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Abstract: The inflammatory reaction in rheumatoid arthritis (RA) is controlled by major epigenetic
modifications that modulate the phenotype of synovial and immune cells. The aim of this work
was to perform a systematic review focusing on miR expression, DNA methylation and histone
modifications in RA. We demonstrated that, in human samples, the expressions of miR-155, miR-146a
and miR-150 were significantly decreased while the expression of miR-410-3p was significantly
increased in the RA group. Moreover, miR-146a significantly decreased pro-autoimmune IL-17
cytokine expression in RA. In a murine model, miR-34a inhibition can ameliorate the arthritis score.
However, this evidence remain critically insufficient to support current therapeutic applications in
RA patients.

Keywords: rheumatoid arthritis epigenetic regulation; miR-155; miR-146a; miR-150; miR-410-3p;
DNA methylation

1. Introduction

Rheumatoid arthritis (RA) is an auto-immune, chronic and inflammatory joint and
systemic disease mediated by autoantibodies targeting immunoglobulin G (rheumatoid
factor) and/or citrullinated proteins [1]: 50–80% of patients with RA have these rheumatoid
factors and/or ACPAs (anti-citrullinated protein antibodies) [2]. RA is characterized by
joint inflammation stimulated by inflammatory cell infiltrate (leading to synovitis) and
structural damage. Moreover, RA is associated with a proliferation of activated synovial
fibroblasts (SFs) [3].

In RA, inflammation is maintained by the overproduction of pro-inflammatory cy-
tokines, such as TNF-α, known to play an important role in synovial inflammation and
joint destruction [2]. TNF-α can induce elevated expressions of other pro-inflammatory
cytokines such as IL-1, IL-6 and matrix metalloproteinases (MMPs), leading further to in-
flammation and joint destruction [4]. IL-1β also participates in inflammation by increasing
the production of cytokines, particularly by SFs. Likewise, IL-17 increases the production
of pro-inflammatory cytokines (TNFα, IL1β and IL-6) and MMPs [4].

In RA, synovial and cartilage cells are affected by joint inflammation. RA SFs have a
major pathogenic phenotype and secrete pro-inflammatory cytokines such as, TNF-α, IL-1β,
IL-6 and IL-17. In RA, SFs also secrete pro-angiogenic factors such as vascular endothelial
factor (VEGF) and pro-osteoclastic factors (i.e., RANK-ligand (receptor of nuclear factor
kappa-β ligand)). All of these agents promote the recruitment of pro-inflammatory cells
in the synovial tissue and maintain chronic inflammation in the joints, therefore leading
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to tissue destruction, structural damage, and disability [5]. RA is also characterized by a
systemic inflammation and causes an increased cardiovascular risk [1].

Macrophages such as synoviocytes [2], dendritic cells, and T and B cells also mediate
inflammation in RA by secreting pro-inflammatory cytokines [6].

Human chondrocytes stimulated with IL-1β expressed TNF-β and TNF-β receptors.
Moreover, TNF-β inhibited IL-1β-induced NF-kB activation [7].

The heritability of RA is 50–60%. Deane et al. described that genetic and environmental
factors can participate in RA development [8]. Indeed, predisposition resulting in the
generation of autoreactive T and B cells and several genetic factors including HLA-DR
(Human Leukocyte Antigen- DR, gene polymorphisms called shared epitope), T cell and B
cell function, and cytokine production are involved in RA development [6]. Environmental
factors including viral and bacterial infections (such has Porphyromonas gingivalis) and other
factors such as exposure to tobacco smoke, air pollution and obesity were described to
increase RA risks. Conversely, moderate alcohol intake, healthy diet and statin use were
described to decreased RA risk [8].

Epigenetic alterations including dysregulated micro-RNA (miRs) expression, DNA
methylation and histone acetylation also play important roles in RA onset and pathogen-
esis by modulating the post-translational expression of key genes involved in synovial
inflammation and joint destruction [1,5,9]. Epigenetic modifications can modulate gene
activity and expression without changing DNA sequence [10].

In RA, the aberrant expression of several miRs have been reported [11]. MiRs are
small noncoding single-stranded-RNA that modulate gene expression through cleaving
or inhibiting target mRNA [5,9] (Figure 1A). MiRs can modulate the expression of several
genes involved in inflammation, cell apoptosis, cell proliferation, cartilage degradation
and bone damage. MiRs are involved in macrophage, and B and T cell development and
functions [12]. Moreover, in RA, miRs can modulate SF functions and can promote a switch
toward a more pathogenic phenotype favoring the chronicity of the disease [5,9].
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Aberrant DNA methylation has been reported in RA especially in immune peripheral
blood cells [11]. DNA methylation is defined as an addition of the methyl group from
S-adenosyl methionine to a cytosine base in CpG sites (DNA sites where the cytosine is
followed by a guanine base). DNA methyl transferases (DNMT) catalyze the process of cy-
tosine methylation [13] (Figure 1B). Methylation patterns can be obtained by two processes:
de novo methylation or maintenance methylation [13]. In RA, there are global changes in
DNA methylation. Moreover, in RA, promoters of different genes were hypomethylated or
hypermethylated in different type of cells [14].

In RA, there is also histone modifications in immune cells. Histone modifications
affect gene expression and determine the phenotype of the cells. Histone can be modified
by different mechanisms including acetylation and methylation [11]. Histone acetylation
is a reverse process. Indeed, histone acetyl transferases mediate the addition of an acetyl
group (acetylation) and histone deacetylases (HDAC) mediate the removal of an acetyl
group. In RA, the presence of pro-inflammatory cytokines in the joints plays an important
role in histone acetylation. In RA, sirtuin (class III HDAC) expression is modified [15,16].
Sirtuins are NAD + HDAC involved in important metabolic pathways [17]. Sirtuins are
involved in inflammation: sirtuin 1 [16] and sirtuin 6 [18] modulate the expression of genes
involved in inflammation. Moreover, sirtuin 1 modulates the expression of genes involved
in cell adhesion and modulates the proliferation of RA SF [16]. Sirtuins are also involved
in osteoclast differentiation, and indeed, sirtuin 6 inhibits osteoclast differentiation [18]
(Figure 1C).

The aim of this article was first to perform a systematic review of existing data about
RA epigenetic regulation and then to list the current evidence concerning therapeutic
applications and perspectives. In this meta-analysis, we showed that miR-155, miR-146a
and miR-150 expressions were decreased in RA while miR-410-3p expression was increased
compared with non-inflammatory controls. We also demonstrated that miR-146a decreased
IL-17 protein expression in human cell culture. In murine model, we showed that the
inhibition of miR-34a ameliorates the arthritis score. Furthermore, in RA, DNA seems to be
hypomethylated.

2. Materials and Methods

The PRISMA statement checklist was used for meta-analysis and systematic review
quality criteria [19].

2.1. Searching

We used the PubMed database. Search terms including micro-RNA and RA were used.
The following keywords were used alone or combined: “rheumatoid arthritis + epigenetic
regulation” (250 references), “rheumatoid arthritis + micro-RNA” (686 references), rheuma-
toid arthritis + DNA methylation” (268 references) and “rheumatoid arthritis + histone
modifications” (95 references). We included only English language papers and original
articles from 1976 to 2020. The screening was performed independently by two operators;
then, a consensus was reached for study selection.

2.2. Eligibility Criteria and Study Selection

Studies focusing on the expression or pathophysiological effects of miRs in RA patients,
human cell culture models or murine models of RA were selected. Review articles were
excluded. We selected original articles. The quality of the studies was assessed (JADAD
scale). Controlled studies were then selected. Among them, studies with quantified results
related to differential miR expression levels and/or miR clinical, biological or structural
effects were selected.

2.3. Statistical Analysis

We used the R device (meta and Rmeta libraries). Weighted mean differences (means ± SD)
or pooled odds ratios were calculated. Intra- and then interclass effect sizes were assessed
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using funnel plots. The heterogeneity between studies was assessed (I2, tau-squared).
The p-value was 5%. For meta-analysis, a fixed effect model or a random effect model
was used depending on the heterogeneity between studies. Indeed, when there was
heterogeneity among the studies, a random effect model was used, and a fixed model effect
was used when there was no heterogeneity [20]. For meta-analysis different cell types were
groupable due to the lack of studies on a specific cell type and the expression level scales
were normalized in order to focus on intra- and interclass variations.

3. Results and Discussion
3.1. MiRs
3.1.1. Study Selection and Characteristics

For miRs a, total of 686 results were found on PubMed on 9 October 2020 with
the keywords “rheumatoid arthritis + micro-RNAs”. After removing duplicates (n = 2),
684 articles were screened. After title and abstract selection, 553 articles were excluded for
the following reasons: unrelated to the topic (n = 370), review (n = 147) and full text not
accessible (n = 36). In total, 131 full text articles were included. We included 36 studies
in the quantitative analysis, and 94 studies were excluded because the data were not
quantified (means/OR ± SD) and therefore could not be pooled (Figure 2).
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3.1.2. Quality Assessment

The quality of the included articles was assessed using the JADAD score with the
following criteria: description of withdrawals and drop outs, objectives clearly defined,
defined outcome measures, description of inclusion/exclusion criteria, sample size justified,
clear description of methods, control group and description of statistical methods (Table 1).
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Table 1. Characteristics of the studies included in mi-RNAs meta-analysis. PBMC: peripheral blood mononuclear cell, ST:
synovial tissue, CIA: collagen-induced arthritis.

References MiRs Samples JADAD Score/8

Wei et al., 2020 [21] miR-16 SF 6

Pauley et al., 2008 [22] miR-16 PBMC 6

Filkova et al., 2014 [23] miR-16 Sera 6

Akhtar et al., 2016 [24] miR-17 SF 6

Wang et al., 2018 [25] miR-17 T reg 6

Lin et al., 2014 [26] miR-22 ST and SF 6

Zhang et al., 2020 [27] miR-22 SF 6

Liu et al., 2019 [28] miR-23b ST 6

Zhu et al., 2012 [29] miR-23b SF 6

Dunaeva et al., 2018 [30] miR-26a-5p Sera 6

Huang et al., 2019 [31] miR-26a-5p SF 6

Li et al., 2018 [32] miR-124a SF 6

Nakamachi et al., 2009 [33] miR-124a SF 6

Duroux-Richard et al., 2014 [34] miR-125b Blood 6

Cheng and Wang, 2020 [35] miR-125b Blood 6

Pauley et al., 2008 [22] miR-132 PBMC 6

Filkova et al., 2014 [23] miR-132 sera 6

Nakamachi et al., 2009 [33] miR-146a SF 6

Chen et al., 2017 [36] miR-146a PBMC 6

Liu et al., 2018 [37] miR-146a Tissue, SF 6

Mookherjee and El-Gabalawy, 2013 [38] miR-146a PBMC 6

Li et al., 2010 [39] miR-146a, miR-146b CD14+ cells 6

Rezaeepoor et al., 2020 [40] miR-146a, miR-146b, miR-155 PBMC 6

Stanczyk et al., 2008 [41] miR-146a, miR-155 SF 6

Pandis et al., 2012 [42] miR-146a, miR-155 SF 6

Zhou et al., 2015 [43] miR-146a, miR-155 T cell 6

Pauley et al., 2008 [22] miR-146a, miR-155 PBMC 6

Filkova et al., 2014 [23] miR-146a, miR-155 sera 6

Kurowska-Stolarska et al., 2011 [44] miR-155 biopsies 5

Li et al., 2013 [45] miR-155 PBMC 6

Long et al., 2013 [46] miR-155 SF 6

Rajasekhar et al., 2017 [47] miR-155 Synovial fluid 6

Wang et al., 2020 [48] miR-155 ST 6

Li et al., 2010 [39] miR-150 CD14+ cells 6

Rezaeepoor et al., 2020 [40] miR-150 PBMC 6

Yang and Yang, 2015 [49] miR-221 SF 6

Filkova et al., 2014 [23] miR-221, miR-223 sera 6

Li et al., 2012 [50] miR-223 Bone marrow macrophage 6

Lu et al., 2014 [51] miR-223 T cell 6

Rezaeepoor et al., 2020 [40] miR-223 PBMC 6

Wang et al., 2019 [52] miR-410-3p SF 6

Wang et al., 2019 [53] miR-410-3p SF 5

Zhu et al., 2017 [54] miR-let-7a Macrophage 6

Pauley et al., 2008 [22] miR-let-7a PBMC 6

Kurowska-Stolarska et al., 2017 [55] miR-34a CIA mice 5

Dang et al., 2017 [56] miR-34a CIA mice 5
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3.1.3. Modified Expression of miRs in RA: Meta-Analysis

The expressions of miR-16, miR-17, miR-22, miR-23b, miR-26a-5p, miR-124a, miR-
125b, miR-132, miR-146a, miR-146b, miR-150, miR-155, miR-221, miR-223, miR-410-3p and
miR-let-7a in patients with RA and in the control group were pooled and analyzed. Only
four miRs showed significant results: miR-155, miR-146a, miR-150 and miR-410-3p.

For miR-155 and miR-146a, there was heterogeneity among the included studies
(I2 = 99%, tau-squared = 3.356 and p < 0.0001; I2 = 97.9%, tau-squared = 3.797 and p < 0.001,
respectively). Thus, a random effect model was used for meta-analysis for these two miRs.
However, there was no heterogeneity between the studies included for miR-150 (I2 = 0%,
tau-squared = 0 and p = 0.5413) and miR-410-3p (I2 = 0%, tau-squared = 0 and p = 0.8642).
Thus, a fixed effect model was used to pool the expression of these miRs. The mean
differences of miR-155, miR-146, miR-150 and miR-410-3p versus controls were as follows
(median (IC: 95%): 2.85 [1.47; 4.23], 1.33 [0.10; 2.57], 1.5 [1.38; 1.63] and −0.96 [−1.52; −0.39],
respectively. These results indicated that miR-155 (Figure 3A), miR-146a (Figure 3B) and
miR-150 (Figure 3C) were significantly increased in the RA patient group compared with
the control patient group while miR-410-3p expression decreased (Figure 3D).
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The pooled data for miR-16, miR-22 and miR-23b showed nonsignificant results (Sup-
plementary Figure S1). After analyzing the pooled data, miR-26a-5p, miR-125b, miR-132,
miR-146b, miR-221, miR-223 and miR-let-7a tended to show increased expressions in the RA
group compared with the control group and miR-17 and miR-124a tended to show decreased
expressions; however, the results were not significant (Supplementary Figures S2–S4).

3.1.4. Effects of miRs on Pro-Inflammatory Cytokines Expression in Human Cell Culture:
Meta-Analysis

We also pooled and analyzed the data to determine the effect of miR-146a on cytokine
expression. Two studies were pooled to determine the effect of miR-146a on IL-17. There
was no heterogeneity among the studies for the effect of miR-146a on IL-17 (I2 = NaN%,
tau-squared = 0 and p = 1). Thus, a fixed random effect model was used for the meta-
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analysis. The results showed that miR-146a decreased the IL-17 protein expression (−10.05
[−16.79; −3.31]) in human cell cultures (Figure 4).
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Moreover, it also has been described that miR-146a decreased the expression of the
TLR4/NF-kB pathway, leading a decrease in pro-inflammatory cytokines such as IL-1β,
IL-6 and IL-8 [37].

We also pooled and analyzed the data for the effect of miR-155 on cytokines and MMPs.
MiR-155 seemed to increase TNF-α, IL-1β and IL-6 protein expressions and decreased
MMP-3 (metalloproteinase 3) mRNA expression. However, the results were not significant
(Supplementary Figure S5).

It has been supposed that the increase in TNF-α and IL-1β expressions might be
due to the decreased expression of SOCS1 (suppressor of cytokine signaling protein 1) by
miR-155 [45]. Other studies demonstrated that miR-155 targets FOXO3a (forkhead box
protein O3a) leading to the increased expression of TNF-α, IL-1β and IL-6 [48]. Moreover,
other studies confirmed that miR-155 targeted FOXO3a as well as STAT1 [40], APAF-1
(apoptotic peptidase activating factor 1) and caspase 10 [47].

3.1.5. Effects of miR-34a on Murine Arthritis Score: Meta-Analysis

Moreover, two animal studies performed with collagen-induced arthritis (experi-
mental group n = 20; control group n = 21) were pooled to determine the effect of miR-
34a on arthritis score. There was no heterogeneity among the studies (I2 = NaN%, tau-
squared = 0 and p = 1). Thus, a fixed effect model was used. The median [IC 95%]
was −3.25 [−3.77; −2.73] indicating that miR-34a inhibition significantly decrease arthritis
score in murine models (Figure 5).

MiR-34a contributes to the development of RA by controlling Axl (AXL receptor
tyrosine kinase), an inhibitor of dendritic cell auto-regulator [55]. The inhibition of miR-
34a leads to a decrease in inflammatory-induced bone loss, Treg and pro-inflammatory
cytokines [56].
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3.2. DNA Methylation
3.2.1. Study Selection and Characteristics

The PubMed search displayed 268 records for “DNA methylation + rheumatoid
arthritis” on 22 December 2020. In total, 5 duplicates were removed; 263 records were
screened; and 229 records were excluded as review articles (n = 38), as not being related to
the topic (n = 162), as full text could not be accessed (n = 27) or as editorials (n = 2). We
included 34 full text articles after title and abstract selection. In the selected studies, three
were included in the meta-analysis (Figure 6).
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3.2.2. Quality Assessment

As described below, the JADAD score was assessed to determine the quality of the
studies (Table 2).

Table 2. Characteristics of the studies included in the DNA methylation meta-analysis.

References DNA Methylation in RA Model JADAD Score/8

De Andres et al., 2015 [57] Global DNA methylation
6DNMT1 T cell, B cell, monocyte

Karouazaki et al., 2009 [58] Global DNA methylation; DNMT1 ST/SF 6
Nakano et al., 2013 [59] Global DNA methylation SF 6

3.2.3. DNA Methylation

First, we pooled and analyzed the global methylation data (human samples) from
three studies (experimental group n = 31; control group n = 29). The median [IC 95%] was
−0.58 [−1.40; 0.24], indicating that, in the RA group, DNA seemed to be hypomethylated
compared with the control group; however, the results were not statistically significant.
For this analysis, we used a random effect model to assess the meta-analysis. Indeed, there
was heterogeneity between the studies (I2 = 82.1%, tau-squared = 0.3182 and p = 0.0037)
(Figure 7).
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It has been demonstrated that growth factors and receptors, extracellular matrix pro-
teins, matrix-degrading enzymes and adhesion molecules are hypomethylated in RA [58].
More precisely, CHI3L1 (chitinase 3 like 1), caspase 1, STAT3 (signal transducer and ac-
tivator of transcription 3), MAP3K5 (mitogen-activated protein kinase kinase kinase 5)
and WISP3 (WNT1 Inducible signaling pathway protein 3 genes) were hypomethylated in
RA [59].

Next, the DNMT1 (DNA methyl transferase 1) expression data from two studies (ex-
perimental group (n = 29); control group (n = 27)) were pooled and analyzed. Heterogeneity
was observed between studies (I2 = 97.6%, tau-squared = 9.194 and p < 0.0001); thus, a
random effect model was used. The results showed that DNMT1 seemed to be decreased
in RA patients compared with the control group; however, the results were not significant
(−2.19 [−6.44; 2.06]) (Figure 8).
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3.3. Histone Modifications
Study Selection and Characteristics

In total, 129 records were identified through the PubMed database searching for
“histone modifications + rheumatoid arthritis” on 19 January 2021. Six articles were added
manually from the PubMed search with “histone acetylation + rheumatoid arthritis”. Only
1 article was excluded as a duplicate, 133 records were screened, 122 records (review article
(n = 54), unrelated to the topic (n = 67) and full text not accessible (n = 1)) were excluded
after title and abstract selection, and 12 full texts were assessed for eligibility. We did not
select studies for meta-analysis because data could not be pooled (Figure 9).
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3.4. Discussion

In this systematic review of the literature, we first examined the specific expression of
miRs in RA compared with non-inflammatory controls.

We showed that miR-155 was upregulated in RA patients. Moreover, we demonstrated
that miR-155 tended to increase TNF-α, IL-1 and IL-6 protein expressions and tended to de-
crease MMP-3 mRNA expression compared with the control group in a human cell culture
model. It has been demonstrated that miR-155 decreased the SOCS1 [45] and FOXO3a [48]
expressions, leading to an increase in pro-inflammatory cytokines. Furthermore, miR-155
plays an important role in RA arthritis and was expressed by different type of cells. Indeed,
miR-155 increased the inflammatory profile of CD14+ monocytes by increasing the expres-
sion of chemokines (such as MCP-1/CCL2) and pro-inflammatory cytokines (such as IL-6,
IFN-α and TNF-α) [47,60]. MiR-155 also favored inflammation in RA SF [48]. In contrast, it
has been described that miR-155 decreased the mRNA expression of APAF-1 and caspase
10 [47].

Next, we showed that, in RA, miR-146a was upregulated compared with the control
group. We also demonstrated that miR-146a decreased IL-17 protein expression. Zhou et al.
described that miR-146a increased STAT-1 (signal transducer and activator of transcription
1) activation, favoring a pro-inflammatory phenotype of Treg [43]. It has also been demon-
strated that miR-146a decreased the expressions of TLR4 and NF-kB [37]. Moreover, further
studies described the protective effect of miR-146a on bone erosion and osteoclastogenesis
in murine models [37,61,62].

We also demonstrated that miR-150 was upregulated in RA patients while miR-410-3p
was downregulated compared with the control group. Li et al. described that the expression
of miR-150 was not correlated with the levels of pro-inflammatory cytokines [39]. It has also
been speculated that miR-150 is an important molecule for T cell and B cell development.
For instance, it has been demonstrated that the premature expression of miR-150 blocked
the development of B cells [63].

Furthermore, miR-410-3p has been described to suppress proliferation while promot-
ing apoptosis and G1-S phase transition through targeting YY1 (Yin Yang 1 transcription
factor) in RA SF [52]. It has also been shown that, in RA, miR-410-3p suppressed pro-
inflammatory cytokine expression by suppressing the NF-kB signaling pathway [53].

In murine models, we demonstrated that miR-34a inhibition significantly decreased
the arthritis score. MiR-34a inhibition also decreased TNF-α, IL-1β, IL-6, IFN-γ, IL-17A
and IL-21 transcripts in the synovium of collagen-induced arthritis mice injected with
miR-34a antagomir [56]. Moreover, Hou et al. demonstrated that miR-34a-3p suppressed
TNF-α and IL6 mRNA and protein expression in RA SF transfected with miR-34a-3p [64].
It has been shown that miR-34a targets Axl [55] and that this inhibition decreased bone
loss, pro-inflammatory cytokine expression and Treg population [56]. These results suggest
that miR-34a might play an important role in RA pathogenesis.

Concerning the therapeutic applications and perspectives of miRs, several studies
used miR-atelocollagen complexes injected into the joints [65] or intravenously [62,66] in
collagen-induced arthritis mice in order to overexpress specific miRs. The miR-atellocollagen
complexes were chosen because these complexes are (1) resistant to nucleases, (2) efficiently
transduced into cells and (3) prevented from diffusing out at the injected sites [65]. Cur-
rently, there are only in vitro studies concerning the role of miRs in RA in human models.
Concerning the in vitro studies, miRs can be expressed in cell culture using different
methods. The most current method is the use of transfection reagents such as lipofec-
tamine [37,41,45,46], NTER transfection reagent [44,47,60] or oligofectamine [49]. Other
studies used electroporation to deliver miRs into the cells [51,67,68]. Li et al. and Chen et al.
performed miRs transfection using plasmid-encoded miRs [39,69]. Zhou et al. used serum-
free ACCEL medium, which is an enriched serum media formulated to transfect siR-
NAs [43]. Another therapeutic application and perspective of miRs is the use of antagomirs.
In several studies, antagomirs were transfected into human RA SF in vitro [31,46,64,70,71]
to inhibit miR expression. Antagomirs were also used in murine models. For example,



Int. J. Mol. Sci. 2021, 22, 12170 12 of 18

anti-miR-21 was transduced into rat cells using lentivirus encoding anti-miR-21 leading to
the reduction of NF-kB protein levels [72]. Moreover, in in vivo murine models, antagomirs
can be injected into mice [56,73].

Next, we examined the effect of DNA methylation on RA. We confirmed that DNA
seems to be hypomethylated in the RA group and that DNMT1 levels seem to be decreased
in RA. However, the data were not sufficient to perform quantified analysis. DNA methyla-
tion can alter gene expression; indeed, hypomethylation leads to increase gene expressions
such as pro-inflammatory cytokine genes (e.g., IL-6 [74] and chemokines (e.g., CXCL12
(C-X-C motif chemokine ligand 12) [75]). It is important to note that, in RA, SF long-term
exposure to IL-1 decreased DNMT1 mRNA expression [76]. One of the hypotheses is
that DNA hypomethylation in RA might be due to DNMT1 deficiency. Indeed, several
studies demonstrated that DNMT1 is associated with genomic hypomethylation [77–79].
Moreover, several genes were hypomethylated in RA such as CHI3L1 a cartilage-specific
antigen, which is the target for autoimmunity in RA, caspase 1 and MAP3K5 implicated in
apoptosis; STAT3, a key signaling protein activated in RA and associated with production
of pro-inflammatory cytokines such as IL-6; and WISP3, which encodes growth factors [59].
Furthermore, it has been described that the CTL4-A (cytotoxic T-lymphocyte antigen 4), an
inhibitory molecule regulating T cell function, promoter region in Treg was hypomethy-
lated [80]. Furthermore, it has been shown that methotrexate treatment correlates with
the decrease expression of DNMT1 and the reduced methylation of FOXP3, leading to the
increased of FOXP3 mRNA expression in RA Treg [81]. DNA methylation can be related
with miR expression. Indeed, in RA, SF miR-29 targets the expression of DNMT3A [82].
Nakano and Firestein showed that, in SF exposure to pro-inflammatory mediators such as
IL-1β, TNF-α and LPS decreased the mRNA expressions of DNMT1 and DNMT3a [76].

Concerning therapeutic applications and perspectives of DNA methylation, the use of
azacitidine as a treatment in vitro in human PBMC increased the IL-10 mRNA and protein
expressions in RA [83]. Moreover, Neidhart et al. demonstrated that using diminazene
aceturate, which is an inhibitor of SSAT-1 (spermidine/spermine N1-acetyltransferase 1),
can restore the levels of DNA methylation and the expression of DNMT1 reducing RA SF
invasive function [84].

In this study, we were unable to perform meta-analyzes on histone modifications
given the limited data set and the heterogeneity among the studies. However, we can note
that, in RA SF, there is an hyperacetylation of histone H3 in the IL-6 promoter leading to
the increased production of IL-6 [85].

The use of HDAC inhibitors might be promising novel therapeutic avenues in RA.
Several HDAC inhibitors have been described to ameliorate RA in vitro. The use of HDAC
inhibitors such as ITF2357 suppressed the mRNA expression of IL-6, IL-8, CXCL12 and
MMP-1 in RA SF stimulated with IL-1β [86]. Moreover, SAHA (suberoylanilide hydroxamic
acid), another inhibitor of HDAC, inhibited viability and induced apoptotic death in RA
SF [87]. Treatment with romidepsin (FK228) induced cell arrest after stimulation with
TNF-α and IL-1β [88]. HDAC inhibitors have also been studied on the murine model.
In CIA mice, valproic acid decreased the histopathologic score associated with CIA and
increased Treg functions, leading to the improvement of clinical disease [89].

In this systematic review, we focused on the aberrant expression of miRs, DNA
methylation and histone modifications on RA. However, it is important to note that phy-
topharmaceuticals natural products such as curcumin [90] and resveratrol [91,92], nutrition
and environmental conditions can influence chronic diseases such as RA.

In this meta-analysis, some limitations should be considered as follows: (1) there was
not enough groupable data for a specific cell type. We had to group all of the cell types to
obtain analyzable data; (2) cell models were very varied; (3) there was heterogeneity for
some of the meta-analyzes; (4) for some studies, there was small sample sizes; and (5) we
included only studies published in English.
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4. Conclusions

In summary, this is the first meta-analysis demonstrating that miR-155, miR-146 and
miR-150 expressions increased and miR-410-3p expression decreased in human RA cell
culture models compared with the control groups. We also demonstrated that miR-146a
decreased the IL-17 protein expression in human cell culture model. Moreover, in a murine
model, miR-34a inhibition can ameliorate the arthritis score. However, these results remain
to be confirmed in human studies. Then, the injection of miR-atellocollagen complexes
might be a promising method to deliver miRs at the targeted site. Antagomirs might be a
promising method to inhibit miRs and to ameliorate RA.

We also confirmed that DNA seems to be hypomethylated in RA. Moreover, the use
of DNMT inhibitors such as azacitidine and diminazene aceturate, an inhibitor of SSAT-1,
could be promising therapeutic avenues to ameliorate RA. Finally, inhibitors of HDAC
might be a promising future therapeutic target in RA (Figure 10).
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APAF-1 Apoptotic Peptidase Activating Factor 1
Axl AXL receptor tyrosine kinase
CHI3L1 Chitinase 3 Like 1
CIA Collagen-Induced Arthritis
CTLA-4 Cytotoxic T-Lymphocyte Antigen 4
CXCL12 C-X-C Motif Chemokine Ligand 12 (also known as SDF1 alpha)
DNMT DNA Methyl Transferase
FK228 romidepsin
FOXO3a Forkhead box Protein O3a
HLA-DR Human Leucocyte Antigen-DR
HDAC Histone Deacetylase
IL Interleukin
MAP3K5 Mitogen-Activated Protein Kinase Kinase Kinase 5
MiRs Micro-RNAs
MMP Metalloproteinase
NaN% Not a number
PBMC Peripheral Blood Mononuclear Cell
RA Rheumatoid Arthritis
RANK-L Receptor of Nuclear factor Kappa- β Ligand
SF Synovial Fibroblasts
SOCS1 suppressor of cytokine signaling protein 1
SSAT-1 Spermidine/Spermine N1-AcetylTransferase 1
ST Synovial Tissue
STAT-1 Signal Transducer and Activator of Transcription 1
STAT3 Signal Transducer and Activator of Transcription 3
TNF Tumor Necrosis Alfa
VEGF Vascular Endothelial Growth Factor
WISP3 WNT1 Inducible Signaling pathway Protein 3
YY1 Yin Yang 1 transcription factor
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