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Abstract

Purpose of Review DNA methylation has emerged as an im-
portant contributing factor in the pathogenesis of systemic
lupus erythematosus (SLE). Here, we describe the DNA meth-
ylation patterns identified in SLE and how these epigenetic
changes can influence disease susceptibility, clinical heteroge-
neity, and disease flares.

Recent Findings Several genome-wide DNA methylation
studies have been recently completed in SLE. Important ob-
servations include robust demethylation of interferon-
regulated genes, which is consistent across all cell types stud-
ied to date, and is independent of disease activity. This inter-
feron epigenetic signature was shown to precede interferon
transcription signature in SLE, suggesting it might be an early
event in the disease process. Recent studies also revealed
DNA methylation changes specific for renal and skin involve-
ment in SLE, providing a proof of principle for a value of
DNA methylation studies in exploring mechanisms of specific
disease manifestations, and potentially as prognostic bio-
markers. Inherited ethnicity-specific DNA methylation pat-
terns have also been shown to possibly contribute to differ-
ences in SLE susceptibility between populations. Finally, a
recent study revealed that DNA methylation levels at /F744L
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can accurately distinguish SLE patients from healthy controls,
and from patients with other autoimmune diseases, promising
to be the first epigenetic diagnostic marker for SLE.
Summary Genome-wide DNA methylation studies in SLE
have provided novel insights into disease pathogenesis, clini-
cal heterogeneity, and disease flares. Further studies promise
to reveal novel diagnostic, prognostic, and therapeutic targets
for SLE.
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Introduction

Epigenetic mechanisms regulate chromatin accessibility and
gene expression patterns in cells and tissues. Each cell type
presents a specific epigenome profile characterized by a relat-
ed set of histone modifications and DNA methylation patterns
alongside an associated transcriptome. Epigenetic dysfunc-
tions can lead to dysregulation of the cellular processes and
cause diseases [1, 2]. The importance of epigenetic dysfunc-
tions in human complex diseases has been widely demonstrat-
ed in both cancer [3, 4] and autoimmune diseases [1, 2, 5, 6°°].
In addition, recent interest comes from the fact that epigenetic
alterations are potentially reversible, and therefore, character-
izing epigenetic dysfunction in disease has the potential to
identify new biomarkers and novel therapeutic targets [4, 7].

In this context, systemic lupus erythematosus (SLE) might
be the autoimmune disease most deeply studied at the epige-
netic level [5]. SLE is a systemic autoimmune disease that
affects multiple organs and is characterized by autoantibody
production and immune complex deposition, producing in-
flammation and damage in the affected tissue. As with all

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11926-017-0657-5&domain=pdf

32 Page2of10

Curr Rheumatol Rep (2017) 19: 32

human complex diseases, the etiology of SLE is incompletely
understood. Environmental triggers such as viral infections,
exposure to chemicals and radiation, vitamin D deficiency,
or sex hormones together with genetic factors are involved.
Regarding the genetic factors, SLE has been extensively stud-
ied in the last decade with more than 60 risk /oci identified
across populations [8¢]. However, in spite of these findings, a
substantial proportion of disease heritability remains unex-
plained. In addition, most of these genetic susceptibility vari-
ants fall into non-coding regions within the genome, suggest-
ing that they might have a regulatory role [6°¢, 8¢]. On the
other hand, the high discordance rate found among monozy-
gotic twins in SLE [9, 10] and evidence for environmental
triggers in the development of the disease also suggest that
other biological mechanisms are involved in its etiology.

DNA methylation is the best characterized epigenetic mod-
ification in humans. In vertebrates, DNA methylation occurs
on the 5" carbon position of the pyrimidine ring of cytosine
residues from CpG dinucleotides, although it was recently
observed to occur on other motifs, i.e., CHG or CHH, in
embryonic tissue and induced pluripotent stem cells [11].
Briefly, methylation status represses gene expression, while
unmethylation status is associated with active transcription.
An early study in autoimmunity showed that DNA hypome-
thylation in T cells is associated with theumatoid arthritis and
SLE [12]. Indeed, DNA methylation has emerged as an im-
portant contributing factor in the pathogenesis of SLE. An
early study in SLE demonstrated the conversion to
autoreactivity in CD4" T cells when treated with 5-
azacytidine, procainamide, or hydralazine, all of them drugs
that suppress DNA methylation and can cause a lupus-like
syndrome [13]. In the same way, the introduction of synthet-
ically demethylated CD4" T cells into mouse models is suffi-
cient to produce lupus-like syndrome [14, 15]. In addition, the
loss of methylation in the promoters of many specific genes
such as ITGAL, CD40LG, and CD70 observed in T cells has
been linked with SLE pathogenesis and progression [16—18].
This hypomethylation might be due to inhibition of the
MAPK/ERK pathway signaling in CD4" T cells which leads
to a reduced expression of DNMT1, the enzyme responsible
for maintaining methylation status during mitosis, and there-
fore a loss of DNA methylation resulting finally in autoimmu-
nity [19, 20].

The development of high-throughput microarrays
based on bead technology allowed for the investigation
of the global DNA methylation landscape in immune cells
involved in SLE pathology, providing new insights into
the pathogenesis of the disease. Indeed, recent genome-
wide DNA methylation studies have identified several
differentially methylated genes and pathways involved in
SLE susceptibility. In the current review, we have de-
scribed the main changes in DNA methylation patterns
associated with SLE, focusing on the most relevant
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findings identified by genome-wide DNA methylation ap-
proaches performed in the last 5 years.

Epigenome-Wide DNA Methylation Studies in SLE

The genome-wide DNA methylation approach in SLE was
first used by Javierre et al. in 2010 for testing differences
in the DNA methylation patterns in five couples of mono-
zygotic twins discordant for SLE [21]. Direct comparison
of identical twins is an excellent experimental approach to
test possible epigenetic changes associated with complex
diseases, as it minimizes the influence of many co-
founders, including age and genetic background.
Interestingly, a decrease was observed in the DNA meth-
ylation level of genes related to functional processes po-
tentially relevant in SLE pathology, such as immune re-
sponse, cell activation, cell proliferation, and cytokine
production. The difference in DNA methylation patterns
observed by comparing monozygotic twins with and with-
out SLE reinforced the idea that environmental factors
acting on particular genetic backgrounds can induce
SLE. Despite the relevance and critical insights derived
from the findings of this study, one important limitation
was that it was performed in whole white blood cells.
Therefore, taking into account specific epigenetic profiles
of each tissue or cell type, further studies focusing on
specific affected tissues or cells might uncover more in-
sights into the implication of DNA methylation changes
in the pathogenesis of SLE.

Subsequently, the majority of the epigenome-wide studies
performed in autoimmune diseases, and more especially in
SLE, have been focused on specific immune cells, defined by
their pivotal role in the pathogenesis of the disease. This is due
to the obvious implication of the immune system in the pathol-
ogy of autoimmune diseases and the ability to collect and sep-
arate the different immune cells from peripheral blood samples.
In SLE, previous studies showed that T-cell DNA methylation
defects play an important role in its pathogenesis [12—14,
16-19], and therefore, many of the genome-wide DNA meth-
ylation studies have been performed in this type of cells.

The first screening of 27,578 CpG sites spanning the pro-
moter regions of 14,495 genes in CD4* T cells from 12 female
SLE patients and 12 female healthy controls identified 336
genes differentially methylated [22]. Many of them were
found to be hypomethylated, which is consistent with the
global hypomethylation previously described in T cells from
SLE patients [12]. Further, hypomethylated genes were sig-
nificantly involved in the development of the connective tis-
sue, which is consistent with SLE pathology.
Hypermethylated genes were mainly overrepresented in nutri-
ent metabolism pathways, with special relevance to folate bio-
synthesis, a pathway related to maintenance of DNA



Curr Rheumatol Rep (2017) 19: 32

Page 3 of 10 32

methylation [23]. Some of the differentially methylated genes
correlated significantly with disease activity, suggesting a pos-
sible use as biomarkers for diagnosis and prognosis in SLE
patients.

A genome-wide DNA methylation study using the
HumanMethylation450 BeadChip in naive CD4" T cells and
with a larger sample size revealed a more specific epigenetic
landscape in SLE [24]. A significant hypomethylation of
interferon-regulated genes, including /FITI, IFIT3, MXI,
STATI, IFI44L, USPI18, TRIM22, and BST2, was observed.
These epigenetic changes did not imply change in the gene
expression in naive CD4" T cells; however, they were differ-
entially expressed in total CD4" T cells. This interferon epi-
genetic signature in naive CD4" T cells of SLE patients might
permit a rapid type I interferon response in SLE. Further,
demethylation of interferon-regulated genes in SLE was inde-
pendent of disease activity, and was detected in both active
and inactive disease [24].

This finding was confirmed in a subsequent study and hy-
pomethylation of interferon-regulated genes was also ob-
served in memory and regulatory T cells [25]. Interestingly,
demethylation of /oci involved in type I interferon signaling
have also been found in CD19" B cells and CD14* mono-
cytes, suggesting that this pattern may be an earlier event in
an ancestral lymphoid and myeloid precursor [25]. Some of
these genes were found to be demethylated in the three types
of cells, i.e., T and B cells and monocytes, such as IRF7, while
others were specific of each cell type such as /KZF4 that was
demethylated only in T cells (Fig. 1). Similar to the findings
by Coit et al. in naive CD4" T cells, the interferon signature
was present in patients during flares and remission stages,
with no statistically significant difference between both
groups of patients in any of these cell types, suggesting that
this epigenetic state persists beyond stages when circulating
interferon levels might be at their highest, or that

demethylation of interferon-regulated genes is an early and
persistent phenomenon in SLE [24, 25].

More recently, global hypomethylation has been also ob-
served in neutrophils and low-density granulocytes (LDG)
from SLE patients, with MX/ and IFI44L being the most
hypomethylated genes [26]. In fact, a robust demethylation of
interferon-regulated genes was detected in SLE neutrophils
compared to controls. The importance of neutrophils, and
LDG in particular, in the pathogenesis of SLE has been recently
demonstrated [27]. LDG are pro-inflammatory neutrophils
with a lower density and produce high levels of type I interfer-
on, interferon-gamma, and TNF-alpha. These cells seem to be
more prone to NETosis, i.e., extracellular chromatin traps, re-
lated to a form of cell death of neutrophils. NETs contribute to
the pathogenesis of SLE by stimulating interferon-alpha pro-
duction [27]. In addition, hypomethylation of transposon
LINE1 has been also found in SLE neutrophils consistent with
global hypomethylation. Indeed, increased expression of
LINEI is associated with increased type I interferon production
and has been described in SLE [28, 29].

In summary, global hypomethylation and demethylation of
interferon-regulated genes are the main features in all immune
cells of SLE patients studied to date [24-26]. In addition,
many of the hypomethylated genes are shared between differ-
ent subtypes of cells. In contrast, hypermethylated genes in
SLE tend to be more specific of each immune cell studied (see
Fig. 1). Interestingly, Gene Ontology analyses using the most
significant differentially methylated genes in each immune
cell type studied to date show that hypomethylated genes are
enriched in two processes of the innate immune response, the
interferon pathway, especially type I interferon signaling path-
way (GO:0060337), and negative regulation of viral life cycle
(GO:1903901) (Fig. 2). These common pathways reflect the
overall common functional enrichment among
hypomethylated genes shared between all immune cells

Hypomethylated genes

Fig. 1 Venn diagrams showing the number of differentially methylated
genes in SLE compared to healthy controls among different immune cell
subsets. The size of the circles corresponds with the total number of genes
significantly hypo- or hypermethylated between SLE cases and controls

Hypermethylated genes

in each immune cell subset. Each color represents one cell subset, i.e., T
cells (blue), B cells (red), monocytes (green), and neutrophils (vellow).
Data are from the Supplementary Materials of Coit et al. 2013 [24],
Absher et al. 2013 [25], and Coit et al. 2015 [26]
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Fig. 2 Gene Ontology (GO) functional annotation analysis showing the
main biological processes associated with hypomethylated genes in SLE.
Results from Panther GO term analysis for the most significant
hypomethylated genes in each immune cell subset are shown. The y-

included in our analysis. More specifically, hypomethylated
genes in CD4™" T cells show a signal to response in interferon-
alpha (G0O:0035455) and metabolic process, whereas
hypomethylated genes in CD19* B cells were specifically
associated with response to interferon-beta (GO:0035456),
regulation of immune system process (GO:0002682), and an-
tigen processing and presentation of endogenous peptide an-
tigen (GO:0002483) (Fig. 2). Taken together, demethylation
of interferon-regulated genes in SLE patients may be triggered
by an early event in the hematopoietic cell lineages, and pro-
vides a mechanism to explain type I interferon hyper-
responsiveness in SLE patients. On the contrary,
hypermethylated genes in SLE are involved in different im-
munological pathways (Fig. 3). Regulation of granulocyte dif-
ferentiation (GO:0030852) is a common pathway between
CD4™ T cells and CD19" B cells due to shared
hypermethylated genes in SLE between both cell types. No
significant Gene Ontology enrichment was detected among
hypermethylated genes in monocytes and neutrophils.
Despite these interesting observations based on Gene
Ontology analyses, future replication studies will be necessary
to confirm these results.
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axis represents fold enrichment measured as the percent of
hypomethylated genes in each Gene Ontology term. Data are from the
Supplementary Materials of Coit et al. 2013 [24], Absher et al. 2013 [25],
and Coit et al. 2015 [26]

DNA Methylation Changes and Disease Activity
in SLE

To investigate the earliest T-cell epigenetic changes that occur
in SLE disease flares, Coit et al. designed a genome-wide
DNA methylation analysis in naive CD4" T cells from 74
female SLE patients with different degrees of disease activity,
measured by SLE Disease Activity Index (SLEDAI) score
[30e¢]. The study revealed that increased disease activity in
SLE is associated with progressive hypomethylation of pro-
inflammatory pathways and progressive hypermethylation of
TGF-beta signaling pathway genes. These methylation chang-
es occur prior to gene expression changes and differentiation
of CD4™ T cells, and suggest an epigenetic pro-inflammatory
activation coupled with an epigenetic suppression of immune-
inhibitory signaling, as early events in SLE flares. Indeed, the
genes that get hypomethylated with disease activity showed a
cytokine-related pattern more consistent with an epigenetic
profile of the Th2, Th17, and Tth responses, and suggest a
role of these cells during the early progression to a disease
flare. The fact that no epigenetic changes were detected in
the gene encoding interferon-gamma rejects the early
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contribution of the Th1 cells in SLE flares [30¢¢]. The epige-
netic landscape changes correlated with disease activity in
SLE might be due to increased activity of EZH2, which en-
codes a histone methyltransferase that plays an important role
in X chromosome inactivation and T-cell plasticity and differ-
entiation. Hypermethylated regions correlated with higher dis-
ease activity were found to be enriched in binding sites for the
repressive transcription factor EZH2, while hypomethylated
genes were significantly depleted in EZH2 binding sites
[30e¢]. However, no correlations in mRNA expression levels
were found between EZH?2 and disease activity in naive CD4*
T cells from SLE patients [30+]. In contrast, a negative corre-
lation between disease activity and miR-26a expression, and
possibly also miR-101 expression, was detected. MiR-26a and
miR-101 are both upregulated by glucose restriction and re-
press EZH?2 expression [31]. In fact, glycolysis has been re-
cently demonstrated to be increased in CD4" T cells from SLE
patients [32]. Therefore, we postulate that EZH2 upregulation,
possibly induced by increased glucose availability in SLE T
cells resulting in downregulation of miR-26a and miR-101,
induces a pro-inflammatory epigenetic landscape shift in
naive CD4" T cells that leads to disease flares. The proposed
T-cell epigenetic model of disease flare in SLE patients is
shown (Fig. 4). Additional work is needed to

comprehensively understand the role of EZH2 dysregulation
in SLE and whether inhibiting EZH2 is a potential therapeutic
target for the disease.

DNA Methylation in Disease-Specific Manifestations

SLE is a heterogeneous multi-system disease and can present
with a large spectrum of symptoms and manifestations includ-
ing dermatological, musculoskeletal, renal, cardiovascular,
nervous system disease, and others. The understanding of
the epigenetic mechanisms involved in the pathogenesis of
specific disease manifestation is essential to better understand
SLE and develop novel more specific therapeutic approaches
and disease biomarkers.

Lupus nephritis is a main cause of morbidity and mortality
in SLE patients. Sixty percent of SLE patients develop renal
damage, being more frequent in African, Asian, and Hispanic
ethnicities [33]. Its incidence and severity also vary between
patients. Regarding DNA methylation changes, a significantly
more robust demethylation of the type I interferon-regulated
genes has been observed in naive CD4" T cells from SLE
patients with renal involvement [34, 35]. In fact, a number
of interferon-regulated genes have been observed to be
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Fig.4 Postulated epigenetic model of SLE flares based on genome-wide
DNA methylation data and associated bioinformatics analyses in naive
CD4* T cells in SLE. Reproduced from “Epigenetic reprogramming in
naive CD4+ T cells favoring T cell activation and non-Th1 effector T cell

specifically hypomethylated in SLE patients with a history of
renal involvement, including /RF7, a well-known risk locus
for SLE susceptibility [36] and IFI44. The mRNA expression
levels of both /RF'7 and IF144 were previously observed to be
increased in CD4" T cells from SLE patients [37]. IRF7 is an
activating transcription factor of the type I interferon response.
Also, an SLE-associated genetic variant in this locus confers
elevated IRF7 activity and downstream interferon pathway
[38]. Therefore, both genetic and epigenetic alterations sup-
port a relevant role of /RF7 in SLE susceptibility and more
especially in the development of renal involvement [25, 34,
39]. Indeed, it has been hypothesized that inhibitors of IRF7
might provide a potential therapeutic benefit for lupus nephri-
tis [34]. However, further studies may be required. On the
other hand, 7F744 is an interferon-inducible gene with an un-
known function, but it has been found to be hypomethylated
across multiple leukocyte subsets in SLE patients [24-26]. Its
hypomethylation in lupus nephritis has been recently con-
firmed in an independent study [35]. Outside of the interferon
pathway, other genes such as TNK2, DUSP5, CD47, or
CD247 were found to be differentially methylated only in
SLE patients with but not without renal involvement [34].
Cutaneous manifestations such as photosensitivity, malar
rash, or discoid rash occur in the majority of SLE patients.
Specific DNA methylation patterns associated with malar rash
and discoid rash were identified in naive CD4" T cells of SLE
patients, although the consistent hypomethylation of interfer-
on signature genes was common to both groups of patients as
expected [40]. Interestingly, the methylation changes associ-
ated with specific skin damage were related to immune func-
tions such as environmental stress response, apoptosis, prolif-
eration, and antigen processing and presentation. More specif-
ically, the most extensive hypomethylated promoter
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associated with malar rash was VTRNA2-1 (previously anno-
tated as miR-886) that regulates elF2x and NF-«B signaling
pathways, both involved in cell survival and apoptosis. In SLE
patients with discoid rash, genes such as TRIM69, RHOJ, and
HZF also implied in cell survival and apoptosis were found to
be hypomethylated. Further, in this last set of patients, PSMBS
and TAPI were also hypomethylated, suggesting a relevant
role of the processing and presentation of antigens in cutane-
ous lupus manifestations.

The relationship between DNA methylation and the pro-
duction of autoantibodies that are of great importance in SLE
pathogenesis has also been investigated by a genome-wide
DNA methylation approach in a large case—control cohort
using whole blood samples [41]. The study showed a stronger
differential methylation of CpG sites within major histocom-
patibility complex (MHC) genes associated with anti-Sm and
anti-RNP autoantibody production in SLE. Demethylation in
interferon signature genes was also observed, consistent with
previous reports. Traditional therapies used to treat SLE were
not shown to have any effect on the methylation status of the
interferon signature genes [41].

DNA Methylation as a Potential Diagnostic
Biomarker

As described above, an important feature of SLE is the pres-
ence of autoantibodies, such as anti-nuclear antibodies, anti-
double stranded DNA antibody, anti-Sm antibody, and others,
which have been used as conventional serological markers in
SLE patients [42]. However, the low specificity or sensitivity
of some of these serological tests can be challenging. Despite
progress in characterizing the genetic basis of SLE, genetic
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risk score estimates remain of limited diagnostic or prognostic
utility [8e, 43—45]. This is in part due to the fact that SLE is a
complex polygenic disease, with most genetic risk variants
being common among populations, and that only a small frac-
tion of SLE heritability can be explained by the genetic sus-
ceptibility /oci identified to date.

Taking into account the complex heterogeneity of SLE, the
development of effective biomarkers is necessary. In this re-
gard, DNA methylation marks have been suggested as possi-
ble robust biomarkers for diseases that can be potentially more
objective and developed using more standardized protocols
than serological tests [7, 46].

Zhao et al. performed a genome-wide DNA methylation
study in whole blood to investigate whether specific gene
methylation changes could meet sensitivity and specificity
criteria for a robust diagnostic biomarker in SLE [47¢°].
Significant hypomethylation of a CpG site within /F144L pro-
moter was detected in both active and inactive SLE patients
compared to healthy controls. Subsequent pyrosequencing in
several large case—control cohorts of different ethnicities con-
firmed /F/44L demethylation in peripheral blood samples
from SLE patients compared to healthy controls. Indeed,
IF144L methylation levels can distinguish SLE patients from
healthy controls and from patients with rheumatoid arthritis or
primary Sjogren’s syndrome, with a high sensitivity and spec-
ificity. These data suggest that [F/44L methylation can be
potentially developed as a novel diagnostic test for SLE and
provide a proof of principle for direct possible clinical appli-
cations of epigenetic studies in autoimmunity.

Genetic—Epigenetic Interaction

Findings linking genetic risk of SLE and epigenetic modifica-
tions have been also reported. In particular, the possible rela-
tionship between SLE-associated genetic variants within
MECP?2 and DNA methylation patterns in stimulated human
CD4" T cells from healthy women was investigated. MECP?2
encodes a master epigenetic and transcriptional regulator of
gene expression and can alter chromatin accessibility and in-
duce either transcriptional repression or activation. Genetic
variants in this Jocus are known to affect SLE susceptibility
[48-50], and the SLE-associated genetic variant in this /ocus
has been shown to regulate the expression of several genes,
including a number of interferon-regulated genes in SLE pa-
tients [49]. Indeed, the SLE risk variant of MECP?2 correlates
with higher relative mRNA expression of MECP2 isoform 2
(MECP2B) in stimulated T cells. In order to further evaluate
the possible effect of the SLE risk variant in MECP2 on DNA
methylation patterns, genome-wide DNA methylation was
assessed in stimulated T cells from healthy women with either
the disease risk or non-risk MECP?2 alleles. No evidence of
global DNA methylation change was observed, but significant

widespread locus-specific DNA methylation changes were
found to be associated with the risk variant [51]. In fact, sig-
nificant DNA hypomethylation was detected in the HLA re-
gion, especially in HLA-DR and HLA-DQ, and in interferon-
regulated genes, providing the first evidence for genetic—epi-
genetic interaction in an SLE genetic risk variant.

The possible role that inherent ethnicity-specific DNA
methylation changes might play in SLE susceptibility has
been recently evaluated. SLE prevalence varies across popu-
lations, being more frequent in African, Asian, and Latin-
American ancestries than in Europeans [33]. These differ-
ences might be explained by the existence of specific risk
loci detected across populations [8¢]. However, it is difficult
to determine if genetic factors alone or other non-genetic fac-
tors such as environmental or socioeconomic causes are also
involved. Multiple studies have demonstrated the existence of
differences in DNA methylation patterns between populations
[52, 53], suggesting that inherent epigenetic differences might
affect the development and progression of human complex
diseases. Ethnicity-specific DNA methylation changes that
might be involved in SLE susceptibility and pathogenesis
have been evaluated in naive CD4" T cells from a total of 66
healthy women and 63 women with SLE from two different
ancestries, African-American and European-American [54].
The results of this genome-wide DNA methylation study
showed differences in DNA methylation patterns between
both populations that were explained in part by the presence
of genetic polymorphisms that modify CpG sites and, conse-
quently, DNA methylation status [54]. Significant enrichment
of pro-apoptotic genes and genes previously linked to autoim-
munity and SLE were observed among the hypomethylated
genes in African-Americans compared to European-
Americans, both in healthy individuals and in SLE patients.
This study demonstrated that heritable ethnicity-specific DNA
methylation changes might at least in part explain differences
in SLE susceptibility between populations [54]. Further stud-
ies in other populations with high prevalence of SLE are re-
quired to confirm and expand these findings.

Conclusion and Future Perspectives

The few genome-wide DNA methylation studies published to
date have provided new insights into the pathogenesis of SLE.
Allin all, interferon-regulated genes seem to be epigenetically
poised for transcription, providing a mechanism to explain
type I interferon hyper-responsiveness in SLE. In addition,
the persistent demethylation of interferon-regulated genes
found across immune cells and disease manifestations in
SLE suggests that an epigenetic interferon signature might
be an early event in the disease process. Further investigations
will be required to establish at what stage does this epigenetic
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interferon signature develop relative to the onset of clinical
disease in SLE and how this can be mechanistically explained.

Genome-wide DNA methylation studies have also provid-
ed evidence that can lead to the development of novel diag-
nostic biomarkers for SLE, such as /F/44L methylation in
whole blood. Similarly, disease subset-specific methylation
changes have been identified and serve as proof of principle
that specific epigenetic biomarkers might have prognostic val-
ue in SLE. Epigenetic changes might help explain differences
in SLE prevalence and severity between populations, and
studies to identify epigenetic biomarkers of disease flares
and remission and to predict response to therapy should be
pursued in the near future.

Although published studies show the pivotal role for DNA
methylation changes in SLE, many questions still need to be
answered. Examination of other cell subsets relevant to SLE,
including cells derived from biopsies of affected tissues, might
uncover additional epigenetic susceptibility /oci for SLE man-
ifestations. In this way, single-cell approaches for capturing
DNA methylation patterns might be a novel powerful tool to
study the cellular plasticity and diversity of the complex tissue
samples from SLE patients. In addition, future studies and
replication efforts with larger sample sizes might detect small-
er DNA methylation changes between patients and controls.
Large international consortium-based approaches might help
to obtain more robust findings. Also, newer sequencing tech-
nologies that permit investigation of other regulatory regions
and epigenetic marks in the genome might expand the epige-
netic landscape associated with SLE and allow for a better
understanding of disease etiology and the identification of
novel therapeutic targets. Finally, integrative genetic and epi-
genetic epidemiological approaches will be required to refine
the functional and regulatory variation associated with SLE-
risk variants, and might permit the development of prediction
models with potential clinical use in the diagnosis, classifica-
tion, and prognosis of SLE.
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