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CXCL1 contributes to IL-6 expression in
osteoarthritis and rheumatoid arthritis
synovial fibroblasts by CXCR2, c-Raf, MAPK,

and AP-1 pathway
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Abstract

Background: Osteoarthritis (OA) and rheumatoid arthritis (RA) are common joint disorders that are considered to be
different diseases due to their unique molecular mechanisms and pathogenesis. Chemokines and their corresponding
receptors have been well characterized in RA progression, but less so in OA pathogenesis.

Methods: The human primary synovial fibroblasts (SFs) were obtained from human OA and RA tissue samples. The
Western blot and gPCR were performed to analyze the expression levels of CXCL1, as well as CXCL-promoted IL-6
expression in both OASFs and RASFs. The signal cascades that mediate the CXCL1-promoted IL-6 expression were
identified by using chemical inhibitors, siRNAs, and shRNAs.

Results: Here, we found that both diseases feature elevated levels of CXCL1 and interleukin (IL)-6, an important
proinflammatory cytokine that participates in OA and RA pathogenesis. In OASFs and RASFs, CXCL1 promoted IL-6
expression in a dose- and time-dependent manner. In OASFs and RASFs overexpressing CXCL1 or transduced with
shRNA plasmid, IL-6 expression was markedly upregulated. CXCR2, c-Raf, and MAPKs were found to regulate CXCL1-
induced IL-6 expression in OASFs and RASFs. Finally, CXCL1 triggered the transcriptional activities of c-Jun (which
regulates the expression of proinflammatory proteins) in OASFs and RASFs.

Conclusions: Our present work suggests that the CXCL1/CXCR2 axis helps to orchestrate inflammatory responses in
OA and RA SFs.
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Introduction synovial cells, and other cells capable of both expressing and

Chemokines and chemokine receptors are critical players in
the disease processes of two inflammatory joint diseases:
rheumatoid arthritis (RA) and osteoarthritis (OA) [1].
Chemokines are abundant in RA synovial fluid, while OA
synovial fluid also reveals the presence of chondrocytes,
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responding to chemokines [2—4]. Both diseases are charac-
terized by the extravasation of leukocytes from the vascular
endothelium into the synovial tissue, a process that involves
numerous chemokines and their receptors acting as synovial
chemotactic mediators [5].

Chemokines are well recognized for their ability to re-
cruit different leukocytes [6] and for their involvement
in the migration of circulating cells into or within tissue
[7, 8]. Chemokines have been classified by structure and
function into four groups: CXC, CC, C, and CX3C [9].
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Chemokines can be either homeostatic or inflammatory,
or display both qualities simultaneously. Homeostatic
chemokines are constitutively produced. Their critical
role requires them to maintain physiological traffic and
enable homing of cells that largely belong to a specific
immune system. In contrast, inflammatory cytokines are
produced in response to inflammation in tissue [10].

Chemokine (CXC motif) ligand 1 (CXCL1) acts as a key
chemoattractant for neutrophils by binding specifically to
its corresponding G-protein-coupled receptor chemokine
(CXC motif) receptor 2 (CXCR2) [11, 12]. CXCL1 modu-
lates angiogenesis, tumorigenesis, and wound healing [13].
In general, CXCL1 levels are extremely low under normal
physiological conditions and greatly increased during in-
flammatory conditions. CXCL1 expression appears to be
increased in RA and OA patients [14]. Previous research
has reported that CXCL1 contributes to the ingress of
neutrophils into the RA joint [15] and induce hypertrophy
and apoptosis of chondrocytes [16]. According to this
evidence, CXCL1 plays a pivotal role in RA and OA
pathogenesis.

This study details how we found that CXCL1 pro-
moted interleukin (IL)-6 expression in RA and OA syn-
ovial fibroblasts (SFs), worsening the inflammatory
status in the joints of both diseases. We have elucidated
the molecular mechanisms involved in the increase in
IL-6 expression caused by CXCLI1 incubation in SFs,
which was regulated by its receptor CXCR2, c-Raf, and
MAPK signaling components, and activator protein-1
(AP-1) transcriptional activation. Our findings help to
explain the pathogenesis of arthritis.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), penicillin-streptomycin solution, 2 mM L-glu-
tamine, lipofectamine 2000, and TRIzol were purchased from
Invitrogen (Carlsbad, CA, USA). Cell culture dishes, 6-well,
and 12-well plates were purchased from Greiner Bio-One
(Frickenhausen, Germany). Polyvinyldifluoride (PVDEF)
membrane and an Immobilon Western Chemiluminescent
HRP Substrate detection system were purchased from Milli-
pore (Billerica, MA, USA). All of the primary antibodies spe-
cific for IL-6 (sc-28343), CXCR?2 (sc-32780), c-Raf (sc-7267),
MEK (sc-6250), ERK (sc-514302), INK (sc-7345), p38 (sc-
81621), c-Jun (sc-166540), and B-actin (sc-47778) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Polyclonal rabbit antibodies specific for phosphory-
lated forms of c-Raf (#9427), MEK (#3958), ERK (#4376),
JNK (#9255), p38 (#9216), and c-Jun (#2361) were purchased
from Cell Signaling and Neuroscience (Danvers, MA, USA).
All inhibitors against signal pathway components were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Recom-
binant human CXCL1 was obtained from PeproTech (Rocky
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Hill, NJ, USA). All small interfering RNAs (siRNAs) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA).

Cell culture

Weritten informed consent was obtained from all study
participants, and the study was approved by the Institu-
tional Review Board of Shin Kong Wu Ho-Su Memorial
Hospital (20140712R). Primary SFs were isolated from
tissue with OA patients who received knee replacement
surgery, using previously described methods [17, 18].
The NSFs and RASFs were purchased from Cell Appli-
cations, Inc. (San Diego, CA, USA) and Riken cell bank
(Ibaraki, Japan), respectively. Fresh synovial tissues were
finely minced and digested in DMEM containing 2 mg/
ml type II collagenase (Sigma-Aldrich, St. Louis, MO,
USA) for 4h at 37 °C and under 5% CO,. The SFs were
maintained in complete DMEM with 10% FBS,
penicillin-streptomycin solution, and 2 mM L-glutamine
at 37 °C with 5% CO,.

Real-time quantitative polymerase chain reaction (qPCR)
Cells grown in 6-well plates were treated as described in
the figure legends, and total RNA was extracted from
the cells using TRIzol reagent (Invitrogen) according to
the manufacturer’s instructions. The quantity and purity
of RNA were assessed using a NanoDrop ND 1000
(Thermo Fisher Scientific, Wilmington, DE, USA). The
quality of RNA was further examined by agarose gel
electrophoresis. Subsequently, 1 g of mRNA was sub-
jected to reverse transcription to produce complemen-
tary DNA (cDNA).

qPCR was prepared using SYBR Green (KAPA Biosys-
tems, Woburn, MA, USA), according to the manufac-
turer’s protocol. The primers used in qPCR analysis
(human IL-6, CXCL1, and GAPDH) were purchased
from Sigma-Aldrich. Reactions were carried out in tripli-
cate using StepOnePlus (Applied Biosystems, Foster
City, CA, USA). The cycling conditions were 10 min of
polymerase activation at 95°C followed by 40 cycles at
95°C for 155 and at 60°C for 60s. The threshold was
set above the non-template control background and
within the linear phase of target gene amplification, to
calculate the cycle number at which the transcript was
detected (denoted as CT).

Western blot analysis

The total cell lysates were extracted from the cells grown
in 6-well plates and treated as described in the figure leg-
ends. Proteins were resolved using SDS-polyacrylamide
gel electrophoresis and transferred to Immobilon PVDF
membranes. The blots were blocked with 5% BSA for 1 h
at room temperature and then probed using primary anti-
bodies (1:5000 for B-actin; 1:1000 for all of the others) for
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1h at room temperature. After three washes, the blots
were incubated with secondary antibodies (1:1000) for 1 h
at room temperature. Finally, the blots were photographed
with enhanced chemiluminescence using a ChemiDoc-It®
Imaging System (UVP Inc., Upland, CA, USA). Quantita-
tive data were obtained using Image] software (National
Institutes of Health, USA). Each band was separately se-
lected and with the ROI tool and “Gels” function, followed
by quantification of the peak area of obtained histograms.
The densitometric data of IL-6 protein was normalized to
B-actin and the other phosphorylated proteins were nor-
malized to corresponding total proteins, respectively.

Immunofluorescence staining

Cells grown in chamber slides were subjected to immuno-
fluorescence staining. In brief, the treated cells were fixed
with 4% paraformaldehyde at room temperature. Thirty
minutes later, 5% nonfat milk in phosphate buffer saline
(PBS) containing 0.25% Triton X-100 was added to the
cells. The cells were then incubated in rabbit anti-c-Jun
(1:100) and fluorescein isothiocyanate-(FITC)-conjugated
goat anti-rabbit secondary antibodies (1:500; Leinco
Technology Inc., St. Louis, MO, USA) for 1 h. FITC was
detected using a Zeiss fluorescence microscope.

Statistics

All values are reported as the mean + standard error of
the mean (SEM). A statistical comparison between two
samples was performed using the Student’s ¢ test. Statis-
tical comparisons of more than two groups were per-
formed using one-way analysis of variance (ANOVA)
followed by Fisher’s least significant difference (LSD)
post hoc test. In all comparisons, p<0.05 was consi-
dered significant.

Results

CXCL1 contributes to IL-6 expression in both OA and RA
SFs

Previous research has reported an increase in CXCL1
in chondrocytes collected from OA and RA specimens
[14]. We quantified levels of CXCL1 expression in
SEs from OA and RA patients, as well as normal syn-
ovial fibroblasts (NSFs) from healthy controls and
found higher CXCL1 expression in both OASFs and
RASFs compared with NSFs (Fig. la). IL-6, a multi-
functional cytokine with a critical role in the patho-
genesis of RA [19], has also been implicated in
inflammatory response and cartilage loss in OA pa-
tients [20]. Levels of IL-6 expression were also higher
in OASFs and RASFs than in NSFs, suggesting an as-
sociation between CXCL1 and IL-6 in OA and RA
pathogenesis (Fig. 1b). The protein secretions of
CXCL1 and IL-6 in these SFs were also evaluated by
ELISA (Fig. 1c, d), and obvious correlation between
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secretion levels of CXCL1 and IL-6 was found
(Fig. 1le). We then investigated whether CXCL1 regu-
lates IL-6 expression in NSFs, OASFs, and RASFs. IL-
6 expression was dramatically increased in response
to CXCL1 incubation in a dose- and time-dependent
manner in OASFs and RASFs but not NSFs, as
assessed by qPCR and Western blot analyses (Fig. 1f-
i). To confirm the role of CXCL1 in the regulation of
IL-6 expression, OASFs and RASFs transduced with
overexpressing CXCL1 and shRNA plasmids were
subjected to evaluate IL-6 expression. CXCL1 overex-
pression markedly promoted IL-6 expression, while
knockdown of CXCL1 inhibited IL-6 expression in
SFs established from OA and RA patients (Fig. 1j—m).
Finally, pretreatment with CXCL1 antibodies dramat-
ically abolished IL-6 expression in OASFs and RASFs
(Fig. 1n). The evidence demonstrates that CXCL1
contributes to OA and RA pathogenesis, which is me-
diated by IL-6 expression in SFs.

CXCR2 is responsible for IL-6 expression after CXCL1
treatment in OASFs and RASFs

In regard to the need for CXCR2 for CXCL1 to perform
its effect on target cells, we examined whether CXCR2 is
required for IL-6 expression in response to CXCL1
treatment. In the presence of SB225002, a CXCR2 in-
hibitor, CXCL1-induced IL-6 expression was clearly
inhibited in both OASFs and RASFs (Fig. 2a, b). Using
CXCR2 shRNA or neutralized antibody to block the
CXCL1/CXCR?2 axis also reversed CXCL1-induced IL-6
expression in both OASFs and RASFs (Fig. 2c, d), sug-
gesting that the CXCL1/CXCR2 axis is responsible for
increased levels of IL-6 expression in OASFs and RASFs.

Activation of c-Raf mediates IL-6 expression in response
to CXCL1 treatment in OASFs and RASFs

c-Raf is a typical signal transducer involved in chemo-
kine receptors activation such as CXCR2 [21-23]. Pre-
treatment of cells with a c-Raf inhibitor (GW5074)
significantly reversed IL-6 expression in the presence of
CXCL1 in OASFs and RASFs (Fig. 3a, b). We found that
CXCL1 treatment increased c-Raf phosphorylation in
OASFs and RASFs (Fig. 3c). The involvement of c-Raf in
CXCL1-promoted IL-6 expression was confirmed
through transfection with c-Raf shRNA (Fig. 3d). When
we checked whether c-Raf activation is a downstream ef-
fector of the CXCL1/CXCR2 axis, we found that pre-
treatment with the CXCR2 inhibitor attenuated c-Raf
phosphorylation in both OASFs and RASFs (Fig. 3e).
This evidence conclusively indicates that c-Raf activation
is responsible for CXCL1-promoted IL-6 expression in
OASFs and RASFs.
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Activation of MAPK signaling participates in CXCL1-
induced promotion of IL-6 expression in OASFs and

RASFs

The MAPK pathway comprises several key signaling com-
ponents, including ERK, JNK, and p38, which activate c-
Raf signaling and impact cancer progression [24]. We
therefore examined whether MAPKs are required for
CXCL1 effects in OASFs and RASFs. Our results indicated
that pretreatment with MAPK inhibitors (PD98059, ERK;

U0126, MEK; SP600125, JNK; SB203580, p38) abolishes
CXCL1-induced promotion of IL-6 expression in OASFs
and RASFs (Fig. 4a, b). We also identified MAPK signal
activation by detecting phosphorylation of MAPK compo-
nents, and treatment with CXCL1 induced phosphory-
lated MEK, ERK, JNK, and p38 proteins in OASFs and
RASFs (Fig. 4c). These data prove that MAPK activation is
involved in CXCL1-promoted IL-6 expression in OASFs

and RASFs.
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The AP-1 transcription factor mediates CXCL1-induced
promotion of IL-6 expression in OASFs and RASFs

AP-1 plays a critical role in inflammatory responses; AP-
1 activation is involved in OA and RA pathogenesis [25,
26], and AP-1 transcriptional activation stimulates IL-6
expression in RASFs [27]. We investigated the role of
AP-1 in IL-6 expression after CXCL1 treatment in
OASFs and RASFs. Pretreatment with AP-1 inhibitors
(tanshinone IIA and curcumin) blocked IL-6 expression
in response to CXCL1 treatment in OASFs and RASFs
(Fig. 5a, b). When AP-1 activation was examined by
phosphorylation of c-Jun, the results revealed that
CXCL1 promoted c-Jun phosphorylation in OASFs and
RASFs (Fig. 5¢). When we used c-Jun siRNA to confirm
our hypothesis, the evidence indicated that transfection
with c-Jun siRNA inhibited CXCL1-induced promotion

of IL-6 expression in OASFs and RASFs (Fig. 5d). Fi-
nally, we examined AP-1 activation by monitoring its
nucleus translocation. As shown in Fig. 5e, the nucleus
translocation of AP-1 was increased in the CXCLI1-
treated cells; however, pretreatment with pathway inhibi-
tors involved in CXCL1 effects dramatically diminished
this phenomenon, confirming involvement of the
CXCR?2, c-Raf, MAPK, and AP-1 signaling transduction
pathways in response to CXCL1 treatment.

Discussion

Abundant evidence has implicated chemokines in patho-
genesis and improved them as therapeutic targets of RA
[28] as well as OA [29]. RA is an autoimmune disease,
in which infiltration of inflammatory cells into the joint
leads to chronic inflammation and articular destruction
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[30], while OA is considered to be a degenerative disease  present finding could discover new therapeutic targets in
of the cartilage with a low-grade inflammatory status inflammatory joint disease treatment.

[31]. In this study, we demonstrate how upregulation of Previous research has identified upregulated CXCL1
the CXCL1/CXCR2 axis in both OASFs and RASFs con-  expression in chondrocytes isolated from OA and RA
tributes to inflammatory cytokine IL-6 expression, re-  specimens [14]. In our present study, a high level of
vealing the pivotal role of CXCL1/CXCR2 activation in ~CXCL1 expression was detected in both OASFs and
chronic inflammation of synovial fibroblasts. Although  RASFs. A previous study showed that the fundamental
these two common joint diseases are characterized by effect of the CXCL1/CXCR2 axis on the recruitment of
different mechanisms of pathogenesis and molecular neutrophils means that it exerts an important role in RA
conception, SFs are a common compartment of inflam-  progression [34]. Furthermore, this report found a
mation and joint erosion in these diseases [32]. Further-  higher expression level of CXCL1 in RA synovial fluid
more, a previous report indicated common pathogenic  compared with OA synovial fluid. Our current work fo-
mechanisms shared by SFs in both diseases [33]. Our cuses on the molecular mechanism involved in RA and
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Fig. 4 MAPK activation is required for IL-6 expression in response to CXCL1 in OASFs and RASFs. a, b OASFs and RASFs were pretreated with different
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OA pathogenesis in cell culture model of synovial fibro-
blasts. In accordance with previous report, we found se-
cretion level of CXCL1 was higher in culture media of
RASFs than OASFs and NSFs. The CXCL1/CXCR2 axis is
also recognized as a therapeutic target, as it plays a critical
role in the activation of neutrophils involved in inflamma-
tory diseases including RA [35]. For instance, the CXCR2/
CXCR1 antagonist SCH563705 greatly attenuated disease
severity in a mouse model of RA [36]. Another CXCR?2 in-
hibitor, DF2162, significantly attenuated adjuvant-induced

polyarthritis in rats [37]. Conversely, CXCL1/CXCR?2 sig-
naling is also associated with chondrocyte phenotypic sta-
bility [38], and upregulation of CXCL1 can influence the
differentiation of articular chondrocytes, leading to articu-
lar chondrocyte hypertrophy [39], revealing the critical
role of CXCL1 during the progression of OA. Several clin-
ical trials have provided evidence implicating the CXCL1/
CXCR2 axis as a therapeutic target for asthma, bronchiec-
tasis, and cancer, with promising effects in chronic ob-
structive pulmonary disorder (COPD) [40]. The clinical



Hou et al. Arthritis Research & Therapy (2020) 22:251

Page 8 of 11

p
B CXCL1 (10 ng/ml) C
RO “°“°\\h«<\“ CXCL1 (10 ng/ml)
%€’ (O 6\{\ oW
A W g e o Control 10 15 30 60 (min)
8 1 =mmmm OASFs » ' IL-6 p-c-Jun
i =iy z | | 5,”3 P N —
2= T o | |B-actin S|[ e w— — w— w—|c-un
30 *
8%
5:24 . £|—-— - |.L_e 2 S S | p-c-un
fzé‘—o’ BE|—---|p-acun :: [ E e BN
L2 #
3 # I‘:'I =
0 I i . 200 407 onsFs
RASF: * *
(’o,,e Con, ’e,,s/r 0{,,% _ 150 £ 300 ° 11
0’0 o7 ”)o 0),,7 5 ?)
v 1 &.100 € 200 > : . .
CXCLA (10 ng/mL) Q 3 T
= 50 2100 T
0 Control 10 15 30 60 (min)
& CXCL1 (10 ng/mL)
CXCL1 (10 ng/mL)
E CXCL1 (10 ng/mL)
D Untreated Control S$B225002 GW5074
8 1 =mmm OASFs :
= — RASFs
o *
»w=6
Qc ]
38,
<%
gz CXCL1 (10 ng/mL)
Ee, . & PD98059 U0126 SP600125 SB203580
=
Untreated ControlsiR c-JunsiR
CXCLA1 (10 ng/mL)
Fig. 5 AP-1 transcription factor mediates IL-6 expression in response to CXCL1 in OASFs and RASFs. a, b OASFs and RASFs were pretreated with
different inhibitors against AP-1 activation (tanshinone, 5 uM; curcumin, 3 uM) for 1 h, then incubated with CXCL1 (10 ng/mL). IL-6 expression was
examined by gPCR and Western blot. The quantification of Western blot is provided in the lower panel. ¢ The cell lysates were collected from
OASFs and RASFs as described in Fig. 3¢, then c-Jun phosphorylation was investigated by Western blot. The quantification of Western blot is
provided in the lower panel. d OASFs and RASFs were transfected with c-Jun SiRNA for 24 h, then treated with CXCL1 (10 ng/mL) for 24 h. IL-6
expression was analyzed by gPCR. e OASFs were pretreated with inhibitors that target CXCR2 (SB225002, 5 uM), c-Raf (GW5047, 5 uM), ERK
(PD98059, 5 uM), MEK (U0126, 3 uM), JNK (SP600125, 3 uM), and p38 (SB203580, 5 uM) for 1 h, then incubated with CXCL1 (10 ng/mL) for a further
24 h. Immunofluorescence staining using the c-Jun antibody monitored nuclear translocation. (In the above experiments, OASFs; n =10, RASFs;
n =10). Results are expressed as the mean + SEM. Statistical analysis was conducted by using one-way ANOVA followed by Fisher's LSD post hoc
comparisons tests. *p < 0.05 compared with the respective groups in all figures (control and untreated); *p < 0.05 compared to the groups with
control (@) and control siR (b) pretreatment followed by CXCL1 incubation

investigation of CXCL1/CXCR2 agonists in RA or OA de-
serves to be explored.

IL-6 plays a critical role when immune cells encounter
bacteria or other microorganisms [41, 42]. Dysregulation
of IL-6 leads to many autoimmune and inflammatory dis-
eases, including RA [43]. Targeting IL-6 with the anti-IL-6
receptor (IL-6R) antibody tocilizumab is effective for treat-
ing RA [44]. A previous review has confirmed the

important role of IL-6 in OA progression [45], which is
supported by the finding that IL-6 expression is elevated
in OA human synovial fluid and sera [46]. In this report,
we found that CXCL1/CXCR2 activation promoted IL-6
expression in a time-dependent manner, suggesting IL-6
is immediate-early gene in OA and RA pathogenesis [47].
Furthermore, CXCL1 dose-dependently induced IL-6 ex-
pression in OASFs and RASFs with most induction at 10
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ng/mL CXCL1 treatment, while treatment with 50 ng/mL
CXCL1 showed minor effect of IL-6 expression (data not
shown), suggesting bidirectional effects of CXCL1 in the
context of CXCL1 concentration. Finding that CXCL1
and CXCR2 have active roles in OA and RA pathogenesis
via inflammatory SFs was not surprising, since CXCL1 ex-
pression was increased in SFs isolated from OA and RA
specimens and CXCL1 promoted IL-6 expression in
OASFs and RASFs. Preclinical and clinical investigations
are warranted to explore the role of CXCL1/CXCR2 in
OA and RA progression.

CXCR2, a G-protein-coupled chemokine receptor, has
been identified as a specific receptor for CXCL1 to exert
its biological functions [48-50]. CXCR2 activates mul-
tiple signaling pathways, such as the PI3K/Akt, PLC/
PKC, MAPK, and JAK/STAT3 pathways [40]. CXCR2
expression activates MAPKs ERK and p38, but not JNK
[51]. MAPK proteins are a family of serine/threonine
protein kinases commonly activated by proinflammatory
cytokine stimulation, which in turn regulate the produc-
tion of inflammation mediators [52]. Previous study dis-
cusses the cross-talk between IL-1 and IL-6 in RASFs,
by which enhancing proinflammatory signal pathway
through p38 MAPK [53]. Our results indicate that the
CXCL1/CXCR?2 axis triggers activation of MAPK signal-
ing proteins, including MEK/ERK, p38, and JNK. In ac-
cordance with previous evidences, our data suggest that
MAPK signaling transduction pathways may serve a piv-
otal role in the amplification of the inflammatory re-
sponse caused by the CXCL1/CXCR2 axis. Since the
Raf—-MAPK cascade exerts its regulatory function down-
stream of cell surface receptors and dysregulated in can-
cer and other human pathologic disorders [54, 55],
revealing this canonical signaling network could develop
as pharmacologic inhibitors to block Raf~-MAPK signal-
ing for the treatment of chronic joint disease. Further-
more, we found increased phosphorylation of c-Jun
following CXCL1 treatment; c-Jun is a major component
of the AP-1 transcription factor. Other researchers have
reported finding that c-Fos, another major component
of the AP-1 transcription factor, was induced in re-
sponse to CXCL1 injections in spinal cord neurons [56].
It would be useful to detail the mechanisms involved in
transcriptional activation triggered by CXCL1/CXCR2.

Conclusions

In summary, we found signaling pathways involved in
CXCL1-induced promotion of IL-6 in human OASFs
and RASFs, which was mediated through CXCR?2, c-Raf,
MAPK, and AP-1. Fully understanding the signaling
pathways will improve our knowledge about the role
played by CXCL1 in the progression of OA and RA dis-
ease and assist with the discovery of novel therapeutic
agents.

Page 9 of 11

Acknowledgements
Not applicable

Authors’ contributions

J-F.L. and S-M.H. conceived and designed the experiments, which were
performed by J-F.L. and P.-C.C. J-F.L. analyzed the data. J-F.L. and P-CC.
contributed to the reagents/materials/analysis tools. S.-M.H. wrote the paper.
L-CM, F-M.L, and C-M.C. prepared the revision draft. The authors read and
approved the final manuscript.

Funding

This work was supported by grants from Taiwan's Ministry of Science and
Technology (MOST-107-2314-B-341-003, MOST106-2314-B-341-001-MY3) and the
Shin-Kong Wu Ho-Su Memorial Hospital (2018SKHBDR005, 2020SKHBDR006), Chang
Gung University of Science Foundation (ZRRPFEH0021), and Chang Gung Medical
Research Program Foundation (CMRPF6C0061, CMRPFEC0062, CMRPF6C0063).

Availability of data and materials
The data sets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors state no conflict of interest.

Author details

'Department of Orthopedic Surgery, Shin Kong Wu Ho-Su Memorial Hospital,
Taipei 111, Taiwan. “Translational Medicine Center, Shin-Kong Wu Ho-Su
Memorial Hospital, Taipei 111, Taiwan. *Department of Biotechnology,
College of Medical and Health Science, Asia University, Taichung 413, Taiwan.
“Department of Medical Research, China Medical University Hospital, China
Medical University, Taichung 404, Taiwan. *Department of Nursing, Chang
Gung University of Science and Technology, Puzi City 613, Chiayi County,
Taiwan. °Division of Pulmonary and Critical Care Medicine, Chang Gung
Memorial Hospital, Puzi City 613, Chiayi County, Taiwan. ‘Graduate Institute
of Clinical Medical Sciences, College of Medicine, Chang Gung University,
Taoyuan 333, Taiwan. ®Center for Environmental Toxin and
Emerging-Contaminant Research, Cheng Shiu University, Kaohsiung 833,
Taiwan. *Super Micro Research and Technology Center, Cheng Shiu
University, Kaohsiung 833, Taiwan. %Chronic Disease and Health Promotion
Research Center, Chang Gung University of Science and Technology, Puzi
City 613, Chiayi County, Taiwan. ''Division of Pulmonary and Critical Care
Medicine, Chiayi Chang Gung Memorial Hospital, Puzi City 613, Chiayi
County, Taiwan. '“Department of Respiratory Care, Chang Gung University of
Science and Technology, Puzi City 613, Chiayi County, Taiwan. '*School of
Oral Hygiene, College of Oral Medicine, Taipei Medical University, No. 250
Wu-Hsing Street, Taipei 110, Taiwan.

Received: 8 April 2020 Accepted: 28 September 2020
Published online: 21 October 2020

References

1. Vergunst CE, van de Sande MG, Lebre MC, Tak PP. The role of chemokines
in rheumatoid arthritis and osteoarthritis. Scand J Rheumatol. 2005,34(6):
415-25.

2. Miller RE, Miller RJ, Malfait AM. Osteoarthritis joint pain: the cytokine
connection. Cytokine. 2014;70(2):185-93.

3. Farahat MN, Yanni G, Poston R, Panayi GS. Cytokine expression in synovial
membranes of patients with rheumatoid arthritis and osteoarthritis. Ann
Rheum Dis. 1993;52(12):870-5.

4. lwamoto T, Okamoto H, Toyama Y, Momohara S. Molecular aspects of
rheumatoid arthritis: chemokines in the joints of patients. FEBS J. 2008;
275(18):4448-55.

5. Szekanecz Z, Szucs G, Szanto S, Koch AE. Chemokines in rheumatic diseases.
Curr Drug Targets. 2006;7(1):91-102.



Hou et al. Arthritis Research & Therapy

22.

23.

24.

25.

26.

27.

28.

29.

(2020) 22:251

Sallusto F, Mackay CR, Lanzavecchia A. The role of chemokine receptors in
primary, effector, and memory immune responses. Annu Rev Immunol.
2000;18:593-620.

Butcher EC. Specificity of leukocyte-endothelial interactions and diapedesis:
physiologic and therapeutic implications of an active decision process. Res
Immunol. 1993;144(9):695-8.

Sanchez-Madrid F, del Pozo MA. Leukocyte polarization in cell migration
and immune interactions. EMBO J. 1999:18(3):501-11.

Raman D, Sobolik-Delmaire T, Richmond A. Chemokines in health and
disease. Exp Cell Res. 2011,317(5):575-89.

Moser B, Loetscher P. Lymphocyte traffic control by chemokines. Nat
Immunol. 2001;2(2):123-8.

Sawant KV, Poluri KM, Dutta AK, Sepuru KM, Troshkina A, Garofalo RP, et al.
Chemokine CXCL1 mediated neutrophil recruitment: role of
glycosaminoglycan interactions. Sci Rep. 2016;6:33123.

Miyake M, Goodison S, Urquidi V, Gomes Giacoia E, Rosser CJ. Expression of
CXCL1 in human endothelial cells induces angiogenesis through the CXCR2
receptor and the ERK1/2 and EGF pathways. Lab Investig. 2013,93(7):768-78.
Amiri KI, Richmond A. Fine tuning the transcriptional regulation of the
CXCL1 chemokine. Prog Nucleic Acid Res Mol Biol. 2003;74:1-36.

Borzi RM, Mazzetti |, Macor S, Silvestri T, Bassi A, Cattini L, et al. Flow
cytometric analysis of intracellular chemokines in chondrocytes in vivo:
constitutive expression and enhancement in osteoarthritis and rheumatoid
arthritis. FEBS Lett. 1999;455(3):238-42.

Koch AE, Kunkel SL, Shah MR, Hosaka S, Halloran MM, Haines GK, et al.
Growth-related gene product alpha. A chemotactic cytokine for neutrophils
in rheumatoid arthritis. J Immunol. 1995;155(7):3660-6.

Olivotto E, Vitellozzi R, Fernandez P, Falcieri E, Battistelli M, Burattini S, et al.
Chondrocyte hypertrophy and apoptosis induced by GROalpha require three-
dimensional interaction with the extracellular matrix and a co-receptor role of
chondroitin sulfate and are associated with the mitochondrial splicing variant
of cathepsin B. J Cell Physiol. 2007,210(2)417-27.

Chen YT, Hou CH, Hou SM, Liu JF. The effects of amphiregulin induced
MMP-13 production in human osteoarthritis synovial fibroblast. Mediat
Inflamm. 2014;2014:759028.

Hou CH, Tang CH, Hsu CJ, Hou SM, Liu JF. CCN4 induces IL-6 production
through alphavbeta5 receptor, PI3K, Akt, and NF-kappaB singling pathway
in human synovial fibroblasts. Arthritis Res Ther. 2013;15(1):R19.

Hashizume M, Mihara M. The roles of interleukin-6 in the pathogenesis of
rheumatoid arthritis. Arthritis. 2011;2011:765624.

Stannus O, Jones G, Cicuttini F, Parameswaran V, Quinn S, Burgess J, et al.
Circulating levels of IL-6 and TNF-alpha are associated with knee
radiographic osteoarthritis and knee cartilage loss in older adults. Osteoarthr
Cartil. 2010;18(11):1441-7.

Zhao M, Wimmer A, Trieu K, Discipio RG, Schraufstatter IU. Arrestin regulates
MAPK activation and prevents NADPH oxidase-dependent death of cells
expressing CXCR2. J Biol Chem. 2004,279(47):49259-67.

Hou SM, Hou CH, Liu JF. CX3CL1 promotes MMP-3 production via the
CX3CR1, c-Raf, MEK, ERK, and NF-kappaB signaling pathway in osteoarthritis
synovial fibroblasts. Arthritis Res Ther. 2017;19(1):282.

Nguyen-Jackson H, Panopoulos AD, Zhang H, Li HS, Watowich SS. STAT3
controls the neutrophil migratory response to CXCR2 ligands by direct
activation of G-CSF-induced CXCR2 expression and via modulation of
CXCR2 signal transduction. Blood. 2010;115(16):3354-63.

Santarpia L, Lippman SM, El-Naggar AK. Targeting the MAPK-RAS-RAF
signaling pathway in cancer therapy. Expert Opin Ther Targets. 2012;16(1):
103-19.

Liu JF, Hou SM, Tsai CH, Huang CY, Hsu CJ, Tang CH. CCN4 induces vascular
cell adhesion molecule-1 expression in human synovial fibroblasts and
promotes monocyte adhesion. Biochim Biophys Acta. 2013;1833(5):966-75.
Wagner EF, Eferl R. Fos/AP-1 proteins in bone and the immune system.
Immunol Rev. 2005;208:126-40.

Chiu YC, Lin CY, Chen CP, Huang KC, Tong KM, Tzeng CY, et al.
Peptidoglycan enhances IL-6 production in human synovial fibroblasts via
TLR2 receptor, focal adhesion kinase, Akt, and AP-1- dependent pathway. J
Immunol. 2009;183(4):2785-92.

Miyabe Y, Lian J, Miyabe C, Luster AD. Chemokines in rheumatic diseases:
pathogenic role and therapeutic implications. Nat Rev Rheumatol. 2019;
15(12):731-46.

Scanzello CR. Chemokines and inflammation in osteoarthritis: insights from
patients and animal models. J Orthop Res. 2017;35(4):735-9.

w

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

52.

0.

Page 10 of 11

Firestein GS, McInnes IB. Immunopathogenesis of rheumatoid arthritis.
Immunity. 2017;46(2):183-96.

Robinson WH, Lepus CM, Wang Q, Raghu H, Mao R, Lindstrom TM, et al.
Low-grade inflammation as a key mediator of the pathogenesis of
osteoarthritis. Nat Rev Rheumatol. 2016;12(10):580-92.

Buckley CD. Why does chronic inflammation persist: an unexpected role for
fibroblasts. Immunol Lett. 2011;138(1):12-4.

Cai S, Ming B, Ye C, Lin S, Hu P, Tang J, et al. Similar transition processes in
synovial fibroblasts from rheumatoid arthritis and osteoarthritis: a single-cell
study. J Immunol Res. 2019;2019:4080735.

Grespan R, Fukada SY, Lemos HP, Vieira SM, Napimoga MH, Teixeira MM,

et al. CXCR2-specific chemokines mediate leukotriene B4-dependent
recruitment of neutrophils to inflamed joints in mice with antigen-induced
arthritis. Arthritis Rheum. 2008;58(7):2030-40.

Boppana NB, Devarajan A, Gopal K, Barathan M, Bakar SA, Shankar EM, et al.
Blockade of CXCR2 signalling: a potential therapeutic target for preventing
neutrophil-mediated inflammatory diseases. Exp Biol Med (Maywood). 2014;
239(5):509-18.

Min SH, Wang Y, Gonsiorek W, Anilkumar G, Kozlowski J, Lundell D, et al.
Pharmacological targeting reveals distinct roles for CXCR2/CXCR1 and CCR2
in a mouse model of arthritis. Biochem Biophys Res Commun. 2010,391(1):
1080-6.

Barsante MM, Cunha TM, Allegretti M, Cattani F, Policani F, Bizzarri C, et al.
Blockade of the chemokine receptor CXCR2 ameliorates adjuvant-induced
arthritis in rats. Br J Pharmacol. 2008;153(5):992-1002.

Sherwood J, Bertrand J, Nalesso G, Poulet B, Pitsillides A, Brandolini L, et al.
A homeostatic function of CXCR2 signalling in articular cartilage. Ann
Rheum Dis. 2015;74(12):2207-15.

Merz D, Liu R, Johnson K, Terkeltaub R. IL-8/CXCL8 and growth-related
oncogene alpha/CXCL1 induce chondrocyte hypertrophic differentiation. J
Immunol. 2003;171(8):4406-15.

Cheng Y, Ma XL, Wei YQ, Wei XW. Potential roles and targeted therapy of
the CXCLs/CXCR2 axis in cancer and inflammatory diseases. Biochim
Biophys Acta Rev Cancer. 2019;1871(2):289-312.

Chalaris A, Rabe B, Paliga K, Lange H, Laskay T, Fielding CA, et al. Apoptosis
is a natural stimulus of IL6R shedding and contributes to the
proinflammatory trans-signaling function of neutrophils. Blood. 2007;110(6):
1748-55.

Kishimoto T. Interleukin-6: from basic science to medicine--40 years in
immunology. Annu Rev Immunol. 2005;23:1-21.

Calabrese LH, Rose-John S. IL-6 biology: implications for clinical targeting in
rheumatic disease. Nat Rev Rheumatol. 2014;10(12):720-7.

Avci AB, Feist E, Burmester GR. Targeting IL-6 or IL-6 receptor in rheumatoid
arthritis: what's the difference? Biodrugs. 2018;32(6):531-46.

Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier JP, Fahmi H. Role of
proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat Rev
Rheumatol. 2011;7(1):33-42.

Kaneko S, Satoh T, Chiba J, Ju C, Inoue K, Kagawa J. Interleukin-6 and
interleukin-8 levels in serum and synovial fluid of patients with
osteoarthritis. Cytokines Cell Mol Ther. 2000,6(2):71-9.

Yoshimura A, Ichihara M, Kinjyo |, Moriyama M, Copeland NG, Gilbert DJ,

et al. Mouse oncostatin M: an immediate early gene induced by multiple
cytokines through the JAK-STATS pathway. EMBO J. 1996;15(5):1055-63.
Ritzman AM, Hughes-Hanks JM, Blaho VA, Wax LE, Mitchell WJ, Brown CR.
The chemokine receptor CXCR2 ligand KC (CXCL1) mediates neutrophil
recruitment and is critical for development of experimental Lyme arthritis
and carditis. Infect Immun. 2010;78(11):4593-600.

Tsai HH, Frost E, To V, Robinson S, Ffrench-Constant C, Geertman R, et al.
The chemokine receptor CXCR2 controls positioning of oligodendrocyte
precursors in developing spinal cord by arresting their migration. Cell. 2002;
110(3):373-83.

Wang D, Wang H, Brown J, Daikoku T, Ning W, Shi Q, et al. CXCL1 induced
by prostaglandin E2 promotes angiogenesis in colorectal cancer. J Exp Med.
2006;203(4):941-51.

Zhang H, Ye YL, Li MX, Ye SB, Huang WR, Cai TT, et al. CXCL2/MIF-CXCR2
signaling promotes the recruitment of myeloid-derived suppressor cells and is
correlated with prognosis in bladder cancer. Oncogene. 2017;36(15):2095-104.
Kaminska B. MAPK signalling pathways as molecular targets for anti-
inflammatory therapy--from molecular mechanisms to therapeutic benefits.
Biochim Biophys Acta. 2005;1754(1-2):253-62.



Hou et al. Arthritis Research & Therapy

53.

54.
55.

56.

(2020) 22:251

Deon D, Ahmed S, Tai K, Scaletta N, Herrero C, Lee IH, et al. Cross-talk
between IL-1 and IL-6 signaling pathways in rheumatoid arthritis synovial
fibroblasts. J Immunol. 2001;167(9):5395-403.

Roberts PJ, Der CJ. Targeting the Raf-MEK-ERK mitogen-activated protein
kinase cascade for the treatment of cancer. Oncogene. 2007,26(22):3291-310.
Kim EK, Choi EJ. Pathological roles of MAPK signaling pathways in human
diseases. Biochim Biophys Acta. 2010;1802(4):396-405.

Zhang ZJ, Cao DL, Zhang X, Ji RR, Gao YJ. Chemokine contribution to
neuropathic pain: respective induction of CXCL1 and CXCR2 in spinal cord
astrocytes and neurons. Pain. 2013;154(10):2185-97.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Materials
	Cell culture
	Real-time quantitative polymerase chain reaction (qPCR)
	Western blot analysis
	Immunofluorescence staining
	Statistics

	Results
	CXCL1 contributes to IL-6 expression in both OA and RA SFs
	CXCR2 is responsible for IL-6 expression after CXCL1 treatment in OASFs and RASFs
	Activation of c-Raf mediates IL-6 expression in response to CXCL1 treatment in OASFs and RASFs
	Activation of MAPK signaling participates in CXCL1-induced promotion of IL-6 expression in OASFs and RASFs
	The AP-1 transcription factor mediates CXCL1-induced promotion of IL-6 expression in OASFs and RASFs

	Discussion
	Conclusions
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

