
epigenomes

Review

Epigenetic Modifications in Generalized
Autoimmune Epithelitis: Sjögren’s Syndrome and
Primary Biliary Cholangitis

Pinelopi Arvaniti 1,2,3, Kalliopi Zachou 1,2, Aggeliki Lyberopoulou 2, Nikolaos K. Gatselis 1,2 ,
Wesley H. Brooks 4 , George N. Dalekos 1,2 and Yves Renaudineau 3,5,*

1 Department of Medicine and Research Laboratory of Internal Medicine, University Hospital of Larissa,
41222 Larissa, Greece

2 Institute of Internal Medicine and Hepatology, 41222 Larissa, Greece
3 Laboratory of Immunology and Immunotherapy, Brest University Medical School Hospital,

29200 Brest, France
4 Department of Chemistry, University of South Florida, Tampa, FL 33620, USA
5 UMR1227, Lymphocytes B et Autoimmunité, Université de Brest, INSERM, CHU de Brest,

29200 Brest, France
* Correspondence: yves.renaudineau@univ-brest.fr; Tel.: +33-298-22-33-84; Fax: +33-298-22-38-47

Received: 3 June 2019; Accepted: 2 August 2019; Published: 8 August 2019
����������
�������

Abstract: Sjögren’s syndrome (SjS) and primary biliary cholangitis (PBC) can be classified as a model
of generalized autoimmune epithelitis based on their frequent coexistence in clinical practice and
the highly specific immune mediated injury of target epithelial cells. Both of these autoimmune
diseases are characterized by female predominance, highly specific circulating autoantibodies,
and immune-mediated destruction of the salivary and lachrymal glands and the biliary epithelial
cells, respectively. Although the genetic predisposition has been well described for both diseases,
genetic studies have failed to completely elucidate their pathogenesis. The recent integration of
epigenetic data, analyzing the different cellular partners, opens new perspectives and allows for
better understanding of these complex and still incurable diseases. Epigenetic studies on SjS have
elucidated the role of DNA methylation alterations in disease pathogenesis, while epigenetic changes
that influence expression of genes on the X chromosome have been implicated in the geo-variability
and occurrence of PBC. The aim of this review is to describe the advances in epigenetics in the field
of autoimmune epithelitis as well as to highlight how epigenetic changes could contribute to better
understanding of disease pathogenesis and progression. These advances could yield insights on
novel therapeutic interventions.

Keywords: Sjögren Syndrome; sicca complex; primary biliary cholangitis; epithelitis; epigenetics;
DNA methylation

1. Introduction

Autoimmune diseases still present a great challenge for researchers especially in respect to their
etiopathogenesis. Sjögren’s syndrome (SjS) and primary biliary cholangitis (PBC) represent two
major models of autoimmunity both characterized by chronic immune-mediated epithelitis. SjS and
PBC frequently coexist and share similar pathogenic mechanisms along with similar epidemiological
features [1–3]. SjS is characterized by lymphocytic infiltration of lachrymal and salivary glands leading
to progressive loss of secretory functions and the development of xerophthalmia and xerostomia [1].
PBC is an autoimmune cholestatic liver disease characterized by progressive inflammatory destruction
of the small intrahepatic bile ducts with portal inflammation and progressive fibrosis, leading to
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cirrhosis and subsequent liver failure [2]. Both SjS and PBC affect mainly middle-aged women, similarly
to many other autoimmune diseases, with a female to male ratio of 9–10:1. The occurrence of SjS in PBC
patients is ~40%, representing a striking example of what is called autoimmune clustering [4–11]. On the
other hand, approximately 20% of patients with SjS have abnormalities of liver functions [3,12,13].

Regarding autoimmune serology, both diseases are characterized by highly specific circulating
autoantibodies. Indeed, antinuclear antibodies (ANA) are frequently detected in both diseases,
with higher prevalence in SjS [3,12–14]. In this context, anti-sicca syndrome type A (anti-Ro/SSA) and
anti-sicca syndrome type B (anti-La/SSB) antibodies are the characteristic autoantibodies commonly
detected in patients with SjS [15]. PBC patients are characterized by the detection of serum
antimitochondrial antibodies (AMA), in more than 90–95% of patients. In addition, PBC-specific ANA,
such as multiple nuclear dots (MND) or rim-like membrane (RLM) pattern, are observed in ~30% of
patients [5,6,9,10,16]. The main antigenic nuclear targets in PBC are directed against sp100 for the
MND pattern and against gp210 for the RLM pattern. Both the MND and RLM patterns have been
associated with an advanced and more severe disease course [5,6,9,10,16–22].

Histologically, both diseases are characterized by infiltration of B and T cells affecting exocrine
glands and intrahepatic bile ducts, respectively. In SjS the infiltration of activated CD4(+), CD8(+) T,
and (CD19+) B lymphocytes mainly affects the lachrymal and salivary glands leading to a progressive
loss of their secretory functions and the development of the “sicca complex”, consisting of xerophthalmia
and xerostomia [12,13,23,24]. In PBC, the histological hallmark is the presence of non-suppurative
destructive cholangitis of the small intrahepatic bile ducts, which, at the early stages, shares numerous
similarities with SjS, but progressively leads to loss of the small intrahepatic ducts [4,8,9]. The disease
starts with the development of a cholestasis that may lead to liver cirrhosis with portal hypertension
and end-stage liver disease [2,4,8,9,25,26]. Fatigue and pruritus are frequently observed as well as a
“sicca complex” that is strongly associated with PBC [2,4,7,9,10,27–31].

Genetic predisposition has been well described in both diseases as attested by correlations with
specific HLA and non-HLA risk loci. In SjS, HLA-DRB1*0301-DRB3*0101-DQA1*0501-DQB1*0201
was found to be associated with the development of SjS in Caucasians [32], whereas the
DRB1*08032/DQA1*0103/DQB1*0601 and DRB1*08032 alleles have been reported in the Japanese
population [33]. Other loci involved in a wide variety of innate and adaptive immune processes have
also been shown to be substantially associated with SjS. Examples are genes encoding molecules
involved in type I and type II Interferon (IFN) signaling and target processes (such as IRF5, IL12A,
and STAT4), NF-κB signaling (for example, TNIP1 and TNFAIP3), lymphocyte trafficking (such as
CXCR5), and activation and differentiation of antibody-producing cells (such as BLK) [34]. Regarding
PBC, HLA-DRB1*08 allele was associated with PBC development, while DRB1*11 and DRB1*13 are
considered as protective alleles. In addition, genome-wide association studies (GWAS) revealed more
than 40 non-HLA alleles contributing to PBC susceptibility [2,3,35]. Environmental factors such as
chemicals, xenobiotics, and infectious agents have been considered to be involved in the pathogenesis
of both SjS and PBC. Environmental exposures act as triggering factors, initiating an autoimmune attack
in genetically susceptible hosts which might be perpetuated as observed in mechanisms involving
molecular mimicry. However, genetic and environmental factors failed to firmly explain discrepancies
in disease occurrence in different populations suggesting that epigenetic modifications play a significant
role in disease pathogenesis [36–41].

Epigenetics include any heritable and functional changes in gene activity without affecting
nucleotide sequences. These changes are reversible, cell type-specific, and are impacted by age, sex,
and environmental factors. Three main epigenetic mechanisms coexist in a normally regulated genome:
DNA methylation, histone modifications, and micro-RNAs, as shown in Figure 1 [42,43]. Among them,
DNA methylation represents the most extensively studied epigenetic process in eukaryotic cells.
Epigenetic control by DNA methylation results from a balance between methylation of carbon 5 of
cytosine (5mC) in DNA CpG dinucleotides catalyzed by the DNA methyl transferases (DNMT1, 3A and
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3B) and demethylation (5hmC) initiated by the oxidation activity of the Ten Eleven Translocation (TET1,
2 and 3) methylcytosinedioxygenase [42,44,45].
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and TETs (5mC5hmCC). Methylation leads to structural changes of chromatin and is associated 
with gene silencing. The basic unit of chromatin is the nucleosome, a nucleoprotein complex that 
consists of DNA wrapped around an octameric core of histones. N-terminal tails of core histones are 
post-translationally modified mostly by acetylation, methylation, phosphorylation, and 
ubiquitination (green and yellow pentagons). Histone modifications can alter DNA accessibility, 
facilitate RNA polymerase activity and can increase or decrease gene transcriptional activity. MiRNAs 
bind to mRNA and cause RNA degradation, thereby limiting the production of gene products and 
leading to gene silencing. Abbreviations: miRNA: micro-RNA; mRNA: messenger RNA. 
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Figure 1. Epigenetic mechanisms include DNA methylation, histone modifications, and miRNAs.
DNA methylation results from a balance between unmethylated cytosines, methylated cytosines
(5mC), and hydroxymethylatedcytosines (5hmC) in CpG dinucleotides, catalyzed by DNMTs (C→5mC)
and TETs (5mC→5hmC→C). Methylation leads to structural changes of chromatin and is associated
with gene silencing. The basic unit of chromatin is the nucleosome, a nucleoprotein complex that
consists of DNA wrapped around an octameric core of histones. N-terminal tails of core histones are
post-translationally modified mostly by acetylation, methylation, phosphorylation, and ubiquitination
(green and yellow pentagons). Histone modifications can alter DNA accessibility, facilitate RNA
polymerase activity and can increase or decrease gene transcriptional activity. MiRNAs bind to mRNA
and cause RNA degradation, thereby limiting the production of gene products and leading to gene
silencing. Abbreviations: miRNA: micro-RNA; mRNA: messenger RNA.

Epigenetic studies in SjS revealed different methylation patterns in salivary gland epithelial cells
(SGECs) and inflammatory cells [46,47], while methylation alterations were correlated with the number
of infiltrating lymphocytes and also with the expression of methylation/demethylation enzymes [48].
In addition, epigenome-wide association studies (EWAS) highlighted the hypomethylation of IFN
regulated genes both in SGECs and immune cells [49]. In the field of PBC, studies are just beginning to
explore the role of epigenetics in disease pathogenesis [50–56]. The most intriguing data arise from
the evaluation of the X chromosome, which revealed hypomethylation of several gene promoters
in women.

Thus, the aim of this review is to summarize recent findings regarding epigenetic alterations in
SjS and PBC that could potentially open new perspectives of their pathogenesis and could yield new
insights to the development of novel therapeutic strategies.

2. Epigenetic Modifications in SjS and PBC

2.1. DNA Methylation/Hydroxymethylation

Description

DNA methylation is the most studied epigenetic factor in eukaryotic cells, and involves the
addition of a methyl group at position 5 of the cytosine pyrimidine ring to form 5mC within CpG base
pairs. Such addition occurs predominantly in the CpG islands that have been conserved throughout
evolution within the regulatory regions in up to 70% of human genes [42,43]. The methylation status of
CpG islands leads to structural changes of chromatin, which can affect transcription. For example, when
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methylated, the promoter recruits methyl-CpG-binding proteins, such as methyl-CpG-binding protein 2
(MeCP2) and methyl-CpG-binding domain protein 2 (MBD2), which then recruit chromatin inactivation
complexes containing histone deacetylases (HDACs) and histone methyltransferases (HMTs). The
methylation process is catalytically mediated by DNMTs (DNMT1, DNMT3A, and DNMT3B), and
uses S-adenosylmethionine (SAM) as the methyl donor compound [42,43,57].

An active DNA demethylation process was recently described involving the TET enzyme family
(TET1,2,3), which oxidizes 5mC into 5-hydroxymethylcytosine (5hmC) and, subsequently, in a less
efficient fashion, into 5-formylcytosine (5-fCyt) and 5-carboxylcytosine (5-CaCyt) with the use of
α-ketoglutarate (α-KG), molecular oxygen, and iron as cofactors [44]. DNA methylation and active
DNA demethylation processes are not restricted to DNMTs and TETs. Other models have demonstrated
that 5hmC can be enzymatically deaminated by activation-induced deaminase (AID)/apolipoprotein
B editing complex (APOBEC) to 5-hydroxymethyluracil (5hmU) which can then be processed by
various DNA glycosylases, including methyl-CpG-binding domain protein 2 (MBD4), generating an
unmodified cytosine [44,45,48].

2.2. DNA Methylation/Hydroxymethylation in SjS and PBC

DNA methylation/hydroxymethylation represents one of the main epigenetic mechanisms that
have been studied in the field of SjS. Studies on minor salivary gland (MSG) biopsies, and long-term
cultured SGECs from patients with SjS have shown reduced levels of global DNA methylation (5mC) on
epithelial cells whereas no differences were noticed in B and T lymphocytes [45–48,57–60]. Moreover,
in MSG from SjS patients, the DNA methylation level in epithelial cells is inversely correlated with
the number of infiltrating lymphocytes. It is further suspected that B lymphocytes control DNA
methylation in epithelial cells as this defect is reversed after B cell depletion treatment [59,61]. At the
molecular level, the DNA methylation deficit was correlated with lower DNMT1 expression through
alterations in the Erk/DNMT1 pathway and also with increased expression of the demethylating
partner Gadd45α [58,59]. More recently, Lagos et al. reported a decrease in DNA methylation (5mCyt)
in MSG epithelial cells from patients with SjS, and this reduction was associated with a decrease of
MeCP2, a repressive factor [62]. Gonzalez’s group has further reported, in MSG, a lower level of 5mC
and DNMTs within leucocytes than in epithelial cells. In addition, the active DNA demethylation
process is also affected as epithelial cells have an increase in 5hmC level, an effect which was attributed
to the overexpression of TET2. In a human salivary gland epithelial cell line, TETs are controlled
through the activation of a Jak/STAT3 pathway mediated by proinflammatory cytokines (type I and
type II interferon [IFN]) and reactive oxygen species [63].

A defective methylation of the long interspersed nuclear element 1 (LINE-1) promoter was
identified in MSG from SjS patients. LINE-1 elements are retroviral-like, and with endogenous DNA
sequences that are able to amplify and transpose to new locations in the genome, through an RNA
intermediate. LINE-1 elements are over-expressed in MSG biopsies from patients with SjS and the
expression is linked to type I IFN production [64]. LINE-1 expression, in MSG, was inversely correlated
with the methylation status of CpGs of its promoter suggesting that DNA methylation status controls
LINE-1 expression in those tissues. In addition, amore recent study from Mavragani et al., demonstrated
a reduced level of LINE-1 promoter methylation along with increased DNMT3B, DNMT1, and MeCP2
in SjS patients with low risk for developing lymphoma compared to both SjS-lymphoma patients and
sicca controls [65].

In PBC, several studies have shown that differences in methylation in the X chromosome
may be involved in disease pathogenesis (Table 1). In females, one of the two X chromosomes is
inactivated by DNA methylation in order to have equal expression of X-linked genes between males
and females. However, in some diseases, this compensatory mechanism is defective as demonstrated
in CD4 (+) T cells from women with PBC that present hypomethylation of the CD40L promoter
located on the X chromosome at position q26, and a higher expression of CD40L in the absence
of mutations in the CD40L gene [66]. Moreover, CD40L promoter hypomethylation is correlated
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with IgM hypergammaglobulinemia and has been implicated in autoimmunity through three main
mechanisms: (i) a decrease in clearance of autoreactive T cells, (ii) an increase in T cell priming,
and (iii) upregulation of inflammatory cytokines. The same observation was reported for CXCR3,
another X chromosome gene, as its promoter is demethylated in CD4(+) T lymphocytes from women
with PBC [51]. CXCR3 is integral in Th1 cell differentiation as it regulates interactions within lymph
nodes between antigen-specific CD4(+) T cells and dendritic cells presenting the same antigen [50,51].
Significant differences in DNA methylation have also been found in other gene promoters located
in the X chromosome of CD4(+), CD8(+), and CD14(+) cells [51]. In particular, FUN14 Domain
Containing 2 (FUNDC2) was hypermethylated in CD8(+) T cells, which resulted in a significant
decrease in gene expression. The X-linked interleukin-1 receptor accessory protein-like 2 (IL1RAPL2)
and the Ubiquitin-conjugating enzyme E2 A (UBE2A) were also hypermethylated in CD4(+) T cells
and CD14(+) cells, respectively, but no difference in gene expression was detected [51,67].

Table 1. Studies on DNA methylation and histone modifications in PBC.

Study Method Sample Findings

Huet al, 2011 [68] Chromatin
Immunoprecipitation (ChIP)

60 PBC patients (55 women,
5 men)

Increased H4 histone acetylation of
promoters for CD40L, LIGHT, IL-17, IFNγ

and deacetylation of H4 histone of TRAIL,
Apo2, HDAC7A promoter in T cells.

Lleo et al., 2012 [66] Bisulfite sequencing
20 PBC women, 20 healthy

women, 9 women with
psoriasis, 9 women with DM1

Hypomethylationof CD40L gene promoter

Selmi et al., 2014 [69] DNA immunoprecipitation
(MeDIP)

3 pairs of monozygotic female
twins, 8 pairs of sisters

discordant for PBC

Differentmethylation
• twins—60 gene regions
• sisters—14 gene regions

Downregulation of: CXCR5, HLA-B, IFI44L,
IFIT1, and SMARCA1, Upregulation of IL-6

Lleo et al., 2015 [51] Bisulfite sequencing 30 women with PBC30
healthy women

20, 15, and 9 distinct gene promoters with a
significant difference in methylation profile

in CD4(+), CD8(+), and CD14(+) T
cells respectively

Abbreviations: PBC: primary biliary cholangitis; DM1: diabetes mellitus type 1; LIGHT: tumor necrosis factor
superfamily member 14; IL-17: interleukin 17; IFNγ: interferon γ; TRAIL: TNF-related apoptosis-inducing
ligand; Apo2: apoptosis 2; HDAC7: histone deacetylase 7; CXCR5: C-X-C motif chemokine receptor 5; HLA-B:
human leucocyte antigen B; IFI44L: interferon-induced protein 44 like; IFIT1: interferon-induced protein with
tetratricopeptide repeats 1; SMARCA1: SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin,
subfamily A, member 1; IL-6: interleukin 6.

2.3. Genome-Wide Analysis of DNA Methylation in SjS and PBC

EWAS enable the analysis of DNA methylation of site specific CpGs. All studies conducted so far
in SjS used the 450K array from Illumina. The 450K array technology has limitations. One limitation is
that the 450K array does not allow quantification of global DNA methylation. Another limitation is that
both DNA methylation and hydroxymethylation are analyzed together. To the best of our knowledge,
two groups have studied the methylation status of different CpG sites in MSG. In the first study,
conducted by Cole et al., bioinformatic analysis highlighted an extended region of hypomethylation
surrounding the promoters of Proteasome subunit beta type-8 (PSMB8) and Transporter associated
with Antigen Processing 1 (TAP1), consistent with an increased frequency of antigen-presenting cells
found in MSG from SjS patients compared to a control group [60]. Results from this study also
highlighted the fact that hypomethylation of specific CpGs affects mostly genes from the IFN pathway,
confirming previous findings that the IFN pathway plays an important role in SjS pathogenesis [70].
In the second study conducted by Imgenberg-Kreuz et al., the methylation profiles of multiple tissues
(whole blood, CD19(+) B cells, and MSG biopsies) were analyzed in SjS together with gene expression
in CD19(+) B lymphocytes [71]. According to this study, 45 differentially methylated CpGs (DMCs)
corresponding to 19 unique genes were identified in MSG from SjS patients. The most significant
DMCs showed hypomethylation in 2′-5′-oligoadenylate synthetase 2(OAS2), which encodes a member
of the IFN-inducible 2′-5′ synthetase family, involved in the innate immune response to viral infections.
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However, the limitation of using MSG biopsies was the heterogeneity of cell types, as MSG tissues
consist of both epithelial and inflammatory cells with different methylation patterns reported between
different cell populations. To overcome this limitation, Charras et al. conducted a whole genome
methylation analysis in long-term cultured SGECs which revealed 4662 DMCs between patients and
controls, corresponding to 2560 unique and annotated genes. The results of this study confirmed
that epigenetic changes affect mostly IFN regulated genes, but also highlighted the enrichment of
the calcium pathway (implicated in saliva production) and the Wnt pathway (implicated in SGECs
differentiation and survival) for hypomethylated and hypermethylated DMCs, respectively [49].

A number of genes previously shown to be differentially methylated in SGECs were also
found in T and even more in B lymphocytes suggesting that similar pathways may be affected in
diverse cellular subsets [49]. In particular, methylation alterations in lymphocytes affect mostly, as in
SGECs, genes regulated by IFN signaling such as signal transducer and activator of transcription 1
(STAT1), interferon-induced transmembrane protein 1 (IFITMI) and interferon-induced protein 44
like (IFI44L) [49,70,72–74]. Moreover, the hypomethylation of IFN regulated genes was associated
with an increase in gene expression in CD19(+) B lymphocytes [67], and a more prominent difference
was associated with disease activity and anti-SSA/B positivity [72]. Apart from IFN regulated genes,
DNA methylation modifications also affect genes involved in lymphocytic activation and immune
response, such as the genes of lymphotoxin A and forkhead box protein P3(FOXP3) as well as the
tumor necrosis factor ligand superfamily member 7 (TNFSF7) gene promoter in T cells. Genes related
to B cell signaling in B cells and genes correlated with a predisposition to lymphoma development,
such as runt-related transcription factor 1 (RUNX1), are also observed to be hypomethylated [72,74–76].

Finally, integration of genome-wide association studies (GWAS) and epigenome-wide associated
studies (EWAS) revealed a significant link between SjS-associated genetic risk factors and DMCs in
SGECs as well as in B and T lymphocytes [49,67,72,73]. Methylation quantitative trait loci (meQTL)
of genetic variants within HLA and non-HLA regions, including IFN regulated genes, and DNA
methylation were identified (e.g., IRF5, CXCR5, and HLA-DQB1), indicating that SjS risk factors
potentially affect DNA methylation-sensitive pathways at target CpG sites [67].

As far as PBC is concerned, Selmi et al. [69] performed EWAS in three pairs of monozygotic female
twins and eight pairs of sisters discordant for PBC. Although the number of patients included in the
study was limited, the authors found 60 and 14 gene regions with different methylation between the
discordant twin sets and between PBC cases and control sisters, respectively. Interestingly, 51 of 60
genes were mapped to the X chromosome, which is in agreement with the female predominance of the
disease [50,66,69] and a defective X chromosome compensatory mechanism (see before). Methylation
modifications were linked to altered gene expression levels and revealed that five genes (CXCR5,
HLA-B, IFI44L, IFITI, and SMARCA1) were downregulated and 1 gene (IL6) was upregulated in
PBC. In particular, these genes cause the downregulation of Th2-cytokines such as IFIT1, an IFN
type I signature represented by IFI44L. However, methylation did not completely correlate with the
expression levels of most genes, indicating that other mechanisms, such as allele-specific methylation
may be involved in gene transcription [73]. In addition, extensive methylation profiling of the X
chromosome by bisulfite sequencing revealed a total of 20, 15, and nine distinct gene promoters with a
significant difference in the methylation profile in CD4(+), CD8(+), and CD14(+) cells in PBC patients,
respectively, further implicating epigenetic alterations in disease pathogenesis [51,66].

Results from these studies support the idea that the female predominance in PBC is reflected
by the number of DMCs located on the X chromosome. In SjS, Mougeot et al. proposed that the
upregulation of X chromosome genes reported in SjS could be explained by a defective compensatory
mechanism based on the analysis of gene expression and EWAS datasets [77]. Such an hypothesis is
further reinforced by the fact that X chromosome aneuploidies (47,XXX and 47,XXY) represent a risk
factor for developing SjS [78,79].
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2.4. Histone Modifications

Description

The basic unit of chromatin is the nucleosome, a nucleoprotein complex that consists of DNA
wrapped around an octameric core of histones (two each of histones H2A, H2B, H3, and H4). Histones
are small globular proteins with flexible N-terminal tails that project from the nucleosome core.
Epigenetic modification sites in the chromatin structure consist primarily of lysine, arginine and serine
residues in the N-terminal tails of core histones. The residues are post-translationally modified mostly
by acetylation, methylation, phosphorylation, and ubiquitination. As a consequence, the N-terminal
tail modifications can increase or decrease the interactions of the histones with neighboring histones,
DNA molecules, and nuclear proteins, and thereby affecting gene transcription [80]. How histone
modifications affect gene activity is referred to as the histone code and their positive or negative effect
depends on the specific nature and location of the amino acid residues on the histone. Generally,
histone modifications tend to destabilize the genome, and they have been associated with the loss of
self-tolerance in immune cells and the promotion of an autoimmune propensity [81,82].

2.5. Histone Modifications in SjS and PBC

To the best of our knowledge, no public datasets on histone modifications rising directly from
primary cells from patients with SjS are currently available. However, an enrichment of differentially
methylated sites in SjS patients overlapping with specific histone modifications was found in reference
B and T cells [67,73]. In more detail, in whole blood from patients with SjS, hypomethylated CpG sites
were overrepresented in enhancer regions with H3K4me1 and H3K27ac, whereas hypermethylated
sites were underrepresented in the same regions, which, contrarily, were enriched with the histone mark
for actively transcribed genes: H3K36me3 [83]. Moreover, simultaneous genomic–epigenomic analysis
showed that susceptibility variants were specifically associated with histone marks for promoters
and enhancers in reference B cells, and with enhancers in reference monocytes [75], underlying the
potential pivotal role of histone modifications in SjS pathogenesis.

Histone modifications are better described in PBC. The integral role of CD40L in PBC, is supported
not only by the hypomethylation of its promoter, but also by the increased H4 histone acetylation
of its promoter which may also lead to increased expression of CD40L [66,67]. Additional histone
modifications including increased H4 acetylation of LIGHT, IL-17, and IFNγ gene promoters also
characterize autoreactive T cells in PBC. Importantly, LIGHT is critical in autoimmunity, as it is a
co-stimulatory molecule vital for the control of T cell proliferation [68,84]. On the contrary, deacetylation
of tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), Apo2, and HDAC7A
promoters has been described. TRAIL is integral in the induction of apoptosis, but is also thought to
inhibit autoimmunity through cell cycle arrest under certain conditions. Therefore, TRAIL is supposed
to play a dual role in PBC, promoting apoptosis and the development of autoantibodies, but also
the susceptibility to autoimmunity [68,70]. Finally, Farh, et al. integrated genetic and epigenetic fine
mapping of histone marks to identify causal variants in autoimmune diseases and found that, in PBC,
differentially methylated CpG sites are associated with histone modifications which are preferentially
located at enhancers and promoters in B cells [83].

2.6. Micro-RNAs (miRNAs)

Description

The miRNAs are small noncoding, single-stranded RNAs of 19 to 22 nucleotides in length,
which regulate gene expression at the post-transcriptional level. miRNAs are generated in the nucleus as
primary mRNA transcripts by RNA polymerase II and afterwards they are transported to the cytoplasm
for further processing into mature miRNAs [85]. Most miRNAs bind to the 3′ untranslated region
(UTR) of the targeted mRNAs which leads to either mRNA degradation or repression. Dysregulation
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of miRNA expression is found to be associated with the onset and progression of autoimmune diseases
including SjS and PBC [45,85,86].

2.7. miRNAs in SjS and PBC

Several studies have shown altered miRNA expression in SjS patients compared to controls
(Table 2) [87–94]. The predictive analysis of biologic pathways under miRNA control, suggests
regulation of the neurologic pathways controlling salivation, as well as the lack of transcriptional
regulation of the two main autoantigens SSA/Ro and SSB/La by the miRNAlet-7b, which is repressed
in SjS [95–100]. Furthermore, studies in peripheral blood mononuclear cells (PBMCs) have shown that
miR146a and miR155 are upregulated in response to the adaptive immune response in SjS both in mice
and humans. Interestingly, miR146a is increased prior to disease onset and during full-blown SjS in the
salivary glands, suggesting that miR146a may be involved in early disease pathogenesis. miR146a plays
a critical role in increasing phagocytic activity and repressing inflammatory cytokine production in
human monocytic Th1 cells through a Toll-like receptor (TLR)/IFN pathway [91,100]. Through exosomes,
miRNAs can be transferred from B cells to SGEC as reported with EBV-miR-BART13-3p, which targets
the calcium sensor STIM1, a primary regulator of the calcium signaling pathway [99,101,102].

Table 2. Different miRNAs expression in SjS.

Authors miRNAs Tissue Design Findings

Michael et al., 2009 [95]
hsa-miR-203

hsa-miR-768-3p
hsa-miR-574-3p

saliva SjS vs. controls exosomal microRNAs as
disease biomarkers

Pauley et al., 2011 [103] miR-146a PBMC SjS vs. controls Overexpression of miR-146 and
miR-155

Alevizos et al., 2011 [88] miR-768-3p
miR-574-3p MSG SjS vs. controls miR-768-3p and miR-574 inversely

correlated with focus score

Kapsogeorgou et al.,
2011 [89]

miR-16
miR-200b, Let-7b

miR-223
miR-181a

PBMCs, SG, SGEC
SjS vs. sicca controls

and seronegative
SjS patients

downregulation of let-7b in SGECs of
antibody-positive patients

Tandon et al., 2012 [90] miR-4524
miR-5100 MSG SjS vs. controls differential expression of miR-5100

Zilahi et al., 2012 [91] miR-146a
miR-146b PBMCs SjS vs. controls Overexpression of miR-146a/b

Shi et al., 2014 [96] miR-146a
miR-155 PBMCs SjS vs. controls Overexpression of miR-146a,

downregulation of miR-155

Peng et al., 2014 [97] miR-181a PBMCs SjS vs. controls Overexpression of miR-181a

Gourzi et al., 2015 [98]
miR16,

miR200b-3p,
miR223, miR483-5p

MSG, SGEC, PBMC SjS vs. sicca controls dysregulation of miR-16,
miR-200b-3p, miR-223and miR-483-5p

Gallo et al., 2016 [99] miR-BART13-3p MSG SjS vs. controls elevation of miR-BART13-3p affects
calcium pathway

Yang et al., 2016 [100] miR-1207-5p,
miR-4695-3p MSG SjS vs. controls downregulation of miR-1207-5p and

miR-4695-3p expression

Chen et al., 2017 [92] miR-150-5p PBMC SjS vs. controls reduced miR-150-5p expression

Wang et al., 2017 [93] miR-181a
miR-16 MSG SjS vs. controls decreased miR-181a/miR-16

expression associated with focus score

Wang-Renault et al.,
2018 [94] miR-30b-5p CD19(+) B, CD4(+)

T cells SjS vs. controls miR-30b-5p inversely correlates with
BAFF expression in B cells

Abbreviations: SjS: Sjögren’s syndrome; PBMC: peripheral blood mononuclear cells; miRNAs: micro-RNAs; MSG:
minor salivary gland; SGEC: salivary gland epithelial cells.

Regarding PBC, so far, more than 200 miRNAs have been identified in PBMCs and liver specimens
from patients (Table 3). The first study was conducted in 2009, and revealed the downregulation of
miR-122a and miR-26a and the increased expression of miR-328 and miR-299-5p [103]. Many studies
were performed thereafter [86,104–114], one of which proposed an miRNA panel consisting of
hsa-miR-122-5p, hsa-miR-141-3p, and hsa-miR-26b-5p for disease diagnosis [106]. However, only the
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study by Banales et al. [110] revealed for the first time a functional role of miRNAs in the
immunopathogenesis of PBC by linking miR-506 with the hypothesis of defective “biliary bicarbonate
umbrella”, which is believed to play a central role in PBC pathogenesis [115]. The electroneutral
Na+-independent Cl−/ HCO3− anion exchanger 2 (AE2) is expressed in human cholangiocytes, and in
particular in their apical domain being the main biliary HCO3− extruder [116–118]. The net result is the
generation of a luminal alkaline “umbrella” avoiding the hydrophobic bile salt monomers that are toxic
for the cholangiocytes and induce cytotoxicity [119–121]. In PBC, decreased AE2 expression and activity
has been found in PBC liver biopsies and PBMCs compared to healthy controls. This condition may
promote firstly, an impaired biliary bicarbonate secretion with consequent cholestasis and cholangiocyte
distress, and secondly, the breakdown of immune tolerance leading to an attack against the susceptible
cholangiocytes giving rise to extended biliary damage and ductopenia [86,122–124].

Table 3. Differentially expressed miRNAs in PBC.

Authors miRNAs Tissue Design Findings

Padgett et al., 2009 [104] miR-122a, miR-26a,
miR-328, miR-299-5p Liver PBC vs. controls

Downregulation of miR-122a and
miR-26a and the increased expression

of miR-328 and miR-299-5p

Banales et al., 2012 [110] miR-506 Liver PBC vs. controls miR-506 overexpression impairs
biliary bicarbonate secretion

Qin et al., 2013 [105]

miR-15a-5p,
miR-20a-5p,
miR-140-3p,

miR-106b-5p,
miR-3654, miR-181a-5p

PBMCs PBC vs. controls
altered expression of 17 miRNAs

involved in cell differentiation and
signal transduction

Ninomiya et al.,2013 [106] hsa-miR-505-3p,
miR-197-3p Sera PBC vs. controls decreased expression of

hsa-miR-505-3p and miR-197-3p

Tan et al., 2014 [109]
hsa-miR-122-5p,
hsa-miR-141-3p,
hsa-miR-26b-5p

Sera PBC vs. controls hsa-miR-122-5p, hsa-miR-141-3p, and
hsa-miR-26b-5p as disease biomarkers

Sakamoto et al., 2016 [107]

miRNA-122,
miRNA-378,

miRNA-4311,
miRNA-4714-3p

Sera Treatment effective vs.
resistant patients

miRNA profile can be a useful
approach for the characterization of

PBC development

Liang et al., 2016 [108] miR-92a Sera, PBMCs PBC vs. controls
altered miR-92a expression is

associated with Th17 cell
differentiation

Abbreviations: PBC: primary biliary cholangitis; PBMCs: peripheral blood mononuclear cells; miRNas: micro-RNAs.

In this context, Banales et al. [110] showed that miR-506 could be a potential contributor of PBC
pathogenesis as its overexpression impairs biliary bicarbonate secretion through direct targeting of not
only AE2, but also type III inositol 1,4,5-trisphosphate receptor (InsR3P3) that functions as a calcium
(Ca2+) release channel at the endoplasmic reticulum membrane of cholangiocytes, contributing to the
bicarbonate secretion via AE2. On the other hand, molecular targeting of miR-506 with complementary
antisense oligonucleotides resulted in the restoration of AE2 activity in PBC cholangiocytes in vitro [123].
The exact molecular mechanisms that promote miR-506 overexpression in PBC remain to be elucidated.
The fact that miR-506 is located on the X-chromosome and that PBC mainly affects females further
emphasizes the potential role of X chromosomes in PBC. From the clinical point of view, as anti-miR
treatments have been reported efficient and well-tolerated in other liver disease patients, such as
patients with hepatitis C [125], their efficacy in PBC should be evaluated. Of note, miR-506 upregulation
was confirmed in PBC livers from an independent cohort of patients compared to healthy controls and
patients with primary sclerosing cholangitis [110,112].

3. Overview and Future Perspectives

The integration of epigenetic mechanisms in the pathogenesis of SjS and PBC opens new insights
towards a better understanding of the etiology of these diseases and their progression, and also towards
the potential establishment of novel therapeutic interventions. The general findings of epigenetic
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studies in SjS and PBC is DNA hypomethylation of promoter regions at IFN-regulated genes in
epithelial cells from MSG and B cells and in genes located on the X chromosome in T cells, respectively.
Focusing on these findings, several therapeutic targets can be identified.

In autoimmune diseases, regulatory genes are mainly hypomethylated and histone marks
acetylated; therefore, transcriptional activity is increased along with circulating miRNA levels. As a
consequence, epigenetic treatments should be able to reduce transcriptional activity of targeted genes.
DNMTs, TETs, histone deacetylases, and miRNAs represent potential targets for epigenetics-related
treatments that have already started to evolve in the fields of chronic infections and malignant
diseases [126–130]. However, in the field of autoimmunity, the inhibition of MBDs and histone
deacetylase activity has controversial effects, while modulation of miRNAs is just beginning as a new
therapeutic tool [131,132]. Regarding epigenetic modifiers, such as DNMT inhibitors and miRNA
antagonists, they are in clinical use or in clinical trials in cancer [129], but no clinical studies affecting
epigenetic modulation are currently under way for SjS or PBC. Overall, the therapeutic epigenetic
interventions still lack precision, disease specificity and proven safety. A major concern is that the
manipulation of these complex mechanisms may have unsuspected and unwanted consequences.
Furthermore, the manipulated epigenetic change may become an inheritable trait that involves
subsequent generations. This means that further investigations are warranted so that new and safe
epigenetic-based treatment strategies can be established.

For this purpose, the choice of relevant cell and tissue types is crucial. Whole blood, although an
easily accessible tissue, is composed of many different cell types, and results may be affected by the
underlying heterogeneity in cell type composition between patients and controls. In addition, biopsies
from affected tissues are also composed of mixed cell types, and reference epigenetic data sets are not
available for these tissues. In order to fully determine the contribution of epigenetic changes in different
cell subtypes the analysis of pure cell populations is needed. The study of long-term cultured cells from
affected tissues is a potential approach; however, such approaches are complicated by the difficulty
to obtain these tissues, which typically leads to limited, smaller sample sizes. However, as costs
for DNA sequencing gare coming down, whole-genome bisulfate sequencing studies and studies
of histone modifications in multiple tissues from large numbers of SjS patients will soon be feasible.
In an attempt to fully clarify the role of DNA methylation in SjS and PBC, further epigenetic studies
are warranted, which will potentially identify new biomarkers for diagnosis, patients stratification
according to prognosis and novel perspectives for therapeutic interventions [86,133].

4. Conclusions

In conclusion, epigenetic alterations in autoimmune epithelitis in SjS and PBC provide insights
for better understanding of the diseases’ pathogenesis. However, the epigenetic features must be
associated with disease occurrence and clinical manifestations while their functional consequences
need to be fully investigated so that new, effective, and safe treatment manipulations can be established.
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Abbreviations

SjS Sjögren’s Syndrome
PBC primary biliary cholangitis
ANA antinuclear antibodies
AMA antimitochondrial antibodies
SGECs salivary glands epithelial cells
5mC 5-methylcytosine
DNMT DNA methyltransferase
TET ten eleven translocation methylcytosine dioxygenase
MBDs methyl binding domains
MeCP methyl-CpG-binding proteins
LINE-1 long interspersed nuclear element
5hmC 5-hydroxymethylcytosine
IFN interferon
GWAS genome-wide association studies
CXCR3 C-X-C motif chemokine receptor 3
EWAS epigenome-wide association studies
DMCs differentially methylated CpGs
HLA-B human leucocyte antigen B
IFI44L interferon-induced protein 44 like
IFIT1 interferon-induced protein with tetratricopeptide repeats 1

SMARCA1
SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily A,
member 1

IL-6 interleukin 6
LIGHT tumor necrosis factor superfamily member 14
IL-17 interleukin 17
PBMCs peripheral blood mononuclear cells
TRAIL TNF-related apoptosis-inducing ligand
miRNAs Micro-RNAs
UTR untranslated region

References

1. Skopouli, F.N.; Moutsopoulos, H.M. Autoimmune epitheliitis: Sjogren’s syndrome. Clin. Exp. Rheumatol.
1994, 12, 9–11.

2. Gao, J.; Liang Qiao, L.; Wang, B. Primary Biliary Cirrhosis is a Generalized Autoimmune Epithelitis. Int. J.
Mol. Sci. 2015, 16, 6432–6446. [CrossRef]

3. Selmi, C.; Gershwin, M.E. Chronic Autoimmune Epithelitis in Sjögren’s Syndrome and Primary Biliary
Cholangitis: A Comprehensive Review. Rheumatol. Ther. 2017, 4, 263–279. [CrossRef]

4. Carey, E.J.; Ali, A.H.; Lindor, K.D. Primary biliary cirrhosis. Lancet 2015, 386, 1565–1575. [CrossRef]
5. Dalekos, G.N.; Lygoura, V.; Gatselis, N.K. Variants of primary biliary cholangitis: An updated mini review.

J. Autoimmune Dis. Rheumatol. 2018, 6, 21–28. [CrossRef]
6. Dalekos, G.N.; Gatselis, N.K. Variant and specific forms of autoimmune cholestatic liver diseases: A short

review. Arch. Immunol. Ther. Exp. 2019, in press. [CrossRef] [PubMed]
7. Gatselis, N.K.; Zachou, K.; Lygoura, V.; Azariadis, K.; Arvaniti, P.; Spyrou, E.; Papadamou, G.; Koukoulis, G.K.;

Dalekos, G.N.; Rigopoulou, E.I. Geoepidemiology, clinical manifestations and outcome of primary biliary
cholangitis in Greece. Eur. J. Intern. Med. 2017, 42, 81–88. [CrossRef]

8. Griffiths, L.; Dyson, J.K.; Jones, D.E. The new epidemiology of primary biliary cirrhosis. Semin. Liver Dis.
2014, 34, 318–328. [CrossRef]

9. European Association for the Study of the Liver. EASL Clinical Practice Guidelines: The diagnosis and
management of primary biliary cholangitis. J. Hepatol. 2017, 67, 145–172. [CrossRef]

10. Hirschfield, G.M.; Dyson, J.K.; Alexander, G.J.; Chapman, M.H.; Collier, J.; Hübscher, S.; Patanwala, I.;
Pereira, S.P.; Thain, C.; Thorburn, D.; et al. The British Society of Gastroenterology/UK-PBC primary biliary
cholangitis treatment andmanagement guidelines. Gut 2018, 67, 1568–1594. [CrossRef]

http://dx.doi.org/10.3390/ijms16036432
http://dx.doi.org/10.1007/s40744-017-0074-2
http://dx.doi.org/10.1016/S0140-6736(15)00154-3
http://dx.doi.org/10.12970/2310-9874.2018.06.04
http://dx.doi.org/10.1007/s00005-019-00550-9
http://www.ncbi.nlm.nih.gov/pubmed/31165900
http://dx.doi.org/10.1016/j.ejim.2017.05.006
http://dx.doi.org/10.1055/s-0034-1383730
http://dx.doi.org/10.1016/j.jhep.2017.03.022
http://dx.doi.org/10.1136/gutjnl-2017-315259


Epigenomes 2019, 3, 15 12 of 18

11. Stefanidis, I.; Giannopoulou, M.; Liakopoulos, V.; Dovas, S.; Karasavvidou, F.; Zachou, K.; Koukoulis, G.K.;
Dalekos, G.N. A case of membranous nephropathy associated with Sjögren syndrome, polymyositis and
autoimmune hepatitis. Clin. Nephrol. 2008, 70, 245–250. [CrossRef] [PubMed]

12. Mavragani, C.P.; Moutsopoulos, H.M. Sjogren’s syndrome. Annu. Rev. Pathol. 2014, 9, 273–285. [CrossRef]
[PubMed]

13. Ramos-Casals, M.; Brito-Zeron, P.; Siso-Almirall, A.; Bosch, X. Primary Sjögren syndrome. BMJ 2012, 344,
3821. [CrossRef] [PubMed]

14. Agmon-Levin, N.; Shapira, Y.; Selmi, C.; Barzilai, O.; Ram, M.; Szyper-Kravitz, M.; Sella, S.; Katz, BS.;
Youinou, P.; Renaudineau, Y.; et al. A comprehensive evaluation of serum autoantibodies in primary biliary
cirrhosis. J. Autoimmun. 2010, 34, 55–58. [CrossRef] [PubMed]

15. Tzioufas, A.G.; Tatouli, I.P.; Moutsopoulos, H.M. Autoantibodies in Sjögren’s syndrome: Clinical presentation
and regulatory mechanisms. Presse Med. 2012, 41, 451–460. [CrossRef] [PubMed]

16. Gatselis, N.K.; Dalekos, G.N. Molecular diagnostic testing for primary biliary cholangitis. Expert Rev. Mol.
Diagn. 2016, 16, 1001–1010. [CrossRef] [PubMed]

17. Gatselis, N.K.; Zachou, K.; Norman, G.L.; Gabeta, S.; Papamichalis, P.; Koukoulis, G.K.; Dalekos, G.N.
Clinical significance of the fluctuation of primary biliary cirrhosis-related autoantibodies during the course
of the disease. Autoimmunity 2013, 46, 471–479. [CrossRef]

18. Rigopoulou, E.I.; Davies, E.T.; Pares, A.; Zachou, K.; Liaskos, C.; Bogdanos, DP.; Rodes, J.; Dalekos, GN.;
Vergani, D. Prevalence and clinical significance of isotype specific antinuclear antibodies in primary biliary
cirrhosis. Gut 2005, 54, 528–532. [CrossRef]

19. Rigopoulou, E.I.; Dalekos, G.N. Anti-sp100 antibodies in primary biliary cirrhosis. Scand. J. Gastroenterol.
2004, 39, 406–407. [CrossRef]

20. Nakamura, M.; Kondo, H.; Mori, T.; Komori, A.; Matsuyama, M.; Ito, M.; Takii, Y.; Koyabu, M.; Yokoyama, T.;
Migita, K. Anti-gp210 and anti-centromere antibodies are different risk factors for the progression of primary
biliary cirrhosis. Hepatology 2007, 45, 118–127. [CrossRef]

21. Bogdanos, D.P.; Liaskos, C.; Pares, A.; Norman, G.; Rigopoulou, E.I.; Caballeria, L.; Dalekos, G.N.; Rodes, J.;
Vergani, D. Anti-gp210 antibody mirrors disease severity in primary biliary cirrhosis. Hepatology 2007, 45,
1583–1584. [CrossRef] [PubMed]

22. Granito, A.; Muratori, P.; Quarneti, C.; Pappas, G.; Cicola, R.; Muratori, L. Antinuclear antibodies as ancillary
markers in primary biliary cirrhosis. Expert Rev. Mol. Diagn. 2012, 12, 65–74. [CrossRef] [PubMed]

23. Christodoulou, M.I.; Kapsogeorgou, E.K.; Moutsopoulos, H.M. Characteristics of the minor salivary gland
infiltrates in Sjogren’s syndrome. J. Autoimmun. 2010, 34, 400–407. [CrossRef] [PubMed]

24. Kapsogeorgou, E.K.; Christodoulou, M.I.; Panagiotakos, D.B.; Paikos, S.; Tassidou, A.; Tzioufas, A.G.;
Moutsopoulos, H.M. Minor salivary gland inflammatory lesions in Sjogren syndrome: Do they evolve?
J. Rheumatol. 2013, 40, 1566–1571. [CrossRef] [PubMed]

25. Scheuer, P.J. Ludwig Symposium on biliary disorders–part II. Pathologic features and evolution of primary
biliary cirrhosis and primary sclerosing cholangitis. Mayo Clin. Proc. 1998, 73, 179–183. [CrossRef]

26. Lindor, K.D.; Gershwin, E.M.; Poupon, R. Primary biliary cirrhosis. Hepatology 2009, 50, 291–308. [CrossRef]
[PubMed]

27. Gershwin, M.E.; Selmi, C.; Worman, H.J.; Gold, EB.; Watnik, M.; Utts, J.; Lindor, KD.; Kaplan, MM.;
Vierling, JM.; USA PBC Epidemiology Group. Risk factors and comorbidities in primary biliary cirrhosis:
A controlled interview-based study of 1032 patients. Hepatology 2005, 42, 1194–1202. [CrossRef]

28. Hatzis, G.S.; Fragoulis, G.E.; Karatzaferis, A.; Delladetsima, I.; Barbatis, C.; Moutsopoulos, H.M. Prevalence
and longterm course of primary biliary cirrhosis in primary Sjögren’s syndrome. J. Rheumatol. 2008, 35,
2012–2016.

29. Corpechot, C.; Chretien, Y.; Chazouilleres, O.; Poupon, R. Demographic, lifestyle, medical and familial
factors associated with primary biliary cirrhosis. J. Hepatol. 2010, 53, 162–169. [CrossRef]

30. Floreani, A.; Franceschet, I.; Cazzagon, N.; Spinazzè, A.; Buja, A.; Furlan, P.; Baldo, V.; Gershwin, M.E.
Extrahepatic autoimmune conditions associated with primary biliary cirrhosis. Clin. Rev. Allergy Immunol.
2015, 48, 192–197. [CrossRef]

31. Tsianos, E.V.; Hoofnagle, J.H.; Fox, P.C.; Alspaugh, M.; Jones, E.A.; Schafer, D.F.; Moutsopoulos, H.M.
Sjogren’s syndrome in patients with primary biliary cirrhosis. Hepatology 1990, 11, 730–734. [CrossRef]
[PubMed]

http://dx.doi.org/10.5414/CNP70245
http://www.ncbi.nlm.nih.gov/pubmed/18793567
http://dx.doi.org/10.1146/annurev-pathol-012513-104728
http://www.ncbi.nlm.nih.gov/pubmed/24050623
http://dx.doi.org/10.1136/bmj.e3821
http://www.ncbi.nlm.nih.gov/pubmed/22700787
http://dx.doi.org/10.1016/j.jaut.2009.08.009
http://www.ncbi.nlm.nih.gov/pubmed/19897339
http://dx.doi.org/10.1016/j.lpm.2012.05.022
http://www.ncbi.nlm.nih.gov/pubmed/22840991
http://dx.doi.org/10.1080/14737159.2016.1217159
http://www.ncbi.nlm.nih.gov/pubmed/27460480
http://dx.doi.org/10.3109/08916934.2013.801461
http://dx.doi.org/10.1136/gut.2003.036558
http://dx.doi.org/10.1080/00365520310008746
http://dx.doi.org/10.1002/hep.21472
http://dx.doi.org/10.1002/hep.21678
http://www.ncbi.nlm.nih.gov/pubmed/17538935
http://dx.doi.org/10.1586/erm.11.82
http://www.ncbi.nlm.nih.gov/pubmed/22133120
http://dx.doi.org/10.1016/j.jaut.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19889514
http://dx.doi.org/10.3899/jrheum.130256
http://www.ncbi.nlm.nih.gov/pubmed/23908448
http://dx.doi.org/10.1016/S0025-6196(11)63652-5
http://dx.doi.org/10.1002/hep.22906
http://www.ncbi.nlm.nih.gov/pubmed/19554543
http://dx.doi.org/10.1002/hep.20907
http://dx.doi.org/10.1016/j.jhep.2010.02.019
http://dx.doi.org/10.1007/s12016-014-8427-x
http://dx.doi.org/10.1002/hep.1840110504
http://www.ncbi.nlm.nih.gov/pubmed/2347546


Epigenomes 2019, 3, 15 13 of 18

32. Kang, H.I.; Fei, H.M.; Saito, I.; Sawada, S.; Chen, S.L.; Yi, D.; Chan, E.; Peebles, C.; Bugawan, T.L.; Erlich, H.A.;
et al. Comparison of HLA class II genes in Caucasoid, Chinese, and Japanese patients with primary Sjogren’s
syndrome. J. Immunol. 1993, 150, 3615–3623. [PubMed]

33. Miyagawa, S.; Shinohara, K.; Nakajima, M.; Kidoguchi, K.; Fujita, T.; Fukumoto, T.; Yoshioka, A.; Dohi, K.;
Shirai, T. Polymorphisms of HLA class II genes and autoimmune responses to Ro/SS-A-La/SS-B among
Japanese subjects. Arthritis Rheum. 1998, 41, 927–934. [CrossRef]

34. Lessard, C.J.; Li, H.; Adrianto, I.; Ice, J.A.; Rasmussen, A.; Grundahl, K.M.; Kelly, J.A.; Dozmorov, M.G.;
Miceli-Richard, C.; Bowman, S. Variants at multiple loci implicated in both innate and adaptive immune
responses are associated with Sjögren’s syndrome. Nat. Genet. 2013, 45, 1284–1292. [CrossRef] [PubMed]

35. Gulamhusein, A.F.; Juran, B.D.; Lazaridis, K.N. Genome-wide association studies in primary biliary cirrhosis.
Semin. Liver Dis. 2015, 35, 392–401. [CrossRef] [PubMed]

36. Tanaka, A.; Leung, P.S.C.; Gershwin, M.E. Evolution of our understanding of PBC. Best Pract. Res. Clin.
Gastroenterol. 2018, 34–35, 3–9. [CrossRef] [PubMed]

37. Tanaka, A.; Leung, P.S.C.; Gershwin, M.E. Pathogen infections and primary biliary cholangitis. Clin. Exp.
Immunol. 2019, 195, 25–34. [CrossRef]

38. Probert, P.M.; Leitch, A.C.; Dunn, M.P.; Meyer, S.K.; Palmer, J.M.; Abdelghany, T.M.; Lakey, A.F.; Cooke, M.P.;
Talbot, H.; Wills, C.; et al. Identification of a xenobiotic as a potential environmental trigger in primary biliary
cholangitis. J. Hepatol. 2018, 69, 1123–1135. [CrossRef]

39. Tanaka, A.; Leung, P.S.C.; Gershwin, M.E. Environmental basis of primary biliary cholangitis. Exp. Biol. Med.
2018, 243, 184–189. [CrossRef]

40. Bogdanos, D.P.; Dalekos, G.N. Enzymes as target antigens of liver-specific autoimmunity: The case of
cytochromes P450. Curr. Med. Chem. 2008, 15, 2285–2292. [CrossRef]

41. Triantafyllopoulou, A.; Tapinos, N.; Moutsopoulos, H.M. Evidence for coxsackievirus infection in primary
Sjögren’s syndrome. Arthritis Rheum. 2004, 50, 2897–2902. [CrossRef] [PubMed]

42. Renaudineau, Y.; Youinou, P. Epigenetics and autoimmunity, with special emphasis on methylation. Keio J.
Med. 2011, 60, 10–16. [CrossRef] [PubMed]

43. Lu, Q.; Renaudineau, Y.; Cha, S.; Ilei, G.; Brooks, W.H.; Selmi, C.; Tzioufas, A.; Pers, J.O.; Bombardieri, S.;
Gershwin, M.E.; et al. Epigenetics in autoimmune disorders: Highlights of the 10th Sjögren’s Syndrome
Symposium. Autoimmun. Rev. 2010, 9, 627–630. [CrossRef] [PubMed]

44. Rasmussen, K.D.; Helin, K. Role of TET enzymes in DNA methylation, development, and cancer. Genes Dev.
2016, 30, 733–750. [CrossRef] [PubMed]

45. Konsta, O.; Thabet, Y.; Le Dantec, C.; Brooks, W.H.; Tzioufas, A.G.; Pers, J.O.; Renaudineau, Y. The contribution
of epigenetics in Sjögren’s syndrome. Front. Genet. 2014, 5, 71. [CrossRef] [PubMed]

46. Renaudineau, Y.; Ballestar, E. Epigenetics: DNA methylation signatures in Sjögren syndrome. Nat. Rev.
Rheumatol. 2016, 12, 565–566. [CrossRef] [PubMed]

47. Thabet, Y.; Le Dantec, C.; Ghedira, I.; Devauchelle, V.; Cornec, D.; Pers, J.O.; Renaudineau, Y. Epigenetic
dysregulation in salivary glands from patients with primary Sjogren’s syndrome may be ascribed to
infiltrating B cells. J. Autoimmun. 2013, 41, 175–181. [CrossRef] [PubMed]

48. Bordron ACharras, A.; Le Dantec, C.; Renaudineau, Y. Influence of epigenetic in Sjögren’s syndrome.
Rev. Med. Interne. 2018, 39, 346–351.

49. Charras, A.; Konsta, O.D.; Le Dantec, C.; Bagacean, C.; Kapsogeorgou, E.K.; Tzioufas, A.G.; Pers, J.O.;
Bordron, A.; Renaudineau, Y. Cell-specific epigenome-wide DNA methylation profile in long-term cultured
minor salivary gland epithelial cells from patients with Sjögren’s syndrome. Ann. Rheum. Dis. 2017, 76,
625–628. [CrossRef]

50. Tanaka, A.; Leung, P.S.C.; Gershwin, M.E. The Genetics and epigenetics of primary biliary cholangitis.
Clin. Liver Dis. 2018, 22, 443–455. [CrossRef]

51. Lleo, A.; Zhang, W.; Zhao, M.; Tan, Y.; Bernuzzi, F.; Zhu, B.; Liu, Q.; Tan, Q.; Malinverno, F.; Valenti, L.; et al.
DNA methylation profiling of the X chromosome reveals an aberrant demethylation on CXCR3 promoter in
primary biliary cirrhosis. Clin. Epigenetics 2015, 7, 61. [CrossRef] [PubMed]

52. Marzorati, S.; Lleo, A.; Carbone, M.; Tan, Y.; Bernuzzi, F.; Zhu, B.; Liu, Q.; Tan, Q.; Malinverno, F.;
Valenti, L.; et al. The epigenetics of PBC: The link between genetic susceptibility and environemt. Clin. Res.
Hepatol. Gastroenterol. 2016, 40, 650–659. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/8468491
http://dx.doi.org/10.1002/1529-0131(199805)41:5&lt;927::AID-ART21&gt;3.0.CO;2-R
http://dx.doi.org/10.1038/ng.2792
http://www.ncbi.nlm.nih.gov/pubmed/24097067
http://dx.doi.org/10.1055/s-0035-1567831
http://www.ncbi.nlm.nih.gov/pubmed/26676814
http://dx.doi.org/10.1016/j.bpg.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/30343708
http://dx.doi.org/10.1111/cei.13198
http://dx.doi.org/10.1016/j.jhep.2018.06.027
http://dx.doi.org/10.1177/1535370217748893
http://dx.doi.org/10.2174/092986708785747508
http://dx.doi.org/10.1002/art.20463
http://www.ncbi.nlm.nih.gov/pubmed/15457458
http://dx.doi.org/10.2302/kjm.60.10
http://www.ncbi.nlm.nih.gov/pubmed/21460598
http://dx.doi.org/10.1016/j.autrev.2010.05.011
http://www.ncbi.nlm.nih.gov/pubmed/20452464
http://dx.doi.org/10.1101/gad.276568.115
http://www.ncbi.nlm.nih.gov/pubmed/27036965
http://dx.doi.org/10.3389/fgene.2014.00071
http://www.ncbi.nlm.nih.gov/pubmed/24765104
http://dx.doi.org/10.1038/nrrheum.2016.144
http://www.ncbi.nlm.nih.gov/pubmed/27627868
http://dx.doi.org/10.1016/j.jaut.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23478041
http://dx.doi.org/10.1136/annrheumdis-2016-210167
http://dx.doi.org/10.1016/j.cld.2018.03.002
http://dx.doi.org/10.1186/s13148-015-0098-9
http://www.ncbi.nlm.nih.gov/pubmed/26150899
http://dx.doi.org/10.1016/j.clinre.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27341761


Epigenomes 2019, 3, 15 14 of 18

53. Xie, Y.Q.; Ma, H.D.; Lian, Z.X. Epigenetics and primary biliary cirrhosis: A comprehensive review and
implications for autoimmunity. Clin. Rev. Allergy Immunol. 2016, 50, 390–403. [CrossRef] [PubMed]

54. Xiang, Z.; Yang, Y.; Chang, C.; Lu, Q. The epigenetic mechanism for discordance of autoimmunity in
monozygotic twins. J. Autoimmun. 2017, 83, 43–50. [CrossRef] [PubMed]

55. Rosa, R.; Cristoferi, L.; Tanaka, A.; Invernizzi, P. Geoepidemiology and (epi-) genetics in primary biliary
cholangitis. Best Pract. Res. Clin. Gastroenterol. 2018, 34–35, 11–15.

56. Joshita, S.; Umemura, T.; Tanaka, E.; Ota, M. Genetics and epigenetics in the pathogenesis of primary biliary
cholangitis. Clin. J. Gastroenterol. 2018, 11, 11–18. [CrossRef]

57. Le Dantec, C.; Gazeau, P.; Mukherjee, S. How the environment influences epigenetics, DNA methylation, and
autoimmune diseases. In Epigenetics and Dermatology; Lu, Q., Chang, C.C., Richardson, B.C., Eds.; Elsevier:
Amsterdam, The Netherlands, 2015; pp. 467–485.

58. Konsta, O.D.; Charras, A.; Le Dantec, C.; Kapsogeorgeou, E.; Bordron, A.; Brooks, W.H.; Tzioufas, A.G.;
Pers, J.O.; Renaudineau, Y. Epigenetic modifications in salivary glands from patients with Sjögren’s syndrome
affect cytokeratin 19 expression. Bull. Group. Int. Rech. Sci. Stomatol. Odontol. 2016, 53, 1–10.

59. Konsta, O.D.; Le Dantec, C.; Charras, A.; Cornec, D.; Kapsogeorgou, E.K.; Tzioufas, A.G.; Pers, J.O.;
Renaudineau, Y. Defective DNA methylation in salivary gland epithelial acini from patients with Sjogren’s
syndrome is associated with SSB gene expression, anti-SSB/La detection, and lymphocyte infiltration.
J. Autoimmun. 2016, 68, 30–38. [CrossRef]

60. Cole, M.B.; Quach, H.; Quach, D.; Baker, A.; Taylor, K.E.; Barcellos, L.F.; Criswell, L.A. Epigenetic signatures
of salivary gland inflammation in Sjögren’s syndrome. Arthritis Rheum. 2016, 68, 2936–2944. [CrossRef]

61. Devauchelle-Pensec, V.; Pennec, Y.; Morvan, J.; Pers, J.O.; Daridon, C.; Jousse-Joulin, S.; Roudaut, A.; Jamin, C.;
Renaudineau, Y.; Roué, I.Q.; et al. Improvement of Sjogren’s syndrome after two infusions of rituximab
(anti-CD20). Arthritis Rheum. 2007, 57, 310–317. [CrossRef]

62. Lagos, C.; Carvajal, P.; Castro, I.; Jara, D.; González, S.; Aguilera, S.; Barrera, M.J.; Quest, A.F.G.;
Bahamondes, V.; Molina, C.; et al. Association of high 5-hydroxymethylcytosine levels with Ten Eleven
Translocation 2 overexpression and inflammation in Sjögren’s syndrome patients. Clin. Immunol. 2018, 196,
85–96. [CrossRef] [PubMed]

63. Charras, A.; Arvaniti, P.; le Dantec, C.; Arleevskaya, M.I.; Zachou, K.; Dalekos, G.N.; Bordon, A.;
Renaudineau, Y. JAK inhibitors suppress innate epigenetic reprogramming: A promise for patients with
Sjögren’s syndrome. Clin. Rev. Allergy Immunol. 2019, in press. [CrossRef] [PubMed]

64. Mavragani, C.P.; Sagalovskiy, I.; Guo, Q.; Nezos, A.; Kapsogeorgou, E.K.; Lu, P.; Zhou, J.L.; Kirou, K.A.;
Seshan, S.V.; Moutsopoulos, H.M.; et al. Long interspersed nuclear element-1 retroelements are expressed
in patients with systemic autoimmune disease and induce type I interferon. Arthritis Rheumatol. 2016, 68,
2686–2696. [CrossRef] [PubMed]

65. Mavragani, C.P.; Nezos, A.; Sagalovskiy, I.; Seshan, S.; Kirou, K.A.; Crow, M.K. Defective regulation of
L1 endogenous retroelements in primary Sjogren’s syndrome and systemic lupus erythematosus: Role of
methylating enzymes. J. Autoimmun. 2018, 88, 75–82. [CrossRef] [PubMed]

66. Lleo, A.; Liao, J.; Invernizzi, P.; Zhao, M.; Bernuzzi, F.; Ma, L.; Lanzi, G.; Ansari, A.A.; Coppel, R.L.; Zhang, P.;
et al. Immunoglobulin M levels inversely correlate with CD40 ligand promoter methylation in patients with
primary biliary cirrhosis. Hepatology 2012, 55, 153–160. [CrossRef]

67. Cheung, A.C.; LaRusso, N.F.; Gores, G.J.; Lazaridis, K.N. Epigenetics in the primary biliary cholangitis and
primary sclerosing cholangitis. Semin. Liver Dis. 2017, 37, 159–174. [CrossRef] [PubMed]

68. Hu, Z.; Huang, Y.; Liu, Y.; Sun, Y.; Zhou, Y.; Gu, M.; Chen, Y.; Xia, R.; Chen, S.; Deng, A.; et al. β-Arrestin 1
modulates functions of autoimmune T cells from primary biliary cirrhosis patients. J. ClinImmunol. 2011, 31,
346–355. [CrossRef]

69. Selmi, C.; Cavaciocchi, F.; Lleo, A.; Cheroni, C.; De Francesco, R.; Lombardi, S.A.; De Santis, M.; Meda, F.;
Raimondo, M.G.; Crotti, C.; et al. Genome-wide analysis of DNA methylation, copy number variation, and
gene expression in monozygotic twins discordant for primary biliary cirrhosis. Front. Immunol. 2014, 5, 128.
[CrossRef]

70. Hall, J.C.; Baer, A.N.; Shah, A.A.; Criswell, L.A.; Shiboski, C.H.; Rosen, A.; Casciola-Rosen, L.l. Molecular
subsetting of interferon pathways in Sjögren’s syndrome. Arthritis Rheumatol. 2015, 67, 2437–2446. [CrossRef]

71. Imgenberg-Kreuz, J.; Sandling, J.K.; Carlsson Almlöf, J.; Nordlund, J.; Signér, L.; Norheim, K.B.; Omdal, R.;
Rönnblom, L.; Eloranta, M.L.; Syvänen, A.C.; et al. Genome-wide DNA methylation analysis in multiple

http://dx.doi.org/10.1007/s12016-015-8502-y
http://www.ncbi.nlm.nih.gov/pubmed/26267705
http://dx.doi.org/10.1016/j.jaut.2017.04.003
http://www.ncbi.nlm.nih.gov/pubmed/28412046
http://dx.doi.org/10.1007/s12328-017-0799-z
http://dx.doi.org/10.1016/j.jaut.2015.12.002
http://dx.doi.org/10.1002/art.39792
http://dx.doi.org/10.1002/art.22536
http://dx.doi.org/10.1016/j.clim.2018.06.002
http://www.ncbi.nlm.nih.gov/pubmed/29894742
http://dx.doi.org/10.1007/s12016-019-08743-y
http://www.ncbi.nlm.nih.gov/pubmed/31165348
http://dx.doi.org/10.1002/art.39795
http://www.ncbi.nlm.nih.gov/pubmed/27338297
http://dx.doi.org/10.1016/j.jaut.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29074164
http://dx.doi.org/10.1002/hep.24630
http://dx.doi.org/10.1055/s-0037-1603324
http://www.ncbi.nlm.nih.gov/pubmed/28564724
http://dx.doi.org/10.1007/s10875-010-9492-4
http://dx.doi.org/10.3389/fimmu.2014.00128
http://dx.doi.org/10.1002/art.39204


Epigenomes 2019, 3, 15 15 of 18

tissues in primary Sjögren’s syndrome reveals regulatory effects at interferon-induced genes. Ann. Rheum.
Dis. 2016, 75, 2029–2036. [CrossRef]

72. Richard, C.; Wang-Renault, S.; Boudaoud, S.; Busato, F.; Lallemand, C.; Bethune, K.; Belkhir, R.; Nocturne, G.;
Mariette, X.; Tost, J. Overlap between differentially methylated DNA regions in blood B lymphocytes and
genetic at-risk loci in primary Sjögren’s syndrome. Ann. Rheum. Dis. 2016, 75, 933–940. [CrossRef] [PubMed]

73. Konsta, O.D.; le Dantec, C.; Charras, A.; Brooks, W.H.; Arleevskaya, M.I.; Bordron, A.; Renaudineau, Y. An in
silico approach reveals associations between genetic and epigenetic factors within regulatory elements in B
cells from primary Sjögren’s syndrome patients. Front. Immunol. 2015, 6, 437. [CrossRef] [PubMed]

74. Altorok, N.; Coit, P.; Hughes, T.; Koelsch, K.A.; Stone, D.U.; Rasmussen, A.; Radfar, L.; Scofield, R.H.;
Sivils, K.L.; Farris, A.D.; et al. Genome-wide DNA methylation patterns in naive CD4+ T cells from patients
with primary Sjögren’s syndrome. Arthritis Rheumatol. 2014, 66, 731–739. [CrossRef] [PubMed]

75. Yin, H.; Zhao, M.; Wu, X.; Gao, F.; Luo, Y.; Ma, L.; Liu, S.; Zhang, G.; Chen, J.; Li, F.; et al. Hypomethylation and
overexpression of CD70 (TNFSF7) in CD4+ T cells of patients with primary Sjogren’s syndrome. J. Dermatol.
Sci. 2010, 59, 198–203. [CrossRef] [PubMed]

76. Yu, X.; Liang, G.; Yin, H.; Ngalamika, O.; Li, F.; Zhao, M.; Lu, Q. DNA hypermethylation leads to lower
FOXP3 expression in CD4+ T cells of patients with primary Sjogren’s syndrome. Clin. Immunol. 2013, 148,
254–257. [CrossRef] [PubMed]

77. Mougeot, J.L.; Noll, B.D.; Bahrani Mougeot, F.K. Sjögren’s syndrome X-chromosome dose effect: An
epigenetic perspective. Oral Dis. 2019, 25, 372–384. [CrossRef] [PubMed]

78. Sharma, R.; Harris, V.M.; Cavett, J.; Kurien, B.T.; Liu, K.; Koelsch, K.A.; Fayaaz, A.; Chaudhari, K.S.; Radfar, L.;
Lewis, D.; et al. Rare X chromosome abnormalities in Systemic Lupus erythematosus and Sjögren’s syndrome.
Arthritis Rheumatol. 2017, 69, 2187–2192. [CrossRef]

79. Harris, V.M.; Sharma, R.; Cavett, J.; Kurien, B.T.; Liu, K.; Koelsch, K.A.; Rasmussen, A.; Radfar, L.; Lewis, D.;
Stone, D.U.; et al. Klinefelter’s syndrome (47, XXY) is in excess among men with Sjögren’s syndrome.
Clin. Immunol. 2016, 168, 25–29. [CrossRef]

80. Dieker, J.; Muller, S. Epigenetic histone code and autoimmunity. Clin. Rev. Allergy Immunol. 2010, 39, 78–84.
[CrossRef]

81. Kouzarides, T. Chromatin modifications and their function. Cell 2007, 128, 693–705. [CrossRef]
82. Brooks, W.H.; Le Dantec, C.; Pers, J.O.; Youinou, P.; Renaudineau, Y. Epigenetics and autoimmunity.

J. Autoimmun. 2010, 34, J207–J219. [CrossRef] [PubMed]
83. Farh, K.K.; Marson, A.; Zhu, J.; Kleinewietfled, M.; Housley, W.J.; Beik, S.; Shoresh, N.; Whitton, H.;

Ryan, R.J.H.; Shishkin, A.A.; et al. Genetic and epigenetic fine-mapping of causal autoimmune disease
variants. Nature 2015, 518, 337–343. [CrossRef] [PubMed]

84. Wang, J.; Lo, J.C.; Foster, A.; Yu, P.; Chen, H.M.; Wang, Y.; Tamada, K.; Chen, L.; Fu, Y.X. The regulation
of T cell homeostasis and autoimmunity by T cell-derived LIGHT. J. Clin. Investig. 2001, 108, 1771–1780.
[CrossRef] [PubMed]

85. Zare-Shahabadi, A.; Renaudineau, Y.; Rezaei, N. MicroRNAs and multiple sclerosis: From physiopathology
to ward therapy. Expert Opin. Ther. Targets 2013, 17, 1497–1507. [CrossRef] [PubMed]

86. Rodrigues, P.M.; Perugorria, M.J.; Santos-Laso, A.; Bujanda, L.; Beuers, U.; Banales, J.M. Primary biliary
cholangitis: A tale of epigenetically-induced secretory failure? J. Hepatol. 2018, 69, 1371–1383. [CrossRef]
[PubMed]

87. Le Dantec, C.; Varin, M.M.; Brooks, W.H.; Pers, J.O.; Youinou, P.; Renaudineau, Y. Epigenetics and Sjögren’s
syndrome. Curr. Pharm. Biotechnol. 2012, 13, 2046–2053. [CrossRef] [PubMed]

88. Alevizos, I.; Alexander, S.; Turner, R.J.; Illei, G.G. MicroRNA expression profiles as biomarkers of minor
salivary gland inflammation and dysfunction in Sjögren’s syndrome. Arthritis Rheum. 2011, 63, 535–544.
[CrossRef]

89. Kapsogeorgou, E.K.; Gourzi, V.C.; Manoussakis, M.N.; Moutsopoulos, H.M.; Tzioufas, A.G. Cellular
microRNAs (miRNAs) and Sjögren’s syndrome: Candidate regulators of autoimmune response and
autoantigen expression. J. Autoimmun. 2011, 37, 129–135. [CrossRef]

90. Tandon, M.; Gallo, A.; Jang, S.I.; Illei, G.G.; Alevizos, I. Deep sequencing of short RNAs reveals novel
microRNAs in minor salivary glands of patients with Sjögren’s syndrome. Oral Dis. 2012, 18, 127–131.
[CrossRef]

http://dx.doi.org/10.1136/annrheumdis-2015-208659
http://dx.doi.org/10.1136/annrheumdis-2014-206998
http://www.ncbi.nlm.nih.gov/pubmed/26183421
http://dx.doi.org/10.3389/fimmu.2015.00437
http://www.ncbi.nlm.nih.gov/pubmed/26379672
http://dx.doi.org/10.1002/art.38264
http://www.ncbi.nlm.nih.gov/pubmed/24574234
http://dx.doi.org/10.1016/j.jdermsci.2010.06.011
http://www.ncbi.nlm.nih.gov/pubmed/20724115
http://dx.doi.org/10.1016/j.clim.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23773924
http://dx.doi.org/10.1111/odi.12825
http://www.ncbi.nlm.nih.gov/pubmed/29316023
http://dx.doi.org/10.1002/art.40207
http://dx.doi.org/10.1016/j.clim.2016.04.002
http://dx.doi.org/10.1007/s12016-009-8173-7
http://dx.doi.org/10.1016/j.cell.2007.02.005
http://dx.doi.org/10.1016/j.jaut.2009.12.006
http://www.ncbi.nlm.nih.gov/pubmed/20053532
http://dx.doi.org/10.1038/nature13835
http://www.ncbi.nlm.nih.gov/pubmed/25363779
http://dx.doi.org/10.1172/JCI200113827
http://www.ncbi.nlm.nih.gov/pubmed/11748260
http://dx.doi.org/10.1517/14728222.2013.838219
http://www.ncbi.nlm.nih.gov/pubmed/24053428
http://dx.doi.org/10.1016/j.jhep.2018.08.020
http://www.ncbi.nlm.nih.gov/pubmed/30193962
http://dx.doi.org/10.2174/138920112802273326
http://www.ncbi.nlm.nih.gov/pubmed/22208659
http://dx.doi.org/10.1002/art.30131
http://dx.doi.org/10.1016/j.jaut.2011.05.003
http://dx.doi.org/10.1111/j.1601-0825.2011.01849.x


Epigenomes 2019, 3, 15 16 of 18

91. Zilahi, E.; Tarr, T.; Papp, G.; Griger, Z.; Sipka, S.; Zeher, M. Increased microRNA-146a/b, TRAF6 gene and
decreased IRAK1 gene expressions in the peripheral mononuclear cells of patients with Sjögren’s syndrome.
Immunol. Lett. 2012, 141, 165–168. [CrossRef]

92. Chen, J.Q.; Papp, G.; Póliska, S.; Szabó, K.; Tarr, T.; Bálint, B.L.; Szodoray, P.; Zeher, M. MicroRNA expression
profiles identify disease-specific alterations in systemic lupus erythematosus and primary Sjögren’s syndrome.
PLoS ONE 2017, 12, e0174585. [CrossRef]

93. Wang, Y.; Zhang, G.; Zhang, L.; Miansong, Z.; HongDong, H. Decreased microRNA-181a and -16 expression
levels in the labial salivary glands of Sjögren syndrome patients. Exp. Ther. Med. 2017, 10, 426–432.

94. Wang-Renault, S.W.; Boudaoud, S.; Nocturne, G.; Roche, E.; Sigrist, N.; Daviaud, C.; Bugge Tinggaard, A.;
Renault, V.; Deleuze, J.F.; Mariette, X.; et al. Deregulation of microRNA expression in purified T and B
lymphocytes from patients with primary Sjögren’s syndrome. Ann. Rheum. Dis. 2018, 77, 133–140. [CrossRef]
[PubMed]

95. Michael, A.; Bajracharya, S.D.; Yuen, P.S.; Zhou, H.; Star, R.A.; Illei, G.G.; Alevizos, I. Exosomes from human
saliva as a source of microRNA biomarkers. Oral Dis. 2010, 16, 34–38. [CrossRef] [PubMed]

96. Shi, H.; Zheng, L.Y.; Zhang, P.; Yu, C.Q. miR-146a and miR-155 expression in PBMCs from patients with
Sjogren’s syndrome. J. Oral Pathol. Med. 2014, 43, 792–797. [CrossRef] [PubMed]

97. Peng, L.; Ma, W.; Yi, F.; Yang, Y.J.; Lin, W.; Chen, H.; Zhang, X.; Zhang, L.H.; Zhang, F.; Du, Q. MicroRNA
profiling in Chinese patients with primary Sjogren syndrome reveals elevated miRNA-181a in peripheral
blood mononuclear cells. J. Rheumatol. 2014, 41, 2208–2213. [CrossRef] [PubMed]

98. Gourzi, V.C.; Kapsogeorgou, E.K.; Kyriakidis, N.C.; Tzioufas, A.G. Study of microRNAs (miRNAs) that are
predicted to target the autoantigens Ro/SSA and La/SSB in primary Sjogren’s syndrome. Clin. Exp. Immunol.
2015, 182, 14–22. [CrossRef]

99. Gallo, A.; Jang, S.I.; Ong, H.L.; Perez, P.; Tandon, M.; Ambudkar, I.; Illei, G.; Alevizos, I. Targeting the
Ca2+ sensor STIM1 by exosomal transfer of Ebv-miR-BART13-3p is associated with Sjogren’s syndrome.
EbioMedicine 2016, 10, 216–226. [CrossRef]

100. Yang, Y.; Peng, L.; Ma, W.; Yi, F.; Zhang, Z.; Chen, H.; Guo, Y.; Wang, L.; Zhao, L.D.; Zheng, W.; et al.
Autoantigen-targeting microRNAs in Sjogren’s syndrome. Clin. Rheumatol. 2016, 35, 911–917. [CrossRef]

101. Debant, M.; Burgos, M.; Hemon, P.; Buscaglia, P.; Fali, T.; Melayah, S.; Le Coux, N.; Vandier, C.;
Potier-Cartereau, M.; Pers, J.O.; et al. STIM1 at the plasma membrane as a new target in progressive
chronic lymphocytic leukemia. J. Immunother. Cancer 2019, 7, 111. [CrossRef]

102. Mukherjee, S.; Karolak, A.; Debant, M.; Buscaglia, P.; Renaudineau, Y.; Mignen, O.; Guida, W.C.; Brooks, W.H.;
et al. Molecular dynamics simulations of membrane-bound STIM1 to investigate conformational changes
during STIM1 activation upon calcium release. J. Chem. Inf. Model. 2017, 57, 335–344. [CrossRef] [PubMed]

103. Pauley, K.M.; Cha, S.; Chan, E.K. microRNA in autoimmunity and autoimmune diseases. J. Autoimmun.
2009, 32, 189–194. [CrossRef] [PubMed]

104. Padgett, K.A.; Lan, R.Y.; Leung, P.C.; Lleo, A.; Dawson, K.; Pfeiff, J.; Mao, T.K.; Coppel, R.L.; Ansari, A.A.;
Gershwin, M.E. Primary biliary cirrhosis is associated with altered hepatic microRNA expression.
J. Autoimmun. 2009, 32, 246–253. [CrossRef] [PubMed]

105. Qin, B.; Huang, F.; Liang, Y.; Yang, Z.; Zhong, R. Analysis of altered microRNA expression profiles in
peripheral blood mononuclear cells from patients with primary biliary cirrhosis. J. Gastroenterol. Hepatol.
2013, 28, 543–550. [CrossRef] [PubMed]

106. Ninomiya, M.; Kondo, Y.; Funayama, R.; Nagashima, T.; Kogure, T.; Kakazu, E.; Kimura, O.; Ueno, Y.;
Nakayama, K.; Shimosegawa, T. Distinct microRNAs expression profile in primary biliary cirrhosis and
evaluation of miR 505-3p and miR197-3p as novel biomarkers. PLoS ONE 2013, 8, 66086. [CrossRef] [PubMed]

107. Sakamoto, T.; Morishita, A.; Nomura, T.; Tani, J.; Miyoshi, H.; Yoneyama, H.; Iwama, H.; Himoto, T.; Masaki, T.
Identification of microRNA profiles associated with refractory primary biliary cirrhosis. Mol. Med. Rep. 2016,
14, 3350–3356. [CrossRef] [PubMed]

108. Liang, D.Y.; Hou, Y.Q.; Luo, L.J.; Li, A.O. Altered expression of miR-92a correlates with Th17 cell frequency
in patients with primary biliary cirrhosis. Int. J. Mol. Med. 2016, 38, 131–138. [CrossRef] [PubMed]

109. Tan, Y.; Pan, T.; Ye, Y.; Ge, G.; Chen, L.; Wen, D.; Zou, S. Serum microRNAs as potential biomarkers of
primary biliary cirrhosis. PLoS ONE 2014, 9, 111424. [CrossRef]

110. Banales, J.M.; Saez, E.; Uriz, M.; Sarvide, S.; Urribarri, A.D.; Splinter, P.; Tietz Bogert, P.S.; Bujanda, L.;
Prieto, J.; Medina, J.F.; et al. Up-regulation of microRNA 506 leads to decreased Cl-/HCO3- anion exchanger

http://dx.doi.org/10.1016/j.imlet.2011.09.006
http://dx.doi.org/10.1371/journal.pone.0174585
http://dx.doi.org/10.1136/annrheumdis-2017-211417
http://www.ncbi.nlm.nih.gov/pubmed/28916716
http://dx.doi.org/10.1111/j.1601-0825.2009.01604.x
http://www.ncbi.nlm.nih.gov/pubmed/19627513
http://dx.doi.org/10.1111/jop.12187
http://www.ncbi.nlm.nih.gov/pubmed/24931100
http://dx.doi.org/10.3899/jrheum.131154
http://www.ncbi.nlm.nih.gov/pubmed/25128511
http://dx.doi.org/10.1111/cei.12664
http://dx.doi.org/10.1016/j.ebiom.2016.06.041
http://dx.doi.org/10.1007/s10067-016-3203-3
http://dx.doi.org/10.1186/s40425-019-0591-3
http://dx.doi.org/10.1021/acs.jcim.6b00475
http://www.ncbi.nlm.nih.gov/pubmed/28151650
http://dx.doi.org/10.1016/j.jaut.2009.02.012
http://www.ncbi.nlm.nih.gov/pubmed/19303254
http://dx.doi.org/10.1016/j.jaut.2009.02.022
http://www.ncbi.nlm.nih.gov/pubmed/19345069
http://dx.doi.org/10.1111/jgh.12040
http://www.ncbi.nlm.nih.gov/pubmed/23173724
http://dx.doi.org/10.1371/journal.pone.0066086
http://www.ncbi.nlm.nih.gov/pubmed/23776611
http://dx.doi.org/10.3892/mmr.2016.5606
http://www.ncbi.nlm.nih.gov/pubmed/27511723
http://dx.doi.org/10.3892/ijmm.2016.2610
http://www.ncbi.nlm.nih.gov/pubmed/27246196
http://dx.doi.org/10.1371/journal.pone.0111424


Epigenomes 2019, 3, 15 17 of 18

2 expression in biliary epithelium of patients with primary biliary cirrhosis. Hepatology 2012, 56, 687–697.
[CrossRef]

111. Esparza-Baquer, A.; Labiano, I.; Bujanda, L.; Perugorria, M.J.; Banales, J.M. MicroRNAs incholangiopathies:
Potential diagnostic and therapeutic tools. Clin. Res. Hepatol. Gastroenterol. 2016, 40, 15–27. [CrossRef]

112. Ananthanarayanan, M.; Banales, J.M.; Guerra, M.T.; Spirli, C.; Munoz-Garrido, P.; Mitchell-Richards, K.;
Tafur, D.; Saez, E.; Nathanson, M.H. Post-translational regulation of the type III inositol 1,4,5-trisphosphate
receptor by miRNA-506. J. Biol. Chem. 2015, 290, 184–196. [CrossRef] [PubMed]

113. Olaizola, P.; Lee-Law, P.Y.; Arbelaiz, A.; Lapitz, A.; Perugorria, M.J.; Bujanda, L.; Banales, J.M. MicroRNAs
and extracellular vesicles in cholangiopathies. Biochim. Biophys. Acta 2018, 1864, 1293–1307. [CrossRef]
[PubMed]

114. Erice, O.; Munoz-Garrido, P.; Vaquero, J.; Perugorria, M.J.; Fernandez-Barrena, M.G.; Saez, E.; Santos-Laso, A.;
Arbelaiz, A.; Jimenez-Agüero, R.; Fernandez-Irigoyen, J.; et al. MicroRNA-506 promotes primary biliary
cholangitis-like features in cholangiocytes and immune activation. Hepatology 2018, 67, 1420–1440. [CrossRef]
[PubMed]

115. Van Niekerk, J.; Kersten, R.; Beuers, U. Role of bile Acids and the biliary HCO3
- umbrella in the pathogenesis

of primary biliary cholangitis. Clin. Liver Dis. 2018, 22, 457–479. [CrossRef] [PubMed]
116. Martinez-Anso, E.; Castillo, J.E.; Diez, J.; Medina, J.F.; Prieto, J. Immunohistochemical detection of

chloride/bicarbonate anion exchangers in human liver. Hepatology 1994, 19, 1400–1406. [CrossRef] [PubMed]
117. Arenas, F.; Hervias, I.; Uriz, M.; Joplin, R.; Prieto, J.; Medina, J.F. Combination of ursodeoxycholic acid and

glucocorticoids upregulates the AE2 alternate promoter in human liver cells. J. Clin. Investig. 2008, 118,
695–709. [CrossRef]

118. Medina, J.F. Role of the anion exchanger 2 in the pathogenesis and treatment of primary biliary cirrhosis.
Dig. Dis. 2011, 29, 103–112. [CrossRef]

119. Uriarte, I.; Banales, J.M.; Saez, E.; Arenas, F.; Oude Elferink, R.P.; Prieto, J.; Medina, J.F. Bicarbonate
secretion of mouse cholangiocytes involves Na(+)-HCO(3)(-) cotransport in addition to Na(+)-independent
Cl(-)/HCO(3)(-) exchange. Hepatology 2010, 51, 891–902. [CrossRef]

120. Beuers, U.; Hohenester, S.; de Buy Wenniger, L.J.; Kremer, A.E.; Jansen, P.L.; Elferink, R.P. The biliary HCO(3)(-)
umbrella: A unifying hypothesis on pathogenetic and therapeutic aspects of fibrosingcholangiopathies.
Hepatology 2010, 52, 1489–1496. [CrossRef]

121. Hohenester, S.; Wenniger, L.M.; Paulusma, C.C.; van Vliet, S.J.; Jefferson, D.M.; Elferink, R.P.; Beuers, U.
A biliary HCO3- umbrella constitutes a protective mechanism against bile acid induced injury in human
cholangiocytes. Hepatology 2012, 55, 173–183. [CrossRef]

122. Medina, J.F.; Martinez, A.; Vazquez, J.J.; Prieto, J. Decreased anion exchanger 2 immunoreactivity in the liver
of patients with primary biliary cirrhosis. Hepatology 1997, 25, 12–17. [CrossRef] [PubMed]

123. Melero, S.; Spirli, C.; Zsembery, A.; Medina, J.F.; Joplin, R.E.; Duner, E.; Zuin, M.; Neuberger, J.M.; Prieto, J.;
Strazzabosco, M. Defective regulation of cholangiocyte Cl-/HCO3(-) and Na+/H+ exchanger activities in
primary biliary cirrhosis. Hepatology 2002, 35, 1513–1521. [CrossRef] [PubMed]

124. Salas, J.T.; Banales, J.M.; Sarvide, S.; Recalde, S.; Ferrer, A.; Uriarte, I.; Oude Elferink, R.P.; Prieto, J.; Medina, J.F.
Ae2a,b deficient mice develop antimitochondrial antibodies and other features resembling primary biliary
cirrhosis. Gastroenterology 2008, 134, 1482–1493. [CrossRef] [PubMed]

125. Van der Ree, M.H.; de Vree, J.M.; Stelma, F.; Willemse, S.; van der Valk, M.; Rietdijk, S.; Molenkamp, R.;
Schinkel, J.; van Nuenen, A.C.; Beuers, U. Safety, tolerability, and antiviral effect of RG-101 in patients
with chronic hepatitis C: A phase 1B, double-blind, randomised controlled trial. Lancet 2017, 389, 709–717.
[CrossRef]

126. Jones, P.A.; Issa, J.P.; Baylin, S. Targeting the cancer epigenome for therapy. Nat. Rev. Genet. 2016, 17, 630–641.
[CrossRef]

127. Pera, B.; Tang, T.; Marullo, R.; Yang, S.N.; Ahn, H.; Patel, J.; Elstrom, R.; Ruan, J.; Furman, R.; Leonard, J.;
et al. Combinatorial epigenetic therapy in diffuse large B cell lymphoma pre-clinical models and patients.
Clin. Epigenet. 2016, 8, 79. [CrossRef] [PubMed]

128. Fardi, M.; Solali, S.; Hagh, M.F. Epigenetic mechanisms as a new approach in cancer treatment: An updated
review. Genes Dis. 2018, 5, 304–311. [CrossRef]

129. Mahmood, N.; Rabbani, S.A. DNA Methylation Readers and Cancer: Mechanistic and Therapeutic
Applications. Front. Oncol. 2019, 9, 489. [CrossRef]

http://dx.doi.org/10.1002/hep.25691
http://dx.doi.org/10.1016/j.clinre.2015.10.001
http://dx.doi.org/10.1074/jbc.M114.587030
http://www.ncbi.nlm.nih.gov/pubmed/25378392
http://dx.doi.org/10.1016/j.bbadis.2017.06.026
http://www.ncbi.nlm.nih.gov/pubmed/28711597
http://dx.doi.org/10.1002/hep.29533
http://www.ncbi.nlm.nih.gov/pubmed/28922472
http://dx.doi.org/10.1016/j.cld.2018.03.013
http://www.ncbi.nlm.nih.gov/pubmed/30259847
http://dx.doi.org/10.1002/hep.1840190613
http://www.ncbi.nlm.nih.gov/pubmed/8188169
http://dx.doi.org/10.1172/JCI33156
http://dx.doi.org/10.1159/000324144
http://dx.doi.org/10.1002/hep.23403
http://dx.doi.org/10.1002/hep.23810
http://dx.doi.org/10.1002/hep.24691
http://dx.doi.org/10.1002/hep.510250104
http://www.ncbi.nlm.nih.gov/pubmed/8985258
http://dx.doi.org/10.1053/jhep.2002.33634
http://www.ncbi.nlm.nih.gov/pubmed/12029638
http://dx.doi.org/10.1053/j.gastro.2008.02.020
http://www.ncbi.nlm.nih.gov/pubmed/18471521
http://dx.doi.org/10.1016/S0140-6736(16)31715-9
http://dx.doi.org/10.1038/nrg.2016.93
http://dx.doi.org/10.1186/s13148-016-0245-y
http://www.ncbi.nlm.nih.gov/pubmed/27453763
http://dx.doi.org/10.1016/j.gendis.2018.06.003
http://dx.doi.org/10.3389/fonc.2019.00489


Epigenomes 2019, 3, 15 18 of 18

130. Hull, E.E.; Montgomery, M.R.; Leyva, K.J. HDAC Inhibitors as Epigenetic Regulators of the Immune System:
Impacts on Cancer Therapy and Inflammatory Diseases. BioMed Res. Int. 2016, 2016. [CrossRef]

131. Sippl, W.; Jung, M.; Mannhold, R.; Buschmann, H.; Holenz, J. Epigenetic Drug Discovery; Wiley: Hoboken, NJ,
USA, 2019.

132. Mazzone, R.; Zwergel, C.; Artico, M.; Taurone, S.; Ralli, M.; Greco, A.; Mai, A. The emerging role of epigenetics
in human autoimmune disorders. Clin. Epigenetics 2019, 11, 34. [CrossRef]

133. Imgenberg-Kreuz, J.; Sandling, J.K.; Nordmark, G. Epigenetic alterations in primary Sjögren’s syndrome—An
overview. Clin. Immunol. 2018, 196, 12–20. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1155/2016/8797206
http://dx.doi.org/10.1186/s13148-019-0632-2
http://dx.doi.org/10.1016/j.clim.2018.04.004
http://www.ncbi.nlm.nih.gov/pubmed/29649576
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Epigenetic Modifications in SjS and PBC 
	DNA Methylation/Hydroxymethylation 
	DNA Methylation/Hydroxymethylation in SjS and PBC 
	Genome-Wide Analysis of DNA Methylation in SjS and PBC 
	Histone Modifications 
	Histone Modifications in SjS and PBC 
	Micro-RNAs (miRNAs) 
	miRNAs in SjS and PBC 

	Overview and Future Perspectives 
	Conclusions 
	References

