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ARTICLE
Cystathionine-y-lyase ameliorates the histone demethylase

JIMJD3-mediated autoimmune response in rheumatoid
arthritis

Weijun Wu'2, Ming Qin', Wanwan Jia', Zheng Huang? Zhongzheng Li* Di Yang', Mengwei Huang', Chenxi Xiao', Fen Long’,
Jianchun Mao”, Philip K. Moore®, Xinhua Liu' and Yi Zhun Zhu'*

Cystathionine-y-lyase (CSE), an enzyme associated with hydrogen sulfide (H,S) production, is an important endogenous regulator of
inflammation. Jumonji domain-containing protein 3 (JMJD3) is implicated in the immune response and inflammation. Here, we
investigated the potential contribution of JMJD3 to endogenous CSE-mediated inflammation in rheumatoid arthritis (RA).
Upregulated CSE and JMJD3 were identified in synovial fibroblasts (SFs) from RA patients as well as in the joints of arthritic mice.
Knocking down CSE augmented inflammation in IL-1B-induced SFs by increasing JMJD3 expression. In addition, CSE ™~ mice with
collagen-induced arthritis (CIA) developed severe joint inflammation and bone erosion. Conversely, overexpressing CSE inhibited
JMJD3 expression by the transcription factor Sp-1 and was accompanied by reduced inflammation in IL-13-treated SFs.
Furthermore, JMJD3 silencing or the administration of the JMJD3 inhibitor GSK-J4 significantly decreased the inflammatory
response in IL-1B-treated SFs, mainly by controlling the methylation status of H3K27me3 at the promoter of its target genes. GSK-J4
markedly attenuated the severity of arthritis in CIA mice. In conclusion, suppressing JMJD3 expression by the transcription factor
Sp-1 is likely responsible for the ability of CSE to negatively modulate the inflammatory response and reduce the progression of RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease involving
inflammation of the synovium in peripheral joints, progressing to
the destruction of articular cartilage, triggering joint degeneration,
pain and loss of function.™ Early intensive treatment, including
the addition of a biological agent, is recommended for patients
with RA, but up to 50% patients with RA fail to respond
adequately.>® In addition, biologics and other anti-rheumatic
drugs may be associated with long-term side effects,” including
serious infections and malignancies. Thus, there are clear unmet
demands to develop more effective and safer therapeutic
approaches for RA.

There is considerable evidence suggesting that epigenetic
mechanisms mediate the development of inflammation by
modulating the expression of inflammatory cytokines.>'® Jumoniji
domain-containing protein 3 (JMJD3; also known as KDMG6B) is
induced by inflammatory stimuli." JMJD3 specifically demethy-
lates trimethylated lysine 27 in histone H3 (H3K27me3), a
chromatin modification associated with transcriptional repres-
sion.'? The role of JMJD3 in RA may lie at the intersection of many
pathways promoted in a dysfunctional manner.

Hydrogen sulfide (H,S) belongs to the class of endogenous
gases that include nitric oxide and carbon monoxide (CO) and
plays an important role in regulating inflammatory responses.'?
H,S is produced physiologically by the action of the pyridoxal-5-
phosphate-dependent enzymes cystathionine-y-lyase (CSE) and
cystathionine-B-synthase (CBS).'* CBS is abundantly expressed in
the brain, while CSE shows higher expression in the liver, kidney
and peripheral tissue.'®'® The exact mechanisms of the actions of
H,S, as an inflammatory mediator, are not well established;
however, existing data indicate multiple, diverse targets.'”” ™" In
our recent study, we found that CSE/H,S modulates inflammation
in RA%° but whether H2S regulates inflammation by affecting
histone methylation modification has not been reported.

Given the role of JMJD3 and CSE/H,S in various inflammatory
diseases, further work is needed to identify potential points for
‘crosstalk’ between JMJD3 and CSE/H,S in RA. We hypothesize that
JMJD3 may be involved in the anti-inflammatory effect of CSE/H,S
in RA. The present results show, for the first time, that endogenous
CSE produces powerful anti-inflammatory effects by regulating
the transcription factor Sp-1 to inhibit JMJD3 expression in RA.
This conclusion was additionally confirmed in synovial fibroblasts
(SFs) from human RA samples.
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MATERIALS AND METHODS

Materials

Recombinant human interleukin (IL)-1B was purchased from
Peprotech (Rocky Hill, NJ, USA). Chick type Il collagen (Cll) and
Freund adjuvant (CFA) were obtained from Chondrex (ClI;
Chondrex, Redmond, WA, USA). The JMJD3 inhibitor GSK-J4 was
purchased from Selleck Chemicals LLC (Houston, TX, USA).
Macrophage colony-stimulating factor (M-CSF), receptor activator
of nuclear factor (NF)-kB ligand (RANKL) and H,S inhibitor DL-
propargylglycine (PAG) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Mithramycin (Sp-1 inhibitor), BIRB769 (p38
inhibitor) and U0126 (ERK inhibitor) were purchased from
Calbiochem (San Diego, CA). The antibodies were obtained from
the following commercial sources: JMJD3 was purchased from
Novus (Novus Biologicals, USA); phosphor (p)-ERK1/2 (Thr?°%/
Tyr?®%, ERK1/2, p-JNK (Thr'®/Tyr'®), INK, p-p38, p38, Sp-1, IL-6,
COX-2 and H3K27me3 were purchased from Cell Signaling
Technology (Beverly, MA); p-Sp-1 (Thr’3>?) was purchased from
GeneTex (GeneTex Inc. USA); and CSE, TLR2 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).

Ethics statements

All experimental protocols using animals conformed to the Animal
Welfare Act Guide for Use and Care of Laboratory Animals and
were approved by the Institutional Animal Care and Use
Committee, School of Pharmacy, Fudan University, China.

Induction of CIA and treatment

Male DBA/1J mice, aged 6-8 weeks, were purchased from
Shanghai SLAC Laboratory Animal Co. Ltd, Shanghai, China. The
CSE knockout C57BL/6 mice were a gift from the Shanghai
Research Center of Model Organisms, Shanghai, China. The CSE
knockout mice on a DBA/1J background (CSE~'~) were generated
by crossing the CSE knockout mice with the DBA/1J mice, and the
littermate mice were used as wild type (WT). The induction of
collagen-induced arthritis (CIA) was performed as described in a
previous study.?’ The WT and CSE~/~ mice were killed on day 30
after the second immunization.

Male DBA/1J mice were used to evaluate the anti-arthritic effect
of GSK-J4 in vivo. The GSK-J4 treatment group was given a daily
intraperitoneal injection of GSK-J4 (20 mg/kg of body weight, n =
8) until the end of the experiment on day 40 after the second
immunization. GSK-J4 was dissolved in dimethyl sulfoxide and was
then diluted with phosphate-buffered saline to the final
concentration.

Isolation and culture of human SFs

Human synovial samples were obtained from the knee joints of
6 patients with RA treated in the Guanghua Integrative Medicine
Hospital, Shanghai, China. Control synovial samples from 6
healthy donors and 6 patients with osteoarthritis (OA) were
obtained from Ningbo The 9th Hospital, Ningbo, China. All of the
patient samples were taken with patient consent and full local
regional ethics committee. The SFs were obtained by enzymatic
digestion as previously described.??> The cells were grown in
Dulbecco's modified Eagle's Medium with 10% fetal bovine
serum (FBS; Gibco BRL, Frederick, MD, USA). The SFs were
cultured for six to eight passages, and the lysate was then
collected for the analyses.

Bone mineral density measurement

The left femur of each mouse was fixed and the whole femur was
scanned by a high speed in vivo pCT scanner (Quantum FX,
PerkinElmer, MA, USA). Three-dimensional images were recon-
structed in the region of interest, and the bone mineral density
(BMD; mg/cm?) was assessed using the micro-computed tomo-
graphy (CT) software.?®
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Histological and immunohistochemical analysis of the joint tissue
For the histologic analysis, the paws were fixed in 4% buffered
formaldehyde, decalcified in ethylene diaminetetraacetic acid,
embedded in paraffin and cut into 4 um sections, which were then
stained with hematoxylin and eosin (H&E). Additional sections
were stained with safranin O or toluidine blue to evaluate cartilage
damage. An immunohistochemical analysis was performed on the
deparaffinized tissues. The samples were subjected to antigen
retrieval by boiling in 10 mM citrate buffer (pH 6.0) for 10 min,
treated with 1% H,0O, for 10 min, and blocked with 5% bovine
serum albumin (BSA) for 1h at room temperature. The tissue
sections were then further incubated with primary antibodies
overnight. After incubation with anti-rabbit horseradish perox-
idase (HRP)-conjugated secondary antibody for 90 min, the
sections were visualized by 3,3-diaminobenzidine-tetrahy-
drochloride (DAB). The stained tissue sections were imaged using
an Axio Scope.A1 microscope (Zeiss) at the indicated
magnification.

Cell culture and treatment

The fibroblast-like synoviocyte MH7A cell line was a gift from
Professor Zhang Peng (Chinese Academy of Science, Shenzhen). The
MH7A cells were cultured in Roswell Park Memorial Institute 1640
medium (HyClone), supplemented with 10% FBS and 1% penicillin/
streptomycin in a 5% CO, humidified atmosphere at 37 °C. The cells
were stimulated with IL-1B (10 ng/ml), and all of the inhibitors were
administered for 1 h prior to cytokine stimulation.

Small interfering RNA (siRNA) transfection

The JMJID3 siRNA (5-GCGAUGUGUGGAGGUGUUUAATT-3") and
control siRNA (5'-CGUUAAUCGCGUAUAAUACGCGUAT-3') were
produced by GenePharma (Shanghai, China). To introduce the
siRNA into the cells, the cells were plated on 6-well plates at 30%
to 50% confluence before transfection. The siRNA transfection was
carried using Lipofectamine RNAIMAX following the manufac-
turer's instructions.

Lentivirus generation and infection

The specific short hairpin RNA (shRNA) Sp-1 and the Sp-1-cDNA
plasmids were gifts from Professor Zeng (State Key Laboratory of
Oncology in South China, Sun Yat-sen University Cancer Center,
Guangdong) and Professor Wu (Department of Biochemistry and
Molecular Biology, Shanghai Medical College, Fudan University,
Shanghai), respectively. The shRNA CSE, CSE-cDNA and shRNA-
control (Ctl) plasmids were kind gifts from Professor Zha
(Department of Biochemistry and Molecular Biology, Fudan
University, Shanghai). Lentivirus generation and infection were
performed according to the procedure described previously.>®

Quantitative real-time reverse transcription-polymerase chain
reaction (qRT-PCR) analysis

Total RNA was isolated with the TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s instructions. Total
RNA (2 pg) was reverse-transcribed into complementary DNA
(cDNA) using a two-step RT Kit (Takara Biotechnology, Dalian,
China) according to the manufacturer’s directions. See Table S1 for
the primer sequences.

Western blot analysis

An equal amount of protein from each cell lysate was resolved on
an SDS-polyacrylamide gel and was transferred to a nitrocellulose
membrane. Nonspecific binding was blocked by incubating the
blots with 5% nonfat dry milk powder in TBST (20 mM Tris-HCI (pH
7.4), 137 mM NadCl, and 0.1% Tween 20) for 60 min. The blots were
incubated overnight at 4 °C with primary antibody followed by an
incubation with an anti-rabbit-HRP or anti-mouse-HRP secondary
antibody in 5% BSA for 2h. After washing in TBST, the
immunoblots  were  developed with an  enhanced
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chemiluminescence detection system (Millipore) as per the
manufacturer’s instructions. GAPDH was used as a loading control.

Cytokine measurement

The cytokine levels were determined by enzyme-linked immuno-
sorbent assay (ELISA) kits (Boatman Biotechnology, Shanghai,
China) according to the manufacturer’s instructions. The optical
densities were read on a microplate reader (M1000, TECAN, Austria
GmbH, Austria) at 450 nm.

Chromatin immunoprecipitation

The assay for chromatin immune-precipitation (ChIP) was
performed using the EZ-ChIP™ Chromatin immune-precipitation
kit (Millipore) according to the manufacturer’s instructions. The
DNA pulled down by the anti-MYC or H3K27me3 antibodies was
amplified by PCR. The DNA from these samples was subjected to
PCR analyses with primers sets for the JMJD3 (KDM6B) or TLR2
promoter.

Electrophoretic mobility shift assays (EMSA)

Nuclear protein was extracted with a nuclear protein extraction kit
(Invitrogen) in accordance with the manufacturer’s instructions.
The biotinylated Sp-1 oligonucleotide probe was 5'-
GGGCTGGGGGGGCGGGTAGTTAAAG-3/, and the mutant probe
was 5’- ATTCGATCGGTTCGGGGCGAGC -3'. The binding reactions
were performed according to the non-radioactive EMSA kit. The
specificity of the DNA and protein complex was confirmed by cold
competition with a 50-fold excess of unlabeled Sp-1 oligonucleo-
tides. After the binding reaction, gel electrophoresis, membrane
transfer and immobilization, a chemiluminescent reaction and
imaging were performed sequentially.

Immunofluorescence analysis

For the immunofluorescence analysis, the cells were immunos-
tained using primary antibodies overnight, and the secondary
antibodies used were Alexa Fluor 488 donkey anti-rabbit or mouse
IgG (1:200 dilution, Thermo Fisher Scientific). The nuclei were
stained with 6-diamidino-2-phenylindole (DAPI). The sections were
observed by confocal laser scanning microscopy (Zeiss LSM780,
Carl Zeiss).

Osteoclastogenic differentiation

Osteoclasts were differentiated from mouse bone marrow
monocytes (BMMs) as previously described.** Briefly, the BMMs
were cultured with 40 ng/ml of M-CSF in a-Minimum Essential
Medium containing 10% FBS for 3 days until the cells reached
confluence. The cells were then differentiated with M-CSF (40 ng/
ml) and RANKL (50 ng/ml) in the presence of PAG or GSK-J4. At
day 6, the cells were fixed with 2.5% glutaraldehyde (Sigma). The
osteoclasts were identified by the tartrate-resistant acid phospha-
tase (TRAP) staining kit (Sigma/Aldrich). Mature osteoclasts were
identified as multinucleated (>3 nuclei) TRAP™ cells. Cell images
were obtained using a Zeiss microscope.

Cell viability assay

BMMs were seeded in 96-well plates at a density of 1.25x 10*
cells/well. The cells were treated with GSK-J4 (0.5, 1, 5, 10, 20 uM)
or PAG (0.5, 1, 2, 4, 8mM) for 48 h. A cell viability assay was
performed by using CCK8 cell count Kit (Dojindo Laboratories,
Japan) according to the manufacturer’s protocol. All of the values
were standardized by comparison with the data from the
untreated cells.

Migration assay

Following the transfection with the siRNA for JMJD3, the CSE-
specific shRNA or the control shRNA for 48 h, the MH7A cells were
subjected to a migration assay, which was performed with a
transwell chamber with an 8 um pore (Corning, USA) according to
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our previously described method.® The migrated cells were
stained with crystal violet.

Statistical analysis

The statistical analysis was performed using GraphPad Prism
version 5.0. All of the values are expressed as the mean = SEM. A
one-way analysis of variance was initially performed to determine
whether an overall statistically significant change existed before
using the two-tailed paired or unpaired Student’s t-test. A value of
p < 0.05 was considered statistically significant.

RESULTS

Establishing an inflammatory response in IL-1B-induced MH7A
cells

IL-1B is a pivotal inflammatory cytokine that is known to induce
the generation of a range of additional inflammatory cytokines.?”
As illustrated in Fig. S1, IL-18 (10 ng/ml) dramatically increased
IL-6, IL-23 and matrix metallopeptidase 9 (MMP9) messenger RNA
(mRNA) expression in MH7A cells. Similarly, the mRNA and protein
levels of cyclooxygenase-2 (COX-2) and tumor necrosis factor-a
(TNF-a) in the IL-1B-stimulated MH7A cells were also significantly
increased. Toll-Like receptor 2 (TLR2) might contribute to
sustaining inflammation, and our results also exhibited that the
mRNA and protein expression levels of TLR2 were markedly
increased with IL-1B stimulation. Taken together, these results
suggested that IL-1B-stimulated MH7A cells displayed a heigh-
tened inflammatory response state, as illustrated by the increased
pro-inflammatory mediators.

CSE negatively regulates the inflammatory response in IL-1(3-
induced MH7A cells

CSE is the primary enzyme responsible for the generation of H,S in
peripheral tissues. As illustrated in Fig. 1a, IL-13 time-dependently
increased CSE protein expression in MH7A cells. Transfection with
lentivirus vectors expressing CSE (LV-CSE) resulted in the over-
expression of CSE in the MH7A cells and caused a reduction in the
COX-2 and IL-6 mRNA levels compared to the cells transfected
with the vector controls (LV-Ctl) (Fig. 1b). Furthermore, the
overexpression of CSE inhibited COX-2 protein expression as well
as TNF-a and IL-6 secretion in the supernatants of the IL-1(-
stimulated MH7A cells (Fig. 1c, d). In contrast, CSE-shRNA
transfection resulted in a decrease in CSE expression but an
increase in COX-2 and IL-6 expression (Fig. 1e, f). Meanwhile, the
knockdown of CSE markedly increased TNF-a and IL-6 generation
in the MH7A cells (Fig. 1g). Taken together, these findings strongly
suggest that CSE negatively regulates the inflammatory response
in IL-1B-stimulated MH7A cells.

JMJD3 inhibition represses the inflammatory response partly by
mediating TLR2 expression in IL-13-induced MH7A cells

The mRNA and protein expression levels of JMJD3 in the MH7A
cells exposed to IL-1B rapidly increased (Fig. 2a). Membrane
receptors are universally recognized as important mediators of the
inflammatory response. Thus, we carried out a heatmap analysis of
membrane receptors using the SFs from RA patients. A
hierarchical clustered heatmap analysis showed that TLR2
exhibited a maximum relative abundance in the RA-SF groups at
the transcriptional level (Fig. 2b; note that the green and red
represent the minimal and the maximal relative abundance,
respectively). As such, we hypothesized that IL-13 regulated
JMID3 expression to affect TLR2 transcription. To explore this
possibility, we silenced JMJD3 expression and found that the
knockdown of JMJD3 inhibited TLR2 mRNA expression in response
to IL-1PB (Fig. 2¢), and that it also inhibited TLR2 and COX-2 protein
expression (Fig. 2d). We next used the JMJD3 inhibitor GSK-J4.2
As expected, GSK-J4 concentration-dependently attenuated the
upregulation of TLR2 and COX-2 induced by IL-1f (Fig. 2d). The
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Fig. 1

CSE negatively regulates the IL-1p-induced inflammatory response in MH7A cells. a The expression level of CSE in MH7A, at the

different times following IL-1§ treatment, was determined by western blotting. b-d The overexpression of CSE resulted in decreased
inflammatory mediators in MH7A cells. MH7A cells were infected with lentiviral cDNA-CSE (LV-CSE) or control empty vector (LV-Ctl) and were
then stimulated with IL-1f (10 ng/ml). The mRNA expression levels of CSE, COX-2 and IL-6 were measured by qRT-PCR after stimulation for 3 h
(b); the protein expression levels of CSE and COX-2 were assessed by western blotting after stimulation for 24 h (c); TNF-a and IL-6 production,
in the culture supernatants, was assessed by ELISA (d). e-g CSE silencing resulted in increased inflammatory mediators in the MH7A cells. The
MH7A cells were transfected with CSE-shRNA (sh CSE) or control empty vector (sh Ctl) and were then stimulated with IL-18 (10 ng/ml). The
MRNA expression levels of CSE, COX-2 and IL-6 were measured by gRT-PCR after stimulation for 3 h (e); the protein expression levels of CSE
and COX-2 were assessed by western blotting after stimulation for 24 h (f); TNF-a and IL-6 production, in the culture supernatants, was
assessed by ELISA (g). All data were shown as the mean = SEM from three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001

downregulation of IL-1B-induced TLR2 expression, following the
knockdown of JMJD3, was also apparent by immunofluorescence
(Fig. 2e).

We further investigated the level of H3K27me3 in the
promoter of TLR2 with a ChIP assay. Enrichment of H3K27me3
was observed in the promoter of TLR2 in unstimulated control
cells. However, we detected decreased H3K27me3 in the MH7A
cells subjected to the IL-1 treatment. As expected, JMJD3
depletion reversed the decrease of H3K27me3 in the promoter
of TLR2 after the IL-1B treatment (Fig. 2f). Collectively, our

Cellular & Molecular Immunology (2019) 16:694 - 705

findings suggested that JMJD3 was directly involved in TLR2
gene activation by the demethylation of H3K27me3 on the
promoter upon IL-1B treatment.

CSE inhibits the inflammatory response by mediating JMJD3 in
IL-1B-stimulated MH7A cells

Next, we explored a functional link between CSE and JMJD3 in IL-
1B-stimulated MH7A cells. As shown in Fig. 3a, b, the over-
expression of CSE markedly downregulated the IL-1B-induced
JMJD3 mRNA and protein levels. In contrast, CSE silencing resulted

SPRINGER NATURE
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Fig. 2 The depletion of JMJD3 increases H3K27me3 in the TLR2 promoter region and inhibits the IL-1p-induced inflammatory response in
MH7A cells. a The expression level of JMJD3 in MH7A cells, at the different times following IL-1p treatment, was determined by qRT-PCR and
western blotting. b The heatmap displays the relative abundances of the dominant membrane receptors in human SFs from normal, OA and
RA patients. The green and red represent the minimum and the maximum relative abundance, respectively. The heatmap was made with
R version 2.11.0 using the heatmap function. Control normal human, RA rheumatoid arthritis, OA osteoarthritis. ¢ Decreased TLR2 expression
in the JMJD3-downregulated cells. The MH7A cells were infected with control siRNA (si Ctl) or JMJD3 siRNA (si JMJD3) and were then
stimulated with IL-18 (10 ng/ml). The mRNA expression of TLR2 was measured by gRT-PCR after stimulation for 3 h. d, e Inhibition of JMJD3
mitigated the IL-1f-induced inflammatory response in the MH7A cells. The MH7A cells were transfected with control or JMJD3 siRNA or
treated with the indicated concentrations of GSK-J4 (JMJD3 inhibitor) and were then stimulated with IL-1p for 24 h. Western blot analysis of
JMJD3, TLR2, COX-2 and GAPDH expression (d). MH7A cells were immunostained with an antibody against TLR2 (magnification, 200x) (e). f
ChIP analysis for the H3K27me3 level in the TLR2 promoter region in the IL-1-induced MH7A cells. H3K27me3 level in the IL-1B-induced
MH7A cells for the indicated time. The MH7A cells were transfected with si Ctl or si JMJD3 and were then treated with IL-1p (10 ng/ml) for 6 h.
The H3K27me3 level in the TLR2 promoter region. All of the data are shown as the mean + SEM from three independent experiments; **p <
0.01, ***p < 0.001

in markedly increased JMJD3 mRNA and protein levels (Fig. 3¢, d).
IL-1B-induced JMJD3 expression was downregulated by CSE,
which was also determined by immunofluorescence (Fig. 3e).
Taken together, these findings strongly suggested that CSE
regulated the inflammatory response in IL-1B-stimulated MH7A
cells, at least partially, through JMJD3 expression.

SPRINGERNATURE

CSE regulates JMJD3 expression by the transcription factor Sp-1

We inspected the JMJD3 gene (KDM6B) promoter sequence 2000-bp
nucleotides prior to the transcription start site with the aid of the online
software ALGGEN (http://alggen.siupc.es/). We identified a specific
binding site for the transcription factor Sp-1, which provoked us to
inquire whether CSE downregulated JMJD3 expression by reducing the

Cellular & Molecular Immunology (2019) 16:694 - 705
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phosphorylation state of Sp-1. As illustrated in Fig. 4a, IL-1f3 stimulation
elicited the phosphorylation of mitogen-activated protein kinase
(MAPK; c-Jun N-terminal kinase 1/2 (JNK1/2), p38 and extracellular
signal-regulated kinase 1/2 (ERK1/2)) and Sp-1. Furthermore, the
overexpression of CSE significantly inhibited p38, ERK1/2 and Sp-1
activation, while in contrast, CSE knockdown induced the phosphoryla-
tion of ERK, p38 and Sp-1 (Fig. 4b). In addition, IL-13-induced Sp-1
activation was suppressed by BIRB769 (p38 inhibitor, 400 nM) and
U0126 (ERK inhibitor, 10 uM) (Fig. 4c). These data suggest that the
MAPK and Sp-1 pathways were involved in CSE-mediated inflammation
in IL-1B-stimulated MH7A cells. Furthermore, we noted that mithramy-
cin (an Sp-1 inhibitor) inhibited JMJD3 expression in a concentration-
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dependent manner, with a concomitantly decreased production of IL-6
and COX-2 (Fig. 4d). As expected, the knockdown of Sp-1 also inhibited
JMJD3 and COX-2 expression (Fig. 4e).

To confirm the direct binding of Sp-1 to the promoter of KDM6B,
the cells were subjected to ChIP-PCR using primers flanking the
core promoter regions of KDM6B. In the MH7A cells, ChIP-MYC
resulted in an enrichment at the promoter of KDM6B (Fig. 4f).
Furthermore, we determined the binding capacity of Sp-1 to its
candidate sites by EMSA. When a biotin probe on the promoter
region of KDM6B was subjected to EMSA, the results showed a
shift complex with the MH7A cell nuclear extract. A competition
assay was performed by preincubating the nuclear proteins from
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the MH7A cells with a 20-fold molar excess of the unlabeled probe suggested that PAG and GSK-J4 mediated osteoclast differentia-
before the addition of the labeled probe (Fig. 4g). In addition, we tion that was unrelated to cytotoxicity.

used Firefly luciferase activity to further determine the effect of We further examined whether the increased expression of CSE
Sp-1 on human JMJD3 gene promoter activity (Fig. S2). These and JMJD3 played a role in SF migration and invasion. The
results suggested that Sp-1 bound to the promoter sequences of knockdown of CSE significantly increased the migrated numbers

KDM6B to regulate its transcription. in the IL-1B-stimulated MH7A cells. In contrast, the number of

migrated JMJD3 siRNA MH7A cells was significantly reduced
CSE and JMJD3 regulate osteoclastogenesis and MH7A cell (Fig. 5c). Taken together, our results suggested that CSE and
migration JMJD3 exhibited the opposite effect on cell migration.

A role for JMJD3 in murine osteoclast differentiation was

suggested previously.”’?® We further assessed the role played Exacerbation of arthritis in CSE~/~ mice

by JMJD3 and CSE in osteoclast differentiation and found that Next, we used WT and CSE™~ mice to evaluate the severity of
GSK-J4 (1 uM) significantly downregulated the number of TRAP™ arthritis after CIA. As shown in Fig. 5d, safranin-O and toluidine
multinuclear cells (Fig. 5a). Conversely, PAG (an inhibitor of CSE) blue staining indicated more severe aggravation of articular
almost doubled the number of TRAP-positive osteoclasts (Fig. 5a), cartilage within the knee joints of the CSE~/~ mice compared with
suggesting that CSE negatively regulated osteoclastogenesis in the WT mice. Micro-CT imaging demonstrated a greater extent of
BMM:s. To assess the potential cytotoxicity of PAG and GSK-J4, cell bone destruction in the CSE™~ mice (Fig. 5e). Additionally,
viability was evaluated using the CCK-8 assay. Neither PAG (0.5-2 significant bone loss was seen in the WT mice compared with the
mM) nor GSK-J4 (1 uM) affected cell viability. PAG was cytotoxic at vehicle controls, but the CSE™'~ mice significantly aggravated this
concentrations of >4 mM (Fig. 5b). Taken together, these results loss, as indicated by the decreased BMD (Fig. 5f).
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Fig. 5 Knockout of CSE exacerbates bone erosion in collagen-induced arthritis (CIA) mice. a PAG and GSK-J4 regulated RANKL-induced
osteoclast formation from BMMs. BMMs were cultured with M-CSF (30 ng/ml) and RANKL (50 ng/ml) in the presence of 2 mM PAG (CSE
inhibitor) or 1 pM GSK-J4 (JMJD3 inhibitor) for 4 days. The cells were fixed, and TRAP staining was performed. Scale bar, 50 um. b BMMs were
treated with the indicated concentrations of PAG or GSK-J4 for 48 h. Cell viability was measured by a CCK8 assay. All of the values were
standardized with the untreated cell. ¢ Silencing CSE or JMJD3 regulated IL-1p-induced MH7A migration. Silencing CSE expression in MH7A
cells significantly increased the migration ability of these cells through the transwell; conversely, JMJD3 knockdown significantly reduced the
migration ability of these cells. Scale bar, 50 um. d Sections of articular tissue from Vehicle, WT and CSE ™/~ mice with CIA were stained with
safranin O and toluidine blue. e Representative CT scan photographs of the hind paws from the vehicle, WT and CSE~'~ mice with CIA at day
30 after the second immunization. Scale bar, 100 pm. f The cortical bone mineral density in the femur and tibia were calculated. BMD bone
mineral density. All of the data are shown as the mean + SEM; n =6, **p < 0.01, ***p < 0.001

Interestingly, the CSE™'~ mice developed a more severe form
of arthritis, as seen by the significant increases in soft tissue
swelling and the mean arthritic score (Fig. 6a, b). The increased
severity of arthritis in the CSE~/~ mice was also associated with
an augmented infiltration of immune cells and pannus formation
in the affected joints (Fig. 6¢c). Additionally, the spleen weight of
the CSE™'~ mice was significantly increased in comparison to the
WT group (Fig. 6d). Furthermore, the level of serum inflammation
mediators in the CSE™/~ mice with CIA also increased compared
with the WT mice (Fig. 6e). Overall, these data indicate that CSE is

Cellular & Molecular Immunology (2019) 16:694 - 705

an important modifier of arthritis, delaying key pathological
metrics of disease, including the cartilage degradation and bone
erosion. Furthermore, the expression of JMJD3 and TLR2 was
substantially increased in the CSE™/~ mice compared with the
WT mice (Fig. 6f), suggesting that CSE knockout promoted
inflammation by increasing JMJD3 expression in the CIA mice. In
our latest study, we found that JMJD3 regulates the proliferation
of SFs and joint destruction in RA28 and that the blockade of
JMJD3 activity affected the development of CIA in mice. The
incidence of arthritis and joint swelling in the GSK-J4-treated
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Fig. 6 Knockout of CSE exacerbates collagen-induced arthritis (CIA) development. a Macroscopic evidence of arthritis, such as erythema or
swelling, was markedly observed in the WT mice, while the arthritis severity was significantly exacerbated in the CSE’~ mice. b The body
weight changes and arthritis severity scores in the CIA mice were recorded daily after the second immunization. (n = 7). ¢ H&E staining
analysis of representative knee sections from the vehicle, WT and CSE~/~ mice with CIA at day 30 after the second immunization. d Gross
spleen morphology from the vehicle, WT and CSE~/~ mice with CIA. e The MMP9, IL-6 and TNF-« levels in the serum of the vehicle, WT and
CSE~’~ mice with CIA, at day 30 after the second immunization were measured by ELISA. f The JMJD3 and CSE protein levels in the synovial
tissues were detected by western blotting, and TLR2 and JMJD3 expression in the synovium samples was assayed by immunohistochemical
detection in the vehicle, WT and CSE™'~ mice with CIA. All data are shown as the mean + SEM, n =7, *p < 0.05, **p < 0.01, ***p < 0.001

mice was significantly less than that in the CIA mice (Fig. S3a).
The H&E and toluidine blue staining also indicated that GSK-J4
treatment suppressed the accumulation of inflammatory cells in
the joint space and the pathological changes (Fig. S3b). In

SPRINGER NATURE

addition, GSK-J4 treatment caused a dramatic decrease in the
levels of TNF-a (Fig. S3c). Thus, these data further determined
the inhibitory effect of GSK-J4 on cartilage destruction and
inflammation in joints.
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Evidence of JMJD3 and CSE upregulation in human RA SFs

The expression of JMJD3 and CSE in the SFs from RA patients was
assessed. CSE and JMJD3 mRNA levels in RA SFs were significantly
increased compared to healthy or OA samples. The expression of
the inflammatory mediators and TLR2 was also consistently
increased (Fig. 7a). Furthermore, JMJD3 and CSE protein expres-
sion was significantly higher in the SFs of the RA patients
compared with the OA patients and healthy subjects (Fig. 7b).
These data further raised the possibility that increased JMJD3 and
CSE expression may be implicated in the pathogenesis of RA.

DISCUSSION

In this study, we provide evidence suggesting that the anti-
inflammatory effect of endogenous CSE/H,S is mediated, at least
in part, by the histone demethylase JMJD3. Thus, initially, we
observed upregulated expression of both CSE and JMJD3 in the IL-
1B-induced MH7A cells and in the joints of the arthritic mice as
well as in human RA samples. Furthermore, we identified an anti-
inflammatory effect of CSE that occurs via the regulation of
the JMJD3-dependent gene expression network in RA. Impor-
tantly, we also showed, for the first time, that CSE ameliorated the
histone demethylase JMJD3-mediated autoimmune response by
the transcription factor Sp-1. Meanwhile, JMJD3 regulated
inflammation, at least partially, by changing H3K27me3 levels in
the membrane receptor TLR2 promoter, which subsequently led to
transcriptional upregulation (see working model in Fig. 8). Thus,

Cellular & Molecular Immunology (2019) 16:694 - 705

this knowledge is highly relevant to a better understanding of the
mechanisms of RA and defines the potential novel anti-
inflammatory effects of CSE/H,S therapy.

The pathogenesis of RA is intricate and includes various
immune cell populations, including T cells, B cells, macrophages
and SFs.2°7" The formation of invasive pannus, a thickened layer
of synovial tissue that erodes cartilage and bone, is the
pathological hallmark of RA.?° SFs play an important role in the
pathogenesis of RA by synthesizing cytokines and chemokines,
which are involved in the process of joint tissue damage in RA.3%3?
Thus, therapeutic strategies that block the actions of RA-SF-
dependent effector molecules need to be investigated. H,S is also
involved in inflammation, and its role has been debated for many
years.>*** However, recent evidence indicates that H.S is primarily
anti-inflammatory.'**® In accordance with previous observations,
the data presented in our study showed that endogenous CSE has
anti-inflammatory properties in RA. The effect of CSE/H,S on IL-1$3-
induced MH7A cells was confirmed by the downregulation of
inflammatory mediators, such as TNF-a, COX-2 and IL-6, which are
well-known downstream pro-inflammatory marker genes for RA3¢
In contrast, the knockdown of CSE, to decrease endogenous H,S,
augmented the inflammatory response in IL-1B-induced MH7A
cells. Furthermore, the in vivo knockout of CSE in the CIA model
mice dramatically increased the severity of arthritis. The patholo-
gical process of RA is often accompanied by bone destruction and
severe joint deformities, eventually influencing movement func-
tion. In our present study, the CSE~/~ mice developed severe joint
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Fig. 8 Working model of the mechanism by which cystathionine-y-
lyase ameliorates the histone demethylase JMJD3-mediated auto-
immune response in rheumatoid arthritis. Endogenous CSE/H,S
decreases the JMJD3 protein level by inhibiting the transcription
factor Sp-1, leading to H3K27me3 marker enrichment in the
promoter of the TLR2 gene, which further ameliorates RA

inflammation with significant bone erosion, which was supported
by the fact that the deletion of CSE increased osteoclastogenesis.

The precise sites and mechanisms of action of H,S, as an
inflammatory mediator, are not well established; however, existing
data indicate many diverse targets.'®*”3® Interestingly, many
histone markers, including H3K27me3, are implicated in inflam-
mation and disease pathogenesis. It is well established that
H3K27me3 brings about the silencing of genes, and JMJD3 is a
known H3K27me3 demethylase.*® On the other hand, very few
studies are available that address the role of endogenous CSE in
histone methylation modification. In the present work, we
provided evidence that JMJD3 was critically important for the
anti-inflammatory effect of CSE in RA, which was the first
demonstration, to our knowledge, that such an epigenetic
mechanism could contribute to CSE/H,S signaling. Sp-1, a
member of the family of Sp/Krippel-like factors, is a well-
characterized transcription factor involved in the basal regulation
of a number of genes.*' Interestingly, our present results revealed
that the overexpression of CSE in MH7A cells led to decreased
levels of phosphorylated Sp-1 and inhibited JMJD3 expression.
Importantly, we demonstrated, for the first time, that the
knockdown of Sp-1 or the use of the specific inhibitor,
mithramycin, attenuated JMJD3 expression in IL-1B-induced
MH7A cells. Furthermore, we determined that Sp-1 bound to the
promoter of the KDM6B gene and showed that JMJD3 expression
was controlled by Sp-1. These findings provided the first evidence
that CSE/H2S potentially controlled JMJD3 expression via the
transcription factor Sp-1.

The TLR family of proteins are immune receptor proteins
expressed on immune cells and SFs.*? Thus, the presence of TLR2
in synovial tissue and in the macrophages of patients with
clinically active disease contributes to symptom severity via the
production of inflammatory cytokines. More importantly, we
screened a series of membrane receptors by a heatmap analysis
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using the SFs from normal human, OA and RA patients and
expected to find causal relationships between RA and membrane
receptors. We found that the mRNA level of TLR2 was the most
significant increase among the indicated three groups. Meanwhile,
it is reported that downregulating TLR2 alleviates inflammation in
a mouse arthritis model.** These results suggest that the
regulation of TLR2 expression in SFs is of great significance for
RA treatment. Interestingly, other reports show that JMJD3 is
implicated in regulating TLR responses.**** In this study, we found
that JMJD3 was upregulated in the IL-1B-induced SFs, enhancing
H3K27me3 demethylase activity and thus reducing the H3K27me3
repressive mark on the TLR2 promoter, which may therefore
improve the expression of TLR2 and inflammation-related genes.
In contrast, the JMJD3 inhibitor GSK-J4 or JMJD3 silencing
decreased TLR2 expression by maintaining the repressive marker
H3K27me3 on the promoter. We showed that JMJD3 regulated the
inflammatory response by controlling the methylation status of
H3K27me3 on the promoters of target genes. This was in
agreement with a recent study showing that a JMJD3 inhibitor
significantly reduced the inflammatory reaction in mice with CIA
arthritis.

In conclusion, upregulated CSE and JMJD3 were found in the
SFs of RA patients and in the joints of arthritis mice. Moreover, CSE
negatively regulated the inflammatory response in SFs and
prevented the progression of CIA, which was mainly attributed
to inhibiting JMJD3 in RA. CSE negatively regulated JMJD3
expression mainly by mediating the Sp-1 pathway. Our data
provided a novel insight into the molecular mechanism of
endogenous CSE/H,S regulating the inflammatory response in
RA pathogenesis, suggesting that H,S may become a potential
therapeutic approach for RA.
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