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Accumulating evidence indicates that epigenetic aberrations have a role in the pathogenesis of rheuma-
toid arthritis (RA). However, reports on histone modifications are as yet quite limited in RA. Interleukin
(IL)-6 is an inflammatory cytokine which is known to be involved in the pathogenesis of RA. Here we
report the role of histone modifications in elevated IL-6 production in RA synovial fibroblasts (SFs).
The level of histone H3 acetylation (H3ac) in the IL-6 promoter was significantly higher in RASFs than
osteoarthritis (OA) SFs. This suggests that chromatin structure is in an open or loose state in the IL-6 pro-
moter in RASFs. Furthermore, curcumin, a histone acetyltransferase (HAT) inhibitor, significantly reduced
the level of H3ac in the IL-6 promoter, as well as IL-6 mRNA expression and IL-6 protein secretion by RAS-
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Curcumin increase in IL-6 production by RASFs and thereby participates in the pathogenesis of RA.
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1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease which is
characterized by persistent synovitis and progressive joint destruc-
tion [1]. RA synovial fibroblasts (SFs) produce the inflammatory
cytokine interleukin (IL)-6 that is important in the pathogenesis
of RA [2]. IL-6 is a 21 kDa glycoprotein which consists of 184 amino
acids and functions as a pleiotropic cytokine which is involved in
the acute phase response and immune regulation [3]. IL-6 induces
the activation and differentiation of T cells, immunoglobulin pro-
duction in B cells, platelet maturation and the production of acute
phase proteins, such as C-reactive protein, in hepatocytes. IL-6
deficient mice are resistant to arthritis induction [4]. The remark-
able role of IL-6 in the pathogenesis of RA is supported by the

Abbreviations: RA, rheumatoid arthritis; OA, osteoarthritis; SFs, synovial fibro-
blasts; IL-6, interleukin-6; TNF-o, tumor necrosis factor o; H3ac, acetylation of
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striking therapeutic success of Tocilizumab, an IL-6 receptor
inhibitor [5].

Multiple lines of evidence suggest that genetic and environ-
mental factors participate in the pathogenesis of RA. Twin studies
have shown that the concordance of monozygotic twins (12-15%)
is higher than dizygotic twins (3%) in RA [6,7]. The heritability of
RA was estimated to be 65% from these studies in twins [8]. A fam-
ily study reported that the relative risk of RA was 3.0 in offspring,
4.6 in siblings and 6.4 in twins [9]. Serotyping studies demon-
strated a significant association between RA and the HLA allele
HLA-DRB1. HLA-DRB1 molecules contain a conserved amino acid
sequence QKRAA/QRRAA, or “shared epitope”, which may
contribute to RA susceptibility [10]. Candidate gene studies and
genome-wide association studies (GWAS) have identified approxi-
mately 60 susceptibility loci for RA [11]. On the other hand, envi-
ronmental factors such as cigarette smoking, viral infection,
Porphyromonas gingivalis and silica exposure are suggested to trig-
ger RA [12-15] . However, in spite of these data, the etiological
mechanisms of RA are not well understood.

Epigenetic mechanisms including histone modifications have
been shown to determine chromatin assembly and influence gene
transcription [16-18]. Histone amino-terminal tails are subject to
covalent post-translational modifications such as acetylation,
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methylation, phosphorylation and ubiquitination [19]. The acetyla-
tion of histone H3 (H3ac) and tri-methylation of histone H3 lysine
4 (H3K4me3) are associated with the activation of gene transcrip-
tion [20]. Recently, there have been increasing reports on epige-
netic alterations in RA, although most of them have focused on
DNA methylation or microRNAs (miRNA) [21]. We have hypothe-
sized that another epigenetic gene-regulator, histone modification,
is associated with the pathogenesis of RA. In the present study, we
sought to clarify the role of histone modifications in the elevated
IL-6 production that takes place in RASFs. The level of H3ac in
the IL-6 promoter was significantly higher in RASFs than in osteo-
arthritis (OA) SFs. Additionally, curcumin, a histone acetyltransfer-
ase (HAT) inhibitor, decreased the level of H3ac in the IL-6
promoter, IL-6 mRNA and IL-6 protein secretion in RASFs.

2. Materials and methods
2.1. Materials

Anti-H3ac and an isotype control IgG were purchased from
Upstate. Anti-H3K4me3 was obtained from Abcam. Human tumor
necrosis factor (TNF)-o0 was purchased from Miltenyi Biotech. So-
dium butyrate, phenyl methylsulfonyl fluoride (PMSF), micrococcal
nuclease (MNase), and curcumin were obtained from Sigma.

2.2. Preparation and culture of SFs

Synovial tissues were obtained from RA and OA patients during
total knee joint replacement at the Saitama Medical University
Hospital. All of the RA patients fulfilled the American College of
Rheumatology 1987 revised criteria for RA. This study was ap-
proved by the ethics committee of Saitama Medical University
and a written informed consent was obtained from every patient
in this study. Synovial tissues were minced into small pieces and
incubated with 1.5 mg/ml collagenase and 0.04% hyaluronidase
for 2 h at 37 °C as previously described [22]. After overnight cul-
ture, nonadherent cells were removed and SFs from passages 4
through 8 were used in this study.

2.3. Real-time quantitative RT-PCR (RT-qPCR)

Total RNA was extracted from SFs using the RNeasy mini kit
(Qiagen) according to the manufacturer’s instructions. 2 pg of total
RNA were used to synthesize cDNA using SuperScript III reverse
transcriptase (Invitrogen). PCR was conducted in 20 pl of total vol-
ume with 0.2 uM primers using Power SYBR Green PCR Master Mix
(Applied Biosystems) for 40 cycles in a StepOne Plus Real-Time PCR
System (Applied Biosystems). For standardization, 18s ribosomal
RNA (18s rRNA) was amplified simultaneously. The sequences of
the primers used are available upon request.

2.4. Enzyme-linked immunosorbent assay (ELISA)

SFs (1 x 10° cells) were cultured in DMEM containing 0.5% FBS
in 6-well plates for 24 h. The supernatants were collected at 0, 24,
48, and 72 h after stimulation with 10 ng/ml TNF-o.. The concentra-
tions of the IL-6 protein were measured using an ELISA kit (Pepro-
Tech) according to the manufacturer’s instructions and corrected
by the cell number.

2.5. Chromatin immunoprecipitation (ChIP) assay

SFs (5 x 10° cells) were incubated with digestion buffer (50 mM
Tris-HCI pH 7.6, 1 mM CaCl,, 0.2% Triton X-100, 5 mM sodium
butyrate and 0.5 mM PMSF) containing protease inhibitor cocktail

(Roche) along with 0.2 U MNase for 10 min at 37 °C. The chromo-
somal DNA was sonicated using SONIFIER W-150 (Branson),
dialyzed with RIPA buffer for 2 h at 4 °C, and incubated with Dyn-
abeads Protein G (Invitrogen) and antibody (anti-H3ac or anti-
H3K4me3) overnight at 4°C. After treatment with 0.2 mg/ml
RNase A and 1 mg/ml proteinase K, the immunoprecipitated DNA
was used for analysis by real-time PCR using Tagman universal
PCR master mix (Applied Biosystems). The sequences of the prim-
ers and the probe used are available upon request.

2.6. Treatment of RASFs with curcumin

RASFs were pretreated with 20 uM curcumin for 2h and
followed by stimulation with 10 ng/ml TNF-o. The cells were har-
vested at 8 h for the analyses using RT-qPCR and ChIP assay. The
supernatants were replaced with DMEM containing 0.5% FBS at
8 h and collected at 24 h for ELISA.

2.7. Statistical analysis

The differences between the groups were determined by a
Mann-Whitney U test or a Wilcoxson’s signed rank test. All the re-
sults are expressed as the means + SEM. A p value of <0.05 was de-
fined as statistically significant.

3. Results

3.1. IL-6 mRNA expression was significantly higher in RASFs than in
OASFs

Previous reports have shown that the inflammatory cytokine
IL-6 is involved in the pathogenesis of RA [2]. We examined
whether IL-6 production was increased in RASFs. We isolated SFs
enzymatically from synovial tissues of RA and OA patients and
compared IL-6 gene expression in RASFs and OASFs. IL-6 mRNA
was significantly higher by 3.1-fold in RASFs than OASFs
(Fig. 1A). GAPDH mRNA was not significantly different between
RASFs and OASFs (Fig. 1A). ELISA was used to measure the IL-6 pro-
tein in supernatants secreted by RASFs and OASFs. Although not
statistically significant, IL-6 protein production was higher in RAS-
Fs than in OASFs (Fig. 1B). These results indicate that IL-6 produc-
tion is substantially enhanced in RASFs and may thus contribute to
synovial inflammation in RA.

3.2. H3ac and H3K4me3 in the IL-6 promoter were significantly higher
in RASFs than in OASFs

It has been demonstrated that epigenetic mechanisms, includ-
ing histone modifications, alter chromatin structure and have an
affect on trasnscriptional activity. To determine whether histone
modifications in the IL-6 promoter were associated with elevated
IL-6 gene expression in RASFs, we examined H3ac, which is corre-
lated with active gene transcription, in the IL-6 promoter with a
ChIP assay and quantitative PCR in both RASFs and OASFs. The level
of H3ac was significantly higher in the proximal IL-6 promoter
(from —101 to —16) in RASFs than OASFs, whereas that of H3ac
was comparable in the distal IL-6 promoter (from —586 to —528)
(Fig. 2A). The level of H3ac was not significantly different in the
GAPDH promoter between RASFs and OASFs. (Fig. 2C). We won-
dered whether other active histone marker profiles were similar
to H3ac in the IL-6 promoter in RASFs. We subsequently found that
the level of H3K4me3 was significantly higher in the proximal and
distal IL-6 promoters in RASFs than OASFs (Fig. 2B). The levels of
H3ac and H3K4me3 were higher in the proximal IL-6 promoter
than in the distal IL-6 promoter in RASFs. The level of H3K4me3
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Fig. 1. IL-6 production increases in RASFs. (A) IL-6 and GAPDH mRNAs were
examined by quantitative RT-PCR in RASFs (n = 19) and OASFs (n = 21). Values were
expressed as the fold increase versus the value in OASFs. (B) The IL-6 protein in the
supernatant of RASFs (n=10) and OASFs (n=11) was measured by ELISA. Values
were expressed as the concentration (pg/ml) per 10% cells. The data are the
means + SEM. *p < 0.05 (Mann-Whitney U test).

was not significantly different in the GAPDH promoter (Fig. 2D).
These results suggest that the chromatin structure is open in the
IL-6 promoter, resulting in IL-6 mRNA elevation in RASFs.

3.3. IL-6 mRNA expression in RASFs significantly increased after
stimulation with TNF-«

We considered that the high levels of H3ac and H3K4me3 in the
IL-6 promoter affected the IL-6 gene expression after activation in
RASFs. Therefore, we investigated whether IL-6 transcription was
activated in response to TNF-o in RASFs. IL-6 mRNA significantly
increased at 4, 24 and 72 h after incubation with 10 ng/ml TNF-o
in RASFs compared with OASFs (Fig. 3A), while GAPDH mRNA did
not change after stimulation with TNF-o (Fig. 3A). IL-6 protein
secretion also significantly increased at 24 and 72 h after stimula-
tion with TNF-o in RASFs compared with OASFs (Fig. 3B). These
data imply that the open chromatin in the IL-6 promoter results
in robust IL-6 production by RASFs in response to TNF-a.

3.4. Curcumin significantly reduced H3ac in the IL-6 promoter and IL-6
production in RASFs

It is reasonable to expect that the high levels of H3ac in the IL-6
promoter would be associated with the elevated IL-6 production in
RASFs. Histone acetylation is increased by the catalytic activity of
HATSs, including the CREB binding protein (CBP)/p300. Curcumin,
a yellow pigment found in turmeric, specifically inhibits CBP/
p300 [23]. It has been reported that curcumin reduces histone
acetylation with a consequent decrease of gene expression [24].
We thus examined whether curcumin decreased the level of
H3ac in the proximal IL-6 promoter after TNF-o stimulation in
RASFs. In curcumin-pretreated RASFs, the level of H3ac in the
IL-6 proximal promoter was significantly decreased at 8 h after
stimulation with 10 ng/ml TNF-o (Fig. 4A). Correspondingly, pre-
treatment of RASFs by curcumin significantly reduced IL-6 mRNA
expression and protein secretion after TNF-a stimulation (Fig. 4B
and C). On the other hand, in curcumin-pretreated RASFs, the level
of H3ac in the GAPDH promoter and GAPDH mRNA did not change
after TNF-a stimulation (Fig. 4A and B). These results suggest that
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Fig. 2. The levels of H3ac and H3K4me3 increase in the IL-6 promoter in RASFs. (A and B) The levels of H3ac (A) and H3K4me3 (B) in the proximal (from —586 to —528) and
distal (from —101 to —16) IL-6 promoter were analyzed by ChIP and quantitative PCR in RASFs (H3ac: n = 11; H3K4me3: n = 7) and OASFs (H3ac: n = 11; H3K4me3: n=6). (C
and D) The levels of H3ac (C) and H3K4me3 (D) in the GAPDH promoter were analyzed by ChIP and quantitative PCR in RASFs (H3ac: n=11; H3K4me3: n =7) and OASFs
(H3ac: n=11; H3K4me3: n =6). The data are the means + SEM. *p < 0.05, **p < 0.01 (Mann-Whitney U test).
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Fig. 3. TNF-o enhances IL-6 production in RASFs. (A) IL-6 and GAPDH mRNAs were
examined at 0, 4, 24, 48, and 72 h after stimulation with 10 ng/ml TNF-o. by
quantitative RT-PCR in RASFs (n = 8) and OASFs (n = 6). The values are expressed as
the fold increase versus the value in OASFs at 0 h. (B) The concentrations of the IL-6
protein in the supernatant of RASFs (n=7) and OASFs (n =8) were measured by
ELISA at 0, 24, 48 and 72 h after stimulation with 10 ng/ml TNF-o. Values are
expressed as the concentration (pg/ml) per 10* cells. The data are the means + SEM.
*p <0.05 (Mann-Whitney U test).

high level of H3ac in the IL-6 promoter specifically increases IL-6
production in RASFs.

4. Discussion

This study shows that increased H3ac in the IL-6 promoter was
associated with elevated IL-6 production in RASFs. The chromatin
structure was in an open conformation in the IL-6 promoter and
IL-6 gene transcription was highly responsive to TNF-o. Curcumin
decreased the level of H3ac in the IL-6 promoter and suppressed IL-
6 production in RASFs. These results suggest that hyperacetylation
of histone H3 in the IL-6 promoter contributes to both constitutive
and TNF-a-induced IL-6 production by RASFs. Taken together, epi-
genetic processes are evidently involved in the pathogenesis of RA
and thus may serve as potential targets for the development of RA
therapeutics.

Gene transcription depends on the nuclear recruitment of tran-
scription factors and the accessibility of transcription factors to
genomic DNA. The latter is determined by epigenetic mechanisms
which generate conformational changes in chromatin. NF-xB and
p38 MAPK have been shown to bind to the IL-6 promoter and reg-
ulate IL-6 gene transcription in RASFs [25,26]. The present study
shows that active histone modifications such as H3ac and
H3K4me3 are present in the IL-6 promoter of RASFs and that IL-6
mRNA expression and protein production are increased by stimu-
lation with TNF-a. These results imply that decondensation of
the chromatin structure results in the increased recruitment of
transcription factors such as NF-xB and p38 MAPK to the IL-6 pro-
moter, resulting in an increase in transcription of the IL-6 gene.

DNA methylation and RNA interference by miRNA are well
known as epigenetic mechanisms other than histone modifications.
Accumulating evidence has shown that DNA methyation and miR-
NA are involved in the pathogenesis of RA. Global genomic DNA
hypomethylation and low DNA (cytosine-5-)-methyltransferase 1
(DNMT1) expression provide RASFs with an active and aggressive
phenotype [27]. DNA hypermethylation in the DR3 promoter has
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Fig. 4. Curcumin decreases the level of H3ac in the IL-6 promoter and IL-6
production in RASFs. (A and B) RASFs (n = 5) were pretreated with or without 20 pM
curcumin, stimulated with 10 ng/ml TNF-o, and harvested at 8 h. The levels of H3ac
in the IL-6 and GAPDH promoters (A) and IL-6 and GAPDH mRNA (B) were
examined by quantitative PCR. Values were expressed as the fold increase versus
the value in curcumin-untreated RASFs. (C) RASFs (n = 8) were pretreated with or
without 20 pM curcumin and stimulated with 10 ng/ml TNF-o. The supernatants
were replaced with DMEM containing 0.5% FBS at 8 h and collected at 24 h. The
concentrations of IL-6 protein in the supernatant were measured by ELISA. Values
are expressed as the concentration (pg/ml) per 10* cells. The data are the
means + SEM. *p < 0.05 (Wilcoxson'’s signed rank test).

been shown to result in resistance to apoptosis in RASFs [28]. Gen-
ome-wide analyses have identified differentially methylated genes
that are suggested to contribute to RASF phenotypes [29,30] . In
addition, miR-155 and miR-146a are also highly expressed in RASFs
[31]. The same group showed that expression of miR-203 was high-
er in RASFs than in OASFs and that miR-203 increased MMP-1 and
IL-6 production in RASFs [32]. Compared with DNA methylation
and miRNA, the studies of histone modifications have been quite
limited in RA. Histone methyltransferase enhancer of zeste homo-
log 2 (EZH2), which induces tri-methylation of histone 3 lysine 27
(H3K27me3), is overexpressed in RASFs and secreted fizzled-re-
lated protein 1 (SFRP1) has been identified as a target gene of
EZH2 [33]. Here we report aberrant histone modifications in the
IL-6 promoter in RASFs. This is the first report of increased active
histone modification markers in the IL-6 promoter in RASFs.

The balance of activities between HATs and histone deacety-
lases (HDACs) was shown to be shifted toward histone hyperacet-
ylation in RA synovial tissues [34]. Our data also showed
hyperacetylation in the IL-6 promoter in RASFs. TNF-a-induced
IL-6 gene expression is regulated by a transcriptional complex
which consists of CBP/p300 [35]. Therefore we stimulated RASFs
with TNF-a after treatment with curcumin which specifically
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inhibited CBP/p300, resulting in the decrease in the level of H3ac in
the IL-6 promoter, IL-6 mRNA expression and IL-6 protein secre-
tion. In the past few years, the introduction of anti-rheumatic biol-
ogics blocking the effects of key inflammatory cytokines, such as
TNF-a or IL-6, have dramatically improved the outcomes in RA
[36]. However biologics do have several problems, including lim-
ited efficacy, a high risk of infection and enormous cost. Therefore,
alternative treatments have been sought and epigenetic mecha-
nisms are promising targets. Recently HAT inhibitors have received
attention to as a novel epigenetic therapeutic for RA. Curcumin has
been shown to exert an anti-inflammatory effect in both murine
arthritis models [37,38] and RASFs [39]. A randomized pilot study
suggested the efficacy and safety of curcumin in RA patients [40].
Curcumin is thus an attractive candidate for treating RA.

In conclusion, increased histone acetylation conferred elevated
IL-6 production on RASFs. Furthermore, the decrease in H3ac
reduced both IL-6 mRNA expression and IL-6 protein secretion in
RASFs. The results suggest that epigenetic dysregulation is in-
volved in the pathogenesis of RA. Epigenetic mechanisms are
implicated to be a promising target for RA therapeutics.
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