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Epigenetic alterations in rheumatoid
arthritis fibroblast-like synoviocytes

Rheumatoid arthritisisan immune-mediated disease that primarily affects diarthrodial
joints. Susceptibility and severity of this disease are influenced by nongenetic factors,
such as environmental stress, suggesting an important role of epigenetic changes.
In this review, we summarize the epigenetic changes (DNA methylation, histone
modification and miRNA expression) in fibroblast-like synoviocytes, which are the
joint-lining mesenchymal cells that play an important role in joint inflammation and
damage. We also review the effects of these epigenetic changes on rheumatoid

arthritis pathogenesis and discuss their therapeutic potential.
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The pathogenesis of autoimmune diseases is
dependent on the complex interplay between
genetics and environmental triggers. While
the contribution of genetics is unquestioned,
studies in identical twins suggest that envi-
ronmental stress makes a substantial contri-
bution to heritability and disease risk. The
wide range of symptom severity, remission
and relapse rates, response to therapy, as well
as the progression of disease over time and
the global increase of disease prevalence over
the past several years suggest a strong contri-
bution of environmental triggers. Epigenetic
marks are key to integrating these stochas-
tic influences and regulating the genomic
response, and recent studies have begun to
shed light on how these changes can alter
cell behavior. This is well documented in
(RA), where stud-
ies on peripheral blood cells and synovial
fibroblast-like synoviocytes (FLS) have been
particularly illuminating.

rheumatoid arthritis

RA is a chronic, systemic immune-medi-
ated disease that is primarily characterized by
inflammation of the joint lining (synovium)

and destruction of cartilage and underlying
bone. Twin and familiar aggregation studies
showed that in RA genetic factors explain up
to ~60% of the variance; disease concordance
between identical twins is only 12-15% sug-
gesting that other influences are also impor-
tant [12]. The many known RA-associated
SNPs currently explain only a limited amount
of the expected disease variance [3], and the
relative contribution of each new SNP is
reaching the point of diminishing returns [4].
Furthermore, a recent study of mono- and
dizygotic twins has suggested that shared
and nonshared environmental effects are
actually greater than that of genetic effects in
regards to RA susceptibility [5]. This observa-
tion highlights the importance of researching
the role of nongenetic factors in RA. RA is
greatly dependent on age [6], environmental
factors such as smoking [6.7] and microbiome
composition (8], and certain early life factors
such as birth weight [9) and breastfeeding [10].
Epigenetic factors are another promising
area of investigation since they are both heri-
table and acquired throughout life and are
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ideal candidates to bridge environmental and genetic
contribution to risk of disease.

While many epigenetic studies in autoimmune dis-
eases focus on marks in immune cells, perhaps the
most information in RA relates to the stromal element,
primarily FLS that form the innermost layer of the
synovial membrane surrounding joints. In RA they
acquire an aggressive phenotype and form a hyperpro-
liferative intimal lining layer (pannus), propagate joint
inflammation through the production of cytokines and
small molecule mediators and are the primary media-
tors of cartilage destruction in the joint [11]. While FLS
are able to respond to existing inflammatory media-
tors from immune cells, they are not merely ‘passive
responders’ [12]. RA FLS become imprinted and their
abnormal behavior continues independently of the
inflammatory milieu of the RA joint [12]. For example,
FLS isolated from RA patients retain their ability to
degrade cartilage in an SCID mouse model months
after isolation from the rheumartoid synovium [13].
Such imprinted phenotypes of FLS suggest epigenetic
alterations of these cells, which could partly explain
the variability in RA severity.

The biology of RA FLS remains incompletely under-
stood and currently the RA treatment armamentarium
does not include any FLS-targeted agents. Understand-
ing the epigenetic signature of RA FLS could be an
important way to identify novel diagnostic markers
or therapeutic targets. In this review, we describe epi-
genetic alterations in RA FLS including methylation,
histone modification and microRNA, and discuss the
implications of these alterations on disease pathogenesis
and future therapies for RA.

DNA methylation in RA FLS

DNA methylation is perhaps the most prevalent epi-
genetic alteration in RA. Methylation occurs through
enzymatic modification of deoxycytidine through
the transfer of a methyl group to the fifth carbon on
cytosine pyrimidine rings (5-methylcytosine), which
almost exclusively exist in CpG dinucleotides [14].
While most CpGs are methylated, those occurring
in CpG islands including those within gene promot-
ers are largely nonmethylated [15]. Methylation of pro-
moter CpGs results in inactivation of expression of its
cognate gene, although methylation in other regions,
such as gene bodies, introns and enhancers, can have
variable effects [15].

Methylation can occur as a way of maintaining
methylation patterns during DNA replication or can
occur de novo in response to external stimuli [16], and is
carried out by a family of enzymes called dinucleotide
methyltransferases [17]. Aberrant global methylation
has been described for several families of diseases such

as cancer [18], neurodegenerative disease [19] and auto-
immune disease 20]. In RA, many DNA methylation
studies have been performed on immune cells, includ-
ing peripheral blood mononuclear cells and T cells,
and have been recently reviewed [21.22].

A DNA methylation signature in RA FLS

Early investigations into global DNA methylation lev-
els in RA synovium using HPLC suggested no differ-
ence between RA patients and that from OA patients
when whole synovial tissue was assessed, as opposed to
peripheral blood mononuclear cells (PBMCs), which
had lower methylation in RA patients [23). Altered
methylation of RA FLS was first described in 2009
when investigators observed reduced 5-methylcyto-
sine levels in RA FLS compared with osteoarthritis
(OA) FLS using immunohistochemistry and flow
cytometry [24]. Hypomethylation was also observed
in the promoter of long interspersed nuclear ele-
ment 1 (L1; LINE-1), a mammalian retrotranspo-
son that comprises approximately 17% of the human
genome [25] and is therefore used as a surrogate for
measuring global genomic methylation [26]. Fur-
ther, normal FLS treated with 5-azacytidine, a DNA
methylation inhibitor, showed decreased global meth-
ylation and displayed a more aggressive RA FLS-like
phenotype [24].

When whole genomic methylation patterns in
FLS were studied using the chip technology, global
genomic hypomethylation was not observed in RA
FLS compared with OA FLS [27], although it should
be noted that methylation of repetitive elements such
as LINE-1 are not well represented on such chips and
could, therefore, be underestimated. Instead, a more
complex pattern of altered methylation in RA emerged.
Interestingly, unbiased assessment of methylation lev-
els at individual loci in RA and OA FLS revealed an
RA ‘methylome’ signature, in which specific regions
were hypermethylated while others were hypometh-
ylated [27]. These regions corresponded to pathways
involved in FLS-matrix interactions, inflammation and
cell trafficking, giving insight to how altered methyl-
ation in RA FLS could be linked to their aggressive
phenotype. A follow-up study with additional RA and
OA FLS confirmed a nonrandom DNA methylation
pattern in RA FLS and, importantly, showed that this
signature is stable across several passages and between
replicates [28]. This study also identified a set of differ-
entially methylated genes that are involved in RA path-
ways (including matrix regulation, cytokine regulation
and cell adhesion), and confirmed that their expression
is correlated to the methylation status at that gene pro-
moter [28]. This stable methylation signature, and its
relationship to RA phenotypes and pathways, suggest
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that RA FLS are imprinted in the rheumatoid joints
and retain this signature ex vivo.

The existence of a stable RA signature for DNA
methylation in FLS is intriguing in regards to
addressing the distinct behavior of RA FLS compared
with FLS in normal or noninflamed joints, yet it has
proven to be much more informative. A recent study
has shown that this ‘methylome signature’ appears
to change as the duration of disease increases. FLS
from patients with early RA differ somewhat from
longstanding RA [29] in genes related to cell differ-
entiation and proliferation (Figure 1). The data sug-
gest early plasticity in the RA methylome and that
changes can become fixed over time. This study also
demonstrated that juvenile idiopathic arthritis FLS
methylation was also more similar to RA than OA
FLS and that they formed a subgroup of the ‘inflam-
matory methylotype’ [29]. This precise fine-tuning
of methylation patterns, rather than a nonspecific
alteration of global methylation levels, may repre-
sent a possible diagnostic and prognostic tool for RA
patients in the future.

Another recent study has shown that the RA FLS
methylome signature also displays spatial specificity.
The assessment of FLS isolated from human hip and
knee joints revealed an expanded methylome signature
that differed between RA and OA FLS [30]. Interest-
ingly, both RA and OA FLS showed unique methyla-
tion patterns between hip and knee location, especially
in developmental genes like HOX and WNT families.
These genes likely determine how a cell in a particu-
lar joint should behave, and it is not clear if these epi-
genetic marks are preprogrammed or whether they are
acquired after they arrive at each joint. Perhaps even
more interesting, a group of epigenetic marks and
transcriptome differences remained between RA hip
and knee FLS even when ‘disease-independent’ vari-
ances were removed [30]. Pathways critical to disease
pathogenesis, such as JAK-STAT, were distinctly dif-
ferent in the two joint locations and provide a possible
explanation for the asynchronous responses to tar-
geted therapeutic agents. The methylome signatures of
more commonly affected joints in RA, such as wrists
and the small joints of hands and feet remain to be
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Figure 1. Unique DNA methylation signatures in rheumatoid arthritis fibroblast-like synoviocytes from early and
long-standing disease. Principal component analysis shows differentially methylated loci in ERA, LRA, JIA and OA
FLS lines. Methylation patterns in RA FLS lines segregate from OA FLS lines, while ERA FLS lines further segregate

from LRA FLS lines.

ERA: Early rheumatoid arthritis; FLS: Fibroblast-like synoviocytes; JIA: Juvenile idiopathic arthritis;
LRA: Longstanding rheumatoid arthritis; OA: Osteoarthritis; RA: Rheumatoid arthritis.

Adapted with permission from [29].
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determined, as hip and knee joints in this study were
used due to their accessibility during routine surgeries.
Another recent study looked at RA fibroblasts isolated
from rheumatoid synovial fluid, which can be obtained
more easily and less invasively from patients (although
it is not clear if these are a separate population from
traditionally defined FLS). The authors show that the
previously described RA FLS methylome signature was
also found in the synovial fluid fibroblasts [31], and if
verified, might serve as a readily available source of
patient samples for assessing methylation signatures. A
better understanding of how the methylome signature
is established based on environmental factors, and how
joint location affects this signature, will be crucial to
understanding and predicting disease development.

Mechanisms of altering DNA methylation in

RA FLS

While it is clear that a DNA methylation signature
exists for RA FLS, it is not yet clear exactly how and
when RA FLS are imprinted. One explanation is that
the methyl donor S-adenosyl methionine is consumed
in other pathways in RA FLS, and this results in
reduced methylation [32]; however, the RA FLS signa-
ture is much more complex than a global hypomethyl-
ation, and therefore other mechanisms must also play
a role. Another explanation is that the inflammatory
milieu, in which RA FLS reside, influences methyla-
tion of these cells. Indeed, methylation levels appear to
be sensitive to inflammatory cytokines. In one study,
5-methylcytosine levels were increased upon stimula-
tion with TNF and IL-15, with RA FLS maintaining
a lower methylation level than OA FLS [24]. Another
study has shown that proinflammartory cytokines,
especially IL-18, decrease dinucleotide methyltransfer-
ase expression in FLS [33]. In this regard, treatment of
FLS with IL-1 decreases not only global methylation
but also selectively decreases methylation at specific
loci that are typically hypomethylated in the RA signa-
ture [33]. While these results support a role for inflam-
mation in the imprinting of FLS in RA, it is important
to note that the effects of cytokines such as IL-1f3 are
mostly reversible when the cytokine is removed from
the FLS [33] and, therefore, cannot fully explain the
stable methylome signature that persists in RA FLS
ex vivo.

Clues to RA pathogenesis from the methylome
signature

RA FLS possess a unique, nonrandom DNA methy-
lome pattern that is finely tuned during disease pro-
gression and varies with joint location. While it is still
not clear exactly how this fine-tuning occurs, a general
pattern of differential methylation persists and must in

some way reflect the genes and pathways responsible
for the aggressive phenotype acquired by FLS during
RA. Indeed, differential methylation at specific loci in
FLS has helped identify novel mediators of RA patho-
genesis. For example, the promoter of the gene for the
chemokine CXCL12 is normally highly methylated,
but is hypomethylated in RA FLS (34]. This decrease in
promoter methylation results in increased expression
and production of CXCL12, which is highly abun-
dant in RA joints and is thought to promote chronic
inflammation [34]. Another study identified the tran-
scription factor T-box transcription factor 5 as having
differential methylation at its promoter in RA FLS
compared with OA FLS [3s]. Further, T-box transcrip-
tion factor 5 expression was linked to the expression
of several downstream genes including the chemokine
CXCLI2 [35], demonstrating how differential methyla-
tion of select genes as described in the RA FLS methyl-
ome signature may cause widespread effects resulting
in the dramatic phenotype of RA FLS.

Recently, an approach for probing the methylome
signature along with other types of data obtained from
RA and OA FLS was proposed as a way to identify
novel therapeutic targets for RA. Whitaker e# /. have
described a method combining data from genome-
wide association studies, differential expression studies
comparing RA versus OA FLS, as well as differential
DNA methylation studies comparing RA versus OA
FLS (36]. The result is the identification of so-called
‘multievidence genes’ 36] that can then be individually
explored in FLS in the context of RA pathogenesis.

This integrative approach has led to the recent elu-
cidation of important participants in RA pathology
and possible therapeutic targets such as ELMOI [34],
LBH (3738] and PTPNI1I [39]. The first multievidence
gene reported using this approach was ELMOI, which
encodes a protein involved in cellular motility and
engulfment, and whose promoter was found to have
increased methylation in RA FLS (36]. Knockdown
of ELMOI suppressed FLS migration and invasion
by decreasing activation of the GTPase RACI [36].
These results show how the integration of methyla-
tion and expression data can identify a protein pre-
viously unrelated to RA that plays a critical role in
FLS-mediated RA pathology.

This integrated “-omics’ approach can be expanded
beyond promoter analysis to include enhancers, on
which the effect of methylation is largely unknown. This
led to the recent identification of new loci in RA FLS.
One example is LBH, a gene encoding a protein previ-
ously thought to be only involved in embryonic develop-
ment. LBH was first identified as a multievidence gene
based on hypomethylation of its promoter in RA FLS
and, using knockdown experiments in RA FLS, LBH
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was found to influence the transcriptome in these cells
(Figure 2) including cell growth and proliferation net-
works [37]. A follow-up study, which included putative
enhancer loci in the integrative analysis, again identified
LBH as a multievidence gene, this time due to hypo-
methylation of an enhancer region [38]. Interestingly, this
enhancer region also includes an RA-associated SNP,
and the combination of SNP genotype and methylation
levels at the enhancer was shown to influence enhancer
activity and thus LBH expression [38].

Another gene identified in this study was PTPNI1,
which encodes the protein tyrosine phosphatase SHP2
and is overexpressed in RA FLS [40). Analysis of an
enhancer region in PTPN1I in RA FLS revealed hyper-
methylation that increased sensitivity of the cells to
glucocorticoids and increased their aggressiveness [39].
This study not only helped explain the mechanism for
PTPNII overexpression in RA FLS but also showed
that SHP2 is a potential therapeutic target in RA
using genetic deficiency studies and pharmacological
inhibition in mouse models of arthritis [39].

In summary, the establishment of a DNA methy-
lome signature in RA FLS will undoubtedly improve
our understanding of RA pathogenesis. While it is
known that the local cytokine environment can poten-
tially influence this signature, other environmental fac-
tors likely come into play in order to establish the stable
imprinted phenotype observed in RA FLS. Identify-
ing these environmental factors will help shed light on
RA susceptibility and disease progression. In addition,
exploring the DNA methylome in RA FLS using new
integrated “-omics’ involving other types of epigenetic
marks approaches that are helping identify novel medi-
ators of RA pathogenesis could lead to new classes of
therapeutic targets for RA.

Histone modification in RA FLS

Histone modification represents a second critical epi-
genetic mark that can profoundly influence cell phe-
notype and gene expression. Histone proteins associ-
ate with DNA and regulate the accessibility of gene
promoters to transcriptional machinery. Multiple
mechanisms can modify the histone epigenetic land-
scape including acetylation, methylation, citrullina-
tion, phosphorylation, ubiquition and sumoylation
[41]. Recently, alteration of histone citrullination was
reported in RA FLS [42]; however, most studies have
focused on histone acetylation.

Histone acetylation involves the transfer of acetyl
groups from acetyl-CoA to histone lysine residues, and
is catalyzed by enzymes called histone acetyl transfer-
ases. Acetylation is reversible, and such deacetylation is
catalyzed by a family of histone deacetylases (HDAC:s)
which have been extensively studied in various cancers

due to anticancer properties of HDAC inhibitors [43],
and more recently in RA [211. HDACs can be divided
into four groups: Class I (HDACI,-2,-3,-8), Class 1I
(HDAC4,-5,-6,-7,-9,-10), Class I (Sirt1,-2,-3,-4,-5,-
6,-7) and Class IV (HDACI11) 44]. HDACs can differ
based on tissue expression, subcellular localization and
function.

Histone acetylation in RA FLS

Measurement of total histone acetylation levels using
whole synovial tissue from RA patients has revealed
variable alterations in acetylation. One study showed
an overall increase in acetylation associated with
decreased HDAC activity as well as decreased expres-
sion of HDACI and -2 [45]. Another report indicated
that HDAC activity and HDACI expression in RA
synovial tissue was increased [46]. HDAC1-11 RNA
transcripts in cultured FLS showed that HDACI and
-2 have higher expression in RA compared with OA
FLS, and knockdown suggested that these HDACs
have a modest effect on proliferation [47]. While his-
tone acetylation appears to be altered in RA FLS, the
degree to which and the means by which this change
takes place remain uncertain.

Inflammation-induced alteration of HDACs in
RA FLS
Because RA FLS become imprinted in the background
of an inflammatory milieu, it is not surprising that,
like methylation, histone acetylation of these cells is
affected by inflammatory cytokines. For instance,
TNF expression levels in synovial tissue positively cor-
relate with HDAC activity in synovial tissue and treat-
ment of RA FLS with TNF increases overall HDAC
activity [46]. A more direct link between TNF and his-
tone acetylation was observed in TNF-stimulated FLS,
with increased histone H4 acetylation (48]. The study
also showed that this was accompanied by increased
chromatin accessibility, and a prolonged inflammatory
response by these cells which is not present in macro-
phages, which are another abundant cell in the syno-
vial lining [48]. This idea of TNF-induced imprinting
of FLS via histone acetylation was also addressed by
Sohn et al. who found that chronic exposure of FLS
primes these cells leading to enhanced inflammatory
response upon secondary exposure to cytokines such as
interferon-gamma [49]. This effect was demonstrated to
be due to an overall increase in histone acetylation [49].
While there is a relationship between inflammation
and HDAC expression, not all members of the HDAC
family are affected similarly. HDAC1 was the only
HDAC with increased expression in synovial tissue
from RA patients in one study, while HDAC4 expres-
sion was decreased [46]. A more recent study showed
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Figure 2. LBH regulates the fibroblast-like synoviocyte transcriptome. Heatmap showing gene expression

in control (C) FLS and FLS in which LBH has been KD or OE. Probes include genes with significant (p < 0.05)
differential expression between any two of the three FLS populations (control, KD and OE). Systems biology
showed that cell cycle genes were enriched in the FLS with modulated LBH expression. Z scores represent gene

expression levels and were calculated for each gene.

FLS: Fibroblast-like synoviocyte; KD: Knocked-down; OE: Overexpressed.

Adapted with permission from [37].

that TNF expression correlates with HDACI in syno-
vial tissues from RA patients, while IL-6 inversely cor-
relates with HDAC expression. Clinical parameters
such as CRP levels inversely correlate with HDAC5
expression [50]. Like methylation, histone acetylation is
likely influenced be several factors that remain to be
determined and likely contribute to the etiology of RA.

HDAC inhibition in RA FLS & in arthritis

Transformed cells have a multitude of epigenetic
alterations, which often include reduced acetylation,
and hence silencing, of tumor suppressor genes [s1].
HDAC inhibitors have been extensively studied in the
context of cancer therapy, and can be considered for
their use in RA in light of the aggressive behavior of
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FLS. One of the most commonly used HDAC inhibi-
tors to target FLS is trichostatin A, a natural product
used as an antifungal agent with HDAC inhibitor
properties [52]. Treatment of RA FLS with trichostatin
A increases apoptosis [53-56] and decreases the inflam-
matory response [57] and invasiveness [s6]. One study
showed that trichostatin A suppresses arthritis in the
antigen-induced arthritis mouse model [ss].

Givinostat (ITF2357) is another HDAC inhibi-
tor with activity against multiple HDACs and is cur-
rently in clinical trials for several diseases. Givinostat
decreases the inflammatory response in RA FLS [57]
and a preclinical study showed a therapeutic effect of
givinostat in multiple rodent models of RA [59]. Givi-
nostat is also the only HDAC inhibitor to enter clinical
trials for an inflammatory arthritis. A small Phase II
open-label study in 2011 demonstrated that givinostat
was safe and potentially beneficial in the treatment
of juvenile RA [60]. It should be noted, however, that
cell-based studies indicate that some anti-inflamma-
tory effects of givinostat, as well as the trichostatin
A, might be due to inhibition of nonhistone HDAC
substrates [57].

Other general inhibitors, some of which are in clini-
cal trials for various cancers, decrease RA FLS pro-
liferation or disease severity in mouse models of RA
and include phenylbutyrate (58], romidepsin (FK228)
(Figure 3) [61], entinostat (MS-275) [62], zolinza (sube-
roylanilide hydroxamic acid) (63 and 10-hydroxy-
2-decanoic acid [64]. Although promising, HDACs
have different patterns of expression and function
in RA FLS as previously discussed, and so a specific
HDAC inhibitor profile could be important. One
example is NK-HDACI, an HDAC inhibitor spe-
cific for HDAC1 [46,47) that has a modest effect on
proliferation [47]. When NK-HDACI was used to
treat RA FLS it reduced proliferation, induced apop-
tosis and decreased cytokine production [65]. NK-
HDACI also reduced severity of joint disease in a
mouse model of RA [65]. Another inhibitor tested on
RA FLS is tubastatin A, a selective HDACG inhibitor
that decreases the expression of IL-6 [66], a key cyto-
kine in the pathogenesis of RA. Tubastatin A was also
shown to decrease joint destruction and overall disease
severity in a mouse model of RA [66].

Overall, it appears that histone acetylation patterns
are altered in RA FLS, and that inhibition of HDACs
reduces inflammation and joint damage in preclinical
models. Although each HDAC could control different
genes and functions in RA FLS, and HDAC inhibi-
tors often target multiple HDACs, HDAC inhibition
could be a promising option for the treatment of RA.
Finally, inhibitors targeting bromodomains, domains
that allow a protein to ‘read” histone acetylation marks,

have also been explored for the treatment of can-
cer and inflammation [67]. More recent data showed
that bromodomain inhibition reduces arthritis sever-
ity in mouse models of RA [68,69]. The effects of bro-
modomain inhibition on RA FLS include decreased
inflammatory response, proliferation and matrix
degradation [70].

MicroRNA in RA FLS
Like DNA methylation and histone modification,
microRNAs represent another mode of epigenetic con-
trol of gene expression; however, they are unique in that
they are encoded by the genome. MicroRNAs form a
large group of noncoding RNAs that are transcribed
and processed to mature miRNAs approximately 22
nucleotides in length. The endonucleases Drosha and
Dicer are responsible for the processing of primary
miRNAs, which results in production of a mature
miRNA strand as well as a ‘star’ or ‘asterisk’ strand that
is often degraded [71]. MicroRNAs contain sequences
with complementarity to specific mRNAs, and with
assistance of the RNA-induced silencing complex
(RISC) complex binds these target mRNAs resulting
in their cleavage or inhibition of translation [71].
MicroRNAs are implicated in many biological
processes and diseases including cancer [72]. Their
important role in the immune system has led to the
identification of several microRNAs that are involved
in various autoimmune diseases, including RA [73].
While many microRNAs have aberrant expression in
immune cells in RA [74], RA FLS express a distinct
miRNA profile [75-77]. This profile can be reproduced
in FLS from a mouse model of RA [76] which suggests
that microRNAs are important regulators of FLS phe-
notype. In addition, it appears that the DNA methyla-
tion and miRNA profiles of RA FLS are not mutually
exclusive, and that integrative analysis of these and
other types of modifications are needed in the future
in order to fully appreciate the epigenetic landscape in
RA FLS [77]. Here, we focus on microRNAs that have
been identified as upregulated or downregulated in RA
FLS in studies that give insight to their function in RA
pathogenesis and possible therapeutic potential. A full
list of microRNAs identified in RA FLS can be found
in Table 1.

MicroRNAs increased in RA FLS

Profiling of RA FLS has revealed several microRNAs
to be upregulated in RA FLS compared with OA
FLS or FLS from healthy controls. MiR-221 was first
identified as a highly expressed microRNA in a deep
sequencing screen of RA FLS as well as FLS from a
mouse model of RA [76]. MiR-221 expression was
confirmed in synovial tissue from RA patients, and
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Figure 3. Effect of histone deacetylase in a mouse
model of autoantibody-mediated arthritis. Male
DBA/1 mice were injected with 2 mg of an anti-type Il
collagen monoclonal antibody cocktail on Day 0, and
boosted with lipopolysaccharide on Day 2 to induce
autoantibody-mediated arthritis. Mice were treated
with 2.5 mg/kg of the HDAC inhibitor FK228 (n = 10) or
saline control (n = 9) on Day 4. Graphs show the clinical
score of arthritis severity over the disease course. FK228
has an immediate and dramatic effect of reducing
arthritis.

*p < 0.01.

HDAC: Histone deacetylase.

Adapted with permission from [61].

is induced upon stimulation of RA FLS with lipo-
polysaccharide (LPS) (78]. Inhibition of miR-221 was
shown to decrease inflammatory cytokine production
by RA FLS upon LPS stimulation, as well as increase
apoptosis and decrease migration and invasion of these
cells 78]. MiR-203 is also highly expressed in RA, and
overexpression of this microRNA increases matrix
metalloproteinase (MMP) MMP1 and IL-6 produc-
tion [79). Interestingly, the high expression of miR-
203 in RA FLS was linked to hypomethylation at its
promoter [79], suggesting miR-203 may be part of the
‘methylome signature’ of RA FLS discussed above.

Another noteworthy example of an overexpressed
microRNA is miR-663, which is highly expressed in
RA FLS compared with FLS from healthy controls and
regulates FLS proliferation and IL-6 production [80].
MiR-663 regulates these pathogenic behaviors by
decreasing expression of the tumor suppressor gene
APC (80], ultimately suppressing Wnt signaling, which
mediates its role in conferring a transformed-like
phenotype to RA FLS.

While overexpression may suggest a positive role
in RA pathogenesis, other miRNAs appear to be
induced in RA FLS that have a protective role. One
such microRNA is miR-155, which was found in three
studies to be overexpressed in RA FLS [76,81.82] and
whose expression is increased in FLS upon exposure
to inflammatory cytokines or TLR ligands (81]. While

miR-155 deficiency was protective in one mouse model
of RA [83], much of its proinflammatory activity was
actributed to its expression in monocytes. A subsequent
functional study in FLS showed that overexpression of
miR-155 decreased expression of the matrix metallo-
proteinase MMP3 and decreased RA FLS prolifera-
tion and invasion, while inhibition of miR-155 had
the opposite effect, suggesting a protective role for
miR-155 in FLS [s2].

MicroRNAs decreased in RA FLS

Expression of some microRNAs is low in RA, and are
therefore attractive targets for gene therapy. MiR-124a
was especially low in a screen of RA versus OA FLS [75],
and its overexpression decreased proliferation of FLS
from RA patients [75.84], but not those of healthy con-
trols [75]. The cell cycle regulator CDK2 was one of
the targets identified for miR-124a [75.84], supporting
its role in controlling FLS proliferation. MiR-124a
overexpression in a rat model of RA decreased disease
severity and suppressed FLS proliferation [ss].

Another example of a microRNA with suppressed
expression in RA FLS is miR-34a* (8¢). MiR-34a* is an
example of a ‘star’ or ‘asterisk’ strand described above,
which occur during processing of a mature microRNA
strand and are often degraded with unknown biologi-
cal function [71. While increased methylation of the
miR-34a/34a* promoter was observed, only miR-34a*
had reduced expression in RA FLS [86). Overexpression
of miR-34a* induced apoptosis in RA FLS, and the
apoptosis inhibitor XIAP was identified as a putative
target [86].

Finally, miR-23b was recently identified as
decreased in RA patients as well as other autoimmune
diseases [87]. In RA FLS, expression of miR-23b was
suppressed by IL-17, a key cytokine in RA pathogene-
sis [87]. Overexpression of miR-23b reduced the expres-
sion of inflammatory cytokines in stimulated FLS, and
its transgenic expression decreased joint disease in a
mouse model of RA [87], suggesting that re-expression
of miR-23b in FLS could be of therapeutic benefit in
RA. Thus, patterns of miRNA expression could influ-
ence the function of RA FLS. These patterns could
provide insight into RA pathogenesis, and could be
leveraged with therapeutic strategies that remodel the
miRNA profile.

Although we have focused on microRNAs in RA
FLS in this review as they are direct epigenetic modi-
fiers, other noncoding RNAs that may affect epigen-
etic changes include long noncoding RNA (IncRNA).
While knowledge of the role of IncRNA in RA FLS
is limited, a recent study showed that RA FLS may
express a unique IncRNA signature that correlates with
certain clinical parameters [8s].
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Table 1. MicroRNAs with altered expression in rheumatoid arthritis fibroblast-like synoviocytes.

MicroRNA ID Expression in RA FLSs Putative function in RA FLSs Ref.
miR-10a Decreased Anti-inflammatory; regulation of NF-xB pathway and production [90]
of inflammatory cytokines
miR-18a Increased in response to TNF Overexpression increases inflammatory cytokines, MMP-1 and [91]
NF-«xB signaling
miR-19 Decreased in response to Anti-inflammatory; regulation of TLR2, IL-6, IL-8 and MMP3 [92,93]
lipopolysaccharide
miR-20a Decreased in response to Anti-inflammatory; regulation of IL-6, TNF and IL-1p [94]
lipopolysaccharide
miR-23b Decreased Anti-inflammatory; overexpression reduces arthritis in mouse [87]
model
miR-34a* Decreased Regulation of FLS survival [86]
miR-124a Decreased Regulation of FLS proliferation; overexpression reduces arthritis in  [75,84,85]
mouse model
miR-155 Increased Protective; inhibition of MMP3 expression, proliferation and [76,81,82]
survival of FLS
miR-146a Increased Unknown [75,81]
miR-203 Increased Promotion of MMP1 and IL-6 production [79]
miR-221 Increased Promotion of inflammatory cytokines, survival, migration and (76,78]
invasion of FLS
miR-222 Increased Unknown [76]
miR-223 Increased Unknown (81]
miR-323-3p  Increased Promotes Wnt/cadherin pathway [76]
miR-346 Increased in response to Inhibition of Bruton tyrosine kinase expression; decreases IL-18 [95,96]
lipopolysaccharide MRNA expression and TNF mRNA stability
miR-663 Increased Regulation of FLS proliferation and IL-6 production (80]
FLS: Fibroblast-like synoviocyte; MMP: Matrix metalloproteinase; RA: Rheumatoid arthritis.
Future perspective epigenetic changes in RA FLS. In addition, deconvo-
RA FLS are a relevant model for studying epigenetics  luting data from mixed cell populations will help tease
in chronic disease since they acquire a stable imprinted  apart cell-specific effects. Furthermore, the assembly of
phenotype through the disease process. While great a definitive RA FLS signature through genome-wide
strides have been made in understanding how FLS studies such as ChIP-seq, RNA-seq, ATAC-seq and
become imprinted in RA, there are several areas that  whole genome bisulfite sequencing, will be important
should be addressed. First, identification of environ-  to define the rheumatoid epigenomic landscape.
mental factors that affect the epigenetic signature in An additional point for future study is understand-
RA FLS need to be defined. Recent studies have begun  ing whether the RA FLS epigenetic signature can be
to address the impacts of environmental factors on epi-  used as a diagnostic and prognostic tool. As it emerges,
genetic modifications. For example, cigarette smoking the RA FLS epigenetic signature can be envisioned as
(which is the best defined environmental influence on  a set of distinct markers that can be paired with other
RA susceptibility) also affects DNA methylation at  diagnostic tools such as ultrasound to provide staging
certain loci [89]; however, how environmental effects of joint disease. Since RA FLS appear to be imprinted
such as smoking specifically alter FLS in RA is not quite early in the disease process, this may allow ear-
known. lier detection in people at risk for the disease. As well,
Second, rapid advances in omics technology are the further validation of epigenetic RA signatures in
expected to improve the resolution of the RA FLS epi-  FLS from different joints, and FLS from synovial fluid
genetic signature. The ability to examine modifications  as opposed to tissue biopsies, may also lead to joint-
such as DNA methylation at the single cell level will targeted and easier sample collection protocols. In
greatly enhance our understanding of specific effects of  addition to its diagnostic potential, the epigenetic sig-
fsg future science group www.futuremedicine.com 487
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nature continues to identify novel therapeutic targets
that may control RA FLS behavior and are expected to
complement conventional immune-targeted therapies.

Conclusion

RA is an immune-mediated disease with a substan-
tial nongenetic susceptibility component. Epigenetic
abnormalities likely explain a significant component
of the nongenetic risk of RA and might even underlie
some of the unexplained genetic variance of disease.
DNA methylation studies in RA FLS have revealed
a methylome signature, which is evident eatly in the
disease process and can be influenced by the inflam-
matory milieu characteristic of the RA joint. Likewise,
histone modifications, in particular histone acetyla-
tion, also show a pattern unique to RA FLS. Such pat-
terns are accompanied by altered expression and activ-
ity of HDACs, and HDAC inhibition might control
RA FLS aggressiveness. Finally, miRNA expression

is also altered in RA FLS, with some miRNAs being
proinflammatory and some protective. While it is clear
that all these different types of epigenetic anomalies
are important in RA FLS, it remains to be seen how
much interplay exists between these types of epigen-
etic modifications, and what other modifications affect
these cells.
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Executive summary

of RA.
Histone modification in RA FLS

deacetylase expression.
MicroRNA in RA FLS
e RA FLS express a distinct profile of microRNAs.
be increased as a protective response.
of RA.
Conclusion
between specific types of epigenetic alterations.

personalized therapeutic strategies.

DNA methylation in rheumatoid arthritis fibroblast-like synoviocytes

e Rheumatoid arthritis fibroblast-like synoviocytes (RA FLS) exhibit a unique, stable methylome signature that is
established early and changes with disease progression.

e Methylation of RA FLS is influenced by inflammatory cytokines.

e The combination of expression and methylation data have revealed new genes involved in the pathogenesis

e Histone acetylation levels in RA FLS respond to inflammatory cytokines as a result of altered histone

e Histone deacetylase inhibition is a potential approach to control RA FLS proliferation, inflammatory response
and invasiveness, and decrease arthritis severity in some animal models.

e Most microRNAs that are increased in RA FLS influence cytokine production and proliferation, while some may

e Re-expression of microRNAs with low expression in RA FLS can improve disease severity in animal models

e Epigenetic alterations explain a large component of nongenetic risk factors for RA.

e Further research is needed to identify additional epigenetic alterations, as well as to define the interplay

e Understanding the epigenetic landscape of RA FLS is expected to yield novel, cell-targeted and potentially
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