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Abstract
Over the last decades, genetic factors for rheumatoid diseases like
the HLA haplotypes have been studied extensively. However,
during the past years of research, it has become more and more
evident that the influence of epigenetic processes on the develop-
ment of rheumatic diseases is probably as strong as the genetic
background of a patient. Epigenetic processes are heritable
changes in gene expression without alteration of the nucleotide
sequence. Such modifications include chromatin methylation and
post-translational modification of histones or other chromatin-
associated proteins. The latter comprise the addition of methyl,
acetyl, and phosphoryl groups or even larger moieties such as
binding of ubiquitin or small ubiquitin-like modifier. The combinatory
nature of these processes forms a complex network of epigenetic
modifications that regulate gene expression through activation or
silencing of genes. This review provides insight into the role of
epigenetic alterations in the pathogenesis of rheumatoid arthritis
and points out how a better understanding of such mechanisms
may lead to novel therapeutic strategies.

Introduction
Rheumatic disorders comprise a large number of different
disease entities that are all characterized by musculoskeletal
symptoms. Rheumatoid arthritis (RA) not only has a high
prevalence but also represents the prototype of an autoimmune
inflammatory joint disease that leads to progressive destruction
of articular structures, particularly cartilage and bone [1].
Therefore, the impact of epigenetic modifications in the
development of rheumatoid diseases will be exemplified by
discussing epigenetic changes in RA by focusing on RA
synovial fibroblasts (RASFs). Hyperplasia of the synovium with
increased cell density and infiltration of inflammatory cells is a
hallmark of RA. Although the initiating events are elusive, it has
been shown that the interaction of RASFs with invading
macrophages, lymphocytes, and the endothelium leads to the
development of a specific tissue response. Matrix

metalloproteinase (MMP)-producing synovial cells invade into
the cartilage and into the subchondral bone. The attachment of
synovial cells and particularly of synovial fibroblasts to the
cartilage matrix as well as the subsequent upregulation of MMP
expression are the results of complex regulatory mechanisms.

So far, several genetic factors predisposing for RA have been
described, and in particular the influence of distinct HLA
haplotypes on disease development and severity has been
studied intensively. In addition, polymorphisms of other genes
such as PTPN22 have been demonstrated to play a role in
the pathogenesis of RA. However, the overall contribution of
these genetic susceptibility factors to the development of RA
is estimated to be 50% or even less [2], and numerous
studies suggest that other nongenetic but nevertheless gene-
regulating factors might individually influence both the
susceptibility to RA and disease severity. In this context, a
variety of alternative mechanisms of gene regulation have
been studied with special focus on epigenetic mechanisms
since there is robust evidence that epigenetic modifications
are associated with various pathologies such as cancer or
chronic inflammation. Given the fact that the whole genome
consists of more than 3 billion base pairs, the relatively low
number of coding sequences is surprising. Differences,
therefore, are likely to be based to a considerable extent on
epigenetic changes.

Two typical epigenetic modifications with great influence on
DNA function are well known, DNA methylation and histone
modification. Furthermore, alternative splicing of mRNA
expands the mechanisms by which signaling pathways can
be influenced. Additionally, recently, a group of endogenous,
small, noncoding RNAs, called microRNAs (miRNAs), has
been discovered as a new class of regulators of gene func-
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tion [3-5]. Though not fixed in the DNA code, these changes
can be stable over the entire human life span or may be
influenced by other factors such as individual differences in
lifestyle [6,7]. Given this complex molecular networking,
epigenetic factors may be of key impact on the pathogenesis
of RA. This hypothesis is supported by the notion that, in
addition to genetic factors, environmental triggers are
involved in the development of RA since age, infections,
smoking, nutrition, and pollution have been suggested to
have an effect on the epigenetic background. Although it is
still unknown how these factors contribute to the
development of RA in different patients, it is intriguing to
speculate that, for instance, the late onset of RA can be
explained by the development of a specific epigenetic back-
ground during a lifetime as it has been shown in cancer for
false patterns of methylation [6,8]. By comparing mono-
cygotic twins, it has been demonstrated that very similar
epigenetic patterns in young twins drift apart over a lifetime,
affected by different lifestyles [9]. Most changes were found
in patterns of histone deacetylation and methylation. In
conclusion, knowledge of the epigenetic processes becomes
more and more essential for the understanding of the
differences seen in the clinical picture of patients with
rheumatic diseases such as RA.

Epigenetic modulation of gene expression
The process of gene induction comprises the recruitment of
activator or repressor proteins that influence DNA binding,
synchronization, and recruitment of RNA polymerase II (RNA-
Poly II) to a specific gene. Furthermore, the process requires
formation of a whole complex formed by cofactors that are
termed enhancosomes. Subsequently, a complex interplay of
histone modification and transcriptional activation leads to the
induction of specific genes. The term ‘epigenetic’ (first
mentioned by Conrad Waddington in 1942) defines all
heritable changes in the expression of genes which are not
encoded directly by the DNA sequence of the specific gene
itself [10]. This includes DNA methylation, post-transcriptional
modifications, chromatin modification, and miRNAs. Epi-
genetic modifications are a prominent mechanism by which
the differentiation of cells is controlled since some genes are
repressed by epigenetic silencing during cell development.
Epigenetic silencing does not depend on sequence-specific
DNA-binding proteins [11]. This feature of epigenetic gene
control is important because it may explain how alterations in
epigenetic gene regulation may result in tumor genesis or
chronic inflammation without clonal expansion of defective
cells. Though completely different, the distinct epigenetic
factors can interact with each other since there is no clear
border between these regulatory pathways. Thus, it is known
that a complex interplay between transcription and RNAi (RNA
interference) can influence the heterochromatin structure [12].

Modification of histones
The DNA is highly organized within the chromatin. This
protein-DNA complex compresses the DNA in the nucleus. It

can be subdivided into euchromatin and heterochromatin.
Euchromatin is decondensed and transcriptionally active
whereas heterochromatin is condensed and transcriptionally
silenced [13]. Despite the clear distinction of heterochromatin
and euchromatin, the chromatin is dynamically modified [14].
The nucleosomes of the protein-DNA complex consist of 4
core histones each surrounded by 146 nucleotides. A highly
compact state of chromatin reduces the accessibility of the
DNA for transcriptional factors or the RNA-Poly II. Thus, the
expression rate of these genes is reduced. The unwinding of
the compact chromatin opens the DNA for polymerases or
transcription factors and thus initiates transcription. The
acetylation of histones is catalyzed by the histone acetyl-
transferases (HATs), which modify lysine residues at the
N-terminus of the histones [15]. Such hyperacetylation is
associated with the opening of the chromatin and thus with
an enhanced rate of gene transcription. On the other hand,
targeted deacetylation of histones is performed by multi-
subunit enzyme complexes (for example, the histone
deacetylases [HDACs]) [15]. HDACs remove the acetyl
group from the histone lysine residues, and the resulting
hypoacetylation of the histones reduces the space between
the histones and the surrounding DNA. Consequently, the
transcription factors are sterically hindered from binding to
their motifs on the nucleotide sequence, leading to a
silencing of affected genes [14]. The delicate balance
between histone acetylation and deactetylation modulates
the transcription rates of numerous genes. In addition, both
HATs and HDACs have a wide range of protein substrates
other than histones. These substrates can modify the activity
of proteins involved in transcription, nuclear translocation,
and cytoskeletal architecture. Hyperacetylation as well as
hypoacetylation of genes have been shown to be associated
with disease states. So far, the beneficial therapeutic use of
HDAC inhibitors has been shown in cancer [16] but also in
animal models of autoimmune diseases such as multiple
sclerosis [17] and systemic lupus erythematodes [18]. In
systemic sclerosis (SSc), the knockdown of HDAC7 in skin
fibroblasts [19] and the treatment of bleomycin-induced skin
fibrosis in mice with trichostatin A as a known HDAC inhibitor
[20] remarkably reduced the accumulation of extracellular
matrix proteins and therefore fibrosis [21]. In contrast to
previous studies demonstrating the successful application of
an HDAC inhibitor in vitro [22] and in an animal model of RA,
a recently published report gave evidence of hyperacetylation
in RA by comparing nuclear extracts of RA synovial tissue
samples with osteoarthritis (OA) tissue samples. The authors
found the activity of HDACs to be about twofold lower in
extracts of RA patients than in those of OA patients [23].
Therefore, changes in the acetylation pattern in RA have to be
addressed in further studies before thinking of molecular
therapeutic targets. Besides acetylation, there is increasing
evidence that methylation [24] or demethylation and also
citrullination [25] of histones might extend the epigenetic
modifications even though their role in autoimmune disease
has not been intensively studied so far.
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DNA methylation
The only known mechanism for a direct modification of DNA
sequences after their synthesis is the methylation of
nucleotides. This modification changes the function of the
methylated DNA dramatically. In eukaryotes, methylation is
restricted to the pyrimidin base cytosine, whereas in pro-
karyotes adenosin can be methylated as well. In prokaryotes,
DNA methylation functions as a control mechanism for the
restriction system that protects the cells against foreign DNA
molecules. In eukaryotes, the silencing of specific genes
seems to be the main function of methylated cytosines. In its
most common form, DNA methylation takes place at position
5 of the cytosine ring within CpG dinucleotides [26].
Nonmethylated CpG dinucleotides are clustered in regions
called CpG islands. Generally, these CpG islands surround
the promoter region of constitutive exprimated genes. There
are several DNA methyltransferases (Dnmts) that can
catalyze these methylation processes, Dnmt 1 as the most
abundant methyltransferase. The Dnmt3 family which is
capable to methyltes hemi- or unmethylated CpGs. Insertion
of a methyl group into DNA by Dnmts results in changes of
chromatin formation and in silencing of the affected gene.
There are two functional principles of methylation-mediated
DNA silencing that can be distinguished. First, direct binding
of a transcription factor is hindered, which is caused by
sterical changes of the sequence structure. Second, the
recognition of a methylated nucleotide can elicit the
repressive potential of these regions. Methyl CpG-binding
proteins use transcriptional corepressors for transcriptional
silencing or may modify the surrounding chromatin of
methylated regions [27]. In oncogenesis, hypermethylation of
tumor-suppressor genes and hypomethylation of proto-
oncogenes are well-known epigenetic phenomena. The
aggressive and invasive behavior of RASFs and their
increased resistance to apoptosis explain why they are also
referred to as cells with a ‘tumor-like phenotype’ [28]. While
there is no genetic background for these alterations, it
becomes more and more obvious that epigenetic
modifications trigger or at least contribute to the
characteristic changes of RASFs. Methylation of CpG islands
in the promoter region of the Death receptor 3 (DR3) of
RASFs results in a higher resistance for apoptosis [29].
Another study supported the findings of an altered resistance
to apoptosis due to epigenetic modifications by showing that
treatment with the HDAC inhibitor trichostatin A induces
apoptosis in RASFs, while concomitantly FLIP (Flice inhibitory
protein) was found to be silenced [30]. Inherited retroviral
sequences like LINE-1 (long interspersed nuclear element-1)
retrotransposons are known to play a role in cancer.
Strikingly, Neidhart and colleagues [31] showed an increased
expression in RA synovium, especially at sites of invasion.
Although most of the retrotransposons of the human genome
were not functional any more or were silenced by methylation,
RASFs showed an increased activity, probably due to a
decreased methylation of their promoter [32]. Enforced
expression of LINE-1 sequences in RASFs induced the

expression of the p38δ mitogen-activated protein kinase, the
c-Met receptor, and galectin 3-binding protein, thus
contributing to the activated phenotype of RASFs. The
increased activity of LINE-1 was associated with genomic
hypomethylation in RASFs. In accordance, very recent data
strongly support the hypothesis that genomic
hypomethylation might play a key role in the pathogenesis of
the activated phenotype of RASFs, in particular with respect
to their destructive potential. Karouzakis and colleagues [33]
were able to show the presence of hypomethylated nuclei in
the synovial tissue of RA patients, and additionally it has been
proven that RASFs retained their demethylation profile in
vitro. In further experiments, it had been demonstrated that
chronic treatment of normal synovial fibroblasts with the Dnmt
inhibitor 5-AZA (5-aza-2′-deoxycytidine) changed the cellular
profile into an RASF-like phenotype [33].

Besides RA, there is increasing evidence that histone
modifications of certain genes might play a role in the
pathogenesis of SSc. Recently, Wang and colleagues [34]
proved that hypermethylation of CpG islands and
deacetylation in the FLI-1 promoter region in SSc fibroblasts
and skin biopsy specimens were associated with increased
production of collagen type I. The direct influence of Dnmt3a
on the degree of histone modification has been shown [35].
A reduced Dnmt3a expression resulted in an enhaced
histone actylation. Tihis underlines the repressory nature of
Dnmt3a on acetylation of the core histones. Such findings
underline the complex interplay between the different factors
of the epigenetic network (Figure 1).

MicroRNAs
In the field of gene expression, a new class of post-trans-
criptional regulators has recently emerged. These small (19
to 22 nucleotides), endogenous, single-stranded, noncoding
RNAs, called miRNAs, account for 2% to 3% of the human
genome and are estimated to regulate about 30% of the
human genes [36]. Over 50% of known miRNAs are located
within introns of coding genes. The biogenesis of these
evolutionary highly conserved molecules is carried out in a
multistep process. Briefly, the mature single-stranded RNAs
are generated from genome-encoded stem-loop precursors.
This complex process is mainly catalyzed by two main RNAse
III-type endonucleases of which Drosha acts in the nucleus
whereas Dicer acts in the cytoplasm. Mature miRNAs that are
incorporated into the RNA-induced silencing complex (RISC)
recognize the 3′-untranslated region (3′-UTR) of their respec-
tive target mRNA by complementary base pairing with the
seed sequence (6 to 8 nucleotides) in their 5′-UTR. Based on
the fact that a complementarity of 6 nucleotides is sufficient
to exert regulatory functions, a single miRNA can potentially
interact with several hundred target mRNAs, and each mRNA
can be targeted by several miRNAs. This broad diversity of
possible interactions amplifies the complexity of the regula-
tion of protein-coding genes. The degree of complementary
of the seed sequence with the target mRNA determines the
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type of mechanism of this post-transcriptional regulation.
Perfect complementary is more common in plants than in
mammals and results in mRNA degradation [37]. In
mammals, the imperfect base pairing occurs more often, and
the miRNA-containing RISCs are thought to exert their
effects by regulating the stability of the target mRNA or by
blocking its translation [38]. Interestingly, there is increasing
evidence that miRNAs are not the only negative regulators of
gene expression. It has been found that, in response to
certain stimuli, sequestered mRNAs may be liberated and
even preferentially translated [39-40]. Given the complexity of
the mechanisms regulating gene expression, it seems likely
that miRNAs display additional functions aside from mere
switch-on or switch-off effects; for example, they might also
have ‘fine-tuning’ properties [31]. Besides this canonical
pathway, intronic miRNA precursors that bypass Drosha
processing have been discovered, first in Drosophila
melanogaster and Caenorhabditis elegans [41] and later in
mammals [42]. These so-called ‘mirtrons’ enter the pathway
of miRNA biogenesis after having been spliced and
debranched (Figure 2).

miRNAs have been found to be involved in physiological as
well as pathological processes, including cellular differen-
tiation, cell cycle progression and apoptosis, embryogenesis

[43], angiogenesis [44], (cardio-)myogenesis [45-47], meta-
bolism [48-50], neurology [43], oncogenesis, and viral infec-
tions [51]. In addition, there are rapidly accumulating data
implicating an important role of miRNAs in the regulation of
immune responses and the development of autoimmunity
[52-55]. Some recent studies have suggested that altered
expression and function of miRNAs might also be involved
into the pathogenesis of RA. Stanczyk and colleagues [56]
were able to show that the treatment of RASFs with tumor
necrosis factor-alpha (TNF-α) led to an upregulation of miR-
155 and miR-146 and that these two miRNAs were
constitutively more highly expressed in RASFs than in
synovial fibroblasts of patients with OA. Monocytes in the
peripheral blood of RA patients also displayed higher levels
of miR-155. Besides TNF-α, stimulation of RASFs with
interleukin (IL)-1β, lipopolysaccharide, poly(I-C), and bacterial
lipoprotein upregulated the expression of miR-155. Further-
more, the enforced expression of miR-155 repressed the
levels of MMP-3 and reduced the induction of MMP-3 and
MMP-1 by Toll-like receptor ligands and cytokines. Thus, it
could be hypothesized that, based on the repressive effect of
miR-155 on MMPs, miR-155 might play a role in the
modulation of the destructive behavior of RASFs [56]. These
findings were supported by another study that reported an
enhanced expression of miR-146 in RA synovial tissue and
demonstrated that the expression levels of miR-146 in RASFs
were increased upon stimulation with TNF-α and IL-1β [57].

The investigation of the impact of altered miRNA expression
is currently most advanced in cancer research. There is an
increasing number of studies providing new and profound
insights in the regulation of gene expression, in particular with
respect to the interference of former known epigenetic
modifications and miRNAs. Overexpression of certain
miRNAs such as miR-10b in breast cancer [58] and down-
regulation of miRNAs such as let-7 in non-small lung cancer
cells [59] or of miR-15 and miR-16 in chronic lymphocytic
leukemia [60] have been found to be implicated in tumor-
genesis. Most strikingly, there is increasing evidence that
miRNA-encoding genes are both regulators and targets of
methylation and acetylation processes. One recently
published study was able to show that, in non-small lung
cancer cells, the restoration of the downregulated miR-29
family reversed the altered methylation pattern and thus
induced re-expression of silenced tumor-suppressor genes
[61] because the members of the miR-29 family were proven
to be direct regulators of Dnmt3A and Dnmt3B. Another
cartilage-specific miRNA, miR-140, has been proposed to
target HDAC4 [61]. Besides, there are accumulating data
that miRNAs are also targets of the aforementioned
epigenetic modifications. In a large-scale analysis of human
miRNA genes, 155 of 332 miRNAs were found to be
associated with CpG islands, and the methylation frequency
was an order of magnitude higher than that of protein-coding
genes (1% to 2%) [62]. A recently published study showed
that treatment with chromatin-remodeling drugs, namely the
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Figure 1

Close interactions between DNA methylation and histone
modifications. (a) Relaxed chromatin is accessible for transcription
factors (TFs). Chemical modifications (green) on the core histones
(yellow) result in a relaxed chromatin structure. (b) DNA
methyltransferases (Dnmts) add methyl groups (grey triangle) to CpG
dinucleotides, resulting in gene silencing that can affect the former
modification of the histones. (c) The chemical modification (red) to the
core histone results in a condensed and inactive chromatin structure.
TFs are sterically hindered and cannot bind to their recognition
sequence on the DNA.



demethylating agent 5-AZA and the HDAC inhibitor
phenylbutyrate (PBA), induced the expression of miR-127 in
cancer cells but not in normal fibroblasts. Alterations in DNA
methylation and histone modification around the promoter
region of the mir-127 gene by 5-AZA and PBA treatment
restored miR-127 expression in cancer cells with subsequent
suppression of the proto-oncogene BCL6 [63]. Given the
striking impact of altered miRNA expression on health or
disease, they represent promising future therapeutic targets.
That this aim is not beyond the realm of possibility is
supported by the successful and well-tolerated use of anti-
miRs in rodents [48,64] as well as in non-human primates
[65]. Besides systemic administration, a recently published
study has demonstrated that local delivery (that is,
intradermal application) of anti-miRs might be an alternative
strategy [66]. Based on these encouraging results, the first
human trial investigating the effects of anti-miR-122 in
patients with hepatitis C has now been initiated [67]. So far,
no adverse events have been reported. In contrast to the use
of anti-miRs, the induction of miRNA mimics in human trials
still has additional technical hurdles to face.

The discovery of miRNAs will also influence the design of
future experimental studies. Osokine and colleagues [68]
draw attention to the fact that, since the majority of the known

miRNAs are located within introns, unintentional ablation of
miRNA expression might be a major risk factor in gene
knockout studies. Their search of published murine knockout
studies and databases of gene trap embryonic stem cell lines
revealed almost 200 cases in which the knockout of the gene
might have disrupted miRNA expression. Based on the
demonstrated impact of an altered miRNA expression, it is
possible that the reported overt phenotypes might have been
more than the mere effect of the gene knockout [68].

Post-translational processes modulating
epigenetic mechanisms
There are different post-translational processes with direct or
indirect effect on epigenetic events. To illustrate this complex
mechanism, we will focus on two important factors, namely
ubiquitin and a related family of proteins, the small ubiquitin-
like modifiers (SUMOs). The latter proteins have been shown
to have a great influence on the ability of RASFs to react on
Fas-induced apoptosis. The well-described abilities of SUMO
and ubiquitin point out how important the interactions
between post-translational processes and epigenetics are.

Ubiquitin is an 8-kDa protein consisting of 76 amino acids.
Ubiquitination is a well-characterized process that labels
target proteins for proteasomal degradation. Additionally,
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Figure 2

MicroRNA (miRNA) biogenesis. The canonical pathway includes cleavage of pri-miRNAs in the nucleus by Drosha, whereas pre-miRNAs are
processed by Dicer in the cytoplasm. Some of the miRNAs located within introns of protein-coding genes bypass Drosha cleavage. These
so-called mirtrons are processed from their primary transcripts within an alternative (mirtronic) pathway by splicing and debranching. Finally, from
the resulting miRNA duplex, the strand with the higher affinity is assembled into the RNA-induced silencing complex. Complementary base pairing
with the target mRNA leads either to degradation of the mRNA or to translational repression, depending on the complement of the sequences. This
figure has been modified according to [40]. Ago, Agonaute proteins.



ubiquitination controls the stability, function, and intracellular
localization of a wide variety of proteins. The multistep
process of ubiquitination is catalyzed by special enzymes and
can be completely reversed by deubiquitylating enzymes.
With respect to epigenetic modifications, it has been shown
that ubiquitination might interact with processes of
acetylation and methylation [69]. Additionally, it is well known
that at least three steps of the nuclear factor-kappa-B
(NF-κB) pathway are regulated by ubiquitination, namely
degradation of IkappaB (inhibitor of NF-κB), processing of
NF-κB precursors, and activation of the IkappaB kinase [70].
Taken together, these findings suggest that ubiquitination
might also play a significant role in the pathogenesis of RA
and that its further investigation with respect to this central
pathway might be promising.

Like ubiquitination, SUMOylation is an enzyme-catalyzed
multistep process that specifically targets proteins harboring
a SUMO interaction motif [71]. This process is also reversible
since the moieties of SUMO can be disconjugated from their
targets by specific proteases. With respect to epigenetic
regulation of gene expression, some published studies
suggest that SUMO promotes HDAC-mediated trans-
criptional repression [72,73]. SUMO-mediated transcriptional
repression might also involve certain transcription factors or
key molecules of signaling cascades. Besides, SUMO
modifies the activity and/or localization of proteins with
important roles in cell proliferation, differentiation, and
apoptosis [74]. However, the underlying molecular effects are
not well known yet.

In RA, there is evidence that SUMO is overexpressed in
synovial tissue and synovial fibroblasts [75]. Very recent data
showed that de-SUMOylation in RASFs decreased the levels
of histone acetylation with a subsequent reduction of the
expression of certain MMPs and ILs, thus diminishing the
destructive potential of RASFs [76]. Despite the fact that
chemical modulators of ubiquitination and SUMOylation are
already available, we first need a better understanding of the
underlying molecular mechanisms as well as of the epigenetic
impact of these modifications.

Epigenetic modifications regulating
inflammatory processes
The transcription factor NF-κB plays a central role in the
induction of genes involved in immunity and inflammation,
including cytokines, chemokines, adhesion molecules,
receptors, and inducible enzymes such as COX-2 and
inducible nitric oxide synthase [77]. Thus, the idea that the
inhibition of NF-κB could abrogate the signaling of pro-
inflammatory cytokines makes it an attractive therapeutic
target in RA. Interestingly, there is evidence that the binding
of NF-κB to its nucleosomal targets requires conformational
changes of histones to render its binding sites accessible
[78]. It has been shown that pro-inflammatory signaling
initiated modifications of histones such as acetylation of

histone 3, phosphoacetylation of histone 4, and reduced
methylation of H3K9 that was accompanied by activation of
RNA-Poly II. As a consequence of these modifications, an
increased recruitment of NF-κB to the promoter of several
cytokines and chemokines could be observed [79]. To add to
this complexity, IL-6, a major cytokine in the pathogenesis of
RA, is known not only to be an NF-κB-inducible gene but also
to initiate epigenetic modifications itself. In cancer, it has
been found that IL-6 enhanced and maintained the hyper-
methylation of the promoters of the tumor-suppressor gene
p53 and of hHR23B, a key factor of DNA repair in a multiple
myeloma cell line [80]. Furthermore, it has been demon-
strated to induce hypomethylation of the EGFR (epidermal
growth factor receptor) promoter, thus enhancing the
proliferation of cholangiocellular carcinoma cells [81].
Interestingly, there are accumulating data that enforced
expression of IL-6 in tumors alters not only the expression
levels of certain miRNAs [82,83] but also their methylation-
dependent regulation [84]. In summary, these findings
support the hypothesis that a highly complex epigenetic
control mediates immune and inflammatory responses.

Conclusion
The increasing amount of experimental in vitro and in vivo data
strongly supports the hypothesis that epigenetic modifications
play a major role in the development not only of cancer but
also of rheumatic diseases. In our review, we have focused on
RA not only to demonstrate that there are substantial
epigenetic modifications but also to illustrate their functional
impact. DNA methylation, histone modification, miRNAs, and
post-translational processes such as SUMOylation directly
influence genes involved in inflammation and/or tissue
destruction. International projects and organizations such as
the Human Epigenome Project, the Epigenome Network of
Excellence, and the Epigenome Society reflect the
developing interest in this field. The main aims of the Human
Epigenome Project are the identification and cataloguing of
so-called methylation variable positions in the human genome.
The Epigenome Network of Excellence is a consortium of
European research trying to establish a European Research
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Area with a clear focus on the epigenome, whereas the
Epigentic Society (formerly the DNA Methylation Society)
supports and enhances the networks between scientists with
a focus on epigenetic processes. Current and future research
will provide new insights into the complex pathogenesis of
rheumatic diseases and thus enable the development of a
molecular-based targeted therapy. That this is not beyond the
realm of possibility is supported by the fact that miRNA-
modulating agents have already entered clinical trials.
However, the application of epigenetic drugs other than
miRNA-targeting drugs in non-malignant diseases still has to
overcome major hurdles because of potential severe off-
target effects.

Competing interests
The authors declare that they have no competing interests.

References
1. Muller-Ladner U, Pap T, Gay RE, Neidhart M, Gay S: Mecha-

nisms of disease: the molecular and cellular basis of joint
destruction in rheumatoid arthritis. Nat Clin Pract Rheumatol
2005, 1:102-110.

2. Deighton C, Criswell LA: Recent advances in the genetics of
rheumatoid arthritis. Curr Rheumatol Rep 2006, 8:394-400.

3. Lee RC, Feinbaum RL, Ambros V: The C. elegans heterochronic
gene lin-4 encodes small RNAs with antisense complemen-
tarity to lin-14. Cell 1993, 75:843-854.

4. Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC,
Rougvie AE, Horvitz HR, Ruvkun G: The 21-nucleotide let-7 RNA
regulates developmental timing in Caenorhabditis elegans.
Nature 2000, 403:901-906.

5. Berezikov E, Plasterk RH: Camels and zebrafish, viruses and
cancer: a microRNA update. Hum Mol Genet 2005, 14 Spec
No. 2:R183-190.

6. Sedivy JM, Banumathy G, Adams PD: Aging by epigenetics—a
consequence of chromatin damage? Exp Cell Res 2008, 314:
1909-1917.

7. Yung RL, Julius A: Epigenetics, aging, and autoimmunity.
Autoimmunity 2008, 41:329-335.

8. Liao X, Siu MK, Chan KY, Wong ES, Ngan HY, Chan QK, Li AS,
Khoo US, Cheung AN: Hypermethylation of RAS effector
related genes and DNA methyltransferase 1 expression in
endometrial carcinogenesis. Int J Cancer 2008, 123:296-302.

9. Kaminsky Z, Petronis A, Wang SC, Levine B, Ghaffar O, Floden
D, Feinstein A: Epigenetics of personality traits: an illustrative
study of identical twins discordant for risk-taking behavior.
Twin Res Hum Genet 2008, 11:1-11.

10. Holliday R: Epigenetics: a historical overview. Epigenetics
2006, 1:76-80.

11. Cheng CS, Johnson TL, Hoffmann A: Epigenetic control: slow
and global, nimble and local. Genes Dev 2008, 22:1110-1114.

12. Grewal SI, Elgin SC: Transcription and RNA interference in the
formation of heterochromatin. Nature 2007, 447:399-406.

13. Grewal SI, Jia S: Heterochromatin revisited. Nat Rev Genet
2007, 8:35-46.

14. Briggs SD, Xiao T, Sun ZW, Caldwell JA, Shabanowitz J, Hunt
DF, Allis CD, Strahl BD: Gene silencing: trans-histone regula-
tory pathway in chromatin. Nature 2002, 418:498.

15. de Ruijter AJ, van Gennip AH, Caron HN, Kemp S, van Kuilenburg
AB: Histone deacetylases (HDACs): characterization of the
classical HDAC family. Biochem J 2003, 370(Pt 3):737-749.

16. Kim TY, Bang YJ, Robertson KD: Histone deacetylase inhibitors
for cancer therapy. Epigenetics 2006, 1:14-23.

17. Gray SG, Dangond F: Rationale for the use of histone deacety-
lase inhibitors as a dual therapeutic modality in multiple scle-
rosis. Epigenetics 2006, 1:67-75.

18. Mishra N, Reilly CM, Brown DR, Ruiz P, Gilkeson GS: Histone
deacetylase inhibitors modulate renal disease in the MRL-
lpr/lpr mouse. J Clin Invest 2003, 111:539-552.

19. Hemmatazad H, Maciejewska H, Pileckyte M, Maurer B, Distler J,
Gay RE, Michel B, Gay S, Huber LC, Distler O, Juengel A:

HDAC7 - a new target for the treatment of systemic sclerosis
[abstract 1423]. EULAR 2008:594.

20. Huber LC, Distler JH, Moritz F, Hemmatazad H, Hauser T, Michel
BA, Gay RE, Matucci-Cerinic M, Gay S, Distler O, Jüngel A: Tri-
chostatin A prevents the accumulation of extracellular matrix
in a mouse model of bleomycin-induced skin fibrosis. Arthritis
Rheum 2007, 56:2755-2764.

21. Nasu Y, Nishida K, Miyazawa S, Komiyama T, Kadota Y, Abe N,
Yoshida A, Hirohata S, Ohtsuka A, Ozaki T: Trichostatin A, a
histone deacetylase inhibitor, suppresses synovial inflamma-
tion and subsequent cartilage destruction in a collagen anti-
body-induced arthritis mouse model. Osteoarthritis Cartilage
2008, 16:723-732.

22. Nakamura C, Matsushita I, Kosaka E, Kondo T, Kimura T: Anti-
arthritic effects of combined treatment with histone deacety-
lase inhibitor and low-intensity ultrasound in the presence of
microbubbles in human rheumatoid synovial cells. Rheumatol-
ogy (Oxford) 2008, 47:418-424.

23. Huber LC, Brock M, Hemmatazad H, Giger OT, Moritz F,
Trenkmann M, Distler JH, Gay RE, Kolling C, Moch H, Michel BA,
Gay S, Distler O, Jüngel A: Histone deacetylase/acetylase
activity in total synovial tissue derived from rheumatoid arthri-
tis and osteoarthritis patients. Arthritis Rheum 2007, 56:1087-
1093.

24. Heo K, Kim B, Kim K, Choi J, Kim H, Zhan Y, Ranish JA, An W:
Isolation and characterization of proteins associated with
histone H3 tails in vivo. J Biol Chem 2007, 282:15476-15483.

25. Wissmann M, Yin N, Müller JM, Greschik H, Fodor BD, Jenuwein
T, Vogler C, Schneider R, Günther T, Buettner R, Metzger E,
Schüle R: Cooperative demethylation by JMJD2C and LSD1
promotes androgen receptor-dependent gene expression.
Nat Cell Biol 2007, 9:347-353.

26. Suzuki MM, Bird A: DNA methylation landscapes: provocative
insights from epigenomics. Nat Rev Genet 2008, 9:465-476.

27. Klose RJ, Bird AP: Genomic DNA methylation: the mark and its
mediators. Trends Biochem Sci 2006, 31:89-97.

28. Fassbender HG, Seibel M, Hebert T: Pathways of destruction in
metacarpal and metatarsal joints of patients with rheumatoid
arthritis. Scand J Rheumatol 1992, 21:10-16.

29. Takami N, Osawa K, Miura Y, Komai K, Taniguchi M, Shiraishi M,
Sato K, Iguchi T, Shiozawa K, Hashiramoto A, Shiozawa S:
Hypermethylated promoter region of DR3, the death receptor
3 gene, in rheumatoid arthritis synovial cells. Arthritis Rheum
2006, 54:779-787.

30. Jungel A, Baresova V, Ospelt C, Simmen BR, Michel BA, Gay RE,
Gay S, Seemayer CA, Neidhart M: Trichostatin A sensitises
rheumatoid arthritis synovial fibroblasts for TRAIL-induced
apoptosis. Ann Rheum Dis 2006, 65:910-912.

31. Neidhart M, Rethage J, Kuchen S, Künzler P, Crowl RM, Billing-
ham ME, Gay RE, Gay S: Retrotransposable L1 elements
expressed in rheumatoid arthritis synovial tissue: association
with genomic DNA hypomethylation and influence on gene
expression. Arthritis Rheum 2000, 43:2634-2647.

32. Kuchen S, Seemayer CA, Rethage J, von Knoch R, Kuenzler P,
Beat AM, Gay RE, Gay S, Neidhart M: The L1 retroelement-
related p40 protein induces p38delta MAP kinase. Autoimmu-
nity 2004, 37:57-65.

33. Karouzakis E, Ospelt C, Schumann GG, Kolling C, Michel BA,
Gay RE, Gay S, Neidhart M: Genomic hypomethylation of
rheumatoid arthritis fibroblasts [abstract 745]. ACR
2007:315-316.

34. Wang Y, Fan PS, Kahaleh B: Association between enhanced
type I collagen expression and epigenetic repression of the
FLI1 gene in scleroderma fibroblasts. Arthritis Rheum 2006,
54:2271-2279.

35. Deplus R, Brenner C, Burgers WA, Putmans P, Kouzarides T, de
Launoit Y, Fuks F: Dnmt3L is a transcriptional repressor that
recruits histone deacetylase. Nucleic Acids Res 2002, 30:
3831-3838.

36. Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB:
Prediction of mammalian microRNA targets. Cell 2003, 115:
787-798.

37. Bartel DP: MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 2004, 116:281-297.

38. Merkenschlager M, Wilson CB: RNAi and chromatin in T cell
development and function. Curr Opin Immunol 2008, 20:131-
138.

Available online http://arthritis-research.com/content/10/5/219

Page 7 of 9
(page number not for citation purposes)



39. Vasudevan S, Tong Y, Steitz JA: Switching from repression to
activation: microRNAs can up-regulate translation. Science
2007, 318:1931-1934.

40. Bhattacharyya SN, Habermacher R, Martine U, Closs EI, Filipow-
icz W: Relief of microRNA-mediated translational repression
in human cells subjected to stress. Cell 2006, 125:1111-1124.

41. Ruby JG, Jan CH, Bartel DP: Intronic microRNA precursors that
bypass Drosha processing. Nature 2007, 448:83-86.

42. Berezikov E, Chung W, Willis J, Cuppen E, Lai EC: Mammalian
mirtron genes. Mol Cell 2007, 28:328-336.

43. Song L, Tuan RS: MicroRNAs and cell differentiation in mam-
malian development. Birth Defects Res C Embryo Today 2006,
78:140-149.

44. Kuehbacher A, Urbich C, Zeiher AM, Dimmeler S: Role of Dicer
and Drosha for endothelial microRNA expression and angio-
genesis. Circ Res 2007, 101:59-68.

45. Carè A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P,
Bang ML, Segnalini P, Gu Y, Dalton ND, Elia L, Latronico MV,
Høydal M, Autore C, Russo MA, Dorn GW 2nd, Ellingsen O, Ruiz-
Lozano P, Peterson KL, Croce CM, Peschle C, Condorelli G:
MicroRNA-133 controls cardiac hypertrophy. Nat Med 2007,
13:613-618.

46. Kim HK, Lee YS, Sivaprasad U, Malhotra A, Dutta A: Muscle-spe-
cific microRNA miR-206 promotes muscle differentiation. J
Cell Biol 2006, 174:677-687.

47. Zhao Y, Ransom JF, Li A, Vedantham V, von Drehle M, Muth AN,
Tsuchihashi T, McManus MT, Schwartz RJ, Srivastava D: Dysreg-
ulation of cardiogenesis, cardiac conduction, and cell cycle in
mice lacking miRNA-1-2. Cell 2007, 129:303-317.

48. Esau C, Davis S, Murray SF, Yu XX, Pandey SK, Pear M, Watts L,
Booten SL, Graham M, McKay R, Subramaniam A, Propp S, Lollo
BA, Freier S, Bennett CF, Bhanot S, Monia BP: miR-122 regula-
tion of lipid metabolism revealed by in vivo antisense target-
ing. Cell Metab 2006, 3:87-98.

49. Krutzfeldt J, Stoffel M: MicroRNAs: a new class of regulatory
genes affecting metabolism. Cell Metabolism 2006, 4:9-12.

50. Poy MN, Eliasson L, Krutzfeldt J, Kuwajima S, Ma X, Macdonald
PE, Pfeffer S, Tuschl T, Rajewsky N, Rorsman P, Stoffel M: A pan-
creatic islet-specific microRNA regulates insulin secretion.
Nature 2004, 432:226-230.

51. Dykxhoorn DM, Chowdhury D, Lieberman J: RNA interference
and cancer: endogenous pathways and therapeutic
approaches. Adv Exp Med Biol 2008, 615:299-329.

52. Thai TH, Calado DP, Casola S, Ansel KM, Xiao C, Xue Y, Murphy
A, Frendewey D, Valenzuela D, Kutok JL, Schmidt-Supprian M,
Rajewsky N, Yancopoulos G, Rao A, Rajewsky K: Regulation of
the germinal center response by microRNA-155. Science
2007, 316:604-608.

53. Rodriguez A, Vigorito E, Clare S, Warren MV, Couttet P, Soond
DR, van Dongen S, Grocock RJ, Das PP, Miska EA, Vetrie D,
Okkenhaug K, Enright AJ, Dougan G, Turner M, Bradley A:
Requirement of bic/microRNA-155 for normal immune func-
tion. Science 2007, 316:608-611.

54. Li QJ, Chau J, Ebert PJ, Sylvester G, Min H, Liu G, Braich R,
Manoharan M, Soutschek J, Skare P, Klein LO, Davis MM, Chen
CZ: miR-181a is an intrinsic modulator of T cell sensitivity and
selection. Cell 2007, 129:147-161.

55. Cobb BS, Hertweck A, Smith J, O’Connor E, Graf D, Cook T,
Smale ST, Sakaguchi S, Livesey FJ, Fisher AG, Merkenschlager
M: A role for dicer in immune regulation. J Exp Med 2006, 203:
2519-2527.

56. Stanczyk J, Pedrioli DM, Brentano F, Sanchez-Pernaute O, Kolling
C, Gay RE, Detmar M, Gay S, Kyburz D: Altered expression of
MicroRNA in synovial fibroblasts and synovial tissue in
rheumatoid arthritis. Arthritis Rheum 2008, 58:1001-1009.

57. Nakasa T, Miyaki S, Okubo A, Hashimoto M, Nishida K, Ochi M,
Asahara H: Expression of microRNA-146 in rheumatoid arthri-
tis synovial tissue. Arthritis Rheum 2008, 58:1284-1292.

58. Ma L, Teruya-Feldstein J, Weinberg RA: Tumour invasion and
metastasis initiated by microRNA-10b in breast cancer. Nature
2007, 449:682-688.

59. Kumar MS, Erkeland SJ, Pester RE, Chen CY, Ebert MS, Sharp
PA, Jacks T: Suppression of non-small cell lung tumor devel-
opment by the let-7 microRNA family. Proc Natl Acad Sci U S
A 2008, 105:3903-3908.

60. Cimmino A, Calin GA, Fabbri M, Iorio MV, Ferracin M, Shimizu M,
Wojcik SE, Aqeilan RI, Zupo S, Dono M, Rassenti L, Alder H,

Volinia S, Liu CG, Kipps TJ, Negrini M, Croce CM: miR-15 and
miR-16 induce apoptosis by targeting BCL2. Proc Natl Acad
Sci U S A 2005, 102:13944-13949.

61. Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N, Callegari E, Liu
S, Alder H, Costinean S, Fernandez-Cymering C, Volinia S, Guler
G, Morrison CD, Chan KK, Marcucci G, Calin GA, Huebner K,
Croce CM: MicroRNA-29 family reverts aberrant methylation
in lung cancer by targeting DNA methyltransferases 3A and
3B. Proc Natl Acad Sci U S A 2007, 104:15805-15810.

62. Weber B, Stresemann C, Brueckner B, Lyko F: Methylation of
human microRNA genes in normal and neoplastic cells. Cell
Cycle 2007 6:1001-1005.

63. Saito Y, Jones PA: Epigenetic activation of tumor suppressor
microRNAs in human cancer cells. Cell Cycle 2006, 5:2220-
2222.

64. Elmén J, Lindow M, Silahtaroglu A, Bak M, Christensen M, Lind-
Thomsen A, Hedtjärn M, Hansen JB, Hansen HF, Straarup EM,
McCullagh K, Kearney P, Kauppinen S: Antagonism of
microRNA-122 in mice by systemically administered LNA-
antimiR leads to up-regulation of a large set of predicted
target mRNAs in the liver. Nucleic Acids Res 2008, 36:1153-
1162.

65. Elmén J, Lindow M, Schütz S, Lawrence M, Petri A, Obad S, Lind-
holm M, Hedtjärn M, Hansen HF, Berger U, Gullans S, Kearney P,
Sarnow P, Straarup EM, Kauppinen S: LNA-mediated microRNA
silencing in non-human primates. Nature 2008, 452:896-899.

66. Yi R, Poy MN, Stoffel M, Fuchs E: A skin microRNA promotes
differentiation by repressing ‘stemness’. Nature 2008, 452:
225-229.

67. First miRNA drug enters human studies [www.fiercebiotech.
com/story/first-mirna-drug-enters-human-studies/2008-05-28].

68. Osokine I, Hsu R, Loeb GB, McManus MT: Unintentional miRNA
ablation is a risk factor in gene knockout studies: a short
report. PLoS Genet 2008, 4:e34.

69. Osley MA, Fleming AB, Kao CF: Histone ubiquitylation and the
regulation of transcription. Results Probl Cell Differ 2006, 41:
47-75.

70. Chen ZJ: Ubiquitin signalling in the NF-kappaB pathway. Nat
Cell Biol 2005, 7:758-765.

71. Stielow B, Sapetschnig A, Kruger I, Kunert N, Brehm A, Boutros
M, Suske G: Identification of SUMO-dependent chromatin-
associated transcriptional repression components by a
genome-wide RNAi screen. Mol Cell 2008, 29:742-754.

72. Yang SH, Sharrocks AD: SUMO promotes HDAC-mediated
transcriptional repression. Mol Cell 2004, 13:611-617.

73. Ling Y, Sankpal UT, Robertson AK, McNally JG, Karpova T,
Robertson KD: Modification of de novo DNA methyltransferase
3a (Dnmt3a) by SUMO-1 modulates its interaction with
histone deacetylases (HDACs) and its capacity to repress
transcription. Nucleic Acids Res 2004, 32:598-610.

74. Liu B, Shuai K: Regulation of the sumoylation system in gene
expression. Curr Opin Cell Biol 2008, 20:288-293.

75. Meinecke I, Cinski A, Baier A, Peters MA, Dankbar B, Wille A,
Drynda A, Mendoza H, Gay RE, Hay RT, Ink B, Gay S, Pap T:
Modification of nuclear PML protein by SUMO-1 regulates
Fas-induced apoptosis in rheumatoid arthritis synovial fibrob-
lasts. Proc Natl Acad Sci U S A 2007, 104:5073-5078.

76. Maciejewska H, Hemmatazad H, Gay RE, Michel B, Neidhart M,
Kolling C, Gay S, Pap T, Jüngel A: Desumoylation decreases
levels of histone acetylation in rheumatoid arthritis synovial
fibroblasts [abstract 375]. ACR 2007:193.

77. Roman-Blas JA, Jimenez SA: NF-kappaB as a potential thera-
peutic target in osteoarthritis and rheumatoid arthritis.
Osteoarthritis Cartilage 2006, 14:839-848.

78. Vanden Berghe W, Ndlovu MN, Hoya-Arias R, Dijsselbloem N,
Gerlo S, Haegeman G: Keeping up NF-kappaB appearances:
epigenetic control of immunity or inflammation-triggered epi-
genetics. Biochem Pharmacol 2006, 72:1114-1131.

79. Saccani S, Natoli G: Dynamic changes in histone H3 Lys 9
methylation occurring at tightly regulated inducible inflamma-
tory genes. Genes Dev 2002, 16:2219-2224.

80. Hodge DR, Peng B, Cherry JC, Hurt EM, Fox SD, Kelley JA,
Munroe DJ, Farrar WL: Interleukin 6 supports the maintenance
of p53 tumor suppressor gene promoter methylation. Cancer
Res 2005, 65:4673-4682.

81. Wehbe H, Henson R, Meng F, Mize-Berge J, Patel T: Interleukin-
6 contributes to growth in cholangiocarcinoma cells by aber-

Arthritis Research & Therapy    Vol 10 No 5 Strietholt et al.

Page 8 of 9
(page number not for citation purposes)



rant promoter methylation and gene expression. Cancer Res
2006, 66:10517-10524.

82. Meng F, Henson R, Wehbe-Janek H, Smith H, Ueno Y, Patel T:
The MicroRNA let-7a modulates interleukin-6-dependent
STAT-3 survival signaling in malignant human cholangiocytes.
J Biol Chem 2007, 282:8256-8264.

83. Löffler D, Brocke-Heidrich K, Pfeifer G, Stocsits C, Hackermüller
J, Kretzschmar AK, Burger R, Gramatzki M, Blumert C, Bauer K,
Cvijic H, Ullmann AK, Stadler PF, Horn F: Interleukin-6 depen-
dent survival of multiple myeloma cells involves the Stat3-
mediated induction of microRNA-21 through a highly
conserved enhancer. Blood 2007, 110:1330-1333.

84. Meng F, Wehbe-Janek H, Henson R, Smith H, Patel T: Epigenetic
regulation of microRNA-370 by interleukin-6 in malignant
human cholangiocytes. Oncogene 2008, 27:378-386.

Available online http://arthritis-research.com/content/10/5/219

Page 9 of 9
(page number not for citation purposes)


	Abstract
	Introduction
	Epigenetic modulation of gene expression
	Modification of histones
	DNA methylation
	MicroRNAs
	Post-translational processes modulating epigenetic mechanisms
	Epigenetic modifications regulating inflammatory processes
	Conclusion
	Competing interests
	References

