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Abstract

The pathogenic origin of autoimmune diseases can be traced to both genetic susceptibility and
epigenetic modifications arising from exposure to the environment. Epigenetic modifications
influence gene-expression and alter cellular functions without modifying the genomic sequence.
CpG-DNA methylation, histone-tail modifications, and micro-RNAs (miRNAS) are the main
epigenetic mechanisms of gene regulation. Understanding the molecular mechanisms that are
involved in the pathophysiology of autoimmune diseases is essential for the introduction of
effective, target-directed, and tolerated therapies. In this review, we summarize recent findings
that signify the importance of epigenetic modifications in autoimmune disorders while focusing on
systemic lupus erythematosus (SLE). We discuss future directions in basic research, autoimmune
diagnostics, and applied therapy.

The concept of epigenetics and its involvement in autoimmune diseases

Despite the multitude of approaches utilized for determining the origin of autoimmune
diseases, a definitive understanding of the pathogenic mechanisms involved remains poorly
defined. Although Mendelian inheritance has been demonstrated for rare disorders, most
autoimmune diseases are associated with polymorphisms in susceptibility genes and
transmission rates are significantly lower than expected [1]. In these cases, environmental
factors appear to influence disease onset, progression, and outcome [2].

Recently, the influence of epigenetic mechanisms in autoimmune diseases has been
investigated in multiple studies. Epigenetic modifications can influence gene expression,
thereby altering cellular function without modifying the genomic sequence [3]. They play a
central role in controlling tissue and signal specific gene expression and are responsible for
the determination of defined gene expression profiles of tissues and cellular subsets, such as
tissue specific cytokine expression of the T helper subsets [3]. It is becoming clear that
epigenetic mechanisms contribute to a variety of disorders, including autoimmune diseases.
Environmental factors can modify epigenetic marks, influencing disease onset and
progression. Three main epigenetic processes are in the center of epigenetic control: DNA
methylation, nucleosome repositioning by histone modifications, and micro-RNAs
(miRNAS) [4].

Systemic lupus erythematosus (SLE) is a multi-factorial autoimmune disease with a wide
range of clinical manifestations and severity. SLE is characterized by multi-system
involvement, phases of remission and relapse, and the presence of autoantibodies against
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nuclear, cytoplasmic, and cell surface antigens [7]. Despite years of study, the mechanisms
responsible for loss of immune tolerance remain to be elucidated. Dysregulation of B- and
T-lymphocyte function [6, 7], transcription factor and cytokine expression, and antigen
presentation have been reported in a disease activity-dependent manner [5, 7]. In some
patients, the pathogenic process has been attributed to single gene effects, such as
complement factor deficiencies [8] or TREX1 mutations [9]. Still, the majority of SLE
patients exhibit disease that is multigenic and/or multifactorial in origin. Predisposing
genetic variations include well-established susceptibility alleles in the major
histocompatibility complex region (HLA*DRB1503 [10]), interferon-regulatory-factor 5
(IRF5), signal transducer and activator of transcription 4 (STAT4), tyrosine protein kinase
(BLK), B-cell scaffold protein with ankyrin-repeats (BANK1), programmed-cell-death 1
(PDCD1), methyl-CpG-Binding Protein 2 (MECP2), and tumor-necrosis-factor superfamily
member 4 (TNFSF4) genes [11].

Regardless of a growing number of known predisposing alleles, not all carriers develop
clinical disease. Patients with the same or similar alleles may present with different disease
course, and the penetrance of SLE in monozygotic twins is 25-45% [10, 11]. This suggests
that additional environmental factors, including diet, drugs, exposure to toxins, or a history
of infections, play important roles in disease onset and progression.

Additional autoimmune disorders, including rheumatoid arthritis, scleroderma, type 1
diabetes, and multiple sclerosis have been associated with epigenetic alterations (Box 1). At
this point, data elucidating the involvement and pathophysiologic relevance of epigenetic
patterns in these autoimmune diseases is limited, as compared to SLE. Therefore, we discuss
the involvement of the main epigenetic mechanisms in the pathogenesis of autoimmune
diseases while focusing on SLE. Understanding epigenetic mechanisms in the
pathophysiology of autoimmune diseases will help to establish more target-directed therapy
with reduced systemic side effects. It will allow clinicians to better address inter-individual
differences in the pathophysiology and clinical presentation of variable diseases, such as
SLE.

Box 1
Further autoimmune diseases associated with epigenetic alterations

In addition to SLE, other autoimmune diseases have been shown to be associated with
epigenetic alterations and impaired gene expression. Several complex diseases are
currently the focus of intensive research. Epigenetics will presumably gain even more
importance in understanding multifactorial disorders and fill the gap between the
genomic predisposition of an individual and the development of a specific disease
phenotype.

Rheumatoid arthritis is a systemic autoimmune disease that results in the destruction of
affected joints. Similar to SLE, the pathogenesis is complex and not completely
understood. It has been suggested that genetic risk factors (HLA-DRB1*0401, *0404,
PTPN22) in concert with environmentally induced (epigenetic) alterations result in
immune-dysregulation [12-14].

Systemic scleroderma is a rare condition of unknown origin that shows characteristics of
autoimmune diseases with over-expression of pro-inflammatory cytokines, progressive
vasculopathy, and excessive collagen-deposition [13]. Because a high prevalence of
systemic scleroderma in specific geographic locations has been reported, environmental
factors, particularly inhaled chemicals, are suggested to play a role in disease
pathogenesis[15].
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Multiple sclerosis is a chronic inflammatory disease that results in myelin destruction
and subsequent neurodegeneration. Etiology and pathophysiology are complex with
genetic predisposition (MHC complex), polygenic inheritance with incomplete
penetrance, environmental risk factors, and temporal and special dynamics[16-18, 28].

Type 1 diabetes is a T lymphocyte mediated autoimmune disease. While susceptibility
genes have been reported (MHC class I, insulin, PTPN22, CTLA4, IL-rRA), increasing
evidence support the idea that additional, namely, environmental factors are involved [13,
28].

Sjogren’s syndrome is an autoimmune disease that affects salivary and lacrimal glands,
causing symptoms of xerophthalmia and/or xerostomia. A subset of patients with SLE,
rheumatoid arthritis, or scleroderma exhibit clinical features that overlap with Sjogren’s
syndrome (secondary Sjogren’s syndrome). Regardless of a large number of attempts to
find genetic and environmental factors that cause the disease, the pathogenesis remains
unknown [13].

DNA methylation

Transcription factors need to bind to corresponding cis-DNA sequences to regulate gene
transcription. Thus, transcription factors require an accessible DNA structure, and the most
efficient way of gene silencing is to prevent transcription factor binding to DNA. One way
to prevent binding is the addition of methyl groups by DNA methyltransferases (DNMTSs) to
the 5’ carbon position of cytosine within cytosine-phosphate-guanosine (CpG)-dinucleotides
(Figure 1A) [3, 4]. DNMT1 is responsible for re-methylation of hemi-methylated CpGs
during cell-division and thereby maintains DNA methylation patterns; DNMT3a and b
produce de-novo methylation. Dysregulation of DNA methylation has been linked to the
expression of multiple diseases, depending on the genomic region and the genetic
background of an individual [3].

In SLE, a generally hypomethylated state of T and B lymphocyte genes has been reported
[4, 19]. CD4* but not CD8* T lymphocytes from SLE patients have recently been reported
to display gene hypomethylation when compared with normal controls [4, 19]. The degree
of hypomethylation correlates with disease activity, and numerous methylation-sensitive
genes are overexpressed in lupus CD4* T cells: cytokine genes (1L4 [20], IL6 [21], IL10,
and IL13 [22]) and co-stimulatory molecules (CD70/CD26L [23], CD6 [24], CD11A [25],
and CD40L/CD154 [26]). SLE-associated DNA hypomethylation results in an
overexpression of CD8" T lymphocyte and NK cell-specific perforin (PRF1) [27, 28],
stimulatory and inhibitory Killer-cell-1g-like-receptor (KIR) [29], and the serin/threonine
protein-phosphatase gene PP2A [30, 31]. The expression of CD5 on the surface of B
lymphocytes is reduced in SLE, secondary to hypomethylation of an intracellularly
expressed truncated CD5 variant (CD5-E1B). Reduced CD5 expression on the cellular
surface promotes autoreactivity [32]. The involvement of DNA methylation in X-
chromosomal silencing and sex chromosomal balance provides a potential explanation for
the female predominance in SLE [32]. Females are characterized by partial suppression of
X-chromosomal activity by methylation of specific regions (Figure 1B) [33]. This
mechanism contributes to the balancing of copy number differences of X-chromosomal
genes between females and males. CD40 ligand is a B lymphocyte costimulatoy molecule,
and is encoded on the X-chromosome. It is overexpressed in CD4* T lymphocytes from
female SLE patients, and contributes to the expression of pathogenic antibodies.
Hypomethylation of the inactivated X-chromosome in CD4* T cells of female SLE patients,
and experimental demethylation with 5-azacytidine, results in over-expression of CD40
ligand. CD4* T lymphocytes from male SLE patients and 5-acazytidine treated CD4* T
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lymphocytes from men did not show increased CD40 ligand expression due to the fact that
the male X-chromosome is demethylated under physiological conditions [26].

Further evidence for the involvement of reduced DNA methylation in SLE has been
provided by a study that investigated disease discordant monocygotic twins [18]. Diseased
twins presented with significantly reduced CpG-DNA methylation when compared to their
healthy siblings. This was accompanied with changes in DNA methylation and the
expression of ribosomal RNA genes that were independent of changes in repetitive
sequences [18].

Sequences derived from human endogenous retrovial elements (HERV) account for about
8% of the human genome (while 3% of the human genome encodes for genes indispensable
for life). Integration of HERVSs in the human genome occurred millions of years ago through
exogenous retroviral infections. Over multiple generations, transmission became vertical and
Mendelian. Retro-elements are flanked by long terminal repeats and inactivated by DNA
methylation, supercoiled conformation, or mutations [4, 28]. Recently, methylation-levels of
the HERV long interspersed repetitive element-1 (LINE-1) in CD4", and CD8* T
lymphocytes and B lymphocytes of SLE patients were reported to be decreased [34].
Activation of HERVs presumably results in a general disturbance of gene expression, in
particular of genes that may contribute to the development of autoimmune diseases [4, 28,
34].

Clinical experience had shown that tuberculosis patients treated with hydralazine or
procainamide develop SLE- and RA-like symptoms. The ability to reproduce similar
symptoms in mice treated with hydralazine allowed researchers to investigate the role of
DNA methylation in these autoimmune disorders. Hydralazine and procainamide de-
methylate CpG-DNA sequences through direct impairment of DNMT1-activity
(hydralazine) or the inhibition of the extracellular-signal regulated kinase (ERK) pathway
(procainamide), which is central for the induction of DNMT1 and DNMT3 expression [28].
Various in vitro and in vivo studies using de-methylating agents support the hypothesis that
DNA hypomethylation plays a pathophysiological role in SLE [4, 19]. Studies have shown
that these agents induce lupus-like features in both animal models and human T
lymphocytes. Adoptive transfer of demethylated T lymphocytes into young (< 12 weeks)
DBA/2 mice induced a lupus-like disease with glomerulonephritis and autoantibody
production [4, 19]. Demethylated CD4* T lymphocytes from healthy individuals exhibit
gene expression patterns that are similar to those of SLE T cells. T lymphocytes become
auto-reactive, begin to spontaneously lyse syngeneic macrophages, and induce B
lymphocyte activation and antibody-production [4, 19]. Further evidence for the role of
DNA demethylation in SLE was provided by studies in lupus-prone MRL/lpr mice. DNA
methylation levels in the thymus and axillary lymph nodes of 20-week-old diseased animals
are significantly reduced, when compared to 4-week-old asymptomatic animals [4, 19].

However, the molecular mechanisms that underlie DNA hypomethylation in SLE remain
unclear and represent the focus of current research. An interesting clue to help explain T
lymphocyte hypomethylation in SLE patients is the finding that the mitogen-activated
protein kinase (MAPK)/ERK pathway can regulate DNMT levels [4, 19]. The application of
ERK pathway inhibitors, such as hydralazine, to B and T lymphocytes result in
overexpression of methylation-sensitive genes. It has been further demonstrated that a defect
in protein kinase C & (PKC3) induction in T lymphocytes results in downregulation of the
ERK pathway and a subsequent lack of DNMT1-activation in SLE T lymphocytes [4, 19,
35]. This is supported by the finding that PKC3-deficient mice develop SLE-like symptoms
including B lymphocyte expansion, autoantibody production, IL-6 overexpression, and
spontaneous germinal-center formation [28].

Trends Mol Med. Author manuscript; available in PMC 2012 December 1.
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At least three additional molecules have been suggested to be involved in DNA
demethylation in SLE: growth arrest and DNA damage-inducible protein alpha (GADD45a),
activation-induced deaminase (AID), and methyl-CpG-binding domain 4 (MBD-4) related
G:T glycosylase. GADD45a is suspected to promote demethylation by interacting with AID
and MBD-4. Thus, GADDA45a directly participates in DNA-demethylation through a
mechanism which involves 5-methyl-cytosine-deaminases and a G:T mismatch-specific
thymine glycosylase [19, 36] (Figure 1C). GADD45a is overexpressed in CD4* T cell from
SLE patients [37]. Interestingly, GADD45a mRNA has been reported to be upregulated in
SLE CD4* T cells in response to UV-irradiation and may explain the sun exposure-related
autoimmune phenomena observed in SLE patients [19, 37]. Nevertheless, studies on
DNMT-expression in SLE patients have produced conflicting results. DNMT1 and
DNMT3a have been reported to be downregulated in SLE CD4* T lymphocytes in some
[38, 39], but not all, studies [40, 41]. Conflicting results may be due to variability in disease
activity as well as discrepancies between DNMT-expression levels and protein activity. The
fact that DNA demethylation can occur in a tissue-, cell-, or region-specific manner and that
measurements of gross expression levels may be strongly influenced by the sample further
complicates the resolution of this issue.

Histone modifications

A nucleosome is the basic subunit of chromatin and comprises 146 base pairs of DNA coiled
around a histone octamer. The histone octamer consists of two copies each of the histone
proteins H2A, H2B, H3 and H4. Histone complexes possess flexible N-terminal tails that are
accessible to post-translational modifications and strongly impact the functional capacities
of nucelosomes [4]. Modifications include histone acetylation, methylation, ubiquitination,
phosphorylation, sumoylation, deimination (or citrullination), ADP-ribosylation and proline-
isomerization [42]. Each histone-tail modification facilitates specific changes in nucleosome
arrangement and chromatin-structure. Histone H3 lysine 9 (H3K9) acetylation, for example,
is associated with transcriptional activation, and H3K9 methylation represses transcriptional
activity [43]. DNA methylation and histone modifications are often coincident, and are
interconnected by a multitude of mechanisms [44]. The aforementioned methyl-CpG-
binding domain (MBD) proteins selectively bind methylated DNA and recruit histone
deacetylase (HDAC) and/or histone methyltransferases (Figure 2) [45]. Tri-methylation of
H3K4, a transcription-activating variant, blocks the binding of DNMT3a and suppresses
DNA methylation in these regions [46].

The histone modification patterns that have been reported in SLE are complex. There is
evidence that tissue-specific acetylation in some regions is associated with disease activity,
whereas histone acetylation in other regions seems to have protective effects [47, 48, 49].
Experimental data is available for the TNF-o promoter in SLE, and histone hyperacetylation
has been shown to be associated with increased monocyte maturation and TNF-a expression
in SLE patients [48]. However, it remains unclear if this represents a pathogenic step, or
rather an effect of the pathophysiological changes in SLE. Treatment of T lymphocytes from
healthy donors with HDAC inhibitors resulted in decreased CD3( chain expression,
resembling signaling abnormalities observed in patients with SLE [48] which further
supports the role of histone hyperacetylation in SLE. One example of a disease-related
HDAC-regulated locus in SLE is IL2. The cAMP response element (CRE) modulator o
(CREMOo) is a ubiquitously expressed transcription factor belonging to the CREB family of
transcription factors. CREM is overexpressed in SLE T cells [50] and is responsible for the
termination of I1L-2 expression in T lymphocytes. CREMa was shown to recruit HDAC to
CRE sites in the IL2 promoter, causing histone de-acetylation and contributing to the
silencing of IL2 in SLE T cells [51]. The involvement of histone modifications in the
pathophysiology of SLE is further supported by studies in lupus-prone mice. The histone
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deacetylase Sirtuin-1 (Sirtl) is overexpressed in MRL/Ipr CD4* T lymphocytes, whereas
E1A binding protein p300, P300/CBP-associated factor, and HDACT are expressed at lower
levels when compared with MRL/MPJ mice [52]. Suppression of Sirtl activity by anti-Sirt1
miRNA resulted in transient elevation of H3 and H4 acetylation, and reduction of anti-DNA
titers, glomerular 1gG deposition, and renal pathology scores [18]. In another study, the
application of HDAC inhibitors resulted in downregulation of IL-6, IL-10, IL-12, and IFN-y
levels in MRL/Ipr splenocytes in vitro and in improvement of proteinuria,
glomerulonephritis, and spleen weight in vivo [47]. Considering that HDAC-treated cells
exhibit autoantigens that strongly react to SLE-derived autoantibodies, the hypothesis has
been put forward that hyperacetylation of genes related to apoptosis or the cell cycle play a
role in SLE [52].

The involvement of histone modifications in the pathogenesis of autoimmune diseases is
almost certain. Still, histone hyperacetylation and hypoacetylation seem to occur in both
region- and tissue-specific fashions, and this may explain some of the antithetic in vivo and
in vitro results discussed above. HDAC recruitment and hypoacetylation in some regions
seem to coexist with hyperacetylation in other regions. The application of HDAC inhibitors,
resulting in genome-wide acetylation of histones, seems to improve the symptoms in lupus-
prone mice [47] and mice induced to develop rheumatoid arthritis [53], whereas
hyperacetylation of various genetic loci in human SLE is associated with disease severity
[48].

Epigenetic modifications enhance immunogenicity and auto-antibody
production

The aforementioned components of the nucleosome are a major antigen source in SLE and
other autoimmune diseases. Years prior to the development of clinical symptoms, SLE
patients exhibit antinuclear antibodies and antibodies against extractable nuclear antigens
[54]. Nucleosomes and histones as well as both single- and double-stranded DNA are
detected in the serum of SLE patients and lupus-prone mice [55]. The presence of these
intra-cellular components in the circulation has been explained by aberrant apoptosis and/or
reduced clearance of apoptotic cells [19, 56]. SLE-specific auto-antigens were also detected
in surface-blebs of late apoptotic cells [19]. Similarly, rheumatoid factor and anti-
citrullinated antibodies precede the appearance of clinical rheumatoid arthritis by several
years [12].

Thus, several authors have suggested that the hypomethylated state and de-methylated DNA
fragments in the serum of SLE patients can mimic microbial DNA and induce the
production of anti-DNA-antibodies that play a role in the pathophysiology of SLE [4, 19].
Furthermore, mice deficient in factors required for the clearance of apoptotic cells, such as
DNAse 1, serum amyloid P/C-reactive protein, C1q, IgM, and the Mer receptor kinase,
develop anti-nucleosome antibodies and glomerulonephritis [19, 55]. Lupus-derived
autoantibodies strongly react with histones modified during apoptosis [19]. These apoptosis-
induced histone madifications include histone acetylation, de-ubiquitination of H2A,
transglutamation of H2B, and phosphorylation of H2A, H2A. X, H2B, and H3 [57, 58].
Because peptides that carry apoptosis-induced acetylation motifs can accelerate both disease
onset and severity in lupus-prone mice, it appears possible that apoptosis-induced chromatin
changes can disrupt immune tolerance and result in autoimmune diseases [4, 19, 57]. More
than 200 non-histone proteins have also been identified as HDAC substrates. Given the
results discussed above, some of these proteins are likely targets in SLE and other
autoimmune diseases [28].

Trends Mol Med. Author manuscript; available in PMC 2012 December 1.
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These findings suggest that the presence of extracellular demethylated DNA and specific
histone modifications, particularly those associated with apoptosis, play a central role in the
pathogenesis of SLE and other autoimmune diseases (Box 2). Because a number of the
aforementioned modifications to CpG-DNA sequences, histones or other nuclear proteins
are disease specific, they may prove useful as disease biomarkers [41, 59].

Box 2
Epigenetic mechanisms in autoimmune diseases

In rheumatoid arthritis, various disease-specific epigenetic patterns have been reported.
Rheumatoid arthritis synovial fibroblasts (RASF) play a central role in disease onset and
progression [61]. Decreased global (RASF) and local (LINE-1 promoter) DNA-
metylation has been reported [61-63]. Demethylated CpG elements within the 1L6
promoter of monocytes are associated with monocyte activation and inflammation [61,
64]. In accordance with these finding, demethylation of normal fibroblasts with 5-
acazytidine results in RA-like phenotypes [61]. Interestingly, due to increased DNA
methylation, death-receptor-3 (DR-3) is downregulated in rheumatoid arthritis patients’
monocytes. This results in resistance to apoptosis and may account for extended pro-
inflammatory responses [13, 65]. Furthermore, the balance between histone acetylation
and deacetylation through HDACs is disrupted in rheumatoid arthritis, resulting in a
hyperacetylated genome [61, 66]. HDAC-inhibitors on the other hand improve symptoms
in murine rheumatoid arthritis models and reduce the expression of vascular endothelial
growth factor in-vivo [54]. This results in reduced angiogenesis in synovial tissue in
collagen-antibody induced arthritis [66].

Scleroderma is characterized by tissue and organ fibrosis. Cultured scleroderma
fibroblasts exhibit disease-specific cytokine-profiles, including over-expression of TNF-
a. Fibroblasts maintain a profibrotic phenotype when transferred to in-vitro settings [67].
An involvement of aberrant DNA methylation and histone acetylation has been suggested
[4, 13, 67], but direct evidence remains to be provided. Co-culture of fibroblasts with
HDAC-inhibitors results in increased expression of the transcription factor FL1, resulting
in increased collagen-production in fibroblasts [67].

In type 1 diabetes, susceptibility genes have been reported, but additional factors are
involved in the pathogenesis [13, 28]. Epigenetic analysis of concordant twins
demonstrated significantly increased DNA methylation, when compared to healthy
individuals. Epigenetic variation may result in impaired homocysteine metabolism and
subsequent tissue damage, impaired lymphocyte function and pancreatic islet-cell repair
mechanisms [13].

In multiple sclerosis patients, a 30% reduction of DNA methylation in white matter
lesions has been reported. Furthermore, hypomethylation of the promoter region of the
peptidyl-arginine-deaminase 1l (PAD2) gene has been demonstrated [13]. PAD2 is
involved in the citrullination of myelin-basic-protein (MBP) and overexpressed in
multiple sclerosis patients. Citrullination of MBP may play an important role in protein
auto-cleavage [13]. Thus, proteolytic digestion and myelin instability may result in
enhanced T lymphocyte responses and inflammation [13]. The clinical improvement of
mice that were induced to develop multiple sclerosis in response to HDAC-inhibitor
treatment suggests an involvement of histone modifications [68]. Still, findings are
somewhat preliminary and genome-wide studies on epigenetic mechanisms, including
DNA methylation and histone modifications are in progress.

Trends Mol Med. Author manuscript; available in PMC 2012 December 1.
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Mi-RNAs are 21 to 23 base pair RNAs and function as post-transcriptional and post-
translational regulators of gene expression. MiRNAs are transcribed from genomic,
intergenic DNA by RNA polymerase 11 or 111 as preliminary transcripts (pri-miRNAS)
(Figure 3) that are then cleaved by the nuclear ribonuclease Drosha [68—70] and exported to
the cytoplasm. The cytoplasmic enzyme Dicer further processes the transcripts into mature
miRNAs [71, 72]. One or both strands form complexes with ribonucleoproteins (RNPs) and
express regulatory effects [28, 73, 74]. MiRNA function can be executed by duplex
formation with target genes in the 3’ untranslated region (3'UTR) of messenger RNA
(mRNA). This interaction can lead to downregulation of gene expression by translational
repression, mMRNA cleavage, or translational arrest [75, 76]. Up to 12000 miRNAs are
suspected to control 1/3 of the human transcriptome and are involved in the regulation of
cell-differentiation, cell-cycle programming, apoptosis, and immune-regulation [28, 76-78].
Several authors categorize miRNAs, together with DNA methylation and histone
acetylation, as one of the three central epigenetic mechanisms [4, 28]. This is supported by
the discussion that miRNAs originate from larger intergenic transcripts, and that intergenic
transcription was suggested to be at the interface between chromatin remodeling and
transcription of adjacent genes [3]. There is a tight correlation between chromatin structure
and the presence of intergenic transcripts which seem to permit interactions between distal
regulatory regions and core promoters [3]. Other groups discuss miRNAs as a separate
regulatory mechanism. Still, miRNAs are characterized by a close relationship and complex
interplay with DNA methylation and histone modifications [79]. Using mouse models,
several authors addressed the question of whether miRNAs are contributing to immune-
regulation. MiR-181a has been shown to be involved in T cell development by modulating
TCR signaling-related phosphatases [80]. Several groups have demonstrated an important
role of miR-150 in B lymphocyte development [70, 81, 82] by regulating the expression of
c-Myb. MiR-150~/~ mice presented with dysregulation of B lymphocyte development and
displayed steady state levels of serum immunglobulins, as well as enhanced T-lymphocyte
dependent immune responses, presumably secondary to increased c-Myb levels [70].

The close involvement of miRNAs in multiple regulatory mechanisms of cell-differentiation
and immune-regulation comprises a huge potential for cell dysfunction and expression of
disease pathology. Still, the number of miRNAs that seem to be associated in the
pathogenesis of patients with SLE and lupus-prone mice remains limited. The groups of
miRNAs identified so far are involved in 1) the regulation of innate immunity (miR-146a)
by abnormal activation of the type I interferon pathway [83], 2) inflammatory responses
(miR-125a) by suppressing KLF13 and RANTES [84], and 3) DNA methylation (miR21
and miR-148a) [70, 85]. To date, miR-17-92 mice, which over-express miR-17-92 in B and
T lymphocytes, are the only available murine miRNA model system that displays SLE-like
manifestations [86]. Mice that ectopically express the human miR-17-92 cluster develop
generalized lymphoproliferative disease with increased numbers of activated CD4* T
lymphocytes, antigen-experienced CD4* and CD8* T lymphocytes, Bla, and germinal-
center B lymphocytes. Animals develop autoimmune phenomena with elevated anti-DNA
antibody titers. Pro-apoptotic-factors Pten and Bim are predicted targets of miR-17-92. Pten
and Bim levels were reduced in CD4* T lymphocytes of miR-17-92 mice, suggesting that
lymphocyte expansion may be caused by downregulation of these regulatory factors [86].

There seems to be a strong interplay between miRNAs and other epigenetic control
mechanisms. Among the known genes regulated by miRNAs, there are several which are
involved in the epigenetic regulation of cellular functions, including DNA methylation and
histone modifications. MiR-29 and miR-143 directly influence DNA methylation by
regulating DNMT3a and DNMT3b-expression [87—-89]. A recent study demonstrated the
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involvement of miR-126 in the regulation of DNA methylation in SLE CD4* T cells by
interaction with the 3'UTR of DNMT1. Over-expression of miR-126 in CD4* T cells
resulted in demethylation of CD11A and CD70, causing T and B cell hyperactivity [90].

Recently, downregulation of miR-181-a in children with SLE was demonstrated, resulting in
upregulation of the miR-181-a target gene P300/CBP-associated factor (PCAF). It was
proposed that upregulation of PCAF may impact ubiquitination levels of Hdm2, a negative
regulator of tumor suppressor protein p53, resulting in the induction of apoptosis in children
with SLE [91]. MiRNA expression itself can be regulated by DNA methylation and histone
modifications. DNMT-inhibitors and HDAC-inhibitors have been shown to result in an
upregulation of miRNA expression [28, 92, 93].

Several of the aforementioned miRNAs and others are involved in other autoimmune
disorders and discussed in Box 3.

Box 3
MiRNASs in autoimmune diseases

A growing number of reports hint to the involvement of miRNAs in autoimmune
diseases other than SLE.

In rheumatoid arthritis animal models, Rheumatoid arthritis synovial fibroblasts
(RASFs) are characterized by the expression of a number of distinct miRNAs, including
the aforementioned miR-146a and miR-155 [94]. TNF-a, and IL-1 enhance miR-155,
which suppresses metalloproteinases in RASFs. MiR-203 was up-regulated in RASF in a
DNA methylation-dependent manner. MiR-203-over-expression results in a pro-
inflammatory phenotype with upregulation of IL-6 and matrix-metalloprotease-1 [95].
HDAC:s are regulated by miR-140 (HDAC4 in a mouse cartilage cell line), miR-2861
(HDACS in osteoblasts), and miR-449a (HDACL in a prostate cancer cell line) [96-98].
MiR-146 is up-regulated by pro-inflammatory cytokines and exhibits negative regulatory
functions on NF«B pathways in monocytes from rheumatoid arthritis patients [14].

The same miR-146, and two further miRNAs, miR-574-3p and miR-768-3p, were
confirmed to be up-regulated in the salivary glands and peripheral tissues of Sjogren’s
syndrome patients [99, 100]. Diabetic mice with associated Sjogren’s syndrome exhibit
upregulation of miR-146 and miR-150 in salivary glands and peripheral lymphocytes
[100].

Concluding remarks

A growing body of evidence implicating the involvement of epigenetic mechanisms in
immune programming and the development of autoimmune diseases has accumulated over
recent years. Reduced DNA methylation, histone hypoacetylation and hyperacetylation, and
the overexpression of certain miRNAS, resulting in immune imbalance, have been shown to
be associated with the onset and progression of autoimmune diseases (Table 1).
Nevertheless, recent studies provide only the basis for understanding the impact of
epigenetic modifications in the expression of autoimmune diseases. Current research aims to
address the interconnections between chromatin state, transcription factor expression and
DNA-accessibility, resulting cytokine dysregulation, and clinical phenotypes. Further
understanding of molecular mechanisms that cause and result from disease-associated
epigenetic patterns is required in order to understand the pathophysiology of autoimmune
diseases and to be able to introduce preventive measures for individuals with genetic
predisposition and more rational therapeutic modalities. Understanding the pathophysiology
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of SLE, and other autoimmune diseases with overlapping and variable features, will help to
establish more individually optimized treatment options and provide the option to reduce
disease and treatment associated morbidity and mortality.
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Glossary

Cis-DNA sequences

CpG sites/CpG DNA

Epigenetics

Glomerulonephritis

elements that regulate gene expression within the same molecule
(usually chromosomes). Cis elements summarize CpG DNA,
promoter and enhancer regions, locus control regions, and matrix
attachment sites. In contrast to cis regulatory elements, trans
elements can regulate the expression of distant genes. Examples
for trans regulatory elements are transcription factors, RNA
polymerases, chromatin remodeling complexes, and histone
modifying enzymes (such as de-acetylases, methyltransferases,
etc.)

sequences within double-stranded (genomic) DNA in which a
cytosine nucleotide is followed by a guanine nucleotide. In
mammalian DNA, cytosine and guanine are separated by a
phosphate group that links nucleotides together. Thus, the term
“CpG” is used to distinguish between linear DNA sequences
from other “CG” base-pairing. CG-rich regions are usually
located within regulatory regions of promoters and are frequently
referred to as CpG islands. In mammalian genomes, CpG islands
are usually 300 to 3,000 base pairs long and appear in up to 50%
of all human promoter regions

group of regulatory mechanisms that modify gene expression,
without changing the underlying genomic sequence. This is
accomplished by the reorganization of nucleosomes, resulting in
variable transcription factor and RNA polymerase binding to
DNA. Examples for epigenetic modifications are DNA
methylation, and histone modifications, which will be explained
in more detail in the article. Epigenetic modifications are
generally dynamic, but can also remain through cell division and
be passed on from generation to generation. Epigenetic
modifications have been shown to be involved in the
pathophysiology of multiple disorders, including autoimmune
disease

renal disorder that is characterized by inflammation of glomerula
(the filtration organelles of the kidney) and/or small blood
vessels. It is frequently associated with systemic autoimmune
disorders, including SLE. Glomerulonephritis is one of the main
contributors to morbidity and mortality in SLE. Diagnosing
microscopical pathological patterns can be critical for the
diagnosis of autoimmune diseases and optimized, subtype
specific treatment
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Human endogenous sequences in the human genome that are derived from ancient
retroviral elements viral infections. HERVSs are suspected to be of retroviral origin
(HERV) and became integrated into the human genome. They are usually

silenced by DNA methylation. Activation of HERVS has been
suggested to result in a general disturbance of gene expression, in
particular of genes that may contribute to the development of
autoimmune diseases

Proteinuria presence of (excess) serum protein in the urine. In clinical

settings, especially during the diagnosis and follow-up of patients
with glomerulonephritis, proteinuria is used as a measure for
disease activity and severity

Transcription proteins that specifically bind to DNA sequences within

facto
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Figure 1.

A) Structure of cytosine and 5-methyl-cytosine. DNA methyltransferases (DNMTS)
methylate cytosine groups in CpG sequences.

B) Schematic representation of DNA methylation patterns in a silenced region (upper panel),
compared to a transcriptionally active region (lower panel). Open circles represent un-
methylated, filled circles methylated CpGs.

C) Methylated CpG (C™pG) demethylation by GADD45a. DNA demethylation may occur
through a two-step enzymatic process, promoted by GADDA45a. The first step involves
deamination of C™pG nucleotides by activation-induced deaminase (AID), generating a
thymine product and a G:T mismatch. The second step involves thymine base removal by
methyl-CpG-binding domain 4 (MBD-4). In the following, the missing base gets replaced
by a non-methylated cytosine group, resulting in demethylation of C™pG dinucleotides [36].
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Figure 2.

A) Nucleosome arrangement in transcriptionally inactive heterochromatin and active
euchromatin. Compact heterochromatin is characterized by dense nucleosome packing,
repressive histone modifications and high degrees of DNA methylation (purple circles).
Euchromatin is characterized by de-compaction of nucleosome fibers, permissive histone
modifications and a low degree of DNA methylation. In accessible regions, transcription
regulatory factors can bind to DNA motifs and induce transcription. In these regions, DNA
is accessible to DNases (DNase hypersensitivity site).

B) Schematic of the (hypothetical) model depicting the interplay between DNA
methyltransferases (DNMTSs) and histone methyltransferases (using the example of G9a).
HP1 is an adapter complex that promotes the interplay between DNMTs and histone
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methyltransferases. Thereby, HP1 promotes DNA methylation by DNMTSs. The association

of DNMTs with G9a could, in turn, allow a direct impact of DNA methylation on H3K9
methylation states [44].
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Y f Pri-miRNAs
Drosha
ribonuclease
Pri-miRNA
(60-80 nucleotides)

miRNA:miRNA duplex
(22-24 nucleotides)

" miRNA-RNP complex

mRNA cleavage l Regulatory effects l Translational arrest

S IITT I T T T TTTTT]d

Protein-coding gene — Coding RNA (cCRNA) —— Gene product: Protein

Figure 3. Schematic display of gene regulation by miRNAs

MicroRNAs (miRNAs) are derived from primary genomic DNA transcripts (pri-miRNAS).
Pri-miRNAs are processed by the ribonuclease Drosha to pre-miRNAS. These are then
transported to the cytoplasm and subsequently processed into mature 21 to 23 nucleotide
miRNAs by Dicer. MiRNAs are incorporated into a RNP complex that exerts regulatory
miRNA functions.

MiRNA regulatory functions are transcript degradation and translational arrest.
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