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The pro-inflammatory cytokine interleukin 1b (IL-1b) induces the synthesis of
prostaglandin E2 by upregulating cyclooxygenase-2 (COX-2) in the synovial tissue of
individuals with autoimmune diseases, such as rheumatoid arthritis (RA). IL-1b-mediated
stimulation of NF-kB and MAPK signaling is important for the pathogenesis of RA;
however, crosstalk(s) between NF-kB and MAPK signaling remains to be understood.
In this study, we established a model for IL-1b-induced synovitis and investigated the role
of NF-kB and MAPK signaling in synovitis. We observed an increase in the mRNA and
protein levels of COX-2 and prostaglandin E2 release in cells treated with IL-1b. NF-kB and
ERK1/2 inhibitors significantly reduced IL-1b-induced COX-2 expression. IL-1b induced
the phosphorylation of canonical NF-kB complex (p65 and p105) and degradation of
IkBa. IL-1b also induced ERK1/2 phosphorylation but did not affect the phosphorylation
levels of p38 MAPK and JNK. IL-1b failed to induce COX-2 expression in cells transfected
with siRNA for p65, p105, ERK1, or ERK2. Notably, NF-kB inhibitors reduced IL-1b-
induced ERK1/2 phosphorylation; however, the ERK1/2 inhibitor had no effect on the
phosphorylation of the canonical NF-kB complex. Although transcription and translation
inhibitors had no effect on IL-1b-induced ERK1/2 phosphorylation, the silencing of
canonical NF-kB complex in siRNA-transfected fibroblasts prevented IL-1b-induced
phosphorylation of ERK1/2. Taken together, our data indicate the importance of the
non-transcriptional/translational activity of canonical NF-kB in the activation of ERK1/2
signaling involved in the IL-1b-induced development of autoimmune diseases affecting the
synovial tissue, such as RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic and progressive
inflammatory autoimmune disease characterized by a
dysregulated immune system in the synovial joint membrane,
thereby causing severe damage and destruction of the cartilage
and bone. Synovitis (inflammation of the synovial membrane) is
a hallmark of RA. Pro-inflammatory cytokines, such as
interleukin 1b (IL-1b) and tumor necrosis factor a (TNF-a),
play a crucial role in the development of synovitis and
progressive joint destruction (1, 2). The use of antibodies
against IL-1 to treat patients with RA improves symptoms
associated with RA and reduces joint erosions (3, 4). IL-1b
induces the expression of prostaglandin E2 by upregulating
cyclooxygenase-2 (COX-2) in pro-inflammatory conditions. IL-
1b activates numerous cellular signaling pathways, including
nuclear factor-kB (NF-kB) and mitogen-activated protein
kinase (MAPK) signaling.

NF-kB is a transcription factor that is important in regulating
immune response and inflammation (5, 6). NF-kB consists of
homo- and heterodimers of the Rel family of proteins, such as
RelA (p65), RelB, c-Rel, p105/p50, and p100/p52 (6). The activity
of NF-kB is primarily regulated by its interaction with inhibitory
proteins, such as IkB, thereby enabling the cytoplasmic retention
of these inactive complexes. NF-kB is activated upon the
degradation of IkB that disrupts the interaction between IkB
and NF-kB. Subsequently, the released NF-kB translocates into
the nucleus where it induces the expression of immune and
inflammatory genes by binding to their promoters (6). In
response to the pro-inflammatory cytokine IL-1b, the
heterotrimeric complex of NF-kB comprising p50, RelA (p65),
and IkBa gets activated and results in canonical NF-kB signaling
(5, 6).

MAPK signaling pathways are involved in the regulation of
various cellular functions, including inflammation. MAPKs are
serine-threonine kinases, such as c-Jun NH2-terminal kinase
(JNK), p38 MAPK, and extracellular signal-regulated kinase
(ERK); all these kinases exist as isoforms in mammals.
Depending on the stimulus and cell type, MAPKs are activated
via multiple pathways, thereby phosphorylating a wide range of
substrates, such as transcription factors and cytoskeletal proteins,
and resulting in specific cellular responses (7–13). The MAPK
signaling cascades consist of at least three sequential kinase
components: MAPK kinase kinase, MAPK kinase, and MAPK.
MAPK kinase kinases phosphorylate the serine/threonine
residues of and activate MAPK kinases that phosphorylate the
threonine/tyrosine residues in the activation loop of MAPKs,
thereby stimulating MAPKs (14, 15). MAPK signaling activates
NF-kB in synovial fibroblasts in other cellular models (16–21).
Pro-inflammatory cytokines (e.g. IL-1b and TNF-a) stimulate
the activation of NF-kB and MAPK signaling in synovial
fibroblasts; however, the correlation between NF-kB and
MAPK signaling remains to be elucidated (8, 9).

In this study, we have investigated IL-1b-induced expression
of COX-2 and its role in the synthesis of prostaglandin E2 in
canine synovial fibroblasts. We observed crosstalk between
NF-kB and ERK1/2 MAPK signaling. Canonical NF-kB
Frontiers in Immunology | www.frontiersin.org 2
signaling induced the activation of ERK1/2 in the presence of
transcription and translation inhibitors. Taken together, our
findings indicate that the non-transcriptional/translational
function of canonical NF-kB signaling regulates the activation
of ERK1/2 signaling in synovial fibroblasts.
MATERIALS AND METHODS

Materials
TRIzol and Lipofectamine 2000 were obtained from Life
Technologies Co. (Carlsbad, CA). The Thermal Cycler Dice
Real Time System II, TP900 DiceRealTime v4.02B, SYBR
Premix Ex Taq II, PrimeScript RT Master Mix, and
CELLBANKER 1 plus medium were purchased from TaKaRa
Bio Inc. (Shiga, Japan). Rabbit monoclonal antibodies against
human total JNK (t-JNK, EPR140 (2), Cat# ab110724, RRID :
AB_10866293) and COX-1 (EPR5867, Cat# ab133319, RRID :
AB_11157915), and rabbit polyclonal antibody against COX-2
(Cat# ab102005, RRID : AB_10972360) were procured from
Abcam (Cambridge, UK). Anti-human phosphorylated p65
(Ser536) (p-p65, 93H1, Cat# 3033, RRID : AB_331284), anti-
human total p65 (t-p65, D14E12, Cat# 8242, RRID :
AB_10859369), anti-human total-IkBa (t-IkBa, I44D4, Cat#
4812, RRID : AB_10694416), anti-human phosphorylated p105
(Ser 933) (p-p105, 18E6, Cat# 4806, RRID : AB_2282911), anti-
human total p105 (t-p105, D7H5M, Cat# 12540, RRID :
AB_2687614), anti-rat total-ERK1/2 (t-ERK1/2, 137F5, Cat#
4695, RRID : AB_390779), anti-human phospho-ERK1/2
(Thr202/Tyr204) (p-ERK1/2, D13.14.4E, Cat# 4370, RRID :
AB_2315112), anti-human total-p38 (t-p38, D13E1, Cat# 8690,
RRID : AB_10999090), and anti-human phospho-p38 (Thr180/
Tyr182) (p-p38, 3D7, Cat# 9215, RRID : AB_331762) rabbit
monoclonal or polyclonal antibodies, horseradish peroxidase-
conjugated anti-mouse (Cat# 7076, RRID : AB_330924) and
anti-rabbit IgG antibodies (Cat# 7074, RRID : AB_2099233)
were obtained from Cell Signaling Technology Japan, K.K.
(Tokyo, Japan). Rabbit polyclonal antibody against phospho-
JNK (Thr183/Tyr185) (p-JNK, Cat# V7931, RRID : AB_430864)
was purchased from Promega, Co. (Madison, WI). BAY11-7082,
TPCA-1, SKF86002, U0126, FR180204, SP600125, actinomycin
D, cycloheximide, and mouse monoclonal anti-b-actin antibody
(AC74, Cat# A5441, RRID : AB_476744) were procured from
Sigma-Aldrich Inc. (St Louis, MO). ImageQuant LAS 4000 mini,
protein A plus G Sepharose, and ECL Western blotting Analysis
System were obtained from GE Healthcare (Piscataway, NJ).
Mini-PROTEAN TGX gel and polyvinylidene difluoride
membranes were purchased from Bio-Rad (Hercules, CA).
Block Ace and Complete mini EDTA-free protease inhibitor
mixture were purchased from Roche (Mannheim, Germany).
Dulbecco’s modified Eagle’s medium supplemented with 1 g/L
glucose (DMEM-LG) was obtained from Wako Pure Chemical
Industries , Ltd. (Osaka, Japan). An enzyme-linked
immunosorbent assay kit for prostaglandin E2 was procured
from Cayman Chemical Co. (Ann Arbor, MI). Canine
recombinant IL-1b was purchased from Kingfisher Biotech,
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Inc. (Saint Paul, MN). StatMate IV was obtained from ATMS
(Tokyo, Japan). A freezing vessel (BICELL) was procured from
Nihon Freezer Co., Ltd. (Tokyo, Japan).

Cell Culture
Canine synovial fibroblasts isolated from the synovium of the stifle
joint were a kind gift from Ms. Aki Ohmori, Teikyo University
School of Medicine. We used flow cytometry to characterize cells
by their surface markers: positive for fibroblast markers CD29
(97.86 ± 1.23%), CD44 (97.40 ± 1.30%), and CD90 (97.50 ±
1.42%), and negative for hematopoietic cell markers CD14 (1.60 ±
0.50%), CD34 (1.12 ± 0.10%), CD45 (0.97 ± 0.13%), and HLA-DR
(2.73 ± 1.45%) (9). Dissociated cells were maintained in static
culture in DMEM-LG supplemented with 10% fetal bovine serum
(FBS) in a 5% CO2 incubator at 37°C. The medium was replaced
once a week. Cells were cryopreserved and thawed as previously
described (7–13, 22–26). Briefly, cells were harvested using 0.25%
trypsin-EDTA once they were 90–95% confluent and resuspended
in CELLBANKER 1 plus medium at a density of 2 × 106 cells/500
ml. The cell suspension (500 ml) was placed into sterilized serum
tubes that were placed in a freezing vessel (BICELL) and
cryopreserved at −80°C. Before performing the experiment,
tubes were removed from the BICELL vessel and immersed in a
water bath at 37°C. The thawed cell suspension was transferred
into a centrifuge tube containing DMEM-LG with 10% FBS and
centrifuged at 300×g for 3 min. The pellet was resuspended in
DMEM-LG containing 10% FBS and transferred to a 75 cm2

culture flask. Static cultures were maintained under the same
conditions as prior to cryopreservation. Cells were harvested using
0.25% trypsin-EDTA once they were ~90% confluent; the
collected cells were seeded at a density of 1 × 106 cells per
75 cm2 culture flask. Experiments were performed with canine
synovial fibroblasts from the fourth passage. Each experiment was
performed with cells derived from a single donor.

Quantitative Reverse Transcription-
Polymerase Chain Reaction
RT-qPCR was performed as previously described (7–13, 22–26).
Total RNA was extracted from canine synovial fibroblasts using
TRIzol. First-strand cDNA synthesis was performed using 500
ng of total RNA with the PrimeScript RT Master Mix. Real-time
PCR was performed using 2 µl of the first-strand cDNA, SYBR
Premix Ex Taq II, and primers specific for COX-1, COX-2, and
TBP (TATA-binding protein; housekeeping internal control) in
a total reaction volume of 25 ml (Table 1). Real-time PCR for no-
template control was performed using 2 µl of RNase- and DNA-
free water. Additionally, real-time PCR for the control for reverse
Frontiers in Immunology | www.frontiersin.org
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transcription was performed using 2 µl of the RNAs. PCR was
performed using the Thermal Cycler Dice Real Time System II
with the following protocol: one cycle of denaturation at 95°C for
30 s, 40 cycles of denaturation at 95°C for 5 s, and annealing/
extension at 60°C for 30 s. Data were analyzed using the second
derivative maximum and comparative cycle threshold (DDCt)
methods using the real-time PCR analysis software. TBP
amplification from the same amount of cDNA was used as the
endogenous control, while amplification from feline synovial
fibroblasts at 0 h was used as the calibration standard.

Western Blotting
Western blotting was performed as previously described (7–13,
22–26). Proteins were isolated by lysing cells with a lysis buffer
containing 20 mM HEPES, 1 mM phenylmethanesulfonyl
fluoride, 10 mM sodium fluoride, and a complete mini EDTA-
free protease inhibitor cocktail at pH 7.4. Protein concentrations
were measured using the Bradford method (27). Extracted
proteins were boiled at 95°C for 5 min in sodium dodecyl
sulfate buffer, loaded into separate lanes of 7.5 or 12% Mini-
PROTEAN TGX gels, and electrophoretically separated. Separated
proteins were transferred to polyvinylidene difluoride membranes.
The membranes were treated with Block Ace for 50 min at room
temperature and incubated with primary antibodies [COX-2
(1:1,000), COX-1 (1:100), p-p65 (1:1,000), t-p65 (1:1,000), p-
p105 (1:1,000), t-p105 (1:1,000), t-IkBa (1:1,000), p-ERK1/2
(1:1,000), t-ERK1/2 (1:1,000), p-p38 (1:1,000), t-p38 (1:1,000), p-
JNK (1:1,000), t-JNK (1:1,000), and b-actin (1:10,000)] for 2 h at
room temperature. After washing, the membranes were incubated
with horseradish peroxidase-conjugated anti-rabbit or anti-mouse
IgG antibody (1:10,000) for 90 min at room temperature. The ECL
Western Blotting Analysis Systemwas used to detect immunoreactivity
between the antibodies and blots. Chemiluminescent signals from the
membranes were detected using the ImageQuant LAS 4000
mini system.

Immunocytochemistry
Immunocytochemistry was performed as previously described
(10). Synovial fibroblasts were seeded at a density of 3 × 105 cells/
ml culture medium into a 35-mm glass bottom dish (Iwaki,
Tokyo, Japan) treated with IL-1b. The cells were fixed with 4%
paraformaldehyde (Nacalai Tesque Inc., Kyoto, Japan) for
15 min and processed for immunocytochemistry to examine
the intracellular localization of t-p65. The fixed cells were
permeabilized by incubation with 0.2% Triton X-100 (Sigma-
Aldrich Inc.) for 15 min at room temperature. Non-specific
antibody reactions were blocked for 30 min with Block Ace (DS
Pharma Biomedical, Osaka, Japan). The cells were then
incubated for 90 min at room temperature with anti-t-p65
rabbit antibody [1:200]. After the cells were washed with PBS
containing 0.2% polyoxyethylene (20) sorbitan monolaurate,
they were incubated and visualized with Alexa Fluor 594-
conjugated F(ab′)2 fragments of goat anti-rabbit IgG (H + L)
[1:1,000] and TO-PRO-3-iodide [1:1,000] for 60 min in the dark
at 25°C. These samples were washed thrice with PBS containing
0.2% polyoxyethylene (20) sorbitan monolaurate, dried,
mounted with ProLong Gold Antifade Reagent, and visualized
TABLE 1 | Primer sequences for RT-qPCR.

Gene Name Gene bank ID Primer sequences

COX-2 NM_001003354.1 F: 5′-TGTGTCTCATTAACCTGCATGTACC-3′
R: 5′-CAGTGATATTTGCACCTGTGTCCTC-3

COX-1 NM_001003023.2 F: 5′-ACGTGGCTGTGGAAACCATC-3′
R: 5′-GGCATCAATGTCTCCATACAGCTC-3′

TBP XM_863452 F: 5′-ACTGTTGGTGGGTCAGCACAAG-3′
R: 5′-ATGGTGTGTACGGGAGCCAAG-3′
October 2020 | Volume 11 | Article 579266
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using a confocal laser scanning microscope (LSM-510; Carl Zeiss
AG, Oberkochen, Germany). Co-localization analysis was
performed using ZEN software (Carl Zeiss AG).

Immunoprecipitation
Total cell lysates (50 µg) were precleared with protein A/G plus
Sepharose before incubation with specific antibodies, followed by
addition of protein A/G plus Sepharose (10). The total cell lysate
was incubated with 20 µg anti-p-p65 or p-pERK1/2 antibody at
4°C for 18 h. The precipitated proteins were dissolved and boiled
at 95°C for 5 min in SDS buffer before electrophoresis. Finally,
the precipitated proteins were analyzed by western blotting.

Prostaglandin E2 Assay
Synovial fibroblasts were seeded at a density of 3 × 105 cells/well
in 6-well culture plates. The cells were stimulated with canine
recombinant IL-1b after starvation for 24 h and culture
supernatants were collected. To measure culture supernatant
prostaglandin E2 concentrations, we used an enzyme-linked
immunosorbent assay kit according to the kit instructions.

siRNA Transfection
Canine synovial fibroblasts, seeded at a density of 1 × 105 cells
per 35 mm dish or 5 × 105 cells per 90 mm dish, were transfected
using Opti-MEM containing 5 ml per ml of Lipofectamine 2000
and 400 nM of p65, p105, ERK1, ERK2, or scramble siRNAs for
6 h (9, 26). Table 2 lists siRNA sequences. siRNA efficiency was
tested using western blotting with antibodies against t-p65
(1:1,000), t-p105 antibody (1:1,000), and t-ERK1/2 (1:1000).

Statistical Analysis
The data from all experiments have been presented as mean ±
standard error of measurement. Statistical analyses were performed
using StatMate IV. Data from immunoprecipitation and time-
course studies were analyzed using the two-tailed Student’s t-test
and two-way analysis of variance, respectively. Data from other
experiments were analyzed using one-way analysis of variance.
Tukey’s test was used during post-hoc analysis. P-values less than
0.05 were considered statistically significant.
RESULTS

IL-1b-Induced Secretion of Prostaglandin
E2 via Upregulation of COX-2 in
Synovial Fibroblasts
We investigated the effect of IL-1b on the release of prostaglandin
E2 and expression of COX in canine synovial fibroblasts. IL-1b
Frontiers in Immunology | www.frontiersin.org 4
(100 pM) induced the time-dependent release of prostaglandin E2
in synovial fibroblasts (Figure 1A). Secretion of prostaglandin E2
increased with increasing concentrations of IL-1b (Figure 1B).
Constitutive and inducible isoforms of COX (COX-1 and COX-2,
respectively) are rate-limiting enzymes that are involved in the
synthesis of prostaglandin E2 from arachidonic acid (28, 29). IL-1b
induced COX-2 mRNA expression in a time- (Figure 1C) and
dose-dependent manner (Figure 1D), but had no effect on the
expression of COX-1 (Figure 1E). The protein levels of COX-2
increased in IL-1b-treated synovial fibroblasts (Figures 1F, G), but
those of COX-1 remained unchanged (Figures 1F, H). Taken
together, IL-1b stimulated the secretion of prostaglandin E2 via
upregulated COX-2 expression in canine synovial fibroblasts.

Role of Canonical NF-kB Signaling in IL-
1b-Induced Expression of COX-2
Next, we used NF-kB inhibitors to determine the function of
canonical NF-kB signaling in IL-1b-mediated prostaglandin E2
release and COX-2 mRNA levels in canine synovial fibroblasts.
Cells were pretreated with NF-kB inhibitors (10 µM BAY11-7082
or 10 µMTPCA-1) for 1 h and subsequently stimulated with IL-1b
(100 pM) for 48 h. The NF-kB inhibitors significantly reduced the
mRNA levels of COX-2 (Figure 2A) and IL-1b-mediated release
of prostaglandin E2 (Figure 2B). These results suggest that NF-kB
signaling is involved in the expression of COX-2 and subsequent
IL-1b-mediated release of prostaglandin E2.

Pro-inflammatory cytokines, such as IL-1b, stimulate the
phosphorylation of p65 and p105 subunits, which activate the
transcriptional function of NF-kB (30–35). Thus, cells treated
with IL-1b showed transient phosphorylation of p65 and p105
that reached peak levels at 15 min (Figure 3A). IkBa was found
to degrade in IL-1b-treated cells in a time-dependent manner
(Figure 3A). These observations strongly suggest that IL-1b
activates NF-kB signaling.

Cells pretreated with NF-kB inhibitors BAY11-7082 or
TPCA-1 for 1 h were stimulated using IL-1b for 15 min.
Subsequently, we found a significant decrease in the IL-1b-
mediated phosphorylation of p65 and p105 (Figures 3B, C).
Then, we determined the role of p65 and p105 in IL-1b-mediated
expression of COX-2. The protein levels of total p65 (t-p65) or
p105 (t-p105) decreased significantly in cells transfected with
siRNAs targeting p65 or p105 as compared to those in cells
transfected with scramble siRNA (Figures 4A, B). We also
observed that transfection of p65 or p105 siRNA had no effect
of the expression of t-p105 or t-p65, respectively (Figures 4A, B).
Cells depleted of p65 or p105 showed a reduction in IL-1b-
induced COX-2 mRNA levels (Figure 4C); COX-2 mRNA levels
did not significantly differ between cells depleted of p65 and
p105. Thus, p65 and p105 play a role in IL-1b-induced
expression of COX-2 in synovial fibroblasts.

Role of ERK1/2 Signaling in IL-1b-Induced
Expression of COX-2
In mammalian cells, MAPK signaling is important in inflammation.
Three MAPK signaling pathways have been characterized: ERK1/2,
JNK, and p38 MAPK (36, 37). We investigated the contribution of
TABLE 2 | Sequences for siRNA transfection.

Gene Name Gene bank ID siRNA sequences

p65 XM_014121307.2 GCAUCUCCCUGGUCACCAA
p105 AB183419.1 CUGCAAAGGUUAUUGUUCA
ERK1 NM_001252035.1 CCAATGTGCTCCACCGGGA
ERK2 NM_001110800.1 CCCAAATGCTGACTCGAAA
October 2020 | Volume 11 | Article 579266

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Nakano et al. NF-kB Activates ERK1/2 Signaling
MAPK signaling in the IL-1b-induced expression of COX-2 in
canine synovial fibroblasts. Inhibitors of ERK1/2 and its upstream
regulator MEK, FR180204 (50 mM) and U0126 (20 mM),
respectively, decreased the IL-1b-induced expression of COX-2
Frontiers in Immunology | www.frontiersin.org 5
(Figure 5A). However, inhibitors of JNK and p38, SP600125 (10
mM) and SKF86002 (10 mM), respectively did not significantly alter
COX-2 mRNA levels. Inhibition of MEK or ERK reduced the IL-
1b-induced release of prostaglandin E2 (Figure 5B).
A B

D

E

F

G H

C

FIGURE 1 | IL-1b-induced prostaglandin E2 release and COX-2 mRNA and protein levels in canine synovial fibroblasts. Cells treated with (closed circle) or without
(open circle) canine recombinant IL-1b (100 pM) showed an increase in prostaglandin E2 (PGE2) release (A) and COX-2 mRNA levels (C) in a time-dependent
manner, but did not affect COX-1 mRNA levels (E). Cells were treated with the indicated concentrations of IL-1b for 48 h (B) or 6 h (D) and assayed for PGE2
release (B) and COX-2 mRNA levels (D) in a dose-dependent manner. Cells treated with IL-1b (100 pM) for 0–48 h showed increased protein levels of COX-2 in a
time-dependent manner (F; first row), but did not affect the protein levels of COX-1 (F; second row). The expression of COX-2 (G) and COX-1 (H) in IL-1b-stimulated
cells were compared with the expression at 0 h. Results have been represented as mean ± standard error (SE) from biological triplicates. *P < 0.05. Cell lysates
(10 mg protein) were used for immunoblotting. b-actin was used as the internal standard (F; third row).
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IL-1b stimulated the phosphorylation of ERK1/2 in a time-
dependent manner. However, the phosphorylation levels of p38
MAPK and JNK remained unchanged. Phosphorylation reached a
peak 15 min after IL-1b stimulation (Figure 6A). Cells pretreated
with MEK and ERK inhibitors showed a reduction in IL-1b-
induced phosphorylation of ERK1/2 (Figures 6B, C). These
results suggest that MEK/ERK1/2 signaling axes are dominantly
involved in the IL-1b-induced expression of COX-2 in canine
synovial fibroblasts. To confirm the role of ERK1/2 in IL-1b-
induced COX-2 expression, we used siRNAs against ERK1 or
ERK2 in the fibroblasts. We observed significant decreases in the
ERK1 or ERK2 protein levels as compared to cells transfected with
scramble siRNA (Figures 7A, B). We also observed that
transfection of ERK1 or ERK2 siRNA had no effect of the
Frontiers in Immunology | www.frontiersin.org 6
expression of t-ERK2 or t-ERK1, respectively (Figures 7A, B). IL-
1b-induced expression of COX-2 was attenuated in cells transfected
with siRNAs for ERK1 or ERK2 as compared to mRNA levels of
COX-2 in scramble siRNA-transfected cells (Figure 7C). The extent
of reduction in the mRNA levels of IL-1b-induced COX-2 was
similar in cells transfected with siRNAs targeting either ERK1 or
ERK2 (Figure 7C). Taken together, our data indicate that ERK1/2
signaling is involved in the IL-1b-induced expression of COX-2 in
canine synovial fibroblasts.

Inhibition of IL-1b-Induced ERK1/2
Activation Using NF-kB Inhibitors
Next, we determined the relationship between NF-kB and MEK/
ERK signaling. In cells pretreated with NF-kB inhibitors, BAY 11-
7082 and TPCA-1, IL-1b failed to induce the phosphorylation of
ERK1/2, but had no effect on the total protein levels of ERK1/2
(Figure 8A). However, the use of MEK and ERK1/2 inhibitors,
U0126 and FR180204, respectively, had no effect on IL-1b-induced
phosphorylation of p65 and p105 (Figure 8B). These results suggest
that the activation of NF-kB is pivotal for ERK1/2 signaling.

The Non-Transcriptional and Translational
Function of Canonical NF-kB Regulates IL-
1b-Induced Activation of ERK1/2
NF-kB plays a crucial role in transcriptionally and translationally
regulating immune and inflammatory responses (5, 6). We
determined the contribution of the transcriptional or translational
function of NF-kB in IL-1b-induced phosphorylation of ERK1/2.
The transcription inhibitor actinomycin D (1 mM) and translation
inhibitor cycloheximide (100 mM) had no effect on IL-1b-induced
activation of p65 and p105 (Figure 9A). Actinomycin D and
cycloheximide also failed to attenuate IL-1b-induced
phosphorylation of ERK1/2 (Figure 9A), suggesting that ERK1/2
phosphorylation by IL-1b is independent of transcriptional and
translational regulation. It has been reported that the function of
NF-kB was regulated by the nuclear localization. Then, we
examined the cellular localization of NF-kB in IL-1b-treated cells
by immunocytochemistry and co-localization analysis with a
nucleic acid staining dye TO-PRO-3. The nuclear localization of
p65 was observed in the cells treated with IL-1b, whereas p65
showed cytoplasmic localization in control cells (Figure 9B). IL-1b
induced the nuclear localization of p65 in the presence of
actinomycin D and cycloheximide (Figure 9B), suggesting that
NF-kB acts as a transcription factor even in the presence of the
inhibitors for transcription and translation.

To confirm the importance of NF-kB in the activation of ERK1/2,
we depleted cells of p65 or p105 to observe a reduction in IL-1b-
induced phosphorylation of ERK1/2 (Figure 9C). Then, we
investigated the mechanism of the interaction between activated
NF-kB and phosphorylated ERK1/2. As shown in Figure 9D, we
detected that the levels of phosphorylated p65 or ERK1/2 in the
fraction precipitated with anti-phosphorylated p65 or anti-
phosphorylated ERK1/2, respectively, were increased. We observed
that the levels of phosphorylated ERK1/2 in the fraction precipitated
with anti-phosphorylated p65 increased in the cells treated with IL-
1b. The increase in phosphorylated p65 in the fraction precipitated
A

B

FIGURE 2 | Effect of NF-kB inhibitors on IL-1b-induced COX-2 expression.
Synovial fibroblasts were pretreated with or without the NF-kB inhibitors BAY11-
7082 (10 mM) and TPCA-1 (10 µM), for 1 h and subsequently stimulated with IL-
1b (100 pM). After stimulation for 6 or 48 h, we analyzed COX-2 mRNA levels (A)
and prostaglandin E2 release (B). The inhibitors decreased IL-1b-induced COX-2
expression and prostaglandin E2 release. Results have been represented as
mean ± SE from biological triplicates. *P < 0.05.
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with anti-phosphorylated ERK1/2 was also detected (Figure 9D).
Regarding the density of the IgG heavy chain (HC) band, there is no
significant difference between control and the IL-1b-treated cells.
These results suggest that the complex formation of activated NF-kB
and phosphorylated ERK1/2 is induced by IL-1b. We further
investigated whether phosphorylated p65 and phosphorylated
Frontiers in Immunology | www.frontiersin.org 7
ERK1/2 form a complex with phosphorylated MEK as an
upstream regulator of ERK1/2. As shown in Figure 9D, we
observed that the levels of phosphorylated MEK increased in the
fraction precipitated with anti-phosphorylated p65 and ERK1/2,
suggesting that phosphorylated MEK also forms a complex with
NF-kB and ERK1/2 in the cells treated with IL-1b.
A

B

C

FIGURE 3 | IL-1b-induced activation of NF-kB signaling. (A) Western blotting for, the levels of phosphorylated p65 (p-p65), total p65 (t-p65), phosphorylated p105
(p-p105), total p105 (t-p105), and total IkBa (t-IkBa) in cells treated with IL-1b (100 pM). Relative expression of p-p65, p-p105, and t-IkBa as compared to the
levels at 0 h (right panel). (B, C) Cells were pretreated with or without the NF-kB inhibitors BAY11-7082 (10 mM; B) and TPCA-1 (10 µM; C) for 1 h followed by
stimulation with IL-1b for 15 min. The inhibitors reduced IL-1b-induced phosphorylation of p65 and p105. Relative levels of p-p65 and p-p105 compared with those
in the absence of IL-1b (right panel). Results have been represented as mean ± SE from biological triplicates. *P < 0.05. For the immunoblotting, cell lysates (10 mg
protein) were used for immunoblotting. b-actin was used as the internal standard (A).
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Based on these results, we propose a model of atypical role of
NF-kB signaling in the ERK1/2 regulation via the complex
formation of NF-kB/MEK/ERK (Figure 10).
DISCUSSION

In this study, we have demonstrated that pro-inflammatory
cytokine IL-1b-induced expression of COX-2 mediated the
Frontiers in Immunology | www.frontiersin.org 8
release of prostaglandin E2 in canine synovial fibroblasts. COX-2
expression is induced by stimuli, such as IL-1b and TNF-a, in the
synovium of patients with RA, thereby enhancing the production
of prostanoids, including prostaglandin E2, that are involved in
inflammation. Synovial prostaglandin E2 results in the
manifestation of various pathological symptoms, including bone/
cartilage degradation, inhibition of matrix synthesis, general
discomfort, and body weight loss (38, 39). These studies suggest
that the expression of COX-2 in the synovium plays a crucial role
in the pathogenesis of RA via the synthesis of prostaglandins.

The NF-kB/p65/p105 axis was involved in IL-1b-mediated
expression of COX-2 in synovial fibroblasts. NF-kB is a
transcription factor important for the regulation of a wide range
of target genes involved in physiological and pathological processes.
The NF-kB family of proteins comprises five members: p65 (RelA),
RelB, c-Rel, p50, and p52, that interact with each other to form
homo- or heterodimers with distinct functions. Furthermore,
NF-kB signaling can be classified into canonical and
A

B

C

FIGURE 4 | Inhibition of IL-1b-induced COX-2 expression in synovial
fibroblasts depleted of p65 and p105. (A) Protein levels of total p65 (t-p65),
total p105 (t-p105), and b-actin (internal standard) were detected by
immunoblotting in cells transfected with p65, p105, or scramble siRNAs
(control). (B) The relative levels of t-p65 and t-p105 as compared to the levels
in the control samples. (C) Cells transfected with p65, p105, or scramble
siRNAs were stimulated with IL-1b for 6 h. Depleting cells of p65 and p105
inhibited IL-1b-induced COX-2 expression. Results have been represented as
mean ± SE from biological triplicates. *P < 0.05. Cell lysates (10 mg protein)
were used for immunoblotting.
A

B

FIGURE 5 | Effect of MAPK inhibitors on IL-1b-induced COX-2 expression.
Synovial fibroblasts were pretreated with or without the MEK inhibitor U0126
(20 µM), ERK1/2 inhibitor FR180204 (50 µM), JNK inhibitor SP600125
(10 µM), and p38 inhibitor SKF86002 (10 µM) for 1 h and subsequently
stimulated with IL-1b. After stimulation for 6 h or 48 h, we determined COX-2
expression (A) and prostaglandin E2 release (B). IL-1b-induced COX-2
expression and prostaglandin E2 release were significantly reduced by the
inhibitors. Results have been represented as mean ± SE from biological
triplicates. *P < 0.05.
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noncanonical signaling (40). In the canonical pathway, formation of
the p50/p65 heterodimer is a key step in the activation of NF-kB
(41, 42). In resting cells, p50 and p65 form an inactive complex with
the inhibitory protein IkBa. IkB kinase is activated by exogenous
signals, such as IL-1b, that phosphorylates IkBa, thereby inducing
Frontiers in Immunology | www.frontiersin.org 9
its ubiquitination and proteasomal degradation. The p50/p65
complex that dissociates from IkBa is transcriptionally active and
induces the expression of the target genes of NF-kB (40). In this
study, selective inhibitors of NF-kB, BAY11-7082, and TPCA-1
reduced IL-1b-mediated COX-2 expression. The expression of
A

B

C

FIGURE 6 | IL-1b-induced activation of ERK1/2 signaling. (A) Western blotting for the levels of phosphorylated ERK1/2 (p-ERK1/2), total ERK1/2 (t-ERK1/2),
phosphorylated JNK (p-JNK), total JNK (t-JNK), phosphorylated p38 MAPK (p-p38), and total p38 MAPK (t-p38) in cells treated with IL-1b (100 pM). Relative levels
of p-ERK1/2, p-JNK, and p-p38 compared to the levels at 0 h (right panel). (B, C) Cell were pretreated with the ERK1/2 inhibitor FR180204 (50 µM; B) and MEK
inhibitor U0126 (20 µM; C) for 1 h and stimulated with IL-1b for 15 min. MEK and ERK1/2 inhibitors significant reduced IL-1b-induced phosphorylation of ERK1/2.
Relative levels of p-ERK1/2 as compared to those without IL-1b (right panel). Results have been represented as mean ± SE from biological triplicates. *P < 0.05. Cell
lysates (10 mg protein) were used for immunoblotting. b-actin was used as an internal standard (A).
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COX-2 decreased significantly in cells depleted of p65 and p105 (the
precursor of p50). Thus, the activation of canonical NF-kB signaling
is important for IL-1b-induced expression of COX-2 in canine
synovial fibroblasts.

Multiple MAPK signaling pathways coordinate and integrate
cellular response to diverse stimuli, such as cytokines like IL-1b.
However, the activation of MAPK signaling is highly dependent
on cellular context. In this study, we have demonstrated that
pharmacological inhibition of MEK and ERK1/2 drastically
reduced IL-1b-induced COX-2 expression and prostaglandin E2
release; IL-1b induced the activation of MEK/ERK1/2. Taken
Frontiers in Immunology | www.frontiersin.org 10
together, these results suggest that the activation of MEK/
ERK1/2 signaling plays a crucial role in COX-2 expression and
prostaglandin E2 release in synovial fibroblasts that is important in
the pathogenesis of synovitis in patients with RA.

Activation of MAPK signaling stimulates NF-kB that induces
transcriptional regulation (43). ERK1/2 activates canonical NF-kB
signaling in rat vascular smooth muscle cells that regulates IL-1b-
induced gene expression (18). Canonical NF-kB signaling is
controlled by ERK1/2 in other cells, e.g., the human monocyte
THP-1 cell line (20). Therefore, we investigated the interaction
between canonical NF-kB signaling and ERK1/2 activation.
Surprisingly, we found that U0126 and FR180204, inhibitors of
MEK and ERK1/2, respectively, had no effect on the activation of
canonical NF-kB signaling induced by IL-1b. In contrast, NF-kB
inhibitors BAY 11-7082 and TPCA-1 inhibited IL-1b-induced
ERK1/2 phosphorylation. IL-1b-induced ERK1/2 phosphorylation
was inhibited in cells depleted of p65 and p105. Furthermore, the
pharmacological inhibitors for transcription and translation,
actinomycin D and cycloheximide, respectively, failed to inhibit
IL-1b-induced ERK1/2 phosphorylation. These observations
collectively suggest that the non-transcriptional/translational
function of canonical NF-kB regulates the activation of ERK1/2
signaling in canine synovial fibroblasts.

The activation of ERK1/2 signaling by canonical NF-kB in
canine synovial fibroblasts remains to be understood. In this
study, we observed that p65 and p105 phosphorylation was an
indicator of NF-kB activation. These changes are attributed to
the dissociation of NF-kB from inhibitory IkBa and are
necessary for nuclear localization, transcriptional activity,
and other functions of NF-kB (38). Furthermore, NF-kB
interacts with a variety of proteins (44, 45). Tieri et al.
constructed the map of the interactome of NF-kB based on
protein–protein interaction data from multiple databases and
reported the crosstalk between NF-kB and MAPK signaling,
supporting an atypical role of canonical NF-kB signaling in
ERK1/2 activation (45). In this study, the level of
phosphorylated ERK1/2 in the fraction precipitated with
anti-phosphorylated p65 increased in the cells treated with
IL-1b. The increase in phosphorylated p65 in the fraction
precipitated with anti-phosphorylated ERK1/2 was also
detected. These observations suggest that the complex
formation of activated NF-kB and phosphorylated ERK1/2 is
induced by IL-1b. Since we observed that the MEK inhibitor
U0126 attenuated IL-1b-induced COX-2 mRNA expression
and ERK1/2 phosphorylation, we further examined the
interaction of phosphorylated MEK with phosphorylated p65
and phosphorylated ERK1/2. Our co-immunoprecipitation
data showed that the increase in phosphorylated MEK in the
fraction precipitated with anti-phosphorylated p65 and ERK1/2.
These observations collectively suggest that NF-kB signaling
regulates the activation of MEK/ERK signaling via the complex
formation of NF-kB/MEK/ERK. Since the molecular feature of the
NF-kB/MEK/ERKcomplex has beenunclear, the detectionof other
components of NF-kB/MEK/ERK complex is currently underway
in our laboratory. In addition, to confirm whether our proposed
model is ubiquitously existed, studies targeting the atypical role of
A

B

C

FIGURE 7 | Inhibition of IL-1b-induced COX-2 expression in synovial
fibroblasts transfected with ERK1 and ERK2 siRNAs. (A) Protein levels of total
ERK1 (t-ERK1), total ERK2 (t-ERK2), and b-actin (an internal standard) were
detected by immunoblotting in cells transfected with ERK1, ERK2, or
scramble siRNAs (control). Cell lysates (10 mg protein) were used for
immunoblotting. (B) The relative levels of t-ERK1 and t-ERK2 as compared to
the levels in the control cells. (C) ERK1 and ERK2 depletion decreased IL-1b-
induced COX-2 expression. Results have been represented as mean ± SE
from biological triplicates. *P < 0.05.
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NF-kB signaling in the ERK1/2 regulation in several types of cells is
indeed our next research subject.

In conclusion, we demonstrated that 1) canonical NF-kB
signaling contributes to IL-1b-induced COX-2 expression and
subsequent prostaglandin E2 release in canine synovial
fibroblasts, and 2) the activation of canonical NF-kB signaling
non-transcriptionally and non-translationally activates ERK1/2
Frontiers in Immunology | www.frontiersin.org 11
signaling. Based on our study findings, we propose a model
highlighting the importance of IL-1b-induced NF-kB/ERK1/2/
COX-2 signaling in canine synovial fibroblasts (Figure 9C). The
atypical role of canonical NF-kB signaling in IL-1b-induced
ERK1/2 activation may serve as promising molecular targets
for the development of therapeutics in treating patients with RA
and synovitis.
A

B

FIGURE 8 | Effect of NF-kB inhibitors on IL-1b-induced phosphorylation of ERK1/2. (A) Cells were pretreated with the NF-kB inhibitors BAY11-7082 (10 mM) and
TPCA-1 (10 µM) for 1 h and stimulated with IL-1b for 15 min. NF-kB inhibitors significantly reduced IL-1b-induced phosphorylation of ERK1/2 as compared to
phosphorylation in the absence of IL-1b. Representative blots and relative levels of p- and t-ERK1/2 have been illustrated in the left and right panels, respectively.
(B, C) Cells were pretreated with the ERK1/2 inhibitor FR180204 (50 µM; B) and MEK inhibitor U0126 (20 µM; C) for 1 h followed by stimulation with IL-1b for
15 min. ERK1/2 and MEK inhibitors had no effect on IL-1b-induced phosphorylation of p65 and p105. Cell lysates (10 mg protein) were used for immunoblotting.
Representative blots and relative levels of p- and t-p65 and p105 have been shown in the left and right panels, respectively. (Right) Results have been represented
as mean ± SE from biological triplicates. *P < 0.05.
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FIGURE 9 | Canonical NF-kB signaling non-transcriptionally and non-translationally regulates IL-1b-induced ERK1/2 activation. (A) Cells were pretreated with the
transcription inhibitor actinomycin D (Act D; 1 mM) and translation inhibitor cycloheximide (CHX; 100 mM) for 6 h and stimulated with IL-1b for 15 min. ActD and CHX
had no effect on IL-1b-induced phosphorylation of ERK1/2, p65 and p105. Representative blots and relative levels of p- and t-ERK1/2, p65 and p105 have been
illustrated in the left and right panels, respectively. (B) Cells were pretreated with the transcription inhibitor actinomycin D (Act D; 1 mM) and translation inhibitor
cycloheximide (CHX; 100 mM) for 6 h and stimulated with IL-1b for 15 min. Subsequently, immunocytochemistry and co-localization analysis with nuclear staining dye
TO-PRO-3 were performed. The nuclear localization of t-p65 was detected in the cells treated with IL-1b, whereas t-p65 showed cytoplasmic localization in control
cells. IL-1b induced the nuclear localization of t-p65 in the presence of actinomycin D and cycloheximide. (C) Western blotting for the levels of p-ERK1/2, t-ERK1/2,
t-p65 and t-p105 in cells transfected p65, p105, or scramble siRNAs. Decreased IL-1b-induced phosphorylation of ERK1/2 was observed in p65 or p105 siRNA-
transfected cells. Representative blots for the levels of p-ERK1/2, t-ERK1/2, t-p65, and t-p105 and relative expression of p-ERK1/2 have been compared with the
levels in cells transfected with scramble siRNA in the left and right panels, respectively. Results have been represented as mean ± SE from biological triplicates.
*P < 0.05. Cell lysates (10 mg protein) were used for immunoblotting. b-actin was used as an internal standard (C). (D) Western blotting for the levels of p-MEK,
p-ERK1/2 and p-p65 in the fraction precipitated with p-p65 and p-ERK1/2. Results have been represented as mean ± SE from biological triplicates. *P < 0.05. Cell
lysates (50 mg protein) were used for co-immunoprecipitation experiments. IgG-heavy chain (IgG-HC) was used as an internal standard (D).
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