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Systemic lupus erythematosus (SLE) is a systemic autoimmune disease facilitated 
by aberrant immune responses directed against cells and tissues, resulting in 
inflammation and organ damage. In the majority of patients, genetic predisposition 
is accompanied by additional factors conferring disease expression. While the 
exact molecular mechanisms remain elusive, epigenetic alterations in immune cells 
have been demonstrated to play a key role in disease pathogenesis through the 
dysregulation of gene expression. Since epigenetic marks are dynamic, allowing cells 
and tissues to differentiate and adjust, they can be influenced by environmental 
factors and also be targeted in therapeutic interventions. Here, we summarize reports 
on DNA methylation patterns in SLE, underlying molecular defects and their effect on 
immune cell function. We discuss the potential of DNA methylation as biomarker or 
therapeutic target in SLE.
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Systemic lupus erythematosus (SLE) is a sys-
temic autoimmune disease that can affect 
any organ of the human body. Disease 
expression is facilitated by aberrant immune 
responses directed against cells and tissues, 
resulting in inflammation and organ dam-
age [1]. Despite intense scientific efforts tar-
geting the pathophysiology of SLE, the exact 
molecular mechanisms remain elusive [1,2]. 
Provided familial clusters with several SLE 
patients among first degree relatives, and 
associations with nucleotide polymorphisms 
and copy number variants, genetic factors 
centrally contributing to the pathophysiology 
have been identified. However, mutations in 
single genes (e.g., complement factor genes 
C1q, C2 or C4) explain the onset of disease 
only in a very small number of patients. Fur-
thermore, genetically identical monozygotic 
twins exhibit disease concordance in only 
20–40%. Thus, combined hormonal and 

environmental factors are implicated in dis-
ease expression in genetically predisposed 
individuals [1–4].

Over the past two decades, it has been 
convincingly documented that disrupted 
transcription factor networks and gene 
expression profiles in immune cells con-
tribute to the pro-inflammatory phenotype 
in SLE [1,2,5–7]. However, the identification 
of primary and disease causing molecular 
pathomechanisms versus such phenomena 
secondary to chronic inflammation can be 
challenging. The expression of genes is regu-
lated on multiple levels, including the tran-
scription of DNA into RNA, translation of 
RNA into protein products, and post-transla-
tional inactivation and/or degradation [8–10]. 
In response to the recruitment of transcrip-
tion regulatory factors, cis-DNA sequences 
control gene transcription [6–8,11]. The acces-
sibility of DNA to transcription factors, 
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Figure 1. Modifications to cytosine during DNA methylation. Addition 
of a methyl group to the 5′ carbon position of cytosine within cytosine-
phosphate-guanosine dinucleotides is a highly efficient mechanism for 
preventing transcription factor recruitment. DNA methylation is mediated 
through highly conserved enzymes, so-called DNA methyltransferases. 
DNA hydroxymethylation is the result of oxidation of methylated cytosine-
phosphate-guanosine DNA by ten eleven translocation family enzymes, 
which makes it an intermediate product during active DNA demethylation 
processes. Hydroxymethylated cytosine may actively be removed by DNA 
repair pathways, suggesting a role of DNA hydroxymethylation during 
active DNA demethylation processes.
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however, can be altered by so-called epigenetic events 
that regulate chromatin accessibility without affecting 
the underlying DNA sequence. Covalent addition of 
a methyl group to the 5′ carbon position of cytosine 
within cytosine-phosphate-guanosine (CpG) dinu-
cleotides is a highly efficient mechanism for prevent-
ing transcription factor recruitment (Figure 1). This 
process, referred to as DNA methylation, is mediated 
through enzymes, so-called DNA methyltransferases 
(DNMTs) [6–8,11]. DNMT1 is responsible for remeth-
ylation of hemimethylated DNA during cell division, 
restoring and conserving the methylation patterns of 
the paternal DNA strand, thus referred to as a main-
tenance methyltransferase. DNMTs 3a and 3b confer 
DNA methylation in newly replicated DNA, but may 
also methylate DNA regions that have not been meth-
ylated previously. Thus, they are summarized in the 
group of de novo methyltransferases. However, recent 
evidence suggests that the situation is more compli-
cated and also DNMT1 can be involved in de novo 
methylation [12,13].

DNA methylation is not the only epigenetic event 
and cannot be addressed independently. The cell’s 
genomic DNA is organized and packed as chroma-
tin, a macromolecular complex containing DNA, 
basic histone proteins and nonhistone chromatin 

proteins, including DNA polymerases, RNA poly-
merases and transcription factors. A total of 147 
base-pairs of genomic DNA are coiled around his-
tone octamers, consisting of two copies of each 
histone H2A, H2B, H3 and H4, comprising the 
nucleosome core [6–8,10]. Epigenetic factors mediate 
the repositioning of nucleosomes, resulting in vari-
able accessibility of DNA to transcription factors and 
RNA polymerases, regulating gene expression. Key 
epigenetic modifications in addition to the aforemen-
tioned DNA methylation are histone modifications 
(including methylation, acetylation, ubiquitination, 
phosphorylation, etc.). Of note, DNA methylation 
and histone modifications usually reflect and influ-
ence one another, thus cannot be seen as individual 
or even independent events [14]. Generally, high levels 
of DNA methylation and repressive histone modifica-
tions characterize inactive (hetero-)chromatin, while 
low levels of DNA methylation and permissive his-
tone modifications characterize actively transcribed 
genes.

In immune cells from SLE patient, distinct modi-
fications to the epigenome have been reported, and 
it became almost certain that some of these altera-
tions directly contribute to disease expression and tis-
sue damage rather than being a symptom of chronic 
inflammation and/or secondary to other molecu-
lar events [6,7,11,15]. Epigenetic marks are generally 
dynamic, allowing cells and tissues to differentiate and 
adjust to the (micro-)environment. Since epigenetic 
events regulate cell- and tissue-specific gene expres-
sion, their disruption can result in majorly affected 
tissue homeostasis and damage [6–8,11]. Conversely, 
the dynamic character of epigenetic marks also prom-
ises potential as a therapeutic target in SLE and other 
inflammatory conditions.

For this review, current literature on DNA meth-
ylation in SLE was identified in a PubMed search and 
from the authors’ collection of manuscripts on the 
topic. Relevant articles were selected by the authors, 
who, owing to space limitations, do not claim abso-
luteness, and apologize to colleagues whose important 
work may not have been included. The following will 
include discussion of altered DNA methylation pat-
terns in immune cells from SLE patients, their con-
tribution to inflammation and tissue damage, key 
mechanisms contributing to disturbed DNA methyla-
tion, their potential as disease biomarkers, and poten-
tial therapeutic interventions targeting DNA methyla-
tion in SLE. Interactions between DNA methylation 
and other epigenetic events are briefly discussed. A 
detailed discussion of involved mechanisms, however, 
is beyond the scope of this manuscript and reviewed 
elsewhere [16,17].
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Table 1. Genes with reduced DNA methylation in systemic lupus erythematosus (in alphabetical order).

Gene (protein) (Mainly) expressed 
by

Physiological function Proposed effects in SLE Ref.

CD6 (Cluster of 
differentiation 6)

On the cell surface 
of T cells and some 
other immune cells

Important for continuation of 
T-cell activation

Enhanced T-cell activation [57]

Promoter P1 of CREM 
(cAMP response 
element modulator α)

T cells, multiple 
other cells and 
tissues

Transcription factor, regulating 
multiple cellular functions, 
including cytokine expression 
in T cells

Involved in the generation of 
DN T cells, promotes effector 
phenotypes through the 
regulation of IL-2 and IL-17 in 
CD4+ T cells

[25,26,28,29, 

74,76,118]

ESR1 (estrogen 
receptor 1 or α)

Ubiquitously 
expressed

Nuclear receptor that is 
activated by estrogen

Increased estrogen signaling, 
contributing to immune 
activation (through CREM-α?)

[70,73]

Human endogenous 
retroviral elements 
(HERVs)

Generally all human 
cells, in SLE: B and 
T cells

None. HERVs are the remainders 
of ancient retroviral infections, 
and usually silenced by 
epigenetic events.

Increased expression of 
interferon-related genes 
raised the possibility of a viral 
contribution to SLE; HERV 
protein products have been 
demonstrated to induce (auto-)
antibody production

[45,50,53,55]

IFI44L (interferon-
induced 44-like 
protein)

PBMCs While the function of IFI44L 
is unknown, increased IFI44L 
expression is a component 
of the Type 1 interferon 
response signature and part of 
the cellular response to viral 
infection

‘Interferon signature’ gene 
Global immune activation

[43,185,186]

IKZF4 (IKAROS family 
zinc finger 4, encoding 
for Eos)

Lymphocytes Member of the Ikaros family of 
transcription factors, implicated 
in the control of lymphoid 
development

‘Interferon signature’ gene 
Global immune activation

[42]

IL10 (interleukin-10 
gene, encoding for 
IL-10)

T cells, B cells, 
monocytes, others

Immune regulatory cytokine, 
inhibition of T-cell activation, 
B-cell differentiation, 
activation and immunoglobulin 
production

B-cell activation, (auto-) 
antibody production

[9,35,187,188]

IL17A (IL-17A gene, 
encoding for IL-17A)

T cells, NK cells, 
mast cells, 
neutrophils

Induction of chemokines, 
cytokines, recruitment of 
neutrophils: defense against 
bacteria and fungi

Induction of tissue damage in 
SLE

[26,27,40,41]

IL17F (IL-17F gene, 
encoding for IL-17F)

T cells, NK cells, 
mast cells, 
neutrophils

Induction of chemokines, 
cytokines, recruitment of 
neutrophils: defense against 
bacteria and fungi

Increased CREM-α-recruitment 
> reduced expression of IL-17F > 
increased IL-17A homodimers > 
enhanced inflammation

[27,40,41,118]

IRF7 (Interferon 
regulatory factor 7)

Constitutively 
expressed by 
lymphoid tissues, 
and plasmacytoid 
dendritic cells; 
inducible in many 
cells and tissues

Transcriptional activation of 
virus-inducible cellular genes, 
including type I interferon 
genes

‘Interferon signature’ gene 
Global immune activation

[42]

CREM-α: Cyclic adenosine-monophosphate response element modulator alpha; HERV: Human endogenous retroviral element; PBMC: Peripheral blood mononuclear 
cell; SLE: Systemic lupus erythematosus.
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DNA methylation in the pathophsyiology of 
SLE
DNA methylation shaping the immune system
Closely controlled signal- and receptor-specific gene 
expression patterns define the phenotype of immune 
cells [7,18–20]. Lineage-defining proteins include tran-
scription factors, cytokines and/or chemokines, signal-
ing molecules and surface receptors [18,20]. Regulatory 
and effector T cells are central control elements of 
the immune system, providing inflammatory stimuli 
where appropriate and terminating them to prevent 
tissue damage. Regulatory and effector phenotypes 
exist in the cluster of differentiation (CD)4+, the 
CD8+ and the CD4-CD8- (so-called ‘double negative’; 
DN) T-cell compartments [18,20–22]. Most scientific 
data were generated for the differentiation of CD4+ T 
helper (Th) cell subsets. In human and murine Th1 

cell differentiation, the IFN-γ (IFN) gene undergoes 
epigenetic remodeling including DNA demethylation 
allowing gene transcription, while lineage-inappropri-
ate genes become methylated. For Th2 cells, reduced 
DNA methylation has been reported for the lineage-
defining IL-4 (IL4) gene in humans and mice, while 
Th1 cytokine genes exhibit epigenetic silencing [6–

8,11,18,20,23,24]. In concordance to these findings, Th17 
cells in humans and mice also exhibit permissive DNA 
methylation patterns within the lineage-defining IL-17 
(IL17) cytokine gene cluster [25–27]. Furthermore, 
DNA methylation is also suspected to be involved in 
the generation of murine and human DN T cells from 
CD8+ T lymphocytes in health and disease [28,29]. DN 
T cells comprise a more recently appreciated immune 
cell subset with incompletely understood function. 
Contrary to earlier hypotheses, DN T cells do not only 

Gene (protein) (Mainly) expressed 
by

Physiological function Proposed effects in SLE Ref.

ITGAL (integrin alpha 
L gene, encoding for 
CD11A)

T cells Cellular adhesion and 
costimulation

Increased T-cell-mediated 
inflammation

[189–192]

KIR2DL4 (killer cell 
immunoglobulin-
like receptor 2DL4, 
encoding for KIR)

On the surface of 
NK cells and some 
T cells

Detection of virally infected 
cells or transformed cells

Increased expression of KIR 
on T cells, resulting in T-cell 
activation

[60,66,67]

MX1 (myxovirus 
resistance 1 gene, 
encoding for interferon- 
induced GTP-binding 
protein Mx1, or MxA)

Neutrophils, 
leukocytes

GTPase, mediates resistance 
against RNA viruses

‘Interferon signature’ gene 
Global immune activation

[43]

PP2A (serine/threonine 
protein phosphatase 
2A)

Eukaryotic cells Phosphatase with complex 
functions in many aspects of 
cell function

Increased PP2A expression 
in T cells from SLE patients 
mediates DNA demethylation 
through suppression of MAPK 
signaling pathways and induces 
epigenetic remodeling of the 
IL17 locus

[27,68,69]

PRF1 (Perforin) CD8+ cytotoxic 
T cells and NK cells

Cytolytic protein Perforin expression in CD4+ 
T cells, may contribute to T-cell-
induced death of monocytes/
macrophages in SLE

[64,65]

TNFSF5 (tumor 
necrosis factor ligand 
superfamily member 5, 
encoding for CD40L/
CD154)

Activated T cells Costimulatory molecule, B-cell 
maturation and activation

Increased B cell costimulation 
and antibody production

[59,60,65, 

140,193]

TNFSF7 (TNF ligand 
superfamily member 7, 
encoding for CD70)

Activated T cells B-cell activation, IgG synthesis, 
T-cell costimulation

Increased B cell activation, IgG 
synthesis, T-cell costimulation

[5–7,141]

CREM-α: Cyclic adenosine-monophosphate response element modulator alpha; HERV: Human endogenous retroviral element; PBMC: Peripheral blood mononuclear 
cell; SLE: Systemic lupus erythematosus.

Table 1. Genes with reduced DNA methylation in systemic lupus erythematosus (in alphabetical order) (cont.).
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exist in lymphoproliferative conditions in humans 
(autoimmune lymphoproliferative syndrome) and 
mice (e.g., Murphy Roths large mice homozygous for 
the lymphoproliferation spontaneous mutation [Faslpr]: 
MRL.lpr) [22], but rather exert regulatory and/or 
 effector functions during immune responses [22,30,31].

Altered DNA methylation in SLE results in 
immune dysregulation
Altered epigenetic patterns are a hallmark of immune 
cells in SLE [6,7]. Global DNA methylation is reduced 
in lymphocytes from SLE patients and correlates with 
disease activity [6,7,11]. A number of cytokine genes 
are regulated by epigenetic remodeling and have been 
demonstrated to be hypomethylated in SLE, result-
ing in increased expression in CD4+ T cells (Table 1). 
Some of these cytokines contribute to tissue damage 
and/or (auto-)antibody production, including inter-
leukin (IL-)4 [32], IL-6 [33], IL-10 [34,35], IL-13 [34] and 
IL-17A [6,25,26,36]. Increased expression of pro-inflam-
matory IL-6 is involved in broad immune activation 
through neutrophil differentiation, B- and T-cell acti-
vation, and the induction of immunoglobulin produc-
tion in SLE [37]. The immune-modulatory cytokine 
IL-10 has anti-inflammatory effects on a variety of 
immune cells. However, IL-10 serum and tissue lev-
els correlate with disease activity and tissue damage in 
SLE. This may be due to cell- and tissue-specific pro-
inflammatory functions of IL-10, which is involved 
in the induction of B-cell differentiation, activation, 
and immunoglobulin class switch and increased IgG 
production [38]. Indeed, blockade of IL-10 with anti-
bodies induced remission in a considerable subset of 
SLE patients [39]. The pro-inflammatory effector cyto-
kine IL-17A instigates inflammation and promotes 
antibody production. Increased IL-17A expression was 
detected in T cells and in inflamed tissues from SLE 
patients [2,25,30,40,41].

Most recently, reduced methylation of interferon-
associated genes has been documented in CD4+ T cells 
(IKAROS family zinc finger 4: IKZF4, interferon 
regulatory factor 7: IRF7) and neutrophils (myxovi-
rus resistance 1 gene: MX1, interferon-induced 44-like 
gene: IFI44L, interferon-induced transmembrane pro-
tein 1: IFITM1, poly adenosine-diphosphate ribose 
polymerase 9: PARP9, interferon-induced protein 
with tetratricopeptide repeats 3: IFIT3, DEAD (Asp-
Glu-Ala-Asp) box polypeptide 60: DDX60, lympho-
cyte antigen 6E: LY6E, interferon-stimulated gene 
15: ISG15) from SLE patients [42,43] (Table 1). Type 1 
interferons play a pivotal role in the pathophysiology 
of SLE and associated disorders, and entertain the so-
called interferon signature, increased expression of a set 
of interferon-associated and -dependent genes [44].

Another indication that altered DNA methylation 
and gene expression contribute to the pathophysiol-
ogy of SLE is the reduced methylation of the human 
endogenous retroviral elements. Elevated serum levels 
of type I interferon and increased expression of inter-
feron-related genes raised the possibility of a viral con-
tribution to SLE [45]. Indeed, retroviral infections with 
human T lymphotropic virus type I or HIV-1 resemble 
symptoms of SLE [46]. However, retroviruses have not 
been isolated from patients with SLE. The study of 
lupus-prone New Zealand mice offered an alternative 
explanation for the aforementioned findings: activa-
tion of endogenous retroviral sequences (ERVS) [47]. 
In humans and mice, ERVS were integrated into the 
genome during evolutionary history through retrovi-
ral infections. In modern humans, ERVS account for 
approximately 8% of the entire genome [7,48]. Indeed, 
abnormal expression of an ERVS was reported in 
lupus-prone mice [48,49] and in patients with SLE [50]. 
Furthermore, ERV protein products have been dem-
onstrated to induce (auto-)antibody production [50]. 
Increased transcription of ERVS has been linked to 
two mechanisms: increased transcriptional activity 
through permissive promoter haplotypes within the 
HRES-1 locus [51,52] and reduced DNA methylation 
within human endogenous retroviral elements of B 
and T cells [53], resulting in a general disturbance of 
gene expression, particularly of genes contributing to 
the development of SLE [6]. Furthermore, stimula-
tion of human B lymphocytes with anti-IgM antibod-
ies increased HRES methylation, which was reversed 
in the presence of IL-6 [54]. Without B-cell receptor 
engagement, B lymphocytes from SLE patients are 
hypomethylated as a result of reduced ERK/DNMT1 
signaling [55]. Thus, it is generally accepted that 
HRES-1 is the target of epigenetic regulation in SLE, 
contributing to disease expression through immune 
dysregulation and autoantibody production.

In addition to cytokines, intra- and extracellular 
signaling molecules can be regulated through DNA 
methylation, some of which exhibit alterations in T 
and B cells from SLE patients (Table 1). Reduced meth-
ylation of regulatory regions of genes encoding for 
costimulatory molecules, including TNF ligand super-
family member 7: TNFSF7 (CD70/CD62L) [56], clus-
ter of differentiation 6: CD6 [57], integrin α L: ITGAL 
(CD11A) [58], TNF ligand superfamily member 5: 
TNFSF5 (CD40L/CD154) [59,60] in T cells, and cluster 
of differentiation 5: CD5 [54] in B cells has been docu-
mented [6,7,11,61–63]. Reduced DNA methylation in SLE 
T cells results in expression of usually CD8+ T cell- 
and NK cell-specific perforin (PRF1 gene) in CD4+ 
T cells, likely contributing to increased T cell medi-
ated cell death of monocytes and macrophages [64,65]. 
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Increased expression of the stimulatory and inhibitory 
killer-cell immunoglobulin-like receptor on the surface 
of T cells in SLE patients, resulting in T-cell activation, 
was linked to demethylation of the killer cell immuno-
globulin-like receptor 2DL4 (KIR2DL4) gene [60,66,67]. 
Lastly, T cells from SLE patients are characterized by 
increased expression of the serine/threonine protein 
phosphatase 2A (PP2A), which has also been linked to 
reduced methylation of CpG elements within the prox-
imal promoter of the PP2A gene [68,69]. More detailed 
information on the function and effects of hypo-
methylated genes in immune cells from SLE patients 
are provided in Table 1.

Female predominance is a key characteristic of ‘clas-
sical’ SLE during the reproductive phase (also see later). 
Evidence suggests that this may (at least partially) 
be due to increased estrogen levels in women dur-
ing the reproductive phase [70–72]. Recently, Liu et al. 
demonstrated reduced DNA methylation within the 
proximal promoter of the estrogen receptor 1 (ESR1) 
gene, encoding for the ubiquitously expressed estro-
gen receptor α, in women with SLE and in rheuma-
toid arthritis patients when compared with healthy 
controls, suggesting the involvement of reduced DNA 
methylation and increased estrogen signaling in the 
 pathophysiology of SLE [73].

More recently, it became apparent that DNA meth-
ylation patterns in T cells from SLE patients are even 
more complex. While the aforementioned cytokine 
and signaling molecule genes are characterized by 
reduced DNA methylation, other genes are hyper-
methylated in SLE T cells favoring reduced expres-
sion, including IL-2 [7,25,28,74], the regulatory T-cell 
signature transcription factor Forkhead-Box-Protein 
P3 (Foxp3) [33,75], the surface co-receptors CD8A and 
CD8B [2] and Notch 1 [76], as well as the ubiquitously 
expressed glucocorticoid receptor (GR) [77] (Table 2).

In contrast to the previously discussed pro-inflam-
matory effector cytokines, IL-2 fails to be expressed 
in T cells of SLE patients, which is (at least partially) 
the result of increased DNA methylation of IL2 regu-
latory regions. Altered IL-2 expression contributes to 
reduced numbers and impaired function of regulatory 
T cells in SLE, impaired activation-induced cell death, 
and altered cytotoxic CD8+ T cell function [6]. Regula-
tory T cells are key mediators of peripheral self-toler-
ance that can actively suppress effector T cells, inhibit 
inflammation, and prevent or terminate autoimmune 
processes. Several studies demonstrated increased 
DNA methylation of regulatory regions of the Foxp3 
gene in T cells from SLE patients, which may con-
tribute to reduced gene expression and reduced num-
ber and/or altered function on regulatory T cells in 
SLE [33,75]. During the generation of DN T cells from 

CD8+ T cells, DNA methylation plays a key role in 
silencing CD8A and CD8B expression. Site-specific 
DNA methylation contributes to epigenetic remodel-
ing of the CD8 gene cluster and subsequent down-reg-
ulation of CD8 co-receptor expression of the surface 
of T cells from SLE patients and lupus-prone MRL.lpr 
mice, contributing to expanded numbers of DN T cells 
in the peripheral blood and tissues [28,30,78]. DN T cells 
in SLE patients have been demonstrated to exhibit pro-
inflammatory effector phenotypes that are reflected by 
a pro-inflammatory epigenetic signature, permitting 
expression of pro-inflammatory effector cytokines 
including IFN-γ, IL-17F, IL-12, IL-18 and others [78]. 
These findings suggest similar molecular mechanisms 
linking T cell subset determination and lineage-spe-
cific cytokine expression, for example, through the 
modulation of DNA methylation.

The Notch family of trans-membrane coreceptors 
represents evolutionarily conserved pathways that 
transduce signals between neighboring cells and deter-
mines decisions during cell proliferation, survival, dif-
ferentiation and lineage determination. T cells from 
SLE patients display defective upregulation of Notch-1 
receptor expression in response to T-cell receptor acti-
vation. Decreased Notch-1 expression in T cells from 
active SLE patients was linked with enhanced his-
tone H3 methylation and CpG DNA methylation of 
the human NOTCH1 promoter. Of note, decreased 
Notch-1 expression was associated with increased IL-
17A expression, suggesting a key role for Notch-1 in 
SLE immunopathogenesis [36,76].

The GR is ubiquitously expressed in most cells and 
tissues and mediates multiple effects. Several studies 
reported reduced expression of the GR on peripheral 
blood mononuclear cells (PBMCs) from SLE patients, 
reflecting disease activity and tissue damage [79–81]. 
Differential GR expression has been linked with 
genetic and splice variants. Most recently, increased 
DNA methylation at the promoter region of the (GR 
encoding) nuclear receptor subfamily 3 group C mem-
ber 1 (NR3C1) gene in PBMCs from SLE patients was 
linked with reduced gene expression, offering another 
example for complex methylation patterns in SLE [77].

DNA hydroxymethylation in SLE
DNA hydroxymethylation is a recently appreciated 
epigenetic modification. It appears likely that genomic 
DNA hydroxymethylation can act either as an inter-
mediary in the delicate balance between DNA meth-
ylation and demethylation, or it can act as relatively 
stable component of genomic DNA [82–85]. Currently, 
our understanding of its exact function and impact of 
gene regulation is somewhat incomplete. Various cells 
and tissues exhibit positive correlation between gene 
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expression and DNA hydroxymethylation [82,85,86]. In 
the context of SLE, DNA hydroxymethylation is under 
investigation for its role in gene regulation, which has 
been suggested by studies focusing on stem cell biol-
ogy, cancer development and neurological disease [87]. 
DNA hydroxymethylation is the result of oxidation 
of methylated cytosines within CpG dinucleotides by 
hydroxytransferase ten eleven translocation (TET) 
family enzymes [88,89], which makes it an intermedi-
ate product during active DNA demethylation pro-
cesses [90–92] (Figure 1). Furthermore, lower affinity of 
methyl-binding proteins to hydroxymethylated DNA 
as compared with methylated DNA, and the potential 
of transcription factor recruitment to hydroxymethyl-
ated regions suggest distinct permissive functions dur-
ing the regulation of gene expression [92,93]. Recently, 
increased TET family mRNA expression and DNA 
hydroxymethylation have been reported in CD4+ 
T cells from SLE patients as compared with healthy 
controls [94]. However, in concordance to DNA meth-
ylation, DNA hydroxymethylation patterns in SLE 
appear complex with areas of increased (2748 genes) 
and decreased (47 genes) hydroxymethylation.

Mediators of epigenetic alterations in 
SLE DNMTs
As mentioned before, DNMTs have historically 
been classified as maintenance (DNMT1) or de novo 
(DNMT3a, DNMT3b) enzymes. More recently it has 
become clear that DNMT1 can also be involved in 
de novo gene methylation, suggesting that the historic 
view is probably an oversimplification of the in vivo 
situation in complex biological systems [6–8,11–13]. In 
some studies, CD4+ T cells from SLE patients exhib-
ited reduced expression of DNMT1 and DNMT3a 
when compared with controls [95,96]. However, con-
flicting results also exist, not showing significant dif-
ferences between SLE patients and controls [97]. Differ-
ences in DNMT mRNA expression patterns between 
studies may be due to variable disease activity between 
groups, and possible discrepancies between DNMT 
mRNA expression and protein levels or activity. Fur-
thermore, DNA methylation through DNMTs is sig-
nal-, target-, cell- and tissue-specific and not solely 
dependent on DNMT mRNA expression levels [6,7]. 
Indeed, DNMT1 activity largely depends on the 
MAP kinase activity that is altered in SLE T cells (see 
below) [27,68,69] (Figure 2).

Micro-RNAs
Micro-RNAs (miR) are 21–23 base pair spanning 
noncoding RNAs that function as posttranscriptional 
regulators of gene expression. They derive from larger 
transcripts, which are usually derived from noncod-

ing intergenic DNA, cleaved by nuclear ribonucleases 
and then exported to the cytoplasm [98,99]. In the cyto-
plasm, the enzyme Dicer processes the transcripts into 
mature miRNAs [100,101], which can interfere with gene 
expression through duplex formation with target genes 
or transcripts, usually at the 3′ untranslated region 
(3′UTR), inducing translational repression, mRNA 
cleavage, or translational arrest [77,102,103]. Micro-
RNA expression can be either the result or the cause 
of altered DNA methylation, and several intercon-
nections between miRNA expression and epigenetic 
regulation of cellular functions have been reported. 
Micro-RNA129 and miR143 influence DNA meth-
ylation through the regulation of DNMT3a and 
DNMT3b [104–106]. Recently, miR126 has been linked 
with reduced DNMT1 expression in CD4+ T cells 
from SLE patients and subsequently increased expres-
sion of CD11A and CD70, contributing to increased 
B- and T-cell activity [107] (Figure 2).

Mitogen activated protein kinases
Hypomethylation of DNA in T cells from patients 
with SLE has been linked to altered mitogen acti-
vated protein kinase (MAPK) signaling pathways. In 
SLE patients with active disease, reduced activation 
of extracellular signal-regulated kinases (ERKs) has 
been linked with impaired DNMT1 activity, resulting 
in gradual DNA demethylation and increased expres-
sion of the previously mentioned genes encoding for 
CD11A, CD70, CD40L and IL-17A, several inter-
feron-regulated genes and the development of anti-
DNA antibodies [27,108,109]. Reduced activity of ERK 
kinases has been linked to impaired activity of the 
protein kinase C (PKC)δ [27,108,109]. Recently, Suna-
hori et al. demonstrated that increased expression of 
PP2A results in DNA demethylation through suppres-
sion of ERK signaling pathways and reduced activity 
of DNMT1 [27,68,69] (Figure 2).

DNA-interacting proteins GADD45α, AID & MBD4
The growth arrest and DNA damage inducible protein 
(GADD45)α is expressed at increased levels in T cells 
from SLE patients [110]. GADD45α was shown to 
mediate active DNA demethylation through its inter-
action with activation-induced deaminase and methyl-
CpG-binding domain (MBD) 4 in a complicated 
mechanism involving 5-methyl-cytosine-deaminase 
and G:T mismatch-specific thymine glycosylase [7,111] 
(Figure 2). GADD45α interacts with additional pro-
teins, including the chromatin regulatory protein 
high mobility group box (HMGB)1. The expres-
sion of HMGB1 was increased in T cells from SLE 
patients. Of note, HMGB1 interacts with MeCP2, a 
protein that centrally participates in the recognition 
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of methylated CpG islands, subsequently directing 
DNA demethylation in SLE signature genes, including 
ITGAL (CD11A), and TNFSF7 (CD70) [112].

Transcription factor: DNA interactions promoting 
alterations in DNA methylation
Recent large-scale studies targeted the interplay between 
genetic predisposition, for example, through single 
nucleotide polymorphisms or copy number variants, 
and epigenetic mechanisms during disease expression. 
In the encyclopedia of DNA elements project, tran-
scriptionally active genomic regions were systemically 
mapped to transcription factor recruitment patterns 
and chromatin structure [113]. Encyclopedia of DNA 
elements data for the first time demonstrated on a large 
scale that epigenetic marks, including DNA methyla-
tion and histone acetylation occur over relatively long 
ranges, allowing for chromatin ‘opening’ and accessi-
bility to transcription factors. In this context it is of 
special interest that the recruitment of the histone acet-
yltranferase p300 maps to unmethylated CpG islands, 
further underscoring the previously discussed interplay 
between the various epigenetic mechanisms. Tran-
scription factor recruitment on a genome-wide scale, 
however, is highly targeted and mostly to 5′ regulatory 
promoter regions [113]. The long-suspected impact of 
genomic variants on transcription factor recruitment, 

epigenetic modifications and subsequent RNA tran-
scription has been targeted and proven by combining 
high-density genotyping and integrated chromatin and 
transcription factor mapping. As previously suspected, 
genomic variants with a particularly high impact 
on gene expression were mostly located in or around 
recruitment domains for master regulatory factors of 
immune cell differentiation and  stimulus-dependent 
gene activation [114,115].

Understanding the exact contribution of transcrip-
tion factor recruitment to subsequently induced epi-
genetic events may offer broad implications for the 
diagnosis, treatment monitoring and target-directed 
treatment of autoimmune disorders. In the context 
of SLE, several studies demonstrated connections 
between transcription factor binding, DNA methyla-
tion and histone modifications, which even correlated 
with disease phenotypes [116].

Recently, transcription factor regulatory factor box 1 
has been shown to recruit to the promoter regions of 
ITGAL (CD11A), and TNFSF7 (CD70), resulting 
in corecruitment of histone methyltransferase sup-
pressor of variegation 3–9 homolog 1 (SUV39H1), 
histone deacetylase (HDAC)1 and DNMT1, subse-
quently inhibiting gene expression. Since regulatory 
factor box 1 expression is reduced in T cells from SLE 
patients, these observations offer an interesting molec-

Table 2. Genes with increased DNA methylation in systemic lupus erythematosus (in alphabetical order).

Gene (protein) (Mainly) 
expressed by

Physiological function Proposed effects in SLE Ref.

CD8A, CD8B (Cluster of 
differentiation genes 
8A and 8B, encoding for 
CD8A, CD8B)

CD8+ T cells Co-receptor to the CD3/T 
cell receptor complex

Generation of effector CD3+CD4-CD8- DN T cells [28,78]

IL2 (IL-2 gene, encoding 
for IL-2)

T cells Proliferation and 
activation of T cells

Impaired generation of regulatory T cells, 
reduced activation-induced cell death and 
longer survival of autoreactive T cells, impaired 
function of cytotoxic CD8+ T cells, effector CD4+ 
T-cell differentiation and cytokine expression

[25,30, 

41,74]

Foxp3 (Forkhead-Box-
Protein P3)

Regulatory 
T cells

Transcription factor, 
controlling regulatory 
T-cell functions

Reduced number and altered function of 
regulatory T cells

[33,75]

NOTCH1 (Notch-1 trans-
membrane receptor)

T cells Role during T-cell 
lineage determination, 
e.g., polarization of 
T helper cells

T-cell activation, increased IL-17A expression [76]

NR3C1 (nuclear receptor 
subfamily 3 group C 
member 1, encoding for 
glucocorticoid receptor)

Multiple cells 
and tissues

Regulates development, 
metabolisms, immune 
responses, etc. Exerts 
pleiotropic effects in 
different cells and tissues

Unknown, potentially increased immune 
activation

[77]

SLE: Systemic lupus erythematosus.
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ular pathomechanisms in SLE that may hold potential 
for future therapeutic interventions [117].

The transcription factor cyclic adenosine-mono-
phosphate (cAMP) response element regulator 
(CREM)α has been demonstrated to be involved in 
the antithetic regulation of IL-2 and IL-17A expres-
sion in CD4+ T cells from SLE patients, favoring 
effector T-cell phenotypes [25,26,74,118]. CREM-α 
trans-represses IL2 and induced epigenetic remodeling 
through DNMT1 and DNMT3a recruitment, result-
ing in increased DNA methylation of the IL2 pro-
moter. Conversely, at the IL17A promoter, CREM-α 
acts as trans-activator and (in a yet to be determined 
fashion) fails to mediate DNMT recruitment and 
induces DNA demethylation [25,26,74]. Numbers of the 
aforementioned CD3+TCR+CD4-CD8- (DN) T cells 
are expanded in the peripheral blood and inflamed tis-
sues of SLE patients [30]. DN T cells in SLE exhibit 
effector phenotypes with increased IL-17A expression. 
Of note, CREM-α contributes to epigenetic remod-
eling of the CD8 genes in CD8+ T cells, promoting 
downregulation of CD8A and CD8B surface corecep-
tors and the generation of DN T cells [28,29]. Though 
not experimentally proven yet, it appears likely that 
CREM-α may also have similar effects on the IL2 and 
IL17 genes in DN T cells and CD4+ T cells of SLE 
patients (Figure 2).

The expression of the transcriptional regulator 
CREM-α in T cells is regulated by various factors, 
including CD3/T cell receptor (TCR) activation, cal-
cium influx, and estrogen receptor signaling [36,70,71]. 
CREM-α expression is controlled by the CREM pro-
moter P1 that becomes activated by recruitment of the 
transcription factor signaling protein (Sp)-1 [119]. In 
response to estrogen receptor activation, Sp-1 expres-
sion is induced, which may in turn (through the induc-
tion of CREM-α expression) contribute to the female 
predominance in SLE [70]. Furthermore, the PP2A, 
which is expressed in greater amounts in T cells from 
SLE patients, contributes to CREM-α expression 
through specific dephosphorylation and activation of 
the transcription factor Sp-1 at serine residue 59 [119,120]. 
Another inducer of CREM-α is the calcium/calmod-
ulin-dependent protein kinase 4, a multifunctional 
serine/threonine kinase that regulates various cellular 
processes, including gene expression [121–126]. Calmod-
ulin-dependent protein kinase 4 expression is patho-
logically increased in T cells from patients with SLE 
and in lupus-prone MRL.lpr mice [121,123,127,128], where 
it favors effector phenotypes with reduced IL-2 and 
increased IL-17 expression. This is mediated through 
the activation of CREM-α that has been demonstrated 
to trans-regulate IL2 and IL17 in a diametric fashion 
and induce epigenetic remodeling through its inter-

action with epigenetic modifiers [25,26,74]. Lastly, the 
expression of CREM-α itself is controlled by DNA 
methylation. Effector memory CD4+ T cells from 
SLE patients exhibit significantly reduced DNA meth-
ylation of the CREM promoter P1, contributing to 
increased CREM-α mRNA  expression [25].

Observations from genome-wide approaches deliv-
ered additional interactions between transcription 
factors, epigenetic- and transcriptional events. These 
include tissue-specific long range interactions between 
regulatory regions of physically distant but coregu-
lated genes, the transcription of noncoding RNAs 
and activation-dependent and highly specific histone 
modifications, indicating the complexity and beauty 
of epigenetic regulation of chromatin conformation 
and gene expression [113]. However, to our knowledge, 
such complex epigenetic events have not been tested 
for their involvement in SLE and other autoimmune 
disorders yet.

TET proteins & DNA hydroxymethylation
TET methylcytosine dioxygenase proteins can oxi-
dize methylated cytosine within CpG DNA into 
5-hydroxyl-methyl cytosine, carboxyl-methyl cytosine 
or formyl-methyl-cytosine [89,129–131]. During cell divi-
sion, DNMT1 exhibit greater affinity to hemi-meth-
ylated DNA as compared with hemihydroxymethyl-
ated DNA, while both DNMT3a and DNMT3b have 
approximately equal activity on all three DNA sub-
strates. Binding of MBD family proteins to methylated 
DNA inhibits Tet activity, suggesting that MBD bind-
ing may play a role in regulating DNA hydroxymeth-
ylation [132]. Furthermore, hydroxymethylated cytosine 
may actively be removed by DNA repair pathways, 
suggesting a role of DNA hydroxymethylation during 
active DNA demethylation processes [87,133] (Figure 2).

Demographic factors: gender & age
Female predominance exists in most autoimmune dis-
orders and is particularly pronounced in SLE (f:m = 
9–10:1). Since SLE in prepubertal children is about 
equally rare in girls and boys, ovarian hormones appear 
central in the pathophysiology of SLE. In the context 
of autoimmunity, estrogens have been most widely 
studied and have been demonstrated to be involved in 
T cell subset differentiation and distribution [134,135]. 
Since Th cell determination and cytokine expression 
are controlled by epigenetic mechanisms, it appears 
likely that estrogen affects chromatin composition [5–

7,70,71,136]. Recently, Moulton et al. demonstrated that 
estrogen receptor signaling enhances the expression 
of the transcription factor CREM-α. As mentioned 
above, CREM-α largely contributes to the differentia-
tion of effector CD4+ T-cell phenotypes and the gener-
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Figure 2. Selected molecular mechanisms contributing to altered DNA methylation in systemic lupus 
erythematosus. Cyclic adenosine-monophosphate response element modulator (CREM) α is expressed at increased 
levels in T cells from systemic lupus erythematosus (SLE) patients. Estrogen receptor signaling, increased CaMK4 
activity, CD3/TCR stimulation, increased cellular calcium influx and also reduced DNA methylation of the CREM 
promoter P1 increase CREM-α expression. CREM-α contributes to regionally increased DNA methylation in SLE 
T cells through its interactions with DNMT1, and DNMT3a. Conversely, CREM-α reduces DNA methylation of the 
IL17 gene in a yet to be determined manner. Another DNA demethylation mechanism involves TET proteins in 
T cells from SLE patients. TET proteins mediate DNA hydroxymethylation (-OH), an intermediate of several active 
demethylation pathways. Growth arrest and DNA damage-inducible protein alpha (GADD45-α) is overexpressed 
in SLE T cells and further inducible by UV irradiation. GADD45α in conjunction with activation-induced 
deaminase, and methyl–cytosine-phosphate-guanosine-binding domain 4 related G:T glycosylase mediates DNA 
demethylation. Mitogen activated protein kinas (extracellular signal-regulated kinase) activation through the 
protein kinase C (PKC)-δ can be inhibited by hydralazine, or PP2A (which is increased in T cells from SLE patients). 
Impaired extracellular signal-regulated kinase activation results in reduced activity of DNMT1. Furthermore, DNMT 
expression and activity can be altered by miRNAs (miR-126, -129, -143) which are expressed at increased levels in 
SLE T cells. Examples of affected genes are provided below the depiction of DNA methylation patterns observed 
in SLE. The above-mentioned molecular mechanisms contributing to altered DNA methylation, however, have not 
been shown for all genes affected by DNA dysmethylation (also see Tables 1 & 2). 
AID: Activation-induced deaminase; CREM-α: Cyclic adenosine-monophosphate response element modulator 
alpha; DNMT: DNA methyltransferase; ERK: Extracellular signal-regulated kinase; MBD4: Methyl-CpG-binding 
domain 4; TET: Ten eleven translocation.
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ation of DN T cells in SLE [6,7,25,26,28,36,74,118]. Another 
difference between genders is the presence of a second 
X chromosome in women. Most X-linked genes are 
not gender-specific, however, exhibit equal expression 
patterns between them. Comparable gene expression is 
achieved by a complex epigenetic event referred to as 
X chromosome inactivation. It includes DNA meth-
ylation, histone modifications and miRNA expression. 
X-linked genes that require silencing can potentially 
contribute to the pathophysiology of SLE. Indeed, sev-
eral genes have been linked with SLE [6,7,137]. Reduced 
DNA methylation of the X chromosomal CD40L gene 

contributes to female predominance of SLE and other 
autoimmune disorders [59,138–140]. Along these lines, 
women who lack one X chromosome (Turner syn-
drome: 45, X0) exhibit lower incidences of SLE that 
are comparable to male cohorts, while individuals with 
an additional X chromosome (Klinefelter’s syndrome: 
47, XXY) are at an increased risk [6,7,63,72].

Disrupted epigenetic patterns accumulate over 
time, contributing to increased incidence of autoim-
mune/inflammatory disorders with age. The activity 
of DNMTs, particularly DNMT1, is decreased in the 
elderly [2,6,7,141]. Indeed, elderly men exhibit greater 
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SLE incidence when compared with elderly women, 
and with increasing age epigenetic events appear to 
have an impact even more substantial than genetic 
predisposition [65]. One result of cumulative DNA 
demethylation is the generation and accumulation 
of so-called ‘senescent’ T cells. Senescent T cells are 
characterized by reduced CD28 expression, shortened 
telomere length and increased expression of the afore-
mentioned proteins KIR, perforin and CD70, contrib-
uting to immune activation in SLE [6,15,32,66]. Together, 
these observations suggest that, after hormonal influ-
ences become weaker, cumulative age-related (likely 
epigenetic) events may be a key contributor to disease 
expression. Indeed, the degree of DNA methylation 
can be used as a biomarker for life expectancy [142].

Exposure to environmental factors
Most autoimmune/inflammatory disorders, including 
SLE, only cosegregate to a certain extent in first-degree 
relatives or monozygotic (identical) twins. Thus, it 
is almost certain that additional, for example, envi-
ronmental factors contribute to disease expression in 
genetically predisposed individuals [1,2,6,7].

Drug-induced DNA hypomethylation repre-
sents a well-accepted environmental trigger for envi-
ronmentally caused inflammation. The nucleoside 
 analog 5-azacytidine irreversibly reduces the activ-
ity of DNMT1. The maintenance enzyme DNMT1 
 recognizes DNA hemimethylation during mitotic cell 
division, securing stable DNA methylation patterns in 
daughter cells by catalyzing the transfer of S-adeno-
sin methionine (SAM) to the cytosine residue of the 
unmethylated DNA along the paternal ‘blue print.’ Cell 
metabolism and alterations secondary to diet and/or 
oxidative stress are more recently appreciated modifiers 
of DNA methylation and inflammatory responses [143]. 
Modifications to DNA and/or histone proteins depend 
on substrates derived directly from diet or products of 
intermediary metabolism. Through methionine adeno-
syltransferase, a redox-sensitive enzyme in the so-called 
SAM cycle, SAM derives from adenosine triphosphate 
(ATP) and methionine [143]. Thus, the availability of 
B vitamins and methionine directly regulate SAM gen-
eration. Global DNA methylation is reduced in SLE 
patients and in the elderly, who exhibit an increased 
incidence of autoimmune disorders, suggesting altera-
tions to the SAM cycle and/or DNMT activity as 
likely contributors to DNA demethylation in both 
instances [5,6,144]. Particularly in older individuals with 
reduced DNMT1 activity, nutritional intake of SAM 
may be another environmental factor contributing to 
DNA demethylation [144]. Furthermore, hydralazine 
(a smooth muscle relaxant used to treat hypertension 
that has been linked with drug-induced lupus) inhib-

its the activity of PKC-δ, resulting in impaired ERK 
kinase activation and subsequently altered activity of 
DNMT1 [108,109,145] (Figure 2).

Sunlight exposure can induce flares in SLE patients, 
and the photosensitivity which is reported by more 
than 70% of patients is a classification criterion for 
SLE [146,147]. Recently, it was demonstrated that UV 
irradiation of T cells from SLE patients resulted in 
reduced DNMT1 mRNA expression and reduced 
DNA methylation [147]. This may be triggered by 
the induction of GADD45α through UV exposure. 
As mentioned previously, GADD45α in conjunc-
tion with activation-induced deaminase and MBD4 
promotes DNA demethylation in T cells from SLE 
patients [7,110,111] (Figure 2).

As discussed previously, demethylation of methyla-
tion-sensitive genes can result in increased expression 
of pro-inflammatory and/or immune activating genes, 
including intracellular signaling molecules, cyto-
kines, chemokines and cell surface receptors. Further-
more, DNA demethylation by 5-azacytidine mediates 
immune activation and antibody formation through the 
increased immunogenicity of hypo- or  demethylated 
DNA [1,2,6,7,141].

Mitochondria & the epigenome
As mentioned above, cell metabolism and oxidative 
stress are more recently appreciated modifiers of epi-
genetic patterns and cell function [143]. In addition to 
dietary and age-related effects of SAM metabolsim or 
DNA methylation, mitochondria play a central role 
during epigenetic remodeling, and metabolic altera-
tions. Indeed, metabolic disturbances are another 
example of the tight interconnections between epi-
genetic events beyond DNA methylation. The gen-
eration of acetyl coenzyme A conveys carbon atoms 
within acetyl groups to the citric acid cycle to be the 
oxidized for energy production. Another important, 
however less appreciated function of acetyl coenzyme A 
is the delivery of acetyl groups, which are incorporated 
into lysine residues of histone during posttranslational 
modifications catalyzed by acetyltransferases [143,148].

Furthermore, mitochondria are responsible for 
the de novo synthesis of flavin adenine dinucleotides, 
which are essential during histone demethylation 
through lysine-specific demethylases [149,150]. Of note, 
H

2
O

2
 is a side product of this reaction, resulting in oxi-

dative stress [151]. Lastly, mitochondrial oxidative phos-
phorylation is the dominant source of ATP. Depletion 
of ATP in T cells from SLE patients may affect the 
activity of both the aforementioned methionine adeno-
syltransferase and adenosine monophosphate activated 
protein kinase (AMPK) [152,153]. Of note, AMPK phos-
phorylates histone proteins and inhibits the mechanis-
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tic target of rapamycin (mTOR). The mTOR complex 
functions as nutrient/energy/redox sensor and controls 
protein synthesis and function. Recently, mTOR has 
been demonstrated to be involved in altered epigenetic 
patterns in SLE, including methylation, demethylation 
and histone phosphorylation, resulting in enhanced 
T-cell activation [143,154].

Epigenetic alterations as biomarkers for SLE
Currently available biomarkers for the diagnosis and 
activity assessment of SLE are somewhat limited. 
While some autoantibodies (particularly anti-nuclear 
antibodies) are highly sensitive, they lack disease speci-
ficity [155]. Others are highly specific (double-stranded 
DNA: dsDNA) but not very sensitive [156]. Further-
more, monitoring of disease activity can be chal-
lenging, since medication and infections can affect 
laboratory tests, such as lymphocyte counts or serum 
complement levels [157].

Epigenetic biomarkers, particularly DNA methyla-
tion, have been intensively studied in other disorders, 
including malignancies, and promise potential in the 
search for diagnostic and prognostic biomarkers also in 
autoimmune disease, such as SLE [158]. To date, we are 
only at the very beginning of understanding the impact 
and pattern of epigenetic changes during the onset 
and course of autoimmune disorders. A major obsta-
cle in the search for epigenetic biomarkers is the fact 
that disease-specific molecular events are frequently 
accompanied by strong, yet unspecific  inflammatory 
responses [159,160].

Most of the currently applied epigenetic disease bio-
markers come from the cancer field. DNA methylation 
is most commonly used, since it is the best studied and 
most stable epigenetic modification. It can be measured 
in cells not specifically pretreated, and from extracel-
lular DNA, for example, from body fluids [161,162]. As 
mentioned above, region-specific DNA methylation 
patterns have been demonstrated in immune cells 
from SLE patients. However, provided relatively small 
sample sizes and variable experimental settings, a cor-
relation of epigenetic changes with disease activity or 
their usability as biomarkers for the diagnosis of SLE 
as compared with other autoimmune/inflammatory 
conditions has not been convincingly tested. Further-
more, the question of whether epigenetic alterations are 
causes or consequences of chronic systemic inflamma-
tion has not been fully answered for most genes [6,160]. 
A recent study suggested differential methylation of the 
interferon-induced protein 44-like (IFI44L) gene pro-
moter as epigenetic biomarker for the diagnosis (but 
currently not the disease activity) of SLE. Differential 
hypomethylation of CG elements within the promotor 
region of PBMCs allows differentiation between Asian 

and European SLE patients from other autoimmune 
disorders and healthy controls [163]. Though the exact 
function of the IFI44L protein is currently unknown, 
increased expression is a component of type-1 interferon 
responses to viral infections [164]. Since the so-called 
interferon signature is a hallmark of immune cells and 
tissues in SLE, and provided that the addition of type-1 
interferon did not result in reduced IFI44L methlylation 
in PBMCs, DNA methylation in this region may not be 
the result but rather the origin of inflammation and a 
direct indicator of disease activity in SLE [2,163]. With 
the increasingly broad availability of high-through-
put technologies, new biomarkers will be identified 
and introduced into the clinical care of patients  with  
 autoimmune/ inflammatory disorders beyond SLE.

Targeting epigenetic patterns in therapeutic 
interventions
SLE is a highly variable disease, involving complex 
pathomechanisms that can vary significantly between 
individual patients. One increasingly important focus 
of research is the identification and introduction of 
pharmacological treatment tailored to the individual 
patient. Studying epigenetic patterns in particular may 
provide targets for future therapeutic interventions. 
While for some epigenetic alterations (particularly 
histone modifications and miRNAs) epigenetic treat-
ment appears within reach, targeted alteration of DNA 
methylation appears even more complex [165]. How-
ever, epigenetic events cannot easily be dissected into 
DNA methylation, histone modifications and miRNA 
expression, since epigenetic events affect one another 
and epigenetic patterns can be ‘translated’ [14,16,17].

Fragments of genomic DNA can act as antigens and 
can be detected in the peripheral blood of patients with 
SLE. Accumulation of single- and/or double-stranded 
DNA in the extracellular space has been explained by 
increased apoptosis, and defective clearance of apoptotic 
material and cell debris in SLE patients. As mentioned 
above, global DNA methylation is reduced in lympho-
cytes from SLE patients. Similar to microbial DNA, 
hypomethylated human DNA fragments may have 
increased tolerogenic potential, thus contributing to 
anti-DNA antibody generation, which can be detected 
years before the onset of disease. Provided disease-
specificity of some of the epigenetic alterations detected 
in SLE, they may prove useful not only as disease 
 biomarkers, but also as therapeutic targets [6,7,11,63,166].

Currently available treatment regimens in SLE 
include antimalarial medication (chloroquine and 
hydroxy-chloroquine), corticosteroids and immune-
modulators/-suppressants (methotrexate, cyclophos-
phamide, mycophenolate mofetil, etc.). Antimalarial 
agents are effective for the prevention of flares in SLE 



www.futuremedicine.com 517future science group

DNA methylation in systemic lupus erythematosus    Review

patients. Though most of their effects are currently 
not understood, they influence micro-RNA expression 
in lupus-prone mice, suggesting some incompletely 
understood epigenetic effects [165,167]. Methotrexate 
inhibits DNA synthesis through inhibiting dihydrofo-
late reductase activity, which is the effect of high-dose 
methotrexate treatment used in cancer. Furthermore, 
it may block DNMT activity by depleting s-adenosyl 
methionine (SAM), the substrate to DNMT during 
DNA remethylation, thus mediating gradual DNA 
demethylation [5,168,169]. Most recently, mycophenolate 
mofetil, a selective inhibitor of inosine 5-monophos-
phate dehydrogenase frequently used in patients with 
lupus nephritis, has been shown to influence histone 
modifications – another key epigenetic mechanism – in 
SLE T cells, while not affecting DNA methylation [170]. 
Cyclophosphamide is an alkylating agent used in can-
cer treatment and severe vasculitis. It exerts its effects 
mainly through inhibiting DNA replication. The 
precise mechanism of cyclophosphamide in SLE and 
vasculitis treatment are poorly understood. Recently, it 
has been shown to increase DNA methylation through 
the induction of DNMT1 activity [5,171]. Although 
diametric, the epigenetic effects of methotrexate and 
cyclophosphamide on DNA methylation may partially 
explain their effectiveness in SLE and underscore the 
complexity of region-, cell- and  tissue-specific DNA 
methylation patterns.

DNA methylation may be altered with already 
available ‘epigenetic drugs,’ such as DNMT inhibitors 
azacytidine or decitabine. While not standard in the 
field of autoimmune/inflammatory diseases, epigenetic 
interventions have already made their way into cancer 
treatment [172–174]. Unfortunately, currently available 
drugs act in an untargeted way on the entire genome 
and may therefore result in deregulation of previously 
unaffected genes. Furthermore, DNA hypermethyl-
ation (reversible by these drugs) only occurs at a rela-
tively small number of genes in lymphocytes from SLE 
patients, which tend to be hypomethylated [6,7,11,15,61–

63]. Target-directed and gene-specific epigenetic modi-
fiers are currently unavailable, but may be required to 
reverse disease-causing or disease-modifying  epigenetic 
alterations in SLE.

Another potential (but currently hypothetical) 
intervention may be the induction of tolerance to 
extracellular chromatin components through desensi-
tization approaches. Furthermore, correcting globally 
altered epigenetic marks may reduce immunogenicity 
of extracellular nucleic acids and reduce autoantibody 
generation [6].

Mitochondria cause oxidative stress, activating the 
enzyme mTOR, thus indirectly regulating the activ-
ity of histone and DNA-modifying enzymes, including 

the inactivation of DNMT1 [109]. Of note, treatment 
with the antioxidant acetylcysteine reduces oxidative 
stress and mTOR activity, resulting in reduced disease 
activity in SLE [175]. Since mTOR influences epigen-
etic events (including DNA and histone methylation 
and demethylation, as well as histone phosphoryla-
tion), thus mediating enhanced T-cell activation in 
SLE, anti-oxidants or inhibition of mTOR may be 
candidates in the search for individualized epigenetic 
 treatment in SLE [175–177].

Blockade of transcription factors that are increased 
in T cells from SLE patients, such as CREM-α [36] or 
Stat3 [35], or preventing their activation may be promis-
ing epigenetic interventions mediating target-directed 
changes. As discussed above, CREM-α reciprocally 
mediates epigenetic silencing of some genes (IL2, CD8, 
and NOTCH1 [7,28,29,74,76]) while conferring epigenetic 
‘opening’ to exert others (IL17A [26,118], IL10 [35]). To 
date, blockade of Stat transcription factor activation 
through Janus kinase (JAK) inhibitors is generally 
achievable, but not widely available for clinical use in 
SLE [178]. Furthermore, epigenetic alterations mediated 
through JAK/Stat inhibition have (to our knowledge) 
not been experimentally tested.

Genome-wide hypoacetylation is a hallmark of 
immune cells in SLE. In the context of animal models 
and inflammatory conditions, HDAC inhibitors are 
reported to have anti-inflammatory effects, and have 
thus been proposed as potentially useful in autoim-
mune-inflammatory disorders, including SLE [179–182]. 
Though histone modifications are beyond the scope of 
this manuscript, altering histone acetylation may indi-
rectly affect DNA methylation and shall therefore be 
briefly mentioned here [7,13–15]. The already available 
HDAC inhibitor trichostatin A is one promising can-
didate for SLE treatment, given its ability to modify 
gene expression of SLE signature genes, including 
CD154, and IL-10 in T cells, and type I interferons in 
activated plasmacytoid DCs, and increase the expres-
sion of Foxp3 in regulatory T cells, thereby promot-
ing immune-regulatory responses in humans and 
mice [117,165,183,184]. However, underlying mechanisms 
remain unclear and currently available epigenetic 
interventions are not target-directed. Thus, a general 
recommendation for the treatment of SLE cannot be 
given, since off-target effects may cause additional 
symptoms.

Conclusion & future perspective
The central contribution of epigenetic alterations, par-
ticularly DNA methylation in immune cells of SLE 
patients, to systemic inflammation and tissue damage 
is widely accepted. The challenge is in distinguishing 
between primary, disease-causing alterations and those 
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secondary to systemic inflammation and global immune 
activation. However, recent reports link defined molec-
ular alterations to epigenetic remodeling and gene 
dysregulation in T cells from SLE patients, suggesting 
a causative involvement in the pathophysiology. We 
are just beginning to understand the molecular events 
contributing to disease expression in genetically pre-
disposed individuals and future studies are warranted. 
High-throughput applications will allow rapid and 
comprehensive DNA methylation mapping in immune 
cells and tissues from SLE patients during early and 
late disease stages and with variable outcomes. Thus, 
epigenetic alterations have potential as biomarkers for 
diagnosis and outcome assessment, as well as objects for 
targeted and individualized interventions in SLE.
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Executive summary

Current state
•	 The diagnosis systemic lupus erythematosus (SLE) is based on clinical symptoms in conjunction with several 

sometimes limited laboratory tests.
•	 Genetic predisposition plays a central role for the pathogenesis of SLE.
•	 In most cases, genetic variants in single genes are not strong enough to confer disease.
•	 Additional variables, including epigenetic alterations are necessary for disease expression.
•	 Molecular mechanisms that alter the expression of key genes in SLE are under investigation, including 

epigenetic mechanisms.
•	 The heterogeneity of clinical symptoms and organ involvement together with low penetrance of genetic 

associations complicate the interpretation of exome-wide genetic and epigenetic approaches.
•	 Another obstacle is the differentiation between disease-causing alterations, and such that are the result of 

global immune activation and chronic inflammation in SLE.
•	 Currently available treatment options are (mostly) not target-directed and induce a wide range of intended 

and unintended events (toxicity and side-effects).
DNA methylation & immune regulation
•	 DNA methylation is a potent epigenetic mechanism, regulating gene expression through DNA accessibility to 

transcription factors and RNA polymerases.
•	 Demographic factors (gender, age) and the environment (UV light, medication, infections, etc.) can modify 

DNA methylation patterns, some of which are heritable and induce more or less stabile alterations to gene 
expression.

•	 DNA hydroxymethylation is a recently identified modification of cytosine with yet to be determined function.
•	 Both DNA methylation and DNA hydroxymethylation have central effects on gene expression in the immune 

system and influence immune responses.
Altered DNA methylation in SLE
•	 DNA methylation patterns in SLE are complex with regions of increased or reduced DNA methylation.
•	 Altered DNA methylation patterns contribute to immune dysregulation and inflammation in SLE.
•	 DNA hydroxymethylation is a recently appreciated epigenetic mark potentially influencing gene expression 

in SLE.
•	 A manifold of molecular defects contribute to altered DNA methylation in SLE.
Future perspective
•	 Provided its stability and (at least in some genes) disease-specific patterns, DNA methylation promises 

potential as biomarker for the diagnosis and risk-assessment in individual SLE patients.
•	 Identifying genetic variants as risk factors for SLE, combining them with cell-specific epigenetic profiles and 

monitoring alterations over time, will provide novel tools for early risk-assessment, timely diagnosis and 
treatment initiation, or even preventive measures.

•	 Either reverting disease-specific molecular pathomechanisms conferring epigenetic alterations in SLE 
(e.g., PP2A, CaMK4, CREM-α, etc.), or applying targeted therapeutic manipulations to the epigenome may 
become individualized treatment options in SLE with reduced side-effects.
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