27. Rodriguez-Reyna TS, Mercado-Velazquez P, Yu N, Alosco S, Ohashi M, Lebedeva T, et al. HLA 
Class I and II Blocks Are Associated to Susceptibility, Clinical Subtypes and Autoantibodies in 
Mexican Systemic Sclerosis (SSc) Patients. PLoS One. 2015; 10:e0126727. [PubMed: 25993664] 

28. Ciccacci C, Conigliaro P, Perricone C, Rufini S, Triggianese P, Politi C, et al. Polymorphisms in 
STAT-4, IL-10, PSORS1C1, PTPN2 and MIR146A genes are associated differently with 
prognostic factors in Italian patients affected by rheumatoid arthritis. Clin Exp Immunol. 2016; 
186:157–63. [PubMed: 27342690] 

29. Ciccacci C, Perricone C, Ceccarelli F, Rufini S, Di Fusco D, Alessandri C, et al. A multilocus 
genetic study in a cohort of Italian SLE patients confirms the association with STAT4 gene and 
describes a new association with HCP5 gene. PLoS One. 2014; 9:e111991. [PubMed: 25369137] 

30. Hughes T, Coit P, Adler A, Yilmaz V, Aksu K, Duzgun N, et al. Identification of multiple 
independent susceptibility loci in the HLA region in Behcet’s disease. Nat Genet. 2013; 45:319–
24. [PubMed: 23396137] 

31. Hu B, Phan SH. Notch in fibrosis and as a target of anti-fibrotic therapy. Pharmacological research. 
2016; 108:57–64. [PubMed: 27107790] 

32. Gridley T. Notch signaling in vascular development and physiology. Development. 2007; 
134:2709–18. [PubMed: 17611219] 

33. Cardinale CJ, Li D, Tian L, Connolly JJ, March ME, Hou C, et al. Association of a rare NOTCH4 
coding variant with systemic sclerosis: a family-based whole exome sequencing study. BMC 
Musculoskelet Disord. 2016; 17:462. [PubMed: 27829420] 

34. Martin JE, Broen JC, Carmona FD, Teruel M, Simeon CP, Vonk MC, et al. Identification of CSK 
as a systemic sclerosis genetic risk factor through Genome Wide Association Study follow-up. 
Hum Mol Genet. 2012; 21:2825–35. [PubMed: 22407130] 

35. Wang J, Yi L, Guo X, He D, Li H, Guo G, et al. Lack of Association of the CD247 SNP rs2056626 
with Systemic Sclerosis in Han Chinese. Open Rheumatol J. 2014; 8:43–5. [PubMed: 25317213] 

Tsou and Sawalha Page 25

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



36. Wu M, Assassi S. The role of type 1 interferon in systemic sclerosis. Front Immunol. 2013; 4:266. 
[PubMed: 24046769] 

37. Dieude P, Guedj M, Wipff J, Avouac J, Fajardy I, Diot E, et al. Association between the IRF5 
rs2004640 functional polymorphism and systemic sclerosis: a new perspective for pulmonary 
fibrosis. Arthritis Rheum. 2009; 60:225–33. [PubMed: 19116937] 

38. Lopez-Isac E, Martin JE, Assassi S, Simeon CP, Carreira P, Ortego-Centeno N, et al. Brief Report: 
IRF4 Newly Identified as a Common Susceptibility Locus for Systemic Sclerosis and Rheumatoid 
Arthritis in a Cross-Disease Meta-Analysis of Genome-Wide Association Studies. Arthritis 
Rheumatol. 2016; 68:2338–44. [PubMed: 27111665] 

39. Dieude P, Wipff J, Guedj M, Ruiz B, Melchers I, Hachulla E, et al. BANK1 is a genetic risk factor 
for diffuse cutaneous systemic sclerosis and has additive effects with IRF5 and STAT4. Arthritis 
Rheum. 2009; 60:3447–54. [PubMed: 19877059] 

40. Rueda B, Gourh P, Broen J, Agarwal SK, Simeon C, Ortego-Centeno N, et al. BANK1 functional 
variants are associated with susceptibility to diffuse systemic sclerosis in Caucasians. Ann Rheum 
Dis. 2010; 69:700–5. [PubMed: 19815934] 

41. Mak AC, Tang PL, Cleveland C, Smith MH, Kari Connolly M, Katsumoto TR, et al. Brief Report: 
Whole-Exome Sequencing for Identification of Potential Causal Variants for Diffuse Cutaneous 
Systemic Sclerosis. Arthritis Rheumatol. 2016; 68:2257–62. [PubMed: 27111861] 

42. Gourh P, Agarwal SK, Martin E, Divecha D, Rueda B, Bunting H, et al. Association of the 
C8orf13-BLK region with systemic sclerosis in North-American and European populations. J 
Autoimmun. 2010; 34:155–62. [PubMed: 19796918] 

43. Ito I, Kawaguchi Y, Kawasaki A, Hasegawa M, Ohashi J, Kawamoto M, et al. Association of the 
FAM167A-BLK region with systemic sclerosis. Arthritis Rheum. 2010; 62:890–5. [PubMed: 
20131239] 

44. Coustet B, Dieude P, Guedj M, Bouaziz M, Avouac J, Ruiz B, et al. C8orf13-BLK is a genetic risk 
locus for systemic sclerosis and has additive effects with BANK1: results from a large french 
cohort and meta-analysis. Arthritis Rheum. 2011; 63:2091–6. [PubMed: 21480188] 

45. Zhong MC, Veillette A. Immunology: Csk keeps LYP on a leash. Nat Chem Biol. 2012; 8:412–3. 
[PubMed: 22510660] 

46. Vang T, Liu WH, Delacroix L, Wu S, Vasile S, Dahl R, et al. LYP inhibits T cell activation when 
dissociated from CSK. Nature chemical biology. 2012; 8:437–46. [PubMed: 22426112] 

47. Nguyen KB, Watford WT, Salomon R, Hofmann SR, Pien GC, Morinobu A, et al. Critical role for 
STAT4 activation by type 1 interferons in the interferon-gamma response to viral infection. 
Science. 2002; 297:2063–6. [PubMed: 12242445] 

48. Dieude P, Guedj M, Wipff J, Ruiz B, Hachulla E, Diot E, et al. STAT4 is a genetic risk factor for 
systemic sclerosis having additive effects with IRF5 on disease susceptibility and related 
pulmonary fibrosis. Arthritis Rheum. 2009; 60:2472–9. [PubMed: 19644887] 

49. Gourh P, Agarwal SK, Divecha D, Assassi S, Paz G, Arora-Singh RK, et al. Polymorphisms in 
TBX21 and STAT4 increase the risk of systemic sclerosis: evidence of possible gene-gene 
interaction and alterations in Th1/Th2 cytokines. Arthritis Rheum. 2009; 60:3794–806. [PubMed: 
19950257] 

50. Rueda B, Broen J, Simeon C, Hesselstrand R, Diaz B, Suarez H, et al. The STAT4 gene influences 
the genetic predisposition to systemic sclerosis phenotype. Hum Mol Genet. 2009; 18:2071–7. 
[PubMed: 19286670] 

51. Tsuchiya N, Kawasaki A, Hasegawa M, Fujimoto M, Takehara K, Kawaguchi Y, et al. Association 
of STAT4 polymorphism with systemic sclerosis in a Japanese population. Ann Rheum Dis. 2009; 
68:1375–6. [PubMed: 19605749] 

52. Zochling J, Newell F, Charlesworth JC, Leo P, Stankovich J, Cortes A, et al. An Immunochip-
based interrogation of scleroderma susceptibility variants identifies a novel association at 
DNASE1L3. Arthritis Res Ther. 2014; 16:438. [PubMed: 25332064] 

53. Xu Y, Wang W, Tian Y, Liu J, Yang R. Polymorphisms in STAT4 and IRF5 increase the risk of 
systemic sclerosis: a meta-analysis. Int J Dermatol. 2016; 55:408–16. [PubMed: 26712637] 

Tsou and Sawalha Page 26

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



54. Avouac J, Furnrohr BG, Tomcik M, Palumbo K, Zerr P, Horn A, et al. Inactivation of the 
transcription factor STAT-4 prevents inflammation-driven fibrosis in animal models of systemic 
sclerosis. Arthritis Rheum. 2011; 63:800–9. [PubMed: 21360510] 

55. Glick D, Barth S, Macleod KF. Autophagy: cellular and molecular mechanisms. The Journal of 
pathology. 2010; 221:3–12. [PubMed: 20225336] 

56. Wei J, Ghosh AK, Sargent JL, Komura K, Wu M, Huang QQ, et al. PPARgamma downregulation 
by TGFss in fibroblast and impaired expression and function in systemic sclerosis: a novel 
mechanism for progressive fibrogenesis. PLoS One. 2010; 5:e13778. [PubMed: 21072170] 

57. Lopez-Isac E, Bossini-Castillo L, Simeon CP, Egurbide MV, Alegre-Sancho JJ, Callejas JL, et al. A 
genome-wide association study follow-up suggests a possible role for PPARG in systemic sclerosis 
susceptibility. Arthritis Res Ther. 2014; 16:R6. [PubMed: 24401602] 

58. Marangoni RG, Korman BD, Allanore Y, Dieude P, Armstrong LL, Rzhetskaya M, et al. A 
candidate gene study reveals association between a variant of the Peroxisome Proliferator-
Activated Receptor Gamma (PPAR-gamma) gene and systemic sclerosis. Arthritis Res Ther. 2015; 
17:128. [PubMed: 25986483] 

59. Gao L, Emond MJ, Louie T, Cheadle C, Berger AE, Rafaels N, et al. Identification of Rare Variants 
in ATP8B4 as a Risk Factor for Systemic Sclerosis by Whole-Exome Sequencing. Arthritis 
Rheumatol. 2016; 68:191–200. [PubMed: 26473621] 

60. Lopez-Isac E, Bossini-Castillo L, Palma AB, Assassi S, Simeon CP, Ortego-Centeno N, et al. 
Analysis of ATP8B4 F436L missense variant in a large Systemic sclerosis cohort. Arthritis 
Rheumatol. 2017

61. Wei P, Yang Y, Guo X, Hei N, Lai S, Assassi S, et al. Identification of an Association of TNFAIP3 
Polymorphisms With Matrix Metalloproteinase Expression in Fibroblasts in an Integrative Study 
of Systemic Sclerosis-Associated Genetic and Environmental Factors. Arthritis Rheumatol. 2016; 
68:749–60. [PubMed: 26474180] 

62. Waddington CH. The epigenotype. Endeavour. 1942; 1:18–20.

63. Jurkowska RZ, Jurkowski TP, Jeltsch A. Structure and function of mammalian DNA 
methyltransferases. Chembiochem: a European journal of chemical biology. 2011; 12:206–22. 
[PubMed: 21243710] 

64. Bhutani N, Burns DM, Blau HM. DNA demethylation dynamics. Cell. 2011; 146:866–72. 
[PubMed: 21925312] 

65. Auclair G, Weber M. Mechanisms of DNA methylation and demethylation in mammals. 
Biochimie. 2012; 94:2202–11. [PubMed: 22634371] 

66. Hendrich B, Bird A. Identification and characterization of a family of mammalian methyl-CpG 
binding proteins. Mol Cell Biol. 1998; 18:6538–47. [PubMed: 9774669] 

67. Baymaz HI, Fournier A, Laget S, Ji Z, Jansen PW, Smits AH, et al. MBD5 and MBD6 interact 
with the human PR-DUB complex through their methyl-CpG-binding domain. Proteomics. 2014; 
14:2179–89. [PubMed: 24634419] 

68. Hendrich B, Tweedie S. The methyl-CpG binding domain and the evolving role of DNA 
methylation in animals. Trends Genet. 2003; 19:269–77. [PubMed: 12711219] 

69. Chahrour M, Jung SY, Shaw C, Zhou X, Wong ST, Qin J, et al. MeCP2, a key contributor to 
neurological disease, activates and represses transcription. Science. 2008; 320:1224–9. [PubMed: 
18511691] 

70. Teperino R, Schoonjans K, Auwerx J. Histone methyl transferases and demethylases; can they link 
metabolism and transcription? Cell Metab. 2010; 12:321–7. [PubMed: 20889125] 

71. Smith BC, Denu JM. Chemical mechanisms of histone lysine and arginine modifications. Biochim 
Biophys Acta. 2009; 1789:45–57. [PubMed: 18603028] 

72. Musselman CA, Lalonde M-E, Cote J, Kutateladze TG. Perceiving the epigenetic landscape 
through histone readers. Nat Struct Mol Biol. 2012; 19:1218–27. [PubMed: 23211769] 

73. Yun M, Wu J, Workman JL, Li B. Readers of histone modifications. Cell research. 2011; 21:564–
78. [PubMed: 21423274] 

74. Margueron R, Justin N, Ohno K, Sharpe ML, Son J, Drury WJ III, et al. Role of the polycomb 
protein EED in the propagation of repressive histone marks. Nature. 2009; 461:762–7. [PubMed: 
19767730] 

Tsou and Sawalha Page 27

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



75. Esteller M. Non-coding RNAs in human disease. Nat Rev Genet. 2011; 12:861–74. [PubMed: 
22094949] 

76. Krol J, Loedige I, Filipowicz W. The widespread regulation of microRNA biogenesis, function and 
decay. Nat Rev Genet. 2010; 11:597–610. [PubMed: 20661255] 

77. Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs: insights into functions. Nat Rev 
Genet. 2009; 10:155–9. [PubMed: 19188922] 

78. Schmitz SU, Grote P, Herrmann BG. Mechanisms of long noncoding RNA function in 
development and disease. Cellular and Molecular Life Sciences. 2016; 73:2491–509. [PubMed: 
27007508] 

79. Lei W, Luo Y, Lei W, Luo Y, Yan K, Zhao S, et al. Abnormal DNA methylation in CD4+ T cells 
from patients with systemic lupus erythematosus, systemic sclerosis, and dermatomyositis. Scand J 
Rheumatol. 2009; 38:369–74. [PubMed: 19444718] 

80. Lian X, Xiao R, Hu X, Kanekura T, Jiang H, Li Y, et al. DNA demethylation of CD40l in CD4+ T 
cells from women with systemic sclerosis: a possible explanation for female susceptibility. 
Arthritis Rheum. 2012; 64:2338–45. [PubMed: 22231486] 

81. Jiang H, Xiao R, Lian X, Kanekura T, Luo Y, Yin Y, et al. Demethylation of TNFSF7 contributes 
to CD70 overexpression in CD4+ T cells from patients with systemic sclerosis. Clin Immunol. 
2012; 143:39–44. [PubMed: 22306512] 

82. Wang Y, Shu Y, Xiao Y, Wang Q, Kanekura T, Li Y, et al. Hypomethylation and overexpression of 
ITGAL (CD11a) in CD4(+) T cells in systemic sclerosis. Clin Epigenetics. 2014; 6:25. [PubMed: 
25414732] 

83. Wang YY, Wang Q, Sun XH, Liu RZ, Shu Y, Kanekura T, et al. DNA hypermethylation of the 
forkhead box protein 3 (FOXP3) promoter in CD4+ T cells of patients with systemic sclerosis. Br 
J Dermatol. 2014; 171:39–47. [PubMed: 24641670] 

84. Almanzar G, Klein M, Schmalzing M, Hilligardt D, El Hajj N, Kneitz H, et al. Disease 
Manifestation and Inflammatory Activity as Modulators of Th17/Treg Balance and RORC/FoxP3 
Methylation in Systemic Sclerosis. Int Arch Allergy Immunol. 2016; 171:141–54. [PubMed: 
27902985] 

85. Matatiele P, Tikly M, Tarr G, Gulumian M. DNA methylation similarities in genes of black South 
Africans with systemic lupus erythematosus and systemic sclerosis. J Biomed Sci. 2015; 22:34. 
[PubMed: 25986394] 

86. Selmi C, Feghali-Bostwick CA, Lleo A, Lombardi SA, De Santis M, Cavaciocchi F, et al. X 
chromosome gene methylation in peripheral lymphocytes from monozygotic twins discordant for 
scleroderma. Clin Exp Immunol. 2012; 169:253–62. [PubMed: 22861365] 

87. Wang Y, Kahaleh B. Epigenetic repression of bone morphogenetic protein receptor II expression in 
scleroderma. J Cell Mol Med. 2013

88. Wang RN, Green J, Wang Z, Deng Y, Qiao M, Peabody M, et al. Bone Morphogenetic Protein 
(BMP) signaling in development and human diseases. Genes & Diseases. 2014; 1:87–105. 
[PubMed: 25401122] 

89. Wang Y, Fan PS, Kahaleh B. Association between enhanced type I collagen expression and 
epigenetic repression of the FLI1 gene in scleroderma fibroblasts. Arthritis Rheum. 2006; 
54:2271–9. [PubMed: 16802366] 

90. Qi Q, Guo Q, Tan G, Mao Y, Tang H, Zhou C, et al. Predictors of the scleroderma phenotype in 
fibroblasts from systemic sclerosis patients. Journal of the European Academy of Dermatology 
and Venereology: JEADV. 2009; 23:160–8. [PubMed: 19054252] 

91. O’Reilly S, Ciechomska M, Fullard N, Przyborski S, van Laar JM. IL-13 mediates collagen 
deposition via STAT6 and microRNA-135b: a role for epigenetics. Sci Rep. 2016; 6:25066. 
[PubMed: 27113293] 

92. Bujor AM, Haines P, Padilla C, Christmann RB, Junie M, Sampaio-Barros PD, et al. Ciprofloxacin 
has antifibrotic effects in scleroderma fibroblasts via downregulation of Dnmt1 and upregulation of 
Fli1. Int J Mol Med. 2012; 30:1473–80. [PubMed: 23041765] 

93. Noda S, Asano Y, Nishimura S, Taniguchi T, Fujiu K, Manabe I, et al. Simultaneous 
downregulation of KLF5 and Fli1 is a key feature underlying systemic sclerosis. Nat Commun. 
2014; 5:5797. [PubMed: 25504335] 

Tsou and Sawalha Page 28

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



94. Wei J, Fang F, Lam AP, Sargent JL, Hamburg E, Hinchcliff ME, et al. Wnt/β-catenin signaling is 
hyperactivated in systemic sclerosis and induces Smad-dependent fibrotic responses in 
mesenchymal cells. Arthritis and rheumatism. 2012; 64:2734–45. [PubMed: 22328118] 

95. Akhmetshina A, Palumbo K, Dees C, Bergmann C, Venalis P, Zerr P, et al. Activation of canonical 
Wnt signalling is required for TGF-beta-mediated fibrosis. Nat Commun. 2012; 3:735. [PubMed: 
22415826] 

96. Dees C, Schlottmann I, Funke R, Distler A, Palumbo-Zerr K, Zerr P, et al. The Wnt antagonists 
DKK1 and SFRP1 are downregulated by promoter hypermethylation in systemic sclerosis. Ann 
Rheum Dis. 2013

97. Altorok N, Tsou PS, Coit P, Khanna D, Sawalha AH. Genome-wide DNA methylation analysis in 
dermal fibroblasts from patients with diffuse and limited systemic sclerosis reveals common and 
subset-specific DNA methylation aberrancies. Ann Rheum Dis. 2015; 74:1612–20. [PubMed: 
24812288] 

98. Hattori M, Yokoyama Y, Hattori T, Motegi S, Amano H, Hatada I, et al. Global DNA 
hypomethylation and hypoxia-induced expression of the ten eleven translocation (TET) family, 
TET1, in scleroderma fibroblasts. Exp Dermatol. 2015; 24:841–6. [PubMed: 26013976] 

99. Evans IC, Barnes JL, Garner IM, Pearce DR, Maher TM, Shiwen X, et al. Epigenetic regulation of 
cyclooxygenase-2 by methylation of c8orf4 in pulmonary fibrosis. Clin Sci (Lond). 2016; 
130:575–86. [PubMed: 26744410] 

100. Wang Y, Yang Y, Luo Y, Yin Y, Wang Q, Li Y, et al. Aberrant histone modification in peripheral 
blood B cells from patients with systemic sclerosis. Clin Immunol. 2013; 149:46–54. [PubMed: 
23891737] 

101. Wang Q, Xiao Y, Shi Y, Luo Y, Li Y, Zhao M, et al. Overexpression of JMJD3 may contribute to 
demethylation of H3K27me3 in CD4+ T cells from patients with systemic sclerosis. Clin 
Immunol. 2015; 161:396–9. [PubMed: 25791244] 

102. Turtoi A, Peixoto P, Castronovo V, Bellahcene A. Histone deacetylases and cancer-associated 
angiogenesis: current understanding of the biology and clinical perspectives. Crit Rev Oncog. 
2015; 20:119–37. [PubMed: 25746107] 

103. Tsou PS, Wren JD, Amin MA, Schiopu E, Fox DA, Khanna D, et al. Histone Deacetylase 5 Is 
Overexpressed in Scleroderma Endothelial Cells and Impairs Angiogenesis via Repression of 
Proangiogenic Factors. Arthritis Rheumatol. 2016; 68:2975–85. [PubMed: 27482699] 

104. Su AI, Wiltshire T, Batalov S, Lapp H, Ching KA, Block D, et al. A gene atlas of the mouse and 
human protein-encoding transcriptomes. Proc Natl Acad Sci U S A. 2004; 101:6062–7. 
[PubMed: 15075390] 

105. Dreger H, Ludwig A, Weller A, Stangl V, Baumann G, Meiners S, et al. Epigenetic regulation of 
cell adhesion and communication by enhancer of zeste homolog 2 in human endothelial cells. 
Hypertension. 2012; 60:1176–83. [PubMed: 22966008] 

106. Maleszewska M, Vanchin B, Harmsen MC, Krenning G. The decrease in histone 
methyltransferase EZH2 in response to fluid shear stress alters endothelial gene expression and 
promotes quiescence. Angiogenesis. 2016; 19:9–24. [PubMed: 26416763] 

107. Tsou PS, Coit P, Khanna D, Sawalha AH. EZH2 modulates angiogenesis and fibrosis in 
scleroderma. Arthritis Rheumatol. 2016; 68:1091–2.

108. Hemmatazad H, Rodrigues HM, Maurer B, Brentano F, Pileckyte M, Distler JH, et al. Histone 
deacetylase 7, a potential target for the antifibrotic treatment of systemic sclerosis. Arthritis 
Rheum. 2009; 60:1519–29. [PubMed: 19404935] 

109. Huber LC, Distler JH, Moritz F, Hemmatazad H, Hauser T, Michel BA, et al. Trichostatin A 
prevents the accumulation of extracellular matrix in a mouse model of bleomycin-induced skin 
fibrosis. Arthritis Rheum. 2007; 56:2755–64. [PubMed: 17665426] 

110. Kramer M, Dees C, Huang J, Schlottmann I, Palumbo-Zerr K, Zerr P, et al. Inhibition of H3K27 
histone trimethylation activates fibroblasts and induces fibrosis. Ann Rheum Dis. 2013; 72:614–
20. [PubMed: 22915621] 

111. Ghosh AK, Varga J. The transcriptional coactivator and acetyltransferase p300 in fibroblast 
biology and fibrosis. J Cell Physiol. 2007; 213:663–71. [PubMed: 17559085] 

Tsou and Sawalha Page 29

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



112. Bhattacharyya S, Ghosh AK, Pannu J, Mori Y, Takagawa S, Chen G, et al. Fibroblast expression 
of the coactivator p300 governs the intensity of profibrotic response to transforming growth 
factor beta. Arthritis Rheum. 2005; 52:1248–58. [PubMed: 15818659] 

113. Ghosh AK, Bhattacharyya S, Lafyatis R, Farina G, Yu J, Thimmapaya B, et al. p300 is elevated in 
systemic sclerosis and its expression is positively regulated by TGF-beta: epigenetic feed-forward 
amplification of fibrosis. J Invest Dermatol. 2013; 133:1302–10. [PubMed: 23303459] 

114. Wei J, Ghosh AK, Chu H, Fang F, Hinchcliff ME, Wang J, et al. The Histone Deacetylase Sirtuin 
1 Is Reduced in Systemic Sclerosis and Abrogates Fibrotic Responses by Targeting Transforming 
Growth Factor beta Signaling. Arthritis Rheumatol. 2015; 67:1323–34. [PubMed: 25707573] 

115. Zerr P, Palumbo-Zerr K, Huang J, Tomcik M, Sumova B, Distler O, et al. Sirt1 regulates 
canonical TGF-β signalling to control fibroblast activation and tissue fibrosis. Ann Rheum Dis. 
2014

116. Pacholec M, Bleasdale JE, Chrunyk B, Cunningham D, Flynn D, Garofalo RS, et al. SRT1720, 
SRT2183, SRT1460, and Resveratrol Are Not Direct Activators of SIRT1. The Journal of 
Biological Chemistry. 2010; 285:8340–51. [PubMed: 20061378] 

117. Beher D, Wu J, Cumine S, Kim KW, Lu S-C, Atangan L, et al. Resveratrol is Not a Direct 
Activator of SIRT1 Enzyme Activity. Chemical Biology & Drug Design. 2009; 74:619–24. 
[PubMed: 19843076] 

118. Palumbo-Zerr K, Zerr P, Distler A, Fliehr J, Mancuso R, Huang J, et al. Orphan nuclear receptor 
NR4A1 regulates transforming growth factor-beta signaling and fibrosis. Nat Med. 2015; 
21:150–8. [PubMed: 25581517] 

119. Svegliati S, Marrone G, Pezone A, Spadoni T, Grieco A, Moroncini G, et al. Oxidative DNA 
damage induces the ATM-mediated transcriptional suppression of the Wnt inhibitor WIF-1 in 
systemic sclerosis and fibrosis. Science signaling. 2014; 7:ra84. [PubMed: 25185156] 

120. Maurer B, Stanczyk J, Jungel A, Akhmetshina A, Trenkmann M, Brock M, et al. MicroRNA-29, 
a key regulator of collagen expression in systemic sclerosis. Arthritis Rheum. 2010; 62:1733–43. 
[PubMed: 20201077] 

121. Alsaleh G, Francois A, Philippe L, Gong YZ, Bahram S, Cetin S, et al. MiR-30a-3p negatively 
regulates BAFF synthesis in systemic sclerosis and rheumatoid arthritis fibroblasts. PLoS One. 
2014; 9:e111266. [PubMed: 25360821] 

122. Nakashima T, Jinnin M, Yamane K, Honda N, Kajihara I, Makino T, et al. Impaired IL-17 
signaling pathway contributes to the increased collagen expression in scleroderma fibroblasts. J 
Immunol. 2012; 188:3573–83. [PubMed: 22403442] 

123. Iwamoto N, Vettori S, Maurer B, Brock M, Pachera E, Jungel A, et al. Downregulation of 
miR-193b in systemic sclerosis regulates the proliferative vasculopathy by urokinase-type 
plasminogen activator expression. Ann Rheum Dis. 2016; 75:303–10. [PubMed: 25384965] 

124. D’Alessio S, Fibbi G, Cinelli M, Guiducci S, Del Rosso A, Margheri F, et al. Matrix 
metalloproteinase 12-dependent cleavage of urokinase receptor in systemic sclerosis 
microvascular endothelial cells results in impaired angiogenesis. Arthritis Rheum. 2004; 
50:3275–85. [PubMed: 15476218] 

125. Margheri F, Manetti M, Serrati S, Nosi D, Pucci M, Matucci-Cerinic M, et al. Domain 1 of the 
urokinase-type plasminogen activator receptor is required for its morphologic and functional, 
beta2 integrin-mediated connection with actin cytoskeleton in human microvascular endothelial 
cells: failure of association in systemic sclerosis endothelial cells. Arthritis Rheum. 2006; 
54:3926–38. [PubMed: 17133606] 

126. Manetti M, Rosa I, Milia AF, Guiducci S, Carmeliet P, Ibba-Manneschi L, et al. Inactivation of 
urokinase-type plasminogen activator receptor (uPAR) gene induces dermal and pulmonary 
fibrosis and peripheral microvasculopathy in mice: a new model of experimental scleroderma? 
Ann Rheum Dis. 2014; 73:1700–9. [PubMed: 23852693] 

127. Honda N, Jinnin M, Kira-Etoh T, Makino K, Kajihara I, Makino T, et al. miR-150 down-
regulation contributes to the constitutive type I collagen overexpression in scleroderma dermal 
fibroblasts via the induction of integrin beta3. Am J Pathol. 2013; 182:206–16. [PubMed: 
23159943] 

Tsou and Sawalha Page 30

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



128. Zhu H, Li Y, Qu S, Luo H, Zhou Y, Wang Y, et al. MicroRNA expression abnormalities in limited 
cutaneous scleroderma and diffuse cutaneous scleroderma. J Clin Immunol. 2012; 32:514–22. 
[PubMed: 22307526] 

129. Zhu H, Luo H, Li Y, Zhou Y, Jiang Y, Chai J, et al. MicroRNA-21 in scleroderma fibrosis and its 
function in TGF-beta-regulated fibrosis-related genes expression. J Clin Immunol. 2013; 
33:1100–9. [PubMed: 23657402] 

130. Li H, Yang R, Fan X, Gu T, Zhao Z, Chang D, et al. MicroRNA array analysis of microRNAs 
related to systemic scleroderma. Rheumatol Int. 2012; 32:307–13. [PubMed: 21052672] 

131. Ciechomska M, O’Reilly S, Suwara M, Bogunia-Kubik K, van Laar JM. MiR-29a reduces 
TIMP-1 production by dermal fibroblasts via targeting TGF-beta activated kinase 1 binding 
protein 1, implications for systemic sclerosis. PLoS One. 2014; 9:e115596. [PubMed: 25549087] 

132. Honda N, Jinnin M, Kajihara I, Makino T, Makino K, Masuguchi S, et al. TGF-beta-mediated 
downregulation of microRNA-196a contributes to the constitutive upregulated type I collagen 
expression in scleroderma dermal fibroblasts. J Immunol. 2012; 188:3323–31. [PubMed: 
22379029] 

133. Makino K, Jinnin M, Hirano A, Yamane K, Eto M, Kusano T, et al. The downregulation of 
microRNA let-7a contributes to the excessive expression of type I collagen in systemic and 
localized scleroderma. J Immunol. 2013; 190:3905–15. [PubMed: 23509348] 

134. Wang Z, Jinnin M, Nakamura K, Harada M, Kudo H, Nakayama W, et al. Long non-coding RNA 
TSIX is upregulated in scleroderma dermal fibroblasts and controls collagen mRNA stabilization. 
Exp Dermatol. 2016; 25:131–6. [PubMed: 26566700] 

135. Zhou B, Zhu H, Luo H, Gao S, Dai X, Li Y, et al. MicroRNA-202-3p regulates scleroderma 
fibrosis by targeting matrix metalloproteinase 1. Biomed Pharmacother. 2017; 87:412–8. 
[PubMed: 28068631] 

136. Makino K, Jinnin M, Aoi J, Hirano A, Kajihara I, Makino T, et al. Discoidin domain receptor 2-
microRNA 196a-mediated negative feedback against excess type I collagen expression is 
impaired in scleroderma dermal fibroblasts. J Invest Dermatol. 2013; 133:110–9. [PubMed: 
22832484] 

137. Yan Q, Chen J, Li W, Bao C, Fu Q. Targeting miR-155 to Treat Experimental Scleroderma. Sci 
Rep. 2016; 6:20314. [PubMed: 26828700] 

138. Luo H, Zhu H, Zhou B, Xiao X, Zuo X. MicroRNA-130b regulates scleroderma fibrosis by 
targeting peroxisome proliferator-activated receptor gamma. Mod Rheumatol. 2015; 25:595–602. 
[PubMed: 25547017] 

139. Bhattacharyya S, Kelley K, Melichian DS, Tamaki Z, Fang F, Su Y, et al. Toll-like receptor 4 
signaling augments transforming growth factor-beta responses: a novel mechanism for 
maintaining and amplifying fibrosis in scleroderma. Am J Pathol. 2013; 182:192–205. [PubMed: 
23141927] 

140. Kajihara I, Jinnin M, Yamane K, Makino T, Honda N, Igata T, et al. Increased accumulation of 
extracellular thrombospondin-2 due to low degradation activity stimulates type I collagen 
expression in scleroderma fibroblasts. Am J Pathol. 2012; 180:703–14. [PubMed: 22142808] 

141. Etoh M, Jinnin M, Makino K, Yamane K, Nakayama W, Aoi J, et al. microRNA-7 down-
regulation mediates excessive collagen expression in localized scleroderma. Arch Dermatol Res. 
2013; 305:9–15. [PubMed: 22965811] 

142. Turchinovich A, Weiz L, Langheinz A, Burwinkel B. Characterization of extracellular circulating 
microRNA. Nucleic Acids Res. 2011; 39:7223–33. [PubMed: 21609964] 

143. Weber JA, Baxter DH, Zhang S, Huang DY, Huang KH, Lee MJ, et al. The microRNA spectrum 
in 12 body fluids. Clin Chem. 2010; 56:1733–41. [PubMed: 20847327] 

144. Kawashita Y, Jinnin M, Makino T, Kajihara I, Makino K, Honda N, et al. Circulating miR-29a 
levels in patients with scleroderma spectrum disorder. J Dermatol Sci. 2011; 61:67–9. [PubMed: 
21129921] 

145. Maricq HR, McGregor AR, Diat F, Smith EA, Maxwell DB, LeRoy EC, et al. Major clinical 
diagnoses found among patients with Raynaud phenomenon from the general population. J 
Rheumatol. 1990; 17:1171–6. [PubMed: 2290157] 

Tsou and Sawalha Page 31

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



146. Ihn H, Sato S, Tamaki T, Soma Y, Tsuchida T, Ishibashi Y, et al. Clinical evaluation of 
scleroderma spectrum disorders using a points system. Arch Dermatol Res. 1992; 284:391–5. 
[PubMed: 1288419] 

147. Makino K, Jinnin M, Kajihara I, Honda N, Sakai K, Masuguchi S, et al. Circulating miR-142-3p 
levels in patients with systemic sclerosis. Clin Exp Dermatol. 2012; 37:34–9. [PubMed: 
21883400] 

148. Sing T, Jinnin M, Yamane K, Honda N, Makino K, Kajihara I, et al. microRNA-92a expression in 
the sera and dermal fibroblasts increases in patients with scleroderma. Rheumatology (Oxford). 
2012; 51:1550–6. [PubMed: 22661558] 

149. Steen SO, Iversen LV, Carlsen AL, Burton M, Nielsen CT, Jacobsen S, et al. The circulating cell-
free microRNA profile in systemic sclerosis is distinct from both healthy controls and systemic 
lupus erythematosus. J Rheumatol. 2015; 42:214–21. [PubMed: 25399392] 

150. Tanaka S, Suto A, Ikeda K, Sanayama Y, Nakagomi D, Iwamoto T, et al. Alteration of circulating 
miRNAs in SSc: miR-30b regulates the expression of PDGF receptor beta. Rheumatology 
(Oxford). 2013; 52:1963–72. [PubMed: 23893664] 

151. Makino T, Jinnin M, Etoh M, Yamane K, Kajihara I, Makino K, et al. Down-regulation of 
microRNA-196a in the sera and involved skin of localized scleroderma patients. Eur J Dermatol. 
2014; 24:470–6. [PubMed: 25152444] 

152. Koba S, Jinnin M, Inoue K, Nakayama W, Honda N, Makino K, et al. Expression analysis of 
multiple microRNAs in each patient with scleroderma. Exp Dermatol. 2013; 22:489–91. 
[PubMed: 23800063] 

153. Wuttge DM, Carlsen AL, Teku G, Steen SO, Wildt M, Vihinen M, et al. Specific autoantibody 
profiles and disease subgroups correlate with circulating micro-RNA in systemic sclerosis. 
Rheumatology (Oxford). 2015; 54:2100–7. [PubMed: 26163687] 

154. Zhang J, Li S, Li L, Li M, Guo C, Yao J, et al. Exosome and Exosomal MicroRNA: Trafficking, 
Sorting, and Function. Genomics, Proteomics & Bioinformatics. 2015; 13:17–24.

155. Nakamura K, Jinnin M, Harada M, Kudo H, Nakayama W, Inoue K, et al. Altered expression of 
CD63 and exosomes in scleroderma dermal fibroblasts. J Dermatol Sci. 2016; 84:30–9. 
[PubMed: 27443953] 

156. Wermuth PJ, Sonsoles PV, Jimenez SA. Exosomes isolated from serum of systemic sclerosis 
patients display alterations in their content of profibrotic and antifibrotic microRNA and induce a 
profibrotic phenotype in cultured normal dermal fibroblasts. Clin Exp Rheumatol. 2017

157. Li S, Chen H, Song J, Lee C, Geng Q. Avoiding heparin inhibition in circulating MicroRNAs 
amplification. Int J Cardiol. 2016; 207:92–3. [PubMed: 26797339] 

158. Pritchard CC, Kroh E, Wood B, Arroyo JD, Dougherty KJ, Miyaji MM, et al. Blood cell origin of 
circulating microRNAs: a cautionary note for cancer biomarker studies. Cancer Prev Res (Phila). 
2012; 5:492–7. [PubMed: 22158052] 

159. Marabita F, de Candia P, Torri A, Tegner J, Abrignani S, Rossi RL. Normalization of circulating 
microRNA expression data obtained by quantitative real-time RT-PCR. Brief Bioinform. 2016; 
17:204–12. [PubMed: 26238539] 

160. Pritchard CC, Cheng HH, Tewari M. MicroRNA profiling: approaches and considerations. Nat 
Rev Genet. 2012; 13:358–69. [PubMed: 22510765] 

161. Sakoguchi A, Jinnin M, Makino T, Kajihara I, Makino K, Honda N, et al. The miR-146a 
rs2910164 C/G polymorphism is associated with telangiectasia in systemic sclerosis. Clin Exp 
Dermatol. 2013; 38:99–100. [PubMed: 23020128] 

162. Ghoshal K, Datta J, Majumder S, Bai S, Kutay H, Motiwala T, et al. 5-Aza-deoxycytidine induces 
selective degradation of DNA methyltransferase 1 by a proteasomal pathway that requires the 
KEN box, bromo-adjacent homology domain, and nuclear localization signal. Mol Cell Biol. 
2005; 25:4727–41. [PubMed: 15899874] 

163. Jochems J, Boulden J, Lee BG, Blendy JA, Jarpe M, Mazitschek R, et al. Antidepressant-like 
properties of novel HDAC6-selective inhibitors with improved brain bioavailability. 
Neuropsychopharmacology. 2014; 39:389–400. [PubMed: 23954848] 

Tsou and Sawalha Page 32

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



164. Ichikawa T, Hayashi R, Suzuki K, Imanishi S, Kambara K, Okazawa S, et al. Sirtuin 1 activator 
SRT1720 suppresses inflammation in an ovalbumin-induced mouse model of asthma. 
Respirology. 2013; 18:332–9. [PubMed: 23062010] 

165. Libri V, Brown AP, Gambarota G, Haddad J, Shields GS, Dawes H, et al. A pilot randomized, 
placebo controlled, double blind phase I trial of the novel SIRT1 activator SRT2104 in elderly 
volunteers. PLoS One. 2012; 7:e51395. [PubMed: 23284689] 

166. Wadhwa E, Nicolaides T. Bromodomain Inhibitor Review: Bromodomain and Extra-terminal 
Family Protein Inhibitors as a Potential New Therapy in Central Nervous System Tumors. 
Cureus. 2016; 8:e620. [PubMed: 27382528] 

167. Andrieu G, Belkina AC, Denis GV. Clinical trials for BET inhibitors run ahead of the science. 
Drug Discovery Today: Technologies. 2016; 19:45–50. [PubMed: 27769357] 

168. Kundaje A, Meuleman W, Ernst J, Bilenky M, Yen A, et al. Roadmap Epigenomics C. Integrative 
analysis of 111 reference human epigenomes. Nature. 2015; 518:317–30. [PubMed: 25693563] 

169. Bheda P, Schneider R. Epigenetics reloaded: the single-cell revolution. Trends Cell Biol. 2014; 
24:712–23. [PubMed: 25283892] 

170. Li N, You X, Chen T, Mackowiak SD, Friedlander MR, Weigt M, et al. Global profiling of 
miRNAs and the hairpin precursors: insights into miRNA processing and novel miRNA 
discovery. Nucleic Acids Res. 2013; 41:3619–34. [PubMed: 23396444] 

171. Raabe CA, Tang TH, Brosius J, Rozhdestvensky TS. Biases in small RNA deep sequencing data. 
Nucleic Acids Res. 2014; 42:1414–26. [PubMed: 24198247] 

172. Ito I, Kawaguchi Y, Kawasaki A, Hasegawa M, Ohashi J, Hikami K, et al. Association of a 
functional polymorphism in the IRF5 region with systemic sclerosis in a Japanese population. 
Arthritis Rheum. 2009; 60:1845–50. [PubMed: 19479858] 

173. Dieude P, Dawidowicz K, Guedj M, Legrain Y, Wipff J, Hachulla E, et al. Phenotype-haplotype 
correlation of IRF5 in systemic sclerosis: role of 2 haplotypes in disease severity. J Rheumatol. 
2010; 37:987–92. [PubMed: 20231204] 

174. Carmona FD, Martin JE, Beretta L, Simeon CP, Carreira PE, Callejas JL, et al. The systemic 
lupus erythematosus IRF5 risk haplotype is associated with systemic sclerosis. PLoS One. 2013; 
8:e54419. [PubMed: 23372721] 

175. Kottyan LC, Zoller EE, Bene J, Lu X, Kelly JA, Rupert AM, et al. The IRF5-TNPO3 association 
with systemic lupus erythematosus has two components that other autoimmune disorders variably 
share. Hum Mol Genet. 2015; 24:582–96. [PubMed: 25205108] 

176. Carmona FD, Gutala R, Simeon CP, Carreira P, Ortego-Centeno N, Vicente-Rabaneda E, et al. 
Novel identification of the IRF7 region as an anticentromere autoantibody propensity locus in 
systemic sclerosis. Ann Rheum Dis. 2012; 71:114–9. [PubMed: 21926187] 

177. Arismendi M, Giraud M, Ruzehaji N, Dieude P, Koumakis E, Ruiz B, et al. Identification of NF-
kappaB and PLCL2 as new susceptibility genes and highlights on a potential role of IRF8 
through interferon signature modulation in systemic sclerosis. Arthritis Res Ther. 2015; 17:71. 
[PubMed: 25880423] 

178. Terao C, Ohmura K, Kawaguchi Y, Nishimoto T, Kawasaki A, Takehara K, et al. PLD4 as a novel 
susceptibility gene for systemic sclerosis in a Japanese population. Arthritis Rheum. 2013; 
65:472–80. [PubMed: 23124809] 

179. Dieude P, Boileau C, Guedj M, Avouac J, Ruiz B, Hachulla E, et al. Independent replication 
establishes the CD247 gene as a genetic systemic sclerosis susceptibility factor. Ann Rheum Dis. 
2011; 70:1695–6. [PubMed: 21474487] 

180. Dieude P, Guedj M, Wipff J, Ruiz B, Riemekasten G, Matucci-Cerinic M, et al. Association of the 
TNFAIP3 rs5029939 variant with systemic sclerosis in the European Caucasian population. Ann 
Rheum Dis. 2010; 69:1958–64. [PubMed: 20511617] 

181. Martin JE, Broen JC, Carmona FD, Teruel M, Simeon CP, Vonk MC, et al. Identification of CSK 
as a systemic sclerosis genetic risk factor through Genome Wide Association Study follow-up. 
Hum Mol Genet. 2012; 21:2825–35. [PubMed: 22407130] 

182. Koumakis E, Giraud M, Dieude P, Cohignac V, Cuomo G, Airo P, et al. Brief report: candidate 
gene study in systemic sclerosis identifies a rare and functional variant of the TNFAIP3 locus as a 
risk factor for polyautoimmunity. Arthritis Rheum. 2012; 64:2746–52. [PubMed: 22488580] 

Tsou and Sawalha Page 33

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



183. Gourh P, Arnett FC, Tan FK, Assassi S, Divecha D, Paz G, et al. Association of TNFSF4 
(OX40L) polymorphisms with susceptibility to systemic sclerosis. Ann Rheum Dis. 2010; 
69:550–5. [PubMed: 19778912] 

184. Bossini-Castillo L, Broen JC, Simeon CP, Beretta L, Vonk MC, Ortego-Centeno N, et al. A 
replication study confirms the association of TNFSF4 (OX40L) polymorphisms with systemic 
sclerosis in a large European cohort. Ann Rheum Dis. 2011; 70:638–41. [PubMed: 21187296] 

185. Coustet B, Bouaziz M, Dieude P, Guedj M, Bossini-Castillo L, Agarwal S, et al. Independent 
replication and meta analysis of association studies establish TNFSF4 as a susceptibility gene 
preferentially associated with the subset of anticentromere-positive patients with systemic 
sclerosis. J Rheumatol. 2012; 39:997–1003. [PubMed: 22422496] 

186. Diaz-Gallo LM, Gourh P, Broen J, Simeon C, Fonollosa V, Ortego-Centeno N, et al. Analysis of 
the influence of PTPN22 gene polymorphisms in systemic sclerosis. Ann Rheum Dis. 2011; 
70:454–62. [PubMed: 21131644] 

187. Dieude P, Guedj M, Wipff J, Avouac J, Hachulla E, Diot E, et al. The PTPN22 620W allele 
confers susceptibility to systemic sclerosis: findings of a large case-control study of European 
Caucasians and a meta-analysis. Arthritis Rheum. 2008; 58:2183–8. [PubMed: 18576360] 

188. Gourh P, Tan FK, Assassi S, Ahn CW, McNearney TA, Fischbach M, et al. Association of the 
PTPN22 R620W polymorphism with anti-topoisomerase I- and anticentromere antibody-positive 
systemic sclerosis. Arthritis Rheum. 2006; 54:3945–53. [PubMed: 17133608] 

189. Lee YH, Choi SJ, Ji JD, Song GG. The association between the PTPN22 C1858T polymorphism 
and systemic sclerosis: a meta-analysis. Mol Biol Rep. 2012; 39:3103–8. [PubMed: 21688149] 

190. Lopez-Isac E, Campillo-Davo D, Bossini-Castillo L, Guerra SG, Assassi S, Simeon CP, et al. 
Influence of TYK2 in systemic sclerosis susceptibility: a new locus in the IL-12 pathway. Ann 
Rheum Dis. 2016; 75:1521–6. [PubMed: 26338038] 

191. Lopez-Isac E, Bossini-Castillo L, Guerra SG, Denton C, Fonseca C, Assassi S, et al. Identification 
of IL12RB1 as a novel systemic sclerosis susceptibility locus. Arthritis Rheumatol. 2014; 
66:3521–3. [PubMed: 25199642] 

192. Bossini-Castillo L, Martin JE, Broen J, Gorlova O, Simeon CP, Beretta L, et al. A GWAS follow-
up study reveals the association of the IL12RB2 gene with systemic sclerosis in Caucasian 
populations. Hum Mol Genet. 2012; 21:926–33. [PubMed: 22076442] 

193. Takemoto R, Jinnin M, Wang Z, Kudo H, Inoue K, Nakayama W, et al. Hair miR-29a levels are 
decreased in patients with scleroderma. Exp Dermatol. 2013; 22:832–3. [PubMed: 24107002] 

194. Jafarinejad-Farsangi S, Farazmand A, Mahmoudi M, Gharibdoost F, Karimizadeh E, Noorbakhsh 
F, et al. MicroRNA-29a induces apoptosis via increasing the Bax:Bcl-2 ratio in dermal fibroblasts 
of patients with systemic sclerosis. Autoimmunity. 2015; 48:369–78. [PubMed: 25857445] 

195. Wang Z, Jinnin M, Kudo H, Inoue K, Nakayama W, Honda N, et al. Detection of hair-microRNAs 
as the novel potent biomarker: evaluation of the usefulness for the diagnosis of scleroderma. J 
Dermatol Sci. 2013; 72:134–41. [PubMed: 23890704] 

196. Urban JR, King B. Divalproex sodium: A potential therapy for scleroderma digital ulcers. JAAD 
Case Reports. 1:44–5.

Tsou and Sawalha Page 34

J Autoimmun. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Genetic susceptibility within and outside of the HLA have been replicated in 

scleroderma

• Scleroderma is a complex disease and understanding the functional effect of 

genetic susceptibility loci identified remains a challenge

• Epigenomic studies have provided novel insight into the immune, vascular, 

and fibrotic components of scleroderma

• Studies focused on genetic-epigenetic interaction will help understand the 

complexity of scleroderma

• Epigenomic marks and regulators might provide novel biomarkers and 

therapeutic targets in scleroderma
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Figure 1. Key elements pertinent to the development of scleroderma (SSc)
In genetically predisposed individuals, environmental challenges, together with dysregulated 

epigenetic alterations, contribute to the development of SSc.
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Figure 2. Summary of the pathogenesis of SSc, and the epigenetic mechanisms involved in this 
disease
There are three main components in SSc: vascular dysfunction, autoimmunity and 

inflammation, as well as fibrosis. These processes involve dysregulation of multiple cell 

types, including endothelial cells (ECs), immune cells such as lymphocytes and 

macrophages, and myofibroblasts, which ultimately result in extracellular matrix disposition 

and tissue fibrosis. Epigenetic changes, including alterations in DNA methylation, histone 

modifications, and non-coding RNAs, contribute to SSc pathogenesis by affecting the 

various cell types that are involved in the three major processes.
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Figure 3. The application of ATAC-seq to identify novel genes that play functional roles in SSc 
angiogenesis
We hypothesized that the anti-angiogenic histone deacetylase 5 (HDAC5) contributes to 

impaired angiogenesis in SSc by repressing pro-angiogenic factors in endothelial cells 

(ECs). HDAC5 was indeed overexpressed in ECs from diffuse SSc compared to healthy 

controls, and silencing HDAC5 restored normal angiogenesis in SSc ECs. We then took an 

unbiased approach to examine genome-wide changes in chromatin accessibility after 

HDAC5 knockdown using ATAC-seq. HDAC5 knockdown showed increased chromatin 

accessibility compared to control cells. To identify genes related to angiogenesis or fibrosis, 

literature mining and bioinformatics analysis were performed. Using Matrigel tube 

formation assays, we identified 3 novel HDAC5-target genes, CYR61, PVRL2, and FSTL1 

that are associated with impaired angiogenesis in SSc.
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Table 1

Confirmed genes associated with SSc (established by associations reaching genome-wide significance or 

replicated in at least two studies).

Gene Genetic variants Method Refs

HLA genes

HLA-B
HLA-C

HLA-DMB
HLA-DOA
HLA-DPB1
HLA-DQA1
HLA-DQB1

HLA-DR
HLA-DRA
HLA-DRB1
HLA-DRB5

Various [23]

IRF4 rs9328192 GWAS [38]

IRF5 rs2004640; rs10954213; rs2280714; rs10488631; 
rs12537284; rs4728142; rs3757385

Candidate Gene
GWAS

Immunochip

[16–18, 21, 22, 34, 36–38, 52, 53, 
172–175]

IRF7 rs4963128; rs1131665; rs702966 Candidate Gene [176]

IRF8 rs11642873; rs11117432; rs2280381; rs11117425; 
rs11644034; rs12711490; rs7202472

Candidate Gene
GWAS [17, 21, 34, 177, 178]

BANK1 rs10516487; rs3733197; rs17266594 Candidate Gene
WES [39–41]

BLK rs2736340; rs13277113; rs13277113 Candidate Gene
GWAS [21, 42–44]

CD247 rs2056626 Candidate Gene
GWAS [16–18, 34, 179]

STAT4 rs7574865; rs11889341; rs8179673; rs10181656; rs6752770; 
rs3821236; rs10168266

Candidate Gene
GWAS

Immunochip
[16–18, 21, 34, 48–53]

TNFAIP3 rs5029939; rs2230926; rs6932056
Candidate Gene

GWAS
Immunochip

[21, 22, 178, 180–182]

TNFSF4 rs1234314; rs2205960; rs844644; rs12039904; rs844648; 
rs4916334; rs10798269; rs844665

Candidate Gene
GWAS [21, 34, 183–185]

TNIP1 rs2233287; rs4958881; rs3792783 GWAS
GWAS follow up [16, 21, 185]

PTPN22 rs2476601 Candidate Gene
GWAS [38, 186–189]

NOTCH4 rs443198; rs9296015
c.4245G>A:p.Met1415lle

GWAS
WES [17, 33]

TYK2 rs2304256; rs34536443; rs12720356; rs35018800 Immunochip follow up [190]

IL12A rs77583790 Immunochip [22]

IL12RB1 rs2305743 Immunochip follow up [191]

IL12RB2 rs3790567 GWAS follow up [192]

ATG5 rs9373839 Immunochip
GWAS [21, 22, 38]

DNASE1L3 rs35677470 Immunochip [22, 52]

PPARG rs310746 Candidate Gene
GWAS follow up [57, 58]
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Gene Genetic variants Method Refs

CSK rs1378942 GWAS
GWAS follow up [21, 181]

ATP8B4 rs55687265 WES [59, 60]

GWAS: genome-wide association study; WES: whole-exon sequencing; ACA: anti-centromere antibodies; ATA: anti-topoisomerase I antibodies
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Table 2

Summary of epigenetic modifiers and modifications in SSc

Epigenetic process Modifiers/Modifications Cell type Findings in SSc Refs

DNA methylation

DNMTs CD4+ T cells
↓DNMT1

↔DNMT3a
↔DNMT3b

[79]

MBDs CD4+ T cells

↔MBD-1
↔MBD-2
↓MBD-3
↓MBD-4
↔MeCP2

[79]

DNMTs ¶ Fibroblastsd,l
↑DNMT1

↔DNMT3a
↔DNMT3b

[89, 90]

DNA Demethylase Fibroblasts
↑TET1
↔TET2
↔TET3

[98]

DNA Demethylase Fibroblastsl ↔TET1 [91]

MBDs Fibroblastsd
↑MBD-1
↔MBD-2
↑MeCP2

[89]

MBDs Fibroblastsl ↑MeCP2 [91]

Global methylation Whole bloodd,l ↓ [85]

Global methylation CD4+ T cells ↓ [79]

Global methylation Fibroblasts ↓ [98]

5-hydroxymethylcytosine Fibroblasts ↑ [98]

Genome-wide methylation Fibroblastsd,l ↓ [97]

Histone acetylation

HATs B cellsd,l
↔p300

↔CREBBP
↔PCAF

[100]

HDACs B cellsd,l

↔HDAC1
↓HDAC2
↔HDAC3
↔HDAC4
↔HDAC5
↔HDAC6
↓HDAC7

[100]

HDACs ¶ ECsd

↑HDAC4
↑HDAC5
↓HDAC6
↔HDAC7
↔HDAC9
↔HDAC10

[103]

HATs Fibroblastsd ↑p300 [112, 113]

HDACs Fibroblastsd ↑ HDAC1
↑HDAC6 [89]

HDACs Fibroblasts ↔HDAC1-11 [108]

HDACs Fibroblastsd,l ↓SIRT1 [114, 115]

Global H3 acetylation B cellsd,l ↔ [100]

Global H4 acetylation B cellsd,l ↑ [100]

Histone methylation

J Autoimmun. Author manuscript; available in PMC 2018 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tsou and Sawalha Page 42

Epigenetic process Modifiers/Modifications Cell type Findings in SSc Refs

HMTs CD4+ T cells ↔EZH1
↔EZH2 [101]

HDMs CD4+ T cells ↑JMJD3
↔UTX [101]

HMTs B cellsd,l
↔SUV39H1
↓SUV39H2
↔EZH2

[100]

HDMs B cellsd,l

↔JARID1A
↔JARID1B
↔JARID1C
↔JARID1D
↑JHDM2A
↔JMJD2A
↔JMJD2B
↔JMJD2C
↔JMJD2D

[100]

HMTs ECsd ↑EZH2 [107]

HMTs Fibroblastsl ↔ASH1
↔EZH2 [91]

HMTs Fibroblastsd ↑EZH2 [107]

H3K27me3 CD4+ T cells ↓ [101]

H3K27me3 ECsd ↑ [107]

H3K27me3 Fibroblastsd ↑ [107, 110]

Global H3K4 methylation B cellsd,l ↔ [100]

Global H3K9 methylation B cellsd,l ↓ [100]

d=diffuse SSc; l=limited SSc;

¶
Dermal unless specified
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Table 3

Summary of differentially methylated genes in SSc

Gene Methylation changes Cell type/tissue Implications Refs

PRF1 Hypermethylation Whole bloodd,l May contribute to 
autoimmunity [85]

CD11a Hypermethylation Whole bloodd,l May contribute to 
autoimmunity [85]

FOXP3 Hypermethylation Whole bloodd,l May contribute to 
autoimmunity [85]

CDKN2A Hypomethylation Whole bloodd,l
May be involved in cell 

apoptosis and senescence; role 
in SSc not know

[85]

CD70 Hypomethylation Whole bloodd,l May contribute to 
autoimmunity [85]

IL1RAPL2, ZBED1, EIF2S3, 
DDX3X, ZNF41, PGRMC1, 
UBE2A, ZNF280C, ENOX2, 

FAM122C, FAM127C, DDX26B, 
CXorf40A, SSR4, IDH3G

Hypomethylation PBMCsd,l X-chromosome genes [86]

SMS, ARX, ARAF, CCDC22, 
SSX2, RGAG4, PGK1, 

IL1RAPL2, UTP14A, HSFX1, 
MTM1, LAGE3

Hypermethylation PBMCsd,l X-chromosome genes [86]

RORC1, RORC2 Hypermethylation PBMCsd

Th17-associated with 
transcription factors; 

correlated with inflammatory 
parameters, age, and Scl-70

[84]

CD40L Hypomethylation CD4+ T cellsd,l May contribute to female 
susceptibility in SSc [80]

CD70 Hypomethylation CD4+ T cells May contribute to 
autoimmunity [81]

CD11a Hypomethylation CD4+ T cellsd,l

Increased CD4+ T cell 
proliferation, antibody 

overproduction by B cell, 
Increased collagen synthesis 

by fibroblasts

[82]

FOXP3 Hypermethylation CD4+ T cellsd,l Leads to quantitative defects 
in Tregs [83]

BMPRII Hypermethylation ¶ ECs/skind Leads to increased sensitivity 
to apoptosis [87]

FLI1 Hypermethylation ¶ Fibroblastsd Results in collagen 
overexpression [89]

DKK1, SFRP1 Hypermethylation Fibroblastsd,l/PBMCsd,l/Animal model
Results in activation of the 

Wnt pathway [96]

ITGA9 Hypomethylation Fibroblastsd,l

Results in overexpression of 
ITGA9, possibly involved in 
myofibroblast transformation 

and TGFβ regulation

[97]

ADAM12 Hypomethylation Fibroblastsd,l

Results in overexpression of 
ADAM12, possibly 

contributing to fibrosis 
through the TGFβ pathway

[97]

COL4A2, COL23A1 Hypomethylation Fibroblastsd,l Results in overexpression of 
COL4A2, COL23A1 [97]

PAX9 Hypomethylation Fibroblastsd,l Results in overexpression of 
PAX9, possibly contributing [97]
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Gene Methylation changes Cell type/tissue Implications Refs

to overexpression of pro-α2 
chain of type I collagen

TNXB Hypomethylation Fibroblastsd,l May lead to overexpression of 
ECM glycoproteins [97]

RUNX1, RUNX2, RUNX3 Hypomethylation Fibroblastsd,l Possibly contribute to collagen 
synthesis [97]

MYO1E Hypomethylation Fibroblastsd,l Involved in actin assembly; 
role in SSc unclear [97]

COL8A1, COL16A1, COL29A1 Hypomethylation Fibroblastsd May result in overexpression 
of collagen [97]

CDH11 Hypomethylation Fibroblastsd
Cadherin-11 may contribute to 

fibrosis through assisting 
myofibroblast differentiation

[97]

PDGFC Hypomethylation Fibroblastsd Overexpressed PDGFC is a 
profibrotic factor [97]

CTNNA2, CTNNB1 Hypomethylation Fibroblastsd Possible involvement in the 
Wnt/β-catenin pathway [97]

SOX2OT Hypomethylation Fibroblastsd Encodes lnc-RNAs; their roles 
in fibrosis is unknown [97]

COL1A1, COL6A3, COL12A1 Hypomethylation Fibroblastsl May result in overexpression 
of collagen [97]

CTNNA3, CTNND2 Hypomethylation Fibroblastsl Possible involvement in the 
Wnt/β-catenin pathway [97]

KLF5 Hypermethylation Fibroblastsd

Results in lower KLF5 
expression; downregulation of 

KLF5 and Fli1 work 
synergistically to exacerbate 

fibrosis

[93]

C8ORF4 Hypermethylation Lung fibroblasts
Lower expression of C8ORF4 
contributes to lower levels of 

COX-2 and PGE2
[99]

d=diffuse SSc; l=limited SSc;

¶
Dermal unless specified
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Table 4

Summary of genes affected by histone modifications in SSc

Gene Histone changes Cell type/tissue Implications Refs

CYR61, PVRL2, FSTL1 HDAC5 ¶ ECsd Confirmation of several genes that are crucial for 
dysregulated angiogenesis in SSc [103]

FLI1 H3, H4 Hypoacetylation ¶ Fibroblastsd Results in collagen overexpression [89]

KLF5 H3, H4 Hypoacetylation Fibroblastsd
Results in lower KLF5 expression; downregulation of 

KLF5 and FLI1 work synergistically to exacerbate 
fibrosis

[93]

FRA2 H3K27me3 Fibroblastsd Inhibition of H3K27me3 results in induction of Fra2 [110]

FRA2, TGFβ, VEGF, FGF2, 
DNMT1, DNMT3A, MECP2 H3K27me3 Fibroblastsd Inhibition of H3K27me3 results in downregulation of 

the genes [107]

WIF1 Histone hypoacetylation FIbroblasts
The reduction of WIF1 in SSc was due to oxidative 

DNA damage-induced histone deaceylation, leading to 
activation of Wnt signaling and fibrosis

[119]

COL1A2 H4 hyperacetylation Fibroblasts

TGFβ stimulated Egr-1 which increased transcription 
of both p300 and COL1A2. p300 acetylated COL1A2 

promoter facilitating transcriptional activation by 
Smad2/3

[113]

NR4A1 H3, H4 hyperacetylation Fibroblasts

Rapid acetylation occurs at NR4A1 promoter in the 
presence of TGFβ; The anti-fibrotic effect of NR4A1 

was inhibited by AKT- and HDAC-dependent 
mechanisms under fibrotic conditions

[118]

d=diffuse SSc;

¶
Dermal unless specified
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Table 6

Epigenetic modifiers used in SSc studies

Compound Specificity Cell type Biological effect Refs

5-azaC Pan-DNMT inhibitor CD4+ T cellsd,l Enhanced FOXP3 expression and Treg generation [83]

5-azaC Pan-DNMT inhibitor CD4+ T cellsd,l

Increased CD11a expression in control CD4+ T 
cells leading to increased proliferation of T cells, 

increased production of IgG by co-cultured B 
cells, and induced expression of collagen by co-

cultured fibroblasts

[82]

5-aza + TSA Pan-DNMT
Pan-HDAC inhibitor

¶ ECsd Normalized BMPRII expression [87]

5-aza + TSA Pan-DNMT
Pan-HDAC inhibitor Fibroblastsd Normalized collagen expression [89]

5-aza + TSA Pan-DNMT
Pan-HDAC inhibitor Fibroblastsd Increased KLF5 levels while decreased COL1A2 [93]

5-aza Pan DNMT inhibitor Fibroblastsd Increased KLF5 expression [93]

5-aza Pan DNMT inhibitor ¶ Fibroblastsd,l/Animal model
Its antifibrotic effect stemmed from increasing 

DKK1 and SFRP1 transcription thereby inhibiting 
canonical Wnt signaling

[96]

5-aza Pan DNMT inhibitor Fibroblastsl Reduced collagen levels, possibly through 
increasing miR-135b [91]

5-aza Pan DNMT inhibitor Fibroblastsd Significantly increased antifibrotic miR-150 [127]

5-aza Pan DNMT inhibitor Lung fibroblasts
Normalized COX-2, PGE2, and COL1A1 

expression, and sensitivity to FasL-induced 
apoptosis

[99]

Ciprofloxacin fluoroquinolone antibiotic Fibroblastsd/Lung fibroblasts
Its antifibrotic properties was partly due to 

downregulation of DNMT1 and upregulation of 
Fli1

[92]

TSA Pan-HDAC inhibitor Fibroblasts/Animal model Its antifibrotic effect was in part due to inhibition 
of Smad and cell proliferation [109]

TSA Pan-HDAC inhibitor Fibroblasts
Increased HDAC3, CTGF, and ICAM-1 but 
decreased HDAC7, COL1A1, and COL3A1 

expression
[108]

TSA Pan-HDAC inhibitor Fibroblasts/Animal model

TSA resulted in normalization of WIF1 and 
COL1A1 expression on SSc fibroblasts. In 

bleomycin model it prevented WIF1 loss, β-
catenin accumulation, and collagen levels

[119]

Divalproex Sodium Pan-HDAC inhibitor Digital ulcers This case study reported beneficial effect of this 
drug in a limited SSc patient [196]

Cytosporone-B NR4A1 agonist Animal model
Lack of active NR4A1 resulted in persistent 

TGFβ activation. NR4A1 agonist inhibited TGFβ 
and alleviated fibrosis in animal model

[118]

Resveratrol SIRT activator Fibroblastsd/Animal model
Antifibrotic property possibly through 
suppressing the TGFβ-p300 pathway [114]

DZNep EZH2 inhibitor Fibroblastsd/Animal model Profibrotic properties through induction of Fra-2 [110]

DZNep EZH2 inhibitor Fibroblastsd Antifibrotic properties through reduction of Fra-2, 
TGFβ, and affecting the DNA methylome [107]

let-7a miRNA Animal model IP injection of let-7a improved skin fibrosis 
induced by bleomycin in mice [133]

Imatinib Tyrosine kinase inhibitor Fibroblasts/Animal model Restored miR-29a expression [120]

Bortezomib Proteosome inhibitor Animal model Anti-fibrotic effect through restoring miR-21 
levels and Smad7 in bleomycin model [129]
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Compound Specificity Cell type Biological effect Refs

Serum exosomes exosomes Animal model Accelerated wound healing in mice, possibly 
through miRNA-mediated collagen synthesis [155]

antagomiR-155 miR-155 inhibitor Animal model
Topical application effectively treated bleomycin-
induced skin fibrosis possibly through inhibition 

of the Wnt/β-catenin and Akt pathway
[137]

d=diffuse SSc; l=limited SSc;

¶
Dermal unless specified

J Autoimmun. Author manuscript; available in PMC 2018 September 01.


	Abstract
	1. Introduction
	2. Genetic involvement
	2.1. HLA genes
	2.2. Non-HLA genes
	2.2.1. Genes located in the MHC region
	2.2.2. Genes located outside the MHC region


	3. Epigenetic mechanisms
	3.1. DNA methylation
	3.2. Histone modification
	3.3. Non-coding RNAs

	4. Epigenetic impact in SSc pathogenesis
	4.1. DNA methylation
	4.1.1 Immune system
	4.1.2 Vascular dysfunction
	4.1.3 Fibrosis

	4.2. Histone modification
	4.2.1. Immune system
	4.2.2. Vascular dysfunction
	4.2.3. Fibrosis

	4.3. Non-coding RNA
	4.3.1. Immune activation
	4.3.2. Vascular dysfunction
	4.3.3. Fibrosis
	4.3.4. Circulating non-coding RNAs
	4.3.5. miRNA gene polymorphism


	5. Therapeutic implication
	6. Conclusions and future prospective
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6

